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1 Uvod

Detailni znalost a porozuméni mezifdzovych procesit a jeva je klicem k pochopeni tady
biologickych, chemickych a technologickych procest a jevi, které maji prakticky vyznam
Vv biomedicinské a technické praxi. Jedna se zejména o pochopeni vzniku koheznich a
adheznich sil mezi adsorbatem a adsorbentem, mezi plnivem a matrici v kompozitech,
lepenym spojem dvou nebo vice materialit nebo interakce biologickych entit jako napf.
bunék na povrchu pevné faze apod. Z hlediska vzajemné interakce se jako vyznamné jevi
jednak vlastni chemické slozeni jednotlivych materiald, jejich krystalickd struktura,
povrchova energie a polarita, drsnost, tvar mezifazového povrchu a jeho topologie. Pro
priblizeni nasich experimentl co nejblize realit¢ se jako dalsi parametr kromé teploty jevi
typ aplikovaného deformacéniho napéti a jeho Casovy pribéh a intenzita. Proto V této
disertacni praci byly provedeny experimenty zamétené na charakterizaci mezifazovych sil
na fazovém rozhrani pevnd faze/pevna faze v kompozitech pro jednoosé namahani, dale
byla pouzita smykova cela pro praskové materialy pro charakterizaci koheznich sil na
fazovém rozhrani pevnd faze/plyn a v neposledni fadé byl zkouman vliv
hydrodynamickych a smykovych sil v lamindrnim toku na adsorpci/desorpci ¢astic a bun¢k
na fazovém rozhrani pevna faze/kapalnd faze. Pro ucely zkoumani interakci na fazovém
rozhrani pevna faze/kapalna faze byl konstrukéné upraven a realizovan systém pro méfeni
kinetiky depozice/uvoliiovani ¢astic na bazi technologie impinging jet (vzhledem k absenci

adekvatniho ¢eského pirekladu bude nadale v predlozené praci pouzivan anglicky termin).

Predlozend disertacni prace je rozdélend do dvou hlavnich celkil. Prvni ¢ast nazvané Gvod
do feSené problematiky se zabyva teoretickym popisem principu metody impinging jet a
principy adheze bunék na povrch pevné faze a jevy, které bunécnou adhezi ovliviiuji. Dale
jsou popsany principy mechanickych vlastnosti polymernich kompozitt a jejich chovani pfi
jednoosém namahani. Prvni ¢ast je pak uzaviena popisem vlivu koheznich a adheznich sil
na tokové vlastnosti partikularnich latek spolu s teoretickym popisem testovani téchto vlivil
pomoci smykové cely. Druhd ¢ast nazvana feSena problematika se zabyva samotnym
popisem experimentli, vysledky a jejich diskuzi. Nejprve se autor zabyva experimenty

zalozené na metod¢ impinging jet: studium vlivu nano-embosovani na kinetiku depozice
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polystyrenovych ¢astic na povrch Zeonoru a studium adheze HeLa bunék na 2D-uhlikaté
nanomaterialy. Dale je feSen vliv adheze mineralnich plniv do polymerni matrice
vysokohustotniho polyetylenu (HDPE) na vysledné mechanické vlastnosti pomoci
deformacniho napéti v tahu. Experimentadlni ¢ast pak uzavira popis experimentil
zamétenych na vliv koheze na tokové vlastnosti mineralnich plniv, mléénych produkti a
kyseliny hyaluronové. VSechny vysledky z experimentalni c¢asti byly pouzity jako soucast

publikaci v impaktovanych ¢asopisech a jsou uvedeny v plném znéni v sekci piilohy.
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Uvod do re$ené problematiky
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2 Technika impinging jet

Studium interakci nano- a mikro-rozmérnych ¢astic na rozhrani pevné faze/kapalné faze se
zamétenim na adsorpcni/desorpéni jevy je dilezité v mnoha oblastech a primyslovych
procesech. Napf. pro leps$i pochopeni filtratnich procesd, Ccisténi odpadnich vod,
navrhovani mikrofluidnich zafizeni, pfi vyrob¢ papiru, charakterizaci polymerd nebo
pochopeni procesu zanaseni membran.*™* Pro piesné a Uplné pochopeni vySe zminéného
fenoménu je potieba béhem experimenti dodrzovat presné definované hydrodynamické a
fyzikalné-chemické podminky. Jedny z prvnich technik pouzivanych pro studium depozice
Castic splnujici tyto podminky byly zalozené na rota¢nim disku, ktery zaroven slouzi jako
substrat k adhezi. Vyhodou téchto technik je jednoduchy a dobie popsany charakter
proudéni kapaliny v blizkosti disku. Diky tomu, ze tloustka hydrodynamického a difuzniho
rozhrani je konstantni nad celym povrchem disku, je relativné jednoduché analytické feseni
jednodimenzionalni konvekéné-difuzni rovnice v blizkosti povrchu disku.® Tuto techniku
lze vyuzit nejenom pii studiu depozice ¢astic, ale i v elektrochemii, kde rotaéni disk slouzi
jako pracovni elektroda.® Dalsi techniky pouzivané ke studiu adsorpce/desorpce Castic,
které spliuji kritéria presné definované hydrodynamické podminky, jsou zalozené na
stagnacnim toku (z angl. stagnation point flow). Mezi tyto techniky patii i systém
impinging jet. Kromé& konstantni tloustky difuzniho a hydrodynamického rozhrani
Vv blizkosti stagnacniho bodu je u téchto technik vyhodou pfi pouziti transparentniho
substratu moznost piimého pozorovani kinetik depozice pomoci optického mikroskopu. U
technik zaloZenych na rotacnim disku nelze tento zplsob pozorovani depozice vyuZit
z divodu rotaéniho pohybu disku. Symetricky radidlni stagnac¢ni tok nazyvany také
impinging jet byl poprvé popsan prof. van de Venem a prof. Dabrosem.”® Pro praktické
studovani depozice c&astic spliuyjici tyto podminky se vyuzivaji impinging jet cely

Y18 hebo §ikm3’1m17 geometrickym uspotfadanim, se kterym lze

s radialnim,** paralelnim
provadét experimenty i na netransparentnich substratech. Tyto uspofadani vyuzivaji
uniformniho dvojdimenzionalniho toku v okoli stagna¢niho bodu (centrum symetrie). V
tésném okoli tohoto bodu nedochéazi K transportu hmoty konvenénim tokem kapaliny
disperzniho prostiedi. Ve vétSich vzdalenostech od stagna¢niho bodu pak dochazi

k neuniformnimu proudéni a transportu hmoty.®
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2.1 Teoreticky popis toku v impinging jet systémech

Konfigurace impinging jet systému pouzité v ramci této disertacni prace odpovida ptivodni
geometrii navrhnuté prof. Dabrosem a prof. van de Venem.2 Na obr. 1 je znizornéna

geometrie depoziéni cely spolu s nakresem radidlni impinging jet (R1J) instrumentace.

Obr. 1. Schéma geometrie RIJ cely (a), kde R znaéi polomér vnitini kapilary, h je vzdalenost mezi
koncem vnitini kapilary a kolektorem (substrat), U a V znaéi vektory normalové a radidlni
komponenty rychlosti proudéni, z je vzdalenost od adsorpéniho rozhrani a r znadi radialni vzdalenost
od osy symetrie; schéma impinging jet instrumentace pro studium adsorpce/desorpce ¢astic (b), kde M
znazoriuje objektiv optického mikroskopu, 1 znazoriiuje zasobni nadobu s disperzi, 2 piredstavuje RIJ
celu, 3 znadi testovany transparentni substrat a 4 je vystupni kapilara z RIJ cely.”® Copyright ©
Elsevier 2006.

Pokud je v geometrickém usporadani cely pomér r/R mensi nez 0,25, dojde pii nizkych
hodnotach Reynoldova ¢isla (Re) k vytvoreni stagna¢niho toku (Vviz obr. 2), jehoz intenzita
je tizend parametrem o. Tento parametr je numericky spoc€itan pro konkrétni geometrie R1J
cely jako funkce Re. Pokud zname rychlostni pole kapaliny, 1ze formulovat konvekéné-

difuzni rovnici, kterd popisuje dvojdimenzionalni transport Castice.
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Obr. 2. Znazornéni linii proudéni v RIJ cele s parametrem h/R = 1.6 ziskané numerickymi vypoéty pro

Re =1, 8 a 48."® Copyright © Elsevier 2006.

Rychlost depozice Castic 1ze pak urcit pro rizné parametry jako napi. velikost castic,
vzdalenost od stagna¢niho bodu, Re apod. Detailni popis distribuce proudéni v radilni
impinging jet cele byl ziskan numerickym fesenim Navier—Stokesovy rovnice. Konvekéné

. . L 1
— difuzni rovnice je vyjadiena vztahem: 8

J=-—DVn+un ()
on

—+V]= 2
p Q 2)

Kde J tok castic, Q je teplo, D je difuzni koeficient, u je rychlost, ktera se sklada z n¢kolika
prispévku (tlakovy spad, zrychleni zptisobené objemovymi silami a zrychleni potiebné k
ptekonani tecich sil). Hydrodynamickou rychlost pro nestladitelné Newtonovské kapaliny
lze vypocitat z feSeni Navier- Stokesovy rovnice pokud se zanedba pfitomnost disperzni

, ST < -
faze. Pro zfedéné disperze Ize Uy vypocitat z rovnice: 3
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p(gt—u+uVuj: ~Vp+nViu+pF,, (3)

Kde v je rychlost proudéni, p je hustota kapaliny, p je tlak, 7 je dynamicka viskozita, Fex
je objemova sila plisobici na kapalinu a t piedstavuje ¢as. Pro nestlaCitelné kapaliny plati

pro rovnici (3):
Vu=0 4)

Rovnice (3) a (4) lze analyticky fesSit v piipadé jednoduchych geometrii.8 Radidlni a

normalova slozka rychlosti toku kapaliny v blizkosti stagna¢niho bodu pro RIJ cely muize

byt popsana nasledovné:®

u, =a, (Re,h/rc)l:—';‘rz (5)
U, 2
u=—a, (Re,h/rc)r—jz (6)

c

Kde r je radialni vzdalenost od osy symetrie, (z) zna¢i vzdalenost od adsorpéniho rozhrani,
a je tokovy parametr, Up, je stfedni linearni rychlost (vyjadiena v rovnici 8). Parametr o je
zavisly na geometrii cely a intenzité¢ toku, ktery je ve vétSiné pripadu vyjadien
Reynoldsovym ¢islem (Re):18
Q

v

Re= (7

Kde Q je prutok, r. znaci polomér kapilary impinging jet depoziéni cely, v je kinematicka
viskozita roztoku.

L _0Q

m 2
Tl

(8)

Pro naSe experimenty byl pomér vzdalenosti kolektoru od konce kapilary a priameéru
kapilary (h/rc) 1,7. Pro toto uspofadani a Reynoldsovo ¢islo vétsi jak 40 lze hodnotu o

vyjadiit: ™
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1/3,,2/3 .-1/3
o, =35v""ur ()]

Kde u znaéi rychlost tryskového proudéni. Pocet castic deponovanych na kolektor
definovany pomoci jednotky plochy a ¢asu lze vyjadfit jako tok ¢astic j. Tento tok se v

praxi oznac¢uje jako Sherwoodovo ¢islo Sh:%

sh=_J2 (10)

Dy je difuzni konstanta, ng zna¢i koncentraci ¢astic. Pokud neni energeticka bariéra mezi
Castici a kolektorem (rychla depozice) a se zanedbanim gravita¢nich sil, 1ze tok ¢astic j

vyjadfit s pouzitim Smoluchowski-Levich aproximace:?

%)
expl ——
sh, . = 6 (11)

Kde z je bezrozmérna vzdalenost mezi stiedem sférické Castice a sténou kolektoru, Pe znaci
Pecletovo Cislo. V piipadé€ Ze je v systému energetickd bariéra, rychlost depozice se snizi a

tok castic lze popsat:20

Sh =, Sh (12)

fast

Kde ag znaci ucinnost depozice. Pokud mezi Castici a povrchem pusobi elektrostatické
repulse, pak je aq < 1, pro elektrostatické atrakce je ag > 1 a aqg~ 1 v pfipad¢, ze plsobi
pouze Van der Waalsovy interakce.?! Rovnice (13) popisuje po&ateéni rychlost depozice na

Cisty povrch:20
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t
n = nw(l— erbmJ (13)

N je pocet deponovanych cCastic v ¢ase t, N, predstavuje ustaleny pocet Castic deponovanych
na povrch v rovnovazném stavu. Tpekje €as potiebny k dosazeni ustileného poctu

, v . v ;. rx 7
deponovanych ¢éstic, v praxi ozna¢ovany jako blokovaci ¢as:

1 .
- = ﬂazy Je (14)
Thloc
y zna¢i blokovaci koeficient, ktery piedstavuje celkovou plochu deponovanych ¢&astic

blokujicich dalsi depozici. Rychlost depozice v blizkosti stagnaéniho bodu j Ize vyjadiit:*
j. =0.776 " n, D" (15)

Impinging jet techniky Ize kromé studia depozice ¢astic vyuzit i k charakterizaci polymert
nebo ke studiu povrchové topologie substrati. "% Pro tyto ucely se nejcastéji pouzivaji k
depozici monodisperzni polystyrenové latexové Castice. Studium povrchu Zeonoru, ktery
byl upraven nano-embosovanim je soucasti této disertaéni prace a vysledky jsou
diskutovany v sekci feSené problémy. Dalsi vyuziti nachazi tato technika pfi studovéni

22727 nebo pii studiu

procesu uvoliovani castice a velikosti adheze jiz deponované Castice
adheze buné¢k, v ramci které byla napt. sledovana adheze a odtr ¢ervenych krvinek na
sklendném substratu.>?® Studium velikosti adheze lidskych nadorovych epitelilnich HelLa
bunék na povrch grafenu a grafen oxidu (GO) je soucasti této disertacni prace a vysledky
jsou podrobné rozebrany v sekci feSené problémy. Pro tyto ucely lze definovat silu

potiebnou k uvolnéni &stice z povrchu Fr, pomoci vztahu:*®

Fp=-6mnrV.K(\) (16)
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Kde 1 znac¢i dynamickou viskozitu, K(Ao) je fiunkce popisujici hydrodynamicky odpor pro
elipsoid (0,8614), r je polomér ¢astice ,V.,, pfedstavuje stfedni rychlost proudéni kapaliny a

vypotita se ze vztahu:'®
v, = 2 (17)

Kde Q znaci prutok kapaliny a R pramér kapilary v depozi¢ni cele.

3 Adheze bunék na povrch pevnych latek

Adheze bun¢k ma kli€ovou roli pfi mnoha bunéénych procesech napi. rist, diferenciace,
morfogeneze, apoptéza, formovani a regenerace tkani. Pochopeni zakladnich principt
bunééné adheze a sledovani zmény sily adheze je dilezité v mnoha oblastech napf.
tkanovém inzenyrstvi, vyvoji biosenzort, pii tvorbé umélych kloubt a implantati apod.?® %
Mechanismus buné¢né adheze se déli na dva zakladni typy. Prvni typ bez Gcasti receptort
je zalozen na slabych nevazebnych interakcich jako jsou vodikova vazba, elektrostatické
interakce a Wan der Waalsovy interakce mezi molekulami na povrchu bunécné membrany
a funk¢nimi skupinami na povrchu substratu bez pfitomnosti proteini z extracelularni
matrix (ECM).* Tento typ interakce nezajistuje zprostiedkovani signalu mezi buitkou a
jejim okolim.*® Druhy typ mechanismu adheze bun&k je zaloZen na ligand-receptor vazbé a
spociva v adhezi bun¢k skrze proteiny jako je fibronektin, vitronektin, kolagen a laminin
z ECM.**" Tyto proteiny se pak vaZou na transmembranové receptory (integriny) viz obr.
3 a 4.3 Tento typ ligand/receptor interakce umoziujici mezibun&énou komunikaci
aktinovym cytoskeletem je dualezity zejména pro buiky, které jsou zavislé na ukotveni na
substrat.** Pokud tento typ bunék nemé na bundéné membran navazany proteiny z ECM

nebo si nevytvoii vlastni, dojde k apoptdze do 48 hodin.***
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Obr. 3. Znazornéni spojeni transmembranovych integrini z ECM proteiny a aktinovym cytoskeletem.

Copyright © Nature Education 2010.

Extracellular Matrix

Obr. 4. Schmématické znazornéni role bunééné ECM pii adhezi.*? Copyright © RSC 2013.

3.1 Fyzikalné-chemické jevy ovliviiujici adhezi bunék

Rozsah a sila adheze buné€k siln¢ zavisi na fyzikalné chemickych vlastnostech povrchu

materidlu zejména na smacivosti, chemické povaze, polarité¢ a velikosti volné povrchové

vvvvvv

pii adhezi bun¢k na substrat. Adhezni proteiny z ECM se ve vyssich koncentracich vazou
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na hydrofobni povrch, ale v rigidni a denaturované formé. Tento jev silné€ ovliviiuje silu

adheze a rlst bunék a pusobi na adhezi negativné. Naopak hydrofilni povrchy podporuji
adhezi bun¢k, protoze se ECM proteiny vazou ve své prirozené formé.** Dulezita je takeé
mira hydrofilni povahy substratu. V ptipad¢ superhydrofilnich povrchii s kontaktnim tthlem
smaceni pro vodu mensim nez 5° dochazi ke snizeni adsorpce ECM proteinii z diivodu
vzniku silnych odpudivych sil mezi proteiny a navdzanou tenkou vrstvou vody na povrchu

2945 1dealni podminky smadeni pro adhezi bundk jsou odli¥né pro rizné substraty

substratu.
a jsou silné ovlivnény povrchovou topologii, povrchovym nabojem a v neposledni tadé
typem a koncentraci funkénich skupin na povrchu.*® Na smaédivost maji nejvétsi vliv
kyslikové funkéni skupiny (hydroxylové, karboxylové a etherové).”” V pripadé adheze
HeLa bunék na povrch s kyslikovymi funkénimi skupinami se idealni smacivost pohybuje
kolem 50° pro vodu.”® Dalsim dilezitym parametrem pii adhezi bunc¢k na substrit je
povrchova drsnost, ktera se dé€li na makrodrsnost (100 pm a vice), mikrodrsnost (100 nm —
100 pm) a nanodrsnost (méné jak 100 nm). Povrchova makro-drsnost adhezi bunék na
substrat neovlivni, protoZze povrchové nepravidelnosti jsou pfili§ velké. Builky pouZzivané
pro studium adheze maji ve v&tSiné piipadi Kulaty tvar s primérem kolem 50 um a pii
prichyceni a rozprostieni na povrchu mohou zabirat plochu v ¥adech stovek az tisicti pm?®a
jsou tedy ovlivnény povrchovou mikrodrsnosti (zejména bunky, které jsou zavislé na
ukotveni na substrat). Mikrodrsnost ovliviiuje ve vétsing piipadu adhezi bunék pozitivné
zvySenim povrchové energie a smacivosti substratu. 84 v nékterych piipadech mohou
povrchové mikronerovnosti ptisobit na adhezi bun¢k negativné napf. snizenim proliferace a
tim sniZenim populacni hustoty.50 Nanodrsnost ovliviiuje siln€é nejenom bunécnou adhezi
ale celkové chovani bunky. Zménou orientace, velikosti nebo tvaru nepravidelnosti
v fddech nanometrii na povrchu substratu Ize kontrolovat bunétné chovéni jako napft.
proliferacni aktivita, délka Zivota, specifickd adheze nebo diferenciace.”® Tohoto jevu se
Casto vyuziva napft. pfi vyvoji biomateriali, umelych organti a implantétﬁ.51’54 Schématickeé

znazornéni vlivu smacivosti a drsnosti substratu na bunéénou adhezi je znazornéno na obr.

5.
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Obr. 5. Schématické znazornéni vlivu smacivosti (wettability) a drsnosti (roughness) povrchu na adhezi
bunék.>* Copyright © RSC 2016.

Silu adheze mezi buitkkami a substratem 1ze vyhodnotit pomoci né€kolika metod, mezi které
patifi metody hydrodynamické, centrifugacni a mikromanipulaéni techniky.55’56
Mikroskopie atomarnich sil (AFM) je velice u¢inné technika pfi studiu sily adheze bun¢k
na substrat, ale je nevhodnd pro vétsi bunécné populace a pouziva se spiSe pro
charakterizaci individualnich bunék. Naopak metody zalozené na principech
hydrodynamiky, jako jsou impinging jet, radialni a paralelni pratokové cely, jsou vhodné
pro studium velkych bunécnych populaci a kolektivniho adhezivniho chovani. Tyto
techniky, které jsou zalozeny na pusobeni smykového napéti na adherované buiky,
umoziuji dynamicka méfeni a studium kinetik uvoliiovani se substratu.””*° Dalsi vyhodou
je moZnost pofizeni zdznamu kinetik uvolfiovani pomoci mikroskopu a kamery. Ve
srovnani s ostatnimi hydrodynamickymi metodami, které pracuji ve vétSich vzdalenostech
od stagnac¢niho toku, se systémy zaloZené na principu impinging jet se zaméfuji na malou
oblast kolektoru v okoli stagna¢niho toku, kde jsou jednotlivé hydrodynamické vrstvy vice

11,13,18

uniformni. Toto uspofdddni umoziuje pfesnou kvantifikaci tangencidlnich sil

pusobicich na substrat, ¢imz lze ziskat pomérné presné a spolehlivé informace o sile

adheze.

3.2 Vyuziti 2D uhlikovych nanomateriala jako substrat pro adhezi bunék

2D uhlikové nanomaterialy jako je grafen a GO nachazeji stale vetsi uplatnéni v neustale se

rozvijejicich biomedicinskych aplikacich, Vv oblastech jako cilend doprava 16&iv, 2003

66-69 0

piiprava biomateriali pro umélé organy,®® biosenzory, neurdlni inZenyrstvi,’
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fototermalni terapie a teranostika.®® "

Ve vySe uvedenych aplikacich nachazeji tyto
materidly uplatnéni piedevsim diky svym specifickym fyzikalné-chemickym vlastnostem
jako je vynikajici tepelna vodivost, velka specificka plocha povrchu, vynikajici mechanicka
pevnost, specifické optické vlastnosti a vynikajici biokompatibilita.”*"® Grafen svoji
strukturou pfipominajici v&eli plastev se sklada z uhlika ssp® hybridizaci, které tvori
dvojrozmérnou sit’ (viz obr 6). Pokud se grafen oxiduje napt. pomoci studené plazmy,
vznika derivat GO, ktery mé na svych uhlikach piipojené kovalentné navazané kyslikové
funk¢ni skupiny. Nejcastéji 1ze na povrchu GO najit funkéni skupiny hydroxylové (-OH),
epoxidové (=0O) a karboxylové (-COOH). Diky témto funk¢énim skupinam je GO rozpustny
ve vodé, ma vétsi povrchovou energii, polarnéjsi povrch a je tedy vhodnéjsi substrat pro
adhezi bunék. Tyto funkéni skupiny pak interaguji s adheznimi proteiny pomoci

kovalentnich vazeb, elektrostatickych interakei, vodikovych mustkli a n-m interakci. Mira

proliferace pak zavisi na obsahu kyslikovych funké&nich skupin na povrchu.”’

Graphene Graphene Oxide (GO)

Obr. 6. Schéma struktury grafenu a GO p¥ipravenym oxidaci pomoci studené plazmy.” Copyright ©
Springer 2018.

Diky svym specifickym fyzikdlné—chemickym vlastnostem nachazeji 2D uhlikové
nanomateridly V poslednich letech stadle vétsi uplatnéni ve farmaceutickém a
biomateridlovém vyzkumu. PfedevSim v oblasti tkdnového inzenyrstvi, vyvoji biosenzort

nebo protetice je studium adheze bun¢k na tyto materidly tématem mnoha védeckych
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skupin.”* %

Diky schopnosti GO podporovat adhezi bunék a selektivné zachytavat
nadorové buinky se zacal povrch GO pouzivat jako vhodna platforma pro konstrukci
biosenzorti, detekovani kolujicich nadorovych bunék nebo pii cilené 1é¢bé nadorovych
onemocnéni zalozené na fototermalni terapii. Napf. nedavno piipraveny hybridni
mikrovlaknovy polyester S vrstvou GO na povrchu vyuzity jako tkanovy nosi¢, ktery
podporuje adhezi bun¢k, vykazoval schopnost usmrtit adherované bunky pomoci
fototermalni ablace.®* Sila adheze je dtlezita pro u¢innost biosenzor a miize byt vylepSena
pomoci chemické modifikace nebo nanostrukturalizaci povrChu.s‘r”86 GO také putsobi
pozitivné na proliferaci bun€k, tohoto jevu se vyuziva napf. v piipadé¢ mesenchymadlnich
kmenovych bun&k v regenerativni medicing a tkafovém inZenyrstvi.!” Krom& vyse
uvedeného typu bunék GO podporuje proliferaci u fibroblasti,®® lidskych osteoblasti®
nebo nadorovych bunck adenokarcinomu.*® Grafen ma diky své excelentni vodivosti, diky
které je mozné ovlivnit elektroaktivni chovani nervovych bun¢k, obrovsky potencial

v neurélnim tkanovém inZenyrstvi.*!

3.3  Bunééna linie Hela

Bunécénd HelLa linie byla zaloZena v roce 1951 z biopsie rakoviny dé€loZzniho Cipku
Henrietty Lacks a stala se prvnimi lidskymi bunikami, které bylo mozné péstovat v
laboratofi. Stale se jednd o nejpouzivangjsi bunécnou linii a od jeji zaloZeni se objevuje ve
vice nez 75 000 odbornych publikacich. Pomoci této linie bylo dosazeno mnoha védeckych
objevii jako napf. objeveni vakciny proti vztekliné vroce 1955 profesorem Jonasem
Salkem a kolegy.*® V roce 1983 Harald zur Hausen s kolegy publikoval st&Zejni praci, ktera
potvrdila roli lidského papillomaviru pfi onemocnéni rakoviny délozniho éipku.93 Za tento
objev, ktery vedl k pfipravé vakciny proti rakovin€¢ dé€lozniho cipku, ziskal Harald zur
Hausen vroce 2008 Nobelovu cenu.’* Rakovina d&lozniho &ipku tykajici se Zen
celosvétové je nejbéznéjSim typem rakoviny a zpusobuje pies 200 000 umrti roéns.”
Témto umrtim je mozné predejit v€asnou diagndézou nasledovanou 1écbou prekancerozy,
protoze vCasna lécba znatné ovliviiuje dal$i prognézy. Studium adheze a Kinetik
uvolnovani HeLa bun€k adherovanych na grafen a GO muize pomoc pii dalsim vyvoji
biosenzord, které dale mohou byt pouzity pro rutinni a efektivni diagnézu rakovinovych

onemocnéni. Studie, které se autor této prace dale vénuje v sekci feSené problémy,
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prokdzala, ze pouzitim techniky impinging jet je mozné experimentaln¢ kvantifikovat

bun&enou adhezi na 2D uhlikovych nanomaterialech.”

4 Zaklady reologie partikularnich latek

PraSkové materidly patii mezi partikuldrni latky. Tyto latky se vyznacuji tim, Ze jsou
tvofeny pevnou fazi, kterou obklopuje faze tekuta (kapalina, plyn). Pro sypké praskové
materialy je tekuta faze plyn (nejcastéji vzduch). Kombinace téchto dvou slozek pak udava
celkové mechanické chovani. Zakladnim charakteristickym rysem praskovych materialt je
schopnost pienaset smykové napéti v klidovém stavu, coz se v praxi projevi tak, ze k toku
materiald nestaci pouze gravitacni sila jako u kapalin. Je tedy nutné dodat silu k ptfekonani
vnitiniho tfeni. Manipulaci s témito latkami ¢asto komplikuje existence tzv. koheznich sil,
jejiz vliv roste umérné s rostouci kontaktni plochou velikosti ¢astic praSkového materialu.
Se zmenSovanim Castic pak vétSinou dochazi ke zvétSovani téchto koheznich sil.*®
Tokové vlastnosti praskovych materidlii jsou ovlivnény spoustou faktort jako velikost,
porovitost, plocha povrchu, tvrdost, Stépnost ¢astic apod. Méfeni tokovych vlastnosti
partikularnich latek je pak velice nachylné na vnéjsi vlivy zejména na vlhkost a vibrace.*®
193 Mezi partikularnimi latkami ptsobi vazebné mechanismy, které jsou piicinou stavu
napjatosti mezi casticemi. Mechanicky styk zplsobeny piimym kontaktem Ccastic se
projevuje vznikem tfeci vazby. Toto silové plisobeni se oznacuje v praxi jako vnitini tieni.
Pro partikularni latky je typicka vlastnost schopnost pifenaSeni vnitiniho tfeni i za klidového
stavu. V partikularnich latkach je ve styku velké mnozstvi ¢astic s riznym tvarem, orientaci
a s rozdilnou velikosti kontaktnich ploch, proto je nutné sledovat vnitini tfeni v objemu,

ktery se praktické ucely oznacuje jako smykova z6na.”’
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Obr. 7. Schéma elementarni krychle praskového materialu v zasobniku s vyznafenym smérem

pusobeni vertikalniho Gy a horizontalniho G napéti (a); schéma elementarniho trojbokého hranolu

s vyznacenym smykovym Ty a normalovym napétim Oy vzniklymi proloZenim elementirni krychle

rovinou s uhlem o (b); graf zavislosti smykového napéti na normalovém napéti S vyznacenou

Mohrovou kruznici (c) .”" Copyright © Springer 2008.

Rozlozeni napéti v praskovych materidlech se uruje v ramci objemu partikularni latky a
lze ji vyjadiit pomoci elementdrni krychle praSkového materidlu v zasobniku (obr. 7a) pii
predpokladu, ze plnici vySka zasobniku je nekone¢na a mezi sténami a materialem nevnika
zadné tfeni. Na obr. 7a oy znac¢i normalové napé€ti plisobici na material ve vertikdlnim
sméru, o, pak horizontalni napéti, které predstavuje tlak praSkového materialu vici sténé a
je disledkem ptisobeni o,. Normalova napéti oy a o, pusobi tedy v plochach kolmych nebo
rovnobéznych ke sténé zasobniku. Pomér op/oy se znaci K a nabyva pro partikularni latky
obvykle hodnot od 0,3 a 0,6 (pro srovnani: idealni pevna latka K = 1, idealni kapalina K =
0). Na roviny vedené pod tthlem o ptsobi kromé& normalového napéti 6, smykové napéti
To. Na obr. 7b je znazornény elementarni trojboky hranol o stranach dX, dY a dA, ktery
vznikl prolozenim elementarni krychle z obr. 7a obecnou rovinou o thlu a. Pokud zname
hodnoty o, a o, miZzeme pomoci vztahu (18) a (19) spocitat napéti 6, a 1, pro libovolny

, 7
tihel o.%"%
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Og = —0";0’1 + 2L cos(2a) (18)
o = 22 sin(2a) (19)

Pro znazornéni napéti v partikularnich latkach ve vSech rovinach pod libovolnym thlem o
se pouziva Mohrova kruznice, ktera vznikne po vyneseni a spojeni hodnot o, a 1, pro
jednotlivé uhly a v grafu zavislosti smykového a normélového napéti (obr 7¢). Stfed této
kruznice lze vypocitat pomoci vztahu (20) a lezi na ose o, polomér kruZnice lze zjistit
pomoci vztahu (21). Z grafu je patrné, Ze kruznice ma s 0S0u ¢ dva pruseciky X a Y. Tyto
body predstavuji hodnoty hlavnich normélovych napéti, vétsi hodnota 1 odpovida hodnoté
vertikdlniho normalového napéti oy, mensi hodnota o, pak odpovidd hodnoté

horizontalniho napéti Gh.97

O = 222 (20)
o, =22 (21)

4.1 Tokové vlastnosti praskovych materiali

Tokové vlastnosti praSkovych materiali siln¢ zavisi na adheznich silach mezi ¢asticemi.
Tyto adhezni sily vznikaji n€kolika mechanismy. Pro jemné zrnité materidly s minimalni
vlhkosti je adheze mezi Ccasticemi zpisobena pfevazné Wan der Walsovymi a
elektrostatickymi interakcemi. Wan der Walsovy interakce jsou zplsobeny rozdilnymi
dipoly atomil a molekul, zatimco elektrostatické interakce jsou zapti€inény rozdilnym
elektrickym potencidlem na povrchu ¢astic. U praskovych materiald, které obsahuji hodné
vlhkosti, jsou adhezni sily zplisobeny pfevazné kapalnymi mdistky. Tyto mistky se
vytvareji pifevazné prosttednictvim kapaliny s nizkou viskozitou. Intenzita téchto interakci

zavisi prevazné¢ na velikosti a chemickému slozeni povrchu interagujicich Castic. Se
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snizujici se velikosti interagujicich Castic dochazi ke zvySovani adheznich sil, proto
praskové materidly s velmi malou velikosti $patné€ tecou. Souhrnné se pak materidly se
Spatnymi tokovymi vlastnostmi oznacuji jako kohezni.Y*** Py kompresi praskovych
materidlii externi silou dochazi k plastickym deformacim na kontaktnich plochach
stykajicich se castic, coz zapfi€ini zvétSeni ploch povrchu. Tento jev potom vede také ke
zvyseni adheznich sil mezi Gasticemi a vyuziva se napf. pfi vyrobg tablet.'® Dulezitou
charakteristikou u praskovych materialli je mezni stav napjatosti. Tok u vétSiny praSkovych
materidlti (netyka se voln¢ tekoucich) nastane az po piekroceni mezniho stavu napéti, kdy
dojde k piekonani mezi¢asticovych interakci. K uréeni mezniho stavu napjatosti se pouziva
jednoosa zkouska tlakem, kterd je zalozena na zatizeni praskového materidlu ve valci.
V prvni fazi se vzorek konsoliduje plisobenim vertikalniho napéti o, které soucasné vyvola
horizontalni napéti oy (podle poméru napéti K). Hodnota smykového napéti t je 0. Tento

stav pii konsolidaci na grafu zavislosti t/c (obr. 8) je znazornén pomoci Mohrovy kruznice

A.97

yield limit

Gp=const Gp=const
02=0

. . .
FIIIIIIIIIIIIIES

Bj: incipient flow, 5,=0 C: incipient flow, 6,>0 A: consolidation

Obr. 8. Znazornéni grafu zavislosti smykového napéti na normalovém napéti s vyzna¢enou mezni
krivkou (yield limit) uréenou Mohrovymi kruZnicemi B; a C; v dolni ¢asti je schematicky znazornén
pocatek toku B3, C (incipient flow) a konsolidace praskového materialu A (consolidation) odkazujici na

jednotlivé Mohrovy kruznice.”” Copyright © Springer 2008.
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Pokud t = 0, pak vetsi hlavni normalové napéti 61 = oy a zaroven mensi hlavni napéti o, =
oh. V druhé fazi se odstrani stény valce pfi sou¢asném zachovani tvaru konsolidovaného
materidlu. Vzorek je potom zatézovan postupné zvétSujicim se vertikalnim napéti. Tento
d¢j je znazornén na obr. 8 pomoci Mohrovych kruznic By, B, a Bs. Protoze po odstranéni
stén valce nepisobi na material Zadné horizontalni normalové napéti oy (c,=0), vSechny
Mohrovy kruznice zacinaji na ose o v bodé 0. Pti uréitém napéti o1, dojde K selhani vzorku
a material za¢ne téct (Mohrova kruznice B3). Toto napéti se znaci jako prostd mez skluzu
oc. Pfi menSim napéti nedojde u konsolidovaného vzorku k selhani a dochazi pouze
k elastickym deformacim, jak je patrné v pfipadé Mohrovych kruznic Bl a B2, které se
nachéazi pod mezni kiivkou. Pokud aplikujeme na konsolidovany vzorek kromé o, také
konstantni o, posune se nam Mohrova kruznice na ose o doprava. Pokud aplikujeme
dostateén¢ velké napéti a dosadhneme mezni kiivky, dojde k toku materidlu (Mohrova
kruznice C). ProtoZe je priab¢éh mezni kiivky zavisly na napéti pfi konsolidaci, ma material
pro kazdé konsolida¢ni napéti charakteristickou mezni kiivku. K charakterizaci praskovych
materiald v praxi se pouziva tokova funkce ff;, kterd predstavuje zavislost meznich stavii
napjatosti na konsolidaénim napéti. Podle této funkce lze rozdélit partikularni latky do

n&kolika kategorii, které jsou znazornéné v tabulce 1.9

Tab. 1: Tabulka Klasifikace tokovych vlastnosti praskovych materialu v zavislosti na velikosti indexu

toku ff,.”

tokova funkce partikularni latky
ffe< 1 netekouci
1<ffc <2 velmi kohezni
2<ffc <4 kohezni
4<ffc <10 lehce tekouci
ffc> 10 volné tekouci

Pro efektivnéj$i méteni a zaroveinn mensi spotiebu vzorku lze vyuzit rotacni smykové stroje.
Pro jedno konsolida¢ni napéti (predsmyk) lze zméfit vice smykovych bodii na mezni

tokové kiivee. Tento typ méfeni spoc¢iva v plisobeni rotacni smykové cely na material ve
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valci. Pomoci této smykové cely se na material plisobi zaroven vertikdlnim i smykovym
napétim (obr. 9a). Pro kazdou hodnotu normalové napéti rotacni cela pomalu otaci, a tim
zvysuje smykové napéti, dokud nedojde k toku konsolidovaného vzorku. V ramci méfeni se
V Case postupné snizuje normalové napéti. Timto Ize ziskat postupné dostatecny pocet
smykovych bodii k sestrojeni mezni tokové kiivky. Soucasné je vzorek pied kazdym dalSim
smykovym bodem konsolidovan pocatecnim piedsmykovym napétim. Na obr 9b je
znazorén typicky piiklad grafu zévislosti smykového napéti na napéti normalovém
ziskany pomoci rotacniho smykového stroje. Prvni Mohrova kruznice se sestroji tak aby

prochazela pocatkem grafu a byla te¢na k mezni tokové kiivee. ¥’
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Obr. 9. Ukazka rotacni smykové cely v provedeni FT4 od Freeman Technology (a); ukizka vystupu
Z méfeni pomoci rota¢niho smykového pristroje s vyznacenymi prisluSnymi Mohrovymi kruZnicemi,
mezni tokovou k¥ivkou (Yield Locus), efektivni tokovou krivkou (Effective Yield Locus), meznim

napétim o, a efektivnim whlem vniti‘niho tfeni 8. Copyright © Freeman Technology 2008.

