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Anotace:

Na pracovistich katedry fyzikalni chemie a RCPTM Prirodovédecké fakulty Univerzity
Palackého v Olomouci je dlouhodob& vénovana pozornost mimo jinych nanomaterial
taktéz biologické aktivité nanocastic stiibra. V posledni dobé je navic dualezitd ¢ast
vyzkumu zaméfena na aplikace nanocastic stiibra a zlata v povrchem zesilené Ramanové
spektroskopii (SERS) a v heterogenni katalyze. Témto vyzkumnym smérim je vénovana
tato dizertacni prace, ktera piedstavuje shrnuti védeckych vysledk dosazenych v oblasti
pfipravy a aplikaci nanocastic stfibra a zlata dosazenych béhem mého Ph.D. studia.
Hlavnim cilem této prace bylo studovat nové metody pifipravy nanocastic stfibra a zlata a
zaroven ovéfit jejich aplikacni potencial v oblastech biologického Uc¢inku, katalytickych
aplikaci nebo jako SERS substraty pro analytické aplikace.

Védeckovyzkumna prace souvisejici s tematikou Ph.D. studia byla tedy vénovana
nanocasticim dvou uslechtilych kovli — stiibra a zlata. V ptipad¢ stiibra byla pozornost
zaméfena na nepfiliS béZny smér piipravy nanocastic stiibra pfes jeho nerozpustnou
slouceninu — bromid stfibrny a jeho naslednou redukci na nanocastice stiibra. V tomto
pripadé¢ byl studovan predevSim vliv riznych modifikatori (polymert a povrchoveé
aktivnich latek) na velikost vznikajicich nanoc¢éstic bromidu stfibrného a na naslednou
velikost nanocastic stfibra. U nanocastic bromidu stiibrného a stfibra modifikovanych
vybranymi polymery byla testovana jejich biologicka aktivita, kde se jasné projevil rizny
mechanismus G¢inku téchto dvou forem stiibra na Gram-negativni a Gram-pozitivni
bakterie. U nanocastic stiibra pfipravenych v pfitomnosti dalSich modifikatord byl
studovan jejich aplikacni potencial v heterogenni katalyze, kde se projevila jasna zavislost
mezi velikosti nanocastic a jejich katalytickymi schopnostmi. Nésledujici ¢ast vyzkumu
byla vénovéana sonochemické piipravé vrstev nanocastic stibra, vlivu riznych reakénich
podminek na vznik vrstev nanoc¢astic a ovéteni moznosti jejich vyuziti jako substraty pro
povrchem zesilenou Ramanovu spektroskopii (SERS). Pti pfipraveé vrstev byla otestovana
fada reduk¢nich latek a spolecné se zménami jejich koncentraci a reakénich podminek,
jako byla zména Casu a sonikace a pouziti riznych reakénich nadob, byla nalezena takova
kombinace, kterd umoznila vyznamné snizit spotfebu stfibra pii zachovani vysoké
hodnoty zesileni Ramanova signalu. Takto pfipravené vrstvy nanocastic se vyznacovaly
vybornou homogenitou a casovou stdlosti, coz jsou jedny ze zakladnich podminek
redlného pouziti. Navic se nalezend metoda ukazala jako velmi dobie reprodukovatelnd a
v ramci konkuren¢nich postupi jako nenichylnd na preciznost provedeni postupu.
Popsana metoda ptipravy byla ndsledné nejen publikovana v odborném periodiku, ale téz
byla v Ceské republice ochranéna udélenim uzitného vzoru a patentu a v zahraniéi bylo




zahajeno patentové fizeni podanim PCT piihlasky. Druhd ¢ast vyzkumu v rdmci piipravy
disertacni prace byla zaméfena na inovativni metodu pfipravy nanocastic zlata,
umoziujici jednoduché tizeni jejich velikosti ptidavkem povrchové aktivni latky Tween
80. Vyuziti této povrchoveé aktivni latky umoznovalo fidit velikost ptipravenych
nanocastic v rozsahu 6-26 nm a navic vyrazné zlepSovalo monodisperzitu ptipravenych
disperzi oproti reakénimu systému bez povrchové aktivni latky. Dalsi vyhoda pouzité
povrchove aktivni latky na rozdil od dfive publikovanych studii spoc¢iva v tom, zZe jeji
ptitomnost v reakénim systému nesnizuje katalytickou aktivitu pfipravenych nanocastic,
jak prokézala modelova studie redukce 4-nitrofenolu tetrahydridoboritanem sodnym.
Oproti jinym studiim zaméfenym na tuto modelovou reakci a vyuZzivajicim nanocastice
zlata se navic ukazuje, ze vyuziti této povrchové aktivni latky zjednoduSuje mechanismus
prubéhu reakce, protoze misto obvykle pozorovaného Langmuir-Hinshelwoodova
mechanismu heterogenné katalyzované reakce byla v tomto pfipad¢ pozorovéana zavislost
odpovidajici mechanismu Eley-Ridealovu.
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Department of Physical Chemistry and Regional Centre of Advanced Technologies and
Materials at Palacky University Olomouc are among other areas focused on research in
the field of preparation and biological activity of silver nanoparticles. However, important
part of research is also focused on applications of silver and gold nanoparticles in surface
enhanced Raman spectroscopy (SERS) and heterogeneous catalysis in recent years. This
dissertation is therefore devoted to these research areas and presents summary of the
results achieved during Ph.D. study. The main objectives of this thesis were to study new
methods of preparation of silver and gold nanoparticles and evaluate their application
potential in the fields of biological activity, catalysis or as SERS substrates for analytical
chemistry

Research connected to Ph.D. study was mainly dedicated to two noble metals — silver and
gold. In the case of silver, the attention was focused on nearly undescribed two step
synthesis based on the preparation of silver bromide nanoparticles and their subsequent
reduction to silver nanoparticles. The main interest was devoted to the influence of
various modifiers (polymers and surfactants) on the size of silver bromide and silver
nanoparticles. Silver bromide and silver nanoparticles modified by selected polymers were
evaluated for their biological activity, where different action mechanism against Gram-
negative and Gram-positive bacteria was observed. Silver nanoparticles prepared in the
presence of remaining modifiers were studied for their catalytic activity. Next research
was focused on sonochemical preparation of silver layers, influence of different reaction
conditions on their formation and validation of their potential use as SERS substrates.
There were tested several reducing agents and different reaction conditions, such as
changes in sonication time, reaction beaker material, and the best combination, which
allowed reduction of silver consumption and preparation of stable silver layers with
outstanding characteristics and high Raman signal enhancement, was found. Developed
method was moreover well reproducible and really fast compared to commonly used
techniques. Described preparation of silver layers was subsequently not only published in
impact journal, but moreover it was protected by Czech patent and utility model and it
was initiated PCT procedure. The second part of research was dedicated to innovative
preparation of gold nanoparticles, which allowed easy size control by adition of various
concentration of surfactant Tween 80. It was possible to manage size of prepared gold
nanoparticles from 6 up to 26 nm and there was shown, that addition of Tween 80
significantly reduced polydispersity of gold nanoparticles. Tween 80 as modifier did not
reduced catalytic activity of prepared gold nanoparticles, which was proved by model




reaction based on reduction of 4-nitrophenol by sodium borohydride. Compared to other
published studies focused on described model reaction, use of Tween 80 simplified the
mechanism of reaction. Instead of ordinary observed Langmuir-Hinshelwood mechanism
of heterogeneous catalysis, there was observed Eley-Rideal mechanism of reaction
catalyzed by prepared gold nanoparticles.
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1 Uvop

Kdyz v prosinci roku 1959 uvedl Richard Feynman svou piednasku nazvanou ,, There's
Plenty of Room at the Bottom“, nevénoval ji prakticky nikdo z ptfednich védeckych
predstavitelll t¢ doby pozornost, jakou si zaslouzila. Na konci osmdesatych a na zacatku
devadesatych let dvacatého stoleti vSak byla tato mysSlenka znovuobjevena a lze diky tomu
bezesporu fici, ze tak Feynman polozil zéklady moderniho pfistupu k nanotechnologiim.
Od té doby prochazi obor nanotechnologii dynamickym rozvojem a kazdym rokem piinasi

objevy umoziujici dalsi pokrok nejen ve védeckém, ale i v civilnim Zivoté.

Souhrnnym nazvem nanotechnologie se dle National Nanotechnology Initiative oznacuji
védy pracujici s objekty, u nichZ se alespon jeden rozmér pohybuje v rozmezi 1-100 nm.
Nanocastice tedy tvoii podskupinu tzv. koloidnich ¢astic, jimiz oznaCujeme objekty
s alespoil jednim rozmérem pod 1 um. Takto malé Castice se diky své velikosti, a ¢asto i
morfologii, vyznacuji specifickymi vlastnostmi, které nejsou pozorovatelné u stejnych
materiali nachazejicich se v makroskopické formé. Jednd se predev§im o unikatni
magnetické, elektrické, optické, katalytické, biologické a dal$i vlastnosti, diky nimz
nachdzeji nanomateridly uplatnéni nejen v oblasti zakladniho vyzkumu, ale v soucasnosti

uz i v mnohych primyslovych, environmentalnich, medicinskych a jinych odvétvich.

Z chemického a materidlového pohledu patfi Vv ramci nanotechnologii jedno z velmi
dalezitych mist kovovym nanocastici, predev§im pak nanocasticim uslechtilych kovi.
Unikatni postaveni mezi uslechtilymi kovy zaujimaji bezesporu nanocastice stiibra a zlata,
jez jsou relativné snadno pfipravitelné, stabilni a vykazuji vhodné vlastnosti vyuzitelné
V heterogenni katalyze, povrchem zesilené Ramanové spektroskopii, senzorech nebo
v Sirokém spektru biologickych aplikaci. S rozvojem technik a technologii vedoucich
k pfipravé kovovych nanoc¢astic se vSak posledni dobou pozornost upira nejen
K nanocasticim stfibra a zlata, ale své misto na poli vyzkumu i aplikaci nachazeji téz

nanocastice dalSich uSlechtilych kovi, jako jsou méd’, platina, palladium, ¢i ruthenium.

Na pracovistich Katedry fyzikélni chemie a RCPTM Piirodovédecké fakulty Univerzity
Palackého v Olomouci je dlouhodobé vénovana pozornost ptipraveé a biologické aktivité
mnohych typti nanocastic vetné nanocastic stiibra a zlata. V posledni dobé je navic
dalezita ¢ast vyzkumu vénovana aplikacim nanocastic stfibra a zlata v povrchem zesilené

Ramanové spektroskopii (SERS) a v heterogenni katalyze. Témto vyzkumnym smériim je



vénovana i pfedklddana dizertacni prace. Ta tematicky rozdélena na dvé zékladni casti.
Prvni ¢ast je vénovana nanocasticim na bdazi stfibra. Jednu podkapitolu tvoii pfiprava
nanocastic bromidu stfibrného a jeho nasledna redukce na kovové nanocastice, biologicka
aktivita Castic bromidu stéibrného a stiibra a katalyticka aktivita nano¢astic stiibra. Druha
podkapitola je vénovana sonochemické piipravé vrstev nanocastic stiibra a jejich aplikaci
jako SERS substraty. Druhd ¢ast predkladané prace je vénovana piipraveé nanocastic zlata,

fizeni jejich velikosti a aplikaénimu potencialu zlatych nanocastic v heterogenni katalyze.
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2 TEORETICKA CAST

2.1 Nanocdastice stfibra a jeho sloucenin

Stiibrné nanocastice a nanocastice stiibrnych sloucenin, jako jsou Ag20, AgOH, nebo AgX
(kde X=Cl, Br, nebo I) ptedstavuji z hlediska nanocésticové chemie velmi obsdhlou a
dilezitou kapitolu!. Nanodastice téchto materiald jsou popularni nejen diky relativné
snadné pfipravé a ve srovnani s jinymi vzacnymi kovy nizké cenég, ale predevsim diky
jejich  vysokému aplika¢nimu potencialu v chemickém a materidlovém prumyslu
a Vv neposledni fadé také diky svym unikatnim biologickym vlastnostem?. Nejéast&ji jsou
nanocastice stfibra a jeho slou€enin pfipravovany ve formé kapalnych disperzi. Ty vSak
pfedstavuji pouze jednu z moznosti uchovavani a nasledného vyuziti nanocastic. Ve
znaéném mnozstvi ptipadil je totiz redlna pouzitelnost nanocastic v koloidnich disperzich
vyrazné omezena jejich pfirozenymi vlastnostmi, souvisejicimi s jejich termodynamickou
nestabilitou. Procesy vedouci ke sniZzeni povrchové energie rozptylenych Castic (zejména
agregace) vedou Kk degradaci koloidni disperze a k zaniku nanoskopické faze, ktera
propiijcuje materidlu své unikatni vlastnosti. Z toho diivodu je tfeba nanocastice vhodné
stabilizovat s ohledem na pozadavky pftislusné aplikace. Nejrozsifenéj$i a zaroven velmi
vyhodny zplsob stabilizace nanocastic je jejich ukotveni na pevny makroskopicky
substrat, jako jsou napf. sklo, kov, guma, bavlna apod., a to bud’ ve formé jednotlivych
nano&astic nebo jako tenké vrstvy, které jsou pravé z nanocastic poskladany®®. Obecné
seza tenké vrstvy povazuji vrstvyy o tloustce 1-100 nm®. Takové materialy
maji z komplexniho méfitka vlastnosti makroskopickych pevnych objektl, takZe je mozné
s nimi snadno manipulovat bez nutnosti pouziti specialnich nastroji a pfistroju. Vykazuji
vSak navic diky své nanomateridlové podstaté 1 wunikatni vlastnosti spojené

S nanorozmérem jednotlivych ¢astic.

2.1.1 Priprava koloidnich disperzi stfibra a jeho slou¢enin

Metody pftipravy nanocastic lze obecné rozdelit do dvou kategorii. Jedna se o top-down
(dispergacni) a bottom-up (kondenzaéni) metody. V piipadé top-down metod jsou
makroskopické cCastice rozptylovany Vv mensi castice. Z praktického hlediska mayji
Vv pfipad€ piipravy nanocastic stfibra alesponi minimalni vyznam pouze rozpraSovani

V elektrickém oblouku a laserova ablace.
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Oproti tomu bottom-up metody, tedy metody, pfi nichz vznikd z roztoku nova faze, pfi
ptipravé nanocastic stiibra zcela jasné dominuji, a to ptedevsim diky Sirokym moznostem
ovlivnéni zéasadnich charakteristik vyslednych koloidnich disperzi stiibra, jako jsou
velikost Castic, jejich morfologie, polydisperzita, nebo stabilita. To se d¢je nejcastéji
zménou nékterého z vngjSich parametrti, jakymi jsou koncentrace a pomér reakcnich
slozek, pH, teplota nebo iontova sila roztoku. Dal$i moznosti, ktera je soucasné i hojné
vyuzivand, je volba vhodného redukéniho ¢inidla, at’ uz z pohledu jeho redox potencialu,
nebo z pohledu jeho uc¢inku v riznych reakénich podminkach (napf. v uréitém rozmezi
pH). V neposledni fadé je pak mozné vyuzit vlivu polymernich, ¢i povrchové aktivnich
latek, jejichz ptitomnost dokéze vyrazné€ ovlivnit pravé velikost, morfologii, polydisperzitu

a stabilitu vznikajicich koloidnich disperzi.

Dnes jiz klasickou metodou pfipravy nanocastic stiibra je postup navrZzeny Creightonem,
Blatchfordem a Albrechtem?®!. Jejich feSeni je zalozeno na piidavku vodného roztoku
AgNOs3 do intenzivné michaného ledové vychlazeného roztoku NaBHs. Popsanym
postupem lze pfipravit disperze stiibra obsahujici ¢astice o velikosti 5—20 nm, které vydrzi
stabilni po dobu nékolika mésici. Od doby publikovani byl dany postup mnohokrat
modifikovan a upravovan s cilem 1épe fidit velikost vznikajicich ¢astic. V drtivé vétsing
ptipadi je modifikace zaloZena na zméné poméru AgNO3 a NaBHas, zméné teploty reakéni
smési, nebo piidavku vhodného modifikitoru?’. Krom& NaBH4 lze piirozend pouzit
I jiné anorganické redukéni latky. Obvykle jsou pro pfipravu nanocastic stiibra pouzivany

napf. hydrazin ¢i hydroxylamin!8-22,

Mimo anorganické redukcni latky lze pro ucely piipravy nanocastic stiibra pouZit
i organické redukéni ¢inidla. Casto pouZivana je dnes jiz také klasicka metoda podle Lee
a Meisela®, kde je vyuzivano redukénich uéinkd citratu sodného. Konkrétné je piidavan
roztok citratu sodného do vrouciho roztoku dusi¢nanu stfibrného. Reakéni smés
je nasledné jesté hodinu po ptidavku udrzovana ve varu. Vysledna disperze pak obsahuje
nanocastice stiibra o primérmé velikosti 60—80 nm. Disperze nanocéstic stfibra lze téz
ptipravit redukci dusi¢nanu stiibrného kyselinou askorbovou, formaldehydem nebo

jednoduchymi cukry?*2°,

Kromé zakladnich bottom-up pfistupt, kdy je na kovové nanocastice pitimo redukovana
sttibrnd siil, je mozné, a ve spousté piipadi 1 zadouci, vyuzit dvoukrokovych syntéz,

ve kterych je Vv prvnim kroku pfipravena vhodna stiibrnd sloucenina, kterd je az
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v nasledujicim kroku redukovana na stfibrné nanocastice s pozadovanymi vlastnostmi.
Potencialni meziprodukt, ktery je nasledn¢ redukovan, muze byt jak rozpustny, tak
I nerozpustny V rozpoustédle, ve kterém je disperze piipravovana (tzv. disperzni prostiedi).
Piikladem rozpustné slouceniny, kterou je vhodné jako meziprodukt vyuzit, je diamin
stfibrny komplex — [Ag(NHa)2]", ktery je nasledné mozné redukovat i pomérné slabymi
redukénimi ¢inidly, jako jsou napf. redukujici sacharidy. Lze tak dobte ftidit velikost

vznikajicich nanodastic, piipadné jejich morfologii®®3? (obrazek 1).

Dal§im vhodnym meziproduktem pro pfipravu nanocastic stfibra miize byt napf.
sifi¢itanovy komplex — [Ag(SO3)2]*, ktery je nasledné mozno redukovat $irokou paletou
redukénich ¢inidel®®. Jinou moZnosti je pfipravit jako meziprodukt v disperznim prostiedi
nerozpustnou slouceninu stiibra. K tvorbé nové faze tim nedochdzi az po piidani
redukéniho ¢inidla, ale pfidavkem srazeciho (precipita¢niho) ¢inidla jiz v prvnim kroku.
Pouzitelnymi slou¢eninami vznikajicimi po ptidavku precipita¢niho ¢inidla jsou naptiklad
Ag0%*3 AgS38 AgOH® a predeviim AgX, kde X reprezentuje chlor, brom, nebo
jod*-4. Halogenidy, jako nejpodetnéj$i zastupce nerozpustnych sloudenin stiibra, je
mozno pripravovat ve formé nejriznéjsich tvart a velikosti, coz mize byt velmi vyhodné
pro naslednou ptipravu kovovych nanocastic stiibra. V piipad¢ chloridu stiibrného tak byla
ukdzana moznost piipravit krychlové &astice s hranami v rozmezi velikosti 120-150 nm*
(obrazek 2), nebo nanodraty poskladané z ¢astic o velikosti desitek nanometri*®.
Nanocastice bromidu stfibrného mohou byt pfipraveny ve formé kulicek o praméru
jednotek nanometri*’, kulovitych &astic o velikostech 70-140 nm*®, poréznich &astic
s priimérnou velikosti 150-200 nm a péry o velikosti 5-10 nm*, nebo napf. bipyramid &i

polyedra®. Jodid stiibry lze pak piipravit napt. ve formé desti¢ek®, nebo kulovitych

Obrazek 1: Nekulové nanocéstice stiibra pfipravené redukci diamminstiibrného
komplexu®.

13



Obriazek 2: SEM snimky krychlovych nano¢astic chloridu stiibrného®.

nano&astic s rozméry od desitek do stovek nanometri®®3, Oproti ostatnim nerozpustnym
slouceninam stfibra se navic halogenidy vyznacuji tim, ze je mozno je kromé klasickych
chemickych metod redukovat i prosttednictvim UV zafeni, coz muze byt v urcitych

situacich velmi vyhodné>*6,

2.1.2 Priprava vrstev nanocastic stfibra

Techniky vedouci k tvorbé stfibrnych vrstev a vrstev obecné 1ze formalné rozdélit do dvou
zakladnich skupin, a to na techniky fyzikalni a techniky chemické. Pfirozen¢ je pak v praxi
mozné (a Casto velmi vyhodné) setkat se i s kombinaci jednotlivych postupt, tedy obecné

s metodami fyzikalné-chemickymi.

Jako reprezentanty fyzikdlnich metod jsou nejcastéji uvadény vakuové napafovani
a napraSovani. Vakuové napafovani je zaloZeno na pfevedeni napafovaného materialu do

plynného stavu a jeho transportu vakuem K povrchu substratu, na ktery ma byt deponovan.

S 24

Povrch substratu je pfitom mnohem chladnéjsi, vlivem ¢ehoz dochazi ke kondenzaci par

10,57,58

a formovani tenké vrstvy Principem naprasovani je umisténi napraSovaného
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materialu mezi dvé elektrody (na katodu), na kterych je vlozeno vysoké napéti (fadove
nékolik kV). To zapficinuje pohyb ionti pracovniho plynu, ktery zna¢nou rychlosti dopada
na katodu, a tedy i na napraSovany material, z néhoz vyrazi Castice, které nasledné
dopadajici na povrch substratu, na némz tvofi tenkou vrstvu. Naprasovani probihd oproti

napafovani v inertni atmosfére, kterou tvori nejéast&ji argon®>%:0,

Mezi nejcastéji pouzivané chemické techniky patii bezesporu chemicka depozice z plynné
faze'®. Ta je, jak znaci ndzev, zaloZena na principu reagujicich plynnych slozek. Substrat,
na némz ma byt tenkd vrstva vytvofena, je za vysoké teploty vystaven u¢inkiim jednoho
nebo vice prekurzori (nachazejicich se Vv plynném stavu), které na povrchu substratu
reaguji a tim tvofi pozadovanou vrstvu. Jako takové prekurzory mohou slouzit napiiklad

stiibrné komplexni slou¢eniny, halogenidy ¢&i organické soli®!°.

Mezi fyzikalné-chemické metody patii litografické metody, layer—by—layer techniky, nebo
metoda Langmuir-Blodgettové. U litografickych metod dochazi k depozici nanocastic na
tzv. litografickou masku. Jednd se o podklad s dobrou afinitou ke stiibru (resp.
k deponovanému materialu obecné), ktery zaroven ochotné sam o sobé& (self-assembly)
tvoti tenké vrstvy. Dalsi podminkou je, ze Ize tento material nasledné snadno odstranit bez
toho, aby byla poSkozena nové vznikla kovova nanovrstva. VSechny vySe zminéné
podminky spliiuji polystyrenové Castice, které snadno tvoii filmy, Ize na né dobfe nanaset
kovové nanocastice (vétSinou stiibro ¢i zlato) a po vytvoreni poZadované nanovrstvy je lze

snadno rozpustit vhodnym organickym rozpoustédlem®’ 72,

Layer-by-Layer metody tvoii asi nejéastéji uzivanou techniku pfipravy vrstev nanocastic
sttibra. Spocivaji, jak ndzev napovid4, v nanaseni jednotlivych vrstev, které¢ se navzajem
pfitahuji. Podstatou tohoto pfitahovani jsou slabé nevazebné interakce. Substrat
(napf. sklicko) je stfidavé namacen do jednotlivych roztokti nebo disperzi, ¢imz dochazi

K jejich postupnému vrstveni (obrazek 3). V piipadé nanocastic stiibra, které tvoii jednu

polycation rinsing .
) polyanion
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Obriazek 3: Schéma piipravy vrstev technikou Layer-by-Layer’®,
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z vrstev, jsou do kontaktni vrstvy Casto pouzivany kationické polyelektrolyty jako je
poly(diallydimethylammonium) chlorid (PDDA)">73 nebo polyetylenimin (PEI)"*. Layer-
by-Layer techniky se v§ak vyznac¢uji velmi vysokymi naroky na perfektni o¢isténi, oSetieni
a aktivaci povrchu substratu (skla), jeZ je nutno provadét siln€¢ korozivnimi roztoky jako
jsou smés peroxidu vodiku s hydroxidem amonnym ¢i peroxidu vodiku s kyselinou sirovou
(pirania roztok). Teprve po dikladném oc€iSténi je mozno piistoupit ke kroku namaceni do
jednotlivych roztok, resp. disperzi, které vSak musi byt jiz pfipraveny pifedem. To,
v kombinaci s faktem, Ze namaceni v jednotlivych roztocich ¢i disperzich trva od nékolika
minut az po n¢kolik hodin, znaci, Ze se jedna o ¢asové pomérné¢ naro¢né techniky. Krome
slabych elektrostatickych interakci mohou byt pfi Layer-by-Layer depozici uplatnény i
siln¢j8i,  kovalentni,  interakce. @ Ktém  dochdzi napf. Vv pfipadé pouziti
3-aminopropyltriethoxysilanu (APTES) jako mezivrstvy™ 7. Pfed samotnym ponoienim
sklicka do APTES je nutno jej opét dukladné ocistit a aktivovat pomoci pirana roztoku,
¢imz se na povrchu vytvoti -OH skupiny. Pies né je nasledn¢ APTES kovalentné navazan
na povrch substratu. Na povrchu vrstvy APTES se pak diky afinité stfibra k dusiku pomoci
aminoskupin vaZzou ptes volny elektronovy par piedem pfipravené nanocastice kovového
stiibra. Stejné jako v ptipad¢ pouziti elektrolyti se také jednad o ¢asové pomérn€ narocnou

metodu.

Metoda Langmuir-Blodgettové je zaloZena na tvorbé jedné ¢i vice monovrstev nanasenych
z kapalné vrstvy (filmu na povrchu kapaliny) na pevny substrat, ktery je z této vrstvy
vytahovan nebo do ni ponofovan (obrazek 4). S kazdym nasledujicim vytazenim nebo
ponofenim je na pevném substratu vytvotena jedna dalS$i monovrstva. Film, ze kterého jsou
monovrstvy nanaSeny, je vytvafen na tzv. Langmuirovych vahéch, coz je zafizeni
umoznujici planované zmenSeni povrchu, ¢imz dochazi k tvorbé Langmuirova filmu. Tedy
monovrstve stejné orientovanych amfifilnich molekul, kdy je jejich polarni ¢ast (funkéni
skupina) ponofena pod hladinu, zatimco jeji nepolarni konec (uhlovodikovy fetéz) je
orientovan nad hladinu™®, V ptipadé tvorby vrstev kovovych nanogastic je tieba
nanocastice vhodnym zplGsobem upravit. To Ize provést hydrofobizaci (obalenim)
nanocastic pomoci povrchové aktivnich latek (PAL) a jejich ndslednym nanesenim na

kapalnou f4zi®!. Jinou moZnosti je pouziti kapalné fize jako samotny zdroj nanocastic.
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Obrizek 4: Schéma piipravy tenkych vrstev metodou Langmuir-Blodgettové®3,

V tomto ptipadé je nutno peclivé zvolit takovou PAL, ktera svymi funkénimi skupinami

upouta nanocastice do plovouci vrstvy, a tim umozni jejich nanaeni na pevny substrat®,

V neposledni fadé je mozno pfipravovat vrstvy nanocastic stiibra s vyuZitim sonochemie,
tedy kombinace fyzikalniho a chemického piistupu. Sonochemické metody ve zna¢né mife
eliminuji nevyhody popsané vySe. Lze jimi piipravovat vrstvy poskladané z relativné
malych nanocastic. Tyto metody jsou pomérné jednoduché, rychlé a casto jsou i,
V porovnani s vySe popsanymi technikami, ekonomicky a ekologicky ptiznivéjsi. Vyhody
sonochemie vyplyvaji zjejiho principu, kdy je reaktivita reakéni smeési zvySovana tzv.

i8. Pouzitim vykonného ultrazvuku vznikaji v kapaliné kavity, jejichz

akustickou kavitac
kolaps spojeny simplozi produkuje enormni mnozstvi energie (Obrazek 5). Ta,
v kombinaci s velmi vysokymi lokalnimi teplotami a tlaky, vede k pfiblizovani samotnych
molekul a ke vzniku nanocastic®. V piipadé, Ze kavity kolabuji v blizkosti pevného

povrchu (napiiklad skla), dochazi k produkci mikroproudi a razovych vIin®. Ty vlivem
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Obriazek 5: Vznik a kolaps kavit v priibéhu sonikace®.

nesymetrického proudéni vystieluji ve vysokych rychlostech nové vznikajici nanocastice

i88

na povrch pevného substratu, kde dochazi k jejich zachytavani®. Navic bylo zjisténo,

Obrazek 6: Sonochemicky deponované nanocastice stiibra na ocelovém povrchu potizené
technikou skenovaci elektronové mikroskopie®.
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ze v heterogennich systémech nebo v pfitomnosti pevného povrchu nékolikasetnasobné
vzrusta rychlost nukleace, diky ¢emuz je vyuziti sonochemie v porovnani s nesonika¢nimi

°  Vyuzitim sonikace, jako hlavni sily k piipravé

metodami podstatné efektivngjsi®
nanocastic a jejich depozice na pevné substraty, se dlouhodobé zabyva napt. skupina
prof. Gedankena. Ta ukéazala, Ze lze sonochemicky v zavislosti na postupu piipravy,
pfitomnosti ¢i absenci stabilizatori apod. pfipravovat vrstvy na sklenéném podkladu
poskladané ze stiibrnych nanoéastic o velikosti od 50 nm aZ po cca 500 nm®. Nano¢astice
stiibra lze sonochemicky deponovat nejen na sklo, ale i na dal$i materialy, jako jsou

napiiklad ocel (obrazek 6), polymetylmetakrylat, apod.8:9L,

2.1.3 Vyutziti koloidnich disperzi stiibra, jeho sloucenin a vrstev nanoéastic stribra

Koloidni disperze stiibra a disperze nerozpustnych stiibrnych sloucenin se vyznacuji
bohatym portfoliem vlastnosti umoziujicich multioborové vyuziti téchto materialt. Mezi
takové unikatni vlastnosti patii predevsim elektrické a optické vlastnosti, katalyticka

aktivita a v neposledni fad¢ také aktivita biologicka.

