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Uvod

Nanocastice uslechtilych kovl se staly béznou soucéasti moderni civilizace, a to
nejen na poli védeckého vyzkumu, ale i mezi Sirokou vefejnosti. Praktické vyuziti
nanomaterialii v riznych oborech lidské Cinnosti, jako je medicina, katalyza, elektronika
i Siroké spektrum bioanalytickych aplikaci, pfedstavuji jen zlomek oblasti, kde jsou
nanomateridly bud’ testovany, nebo pfimo vyuzivany. Tyto materidly o rozmérech
pouhych péar jednotek az desitek nanometrti vykazuji zcela odlisné chovéani v porovnani

se svymi makroskopickymi protéjsky. Diky témto zménam v chovani se mohou v

nanosvéteé objevovat zcela nové fenomény nepozorovatelné v makrosvete.

Nanocéstice stfibra, diky svym vlastnostem a aplikaénimu potencidlu, fadime k
nejstudovanéjSim uslechtilym koviim v oblasti nanotechnologii. Mimo biologickou
(antibakterialni) aktivitu, prakticky vyuzivanou v materidlech pro humanni i veterinarni
medicinu [1], je dalsi ohromny aplika¢ni potencial nanocastic stiibra spojovan s jejich
optickymi vlastnostmi. Existence lokalizovaného povrchového plasmonu s maximem
absorpce ve viditelné ¢asti spektra poskytuje nastroj pro nové vysoce citlivé analytické
metody, mezi nimiz vynikd povrchem zesilena Ramanova spektroskopie (SERS).
Ramanova spektroskopie obdobné jako infracervena spektroskopie poskytuje fadu
informaci o studovanych systémech, ale jeji nizka citlivost ji pfedurcuje k vyuziti pouze
ve vyzkumnych laboratofich. Tento nedostatek byl vyfeSen pravé povrchovym
zesilenim Ramanova rozptylu na kovovych nanomaterialech, kde hraje velmi dtleZitou
roli velikost, morfologie a podoba téchto nanocastic, ne méné pak jejich tzv. ,,hot spots*
vytvofena béhem agregace [2]. Povrchem zesilena Ramanova spektroskopie se tak stava
v soucasnosti velmi mocnym analytickym nastrojem, ktery umoziiuje selektivni a
vysoce specifickou detekci biologicky vyznamnych molekul, jez se v zivych systémech
vyskytuji ve velmi nizkych koncentracich. Mimo detekce velmi nizkych koncentraci (az
pikomoly) biologicky vyznamnych molekul nabizi SERS do klinické praxe i
specifickou detekci celych Zivych systémli — patogennich bakterii. Rychla a
jednoznac¢na detekce patogenii hraje v oblasti mediciny zasadni roli, typicky v oblasti
ortopedie pti sledovani pooperac¢niho stavu pacienta, kdy prodleva v rychlosti stanoveni
pfitomnosti bakteridlniho patogenu v kloubnich punktatech mize mit az fatalni nasledky

v podobé amputace koncetin. Klasické testy ptitomnosti bakterii v biologickych



vzorcich jsou zalozeny na tradi¢nich kultivacnich technikach, ale i modernich technik
jako je polymerazova tetézova reakce (PCR) ¢i enzymaticka metoda (ELISA), které
ovSem mohou zabrat 1 n€kolik hodin az dni diky vysokym detekénim limitdm. Nové
moznosti detekce a identifikace patogennich mikroorganismii nabizi v takovychto
ptipadech biofunkcionalizované magnetické nanocastice a jejich spojeni s povrchem
zesilenou Ramanovou spektroskopii. Hlavni vyhodou magnetické separace oproti
ostatnim klasickym kultivaénim technikdm je jednoznacné jeji rychlost, snadnost
provedeni a vysokd specifita. Snizuje se tak doba komplexniho mikrobiologického
vySetieni, coz je v dneSni dobé jeden z kli¢ovych aspekti nejen v klinické

mikrobiologii.

V souvislosti s témito tématy je piredlozend disertacni prace zaméfena na ptipravu
a testovani substratu na bdzi nanocastic stiibra, jakozto efektivniho substratu pro
zesileni Ramanova signélu. Prvni ¢ast experimentalni prace se zabyva sledovanim miry
zesileni Ramanova signalu modelové biomolekuly adeninu v zavislosti na snoubeni
pramérné velikosti ¢astic stiibra s vinovou délkou budiciho laserového zatreni (532, 633
a 780 nm). Dale pak na zaklad¢ ziskanych vysledkii byl vyzkum SERS aplikace
sméfovan do oblasti detekce a identifikace mikrobidlnich patogenti. Druhd cast
experimentalni sekce je proto vénovana uplatnéni diagnostického nastroje pracujiciho
na principu magneticky asistované SERS (MA-SERS) selektivni detekce a identifikace
patogennich bakterii. K MA-SERS detekci byl vyuzit biosenzor na bazi magnetickych
nanocastic oxidu Zeleza funkcionalizovanych pfisluSnymi protilatkami na jednotlivé
bakterie, které byly nasledné konjugovany s nanocasticemi stiibra. Pomoci aplikace
takovych ¢astic pfimo do vzorku Ize ze slozité biologické matrice specificky selektovat
pozadovany analyt a nasledné identifikovat. MA-SERS detekce a identifikace
mikrobialnich patogenti byla nejprve vyvijena na bakterialnich lyzatech Staphylococcus
aureus a Streptococcus pyogenes. Jelikoz bylo dosazeno povzbudivych vysledk,
nasledovalo testovani tohoto biosenzoru s infikovanymi vzorky kloubnich punktatt
ziskanych od pacientl trpicich osteoartrézou. Zavér experimentalni ¢asti této disertacni
préace je pak v€novan struénym komentaiiim spoluautorskych publikaci, ve kterych byl
rovnéz vyuzit aplikani potencidl nanocastic stiibra, at’ uz v podobé vrstev ¢i jako
soucast kompozitniho materidlu, jakozto aktivnich substratii pro zesileni Ramanova

signalu biologicky vyznamnych molekul.
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1. Ramanova spektroskopie

1.1 Historie

Historie Ramanovy spektroskopie prameni Vv letech 1923, kdy byl rakouskym
fyzikem A. Smekalem teoreticky piedpovézen jev modulace monochromatického zatreni
vnitinimi frekvencemi molekuly [3]. V roce 1928 jev neelastického optického rozptylu
kapalinou byl pozorovan v Kalkat¢ dvojici fyziki Ch. V. Ramanem s K. S. Krishnanem,
kde jako zdroj zafeni pouzili slune¢ni zafeni, dalekohled jako soustavu optického
prostfedi a pouhé oci jako detektor [4]. Soucasné, a¢ nezavisle na sobé, byla také zména
ve vinové délce svétla rozptyleného tentokrat pevnou latkou pozorovana v Moskvé
soveétskymi védci G. S. Landsbergem a L. I. Mandelstamem [5]. Dva roky poté profesor
Raman, podle kterého nese tento obor spektroskopie nazev, obdrzel za svoji praci

Nobelovu cenu.