Prisecik sosou o predstavuje tlakovou pevnost c.. Druha Mohrova kruznice prochazi
predsmykovym bodem P a je také te¢na k mezni tokové kiivce. Priseciky s osou o pak
znaci hlavni normalové napéti pii konsolidaci o1 (vertikédlni) a 62 (horizontalni). Z grafu
lze vycist dal§i parametry jako je efektivni tthel vnitiniho tfeni O, ktery svird pfimka
prochazejici za¢atkem diagramu. Tato pfimka je zaroven je tecnd k druhé vétsi Mohrové

kruZnici a nazyva se efektivni tokova kiivka,®"%®
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Tokové vlastnosti praSkovych materialti jsou ovlivnény také vzduchem (pfipadné jinym
plynem) nachézejicim se v mezerach mezi jednotlivymi ¢asticemi. Pfitomnost vzduchu
nejvice ovlivni tokové vlastnosti nizko hustotnich a jemnych praskovych materiala'®®. U
nekterych materialii sta¢i minimum energie k pfechodu do stavu vznosu, ve kterém se pak
prasek chova jako kapalina a potfebuje minimum energie K toku. Energie potfebna
k ptechodu praskového materialu do vznosu se nazyva aera¢ni. Hodnoty této energie jsou
velké zejména pro kohezni materialy a zavisi na struktufe povrchu, tvaru, velikosti a
hustoté castic. Pomoci modernich reometrii 1ze ziskat parametry jako je aera¢ni pomér,

o . NIVIERT 106
aeracni energie nebo aeracni citlivost.

5 Polymerni kompozitni materialy

Pevnostni chovani pevnych latek souhrnné oznacuje odolnost materidlii proti poruSeni
soudruznosti. Jeden z parametrt je pevnost v tahu, kterou se autor disertac¢ni prace zabyva
dale vsekei feSené problémy. Kazdy materidl ma urcité mezni vlastnosti, které pfi
prekro¢eni vedou k lomu materidld. Lom je charakterizovan tvorbou nového povrchu
vyvolanou vnéjSim mechanickym napétim. Mezi hlavni faktory ovlivitujici pevnost
materidlu patii struktura, chemické slozeni a vnéj$i podminky jako je tlak, teplota a Cas.
Nékteré mechanické charakteristiky materidli jako napi. moduly pruznosti jsou zavislé na
celém objemu materialu. Mechanické vlastnosti materialt jak napf. pevnost jsou zavislé

pievazné na strukturalnich nepravidelnostech jako trhliny a pukliny.'®’

5.1 Struktura a vlastnosti polymernich kompozitnich materiali

Jako kompozitni materidly (kompozity) oznacujeme takové materialy, které jsou slozeny
alespon ze dvou rozdilnych slozek s rozdilnymi materidlovymi vlastnostmi. Konstrukcni
kompozity se skladaji ze dvou fazi: matrice a vyztuze. Vysledny vné&jsi tvar a povrch
kompozitu zalezi na matrici, kterd mé zaroven spojovaci funkci a pfenasi zatiZzeni na vldkna
nosnych ¢asti. Vyztuz piedstavuje nespojitou ¢ast kompozitu a ma funkci nosné ¢asti. Mezi

7w

matrici a vyztuZi je mezifaze, pfes kterou se prenasi napcti z matrice na nosnou ¢ast. Prenos

34



nap¢ti je ovlivnén tloustkou mezifdze a mechanickymi vlastnostmi matrice a vyztuze. Sila
adheze mezi matrici a vyztuzi je pak ovlivnéna povrchovou energii jednotlivych fazi a
ovlivituje findlni mechanické chovani kompozitu.108 Jako matrice se bézn¢ vyuzivaji
polymery, které jsou odolné vici korozi, maji nizkou hustotu a vysokou houzevnatost.
Nejcastéji se pak vyuzivaji termoplasty nebo reaktoplasty. Reaktoplasty jsou slozené
z kratkych molekul a maji charakter viskdzni tekutiny, kterd se vytvrdi pomoci chemické
reakce (napt. epoxidové pryskyfice). Jejich vyhodou je vétsi tepelna odolnost, protoze
zustavaji v pevné fazi i po zahrati. Termoplasty, které jsou slozené s dlouhym fetézct
spojenych pomoci slabych nevazebnych a elektrostatickych interakci, naopak pii zahtati
nad bod skelného ptechodu zacinaji méknout a téct. Nasledné pii snizeni teploty opét
tuhnou. Toto chovani umoznuje pomoci forem znovu materidl vytvarovat. Mezi nejcastéji
pouzivané termoplasty pro matrici v kompozitech patiti polypropylen (PP),
polyethylentetraftalat (PET) a polyamidy (PA) nebo polyethylen (PE). U vlaknovych
kompozitt se jako vyztuzné ¢asti pouzivaji uhlikova nebo sklenéna vlakna. Tyto kompozity
jsou kvili vysokym hodnotam modulu pruznosti, pevnosti v tahu a chemické odolnosti
pouZivany V automobilovém a leteckém primyslu. Jako vyztuznou ¢ast 1ze pouZit 1 urcité
typy polymert, musi mit vSak vét$i pevnost a tuhost nez sklenéné vldkna napt. aromatické
polyamidy (aramidy), které se pouzivaji napt. v kompozitu s obchodim nazvem Kevlar.
Dalsim typem kompozitnich materiala jsou casticové neboli plnéné kompozity, kde se jako
vyztuze pouzivaji anorganické Céstice prevdzné za Ucelem snizeni tepelné roztaZnosti,
zvyseni tepelné vodivosti a tvarové stalosti. Nejcastéji se pouzivaji mineralni plniva na bazi
hlinitokfemicitani nebo uhli¢itand s riiznym tvarem a rtiznou velikosti ¢astic. Dle rozmért
vyztuze se kompozity d&li na makrokompozity (>10? um), mikrokopozity (10-10* um) a
nanokompozity (vyztuZ ma rozmeéry v nm)lzo,log,uo Jako jeden z casto pouzivanych
polymerii pro matrici v ¢asticovych kompozitech se pouziva PE, ktery patii mezi linearni
polyolefiny se semikrystalickou strukturou skladajici se z amorfni a krystalické c¢asti.
Krystalické lamely dodavaji PE strukturdlni integritu, zatimco amorfni ¢ast je zodpovédna

za elastické vlastnosti. Semikrystalicky charakter PE je znazornén na obr. 101
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~amorphous

Obr. 10. Znazornéni krystalické a amorfni faze v polymerech se semikraystalickou strukturou.'*?

Copyright ©Elsevier 2008.

PE lze pfipravit v nékolika modifikacich: nizkohustotni PE (LDPE), vysokohustotni PE
(HDPE) a linearni nizkohustotni PE (LLDPE).113

(a) HDPE W
o W

¢y LDPE

Obr. 11. Znazornéni mikrostruktury s bo¢nimi polymernimi ¥etézci pro jednotlivé modifikace PE."*

Copyright © Elsevier 2008.

Jednotlivé modifikace maji stejnou zakladni opakujici se strukturni jednotku (-CH,—CH,-)

a li8i se molarni hmotnosti a jeji distribuci, hustotou, stupném krystalinity, mnoZstvim
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kratkych a dlouhych boc¢nich fetézci. HDPE obsahuje primarné linearni fetézce s velmi
malym obsahem kratkych bo¢nich fetézcli. Mira rozvétveni fetézct silné ovlivituje hustotu
a reologické chovani PE. HDPE obsahuje primarné linearni fetézce s nizkym obsahem
bocnich kratkych fetézci. LDPE obsahuje velké mnozstvi dlouhych i kratkych boc¢nich
fetézcl, coz se projevi nizsi hustotou a pevnosti. Schématické zndzornéni mikrostruktury

jednotlivych modifikaci PE je zobrazeno na obr. 11,44

5.2 Mechanické chovani polymernich kompozitii v jednoosém tahu

Mezi casto pouzivané experimentalni metody hodnotici mechanické chovani polymert
patifi jednoosd tahovd zkouska. Z pribchu této zkouSky také vychazi vétSina teorii
popisujici pevnostni chovani materiali zejména z diivodu strukturni srozumitelnosti a
experimentalni jednoduchosti. V zéavislosti na rozsahu deformaci lze sledovat linearni a
nelinedrni chovani nebo lom testovaného materialu. Pro tento typ méfeni se pouzivaji trhaci
stroje, které nejcastéji pracuji v rezimu konstantni rychlosti deformace. Vzorek se uchyti
mezi dvé upinaci Celisti, z nichZ jedna se pohybuje konstantni rychlosti vii¢i druhé. Snima
se prib¢h sily v zavislosti na deformaci. Typicky pribéh kiivky zavislosti napéti na
deformaci je znazornén na tzv. pracovnim diagramu (obr. 12). Z tohoto diagramu lze vy¢ist
dilezité materidlové charakteristiky. Samotny tvar kiivky je specificky pro kazdy material a
Ize z n&j vycist jak je material pevny, tvarny, kiehky apod. Smérnice kiivky v pocatku (E =
ole) definuje Younglv modul pruznosti, ktery je charakteristicky pro dany material. Mez
kluzu (Yield point) znaci bod, kdy se elastické deformace zméni na deformace plastické a
nevratné. Tento bod je uren hodnotami ¢y a oy a na kiivce je zpravidla v prvnim maximu
nebo podle nékterych norem v misté, kde se kiivka zacina znatelné odchylovat od
linearniho priabéhu. Dale je v diagramu diilezity kone¢ny bod kiivky, ktery znaci pretrzeni
materidlu. Plocha pod kiivkou odpovidé deformacni praci a znaci miru houzevnatosti.?*%
Deformace PE v tahu vlivem vné&j$iho napéti je ovlivnéno semikrystalickou povahou

.1 107
materialu.*°

37



€,

[z ] -

¥ deformace &

Obr. 12. Graf zavislosti napéti 6 na deformaci testovaného materidlu € (pracovni diagram tahové
zkousky), kde bod (a) zna¢i Youngiv modul pruZnosti, (b) horni mez kluzu, (d) prirozeny dlouZici
pomér, (e) vy€erpani plasticity, (f) oblast zpevnéni, (g) lom materiilu, €, a 6, znaci napéti a deformaci
na mezi kluzu, o, je pevnost v tahu a g, znaéi taznost materialu.'”” Copyright © Univerzita Tomase Bati

2004.

Na obr. 13 je znazornén graf zavislosti napéti v tahu na deformaci testovaného vzorku se
znazornénymi zmeénami v mikro-struktute polymeru béhem deformacénich zkousek. Na
pocatku nejsou pozorovany zadné deformace a zatizeni je neseno pievazné tuhymi
krystalickymi lamelami. Po pfekroc¢eni meze kluzu jsou deformace zpiisobeny kombinaci
pfesouvani amorfni faze a klouzdnim krystalickych lamel. Struktura jednotlivych
krystalickych lamel neni v této fazi zatizenim ovlivnéna. S rostoucim napéti a deformaci (1-
1,5) 1ze vidét zvySeni orientace krystalické a amorfni faze polymeru ve sméru vnéjSiho
napéti. Pi1 dalsi deformaci po pfekroceni hodnoty 1,5 dochézi ke zpevnéni materialu, coz se
projevi na kiivce prudkym narGstem napéti. V této fazi nazyvané oblast zpevnéni je
amorfni faze nataZend na maximalni hodnotu a dochazi k rozvinuti a lamani krystalickych
lamel, tento jev je pak patrny na lomovych plochach, které maji charakteristicky hruby a
rozvlaknény povrch. Pi dalSim zvySovani napéti dojde k selhdni materidlu, které se projevi
pretrzenim. Zmény v mikrostruktufe lamel a pfi deformaci véetné faze zpevnéni jsou

zobrazeny na obr. 13107114
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Obr. 13. Graf zavislosti napéti o na deformaci testovaného PE materialu s vyznaenymi zménami

v mikrostruktuie polymerni matrice."**
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6 Cile disertac¢ni prace

Hlavnim cilem pfedlozené disertacni prace bylo pochopeni a popsani mezifazovych
procesu a jevi, které maji vyznam v biomedicinské a technické praxi. Jedna se zejména o
pochopeni vztahti mezi fyzikalné chemickymi jevy ovliviiujici adsorpéni/desorpéni proces
vybranych polymernich ¢astic a biologickych entit jako napt. bun€k na fadzovém rozhrani
kapalina/pevna latka pomoci hydrodynamickych a smykovych sil. K tomuto tcelu bylo
potieba realizovat a konstruk¢né upravit systém na bazi technologie impinging jet, kde je
depozice ftizena difuzi a uvolnéni adherovanych c¢astic/bunék z povrchu iniciovan
laminarnim tokem V okoli stagnacniho bodu. Mezi dalsi cile patiilo studium a pochopeni
mezifazovych jevll na rozhrani pevnd latka/pevnd latka se zamétenim na vliv koheznich a
adheznich sil mezi plnivem a matrici na mechanické vlastnosti v kompozitnich materialech.
K tomuto ucelu byl zkouman vliv intenzity a ¢asového prubéhu deformacniho napéti ve
form¢ jednoosého namahéani na deformaci kompoziti. DalsSim cilem byla charakterizace
koheznich sil na fazovém rozhrani pevna latka/plyn u praSkovych materidld pomoci
mechanického smyku. Experimentalni ¢ast je rozdélend do dvou logickych ¢asti. V prvni
¢asti hlavni feSené problémy se autor vénuje diskuzi vysledkl z experimentli zaméfenych
na adsorpéni/desorpéni proces na fazovém rozhrani kapalina/pevna latka pomoci techniky
impinging jet. Druha ¢ast nazvana dalsi feSené problémy je zaméfena na experimentalnim
studiu mezifdzovych jevl na rozhrani pevna latka/pevna latka a pevna latka/plyn pomoci

deformacniho a smykového mechanického napéti.

Prehled cili v bodech
1- Studium a pochopeni interakci na fdzovém rozhrani pevna latka/kapalina.

2- Konstrukce a realizace systému pro méfeni kinetiky depozice/ uvoliiovani ¢astic na bazi

technologie impinging jet.

3- Charakterizace a pochopeni vlivii topologie, smaceni, volné povrchové energie a
chemického sloZeni testovanych povrchii na proces adsorpce/desorpce na fadzovém rozhrani
kapalina/pevna latka.
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4- Experimentalni studium kinetiky uvolfovani lidskych nadorovych bunék (Hela)
adherovanych na uhlikové 2D-nanomateridly za ptesn¢ definovanych fyzikalnich

podminek.

5- Zaméfeni vyzkumné Cinnosti na experimentalni studium vlivu topografie povrchu na
kinetiku depozice latexovych polystyrenovych Castic za piesné definovanych fyzikalnich

podminek na polymerni substrat (ZEONOR) upraveny technikou nano-embosovani.

6- Experimentalni studium vlivu adheze minerdlnich plniv do polymerni matrice na
fazovém rozhrani pevna latka/pevna latka na vysledné mechanické vlastnosti kompozitu

pomoci deformac¢niho napéti.

7- Studium vlivu koheznich sil na fAzzovém rozhrani pevna latka/plyn u partikularnich latek

na tokové vlastnosti s vyuzitim smykové cely.
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7 ReSena problematika s vyuZitim systému impinging jet

7.1 Studium depozice modelovych ¢astic (PS) na nanostrukturovanych polymernich

povrsich

Tato studie byla zaméfena na vyzkum vlivu topografie povrchu na depozici modelovych
polystyrenovych latexovych ¢astic s velikosti 1,1 um na modifikované polymerni substraty.
Povrchova uprava polymeru na bazi cyklického olefinu (Zeonoru) byla provadéna metodou
nano—embosovani. Autor disertatni prace se podilel na reSerSi a sepisovani publikace
~iImpinging jet study of the deposition of colloidal particles on synthetic polymer (Zeonor) «
publikovaném v Casopisu International journal of mass and heat transfer (2014). V ramci
této feSené problematiky se autor disertacni prace podilel provedenim a vyhodnoceni
impinging jet experimentd, méfeni a vyhodnoceni volnych povrchovych energii
testovanych substratd. Skenovaci elektronova mikroskopie (SEM) a AFM méfeni byly
provedeny kolegy z regiondlniho centra pokrocilych technologii a materiali (RCPTM).
Embosovany Zeonor byl piipraven Mgr. Jitim Cechem, Ph.D. z DTU Nanotech (Déansko).

7.1.1 Materialy a metody

Pro impinging jet experimenty bylo pouZzito originalni uspofadani depozi¢ni cely navrhnuté
Dabrosem, Van de Venem a Adamczykem. Toto uspofadani je ¢asto zminovano jako
,radial impinging jet cell (R1J).”®** Objemovy pritok Q byl regulovan nastavenim
vertikalni pozice koloidni disperze a zménou vné&js$iho priméru vstupni a vystupni kapilary.
Pritbéh depozi¢niho procesu byl sledovan pomoci optického mikroskopu SM 5 (Intraco
Micro, Ceska republika) se zvétsenim 200x pii teploté 22 °C. Pritok (Re =~ 10) byl
konstantni pro vSechny experimenty. Pocet deponovanych ¢astic byl stanoven poc€itanim ze
snimki pofizenych v nasledujicich intervalech: 5; 10; 20; 30; 45; 60; 80; 100; 120; 150
minut. Snimky byly pofizeny digitalni kamerou Nikon Coolpix 4500 (Japan). Jako substrat
pro depozici ¢astic byl pouzit synteticky polymer Zeonor (Zeon chemicals, Japonsko) ve

form¢ folii s riiznou tlouStkou (50 pm a 100 pm). Povrch Zeonoru byl modifikovan
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embosovanim dvéma odlisSnymi vzory (viz obr. 14). Oznaceni, popis a geometrické

parametry jednotlivych vzort jsou shrnuty v tab. 2.

Obr. 14. Schématicky geometricky popis vInitého E2 (a) a pyramidového E1 (b) vzoru.™* Copyright ©
Elsevier 2014.

Tab. 2: Popis a oznaceni jednotlivych vzorki.

vzorek x(m) y(nm) z(nm) Popis vzorku

1 750 V - - - nemodifikovany Zeonor, tloustka 50 pm

2 750 E1 375 375 170 embosovany Zeonor: tloustka 50 pm, vzor E1
37100V - - - nemodifikovany Zeonor, tloustka 100 pm

4 7100_E2 440 50 170 embosovany Zeonor vzor: tloustka 100 pm, E2

Polystyrenové latexové kulovité mikroc¢astice byly vybrany jako dostupny a bézné
pouzivany testovaci disperzni systém s Sirokym rozsahem velikosti castic a riznym
stupném  polydisperzity.™® Pro impinging jet experimenty byly pouZity polystyrenové
latexové castice s velikosti 1,1 pm, zeta-potencidlem -20 mV a koncentraci 5x10°
astic/lem®. Pro eliminaci elektrostatickych interakci b&hem depozice byla disperze
pFipravena ve vodném roztoku 1x10° M KCl s vyslednym pH 7. Vypogitana hodnota i pii

naSich experimentalnich podminkidch byla 59. Pro meéfeni velikosti kontaktnich uhla
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smaceni testovanych substratti byly pouzity nésledujici slouceniny: ethylenglykol (EG)
(p.a., Lachema, Ceska Republika), dimethylsulfoxid (DMSO) (99,9 % A.C.S reagent,
Sigma-Aldrich, Némecko) a glycerol (GL) (p.a., Lach-Ner, Ceska Republika). Viechny

depozi¢ni experimenty byly provadény v deionizované vodé (vodivost - 0,06 uS/cm).

Velikost a zeta-potencial polystyrenovych latexovych ¢astic byl méfen na pfistroji Zeta
Plus Particle Size Analyzer (Brookhaven Instruments Corporation, USA). Ke zpracovani
obrazu byl pouzit Imagel] software (Image Processing and analysis in Java, USA).
Charakterizace topografie povrchu studovanych vzorkii Zeonoru byla provedena pomoci
SEM a AFM. Vsechny snimky ze SEM byly potfizeny pomoci mikroskopu Hitachi SU6600
(FEG) v médu sekundarnich elektronti pii urychlovacim napéti 1 kV a vzdalenost 6mm
mezi detektorem a vzorkem. Mikroskop se skenovaci sondou (Ntegra, NT MDT) v AFM
semi-kontaktnim moédu s frekvenci 0,7 Hz a NSG10 hrotem byl pouzit na ke stanoveni
topografie povrchu pouzitych substratu. Smacivost povrchu byla stanovena pomoci
techniky zalozené na méfeni statickych kontaktnich uhli metodou sedici kapky na pfistroji
See System Apparatus (Masarykova univerzita, Brno). VSechna méfeni probihala pti 22 °C
a byla opakovana 7x se 3 ul smaceci kapaliny. Volnd povrchova energie testovanych
materiald byla vypocitana pomoci rozsifené Fowkesovy teorie (Owens, Wendt, Rabel and

Kaelble aproximace).**’

7.1.2 Charakterizace povrchu

Velikost kontaktnich Uhli smaceni a s tim spojena velikost volné povrchové energie
substratu silng ovliviiuje depozice &astic. Uhly smaceni pro jednotlivé kapaliny
nemodifikovanych a embosovanych povrchi jsou shrnuty v tab. 3. Naméfené kontaktni
uhly smaceni pro vodu u povrchové nemodifikovanych vzorkli Zeonoru, které byly v
rozsahu od 96,8 ° pro vzorek 3 Z100 V do 99 ° pro vzorek 1 Z50 V, odrazi jejich
hydrofobni charakter. Po povrchové modifikaci embosovanim vzory El1 a E2 doslo
k zesileni hydrofobniho charakteru, coz se projevilo zvySeni kontaktnich (thli smaceni na

105°a102,4 °.
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Tab. 3: hodnoty statickych kontaktnich uhli smaceni méfenych metodou sedici kapky pro jednotlivé

substraty.
kontakni thly smaceni 0 (°)
vzorek
voda glycerol ethylenglykol DMSO

1.750_V 99.06 + 2.29 81.17+£2.97 70.05 + 0.56 64.99 + 1.25
2_7Z50_E1 104.99 + 0.98 89.82 +2.41 67.85+1.63 56.03 + 1.97
3_7100_V 96.79 + 1.87 92.55+0.54 67.64 £0.49 60.27 + 0.89
4 _7100_E2 102.43+1.53 82.44 +2.07 68.00 = 2.28 60.61 + 0.32

Pro vypocet volnych povrchovych energii byly zméfeny kontaktni thly smaceni pro
glycerol, etylenglykol a DMSO. Souhrn spo¢itanych volnych povrchovych energii véetné

polarni a disperzni slozky pro vSechny vzorky je uveden v tab. 4.

Tab. 4: Souhrn spoditanych volnych povrchovych energii a jejich polarnich a disperznich slozek podle

modelu Owends - Wendt - Rabel - Kaelble.

volna povrchova energie (mJ/mz)

vzorek
celkova disperzni polarni
1750V 24.63 +£3.77 21.49 +6.68 3.15+4.05
2_750_E1 37.17 £ 8.83 36.52 +£8.23 0.65 +0.88
3_7100_V 30.00 £11.51 27.03 £12.66 297+2.19
4 7100 _E2 31.92 +£6.74 30.43 £8.50 1.49+2.10

U vSech sledovanych vzorkli dominuje disperzni slozka volné povrchové energie, polarni
nemodifikovaného substratu 1 Z50 V (24,6 mJ/m?). Z vysledki je zfejmé, Ze embosovani
obéma vzory vede ke zvySeni volné povrchové energie. Nejvice je tento jev patrny u
pyramidového vzoru E1 kde dolo ke zvyseni o 50 % z pivodni hodnoty 24,6 mJ/m® na
37,2 m/m?.
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Obr.15. SEM snimky povrchu Zeonoru po embosovani pyramidovym vzorem E1 (a) a vlnitym vzorem
E2 (b); AFM snimky s profilovymi Fezy povrchu Zeonoru po embosovani s pyramidovym vzorem E1
(¢)(d) a vInitym vzorem E2 (e)(f)."! Copyright © Elsevier 2014.

Charakterizace povrchu byla provedena pomoci metod SEM a AFM (viz obr. 15). Ze
snimkd je patrné, ze embosovany povrch je vysoce homogenni u obou studovanych
povrchti s embosovanymi vzory E1 a E2. Snimky topografie povrchu ze SEM velice dobie

koresponduji s vysledky mapovani povrchu pomoci AFM.
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7.1.3 Depozice polystyrenovych latexovych ¢astic pomoci techniky impinging jet
Nameétené kinetiky depozice zdporné nabitych latexovych ¢astic o rozméru 1,1 um na
embosované a nemodifikované testované substraty pomoci techniky impinging jet jsou

shrnuty na obr. 16.
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Obr.16. Kinetiky depozice polystyrenovych latexovych ¢astic ziskané technikou impinging jet pro
jednotlivé substraty.” Copyright © Elsevier 2014.

Byl pozorovan exponencialni nartst po¢tu deponovanych ¢astic béhem depozice pro
vSechny testované substraty. Z experimentil je patrné, Ze i pies zvySeni volné povrchové
energie v dusledku tpravy povrchu nano-embosovanim (viz tab. 4) bylo pozorovano
snizeni celkového poctu deponovanych polystyrenovych latexovych ¢astic na povrch takto
upravenych substrati ve srovnani s nemodifikovanym povrchem Zeonoru s nizsi volnou
povrchovou energii. Domnivame se, Ze toto sniZeni celkového poctu deponovanych ¢éstic
blizkosti nad strukturovanym povrchem. Tohoto jevu lze vSeobecné vyuziva pii depozici s
hydrodynamickou fokusaci. Je zfejmé, Ze povrchovy design ovliviiuje celkovou aktivitu

povrchu. Povrch Zeonoru s pyramidalnim vzorem E1 je tfikrat vice aktivni ve srovnani

wrwe
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zminénou hydrodynamickou fokusaci, kterd je vice patrnd u povrchu s pyramidovym
vzorem. Tento ptedpoklad je podpofen rozsahem blokovacich Casti pro jednotlivé vzorky,
kde u povrchu s pyramidovym vzorem El se ¢as potfebny k ustaleni poc¢tu deponovanych
¢astic (blokovaci ¢as) zvysil dvakrat v porovnani s nemodifikovanym Zeonorem. (tab. 5
pro 1 Z150 V a 2_7Z50 E1). U vzorku s vlnitym vzorem 3 Z100 E2 bylo pozorovano

zvySeni blokovaciho ¢asu Sestkrat ve srovnani s nemodifikovanym Zeonorem 3_Z100_V.

Tab. 5: Spo¢itané parametry depozice polystyrenovych ¢&astic na testované substraty: Tt — €as
poti‘ebny K ustaleni poétu deponovanych éastic (blokovaci ¢as) (s), n — celkovy pocet deponovanych

¢astic v ustaleném stavu (-), j.— rychlost depozice v okoli stagna¢niho bodu.

vzorek Tploc (MIN) Nos (-) Jc (1/min)
1 750 V 9.82 + 3.53 2206 + 206 196.20
2 750 E1 23.1+5.7 431.4+2.7 18.72
37100 _V 2.32+£0.54 1230 + 44 533.11
4 7100 _E2 122 +4.1 150.5+ 1.7 12.83

Tyto zavéry velice dobife koresponduji s pozorovanim rychlosti depozice v blizkosti
stagnac¢niho bodu j. , kde je patrné razantni snizeni u embosovanych vzorkt. Povrchova
drsnost pro jednotlivé vzorky byla spocitdna s ohledem na typ smaceni (tab. 6). VSechny

embosované vzorky vykazovaly homogenni typ sméaceni (Wenzellv rezim).

Tab. 6: Vypocitana povrchova drsnost testovanych substrati podle rovnice: cos(6,) = cos r(0).

drsnost povrchu (-)

vzorek

voda EG DMSO
2 750 E1 1.64 1.11 1.32
4 7100 E2 1.82 0.98 0.99
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7.1.4 Shrnuti

Tato studie byla zaméfena na depozici latexovych ¢astic na povrch syntetického polymeru
Zeonoru pomoci techniky impinging jet. Topografie povrchu Zeonoru byla upravena
pomoci nano-embosovanim dvéma odliSnymi vzory, tyto Upravy byly charakterizovany
pomoci AFM a SEM. Depozice zaporn¢ nabitych (-20 mV) latexovych castic o velikosti
1,1 um probihala pfti laboratorni teploté (25 °C) a pratoku 2,3 g/min (Re = 10). Z grafu
zévislosti poctu deponovanych ¢astic na Case je patrny exponencialni priabéh az do ustaleni
rovnovazného stavu. Ziskané kinetiky depozice byly fitovany pomoci teoretického
blokovacitho modelu, diky kterému Ize vypocitat Cas potiebny k ustdleni poctu
deponovanych ¢astic (blokovaci ¢as) a rychlost depozice. I pies zvyseni volné povrchové
energie v dasledku Gpravy povrchu nano-embosovanim bylo pozorovano sniZeni celkového
poctu deponovanych polystyrenovych latexovych ¢astic na povrch takto upravenych
substratli ve srovnani s nemodifikovanym povrchem Zeonoru s nizs§i volnou povrchovou
energii. Tento jev pravdépodobné zptsobeny hydrodynamickou fokusaci v kapalné vrstveé
Vv tésné blizkosti nad embosovanym povrchem. Toto tvrzeni je podporovano vypocitanymi
depozi¢nimi parametry, kde u pyramidalniho vzoru doslo k zdvojndsobeni blokovaciho
¢asu ve srovnani s ¢istym nemodifikovanym Zeonorem. V pfipadé vinitého vzoru doslo k
Sestinasobnému navyseni hodnoty blokovaciho ¢asu. V obou piipadech doslo také k sniZeni

pocatecni rychlosti depozice Castic.

7.2 Studium adheze bunék (HeLa) na planarnich povrsich (G, GO, sklo)

Tato studie je zaméfena na vyuziti techniky impinging jet pfi zkoumani a kvantifikaci
adheze HeLa bunék na povrch grafenu (G) a GO. Namétfené kinetiky uvoliovani
adherovanych bun€k ze substratu, které bylo aktivovano laminarnim proudénim o sile 9,4
nN, pfispély k hlub§imu pochopeni interakce nadorovych bunék a 2D-uhlikovych
nanomateriall. Chemické slozeni, topografie povrchu, volna povrchova energie
testovanych substrdtu byly charakterizovany pomoci rentgenové fotoelektronové
mikroskopie (XPS), AFM, SEM a méfeni kontaktnich uhlt smaceni. V ramci této feSené
problematiky se autor disertacni prace podilel na provedeni a vyhodnoceni impinging jet
experimentll, ptipravé GO oxidaci grafenu pomoci studené plazmy, métfeni a vyhodnoceni

volnych povrchovych energii, vyhodnoceni vysledkt z metod: XPS, AFM a Ramanovy
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spektroskopie. Dale se podilel na resersi a sepisovani publikace ,,Flow induced HeLa cell
detachment kinetics show that oxygen-containing functional groups in graphene oxide are
potent cell adhesion enhancers® publikovaném v odborném ¢asopisu Nanoscale (2019).
XPS, SEM, AFM m¢éfeni a kultivace HeLa bun¢k byly provedeny kolegy z regionalniho
centra pokrocilych technologii a materiala (RCPTM).

7.2.1 Materialy a metody

Pro impinging jet experimenty byly pouzity nasledujici substraty: transparentni jednovrstvy
grafen na sklenéném substratu (25x25) mm (Graphene Supermarket, USA); GO ziskany
modifikaci z grafenu pomoci studené plazmy; sklenéné kryci sklo (18x18x01) mm (Menzel
— Glaser, Némecko). Pro depozici na zminéné substrity byla pouzita lidskd bunécna
nadorova linie cervix adenocarcinoma HeLa kultivovana v modifikovaném Eaglovu médiu
(DMEM, Gibco, Invitrogen, Carlsbad, CA, USA) doplnéném 10 % fetalnim hovézim sérem
(FBS) a1 % PEN/STR - penicilinem 10000 U/ml a streptomycinem 10000 pg/ml (Thermo
Fisher Scientific, USA). Voda (vodivost 0,06 uS/cm), diiodomethan 99 % (ACS reagent,
Sigma-Aldrich, Némecko) a EG (p.a., Lach-Ner, Ceska Republika) byly pouzity jako
smaceci kapaliny pro méteni kontaktnich 0hli sméceni. Jako medium pro deponovani
HeLa bunék byl pouzit fosfatovy pufr o koncentraci 0,1 M a pH 7,4 sloZeny z nasledujicich
latek: dihydrogenfosfore¢nan draselny (p.a., Penta, Ceska Republika), fosfore¢nan draselny
(p.a., Sigma-Aldrich, Némecko), chlorid draselny (p.a., Penta, Ceska Republika) a chlorid
sodny (p.a, Penta, Ceskd Republika). Grafen oxid byl pfipraven oxidaci grafenu na
sklenéném substratu pomoci studené atmosférické plazmy generované difuznim
koplandrnim bariérovym vybojem (Ceplant, Ceska Republika) pii atmosférickém tlaku.

Doba plazmovani byla 20 s pti vykonu generatoru 350 W.

K testovani velikosti adheze bunc¢k deponovanych na testované substraty byla pouzita
technika impinging jet. V této studii byla pouzita stejnd depozicni cela jako pii
experimentech s modifikovanym Zeonorem. Pratok Q byl kontrolovan nastavenim
vertikalni pozice délici banky obsahujici fosfatovy pufr a zménou priméru vstupni a
vystupni kapilary pfipojenych na depozi¢ni celu. Proces uvolnovani bunék z povrchu

studovanych substrati byl sledovan pomoci optického mikroskopu SM5 (Intraco Micro,
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Ceska Republika) se zvétienim 10x pii teploté 37 °C. Pritok byl nastaven na Re =~ 40,5
béhem vSech experimentt, které byly zopakovany 3X. Smacivost povrchu a velikost volné
povrchové energie byla urCena pomoci méfeni statickych kontaktnich thli sméceni na
pristroji Kriiss DSA 30 (Kriiss GmbH, Némecko). Méfeni bylo opakovano 7x pro vSechny
smaceni kapaliny pfi teploté¢ 22 °C. Volna povrchova energie testovanych substratii byla
spoCitina z prumémé hodnoty namétfenych kontaktnich uhld smaceni s vyuzitim
Fowkesovy rovnice roziifené o Owens, Wendt, Rabel and Kaelbe teorii (OWRK).?
Topografie povrchu studovanych substratii byla provedena technikou AFM. Snimky byly
pofizeny na pfistroji NTegra Spectra AFM instrument (NT-MDT, Rusko) se sondou VIT_P
(NT-MDT, Rusko) pti béznych laboratornich podminkach (vlhkost 49 %, teplota 23 °C).
Rezonanéni frekvence sondy byla 300 kHz v semi—kontaktnim moédu. Pofizené snimky
byly nasledné analyzovany v softwaru NT-MDT a Gwydion (Cesky meteorologicky tstav,
Ceska Republika). Chemické slozeni povrchu studovanych vzorkd bylo uréeno pomoci
XPS a Ramanovy spektroskopie. Spektra byla pofizena na pfistroji DXR Raman
Microscope (Thermo Scientific, USA) s CCD kamerou a objektivem se zvétSenim 10x.
Vsechna spektra byla métena pii laboratorni teploté. Spektra byla méfend pifi Cervené
excitac¢ni linii 633 nm (He-Ne laser) s vykonem 5,0 mW a délkou §térbiny 50 mm. K XPS
meéfeni byl pouZit pristroj PHI VersaProbe II XPS system (Physical Electronics, USA) s
monochromatickym zdrojem Al-Ka 15 kV o vykonu 50 W a energii fotonu 1486,7 eV. U
kazdého vzorku byla analyzovéna oblast s primérem 100 um. VSechna spektra byla méfena
ve vakuu 1,3x10® Pa a laboratorni teploté 20 °C. Ziskana spektra byla analyzovana pomoci
softwaru MultiPak (version 9.4.0.7.; Ulvac — PHI, Inc., USA). VSechny hodnoty vazebnych
energii byly vztazeny k referentnimu uhlikovému piku C 1s (284,8 eV). Studované Hela
bunky byly inkubovany pii 37 °C v atmosfére 5 % CO,. Pro mikroskopické méteni byly
buniky o koncentraci 5x10% bungk v 1ml suspenze smichdny s trypsinem a nésledné
vysazeny na testované substraty. Po 48 hod. kultivace byly bunky vytazeny z riistového
media a promyty fosfatovym pufrem. Snimky adherovanych bunék byly pofizeny na

inverznim mikroskopu Olympus IX 70 (Olympus, Japonsko) se zvétSenim 10x.
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7.2.2 Charakterizace povrchu

Chemické slozeni, smacivost, topografie a volna povrchova energie povrchu hraji pfi
adhezi bun¢k na povrch materidlu dilezitou roli, proto bylo nutné podrobné charakterizovat
testované substrétty.118 Na XPS piehledovych spektrech lze vidét, ze grafen se sklada
prevazné z atomu uhliku a obsahuje pouze malé mnozstvi kysliku (obr. 17). Po upravé

povrchu grafenu pomoci studené plazmy se mnozstvi kysliku razantné zvysilo, coz je

zapti¢inéno navazanim kyslikovych funkénich skupin na povrch grafenu.
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Obr.17. Namérené XPS piehledové spektra grafenu (a) a GO (b) pripraveného pomoci studené
plazmy.*® Copyright © RSC 2019.