Unikatni elektrické a optické vlastnosti se projevuji vyraznym absorpénim maximem
vznikajicim pfi interakci nanoc¢éstic stiibra s elektromagnetickym zatenim. Tento jev se
nazyva povrchova plasmonova resonance (Surface Plasmon Resonance — SPR). Poloha a
tvar absorpcéniho pasu vyrazné zavisi na velikosti a morfologii ¢astic a jejich vzajemnych
interakcich®2. Mimo to je SPR téz projevem dielektrickych vlastnosti ptislusného kovu a
okoli ¢astice®. Diky popsanym zavislostem lze sestavit velmi citlivé nanosenzory, které i
na nepatrnou zménu okoli reaguji posunem nebo zménou tvaru absorpéniho maxima.
Kromé& volnych nanocastic stfibra je mozné a soucasné i1 vhodné vyuZit nanocéstice
ukotvené na pevnych substratech, at’ uz ve form¢ samostatné se vyskytujicich nanocastic,
tak vrstev®%, Jako piiklad uziti nanoAg pro ucely SPR lze uvést v literatufe dobie
popsany piiklad pouziti trojbokych ¢&astic stéibra k detekci systému biotin-streptavidin.
V tomto piipadé reaguje detekéni systém s nanocéasticemi stiibra modifikovanymi biotinem

97

na pfitomnost streptavidinu cervenym posunem o 27 nm”’. RovnéZ byly popsany

nanosenzory zalozené na SPR pro detekci napt. antibiotinu®, peroxidu vodiku®*1% nebo

glukézylm'loz.

Nanocéstice stiibra, a uslechtilych kovli obecné, se diky velkému povrchu a vysoké

povrchové energii vyborné hodi k pouziti v oblasti heterogenni katalyzy. Mezi hlavni
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faktory ovliviujici katalytickou aktivitu patii rozmér nanocastic a jejich stabilita, struktura
povrchu apod. Obecné se se zmensujici velikosti ¢astic vyrazné zvétsuje jejich povrch, a
tedy aktivni plocha katalyzatoru, coz piimo souvisi s narastem katalytické aktivity.
Nanocastice stfibra zaujimaji diky své relativné nizké cené¢ vyznamné misto v oblasti
heterogenni katalyzy. Navic se jejich pouziti ukdzalo jako mozné nejen pii katalytické
redukci, ale téz v urcitych ptipadech pii katalyzované oxidaci. Vyuziti nanocastic stiibra
jako reduk¢niho katalyzatoru je vétSinou studovano na nékolika modelovych reakcich.

Patii mezi né redukce rhodaminu 6G%1% nebo redukce metylenové modti (obrazek 7)1%°.

Nejcastéji vyuzivanou modelovou reakci je vSak Kkatalyticka redukce 4-nitrofenolu
tetrahydridoboritanem sodnym%1%7, V alkalickém prostfedi (pH pfiblizné 10) nabyva
4-nitrofenol syté Zlutého zabarveni, které se projevuje vyraznym absorpénim pikem pfi
vinové délce 400 nm. 4-nitrofenol je redukovan za vzniku jediného produktu —
4-aminofenolu, ktery typicky absorbuje pii 300 nm. Monitoring reakce je tak velmi
jednoduse umoznén technikou UV-Vis spektroskopie'®. Navic je od roku 1976 dle
Agentury na ochranu zivotniho prostfedi (EPA, USA) 4-nitrofenol zafazen na seznam
prioritnich zne&istujicich latek'®. Je tedy vyhodné studovat katalytickou aktivitu pravé na
tomto polutantu. Jak bylo zminéno, nanocéstice stiibra se krom¢ heterogenni redukce téz
hodi pro ucely katalytické oxidace, jejimz typickym ptikladem je oxidace etylenu na
etylenoxid!'. V piipadé nerozpustnych sloudenin stfibra jsou pro katalyzu obecné nejvice
vyuzivany nanocastice halogenidu stiibra, které maji vyborné fotokatalytické vlastnosti.

Nanocastice halogenidl stiibra 1ze tak pouzit napt. pro fotokatalytickou konverzi oxidu

(b)

4 Y = exp{-0.1414482172 * X) * 0.3927478811
_ Coef. of determination, R-squared = 0.998865

400 500 600 700 800 0 4 8 12 16

wavelenght (nm) Time (s)

Obrazek 7: Pribéh redukce metylenové modii tetrahydridoboritanem sodnym,
katalyzované nano¢asticemi stibra, zaznamenany technikou UV-Vis spektrometrie!®,
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dusnatého!!, fotodegradaci riiznych barviv a dalsich nebezpeénych polutantii!!?14 nebo

pro fotokatalyticky vyvoj vodiku!*>116,

Dalsi vhodnou vlastnosti kovovych nanocastic, predev$im stiibrnych a zlatych, je
povrchové zesileni Ramanova signalu pii adsorpci molekuly na koloidni ¢astici, ptipadné
na zdrsnéném povrchu kovu. Popsany jev se nazyva povrchem zesileny Ramantv rozptyl
(SERS) a je hojn¢ vyuzivan v analytické chemii k detekci velmi malych koncentraci latek.
Samotné zesileni je dano dvéma zakladnimi ptispévky. Elektromagneticky ptispévek, ktery
je dominantni, je zalozen na existenci povrchového plasmonu, diky némuz dochazi ke
znacnému zesileni elektromagnetického pole v blizkosti kovové nanocastice. Takovy
mechanismus neni zavisly na chemické podstaté okoli a predpovida tak stejné zesileni
signalu pro viechny molekuly®>'’. Druhy ptispévek je spojen s chemisorpci molekuly na
kovovy povrch a pochazi zinterakce detekované molekuly s emitovanymi elektrony

118,119

vytvofenymi excitaci povrchovych elektronti kovu . Ma-li navic excitacni zdroj

vhodnou vinovou délku, mize dochazet k rezonanci poskytujici dodatecné zesileni. Pak se
jedna o tzv. povrchem zesileny rezonan¢ni Ramantv rozptyl (SERRS). Detekéni limity,

které techniky SERS a SERRS umoziuji, se pohybuji v oblastech piko az femtomolarnich

120

koncentraci*~. Diky tomu jiz bylo ukézéno, Ze je mozno detekovat i jednotlivé molekuly

adsorbované na jednotlivych &asticich stibra (tzv. single molecule spectroscopy)!8121:122,

Studie z poslednich let naznaduji, ze nejvyssiho faktoru zesileni (az 10°) dosahuje jen
velmi omezend ¢ast ¢astic nabyvajicich spravnych tvarii a velikosti, tzv. , hot particles“!?L.
Optimalni velikost ¢astic stiibra zavisi na vlnové délce pouzivaného laseru a pohybuje se
v rozmezi od 70 do 200 nm pro vinové délky od 488 nm do 647 nm'?%. Dle zavislosti
velikosti ,,hot particles” na vinové délce je tudiz predpokladano, ze pro bézné pouzivané
lasery s vinovou délkou 785 nm a 1064 nm by mélo byt maximalniho zesileni dosahovano
na &asticich s velikosti okolo 400 nm*?412%, Takto velké ¢astice jsou vSak znaéné nestalé a
v kratkém casovém intervalu podléhaji agregaci a sedimentaci. Danému neptiznivému
chovani je mozno pomérné snadno predejit nahrazenim koloidnich disperzi tenkymi
vrstvami zformovanymi pravé z ¢astic s vétsi primérnou velikosti*?’. V tomto p¥ipadé jsou
Castice stiibra zachytdvany na vhodny pevny substrat, kterym muze byt napiiklad bézné ¢i
kfemenné sklo?®12°, Schopnosti nanocastic stiibra zesilit Ramaniiv signal je tak mozno

130-133

vyuzit napt. pro detekci extrémné nizkych koncentraci pesticidu , pro odhalovani

rezidui vybusnin'®*1% drog™’, ¢&i jako u¢inné biosensory*3®14,
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Jednou z bezesporu nejdiskutovanéjsich vlastnosti nanocastic stiibra a jeho sloucenin, a
tim 1 jednim z nejstudovanégjSich odvétvi aplika¢niho potencialu stfibra, je jejich dobie
znama biologicka aktivital**?, V sou¢asné dobé je aktualnim problémem zvySujici se
pocet bakteridlnich kment rezistentnich vic¢i bézné dostupnym antibiotiktim. Ackoliv jiz
byla pozorovana schopnost bakterii vypéstovat si rezistenci vic¢i iontovému stiibru, ktera
pochazi predev§im ze schopnosti jej aktivné vyluCovat pomoci specifickych

mechanism43144,

Vv piipadé nanocastic kovového stiibra zatim podobna rezistence
pozorovana nebyla. Proto se nanomateridly na bazi stiibra jevi jako jedna z moznych
variant jak antibiotika nahradit, pfipadné€, prostfednictvim synergického efektu posilit
jejich u¢innost'*147, Mechanismus antimikrobialniho piisobeni stifbra zatim, i pies
intenzivni zkouméani mnoha védeckych tymi, neni pfesné znam. Predpoklada se, ze se na
rozdil od klasickych antibiotik nejedna pouze o jeden specificky G¢inek, ale Ze je pusobeni
nanocastic vici bakteriim dano souborem nékolika riznych ptispévkl. Nanomaterialy na
bazi stiibra jsou schopny napf. naruSovat metabolické procesy**®14° interagovat s DNA

bakterii*®®, zplsobovat oxidativni  stres™1 153, vyrazn¢ zvySovat permeabilitu

cytoplasmatické membrany, ¢imz je ovlivnén transport skrz ni?>%

, apod. Diky tomuto
souasnému pisobeni na vice urovnich vykazuji stfibro obsahujici nanocéstice
mimotadnou aktivitu nejen vuci citlivym kmentm, ale téz vic¢i bakteridlnim kmenim

vysoce rezistentnim ke klasickym antibiotikim®*1%,

Krom¢ pouziti stiibra namisto
antibiotik, pfipadné pouziti nanomateriald na bazi stiibra spole¢né s antibiotiky v ramci
synergického tuc¢inku, se nanocCastice stfibra ukazuji jako velmi vhodny material
k povrchové tpravé nejriznéjsich piistroji, nastroji a pomucek v medicing, kde uspésné
predchazeji bakterialni kontaminaci. Diky tomu nachézeji vrstvy nanocastic stiibra Siroké

uplatnéni v povrchové tpravé textilii, katetr(, implantatu, protéz apod.*>" 161,

2.2 Nanocastice zlata

Zlaté nanocastice reprezentuji dalsi Sirokou skupinu nanocastic vzacnych kovi s vysokym
aplika¢nim potencidlem. Snadnosti pfipravy a stabilitou dokonce pievysuji jiz diskutované
nanocastice stfibra. I aplikacnim potencidlem se mohou zminénym nanocésticim stiibra
minimalné rovnat. Zlaté nanocastice nachazeji uplatnéni jak v heterogenni katalyze, tak v
SERS nebo bioanalytickych aplikacich jako vhodny material pro zobrazovaci techniky a

detekci biologicky dilezitych molekul*62-166,
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2.2.1 Priprava nanocastic zlata

V drtivé vEétSin€ jsou nanocastice zlata pripravovany bottom-up technikami, tedy
technikami redukce rozpustnych iont zlata za tvorby nové faze. Krom¢ toho je mozno
nanolastice stfibra pfipravovat i laserovou ablaci'®’, piipadné elektrochemickym
vytrhavanim nano&éstic ze zlaté elektrody®®. Jedna se viak o okrajové techniky, které jsou
dnes ¢im dal vice opoustény pravé ve prospéch piipravy nanocastic z roztoku. Vychozi
latkou, a tedy donorem ionti zlata, byva u bottom-up pfistupti nejcastéji chlorid zlatity,
resp. hydraty kyseliny tetrachlorozlatit¢. Tuto sil je mozno, stejné jako v piipadé
stiibrnych soli, redukovat Sirokou paletou redukénich ¢inidel. Volba vhodné redukéni latky
pak spole¢né s ptidavkem stabilizatord ¢i modifikatorti, zménou teploty a dalSich reak¢nich
podminek vede ke vzniku ruzné velkych nanoéastic zlata s riznou morfologii, rozdilnou
mirou stability a samoziejmé i riznou aplikovatelnosti. Jednou ze zakladnich charakteristik

nanocastic zlata je piirozené jejich velikost. Pfiprava nanocastic zlata o definovanych

velikostech tak v oblasti jejich vyzkumu pfedstavuje jednu ze zékladnich vyzev.

Podobné jako v pripad¢ nanocastic stiibra lze pro pfipravu zlatych nanocastic pouzit Siroké
palety reduk¢nich €inidel. Jednou ze zakladnich reduk¢nich latek je v piipadé zlata citrat
sodny, jehoz pouziti bylo publikovano jiz vroce 1951'%°. Jednoduchym pfivedenim
zlatitého prekurzoru k varu a jeho smichanim spole¢né s citratem sodnym lze tak piipravit
zlaté nanoéastice o velikosti v fadu desitek nanometri'’. Li et al. dosahli taktéz pouzitim
citrdtu vzniku pomémé€ malych nanocastic o velikosti 13 nm s velmi nizkou
polydisperzitou (standardni odchylka 0,3 nm). Postup je zaloZen na ptfidavku roztoku
kyseliny tetrachlorozlatit¢ do vrouciho roztoku citratu sodného. Smés je nasledné
udrzovéna ve varu dalSich 15 minut, béhem nichz dojde ke zméné& barvy na syté cervenou

znadici pritomnost pravé malych nano¢astic zlatal’.,

Kromé zminéného citratu je hojné uzivanou redukcni latkou tetrahydridoboritan sodny,
ktery se diky svym silnym redukénim uc¢inkiim vyborné hodi pro pfipravu velmi malych
nanocastic, jak ukazuje studie Shimmin et al., jez vyuzili tetrahydridoboritanu sodného
k pfipravé nanoéastic o velikostech jednotek nanometri’>. Namisto toho Niidome et al.
ptipravili v pfitomnosti modifikatoru 2-aminoethanthiolu ¢astice o pramémé velikosti
35 nm!"3, Kromé& dvou zminénych zakladnich redukénich latek je mozno k piipravé
nano¢astic zlata pouzit i daldi redukéni &inidla jako jsou mnapf. hydrazin'’,

polydiallyldimethylammonium chlorid'’®, kyselina gallova'’®, sacharid glukomannant’’
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nebo dnes velmi popularni green syntézy vyuzivajici napi. katechin!’8, taniny’®, nebo dalsi

rostlinné extrakty!8081,

Ptirozené je pro Sirokou Skalu aplikaci vhodnéjsi nalézt takové techniky, které umoziiuji
kontrolovanou pfipravu razné velkych nanocastic S minimalnim zasahem do procesu
syntézy. Vlastnosti takto pfipravenych rizné velkych nanocastic pak Ize s ohledem na
specifické aplikace vhodné porovnavat. Jednu z prvnich praci vénujici se ptipravé rizné
velkych nanocastic zlata pfedstavili Brinas et al., ktefi nanocéstice zlata pfipravili
jednoduchou redukci kys. tetrahydrogenzlatité tetrahydridoboritanem sodnym za
pritomnosti glutathionu. Vyslednou velikost vznikajicich nanoc¢astic 1ze tidit jednoduchou
zménou pH. Je tak mozno pfipravit nanogastice v rozmezi velikosti 2-6 nm?82, Obdobnym
postupem, tedy pfipravou nanocastic zlata chranénych thiolovymi skupinami se zabyvali
také Ohyama et al. Velikost zlatych nanocastic lze v tomto pfipadé¢ fidit riznym pomérem
koncentrace zlatitych ionti vi¢i thioacetylovym skupinam. Takto je mozné také ptipravit
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zlaté nanocastice 0 velikosti 2-6 nm~®. Velikost vznikajicich nanocastic zlata 1ze snadno

fidit také zménou koncentracnich pomérti v jiz zminéné redukci citratem sodnym. Po
vhodné upravé pH tak lze ziskat nano¢astice zlata s velikostni distribuci od 20 do 50 nm?84,
Jinou mozZnosti, jak fidit velikost vznikajicich nanoc¢astic zlata, je zména rozpoustédla,
resp. jeho casti. V ptipad€ piipravy nanocastic zlata v organickych rozpoustédlech je tak
mozné pripravit vyménou chloroformu za benzen nanocéstice zlata o velikostech
1-6 nm®, Vé&tsi nanocastice zlata, a predev§im nanodastice ve vétsim rozsahu velikosti,
konkrétné¢ o velikostech 7-25 nm, lze pfipravit Vv pratocném systému, kde je typicky
prekurzor kys. tetrahydrogenzlatitd redukovana ptfidavkem kyseliny askorbové. Velikost
vznikajicich ¢astic je fizena zménou poméru koncentraci kyseliny tetrachlorozlatité a kys.
askorbové, zménou pH (obrazek 8) a zménou rychlosti pratokul®. Zmény poméru
zlatitych iontd a redukéniho Ccinidla lze wvyuzit také pii redukci zlatité soli
dimethylaminoboranem. V takovém pftipadé je mozno dosdhnout nanocastic v rozmezi

velikosti 10-30 nm?®7,

Kromé velikosti 1ze vhodnou volbou parametrit a aditiv fidit také tvar vznikajicich
nanocastic. V rdmci moznosti piipravy riznych tvari zaujimaji specifické misto
geometrické tvary s ostrymi hranami, jako jsou trojuhelniky ¢i jiné mnohothelniky, které
se vyborn¢ hodi k aplikacim v SPR. Dle Chu et al. lze pfipravit trojihelnikové a

Sestithelnikové castice redukci kys. tetrachlorozlatité citratem sodnym za pfitomnosti
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Obrazek 8: TEM snimky rizn€ velkych nanocastic zlata pfipravenych pfi rizném pH a

rozdilné koncentraci zlata®®,

cetyltrimethylamonium bromidu a za zvySené teploty. Vyslednych velikosti a tvar
nanocastic 1ze snadno dosdhnout pouhou zménou poméru koncentraci reakénich slozek,
teploty a ¢asu reakce'®. Hormozi-Nezhad et al. vyuZili pro piipravu nanocastic zlata
riznych geometrickych tvarti vlivu Tween 20 a 80. Dané povrchové aktivni latky ptisobi

jednak reduk¢énim t¢inkem a jednak stabilizuji vznikajici nanoc¢astice. Predevsim v piipadé

Waslergh i)

Obrazek 9: UV-Vis absorpéni spektra redukce zlatitych ionti na trojthelnikové
nanocastice zlata (A) a jejich snimek pofizeny technikou transmisni elektronové
mikroskopie.
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pouziti Tween 20 pak vznikaji symetrické trojuhelnikové nanocastice (obrazek 9), které

jsou navic velmi stabilni pravé diky piidavku povrchové aktivni latky?8®,

2.2.2 VyuiZiti nanodastic zlata

Zlaté nanocastice nachazeji praktické vyuziti pfedevsim v oborech spojenych s detekci
biologicky vyznamnych molekul v tzv. biosensingu a bioimagingu, v genové terapii, jako
nosi¢e léCiv, analytickych aplikacich a v neposledni ftadé také jako heterogenni

katalyzatory.

Biosensing metody jsou velmi ¢asto spojeny s elektrochemickym stanovenim biologicky
vyznamnych latek, které je umoznéno, piipadné zesileno, zlatymi nanocasticemi
nanesenymi na mikroelektrodach. Zminéné mikroelektrody jsou nasledné¢ velmi dobie
vyuzitelné pro amperometrickd méfeni. Amperometricky lze snadno detekovat napf.
peroxid vodiku, nebo prostednictvim glukéza oxidazy také samotnou glukézu®. Jinou
aplikaci ptedstavili Lie et al., ktefi vyuzili nanoelektrod pokrytych nanocasticemi zlata
k selektivni detekci cerebralniho dopaminu ve striatu laboratornich potkana!®. Dalsi
vhodnou techniku vyuzivajici nanocéstice zlata, kterd je vyhodné aplikovatelna
v biosensing oblastech, je povrchova plasmonova rezonance (SPR). V pifipadé SPR jsou
nanocastice zlata aktivovany biologickymi receptory. Jejich naslednd interakce s cilovymi
molekulami (antigeny) se projevuje zménami v plasmonovém spektrul®2. Takto je mozno
pouzit nano&astice zlata napt. pro detekci streptavidinu!®® | pro zesileni SPR signalu pii
detekci bakterii jako je Escherichia coli'®®, nebo pro detekci rfiznych mykotoxini

V potravinach!®,

V oblasti bioimagingu se se zlatymi nanocasticemi pocita jako s vhodnym materialem pro
znaceni a zobrazovani bunék postizenych rakovinou. Nanocastice zlata tak lze vhodné
vyuzit k cilenému CT/MR zobrazovani rakovinou postizenych bunék!®®, nebo jako slibny
fluorescen¢ni material k jejich znadeni a zobrazovani'®’. Casto se vyuziva také strategie
zalozené na agregacni nestabilité zlatych nanocastic, kterd je velmi snadno pozorovatelna
kolorimetrickymi technikami. Lze tak detekovat napiiklad oligonukleotidy!®% nebo,
kromé& organickych molekul a biomolekul, také nebezpecné polutanty, jako jsou ionty
Cd?" 2%, Obecné podléhaji nemodifikované nano&astice zlata za zvysené iontové sily (napf-
po piidavku chloridu sodného) pomérné snadno agregaci. Tomu lze, napt. v piipadé

zminéné techniky stanoveni Cd?*, predejit pfidavkem glutathionu (GSH). Cd?* vsak
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odnima GSH zlatym nanocasticim a tvofi s nimi komplexy. To opét snizuje stabilitu
zlatych nanocastic, které agreguji, coz je velmi snadno pozorovatelné prave

kolorimetricky?®,

Na pomezi biosensingu, bioimagingu a ostatnich analytickych aplikaci stoji povrchem
zesilena Ramanova spektroskopie (SERS), V niz jsou zlaté nanocastice vedle nanocastic
stiibrnych hlavnim materidlem pouzivanym pro zesileni Ramanova signalu. V oblastech
biosensingu a bioimagingu piedstavuje SERS na zlatych nanocasticich jednu z dynamicky
se rozvijejicich technik i diky své potencialni schopnosti tzv. single-molecule detection?®:.
Zlaté nanocastice Ize tak vyuzit pro velmi citlivou a specifickou detekci a charakterizaci
makrobiomolekul jako jsou DNA ¢ RNA?%2 jejich sekvenci nebo proteint®®, Zlaté
nanocastice lze také vyuzit pro SERS detekci a nasledné zobrazeni biomarker na bunkach
rakoviny prsu®®. Kromé& zminénych aplikaci 1ze SERS na zlatych nanoéasticich pouZit
Kk detekci a rozdéleni bakterii. Takto lze délit bakterie nejen na Gram-negativni a Gram-
pozitivni, ale diky vysoké citlivosti a tzv. otisku prstu (fingerprint) 1ze u bakterii stanovit i
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jejich druhy a kmeny Z analytickych aplikaci mimo odvétvi biosensing a bioimaging

Ize jmenovat napt. stanoveni rhodaminu 6G2%%2%7 t&7kych kovi?%2!! nebo vybusnin?2-214,

Kromé biologickych aplikaci jsou pfirozené nanocastice zlata, stejné jako nanocastice
ostatnich uslechtilych kovi, vhodnymi kandididty pro heterogenni katalyzu. Zlaté
nanocastice jsou vhodnym materidlem podporujicim jak redukéni, tak oxidacni procesy.
Mezi zakladni reakce katalyzované nanocasticemi zlata patii predev§im hydrogenace
nenasycenych uhlovodikd (napt. acetylenu a jeho derivati) ¢i hydrogenace nitro-

215-219

sloucenin . Vramci Kkatalytickych oxidaci nachdzeji zlaté nanocéstice uplatnéni

predevsim pii oxidaci oxidu uhelnatého??%223 silanti?24-22% nebo v tzv. ,,advanced oxidation

processes* vyuzivanych v environmentélnich technologiich??"2%8,
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3 EXPERIMENTALNI CAST

V pribéhu Ph.D. studia byl vyzkum zaméfen nékolika sméry. Jednalo se predevsSim
0 zpusoby pfipravy nanoc¢éstic bromidu stfibrného, stiibra, stfibrnych vrstev a nanocéstic
zlata. Vsechny pripravené materialy byly nasledné na zakladé svych rtiznych vlastnosti
testovany pro razné aplikace. V pfipad¢é piipravy nanocastic bromidu stfibrného, resp.
nanocastic kovového stiibra, které bylo pfipravovano redukci piipraveného bromidu
sttibrného, byl studovan vliv rtiznych modifikatorti na velikost vznikajicich nanocastic.
Podle pouzitych modifikatori byly nanocastice rozdéleny do dvou kategorii, kdy byla
jedna kategorie ovéfovana pro svou biologickou aktivitu a druha ¢ast byla testovana jako
heterogenni katalyzéatory. V ptipad¢ vrstev nanoCastic stiibra, které byly pfipravovany
sonochemicky, byl studovén vliv riiznych redukcnich latek a experimentalniho uspofadani
na kvalitu vrstev a nésledné¢ jejich potencidlni aplikace jako substraty pro SERS. Zlaté
nanocastice pak byly pfipravovany za pfitomnosti rizn¢ koncentrovaného modifikatoru
Tween 80, coz umoznilo pfipravu rizné velkych nanocastic stiibra, které byly nasledné
testovany pro svou katalytickou aktivitu ve smyslu porovnani katalytické aktivity

vzhledem K velikosti aktivniho povrchu.

3.1 Priprava nanocastic bromidu stfibrného V pritomnosti vybranych

polymert a jejich nasledna redukce na nanocastice stiibra

Jak bylo zminéno v teoretické Casti, existuje Sirokd paleta mozZnosti, jak lze pfipravit
nanocastice stiibra. Vramci Ph.D. studia byla v oblasti disperzi nanocastic stfibra
studovana mozZnost pfipravy nanocastic bromidu stiibrného a jeho nasledna redukce na
nanocastice kovového stiibra. Dand metodika navic umozZnuje studovat nejen vlastnosti
vyslednych nanocastic stiibra, ale t¢Z meziproduktu, tedy bromidu stfibrného. Ten muze
byt, jak bylo ukdzdno v teoretické casti, také sam o sobé materidlem s vyhodnym

aplika¢nim potencialem.

Ptiprava nanocastic bromidu stiibrného Vv pfitomnosti vybranych polymeri a jeho nasledna
redukce na nanocastice kovového stfibra byla popsana ve studii Suchomel P. et al. PloS
One, 2015%%°, Koloidni disperze bromidu stiibrného byly pfipravovany srazenim dusiénanu
sttibrného bromidem draselnym. Pro Ucely stabilizace a tizeni velikosti vznikajicich ¢éstic
byly pfi pripravé do disperze pridavany Syntetické polymery PEG — polyetylenglykol
(Mr=10000, Sigma-Aldrich, p.a.), PVP — polyvinylpyrrolidon (Mr =360 000, Sigma-
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Aldrich, p.a.) a PVA — polyvinylalkohol (Mr =85 000-146 000, Sigma-Aldrich, 98-99 %
hydrolyzovany), nebo ptirodni polymerni latka HEC — hydroxyethylcelul6za (Mr = 90 000,
Sigma-Aldrich, p.a.). Na magnetickou micha¢ku byla umisténa kadinka s 5 ml roztoku
dusiénanu stiibrného (Sigma-Aldrich, p.a.) o koncentraci 5 mmol-dm=, ktery byl nasledné
zfedén 5 ml destilované vody. Do roztoku byla za intenzivniho michéani vlita smés 5 ml
KBr (Lachema, p.a.) o koncentraci 10 mmol-dm™ spoleéné s 10 ml 0.25% (w/w) roztoku
modifikatoru. Vysledné koncentrace reakénich slozek v systému tedy byly 1 mmol-dm™
pro dusi¢nan stiibrny, resp. ionty stfibra, 2 mmol-dm™ pro bromid draselny a 0,1 % (W/w)
pro jednotlivé modifikatory. Po péti minutich intenzivniho michani, kdy jiz byla
dokoncena tvorba nanocastic bromidu sttibrného, byly odebrany vzorky pro charakterizaci

a pro jejich dalsi testovani z pohledu jejich biologické aktivity.