Rostouci pozadavky na zvySeni aplikacniho potencidlu Ramanovych spektrometrti
postupné vedly K vylepSeni jednotlivych komponent. Zpoc¢atku byl vyzkum soustfedén
na vyvoj zdroji excitaéniho zatreni. Nejprve byly pro potieby Ramanovy spektroskopie
vyuzivany heliové ¢i olovéné lampy, které se vSak diky nizké intenzité¢ neosvédcily.
Nésledné roku 1930 pfisla na svét vhodné upravena rtutova vybojka slouzici jako zdroj
monochromatického zafeni pro Ramanovu spektroskopii. V roce 1962 byl zasadnim
krokem ve vyvoji instrumentace objev plynovych laserti pracujicich ve viditelné oblasti
spektra (Ar", Kr*, He-Ne), které se pozdé&ji osvédCily jako spolehlivy zdroj

monochromatického zateni pro Ramanovu spektroskopii [6].

Po druhé svétové vialce se zacali védci zabyvat problematikou detekénich
systémt, kde pivodni fotografické desky byly nahrazeny modernéjSimi detektory
pracujicimi na principu fotoelektrického jevu. Nastupem 70. let 20. stoleti byl tehdejsi
trojity monochrométor vyménén za holografickou mitizku. Dale v pribéhu vyvoje
Ramanovy spektroskopie, kdy byly zavedeny spektrometry s Fourierovou transformaci
(FT-Raman), byly vyvinuty velmi citlivé CCD (charge coupled device) detektory, které

zna¢né prispély k rozvoji a komercionalizaci Ramanovy spektroskopie [6].



1.2 Princip metody

Pro jednotlivé slozky monochromatického zareni dopadajiciho na analyzovany
vzorek ze zdroje plati, Ze je Castecné timto vzorkem absorbovéano, ¢asteCné timto
vzorkem prochazi a ¢asteéné je rozptylovano. Podstatou Ramanovy spektroskopie je
tedy méfeni rozptyleného zareni, jehoz fyzikalni ptivod stoji za neelastickymi srazkami
molekul vzorku s fotony excitujiciho monochromatického zafeni za soucasné zmény

vibra¢né-rota¢nich stavii molekuly (Obr. 1).

Rayleigh

-

Laser v

Raman

Obr. 1: Schéma vzniku Ramanova rozptylu. Pfevzato a upraveno z [7].

Interakce tohoto zafeni s molekulou je doprovédzena absorpci primarniho fotonu a
témeét okamzitou emisi sekundéarniho fotonu z kratkodobé existujiciho virtualniho stavu
(<10 sekundy) do nizsi energetické vibra¢ni hladiny. P¥i této interakci dochazi
k vymén¢ energie mezi fotony monochromatického zafeni s molekulami vzorku, jejimz
vysledkem je zména energie sekundarniho fotonu, a tim tedy i jeho vinové délky.
Ponévadz celkova energie zustava pii tomto dé&ji zachovana, odpovida zména energie
fotonu snizeni nebo zvySeni energie molekuly vzorku. Bohuzel procesii probiha
soucasn¢ vice, proto mizeme rozlisit nékolik variant moznych rozptylovych jevi. Ma-li
rozptylené zareni frekvenci shodnou s frekvenci budiciho zafeni vychazejiciho ze
zdroje, hovotime o Rayleigho rozptylu (Obr. 2). Ten vSak fadime mezi elastické
rozptyly. Molekula je pii rozptylu vybuzena ze zékladni vibra¢ni hladiny na vyssi
virtudlni hladinu, ze které v nasledném kroku putuje zpét a obsadi ptivodni vibracni
hladinu. Nedochazi tedy ke zméné energie fotonu a vyzateny foton ma stejnou vinovou

délku jako budici zateni.
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Obr. 2: Schematické znazornéni Rayleighova a Ramanova rozptylu.

Prevzato z [8].

Naopak, je-li rozptylené zateni rozdilné frekvence nez frekvence budiciho zafeni,
hovofime o Ramanové rozptylu, ktery v Ramanové spektru rozliSujeme na Stokesovy a
anti-Stokesovy linie (Obr. 2). Pii Stokesové rozptylu se molekula po excitaci nevraci
zpét do zakladni energetické hladiny, ale klesne na vhodnou excitovanou hladinu. Dojde
tak k vyzafeni fotonu s nizsi energii (vétsi vinovou délkou) nez excitaéni zafeni. Naproti
tomu anti-Stokesovy linie odpovidaji ptechodu molekuly na virtualni hladinu, z niz
nasledné klesne az na zékladni vibra¢ni hladinu. Podminkou vzniku anti-Stokesovych
linii je, aby se molekula jiZ na pocéatku celého déje nachdzela v nékterém z vysSich
vibracnich energetickych stavii v ramci zakladniho elektronického stavu. Dojde tak
k vyzaieni fotonu s vyss$i energii (niz$i vinovou délkou) nez excitacni zafeni. Jelikoz
populace téchto vysSich vibracnich energetickych hladin se fidi tzv. Boltzmanovym
rozdélenim (rovnice 1), je pravdépodobnost vyskytu molekul v takovéto hlading velmi

mala;

W= o (-5) ®

kde No, Ni jsou populace molekul v zéakladnim, respektive vys$S§im vibra¢nim
energetickém stavu, h je Planckova konstanta, 9, je vibra¢ni frekvence, k je

Boltzmanova konstanta a T je teplota.
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Timto lze tedy poukazat na fakt, ze anti-Stokesovy linie, ve srovnani se
mod aktivni v Ramanové spektru, bude pro néj mozné pozorovat dvé linie, a to
symetricky rozlozené kolem linie Rayleighova rozptylu, tj. ve Stokesové a anti-
Stokesové oblasti. Proto se v bézné praxi setkdvame vyhradné se studiem spekter
v oblasti Stokesova rozptylu, a to se zietelem na nutnost odfiltrovat Rayleighovy linie,
jejichz intenzita je pfiblizné 10°-10'? krat vyssi, neZ intenzita b&Zného Ramanova
rozptylu. Vyuziti anti-Stokesovy linie Ize uplatnit v piipad¢, kdy se ve zkoumaném

vzorku puasobicim zafenim vybudi fluorescence, ktera zpusobi piekryv Stokesovy

oblasti.
Rayleigh
Scattering
Anti-Stokes * Stokes
ey
Bz
3
o=

Increasing Wavelength =
<+— [ncreasing Frequency

Obr. 3: Symetrické rozlozeni Stokesovy a anti-Stokesovy linie kolem linie Rayleigova

rozptylu. Prevzato z [9].