Tab. 7: Chemické slozeni povrchu (vyjadiené v procentech) a pozorované poméry sp?/sp’ uhliku pro

grafen a GO.
chemické slozeni povrchu (%) a poméry sp®/sp® uhliku
vzorek
sp’ C sp’C C-0 C=0 sp’/sp®
grafen 66.7 15.6 12.3 2.7 4.3
GO 3.0 53.4 29.1 12.4 0.06

Piky pozorované pti vazebnych energii 286,2 a 288,1 eV u C 1s XPS spekter s vysokym
rozliSenim (obr. 18a,b) odpovidaji kyslikovym funkénim skupinam C-O a C=0, které byly
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detekovany na povrchu grafenu a GO. Vystaveni povrchu grafenu plisobeni studené plazmy
m4 také za nasledek sniZeni intenzity piku sp?C a jeho Cerveny posun z 284,8 eV na 283,7
eV. Relativni zastoupeni kyslikovych funkcnich skupin se zvysilo z ptivodnich 17,8 % na
43,5 % (viz tab. 7). Rozdilné chemické slozeni substrati bylo také charakterizovano
pomoci Ramanovy spektroskopie. Ve spektrech grafenu i GO lze vidét typické G, D a 2D
pasy (obr. 18c,d). Ostry a symetricky 2D pas S l,p/lg pomérem 3,7 vypovida, Ze se grafen
nachazi v jedné vrstve. 91?0 Nicméng pritomnost D pasu a Ip/lg poméru 0,19 znaci
pritomnost strukturalnich defektli, které mtizou byt zapfi¢inény CasteCnou oxidaci grafenu
(obr. 18a). Naméfené spektrum pro GO odraZi jeho strukturu, kterd je bohatd na sp°
defekty. Tyto defekty jsou zodpovédné za vysokou hodnotu Ip/lg (2) a ¢erveny posun G

121,122

pasu 0 21 cm * ve srovnani s grafenem. Tyto data se shoduji s vysledky XPS analyzy.
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Obr. 18. Naméfené a fitované C 1s XPS spektra s vysokym rozliSenim povrchu grafenu (a) a GO
pFipravenym pomoci studené plazmy (b); Ramanova spektra (A, = 632.8 nm) povrchu grafenu (c) a

GO (d) p¥ipravenym pomoci studené plazmy.*® Copyright © RSC 2019.
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Topografie a drsnost povrchu testovanych materialti byla analyzovana metodou AFM (obr.
19). Drsnost povrchu grafenu byla 1,28 nm, drsnost povrchu GO pak 1,25 nm. Tyto
naméfené hodnoty poukazuji na to, ze uprava pomoci studené plazmy neovlivnila
morfologii povrchu. Impinging jet experimenty tedy byly provadény na povrsich se stejnou

morfologii ale s odliSnym chemickym slozenim.

30.0 nm 30.0 nm
25.0 25.0
20.0 20.0
15.0 15.0
10.0 10.0

0.0 0.0

Obr 19. Snimky z mapovani povrchové topografie grafenu (a) a GO (b) ziskané pomoci metody AFM™.
Copyright © RSC 2019.

Adheze bunck na substrat siln€ zavisi na polarité, volné povrchové energii, smacivosti
povrchu a schopnosti adsorbovat ECM proteiny jako je kolagen, vitronektin, fibronektin a
laminin.*?® Tyto proteiny se véaZou relativné ve velkych koncentracich na hydrofobni
povrchy, nicméné v rigidni a denaturované formé diky intramolekularnim protein—protein
interakcim a intermolekuldrnim interakcim protein—substrat. Toto chovani negativné
ovliviiuje adhezi a rust bun€k. Naopak na hydrofilni povrch se proteiny z ECM maji
tendenci vazat v jejich ptirozené formé, coz podporuje adhezi bun¢k. Naméfeny kontaktni
uhel smaceni vody na povrchu grafenu 93,3° + 1,1° odrazi jeho hydrofobni charakter (tab. 8
a obr. 20a). Kontaktni tthel smaceni vody na povrchu GO pfipravenym pomoci studené
plazmy byl razantn¢ nizsi (42,9 £ 5,9°). Toto snizeni je zplisobeno oxidaci povrchu, diky

které je povrch vice hydrofilnim (tab. 8 a obr. 20b).
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Obr. 20. Snimky pouZité k urceni rovnovaznych kontaktnich uhli smadeni sedici kapky vody na
povrchu grafenu (a), GO (b) a skla (c).*® Copyright © RSC 2019.

Rozsah této zmény lze urcit uren pomoci spocitané volné povrchové energie zahrnujici
polarni a disperzni ¢asti (viz tab. 9). Volna povrchova energie pro grafen byla 36,3 = 1,5
mJ/mz, zatimco pro GO 46,9 = 9,4 mJ/m?. B&hem oxidace dochazi na povrchu k vytvofeni
kyslikovych funkénich skupin, které maji za nasledek zvySeni polarni slozky volné
povrchové energie z 0,72 + 0,27 mJ/m? pro grafen na 8,3 + 3,2 mJ/m? pro GO. Diky tpravé
pomoci studené plazmy se povrch grafenu stava hydrofilnim a tudiz podporuje adhezi a rist

o 11
bunék. 118

Tab. 8: Kontaktni tihly smaceni jednotlivych kapalin pro grafen, GO a sklo méfeny metodou sedici

kapky p¥i 24°C.

kontaktni thly smaceni 6 (°)

vzorek
voda diodometan ethylenglykol
grafen 93.3=+1.1 473+1.5 68.0+ 3.3
GO 429+59 40.6 +£2.2 27.6+14
sklo 52.6+4.2 56.6 1.8 444 £4.5

Funk¢ni skupiny na povrchu GO umoZnuji vytvoieni slabych vazebnych interakci
(elektrostatické interakce, vodikové mustky) s proteiny, které se nachazi v ECM. Z tab. 9 je
patrné, ze povrch grafenu je vice hydrofobni nez povrch skla, nicméné grafen je lepsi
substrat pro adhezi bunék diky interakcim m-elektronového oblaku s hydrofobnimi jadry
proteiny z ECM. To se projevi napi. vétsi konfluenci po 2 denni inkubaci v porovnani

se sklenénym substratem (viz. obr. 21).
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Tab. 9: Celkova volna povrchova energie substrati s polarnim a disperznim prispévkem vypocitana

pomoci aproximace podle OWRK.

volna povrchova energie (mJ/m®)

vzorek
celkova polarni disperzni
grafen 363+1.5 0.7+0.3 356+1.2
GO 46.9+9.4 8.3+£32 38.7+5.9
sklo 432 +11.7 30.1 £4.5 13.2+7.2

7.2.3 Impinging jet experimenty

Ze snimkl z optického mikroskopu zachycujici rist bunék na testovanych substratech po
48 hodinové kultivaci jsou patrné rozdily v dosaZzené konfluenci pro jednotlivé substraty.
Bunky dosahly 80 % konfluence na povrchu GO, 60 % na povrchu grafenu a 40 % na
povrchu skla (obr. 21). U vSech sledovanych bunék lze vidét proces mitdzy, ktery znaci

normalni chovani bunék béhem kultivace.

Obr. 21. HeLa buiiky po 48 hodinové kultivaci na povrchu GO (a) grafenu (b) a skla (c); snimky byly
pofizeny na inverznim mikroskopu Olympus IX 70 se sv&tSenim 10 x, vloZené méfitko: 200 pm.*

Copyright © RSC 2019.

Charakterizace kinetik uvolfiovani adherovanych bunék na jednotlivych substratech byla
provedena pomoci metody impinging jet. Uvoliovani bun¢k ze substratu bylo iniciovano
laminarnim proudénim o Re = 40.5 odpovidajicim tangencialni sile 9,5 nN (vypocet podle
rovnice 16). Cas potfebny k odtrzeni 80 % bunék adherovanych na povrch grafenu byl 90 +

8,7 s, zatimco pro buiikky adherované na sklenény substrat 68,6 + 6,6 s. V piipade substratu
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GO byl pozorovan téméf dvojnasobny ¢as potiebny k uvolnéni 80 % adherovanych bunék
studie, kterd se zabyvala efektivitou GO jako substratu pro adhezi savéich bungk.'?*
Pozorované kinetiky uvoliiovani bun¢k z povrchu grafenu a skla se skladaji se ze dvou
kroku (obr. 22). V piipadé grafenu je patrny prudky pokles poc¢tu adherovanych bunék v
prvnim kroku s néaslednym poklesem rychlosti odrthu v druhém kroku. V piipad¢ povrchu
skla se rychlost uvolfovani razantné neméni. Naopak kinetika uvolnovani bunék
adherovanych na povrch GO probiha v jednom prudkém kroku s vyraznou periodou, kde

odtrh bun¢k nebyl pozorovan.
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Obr. 22. Kinetiky uvoliiovani HeLa bunék z povrchu grafenu (a) GO (b) a skla (c). Experimenty byly
provadény s populaci &itajici stovky bunék®. Copyright © RSC 2019.

Také bylo zjisténo, Ze na povrchu GO a skla se bunky s mensi adhezni plochou uvoliuji
prednostné oproti bunkam s vétsi adhezni plochou (viz obr. 23). Lze ptedpokladat, ze u
bun¢k s mensi adhezni plochou vznikd méné vazeb mezi bunéénymi receptory a proteiny
z ECM. Sila adheze tedy umérn¢ klesa se zmensujici se adhezni plochou buflky.125 Odlisné
chovani bylo pozorovéano v ptipadé povrchu grafenu, kde se prednostné uvoliiovaly buiiky
s vétsi adhezni plochou oproti buiikdm s men$i adhezni plochou, u kterych dochazelo

K uvolnéni v pozd¢jsi fazi.
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Obr. 23. Vztah mezi velikosti adhezni plochy bunék a jejich ¢asem uvolnéni z povrchu grafenu (a), GO
(b) a skla (c).* Copyright © RSC 2019.

7.2.4 shrnuti

Tato studie se zabyvala adhezi HeLa buné¢k na povrch grafenu a GO. Pro srovnani byl jako
referentni material pouzit sklenény substrat. Chemické slozeni, morfologie a volné energie
testovanych povrchti byly charakterizovany pomoci metod XPS, AFM, Ramanovy
spektroskopie a métreni kontaktnich thlti smaceni. Ke stanoveni kinetik uvolnovani HelLa
bunck adherovanych na studovanych substratech byla pouzita metoda impinging jet.
Z vysledkli experimentli je patrné, ze smacivost povrchu je jeden z kliovych faktord
uréujici velikost adheze. Cas potiebny pro uvolnéni 80 % adherovanych bunék na povrch
GO naznacuje, Ze je mozné tento materidl pouzit jako substrat zesilujici adhezi bun€k a
mohl by byt potencialné pouzit pii konstrukci biosenzorti. Uvolnéni bunék z povrchu bylo
u vSech testovanych substratli iniciovano silou 9,4 nN a probihalo ve dvou krocich
Vv ptipadé povrchu grafenu a skla. Jednokrokova kinetika u GO s dlouhou periodou, kde
nebyl odtrh bunék pozorovan vibec, pravdépodobné souvisi se silnéjsi adhezi bunck
zpiisobenou ptitomnosti kyslikovych funkénich skupin na povrchu GO. Tento fenomén je
patrny i u druhého kroku kinetiky uvoliiovani z povrchu grafenu, kde je patrné razantni
sniZeni rychlosti uvoliiovani bunégk, které je pravdépodobné zapti¢inéno praveé kyslikovymi
necistotami na povrchu grafenu. Déle bylo zjiSténo, ze se buiiky s vétsi adhezni plochou na
povrchu grafenu uvoliuji pfednostné oproti buitkdm s mensi adhezni plochou. Opacny

trend byl pozorovan v ptipadé skla a GO.

59



8 Dalsi FeSena problematika

V této sekci se autor disertacni prace vénuje feSenym problémiim zaloZenych na pochopeni
mezifazovych jevll na rozhrani pevné latka/pevna latka se zaméfenim na vliv koheznich a
adheznich sil mezi Casticovym plnivem a polymerni matrici na vysledné mechanické
vlastnosti polymernich kompoziti. Pro studium mezifazovych jevii bylo pouzito
mechanické deformacni napéti. Experimenty byly zameéfeny na studium vlivu tvaru
mineralnich ¢asticovych plniv a jejich adhezi do polymerni matrice na elasticko-plastické
chovani kompozitnich polymert. Dalsi ¢ast obsahuje vysledky z charakterizace koheznich
sil na fazovém rozhrani pevna latka/plyn u partikularnich latek s vyuzitim smykové cely.
Experimenty v této cCasti byly zaméfeny na studiu tokovych vlastnosti mineralnich

¢asticovych plniv pro polymerni kompozity, mléénych produktii a kyseliny hyaluronové.

Zkousky jednoosého namahani pomoci deformacniho napéti v tahu byly realizovany
pomoci trhaciho zkuSebniho zafizeni Shimadzu AGS-X (shimadzu, Japonsko). Praskova
reologie byla provedena na pfistroji FT4 Powder rheometer (Freeman Technology, UK).

Teplota byla pro vSechny méfeni konstantni 23 °C s relativni vlhkosti 43 %.

8.1 Vliv tvaru mineralnich plniv na mechanické chovani kompoziti polyetylen/slida

a polyetylen/wollastonit.

Tato studie se zabyvala vlivem tvaru ¢astic mineralnich plniv na mechanické vlastnosti
kompozitu pfipravenych ze slidy a wollastonitu v matrici vysokohustotniho polyetylenu
(HDPE). Autor této disertaéni prace se podilel na tomto vyzkumu testovanim
mechanickych vlastnosti polymernich kompoziti vcetné vyhodnoceni vysledki.
Kompozitni polymery byly pfipraveny kolegy z technologické fakulty Univerzity Tomase
Bati ve Zliné. Vysledky z niZze uvedenych experimentt byly pouzity v publikaci ,Effect of
filler particle shape on plastic-elastic mechanical behavior of high density
poly(ethylene)/mica and poly(ethylene)/wollastonite composites“ publikované v odborném

impaktovaném casopise Composites part B (2018).
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Slida se pouziva jako plnivo v polovodicich, izolatorech, plastech a natérovych hmotach a
oktaedr-tetraedr). Zakladem planarniho uspotfadani jsou dvé tetraedrické sité ve vzajemné
hexagonalni symetrii, mezi kterymi je oktaedricka sit. Diky tomuto uspotddani vykazuje
slida dokonalou Stépnost v bazélni roviné. Na SEM snimku (obr. 22a) 1ze vidét planarni
nepravidelné uspofddani castic s primérnou velikosti 30 pum a tloustkou 1,7 um.
Wollastonit je chemickym sloZenim kiemicitan véapenaty, ktery se nejcastéji vyskytuje
v trojklonné krystalové soustaveé, ma jehlicovity tvar s primérnou velikosti ¢astic (150 x 20
x 10) pm (obr. 22b).***'?" V/ primyslu se Casto pouziva jako pigment v natérovych
hmotach. Ve stavebnim pramyslu jako nahrazka azbesti nebo v metalurgickém primyslu je
pfidavan do smési ke svafovani oceli. Hlavnim cilem této studie bylo zjistit vliv tvaru ¢éstic

wollastonitu a slidy na vysledné mechanické vlastnosti HDPE polymerniho kompozitu.

Obr. 24. SEM snimky studovanych mineralnich plniv: slida (A) a wollastonit (B).””® Copyright©
Elsevier 2018.

Na SEM snimcich z analyzy lomovych ploch testovanych kompoziti se slidou 1
wollastonitem, které vznikly béhem pevnostnich zkousek v jednoosém tahu, lze
vidét plastické deformace HDPE vlaken, které jsou pro tento polymer typické a projevuji se

vznikem ostruh.*?®

Vyskyt malych dutinek kolem ¢astic mineralnich plniv béhem tahovych
zkousek znaci relativné slabou adhezi mezi ¢asticemi a HDPE matrici pii zatizeni (plati pro
slidu i wollastonit), (obr. 25b,d). Nicméné pfitomnost puklin v okoli jednotlivych ¢astic
wollastonitu v kolmém sméru viéi mechanické deformaci (vyznaceny krouzkem na obr.
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25c,d) poukazuje na siln¢jsi adhezi cCastic na matrici v pfipadé kompozitu
wollastonit/HDPE ve srovnani s kompozitem slida/HDPE, u kterého tyto pukliny nebyly
pozorovany. Orientace S§ifeni trhlin je nejlépe viditelnd pii tahovych zkouSkach na
zkusebnich télesech typu ,dog bone* ptipravenych technologii vstfikovani plastd, u kterych
trhliny vznikaji ve wvnitinich ¢astech vzorku, kde jsou makromolekuly polymeru malo

orientované. Tyto trhliny se pak S§ifi smérem ven k povrchu kompozitu, kde jsou

makromolekuly polymeru orientované podélné ve sméru deformace, kde se zastavi.*®

lolls‘ilc axis

tefisile @xis

small crazes

B D

" fibrils
lance structures Sl fbAlE T,
Y \" small crazes

O

tensile axis
<«

Obr. 25. SEM snimky na lomovych plochach studovanych kompoziti. A, B - kompozit slida/HDPE po
tahové zkousSce (koncentrace 15 % slidy). C, D — kompozit wollastonit/tHDPE po tahové zkousce
(koncentrace 15 % wollastonitu); tahové zkousky byly provedeny p¥i rychlosti deformace 50mm/min.;
na obrazku je Sipkami znazornén smér deformace v tahu (tensile axis), deformované HDPE vlikna
(fibrils), vznik ostruh (lance sructures) a krouzkem vyznatené trhliny (small crazes).'”® Copyright ©
Elsevier 2018.

Mechanické chovani testovanych kompozith pii zkouskach pevnosti v tahu je znazornéno
na grafu zavislosti napéti na deformaci (obr 26). Graf lze rozd¢lit na 3 zakladni oblasti,

oblast | — elastické chovani, oblast II — elasticko-plastické a oblast IIT — plastické chovani.

62



Podobné¢ chovani lze vidét i u kompozitu HDPE s dutymi kulickami uhli¢itanu
véapenatého. ™'V piipadé kompozitu slida/HDPE bylo pozorovano zvyseni tuhosti a
kiehkosti ve srovnani s ¢istym HDPE a kompozitem wollastonit/HDPE s typickym

elasticko—plastickym chovanim.

| |
S —— HDPE

po— —— Mica/HDPE n
@© Wollastonite/HDPE
o
g -
(7))
(7))
¢ i
n

200 Frl [ 11 11 1
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Obr. 26. Graf zavislosti napéti na deformaci zkuSebniho materialu p¥i rychlosti deformace v tahu 50
mm/min pro jednotlivé HDPE kompozity s koncentraci plniva 15 w. % Experimenty byly opakovany

10x pii teploté 22 °C.'? Copyright © Elsevier 2018.

V ptipadé obou typl kompozitii doslo po pfiddni mineralnich plniv ke zvySeni Youngova
modulu pruznosti v tahu pfi rychlosti deformace 50 mm/min (obr. 27a, 27b) z pivodni
hodnoty 703 £+ 73 MPa pro ¢isty HDPE na 1609 + 93 MPa pro kompozit slida/HDPE a
1173 £ 107 MPa pro kompozit wollastonit/HDPE. NavySeni elastick¢ého chovani o 129 %
v pfipadé¢ kompozitu slida/HDPE je dano vys$Sim stupném krystalinity ve srovnani
s kompozitem wollastonit/HDPE, ktery je vice amorfni a vykazuje spise plastické chovani.
Pozorované vysledky potvrdily diivéjsi studie v oblasti polymernich kompozitl, kde tuha
plniva zvysuji Youngiv model pruznosti kompoziti umémé s rostouci koncentraci.*****
Na obr. 27c a 27d lze vidét rozdilny vliv jednotlivych plniv na horni mez kluzu. V ptipadé

kompozitu wollastonit/HDPE dochazi k navySeni horni meze kluzu se zvySujici se

koncentraci wollastonitu, tento trend se shoduje s piedeslou praci Liang a spol.*®*
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Obr. 27. Grafy znazoriujici vliv koncentrace slidy (a,c,e) a wollastonitu (b,d,f) na pevnostni
charakteristiky kompoziti: Youngiv modul pruznosti (a,b), horni mez kluzu (c,d) a prodlouZeni

materialu p¥i pietrzeni (e,f)."?® Copyright © Elsevier 2018.

U kompozitu slida/HDPE bylo pozorovano opa¢né chovani. Tyto vysledky potvrzuji, Ze
kompozit slida/HDPE vykazuje vétsi tuhost nez kompozit wollastonit/HDPE. Na obr. 27e a
27f jsou znazornény grafy zavislosti koncentrace jednotlivych plniv na prodlouZeni
materialu pii pretrZeni pro rizné rychlosti deformace. Z vysledl pro rychlost deformace
100 a 200 mm/min je patrné line4rni chovani, kde zvySovani koncentrace mineralnich plniv

vede ke snizeni vysledného protazeni materidlu, coz znacéi vetsi kiehkost ve srovnéni
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s ¢istym HDPE. Nelinearni pribéh lze vidét pro rychlost deformace 50 mm/min, kde u
kompozitu wollastonit/HDPE s koncentraci plniva 5 % dochazi ke zvysSeni vysledného
protazeni materialu o 15 %. Je zndmo, Ze rychlost deformace m4 silny vliv na deformacni
proces. Energie se béhem plastickych deformaci uvoliiuje predev§im ve formé tepla.
Nicméné bylo zjisténo, ze pii vysokych rychlostech deformace material podléha spise
adiabatickému dlouzeni. Naopak pii nizsich rychlostech se pfi plastickych deformacich

uplatni izotermické dlouzeni materialu.*®
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8.2 Charakterizace koheznich sil u partikuldrnich litek pomoci mechanického

smykového napéti a aeracnich testii.

V této posledni Casti se autor disertacni prace zabyva studiem koheznich sil na fazovém
rozhrani pevna latka/plyn u praskovych materiald. K tomuto ucelu byly provedeny
experimenty se smykovou celou (konfigurace FT4 Freeman Technology). Autor se podilel
na realizaci reologickych experimenti a vyhodnoceni vysledkt. Vysledky z téchto
experimenti pak byly pouzity v nasledujicich publikacich: ,Hollow spheres as
nanocomposite fillers for aerospace and automotive composite materials applications“
(Composites Part B — Engineering, 2016), ,,Surface energy analysis (SEA) and rheology of
powder milk dairy products« (Food chemistry, 2015).V této sekci se autor zabyva pouze
vysledky z praSkové reologie, na kterych se podilel. Pro hlubsi pochopeni dané
problematiky a kompletni vysledky jsou jednotlivé publikace pfilozeny v sekci piilohy.
Vsechny experimenty byly realizovany na pfistroji FT4 Freeman (Freeman Technology,

UK)

8.2.1 Charakterizace reologickych vlastnosti dutych c¢astic uhli¢itanu vapenatého
Smoznym vyuZitim jako plnivo v kompozitnich materidlech pro letecky a
automobilovy primysl.

V soucasnosti se zvySuje poptavka po syntetickych polymerech v automobilovém a

leteckém pramyslu, kterd je zamétend na pouziti polyetylenu, polypropylenu a polyamidu

jako materialy pro komponenty exteriéru, interiéru a ostatnich funkénich ¢asti dopravnich
prostiedki.’®* Z pocatku byly mineraly do polymernich matric pouzivany pro sniZeni

vyrobni ceny.137 V disledku vyvoje technologii zpracovani minerali a nerostnych surovin a

novych technologii v polymerni chemii se zaaly mineralni plniva pouZzivat jako funkéni

aditiva, diky kterym kompozity ziskdvaji specifické mechanické vlastnosti.*8 14

Pfitomnost nano- a mikro-rozmérnych dutych ¢astic v kompozitech ma za nasledek zvyseni

modulu pruZnosti a zvyieni absorpce energie pii tlakovém zatizeni.'*® Tato studie byla

zamétena na studiu reologického chovani praskovych mineralnich plniv ve formé dutych
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kulicek a lamelarnich castic (obr. 28) pro pouziti v kompozitnich polymerech na bazi

polyolefint.

Sample 1

Obr. 28. SEM snimky studovanych kompozitnich plniv, kde sample 1 = duté kuli¢ky Ca,CO3, sample 2

= kalcinovany jil, sample 3 = dolomit a sample 4 = kalcinovany kaolin.*® Copyright © Elsevier 2016.

Z méfeni aerace jednotlivych minerald je patrné, ze sférické duté kulicky diky svému
aerodynamickému tvaru vykazuji nejmensi hodnotu aeracni energie pfi priutoku vzduchu 10
mm/s (7,5 mJ) a maji nejvyssi aeracni pomér 15,1 ve srovnani s ostatnimi mineraly
lamelarniho charakteru (aera¢ni energie pro kalcinovany jil byla naméfena 25,1mJ).
Vysoky aera¢ni pomér odrazi dobré fluidizacni vlastnosti materialu. Ty jsou naopak Spatné
u ¢astic s nepravidelnym plandrnim tvarem z diivodu vzniku turbulentniho proudéni kolem
hodnotou aeracni citlivosti (0,152). Nizka aerac¢ni citlivost je typickd pro kohezni praskové
materialy. Parametry jako aera¢ni energie (AE), aera¢ni pomét (AR), energie toku (BFE) a

normalizovana aeracni citlivost (NAS) jsou shrnuty v tab. 10.
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Tab. 10: Piehled vysledkii z aera¢nich méi'eni kde BFE znaci energii toku, AE_10 aera¢ni energii, AR

je aeracni pomér a NAS predstavuje normalizovanou aeracni citlivost.

Vzorek BFE AE_10 AR_10 NAS
[mJ] [mJ] [] [s/mm]
duté kulicky 1141 7.5 15.1 0.344
kalcinovany jil 90.8 25.1 3.6 0.152
dolomit 107.9 13.4 8.1 0.261
kalcin. kaolin 179.3 18.0 9.9 0.310

Pomérné silné¢ kohézni chovani kalcinovaného jilu, které je zpusobenu kohezi mezi

jednotlivymi ¢asticemi, se projevilo odliSnym pritbéhem kiivky v grafu zavislosti celkové

energie na rychlosti proudéni (viz obr. 29). Vysledky z méfeni aerace byly nasledné

potvrzeny experimenty se smykovou celou, kde byly zjistény nizké hodnoty indexu toku

pro kalcinovany jil (3,67), dolomit (3,01) a kalcinovany kaolin (3,81). Tyto nizké hodnoty

odrazejici spiSe kohezni charakter ¢astic. Ve srovnani s vy$§im indexem toku pro duté

kulicky uhli¢itanu vapenatého (4,71), ktery je typicky pro dobfe tekouci materidly.

Total Energy (mJ)

T

®
v
o
<o

Sample 1
Sample 2
Sample 3
Sample 4

Air Velocity (mm/s)

Obr. 29. Graf zavislosti celkové energie (mJ) na rychlosti proudéni (mm/s) pro studované vzorky kde

sample 1 = duté kulicky Ca,CO;, sample 2 = Kalcinovany jil, sample 3 = dolomit a sample 4 =

kalcinovany kaolin. ®° Copyright © Elsevier 2016.
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Parametry z méteni pomoci smykové cely jsou shrnuty v tabulce 11. Zavislost smykového
napéti na normdlovém napéti se sestrojenymi Mohrovymi kruznicemi pro jednotlivé
materidly je znazornéna na obr. 30. Kompletni vysledky z akustickych méfeni a méteni
naboje zkoumanych praskovych materidlti jsou dostupné v publikaci, kterd je pfilozena
V plném znéni jako pfiloha D. Duté kulicky uhli¢itanu vapenatého byly nésledné vyuzity

pro vyrobu kompozitu s HDPE.**

Tab. 11: Tabulka shrnujici vysledné parametry z méfeni se smykovou celou, kde ff; znaéi index toku,

AIF je vnitni ihel tfeni, BD je hustota a AIF (E) predstavuje efektivni tihel vnitiniho tfeni.

koheze ff. AlF BD AlF [E]
Vzorek

[kPa] [-] [°] [9/mi] [°]
duté kulicky 0.86 4.71 30.13 1.95 35.86
kalcinovany jil 1.30 3.67 32.55 1.17 39.89
dolomit 1.48 3.01 35.34 1.92 44.20
kalcin. kaolin 1.15 3.81 34.53 2.36 41.39

Z vysledku je patrné, ze tvar Castic ma velky vliv na tokové vlastnosti zkoumanych
praskovych mineralnich plniv. Duté kulicky uhli¢itanu vapenatého maji charakter volné
tekouciho praskového materidlu ve srovndni s lamelarnimi c¢éasticemi kalcinovaného
kaolinu, ktery vykazoval kohezni charakter. Toto chovani je zpisobeno koheznimi silami
mezi jednotlivymi ¢asticemi. To bylo nasledné potvrzeno méfenim aerace, kde v piipadé
kalcinovaného kaolinu byla naméfena dvojnasobna hodnota aera¢ni energie ve srovnani

S ¢asticemi uhli¢itanu vapenatého.
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Obr. 30. Zavislosti smykového napéti (1) na normalovém napéti (¢) se sestrojenymi Mohrovymi
kruzZnicemi pro studované praskové materialy: duté kulicky Ca,CO; (symbol kruh), kalcinovany jil
(symbol trojihelnik), dolomit (symbol ¢tverec) a kalcinovany kaolin (symbol kosoctverec) ¢ Copyright
© Elsevier 2016.

8.2.2 Charakterizace reologickych vlastnosti mléénych produkti v praskové formé

Susené mléko je jednou z hlavnich sloZzek mnoha potravin. Koloidni povaha kravského
mléka a proces zpracovani jsou zasadni parametry, které maji vliv na konec¢nou kvalitu
mléénych produktu. Tento koloidni systém milze byt rozdélen na dvé zakladni Casti:
mlécné tuky napt. Laktoglobulin a micely kaseinu. Tyto dvé slozky tvoii az 80 % vSech
pevnych latek v roztoku mléka, a proto studium struktury a interakci mezi témito ¢asticemi
hraje vyznamnou roli v mlékarenském vyzkumu a pramyslu. Mezi hlavni vyhody suseného
mléka patii snadna doprava, moZznost skladovani v béZznych podminkdch a mnohonasobné
delsi Zivotnost ve srovnani s b&znym mlékem.**" Dalsim dilezitym vyrobkem z mléka
vznikajicim pfi vyrob& syrii jako sekundéarni produkt je syrovatka, kterd obsahuje 50 %
vSech pevnych latek obsazenych v mléce.**? Syrovatka a produkty se syrovatky obsahuji
esencialni prvky jako je vapnik, hoi¢ik, sodik, draslik, Zelezo, zinek a méd’ a pouzivaji se
Vv nizkokalorickych potravinach, produktech pro kojence, krmivech pro zvifata nebo
cukrovinach. Syrova syrovatka a produkty z ni (demineralizovand syrovatka, lakt6za,

/ I cv v I v rx 7 v 14
koncentrovana syrovatka apod.) se pak nejcastéji uchovavaji v praskové forme. 3
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Vysledky z praskové reologie métené pomoci smykové cely spolu s doplnénymi vysledky
z aera¢nich méfeni byly pouzity jako soucast vysledkl v publikaci (pfiloha E) zaméfené na
charakterizaci reologického chovani, stanoveni volné povrchové energie a jejich
komponent (disperzni a polarni ¢ast) a termické vlastnosti odstfedéného mléka, syrovatky a
demineralizované syrovatky v praSkové formé. Na snimcich se SEM lze vidét kulovity
charakter castic s polomérem 15 pum pro laktéozu, 80 um pro syrovatku a 88 pm pro

demineralizovanou syrovatku (obr. 31).

Obr. 31. SEM snimky studovanych praskovych materidli: odstfedéné mléko (A), syrovatka (B) a
demineralizovana syrovatka (C)."* Copyright © Elsevier 2015.

Vysledky reologickych métfeni pomoci smykové cely studovanych mléénych produktii jsou
znazornény na obr. 32, ktery znazoriuje graf zavislosti smykového napéti (1) na
normalovém napéti (o) se sestrojenymi Mohrovymi kruznicemi. Z vysledkd je patrné, ze
demineralizovana syrovatka je volné tekouci material charakterizovany nizkym indexem
toku ffe =11,7. Naopak naméfené niz$i hodnoty indexu toku ff; v pfipadé odstiedéného
mléka (3,3) a syrovatky (4,5) ukazuji na spiSe kohezni chovéani resp. dobie tekouci
charakter v ptipadé syrovatky. Hodnoty indext tokd jsou v souladu s naméfenymi hodnoty
prostych mezi kluzu (o¢): 1,37 kPa pro demineralizovanou syrovatku; 4,48 kPa pro
syrovatku a 4,63 kPa pro odstfedéné mléko. Vysledky z aeranich meéteni ukazaly, Ze
nejlepsi fluidizacni vlastnosti byly zjiStény v pifipadé syrovatky, u které byla naméiena
acrani energie AE (energie potiebna k fluidizaci vzorku) 4,8 mJ a aera¢ni pomér AR =
32,4. Naopak nejhorsi fluidiza¢ni vlastnosti byly zjistény Vv piipadé odstfedéného mléka,

pro které byla AE namétena 14,4 mJ (AR = 8,98).
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Obr. 32. Zavislosti smykového napéti () na normalovém napéti (6) se sestrojenymi Mohrovymi
kruznicemi pro studované praskové materialy: odstiedéné mléko (skim milk), syrovatka (whey) a

demineralizovana syrovatka (demin. whey).'* Copyright © Elsevier 2015.
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9 Zavér

Cilem této prace bylo pochopeni a popsanim fyzikdlné-chemickych jevi ovliviujici
adsorpci a desorpci castic a biologickych entit jako napt. bun¢k na fazovém rozhrani
kapalina/pevna latka. Pro tento ucel byl upraven a realizovan systém na bazi techniky
impinging jet pro méfeni kinetik depozice a uvolilovani Castic pomoci laminarniho toku
Vv okoli stagna¢niho bodu. V ramci této problematiky byl testovan vliv topografie povrchu
polymeru (Zeonoru) upraveného nano-embosovani dvéma rozdilnymi vzory. Ziskané
kinetiky depozice modelovych polystyrenovych latexovych castic na takto upravené
povrchy ukazaly, ze nano—embosovani siln¢ ovliviiuje aktivitu povrchu. I ptes zvyseni
volné povrchové energie Vv disledku nano-embosovani bylo pozorovano vyrazné snizeni
rychlosti depozice a celkového poctu deponovanych €éstic ve srovnani s nemodifikovanym
povrchem polymeru. Tento jev je pravdépodobné zpiisobeny hydrodynamickou fokusaci
Vv kapalné vrstvé v té€sné blizkosti nad povrchem polymeru. V ramci studia odtrhavani HelLa
bun€k adherovanych na 2D-uhlikaté nanomaterialy pomoci techniky impinging jet byl
sledovan vliv chemického sloZzeni, morfologie a smaceni testovanych povrchu na adhezi
bunék. Z Vysledku je patrné, ze kyslikové funkéni skupiny na povrchu GO zesiluji adhezi
HeLa bun¢k. Ziskané kinetiky uvolnovani bun€k naznacuji, Zze se GO jevi jako potencialné

vhodny substrat zesilujici adhezi bun¢k pro konstrukei biosenzori.

V dalsi c¢asti predloZzené prace byl zkouman vliv tvaru a adheze casticovych mineralnich
plniv do polymerni matrice na mechanické vlastnosti polymernich kompoziti pomoci
jednoosého namahani v tahu. Z vysledk je patrné, Ze adheze ¢asticovych plniv do
polymerni matrice HDPE silné ovliviiuje plasticko-elastické chovani kompozitu. V piipadé
kompozitt slida/HDPE a wollastonite/HDPE doslo v obou ptipadech k navySeni Youngova
modulu pruznosti pfimo umérné se zvétsujici se koncentraci jednotlivych plniv. V ptipadé
kompozitu slida/HDPE doslo také k navySeni horni meze kluzu spolu s rapidnim snizenim
prodlouzeni materialu pii pfetrzeni, coz znaci vyssi tuhost a kiehkost materiali ve srovnani

s ¢istym HDPE a kompozitem wollastonite/HDPE.

Soucasti predlozené prace bylo také studium vlivu koheznich sil mezi casticemi

partikularnich latek na faizovém rozhrani pevna latka/plyn na tokové vlastnosti testovanych
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praskovych materialti. V ramci této problematiky byl pomoci mechanického smyku a
aeracnich test zkouman vliv koheznich sil na tokové vlastnosti partikularnich latek.
Experimenty byly zaméfeny na studium mineralnich ¢asticovych plniv S moznym vyuzitim
V polymernich kompozitech, charakterizaci tokovych vlastnosti mlé¢nych produktt jako je

syrovatka a susené mléko.

Vysledky z této disertacni prace jsou podrobné¢ popsany v sekci feSené problémy. Poznatky
ziskané béhem experimentdlni prace pomoci techniky impinging jet pifinaseji nové
poznatky v oblasti interakci 2D-uhlikovych nanomaterialt s buitkami a v oblasti vlivu
topografie povrchu a nanodrsnosti polymeri na depozici Castic. Dale byly prohloubeny
dosavadni poznatky z oblasti polymernich ¢asticovych kompozitii se zaméfenim na vliv
adheze mineralnich ¢asticovych plniv do polymerni matrice HDPE. Lze tedy konstatovat,
ze autor prace splnil vytycené cile. VSechny vysledky byly publikovany v impaktovanych

casopisech, kter¢ jsou uvedeny v plném znéni v sekcei ptilohy.
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10 Summary

The aim of this thesis was to understand and describe the influence of the physicochemical
phenomena on particle deposition and cell detachment processes on the solid/liquid phase
interface. For this purpose, a system based on an impinging jet technique for the measuring
deposition and detachment kinetics induced by laminar flow near stagnation point was
adjusted and implemented. The influence of the topography of the Zeonor surface, modified
by nano-embossing by two different templates, was tested. Obtained Kinetics of the
polystyrene latex particles deposition on modified Zeonor surface have shown, that nano-
embossing significantly influenced the activity of the surface. Despite the fact, that
embossing of the Zeonor surface caused increasing of the SFE, a decrease of the total
number of deposited particles and lower deposition rates were observed in comparison to
the virgin Zeonor surfaces. This phenomenon is probably caused by hydrodynamic
focusing in a thin liquid layer above the Zeonor surface. Another study was focused on
HelLa cells adhesion on 2D carbon-based nanomaterials with focus on the influence of the
surface chemical composition, surface topology and surface wetting on the cell adhesion.
According to results, it is evident, that oxygen-containing functional groups on GO surface
enhanced cell adhesion. Obtained detachment Kkinetics indicate, that GO is a potent cell

adhesion enhancer and could be used as a substrate for the construction of biosensors.

In the next part of the thesis, the effect of the mineral filler shape, size and adhesion into the
polymer matrix was studied. This research was focused on the impact of the mineral fillers
on the mechanical properties of HDPE composites by means of uniaxial stress testing.
Results show that the adhesion of mineral fillers to the HDPE polymer matrix strongly
influenced the plastic-elastic behaviour of the composite. The increase of mica/HDPE and
wollastonite/HDPE of Young's modulus of elasticity was observed. In both cases,
increasing was in proportion to the increasing concentration of the individual filler. In the
case of the mica/HDPE composites an increase of the upper yield strength and rapid
reduction of the elongation at break was observed. This behaviour indicates higher stiffness
and brittleness of the material compared to the virgin HDPE and wollastonite/HDPE

composite. In the case of the mica / HDPE composite, the upper yield strength also
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increased, together with a rapid reduction in elongation of the breakage material, indicating
higher stiffness and brittleness of the materials compared to pure HDPE and
wollastonite/HDPE composites. Part of this thesis was also focused on the research of the
influence of cohesive forces study in bulk solids on the flow properties of the tested powder
materials. For this purpose, mechanical shear stress and aeration tests were used.
Experiments were focused on the study of mineral fillers with possible use in polymer
composites, characterization of flow properties of dairy products such as whey and dried

milk.