Koloidni disperze bromidu stiibrného byly v prvni fazi charakterizovany technikou
dynamického rozptylu svétla (DLS, Zeta Plus, Brookhaven Instr. Co., USA). Velikostni
distribuce ukazala, Ze se v systému nachazi Castice o velikosti 50-105 nm (obrazek 10).
Tato data bylo nutno dopliikové ovéfit nékterou z dostupnych zobrazovacich technik, které
umoziuji realny popis &astic. Céstice bromidu stiibrného jsou piirozend citlivé na

elektromagnetické zéteni (fotolyzuji), a z toho diivodu nebylo mozné naméiend data

40 PEG
PVP
PVA
HEC

intenzita (%)

0 4 T — T T i
0 50 100 150 200

velikost {(nm)

Obrazek 10: Distribuce castic bromidu stiibrného ptipravenych v ptitomnosti polymera
PEG, PVP, PVA a HEC poftizena prostfednictvim dynamického rozptylu svétla (DLS).
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Obrazek 11: Snimky nanoc¢éstic bromidu stfibrného pfipravenych v pfitomnosti polymeri
PEG (a), PVP (b), PVA (c) a HEC (d), potizené technikou mikroskopie atomarnich sil
(AFM).

potvrdit nejcastéji pouzivanou technikou transmisni elektronové mikroskopie, protoze
svazek elektrontl zptisoboval okamzitou redukci ¢astic. Pro potvrzeni naméfené velikosti
¢astic a pro zjiSténi morfologie tak byla jako primarni technika zvolena mikroskopie
atomarnich sil (AFM, NTEGRA Aura, NT-MDT, Russia) (obrazek 11). Pro ucely AFM
analyzy byly vzorky nanaseny na standardné pouzivanou folii, na niz byly za tmy vysuseny
pfi 50 °C. Snimky potfizené mikroskopii atomdrnich sil odhalily, Ze castice bromidu
stiibrného nemély sféricky tvar, ale nabyvaly tvaru rotacniho elipsoidu. Dle pouZiti

jednotlivych modifikatora dosahovaly ¢astice vySky v rozmezi od 10 do 20 nm a priméru
od 60 do 130 nm (tabulka 1).
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Tabulka 1: Velikost ¢astic bromidu stfibrného piipravenych v ptitomnosti polymeri PEG,
PVP, PVA a HEC, pofizend prostfednictvim dynamického rozptylu svétla (DLS) a
mikroskopie atomarnich sil (AFM).

DLS AFM
polymer
(nm) (nm)
ySka 18
PEG 105 ”
pramér 64
ySka 10
PVP 50 ”
pramer 120
vyska 11
PVA 70
pramér 130
vyska 12
HEC 100
prameér 70

Vznik rozdilné velkych ¢astic bromidu stfibrného v pfitomnosti riznych modifikatort
pramenil z povahy jejich interakce s iontovym st¥ibrem v roztoku pti vzniku nové faze. Dle
miry interakce tak bylo mozno rozdélit pouzité polymerni modifikatory do dvou skupin.
Jednu tvorily PVP a PVA, polymery jejichz funkéni skupiny, tedy —OH pro PVA a =0 pro
PVP, jsou lokalizovany mimo polymerni fetézec (obrazek 12). PVP navic ve své struktuie
obsahuje atom dusiku, diky némuz muaze vzhledem k iontovému sttibru vystupovat jako
Lewisova baze. lonty Ag" se tak vaZi na zminéné funkéni skupiny, resp. s nimi tvofi
komplexy?%23 Komplexace ionti Ag® zpomaluje vznik novych zirode¢nych center
béhem precipitace, ¢imz dochdzi ke vzniku menSiho poctu téchto center v reakénim

systému. Tento efekt pfirozené Usti v tvorbu mensiho poétu vétsich ¢astic?.

a b OH
N O /N/
s n
n
Obrazek 12: Strukturni vzorec PVP (a) a PVA (b).

31



V ptipadé¢ pouzitych polymertt PEG a HEC byla situace odlisna. I kdyZ tyto dva polymery
ve své struktuie také obsahuji kyslikovy heteroatom, s iontovym stiibrem neinteraguji
zdaleka tak silné a na rozdil od PVP a PVA netvoii s Ag™ komplexy, které by iontové
stiibro vazaly. Tato neochota interakce danych polymeri s Ag™ prameni z toho, Ze jsou
jejich kyslikové heteroatomy umistény Vv polymernim fetézci, a nemohou tedy tak snadno

participovat na koordina¢ni vazb¢é (obrazek 13).

Pouzité dva polymery tedy diky minimalni interakci s Ag" neblokovaly vznik nové faze,
jako v piipadé pouziti PVP a PVA, a tim dochazelo ke vzniku vétsiho poc¢tu nuklea¢nich
center. To vedlo ke vzniku vétsiho poctu Castic, které musely byt piirozené z divodu
stejného mnozstvi pouzitého stfibra mensi. Tento predpoklad velmi dobie korespondoval
s vysledky ziskanymi pomoci mikroskopie atomdarnich sil. V ptipad¢ vysledkt pofizenych
dynamickym rozptylem svétla jiz nebyla situace tak jednoznacna. Jak bylo ukézéno
(tabulka 1), objevovala se mezi vysledky z DLS a AFM zna¢na neshoda. Nespolehlivost
DLS vsak bylo mozZzno velmi snadno vysvétlit opét pomoci afinity jednotlivych polymert
ke stiibru. Zatimco PVP a PVA byly diky své afinité¢ ke stiibru silné¢ adsorbovany na
povrch castic bromidu stfibrného, diky ¢emuz vykazovaly dostateCny stabiliza¢ni efekt,
v piipadé¢ PEG a HEC nebyla adsorpce zdaleka tak silnd, a ¢astice bromidu sttibrného tak
tvorily agregaty, které se pro DLS jevily jako vétsi Castice.

Piipravené Castice bromidu stiibrného byly nasledné zredukovany tetrahydridoboritanem
sodnym (Sigma-Aldrich, p.a.) na nanocastice kovového stiibra. K 25 ml koloidni disperze
bromidu stfibrného bylo za intenzivniho michani pfidano 5 ml Cerstvé pfipraveného
roztoku tetrahydridoboritanu sodného o koncentraci 60 mmol-dm™. Kone¢na koncentrace
redukéni latky v disperzi tedy dosahovala koncentrace 10 mmol-dm=. Proces redukce byl

ukonc¢en po 30 minutach michani, kdy zména barvy disperze na Zlutou az hnédou
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Obrazek 13: Strukturni vzorec PEG (a) a HEC (b).
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(v zavislosti na pouzitém polymeru) indikovala pfitomnost stfibrnych nanocastic.
Pripravené disperze nanocastic stiibra byly nasledn¢ charakterizovany technikami UV-Vis
spektroskopie (Specord S600, Analytic Jena AG, Germany), dynamického rozptylu svétla
(DLS, Zeta Plus, Brookhaven Instr. Co., USA) a v neposledni fadé také pomoci transmisni
elektronové mikroskopie (JEM 2010, Jeol Ltd., Japan).

UV-Vis spektra jednotlivych vzorkt vykazovaly pro nanocastice stfibra charakteristicka
absorpéni maxima okolo vinové délky 400 nm (obrazek 14). Ty naznacovaly pfitomnost

stifbrnych nanocastic o velikosti pfiblizné 10 nm?®

. V ptipadé¢ PVP byl zietelny posun
absorp¢niho maxima na hodnotu piiblizn¢ 410 nm, ktery indikoval vznik vétSich ¢astic nez
v ptipadé PEG a HEC. Nanocastice stiibra pfipravené za pouziti PVA vykazovaly kromé
primarniho piku, ktery se nachdzel mirné pod hodnotou 400 nm, také sekundarni pik
Vv oblasti okolo 420 nm. Takové spektrum naznacovalo existenci polydisperzniho systému
obsahujiciho nejen velmi malé ¢astice s velikosti pod 10 nm (pik v oblasti pod 400 nm),

ale také frakci vétSich castic absorbujicich ve vyssich vinovych délkach.

Paralelné¢ s UV-Vis spektroskopii byla provedena charakterizace prostfednictvim
dynamického rozptylu svétla, jejiz vysledky s UV-Vis velmi dobie korespondovaly
(tabulka 2). Dle DLS méfeni se nejmensi nanocastice stfibra nachazely v systému
modifikovaném PEG a nabyvaly velikosti 7 nm. Nepatrné vétsi ¢astice s velikosti 9 nm, se

vyskytovaly v disperzi, ktera byla modifikovana HEC. V ptipadé pouziti PVP a PVA pak

1,0
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0.8 - PVP
0,7 1 PVA

0.6 1 HEC
0,5 -
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03 -
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Obrazek 14: UV-Vis spektra 10x zifedénych disperzi nanocastic stiibra pfipravenych
redukci nanocastic AgBr v pfitomnosti polymert PEG, PVP, PVA a HEC.
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Tabulka 2: Velikost (nm) / polydisperzita nanocastic pfipravenych redukci nanocastic
AgBr v ptfitomnosti polymerat PEG, PVP, PVA a HEC, pofizena prostfednictvim
dynamického rozptylu svétla (DLS) a transmisni elektronové mikroskopie (TEM).

polymer DLS TEM

PEG 9/0,464 710,343
PVP 21/0,195 20/0,292
PVA 18/0,482 18/0,537
HEC 9/0,512 9/0,456

dochdzelo ke vzniku vétSich nanocastic stiibra, konkrétné 20 nm pro PVP a 18 nm pro
PVA (obrazek 15). Hodnoty velikosti ¢astic zjisténé dynamickym rozptylem svétla byly
nasledné ovéieny piimym pozorovanim nanocastic prostiednictvim transmisni elektronové

mikroskopie.

TEM snimky, resp. obrazova analyza z nich provedend, potvrdily pfitomnost velmi malych
¢astic pod 10 nm v pfipadé pouziti modifikatorit PEG a HEC, a pfitomnost vétSich
nanocastic s praimérnou velikosti okolo 20 nm v pfipadé pouziti PVP a PVA (obrazek 16).
Kromé¢ jednoduché obrazové analyzy a rozdéleni ¢astic do velikostnich tfid byla
prostfednictvim vadZeného primeéru spocitdna jejich primérnd velikost, a navic byla

spoctena i polydisperzita (Pd) jednotlivych koloidnich systémt podle rovnice 1,
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Obrazek 15: Distribuce nanocastic stiibra ptipravenych redukci nanocastic AgBr
Vv ptitomnosti polymertit PEG, PVP, PVA a HEC pofizend prostiednictvim dynamického
rozptylu svétla (DLS).
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Obrazek 16: Snimky a velikostni distribuce nanocéstic stiibra ptipravenych redukci

nanocastic AgBr v pfitomnosti polymert PEG (a), PVP (b), PVA (c) a HEC (d), pofizené
technikou transmisni elektronové mikroskopie (TEM).

Rovnice 1:

kde s reprezentuje vybérovou smérodatnou odchylku a d zna¢i primérnou velikost &astic.

Vybérova smérodatna odchylka byla vypocitana dle rovnice 2,

Rovnice 2:

1
S = mz hi(di - &)2
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kde N je celkovy pocet Castic, hi reprezentuje Cetnost i-té tfidy a di je primérna velikost

Gastic v i-té tfids.

Polydisperzita ziskana prostfednictvim obrazové analyzy odpovidala polydisperzité
naméfené dynamickym rozptylem svétla. V piipadé PVA navic TEM snimky spole¢né
s vysokou hodnotou polydisperzity (0,537) potvrdily ptedpoklad vychazejici z UV-Vis
spekter a to, ze se v systému nachdzely jak vétsi Castice pres 20 nm, tak i velmi malé

castice o velikosti pod 10 nm.

V ramci redukce Castic bromidu stfibrného na nanocastice stfibra bylo pozorovéno, ze
redukce probihala V pfitomnosti riznych polymeri rizné dlouho. Pomoci UV-Vis
spektrometrie byla proto pro kazdy systém pofizena spektra monitorujici prub¢h redukce a
byl vyhodnocen rast absorpéniho maxima reprezentujiciho pravé nanocastice stiibra
(obrazek 17). Kinetickd méfeni jasné ukazala, ze se v zavislosti na pouzitém polymeru
meéni rychlost reakce a ze lze na zakladé této rychlosti opét rozdélit polymery do dvou
skupin. V piipad¢ PEG a HEC probihala redukce rychleji, zatimco v piipadé pouziti PVP a
PVA probihala redukce znatelné pomaleji. Jak je patrné, tyto dvé skupiny odpovidaly
jednak rozdéleni polymert podle velikosti vznikajicich nanocastic stéibra (tabulka 2) a
jednak sile interakce polymeru s ionty Ag* diskutované vyse. Je ziejmé, Ze je mezi témito
vlastnostmi piimé propojeni. Protoze PVP a PVA vykazuji ke stiibru vyssi afinitu, dochazi
Kk blokovani povrchu ¢astic bromidu stéibrného, a tedy i ke zpomalovani procesu redukce.
Na zablokovaném povrchu ¢astice bromidu stéibrného tak mize k redukci dochazen jen na
jeho omezené Casti, coz vede ke vzniku mensiho poctu vétsich nanocastic stiibra. Oproti
tomu PEG a HEC, které se popsanou afinitou nevyznacuji, neblokuji takovym zplisobem
povrch ¢astic AgBr a tedy k redukci dochazi na vice mistech, ¢imz vznika vétsi pocet

malych nano¢éstic sttibra.

Popsany vliv polymeri na redukci Castic bromidu stfibrného byl potvrzen provedenim
elektrochemické redukce iont Ag" za ptitomnosti danych polymeri. Elektrochemicka
studie byla provedena technikou cyklické voltametrie na platinové elektrod¢ pti rychlosti
polarizace elektrody 0,1 V-s. Ukazalo se, Ze vSechny testované polymery s vyjimkou
HEC negativné ovliviiovaly elektrochemickou redukci Ag*, coz bylo v porovnani s redukci

iontd Ag" bez piidavku polymeru reflektovano snizenim redukéniho proudu a posunem
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Obrazek 17: Vyvoj absorpéniho maxima v prubéhu redukce disperzi Castic bromidu
sttibrného pfipravenych v pfitomnosti polymeri PEG, PVP, PVA a HEC na nanocéstice
stiibra.

katodického piku k zaporngjsim hodnotam (obrazek 18). Tento efekt je obvykle spojen
pravé se vznikem komplexi, tedy komplexu Ag* s konkrétnim polymerem. U HEC byl
navic pfi procesu elektrochemické premény Ag*/Ag pozorovan i specificky (katalyticky)

efekt. HEC v tomto piipadé vystupovala jako slabé redukéni ¢inidlo, coz zpusobovalo
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Obrazek 18: Cyklicky voltamogram stfibrnych iontti v pfitomnosti polymerii PEG, PVP,
PVA a HEC pii skenovaci rychlosti 0,1 V-s™.
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Obrazek 19: Cyklicky voltamogram stiibrnych iontl v ptitomnosti polymera PEG, PVP,
PVA a HEC pii skenovaci rychlosti 1 V-s™,

vznik slozitéjsiho voltamogramu. To se projevilo pfedevsim pii rychlosti polarizace
elektrody 1 V-s* (obrazek 19). Pfi této skenovaci rychlosti byl v oblasti obraceného sméru
polarizace dobie pozorovatelny druhy redukéni pik zpusobeny elektrokatalytickym
efektem HEC. Navic byl pozorovatelny i prudky nartst anodického proudu z duvodu
oxidace HEC.

3.1.1 Antibakterialni a antifungalni aktivita nanocastic AgBr a Ag

Piipravené Castice bromidu stfibrného, spole¢né s nanocéasticemi kovového stiibra byly
nasledné otestovany pro svou antibakteridlni a antifungilni aktivitu na Ustavu
mikrobiologie LF UP. Biologicka tuCinnost pfipravenych materidld byla testovana
standardni mikrodiluéni metodou umoziujici stanoveni minimalni inhibi¢ni koncentrace
bakterialnich kmenti a kvasinek. Pro testovani byly pouzity nezifedéné a nijak neupravené
koloidy, tedy koloidy o koncentraci stfibra 108 mg-dm= pro disperze AgBr, resp.
89,6 mg-dm= pro disperze kovového stiibra. Ty byly na mikrotitraéni desti¢ce fedény
kultiva¢nim médiem geometrickou fadou 2x az 128x. Navic byly jako slepé vzorky
otestovany roztoky vSech polymerti o pfisluSnych koncentracich, aby byla vyloucena
biologicka aktivita jich samotnych. Jako kultivaéni médium byl pouzit agar Miiller-Hinton

(Difco Becton Dickinson). Biologick4 aktivita byla testovana jak na referencnich kmenech
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bakterii: Enterococcus faecalis CCM 4224, Staphylococcus aureus CCM 3953,
Escherichia coli CCM 3954, Pseudomonas aeruginosa CCM 3955 (znadeno dle Ceské
sbirky mikroorganismi), tak na kmenech izolovanych z krve pacienti hospitalizovanych
ve Fakultni nemocnici Olomouc (FNOL): Pseudomonas Aeruginosa, Staphylococcus
epidermidis, Staphylococcus aureus (MRSA), Enterococcus faecium (VRE), Klebsiella
pneumoniae (ESBL) Candida albicans 1, Candida albicans Il, Candida tropicalis a
Candida parapsilosis. Kultivaéni médium bylo naockovano pfisluSnou bakterii ¢i
kvasinkou o koncentraci 10°-10%° CFU-cm™. Po 24 hodinach inkubace pii 37 °C byla
vyhodnocena MIC jako nejnizsi koncentrace stiibra, pfi niz dochdzelo k viditelné inhibici

mikroorganismu.

Antibakterialni a antifungalni aktivita pfipravenych koloidnich disperzi AgBr a Ag byla
testovana na 9 kmenech bakterii a 4 kmenech kvasinek. Primérné vysledky
ze 3 nezavislych méfeni jsou uvedeny v tabulce 3. Vsechny hodnoty byly piepocitany na
celkovou koncentraci stiéibra v danych vzorcich. Ziskané hodnoty MIC pohybujici se
v rozmezi hodnot 0,8 a 20,2 mg-dm? ukazaly, Ze oba materidly, jak AgBr, tak Ag,
vykazovaly vysokou biologickou aktivitu srovnatelnou s jinymi publikovanymi

156,237

vysledky . Navic se vSechny nalezené hodnoty MIC nachazely pod hodnotami

cytotoxicity materialti obsahujicich stiibro uvadénymi v literature?3,

Ackoliv se na prvni pohled zdaji hodnoty MIC podobné, bylo mezi nimi mozno nalézt
zajimavé trendy pozorovatelné u obou pouzitych koloidi. Castice AgBr byly zjevné
mnohem aktivnéjsi v pfipadé kmenti Pseudomonas aeruginosa CCM 3955, Pseudomonas
aeruginosa (divoky kmen izolovany ve FNOL) a Klebsiella pneumoniae (ESBL — divoky
kmen izolovany ve FNOL). Na druhou stranu koloidni disperze Ag vykazovaly vyssi
aktivitu oproti obéma druhiim kmenu Staphylococcus aureus. Navic 1ze jesté zajimavéjsi
rozdil pozorovat v pifipad¢ antibakteridlnich aktivit castic modifikovanych riznymi
polymery. Suverénné nejlepsi biologickou aktivitu vykazovaly nanocéstice stiibra
modifikované HEC. Konkrétné v 7 ze 13 testovanych kmenli vykazovaly dané nanocastice
vykazovala ve vSech pfipadech vyssi aktivitu neZ iontové stiibro, které¢ bylo testovano jako
referencni vzorek. S ptihlédnutim k aktivité iontového stiibra bylo mozné dle biologickych

aktivit rozd€lit nametené vzorky studovanych kombinaci kovovych nanocastic s polymery
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Tabulka 3: Minimélni inhibiéni koncentrace (mg-dm?) ¢astic bromidu stiibrného,
nanocastic stfibra a stfibrnych iontd.

PEG PVP PVA HEC X
AgBr Ag® AgBr Ag® AgBr Ag° AgBr Ag® Ag'
Enterococcus faecalis CCM 4224 (+) 13,5 51 135 20,2 135 20,2 13,5 51 135
Staphylococcus aureus CCM 3953 (+) 13,5 51 135 10,1 135 51 13,5 25 135
Escherichia coli CCM 3954 (-) 34 51 6,7 51 6,7 51 6,7 2,5 34
Pseudomonas aeruginosa CCM 3955 (-) 0,8 2,8 0,8 2,5 0,8 2,5 0,8 2,5 3.4
Pseudomonas aeruginosa (-) 0,8 2,5 0,8 2,5 1,7 2,5 1,7 2,5 34
Staphylococcus epidermidis (+) 1,7 2,5 34 2,5 34 2,5 34 1,3 6,7
Staphylococcus aureus (MRSA) (+) 13,5 51 135 101 13,5 51 13,5 25 135
Enterococcus faecium (VRE) (+) 13,5 51 6,7 10,1 6,7 51 6,7 51 135
Klebsiella pneumoniae (ESBL) (-) 3,4 51 3,4 51 3,4 2,5 34 51 3.4
antifungalni efekt
Candida albicans I 1,7 2,5 1,7 2,5 1,7 2,5 1,7 1,3 1,7
Candida albicans 11 1,7 1,3 34 2,5 1,7 2,5 1,7 2,5 34
Candida tropicalis 3.4 2,5 1,7 2,5 1,7 1,3 1,7 1,3 1,7
Candida parapsilosis 1,7 2,5 1,7 2,5 1,7 2,5 1,7 1,3 1,7

do dvou skupin. Zatimco u valné vétSiny piipadi bylo mozno pozorovat vyssi
antibakterialni aktivitu pro kovové nanocCastice nez pro iontové stfibro, v piipadé
antifungalni aktivity vici testovanym kvasinkdm poskytovaly kovové Castice a iontové
stiibro srovnatelné hodnoty. Tento rozdil byl bezesporu spojen s rozdilnym zpisobem
interakce pouzitych materialti s testovanymi mikroorganismy. V piipadé bakterii, tedy
prokaryotickych mikroorganismi, se jako efektivnéjsi zptisob antimikrobidlniho ptisobeni
jevi destrukce bunééné stény piisobenim castic AgBr a Ag, neZ penetrace iontového stiibra
bunécnou sténou a naslednd degradace bioaktivnich molekul buniky. Tento fenomén
popsaly téz dalsi védecké tymy, které k jeho pozorovani pouzily transmisni elektronovou
mikroskopii?*®*2*!, Na druhou stranu, v p¥ipadé testovani aktivity vii¢i kvasinkam, jez patii
mezi eukaryotni mikroorganismy, se jevi oba mechanismy, tedy penetrace bunécéné stény a

jeji destrukce, prakticky stejné ucinné.

Detailngj$i pohled na ziskané vysledky také ukazal, ze nanocastice kovového stiibra
vykazovaly nejvyssi antibakteridlni aktivitu vic¢i  Gram-pozitivnim  bakteriim
(Staphylococcus a Enterococcus). V tomto ptipadé reaguji nanocastice stiibra se silnou

9

vrstvou peptidoglykanu a rozrusuji bunéénou sténu?°, zatimco tato vrstva zabraiuje
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Tabulka 4: Koncentrace (mg-dm™) iontového st¥ibra v koloidnich disperzich bromidu
sttibrného a stiibra pfipravenych v ptitomnosti polymera PEG, PVP, PVA a HEC.

PEG PVP PVA HEC
AgBr  493-10° 2,75:10° 4,06-10°  7,28:10°
Ag 7,30-10°%  1,42-10%  1,31-10° 2,65-10°

penetraci iontového stiibra (pochazejiciho z obou — rozpustné i nerozpustné soli), a tim
nedochazi k tak devastujicim ucinkiim. Popsany mechanismus potvrdily pravé znatelné
niz$i hodnoty MIC pro kovové nanocastice v porovnani s iontovym stiibrem i s ¢asticemi
AgBr pro vétsinu Gram-pozitivnich bakterialnich kmenii. Na druhou stranu v ptipadé
Gram-negativnich bakterii neni interakce nanocastic kovového stfibra s vné&jsi
liposacharidovou vrstvou Vv porovnani s penetraci stény iontovym stiibrem zdaleka tak
efektivni, resp. tenkd bunécnd sténa Gram-negativnich bakterii nepfedstavuje pro ionty
stiibra takovou bariéru jako mnohem silngj$i sténa Gram-pozitivnich bakterii, a ty tedy
mohou pronikat do buiiky, kde dochdzi k degradaci bioaktivnich molekul?*?. Bylo
predpokladano, ze bromid stiibrny z ¢asti uvolnuje iontové stiibro, které se mize podilet
na jeho biologickych vlastnostech. K ovéfeni tohoto piedpokladu bylo pomoci ISE
elektrody zméfeno uvoliiovani stéibra z bromidu st¥ibrného (tabulka 4). Naméfené hodnoty
se Vpiipadé AgBr pohybovaly okolo hodnoty 5-10° mg-dm=, zatimco v piipadé
nanocastic Ag se hodnota koncentrace volného iontového stiibra pohybovala okolo

1-10° mg-dm3, tedy 5x nizsi.

Ztoho diavodu ma v pfipadé pouziti bromidu stiibrného mnohem vétsi vliv na
antibakterialni aktivitu i volné iontové stiibro neZ v piipadé pouZiti nanocastic kovového
sttibra. V disledku toho vykazovaly vSechny Gram-negativni bakteridlni kmeny spole¢né
s testovanymi kmeny kvasinek (jejichz cytoplasmatickd membrana ma podobnou lipidovou
strukturu jako vné&j8i ¢ast bunécné stény Gram-negativnich bakterii) vyssi sensitivitu vuci
bromidu stfibrnému. MIC bromidu stéibrného pro Gram-negativni kmeny bakterii a kmeny
testovanych kvasinek navic nabyvaly velmi podobnych hodnot, coZ naznacuje, Ze byly pro
danou studii rozdily ve stavbé vné&jsi ¢asti bunécné membrany (existence membranovych

proteint v ptipadé¢ Gram-negativnich bakterii) zcela zanedbatelné.
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3.2 Priprava nanodastic stiibra v pritomnosti dalSich modifikatori

Kromé polymernich latek popsanych v kapitole 3.1 bylo testovano i pouziti dalSich
modifikatord. Danou problematikou se zabyvala studie Suchomel P. et al. Nanocon 2013,
5th international conference, 2014?43, Konkrétné byly pouzity povrchové aktivni latky
SDS - dodecylsiran sodny (Lachema, p.a.) a Tween 80 — polyoxyetylensorbitan-
monooleat (Sigma-Aldrich, p.a.) a dva pfirodni polymery - Zelatina (Penta, p.a.) a kasein
(Lachema, p.a.). Nanocastice stiibra byly stejné¢ jako v kapitole 3.1 piipraveny
dvoukrokovou syntézou, kdy byly v prvnim kroku ptipraveny disperze bromidu sttibrného
modifikovaného vySe zminénymi latkami, které byly nasledné ve druhém kroku
zredukovany na nanocastice kovového stiibra. Pti pfipravé byla na magnetickou michacku
umisténa kadinka s 5 ml roztoku dusi¢nanu stfibrného o koncentraci 5 mmol-dm=, ktery
byl nasledné ziedén 5 ml destilované vody. Do roztoku byla za intenzivniho michani vlita
smés 5 ml KBr o koncentraci 10 mmol-dm™ spole¢né s 10 ml roztoku SDS & Tween 80 o

koncentraci 1,25 mmol-dm™

, nebo 0,25% (w/w) roztoku kaseinu ¢i Zelatiny. Vysledné
koncentrace reakénich slozek v systému tedy byly 1 mmol-dm™ pro dusi¢nan stiibrny,
resp. ionty st¥ibra, 2 mmol-dm™ pro bromid draselny 0,5 mmol-dm™ pro SDS a Tween 80
a 0,1 % (w/w) pro jednotlivé polymery. Po péti minutach intenzivniho michani, kdy jiz
byla ukon¢ena tvorba nanocastic bromidu stiibrného, bylo do disperze ptidano 5 ml Cerstvé
pfipraveného roztoku tetrahydridoboritanu sodného o koncentraci 60 mmol-dm=, ¢imz
byly castice bromidu stfibrného zredukovany na nanocéstice kovového stiibra. Proces
redukce byl ukoncen po nasledujicich 30 minutach michani, kdy uz nedochazelo k vizudlni
zmené barvy piipravenych disperzi. Po ptipravé disperzi nanoc¢astic sttibra byly odebrany
vzorky na okamzitou charakterizaci prostfednictvim UV-Vis spektrometrie (obrazek 20),
pro jejiz ucely byly z divodu vysoké absorpce vzorky desetindsobné zifedény destilovanou
vodou. Existence absorpéniho piku okolo vinové délky 400 nm potvrdila piitomnost
stiibrnych nano¢astic. Dle znamé zavislosti polohy absorpéniho maxima na vinové délce?®
bylo moZno usuzovat, ze se nejmensi Castice nachazely v disperzi modifikované SDS,
velikost nasledné rostla pfes disperze modifikované Tween 80, Zelatinou aZ po kasein.
Kromé rozdilné velikosti bylo téZ mozné na zakladé potfizenych UV-Vis spekter usuzovat
na rozdily v polydisperzité. Pfedev§im v pfipad¢ kaseinu bylo ze zna¢né Sitky piku ziejmé,
ze byla koloidni disperze podstatné polydisperzngjsi nez v pfipadé¢ ostatnich

3 modifikatord.
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Obrazek 20: UV-Vis spektra 10x zfedénych disperzi nanocastic stiibra piipravenych
redukei nanocastic AgBr v pfitomnosti modifikatortt SDS, Tween 80, Zelatiny a kaseinu.
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Obrazek 21: Snimky a velikostni distribuce nanocastic stiibra pripravenych redukci
nanocastic AgBr v pfitomnosti SDS (a), Tween 80 (b), Zelatiny (c) a kaseinu (d), pofizené
technikou transmisni elektronové mikroskopie (TEM).
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Tabulka 5: Velikost a polydisperzita nanocastic stiéibra pfipravenych redukci nanoc¢astic
AgBr v pritomnosti SDS, Tween, zelatiny a kaseinu, vypoctend ze snimkl pofizenych
transmisni elektronovou mikroskopii (TEM).

polymer velikost (nm) / polydisperzita
SDS 810,346
Tween 80 9/0,229
Zelatina 10/0,344
kasein 20/ 0,607

U vSech koloidnich disperzi byla nasledné¢ provedena piima charakterizace velikosti
nanocastic stiibra transmisni elektronovou mikroskopii (oObrazek 21), z niz byla navic
provedena obrazova analyza (tabulka 5) a vypoétena polydisperzita dle rovnice 1 uvedené
v kapitole 3.1. Vysledky potvrdily pfedpoklad z UV-Vis spektroskopie a ukazaly, ze lze
touto metodou pfipravit nanoc¢astice v rozmezi 8-20 nm. Také potvrdily piedpoklad, ze v
ptipadé kaseinu dochézi v porovnani s ostatnimi modifikatory ke vzniku vyrazné

polydisperznéjsiho systému.