Zéakladnim vybérovym pravidlem pro vznik Ramanovy linie je podminka, aby
Vv pribéhu vibrace dochazelo ke zméné polarizovatelnosti molekuly (tj. mira schopnosti
elektrickych naboji v molekule se posouvat vlivem ptsobeni elektrického pole). Tuto
schopnost vykazuji ptedev§im nepolarni ¢asti molekul, zatimco polarni jsou ziidka

polarizovatelné.
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Analytickym vystupem této metody je Ramanovo spektrum, vyjadiené zavislosti
intenzity rozptyleného zafeni na Ramanové posunu (cm), které poskytuje informace o
zméné vibra¢nich pohybt molekul. Z hlediska kvalitativni informace, smysl Ramanovy
spektroskopie spociva zejména v tom, Ze vibra¢ni spektrum slouzi jako tzv. ,,0tisk
palce” chemickych vlastnosti molekuly. Tato ¢ast spektra je pro kazdou latku naprosto
charakteristickd, nebot' odrazi uspotfddani chemickych vazeb a atomovych jader
v molekule, a stejn¢ tak interakce mezi molekulou a jejim blizkym okolim. Na zakladé

toho tak poskytuje detailni informace o chemickém sloZeni zkoumanych latek.

1.3 Vyhody a nevyhody Ramanovy spektroskopie

Ramanova spektroskopie je nedestruktivni a nekontaktni analytickd technika,
Ktera se vyuziva pro rychlé a relativné levné metody kvalitativni analyzy. Diky svym
nespornym vyhoddm se Ramanova spektroskopie stale vice dostava do poptedi zajmu a
upeviuje tak svou pozici na poli analyzy materialt. V nasledujicim odstavci je pro

nazornost uvedeno neékolik vyhod, ke kterym patii zejména:

e Snadnost méfeni vzorkll rizného skupenstvi a povahy, jako jsou roztoky, tenké
povrchové filmy, pevné latky, plyny, gely, krystaly, vlakna, buiiky 1 celé tkan¢.

e Moznost méfeni vodnych roztokd analytt. Intenzita Ramanova signalu je pro
vodu velmi nizk4d a optické materidly pouzivané v Ramanové spektroskopii
nejsou citlivé na vlhkost.

e Potieba jen minimalniho mnozstvi vzorku k méteni, dané pouze dobrou fokusaci
laserového paprsku na vzorek. V piipadé roztokt se jedna o praci s objemy
v fadech jednotek mikrolitri.

e Pii analyze pevnych latek 1ze méfit dany materidl bez jakékoliv nebo minimalni
upravy. Nemusi byt bran zietel na tloustku materidlu ani ptispévek okolni
atmosféry.

e Metoda je nedestruktivni vii¢i vzorku, proto je ve vétSing piipadt vzorek nadale

k dispozici pro pouziti pti dal§ich experimentech.
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e Podstatnou vyhodou je ¢asova nenarocnost, jelikoz Ramantiv rozptyl probiha ve
velmi kratké Casové skale (v fadech femtosekund). Proto je tato metoda vhodna i
ke studiu kinetiky biologickych procesi.

e Pomoci optickych vldken 1ze provadét méfeni na vétsich vzdalenostech.

e Metoda je bezkontaktni, proto lze provadét méfeni vzorkl pies transparentni
polymerni obaly ¢i sklo.

e VsouCasnosti naméfené informace tvofi rozsdhlé knihovny spekter
S jednoznaéné pfifazenymi pasy, popisem vibraci a nalezenou korelaci mezi

strukturou a spektralnimi rysy.

Jak uz tomu tak byva, tak i Ramanova spektroskopie ma své zaporné stranky.

V nasledujicim odstavci je pro ndzornost uvedeno par nevyhod:

e Zhlediska pomérné¢ slabého Ramanova jevu je zapotiebi pouzit citlivou a
vysoce optimalizovanou sestavu méfici techniky. Proto také méfeni vyzaduje
pomérné vysokou koncentraci analytu, coz miize byt, Vv pfipadé¢ nékterych
biologickych materialii ¢i mélo rozpustnych vzorki, potizi.

e Znaénym problémem muze byt fluorescence, at' uz zpusobena stopovymi
necistotami ve vzorku, ¢i samotnym vzorkem. Muize tak dojit k piekryti
Ramanovych linii a tim ke ztraté¢ informace. Proto jsou kladeny zna¢né naroky
na optickou homogenitu a Cistotu vzorku.

e V disledku velké intenzity dopadajiciho excita¢niho zafeni mize dochazet az
k nezadoucimu tepelnému poskozeni citlivéjsich vzorku.

e Ackoliv je Ramanova spektroskopie relativné ¢asové nenaro¢na, V nékterych
ptipadech mize doba expozice a pocet opakovanych akumulaci spekter pojmout

vice ¢asu diky malé citlivosti této techniky.

1.4 Povrchem zesilena Ramanova spektroskopie

Ve srovnani s jinymi spektroskopickymi jevy v molekule je Ramandv rozptyl pii
standardnim experimentalnim uspofadani mnohonasobné slabsim jevem (pouze jeden z

10°-10® dopadajicich fotonti je rozptylen neelasticky, coz znaéné omezuje rozvoj
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v biologickych védach), a proto byla snaha vyvinout techniky zesilujici jeho signal.
Mezi pokrocilejsi techniky zesilujici Ramantv rozptyl fadime rezonan¢ni Ramanovu
spektroskopii (RRS zangl. resonance Raman scattering) a povrchem zesilenou
Ramanovu spektroskopii (SERS z angl. surface enhanced Raman scattering), ktera bude
podrobné diskutovana v dalsich podkapitolach. Zakladem RRS je vyuziti rezonan¢niho
Ramanova efektu, ktery nastdva tehdy, kdyz excitaéni vinovd délka pouzitého
laserového zateni spada do absorpéniho pasu analyzovaného vzorku. Zde pak muzeme
dosahnout zesileni intenzity Ramanova rozptylu az stisici nasobnym zvySenim.
Nicméné velkym nedostatkem je jiz vySe zminéna fluorescence a fotodegradace

analyzovaného vzorku.

Naproti tomu, objev povrchem zesilené Ramanovy spektroskopie ma, diky
extrémné vysoké citlivosti této metody, velky vyznam pro védni discipliny, které svou
pozornost sméefuji ke studiu ¢astic pohybujicich se svym rozmérem v fadu nékolika
nanometrd. Tato metoda je Casto vyuzivana ve farmaceutickém a potravinaiském
pramyslu, v zemédélstvi ¢i 1ékarstvi. Pravé tento potencial vyuziti SERS techniky je
jednim z dtivodd, proc je studiu této metody vénovana ze strany védecké komunity tak

zna¢na pPozornost.

V zavislosti na zvolené metodé miizeme ziskat faktor zesileni Ramanova signalu
vice jak 10* (lokalng i vice nez 10%). Obrovskou vyhodou této aplikace je potieba
pouze malého mnoZstvi vzorku, coZ nahrava na dalsi pfinos a tim je pfima analyza a

Siroké pole uplatnéni.