Complete results are well described and discussed in the section solved problems on page
42. Experiments using impinging jet technique bring a new finding in the field of
interactions of 2D-carbon based nanomaterials with HeLa cells and in the field of the
surface nanoroughness impact on particle deposition process. Furthermore, understanding
of the mineral filler adhesion to the polymer matrix impact on the mechanical properties of
polymer composites was enhanced. In conclusion the author achieved the main aims of this
thesis. All results, which are listed in the appendix section, were published in impact

journals.
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11 Seznam zkratek

R
Re
Sh
GO

ECM
AFM
PP
PET
LDPE
HDPE
LLDPE
RCPTM
SEM
EG
DMSO
GL
SPM

XPS

OWRK
CCD
AE

AR

radialni impinging jet (z angl. radial impinging jet)

Reynoldovo ¢islo

Sherwoodovo ¢islo

grafen oxid

grafen

extracelularni matrix

mikroskopie atomarnich sil (z angl. atomic force microscopy)
polypropylen

polyethylentereftalat

nizkohustotni polyethylen (z angl. low density polyethylene)
vysokohustotni polyethylen (z angl. high density polyethylene)
linearni nizkohustotni polyethylen (z angl. linear low density polyethylene)
regionalni centrum pokrocilych technologii a materiala

skenovaci elektronova mikroskopie

ethylenglykol

dimethylsulfoxid

glycerol

mikroskopie skenujici sondou (z angl. scanning probe microscopy)

rentgenova fotoelektronova spektroskopie (z angl. X-ray photoelectron
spectroscopy)

Owens, Wendt, Rabel a Kaelble

snimaci zafizeni S vazanymi naboji (z angl. charged-coupled device)
aeracni energie

aeracni pomér (z angl. aeration ratio)
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BFE zakladni energie toku (z angl. basic flowability energy)

NAS normalizovana aerac¢ni citlivost (z angl. normalized aeration sensitivity)
HA hyaluronic acid
SFE volna povrchova energie (z angl. surface free energy)
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In this study, an impinging jet deposition experiments were performed on synthetic polymer (Zeonor)
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gradual increase of total number of deposited particles with time reaching steady state number. Obtained
kinetic curves were fitted to the theoretical blocking model where characteristic time required to reach
the steady state (blocking time) as well as steady state number of deposited particles were calculated.
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1. Introduction

Studying interactions of colloidal particles at the solid/liquid
interface with respect to the adsorption/desorption phenomena
is important for many scientific and industrials processes [1-7].
This knowledge is significant for better understanding of filtration
processes, water treatment, microfluidic devices construction,
paper making, polymer characterization, biofouling of membranes
and artificial organs [8-11] etc. For detailed and exact understand-
ing of the latter mentioned phenomena well defined hydrody-
namic and physicochemical conditions during experiments are
required. These conditions are met in impinging jet technique,
where deposition of colloidal particles is well controlled by hydro-
dynamic conditions during deposition process [2].

The most important sphere-wall interactions are those leading
to the deposition of a spherical particle onto the surface. The flow
near the collector can be decomposed into a local stagnation-point
flow and a local simple-shear flow. Theoretical background is well
described in our previous paper [12].

* Corresponding author at: Regional Centre of Advanced Technologies and
Materials, Department of Physical Chemistry, Faculty of Science, Palacky University,
17 Listopadu 1192/12, 771 46 Olomouc, Czech Republic.
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The connective-diffusion equation can be written as follows:
on
= = 1
HVI=Q (1)

J=-DVn+un (2)

where ] is the particle flux vector, Q is a source term, D the diffusion
tensor and u the velocity which can consist of several contributions
€.g. Upydr Ucon and Uey. Hydrodynamic velocity is usually obtained
by solving the Navier-Stokes equation neglecting the presence of
the dispersed phase. Because of the latter assumption results apply
only to dilute dispersions:

ou
p<E+uVu) :—VP+11V2U+PFexr (3)
where v is the fluid flow velocity, is the fluid density, p is the pres-
sure, is the dynamic viscosity, Fey. is the body volume force exerted
on the fluid and t is the time. For the incompressible fluids Eq. (3) is
complemented by the continuity Eq. (4):

Yu=0 (4)

Analytical solution of Egs. (3) and (4) is available for a given initial
velocity field and specified boundary conditions for simple geome-
tries. In our case a stagnation-point flow collector was used which
in experimental configuration is called “impinging jet” [13]. The
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fluid velocity components (radial and normal) in the vicinity of the
stagnation point can be described [13]:

Un
u = ocr(Re,h/rc)Erz (5)
u, = —oc,(Re,h/rc)L;—;" 2 (6)

where r is the radial distance from the symmetry axis, z is the dis-
tance from the adsorbing interface, o is a flow intensity parameter
and uy, is the mean linear velocity given in (8). The latter parameter
o, is dependent on the cell geometry and the flow intensity, which
is usually expressed by the Reynolds number (Re):

Re = Q
Trev

(7)

where Q is the volume flow, r. is the capillary radius of the imping-
ing jet, is the kinematic viscosity of the fluid.

Q

U, =
T2

(8)

For our experimental set-up the ratio of the distance between the
confining plate and the collector to the radius of the jet (h/r.) was
1.7. For this geometry, values of o, for a Reynolds number of more
than 50 can be expressed as follows [14]:

oy =3.5v13u2B 13 9)

where u is the mean velocity of the jet.

Number of particles depositing per unit area per unit time on
the wall is expressed as a particle flux j. This flux is expressed in
praxis in the form of dimensionless Sherwood number Sh (10):

ja
Sh = Dy o (10)
where Dy is the diffusion constant, and ng is the number concentra-
tion of particles. By use of Smoluchowski-Levich approximation for
the case when there is no energy barier between the particle and
the collector (so called fast deposition) and by neglecting gravity
forces particle flux is given as:

exp (- )

T = e L i

(11)

where z is the dimensionless distance between the sphere center
and the wall, and Pe is the Peclet number.In the case when the
energy barier is present, the deposition rate is reduced and for the
particle flux we obtain:

Sh = Olg Shfast (12)

where oy is called the deposition efficiency. When electrostatic
repulsion is acting between particles and the surface oy <1 while
for electrostatic attraction o,y > 1 [10]. When only the Van der Waals
forces are acting olg ~ 1. Eq. (12) describe the initial deposition rate
on a base surface. As deposition proceeds, deposited particles slow
down the deposition. In the absence of particle detachment [10]:

Ny =Ny (1 —e*%> (13)

where n; is the number of deposited particles at time ¢, n.,, they
steady state number, and 7y, is the characteristic time required
to reach the steady state, referred to as the blocking time. The
blocking time can be expressed as [15]:

— nay j, (14)

Thloc

where v is the blocking coefficient which represents a normal-
ized area per deposited particle that effectively blocks further

deposition, j is the rate of particle deposition on a bare surface near
to stagnation point given as [10]:

jo=0.776 o} n. D} (15)

The most stable equillibrium contact angle of liquid droplet on solid
smooth and hoterogenous surface (0) can be described by Young
equation, which corresponds to minimal energy state among the
three phases [16]:

Vs = Ys1 + Y1cC0S0 (16)

Where 7vsc, vs. and y;¢ are the surface tensions of solid- gas, solid-
liquid and liquid- gas interfaces. In the case of the heterogenous
rough surface observed contact angles differs from smooth surface
and are described by Wenzel and Cassie-Bexter [17,18]. If the liquid
is in contact everywhere with the solid surface, system is in Wenzel
regime and following equation can be used:

cos(04) = rcos(0) (17)

Otherwise when the liquid drop is in conctact only with the top pro-
trusions on the surface (no liquid penetration into a solid surface is
observed) Cassie-Baxter aproach for determination of apparent
equilibrium contact angle (i.e. 0*) can be applied [19]:

cosf” = —1 + Dy(cosd + 1) (18)

where @ is the portion of solid region, that is in touch with the
liquid droplet area and 0 is the equlibrium contact angle on a
smooth surface. If we suppose, that there system is in ideal Cassie
regime, the surface textures is much smaller than the droplet size
and the three-phase contact line (CL) constrain is small or inconsid-
erable, we can calculate total surface free energy change for very
small displacements of contact line (dR) after and before the move-
ment [19]:

dE = dEgyface + AEjine (19)

where dEgce and dE;, represent surface and line energies.
dEgyrface €an be defined as

AEsuface = Ps(Vs — Ysv)dA + (1 — D)y, dAcos O (20)
The total line energy change (Eji,e) can be calculated as follows:

270,dA
dEline = :

(21)

Therefore the dependence of the texture size (r) on the most stable
apparent equilibrium contact angle (0*) using the Young equation
can be determinated by extented Cassie — Bexter equation in the
case, that the changes of total surface free energy are minimalized
[19]:

20,7
L%

where the T means the contact line tension at three-phase interface.

cosf’ = —1 + Og(cosf + 1) —

(22)

2. Experimental
2.1. Methods

For impinging jet experiments was used setup original designed
by Dabros, van de Ven and Adamczyk [3,13,15]. This setup is some-
times mentioned as radial impinging-jet cell (RIJ) [3]. The volumet-
ric flow rate Q was controlled by adjustment of the vertical
position of the colloidal dispersion level and by changing the inner
diameter of inlet and outlet capillary. Deposition process was fol-
lowed by microscope SM 5 (Intraco Micro, Czech Republic) with
magnification 200 x for all experiments at the temperature of 22
C. Flow regime (Re ~ 10) was kept constant for all experiments
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(see Scheme 1). Deposited particles number was determined by
counting of individual particles as observed on snapshots recorded
at following time intervals: 5; 10; 20; 30; 45; 60; 80; 100; 120;
150 min). Snapshots were taken by Nikon Coolpix 4500 digital
camera (Japan).

Flow rate was determined by weighing method. For Reynolds
number (Re) calculation following formula was used:

Q

e =
Trey

(20)

where Q is volumetric flow rate, r. is the capillary radius (in our
case I.= 1 mm), v kinematic viscosity (v =1,004 x 106 m?/s).

PS particles diameter and zeta-potential were measured on Zeta
Plus Particle Size Analyzer (Brookhaven Instruments Corporation,
USA). Image processing was performed by Image] software (Image
Processing and Analysis in Java, USA) available from http://rsb.
info.nih.gov/ij/index.html web pages.

Surface topology characteristics of studied Zeonor samples
were followed by scanning electron microscope (SEM) and by
atomic force microscopy (AFM).

All SEM images were taken on SEM Hitachi SU6600 (FEG). Sec-
ondary electrons mode, accelerating voltage 1kV and distance
between detector and the sample 6 mm were used.

Scanning probe microscope (SPM) (Ntegra, NT_MDT) in AFM
mode was used for surface topology. Semi-contact mode with
NSG10 tip and frequency of 0,7 Hz was set for this measurements.

Static contact angle of wetting measurements based on axisym-
metric shape drop analysis were performed by See System appara-
tus (Masaryk University, Czech Republic). Each contact angle
measurement was repeated 7 x at 22 °C with 3 pl volume of the
wetting liquid. Surface free energy of the tested material was cal-
culated according to the Owens, Wendt, Rabel and Kaelble
[20,21] extended Fowkes theory as a mean value of all testing lig-
uids combinations.

2.2. Materials

For particles deposition experiments synthetic polymers Zeonor
(Zeon Chemicals, Japan) in the form of foil with three different

Scheme 1. Schematic description of the experimental setup: PS - polystyrene latex
dispersion, C - camera, TS - tested substrate and IJ - impinging jet cell.

thicknesses (50 um, 100 and 188 pum) were used. Zeonor surface
was modified by embossing with two different patterns (for geo-
metrical parameters of the patterns see Scheme 2).

Polystyrene micro-spheres were selected as a testing colloidal
system as they are inexpensive and readily available at wide range
of particle sizes and surface modifications, degree of polydisper-
sity. For impinging jet experiments polystyrene latex beans
(Sigma-Aldrich, USA) with 1,1 pum mean particle and zeta-poten-
tial of -20 mV were used. The average number concentration was
set to 5 x 10° per cubic centimetre. For elimination of electrostatic
interactions during deposition experiments latex dispersion were
prepared in 1 x 10~ M KCl aqueous solution and pH 7. Calculated
value of a was 59 at our experimental conditions. All contact angle
measurements and impinging jet experiments were performed in
de-ionized water (Millipor, conductivity of 0,06 1S/cm)

Ethylene glycol (EG) (p.a., Lachema, Czech Republic), dimethyl-
sulfoxide (DMSO) (99,9% A.C.S reagent, Sigma-Aldrich, Germany)
and glycerol (G) (p.a., Lach-Ner, Czech Republic) were used as
testing liquids for contact angle measurements (ACS grade,
Sigma-Aldrich, USA).

3. Results and discussion
3.1. Surface energy and topology characterization

As mentioned in the introduction, magnitude of a surface free
energy and of equilibrium contact angles of wetting liquids on col-
lector substrate surfaces play important role during particle depo-
sition process. In our study we have used polystyrene latex
particles for deposition. Polymer substrate under study (Zeonor)
wetting characteristics of both virgin and embossed samples are
summarized in Table 2. It is evident, that for water contact angles
of wetting of virgin Zeonor surfaces was ranging from 99° for sam-
ple 1_Z50_V and 96,8° for sample 3_Z_100_V to approximately 96°
for sample 6_Z188_E3, reflecting their hydrophobic character. After
embossing with latter described geometrical patterns (see Table 1)
in the first two cases of patterns E1 and E2 further increase of the
measured contact angles was observed to 105° as well as to 102.4°.
This increase reflects more water repellent character of the pat-
terned surfaces. However in the case of pattern E3 this trend was
not observed, where after embossing the contact angle of wetting
of water was decreased from 103.6° to 96 °C. To allow us calcula-
tion of the surface free energy the wetting of following testing lig-
uids was measured (glycerol, ethylene glycol, DMSO). Calculated
values of the surface free energies of all studied samples are sum-
marized in Table 3. Here a dominating was dispersive part of the
surface free energy with minor polar component in all studied
cases. The lowest total surface free energy was found for sample
1_750_V (24.6 mJ/m?), for samples 3_Z_100_V and 5_Z188_V were
observed approximately equal values of 30 mJ/m? However,
embossing triggered increase of the surface free energy was in
the case of surface patterns E1 and E2 due to the increase of disper-
sive part of the surface free energy, while in the case of E3 geomet-
ric pattern due to the increase of the polar component. The most
visible increase of the surface free energy was found for geometric
pattern E1, from original 24.6 mJ/m? to 37.2 mJ/m?.

Surface topology was characterized by means of SEM and AFM
measurements. For original AFM and SEM snapshots see Figs. 1-4.
As one can see studied embossed surfaces exhibited excellent
reproducible patterns in contrary to the original flat surfaces.
SEM images of Zeonor embossed foil with thickness 100p shows
(sample 4_Z100_E2), that topological pattern is uniform, as shown
in Fig. 3. Pattern consists of 300 nm long and 180 nm high nano-
structures, which are shown in AFM image in Fig. 1. Topological
pattern of the embossed Zeonor foil thickness 50 um and 188 pm
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X

Scheme 2. Schematic description of the patterned E1 (a) and pattern E2 and E3 (b) surface geometry.

Table 1
Sample labeling and decription.

Sample x (nm) y (nm) z (nm) Description

1.Z50_V - - - Virgin Zeonor, thickness 50 pm

2_750_E1 375 375 170 Embossed Zeonor, thickness 50 pum, spacing x 450 nm, y 450 nm, pyramidal pattern geometry

3.7100_V - - - Virgin Zeonor, thickness 100 pm

4_7100_E2 440 50 170 Embossed Zeonor, thickness 100 pm, spacing x 440 nm, y 560 nm, wave like pattern geometry

5_7188_V - - - Virgin Zeonor, thickness 188 pm

6_7188_E3 375 375 180 Embossed Zeonor, thickness 188 pum, spacing x 425 nm, y 425 nm, pyramidal pattern geometry
Table 2

Measured static contact angels of wetting (6) of studied polymer samples (Zeonor Embossed 50 pm, Zeonor Virgin 50 um, Zeonor embossed 100 pm and Zeonor Virgin 100 pm)

by axysimmetric shape drop analysis (measured at 24 °C).

Wetting liquid Contact angle of wetting 0 (°)

1.7Z50_V 2_750_E1 3_Z_100_V 4_7_100_E2 5_7188_V 6_Z188_E3
Water 99.06 +2.29 104.99 +0.98 96.79 £1.87 102.43 +£1.53 103.64+0.83 96.15+1.43
Glycerol 81.17 £2.97 89.82+2.41 92.55+0.54 82.44 £2.07 91.05 £0.37 78.74 £2.78
Ethelene glycol 70.05 +0.56 67.85+1.63 67.64 £0.49 68.00 +2.28 69.22 +1.03 62.16 £3.26
DMSO 64.99 £1.25 56.03+1.97 60.27 +0.89 60.61+0.32 67.75+1.14 57.90+3.22
Table 3
Total surface free energy and its parts (dispersive, polar) calculated via Owens-Wendt approach.
Surface free energy [m]/m?] 1.Z50_V 2_750_E1 3_.Z.100_V 4_7Z_100_E2 5_7188_V 6_Z188_E3
Ys 24.63 £3.77 37.17£8.83 30.00 +11.51 31.92+6.74 29.65 +7.40 30.86 £4.84
72 21.49 +6.68 36.52 £8.23 27.03 +12.66 30.43 £8.50 28.43 +7.67 26.72 £9.03
e 3.15+4.05 0.65 +0.88 297+2.19 1.49+2.10 1.22+1.76 4.14+£5.30

(2_Z50_E1 and 6_Z188_E3) show different geometry with approx-
imately the same size of individual nano-object structures similar
to the previous sample are shown in Figs. 1,2 and 4. SEM images
characteristic features correspond very well with AFM images of
all three samples under study (of all three thicknesses of 50, 100
and 188 m).

3.2. Impinging jet deposition experiments

At the present time a microfluidics, the manipulation of liquids
using small structures in the tens of micrometers, is an emerging
field of research and development in life sciences and medicine.
Broad range of applications, where microfluidics have been
applied, spans from nanoliter-volume chemical synthesis to micro-
scale capillary-driven diagnostics, single cell analysis, high-
throughput drug screening, protein crystallization etc. Results
from negative latex particles deposition by means of the impinging
jet experiments on structurally tuned micropatterned surfaces are
summarized in Fig. 5. As shows a typical exponential growth of the
total number of deposited particles as a function of time was

observed. From our measurements we have observed decreasing
of total number of deposited particles after embossing of Zeonor
surface, despite the fact, that embossing caused increasing of SFE
for all tested patterns as given in Table 2 and Table 3. We might
expect that the flux pattern above structural surface is affected
by creation of the localized micro vortices in the adjacent liquid
layer above tested surface which in general can be used for hydro-
dynamic focusing of deposition. Obtained data shows that surface
of Zeonor foil with thickness 50 pm and pyramidal structural pat-
ter design is more active compare to the surface of Zeonor foil with
thickness 100 pm having wave like geometrical pattern. We might
expect some kind of hydrodynamic focusing like effect in the case
of both pyramids as well as wave like round pattern designs. This
conclusion is supported by observed blocking time magnitudes,
where after pyramidal embossing the latter blocking time was
increase two times in comparison to the virgin surfaces (samples
1_7Z50_V compare with 2_7Z50_E1). However in the case of wave
like pattern geometry the latter blocking time was increased
approximately six times in comparison to the virgin surface (see
Table 4 data for samples 3_Z100_V and 3_Z100_E2). Similarly the
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Fig. 1. AFM image of Zeonor modified via embossing with pattern E1 (a) E2 (c) E3 (e) and profile cut of the samples 2_Z50_E1 (b), 4_Z100_E2 (d) and 6_Z188_E3 (f).
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Fig. 2. SEM image of Zeonor foil with thickness 50 m modified via embossing with Fig. 3. SEM image of Zeonor with thickness 100 pm modified via embossing with
pattern E1. pattern E2.
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Fig. 5. Total number of particles deposited as a function of time of PS particles on
Zeonor virgin (circle) and embossed (triangle) with thickness 50 um (full symbols)
and 100 um (empty symbols). (measured at 24°C). Lines are best fits of
experimental data with deposition model (17).

Table 4

Results of the impinging jet experiments of particle PS deposition on Zeonor surfaces:
Tploc blocking time (s), n., - steady state number of deposited particles (-), j. - rate of
particle deposition on a bare surface near stagnation point.

Sample Thioc (Min) Ny (-) Je (1/min)
1.250_V 9.82+3.53 2206 + 206 196.20
2_750_E1 23.1+57 431427 18.72
3.Z100_V 2.32+0.54 1230+ 44 533.11
3_Z100_E2 12241 1505+ 1.7 12.83

steady state number of deposited particles was decreased propor-
tionally to the above mentioned blocking time data in the case of
embossed surfaces. Above mentioned conclusions very well corre-
spond to the observations of particle deposition rates near stagna-
tion point j. where their vigorous decrease was found for embossed
surfaces in comparison to the virgin ones. With respect to the
mode of wetting the tested surfaces results of the surface rough-
ness calculations are summarized in Table 5. Here is evident
observed Wenzel mode of wetting behavior for water, where for
the 2_750_E1 and 4_Z100_E2 samples we obtained surface rough-
ness ranging from 1.64 to 1.82, however with more hydrophobic
character in comparison to the 6_Z188_E3 sample, where in con-
trary more hydrophilic behavior was found.

Table 5
Calculated surface roughness of tested embossed samples according to Eq. (17).

Sample Surface roughness (-)

Water EG DMSO
2_750_E1 1.64 1.11 1.32
4_7_100_E2 1.82 0.98 0.99
6_Z188_E3 0.45 1.32 1.40

4. Conclusions

There were performed an impinging jet deposition experiments
on synthetic polymer (Zeonor) original and by micro-embossing
modified substrates with exactly defined topology as confirmed
by AFM and SEM. Deposition experiments were performed at
ambient temperature and at selected flow regime of Re = 10. As a
particles deposited the PS 1,1 um diameter particles (Sigma-
Aldrich) were used having negative charge of -20 mV as observed
by zeta potential experiments. There was found gradual increase
of total number of deposited particles with time reaching steady
state number. Obtained kinetic curves were fitted to the theoretical
blocking model where characteristic time required to reach the
steady state (blocking time) as well as steady state number of
deposited particles were calculated. We have observed decreasing
of total number of deposited particles after embossing of Zeonor
surface, despite the fact, that embossing caused increasing of SFE
for all tested patterns. There was confirmed some kind of hydrody-
namic focusing like effect in the case of both pyramids as well as
wave like round pattern designs. This conclusion is supported by
observed blocking time magnitudes, where after pyramidal
embossing the latter blocking time was increased two times in
comparison to the virgin surfaces. However in the case of wave like
pattern geometry the latter blocking time was increased approxi-
mately six times in comparison to the virgin surface. Latter conclu-
sions were consistent with data observed for the steady state
number of deposited particles as well as of particle deposition rates
near stagnation point j. where their vigorous decrease was found
for embossed surfaces in comparison to the virgin ones.
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Flow induced Hela cell detachment kinetics show
that oxygen-containing functional groups in
graphene oxide are potent cell adhesion
enhancers¥}

Jakub Vicek,® Lubomir Lap¢ik, 9 **° Markéta Havrdova,? Katefina Poldkova®
Barbora Lapcikova, & P Tomas Opletal,© Jens P. Froning® and Michal Otyepka  *2

A broader and quantitative understanding of cell adhesion to two-dimensional carbon-based materials is
needed to expand the applications of graphene and graphene oxide (GO) in tissue engineering, prosthe-
tics, biosensing, detection of circulating cancer cells, and (photo)thermal therapy. We therefore studied
the detachment kinetics of human cancer cells HelLa adhered on graphene, GO, and glass substrates
using stagnation point flow on an impinging jet apparatus. Hela cells detached easily from graphene at a
force of 9.4 nN but adhered very strongly to GO. The presence of hydrophilic functional groups thus
apparently enhanced the Hela cells’ adherence to the GO surface. On graphene, smaller Hela cells
adhered more strongly and detached later than cells with larger projected areas, but the opposite behav-
ior was observed on GO. These findings reveal GO to be a suitable platform for detecting cells or estab-
lishing contacts, e.g. between graphene-based circuits/electrodes and tissues. Our experiments also
show that the impinging jet method is a powerful tool for studying cellular detachment mechanisms and
adhesion strength, and could therefore be very useful for investigating interactions between cells and gra-

rsc.li/nanoscale phene-based materials.

Introduction

The two-dimensional (2D) carbon-based nanomaterials gra-
phene and graphene oxide (GO) and recently two-dimensional
peptide-based functional nanomaterials’ have a wide and
growing range of biomedical applications in areas and systems
such as targeted drug delivery,>* scaffold biomaterials,>®
biosensors,” ' neural engineering,"* photothermal therapy,'*"*
and theranostics."* ' Their usefulness in these applications is
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due to their unique physical and chemical properties, which
include excellent electrical and thermal conductivity, a large
specific surface area, superior mechanical strength, attractive
optical properties, and good biocompatibility."”™*°

Cell adhesion to 2D carbon-based materials has drawn par-
ticular attraction in recent years in pharmaceutical and bio-
materials research, partly because of the potential applications
of these materials in tissue engineering and prosthetics.”*>* The
ability of GO to enhance cell adhesion and even selectively
capture cancer cells makes GO surfaces suitable platforms for bio-
sensing, and (photo)thermal therapy. A recently prepared hybrid
polyester microfiber scaffold with a GO coating that promotes cell
adhesion was shown to enable efficient killing of captured cancer
cells via photothermal ablation.>* Adhesion strength is important
for the efficiency of biosensors, and can be improved by surface
nanostructuring or chemical modification.**® A better under-
standing of cellular adhesion to these nanomaterials and new
experimental techniques suitable for developing such an under-
standing are thus needed to support the advancement of research
into the biomedical applications of graphene and GO.

The adhesion forces between cells and substrates can be
evaluated using several methods including hydrodynamic, cen-
trifugation, and micromanipulation techniques.>’”*® Atomic
force microscopy (AFM) is a powerful technique for measuring

This journal is © The Royal Society of Chemistry 2019
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the strength of adhesion of single cells but is unsuitable for
large population analysis.>® Conversely, hydrodynamic devices
such as parallel plate apparatus, radial flow chambers, and
impinging jet systems are suitable for studying the adhesion
of large cell populations. These techniques, which are based
on the application of shear stress to cells adhered on the
surface, enable dynamic measurements and studies on detach-
ment kinetics.’**> Impinging jet systems focus a jet on a
small area, producing a thinner and more uniform hydrodyn-
amic boundary layer than other hydrodynamic methods,
which act at long distances from the stagnation point.**7*
This enables exact quantification of the tangential forces
acting at the target surface in the vicinity of the contact point
of the impinging dispersion medium, generating reliable data
on the strength of the adhesion between the surface and
adhering particles (in this case, HeLa cells).

Cervical cancer is the third most common type of cancer; it
affects many women worldwide and causes over 200000
deaths annually.’® Deaths due to cervical cancer could be
greatly reduced by routine screening and early diagnosis fol-
lowed by treatment of pre-cancerous lesions because early-stage
treatment significantly improves prognosis. The development of
graphene/GO based biosensors, which could potentially be used
for routine and effective cancer diagnosis, will be facilitated by
information on HeLa cells’ adhesion to these nanomaterials.
We therefore investigated the adhesion of HeLa cervical cancer
cells to graphene and GO, and compared our results to
measurements of their adhesion to glass. These studies revealed
that the impinging jet technique enables experimental quantifi-
cation of cellular adhesion on diverse surfaces.

Experimental
Materials

Transparent single-layer graphene on square 25 x 25 mm glass
substrate coupons was purchased from Graphene Supermarket
(USA). Glass coverslips measuring 18 x 18 x 0.1 mm (width x
length x thickness) were purchased from Menzel-Gliser
(Germany) for use as reference substrates. Samples of the
human cervix adenocarcinoma HeLa cell line were purchased
from the American-type Culture Collection (ATCC, USA) and
cultured in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco, Invitrogen, Carlsbad, CA, USA) supplemented with 10%
fetal bovine serum (FBS) and 1% PEN/STR - penicillin 10 000
U mL Ystreptomycin 10000 pg mL~' (Thermo Fisher
Scientific, USA). Millipore water (USA) with a conductivity of
0.06 pS cm™', diiodomethane (99% pure, ACS reagent grade,
Sigma-Aldrich, Germany), and ethylene glycol (p.a., Lach-Ner,
Czech Republic) were used as wetting liquids for contact angle
measurements. PBS buffer (0.1 M, pH 7.4) for impinging jet
experiments was prepared using potassium dihydrogen phos-
phate (p.a., Penta, Czech Republic), dipotassium phosphate
(p-a., Sigma-Aldrich, Germany), potassium chloride (p.a.,
Penta, Czech Republic), and sodium chloride (p.a, Penta,
Czech Republic).

This journal is © The Royal Society of Chemistry 2019
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The surface wettability of graphene, GO, and glass was deter-
mined by static contact angle of wetting measurements based
on axisymmetric drop shape analysis, which was performed
using a Kriiss DSA 30 (Kriiss GmbH, Germany) instrument. All
measurements were performed with 3 pL of wetting liquid,
and all tests were repeated 7x at 22 °C. The surface free energy
of the tested substrates was calculated from the average static
contact angles for water, diiodomethane, and ethylene glycol
according to the Owens, Wendt, Rabel, and Kaelbe extended
Fowkes theory.?”

The topology of the studied surfaces was characterized by
AFM. Images were acquired using an NTegra Spectra AFM
instrument (NT-MDT, Russian Federation) with VIT_P probes
(NT-MDT, Russia). The probes’ free resonance frequency was
around 300 kHz for operation in semi-contact mode. The set
point for amplitude modulation mode was approximately 50%
of the free oscillation amplitude under ambient conditions of
49% humidity at 23 °C. The image lines were scanned at
0.3 Hz. The glass substrates bearing graphene and GO mono-
layers were imaged by AFM under the same experimental
conditions. The images of the tested surfaces were analyzed
using software provided by NT-MDT and the Gwyddion soft-
ware package (Czech Metrology Institute, Czech Republic).
Image enhancement was performed to reduce obvious thermal
drift between fast scanning lines and to compensate for poten-
tial creep and hysteresis in the AFM scanner.

The chemical composition of the tested surfaces was deter-
mined by X-ray photoelectron spectroscopy (XPS) and Raman
spectroscopy. Raman spectra were recorded using a DXR
Raman Microscope (Thermo Scientific, USA) equipped with a
thermoelectrically cooled charge-coupled device camera (main-
tained at —50 °C) and a 10x objective. All spectra were
measured at room temperature on a glass slide. Raman
spectra were measured with an excitation line at 633 nm (He-
Ne gas laser) and were acquired over a wavenumber range of
400 to 1800 cm™'. The laser light power incident on the
samples was adjusted to 5.0 mW and the slit length was set to
50 mm. The number of exposures per sample was 32, with an
accumulation time of 1 s per repetition. XPS experiments were
performed using a PHI VersaProbe II XPS system (Physical
Electronics) with a 15 kV 50 W monochromatic Al-Ka source
producing a photon energy of 1486.7 eV. The analyzed area of
each sample was a spot 200 um in diameter. All spectra were
acquired in vacuum (1.3 x 10~® Pa) at room temperature
(20 °C). The survey scan spectra were acquired with a pass
energy of 187.85 eV over a binding energy range of 0 to
1300 eV with an electron volt step of 0.8 eV. High resolution
spectra were acquired using a pass energy of 23.5 eV and an
electron volt step of 0.2 eV. Dual beam compensation was used
in all experiments. The resulting spectra were evaluated using
MultiPak (version 9.4.0.7.; Ulvac — PHI, Inc., USA). All binding
energies were referenced to the C 1s carbon peak at 284.8 eV.
Samples were mounted on the sample holder using double-
sided non-fluorinated tape.
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GO was prepared by oxidizing a CVD graphene layer on a
glass substrate using a cold atmospheric plasma generated by
diffuse coplanar surface barrier discharge (DCSBD) (Ceplant,
Czech Republic) at atmospheric pressure in ambient air. The
treatment time was 20 s with a generator power of 350 W.

Studied cells were incubated at 37 °C in a humidified
5% CO, atmosphere. For microscopic examination HeLa cells
(5 x 10%) cells per mL were trypsinized and seeded on the
glass, graphene and GO substrates inserted in 6-well poly-
styrene plate. After 48 h incubation, the slides were removed
from the growth medium, washed with phosphate buffer solu-
tion (PBS), and fixed on a microscopic holder. Images of the
resulting cell cultures on the different substrates were
obtained using an Olympus IX 70 inverted microscope
(Olympus, Japan) with a magnitude of 10x.

Cell detachment experiments were performed using the
impinging jet method. Our instrument setup was based on the
setup designed by Dabros, van de Ven and Adamezyk.**™*° The
volumetric flow rate of the Q was controlled by adjusting the
vertical position of the flask containing the PBS solution and
changing the diameter of the inlet capillary. The detachment
process was observed using an SM5 microscope (Intraco
Micro, Czech Republic) with 10x magnification at 37 °C. The
flow regime was adjusted to maintain an approximately con-
stant Re of ~40.5 in all experiments. All experiments were
repeated three times.

Results and discussion
Surface characterization

We begin by describing the chemical composition, topology,
wettability and surface energy of the studied substrates
because these features have important effects on the extent
and strength of cell adhesion to material surfaces.”’ XPS
survey spectra showed that the graphene samples consisted
primarily of carbon and contained only a small amount of
oxygen (ESI Fig. S1t). Graphene-coated glass sheets exhibited
significantly increased oxygen contents after cold plasma treat-
ment, consistent with graphene oxidation.*” The peaks at
binding energies of 286.2 and 288.1 eV observed in the high
resolution XPS spectra (Fig. 1a and b) correspond to the
oxygen-containing functional groups C-O and C=O, respect-
ively, which were grafted onto the graphene surface. Plasma
treatment also greatly reduced the intensity of the sp®> C peak
and caused it to be down-shifted from 284.8 eV to 283.7 eV.
The relative abundance of oxygen-containing groups increased
from 17.8% in graphene to 43.5% in GO (Table 1). The
different chemical compositions of the two materials were also
reflected in their Raman spectra. The Raman spectra of gra-
phene and GO both featured typical G, D, and 2D bands
(Fig. 1c and d). The 2D band of graphene is sharp and sym-
metric, and its I,p/I; ratio of 3.7 was greater than 2, indicating
that the samples consisted of single-layer graphene.**™**
However, the presence of the D band and an I,/I; ratio of 0.19
indicates the presence of some structural defects, which can

3224 | Nanoscale, 2019, 11, 3222-3228
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be attributed to partial graphene oxidation (Fig. 1a). The spec-
trum of GO reflects its structure, which is rich in sp® defects.
These defects are responsible for its high I,/I; ratio of 2 and
the red-shift of its G band by ~21 em™" relative to graphene.
These observations are fully consistent with the XPS data.

The surface topography and roughness of each material was
analyzed using AFM (Fig. le and f). The roughness of gra-
phene was 1.28 nm, and that of GO was 1.25 nm. The simi-
larity of these values shows that the cold plasma treatment did
not affect the samples’ surface morphology. This is important
because it means that the cell adhesion experiments were per-
formed on surfaces with similar nanoscale morphologies but
different surface chemistry.

As mentioned in the introduction, cell/substrate adhesion
depends strongly on the polarity, surface free energy (SFE),
and wetting properties of the substrate, as well as its ability to
adsorb mediating extracellular matrix (ECM) proteins such as
collagen, vitronectin, fibronectin, and laminin.*® These pro-
teins bind to hydrophobic surfaces at relatively high concen-
trations. However, they adsorb to these surfaces in rigid and
denatured forms because of intramolecular protein-protein
and intermolecular protein-substrate interactions. This
reduces cell adhesion and growth. Conversely, hydrophilic sur-
faces have a greater tendency to adsorb these proteins in their
native form, increasing cell adhesion.’””*® The equilibrium
water contact angle on graphene is 93.3° + 1.1°, in keeping
with the hydrophobic character of its surface (Table 2 and
Fig. 1g). The measured water contact angle of GO samples
formed by cold plasma treatment was significantly lower
(42.9° + 5.99), indicating that the originally hydrophobic graphene
surface had become more hydrophilic due to surface oxidation
(Table 2 and Fig. 1h). The magnitude of this change was quan-
tified by calculating SFE values including polar and dispersive
components for both surfaces (Table 3). The SFE of graphene
was 36.3 + 1.5 m] m™~ %, while that of GO was 46.9 + 9.4 mJ m ™2,
Because the oxidation process introduced polar oxygen-con-
taining groups onto the graphene surface (Fig. 1b), the polar
component of the SFE increased from 0.72 + 0.27 mJ m™> for
graphene to 8.3 + 3.2 mJ m~> for GO. The cold plasma treat-
ment thus made the graphene surface hydrophilic. These
changes favor cell adhesion and support cellular growth and
spread”! because the oxygen-containing functional groups on
the GO surface enable the formation of stabilizing electrostatic
and hydrogen bonding interactions with bound ECM proteins.
With changing of GO oxidation grade (i.e. concentration of
oxygen containing groups on the surface) it is possible to
control apparent water contact angles, hence moderate cell
adhesion.”® Contact angle measurements (Table 2) indicated
that the graphene surface was more hydrophobic than glass.
However, graphene is a better substrate for cellular adhesion
and growth because its m-electron cloud interacts favorably
with the hydrophobic cores of ECM binding proteins.**>°

Impinging jet experiments on HeLa cell detachment

Optical microscope images of cells growing on the tested sub-
strates after 48 hours of cultivation are shown in Fig. 2a and b.

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Measured and fitted high resolution C 1s XPS spectra of graphene (a) and GO formed by 20 s plasma treatment (b); measured Raman spectra
(lex = 632.8 nm) of graphene (c) and GO formed by 20 s plasma treatment (d); topographic mapping images of the graphene (e) and GO (f) sub-
strates obtained by AFM; images used to determine the static sessile drop contact angles of wetting for water on graphene (g) and GO (h).