3.2.1 Katalyticka aktivita nanocastic Ag

Pfipravené nanocéstice stfibra byly Vv ramci studia aplika¢niho potencidlu podrobeny
testovani  katalytické  aktivity na modelové reakci redukce  4-nitrofenolu
tetrahydridoboritanem sodnym v alkalickém prostfedi. Vyhoda zvolené reakce spociva
pfedevSim Vv moZnosti snadného monitoringu Ubytku 4-nitrofenolu a zaroven rostouci
koncentrace 4-aminofenolu UV-Vis spektrometrii. 4-nitrofenol je charakteristicky
absorp¢nim pikem vyskytujicim se pfi vinové délce rovné 400 nm, zatimco 4-aminofenol
je reprezentovan pikem v oblasti 300 nm. Samotny prubéh reakce je tak mozno sledovat
pravé ubytkem daného absorpéniho maxima 400 nm, tedy ubytkem koncentrace
4 nitrofenolu. Samotny kineticky experiment probihal ve standardni kiemenné kyveté, do
které byly odméfeny 2 ml 4-nitrofenolu (Lachema, p.a.) o koncentraci 1,5 mmol-dm=.
Nasledn¢ bylo ptidano 0,465 ml destilované vody a 0,035 ml koloidni disperze stiibra.
Jako slepy (srovnavaci vzorek) byl proveden experiment bez pfidavku koloidniho stfibra.
Pridavek stiibra byl tedy prirozené nahrazen destilovanou vodou. Takto pfipraveny roztok
byl promichén a nasledné do né¢j bylo pfidano 0,5 ml roztoku tetrahydridoboritanu sodného

o koncentraci 10 mmol-dm=. Vysledny roztok byl intenzivné promichan, ihned vsunut do
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UV-Vis spektrometru a bylo zapocato kinetické méfeni. Ve vSech piipadech vyznacovaly
kinetické kiivky stejné charakteristiky (pfedev$im tvar) a liSily se pouze sklonem
reprezentujicim rychlost ubytku 4-nitrofenolu z reak¢ni smési. Lze proto pro vsechny
ptipady uvést jedno typické kinetické méfeni (obrazek 22). K poklesu absorpéniho
maxima, a tedy k redukci 4-nitrofenolu, nedochézelo ihned po smichani reakéni smési
s tetrahydridoboritanem sodnym, ale ve vSech piipadech byla pozorovana tzv. indukéni
doba (induction period), ktera je obvykle pfisuzovana ¢asu potiebnému k difuzi a adsorpci
molekul 4-nitrofenolu na povrch nano¢astic stiibra®** a k restrukturalizaci povrchu

nano¢astice umoziujici jeho aktivni katalytické plisobeniZ4®246

. Primérn¢ dosahovala
indukéni doba cca 360 s, po kterych teprve doslo k prvnimu poklesu absorpéniho maxima
(Cas to). Pro ptfehlednost a zaroven pro spravny vypocet kinetickych veli¢in byla vSechna

spektra pied Casem to 0dstranéna a za pocatek reakce byl tedy povazovan prave tento Cas.

Reakce katalyzovana na povrchu nanocastic stiibra (resp. na povrchu nanocastic
uslechtilych kovli obecn€) se skladd z né€kolika zékladnich krokii. Prvnim je reakce
tetrahydridoboritanu sodného (resp. aniontu BH4") s povrchem kovové nanocastice, pii niz
dochazi k pienosu elektronti na povrch nanocastice?*’?*8, Nasleduji krok je spojen s difuzi
molekul 4-nitrofenolu a jeji adsorpci na povrch nanocastice. Elektrony pochazejici
Z hydrolyzy anionti BH4™ nasledné redukuji molekuly 4-nitrofenolu na 4-aminofenol, jenz

se ve finalnim kroku desorbuje z povrchu nanocastice a difunduje zpét do systému. Protoze
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Obrazek 22: UV-Vis spektra 4-nitrofenolu zaznamenana kazdych 60 s v pribéhu redukce
katalyzované nanoc¢asticemi stfibra pfipravenymi v pfitomnosti SDS.
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jsou procesy difuze, adsorpce a desorpce rychlé a reverzibilni, predstavuje rychlost-urcujici
krok redukce 4-nitrofenolu?*®. Zminény mechanismus lze tedy z pohledu kinetiky popsat

Langmuir-Hinshelwoodovym mechanismem heterogenni katalyzy popsanym rovnici 3,

Rovnice 3:

dC,  dCp kK, KzCsCp
v p— =

— — 2
dt dt (1 + K,Cy + KzCp)2

kde v je rychlost reakce, k reprezentuje zdanlivou rychlostni konstantu, S je povrch
katalyzatoru, K, a Kz znaci adsorp¢ni koeficienty a C, a Cp jsou koncentrace reakénich
slozek v systému. Index “A” pak patii 4-nitrofenolu, zatimco “B” znaci tetrahydridoboritan
sodny. Koncentrace 4-nitrofenolu je oproti koncentraci tetrahydridoboritanu sodného velmi

nizka, a tedy K,C4 < KzCg. Tim padem lze rovnici 3 zjednodusit na rovnici 4,

Rovnice 4:

| kKaK3CaC
(14 KzCp)?

v 2

Substituce vSech Konstant kromé C, za Ky, vede nasledné k dobfe zndmé rovnici kinetiky

prvniho fadu (rovnice 5).

Rovnice 5:

v = kapp CA

Diky tomu lze zdanlivou rychlostni konstantu redukce 4-nitrofenolu jednoduse ziskat jako
funkci zmény absorbance pii vinové délce 400 nm v ¢ase'®. Konkrétné byla zdanliva
rychlostni konstanta jednotlivych katalyzovanych reakci ziskana dle Wundera et al. ze

smérnice linearni zavislosti In (4/A4,) na ¢ase?*, tedy In (4/4y) = —kgp,t (Obrazek 23).

app

Z obrazku je patrné, ze ve slepém vzorku, tedy systému bez nanocastic stiibra k redukci
nedochéazelo v ramci reakéni doby mensi nez 3000 s, zatimco v pfitomnosti nanocastic
stiibra redukce Usp&€$né probihala a jeji vysledna rychlost byla, jak je ziejmé, zavisla na
velikosti pouzitych nanocastic stfibra. Zdanliva rychlostni konstanta (a tedy rychlost

reakce) tak rostla od hodnoty 0,0004 s pro systém obsahujici nanoéastice stiibra
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Obrazek 23: Kinetické kiivky redukce 4-nitrofenolu katalyzované nanocasticemi stiibra
pfipravenymi redukci nanoc¢éastic AgBr v ptitomnosti SDS (a), Tween 80 (b), Zelatiny (c)
a kaseinu (d) a kfivka reprezentujici nekatalyzovany systém (e).

modifikované kaseinem, pies 0,0011 s pro nanodastice modifikované Zelatinou a
0,0023 s pro nanocastice pfipravené v pfitomnosti Tween 80 az po hodnotu 0,003 s*
patfici systému katalyzovanému nejmensimi z pouzitych nanocastic, tedy nanocasticemi
stfibra modifikovanymi dodecylsiranem sodnym (SDS). Jak je patrné z rovnice 4, reakéni
rychlost zavisi kvadraticky na celkovém povrchu katalyzatoru. Proto byla vynesena
zavislost zdanlivé rychlostni konstanty na celkovém povrchu nanocéstic v systému
(obrazek 24), ktera potvrdila, Ze zdanliva rychlostni konstanta rostla kvadraticky vzhledem
k celkovému povrchu a tedy ze katalyzovana reakce probihala mechanismem
Langmuir-Hinshelwoodovym. Se zmensujicim se primérem nanocastic tedy rostl jejich
povrch, coz se odrazilo ve zvySujici se rychlosti reakce (hodnoté zdéanlivé rychlostni
konstanty). V piipadé pouzitych modifikatori se velikost pfipravenych nanocastic stiibra
pohybovala v rozmezi 8-20 nm, coz jsou velikosti, kdy je podle literatury dodrzena
jednoznacna zavislost katalytické aktivity na celkovém povrchu katalyzatoru
(pti zachovani konstantni koncentrace stfibra v systému). Tato zavislost nebyla narusSena
ani pouzitymi stabilizatory. Lze tedy ptedpokladat, ze tyto nejsou schopny efektivné
blokovat povrch proti piistupu malych molekul (jako je 4-nitrofenol), a branit tak jejich
katalytické aktivité pfi redoxnich reakcich s takovymi molekulami. Jedna se o dilezité

zjisténi z pohledu skuteCnosti, ze pouzité stabilizatory vyrazné zvySuji agregatni stabilitu
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Obrazek 24: Zavislost reakénich rychlosti redukce 4-nitrofenolu tetrahydridoboritanem
sodnym na velikosti celkového povrchu nanocastic stiibra pfipravenych redukci nanoc¢astic
AgBr v ptitomnosti SDS (a), Tween 80 (b), Zelatiny (c) a kaseinu (d).

nanocastic stfibra, a mohou tak udrzet i jejich vysokou katalytickou aktivitu v prostiedich,
které mohou u nestabilizovanych ¢astic vyvolat jejich agregaci a tedy i vyrazné snizeni

katalytické aktivity.

3.3 Sonochemicka priprava vrstev nanocastic stfibra

Ptipravou vrstev nanocastic stiibra na sklenéném substratu se zabyvala studie Suchomel P.
et al. Ultrasonics Sonochemistry, 2016. Vrstvy nanocastic stfibra na sklenénych krycich
sklickach (Menzel-Glaser, 18x18 mm), byly pfipravovany redukci dusi¢nanu stfibrného,
resp. diaminstiibrného komplexu, slabymi redukénimi Cinidly, za soucasného pusobeni
vykonného ultrazvuku — sonikatoru (Q700, QSonica LLC, USA). V ramci provedené
studie bylo testovano n¢kolik modifikaci vedoucich k ovlivnéni struktury a kvality
vyslednych vrstev. V zavislosti na materidlu pouzité redukéni nadoby, jiZz pfedstavovala
50ml kadinka ze skla nebo polypropylenu, byly testovany 2 koncentrace reakénich slozek.
Z ditvodu mozného ovlivnéni vyslednych vrstev byl také studovan vliv riznych redukcnich
¢inidel. Byly to konkrétn¢ polyoly - polyetylenglykol (Sigma—Aldrich, p.a.) a glycerol
(Sigma—Aldrich, p.a.), a redukujici sacharidy - maltéza (Sigma—Aldrich, p.a.), glukéza
(Sigma—Aldrich, p.a.) a laktéza (Sigma—Aldrich, p.a.). V prvnich testech byl navic do

48



systému piidan polymer polyvinylpyrrolidon (PVP, Mr = 40 000, Sigma—Aldrich, p.a.),

ktery se v jinych studiich osvéd¢il jako vhodny modifikator a stabilizator®.

Pted samotnou depozici byla sklenéna sklicka dikladné umyta saponitem a nasledné
oplachnuta destilovanou vodou. OsSetfena sklicka byla pomoci draténé konstrukce
vertikaln¢ zavéSena do kadinky (obrazek 25), do niz bylo ptfidano 5 ml, ptfipadné¢ 1 ml
roztoku dusi¢nanu stiibrného o koncentraci 0,25 mol-dm™. Roztok dusi¢nanu stiibrného
byl zfedén odpovidajicim mnozstvim vody (tak, aby byl vysledny objem po ptidavku
vSech reakénich komponent pifi zanedbani objemové odchylky 25 ml). Nasledné bylo
pfidano 2,5 ml, nebo 1 ml redukéniho ¢inidla v piipadé PEG a glycerolu, nebo roztoku
redukujiciho sacharidu o koncentraci 0,25 mol-dm™®. Po smichani vySe zmin&nych
komponent byl doprostied kadinky zasunut sonikaéni hrot takovym zpisobem, aby byl
ponofen cca 1 cm do roztoku. Na pfistroji QSonica byla nastavena amplituda na hodnotu
30 % a byla zahdjena sonikace. Né&kolik malo sekund po zahdjeni samotné sonikace, kdy
doslo k dokonalému promichani roztoku, bylo do systému nastfiknuto 1,5 ml, ptipadné
0,3 ml roztoku hydroxidu amonného (1:9). V pfipadé testd s pridavkem PVP bylo do
systému pred sonikaci pfidano 0,5 ml roztoku PVP o koncentraci 0,375 mmol-dm™.
Ptiprava nanocéstic stfibra a jejich depozice na sklenény povrch byla ukoncena po
5,5 minutach sonikace. Sklenéna kryci sklicka pokrytd vrstvou nanocastic stiibra byla

vytazena z draténych drzaki, omyta destilovanou vodou a osusena proudem vzduchu.

V prvni fazi byly studovany moznosti piipravy vrstev ve sklenéné kadince, kde byly jako
reduk¢ni Cinidla pouzity etylenglykol (Sigma—Aldrich, p.a.) a glycerol (Sigma—Aldrich,
p.a.). Navic byla v pfipadé pouziti etylenglykolu studovana moznost stabilizace a
modifikace vrstev nanocastic stiibra pomoci PVP. Pii testech provadénych ve sklenéné
reak¢ni nadobé bylo, na zdklad¢ predchozich experimentl, redukovano 5 ml dusi¢nanu
stiibrného pomoci 2,5 ml redukéniho ¢inidla za pfidavku 1,5 ml roztoku amoniaku
(Sigma—Aldrich, 28-30 %). Piidavek destilované vody do reakéni smési tedy Cinil 16 ml,
resp. 15,5 ml v ptipadé¢ testovani pfidavku PVP. Jako prvni systém byla zvolena redukce
dusi¢nanu sttibrného etylenglykolem praveé v ptitomnosti PVP. Existenci nanocastic stiibra
naznaCovala ihned po piipravé nazlatla barva deponovanych skli¢ek (Obrazek 26a).
Relevantné ovéfena pak byla pomoci UV-Vis spektrometrie, kde byl nalezen pik v oblasti
okolo 400 nm, ktery je pravé pro nanocastice stfibra typicky (obrazek 26a). UV-Vis

spektra byla navic pofizena u kazdého sklicka na 4 rGznych mistech tak, aby byla ovéfena
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Obrazek 25: ZavésSeni sklicka v kadince pro sonochemickou piipravu nanoc¢asticovych
vrstev stiibra.

homogenita jednotlivych pfipravenych vrstev. Barevné body na jednotlivych fotografiich
koresponduji s barvami jednotlivych spekter a ptedstavuji ptiblizné misto jejich pofizeni.
Struktura vzniklych vrstev byla nasledné zobrazena technikou skenovaci elektronové
mikroskopie (SEM, SU6600, Hitachi, Japan) a odhalila pfitomnost nanocastic stfibra o
primérné velikosti okolo 100 nm. Pfitomnost PVP (stejn¢ jako jinych modifikatort) vSak
muze negativné ovliviiovat praktickou pouzitelnost pfipravenych vrstev, které mohou byt
timto modifikatorem (v ptfipadé PVP polymerem) pasivovany, nebo mohou, pfi pouziti
Vv povrchem zesilené Ramanové spektroskopii (SERS) zptisobovat vznik redundantnich

signalt, coz se i v ramci testl projevilo (Obrazek 28a).

Z toho divodu byly provedeny experimenty, pii kterych byl pfidavek PVP vynechan.
VSechny ostatni parametry a koncentrace pak ziistaly na stejnych hodnotach. Po vynechani
PVP doslo k ptipravé velmi podobnych vrstev (jako v ptipade pouziti PVP) sestavenych
z mirné menS$ich nanoCastic s primérnou velikosti okolo 80 nm (Obrazek 26b). Dobra
homogenita pfipravenych vrstev je pak patrna jak z pofizenych UV-Vis spekter, tak ze
samotnych TEM snimki. PouZiti etylenglykolu by vSak v praxi nemuselo byt zcela vhodné
z diivodu jeho v literatufe popsané chronické toxicity a teratogenity?®®?!, Zbytky
etylenglykolu navic v pfipravenych vrstvach stiibra, stejné jako PVP, ovliviiuji SERS
méfeni a zpusobuji vznik nadbyteénych signalt. Z vySe zminénych divoda byl jako
alternativni redukéni Cinidlo vybran pro zivotni prostfedi nezavadny glycerol, ktery je

navic b&zné pouzivan v medicing ¢&i farmacii®®?. Jak je vidét na obrazku 26¢c, pouziti
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Obrazek 26: UV-Vis spektra, digitalni fotografie a SEM snimky vrstev nanocastic stiibra
ptipravenych ve sklenéné kadince, redukovanych etylenglykolem v pfitomnosti PVP (a),
etylenglykolem bez ptitomnosti PVP (b) a glycerolem bez ptfitomnosti PVP (c) a v
polypropylenové kadince, redukovanych etylenglykolem (d) a glycerolem (e). Barevné
teCky na digitalnich fotografiich zobrazuji pfiblizné misto pofizeni UV-Vis spektra, se
kterymi barevné koresponduji.
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glycerolu téz umoznuje pfipravu stiibrnych vrstev. Ddle se ukazalo, ze je pii pouziti
glycerolu mozno dosahnout mnohem vys$$i vytéznosti depozice Céstic na sklenéném
povrchu. Toto pozorovani bylo ovéfeno také uzitim atomové absorpcéni spektrometrie
(AAS, ContrAA 300, Analytic Jena AG, Germany). Zatimco v piipadé pouziti
etylenglykolu s ptidavkem PVP odpovidalo mnozstvi deponovaného stiibra na jednom
sklicku hodnoté 0,75 mg a bez pouziti PVP hodnoté 0,86 mg, v ptipad¢ pouziti glycerolu
se zvysilo mnozstvi deponovaného stiibra na jednom skli¢ku az na 12 mg (tabulka 6).
Popsana mnohem efektivnéjsi depozice vSak znemozZiuje prosviceni vrstvy UV-Vis
spektrometrem, a proto nebylo touto technikou mozno ovéfit existenci nanocastic stiibra.
Nanocasticova povaha vrstvy byla tedy opét ovéfena technikou skenovaci elektronové
mikroskopie, ktera ukazala, Ze jsou vrstvy pomérné polydisperzni a nachazeji se v

nich castice o velikosti v rozmezi 100-400 nm (obrazek 26c¢).

Vsechny tii popsané postupy piipravy vrstev nanocastic stiibra se vSak vyznacuji vyraznou
spotfebou dusi¢nanu stfibrného, zatimco je jeho pouze velmi mala ¢ast transformovana do
vrstev nanocastic. Jednim z diivodd je vyznamné usazovani stiibra béhem sonikace na
sténach sklenéné kadinky. Proto bylo pro zvyseni u¢innosti depozice nanocastic stiibra na
kryci sklicko pfistoupeno ke zméné reakéni nddoby a sklenéna kadinka byla nahrazena
kadinkou z polypropylenu. Vyména materidlu kadinky umoznila pétinasobné snizeni
pfidavku dusi¢nanu stiibrného, doSlo tedy ke snizeni findlni koncentrace dusi¢nanu

stiibrného z 0,05 mol-dm™ na 0,01 mol-dm™. Spoleéné s piidavkem dusiénanu stéibrného

Tabulka 6: Mnozstvi stiibra deponovaného v jednotlivych vrstvach stanovené technikou
atomové absorp¢ni spektrometrie.

reduk¢ni €inidlo / modifikator / nadoba mnoZstyi stribra {i€innost depozice
(mg) (%)
etylenglykol /PVP / sklenéna kadinka 0,75 0,56
etylenglykol / x / sklenéna kadinka 0,86 0,64
glycerol / x / sklenéna kadinka 12,0 8,92
etylenglykol / x / polypropylenova kadinka 0,87 3,23
glycerol / x / polypropylenova kadinka 5,61 20,86
maltoza / x / polypropylenova kadinky 1,01 3,75
laktoza / % / polypropylenova kadinka 1,29 4,81
glukéza / x / polypropylenova kadinka 3,67 13,66
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byl snizen i ptidavek etylenglykolu, nebo glycerolu z 2,5 ml na 1 ml a mnozstvi amoniaku
(1:9) bylo zredukovano na 0,3 ml. Po ptipravé byla sklicka s deponovanou vrstvou stiibra
op¢ét podrobena charakterizaci s vyuzitim UV-Vis a SEM. Jiz pohledem na fotografie
(obrazek 26¢) je ziejmé, Ze zména reak¢éni nadoby pii snizené koncentraci reak¢nich latek
umoziuje tvorbu vrstev stfibra s podobnu kvalitou, jaké bylo dosazeno v piedchozich
pokusech. V piipadé pouziti etylenglykolu byla vrstva dostate¢né transmisni, takze bylo
mozno poridit UV-Vis spektra, ktera diky piku v oblasti okolo 400 nm prokazala existenci
nanocasticové povahy stfibra. Ta byla nasledné¢ potvrzena skenovaci elektronovou
mikroskopii, jez odhalila vrstvu sloZzenou z ¢astic o pramérné velikosti 100 nm. V ptipadé
pouziti glycerolu jako redukcni latky doslo k tvorbé podstatné mohutnéjsich vrstev, které
jiz nebylo mozné UV-Vis spektroskopii charakterizovat. Vyssi t€innost depozice byla opét
potvrzena i atomovou absorp¢ni spektroskopii, ktera ukazala, Ze mnozstvi sttibra tvoficiho
vrstvu na podloznim sklicku dosahovalo hodnoty 5,61 g, coz odpovida cca 20 % stiibra
Vv reak¢nim systému (tabulka 6). Jedna se tedy z pohledu efektivity o vitbec nejefektivnéjsi
ze studovanych postupii. Také barva vzniklych vrstev piesla ze zlatavé po stfibroSedou,
coz naznacuje, ze se vrstva jiz sklddala z vétSich castic, pfipadné krystalii. To nasledné
potvrdily i snimky ze skenovaci elektronové mikroskopie (obrazek 26d), na kterych je
patrné, zZe jsou vrstvy vyskladany z dvou frakci ¢astic. Jednu tvoii ¢astice o velikosti okolo

100 nm, druha je pak reprezentovana krystaly dosahujicimi velikosti az 1 um.

Ukéazalo se tedy, ze modifikace procesu piipravy vrstev spocivajici ve zméné reakéni
nadoby spole¢né se snizenim koncentrace reakénich slozek také umoziuje ptipravu vrstev.
Zaroven dochazi k vyraznému zvySeni efektivity depozice nanocastic stfibra na povrch
kryciho sklicka. Bohuzel se ukézalo, Ze vSechny vySe popsané metody ptipravy vyZaduji
precizni praci a jsou extrémné ndchylné k okolnim vliviim, jako jsou koncentrace
reakénich komponent, teplota, kvalita destilované vody apod. Z toho diivodu bylo velmi

obtizné zarucit z hlediska fyzikalné chemickych vlastnosti dostatecnou reprodukovatelnost.

Z divodu zvysSeni reprodukovatelnosti bylo tedy nutno hledat alternativni varianty
sonochemické piipravy vrstev nanocastic stiibra. Jako moZna alternativa byla vybréna
kombinace sonochemického pfistupu s klasickym Tollensovym procesem zaloZenym na
redukci diamminstiibrného komplexu sacharidy s redukénimi vlastnostmi?®®, Pro testovani
byly vybrany tfi redukujici sacharidy: maltoza (Sigma—Aldrich, p.a.), laktoza
(Sigma-Aldrich, p.a.) a glukéza (Sigma—Aldrich, p.a.), které se li$i nejen svou strukturou,

ale predev§im svym redox potencidlem. Na zdkladé ptredchozich experimentl byl
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do plastové kadinky po zavéseni umytych krycich skli¢ek ptidan 1 ml dusi¢nanu sttibrného
o koncentraci 0,25 mol-dm™ spoleéné s22,7 ml destilované vody a 1ml roztoku
redukujiciho sacharidu o koncentraci 0,25 mol-dm™. Po zah4jeni sonikace bylo do systému
ptidano 0,3 ml roztoku amoniaku (1:9). Vysledné koncentrace byly tedy 0,01 mol-dm™ pro
dusi¢nan stiibrny, 0,01 mol-dm™ pro redukujici sacharid a 0,018 mol-dm™ pro amoniak.
Pti pouziti vSech tfech redukujicich sacharidii dochdzelo bez problému ke vzniku vrstev
Svice ¢ mén¢ vyraznym zlutym nddechem, které déavaly tuSit jejich nanocasticovou
povahu (obrazek 27). Podobné, jako pii pouziti glycerolu v pfedchozich experimentech, se
ukdzalo, ze také vznikaji pfiliS mohutné vrstvy, které neni mozné prosvitit dostupnym
UV-Vis spektrometrem, a proto bylo nutno pii charakterizaci pfistoupit rovnou ke
skenovaci elektronové mikroskopii. SEM snimky potvrdily, Ze pfi pouziti vSech vybranych
sacharidii dochézi k tvorbé vrstev poskladanych z rizné velkych nanocastic. V ptipadé
pouziti maltézy dochéazelo k tvorbé nejmensich ¢astic, a to konkrétné Castic o primérné
velikosti okolo 100 nm (obrazek 27a). V piipadé redukce laktéozou vznikaly vrstvy

poskladané z ¢astic o prumérné velikosti 150-180 nm (obrazek 27b) a v pfipadée

Obrazek 27: Digitalni fotografie a SEM snimky vrstev nanocastic stiibra pfipravenych
sonochemicky v polypropylenové kadince, redukovanych maltozou (a), laktéozou (b) a
glukézou (c).
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glukézy dochazelo Kk tvorbé a depozici ¢astic s prumérnou velikosti od 200 do 250 nm
(obrazek 27c). Vétsi Castice tvorici vrstvu v piipadé pouziti glukoézy se zaroven projevily
i v makroskopickém métitku, kdy doslo ke zmén¢ barvy ze zlatavé do stéibrosedé s lehkym
zlutym nadechem. Ukazalo se, ze pouziti redukujicich sacharidt je v porovnani s polyoly
mnohem vyhodnéjs$i, a to predevSim pro svou mnohem mens$i zavislost na okolnich

vlivech, diky niZ je mozno pfipravovat vrstvy s dostate¢nou reprodukovatelnosti.

V porovnani s metodikami zminénymi v kapitole 2.1.2 se jedna o spolehlivou metodu
piipravy velmi kvalitnich vrstev nanocastic stiibra na sklenéném povrchu. Popsana metoda
je zaroven velmi rychld a samotna tvorba nanocastic a jejich depozice na sklenény povrch
prostiednictvim kombinace sonikace a chemické redukce trva pouze jednotky minut.
V porovnani s bézné pouzivanymi technikami neni navic sonochemickd metoda,
ptredevsim pii pouziti redukujicich sacharidi, zdaleka tak nachylna na necistoty na povrchu
substratu (skla) a nevyzaduje specidlni povrchové oSetfeni Ci aktivaci, ale staci pouhé

ocisténi a odmasténi povrchu béznym saponatem.

3.3.1 Pouziti nanovrstev Ag jako SERS substrat

Vrstvy nanocastic stiibra na sklenénych krycich sklickdch ptipravené sonochemickou
cestou byly nasledné otestovany jako substraty pro povrchem zesilenou Ramanovu
spektroskopii s laserem o excitaéni vlnové délce 785 nm (iRaman Plus, BWTEK Inc.,
USA). Pii pouziti dané vinové délky je mozné zabranit vétSin€ fluorescence pozadi u
biologickych vzorkt, diky ¢emuz se s vyhodou pouziva pro jejich analyzu. Jako modelovy
analyt byl vybran adenin (Sigma-Aldrich, 99 %) o koncentraci 1-10° mol-dm™. Pro
kvantifikaci vyuZitelnosti jednotlivych vrstev byl pro kazdy vzorek vypocten tzv. faktor
povrchového zesileni Ramanova signalu (SERS enhancement factor), ktery zna¢i pomér
hodnoty Ramanova signalu roztoku adeninu o pouzité koncentraci (1-10° mol-dm™)
naneseného na studované vrstvé stiibra k hodnot¢ Ramanova signdlu adeninu o
koncentraci 0,1 mol-dm™ naneseného na &istém skle (bez pfitomnosti st¥ibra). I kdyz je pro
vyhodnoceni diilezité celé Ramanovo spektrum, 1ze pro popis u€innosti jednotlivych vrstev
provést zjednoduseni a faktor povrchového zesileni je mozno pocitat pouze
Z nejvyraznéjsiho piku reprezentujiciho adenin, ktery se nachazi v oblasti okolo 738 cm™.
Samotné méteni probihalo vzdy okamzité¢ po naneseni kapky adeninu na sttibrnou vrstvu,

coZ je dulezité pro samotné praktické vyuziti substratu.
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SERS méteni potvrdilo ocekavany jev, kdy rizné pfipravené vrstvy nanocastic stiibra
vykazuji rozdilné hodnoty zesileni Ramanova signalu. Nejlepsi vysledky (nejvétsi zesileni)
byly pozorovany na vrstvach stiibra ptipravenych redukci etylenglykolem (obrazek 28a)
a maltézou (obrazek 28f). Konkrétné tyto vrstvy vykazovaly faktor povrchového zesileni

piiblizné 5-10°. V obou ptipadech se vrstva skladala z nano&astic o velikosti okolo 100 nm.
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Obrazek 28: SERS spektra adeninu o koncentraci 1-10° mol-dm™ na vrstvach nanoéastic
stiibra, pfipravenych ve sklenéné kadince redukci etylenglykolem za pfitomnosti PVP (a),
etylenglykolem bez ptitomnosti PVP (b), glycerolem (c) a pfipravenych v polypropylenové
kadince redukci etylenglykolem (d), glycerolem (e), maltézou (f), laktézou (g), glukézou

(h), a na vrstvach nanocastic ptripravenych chemickou depozici (i).
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Vrstva pripravena za pouziti etylenglykolu byla vsak pfipravena ve sklenéné kadince, tedy
za vys$i koncentrace stfibra. Pii pouziti vrstvy ptipravené redukci etylenglykolem, ovSem
Vv plastové kadince, a tedy za nizSich koncentraci srovnatelnych s maltézovym postupem,
vSak doslo k vyraznému snizeni zesileni (obrazek 28d). Navic se ukazalo, ze v piipadé
pouziti vrstev redukovanych maltézou v oblasti 900-1250 cm™ nebyl pozorovan ve
spektru jakykoliv dodatecny pik, zatimco v pfipadé pouziti vrstev redukovanych
etylenglykolem se v oblasti 1000-1050 cm™ objevovaly piky pochézejici pravé ze zbytkl
etylenglykolu (obrazek 28b,d). Tyto rezidualni piky byly jesté v piipadé stabilizovanych
vrstev  dodatecné ovlivnény stabilizatorem polyvinylpyrrolidonem (obrazek 28a).
V ptipadé pouziti ostatnich vrstev jiz nebylo dosahovéano tak vysokych hodnot faktoru
povrchového zesileni. Bylo tedy mozno vysledovat paralelu mezi faktorem zesileni a
velikosti Castic ve vrstveé, konkrétné ucinnost jednotlivych vrstev klesala s rostouci
velikosti Castic. Nejnizs§i Géinnost byla pozorovana v pfipadé vrstev redukovanych
glukozou, které byly poskladany z ¢astic o velikosti 200-250 nm. Popsana zavislost nebyla
patrna v ptipad¢é pouZiti glycerolu jako redukéniho c¢inidla. V tomto ptipadé obsahovaly
pfipravené vrstvy castice o velikosti az 400 nm (v ptipad¢ pfipravy ve sklenéné kadince),
nebo dokonce 1000 nm (v ptipad¢ ptipravy v plastové kadince). Na druhou stranu tyto
vrstvy obsahovaly také frakci malych ¢astic o velikostech okolo 100 nm, které byly nejspis

zodpovédné za vyssi faktor zesileni, nez by byl ocekavan.