1.4.1 Historicky vyvoj techniky SERS

Zacatkem sedmdesatych let minulého stoleti se nékolik skupin védeli zabyvalo
moznymi zpusoby, jak ziskat Ramanovo spektrum monovrstvy molekul adsorbované na
kovové elektrodé. Analyza takovych systému se vSak ve stejné dob¢ dala tspésné
provést pomoci infratervené spektroskopie a Ramanova spektroskopie tak nebyla

povazovana, diky slabému signalu, za vhodnou volbu [10].
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Prvni souvislejsi zminky o SERS efektu spadaji do roku 1974, kdy trojice védct
Fleischmann, Hendra a McQuillan [11] provedli pokus, pii kterém pozorovali zesileni
Ramanova signalu pyridinu adsorbované¢ho na piedem elektrochemicky zdrsnéném
povrchu stiibrné elektrody. Zesileny Ramantv signal pyridinu autofi pfipisovali
zvétsené plose povrchu elektrody zpusobené zdrsnénim. Nicméné i pfes to, ze se
nabizelo jednoduché racionalni vysvétleni zesileni Ramanova signalu, frekvence
nevyieSenych otazek, které nezapadaly do této teorie, se postupné zvySovala. Mezi nimi
se objevovala i teorie, ze za urcitych okolnosti muze dojit, v dasledku vétsiho zdrsnéni
plochy elektrody, pravé naopak ke sniZzeni Ramanova signalu. Kratce na to, roku 1977,
byla ptivodni myslenka témét soucasné vyvracena dvéma skupinami védct nezavisle na
sobé. Dvojice Jeanmarie a Van Duyne [12], Albrecht a Creighton [13]
predikovali myslenku, kterou nasledné experimentalné podlozili, ze ptvod zesileni
nybrz se jedna o zcela jiny typ zesileni. Zasadnim stimulem pro rozvoj v oblasti SERS
techniky byla roku 1997 detekce jednotlivych molekul rhodaminu 6G naadsorbovanych

na &asticich koloidniho stiibra, kdy je uvadén faktor zesileni az 104-10%° [14].

Nicméné otazka mechanismu a plvodu takového vyrazného zesileni Ramanova
signalu stale neni zcela zodpovézena a pfitahuje tak svou pozornost mezi védci
badajicich po zakladnich podstatach této techniky. VySe zminéné ptredpoklady byly
vSak dlouhou dobu predmétem diskuze a zabralo zhruba desetileti, nez se dospélo
k dnesnim obecné pfijimanym teoriim tykajicich se mechanismu povrchového zesileni

Ramanova signalu.

1.4.2 Mechanismus povrchem zesileného Ramanova signalu

Princip SERS efektu ma piivod v soucasné interakci elektromagnetického zafeni
S nanocasticemi kovu (napt. Ag, Au, Cu, Pt) ¢i nerovnym (zdrsnénym) povrchem téchto
kovi, a s molekulami lokalizovanymi na jejich povrSich ¢i Vv jejich blizkém okoli.
Neelasticky rozptylené zafeni témito molekulami je pak zesileno prostfednictvim tzv.
rezonan¢niho Mieova rozptylu vySe zminénou nanocastici kovu. Velikost faktoru

zesileni (t]., K jak velkému doslo naristu Ramanova signalu oproti signalu méfeného za
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standardnich podminek) je jednim zklicovych aspekti SERS techniky. V tomto

systému se uplatiiuji dva typy fyzikalnich mechanismu:

e Elektromagneticky — dlouhého dosahu. Tento mechanismus dodava nejvétsi
ptispévek k celkovému faktoru zesileni Ramanova signalu. Elektromagneticky
mechanismus vyuziva silného elektromagnetického pole, vznikajiciho optickym
buzenim povrchovych plasmont, které jsou lokalizovany na nanocasticich kovi
¢i jejich interagujicich souborech. Absorbuje-li nanoc¢astice plasmonického kovu
zateni vhodné vinové délky, tak dojde k rozkmitani vodivostnich elektrond v
Castici a vytvori se tak oscilujici dip6l, ktery nasledné emituje zafeni, jehoz
intenzita je tmérna druhé mocniné velikosti tohoto dipdlu. Abychom ziskali co
nejvyssi hodnotu faktoru zesileni, musi se analyzovana molekula nachazet v co
nejtésnéjsi blizkosti povrchu nanocastice (<10 nm). S rostouci vzdalenosti mezi
molekulou a povrchem nanocastice kovu klesa intenzita Ramanova rozptylu
[15].

e Chemicky mechanismus — kratkého dosahu, resp. nutnost velkého piibliZzeni
analytu a kovu, neboli také mechanismus pfenosu naboje, ma o mnoho mensi
vliv na celkovy faktor zesileni Ramanova signalu, a je zaloZen na interakci mezi
naadsorbovanymi molekulami analytu na povrchu kovovych nanocastic a
naslednym prenosem naboje mezi analytem a kovovym povrchem piislusného
adsorbentu. Mezi adsorbatem a adsorbentem vznika chemicka vazba a cely

proces oznacujeme jako chemisorpci [16].

Pfi vhodné zvolenych podminkach mizeme dosdhnout vy$si hodnoty faktoru
zesileni Ramanova signdlu nejen spravnou volbou vinové délky excitacniho zareni
(resonanéni Ramantv rozptyl), ale taktéz fyzikalni vlastnosti, jako je velikost a
morfologiec SERS substratu, hraji vyznamnou roli. Stejné tak typ analytu a jeho
fyzikalné—chemické vlastnosti nam vyrazné mohou ovlivnit vyslednou hodnotu faktoru
zesileni. Vratime-li se zpét do historie, tak jiz v roce 1982 Moskovits [17] shrnul
zakladni pozadavky na vhodny substrat pro SERS techniku. Idealni substrat musi
poskytovat reprodukovatelné vysledky, musi byt dostate¢n¢ dlouho stabilni a také jeho

pfiprava by méla byt nendrocnd na ¢as a praci. Za poslednich 30 let byly pfipraveny

17



razné typy SERS aktivnich materialii z kovt ¢i jejich sloucenin, které budou probrany

Vv nasledujici podkapitole.

1.4.3 SERS aktivni povrchy

Témi nejstarSimi SERS-aktivnimi substraty jsou jiz zminéné elektrochemicky
zdrsnéné elektrody, od kterych se odvijela cela historiec objevu SERS. Kratce po
objeveni SERS efektu se staly nejdiskutovanéjsim tématem v oblasti aktivnich substrat
nanoc¢astice mincovnich kovl, ptedevSim zlata, stiibra a médi. Divod, pro¢ jsou
koloidni disperze kovi tak popularni, vysvétluje, diky jejich vynikajicim optickym
vlastnostem v oblasti viditelného svétla a v blizké infracervené oblasti, jejich silny vliv
na zesileni Ramanova signalu (typicky 10%-10°), jejich levna, snadna a technicky méné
naroc¢na piiprava souvisejici s pozadavkem na uzkou distribuci velikosti a tvaru ¢astic.
Zménou parametriit béhem syntézy kovovych nanocéastic miZeme ménit jejich tvar
(koule, trojuhelniky, ty¢inky) a rozméry podle potieb aplikace, s ¢imz se zaroven méni i
jejich frekvence povrchového plasmonu. Na druhou stranu koloidni disperze kovii maji
tendenci podléhat agregaci, ktera stoji za hlavni pfi¢inou nereprodukovatelnosti méfeni.
Proto vySe zminéné problémy lze obejit imobilizaci nanocastic kovli na pevné substraty,
napf. sklenéné, kde jsou spojeny a umocnény vyhody obou téchto materiali. Vzhledem
k velkému vyznamu aplikace nanocastic stiibra ¢i zlata v SERS spektroskopii, budou

rozebrany jejich vlastnosti, metody pripravy a vyuziti v SERS v dalSich kapitolach.