Table 1 Chemical composition of the surface (expressed as the per-
centage of carbon centers having the indicated character) and observed
ratios of sp? to sp® carbon centers for graphene and GO

Table 2 Static contact angles of wetting (¢) for the graphene, GO, and
glass substrates, as determined by axisymmetric drop shape measure-

ments at 24 °C

Relative chemical composition (%) and sp*/sp?

ratio
Sample sp>C sp’C C-O C=0 O-C=0 sp*/sp’
Graphene 66.7 15.6 12.3 2.7 2.8 4.3
Graphene oxide 3.0 53.4 29.1  12.4 2.0 0.06

This journal is © The Royal Society of Chemistry 2019

Contact angle of wetting 6 (°)

Sample Water Diiodomethane Ethylene glycol
Graphene 93.3+1.1 47.3 £1.5 68.0 +3.3
Graphene oxide 42.9+5.9 40.6 + 2.2 27.6+1.4
Glass 52.6 £4.2 56.6 +1.8 44.4 £ 4.5
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Table 3 Total surface free energies of the substrates together with the
polar and dispersive components calculated by the Owens—Wendt
approach

Surface free energy (mJ m™2)

Sample Total Polar Dispersive
Graphene 36.3 £1.5 0.7+ 0.3 35.6 £1.2
Graphene oxide 46.9 £9.4 8.3+3.2 38.7£5.9
Glass 43.2 +11.7 30.1+4.5 13.2+7.2

There are clear differences between the substrates with respect
to the number of adhered cells: the cells achieved 80% conflu-
ence on GO (520 cells per mm?), 60% on graphene (390 cells
per mm?), and 40% on glass (255 cells per mm?), (see ESIt).
Mitosis was visible in all samples, indicating that the cells
behaved normally during cultivation.
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Impinging jet experiments were performed to characterize
the detachment kinetics of cells adhering to each substrate
(Fig. 2c and d). Detachment was induced by a laminar hydro-
dynamic flow with Re = 40.5, corresponding to a tangential
force of 9.5 nN.*> The time required for detachment of 80% of
the adhering cells from graphene was 90 + 8.7 s, while that for
glass was 68.6 + 6.6 s (see ESIt). However, the time required to
achieve 80% detachment from the GO substrate was 168 + 16.3 s,
i.e. almost twice that for the graphene surface. These results
confirm earlier reports that GO is an effective substrate for
mammalian cell adhesion.”® The detachment kinetics
observed for graphene (Fig. 2¢) exhibit two-step process and
three-step process for glass (see ESIT). In the case of graphene,
the number of cells remaining on the substrate initially fell
rapidly but then declined at a slower steady rate. Conversely,
detachment from GO (Fig. 2d) appeared to proceed in a single
step, with the cells exhibiting no detectable detachment for an
extended period.
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Fig. 2 Top row: Hela cells after 48 hours’ cultivation on graphene (a) and GO (b) substrates. Images were acquired using an Olympus IX 70 micro-
scope at 10x magnification. Inset scale bar: 200 pm. Middle row: impinging jet detachment kinetics of HelLa cells on graphene (c) and GO (d) sur-
faces. Experiments were performed with populations of hundreds of cells. Bottom row: the relationship between the projected areas of Hela cells

and their detachment time on graphene (e) and GO (f) substrates.
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Interestingly, cells with smaller projected areas after spread-
ing detached more readily from GO (see Fig. 2e and f) and
glass (see ESIT) than more widely spread cells. We assume that
cells with smaller projected areas have fewer bonds between cel-
lular receptors and ECM binding proteins, so the adhesion force
declines proportionally to the projected area.”> However, in
experiments with the graphene substrate, cells with smaller pro-
jected areas detached less readily than those with larger projected
areas, and thus presumably formed stronger adhesive bonds.

Conclusions

We performed cellular detachment experiments using HeLa
cancer cells adhering to graphene and GO substrates. The
chemical composition, morphology, and surface energy of
both substrates were characterized by XPS, Raman, AFM, and
contact angle techniques, while the hydrodynamic impinging jet
method was used to analyze the detachment of HeLa cells. The
strong adhesion of HeLa cells to GO showed that surface wettabil-
ity is a key determinant of cell adhesion. Moreover, the high
detachment time of HeLa cells on GO surfaces suggests that this
material could be used as a cell adhesion enhancer and may be
well suited for constructing biosensors for cancer diagnosis, cell
detachment from GO was induced by force of 9.4 nN. Our results
also indicate that cell detachment from graphene proceeds via a
two-stage process, with the first stage corresponding to detach-
ment from the unfunctionalized graphene surface and the
second corresponding to detachment from regions containing
oxygen impurities. Finally, adhered cells with larger contact areas
were found to detach preferentially from the graphene substrate
but showed the opposite behavior on GO and glass surfaces.
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Fig. S1 Measured XPS survey spectra of graphene (a) and GO formed by 20 s plasma treatment
(b).

Fig. S2 HelLa cells after 48 hours’ cultivation on glass substrate. Image was acquired using an

Olympus IX 70 microscope at 10x magnification. Inset scale bar: 200 pm.
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Fig. S3 Topographic mapping image of the glass substrate obtained by AFM (a); image used to

determine the static sessile drop contact angle of wetting for water on glass (b).
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Fig. S4 Impinging jet detachment kinetics of HeLa cells on glass surface (a). Experiments were
performed with populations of hundreds of cells; the relationship between the projected areas of

HeLa cells and their detachment time on glass substrate (b).
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Mica improvement was also found for the upper yield point vs. filler concentration dependencies indicating higher
Wollastonite

stiffness. However, for the HDPE/wollastonite composites the opposite trend was observed, i.e. a decrease of the
Tensile testing uppf:r yield point and strain at break. "ljhese ﬁndi.ngs were ;?lso confirmed by mechanical vibr_aFion darering
Vibration damping testing where there was found a more intense shift of the first resonance frequency peak position to higher
SEM frequencies with increasing filler concentrations for HDPE/mica in comparison to HDPE/wollastonite compo-
sites. Both composites exhibited decreasing strain at break with increasing filler concentration indicating a more
brittle mechanical behavior in comparison to the virgin HDPE polymer matrix. However, for HDPE/wollastonite
composites at 5 w. % filler concentration a 15% increase in the magnitude of the strain at break was found
indicating an increase in ductility at 50 mm/min deformation rate. Fracture toughness measurements show, that
both studied fillers function as the stress concentrators in the HDPE polymer matrix, which was reflected in the
exponentially decreasing dependencies of the fracture toughness vs. filler concentrations. SEM analysis of the
fracture surfaces show typical elongation bands of high plasticity deformation regions characteristic of typical
shearing bands, interpenetrated with cavities created around filler particles. Thermal analysis data showed for
HDPE/mica a strong increase of the crystallinity with increasing filler concentration, however in the case of
HDPE/wollastonite the opposite effect of a higher amorphous polymer phase content was found.

Impact testing

Thermal analysis

1. Introduction

At the present time, the engineering and materials science interests
in automotive and aerospace industries are focused on the development
and application of composite structures in construction of complex
products exhibiting specific physico-chemical and material properties
[1]. One of the aims is to obtain the elasto-mechanical behavior of
complex structures to be capable to withstand the applied external
mechanical loads without damage of the individual structural compo-
nents. Traditional reinforcing fillers such as glass, carbon [2-4], boron
fibers, calcium carbonate [5], carbon black, titanium dioxide, kaolin

[6], silicon dioxide, wollastonite [7] and mica particles were added to
polyolefin matrices to improve their rigidity, high temperature re-
sistance, toughness etc. [8-12]. Furthermore, there were numerous
applications of novel fillers in the production of polyethylene based
composites, such as carbon nanotubes [13], cellulose fibers of different
nature [14-16], metal powders [17,18], peat ash [19] etc. Thermo-
plastics, such as poly (ethylene) (PE) can offer useful mechanical,
chemical, electrical properties, with low density, high formability and
the ability to be recycled. Due to its low price per unit volume and its
unique physico-chemical properties it is therefore, the world's number
one per volume most used thermoplastic [6]. This semi-crystalline
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polymer can be classified according its density and divided into four
groups: high density polyethylene (HDPE), low density polyethylene
(LDPE), linear low density polyethylene (LLDPE), and very low density
polyethylene (VLDPE). In general, semi-crystalline polymers such as
HDPE are regarded as a three-phase continuum composed of an
amorphous phase, a crystalline phase, and an inter-phase. The crys-
talline skeleton is formed by mutually connected spherulites, each of
them consist of a number of crystalline lamellae with an amorphous
phase located in between the crystallites and lamellae [5,20-22]. Dif-
ferent crystalline morphologies, such as spherulites, cylindrites, shis-
kebab and fibrous crystal can be obtained with variety processing
conditions [23,24]. It was found, that the type and size of the filler
particles has a strong effect on the HDPE crystallization kinetics and
melting behavior [25,26] as well. However, no changes in the thermal
oxidation mechanism of HDPE based composites filled with different
inorganic fillers (e.g. mica, wollastonite, kaolin, talc or diatomite) were
found [27]. In general, stress transfer in composite matrices is affected
by structural, morphological and surface properties of the filler/matrix
interface [11]. It is well known, that the polymer/filler interface quality
performance is essential for excellent overall composite system mate-
rial/mechanical properties. The exact adjustment of the polymer matrix
modulus and adhesive bond strength is vital for the final synergistic
increase in mechanical strength of the resulting composite system [28].
In most cases, silane coupling agents were used to create covalent bonds
between filler particles and the polymer matrix [6,28-30]. In a paper
[31] a prediction of the complex modulus of elasticity was studied at
various strain rates by means of dynamic mechanical analysis. There
was found a linear viscoelastic response to a given strain history. The
paper of Xiang et al. [12] was studying DMA (Dynamic Mechanical
Analysis) of HDPE/mica composites in a single cantilever mode at a
frequency of 1Hz. Tested composites were prepared by a dynamic
packing injection molding (DPIM) technique allowing proper control of
the central and skin layers of the prepared testing articles. They pro-
posed the effect of the additional mica delamination induced by the
injection flow and its orientation within the flow direction, allowing
thus HDPE macromolecules melted matrix its intercalation in between
galleries of mica layers under applied shear conditions. As a result, an
increased storage modulus was found reflecting higher stiffness of the
DPIM prepared HDPE/mica composite materials.

In this study, the mechanical properties of composites prepared
from commercially available filler materials of mica (muscovite type)
and wollastonite in HDPE matrix were investigated. Mica belongs to a
group of silicate minerals, with the most common being muscovite
(KAl,(AISi3040)(OH),). Micas are used as a filler in insulators, con-
densers, plastics, cosmetics and paints. Micas are sheet silicate minerals
whose TOT-type (tetrahedral-octahedral-tetrahedral) sheets are made
of two tetrahedral layers sandwiching an octahedral layer. The tetra-
hedral layers consist of a hexagonal pavement of tetrahedra (SiO4)*~ in
which each tetrahedron shares three apexes with the neighboring tet-
rahedra: the chemical composition of such layers is (Si4010)* . In each
sheet, the tetrahedra of the upper tetrahedral layer point downwards,
and the ones of the lower tetrahedral sheet point upwards [32]. The
most prominent characteristic of mica is nearly a perfect basal cleavage.
Wollastonite is a calcium silicate (CaSiO3) industrial mineral, which is
commonly used as a filler in paints and plastics [33,34]. It is also used
in the construction industry as a substitute for asbestos; ceramic ap-
plications including ceramic glazes and bodies; in metallurgical appli-
cations wollastonite is commonly added to formulated powders for steel
casting and welding. It is the only naturally occurring needle-shaped
crystal, and the shape is an important economic aspect of wollastonite,
with highly acicular samples being most expensive. There are three
polymorphs: triclinic pseudowollastonite of very high temperature
(above 1120 °C), monoclinic wollastonite-2M and triclinic wollastonite-
Tc at lower temperatures. The usual form of wollastonite is the triclinic
form.

As mentioned above, the reinforcing platelet shaped silicates in
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polymeric materials have been widely used due to their high aspect
ratio, the effect of two-dimensional reinforcing as well as the overall
materials cost reducing effect. However, the majority of the studies
were performed in the static mechanical tensile testing configurations.
Hence the better knowledge of the dynamic-mechanical performance at
a wide frequency range is missing. This paper aims to study the effect of
planar shape mica and prism shape wollastonite filler particles in HDPE
polymer composites, specially investigating the mechanical properties
(both static and dynamic in a frequency range of 2-3200 Hz), and the
thermal and fracture mechanical behaviors. This will be combined with
SEM analysis.

2. Materials and processing

High density poly (ethylene) (HDPE) type 25055E (The Dow
Chemical Company, USA) was purchased in the form of white pellets
(lot. No. 1119091333). As filler particles the inorganic minerals mus-
covite mica (Imerys, Kings Mountains, USA) (specific surface area of
9.7m?/g, dso of 17 um, aspect ratio of 1.7) and wollastonite type
VANSIL W-10 (Vanderbilt Minerals, Norwalk, USA) (specific surface
area of 0.5 m?/ g, dso of 49 um, aspect ratio of 13.5) were used. There
were prepared 250 composites samples of each filler type (dog bone
shape for tensile testing, Charpy's pendulum and vibrator testing) of
virgin HDPE and 5, 10 and 15 w.% of inorganic filler concentrations of
HDPE/mica and HDPE/wollastonite composites.

Composite samples were made using the injection molding tech-
nique on the injection molding machine Arburg Allrounder 420C
(Germany). Parameters for the injection molding machine: 1 X 40 mm
diameter rotating screw, length 800 mm (L/D = 20). The processing
temperature ranging from 190 to 220 °C, the mold temperature was
kept at 30 °C, the injection pressure was 60 MPa, and the injection rate
was 20 mm/s, injection cycle time was 45 s, holding pressure time was
15s. Studied melted matrices were filled at the central part of the mold
during injection molding process, thus enhancing flux of the material in
the direction of the longer side of the dog bone testing articles. There
were found parallel orientations of the filler particles in the final
composite testing articles by SEM analysis. (For the visualization of the
flux of the polymer matrix/filler melt in the mold see Appendix A.
Supplementary data). As a feed material for injection molding granules
prepared by melt blending of the polymer resin and the mineral filler
were used. The latter granules were prepared by means of extrusion
technique on extrusion machine LABTECH engineering model LTE20-
40 Scientific (Thailand). Parameters of the extrusion machine were:
2 X 20mm diameter co-rotating screws, length 800 mm (L/D = 40),
extrusion rate 200 rpm, feeding rate 30 rpm. For the virgin HDPE pro-
cessing temperature profile ranged from 136 to 172 °C. The mica and
wollastonite filled HDPE samples temperature profiles ranged from 140
to 174 °C.

Supplementary video related to this article can be found at http://
dx.doi.org/10.1016/j.compositesb.2017.12.035.

3. Methods
3.1. Scanning electron microscopy

Scanning electron microscopy (SEM) was used to determine the
shape and size of the studied mineral composite filler particles. SEM
images were captured using a Scanning Electron Microscope Hitachi SU
6600 (Japan). The source of the electrons is Schottky cathode. This
microscope has the resolution in secondary electron mode (SE) 1.3 nm
and in back scattered electrons (BSE) 3 nm. For these images, the sec-
ondary electron mode (SE) and an accelerating voltage of 5kV (Fig. 1)
or 1kV (Fig. 2) were used. The distance between sample and detector
was 6 mm. Studied materials were placed on double sided carbon tape
on aluminum holder. All samples were metallized by gold with the
thickness of 15nm on sputter coater Quantum Q150T, LOT-Quantum
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Design (Germany) prior to the SEM measurements. All captured SEM
images were taken from the surface fractured sections located at the
central parts of the testing articles as obtained during uniaxial tensile
testing or Charpy's pendulum impact testing.

3.2. Thermal analysis

Thermogravimetry (TG) and differential thermal analysis (DTA)
experiments were performed on a simultaneous TG-DTA apparatus
(Shimadzu DTG 60, Japan). Throughout the experiment, the sample
temperature and weight loss were continuously monitored. The mea-
surements were performed at a heat flow rate of 10°C/min in a dy-
namic nitrogen atmosphere (50 ml/min) over the temperature range
from 30 °C to 550 °C. The crystallinity X of the composites was cal-
culated according to formula (1) [35,36]:
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Fig. 1. SEM images of the studied composites inorganic
filler materials: A — mica (aspect ratio ~1.7), B — wollas-
tonite (aspect ratio ~13.5).

AH,,

X(_'Ii
(1 —¢) X AH*

X 100

(€]
where c is the filler concentration (as mass fraction), AH,, is melting
enthalpy of the tested sample, AH" is the melting enthalpy of 100%
crystallinity HDPE (293 J/g) [35]. Each experiment was repeated five
times. Tested material was taken from the injection molded samples
from the central part of the dog bone shape testing articles used for
uniaxial tensile testing experiments.

3.3. Uniaxial tensile testing

For tensile testing of injection-molded specimens a Zwick 1456
multipurpose tester (Germany) and Universal Testing Machine
Autograph AGS-X Shimadzu (Japan) equipped with the Compact
Thermostatic Chamber TCE Series were used. The measurements were
performed according to the CSN EN ISO 527-1 and CSN EN ISO 527-2

Fig. 2. SEM images of the fracture surfaces of the studied
virgin HDPE, HDPE/mica and HDPE/wollastonite compo-
site materials: A, B — HDPE/mica composites fracture sur-
faces after tensile testing (15 w.% mica concentration) at
50 mm/min deformation rate, C, D — HDPE/wollastonite
composites fracture surfaces after tensile testing (15 w.%
wollastonite concentration) at 50 mm/min deformation
rate, E — HDPE/mica composite fracture surface after
Charpy's pendulum impact measurement, F — virgin HDPE
fracture surface after Charpy's pendulum impact measure-
ment.
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Fig. 3. Stress vs. strain dependencies of tested composites samples as obtained for
50 mm/min deformation rates at ambient temperature. Filler concentration of 10 w. %.

standards with the tested specimen gauge length of 80 mm. The spe-
cimens were strained at room temperature up to break at a test speeds
of 50, 100 and 150 mm/min. From the stress—strain dependences,
strength at break, Young's modulus and strain at break were calculated.
Each experiment was repeated 10 X at the ambient temperature of
22°C and average values and standard errors were calculated.

3.4. Charpy impact testing

Impact tests were performed on Zwick 513 Pendulum Impact Tester
(Germany) according to the CSN EN ISO 179-2 standard with the drop
energy of 25 J. Each experiment was repeated 10 times.

3.5. Mechanical vibration damping testing

In the case of harmonic vibration, the transfer damping function D
(dB) is given by the equation [5,37]:

D= 20-log2

aQ )
where a, is the acceleration amplitude on the input side of the tested
material, and a, is the acceleration amplitude on the output side of the
tested material. The damping properties of the investigated HDPE
composites were obtained by the forced oscillation method [37-39].
The transfer damping function was experimentally measured using a BK
4810 vibrator device in combination with a BK 3560-B-030 three-
channel signal pulse multi-analyzer and a BK 2706 power amplifier
operating over a frequency range of 2-3200 Hz. Sine waves were gen-
erated by the vibrator device in this case. The acceleration amplitudes
on the input and output sides of the investigated specimens were re-
corded by BK 4393 accelerometers (Briiel & Kjar, Denmark). Mea-
surements of the transfer damping function were performed for three
different mass loads (i.e., 0 g, 85 g and 500 g) located on the upper side
of the periodically loaded tested materials. The tested block article di-
mensions were (60 X 60 x 4) mm (length x width X thickness). Each
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experiment was repeated 10 times at the ambient temperature of 22 °C.

4. Results and discussion

In Fig. 1 representative SEM analysis results are shown, indicating
the planar random shape of mica filler particles of about 30 um rec-
tangular size and of 1.7 um thickness and the prism shape of wollas-
tonite filler particles of about (150 x 20 x 10) upm size
(length x width x thickness). Plastically deformed fibrils [5,6,40-42]
typical for HDPE tensile behavior (Fig. 2F), known as the deformation
to shear yielding, were observed also for both the HDPE/mica (Fig. 2B),
as well as in part for HDPE/wollastonite composites (Fig. 2D). There
was a relatively weak adhesion between the filler and the matrix after
stress load in both studied composites, characteristic with the occur-
rence of the small cavities around individual particles as observed after
uniaxial tensile testing (Fig. 2B and D). Furthermore, in contrary to
HDPE/mica composites, there were found small crazes oriented per-
pendicularly to the applied mechanical deformation in the case of
HDPE/wollastonite composites, indicating better polymer/filler adhe-
sion in comparison to mica as highlighted in Fig. 2C and D by circles. It
is known from the literature, that the orientation of the craze propa-
gation is most clearly demonstrated in tensile tests on injection-molded
bars, where crazes form readily in the interior of the bar. There, the
polymer macromolecule orientation is low, and the crazes propagate
outwards towards the surface, where the high orientation along the
length of the bar brings them to a halt [41]. The alternative mechanism
of deformation to shear yielding is craze formation, which is both a
localized yielding process and the first stage of fracture. When a tensile
stress is applied to a glassy polymer, small holes form in a plane per-
pendicular to the stress, to produce an incipient crack. However, the
holes become stabilized by fibrils of oriented polymeric material which
span the gap and prevent it from becoming wider. The resulting yielded
region consisting of an interpenetrating network of voids and polymer
fibrils, is known as a craze.

There was found a presence of the delamination of the mica filler
from the surrounding matrix in the form of cavities in the case of the
impact damage (Fig. 2E) indicating high mechanical energy dissipative
capacity of the mica particles accompanied by the lance structure of the
individually localized shearing bands.

A schematic representation of the general mechanical behavior
observed under uniaxial tensile deformation testing is shown in Fig. 3.
Here, there were found typical stress-strain patterns characteristic for
the elastic region (I), elastic plastic transition region (II) and the stress
plateau draw ratio region (III) in a similar fashion as in the case of
calcium carbonate hollow spheres/HDPE composites [5]. However, in
the case of HDPE/mica composites these exhibit typical stiff and brittle
tensile deformation behavior, in contrary to the HDPE/wollastonite and
neat HDPE samples which exhibited elasto-plastic mechanical behavior.
It was found, that both fillers (wollastonite as well as mica) contribute
to the increase of the Young's modulus of elasticity E as shown in Fig. 4.
The modulus E was increased by about 129% for HDPE/mica compo-
sites and increased by 67% for the HDPE/wollastonite composites. In
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Fig. 4. Deformation rate dependencies of Young's moduli
vs. filler concentrations of HDPE composites. Filler mate-
rials: A — mica, B — wollastonite.
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Table 1
Thermal analysis results of the studied HDPE/mica and HDPE/wollastonite composites.

c (w. %) HDPE/mica HDPE/wollastonite
T (°C) AH,, (J/8) Xc (%) T (°C) AH,, (J/8) Xc (%)
0 137.67 172.42 58.85 137.39 182.20 62.18
5 135.72 183.15 65.80 135.41 146.13 52.50
10 135.02 172.95 65.59 134.46 162.02 61.44
15 134.90 190.89 76.65 133.81 139.24 55.91
c = filler concentration, T, = melting temperature, AH,, =heat of fusion,

Xc = crystallinity.

absolute values the original HDPE E was (703 + 73) MPa. With 15 w.
% HDPE/mica the modulus of the composite was (1609 + 93) MPa
and for the HDPE/wollastonite composites the modulus was
(1173 £ 107) MPa, as observed at the room temperature of 22 °C and
50 mm/min deformation rate. The observed results confirmed well the
known fact, that the stiff filler particles enhance the E of polymer based
composites with increasing filler content in comparison to the virgin
polymer matrix [43,44]. This behavior was ascribed to the higher
crystallinity of the HDPE/mica polymer composites in comparison to
HDPE/wollastonite composites (Table 1). Higher crystallinity polymers
exhibit higher elastic properties rather than plastic, which is char-
acteristic for amorphous polymeric systems [41]. As shown in Fig. 5,
the observed upper yield fillers concentration dependencies exhibit
mutually opposite linear behavior for each of the studied fillers: in the
case of HDPE/mica composites the observed trend is that the upper
yield was increasing with increasing filler concentration for all tested
deformation rates. For the deformation rate of 50 mm/min the upper
yield was increased from (891 + 20) MPa for virgin HDPE to
(952 + 27) MPa for HDPE/mica composites. This behavior was in
agreement with data observed by Liang and Yang [45]. However, for
HDPE/wollastonite composites the observed upper yield dependency
decreased with increasing filler concentration to (855 = 6) MPa. A
similar behavior was obtained for all tested deformation rates. These
results indicate the fact, that HDPE/mica composites have higher
stiffness in comparison to HDPE/wollastonite composites. Fig. 6 shows
results of the filler concentration strain at break dependencies mea-
sured at three different deformation rates. It is evident, that both the
composites exhibited a linear decrease of strain at break with increasing
filler concentrations for 100 mm/min and 200 mm/min deformation
rates, indicating a more brittle mechanical behavior in comparison to
the virgin HDPE polymer. However, the HDPE/wollastonite composites
at 5 w.% filler concentration exhibited a 15% increase in the magnitude
of the strain at break (Fig. 6B) indicating an increase in ductility at
50 mm/min deformation rate. Observed dependency was modeled as a
third order polynomial of the form of y = 220.69 + 37.85 x — 7.67
X% 4+ 0.29 x>, where y is the strain at break (in %) and x is filler con-
centration (in w.%). For the 50 mm/min deformation rate of the HDPE/
mica composites, the latter strain at break vs. concentration depen-
dence (Fig. 6A) was modeled as y = 220.69-25.23 x + 1.32 x2-0.03
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x°. Strain rate has a complicated effect on materials deformation pro-
cesses. The energy expended during plastic deformation is in majority
dissipated as heat. However, this process was found to be more pro-
minent at higher deformation rates associated with adiabatic drawing.
At lower deformation rates the isothermal drawing was confirmed [10].

Fracture toughness measurements have shown, that the mineral
fillers function as the stress concentrators in the polymer matrix which
was reflected in the observed exponentially decreasing dependencies of
fracture toughness vs. filler concentration as shown in Fig. 7. It was
found, that the HDPE/wollastonite composites exhibited higher
toughness of about 12% in comparison to the HDPE/mica composites.
These findings were in excellent correlation with the uniaxial tensile
testing results, confirming for both materials that increasing stiffness
resulted in increasing Young's modulus of elasticity (Fig. 4). The same
conclusions were obtained for both composites from the mechanical
vibration damping testing data, where it was confirmed the increasing
material stiffness with increasing filler content as reflected by the shift
of the first resonance frequency peak to higher excitation frequencies
(Fig. 8). We assume our composite materials act as a spring-mass-
damper mechanical system which is subjected to the base support
harmonic motion excitation. As is known, due to the materials struc-
tural internal damping, the first resonance frequency of the base excited
spring-mass-damper is always less than the undamped natural fre-
quency which increases with the increasing stiffness of system [38,45].
That is why, when in our case, the energy dissipative processes occur in
the tested material system, e.g. due to the internal friction, the vibration
energy damping increases as well. This is reflected in the lower material
stiffness, hence observing a lower first resonance frequency of the
transfer damping function. Furthermore, the natural frequency of the
undamped system is proportional to the square root of the ratio of the
material stiffness to the applied inertial mass. This leads to the de-
creasing dependence of the first resonance frequency with the in-
creasing inertial mass for each of the studied filler concentrations
(Fig. 8).

As mentioned above, due to the melt flow induced fillers spatial
orientation in the injection molded testing articles, the fillers were or-
iented in the direction of their lowest hydrodynamic resistance. That is
why, the steep increase of the first resonance frequency position for the
15 w. % HDPE/mica composites was ascribed to the effect of the proper
pouring of the polymer macromolecular chains on the surface of the
planar mica particles initiating stronger inter particle as well as particle
polymer interactions, enhancing the so-called confinement effects [11].
This phenomenon was not found for the HDPE/wollastonite compo-
sites. We assume that the prism shape high aspect ratio filler particles
act as the stiffness increasing component, however, due to its elongated
shape large volumes of the HDPE polymer matrix remained intact. As
clearly demonstrated in results presented in Fig. 8 this mechanical be-
havior was evident only at the zero inertial mass transfer damping
function measurements, with increasing inertial mass these results were
not so pronounced, due to the restricted macromolecular chains motion
resulting in higher matrix stiffness. This fact was confirmed also by the
uniaxial tensile testing E modulus dependencies shown in Fig. 4. Here
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Fig. 6. Deformation rates dependencies of strain at break
vs. filler concentrations of HDPE composites. Filler mate-
rials: A — mica, B — wollastonite.
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Fig. 7. Fracture toughness and absorbed impact work vs. concentration dependences for
HDPE mineral filler composites as observed by Charpy's impact measurements: empty
symbols - fracture toughness, full symbols — absorbed impact work.

for the HDPE/mica composite the observed Young's modulus filler
concentration dependence increase was more intensive in comparison
to HDPE/wollastonite composites. Results of the thermal analysis of the
studied composites are shown in Table 1 and Fig. 9. It was found that
with increasing filler concentration the crystallinity of the HDPE in
HDPE/mica composites increased from 59% for virgin HDPE to 77% for
15 w. % HDPE/mica composite, indicating a positive effect of the mica
nano-sheets planar crystalline facets on HDPE crystallization in a si-
milar fashion as in the case of other planar filler materials such as clay
[6,21]. The observed maximum thermal degradation rate of the HDPE/
mica composites found was about 467 °C, which was in agreement with
the earlier published data [46]. On the other hand, the crystallinity
decreased from 62% obtained for virgin HDPE to 56% for the 15 w. %
HDPE/wollastonite composites.

5. Conclusions

It was found in this study, that both fillers under study (mica and
wollastonite) trigger an increase of Young's modulus of elasticity with

8 10 12 14 16

Concentration (w. %)

increasing filler concentration in HDPE composites. In the case of
HDPE/mica the same increasing trend was found for the upper yield
point vs. filler concentration dependencies indicating higher material
stiffness. However, for the HDPE/wollastonite composites this trend
was reversed with a decrease of the upper yield point as well as of the
strain at break. These findings were confirmed by mechanical vibration
damping testing where there was a more intense shift of the first re-
sonance frequency peak position to higher frequencies with increasing
filler concentrations for HDPE/mica in comparison to HDPE/wollasto-
nite composites. Both composites exhibited with increasing filler con-
centration a decreasing strain at break data, indicating a more brittle
mechanical behavior of studied composites in comparison to the virgin
HDPE polymer matrix. However, for HDPE/wollastonite composites at
5 w. % filler concentration a 15% increase in the magnitude of the
strain at break was found indicating an increase in ductility at 50 mm/
min deformation rate. This phenomenon was not found for measure-
ments at 100 and 200 mm/min deformation rates. Fracture toughness
measurements show, that both studied fillers function as the stress
concentrators in the HDPE polymer matrix, which was reflected in the
observed exponentially decreasing dependencies of the fracture
toughness vs. filler concentrations. It was found, that the HDPE/mica
composites exhibited lower fracture toughness of about 12% in com-
parison to the HDPE/wollastonite composites in the whole fillers con-
centration range tested. SEM analysis of the fracture surfaces show
typical elongation bands of high plasticity deformation regions char-
acterized with the typical shearing bands interpenetrated with cavities
created around filler particles. Thermal analysis data showed for HDPE/
mica composites a strong increase of the crystallinity with increasing
filler concentration, however, in the case of HDPE/wollastonite com-
posites an opposite effect of the higher amorphous polymer phase
content was found.
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There were studied four types of powder filler materials for polyolefin composite parts production for
automotive and aerospace industry. There was confirmed, that the particle shape has a strong effect on
the acoustic and mechanical properties of the powder bed as influenced by the varying packing density.
The calcium carbonate spherical hollow particles exhibited the best aerodynamic performance when
aerated and were completely fluidised. Simultaneously they were exhibiting the easy flowing behaviour
as reflected in the observed flowability of 4.71. In contrary to this, the flat lamellar geometry of the
precipitated calcium carbonate resulted in the worst fluidisation behaviour, as the aeration energy was
2.5x higher in comparison to the spherical particles. Remaining samples under study, i.e. flash calcined
kaolin and dolomite powder, exhibited cohesive rheological behaviour as reflected in the observed
flowability. There was found a clear correlation between powder rheological and electrostatic charge
data with the observed acoustic performance as reflected in the frequency dependence of the normal
incident sound damping coefficient. This was demonstrated by a relatively high increase in the damping
efficiency with increasing porosity of the powder bed as reflected in the decreasing packing density.
However the best fit was found between the absolute value of the electrostatic charge values and the
sound damping properties.
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1. Introduction to the final composite products [5,6]. For example, hollow particle

filled composites, called syntactic foams, are used in applications

At present there is an increased demand for the application of
synthetic polymers in the automotive and aeronautic industries. It
is mainly targeted for utilisation of poly(ethylene), poly(propylene),
polycarbonate and polyamide components of the interior, exterior
or other functional parts of vehicles [1,2]. Minerals first served as
additives in polymer systems as a cost reducing technology [3] and
due to the technological improvements in minerals processing and
polymer chemistry, these materials are now used as functional
additives [4] bringing specific mechanical and functional properties
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requiring high damage tolerance and low density, e.g. in aerospace
and marine engineering structural applications. It was found that
the presence of stiff hollow inclusions can enhance the composite
elastic modulus in comparison to neat resin. Moreover, with the
latter elastic modulus enhancement, an increase in energy ab-
sorption under compressive load was found due to the hollow
fillers progressively crushing [6].

The recent review article by Wang et al. [7] described the pre-
sent state of the art chemical synthesis routes and strategies for the
synthesis of hollow micro/nano structured materials. The synthetic
strategies were grouped into three major categories; hard tem-
plating, soft templating, and self-templating synthesis. Hollow
spheres have a wide range of applications due to their regular
uniform shape, meaning that they have the same properties,


mailto:lapcikl@seznam.cz
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compositesb.2016.09.031&domain=pdf
www.sciencedirect.com/science/journal/13598368
www.elsevier.com/locate/compositesb
http://dx.doi.org/10.1016/j.compositesb.2016.09.031
http://dx.doi.org/10.1016/j.compositesb.2016.09.031
http://dx.doi.org/10.1016/j.compositesb.2016.09.031

L. Lapcik et al. / Composites Part B 106 (2016) 74—80 75

regardless of their orientation. Nano/micro scale hollow spheres
have been produced through a variety of different methods [8—15]
and have the benefit of being a colloidal particle that can flow, and
remain untangled with other particles when put into a complex
formulation [16]. Hollow latex spheres have been made commer-
cially since the 1980's [17,18], with the primary production method
being osmotic swelling [19]. Hollow latex spheres however have
the disadvantage of being easily squashed or ruptured, so sturdier
mineral structures are often preferred. This can be achieved by
armour plating hollow latex spheres [20,21], or by creating hollow
spheres directly from mineral structures, which has the benefit of
fewer production steps.

Creating hollow spheres made of calcium carbonate has proved
to be a success, with [22], and [23] making them using a carbon
dioxide bubbles as a template, whilst [24,25] used an emulsification
process. Consequently, hollow CaCO3 spheres have proved to be a
success, and the understanding of their properties, and their
possible applications continue to increase.

Another route for the production of the perfectly formed dense
agglomerates and the formation of deformed or hollow agglomer-
ates is affected by particle consolidation during spray drying
evaporation, particle rearrangement during the consolidation
period and by the inter-particle potential. In general, the consoli-
dation can proceed in the thermodynamic state, where the inter-
particle potential is either repulsive or attractive. In the dispersed
slurry, the long-range inter-particle potential allows the particles to
repel one another. When the particles are repulsive, the meniscus
that separates the two fluids exerts a capillary pressure on the
particles at the surface, forcing them together as a dense agglom-
erates. In the case of the mechanism, where particles were not
allowed to rearrange after a short period of evaporation, the
agglomerate becomes hollow and deformed. Whereas in the case of
the attractive particle network, if the capillary pressure exceeds the
yield stress, the spherical agglomerates with uniform density are
formed [26].

As a composite system matrix, polyolefin polymers are widely
used, such as poly(ethylene) or poly(propylene), with different
grades, types and qualities [3]. There was found to be an increase in
tested polyolefin melts viscosity, a decrease of the elasticity with
increasing filler loading and the presence of yield values in the flow
curves depending on the filler particles volume loading and parti-
cles size [27]. When comparing the acoustic properties of the
composite materials, the process of the interaction of the me-
chanical acoustic wave and the material structure is based on the
assumption that an incoming wave is reflected at the boundary
between two acoustically different materials due to the differences
in the acoustic impedance of the involved materials [28—31].

This paper is focused on the application of powder rheology,
acoustic performance testing and electrostatic charge measure-
ments on the evaluation of hollow spheres and lamellar mineral
powder materials as prospective fillers for polyolefin composite
materials applications.

2. Theoretical background

Sound is an acoustic wave with frequencies ranging from 10 Hz
to 16 kHz, with sonic waves spreading in all directions from the
source. On the basis of different points of view on the problem of
noise attenuation it is possible to distinguish the following
methods of sound and vibration damping [32]:

— Reduction method — attenuation at the noise source, e.g. during
the machinery construction stage.

— Sound isolation method — covering the sound source by mate-
rial with high airborne sound insulation characteristics.

— Sound absorption method — endeavour to minimise sound re-
flections e.g. to absorb the maximum of the incident acoustic
energy.

In the matrix of the sound/vibration attenuating material,
dissipation of the sonic wave to mechanical energy and heat takes
place. This proceeds by the combination of the following processes:

— By friction of the vibrating air particles on the walls during their
penetration into the pores of the sound absorbing material. This
lowers the kinetic energy of the incident sound field. Effec-
tiveness of this process increases with growing porosity of the
absorption material.

— By decreasing the potential energy of the sonic wave pene-
trating into the material. This lowers the acoustic pressure due
to the heat exchange between air and the skeleton of the
absorbing material during periodic pressure changes.

— By non-elastic deformation of the absorbing material body. At
the specifically aimed construction of the vibration or noise-
—isolation material it is therefore possible to utilise all of the
above mentioned processes for their synergistic effect in
obtaining maximum effectiveness of attenuation. This is
possible by modelling the geometry of the damping material
body as well as by proper selection of the main material matrix
and adhesive system.

2.1. Sound absorption measurements

Sound absorption properties express a material's ability to
absorb incident acoustic energy and is described by the sound
absorption coefficient () which is defined by the ratio of dissipated
power in a tested material and incident power. Sound absorption of
a given material depends on many factors, including; excitation
frequency, thickness, structure, temperature, density and humidity
[28,32]. The effect of the excitation frequency on the sound ab-
sorption coefficient is expressed by the noise reduction coefficient
(NRC), which is defined as the arithmetic mean of the sound ab-
sorption coefficients of a given material at the excitation fre-
quencies of 250, 500, 1000 and 2000 Hz [33]. On the basis of the
primary absorption peak frequency (fy1), it is possible to determine
the speed of sound (c) of an elastic wave through a powder bed and
the longitudinal elastic coefficient (K) of the power bed as follows,
where h is the height of a given powder bed and pj is the bulk
density of the powder bed [34].:

c=4fph (1)

K = ?py = 16f 5, h°py (2)

3. Materials

The materials studied were commercially available mineral filler
powders and are described in Table 1. Four samples were analysed;
formulated calcium carbonate spheres (process route developed at
The University of Birmingham, UK), flash calcined kaolin, dolomite
and calcined kaolin. Samples 1 was the hollow calcium carbonate
spheres, sample 2 was flash calcined kaolin based filler (Imerys,
UK), sample 3 was dolomite powder (CaO (30.3 wt%), MgO (21.6 wt
%), Fe;03 (0.08 wt%)) (Omya, Switzerland) and sample 4 was a
calcined kaolin based filler (Imerys, UK). Sample moisture content
ranged from 0.1 to 0.9 wt%.
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Table 1
Studied samples labelling and description.