Protoze vSechny popsané vrstvy vykazovaly alespont minimalni zesileni Ramanova signalu,
mohla by vzniknout pfedstava, Ze 1ze pro ucely SERS pouzit jakoukoliv stiibrnou vrstvu.
Proto byla pro srovnani otestovana vrstva piipravena chemickou cestou, konkrétné
klasickym Tollensovym procesem (0brazek 29)?**. Tento kontrolni vzorek byl podroben

stejnému  stanoveni s negativnimi vysledky, jak je patrné z pfislusného spektra

Obrazek 29: SEM snimky vrstev stiibra pfipravenych chemickou depozici®®*.

57



(obrazek 28i). Je tedy ziejmé, Ze pro piipravu vrstev nanocastic stiibra pouzitelnych jako
SERS substraty je velmi vyhodné pouzit pravé sonochemicky pfistup. Piedev§im metoda
vyuzivajici maltdzy jako redukujici latky se ukazala byt velmi vhodnou pro svou schopnost
generovat velky faktor zesileni Ramanova signélu spolecn¢ s reprodukovatelnosti piipravy,

a Vv neposledni fadé pouzitim netoxickych latek.

3.4 Priprava zlatych nanocastic

Metodami pripravy nanocastic zlata s riznou velikosti se zabyvala zatim nepublikovana
studie. Nanocastice zlata byly ptipravovany redukci trihydratu kyseliny tetrachlorozlatité
(Merck Millipore, p.a.) maltézou (Sigma-Aldrich, p.a.), tedy sacharidem se slabymi
redukénimi ucinky. Redukce byla provadéna za standardnich laboratornich podminek.
Velikost vyslednych nanocastic zlata byla fizena pfidavkem neionické povrchové aktivni
latky Tween 80 — polyoxyetylensorbitanmonooleat (Sigma-Aldrich, p.a.) o0 rtznych
koncentracich. Pro srovnani byly pfipraveny i nanoc¢astice zlata bez pfitomnosti povrchové
aktivni latky. Konkrétné¢ bylo 5 ml roztoku trihydratu kyseliny tetrachlorozlatité o
koncentraci 5 mmol-dm® zfedéno 10 ml roztoku Tween80 o koncentraci
0,025-25 mmol-dm=3, nebo 10 ml destilované vody. Vysledna koncentrace povrchoveé
aktivni latky v disperzi tedy nabyvala hodnot 0 mmol-dm3 001 mmol-dm?,
0,1 mmol-dm=, 1 mmol-dm= a 10 mmol-dm=. Roztok byl ve 25ml kadince umistén na
magnetickou michacku, kde byl intenzivné michan. Redukce byla nésledné zapocata
ptidavkem 10 ml roztoku vzniklého smichanim 5 ml maltézy s 5 ml hydroxidu sodného,
oba o koncentraci 0,05 mol-dm=. Vznik nano¢astic zlata byl doprovazen zménou barvy ze
svétle zluté (roztok zlatitych iontd) na tmavé Cervenou nebo fialovou, V zavislosti na

koncentraci Tween 80.

30 minut po pfidavku reduk¢niho cinidla, kdy jiz byla redukce zlatitych iontdl a s tim
spojena tvorba nanocastic ukoncena, byly odebrany vzorky pro charakterizaci technikami
UV-Vis spektroskopie, dynamického rozptylu svétla a transmisni elektronové mikroskopie.
Vysledky DLS méfeni (obrazek 30) ukazaly, ze se v systému v zavislosti na koncentraci
Tween 80 nachazely nanocastice v rozmezi velikosti 10-80 nm. Konkrétné bylo ukazano,
ze se se zvySujici koncentraci Tween 80 vyznamné zmensuje velikost vznikajicich ¢astic

Zlata.
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Obrazek 30: Distribuce velikosti nanocastic zlata ptipravenych v pritomnosti Tween 80 o
rizné koncentraci a bez Tween 80 pofizend prostfednictvim dynamického rozptylu svétla

(DLS).

Zminéna zavislost velikosti vznikajicich nanocastic zlata na koncentraci Tween 80 byla

kvalitativné potvrzena potizenim UV-Vis spekter jednotlivych disperzi, které byly pro tyto

ucely 5x ziedény (obrazek 31). Absorpéni maximum spojené s existenci povrchového

plasmonu na kovovych nanocasticich se, krom¢ ptipadu nemodifikovaného systému
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Obrazek 31: UV-Vis spektra 5x ziedénych disperzi nanocastic zlata ptipravenych v
pritomnosti riznych koncentraci Tween 80.
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se zvySujici koncentraci Tween 80, znatelné posouvalo k niz§im vlnovym délkam, coz

236 Maximum nachazejici se v 538 nm pro

znaci zmenSujici se primér zlatych nanocastic
80nm nanodastice piipravené Vv pfitomnosti 0,01 mmol-dm™ Tween 80, se tak posunulo aZ
na hodnotu 515 nm pro 10nm nanocastice piipravené v piitomnosti Tween 80
o koncentraci 10 mol-dm=. Popsand zména optickych vlastnosti spojend se zménou
velikosti nanocéstic zlata se navic projevovala i zménou barvy koloidnich disperzi

(obrazek 32).

Skute¢na velikost piipravenych nanocastic zlata byla ovéfena metodou transmisni
elektronové mikroskopie (oObrazek 33). TEM snimky odhalily, ze v nemodifikovaném
systému dochazelo k agregaci ¢astic, a dokonce K jejich spojovani v nové vétsi celky, coz
ptirozené ovliviiovalo vysledky DLS méfeni a zdanlivé zvétSovalo primérnou velikost
castic v disperzi. Shlukovani ¢astic bylo mozno pozorovat 1 v piipadé disperzi
modifikovanych dvéma nejniz§imi koncentracemi Tween 80, tedy vyslednymi
koncentracemi 0,01 a 0,1 mmol-dm=. Tento fenomén byl pozorovatelny i ve vysledcich
DLS m¢éfeni, kdy se zvySujici se koncentraci Tween 80 dochazelo Kk vyraznému z(zeni
kiivky predstavujici distribuci ¢astic v systému. V piipadé nemodifikovaného systému
bylo mozno pozorovat existenci n¢kolika rizné velkych frakci nanocastic (multimodalni
rozdéleni s dominantnim zastoupenim castic menSich jak 4 nm). Diky tomu bylo také

mozno vysvétlit polohu maxima UV-Vis spektra nemodifikovaného systému, které

se nachazelo v niz8ich vinovych délkach, nez by jinak odpovidalo primérmé velikosti

Obrazek 32: Digitalni fotografie 5% zfedénych disperzi nanocastic zlata pfipravenych
v piitomnosti Tween 80 o koncentraci 10 mmol-dm?® (a), 1 mmol-dm? (b),
0,1 mmol-dm= (c), 0,01 mmol-dm™ (d) a bez piitomnosti Tween 80 (e).
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¢astic naméfené prostiednictvim DLS. Velmi malé c¢éstice nachédzejici se v systému
prirozené posouvaly polohu absorpéniho maxima ke krat§Sim vinovym délkam v porovnani
se systémy modifikovanymi dvéma nejniz§imi koncentracemi Tween 80, kter¢ zdaleka tak

malé ¢astice neobsahovaly.
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Obrazek 33: Snimky a velikostni distribuce nanocéstic zlata pfipravenych v pfitomnosti
Tween 80 o koncentraci 10 mmol-dm= (a), 1 mmol-dm? (b), 0,1 mmol-dm=3 (c),
0,01 mmol-dm (d) a bez piitomnosti Tween 80 (e).
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Na zakladé velikostni distribuce byla, stejné jako Vv kapitole 3.1, vypocétena primérna
velikost a polydisperzita. TEM snimky spolecné s obrazovou analyzou jednoznacné
potvrdily pozorovanou zavislost velikosti vznikajicich nanocastic na koncentraci Tween 80
v disperzi (tabulka 7). V pfipadé nanocastic zlata pfipravenych bez pfitomnosti Tween 80
dochazelo z duvodu multimodalniho rozdéleni K vyznamné chybé pii uréovani jedné
prumé&rné velikosti a hodnoty polydisperzity. Pro kazdou ze tfech velikostnich frakci byly
proto vypocteny samostatné charakteristiky. Kromé¢ fizeni velikosti vznikajicich nanoc¢astic
odhalily TEM snimky jesté dalsi zavislost, a to vyrazné snizeni polydisperzity se zvySujici
se koncentraci Tween 80. Ciselné se polydisperzita piipravenych koloidnich systému

s ptidavkem Tween 80 snizila z hodnoty 0,073 na 0,026 (tabulka 7).

Zavislost velikosti a polydisperzity na koncentraci Tween 80 souvisela pravdépodobné
s interakci mezi Tween 80 a zlatymi nanocasticemi, ktera pochazela piedevsim z interakce
zlata s —OH a =0 skupinami®®. Vyssi koncentrace Tween 80 umoziiovala jeho interakci
s vétSim poctem zlatych zarodecnych jader, kterd vznikaji v pritbéhu procesu redukce.
Povrch téchto zarodkl tak byl s nejvétsi pravdépodobnosti blokovan naadsorbovanymi
molekulami Tween 80, a tim doSlo ke zpomalovani jejich dalsiho rastu. Katalyticka
redukce zlatitych iontd probihajici na povrchu jiz vzniklych nanocastic byla tedy v tomto
ptipadé zpomalovana pravé piitomnosti vrstvy povrchové aktivni latky, a diky tomu se i

Vv tomto stadiu reakce mohl dale uplatnit pomalejsi homogenni mechanismus vzniku nové

Tabulka 7: Primérna velikost, jeji smérodatna odchylka a polydisperzita nanocastic zlata
pripravenych v pfitomnosti riznych koncentraci Tween 80 a polocas reakce platny pro
redukci zlatitych ionti na kovové nanocastice.

koncentrace Tween 80 Velikost smérodatna polydisperzita polodas
odchylka reakce

(mmol-dm™) (nm) (s)

10 6,2 1,00 0,026 184

1 14,1 2,93 0,043 164

0,1 20,0 4,35 0,047 152

0,01 21,8 5,91 0,073 128

0

(unimodalni rozdéleni) i 17,7 ___ e

0

(bimodélni rozdgleni) 5,1/49,4 3,481/ 3,50 0,458 /0,01 48

0

. o « 35/10,7/49,4 1,71/1,86/350 0,236/0,030/0,005 48
(trimodalni rozdéleni)
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faze, kterym vznikala nova zarode¢na centra i béhem rustu jiz existujicich. Diky tomu
dochazelo ve vysledku ke vzniku vétsiho poétu mensich nanocastic. Interakce Tween 80 se
zarodky zlatych nanocastic se mimo jiné projevila také zpomalovanim rychlosti redukce
Vv ptipad¢ zvySovani koncentrace modifikatoru, coz bylo reflektovano prodlouzenim doby
pottebné ke zméné barvy reakéniho systému spojené se vznikem vyslednych nanocastic.
Zpomaleni reakce bylo, kromé ptimého vizualniho sledovani, monitorovano sledovanim

narustu povrchového plasmonu pomoci UV-Vis spektrometrie (obrazek 34).

Jak je patrné, redukce probihala ve dvou fazich. V prvni dochéazelo redukei zlatitych ionta
k pomalému vzniku zarodeénych center, coZ se projevovalo mirnym vzrustem absorpéniho
maxima (v ptipadé nemodifikovaného systému byla tato faze téméf neznatelnd). Vznik
zarodeénych center byl v druhé fazi nasledovan rychlym vzristem absorpéniho maxima
spojenym s jejich riistem do rozméru nanocastic. Rozdil mezi rychlosti prvni a druhé faze
procesu redukce se se zvySujici koncentraci Tween 80 v systému zmenSoval, prakticky az
stiral. V pfipadé nemodifikovanych nanocastic, a castecné 1 v piipadé nanocéstic
modifikovanych nejnizsi koncentraci Tween 80 (0,01 mmol-dm™), nebyl povrch zarodka
nasycen molekulami Tween 80, a proto dochdzelo rovnou k druhé fazi, tedy k rastu zlatych
nanocastic az do jejich kone¢ného rozméru. Na druhou stranu v piipadé dvou nejvyssich

koncentraci Tween 80 byl povrch vzniklych zarodeénych center natolik nasycen

2,5 ~ —
r A =533 nm e

2,0 Apac = 541 nm d
9 15 A ¢
8
5 Ao = 535 nm
8 1,0 -
© Ama= 523 nm b

0,5 A1 Arax = 515 nm

0,0 ‘—_J T T T T

0 100 200 300 400 500

¢as (s)

Obrazek 34: Vyvoj absorpéniho maxima v prubé¢hu pfipravy nanocastic zlata
v piitomnosti Tween 80 o koncentraci 10 mmol-dm (a), 1 mmol-dm™ (b), 0,1 mmol-dm
(c), 0,01 mmol-dm™ (d) a bez p¥itomnosti Tween 80 (e).
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Obrazek 35: Polocas reakce redukce zlatitych iontli na zlaté nanocéstice v piitomnosti
ruznych koncentraci Tween 80.

molekulami Tween 80, Ze byl jejich nasledny riist velmi vyrazné zpomalen. Céste¢nému
nasyceni povrchu v pfipadé prostiedni koncentrace Tween 80 (0,1 mmol-dm=3) pak
odpovida ptechodny stav mezi dvéma vySe popsanymi situacemi. TO podporuje piedstavu
vySe zminéného mechanismu, kdy dochazelo k blokovani povrchu rostoucich zarode¢nych
center a dulezitou pozici z hlediska reakéni rychlosti zaujimal i vznik novych zarodeénych
center. Celkova rychlost redukce v pfitomnosti rtiznych koncentraci Tween 80 byla pro

prehlednost vyjadiena prostiednictvim polocasu reakce (tabulka 7, obrazek 35).

Popsany mechanismus tak vedl k opaénym vysledkim v porovnani S t€émi pozorovanymi
V pfipad€ piipravy nanocastic stiibra, kde bylo zpomaleni rychlosti redukce zptisobeno
vznikem koordina¢nich vazeb mezi pouzitymi modifikatory a stfibrnymi ionty. Tato
interakce znevyhodiovala homogenni mechanismus redukce, a tim dochazelo ke vzniku
105,229

mensiho poctu vétsich castic , c0Z je presné opacny piipad neZ pii popsané piiprave

zlatych nanocastic.
3.4.1 Katalyticka aktivita zlatych nanocastic

Katalytickd aktivita pfipravenych nanocastic zlata s rGznou velikosti byla, stejn¢ jako
Vv pfipad¢ nanocastic stiibra v kapitole 3.2.1, testovana na modelové reakci redukce

4-nitrofenolu na 4-aminofenol. Redukce byla provadéna ucinkem tetrahydridoboritanu
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sodného v alkalickém prostfedi za standardnich laboratornich podminek. Pro samotné
testovani byly do kifemenné kyvety odméfeny 2 ml roztoku 4-nitrofenolu o koncentraci
1,5 mmol-dm=. Nasledné bylo ptidano 0,47 ml destilované vody a 0,03 ml koloidni
disperze nanocastic zlata. Vznikla smés byla protiepana a kineticky experiment byl zahajen
pfidavkem 0,5 ml cCerstvé pfipraveného roztoku tetrahydridoboritanu sodného
o koncentraci 10 mmol-dm™. IThned po ptidavku byla nové vznikla disperze diikladng
protiepana, vlozena do UV-Vis spektrometru a bylo zahajeno zaznamenavani dat. Pro
vSechny zkoumané vzorky byl kineticky experiment zdavodu potvrzeni
reprodukovatelnosti 3x zopakovan. Ve vSech ptipadech vyznacovaly kinetické kiivky
stejné charakteristiky (pfedevsim tvar) a liSily se pouze sklonem reprezentujicim rychlost
ubytku 4-nitrofenolu z reakéni smési. Lze proto uvést typické kinetické méfeni

(obrazek 36) bez nutnosti vkladani spekter pro v§echny pouzité nanocastice.

Heterogenné katalyzovanym reakcim jsou obycejné popisovany dva zakladni kinetické
modely lisici se v popisu adsorpce reagujicich molekul na povrch katalyzatoru. Jedna se
0 modely Langmuir-Hinshelwoodiiv a Eley-Ridealdv. Podle Langmuir-Hinshelwoodova
modelu dochazi k reakci dvou molekul pouze v piipadé, ze jsou obé adsorbovany vedle
sebe na aktivnim mist& katalyzatoru?®. Naproti tomu v p¥ipadé popisu katalyzované reakce

podle Eley-Ridealova modelu dochazi k adsorpci pouze jedné ze dvou reagujicich

2,0

1,8
1,6
1,4
1,2 Q
1,0
0,8
0,6
0,4
0,2

absorbance

0,0 . ; ; : |
250 300 350 400 450 500

vinova délka (nm)

Obrazek 36: UV-Vis spektra 4-nitrofenolu zaznamenana kazdych 120 s v prub&hu
redukce katalyzované nanocCasticemi zlata pfipravenymi v pritomnosti Tween 80
o koncentraci 0,01 mmol-dm.
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molekul, druhd molekula k prvni pfistupuje z roztoku a K ptenosu elektronu neni

256

vyzadovana jeji adsorpce na kovovém povrchu~®. Jak je popsano v kapitole 3.2.1,

kinetickou rovnici pro reakci podle Langmuir-Hinshelwooda lIze vyjadrit jako:

Rovnice 6:

_ kKyKpCyCp

p = SDATBRAYE o
(1+ KpCp)?

Pfipadné po nahrazeni vSech konstant (v¢etné¢ koncentrace redukéni latky Cg pouzité ve

velkém nadbytku) za Kapp(L-H) je mozno upravit rovnici na kinetickou rovnici prvniho fadu:

Rovnice 7:

V= Kapp-myCa

V piipad¢ Eley-Ridealova modelu je myslenka a nésledné odvozeni velmi podobné.
Prakticky jedinym rozdilem je adsorpce pouze jednoho z reaktantt, druhy do reakce

pfistupuje piimo z roztoku. Diky tomu lze dany model popsat rovnici 8.

Rovnice 8:

 kK4CaCs
VTIT KL,

Opct lze vySe popsanou substituci docilit vyjaddieni odpovidajicimu kinetické rovnici

prvniho fadu:
Rovnice 9:

V= kapp(E—R) Ca

Je tedy zfejmé, Ze v ptipadé obou popsanych mechanismt je mozné vyhodnotit reakéni
rychlost redukce 4-nitrofenolu jako zavislost zmény absorbance pii vinové délce 400 nm
(typicky absorp¢ni pik pro 4-nitrofenol) na Case (obrazek 37). Zdanlivou rychlostni
£ 244

konstantu Ize tedy vyjadtit rovnici In (A/4y) = —kgpp

Z obrazku 37 je patrné, ze se zmenSujici se velikosti zlatych nanocéstic dochéazelo ke

zvySovani reakéni rychlosti katalyzované reakce. Situace se navic komplikovala v ptipadé
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Obrazek 37: Kinetické kiivky redukce 4-nitrofenolu katalyzované nanocasticemi zlata
pfipravenymi v piitomnosti Tween 80 o koncentraci 10 mmol-dm= (a), 1 mmol-dm (b),
0,1 mmol-dm= (c), 0,01 mmol-dm® (d) a bez piitomnosti Tween 80 (¢) a kfivka
reprezentujici nekatalyzovany systém (f).

r

pouziti velmi malych nanocastic (nanoCastice pfipravené pii dvou nejvyssich
koncentracich Tween 80), kdy dochazelo po rychlém zacatku k vyraznému zpomaleni
reakce (tabulka 8). To bylo s nejvétsi pravdépodobnosti zpisobeno nasycenim aktivniho
povrchu nanocastic produktem reakce — 4-aminofenolem, ktery se dostateéné rychle
nedesorboval. Inhibice reakce jejimi produkty pfedstavuje jednu z typickych komplikaci
heterogenni  katalyzy. V ptipadé¢ studované reakce je zplsobena vétSi afinitou
4-aminofenolu ke zlatu, nez je afinita 4-nitrofenolu. Rozdilnd mira afinity je zptisobena
riznym zplUsobem adsorpce danych molekul na zlatém povrchu. Zatimco funkéni —NH>
skupina 4-aminofenolu ptsobi jako Lewisova baze, pro zlato je svym charakterem typicka
Lewisova kyselina, a tak dochazi k silné interakci a adsorpci. Na druhou stranu planarni
4-nitrofenol interaguje s paralelné orientovanym zlatym povrchem prostfednictvim slabych
Van der Waalsovych interakci zplisobenych konjugovanym systémem delokalizovanych

n-elektron® aromatického kruhu?®’.

Zatimco v piipad€ pouziti vétSich nanocastic stiibra nenabyvala katalyticka redukce takové
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Tabulka 8: Zdanlivé rychlostni konstanty redukce 4-nitrofenolu katalyzované razné
velkymi nanocasticemi zlata.

velikost celkovy povrch Kapp
(hm) (cm?) (s
21,8 0,84 0,0044
20,0 0,92 0,0075
14,1 1,30 “0,0264 / 0,0088
6,2 2,96 “0,0475 /70,0136

“vodni ¢ast kinetické k¥ivky, “nasledujici ¢ast kinetické k¥ivky

rychlosti, jako jsou desorpéni a difusni déje spojené s produkty reakce, v piipadé velmi
malych nanocastic prevySovala rychlost reakce rychlost téchto dé&ji. Proto byly pravé
desorpce a difuze rychlost urcujicimi d¢ji, které se projevovaly po nasyceni katalytického
povrchu téchto malych ¢astic produkty reakce. Pravé z toho divodu byly pro vyhodnoceni
reakéni rychlosti katalyzované reakce na zlatych nanocésticich pouzity rychlostni
konstanty ziskané z prvnich ¢asti kiivek. Vzhledem Kk hlavnimu rozdilu mezi mechanismy
dle Langmuir-Hinshelwooda a Eley-Rideala, jimz je rozdilna zavislost reakéni rychlosti na
katalytickém povrchu, bylo mozno rozhodnout, jakym zptsobem katalyzovand reakce

probihala. Zatimco v pfipadé¢ Langmuir-Hinshelwoodova mechanismu heterogenni
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0’03 4 “Vb .........
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001 4 4]
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Obrazek 38: Zavislost reak¢nich rychlosti redukce 4-nitrofenolu tetrahydridoboritanem
sodnym na velikosti celkového povrchu nanocéstic zlata pfipravenych v pfitomnosti
Tween 80 o koncentraci 10 mmol-dm?3 (a), 1 mmol-dm? (b), 0,1 mmol-dm?3 (c),
0,01 mmol-dm (d).
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katalyzy nabyva regresni kiivka zavislosti rychlosti reakce na celkovém povrchu
katalyzatoru kvadratické formy, v pfipadé Eley-Ridealova mechanismu je zavislost
linearni. Vynesenim zdanlivé rychlostni konstanty vii¢i celkovému povrchu katalyzatoru
(obrazek 38) bylo zjisténo, ze se jedna o linearni zavislost, a tedy ze katalyza probiha

Vv tomto ptipadé mechanismem dle Eley-Rideala.
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4 ZAVER

Dizerta¢ni prace shrnuje vysledky vyzkumné c¢innosti v oblasti vyvoje novych metod
pfipravy nanocastic stiibra a bromidu stiibrného, vrstev nanocéstic stfibra a nanocastic
zlata. Pfipravené materialy byly nasledné testovany pro svij Siroky aplikaéni potencial

Vv oblastech biologické aktivity, v chemické analyze a v heterogenni katalyze.

Nanocastice stiibra byly pfipravovany prostfednictvim V literatufe méné popsané
dvoukrokové syntézy, pii niz byly v prvnim kroku pfipraveny ¢astice bromidu stfibrného,
jez byly nésledné redukovany tetrahydridoboritanem sodnym na vlastni nanocastice
kovového stiibra. Volbou vhodnych modifikatori z oblasti syntetickych polymernich latek
(PEG, PVP a PVA), ptirodnich polymernich latek (HEC, kasein a Zelatina) a povrchové
aktivnich latek (SDS, Tween 80) bylo dosazeno piipravy disperzi koloidnich ¢astic
bromidu stiibrného s riznou velikosti. Ty byly nasledné redukovany na stabilni koloidni
disperze ruzné velkych nanocastic stiibra o primérné velikosti ¢astic od 7 do 20 nm.
V ptipad¢ pouziti polymert PEG, PVP, PVA a HEC byl navic pomoci cyklické
voltametrie detailn€ji popsan jejich vliv na pfipravu jak ¢astic bromidu stiibrného, tak jeho
redukce na nanocastice kovového stiibra. Aplikacni potencial Castic bromidu stfibrného
a nanocastic kovového stiibra pfipravenych v pfitomnosti syntetickych polymert a HEC
byl nasledné ovefen pomoci biologického testovani, v némz se popsané materialy ukazaly
jako vysoce aktivni a dosahovaly velmi dobrych vysledkii, dokumentovanych nizkymi
hodnotami MIC. Rozdil v rizném ucinku bromidu stéibrného a kovového stiibra vici
rozdilnym bakterialnim kmendm byl vysvétlen na zakladé rizného mechanismu jejich
pusobeni na bakteridlni sténu. Kovové nanocastice stiibra pfipravené v piitomnosti
kaseinu, zelatiny a povrchové aktivnich latek byly otestovany i jako heterogenni
katalyzatory, kde prokazaly vysokou ucinnost pro redukci 4-nitrofenolu, ktera bez
pritomnosti nanocastic Vv daném experimentdlnim uspotfddani neprobiha. Zaroven byl
prokazan jednoznaény vztah mezi rychlosti katalyzované reakce a velikosti nanocastic,
tedy velikosti aktivniho povrchu, spliujici Langmuir-Hinshelwoodliv mechanismus

heterogenné katalyzované reakce.

V pfipad€ vrstev nanocastic stiibra byla navrzena zcela nova metodika jejich pfipravy
vyuzivajici sonochemickych procest, ktera umoziuje jejich casové nendrocnou
a reprodukovatelnou ptipravu. Bylo navrzeno né€kolik moZnych postupii variujicich pouZiti

riznych redukcénich latek 1 rGzné experimentdlni uspofaddni scilem zvysSit
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reprodukovatelnost pfipravovanych vrstev a jejich aplikacni potencial v povrchem zesilené
Ramanové spektroskopii. Navrzeny byly postupy umoznujici vyrazné snizeni koncentraci
reak¢nich komponent, pfedevSim sttibra, a zaroven pouziti redukujicich sacharidt jakozto
latek Setrnych k zivotnimu prostiedi. Testovani aplikacniho potencidlu vrstev nanocastic
stiibra jako substratu pro povrchem zesilenou Ramanovu spektroskopii prokazalo
jednozna¢nou pouzitelnost vSech pfipravovanych vrstev. S prihlédnutim k minimalizaci
vlivu zpasobu pfipravy na existenci zbytkovych signali v méfenych Ramanovych
spektrech se pak jako nejlepsi projevily vrstvy piipravované za redukujicich ucinku
maltdzy, jejichz pouzitim bylo mozno dosdhnout faktoru zesileni Ramanova signélu

0 hodnoté& a7z 5-10°.

V oblasti pripravy nanocastic zlata byla navrzena technika umoznujici fizenou ptipravu
rizné velkych nanocéstic zlata redukci zlatité soli maltézou prostou zménou koncentrace
povrchové aktivni latky Tween 80 Vreakéni smési. Diky interakci zlatitych ionti
s molekulami Tween 80 bylo mozno pfipravit v zavislosti na jeho koncentraci nanoc¢astice
zlata v rozpéti velikosti 622 nm. Navic byl ukazan vyznamny vliv Tween 80 na
polydisperzitu vznikajicich nanocastic. Pfipravené nanocastice pak byly otestovany,
podobné jako nanolastice stiibra, jako heterogenni katalyzatory. 1 v piipadé takto
pfipravenych nanocastic zlata byla prokazana jejich vysoka katalyticka aktivita, ktera
vyznamné rostla se zmenSujici se primérnou velikosti pouzitych nanocéstic. Analyzou
experimentalnich dat se navic podafilo ukazat, Ze v piipadé zlatych nanocastic probiha
katalyzovana redukce 4-nitrofenolu podle méné obvyklého Eley-Ridealova modelu, ktery
neni vodborné literatufe tak Casto zminovan jako mechanismus  dle

Langmuir-Hinshelwooda.
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5 SUMMARY

Dissertation summarizes the results of research activities focused on development of new
preparation methods of silver and silver bromide nanoparticles, silver nanoparticle layers
and gold nanoparticles. All of prepared nanomaterials were tested for their broad
application potential in the fields of biological activity, chemical analysis and
heterogeneous catalysis.