2. Nanocastice uslechtilych kovii

2.1 Uvod do problematiky koloidné disperznich soustav

Pro uvedeni do problematiky zabyvajici se disperzemi nanocastic uslechtilych
kovil lze vyuzit metody pouzivané pro charakterizaci koloidné¢ disperznich soustav.

Disperzni systém neboli disperzni soustava je termodynamicky viceslozkovy systém,
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tvofeny disperzni fazi (podilem), kterd je rizné jemné rozptylena v homogennim

kontinuu tvoticim disperzni prostiedi. [18,19].

Zékladnim kritériem pro klasifikaci disperznich soustav je velikost castic
disperzniho podilu. Méftitkem velikosti disperznich ¢astic nam slouzi tzv. stupen
disperzity, coz je prevracena hodnota primérné velikosti kulové cCastice, a vypovida
nam o tom, sjakou jemnosti je disperzni podil rozptylen v disperznim prostiedi.
Koloidn¢ disperzni (mikroheterogenni) soustavy jsou tvofeny casticemi, jejichZ rozméry
se pohybuji pfiblizné v intervalu od 10° m do 10® m. Pro uplnost, soustavy obsahujici
&astice, jejichZ rozméry se pohybuji pod dolni hranici velikosti, kterou je piiblizné 10°
m (molekularni ¢i atomarni rozptyleni), oznacujeme jako analyticky disperzni
(homogenni) soustavy a fadime sem pravé roztoky nizkomolekularnich latek [20]. Tyto
disperze jsou stalé, nepodléhaji sedimentaci ani za vyuziti ultracentrifugy a jednoduse
prochazeji filtratnim papirem i membranami [19]. Naopak soustavy s ¢asticemi
nabyvajicich rozméri pievysujicich jeden mikrometr nazyvame jako hrubé disperzni
(makroheterogenni) soustavy. Tyto ¢astice jsou viditelné pouhym okem ¢i optickym

mikroskopem a velice rychle podléhaji gravitaéni sile a sedimentuji.

Velikost castic lze pouzit jako vhodné kritérium pro klasifikaci koloidné
disperznich soustav. Jsou-li vSechny castice disperzniho podilu stejné velké,
oznacujeme tuto soustavu jako monodisperzni; naopak polydisperzni, jestlize jsou
V soustavé pritomny castice rozdilnych velikosti. Ve vyjimecnych ptipadech, kdy jsou
nastaveny optimalni podminky a po celou dobu pfisné hlidany, l1ze pfipravit pomérné

monodisperzni soustavy.

Druhé kritérium, podle kterého rozliSujeme koloidné disperzni soustavy, je
zalozeno na tvaru dispergovanych c¢éstic. Maji-li Castice stejny tvar, soustavu
oznacujeme jako homodisperzni. LiSi-1i se tvar jednotlivych ¢astic mezi sebou, soustavu
pak oznacujeme jako heterodisperzni. V pfipadé monodisperznich soustav se soucasné

predpoklada, Ze jsou stejné tak i homodisperzni.[21]

Podle tvaru dispergovanych castic lze dale soustavy rozdélit na korpuskuldrni,
laminarni a fibrilarni. Korpuskularni, neboli také globularni, soustavy obsahuji ¢astice,

které jsou ve vSech tfech rozmérech pfiblizn¢ identické (Sitka, vyska, délka), a proto
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jsou oznacovany jako izometrické. Lamindrni soustavy predstavuji ¢astice majici tvar
desticek nebo, jak také vyplyva z nazvu, tvar lamel, jejichz dva rozméry prevladaji nad
tietim. Proto se také mizeme setkat s ozna¢enim jako anizometrické, mezi n¢z fadime i
zbyvajici treti typ — fibrilarni soustavy, jejichz Castice jsou protazeny do tvaru tyc¢inek ¢i

vlaken, kde prevlada jeden rozmér nad zbyvajicimi dvéma [18,19].

Dalsi vyznamnou Vvlastnosti pro blizsi klasifikaci koloidnich soustav, které jsou
tvofeny kapalnym disperznim prostfedim a pevnym disperznim podilem (lyosoly),
predstavuji vzdjemné interakce pusobici na fazovém rozhrani mezi disperznim
prostfedim a c¢asticemi disperzniho podilu. Za vratné nebo téz lyofilni koloidy
oznacCujeme takové soustavy, jejichz fazové rozhrani je rozprostieno do vétSich Sifek.
Systém je za danych podminek (teplota, tlak, koncentrace) staly, a jeho stabilitu neni
tieba udrzovat ptidavkem dalsich latek. Naopak soustavy s ostie vymezenym fazovym
rozhranim oznacujeme jako lyofobni. Dany systém je bez dodate¢né stabilizace

termodynamicky nestaly a velmi citlivy na zménu podminek.

2.2 Rozptyl svétla elektricky vodivymi ¢asticemi

Charakteristickou vlastnosti koloidnich soustav je to, ze rozptyluji svétlo, coz je
velmi dilezity (a komplikovany) jev pravé u disperzi nanocastic uslechtilych kovi.
Jedine¢né optické vlastnosti nanocastic uslechtilych kova jsou jedny z vyznamnych
charakteristik, diky nimz lze urcit velikost pfitomnych ¢&astic, usuzovat na jejich
koncentraci a dokonce i urc¢it analyzovanou strukturu. Pfi interakci elektromagnetického
zéateni (svétla) s koloidni disperzi dochazi ke sniZeni intenzity svételnych paprski po
pruchodu danym prostfedim diky absorpci a rozptylu dopadajiciho zareni. V ptipadé
kovovych ¢&astic se jedna o tzv. specifickou absorpci, pfi které absorpce zafeni a
intenzita rozptyleného zateni prochézi s klesajici vinovou délkou elektromagnetického
zafeni maximem. Velikost obou téchto optickych jeviu zavisi jak na typu kovu, stupni
disperzity, morfologii, tak i mife agregace Castic disperzniho podilu. U vétSich ¢astic
mohou nastat i dalsi optické jevy, jako je lom a odraz svétla na ¢asticich disperzniho
podilu, u nanocastic se vsak nejvice uplatiiuje jiz zminéna specificka absorpce a rozptyl

zateni [19,21,22]. Puvodem specifické absorpce elektromagnetického zareni
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nanocasticemi kovu je souhra frekvence hromadné oscilace vodivostnich elektrond s
frekvenci dopadajiciho zareni. Tato resonance je pak zndma pod pojmem povrchova
plasmonova resonance (SPR zangl. surface plasmon resonance). Dopadajici
elektromagnetické zafeni na ¢astici vyvola kolektivni kmitani elektronti ve vodivostnim
pasu, coz se nasledné projevi v extinkénim spektru (tj. spektru, kde je zahrnuta absorpce
1 rozptyl zéfeni). Tvar spektra povrchové plasmonové rezonance zavisi na
dimenzionalité piitomnych ¢astic. Se zvétSujicim se rozmérem castic se zvysuje pocet

dip6lia (Obr. 4), coz se nasledné projevi v extinkénim spektru nékolika pasy navic [23].