Sample Geometry Description Moisture [w.%]
1 Hollow sphere Calcium carbonate, narrow particle size distribution, 4 um diameter, density 2.4 g/cm?. 0.9
2 Agglomerate Opacilite (Imerys), flash calcined kaolin, dso = 1.6 pm, density 2.1 g/cm?>. 0.9
3 Lamellar Microdol H600 (Omya, Switzerland), dolomite powder, dsg = 5.5 pm, density 2.9 g/cm®. 0.3
4 Lamellar Polestar 200P (Imerys), calcined kaolin, dsg = 2 pm diameter, density 2.7 g/cm®. 0.1
4. Methods 5. Results and discussion

4.1. Scanning electron microscopy

Scanning electron microscopy (SEM) was used to determine the
shape and size of the studied mineral composite filler particles.
SEM images were captured using a Hitachi 6600 FEG microscope
(Japan) operating in the secondary electron mode using an accel-
erating voltage of 1 kV.

4.2. Thermal analysis

Thermogravimetry (TG) and differential thermal analysis (DTA)
experiments were performed on simultaneous DTA-TG apparatus
(Shimadzu DTG 60, Japan) to determine the moisture content of the
samples, and to determine whether there was any organic material
present. Throughout the experiment, the sample temperature and
weight-heat flow changes were continuously monitored. The
measurements were performed at a heat flow rate of 10 °C/min in a
static air atmosphere at the temperature range of 30 °C—300 °C.

4.3. Powder rheology

Powder rheology measurements were conducted on a FT4
Powder rheometer (Freeman Technology, UK). All experiments
were performed under the ambient laboratory conditions of 23 °C
and relative humidity of 43%.

4.4. Acoustic performance testing

The frequency dependencies of the sound absorption co-
efficients of the investigated powders were experimentally deter-
mined by the transfer function method ISO 10534-2 [31,35,36]. The
frequency dependencies were experimentally measured using a
two-microphone impedance tube BK 4206 in combination with a
three-channel signal Pulse Multianalyzer BK 3560-B-030 and po-
wer amplifier BK 2706 (all from Briiel & Kjer, Denmark) in the
frequency range of 150—6400 Hz. This equipment was subse-
quently used in order to determine the noise reduction coefficient,
the speed of sound through the loose powder materials and the
longitudinal elastic coefficient of the investigated unconsolidated
materials. The normal incidence sound wave absorption of the
investigated loose powder samples of defined layer thickness
(ranging from 5 to 100 mm) was also determined. The measure-
ments were performed under ambient laboratory conditions of 62%
relative humidity and at constant temperature of 25 °C.

4.5. Electrostatic charge measurements

Electrostatic charge measurements were conducted on a NK-
1001A Coulomb meter (Kasuca Denki, Japan). Samples were
placed in a Faraday cage and the charge (nC) was measured for 1 g
samples [37]. Each measurement was repeated 8x, and all mea-
surements were performed at 25 °C ambient laboratory tempera-
ture and 45% relative humidity.

Sound absorption properties of the tested powders are affected
by their porosity, shape of pores, angle of inclination of incident
acoustic waves on the material surface, friction of acoustic waves
during transmission through the porous matrix [32], material
mechanical stiffness and conditions of applied acoustic field,
including; sound excitation frequency, ambient air relative hu-
midity and ambient temperature. The shape and size of the tested
powder materials observed using SEM are shown in Fig. 1. Sample 1
was found to have a regular spherical shape with a narrow 4 um
diameter, whilst sample 2 had a plate agglomerate structure of
3—6 um particle dimensions, contrary to the agglomerate structure
of sample 2, samples 3 and 4 exhibited lamellar plate like structures
of 20—30 um dimensions with a relatively large fraction of the re-
sidual 3—4 um size particles.

Results of the normal incidence sound absorption measure-
ments are shown in Figs. 2 and 3 and are summarised in Table 2.
From this data it is evident that sound absorption properties in-
crease with increasing material thickness, in this case with height
of the loose powder bed. Fig. 2 demonstrates the measured data for
hollow spheres (sample 1). The obtained frequency dependencies
of the normal incidence sound absorption coefficient are charac-
terised by the primary absorption peak at a characteristic frequency
fp1. 1t is visible that the primary absorption peak frequency was
shifted toward decreasing frequency with increasing loose powder
bed height (Fig. 2), i.e. from 1584 Hz for the bed height of
5 mm—304 Hz for 100 mm powder bed height. Similar de-
pendencies of the f,1 on the powder bed height were also observed
for the other materials tested (Table 2). As was described in the
theoretical section, the primary absorption peak frequency is
directly proportional to the longitudinal elastic coefficient of the
powder bed and to the velocity of the sound propagation through
the powder bed. There was observed the highest magnitude of
elastic coefficient of 11 MPa (for the powder bed h = 100 mm) for
sample 4. In contrary to this, the lowest magnitude of elastic co-
efficient of 0.95 MPa was observed for sample 2 for the same
powder bed height. It was found in this study that the material
stiffness characterised by the longitudinal elastic coefficient pro-
portionally increased with increasing powder bulk density. The
highest speed of sound (see Eq. (1)) of the acoustic wave propa-
gated through the powder bed (of 100 mm) was found for sample 1
(c = 121.6 m/s). This was attributed to the low sound absorption
properties of sample 1 (hollow spheres) compared to the other
materials tested. Most probably this phenomenon is caused by the
observed closed cell porous structure of the individual hollow
spheres. The mutual comparison of sound damping properties of
the tested loose powder materials for the powder bed height
h = 15 mm is shown in Fig. 3. It is evident that the best sound
damping properties over the whole measured frequency range
were obtained for sample 2. Contrary to this, the worst sound
damping properties were found for the hollow sample 1, indicating
its excellent sound reflecting properties. This result is in excellent
agreement with the calculated values of the noise reduction coef-
ficient NRC (Table 2), which represents the arithmetic mean sound
absorption at the four given excitation frequencies. It was found
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" Sample1

Fig. 1. SEM images of the studied composites filler materials, where sample 1 = hollow calcium carbonate spheres, sample 2 = flash calcined clay, sample 3 = dolomite and sample

4 = calcined kaolin.
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Fig. 2. Sound absorption coefficient frequency dependence for sample 1 (hollow
particles) for different powder bed heights: black circle — 5 mm, red triangle down —
10 mm, green square — 20 mm, yellow diamond — 50 mm and blue triangle up —
100 mm. Arrow indicates primary absorption peak frequency (f;). Inset: SEM image of
sample 1 hollow sphere structure. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

that better sound absorption is obtained for materials with lower
bulk density, hence exhibiting higher porosity. It was also evident
(Figs. 2 and 3) that sound absorption is generally increasing with
increasing excitation frequency [38].

The results of the powder bed aeration experiments are shown
in Fig. 4 and Table 3. Basic flowability energy (BFE), aeration energy
at 10 mm/s air velocity (AE_10), aeration ratio at 10 mm/s air ve-
locity (AR_10) and normalised aeration sensitivity (NAS) parame-
ters were determined. It was found that the spherical particle shape
of sample 1 exhibited the lowest aeration energy of 7.5 mJ] and the

-
o

T T T T T T T T T T T T T T

—@— Sample 1
s A Samp|e 2
-—f-- Sample 3
—<—- Sample 4

o
™

e ©
» o

1\ AL AL L L L

o
(N

o
o

103 104
Frequency (Hz)

Sound Absorption Coefficient (-)

Fig. 3. Sound absorption coefficient frequency dependence of studied powder mate-
rials. Measured at the powder bed height of 15 mm.

best fluidisation properties as reflected in the highest measured
aeration ratio of 15.1 from all materials studied. These results are in
excellent agreement with the most aerodynamic shape of the
spherical particles in comparison to the plate like irregular particles
which exhibit turbulent air flow patterns around the particles.
Contrary to this, sample 2 was found to have low sensitivity to
aeration across the whole range of air velocities tested. Such
behaviour is typical for highly cohesive powder materials. The
observed aeration energy for sample 2 was the highest in com-
parison to all materials studied at 25.1 m] and the aeration ratio was
the smallest of 3.6. Results of the aeration testing for samples 3 and
4 indicate that these powder materials are less cohesive and have
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Table 2
Results of the acoustic and mechanical testing for the studied powder composites
filler materials.

Sample  Quantity Material height h [mm)]
5 10 15 20 50 100
1 amax[-] 0345 0512 0508 0478 0506 0.446
famax [Hz] 6368 6392 6384 5624 5688 5768
NRC [—] 0112 0149 0.180 0.167 0.167 0.163
fp1 [Hz] 1584 808 544 520 312 304
K [MPa] 0421 0438 0446 0725 1631 6.196
clms'] 317 323 326 416 624 1216
2 amax [-] 0860 0727 0757 0805 0779 0.774
famax [Hz] 4840 5920 6344 5600 6312 5936
NRC [—] 0188 0316 0359 0434 0500 0338
fp1 [Hz] 3992 2351 1264 768 244 152
K [MPa] 16445 2282 1484 0974 0614 0954
cms '] 798 940 758 614 488 608
3 amax [-] 0579 0729 0647 0627 0.690 0.685
famax [Hz] 5920 6384 5928 4864 6384 6392
NRC [—] 0132 0258 0228 0279 0254 0220
fo1 [Hz] 1472 1296 520 512 272 240
K [MPa] 0732 2268 0822 1416 2498 7.778
cms'] 294 518 312 410 544 960
4 amax [-] 0571 0563 0.639 0635 0580 0.644
famax [Hz] 5760 6392 6376 6384 4864 5592
NRC [—] 0128 0181 0221 0201 0221 0236
fn [Hz] 1536 696 472 416 288 272
K [MPa] 0878 0721 0746 1.030 3.086 11.008
clms'] 307 278 283 333 576 1088
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Fig. 4. Total energy against fluidised velocity for the four mineral samples.

moderate sensitivity to aeration. This fact indicates that samples 1,
3 and 4 create more compact powder bed structures compared
with sample 2. This fact was confirmed in the sound absorption
experiments, where sample 2 exhibited the best sound damping
properties due to the more microporous structure of the powder
bed (Table 2, Fig. 3). This conclusion is also supported by the trend
obtained for the basic flowability energy parameter, where the
lowest magnitude was found for sample 2 at 90.8 m], whilst the
BFEs for samples 1, 3 and 4 exceeded 107.9 mJ. The highest BFE was
found for sample 4 at 179.3 mJ. The observed trends are in excellent
agreement with the shear cell flow experiments. The hollow cal-
cium carbonate spheres (sample 1) exhibited the highest flow-
ability of 4.71, indicating easy flowing character [39], whereas
samples 2, 3 and 4 showed cohesive properties (FF ranged between
3.01 (sample 3) to 3.81 (sample 4)) (see Fig. 5) (see Table 4).

It is well known from the literature, that the mechanical friction
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Fig. 5. Yield locus and the Mohr's circles of the tested materials as obtained by shear
cell experiments at applied 9 kPa consolidation stress.

Table 3

Results of the aeration test of the studied powder composite filler materials.
Sample BFE AE_10 AR_10 NAS

[m]] [m]] [-] [s/mm]

1 114.1 7.5 15.1 0344
2 90.8 25.1 3.6 0.152
3 107.9 134 8.1 0.261
4 179.3 18.0 9.9 0.310

Table 4

Results from the shear cell flow experiments, measured at the consolidation stress of
9 kPa and the temperature of 24 °C.

Sample Cohesion UYS  MPS FF AIF BD MCS  AIF [E]
[kPa] [kPa]  [kPa] [-] [°] [g/ml] [kPa] [°]

1 0.86 2.98 1404 471 30.13 195 3.67 35.86

2 1.30 4.74 1738 3.67 3255 1.17 3.80 39.89

3 1.48 5.72 1723 3.01 3534 192 3.07 44.20

4 1.15 4.36 16.62 3.81 3453 236 339 4139

UYS — unconfined yield strength, MPS — major principal stress, FF — flow function,
AIF — angle of internal friction, DB — bulk density, MCS — minor consolidation stress,
AIF [E] — angle of internal friction (effective).

of individual nano/micro particles induces the creation of electro-
static charge on their surfaces [37]. This electrostatic charge has a
strong influence on the packing density of the powder bed, thus
influencing its mechanical, as well as acoustic properties. It was
found in this study that the calcium carbonate hollow sphere par-
ticles (sample 1) were of positive electrostatic charge at
1.25 + 0.22 nC, however lamellar precipitated calcium carbonate
exhibited a negative electrostatic charge of —1.50 + 0.24 nC. The
highest charge was found for flash calcined kaolin (sample 2)
at —10.15 + 0.95 nC. Electrostatic charge of sample 3 (dolomite
powder) was —4.17 + 0.55 nC. The mutual comparison of the ab-
solute values of the observed electrostatic charges of the samples
studied was in the following order: sample 1 < sample 4 < sample
3 < sample 2. This order was found to be of the same pattern as for
the sound damping performance, where the best damping prop-
erties were found for sample 2 and the worst for sample 1. These
results can be attributed to the spatial ordering of the individual
micro particles, thus creating a specific porous structure as re-
flected in the observed packing densities in the case of each sample
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studied. However, the poor sound absorption performance of
sample 1 indicates its superior sound reflection properties.

6. Conclusions

In this paper the material properties of four powder filler ma-
terials for polyolefin composite parts production for the automotive
and aerospace industry were studied. It was found that the particle
shape has a strong effect on the acoustic and mechanical properties
of the powder bed as influenced by the varying packing density.
Moreover the hollow calcium carbonate spheres exhibited the best
aerodynamic performance when aerated and were completely
fluidised. Simultaneously they exhibited the easy flowing behav-
iour as reflected in the observed flowability of 4.71. Contrary to this,
the flat lamellar geometry of the calcined kaolin resulted in the
worse fluidisation behaviour, as the aeration energy was 2.5x
higher at 18 m] compared to the spherical particles
(AE_10 = 7.5 m]). The flash calcined kaolin and dolomite powders
exhibited cohesive powder behaviour as reflected in the observed
flowability of 3.67 and 3.01, respectively.

There was found to be a clear correlation between powder
rheological and electrostatic charge data, with the observed
acoustic performance as reflected in the frequency dependency of
the normal incident sound damping coefficient. Here a clear in-
crease of the damping efficiency with increasing porosity of the
powder bed was demonstrating as reflected in the decreasing
packing density. However the best correlation with sound damping
performance was found with the observed absolute values of the
electrostatic charge of the tested powders. Here the largest elec-
trostatic charge was found for sample 2 and the lowest for sample 1
(hollow spheres). The same pattern was also found for the sound
damping performances, i.e. the best sound damping properties
were found for sample 2 and the worst one for sample 1 (hollow
spheres). However, the poor sound absorption performance of the
sample 1 indicates its superior sound reflection properties make it
potentially commercially attractive for sound insulation applica-
tions. The same dependency was also found for the aeration mea-
surements results, where the most cohesive character was found
for sample 2 and the best fluidisation properties found for the low
density hollow spheres (sample 1). Based on the above results it can
be concluded that the combination of the powder rheological and
electrostatic charge measurements can be used to predict the
sound damping properties of the powder filler materials.
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Results of inverse gas chromatography adsorption/desorption experiments using selected probes on
skimmed milk, whey and demineralised whey powder materials are presented. The dispersive compo-
nent of surface energy was found to be dominant, indicating a low polarity character. Surface energy pro-
files of demineralised whey and skimmed milk showed a characteristic steep exponential decrease from
approximately 170 mJ/m? to 60 mJ/m? and 140 mJ/m? to 45 mJ/m?, respectively, whereas whey powder
exhibited a constant (non-exponential) surface energy at approximately 45 mJ/m?2. The dispersive surface
energy of demineralised whey and skimmed milk powder showed a broad distribution ranging from
40 mJ/m? to 120 mJ/m? and 175 mJ/m?, respectively. In contrast, the dispersive surface energy distribu-
tion for whey was very narrow, ranging from only 42.8 mJ/m? to 45 mJ/m?. The determined yield locus
and Mohr's circles indicated that demineralised whey exhibited free flowing powder characteristics,
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whereas skimmed milk and whey exhibited cohesive powder flow behaviour.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Powdered milk is a major precursor for many food products. Its
value has been enhanced in recent years by the relatively large
amount of research conducted to support the development and
commercialisation of dairy-based products with an increasing vari-
ety of flavours, textures and shelf-lives (Osorio et al., 2014; Bolenz,
Romisch, & Wenker, 2014; Crowley, Gazi, Kelly, Huppertz, &
OMahony, 2014; Martinez-Padilla, Garcia-Mena, Casas-
Alencaster, & Sosa-Herrera, 2014; Romeih, Abdel-Hamid, & Awad,
2014; Saffari & Langrish, 2014; Zhou, Liu, Chen, Chen, & Labuza,
2014; Nilufer-Erdil, Serventi, Boyacioglu, & Vodovotz, 2012). The
colloidal nature of cow’s milk is a crucial structural feature that
affects its final product quality as well as processing behaviour
(Fox & McSweeney, 1998; Gaucheon et al., 1997). It can be divided
into two compositional domains: the casein micelle and the milk

* Corresponding author at: Department of Physical Chemistry, Regional Centre of
Advanced Technologies and Materials, Faculty of Science, Palacky University, 17.
listopadu 12, 77146 Olomouc, Czech Republic. Tel.: +420 732506770.

E-mail address: lapcikl@seznam.cz (L. Lap€ik).

http://dx.doi.org/10.1016/j.foodchem.2014.11.017
0308-8146/© 2014 Elsevier Ltd. All rights reserved.

fat globule. These colloidal domains comprise nearly 80% of the
approximate 12.7 g total solids per 100 g~! in milk. Therefore,
investigation of the structure and interactions of these colloidal
particles continues to be an important area of milk research. Dried
milk powders (e.g. whole, skimmed or retentate), dried buttermilk,
and other dairy powders (e.g. cheese whey powder (WP), whey
protein concentrates (WPC), whey protein isolates (WPI), casei-
nates and lactose) are products made from milk or whey where
practically all the water is removed, i.e. to <4 g per 100 g~ ' of water
(Tamime, Robinson, & Michel, 2007). These dried products have a
very long shelf-life, they can be stored at ambient temperature
and can be readily exported to countries that have a shortfall in
milk production. After rehydrating milk powders, the reconstituted
products may be similar to fresh milk (whole or skimmed),
whereas the remaining dairy powders have different applications
in the dairy, food and pharmaceutical industries.

In this study, the term skimmed milk powder defines a dairy
product obtained by removing the water from skimmed milk, with
a maximum fat content of 11%, a maximum moisture content of 5%
and protein content not less than 31.4% of non-fatty dry extract.
Skimmed milk powder is by far the most important of all milk
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powders and the most widely used form of milk protein in the food
industry. Skimmed milk production firstly involves its evaporation
to a concentration of about 50% of total solids. Thereafter, the evap-
orated skimmed milk can be dried in any of the various types of
spray drier available. Two types of powder can therefore be distin-
guished: roller-dried powder and spray-dried powder. Moreover,
skimmed milk powder represents a significant source of protein
(35%) and carbohydrate (lactose, 50%) and can be used as a food
ingredient, for reconstitution and as an animal feed. As a food
ingredient, it performs three main functions: (i) contributes to a
desirable dairy flavour, (ii) affects food texture, and (iii) enhances
the development of desirable colour and flavour compounds
(Ranken, Kill, & Baker, 1997; Tamime et al., 2007).

Whey is a general term describing the translucent liquid part of
milk that remains following the process (isoelectric or rennet coag-
ulation) of cheese manufacturing (Hoffman & Falvo, 2004; Manso &
Lopez-Fadino, 2004). Whey prepared by isoelectric precipitation or
rennet coagulation is called acid whey (dry whey with 0.35% or
higher titratable acidity on a reconstituted basis) or sweet (rennet)
whey (dry whey not over 0.16% titratable acidity on a reconstituted
basis), respectively. Whey contains nearly 50% of the total solids
found in whole milk, including essentially all the lactose and whey
proteins (Fundamentals of cheese, 15). The content of total essen-
tial amino acids and branched-chain amino acids is high in whey
protein than in most other dietary proteins (Helaine, Valdemiro,
Dias, Borges, & Tanikawa, 2001). Whey and whey products are
commonly used in animal feed, dietetic foods (infant food), bread,
confectionery, candies and beverages. The composition of whey
products varies depending on several factors, including the source
of the milk, production method, type of cheese and manufacturer’s
specifications. Whey and whey components contain a number of
valuable minerals such as calcium, magnesium, manganese, phos-
phorus, copper, iron, zinc, sodium and potassium.

The main component of whey is lactose (70-75%), while the
major component of whey solids are whey proteins (10-13%),
mainly lactalbumin and globulins. Practically all the mineral ele-
ments found in whey are essential for nutrition. Condensed whey,
dried whey, dried modified whey, whey protein concentrate and
isolates, as well as lactose (crystallised and dried) are the most
often reported whey products. Whey can also be processed into a
number of valuable products, as well as some that are considered
waste products. Examples of whey types include reduced lactose
whey, demineralised whey, acid whey, sweet whey and whey pro-
tein concentrate. Whey protein is a complete, high quality protein
with a rich amino acid profile. Whey proteins refer to a group of
individual proteins or fractions that separate out from casein dur-
ing cheese-making. These fractions are usually purified to different
concentrations depending on the end composition desired and
vary in their content of protein, lactose, carbohydrates, immuno-
globulins, minerals and fat (Tamime et al., 2007). Demineralised
whey powder is produced from whey by selective removal of most
of the minerals.

The properties of surfaces and interfaces characterised by sur-
face or interfacial tension and surface energy have attracted
increasing attention in recent years. Such properties affect many
phenomena associated with adhesion, wetting, spreading and
wicking, which play an important role in everyday life, natural pro-
cesses and numerous industrial applications. These processes are
important in various materials, for instance biopolymers (Collins,
2014; Lapcik, LapCik, De Smedt, Demeester, & Chabrecek, 1998),
synthetic polymers, wood (Lapcik et al., 2014), paper, stone, soils
(Lapcik et al., 2012), cereals and textiles, encompassing all possible
types of surface from polar to non-polar (Gamble et al., 2012).
However, the surfaces of such materials are usually rough rather
than smooth and may even be porous, making their surface charac-
terisation challenging. Despite the difficulties, several methods are

applicable for characterising powder and fibrous materials
(Gajdosikova, Lapcikova, & Lapcik, 2011), such as the capillary rise
method, thin-layer wicking and Wilhelmy plate method. In partic-
ular, a surface energy analysis technique based on inverse gas
chromatography has been found to be very effective for character-
ising wetting phenomena on powders and fibres (Lapcik,
Otyepkovd, Lapcikovd, & Otyepka, 2013; Mohammadi-Jam &
Waters, 2014; Lazar et al., 2014).

2. Methods
2.1. Theoretical background

The surface free energy of a solid can be described by the sum of
dispersive and specific contributions. Dispersive (apolar) interac-
tions, also known as Lifshitz-van der Waals interactions, consist
of London interactions originating from electron density changes
but may also include both Keesom and Debye interactions
(Gajdosikova et al., 2011). Other forces influencing the magnitude
of surface energy are Lewis acid-base interactions, which are gen-
erated between an electron acceptor (acid) and electron donor
(base). They occur in compounds containing hydrogen bonds -
strong secondary bonds between atoms of hydrogen and a highly
electronegative element such as F, O, N and Cl or other compounds
that can interact with Lewis acids and bases. Details of the most
widely accepted theoretical treatment for estimation of solid sur-
face free energies from selective wetting measurements are given
in our recent review article (Gajdosikova et al., 2011).

The dispersive component of the surface energy 2 can be calcu-
lated from the retention times obtained from inverse gas chroma-
tography measurements of a series of n-alkane probes injected at
infinite dilution (concentration within the Henry region of the
adsorption isotherm) (Belgacem, Gandini, & Pefferkorn, 1999).
For evaluation of these dependencies, two approaches have been
used, as described by Eq. (1) (Schultz, Lavielle, & Martin, 1987)
and (2) (Dorris & Gray, 1980):

1/2 1/2

RTInVy = a(yP) *2NA(y2)

where R is the universal gas constant, Na is Avogadro’s number, P is
the dispersive component of surface free energy of the liquid probe,
y2 is the dispersive component of the surface free energy of the
solid, Vy is the retention volume and C is a constant, and

VSD _ [RTln(vN(Cn+21H211+4))/VN(CHH211+2)] (2)
4NAa%H2VCH2

+C (1)

where acy, is the surface area of a CH, unit (~0.6 nm?) and Ven, isits
free energy (approximately 35.6 mJ/m?).

3. Experimental

Inverse gas chromatography was conducted using a surface
energy analyser (SEA) (Surface Measurement Systems, UK). Sam-
ples were placed in 4 mm (internal diameter) columns to give a
total surface area of approximately 0.5 m?. The following eluent
vapours were passed through the column: nonane, octane, hexane
and heptane. All reagents were obtained from Sigma Aldrich (USA)
and were of analytical grade. The injection of vapours was con-
trolled in order to pass a set volume of eluent through the column
to give pre-determined fractional coverage of the sample in the
column. Using this method, the retention time of the vapours
through the particles gives an indication of the surface properties
of the material, including the surface energy. By gradually increas-
ing the amount of vapour injected, it is possible to build up a sur-
face heterogeneity plot.
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Specific surface area measurements were made using a
Micromeritics TriStar 3000 surface area and porosity analyser
(USA) combined with the nitrogen BET technique.

Thermogravimetry (TG) and differential thermal analysis (DTA)
experiments were performed on a Netzsch STA 449 C Jupiter
simultaneous thermal analyser (Netzsch, Germany). Samples were
weighted to aluminium pans and measured. Each measurement
was repeated 3x. Conditions of measurement: Heat flow 10 °C/
min and dynamic atmosphere of nitrogen (N, — 50 ml/min), range
of temperature measurement was from 35 °C to 300 °C. Through-
out the experiment, the sample temperature and weight-heat flow
changes were continuously monitored.

Scanning electron microscopy (SEM) images were captured on a
Hitachi 6600 FEG microscope (Japan) operating in the secondary
electron mode and using an accelerating voltage of 1 kV.

Powder rheology measurements were acquired on a FT4 Pow-
der rheometer (Freeman Technology, UK). All experiments were
performed under the laboratory ambient temperature of 23 °C
and air relative humidity or 43%.

The moisture content of the powdered samples was as follows:
skimmed milk 3.7 wt.%, whey 2.0 wt.% and demineralised whey
2.4 wt.% (Moravia Lacto, Czech Republic). The powdered milk sam-
ples were stored under dry conditions in desiccators (at an ambient
temperature of 23 °C) for 2 weeks prior to the experiments.

4. Results and discussion

A typical SEM image for the powdered milk materials under
study is presented in Fig. 1, showing that the particles had a spher-
ical shape. The individual particle diameter of the powdered
skimmed milk sample was found to be 15.1 um, compared to
80.0 pm and 88.0 pm for the powdered whey and demineralised
whey samples, respectively. All samples were characterised by
thermogravimetric and DSC measurements over a temperature
range of +35 to +300 °C to evaluate moisture content and thermal
stability. The observed TG and DSC temperature dependencies are
shown in Figs. 2 and 3. It can be seen from these scans (Fig. 2) that
the powdered skimmed milk and whey samples exhibited three
step weight loss patterns. The first TG weight loss step occurred
from 35 to 150 °C and corresponded to a weight loss of 4.6 wt.%
for the skimmed milk and 3.1 wt.% for the whey sample, represent-
ing moisture release of physically retained water molecules by
casein or whey proteins. As all samples were conditioned at the
same humidity prior to the experiments, the linear zero moisture
behaviour in the case of demineralised whey is likely due to its
low mineral content in comparison to the other two materials
(skimmed milk and whey). The second TG degradation step occur-
ring over the temperature range 150-248 °C was attributed to the
thermo-destruction of casein and whey proteins (Mocanu et al.,
2012). The thermal stability of the studied milk dairy products
can be described by the initial temperature of thermal degradation
(2. region), which was 150 °C. At this temperature, the weight loss
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Fig. 2. Thermogravimetric analysis of studied powder milk products: full line -
powdered skimmed milk, dotted line - powdered whey, short dashed line -
demineralised powdered whey.
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Fig. 3. DSC pattern of studied powder milk products: full line - powdered skimmed
milk, dot line - powdered whey, short dashed line — demineralised powdered whey.

for all samples was approximately 25-32 wt.%. The third degrada-
tion step was initiated at 248 °C for skimmed milk and whey and at
236°C for demineralised whey. The residual masses were
62.9 wt.% for powdered skimmed milk, 56.9 wt.% for powdered
whey and 60.9 wt.% for demineralised powdered whey. As evident
from Fig. 2, the weight lost pattern of skimmed milk during the
third degradation step was inverted (became the lowest) in com-
parison to the first and second degradation regions. We ascribed
this behaviour to the higher residual mass of lactose in comparison
to the milk fats. The thermal characteristics of milk powder are sig-
nificantly affected by fat and lactose content (Rahman, Al-
Hakmani, Al-Alawi, & Al-Marhubi, 2012). However, the tangent of
the sample weight at 200 °C was higher for the whey products in
comparison to the skimmed milk, indicating that milk fats have a
lower degradation resistivity in comparison to lactose in skimmed

Fig. 1. SEM images of studied powders: (A) skimmed milk, (B) whey, and (C) demineralised whey.
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milk. As milk is a multi-component mixture, it would be difficult to
attribute its thermal behaviour to particular components as com-
plex individual as well as synergistic effects need to be taken into
account.

Based on the DSC data (Fig. 3), the first exothermic peak at
approximately 170 °C can be assigned to lactose crystallisation
and the second huge peak to the non-enzymatic browning
advanced Maillard reaction between proteins and lactose, which
is initiated at a temperature of 220°C (Rahman et al., 2012;
Vuataz, Meunier, & Andrieux, 2010). The last third degradation
region is likely to correspond to oxidation of milk fats and lactose
degradation (Raemy, Hurrell, & Loliger, 1983).

The specific surface areas of the studied samples were identical
for all materials under study. Although the obtained value of
0.6 m?/g was relatively low, it was in excellent agreement with
data available in previous literature (Berlin, Howard, & Pallansch,
1964).

Surface energy profiles and their components of the studied
milk products powders based on the inverse gas chromatography
measurements are shown in Fig. 4. The surface energy profiles of
skimmed milk and demineralised whey clearly differed from that
of whey. The first two materials (skimmed milk and demineralised
whey) showed a characteristic steep exponential decrease in sur-
face energy from approximately 170 mj/m? to 60 mJ/m? and
140 mj/m? to 45 mJ/m?, respectively, between a coverage of 0%
to approximately 2% (skimmed milk) and 5% (demineralised
whey), reflecting the relatively low number of high energy sites
on the surface of these materials. In contrast, for a surface coverage
of 5% up to 20%, the surface energy profiles plateaued at 45 mJ/m?
(skimmed milk) and 60 mJ/m? (demineralised whey). As clearly
visible from Fig. 4, the dispersive component dominated the sur-
face energy, thus reflecting the non-polar nature of the surface
active sites in both skimmed milk and demineralised whey pow-
ders. The same hydrophobic character was also found for the third
material under study, i.e. whey. However, in contrary to the above
mentioned skim milk and demineralised whey materials, a surface
energy coverage dependence exhibited stable non-exponential
(linear) pattern with the magnitude of the observed surface energy
approximately 45 mJ/m?, thus reflecting high homogeneity of act-
ing energetic surface sites. For all three tested materials, the polar
component of the surface energy was negligible in comparison to
the dispersive component. For both the whey and demineralised
whey powders, its value was independent of coverage at approxi-
mately 5 mJ/m?, thus suggesting a high uniformity of surface struc-
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Fig. 4. Surface energy and its component profiles of powdered milk products: circle
- powdered whey, triangle — demineralised powdered whey, diamond - powdered
skimmed milk, black- dispersive component of the surface energy (SFE), red - polar
component of SFE, green colour - total SFE. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

tural components responsible for this kind of behaviour. However,
the polar component of skimmed milk showed an exponential
decay, ranging from 30 mJ/m? for a coverage of 0% coverage up
to 5 mJ/m? for coverages of 3% up to 20%, which indicates a broader
distribution of energetic sites responsible for such behaviour due
to the increased complexity of the main milk constituents. It was
also evident that the polar surface active sites were of relatively
low energy in all the studied powders, providing further evidence
of their low polarity character. Such behaviour can be attributed to
the presence of milk fat components at the surface interface
(Jensen, Ferris, & Lammi-Keefe, 1991).

The measured dispersive surface energy (Fig. 5), showed a char-
acteristically broad distribution for both skimmed milk (40-
175 mJ/m?) and demineralised whey (40-120 mJ/m?), thus reflect-
ing the large number of structural elements responsible for this
behaviour. However, the dispersive surface energy distribution of
whey was very narrow (see Fig. 5 - inset), ranging from only
42.8 mJ/m? to 45 mJ/m?, with relatively the same area increment
occupancy of 2% as for demineralised whey. In contrast, the area
increment occupancy for skimmed milk was 3 times higher, reach-
ing 6%. This SEA pattern behaviour may be due to the greater con-
centration of inorganic salts in whey in comparison to milk and
demineralised whey, which might successfully screen the most
energetic surface sites (at the lowest surface coverage) by binding
surrounding water molecules remaining as residual moisture
content.

The macroscopic powder flow behaviour was also investigated
by determining the yield locus and flow function dependencies at
different stress levels for the studied samples. Results of the pow-
der rheological measurements are shown in Fig. 6, which presents
the yield locus and Mohr’s circles of the tested powder milk dairy
products. The results show that demineralised whey exhibited free
flowing powder characteristics, as indicated by the observed fric-
tion coefficient of 11.7. In contrast, the friction coefficients of the
skimmed milk and whey powders ranged from 3.3 to 4.5, which
are values characteristic for cohesive powders behaviour. The
unconfined yield strengths ranged from 1.37 kPa (demineralised
whey) to 4.48 kPa (skimmed milk) and 4.69 kPa (whey). The
unconfined yield strength. o, can be obtained from the stress circle
tangential to the yield locus and passing through the origin (minor
principal stress g, = 0). Because the largest Mohr stress circle indi-
cated a state of steady-state flow, the internal friction angle can be
regarded as a measure of the internal friction at steady-state flow
(Lapcik et al., 2012). For the studied samples, the angle of internal
friction ranged from 26.5° for whey up to 36.4° and 40.4° for demi-
neralised whey and skimmed milk, respectively. The relatively low
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Fig. 6. Yield locus and Mohr’s circles of studied powdered milk products: full
square - skimmed milk, full triangle up - whey, empty circle - demineralised whey
(measured at 24 °C).

value of the angle of internal friction observed for whey is consis-
tent with the observed friction factor of 3.3 characteristic for cohe-
sive powders. The relevant consolidation stress, g1, can be obtained
from the major principal stress of the Mohr stress circle tangential
to the yield locus and intersecting the point of steady flow. The
major principle stress for all the tested powders was about 16—
18 kPa. The latter stress circle represents the stresses in the sample
at the end of the consolidation procedure (stress at steady state
flow). It corresponds to the stress circle at the end of consolidation
in the uniaxial compression test.

In addition to the above shear testing, powder aeration tests
were performed, allowing consideration of the fluidisation capabil-
ity of the studied powders. The aeration ratio was found to range
from 32.4 for whey to 12.7 (demineralised whey) and 8.98 for
skimmed milk, whereas the aerated energy varied from 4.8 m]
(whey) to 10.1 m] (demineralised whey) and 14.4 m] (skimmed
milk). The aeration data indicated that whey showed the lowest
cohesion of all the samples tested, i.e. highest aeration ratio in
combination with the lowest aerated energy. All the tested pow-
ders exhibited complete fluidisation at 4 mmy/s air velocity, with
basic flowability energy ranging from 127 mJ (skimmed milk and
demineralised whey) to 157 m] for whey.

5. Conclusions

The results showed that the surface energy of the studied milk
product powders was dominated by the dispersive component,
indicating their low polarity character. Surface energy profiles of
skimmed milk and demineralised whey showed a characteristic
steep exponential decrease of the surface energy from approxi-
mately 170 mJ/m? to 60 mJ/m? (demineralised whey) and of
140 mJ/m? to 45 mJ/m? (skimmed milk), reflecting the relatively
small number of high energy sites located at the surface of the
studied materials. From 5% up to 20% surface coverage, the surface
energy profiles reached a plateau at 45 mJ/m? for skimmed milk
and 60 mj/m? for demineralised whey. Whey powder surface
energy coverage dependence exhibited stable non-exponential
(linear) pattern with the magnitude of the observed surface energy
approximately 45 mJ/m?, thus reflecting high homogeneity of act-
ing energetic surface sites. For all three tested materials, the polar
component of the surface energy was negligible in comparison to
the dispersive component. It was found that the polar surface
active sites were of relatively low energy in all the studied pow-
ders, confirming their low polarity character. The observed disper-
sive surface energy showed characteristically broad distributions

for skimmed milk and demineralised whey ranging from 40 m]/
m? to 175 mJ/m? and 120 mJ/m?, respectively, thus reflecting the
large number of structural elements responsible for this behaviour.
In contrast, the dispersive surface energy distribution of whey was
very narrow, ranging from only 42.8 mJ/m? to 45 mJ/m?. The mac-
roscopic powder flow behaviour of the studied materials was ana-
lysed by examining the yield locus and flow function dependencies
at different stress levels. The determined yield locus and Mohr's
circles indicated that demineralised whey exhibited free flowing
powder characteristics (observed friction coefficient 11.7). How-
ever, the friction coefficients of the skimmed milk and whey pow-
ders were in the range 3.3-4.5, which are values characteristic for
cohesive powders. All tested powders allowed complete fluidisa-
tion at 4 mmy/s air velocity, with basic flowability energies ranging
from 127 m] (skimmed milk and demineralised whey) to 157 mJ
for whey.
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1 Uvod

Detailni znalost a porozuméni mezifazovych procesti a jevl je klicem k pochopeni fady
biologickych, chemickych a technologickych procesti a jevil, které maji prakticky vyznam
Vv biomedicinské a technické praxi. Jedna se zejména o pochopeni vzniku koheznich a adheznich
sil mezi adsorbatem a adsorbentem, mezi plnivem a matrici v kompozitech, lepenym spojem
dvou nebo vice materialti nebo interakce biologickych entit jako napt. bun¢k na povrchu pevné
faze apod. Z hlediska vzajemné interakce se jako vyznamné jevi jednak vlastni chemické slozeni
jednotlivych materiald, jejich krystalicka struktura, povrchova energie a polarita, drsnost, tvar
mezifazového povrchu a jeho topologie. Pro pfibliZzeni nasich experimenti co nejblize realité se
jako dal$i parametr krom¢ teploty jevi typ aplikovaného deformacniho napéti a jeho Casovy
priabéh a intenzita. Proto v této disertatni praci byly provedeny experimenty zaméfené na
charakterizaci mezifazovych sil na fazovém rozhrani pevna faze/pevna faze v kompozitech pro
jednoosé namahani, dale byla pouzita smykova cela pro praSkové materidly pro charakterizaci
koheznich sil na fazovém rozhrani pevna faze/plyn a v neposledni fadé¢ byl zkouman vliv
hydrodynamickych a smykovych sil v laminarnim toku na adsorpci/desorpci Castic a bun€k na
fazovém rozhrani pevna faze/kapalnd faze. Pro UcCely zkoumani interakci na fdzovém rozhrani
pevna faze/kapalnd faze byl konstrukéné upraven a realizovan systém pro méfeni kinetiky
depozice/uvoliovani ¢astic na bazi technologie impinging jet (vzhledem k absenci adekvatniho

ceskeho prekladu bude nadéle v predkladané praci pouZivan anglicky termin).