Silver nanoparticles were prepared using nearly undescribed two step synthesis based on
preparation of silver bromide particles in the first step and their subsequent reduction
to silver nanoparticles. Suitable choice of synthetic polymers (PEG, PVP and PVA),
natural polymers (HEC, casein and gelatin) and surfactants (SDS and Tween 80)
as modifiers enabled preparation of silver bromide colloid particles with different sizes.
There were subsequently reduced to different sized silver nanoparticles with average
diameters from 7 up to 20 nm. In the case of modification by polymers PEG, PVP, PVA
and HEC there was used cyclic voltammetry to more detailed description of polymer
influence on preparation of silver bromide particles and their reduction to silver particles.
Application potential of silver bromide and silver nanoparticles modified by synthetic
polymers and HEC was validated in terms of biological testing. Described materials
showed great biological activity proved by low concentration of MIC. Differences in mode
of interaction between silver bromide and silver nanoparticles against various bacterial
strains was then cleared up by different mechanism of interaction of individual materials
with bacterial wall. Silver nanoparticles modified by casein, gelatin and surfactants were
validated interms of their catalytic activity. They proved their high efficiency in the
reduction of 4-nitrophenol, which does not proceed without catalysis in discussed

experimental setup.

In the case of preparation of silver layers, it was developed new technique based
on sonochemical processes. Described technique enabled time-saving and reproducible
preparation of silver layers. It was proposed several possible modifications based on use
of various reducing agents and experimental conditions to increase reproducibility
of preparation and their application possibilities in Surface enhanced Raman spectroscopy.
New methods enabled significant reduction of reaction components concentration.
Moreover there were used reducing saccharides instead of common used ethylene glycol

and therefore the preparation was much environmental friendly. Validating of prepared
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silver layers as SERS substrates proved their potential applicability. Taking account into
the environmental friendliness and minimize the impact of preparation way to the
redundant signals in Raman spectra, the best layers were those prepared by maltose
reduction. The enhancement factor of the Raman signal reached in this case approximately
5-10°.

In the field of gold nanoparticles preparation, it was developed technique of preparation
various sized gold nanoparticles caused by varying the concentrations of surfactant Tween
80 in the reaction mixture. The interaction of gold species with Tween 80 molecules
allowed preparation of gold nanoparticles with diameters from 6 up to 22 nm. Moreover,
Tween 80 does not affected only size of prepared gold nanoparticles but also significantly
reduces their polydispersity. Prepared gold nanoparticles were validated in terms of their
catalytic activity in 4-nitrophenol reduction reaction. It was shown that catalytic activity
grew with decreasing particle size. Analysis of experimental data moreover revealed that
catalytic reduction of 4-nitrophenol in the presence of used gold nanoparticles does not
proceed according to well know Langmuir-Hinshelwood mechanism, but according
to Eley-Rideal mechanism.
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A fast method for preparing of silver particle layers on glass substrates with high application potential for
using in surface enhanced Raman spectroscopy (SERS) is introduced. Silver particle layers deposited on
glass cover slips were generated in one-step process by reduction of silver nitrate using several reducing
agents (ethylene glycol, glycerol, maltose, lactose and glucose) under ultrasonic irradiation. This tech-
nique allows the formation of homogeneous layers of silver particles with sizes from 80 nm up to several
hundred nanometers depending on the nature of the used reducing agent. Additionally, the presented
method is not susceptible to impurities on the substrate surface and it does not need any additives to cap-
ture or stabilize the silver particles on the glass surface. The characteristics of prepared silver layers on
glass substrate by the above mentioned sonochemical approach was compared with chemically prepared
ones. The prepared layers were tested as substrates for SERS using adenine as a model analyte. The factor
of Raman signal enhancement reached up to 5-10°. On the contrary, the chemically prepared silver layers
does not exhibit almost any pronounced Raman signal enhancement. Presented sonochemical approach
for preparation of silver particle layers is fast, simple, robust, and is better suited for reproducible
fabrication functional SERS substrates than chemical one.

© 2016 Published by Elsevier B.V.

1. Introduction

Discovery of surface enhanced Raman scattering (SERS) on a sil-
ver electrode by Fleischmann in 1974, and especially its rediscov-
ery on colloidal silver particles by Creighton in 1977 [1] initiated
the extensive development of a new and very sensitive analytical
method that allows the detection of molecules in the concentration
range from pico to femtomoles [2]. The most widely used materials
for SERS include silver or gold. Silver is preferable due to its
cheaper price and better optical properties for utilization in SERS
[3].

A high enhancement of SERS, reaching the values of up to 10>,
even allowed the detection of a single molecule adsorbed on an
individual silver nanoparticle [4,5]. Some studies have shown that
such a high value of the enhancement can be achieved only on
particles of certain sizes which are referred as “hot particles”.

* Corresponding authors.
E-mail addresses: robert.prucek@upol.cz (R. Prucek), gedanken@mail.biu.ac.il
(A. Gedanken).
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1350-4177/© 2016 Published by Elsevier B.V.

The particles’ optimum size depends on the wavelength of the laser
used for the excitation and ranges approximately from 70 to
200 nm for the excitation wavelengths in the range from 488 to
647 nm [6]. Based on the dependence of the “hot particles” size
for a given laser wavelength, it can be expected, when using lasers
with wavelengths 785 nm and 1064 nm, the maximum enhance-
ment of the Raman signal should be obtained on silver particles
of the size of around 400 nm [7-9]. Unfortunately, particles of
these dimensions are unstable and settle within a short time. Silver
nanoparticles with sizes equal to a few tens of nanometers are gen-
erally stable for several months or years, however, these small par-
ticles do not provide sufficient surface enhancement of the Raman
signal themselves. For this purpose, they must be treated by addi-
tion of some inorganic ions. The inorganic ions added into the dis-
persion of silver nanoparticles induces their slow and often
uncontrollable aggregation resulting in the irreproducibility of
the Raman signal [2,4,10-13].

The disadvantages connected with aggregation or sedimenta-
tion of silver nanoparticles can be overcome through the formation
of metal particle layers [14] on suitable substrate such as quartz or
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glass [15]. The chemical techniques for the formation of metal par-
ticle layers can be divided into deposition from gas phase and for-
mation by growing up of layers from solution, which is represented
by electrochemical deposition, chemical deposition from solution,
Langmuir-Blodgett film technique, and self-assembling [16].
Deposition of particles on the glass substrate can also be performed
by lithographic method based on formation of self-assembled lay-
ers of polystyrene particles serving as a lithographic mask. After
deposition of metal nanoparticles (silver or gold in most cases),
the polystyrene particles are removed by organic solvent
[17-21]. Another possible technique of metal layers formation
involves deposition of one or more layers using polyelectrolytes
such as polydiallyldimethylammonium chloride (PDDA) or
polyethylenimine (PEI) [22,23]. In this approach, the layers of
particles are captured between layers of polyelectrolyte through
electrostatic interactions. Other way to obtain silver particle layers
involves exploitation of 3-aminopropyltriethoxysilane (APTES)
[24], which is able to form covalent bond with the activated
surface of glass or quartz substrate. When APTES is bonded on
the surface, its amino groups can interact through free electron
pair with silver nanoparticles [25].

Unfortunately, the described methods are usually time consum-
ing, very sensitive to thorough cleaning of the surface, and also
require activation of substrate surface prior to deposition of silver
particles. Due to these disadvantages, it is desirable to find new
techniques, which are more effective, time-saving and which do
not require addition of other chemicals, which could affect the
enhancement of Raman signal. One of the promising techniques
is based on sonochemical preparation of silver layers. Through
sonochemical approach, Perkas et al. prepared layers of silver par-
ticles stabilized by polyvinylpyrrolidone (PVP) on glass substrates
[26] with substantial antibacterial activity. However, application
of the reported method in preparation of the effective SERS sub-
strate is questionable due to interfering of the Raman signal origi-
nated from the PVP polymer used as stabilizer with Raman signal
of analyzed molecules adsorbed on this type of silver nanoparticle
layer.

In the current study, we report the innovative preparation
method of the silver particle layers usable as efficient SERS sub-
strate based on the combination of sonochemistry and modified
Tollens reaction. The influence of experimental parameters such
as sonication parameters, concentration of silver salt, type of
reducing sub-stance, absence or presence of PVP, and choice of
beaker type (glass or polypropylene), used for preparation, on the
characteristics of silver particle layers was investigated. The pre-
pared silver particle layers deposited on glass slips were tested
and evaluated as highly effective substrates for surface enhanced
Raman spectroscopy purposes.

2. Materials and methods
2.1. Chemicals and instruments

Silver nitrate (Sigma-Aldrich, p.a.) was used as a precursor of
silver particle layers. Ethylene glycol (Sigma-Aldrich, p.a.), glycerol
(Sigma-Aldrich, p.a.), maltose (Sigma-Aldrich, p.a.), glucose
(Sigma-Aldrich, p.a.) and lactose (Sigma-Aldrich, p.a.) were used
as reducing agents. Polyvinylpyrrolidone (PVP, Sigma-Aldrich, M.
W. 40,000) was used as a stabilizer. Ammonium hydroxide
(Sigma-Aldrich, 28-30% aqueous solution) was used as a complex-
ing agent. Adenine (Sigma-Aldrich, 99%) was used for the SERS
experiments as a model analyte. All chemicals were used without
additional purification. Deionized water (18 MQ cm, Millipore)
was used for preparation of all solutions.

Silver layers on glass slips were prepared by ultrasonic proces-
sor Q700 with standard titanium probe 4220 (QSonica LLC, USA).
Glass slips covered by silver nanoparticles were characterized by
using of scanning electron microscope Hitachi SU6600 (Hitachi,
Japan) and UV-vis spectrometer Specord S600 (Analytic Jena AG,
Germany). Silver concentrations were determined by the AAS tech-
nique with flame ionization using a ContrAA 300 (Analytik Jena AG,
Germany) equipped with a high-resolution Echelle double
monochromator (spectral bandwidth of 2 pm at 200 nm) and with
a continuum radiation source (xenon lamp). The absorption line
used for these analyses was 328.0683 nm. Surface enhanced
Raman spectra were recorded using iRaman Plus with the
785 nm excitation laser (BWTEK Inc., USA), scan time 10 s, 6 accu-
mulations were made. The laser light power was 100 mW. For the
SERS measurement, 10 pl of 107> M adenine solution was used.

2.2. Preparation of silver particle layers deposited on glass substrate

The silver particle layers were deposited on glass microscope
cover slips (Menzel-Gldser, 18 x 18 mm) by using of sonochemical
approach. Before deposition, cover slips were thoroughly cleaned
by detergent and washed by deionized water. After cleaning, cover
slips were carefully inserted vertically using wire holders into bea-
ker and then solutions of reaction precursors were added. Several
modifications of the silver particle layers preparation process
based on the reduction of silver ammonia complex related to
changes of concentrations of the reactants were performed. Two
polyols: ethylene glycol and glycerol, and three reducing saccha-
rides: maltose, glucose and lactose, were used as reducing agents.
Typically, 5 ml or 1 ml of 0.25 M silver nitrate solution was diluted
by an appropriate amount of deionized water and 5 ml or 1 ml of
reducing substance (ethylene glycol, glycerol or 0.25 M solution
of reducing saccharide) was added. The final volume of reaction
mixture was 25 ml. After mixing, the sonication tip was immersed
into the reaction mixture. Parameter of sonication was adjusted to
the amplitude value equal to 30% and the sonication begun. Few
seconds after the start, 1.5 ml or 0.3 ml of ammonia solution was
rapidly injected into the beaker. Also, the effect of presence of sta-
bilizing polymer PVP on formation of silver nanoparticle layers was
tested. In this case, 0.5 ml of 15 g/L PVP solution was added into
the reaction system with ethylene glycol before sonication. Syn-
thesis of silver particle layers on glass cover slips was terminated
after 5.5 min of sonication. Glass slips were then pulled out of
the holders, washed by deionized water and dried by air flow.
For comparison to sonochemical approach of deposition of silver
particle layers on glass susbtrate, the silver layers were also pre-
pared using chemical method. As an example of such method,
the Tollens process was chosen because this method exploits
almost the same chemicals. In this case, cleaned glass slip was acti-
vated by tin dichloride, immersed into beaker and then silver layer
was formed by mixing of silver nitrate (0.1 M) and ammonia
(0.1 M) solution with solution of sodium hydroxide (1 M) and
glucose (1.1 M) in the ratio equal to 1:1.

3. Results and discussion

3.1. Preparation of silver particle layers deposited on glass slips using
ethylene glycol and glycerol

The main goal of the presented study was development of a
simple and reproducible preparation of silver layers applicable as
SERS substrates. The new synthetic route based on combination
of two synthetic approaches, sonochemical method of silver
nanoparticles deposition on glass [26] and modified Tollens pro-
cess [27] was studied as an alternative methods. The procedure,
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used as standard for comparison of the new developed procedure,
consist of mixing of 5 ml silver nitrate solution (0.25 M), 1.5 ml of
ammonia solution (2.5% V/V), 0.5 ml of PVP (15 g/L) and 15.5 ml of
deionized water. The silver ions were reduced under ultrasonic
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Fig. 1. UV-vis spectra, digital photos and SEM images of silver particle layers
deposited on glass slips synthesized in glass beaker (final concentration of silver
0.05 M) reduced by (A) ethylene glycol in the presence of PVP, (B) ethylene glycol
without the presence PVP, and (C) glycerol without the presence of PVP. Color dots
in digital photos correspond to sites scanned by UV-vis absorption spectroscopy
and correspond with color of absorption curves. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version
of this article.)

irradiation by adding of 2.5 ml of ethylene glycol. UV-vis spectra
of prepared slips (Fig. 1A) proved the presence of silver nanoparti-
cles deposited on the glass substrate due to the presence of absorp-
tion maximum at approximately 400 nm. Moreover, the recorded
UV-vis spectra at four different sites on the glass slip in combina-
tion with captured digital photography show good homogeneity of
the generated silver particle layer. Color dots at photos of slips cor-
respond to sites scanned by UV-vis absorption spectroscopy and
correspond to color of absorption spectra. The structure of the gen-
erated layers was characterized by SEM images, which revealed the
presence of silver nanoparticles deposited on the glass slips with a
mean diameter of around 100 nm (Fig. 1A). However, the presence
of PVP can negatively affect the layer applicability for SERS due to
existence of influencing redundant Raman signal going from the
presence of PVP polymer in the layer (Fig. 5A). Thus, we modified
this method of preparation of silver particle layers to a polymer-
free synthetic approach. The other reaction conditions were main-
tained identical as in the case when PVP was used. In this case, sil-
ver particle layer consists of particles with a mean diameter of
around 80 nm as can be seen from SEM images (Fig. 1B). Homo-
geneity and nanoparticulate nature of layer can be demonstrated
through recorded UV-vis spectra at four different positions at sil-
ver particle layers surface (Fig. 1B). The utilization of ethylene gly-
col as a reducing agent can be unfortunately problematic from the
view-point of its chronic toxicity and teratogenicity [28,29]. More-
over, remains of glycerol adsorbed on silver layers are also
detected by SERS and produce further redundant signals
(Fig. 5A, B and D). Thus, in the next modification step, the above
mentioned reducing agent was replaced by much environmental
friendly substance - glycerol, which is commonly used in medicals
and pharmaceuticals [30]. Exploitation of glycerol also enables
generation of silver particle layers (Fig. 1C). In the case of using
of glycerol as the reducing agent, considerably higher deposition
of silver particles on the glass surface was observed (Fig. 1C) and
therefore due to the high light absorption of this dense layer,
UV-vis absorption spectra could not be recorded. The higher depo-
sition of silver particles on glass surface was confirmed by AAS
measurements (Table 1). While in the case of ethylene glycol, the
amount of deposited silver reached values of 0.75 mg per glass
cover slip in the presence of PVP and 0.86 mg per glass cover slip
without PVP, in the case of glycerol, the amount increased to
12.0 mg per glass. SEM images proved that the prepared layer is
much denser and revealed that layer consists of silver crystals with
sizes from 100 to 400 nm (Fig. 1C).

Table 1
Amount of silver nanoparticles deposited on glass substrate using sonochemical
technique determined by AAS.

Amount of silver
on glass (mg)

Reducing agent and conditions Efficiency of

deposition (%)

Ethylene glycol in the presence of PVP 0.75 0.56
in glass beaker

Ethylene glycol without the presence of  0.86 0.64
PVP in glass beaker

Glycerol without the presence of PVPin 12.00 8.92
glass beaker

Ethylene glycol without the presence of  0.87 3.23
PVP in polypropylene beaker

Glycerol without the presence of PVPin  5.61 20.86
polypropylene beaker

Maltose without the presence of PVP in 1.01 3.75
polypropylene beaker

Lactose without the presence of PVP in 1.29 4.81
polypropylene beaker

Glucose without the presence of PVPin  3.67 13.66

polypropylene beaker
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The above mentioned procedures of silver layer preparation
involve a high consumption of silver nitrate when only small part
is exploited for desired silver layer formation due to deposition of
large amount of metallic silver on walls of the glass beaker during
the sonication process. With the aim to significantly increase effi-
ciency of the sonochemical reduction process we have replaced
glass beakers with the plastic ones. The change allows us to reduce
five-times final concentration of silver nitrate solution from 0.05 M
to 0.01 M. Moreover, the amounts of added ethylene glycol or glyc-
erol were reduced to 1 ml and the amount of 2.5% ammonia solu-
tion was only 0.3 ml. The time of preparation was kept identical
(5.5 min) as in the systems using glass beaker. This simple change
in the reaction arrangement leads to improving of efficiency of the
sonochemical deposition process as documented in Fig. 2. In the
case of using ethylene glycol as a reducing substance, UV-vis spec-
tra proved presence of silver nanoparticles on the glass surface
with nearly the same density and size as in the case of experiment

with five times higher concentration of reaction components
(Fig. 2A). In the case of using of glycerol as the reducing agent,
the same trend like in the preparation in glass beaker was observed
and higher deposition of silver particles on the glass surface made
impossible to record UV-vis absorption spectra (Fig. 2B). More effi-
cient deposition of silver nanoparticles was also confirmed by AAS
measurement (Table 1). SEM images revealed that dense layer of
silver is formed by two size classes of silver particles. There are
both larger crystals with sizes of up to 1 pm and particles with size
of around 100 nm.

In summary, the substantial advantage of such modified proce-
dure lies in the fact that the deposition of silver nanoparticles is
more effective and prepared silver particle layers are denser if plas-
tic baker is used compared to sonochemical procedure realized in
the glass beaker. Unfortunately, synthetic procedures described
above require precise control of reaction conditions (concentration
of reactants, temperature, quality of deionized water, etc.) to
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Fig. 2. UV-vis spectra, digital photos and SEM images of silver particles deposited on glass prepared in polypropylene beaker (final concentration of silver 0.01 M) reduced by
(A) ethylene glycol and (B) glycerol. Color dots in digital photos correspond to sites scanned by UV-vis absorption spectroscopy and correspond with color of absorption
curves. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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obtain a good reproducibility of the physico-chemical properties of
the prepared silver layers.

3.2. Preparation of silver particle layers deposited on glass slips using
reducing saccharides

Therefore, in order to gain the highest reproducibility and qual-
ity of silver layers preparation, the entirely new approach to sono-
chemical preparation method was introduced. This new method is
based on the combination of sonochemical approach and the pro-
cess based on the Tollens reaction where silver ammonia complex
cations are reduced by saccharides in alkaline environment [31]. In
this procedure, three reducing saccharides (maltose, lactose, and
glucose) which differ in their redox potentials were chosen and
te sted. Typically, 1ml of 0.25M silver nitrate solution was
reduced by 1 ml of 0.25 M saccharide solution in the presence of
0.3 ml of ammonia (2.5%). Final concentrations of reaction com-
pounds were therefore 0.01 M of silver nitrate, 0.01 M of reducing
saccharide and 0.018 M of ammonia. As well as in the previously
described case of silver layers formed using glycerol, also in the
case of silver layers formed by reduction using saccharides, it
was not possible to record UV-vis spectra because of very high
light absorption by formed dense silver layers, which was again
confirmed by AAS measurements (Table 1). Therefore, the charac-
terization of generated silver layers and particle’s size determina-
tion was performed only through SEM images. Depending on
saccharide used, the silver layers consist of particles with a mean
diameter ranging from 100 to 250 nm. The average size of depos-
ited silver nanoparticles was approximately 100 nm for maltose
(Fig. 3A), 150-180 nm for lactose (Fig. 3B) and 200-250 nm for glu-
cose (Fig. 3C). It was found that exploitation of reducing saccha-
rides for sonochemical reduction and deposition of silver
nanoparticles on glass slips is much more preferable compared to
polyol method. The synthesis is much less dependent on external
influences and, moreover, use of reducing saccharides increases
amount of deposited silver on glass surface.

Additionally, presented sonochemical approach provides great
quality of the prepared silver layers on glass substrate in an extre-
mely short time in comparison to other published methods based
on application of auxiliary sublayer for capturing of silver nanopar-
ticles on solid surface. One of the often used methods described in
literature is based on capturing metal nanoparticles on primarily
prepared layer of polyelectrolyte, such as poly(diallyldimethylam-
monium) chloride (PDDA) or polyethyleneimine (PEI) through
electrostatic interactions. Preparation of thin silver layers through
PDDA was introduced by Chapman et al. or by Guo et al. [22,32],
using of PEI was published by Michna et al. [23]. Common features
occurring in this technique include requirement of perfect cleaning
of substrate and activation by strongly interact solutions such as
H,0, with NH40H or H,0, with H,SO4 (piranha solution). Glass
substrate is then immersed into a solution of polyelectrolyte or
polymer for several minutes or hours. After careful washing of
the glass substrate to remove the excess of polyelectrolyte or poly-
mer, the glass is inserted into a dispersion of silver nanoparticles
prepared separately a priori. The whole process takes time on the
order of units or tens of hours. Another well-known procedure
used for silver nanoparticles deposition is the exploitation of APTES
(3-aminopropyltriethoxysilane) which is covalently bonded to the
surface of the glass substrate after its activation which is followed
by bonding of Ag NPs due to their interaction with amino groups of
APTES and forming layer on glass substrate. This technique is also
time-consuming as above mentioned procedures using polyelec-
trolytes [24,33,34]. Besides theoretical comparison of sonochemi-
cally prepared silver layres to the above mentioned results from
literature, we have prepared silver particle layers on glass slips
using chemical approach. For this purpose, the Tollens process

was exploited because this procedure involves almost the same
chemical composition of the reaction components. It can be seen
that thus prepared silver layers do not exhibit so high homogeneity
and uniformity of silver particle distribution such as layers pre-
pared by sonochemical technique. Moreover, silver nanoparticles
are subject to recrystallization and therefore there are formed large
straps which lose their nano/micro particulate nature Fig. 4.
Contrary to these procedures, our novel technique is not so sus-
ceptible to impurities on the substrate surface and requires wash-
ing just by detergent distilled water. There is no need of additives
to capture the silver particles on the surface and, finally, silver par-
ticles are formed and deposited all at once during the sonication.
The whole procedure for silver layers preparation takes therefore
only several minutes. The advantage of sonochemical method
arises from the physical nature of sonication, concretely from
changes due to the acoustic cavitation [35]. By using of power
ultrasound power, there are created cavitation bubbles whose
implosive collapses results in an enormous concentration of
energy. This energy, in combination with high local temperatures
and pressures, lead to the formation of nanosized particles [36].
When the cavitation bubbles collapse near a solid surface (glass
e.g.), they produce microjets and shock waves [37], which throw
due to the asymmetric jet formation newly formed nanoparticles
onto surface at a very velocities [38]. Moreover it was found, that
in heterogeneous systems and in the presence of solid surface
the nucleation rate increases several hundred times [39] and there-
fore, using of sonochemistry is much more efficient compared to
non-sonicated methods for surface coating by nanoparticles.

3.3. Application of silver particle layers deposited on glass slips as SERS
substrates

The prepared silver particle layers on glass slips were tested as
substrates for surface enhanced Raman spectroscopy with excita-
tion wavelength 785 nm. Utilization of 785 nm excitation wave-
length can be advantageous for biological samples to avoid most
of the back-ground fluorescence. Adenine was used as a model
analyte. The SERS enhancement factors were calculated as a ratio
of SERS signal of 10~ M adenine solution dropped on silver parti-
cle layer to Raman signal of 0.1 M adenine dropped on pure glass
slip without silver particle layer. Even if entire spectrum is impor-
tant for the evaluation of Raman intensities, it is possible to sim-
plify calculation by selecting of strongest peak of adenine at
~738 cm~!. After dropping of 10 pl of 10™>M adenine solution
on substrate, the measurement immediately began. This fact is
advantageous from practical point of view because of time saving.

Differently prepared glass slips with deposited silver particles
exhibited different level of Raman signal enhancement. The best
results were observed for the substrate prepared using ethylene
glycol (Fig. 5A) and maltose (Fig. 5F) as reducing substances. The
enhancement factors were approximately 5-10°. In both cases,
the silver particle layers are formed by approximately 100 nm
large particles. However, in the case of ethylene glycol, high con-
centration of silver nitrate in glass beaker (0.05 M) was applied.
When the concentration of silver was reduced to 0.01 M, the effi-
ciency of layer in SERS significantly decreased (Fig. 5D). Moreover,
while in the case of maltose, as the best reducing agent, flat (clean)
spectrum between 900 cm~! and 1250 cm~' can be observed, in
the presence of ethylene glycol, residual peaks in the range about
1000-1050cm™~! can be seen in the spectrum (Fig. 5B and D),
which are in addition affected by PVP in the case of using PVP as
modifier (Fig. 5A). The substrates prepared by other reducing sug-
ars show lower values of signal enhancement. The efficiency
decreased (Fig.5G and H) with increasing particle size: 150-
180 nm for lactose (Fig. 3B) and 200-250 nm for glucose (Fig. 3C).
The layers formed using glycerol provide higher enhancement
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Fig. 3. Digital photos and SEM images of glass slips deposited by silver nanoparticles prepared in plastic beaker (final concentration of silver 0.01 M) reduced by (A) maltose

and (B) lactose and (C) glucose.

although the layers were formed by large particles with size about
400 nm (0.05 M silver nitrate) or even 1000 nm (0.01 M silver
nitrate) which can be connected with the used laser excitation
wavelength. However, these layers also contain some fraction of
particles with sizes of about 100 nm which are probably responsi-
ble for the high value of Raman signal enhancement. Since all of
tested silver layers synthesized by presented sonochemical

technique showed Raman signal enhancement, it can be concluded
that every silver based substrates can be used for SERS purposes.
For comparison, the chemically (by Tollens process) prepared silver
layers on glass substrate were also tested as SERS enhancers
(Fig. 5I). The results showed, that non-sonochemically prepared
silver layers does not exhibit almost any pronounced Raman signal
enhancement. So, it can be concluded that sonochemical approach
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Fig. 4. SEM image of glass slip deposited by silver nanoparticles prepared non-sonochemically in glass beaker by modified Tollens process based on the reduction of silver

ammonia complex by maltose.
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Fig. 5. Surface enhanced Raman spectra of adenine (107> M) on silver particle
layers deposited on glass slips prepared in a glass beaker (final concentration of
silver 0.05 M), reduced by (A) ethylene glycol with PVP, (B) ethylene glycol without
PVP, (C) glycerol and prepared in a plastic beaker (final concentration of silver
0.01 M) reduced by (D) ethylene glycol, (E) glycerol, (F) maltose, (G) lactose and (H)
glucose and particle layers deposited non-sonochemically (I). For the
measurements, 10 pl of 107> M adenine solution was used.

is better suited for fabrication functional SERS substrates than
chemical one.

In summary, the proposed novel method of silver particle layer
preparation based on combination of modified Tollens reaction
with sonochemical reduction process is the best method for prepa-
ration of effective SERS substrates due to its ability to gain high
enhancement factor for Raman signal with outstanding repro-
ducibility and also due to its environmentally friendly character
avoiding toxic compounds such as ethylene glycol.

4. Conclusion

In this work, we described a novel simple technique for prepa-
ration of silver particle layers deposited on the glass slips. This pro-
cedure is based on ultrasonically assisted chemical reduction of
silver ammonia complex cations and simultaneous deposition of
formed silver particles on the glass substrate. By changing the reac-
tion parameters, concentrations of reagents and by selecting a suit-
able reducing agent, it was possible to control the size of the
deposited silver particles, whose diameter ranged from 80 nm up
to several hundreds of nm. The deposition of particles on the glass
substrate prevents their aggregation or other changes in size and
shape during storage. Therefore, the formed silver layers exhibit
long-term stability, which is important assumption for their prac-
tical utilization. Compared to other possible techniques of thin lay-
ers preparation, our developed method does not require careful
cleaning and activation of substrate surface, which makes our tech-
nique time-saving and, therefore, economically advantageous.
Changing of reaction beakers from glass to plastic ones enabled
five-times decrease in the silver concentration, which brings
another reduction in costs. The prepared silver particle layers were
tested as substrates for surface enhanced Raman spectroscopy. The
enhancement factor of the Raman signal reached approximately
5-10° for adenine serving as a model analyte. Thus, the prepared
silver particle layers deposited on the cover slips significantly
enhanced the Raman signal and, hence, can be preferably used
for purposes of mentioned analytical technique.
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Abstract

The diverse mechanism of antimicrobial activity of Ag and AgBr nanoparticles against
gram-positive and gram-negative bacteria and also against several strains of candida was
explored in this study. The AgBr nanoparticles (NPs) were prepared by simple precipitation
of silver nitrate by potassium bromide in the presence of stabilizing polymers. The used
polymers (PEG, PVP, PVA, and HEC) influence significantly the size of the prepared AgBr
NPs dependently on the mode of interaction of polymer with Ag* ions. Small NPs (diameter
of about 60—70 nm) were formed in the presence of the polymer with low interaction as are
PEG and HEC, the polymers which interact with Ag* strongly produce nearly two times big-
ger NPs (120—130 nm). The prepared AgBr NPs were transformed to Ag NPs by the reduc-
tion using NaBH,. The sizes of the produced Ag NPs followed the same trends — the
smallest NPs were produced in the presence of PEG and HEC polymers. Prepared AgBr
and Ag NPs dispersions were tested for their biological activity. The obtained results of anti-
microbial activity of AgBr and Ag NPs are discussed in terms of possible mechanism of the
action of these NPs against tested microbial strains. The AgBr NPs are more effective
against gram-negative bacteria and tested yeast strains while Ag NPs show the best anti-
bacterial action against gram-positive bacteria strains.