Obr. 4: Diagramy zobrazujici silo¢ary elektrického A) dip6lu, B) kvadrupolu, a C)
oktupolu. Prevzato z [23].

Pro nanocastice uslechtilych kovt se typicky pas specifické absorpce nachazi ve
viditelné oblasti spektra, zatimco neuslechtilé kovy maji svlij povrchovy plasmon v UV
oblasti [24,25]. Je zde nutno podotknout, Zze u nanocastic stiéibra, v zavislosti na jejich
velikosti a tvaru, pozorujeme vyraznéjs$i zmény frekvenci plasmonové resonance Oproti
Casticim ostatnich vzacnych kovu [26]. Pfesna poloha extinkéniho maxima, tvar ¢i
polositka daného pasu tzce souvisi nejen s velikosti, morfologii, povrchovymi
modifikacemi a stupném agregace Castic, které jsou v piislusném disperznim prostiedi
obsazeny, ale také s permitivitou disperzniho média [27]. Experimentalni studie
dokazuji, Ze s rostoucim rozmérem castic nejprve specifickd absorpce strm¢ narlsta,
nasledné po dosaZeni maxima klesa. Piikladem mohou byt spektra pro riizné morfologie
nanocastic zlata a stiibra (Obr. 5). Zména morfologie Castic ze sférickych (Obr. 5 A) na
ty¢inkovité (Obr. 5 D) se promita ve spektru, kde vznikaji dvé extinkéni maxima
[28,29]. Také je evidentni, ze srostouci velikosti nanocastic pfislusného tvaru se

posouva extinkéni maximum k dlouhovinné oblasti spektra [28]. Zménou velikosti
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castic, jejich morfologie a agregatniho stavu lze tak efektivné ovliviiovat faktor zesileni

Ramanova signalu navic i v souvislosti s vinovou délkou pouzitého excitujiciho zateni.
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Obr. 5: UV/Vis spektra nanocastic kovl o ruznych velikostech a tvarech: A) sférické
nanocCastice Au, B) nanocastice Au ve tvaru desetisténu, C) nanocéastice Ag ve tvaru

trojihelniku, D) pfeména nanocastic Au z ty¢inek na oktaedr. Pfevzato z [28].

2.3 Stabilita koloidné disperznich soustav

Doba existence soustavy v koloidnim stavu se pohybuje od prakticky uplné
nestability aZ po uplnou stalost. Dikazem je napiiklad doposud uchovavany sol zlata
v Kralovském londynském institutu, ktery byl pfipraven Faradayem. Tak jako my, lidé,
bohuzel starneme, tak i1 koloidni soustavy podléhaji pochodim, které se nazyvaji
starnuti [19]. Problém stability disperzi nanocastic uslechtilych kovu lze opét
zjednodusSené nastinit obecnymi pfistupy, které¢ jsou odvozeny pro klasickou koloidni

chemii. V dusledku velké plochy povrchu ¢astic disperzniho podilu, koloidni soustava
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oplyva prebytkem povrchové energie, zejména jsou-li interakce mezi molekulami
disperzniho prostiedi a disperzniho podilu slabé. Pod vyrazem stabilita termodynamicky
nerovnovaznych koloidnich soustav si Ize predstavit jejich schopnost se branit vici
procesum, které maji negativni vliv na zménu jejich struktury, dale maji za nasledek
snizeni stupné disperzity a také vedou ke zméné charakteru rozdéleni Castic podle

rozméru, coz ma fatalni vliv na existenci koloidni soustavy [19,30].

Z pohledu stability je pro koloidni soustavu typicky tzv. metastabilni stav, ve
kterém soustava oplyva prebytkem povrchové energie, a to diky velkému povrchu ¢astic
disperzniho podilu. Mize vSak nastat i situace, kdy se koloidni soustava dostane do
stavu s niz§i povrchovou energii, k ¢emuz je potieba ptekroCeni uréité energetické
bariéry. K prekonani této energetické bariéry slouzi tzv. aktivacni energie, kterd je nutna
ke spojovani ¢astic. Z toho je tedy evidentni, aby koloidni soustava vykazovala znamky
stability, musi existovat dostatecna energeticka bariéra, ktera by zabranovala spojovani

¢astic a tim i poklesu povrchové energie [21].

Zakladni myslenku, tykajici se problému agregatni a kinetické (sedimentacni)
stability nastinil v letech 1922 rusky fyzik N. P. Peskov, podle které rozliSujeme
kinetickou a agregatni stalost koloidnich soustav [30]. Pojem kineticka stabilita zvazuje
schopnost soustavy, sjakou bude odolavat procesim pilisobicim proti zachovani
rovnomérného rozdéleni koncentrace astic - typicky sedimentace v gravitaénim poli
[19,30]. Sedimentaéni stalost je vyznamné ovliviiovana pomérem rychlosti difize a
sedimentace, které nastavaji uvnitt soustavy. Mezi sedimentacn¢ stalé ¢astice fadime ty,
jejichz rozméry se pohybuji pod 100 nm a maji vlivem difiize, kterd plisobi proti
sedimentaci, tendenci se udrzet rovnomérné v celém objemu disperzni soustavy [21].
Naopak agregatni stabilita vyjadiuje schopnost soustavy zachovat sviij stupen disperzity
[19]. Agregatni stalost koloidnich soustav zavisi jednak na slozeni disperzniho

prostredi, které 1ze jednoduse ovlivnit i velmi nepatrnym ptidavkem elektrolytt, a také

na teploté ¢i intenzité michani dané soustavy [31].

Vzijemné soupefeni mezi ptitazlivymi a odpudivymi silami dvou pfiblizujicich se
koloidnich ¢astic ndzorné popisuje tzv. kiivka interakcni energie (Obr. 6). Z ni je patrné,
ze se nejprve koloidni ¢astice béhem jejich vzajemného piiblizovani dostanou do stavu

tzv. sekundarniho minima energie, ve kterém na castice pusobi slabé pfitazlive sily,
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které jsou o néco vétsi nez sily odpudivé. Tento d€j oznaCujeme jako flokulaci a vzniklé
utvary pak jako flokulaty. Diky ptsobicim slabym silam lze takovéto Castice zpétné od

sebe odd¢lit a prevést do jejich piivodni koloidni formy.
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Obr. 6: Blokové schéma znazornujici interakéni energii dvou koloidnich Eastic

Vv zavislosti na jejich vzajemné vzdalenosti. Pfevzato a upraveno z [32].