Ptedlozena disertatni prace je rozdélend do dvou hlavnich celkli. Prvni cast se zabyva
teoretickym popisem principu metody impinging jet a principy adheze bunék na povrch pevné
faze a jevy, které bunéfnou adhezi ovliviiyji. Ddle jsou popsany principy mechanickych
vlastnosti polymernich kompozitl a jejich chovéani pfi jednoosém namahani. Prvni ¢ast je pak
uzaviena popisem vlivu koheznich a adheznich sil na tokové vlastnosti partikularnich latek spolu
s teoretickym popisem testovani téchto vlivii pomoci smykové cely. Druhd cast se zabyva
samotnym popisem experimentt, vysledky a jejich diskuzi. Nejprve se autor zabyva experimenty
zalozené na metod¢ impinging jet: studium vlivu nano-embosovani na kinetiku depozice

polystyrenovych castic na povrch Zeonoru a studium adheze HeLa bunck na 2D-uhlikaté
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nanomaterialy. Dale je feSen vliv adheze mineralnich plniv do polymerni matrice
vysokohustotniho polyetylenu (HDPE) na vysledné mechanické vlastnosti pomoci deformacniho
napéti v tahu. Experimentalni ¢ast pak uzavird popis experimentti zaméfenych na vliv koheze na
tokové vlastnosti mineralnich plniv a mléénych produkti. Vsechny vysledky z experimentalni

¢asti byly pouzity jako soucast publikaci v impaktovanych odbornych casopisech.

2 Technika impinging jet

Studium interakci nano- a mikro-rozmérnych castic na rozhrani pevné faze/kapalné faze se
zaméfenim na adsorpcéni/desorpéni jevy je dulezit¢é v mnoha oblastech a primyslovych
procesech. Napt. pro lepsi pochopeni filtracnich procest, ¢isténi odpadnich vod, navrhovani
mikrofluidnich zafizeni, pfi vyrob& papiru, charakterizaci polymerli nebo pochopeni procesu
zana$eni membran. Pro pfesné a uplné pochopeni vyse zminéného fenoménu je potieba béhem
experimentll dodrzovat piesné definované hydrodynamické a fyzikalné-chemické podminky.
Jedny z prvnich technik pouzivanych pro studium depozice ¢astic spliujici tyto podminky byly
zalozené na rotacnim disku, ktery zaroven slouzi jako substrat k adhezi. Vyhodou téchto technik
je jednoduchy a dobie popsany charakter proudéni kapaliny v blizkosti disku. Diky tomu, Ze
tloustka hydrodynamického a difuzniho rozhrani je konstantni nad celym povrchem disku, je
relativné jednoduché analytické feSeni jednodimenzionalni konvekéné-difuzni rovnice v blizkosti
povrchu disku.® Tuto techniku lze vyuZit nejenom pii studiu depozice &astic, ale i
Vv elektrochemii, kde rotacni disk slouzi jako pracovni elektroda.® Dalsi techniky pouzivané ke
studiu adsorpce/desorpce castic, které spliuji kritéria presné definované hydrodynamické
podminky, jsou zaloZené na stagna¢nim toku. Mezi tyto techniky patii 1 systém impinging jet.
Kromé konstantni tloustky difuzniho a hydrodynamického rozhrani v blizkosti stagna¢niho bodu
je u téchto technik vyhodou pfi pouziti transparentniho substratu moznost ptimého pozorovani
kinetik depozice pomoci optického mikroskopu. U technik zaloZenych na rotaénim disku nelze
tento zptisob pozorovani depozice vyuzit z diitvodu rotacniho pohybu disku. Symetricky radialni
stagnac¢ni tok nazyvany také impinging jet byl poprvé popsan prof. van de Venem a prof.
Dabrosem.”® Pro praktické studovani depozice &astic spliujici tyto podminky se vyuZivaji
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impinging jet cely s radialnim,*** paralelnim nebo sikmym'’ geometrickym uspofadanim, se



kterym lze provadet experimenty i na netransparentnich substratech. Tyto usporadani vyuzivaji
uniformniho dvojdimenzionalniho toku v okoli stagnacniho bodu (centrum symetrie). V
tésném okoli tohoto bodu nedochézi k transportu hmoty konven¢nim tokem kapaliny disperzniho
prostiedi. Ve vétSich vzdalenostech od stagna¢niho bodu pak dochdzi k neuniformnimu proudéni

a transportu hmoty.®

Konfigurace impinging jet systému pouzité v ramci této disertacni prace odpovidd pivodni
geometrii navrhnuté prof. Dabrosem a prof. van de Venem.® Na obr. 1 je znazornéna geometrie

depozi¢ni cely spolu s nakresem radialni impinging jet (R1J) instrumentace.

Obr. 1. Schéma geometrie RIJ cely (a), kde R znaci polomér vnitini kapilary, h je vzdalenost mezi koncem
vnitini kapilary a kolektorem (substrat), U a V znadi vektory normalové a radidlni komponenty rychlosti
proudéni, z je vzdalenost od adsorp¢niho rozhrani a r zna¢i radidlni vzdalenost od osy symetrie. Schéma
impinging jet instrumentace pro studium adsorpce/desorpce ¢astic (b), kde M znazoriuje objektiv optického
mikroskopu, 1 znazoriuje zasobni nadobu s disperzi, 2 piedstavuje RIJ celu, 3 znaci testovany transparentni

substrit a 4 je vystupni kapilara z R1J cely.”® Copyright © Elsevier 2006.



3 Adheze bunék na povrch pevnych latek

Adheze bunék ma kliCovou roli pfi mnoha bunéénych procesech napt. rast, diferenciace,
morfogeneze, apoptdza, formovani a regenerace tkani. Pochopeni zakladnich principti bunécné
adheze a sledovani zmény sily adheze je dulezité v mnoha oblastech napt. tkanovém inzZenyrstvi,

19-23 . Y s
d. Mechanismus bunécéné

vyvoji biosenzord, pfi tvorbé umélych kloubli a implantati apo
adheze se déli na dva zakladni typy. Prvni typ bez ucasti receptorii je zalozen na slabych
nevazebnych interakcich jako jsou vodikova vazba, elektrostatické interakce a Wan der
Waalsovy interakce mezi molekulami na povrchu bunééné membrany a funkénimi skupinami na
povrchu substratu bez pFitomnosti proteini z extracelularni matrix (ECM).** Tento typ interakce
nezajiStuje zprostiedkovani signdlu mezi builkou a jejim okolim.” Druhy typ mechanismu
adheze bunék je zaloZen na ligand-receptor vazbé a spoc¢iva v adhezi bun¢k skrze proteiny jako je
fibronektin, vitronektin, kolagen a laminin z ECM.?*?" Tyto proteiny se pak véZou na
transmembranové receptory (integriny).?*?® Tento typ ligand/receptor interakce umoZiiujici
mezibunéénou komunikaci s aktinovym cytoskeletem je dilezity zejména pro bunky, které jsou
zavislé na ukotveni na substrat (,anchorage dependence cells*).?® Pokud tento typ bundk nema na

bunécné membrané navazany proteiny z ECM nebo si nevytvoii vlastni, dojde k apoptdze do 48

hodin. 303!

3.1 Fyzikalné-chemické jevy ovliviiujici adhezi bunék

Rozsah a sila adheze bun¢k siln€ zavisi na fyzikaln€ chemickych vlastnostech povrchu materialu
zejména na smacivosti, chemické povaze, polarit¢ a velikosti volné povrchové energie.
bunék na substrat. Adhezni proteiny z ECM se ve vysSich koncentracich vaZzou na hydrofobni
povrch, ale v rigidni a denaturované formé.?**? Tento jev silng ovliviiuje silu adheze a riist bunk
a pusobi na adhezi negativné. Naopak hydrofilni povrchy podporuji adhezi buné€k, protoze se
ECM proteiny vazou ve své piirozené form&.* Dulezita je také mira hydrofilni povahy substratu.
V ptipad€ superhydrofilnich povrchii s kontaktnim hlem smécéeni pro vodu menSim nez 5°
dochézi ke sniZeni adsorpce ECM proteintl z diivodu vzniku silnych odpudivych sil mezi proteiny

. (19,34
a navazanou tenkou vrstvou vody na povrchu substratu.
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Obr. 2. Schématické znazornéni vlivu smacivosti a drsnosti povrchu na adhezi bunék.* Copyright © RSC

2016.

Ideédlni podminky smaceni pro adhezi bunck jsou odliSné pro rtizné substraty a jsou silné
ovlivnény povrchovou topologii, povrchovym nabojem a v neposledni fadé typem a koncentraci
funkénich skupin na povrchu.®*® Na smagivost maji nejvetsi vliv kyslikové funkéni skupiny
(hydroxylové, karboxylové a etherové).>’ V piipadé adheze HeLa bun&k na povrch s kyslikovymi
funkénimi skupinami se idedlni smagivost pohybuje kolem 50° pro vodu.® Dalsim dilezitym
parametrem pii adhezi bun€k na substrat je povrchova drsnost, ktera se déli na makrodrsnost (100
pm a vice), mikrodrsnost (100 nm — 100 um) a nanodrsnost (méné€ jak 100 nm). Schmématické

znazornéni vlivu smécivosti a drsnosti substratu na bunécnou adhezi je znazornéno na obr. 2.

3.2 Vyuziti 2D uhlikovych nanomateriali jako substrat pro adhezi bunék

2D uhlikové nanomateridly jako je grafen a GO nachazeji stile vetSi uplatnéni v neustale se

38—

rozvijejicich biomedicinskych aplikacich, v oblastech jako cilena doprava 16¢iv,**™* piiprava

44-47

biomaterialli pro umélé orga’my,“’z’43 biosenzory, neuralni inien}'/rstvi,48 fototermalni terapie a

teranostika.%® "°

Ve vyse uvedenych aplikacich nachazeji tyto materidly uplatnéni predev§im diky
svym specifickym fyzikalné-chemickym vlastnostem jako je vynikajici tepelnd vodivost, velka
specificka plocha povrchu, vynikajici mechanickd pevnost, specifické optické vlastnosti a
vynikajici biokompatibilital.sz_54 Grafen svoji strukturou pfipominajici vceli plastev se sklada
z uhliki s sp hybridizaci, které tvoti dvojrozmérnou sit’. Pokud se grafen oxiduje napt. pomoci

studené plazmy, vznika derivat GO, ktery ma na svych uhlikach pfipojené kovalentné navazané



kyslikové funkcni skupiny. Nejcastéji 1ze na povrchu GO najit funkéni skupiny hydroxylové (-
OH), epoxidové (=0) a karboxylové (-COOH). Diky témto funkénim skupinam je GO rozpustny
ve vode, ma vetsi povrchovou energii, polarnéjsi povrch a je tedy vhodnéjsi substrat pro adhezi
bun¢k. Tyto funkéni skupiny pak interaguji s adheznimi proteiny pomoci kovalentnich vazeb,
elektrostatickych interakci, vodikovych mistka a n-m interakci. Mira proliferace pak zavisi na

obsahu kyslikovych funkénich skupin na povrchu.™

4 Zaklady reologie partikularnich latek

Praskové materialy patii mezi partikuldrni latky. Tyto latky se vyznacuji tim, Ze jsou tvofeny
pevnou fazi, kterou obklopuje faze tekutd (kapalina, plyn). Pro sypké praskové materidly je
tekutd fadze plyn (nejCastéji vzduch). Kombinace téchto dvou slozek pak udava celkové
mechanické chovéni. Zakladnim charakteristickym rysem praskovych materidlli je schopnost
prenaset smykové napéti v klidovém stavu, coz se v praxi projevi tak, ze k toku materialii nestaci
pouze gravitacni sila jako u kapalin. Je tedy nutné dodat silu k piekonani vnitiniho tfeni.
Manipulaci s t€émito latkami ¢asto komplikuje existence tzv. koheznich sil, jejiz vliv roste umérné
s rostouci kontaktni plochou velikosti ¢astic praSkového materidlu. Se zmenSovanim ¢astic pak

vétsinou dochazi ke zvétiovani téchto koheznich sil. >’

Tokové vlastnosti praskovych materiali
jsou ovlivnény spoustou faktorti jako velikost, porovitost, plocha povrchu, tvrdost, St€pnost Castic
apod. M¢feni tokovych vlastnosti partikularnich latek je pak velice nachylné na vnéjsi vlivy

zejména na vlhkost a vibrace.?® 2

Mezi partikuldrnimi latkami plsobi vazebné mechanismy,
které jsou pfi¢inou stavu napjatosti mezi Casticemi. Mechanicky styk zplsobeny piimym
kontaktem castic se projevuje vznikem tieci vazby. Toto silové plisobeni se oznacuje v praxi jako
vnitini tfeni. Pro partikulérni latky je typicka vlastnost schopnost pfenaSeni vnitiniho tieni 1 za
klidového stavu. V partikularnich latkach je ve styku velké mnoZstvi €astic s riznym tvarem,
orientaci a s rozdilnou velikosti kontaktnich ploch, proto je nutné sledovat vnitini tfeni v objemu,

ktery se pro praktické ucely oznacuje jako smykova z6ma.>®
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4.1 Tokové vlastnosti praskovych materiala

Tokové vlastnosti praSkovych materiali siln¢ zavisi na adheznich silach mezi c¢asticemi. Tyto
adhezni sily vznikaji n€kolika mechanismy. Pro jemné zrnité materidly s minimalni vlhkosti je
adheze mezi ¢asticemi zplisobena prevazné Wan der Walsovymi a elektrostatickymi interakcemi.
Wan der Walsovy interakce jsou zpisobeny rozdilnymi dipoly atomi a molekul, zatimco
elektrostatické interakce jsou zapficinény rozdilnym elektrickym potencidlem na povrchu castic.
U praskovych materialt, které obsahuji hodné vlhkosti, jsou adhezni sily zpisobeny pifevazné
kapalnymi muastky. Tyto mustky se vytvaieji pievazné prostiednictvim kapaliny s nizkou
viskozitou. Intenzita téchto interakci zavisi pievazné na velikosti a chemickému slozeni povrchu
interagujicich Castic. Se snizujici se velikosti interagujicich c¢astic dochazi ke zvySovani
adheznich sil, proto praskové materialy s velmi malou velikosti Spatné teCou. Souhrnné se pak
materialy se Spatnymi tokovymi vlastnostmi oznacuji jako kohezni.**®® P¥i kompresi praskovych
materialii externi silou dochazi k plastickym deformacim na kontaktnich plochéach stykajicich se
¢astic, coz zapricini zvétseni ploch povrchu. Tento jev potom vede také ke zvyseni adheznich sil
mezi Casticemi a vyuZiva se napk. pii vyrobg tablet.®’ Dilezitou charakteristikou u praskovych
materidli je mezni stav napjatosti. Tok u vétSiny praSkovych materidlll (netykd se volné
tekoucich) nastane aZz po prekroc¢eni mezniho stavu napéti, kdy dojde k prekonani
mezi¢asticovych interakci. K ur€eni mezniho stavu napjatosti se pouziva jednoosd zkousSka
tlakem, ktera je zalozena na zatiZzeni praskového materialu ve valci. V prvni fazi se vzorek
konsoliduje pisobenim vertikalniho napéti oy, které soucasné¢ vyvold horizontdlni napéti o
(podle poméru napéti K). Hodnota smykového napéti t je 0. Tento stav pii konsolidaci na grafu
zavislosti t/o (obr. 3) je znazornén pomoci Mohrovy kruznice A.*® Pokud t = 0, pak vetsi hlavni
normalové napéti o1 = oy a zaroven mensi hlavni napéti 62 = on. V druhé fazi se odstrani stény
valce pfi soucasném zachovani tvaru konsolidovaného materidlu. Vzorek je potom zatézovan
postupné zvétsujicim se vertikalnim napéti. Tento d¢€j je znazornén na obr. 3 pomoci Mohrovych
kruznic B;, By a Bs. Protoze po odstranéni stén valce neplisobi na materidl Zadné horizontalni
normalové napéti oy (5,=0), vSechny Mohrovy kruZnice zacinaji na ose o vV bod¢ 0. Pii ur¢itém

napéti o1, dojde k selhani vzorku a material zacne téct (Mohrova kruznice Bs).
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Obr. 3. Znazornéni grafu zavislosti smykového napéti na normalovém napéti s vyzna¢enou mezni kiivkou

7 wr

(yield limit) ur¢enou Mohrovymi kruznicemi B; a C; v dolni ¢asti je schematicky znazornén pocatek toku B,
C (incipient flow) a konsolidace praskového materidlu A (consolidation) odkazujici na jednotlivé Mohrovy

kruznice.”® Copyright © Springer 2008.

Toto napéti se znaci jako prostd mez skluzu c¢. Pfi menSim napéti nedojde u konsolidovaného
vzorku k selhani a dochéazi pouze k elastickym deformacim, jak je patrné v ptipadé¢ Mohrovych
kruznic Bl a B2, které se nachazi pod mezni kiivkou. Pokud aplikujeme na konsolidovany
vzorek kromé o, také konstantni op, posune se nam Mohrova kruZnice na ose ¢ doprava. Pokud
aplikujeme dostatecné velkeé napéti a dosdhneme mezni kiivky, dojde k toku materidlu (Mohrova
kruznice C). Protoze je priabéh mezni kiivky zavisly na napéti pfi konsolidaci, ma material pro
kazdé konsolidacni napéti charakteristickou mezni kiivku. K charakterizaci praskovych materialti
V praxi se pouziva tokova funkce ff;, ktera predstavuje zavislost meznich stavli napjatosti na
konsolida¢nim napéti. Podle této funkce lze rozdélit partikularni latky do nékolika kategorii,

které jsou znazornéné v tabulce 1.°%°
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Tab. 1. Tabulka klasifikace tokovych vlastnosti praskovych materialu v zavislosti na velikosti indexu toku
ff..>°

tokova funkce patrikularni latky
ffe< 1 netekouci
1<ffc <2 velmi kohezni
2<ffc<4 kohezni
4<ffc <10 lehce tekouci
ffc> 10 volné tekouci

5 Polymerni kompozitni materialy

Pevnostni chovani pevnych latek souhrnné oznacuje odolnost materialii proti poruseni
soudruznosti. Jeden z parametrl je pevnost v tahu, kterou se autor disertacni prace zabyva dale
Vv sekci feSené problémy. Kazdy materidl mé urcité mezni vlastnosti, které pfi prekroceni vedou
klomu materiald. Lom je charakterizovan tvorbou nového povrchu vyvolanou vnéjsim
mechanickym napétim. Mezi hlavni faktory ovliviiujici pevnost materidlu patii struktura,
chemické slozeni a vngj$i podminky jako je tlak, teplota a cas. N&které mechanické
charakteristiky materiald jako napf. moduly pruznosti jsou zavislé na celém objemu materialu.
Mechanické vlastnosti materialti jak napf. pevnost jsou zavislé pievazné na strukturalnich

nepravidelnostech jako trhliny a pukliny.®*

5.1 Mechanické chovani polymernich kompoziti v jednoosém tahu

Mezi Casto pouzivané experimentalni metody hodnotici mechanické chovéani polymerd patii
jednoosa tahova zkouska. Z pribéhu této zkousky také vychazi vétSina teorii popisujici pevnostni
chovani materialii zejména z ditvodu strukturni srozumitelnosti a experimentalni jednoduchosti.
V zévislosti na rozsahu deformaci lze sledovat linedrni a nelinedrni chovani nebo lom
testovaného materidlu. Pro tento typ méfeni se pouZivaji trhaci stroje, které nejcastéji pracuyi
Vv rezimu konstantni rychlosti deformace. Vzorek se uchyti mezi dvé upinaci Celisti, z nichz jedna
se pohybuje konstantni rychlosti vici druhé. Snima se prubeh sily v zavislosti na deformaci.

Typicky prib¢h kiivky zavislosti napéti na deformaci je zndzornén na tzv. pracovnim diagramu
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(obr. 4). Z tohoto diagramu Ize vyc¢ist dulezité materialové charakteristiky. Samotny tvar kiivky
je specificky pro kazdy material a lze z n¢j vycist jak je materidl pevny, tvarny, kiehky apod.
Smérnice kiivky v pocatku (E = o/¢) definuje Younguv modul pruznosti, ktery je charakteristicky
pro dany material. Mez kluzu (Yield point) znaci bod, kdy se elastické deformace zméni na
deformace plastické a nevratné. Tento bod je uren hodnotami €y a oy a na kiivce je zpravidla
V prvnim maximu nebo podle nékterych norem v misté, kde se kiivka zac¢ina znatelné odchylovat
od linearniho pribehu. Dale je v diagramu dulezity konecny bod kiivky, ktery znaci pietrzeni
64,65

materidlu. Plocha pod kiivkou odpovidd deformacni praci a znaci miru houZevnatosti.

Deformace PE v tahu vlivem vn&jsiho napé&ti je ovlivnéno semikrystalickou povahou materialu.®*

€,

L.

Y deformace &

Obr. 4. Graf zavislosti napéti o na deformaci testovaného materialu € (pracovni diagram tahové zkousky), kde
bod (a) zna¢i Youngiv modul pruznosti, (b) horni mez kluzu, (d) prirozeny dlouzici pomér, (e) vyferpani
plasticity, (f) oblast zpevnéni, (g) lom materialu, €, a 6, zna¢i napéti a deformaci na mezi kluzu, o, je pevnost

v tahu a g, zna&i taznost materialu.®* Copyright © Univerzita Tomase Bati 2004.

Na obr. 5 je znazornén graf zavislosti napéti v tahu na deformaci testovaného vzorku se
znazornénymi zménami v Mikro-struktufe polymeru béhem deformacnich zkousek. Na pocatku
nejsou pozorovany zadné deformace a zatizeni je neseno prevazné tuhymi krystalickymi
lamelami. Po piekroceni meze kluzu jsou deformace zplsobeny kombinaci piesouvani amorfni
faze a klouzanim krystalickych lamel. Struktura jednotlivych krystalickych lamel neni v této fazi
zatizenim ovlivnéna. S rostoucim napéti a deformaci (1-1,5) lze vidét zvySeni orientace

krystalické a amorfni faze polymeru ve sméru vnéjSiho napéti. Pti dalsi deformaci po piekroceni
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hodnoty 1,5 dochazi ke zpevnéni materidlu, coz se projevi na kiivce prudkym nartistem napéti.
V této fazi nazyvané oblast zpevnéni je amorfni faze nataZzend na maximalni hodnotu a dochazi
k rozvinuti a lamani krystalickych lamel, tento jev je pak patrny na lomovych plochach, které
maji charakteristicky hruby a rozvldknény povrch. Pii dalSim zvySovani napéti dojde k selhani
materialu, které se projevi pretrzenim. Zmény v mikrostruktute lamel a pii deformaci vcetné faze

< 64,66
zpevnéni jsou zobrazeny na obr. 5.

200!
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100! )Y
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Obr. 5. Graf zavislosti napéti ¢ na deformaci testovaného PE materidlu s vyznafenymi zménami

v mikrostruktuie polymerni matrice.”

6 Cile diserta¢ni prace

Hlavnim cilem predlozené disertani prace bylo pochopeni a popsani mezifazovych procesi a
jevi, které maji vyznam v biomedicinské a technické praxi. Jedna se zejména o pochopeni vztahti
mezi fyzikdlné chemickymi jevy ovliviujici adsorpéni/desorpéni proces vybranych polymernich
Castic a biologickych entit jako napt. bun€k na fadzovém rozhrani kapalina/pevna latka pomoci
hydrodynamickych a smykovych sil. K tomuto Ucelu bylo potieba realizovat a konstrukéné
upravit systétm na bdzi technologie impinging jet, kde je depozice fizena difuzi a uvolnéni

adherovanych c¢astic/bunék z povrchu iniciovan laminarnim tokem v okoli stagna¢niho bodu.
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Mezi dalsi cile patfilo studium a pochopeni mezitazovych jevii na rozhrani pevna latka/pevna
latka se zaméfenim na vliv koheznich a adheznich sil mezi plnivem a matrici na mechanické
vlastnosti v kompozitnich materialech. K tomuto u¢elu byl zkouman vliv intenzity a ¢asového
prubéhu deformacniho napéti ve formé¢ jednoosé¢ho namahani na deformaci kompoziti. DalSim
cilem byla charakterizace koheznich sil na fazovém rozhrani pevna latka/plyn u praskovych
materiali pomoci mechanického smyku. Experimentalni ¢ast je rozdélend do dvou logickych
casti. V prvni ¢asti feSené problémy se autor vénuje diskuzi vysledkll z experimentli zamétenych
na adsorpcni/desorpcni proces na fazovém rozhrani kapalina/pevna latka pomoci techniky
impinging jet. Druhd ¢ast je zaméfena na experimentalnim studiu mezifdzovych jevli na rozhrani
pevna latka/pevna latka a pevna latka/plyn pomoci deformacniho a smykového mechanického

napéti.

Piehled cilii v bodech
1- Studium a pochopeni interakci na fAzovém rozhrani pevna latka/kapalina.

2- Konstrukce a realizace systému pro méfeni kinetiky depozice/ uvoliiovani Castic na bazi

technologie impinging jet.

3- Charakterizace a pochopeni vlivil topologie, smaceni, volné povrchové energie a chemického
sloZeni testovanych povrchii na proces adsorpce/desorpce na fazovém rozhrani kapalina/pevna

latka.

4- Experimentalni studium kinetiky uvolfovani lidskych néadorovych bunék (HeLa)

adherovanych na uhlikové 2D-nanomaterialy za pfesné definovanych fyzikalnich podminek.

5- Zaméfeni vyzkumné ¢innosti na experimentalni studium vlivu topografie povrchu na kinetiku
depozice latexovych polystyrenovych ¢astic za piesné definovanych fyzikalnich podminek na

polymerni substrat (ZEONOR) upraveny technikou nano-embosovani.

6- Experimentalni studium vlivu adheze mineralnich plniv do polymerni matrice na fazovém
rozhrani pevnd latka/pevnd latka na vysledné mechanické vlastnosti kompozitu pomoci

deformacniho napéti.
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7- Studium vlivu koheznich sil na fazovém rozhrani pevna latka/plyn u partikuldrnich latek na

tokové vlastnosti s vyuzitim smykové cely.
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7 ReSena problematika s vyuZitim systému impinging jet

7.1 Studium depozice modelovych c¢astic (PS) na nanostrukturovanych polymernich

povrsich

Tato studie byla zaméfena na vyzkum vlivu topografie povrchu na depozici modelovych
polystyrenovych latexovych ¢astic s velikosti 1,1 um na modifikované polymerni substraty.
Povrchova uprava polymeru na bazi cyklického olefinu (Zeonoru) byla provadéna metodou
nano—embosovani. Autor disertaéni prace se podilel na reSersi a sepisovani publikace ,impinging
jet study of the deposition of colloidal particles on synthetic polymer (Zeonor)“ publikovaném v
Casopisu International journal of mass and heat transfer (2014). V ramci této feSené problematiky
se autor disertacni prace podilel provedenim a vyhodnoceni impinging jet experimentil, méteni a
vyhodnoceni volnych povrchovych energii testovanych substrati. Pro impinging jet experimenty
bylo pouzito originalni uspofadani depozi¢ni cely navrhnuté DabroSsem, Van de Venem a
Adamczykem. Toto usporadani je asto zmifiovano jako ,.radial impinging jet cell« (R1J)."2%’
Skenovaci elektronova mikroskopie (SEM) a AFM meéteni byly provedeny kolegy z regionalniho
centra pokrocilych technologii a materiald (RCPTM). Embosovany Zeonor byl pfipraven Mgr.
Jitim Cechem, Ph.D. z DTU Nanotech (Déansko).

7.1.1 Charakterizace povrchu

Jako substrat pro depozici Castic byl pouzit synteticky polymer Zeonor (Zeon chemicals,
Japonsko) ve formée folii s riznou tloustkou (50 pm a 100 pm). Povrch Zeonoru byl modifikovan
embosovanim dvéma odliSnymi vzory (pyramidovym a vlnitym). Oznaceni, popis a geometrické

parametry jednotlivych vzort jsou shrnuty v tab. 2.
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Tab. 2: Popis a oznaceni jednotlivych vzorki.

vzorek x(hm) y(nm) z(nm) Popis vzorku

1750 VvV - - - nemodifikovany Zeonor, tloustka 50 pm

2 750 E1 375 375 170 embosovany Zeonor: tloustka 50 um, vzor E1
3 Z100 V - - - nemodifikovany Zeonor, tloustka 100 pm

4 7100 _E2 440 50 170 embosovany Zeonor vzor: tloustka 100 pm, E2

Velikost kontaktnich thlli smaceni a s tim spojend velikost volné povrchové energie substratu
silng ovliviiuje depozice &astic. Uhly smadeni pro jednotlivé kapaliny nemodifikovanych a
embosovanych povrchii jsou shrnuty v tab. 3. Naméfené kontaktni uhly smaceni pro vodu u
povrchové nemodifikovanych vzork Zeonoru, které byly v rozsahu od 96,8 ° pro vzorek
3 Z100_V do 99 ° pro vzorek 1 Z50 V, odrazi jejich hydrofobni charakter. Po povrchové

modifikaci embosovanim vzory El a E2 doSlo k zesileni hydrofobniho charakteru, coz se

projevilo zvySeni kontaktnich thld sméaceni na 105 ©a 102,4 °.

Tab. 3: hodnoty statickych kontaktnich hli smaceni méfenych metodou sedici kapky pro jednotlivé

substraty.
kontakni tthly sméceni 6 (°)
vzorek
voda glycerol ethylenglykol DMSO

1_750_V 99.06 £ 2.29 81.17+£2.97 70.05 + 0.56 64.99 £ 1.25
2_7Z50_E1 104.99 + 0.98 89.82 +2.41 67.85+1.63 56.03 + 1.97
3_7100_V 96.79 + 1.87 92.55+0.54 67.64 +0.49 60.27 + 0.89
4_7100_E2 102.43+1.53 82.44 +2.07 68.00 £2.28 60.61 +0.32

Pro vypocet volnych povrchovych energii byly zméteny kontaktni uhly smaceni pro glycerol,

etylenglykol a DMSO. Souhrn spocitanych volnych povrchovych energii vcetné polarni a

disperzni slozky pro vSechny vzorky je uveden v tab 4.
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Tab. 4: Souhrn spoditanych volnych povrchovych energii a jejich polarnich a disperznich slozek podle modelu

Owends - Wendt - Rabel - Kaelble.

volna povrchova energie (mJ/mZ)

vzorek
celkova disperzni polarni
1 750 V 24.63 £3.77 21.49 £ 6.68 3.15+4.05
2 750 E1 37.17 + 8.83 36.52 +£8.23 0.65 +0.88
3 .7100_V 30.00 +11.51 27.03 £12.66 297 +2.19
4 7100 _E2 31.92 £6.74 30.43 £8.50 1.49£2.10
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Obr.6. SEM snimky povrchu Zeonoru po embosovani pyramidovym vzorem E1 (a) a vinitym vzorem E2 (b);
AFM snimKy s profilovymi fezy povrchu Zeonoru po embosovani s pyramidovym vzorem E1 (c¢)(d) a vlnitym
vzorem E2 (e)(f)."! Copyright © Elsevier 2014.
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U vSech sledovanych vzork dominuje disperzni slozka volné povrchové energie, polarni slozku
lze povazovat za minoritni. Nejniz§i volnd povrchovd energie byla naméfena u
nemodifikovaného substratu 1 Z50 V (24,6 mJ/im?). Z vysledkil je ziejmé, Ze embosovéni
obéma vzory vede ke zvySeni volné povrchové energie. Nejvice je tento jev patrny u
pyramidového vzoru E1 kde doslo ke zvySeni o 50 % z pivodni hodnoty 24,6 mJ/m? na 37,2
mJ/m?. Charakterizace povrchu byla provedena pomoci metod SEM a AFM (viz obr. 6). Ze
snimkl je patrné, ze embosovany povrch je vysoce homogenni u obou studovanych povrchii

s embosovanymi vzory E1 a E2. Snimky topografie povrchu ze SEM velice dobie koresponduji

s vysledky mapovani povrchu pomoci AFM.

7.1.2 Depozice polystyrenovych latexovych ¢astic pomoci techniky impinging jet

Polystyrenové latexové kulovité mikrocastice byly vybrany jako dostupny a bézné pouZzivany
testovaci disperzni systém s Sirokym rozsahem velikosti ¢astic a rliznym stupném
polydisperzity.®® Pro impinging jet experimenty byly pouZity polystyrenové latexové &astice
s velikosti 1,1 um, zeta-potencidlem -20 mV a koncentraci 5x10° &astic/cm?. Pro eliminaci
elektrostatickych interakci béhem depozice byla disperze pfipravena ve vodném roztoku 1x107
M KClI s vyslednym pH 7. Vypocitana hodnota «, pfi naSich experimentalnich podminkach byla
59. Namérené kinetiky depozice zaporné nabitych latexovych ¢astic o rozméru 1,1 pm na
embosované a nemodifikované testované substraty pomoci techniky impinging jet jsou shrnuty
na obr. 7. Byl pozorovan exponencialni nartst poc¢tu deponovanych ¢astic béhem depozice pro
vSechny testované substraty. Z experimentl je patrné, ze i pies zvySeni volné povrchové energie
v dusledku Gpravy povrchu nano-embosovanim (viz tab. 4) bylo pozorovano snizeni celkového
poctu deponovanych polystyrenovych latexovych Castic na povrch takto upravenych substratii ve
srovnani s nemodifikovanym povrchem Zeonoru s nizsi volnou povrchovou energii. Domnivame
se, ze toto sniZzeni celkového poctu deponovanych castic je zapficinéno lokalizovanym mikro
vifenim v kapalné vrstve, kterd se nachazi v tésné blizkosti nad strukturovanym povrchem.
Tohoto jevu lze vSeobecné vyuziva pii depozici s hydrodynamickou fokusaci. Je ziejmé, ze
povrchovy design ovliviiuje celkovou aktivitu povrchu. Povrch Zeonoru s pyramidalnim vzorem

E1 je tiikrat vice aktivni ve srovnani s povrchem Zeonoru s vlnitym vzorem E2. Tento rozdil je
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pravdépodobné zapiic¢inén jiz zminénou hydrodynamickou fokusaci, kterd je vice patrna u

povrchu s pyramidovym vzorem.

T T T
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Obr.7. Kinetiky depozice polystyrenovych latexovych ¢&astic ziskané technikou impinging jet pro jednotlivé

substraty.* Copyright © Elsevier 2014.

Tab. 5: Spoditané parametry depozice polystyrenovych ¢astic na testované substraty: T, — ¢as potiebny
K ustaleni po¢tu deponovanych ¢astic (blokovaci ¢as) (s), n — celkovy pocet deponovanych ¢astic v ustaleném

stavu (-), j.— rychlost depozice v okoli stagna¢niho bodu.

vzorek Tploc (MiN) N () Je (1/min)
1 750 V 9.82 + 3.53 2206 + 206 196.20
2 750 E1 23.1+5.7 4314427 18.72
37100 V 232 +0.54 1230 + 44 533.11
4 7100 E2 122+4.1 150.5+ 1.7 12.83
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Tento predpoklad je podpofen rozsahem blokovacich ¢ast pro jednotlivé vzorky, kde u povrchu
s pyramidovym vzorem E1 se Cas potfebny k ustaleni po¢tu deponovanych ¢éstic (blokovaci ¢as)
zvysil dvakrat v porovnani s nemodifikovanym Zeonorem. (tab. 5 pro 1 Z150 V a 2_Z50 E1).
U vzorku s vlnitym vzorem 3 Z100 E2 bylo pozorovano zvySeni blokovaciho ¢asu Sestkrat ve
srovnani s nemodifikovanym Zeonorem 3 Z100 V. Tyto zavéry velice dobie koresponduji
S pozorovanim rychlosti depozice v blizkosti stagna¢niho bodu jc, kde je patrné razantni snizeni u

embosovanych vzorkd.