Introduction

Silver nanoparticles (Ag NPs) and nanoparticles of insoluble silver compounds such as Ag,0O,
AgOH or AgX (X = Cl, Br or I) became one of the most discussed branches of nanoscience in
the several last decades [1]. Ag NPs attract great attention in the scientific research because of
their unique physical, chemical, optical and biological properties which predetermine them for
use in various chemical, medical and industrial applications [2]. Nowadays, diverse biological
properties, namely antifungal, antiviral and particularly antibacterial activities together with
cytotoxicity of silver NPs are intensely studied because of expected inability of bacteria to de-
velop resistance against their antibacterial action. According to this, silver based nanomaterials
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find their use in medicine (catheters, implants, prostheses) [3-7], and are used to improve
commercial products (textiles, deodorants) [8-10].

The antibacterial effect of silver based nanomaterials, such as metallic silver nanoparticles as
well as nanoparticles of silver compounds, was reported by many researchers [11-12], but un-
fortunately, the reported results were not compared with each other. It was revealed that anti-
bacterial effect is not specific at a single level but consists of several modes of action. It was
shown, that silver based nanomaterials can disrupt bacterial metabolic processes [13-14], in-
teract with DNA [15], increase the cytoplasmic membrane permeability [16-17] etc. Due to
this multi-level mode of action, silver based nanomaterials reveal extraordinary activity not
only against sensitive bacterial strains but also against highly resistant bacterial strains [18-19].
On the other hand it was observed resistance to ionic silver [20]. Despite the fact, that resis-
tance to ionic silver originating from the ability of bacteria to reduce Ag" to less toxic oxidation
state or from active efflux of Ag" from the cell was reported [21], no data proving resistance to
metallic Ag nanoparticles were published. Naturally, the antibacterial effect of silver and silver
based nanoparticles is dependent on particle morphology and surface characteristics [22-24].
Hence, it is necessary to find nanoparticles by the means of size, shape and surface modifica-
tion appropriate for use in the biological applications.

Silver NPs can be prepared many different ways but wet chemical reduction methods unam-
biguously predominate. Silver NPs can be prepared by the reduction of either, soluble and in-
soluble silver compounds [25]. Typical synthetic method is based on the reduction of silver
nitrate by sodium borohydride which is one of the strongest reducing agents and therefore very
small Ag NPs are produced [26]. However, a great number of milder reducing agents can be
used for the production of silver NPs with various sizes, size distributions, shapes and mor-
phologies [27-30]. A noteworthy example is e.g. the utilization of reducing saccharides which
are week reducing agents allowing for the preparation of bigger Ag NPs with sizes in the range
of several tens of nm [31-32]. In addition to widespread use of soluble silver salts, insoluble Ag
(I) compounds can also be used as starting materials for the silver nanoparticles’ preparation.
Commonly, insoluble Ag(I) compounds are prepared in the form of nanoparticles by precipita-
tion reactions of silver salt and appropriate reactant containing suitable counterion (e.g. hy-
droxide, halide, sulfide etc.) The most studied insoluble Ag(I) compounds are Ag,O [33-34],
Ag,S [35-37], AgOH [38] or AgX (where X = Cl, Br or I) [39-41]. The nanoparticles of silver
halides can be prepared in the variety of morphological forms. Typically, the AgCl NPs can be
prepared in the form of cubic nanoparticles with sizes between 120 and 250 nm [42] or nano-
wires that are composed from nanoparticles with diameters of tens of nanometers [43]. AgBr
NPs can be prepared in the form of spheres with sizes of units of nm [44], spherical nanoparti-
cles with sizes from 70 up to 140 nm [45], porous spherical structures with average dimensions
of about 150-200 nm and pore size of about 5-10 nm [46] or bipyramids and polyhedrons
[47]. Finally, AgI NPs can be prepared in the form of plate-like nanoparticles with polygonal
faces of diameter equal to 300 nm and the thickness of 50 nm [48] as well as also in the form of
spherical nanoparticles with diameter of several tens of nm [49-50] or hundreds nm [51]. The
primarily prepared silver insoluble compound nanoparticles can be converted by the reduction
to the Ag NPs. Besides chemical reduction method, electrochemical reduction or photoreduc-
tion by UV irradiation (especially in the case of silver halides) can also be used for this purpose
[52-54]. In the case of chemical reduction a variety of reducing agents can be used similarly to
the case of soluble silver compounds’ reduction. Naturally, the use of different reducing agents
leads to the formation of Ag NPs with various sizes and shapes [55-56]. Despite the fact that
Ag NPs preparation methods based on the reduction of insoluble silver salts are not as widely
examined as is the reduction of soluble silver salts, insoluble silver salt reduction methods
could pose some advantages such as simple preparation of thin films or composites because of
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better affinity of silver compounds to the carrier compared to metallic silver [57-59]. Also,
preparation of stable nanoparticles with very small diameters is feasible using this method [60].
Therefore, preparation of AgBr nano and submicro particles, their subsequent reduction to
the silver NPs and the comparison of antibacterial activities of them are the main objective of
this work. AgBr was precipitated in the presence of various polymer stabilizers in order to pre-
pare suitable and stable particles for their subsequent transformation to Ag NPs by the reduc-
tion process. Antimicrobial activities of both AgBr particles and silver NPs were compared.

Materials and Methods
Chemical and biological material

Silver nitrate (Sigma-Aldrich, p.a.) and potassium bromide (Lachema, p.a.) were used for the
synthesis of AgBr particles. Polyethylene glycol (PEG, M.W. 10 000, Sigma-Aldrich, p.a.), poly-
vinyl pyrrolidone 360 (PVP, M.W. 360 000, Sigma-Aldrich, p.a.), polyvinyl alcohol (PVA,
M.W. 85 000-146 000, Sigma- Aldrich, 98-99% hydrolyzed) and 2-hydroxyethyl cellulose
(HEC, M.W. 90 000, Sigma-Aldrich) were used as stabilizing substances in the process of AgBr
particles’ preparation. Prepared AgBr particles were reduced by using of sodium borohydride
(Sigma- Aldrich, p.a.). All chemicals were used without additional purification. Deionized
water (18 MQ-cm, Millipore) was used to prepare all solutions.

For the purpose of antibacterial and antifungal assays Mueller-Hinton broth (Difco Becton
Dickinson) was used as a cultivation medium. The following reference strains (labeling accord-
ing to Czech Collection of Microorganisms, Czech Republic) were used: Enterococcus faecalis
CCM 4224, Staphylococcus aureus CCM 3953, Escherichia coli CCM 3954, Pseudomonas aeru-
ginosa CCM 3955. The strains isolated from the blood of patients hospitalized at the University
Hospital Olomouc (Czech Republic): Pseudomonas aeruginosa, Staphylococcus epidermidis,
Staphylococcus aureus (MRSA), Enterococcus faecium (VRE), Klebsiella pneumoniae (ESBL),
Candida albicans 1, Candida albicans 11, Candida tropicalis and Candida parapsilosis were
also used.

Characterization techniques

The prepared silver bromides as well as metallic silver nanoparticles were characterized by dy-
namic light scattering (Zeta Plus, Brookhaven Instr. Co., USA) and UV-Vis spectroscopy (Spe-
cord S600, Analytic Jena AG, Germany) techniques. Additionally, AgBr NPs were
characterized by atomic force microscopy (NTEGRA Aura, NT-MDT, Russia), and silver
nanoparticles were characterized by transmission electron microscopy (JEM 2010, Jeol Ltd.,
Japan).

Synthesis of AgBr nanoparticles

The colloidal dispersions of silver bromide nanoparticles were prepared by rapid injection of
potassium bromide into the solution of silver nitrate under vigorous stirring at final concentra-
tions of 2:10~> mol/L (KBr) and 1-10” mol/L (AgNO:s) respectively in the reaction system. For
the purpose of size modification and stabilization of AgBr NPs formed in the reaction system
three synthetic (PVA, PEG and PVP) and one natural polymer (polysaccharide HEC) were
tested as stabilizers. Stabilizers were added into KBr solution prior to the precipitation at the
final concentration in resulting AgBr dispersion equal to 0.1% (w/w). Five minutes after precip-
itation, the sizes and size distributions of the prepared AgBr NPs were determined by dynamic
light scattering (DLS) technique. At the same time the samples for the determination of size
and morphology of prepared silver bromide nanoparticles by AFM were collected. For the
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purpose of AFM measurements, a drop of AgBr dispersion was spread on foil and allowed to
dry at 50°C in the dark. The attempt at characterizing the prepared AgBr particles by transmis-
sion electron microscopy (TEM) was unsuccessful due to rapid reduction of AgBr particles in
the electron beam of the microscope.

Synthesis of Ag NPs by reduction of AgBr nanopatrticles

For the synthesis of Ag NPs, freshly prepared AgBr dispersions were reduced by using NaBH,.
AgBr NPs were reduced by rapid injection of 5 ml of 6:10> mol/L sodium borohydride into the
25 ml of AgBr dispersion under vigorous stirring. Fresh solutions of sodium borohydride were
applied for the reduction process which was performed at the laboratory temperature. The re-
duction process was completed after 20 minutes when color of the reaction system changed to
light or dark yellow (depending on used polymer), indicating the presence of silver nanoparti-
cles. Final concentration of sodium borohydride was 1-10"> mol/L. The prepared silver nano-
particles were characterized by DLS, UV-Vis spectroscopy and TEM methods. Additionally,
kinetic curves of silver bromide reduction were recorded by using of the UV-Vis spectroscopy.

Antibacterial and antifungal assay

Antibacterial and antifungal efficacies of the prepared AgBr and Ag NPs were tested using the
standard dilution method which enables to determine the minimum inhibitory concentrations
(MICs) of the tested samples necessary to inhibit the growth of the bacterial strains and yeasts.
For the purpose of antimicrobial testing, aqueous dispersions of AgBr and Ag NPs at the silver
concentration equal to 108 mg/L for AgBr colloid and 89.6 mg/L for Ag dispersions were used.
The testing was carried out in microtitration plates where the tested samples were diluted by
the culture medium (Mueller Hinton Broth, Difco, France) in a geometric progression from 2
to 128 times. Culture medium was inoculated with the tested bacteria or yeast at a concentra-
tion of 10> to 10° CFU/mL. After 24-h incubation at 37°C, the MICs of AgBr and Ag nanopar-
ticles were read as the lowest concentrations of the tested substance inhibiting the visible
growth of microorganisms.

Results and Discussion
Synthesis of AgBr nanoparticles

Silver bromide nanoparticles were prepared simply by mixing the reaction components at de-
sired ratio in the presence of four different polymers which affect the morphology and size of
the prepared AgBr NPs. Due to the problem with reduction of AgBr NPs by electron beam of
the electron microscope, the AFM measurements were utilized as primary characterization
technique. Images from AFM (Fig. 1) show that prepared silver bromide nanoparticles have ro-
tational ellipsoidal shape with average height from 11 nm up to 18 nm and average diameter
from 60 nm up to 160 nm depending of the used polymer additive (Table 1).

The used polymers can be divided into two groups based on the level of interaction with
Ag" ions in the solution. The level of interaction is primarily dependent on the chemical com-
position of each polymer and on the polymer structure. The first group contains PVP and PVA
polymers which functional groups are located outside the polymer chain. These are—OH
group in the case of PVA and = O group in the case of PVP. Additionally, PVP contains atoms
of nitrogen in the molecule and therefore it can interact with Ag" ions as a Lewis base. The Ag"
ions bind with these functional groups of PVA and PVP respectively to form complexes in the
reaction system [61-65]. The complexation of Ag" ions is slowing down the formation of new
phase nuclei during the precipitation leading to a smaller amount of nuclei formed in each
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Fig 1. AFM images of AgBr nanoparticles prepared in the presence of a) PEG, b) PVP, ¢) PVA and d) HEC.

doi:10.1371/journal.pone.0119202.9001

reaction system. This effect results in the formation of larger AgBr particles in the presence of
PVP and PVA polymers [66]. Even though PEG and HEC also contain oxygen heteroatoms in
their molecules, these polymers do not interact with silver as strongly as PVP or PVA. For
these polymers, the formation of complexes with Ag* ions has not been described in the litera-
ture. This is because of oxygen atoms are incorporated into polymer chain and therefore they

Table 1. Particle sizes of AgBr nanoparticles prepared in the presence of various polymers obtained
by AFM and DLS techniques.

Polymer AFM (nm) DLS (nm)

PEG height 18 105
diameter 64

PVP height 10 50
diameter 120

PVA height 11 70
diameter 30

HEC height 12 100
diameter 70

doi:10.1371/journal.pone.0119202.t001
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cannot participate on the coordination bond with Ag" ions. Weak interaction of PEG and HEC
with silver ions results in the formation of more nuclei and leads to the growth of smaller AgBr
NPs compared to those prepared in the presence of PVP and PVA. The same amount of silver
in each reaction system must be divided among large number of growing nuclei. This assump-
tion corresponds well with AFM measurements but unfortunately there is a disagreement be-
tween the results obtained by AFM and DLS at first sight (Table 1, S1 Fig.). This discrepancy
can be explained by the affinity of functional groups of used polymers to silver. PVP and PVA
are much more strongly adsorbed onto the surfaces of AgBr NPs than PEG and HEC. There-
fore, AgBr NPs readily aggregate in the presence of PEG and HEC which are not strong stabi-
lizing agents and the aggregates negatively affect the results of DLS measurements.

Synthesis of Ag NPs by reduction of AgBr nanopatrticles

Silver nanoparticles were prepared by the reduction of previously prepared AgBr by NaBH,
and were characterized by DLS, TEM and UV-Vis spectroscopy. The results obtained from
DLS measurements (Table 2, S2 Fig.) indicate the presence of silver NPs with various sizes
from 8 up to 40 nm depending on the used polymer. The effective diameters of silver nanopar-
ticles measured by DLS were verified by transmission electron microscopy (Table 2). The ob-
tained TEM images were examined by image analysis which confirmed the formation of silver
nanoparticles with average diameter under 10 nm in the presence of PEG and HEC, and with
sizes around 20 nm in the case of PVA and PVP additives (Fig. 2).

UV-Vis absorption spectra of all synthesized silver NPs (Fig. 3) confirm the DLS and TEM
results. Dispersions of silver NPs stabilized by PEG and HEC reveal strong absorption peak
with maximum around the wavelength of 400 nm indicating the presence of small nanoparti-
cles with size of about 10 nm. Silver NPs stabilized by PVP show shift in the absorption peak
maximum to the wavelength of 410 nm indicating the presence of nanoparticles bigger than
those formed in the systems with PEG and HEC polymers. In the case of PVA, two absorption
maxima located at the wavelength below 400 nm and at 420 nm respectively are observed. This
fact indicates more polydisperse system, which is also confirmed by TEM images. The first ab-
sorption peak can be assigned to very small nanoparticles with diameter less than 10 nm. The
second peak can be attributed to the bigger nanoparticles with sizes up to 30 nm. In order to
determine of the mechanism of added polymers’ influence on the formation of Ag NPs, the ki-
netics of the AgBr NPs reduction by NaBH, was examined by recording the UV-Vis spectra
during the course of reduction process (Fig. 4). Kinetic measurements show different rates of
the AgBr NPs reduction depending on the used polymer. On the basis of the overall reduction
rate it is possible to divide the reaction systems into two groups which nicely correlate with
above discussed mode interaction of Ag" ions and polymers in the reaction system during
AgBr precipitation process.

PVP and PVA polymers exhibit higher affinity to silver which results in blocking of AgBr
particle surface during the reduction process. Because of that the reaction takes place only at

Table 2. Average diameter (nm) / polydispersity of Ag NPs prepared by the reduction of AgBr NPs
by the NaBH, in the presence of various polymers obtained by DLS and TEM techniques.

Polymer DLS TEM

PEG 9/0.464 7/0.343
PVP 21/0.195 20/0.294
PVA 18/0.482 18/0.517
HEC 9/0.512 9/0.456

doi:10.1371/journal.pone.0119202.t002
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Fig 2. TEM images and distribution diagrams of Ag NPs prepared in the presence of a) PEG, b) PVP, c) PVA and d) HEC.

doi:10.1371/journal.pone.0119202.g002

several locations on particle surface which results in the formation of bigger final silver nano-
particles. On the other hand, faster reduction was observed in the presence of PEG and HEC
polymers. These polymers with lower affinity to AgBr surface do not exhibit strong adsorption
and consequently higher number of active sites on the particle surface is accessible for the re-
ducing agent. Therefore, reduction of AgBr NPs proceeds much faster on a greater number of
active sites and the primary AgBr NPs yield many smaller silver nanoparticles by the reduction
process (Fig. 5).

The above discussed impact of the used polymers on AgBr nanoparticles’ reduction was
confirmed by performing the electrochemical reduction of Ag" ions in the presence of individ-
ual polymers by the technique of cyclic voltammetry on Pt electrode with scan rate of 0.1 V/s.
All studied polymers excluding HEC negatively affect the electrochemical reduction of Ag"
ions which is reflected by decrease in the reduction currents and by shifting of cathodic peaks
toward negative potentials compared to the reduction of pure Ag" ions (S3 Fig.). This effect is
mainly caused by the formation of Ag* complexes with added polymers which is connected
with observed reduction potential shift. A specific (catalytic) effect on electrochemical process
of Ag"/Ag was found for HEC polymer. HEC behaves as a weak reducing agent and therefore
more complicated cyclic voltammogram was observed in this case especially when the scan
rate was increased up to 1 V/s (54 Fig.). In this case the second reduction peak connected with
electrocatalytic effect of HEC is observed and on the reverse scan a sharp increase of anodic
current due to direct oxidation of HEC is also observed.
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Fig 5. Schematic illustration of nucleation and formation process of Ag NPs from AgBr NPs affected
by a) PEG or HEC and b) PVP or PVA.

doi:10.1371/journal.pone.0119202.g005

Antibacterial and antifungal activity of AgBr and Ag nanoparticles

Antibacterial and antifungal activities of the prepared AgBr and Ag NPs were tested on 9
strains of bacteria and 4 strains of candida. Table 3 shows the obtained experimental data in
the form of minimum inhibitory concentrations (MIC) that were recalculated on the total

Table 3. Minimum inhibitory concentrations (mg/L) of silver bromide nanoparticles, silver nanoparticles and ionic silver against gram-positive
(+) and gram-negative (-) bacteria and against yeast pathogens recalculated on total silver concentration prepared in the presence of selected
polymers.

PEG PVP PVA HEC

X

AgBr Agd° AgBr Agd° AgBr Ag° AgBr Agd° Ag*
Enterococcus faecalis CCM 4224 (+) 13.5 5.1 13.5 20.2 13.5 20.2 13.5 5.1 13.5
Staphylococcus aureus CCM 3953 (+) 13.5 5.1 13.5 10.1 13.5 5.1 13.5 2.5 13.5
Escherichia coli CCM 3954 (-) 34 5.1 6.7 5.1 6.7 5.1 6.7 25 34
Pseudomonas aeruginosa CCM 3955 (-) 0.8 2.8 0.8 25 0.8 25 0.8 2.5 3.4
Pseudomonas aeruginosa (-) 0.8 2.5 0.8 2.5 1.7 25 1.7 2.5 3.4
Staphylococcus epidermidis (+) 1.7 25 3.4 2.5 3.4 2.5 3.4 1.3 6.7
Staphylococcus aureus (MRSA)(+) 13.5 5.1 13.5 10.1 13.5 5.1 13.5 2.5 13.5
Enterococcus faecium (VRE)(+) 13.5 5.1 6.7 10.1 6.7 5.1 6.7 5.1 13.5
Klebsiella pneumoniae (ESBL) (-) 3.4 5.1 3.4 5.1 3.4 2.5 3.4 5.1 3.4
Antifungal effect
Candlida albicans | 1.7 25 1.7 2.5 1.7 25 1.7 1.3 1.7
Candida albicans |l 1.7 1.3 3.4 25 1.7 2.5 1.7 25 3.4
Candlida tropicalis 34 2.5 1.7 25 1.7 1.3 1.7 1.3 1.7
Candida parapsilosis 1.7 2.5 1.7 2.5 1.7 25 1.7 1.3 1.7

doi:10.1371/journal.pone.0119202.t003
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concentration (mg/L) of silver in the samples. The presented results represent average values
from 3 separate measurements. The obtained values of MIC in the range of 0.8 and 20.2 mg/L
demonstrate, that silver bromide and silver nanoparticles prepared by the described method
have high antibacterial and antifungal activities that are comparable with previously published
values [67-68], and the obtained MIC values remain below cytotoxicity concentrations re-
ported in the literature [69]. Antibacterial and antifungal activities of polymers in appropriate
concentrations as blank samples were tested. It was proved that none of the used polymers ex-
hibit any antibacterial or antifungal effects in the used concentrations.

Although values of MIC obtained for AgBr and Ag NPs seem nearly the same, there are
some interesting trends observed for both colloids. The AgBr NPs are evidently more active
against Pseudomonas aeruginosa CCM 3955, Pseudomonas aeruginosa (wild strain from Olo-
mouc University Hospital), and Klebsiella pneumonia (ESBL) (wild strain from Olomouc Uni-
versity Hospital). On the other hand, Ag NPs are more active than AgBr NPs against both
tested Staphylococcus aureus strains. Additionally, even more interesting differences can be ob-
served in antimicrobial activities of differently modified nanoparticles. The best antimicrobial
activity was observed for Ag NPs modified by HEC polymer in which case, ten of the fourteen
tested microbial strains were most effectively inhibited by this combination of metal nanoparti-
cles and polymer modifier. It is interesting, that in all these cases the HEC modified Ag NPs
have the highest antimicrobial activity not only in comparison with all other combinations of
metal nanoparticles and polymer modifiers but also in comparison with ionic silver used as
reference nanomaterial.

With respect to the activity of ionic silver it is possible to divide the reported antimicrobial
activities of the studied combinations of metal nanoparticles and polymer modifiers into two
groups according to the tested microorganisms. While in most cases significantly higher anti-
bacterial activities of the polymer modified metal nanoparticles against bacteria strains are ob-
served compared to antibacterial activities of ionic silver, in the cases of tested yeast pathogens
the antimicrobial activities of silver nanoparticles and ionic silver are closely comparable. This
observation can be undoubtedly connected to the modes of interactions of the tested materials
with the used microbial strains. In the case of bacteria, which are prokaryotic microorganisms,
the more effective mechanism of antimicrobial action of silver or silver bromide nanoparticles
could be their destructive interaction with the cell wall rather than the penetration of silver
ions into the cell and subsequent degradation of their bioactive molecules. This phenomenon
was confirmed by TEM observations described in the paper of Mirzajani et al. and other re-
searchers [70-72]. On the other hand, in the case of yeast pathogens, which are eukaryotic or-
ganisms, the efficiency of the interaction of metal nanoparticles with cell membrane and
penetration of silver ions into cell seem to be nearly the same in the course of antimicrobial ac-
tion. The more detailed view on the obtained results of the antimicrobial activity of tested anti-
biotics reveals the highest antimicrobial activity of silver nanoparticles against gram-positive
bacteria (Staphylococcus and Enterococcus sp.). Evidently, the silver nanoparticles strongly in-
teract with the peptidoglycan layer of bacteria wall and disrupt it [70] while interaction of the
outer part of bacteria wall with silver ions (coming from both, soluble or insoluble silver salt) is
not so devastating. The markedly lower values of MIC for silver nanoparticles in comparison
to MIC of Ag" (or AgBr NPs) for most tested gram-positive bacterial strains seems to confirm
this mechanism. On the other hand, interaction of silver nanoparticles with outer liposacchar-
ide part of bacterial wall in the case of gram-negative bacteria is not so effective for bacteria
growth inhibition in comparison with silver ions penetration through the cell wall inside the
bacteria. Thin gram-negative bacteria wall does not constitute such critical barrier for silver
ions’ penetration as is the case for substantially thicker gram-positive bacteria cell wall [73]. In
the latter case the combination of both above mentioned mechanisms seems to be more
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effective and therefore AgBr NPs are most efficient from all of the three tested forms of silver.
To confirm leaching of Ag+ ions from the presented nanoparticles the concentration of ionic
silver in studied systems was determined by electrochemical measurements using ISE electrode
(S1 Table). The obtained values ranged around 5-10” mg/L in the cases of AgBr NPs and
around 1-10”° mg/L in the case of Ag NPs. Therefore, the impact of ionic silver is expected to
be more significant in the antibacterial activity of AgBr NPs than in the case of Ag NPs. In gen-
eral, all the tested gram-negative bacteria strains and also yeast pathogens (whose cytoplasmic
membrane has similar lipid structure as the outer part of gram-negative bacteria cell wall)
show higher sensitivity against antimicrobial action of the tested silver based materials than
tested gram-positive bacterial strains. The lower sensitivity of gram-positive bacterial strains
against silver based materials is primarily due to the thickness of peptidoglycan layer, which
may prevent transport of silver based materials through the bacterial cell wall [71,73]. In the
case of gram-negative bacterial strains their sensitivity against silver based materials is very
similar to yeast pathogens, therefore the possible influence of differences in composition of the
outer part of the cell membrane (existence of outermembrane proteins in gram-negative bacte-
ria) seems to be negligible in the studied case.

Conclusions

This article describes the preparation of AgBr NPs in the presence of the modifying polymers
and their subsequent reduction to metallic Ag NPs using NaBH, as reducing agent. The result-
ing sizes of the prepared AgBr and Ag NPs significantly depend on used polymer. The main in-
fluence on the size of prepared nanoparticles has the process of the complexation of Ag" ions
by functional groups of polymers. The formation of complexes between Ag" ions and—OH

or = O groups of PVP and PVA respectively leads to the creation of AgBr particles with bigger
sizes than those which form in the presence of PEG and HEC. On the other hand, kinetic mea-
surements show blocking of the surface of AgBr nanoparticles by these strongly interacting
polymers leading to the slower reduction and formation of bigger Ag NPs. The realized anti-
bacterial assays showed differences between antimicrobial action of AgBr and Ag nanoparticles
and Ag" ions used as reference material. The differences were connected to the interaction of
the silver based materials with the cell walls of microorganisms. It was clearly proved that from
the studied silver materials the gram-positive bacteria strains are most sensitive to Ag NPs
probably due to destructive interaction of these NPs with the cell walls. On the other hand,
AgBr NPs are more efficient against gram-negative bacteria and yeast microbial strains due to
the combination of interaction of solid AgBr nanoparticles with cell walls and simultaneous
penetration of Ag" ions into the cells. This observation of different antimicrobial activity of
various forms of NPs based on the metallic silver or silver bromide respectively could be the
guideline for the future formulations of the antimicrobials targeted to have a specific mode of
action against different types of microbial strains.

Supporting Information

S1 Fig. Effective diameter of AgBr nanoparticles prepared in the presence of used polymers
obtained by DLS technique.
(TIF)

S2 Fig. Effective diameter of Ag nanoparticles prepared in the presence of used polymers
obtained by DLS technique.
(TIF)
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$3 Fig. Cyclic voltammograms of Ag" ions in the presence of PEG, PVP, PVA and HEC
under the scanning rate equal to 0.1 V/s.
(TIF)

$4 Fig. Cyclic voltammograms of Ag" ions in the presence of PEG, PVP, PVA and HEC
under the scanning rate equal to 1 V/s.
(TIF)

S1 Table. The concentrations (mg/L) of Ag" ions in studied systems.
(DOCX)
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Capillary isotachophoresis for separation of silver
nanoparticles according to size

Petr Praus,*@ Martina Turicova,® Petr Suchomel® and Libor Kvitek®

Capillary isotachophoresis (ITP) was used for the separation of Ag nanoparticles according to their size. For
this purpose, ethanol—water dispersions of Ag nanoparticles stabilized by gelatin were prepared. The ITP
separations were performed in a column-coupling system filled with two electrolytes with a pH of
leading electrolytes of 7.1 (system | — LE: 10 mM HNOs3, g-aminocaproic acid, TE: 10 mM caproic acid)
and 4.5 (system Il — LE: 10 mM HNOgz, imidazole, TE: 5 mM 2-(N-morpholino)ethanesulfonic acid). In
both electrolyte systems the four main peak-mode zones of Ag nanoparticles migrating at zone
boundaries were identified, however, the better separation was achieved by the system Il. The Ag
nanoparticle dispersions were also examined by dynamic light scattering (DLS) and transmission electron
microscopy (TEM). The zeta potential and thickness of gelatin double layers adsorbed on the
nanoparticles were found to depend on pH. The TEM analysis revealed four size fractions of 4 nm, 10
nm, 16 nm and 22 nm, which correspond to the zones separated by ITP. Other migration zones of the
electrolyte systems, such as impurities and/or products of the nanoparticle synthesis, served as spacers

www.rsc.org/advances

Introduction

For more than 30 years nanomaterials have been intensively
studied due to their excellent properties utilized in many
science and industrial fields, such as optics, electronics,
magnetic applications, solar energy conversion, medicine,
environmental protection, chemistry including catalysis etc. For
all of these applications, the size distribution of the nano-
particles is a basic characteristic. It can be determined by
several common methods, such as transmission and scanning
electron microscopy, atomic force microscopy, dynamic light
scattering, laser diffraction, photon correlation spectroscopy,
field flow fractionation' and asymmetrical flow field flow frac-
tionation,> centrifuged particles size analysis,® hydrodynamic
chromatography, size exclusion chromatography* and also by
gel and capillary zone electrophoresis (CZE).