Proti dalSimu pfibliZovani ¢astic a vytvofeni tzv. koagulatu se silné¢ vazanymi
¢asticemi v ramci primarniho energetického minima stoji v cesté energeticka bariéra.
V oblasti, kde interakéni kiivka dosahuje maxima P, dominuji odpudivé sily nad

ptitazlivymi a koloidni disperze se jevi jako Kineticky stabilni.

Stabilizace koloidné disperznich soustav proti nezddouci agregaci je
realizovatelnd dvéma zakladnimi zplsoby souvisejicimi s vySe uvedenym popisem
interakce mezi Casticemi. Pfi¢inou odpudivych sil, které zabezpecuji dostatecnou
energetickou bariéru proti spojovani castic, je urcCité¢ elektricky ndboj na povrchu
Castice, ktery tvoii iontovou obalku okolo kovového jadra. Proto jednou z moznosti
stabilizace je wvyuziti elektrostatického odpuzovani dvou Ccastic nesoucich stejny
elektricky naboj. Silu elektrostatického odpuzovani dvou nabitych ¢astic g1, 2 popisuje

Coulombtv zakon:
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z n¢hoz je evidentni, Ze odpudiva sila dvou sférickych castic klesa s druhou mocninou
jejich vzdalenosti r. Konstantu ¢, oznacujeme jako permitivita vakua a ¢, jako

permitivita prostiedi [21]. Na povrchu kovové nanocastice se vlivem pridavku roztoku
elektrolytu vytvofi elektricka dvojvrstva, ktera, pokud ma dostatecné velky elektricky
potencial, vede ke vzniku elektrostatické repulze mezi Casticemi, jez se od sebe
dostanou na bezpe¢nou vzdalenost [19]. Tento mechanismus elektrostatické stabilizace
popisuje kvantitativné teorie DLVO, kde jednou ze zakladnich veli¢in, popisujicich
stabilitu koloidné disperzni soustavy je kritickd koagula¢ni koncentrace. Tato veli¢ina
predstavuje koncentraci elektrolytu o uréitém naboji protiiontu (iont s opaénym
nabojem neZ je naboj elektrické dvojvrstvy na povrchu castice), kterd pravé vyvola

rychlou agregaci koloidnich ¢astic.

Druhy zékladni stabilizaéni mechanismus koloidnich soustav ptedstavuje tzv.
stericka stabilizace. Principem zabranéni agregace koloidnich castic je vytvofeni
povrchové vrstvy vhodnymi latkami (polymery ptirodniho i syntetického ptivodu, napf.
zelatina) pfidanymi do systému, které se specificky adsorbuji na povrchu &astice, aniz
by ovliviiovaly povrchovy naboj samotné Castice. Vyhodou stericky stabilizovanych
nanocastic kovil, ve srovnani s elektrostatickou stabilizaci, ktera se uplatituje predevs§im

ve vodném prostiedi, je jeji vyuziti jak v organické, tak vodné fazi [21].

2.4 Chemicka syntéza nanocastic uslechtilych kovu

Vlastnosti materialli se se zmenSujicimi se rozméry nefekané¢ méni a piinaseji
zcela nové fenomény, nepozorované u ¢astic vétsiho rozméru. Tyto nové vlastnosti se
objevuji vyrazné pii poklesu rozméru ¢astic pod 100 nm, tedy u nanocastic. Hitem
poslednich let v materidlovém vyzkumu je snaha o fizenou pfipravu nanocastic
uslechtilych kovl s velmi dobie definovanymi tvary a velikostmi, jelikoz jsou tyto
parametry klicovymi pro jejich naslednou aplikaci. Mechanismus ristu nanocastic kovi

postupné od jednotlivych atomid je v zakladnich principech popsatelny obecnymi
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ptistupy odvozenymi v klasickém modelu homogenni nukleace (Obr. 7), ktery byl
publikovan jiz v roce 1950 badateli LaMer a Dinegar [33]. Tento model piedstavuje
casovy priub¢h zmény koncentrace monomerit béhem chemické reakce. V prvni ¢asové
zon¢ prabehu reakce dochdzi ke vzniku monomerti prostiednictvim vzajemného
ptiblizovani jednotlivych molekul. PtrekroCenim jisté saturacni koncentrace dojde
k nukleaci (zona II). Rychly proces nukleace je nasledné doprovazen zmenSovanim
koncentrace monomeru, ¢imz je proces nukleace brzdén, a zaina rustové obdobi jiz

existujicich jader v zoné II1.
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Obr. 7: Diagram mechanismu rustu krystala v roztoku podle LaMer-Dinegara. Pievzato
z [34].

Aby disperze nanocastic uSlechtilych kova spliiovaly ocekavané pozadavky, je
nutné zvolit tu nejvhodnéjsi syntetickou cestu. Na zdkladé vhodné zvoleného
prekurzoru iontt stiibra ¢i zlata, redukéniho Cinidla, pfipadné stabilizatort a dale pak na
zéklad¢ zmény experimentalnich podminek, jako je pH a teplota, Ize tidit velikost, tvar
a morfologii vznikajicich Castic. Zakladni postup pfipravy nanocastic uslechtilych kovii,
tzn. stiibra a zlata, vychazi ze stiibrné soli (pfevazné ve formé dusi¢nanu — AgNO3),
respektive zlatit¢é soli (ve formé tetrahydratu kyseliny tetrachlorozlatit¢ —
HAUCI4.4H20). Vyhodou téchto soli je jejich snadna rozpustnost ve vodé, coz hraje
dualezitou roli pro nastaveni optimalnich podminek. V nasledujicich dvou podkapitolach
bude podrobnéji probrana chemicka syntéza nanocastic uslechtilych kovil tzv. ,wet®
(roztokovou; chemickou) cestou, zejména nanocastic stiibra, kde jako hlavni kritérium

pii rozde€leni téchto syntéz do podkapitol bude uvazovan typ redukénich latek.
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2.4.1 Redukce anorganickymi latkami

Mezi nejrozsitenéjsi metody ptipravy nanocastic uslechtilych kovii, vyuzivajicich
k redukci anorganické latky, patii redukce tetrahydridoboritanem sodnym (NaBHa).
Jako prvni publikovali tento postup pfipravy nanocastic stiibra za vyuziti vyse
zminéného silného reduk¢niho ¢inidla v roce 1979 Creighton, Blatchford a Albrecht
[35]. V této metodé se pracuje za pomérné nizkych teplot (2 °C) a za intenzivniho
michani, nebot’ pii vysSich teplotach tetrahydridoboritan sodny podléha hydrolyze za
vzniku boratd rGzného slozeni. Za intenzivniho michani lze timto postupem
reprodukovatelné ptipravit velmi malé ¢astice (jednotky nm) stabilni v disperzi nékolik
mésict. Tento postup od doby jeho publikovani byl mnohokrat modifikovan, od zmény
vstupni koncentrace borohydridu, pies zménu hodnoty pH, po zménu poméru reakénich
slozek, které vedou k cilené tvorbé nanocastic pozadovanych rozméru a tvard [36].
Nicméng, jak bylo nastinéno autorem Rospendowski a kol. [37] uz v roce 1991, povrch
nanocastic stfibra redukovanych tetrahydridoboritanem sodnym neni biokompatibilni
pro imobilizaci enzymu a dalsich biologicky dulezitych latek a jejich naslednou SERS
detekci. Zajimavé poznatky pfinesly prace autora Polte a kol. [38,39], na jejichz zakladé
Ize usuzovat jak na rozdilnou agregatni stabilitu borohydridovych nanocastic stiibra a
zlata, tak i na jejich mechanismus ristu. Zatimco proces vzniku nanocastic zlata
predstavuje pouze jednu fazi koalescence, ktera nastava ihned po smichani reaktanti,
tak vznik nanocastic stéibra je realizovan ve dvou rozdilnych fazich. Prvni faze je
ztotoznitelna s fazi u nanocastic zlata, zatimco v druhé fazi koalescence hraji roli
borohydridové anionty podléhajici hydrolyze, které také ovliviiuji stabilitu ptisluSnych