7.1.3 Shrnuti

Tato studie byla zaméfena na depozici latexovych Eastic na povrch syntetického polymeru
Zeonoru pomoci techniky impinging jet. Topografie povrchu Zeonoru byla upravena pomoci
nano-embosovanim dvéma odliSnymi vzory, tyto upravy byly charakterizovany pomoci AFM a
SEM. Depozice zaporn¢ nabitych (-20 mV) latexovych c¢astic o velikosti 1,1 um probihala pfi
laboratorni teploté (25 °C) a priitoku 2,3 g/min (Re = 10). Z grafu zavislosti poctu deponovanych
castic na Case je patrny exponencialni pribéh az do ustileni rovnovazného stavu. Ziskané
kinetiky depozice byly fitovany pomoci teoretického blokovaciho modelu, diky kterému lze
vypocitat ¢as potfebny k ustaleni poctu deponovanych ¢astic (blokovaci ¢as) a rychlost depozice.
I ptes zvySeni volné povrchové energie v disledku Gpravy povrchu nano-embosovanim bylo
pozorovano sniZeni celkového poc¢tu deponovanych polystyrenovych latexovych ¢astic na povrch
takto upravenych substrati ve srovnani s nemodifikovanym povrchem Zeonoru s nizs$i volnou
povrchovou energii. Tento jev pravdépodobné zplsobeny hydrodynamickou fokusaci v kapalné
vrstvé v tésné blizkosti nad embosovanym povrchem. Toto tvrzeni je podporovano vypocitanymi
depozi¢nimi parametry, kde u pyramidalniho vzoru doslo k zdvojnasobeni blokovaciho Casu ve
srovnani s Cistym nemodifikovanym Zeonorem. V pfipad€¢ vInit¢tho vzoru doslo k
Sestinasobnému navysSeni hodnoty blokovaciho ¢asu. V obou piipadech doslo také k sniZeni

pocatecni rychlosti depozice Castic.
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7.2 Studium adheze bunék (HeLa) na planarnich povrsich (G, GO, sklo)

Tato studie je zaméfena na vyuziti techniky impinging jet pii zkoumani a kvantifikaci adheze
HeLa bunék na povrch grafenu (G) a GO. Namétené kinetiky uvoliiovani adherovanych bunék,
ktery byl aktivovany laminarnim proudénim o sile 9,4 nN, pfispély k hlubsimu pochopeni
interakce nadorovych bun€k a 2D-uhlikovych nanomateriali. Chemické sloZeni, topografie
povrchu, volnd povrchovd energie testovanych substratu byly charakterizovany pomoci
rentgenové fotoelektronové mikroskopie (XPS), AFM, SEM a méteni kontaktnich uhlt sméaceni.
V ramci této feSené problematiky se autor disertacni prace podilel na provedeni a vyhodnoceni
impinging jet experimentl, pfipravé GO oxidaci grafenu pomoci studené plazmy, méteni a
vyhodnoceni volnych povrchovych energii, vyhodnoceni vysledki z metod: XPS, AFM a
Ramanovy spektroskopie. Dale se podilel na reSersi a sepisovani publikace ,,Flow induced HelLa
cell detachment kinetics show that oxygen-containing functional groups in graphene oxide are
potent cell adhesion enhancers® publikovaném v odborném ¢asopisu Nanoscale (2019). XPS,
SEM, AFM méfeni a kultivace HeLa bunck byly provedeny kolegy z regiondlniho centra
pokrocilych technologii a materiald (RCPTM). K testovani velikosti adheze bunék adherovanych
na testované substraty byla pouzita technika impinging jet. V této studii byla pouzita stejna
depozi¢ni cela jako pfi experimentech s modifikovanym Zeonorem. Priitok byl nastaven na Re =

40,5 béhem vsech experiment.

7.2.1 Charakterizace povrchu

Pro impinging jet experimenty byly pouzity nasledujici substraty: transparentni jednovrstvy
grafen na sklenéném substratu (25x25) mm (Graphene Supermarket, USA); GO =ziskany
modifikaci z grafenu pomoci studené plazmy; sklenéné kryci sklo (18x18x01) mm (Menzel —
Glaser, Némecko). Chemické slozeni, smacivost, topografie a volnd povrchova energie povrchu
hraji pfi adhezi bunck na povrch materidlu dilezitou roli, proto bylo nutné podrobné
charakterizovat testované substrélty.69 Na XPS piehledovych spektrech 1ze vidét, ze grafen se
sklada prevazné z atomi uhliku a obsahuje pouze malé mnozstvi kysliku (obr. 8). Po tpravé

wrwe

navazanim kyslikovych funkcnich skupin na povrch grafenu.
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Obr 8.
Obr.8. Naméiené XPS pichledové spektra grafenu (a) a GO (b) piipraveného pomoci studené plazmy.”
Copyright © RSC 2019.

Tab. 6: Chemické sloZeni povrchu (vyjadiené v procentech) a pozorované poméry sp’/sp® uhliku pro grafen a

GO.

chemické slozeni povrchu (%) a poméry sp2/Sp3 uhliku

vzorek
sp® C spC C-0 C=0 sp®/sp®
grafen 66.7 15.6 12.3 2.7 4.3
GO 3.0 53.4 29.1 12.4 0.06

Piky pozorované pii vazebnych energii 286,2 a 288,1 eV u C 1s XPS spekter s vysokym
rozlisenim (obr. 9a,b) odpovidaji kyslikovym funkénim skupinam C-O a C=O, které byly
detekovany na povrchu grafenu a GO. Vystaveni povrchu grafenu psobeni studené plazmy ma
také za nasledek sniZeni intenzity piku sp?C a jeho erveny posun z 284,8 eV na 283,7 eV.
Relativni zastoupeni kyslikovych funkénich skupin se zvysilo z pavodnich 15 % na 41,5 % (viz
tab. 6). Rozdilné chemické slozeni substrati bylo také charakterizovano pomoci Ramanovy
spektroskopie. Ve spektrech grafenu i GO lze vidét typické G, D a 2D pasy (obr. 9¢,d). Ostry a
symetricky 2D pas S I,p/lg pomérem 3,7 vypovida, Ze se grafen nachazi v jedné vrstve. ™t
Nicméné piitomnost D pasu a Ip/lc poméru 0,19 znaéi ptitomnost strukturalnich defektd, které

jeho strukturu, ktera je bohat4 na sp3 defekty. Tyto defekty jsou zodpovédné za vysokou hodnotu
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1

In/lg (2) a ¢erveny posun G pasu o0 21 cm ~ ve srovnani s gralferlem.73’74 Tyto data se shoduji s

vysledky XPS analyzy.
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Obr. 9. Naméfené a fitované C 1s XPS spektra s vysokym rozliSenim povrchu grafenu (a) a GO pFipravenym
pomoci studené plazmy (b); Ramanova spektra (Aex = 632.8 nm) povrchu grafenu (c) a GO (d) pripravenym

pomoci studené plazmy.”® Copyright © RSC 2019.

Topografie a drsnost povrchu testovanych materialii byla analyzovana metodou AFM (obr. 10).
Drsnost povrchu grafenu byla 1,28 nm, drsnost povrchu GO pak 1,25 nm. Tyto naméfené
hodnoty poukazuji na to, ze uprava pomoci studené plazmy neovlivnila morfologii povrchu.
Impinging jet experimenty tedy byly provadény na povrSich se stejnou morfologii ale s odliSnym

chemickym slozenim.
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Obr 10. Snimky z mapovani povrchové topografie grafenu (a) a GO (b) ziskiané pomoci metody AFM ™.
Copyright © RSC 2019.

Adheze bun¢k na substrat silné zavisi na polarité, volné povrchové energii, smacivosti povrchu a
schopnosti adsorbovat ECM proteiny jako je kolagen, vitronektin, fibronektin a laminin.”® Tyto
proteiny se vazou relativné ve velkych koncentracich na hydrofobni povrchy, nicméné v rigidni a
denaturované form¢ diky intramolekularnim protein—protein interakcim a intermolekuldarnim
interakcim protein—substrat. Toto chovani negativné ovliviluje adhezi a rist bun¢k. Naopak na
hydrofilni povrch se proteiny z ECM maji tendenci vazat v jejich pfirozené forme, coz podporuje
adhezi bun¢k. Naméteny kontaktni uhel smaceni vody na povrchu grafenu 93,3° + 1,1° odrazi
jeho hydrofobni charakter (tab. 7 a obr. 1la). Kontaktni tthel smaceni vody na povrchu GO
pfipravenym pomoci studené plazmy byl razantné nizsi (42,9 + 5,9°). Toto sniZeni je zplisobeno

povrchovou oxidaci, diky které je povrch vice hydrofilnim (tab. 7 a obr. 11b).

a)

Obr. 11. Snimky pouZité k uréeni rovnovaznych kontaktnich dhli smaceni sedici kapky vody na povrchu

grafenu (a), GO (b) a skla (c).” Copyright © RSC 2019.
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Rozsah této zmény lze urcit ur¢en pomoci spocitané volné povrchové energie zahrnujici polarni a
disperzni &asti (viz tab. 8). Volna povrchova energie pro grafen byla 36,3 + 1,5 mJ/m?, zatimco
pro GO 46,9 + 9,4 mJ/m?. B&hem oxidace dochazi na povrchu k vytvoreni kyslikovych funkénich
skupin, které maji za nasledek zvySeni polarni slozky volné povrchové energie z 0,72 + 0,27
mJ/m? pro grafen na 8,3 + 3,2 mJ/m? pro GO. Diky upravé pomoci studené plazmy se povrch

grafenu stavé hydrofilnim a tudiz podporuje adhezi a riist bungk.*®

Tab. 7: Kontaktni iihly smaceni jednotlivych kapalin pro grafen, GO a sklo méfeny metodou sedici kapky p¥i
24°C.

kontaktni uhly smaceni 0 (°)

vzorek
voda diodometan ethylenglykol
grafen 933 +1.1 473+1.5 68.0+33
GO 429+59 40.6 £2.2 27.6+t14
sklo 52.6+4.2 56.6 1.8 444+ 45

Funkéni  skupiny na povrchu GO umoznuji vytvofeni slabych vazebnych interakei
(elektrostatické interakce, vodikové mdistky) s proteiny, které se nachazi v ECM. Z tab. 8 je
patrné, Ze povrch grafenu je vice hydrofobni neZz povrch skla, nicméné grafen je leps$i substrat pro
adhezi bun¢k diky interakcim n-elektronového oblaku s hydrofobnimi jadry proteiny z ECM. To
se projevi napft. vétsi konfluenci po 2 denni inkubaci v porovnani se sklenénym substratem (viz.
obr. 12).

Tab. 8: Celkova volna povrchova energie substrati s polarnim a disperznim prispévkem vypocditana pomoci

aproximace podle OWRK.

volna povrchova energie (mJ/m?)

vzorek
celkova poléarni disperzni
grafen 363+1.5 0.7+0.3 356 1.2
GO 469 +94 83+3.2 38.7+5.9
sklo 432+ 11.7 30.1 £4.5 13.2+7.2
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7.2.2 Impinging jet experimenty

Ke zkoumani bunééné adheze na povrchu grafenu, GO a skla pomoci techniky impinging jet byla
pouzita lidskd bunétna nddorova linie cervix adenocarcinoma HeLa. Ze snimka z optického
mikroskopu zachycujici riist bun¢k na testovanych substratech po 48 hodinové kultivaci jsou
patrné rozdily v dosaZené konfluenci pro jednotlivé substraty. Buiikky dosahly 80 % konfluence
na povrchu GO, 60 % na povrchu grafenu a 40 % na povrchu skla (obr. 12). U vsech sledovanych

bunék 1ze vidét proces mitdzy, ktery znac¢i normalni chovani bunék béhem kultivace.

Obr. 12. HeLa buiiky po 48 hodinové kultivaci na povrchu GO (a) grafenu (b) a skla (c¢); snimky byly
pofizeny na inverznim mikroskopu Olympus IX 70 se svétSenim 10 x, vloZené mé¥itko: 200 pm.” Copyright ©

RSC 2019.

Charakterizace Kkinetik odtrhu adherovanych bunék na jednotlivych substratech byla provedena
pomoci techniky impinging jet. Uvolhovani bunék ze substratu bylo iniciovano laminarnim
proudénim o Re = 40.5 odpovidajicim tangenciélni sile 9,5 nN. Cas potfebny k odtrzeni 80 %
bunék adherovanych na povrch grafenu byl 90 + 8,7 s, zatimco pro buiky adherované na
sklenény substrat 68,6 + 6,6 s. V piipad¢ substratu GO byl pozorovan téméi dvojnasobny Cas
potiebny k uvolnéni 80 % adherovanych bunék (168 + 16,3) ve srovnani s povrchem grafenu.
substratu pro adhezi sav&ich bungk.”® Pozorované kinetiky uvoliiovani bunék z povrchu grafenu a
skla se skladaji se ze dvou kroku (obr. 13). V ptipadé grafenu je patrny prudky pokles poétu
adherovanych bun¢k v prvnim kroku s naslednym poklesem rychlosti odrthu v druhém kroku.

V piipadé povrchu skla se rychlost uvoliiovani razantné neméni. Naopak kinetika uvoliiovani
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buné¢k adherovanych na povrch GO probiha v jednom prudkém kroku s vyraznou periodou, kde

odtrh bun¢k nebyl pozorovan.
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Obr. 13. Kinetiky uvoliiovani HeLa bunék z povrchu grafenu (a) GO (b) a skla (c). Experimenty byly
provadény s populaci &itajici stovky bunék”®. Copyright © RSC 2019.

Také bylo zjisténo, ze na povrchu GO a skla se bunky s mensi adhezni plochou uvolnuji
piednostné oproti buitkam s vétsi adhezni plochou (viz obr. 14). Lze piedpokladat, ze u bunék
s mensi adhezni plochou vznikd méné vazeb mezi bunéénymi receptory a proteiny z ECM. Sila
adheze tedy umérné klesa se zmensSujici se adhezni plochou buflky.77 Odlisné chovani bylo
pozorovano v ptipadé¢ povrchu grafenu, kde se pfednostné uvoliovaly bunky s vétsi adhezni

plochou oproti buikdm s mensi adhezni plochou, u kterych dochazelo k uvolnéni v pozdé;jsi fazi.
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Obr. 14. Vztah mezi velikosti adhezni plochy bunék a jejich ¢asem uvolnéni z povrchu grafenu (a), GO (b) a
skla (c).” Copyright © RSC 2019.
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7.2.3 shrnuti

Tato studie se zabyvala adhezi HeLa bun€k na povrch grafenu a GO. Pro srovnani byl jako
referentni materidl pouzit sklenény substrat. Chemické slozeni, morfologie a volna energie
testovanych povrchi byly charakterizovany pomoci metod XPS, AFM, Ramanovy spektroskopie
a méfeni kontaktnich uhli sméceni. Ke stanoveni kinetik uvolnovani HeLa bun¢k adherovanych
na studovanych substratech byla pouzita technika impinging jet. Z vysledkd experimentd je
patrné, Ze smacivost povrchu je jeden z kli¢ovych faktorti uréujici velikost adheze. Cas potiebny
pro uvolnéni 80 % adherovanych bunék na povrch GO naznaluje, Ze je mozné tento material
pouzit jako substrat zesilujici adhezi bunék a mohl by byt potencialn¢ pouzit pii konstrukci
biosenzord. Uvolnéni bunék z povrchu bylo u vSech testovanych substratl iniciovano silou 9,4
nN a probihalo ve dvou krocich v pfipad¢ povrchu grafenu a skla. Jednokrokova kinetika u GO
S dlouhou periodou, kde nebyl odtrh bun€k pozorovan vibec, pravdépodobné souvisi se silnéjsi
adhezi bunck zpisobenou piitomnosti kyslikovych funkénich skupin na povrchu GO. Tento
fenomén je patrny i u druhého kroku kinetiky uvolfovani z povrchu grafenu, kde je patrné
kyslikovymi necistotami na povrchu grafenu. Déle bylo zjiSténo, Ze se buiky s vétsi adhezni
plochou na povrchu grafenu uvoliuji pfednostné oproti buiitkdm s mensi adhezni plochou.

Opacny trend byl pozorovan v ptipadé skla a GO.

8 DalSi FeSena problematika

V této sekci se autor disertacni prace vénuje feSenym problémim zalozenych na pochopeni
mezifazovych jevll na rozhrani pevna latka/pevnd latka se zaméfenim na vliv koheznich a
adheznich sil mezi ¢asticovym plnivem a polymerni matrici na vysledné mechanické vlastnosti
polymernich kompoziti. Pro studium mezifdzovych jevli bylo pouZito mechanické deformacni
napéti. Experimenty byly zaméfeny na studium vlivu tvaru minerdlnich ¢asticovych plniv a jejich
adhezi do polymerni matrice na elasticko-plastické chovani kompozitnich polymert. Dalsi ¢ast
obsahuje vysledky z charakterizace koheznich sil na fazovém rozhrani pevnd latka/plyn u

partikuldrnich latek s vyuzitim smykové cely. Experimenty v této ¢asti byly zaméfeny na studiu
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tokovych vlastnosti minerdlnich ¢asticovych plniv pro polymerni kompozity a mlécnych

produktti.

8.1 Vliv tvaru mineralnich plniv na mechanické chovani kompoziti polyetylen/slida a

polyetylen/wollastonit.

Tato studie se zabyvala vlivem tvaru c¢astic minerdlnich plniv na mechanické vlastnosti
kompozitu piipravenych ze slidy a wollastonitu v matrici vysokohustotniho polyetylenu (HDPE).
Autor této disertani prace se podilel na tomto vyzkumu testovanim mechanickych vlastnosti
polymernich kompozitii véetné vyhodnoceni vysledki. Kompozitni polymery byly pfipraveny
kolegy z technologické fakulty Univerzity Tomase Bati ve Zliné. Vysledky z nize uvedenych
experimentl byly pouzity v publikaci ,Effect of filler particle shape on plastic-elastic mechanical
behavior of high density poly(ethylene)/mica and poly(ethylene)/wollastonite composites*

publikované v odborném impaktovaném casopise Composites part B (2018).

Slida se pouziva jako plnivo v polovodicich, izolatorech, plastech a natérovych hmotach a patii
tetraedr). Zakladem planarniho uspotadani jsou dvé tetraedrické sit€¢ ve vzajemné hexagonalni
symetrii, mezi kterymi je oktaedricka sit. Diky tomuto uspofaddni vykazuje slida dokonalou
Stépnost v bazalni roviné. Na SEM snimku (obr. 15a) Ize vidét planarni nepravidelné uspotradani
¢astic s primérnou velikosti 30 um a tloustkou 1,7 pum. Wollastonit je chemickym slozenim
kfemicitan vapenaty, ktery se nejCastéji vyskytuje v trojklonné krystalové soustavé, ma
jehlicovity tvar s primérnou velikosti ¢astic (150 x 20 x 10) um (obr. 15b)."87 v primyslu se
Casto pouziva jako pigment v natérovych hmotach. Ve stavebnim priamyslu jako nahrazka
azbestl nebo v metalurgickém priamyslu je pfidavan do smési ke svarovani oceli. Hlavnim cilem
této studie bylo zjistit vliv tvaru ¢astic wollastonitu a slidy na vysledné mechanické vlastnosti

HDPE polymerniho kompozitu.
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Obr. 15. SEM snimky studovanych mineralnich plniv: slida (A) a wollastonit (B).>* Copyright© Elsevier 2018.

Na SEM snimcich z analyzy lomovych ploch testovanych kompozitii se slidou i wollastonitem,
které vznikly béhem pevnostnich zkousek v jednoosém tahu, 1ze vidét plastické deformace HDPE
vlaken, které jsou pro tento polymer typické a projevuji se vznikem ostruh.®* Vyskyt malych
dutinek kolem ¢astic mineralnich plniv béhem tahovych zkousek znaci relativné slabou adhezi
mezi ¢asticemi a HDPE matrici pfi zatiZzeni (plati pro slidu i wollastonit), (obr. 16b,d). Nicméné
pfitomnost puklin v okoli jednotlivych ¢astic wollastonitu v kolmém sméru vii¢i mechanické
deformaci (vyznaCeny krouzkem na obr. 16c,d) poukazuje na siln&jsi adhezi ¢astic na matrici
Vv piipadé kompozitu wollastonit/HDPE ve srovnani s kompozitem slida/HDPE, u kterého tyto
pukliny nebyly pozorovany. Orientace $ifeni trhlin je nejlépe viditelna pii tahovych zkouSkach na
zkusebnich télesech typu ,dog bone“ pfipravenych technologii vstfikovani plastd, u kterych
trhliny vznikaji ve wvnitinich c¢astech vzorku, kde jsou makromolekuly polymeru malo
orientované. Tyto trhliny se pak §ifi smérem ven k povrchu kompozitu, kde jsou makromolekuly

. 7 11w v ; 82
polymeru orientované podélng ve sméru deformace, kde se zastavi.®

33



{on.\'ilc ax;
axjg

small crazes

B ,‘\g S

* fibrils Vs

lance structures 5

A fibrils”™

A small crazes
Obr. 16. SEM snimky na lomovych plochach studovanych kompoziti. A, B - kompozit slida/HDPE po tahové

()

tensile axis

zkouSce (koncentrace 15 % slidy). C, D — kompozit wollastonit/HDPE po tahové zkouSce (koncentrace 15 %
wollastonitu); tahové zkousky byly provedeny pii rychlosti deformace S0mm/min.; na obrazku je Sipkami
znazornén smér deformace v tahu (tensile axis), deformované HDPE vlikna (fibrils), vznik ostruh (lance

sructures) a krouzkem vyznacené trhliny (small crazes).” Copyright © Elsevier 2018.

Mechanické chovani testovanych kompoziti pii zkouskach pevnosti v tahu je znidzornéno na
grafu zavislosti napéti na deformaci (obr 17). Graf lze rozdélit na 3 zakladni oblasti, oblast I —
elastické chovani, oblast 11 — elasticko-plastické a oblast III — plastické chovani. Podobné chovani
lze vidét 1 u kompozitu HDPE s dutymi kulickami uhli¢itanu Vaipenatého.83 V ptipadé kompozitu
slida/HDPE bylo pozorovano zvySeni tuhosti a kiehkosti ve srovndni s ¢istym HDPE a
kompozitem wollastonit/HDPE s typickym elasticko—plastickym chovanim.
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Obr. 17. Graf zavislosti napéti na deformaci zku$ebniho materialu p¥i rychlosti deformace v tahu 50 mm/min
pro jednotlivé HDPE kompozity s koncentraci plniva 15 w. % Experimenty byly opakovany 10x pfi teploté 22
°C.%° Copyright © Elsevier 2018.

V piipadé obou typit kompozitl doslo po pfiddni mineralnich plniv ke zvySeni Youngova modulu
pruznosti v tahu pii rychlosti deformace 50 mm/min (obr. 18a, 18b) z ptivodni hodnoty 703 + 73
MPa pro ¢isty HDPE na 1609 + 93 MPa pro kompozit slida/HDPE a 1173 + 107 MPa pro
kompozit wollastonittHDPE. NavySeni elastického chovani o 129 % v pfipadé kompozitu
slida/HDPE je dano vys$sim stupném krystalinity ve srovnani s kompozitem wollastonit/HDPE,
ktery je vice amorfni a vykazuje spiSe plastické chovani. Pozorované vysledky potvrdily diive)si
studie v oblasti polymernich kompozitli, kde tuha plniva zvySuji Youngiv model pruznosti
kompozitd tmeérné s rostouct koncentraci.®*® Na obr. 18c a 18d lze vidét rozdilny vliv
jednotlivych plniv na horni mez kluzu. V pifipadé¢ kompozitu wollastonit/HDPE dochazi
k navySeni horni meze kluzu se zvySujici se koncentraci wollastonitu, tento trend se shoduje

s piedeslou praci Liang a spol.®
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Obr. 18. Grafy znazoriujici vliv koncentrace slidy (a,c,e) a wollastonitu (b,d,f) na pevnostni charakteristiky
kompoziti: Younguv modul pruZnosti (a,b), horni mez kluzu (c,d) a prodlouZeni materialu p¥i pietrZeni

(e,f).2° Copyright © Elsevier 2018.

U komporzitu slida/HDPE bylo pozorovano opacné chovani. Tyto vysledky potvrzuji, Ze
kompozit slida/HDPE vykazuje vétsi tuhost nez kompozit wollastonit/HDPE. Na obr. 18e a 18f
jsou znazornény grafy zéavislosti koncentrace jednotlivych plniv na prodlouzeni materidlu pfi
pfetrZeni pro rizné rychlosti deformace. Z vysleda pro rychlost deformace 100 a 200 mm/min je
patrné linearni chovani, kde zvySovani koncentrace mineralnich plniv vede ke sniZeni vysledného

protazeni materialu, coz znaci vet$i kiehkost ve srovnani s ¢istym HDPE. Nelinearni pribéh lze
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vidét pro rychlost deformace 50 mm/min, kde u kompozitu wollastonit/HDPE s koncentraci

plniva 5 % dochazi ke zvySeni vysledného protazeni materialu o 15 %.

8.2 Charakterizace koheznich sil u partikulirnich litek pomoci mechanického

smykového napéti a aeracnich testi.

V této posledni Casti se autor disertacni prace zabyva studiem koheznich sil na fazovém rozhrani
pevna latka/plyn u praskovych material. K tomuto ucelu byly provedeny experimenty se
smykovou celou (konfigurace FT4 Freeman Technology). Autor se podilel na realizaci
reologickych experimentii a vyhodnoceni vysledki. Vysledky z téchto experimentd pak byly
pouzity v nasledujicich publikacich: ,Hollow spheres as nanocomposite fillers for aerospace and
automotive composite materials applications« (Composites Part B — Engineering, 2016). V této
sekci se autor zabyva pouze vysledky z praskové reologie, na kterych se podilel. Pro hlubsi
pochopeni dané problematiky a kompletni vysledky jsou jednotlivé publikace ptiloZzeny v sekci
ptilohy. VSechny experimenty byly realizovany na pfistroji FT4 Freeman (Freeman Technology,

UK)

8.2.1 Charakterizace reologickych vlastnosti dutych ¢astic uhlic¢itanu vapenatého
Smoznym vyuZitim jako plnivo v kompozitnich materidlech pro letecky a
automobilovy priimysl.

V soucasnosti se zvySuje poptavka po syntetickych polymerech v automobilovém a leteckém

pramyslu, kterd je zaméfena na pouziti polyetylenu, polypropylenu a polyamidu jako materialy

pro komponenty exteriéru, interiéru a ostatnich funkénich &asti dopravnich prostiedki.®’

Zpocatku byly mineraly do polymernich matric pouZivany pro snizeni vyrobni ceny.88

V disledku vyvoje technologii zpracovani minerall a nerostnych surovin a novych technologii v

polymerni chemii se zacaly minerdlni plniva pouzivat jako funkéni aditiva, diky kterym

. I ERY . P . , . 89-91
kompozity ziskavaji specifické mechanické vlastnosti.?*™

Pfitomnost nano- a mikro-rozmérnych
dutych castic v kompozitech mé za nésledek zvyseni modulu pruznosti a zvySeni absorpce

energie pii tlakovém zatizeni.” Tato studie byla zaméfena na studiu reologického chovani

37



praskovych mineralnich plniv ve form¢ dutych kuli¢ek a lamelarnich ¢astic (obr. 19) pro pouziti

v kompozitnich polymerech na bazi polyolefinti.

Obr. 19. SEM snimKy studovanych kompozitnich plniv, kde sample 1 = duté kulicky Ca,COj3, sample 2 =

kalcinovany jil, sample 3 = dolomit a sample 4 = kalcinovany kaolin.” Copyright © Elsevier 2016.

Z méfeni aerace jednotlivych minerald je patrné, Ze sférické duté kulicky diky svému
aerodynamickému tvaru vykazuji nejmensi hodnotu aeracni energie pfi prutoku vzduchu 10 mm/s
(7,5 mJ) a maji nejvyssi aerani pomér 15,1 ve srovnani s ostatnimi mineraly lamelarniho
charakteru (aeracni energie pro kalcinovany jil byla namétena 25,1mJ). Vysoky aeracni pomér
odrazi dobré fluidiza¢ni vlastnosti materialu. Ty jsou naopak $patné u ¢astic s nepravidelnym
planarnim tvarem z divodu vzniku turbulentniho proudéni kolem jednotlivych c¢astic. Toto
chovani se pak nejvice projevilo u kalcinovaného jilu nejnizs$i hodnotou aeracni citlivosti (0,152).
Nizka aeracni citlivost je typicka pro kohezni praskové materialy. Parametry jako aera¢ni energie
(AE), aera¢ni pomét (AR), energie toku (BFE) a normalizovana aera¢ni citlivost (NAS) jsou

shrnuty v tab. 9.
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Tab. 9: Prehled vysledki z aera¢nich méfeni kde BFE znadi energii toku, AE_10 aera¢ni energii, AR je

aeracni pomér a NAS predstavuje normalizovanou aeracni citlivost.

Vzorek BFE AE_10 AR_10 NAS
[mJ] [mJ] [-] [s/mm]
duté kulicky 114.1 7.5 151 0.344
kalcinovany jil 90.8 25.1 3.6 0.152
dolomit 107.9 134 8.1 0.261
kalcin. kaolin 179.3 18.0 9.9 0.310

Pomérné siln¢ kohezni chovani kalcinovaného jilu, které je zpisobenu kohezi mezi jednotlivymi
¢asticemi, se projevilo odlisSnym pribéhem kiivky v grafu zavislosti celkové energie na rychlosti
proudéni (viz obr. 20). Vysledky z méfeni aerace byly nasledné potvrzeny experimenty se
smykovou celou, kde byly zjistény nizké hodnoty indexu toku pro kalcinovany jil (3,67), dolomit
(3,01) a kalcinovany kaolin (3,81). Tyto nizké hodnoty odrazejici spiSe kohezni charakter ¢astic.
Ve srovnani s vy$§im indexem toku pro duté kulicky uhli¢itanu vapenatého (4,71), ktery je
typicky pro dobie tekouci materidly. Parametry z méfeni pomoci smykové cely jsou shrnuty
v tabulce 10. Zavislost smykového napéti na normalovém napéti se sestrojenymi Mohrovymi
kruznicemi pro jednotlivé materialy je zndzornéna na obr. 21. Kompletni vysledky z akustickych
méfeni a méfeni naboje zkoumanych praskovych materiali jsou dostupné v publikaci, kterd je
pfiloZzena v plném znéni jako piiloha D. Duté kuli¢ky uhli¢itanu véapenatého byly nasledné

vyuZity pro vyrobu kompozitu s HDPE.®
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Obr. 20. Graf zavislosti celkové energie (mJ) na rychlosti proudéni (mm/s) pro studované vzorky kde sample 1
= duté kulitky Ca,COs, sample 2 = kalcinovany jil, sample 3 = dolomit a sample 4 = kalcinovany kaolin. "°

Copyright © Elsevier 2016.

Tab. 10: Tabulka shrnujici vysledné parametry z méfeni se smykovou celou, kde ff, zna¢i index toku, AIF je

vniti'ni thel tieni, BD je hustota a AIF (E) predstavuje efektivni wihel vnitiniho ti-eni.

koheze ff, AlF BD AIF [E]
Vzorek

[kPa] [-] [°] [g/mi] [°]
duté kulicky 0.86 4,71 30.13 1.95 35.86
kalcinovany jil 1.30 3.67 32.55 1.17 39.89
dolomit 1.48 3.01 35.34 1.92 44.20
kalcin. kaolin 1.15 3.81 34.53 2.36 41.39

Z vysledku je patrné, ze tvar ¢astic ma velky vliv na tokové vlastnosti zkoumanych praskovych
minerdlnich plniv. Duté kuli€¢ky uhli¢itanu véapenatého maji charakter volné tekouciho
praskového materidlu ve srovnani s lamelarnimi c¢ésticemi kalcinovaného kaolinu, ktery
vykazoval kohezni charakter. Toto chovani je zplisobeno koheznimi silami mezi jednotlivymi
casticemi. To bylo nasledné potvrzeno méfenim aerace, kde v ptipadé kalcinovaného kaolinu
byla naméfena dvojnadsobna hodnota aeracni energie ve srovnani s Casticemi uhli¢itanu

vapenatého.
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Obr. 21. Zavislosti smykového napéti (t) na normalovém napéti (o) se sestrojenymi Mohrovymi kruZnicemi
pro studované praskové materialy: duté kulicky Ca,COj; (symbol kruh), kalcinovany jil (symbol trojihelnik),
dolomit (symbol ¢tverec) a kalcinovany kaolin (symbol kosoctverec) ."” Copyright © Elsevier 2016.

9 Zavér

Cilem této prace bylo pochopeni a popsanim fyzikaln&-chemickych jevi ovliviiujici adsorpci a
desorpci Castic a biologickych entit jako napt. bunék na fazovém rozhrani kapalina/pevna latka.
Pro tento U¢el byl upraven a realizovan systém na bazi techniky impinging jet pro méteni kinetik
depozice a uvolovani ¢astic pomoci lamindrniho toku v okoli stagna¢niho bodu. V ramci této
problematiky byl testovan vliv topografie povrchu polymeru (Zeonoru) upravené¢ho nano-
embosovani dvéma rozdilnymi vzory. Ziskané kinetiky depozice modelovych polystyrenovych
latexovych cCastic na takto upravené povrchy ukazaly, Ze nano—embosovani siln€¢ ovliviiuje
aktivitu povrchu. I pfes zvySeni volné povrchové energie v disledku nano-embosovani bylo
pozorovano vyrazné snizeni rychlosti depozice a celkového poctu deponovanych c¢astic ve
srovnani s nemodifikovanym povrchem polymeru. Tento jev je pravdépodobné zpisobeny
hydrodynamickou fokusaci v kapalné vrstvé v t€sné blizkosti nad povrchem polymeru. V ramci
studia odtrhavani HeLa buné€k adherovanych na 2D-uhlikaté nanomateridly pomoci techniky
impinging jet byl sledovan vliv chemického sloZeni, morfologie a smaceni testovanych povrchi

na adhezi bunék. Z Vysledki je patrné, Ze kyslikové funkéni skupiny na povrchu GO zesiluji
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adhezi Hela bunék. Ziskané kinetiky uvolnovani bunék naznacuji, Zze se GO jevi jako

potencialné vhodny substrat zesilujici adhezi bunék pro konstrukci biosenzori.

V dalsi ¢asti predlozené prace byl zkouman vliv tvaru a adheze ¢asticovych mineralnich plniv do
polymerni matrice na mechanické vlastnosti polymernich kompoziti pomoci jednoosé¢ho
namahani v tahu. Z vysledku je patrné, Ze adheze ¢asticovych plniv do polymerni matrice HDPE
silné ovliviluje plasticko-elastické chovani kompozitu. V piipadé kompozith slida/HDPE a
wollastonite/HDPE doslo v obou pfipadech k navySeni Youngova modulu pruznosti piimo
umeérné se zvetsSujici se koncentraci jednotlivych plniv. V ptipadé kompozitu slida/HDPE doslo
také k navySeni horni meze kluzu spolu s rapidnim snizenim prodlouzeni materialu pii ptetrzeni,
coz znac¢i vyssi tuhost a kiehkost materidli ve srovnani s cCistym HDPE a kompozitem

wollastonite/HDPE.

Soucasti predlozené prace bylo také studium vlivu koheznich sil mezi ¢asticemi partikularnich
latek na fazovém rozhrani pevna latka/plyn na tokové vlastnosti testovanych praskovych
materiald. V rdmci této problematiky byl pomoci mechanického smyku a aeracnich testl
zkouman vliv koheznich sil na tokové vlastnosti partikularnich latek. Experimenty byly zaméteny
na studium minerdlnich ¢asticovych plniv s moznym vyuzitim v polymernich kompozitech,

charakterizaci tokovych vlastnosti mlé¢nych produkti jako je syrovatka a susené mléko.

Vysledky z této disertacni prace jsou podrobné popsany v sekci feSené problémy. Poznatky
ziskané béhem experimentalni prace pomoci techniky impinging jet pfinaSeji nové poznatky
Vv oblasti interakci 2D-uhlikovych nanomaterialti s buikami a v oblasti vlivu topografie povrchu a
nanodrsnosti polymerid na depozici ¢astic. Dale byly prohloubeny dosavadni poznatky z oblasti
polymernich casticovych kompozitl se zaméfenim na vliv adheze mineralnich ¢asticovych plniv
do polymerni matrice HDPE. Lze tedy konstatovat, Ze autor prace splnil vytycené cile. VSechny
vysledky byly publikovany v impaktovanych Casopisech, které jsou uvedeny v plném znéni

v sekci prilohy.
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10 Summary

The aim of this thesis was to understand and describe the influence of the physicochemical
phenomena on particle deposition and cell detachment processes on the solid/liquid phase
interface. For this purpose, a system based on an impinging jet technique for the measuring
deposition and detachment kinetics induced by laminar flow near stagnation point was adjusted
and implemented. The influence of the topography of the Zeonor surface, modified by nano-
embossing by two different templates, was tested. Obtained kinetics of the polystyrene latex
particles deposition on modified Zeonor surface have shown, that nano-embossing significantly
influenced the activity of the surface. Despite the fact, that embossing of the Zeonor surface
caused increasing of the SFE, a decrease of the total number of deposited particles and lower
deposition rates were observed in comparison to the virgin Zeonor surfaces. This phenomenon is
probably caused by hydrodynamic focusing in a thin liquid layer above the Zeonor surface.
Another study was focused on HeLa cells adhesion on 2D carbon-based nanomaterials with focus
on the influence of the surface chemical composition, surface topology and surface wetting on the
cell adhesion. According to results, it is evident, that oxygen-containing functional groups on GO
surface enhanced cell adhesion. Obtained detachment kinetics indicate, that GO is a potent cell

adhesion enhancer and could be used as a substrate for the construction of biosensors.

In the next part of the thesis, the effect of the mineral filler shape, size and adhesion into the
polymer matrix was studied. This research was focused on the impact of the mineral fillers on the
mechanical properties of HDPE composites by means of uniaxial stress testing. Results show that
the adhesion of mineral fillers to the HDPE polymer matrix strongly influenced the plastic-elastic
behaviour of the composite. The increase of mica/HDPE and wollastonite/HDPE of Young's
modulus of elasticity was observed. In both cases, increasing was in proportion to the increasing
concentration of the individual filler. In the case of the mica/HDPE composites an increase of the
upper yield strength and rapid reduction of the elongation at break was observed. This behaviour
indicates higher stiffness and brittleness of the material compared to the virgin HDPE and
wollastonite/HDPE composite. In the case of the mica / HDPE composite, the upper yield
strength also increased, together with a rapid reduction in elongation of the breakage material,

indicating higher stiffness and brittleness of the materials compared to pure HDPE and
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wollastonite/HDPE composites. Part of this thesis was also focused on the research of the
influence of cohesive forces study in bulk solids on the flow properties of the tested powder
materials. For this purpose, mechanical shear stress and aeration tests were used. Experiments
were focused on the study of mineral fillers with possible use in polymer composites,

characterization of flow properties of dairy products such as whey and dried milk.

Complete results are well described and discussed in the section solved problems on page 42.
Experiments using impinging jet technique bring a new finding in the field of interactions of 2D-
carbon based nanomaterials with HeLa cells and in the field of the surface nanoroughness impact
on particle deposition process. Furthermore, understanding of the mineral filler adhesion to the
polymer matrix impact on the mechanical properties of polymer composites was enhanced. In
conclusion the author achieved the main aims of this thesis. All results, which are listed in the
appendix section, were published in impact journals.
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