Utilization of CZE for the study of nanoparticles' size
distributions has recently been reviewed in several papers.®**
Quantum dots, noble metals (gold and silver) nanoparticles,
carbon nanotubes, metal-oxide particles (Al,O3, TiO,, Fe,03),
latex and polystyrene particles, silica nanoparticles and

“Department of Chemistry, VSB-Technical University of Ostrava, 17. listopadu 15, 708
33  Ostrava-Poruba, Czech  Republic. =~ E-mail:  petr.praus@vsb.cz;  Tel:
+420-59-732-1675

“Institute of Environmental Technology, VSB-Technical University of Ostrava, 17.
listopadu 15, 708 33 Ostrava-Poruba, Czech Republic

‘Department of Physical Chemistry, Palacky University, 17. listopadu 12, 771 46
Olomouc, Czech Republic

This journal is © The Royal Society of Chemistry 2015

and separated the peak zones of the Ag nanoparticles.

nanoparticle-biomolecule conjugates are the most often sepa-
rated nanoparticles.

Capillary isotachophoresis is well developed electrophoretic
technique in which a sample is injected between leading and
termination electrolytes. Ions are separated in zones with sharp
boundaries moving with the same velocity. The concentrations
of separated ions in their zones are adapted to the concentra-
tion of the leading ion. The loading capacity of ITP is several
times higher than capacity of CZE, therefore, both methods are
also used to be connected (ITP-CZE) with very high separation
e ciency. ITP and/or ITP-CZE were applied for separation of
quantum dots****° and gold nanoparticles.' ITP was also tested
for the separation of micelles of cetyltrimethylammonium
bromide*® and micron sized particles.*

By our best knowledge silver nanoparticles have not been
separated by ITP yet. Therefore, the aim of this paper was to use
ITP for determination of the size distribution of silver nano-
particles stabilized by gelatin in ethanol-water colloid disper-
sions. The ITP experiments were completed with TEM and DLS
analyses. Electrophoretic mobilities of separated fractions were
calculated from the ITP records and discussed in context of the
theory of electrophoretic mobility of colloidal particles.

Experimental
Chemicals

All chemicals were of analytical reagent grade: nitric acid, caproic
acid, e-aminocaproic acid (EACA) (all from Lachema, Czech
Republic), B-alanine, 2-(N-morpholino)ethanesulfonic acid (MES)

RSC Adv., 2015, 5, 59131-59136 | 59131
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(Serva, Germany), imidazole (Sigma-Aldrich), silver nitrate
(Sigma-Aldrich), gelatin (Fluka), ethanol (LachNer), ammonia
(Sigma-Aldrich), sodium hydroxide (Penta) and maltose (Sigma-
Aldrich). Twice distilled and deionised water by a mixed-bed
ion-exchanger was used for preparation of all ITP electrolytes.
The compositions of leading (LE) and terminating (TE) electro-
Iytes are given in Table 1.

Preparation of silver nanoparticles

Silver nanoparticles in ethanol-water solvent (ethanol mixed
with demineralised water 2 : 3) were prepared by the modified
Tollens process® and stabilized by natural polymer gelatin to
prevent their aggregation. 5 ml of 5 mmol 1" AgNO; was diluted
with 2.75 ml of gelatin solution (72.7 g 17%), placed on a
magnetic stirrer and vigorously stirred. Then, 10 ml of ethanol
was added into the solution. Still under vigorous stirring,
1.25 ml of 0.1 mol 17' ammonia was rapidly injected and a
solution mixed by 5 ml of 0.05 mol 1! maltose with 1 ml of
0.24 mol 1" sodium hydroxide was added. After adding of the
reaction components, the solution was stirred for a further
30 minutes, than the prepared dispersion of silver nano-
particles was placed into plastic tubes and left aged for
24 hours.

Isotachophoretic separation

An isotachophoretic analyzer EA 102 (Villa-Labeco, Slovakia) in
the column-coupling configuration was employed. The capil-
laries were made from a fluorinated ethylene-propylene copol-
ymer (FEP): a pre-separation capillary 90 x 0.8 mm ID and an
analytical capillary 200 x 0.3 mm ID Both capillaries were
equipped with contact conductivity detectors and, in addition,
the analytical capillary was equipped with an UV-VIS detector.
The driving current in the pre-separation capillary was set at 250
pA and in the analytical capillary at 50 pA in all experiments.
Samples were injected through a 30 ul sampling loop. The pH
values of the electrolyte systems were measured with a pH metre
WTW InoLab (Weilheim, Germany).

Absorption molecular UV-VIS spectrometry

UV-VIS absorption spectra were measured by a double-beam
spectrometer Lambda 25 (Perkin Elmer, USA). All spectra were
recorded using 1 cm quartz cuvettes within the range of 200 nm

Table 1 ITP electrolyte systems

Electrolyte systems

Parameter I II

Leading anion NO;~ NO;~
Concentration (mmol 17%) 10 10

Counter ion Imidazole EACA

pH (LE) 7.10 4.50
Terminating anion MES Caproic acid
Concentration (mmol 17" 10 5

pH (TE) 4.30 3.80
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to 800 nm. The cuvettes were filled with the 10 times diluted Ag
aqueous dispersions with water and their absorption spectra
were recorded.

Electron transmission microscopy

Transmission electron microscopy of Ag nanoparticles was
performed by a JEM 220FS microscope (Jeol, Japan) operating at
200 kv. The Ag nanoparticles were dispersed in ethanol and
with ultrasonic sprayer deposited on a TEM grid with carbon
holey support film.

Zeta-potential measurement

Zeta-potential of silver nanoparticles was determined using
Zetasizer Nano ZS (Malvern Instruments Ltd, England) instru-
ment in disposable capillary cell via electrophoretic light scat-
tering method. The zeta-potential of silver nanoparticles was
measured in the primarily prepared dispersions after dilution
1:9 using demineralised water and the leading electrolytes to
modify their pH values.

Results and discussion

In general, electrophoretic mobility m of colloidal particles is
not easy to express. Colloidal particles can be considered as
spherical particles with radii r surrounded by electric double
layers of the thickness 1/k, where the parameter « is propor-
tional to the square root of ionic strength of bulk solution.
Depending on dimensionless quantity «r, two limiting cases
were theoretically derived. First, when «r is very small (kr < 1) the
charged particles can be considered as point charges, Hiickel
derived the electrophoretic mobility as follows>

_&gog
T 1.5y

1)

where ¢ and ¢, are the relative and vacuum permittivity,
respectively, { is the zeta potential, 7 is the dynamic viscosity of
dispersion medium. Second, when «r is large (kr > 1), the
double layer is supposed to be flat and Smoluchowski derived
the electrophoretic mobility as

&r&ol
m =
n

(2)

In these limit conditions the electrophoretic mobility does
not depend on the particle radius. For, let us say, real condi-
tions, Henry derived the equation taking into account the
particle radius as well as the double layer thickness as

_&&f
" 1.5y

|1+ AF (r«)] 3)

where A depends on conductivity of bulk solution and the
function F(r«) varies from 0 to 1. For nonconducting particles
the Henry eqn (3) can be simplified as

_&&l
T 1.5y

S () 4)
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where f{rx) is a dimensionless function varying from 1 to 1.5 and
also depending on shape of particles. For the product r« in the
interval from 0.1 to 10 the function f{rk) is increasing for
spherical particles. For cylindrical particles the function f{rk)
can increase or decrease depending on their orientation
towards electric field.*>**

These classical models were completed by Wiersema et al.>®
who showed that in the range of 1 < rk < 10 for zeta potentials
higher than 78 mV the electrophoretic mobility of colloid
particles has a minimum. This model explains reciprocal rela-
tionships between the electrophoretic mobility and the particles

sizes reported in several papers.'”>¢-2®

Isotachophoretic separation

Isotachophoretic separations of Ag nanoparticles dispersions
containing 40% (v/v) of ethanol and stabilized by gelatin were
performed by the two columns coupled system using two elec-
trolyte systems with the different pH values (Table 1) and with
no additives for suppression of electroosmotic flow. Gelatin was
used for the stabilization due to its long term stability in a broad
range of pH.”

The isotachophorestic separations recorded by conductivity
and UV-VIS detectors are shown in Fig. 1a and b. One ITP run in
the two-columns system took about 25 minutes. These figures
also show ITP records of blank separations, in which the
terminating electrolyte was injected instead of Ag dispersions.
The time difference between the conductivity and UV-VIS
detector was about 39 seconds. Therefore, the ITP records in
Fig. 1 were shifted to correct this difference and to simplify the
zone identification. The zones were also identified by the
separation of Ag dispersions of different dilutions. In order to
verify the ITP steady state was reached the calibration plots of
absorption peak area against the reciprocal value of dilution of
the origin Ag colloid were constructed (Fig. 2). It was performed
for the separation in the system II when the resolution of Ag
nanoparticles peaks was better than in the system I. Their good
linearity proves the correct ITP separation.

In both electrolyte systems, four main peak-mode zones® of
Ag nanoparticles were observed at the boundaries between
other ITP zones of electrolyte impurities (denoted as x and xx),
ions left from the nanoparticles synthesis and free gelatin. The
similar peak-mode zones have been observed in case of gold
nanoparticles'® as well as micron sized particles.” In general,
the separation of nanoparticles in their pure ITP zones is not
possible due to approximately Gaussian distributions of their
sizes which is visible in the UV-VIS detector records.

In order to determine the electrophoretic mobilities of Ag
nanoparticles mug their upper and lower mobility limits were
estimated from conductivity signals of neighbouring zones as
follows

my = MypK; (5)

KLE

where m;g is the electrophoretic mobility of leading anion
which was nitrate (—74.1 10°° m* V- ' s %), k; and k. are the
conductivity signals of a zone i and leading zones, respectively.
The results are summarized in Table 2. The average mobilities

This journal is © The Royal Society of Chemistry 2015
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Fig.1 a ITP separation records in electrolyte systems I. (a) — blank, (b)
— Ag nanoparticles. The zones x and xx are impurities of the electrolyte
system. (b) ITP separation records of Ag nanoparticles in electrolyte
systems Il. (a) — blank, (b) — Ag nanoparticles. The zone x is an impurity
of the electrolyte system.
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Fig. 2 Dependence of absorption peak area on reciprocal value of
dilution of the original Ag colloid separated in the system Il (r —
regression coefficient).
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from the lower and upper ones were calculated as well. The
silver nanoparticles mobilities were determined with uncer-
tainty of RSD = 5.9% (n = 27) and RSD = 11.9% (n = 16) in the
system I and II, respectively.

The detection wavelength of 410 nm corresponded to the
absorption maxima of the Ag dispersion stabilized by gelatin in
the ethanol-water solutions (40% ethanol) shown in Fig. 3. Due
to dilution of the Ag dispersions during the ITP separation the
absorption spectrum of Ag nanoparticles of a lower concentra-
tion in water (also stabilized by gelatin) was added for
comparison. As obvious the absorption maximum was shifted
to 415 nm which is not significant for the detection. None of the
used electrolytes absorbed light in this range of wavelengths.

Transmission electron microscopy

Ag nanoparticles were studied using TEM micrographs (Fig. 4).
The histogram of their sizes is shown in Fig. 4c. Four main size
fractions with the mean (median) values of 4 nm, 10 nm, 16 nm
and 22 nm were recognized. The last and largest peak of the UV-
VIS record in the system II (Fig. 1b) indicates that the pre-
dominating smallest nanoparticles had the lowest mobility.
Based on this idea the average electrophoretic mobilities were
correlated with the mean sizes of the Ag nanoparticles and the
relationships with good linearity were obtained as shown in
Fig. 5. Most of papers describing separation of gold and silver
nanoparticles reported the similar relationships.?'-*

Electrophoretic mobility of Ag nanoparticles

As mentioned above, the ITP separation in the both electrolyte
systems revealed the four zones mutually separated by other
migrating zones acting as spacers. The number of separated Ag
zones likely depends on the number of the spacers.

The better separation of all four Ag fractions was achieved
in the system II with lower pHs of leading electrolyte and,
thus, in all migrating zones. Ag nanoparticles were supposed
to be covered by adsorbed gelatin polymers forming electric
double layers. An isoelectric point of gelatin is about 4.5-5
and, therefore, the ionization at pH = 4.5 is lower than that at

Table 2 Electrophoretic mobilities of Ag nanoparticles in systems |
and Il

Mag X 107° Average x 10°
Zone no./syst. I (m*>v's™ (m?>v's™
1 —66.0 to —55.5 —60.8
2 —54.0 to —49.3 —51.7
3 —49.3 to —45.6 —47.5
4 —45.6 to —41.7 —43.7
Mg % 107° Average x 10°
Zone no./syst. II (m*v1's™ (m?>v's™
1 —61.3 to —47.5 —54.4
2 —47.5 to —42.6 —45.1
3 —42.6 to —35.5 —39.1
4 —31.9 to —25.7 —28.8
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Fig. 3 UV-VIS spectra of Ag colloids stabilized by gelatin in water and
ethanol.

pH = 7.0. It follows from this adsorbed gelatin gave Ag
nanoparticles different negative zeta potentials depending on
a degree of ionization of gelatin function groups. This situa-
tion is similar to the separation of e.g. weak acids according to
their pK.

One of fundamental characteristics of the ITP separation of
negatively charged species is elevating pH in their zones from
leading to terminating one. In case of the separations shown in
Fig. 1a and b pH in the zones can be ordered as pH(1) < pH(2) <
pH(3) < pH(4). The data in Table 2 indicate that the electro-
phoretic mobilities decreased with increasing pH and, conse-
quently, a degree of gelation ionization. Therefore, the zeta
potential of Ag nanoparticles expressed in eqn (4) cannot play a
decisive role for their ITP separation. In addition, the effect of
PH on viscosity of gelatin solutions was experimentally verified
but was found to be very low to influence the electrophoretic
mobility of Ag nanoparticles.

In order to understand the ITP separation and to explain the
role of gelatin, the hydrodynamic size and zeta potential
measurements of the silver nanoparticles dispersions with
different pH were performed (Table 3). At pH = 7.05 gelatin
formed larger structures with higher zeta potential than at pH =
4.50. The explanation is that at the higher pH the negative
charges of gelatin chains caused stronger repulsion forces
among them forming thicker gelatin double layers. This
assumption was verified by the DLS experiments.

The gelatin double layer thickness 1/« corresponding to pH
=4.50 and 7.05 can be simply estimated as the difference of the
mean hydrodynamic radii determined by DLS of 61.5 nm and
144 nm and the mean nanoparticles radius estimated from the
TEM images of ca. 4 nm.

The 1/k values were estimated at 57.5 nm and 140 nm,
respectively. The corresponding rx values were calculated at
0.070 and 0.029 for pH = 4.5 and pH = 7.05, respectively.
Therefore, we can conclude that the r« values corresponding to
the ITP zones 1-4 can be order as rk(1) > r«(2) > r«(3) > rx(4).
Taking into account the electrophoretic mobilities in Table 2
this relation is in agreement with eqn (4).

This journal is © The Royal Society of Chemistry 2015
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Fig.4 TEM micrographs of Ag nanoparticles. (a) Micrograph with resolution of 50 nm, (b) micrograph with resolution of 20 nm and (c) histogram
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Fig.5 Dependence of average electrophoretic mobilities on mean Ag
nanoparticles sizes (r — regression coefficient).

Both the zeta potential and the thickness of gelatin double
layers, which determine mobility of Ag nanoparticles according
eqn (4), depends on ionization of gelatin function groups and
thus on pH. Amount of adsorbed gelatin should depend on
the size of nanoparticle and, therefore, we can suppose two
basic variables influencing the ITP separation: (i) size of Ag

Table 3 Zeta potentials and mean hydrodynamic size of Ag/gelatin
nanoparticles

pH Zeta potential (mV) Mean size (nm)
4.50 —7.3 123
7.05 —20.4 288

This journal is © The Royal Society of Chemistry 2015

nanoparticles and (ii) a degree of ionization of gelatin groups.
In addition, mutual interactions of gelatin double layers of the
nanoparticles can also influence their migration. As outlined
above, the separation process is very complex to be unambig-
uously described. From the practical point of view, ITP was
demonstrated to be an efficient tool for the separation of Ag
nanoparticles according to their sizes.

Conclusion

Capillary isotachophoresis was used for the separation of silver
nanoparticles stabilized by gelatin in ethanol-water colloid
dispersions. The ITP separations were performed in the two
separation systems with pH of the leading electrolytes of 7.1
(system I) and 4.5 (system II). In the isotachophoretic records
the four peak-mode zones of Ag nanoparticles were identified at
the boundaries of other ITP zones. The electrolyte system II
provided the better separation.

The electrophoretic mobilities of the Ag nanoparticles
varying from —66.0 x 10 °m*V 's ' to —25.7 x 10 °m?> V!
s~ were found to be proportional to the four size fractions of 4
nm, 10 nm, 16 nm and 22 nm evaluated from the TEM images.
The DLS experiments demonstrated that thickness of gelatin
double layers as well as zeta potentials depended on pH. Since
the Ag nanoparticles migrated at the boundaries of other zones,
these zones can be considered as the spacers necessary for the
ITP separation.

The obtained experimental results showed that capillary
isotachophoresis is able to separate the gelatine stabilized Ag
nanoparticles according to their size due to different zeta
potentials and thicknesses of the gelatin double layers. These
findings extend common ITP applications from separation of
organic and inorganic ions to separation of nanoparticles
stabilized by polymers like gelatin. Based on these results off-
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line connections of ITP and/or ITP-CZE with TEM will be
investigated in the future for the better characterization of
metal and semiconductor nanoparticles.
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Abstract

This work is aimed at preparation of small silver nanoparticles (Ag NPs) with various sizes using two-step
preparation method. The silver bromide nanoparticles were prepared in the first step and they were reduced
to metal silver nanoparticles in the second step. Size of prepared silver nanoparticles was controlled by
using of several modifiers. Two surfactants (SDS and Tween 80) and two natural polymers (casein and
gelatin) were used. Sodium borohydride was used as a reducing agent due to its high reducing power
allowing preparation of small AgNPs. The prepared Ag NPs were used as heterogeneous catalysts in a
model reaction based on reduction of 4-Nitrophenol using sodium borohydride under alkaline conditions. The
realized experiments showed that the used modifiers significantly influence the catalytic effect of the
prepared Ag NPs.

1. INTRODUCTION

Metal nanoparticles belong among the most studied systems in the modern nanoscience. They are
predetermined for utilization in many different branches of science and technology because of their unique
properties in comparison to bulk material [1], [2]. They are unique especially due to their optical, electronic
and biological properties [3]-[6]. Moreover these systems have due to their nanoscale size high surface-to-
volume ratio, which can be utilized in heterogeneous catalysis [7], [8]. Dominant position among noble metal
nanoparticles is occupied by silver nanoparticles (Ag NPs). They are widely used in medical, cosmetic and
industrial applications [9]-[15] and also in the field of analytics [16]. Silver nanoparticles are also very
frequently used as a heterogeneous catalyst in redox reactions [17]-[19].

The applicability of Ag NPs as catalysts depends in general on their size and stability. Smaller nanoparticles
exhibit larger surface area for the same volume of material. That means larger active area of the catalyst.
Therefore there were developed various methods enabling managed producing of Ag NPs with sizes from
units up to hundred nanometers[20]-[22]. Unfortunately, silver nanoparticles are not very stable which is
reflected by their agglomeration. This leads to the decreasing of mentioned active area. Thererefore,
stabilization of Ag NPs is needed to maintaining their high catalytic activity. The Ag NPs can be stabilized by
steric or electrostatic effects using surfactants or organic polymers. Such as sodium dodecyl sulphate, Triton
X-100, Tween 80, polyacrylamide, citrate, polyvinylpyrrolidone or polyethylene glycol [23]-[26]. However,
these stabilizers significantly influence the catalytic activity of the Ag NPs. Catalytic activity of Ag NPs is
mainly studied on two model reactions. One of them is based on the reduction of rhodamine 6G [27], [28].
The second one, more frequently used, is based on the reduction of 4-nitrophenol. There is only one product
of the reaction and the amount of reactant and product can be monitored by UV-Vis spectroscopy [29].
Moreover, 4-nitrophenol has been classified as a priority pollutant by US Environmental Protection Agency
[30]. Therefore, it seems to be more appropriate to study catalytic activity on this reaction.

This paper describes the preparation of small and stable silver nanoparticles with different sizes. The silver
nanoparticles were synthesized by two-step synthesis method consisting of silver bromide preparation and
the consecutive reduction of the prepared AgBr nanoparticles to metallic silver nanoparticles. The AgBr
nanoparticles were prepared in the presence of various surfactants and polymers because of stabilization
and size modification. Prepared silver nanoparticles were examined as heterogeneous catalysts with very
outstanding results.
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2, EXPERIMENTAL SECTION

16. - 18. 10. 2013, Brno, Czech Republic, EU

1.1. Materials

Silver nitrate (Sigma-Aldrich, p.a.), potassium bromide (Lachema, p.a.), sodium dodecyl sulfate (Lachema,
p.a.), Tween 80 (Lachema, p.a.), gelatin (penta, p.a.), casein (Lachema, p.a.), 4-nitrophenol (Lachema, p.a.)
and sodium borohydride (Sigma-Aldrich, p.a.) were used without additional purification. Water used for
preparation of all solutions was deionized by reverse osmosis instrument AQUAL 29 (Merci, Czech
Republic).

1.2. Methods

Silver nanoparticles with various sizes were synthesized using two-step preparation method. This method is
based on preparation of silver bromide nanoparticles in the first step, which were reduced to metal silver
nanoparticles in the second step. Size of prepared silver nanoparticles was controlled by addition of various
modifiers during formation of silver bromide nanoparticles. Silver bromide nanoparticles were prepared by
rapid injection of solution of potassium bromide and modifier to the silver nitrate solution under vigorous
stirring. Final concentrations of reaction compounds were 1 mmol-L-' for silver nitrate, 2 mmol-L-' for
potassium bromide, 0.5 mmol-L-! for surfactants (SDS, Tween 80) and 0.1 % for natural polymers (gelatin,
casein). After 5 minutes of stirring, solution of sodium borohydride was injected into reaction mixture, which
resulted in formation of silver nanoparticles.

Catalytic activity of silver nanoparticles was studied by using of model reaction, based on reduction of 4-
nitrophenol to 4-aminophenol by sodium borohydride in aqueous solution under alkaline conditions. This
reaction can be easily monitored by UV-Vis spectrometry, because 4-nitrophenol has absorption peak at 400
nm and product of the reduction, 4-aminophenol, has absorption peak at 300 nm. UV-Vis spectra was
recorded in the range of 250-550 nm every 30 s. Typically, 2 ml of 1.5 mM 4-nitrophenol was mixed in
quartz cuvette with 0.47 ml distilled water and 0.5 ml of 10 mM sodium borohydride. That means, that
sodium borohydride was added in a 100 times higher excess. Solution was shaken and then 0.03 ml of silver
colloid was rapidly injected, shaken again, placed to the UV-Vis spectrometer and kinetic measurement was
started. All experiments were performed at laboratory temperature. Synthesis of silver nanoparticles and
catalytic experiments were repeated three times with the same results.

Size of silver nanoparticles was characterized by dynamic light scattering (Zetasizer Nano ZS, Malvern
Instruments) and transmission electron microscopy (JEM 2010, Jeol Ltd., Japan). UV-Vis spectra of silver
colloids and catalytic experiment were recorded by using of spectrophotometer S600 (Analytic Jena AG,
Germany).

2, RESULTS AND DISCUSSION

21. Preparation of silver nanoparticles

Silver nanoparticles were prepared by the procedure described in the method section. First, the silver
bromide nanoparticles were prepared by mixing of solution of silver nitrate with solution of potassium
bromide and modifier. In the next step silver bromide nanoparticles were reduced to the silver nanoparticles.
We chose two surfactants (SDS and Tween 80) and two natural polymers (gelatin and casein). These
compounds were added to the reaction mixture for two purposes. For the stabilization of silver bromide and
silver nanoparticles against agglomeration and for the size modification of silver bromide and the resulting
silver nanoparticles. UV-Vis spectra of prepared silver colloids in Fig. 1 show that mentioned modifiers really
have different influence on silver nanoparticles. Position of surface plasmon indicate, that the smallest
particles can be prepared in the presence of SDS and Tween 80, bigger in the presence of gelatin and the
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biggest particles from four used modifiers can be prepared in the presence of casein. This assumption was
confirmed by measuring of particle size using dynamic light scattering technique (Fig. 1, inset).
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Fig. 1: UV-Vis spectra of prepared silver nanoparticles in the presence of various modifiers. Inset: size of
prepared silver nanoparticles measured by DLS

Results containing particle sizes of silver nanoparticles prepared in the presence of mentioned modifiers
were verified by transmission electron microscopy (Fig. 2). TEM images show the real size of silver
nanoparticles and confirm results obtained from DLS and UV-Vis measurements. There are nearly same-
sized nanoparticles in the presence of SDS and Tween 80. The only difference is the value of polydispersity,
where colloid prepared in the presence of SDS is more polydisperse than colloid prepared in the presence of
Tween 80. TEM image of Ag nanoparticles modified by gelatin confirmed existence of particles with diameter
up to 20 nm and in the presence of casein, more polydisperse colloid system with particles from 20 up to 40
nm was observed. The polydispersity of casein stabilized silver colloid corresponds with wider UV-Vis
absorption peak on Fig. 1.

i e coorm | ,

Fig. 2: TEM images of silver nanoparticles prepared in the presence of a) SDS, b) Tween 80, c) gelatin,
d) casein
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Stabilizing effect of mentioned modifiers was verified by collecting of UV-Vis spectra during 5 days (Fig. 3).
UV-Vis spectra show, that reduction of silver bromide colloid using sodium borohydride is not immediate
process and formation of silver nanoparticles take approximately 24 h. After 24 hours, there were formed
stable silver nanoparticles and there were not observed any changes during next 72 hours.
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Fig. 3: Time dependence of UV-Vis spectra of silver nanoparticles prepared in the presence of a) SDS,
b) Tween 80, c) gelatin, d) casein

2.2. Kinetic experiment
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Fig. 4: UV-Vis spectra of reaction systems recorded every 30 seconds a) with catalyst (Ag NPs in the

presence of SDS), b) without catalyst

Prepared silver nanoparticles were used as heterogeneous catalysts for reduction of 4-nitrophenol by
sodium borohydride. Catalytic activity of the prepared silver nanoparticles was monitored by measuring of
UV-Vis spectra in the range of 250-550 nm. Spectra of all catalytic experiments with four samples of Ag NPs
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catalysts had similar characteristics and differ only in the speed of descent of the absorption peak.
Therefore, only spectrum of reaction system with SDS modified Ag NPs catalyst and without catalyst is
showed in Fig. 4. Reduction of 4-nitrophenol was observed by decreasing of absorption peak at 400 nm and
by formation and increasing of peak at 300 nm, that represents product of reaction, 4-aminophenol.
Reduction of 4-nitrophenol does not start immediately after addition of sodium borohydride. Induction period
that took approximately 360 seconds was observed. This period is usually ascribed to the diffusion time
needed for adsorption of 4-nitrophenol onto the silver surface [31]. Start of 4-nitrophenol reduction was
indicated by the first decreasing of absorption peak (t0). All spectra recorded before t0 were removed for
clarity.

16. - 18. 10. 2013, Brno, Czech Republic, EU

Experimental data showed, that reaction rate decreased with decreasing concentration of 4-nitrophenol. This
observation, together with excess of reducing agent (concentration of sodium borohydride can be considered
as constant), corresponds to the first order reaction kinetics equation.

In(AS Ag)=-kt (1)

where Ao is an initial absorbance of the reaction system, A is absorbance in time t and k is rate constant. Fig.
5 shows kinetic curves expressed as decreasing absorbance at the wavelength of 400 nm, that represents
reduction of 4-nitrophenol. From these kinetic curves, rate constants (k, s') were calculated for each reaction
system. Results showed that the rate constant of the 4-nitrophenol reduction decreases with increasing size
of silver nanoparticles. Rate constants of measured samples increased from 0.0004 s-! for nanoparticles
prepared in the presence of casein, over 0.0011 s for gelatin modified nanoparticles, up to 0.0023 s' and
0.003 s for Tween 80 and SDS modifiers respectively. This observation corresponds with Langmuir-
Hinshelwood model of the heterogeneous catalyzed reduction. According to this model borohydride ions are
adsorbed on the surface of the nanoparticles and give them the electrons. At the same time molecules of 4-
nitrophenol adsorbed on silver surface are reduced by these electrons. After reduction, reaction product 4-
aminophenol is desorbed from the silver surface. The reaction rate therefore depends on the size of the
surface, which means that the smallest particles should have the highest catalytic activity, which was
confirmed by performed experiments.

0,5 - )
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Fig. 5: Kinetic curves of 4-nitrophenol reduction catalyzed by various silver nanoparticles and without silver
nanoparticles.
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3. CONCLUSION
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In this study the novel method of silver nanoparticles preparation was described. Silver nanoparticles were
synthesized using two-step preparation method consisting of silver bromide nanoparticles formation and their
consecutive reduction to metallic silver nanoparticles. Moreover, two surfactants and two natural polymers
were used not only as stabilizers but also as size modifiers of the synthesized nanoparticles.

The catalytic activity of prepared silver nanoparticles was tested on the reduction of 4-nitrophenol leading to
the formation of 4-aminophenol. The highest catalytic activity was observed for nanoparticles prepared in the
presence of SDS and Tween 80, because the smallest nanoparticles with the largest surface area were
prepared using these surfactants.
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