nanocastic sttibra.

Zajimavé vysledky byly dosazeny skupinou autori Yang a kol. [40] pfti ptipravé
stiibrnych nanodesticek ve tvaru trojuhelnikd. Navrzeny postup chemické syntézy je
zalozen na tfech krocich: (1) nejprve byly pfipraveny sférické nanocastice stiibra
redukci tetrahydridoboritanem sodnym v piitomnosti citratu sodného plniciho funkci
stabilizacniho Cinidla; (2) pak nésledovala n¢kolikahodinova konverze téchto citratem
stabilizovanych sférickych castic na SDS (dodecylsiranem sodnym z angl. sodium
dodecyl sulphate) stabilizované nanocastice stiibra, ktery zaroven poskytuje vVhodné

prostiedi pro rekrystalizaci nanocastic do pozadovanych tvart; (3) poslednim krokem
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bylo dvoudenni zrani téchto SDS stabilizovanych sférickych castic za pritomnosti
0,01 mol/l roztoku chloridu sodného do trojihelnikovych tvart, které bylo doprovazeno
zménou zabarveni roztoku ze Zlutohnédé na svétle zelenou. Tyto Castice v prabéhu
prvni faze zrani dosahovaly primérné velikosti 9,6 nm s UV/Vis absorpénim maximem
pii vinové délce 397 nm. Nasledné v druhé fazi zrani, tj. po uplynuti 3 tydnt, doslo ke
kompletni rekrystalizaci sférickych castic stiibra na trojuhelnikové desticky (Obr. 8).
Tato konverze byla doprovazena zménou zabarveni roztoku nanocastic stfibra na
modrou. Na snimcich z transmisniho elektronového mikroskopu byly pozorovany
trojuhelnikové desticky s pramérnou délkou stran 65 nm a v UV/Vis absorpcnim
spektru se jevily tfi charakteristické pasy s absorpénimi maximy pii 330 nm, 450 nm a
660 nm.

100 nm

Obr. 8: TEM snimky (A) SDS-stabilizovanych nanocastic stiibra pied pfidavkem NaCl;
(B) nanocastice stiibra po tfech tydnech zrani od ptidavku 0,01 mol/l roztoku NaCl.

Pievzato a upraveno z [40].

Leopold a kol. [41] piedstavili velmi rychlou a jednoduchou metodu piipravy
stabilnich a vysoce SERS-aktivnich nanocastic stiibra, kterd spociva v redukci
dusi¢nanu sttibrného hydroxylamin hydrochloridem v bazickém prostiedi za pokojové
teploty. Na zakladé zmény poradi reakénich komponent a zmény jejich koncentra¢niho
pomeéru pridavanych do systému a soucasn¢ v zavislosti na zpiisobu michani reakcni

smési, byly ptipraveny Castice o prumérnych velikostech 23 nm, 34 nm a 67 nm.

Nanocastice stfibra lze rovnéz ptipravit redukci dusi¢nanu stfibrného hydrazin

dihydrochloridem ve slab& alkalickém prostiedi. Takto vzniklé nanocéstice, o
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velikostech od 40 nm do 70 nm, nejen Ze vykazovaly n¢kolikamési¢ni agregatni
stabilitu bez piitomnosti stabiliza¢nich ¢inidel, ale také se osvédcily jako SERS-aktivni

substraty pii detekci barviva nilské modfi [42].

Dalsimi, av§ak méné Casto vyuzivanymi metodami pfipravy nanocastic stiibra je
redukce pouzitim peroxidu vodiku. Po kapkach pfidavany vodny roztok dusi¢nanu
stiibrného k peroxidu vodiku za souc¢asného probublavani v bazickém prostiedi, vede ke
vzniku nanocastic stiibra o primérné velikosti 22 nm. Z pohledu problematiky cistoty
koloidnich disperzi, je zde hlavni vyhodou tvorba vedlejsich produktii ve formé kysliku,
ktery se snadno uvoliiuje ze smési do vzduchu, a ve formé vody, kterd je soucasti

rozpoustédla [43].

Mezi dalsimi, vcelku ziidka vyuZzivanymi redukénimi anorganickymi latkami pro
piipravu nanocastic stfibra nachazi uplatnéni napt. vodik [44] ¢i sodik [45]; cinaté ionty

Vv ptipad¢€ nanocastic zlata [46].

2.4.2 Redukce organickymi latkami

V pfipadé metod piipravy nanocastic uslechtilych kovil, vyuZivajicich redukci
organickymi latkami, se miizeme nejcastéji setkat s tzv. citratovou metodou podle Lee a
Meisela [47], kteti se vSak nechali inspirovat praci profesora Turkeviche jiz z 80. let 20.
stoleti [48,49], zabyvajici se nukleaci, ristem a koagulaci nanoCastic zlata. Zaklad
postupu syntézy nanocastic uslechtilych kovli v tomto piipad€ spoiva ve smiSeni
vrouciho vodného roztoku stiibrné, respektive zlatité soli s citratem sodnym, ktery zde
zaroven plni i funkci stabilizatoru, a ovliviiuje jak velikost, tak morfologii vznikajicich
¢astic [50]. Na zakladé spektroskopického studia skupiny kolem profesora Munra [51]
bylo zjisténo, Ze k redukci stiibrného ionu Ag* na Ag® dochazi jiz béhem prvnich dvou
minut po piidavku citratu sodného, a vzniklé nanocastice jsou zna¢né polydisperzni o
velikostech 60 — 80 nm. Nicmén¢ po 90 minutach nasledného zahtivani reakéni smési
doslo ke vzniku relativné monodisperznich nanocastic stiibra o primérné velikosti 27

nm, které byly nasledné vyuzity v povrchem zesilené Ramanové spektroskopii.
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Koloidni ¢astice uslechtilych kovu lze dale ptfipravit pomoci kyseliny askorbové
(CsHgOs) ve vodném roztoku za ptitomnosti polymernich stabilizatort napt. polyvinyl
alkoholu (PVA) [52] ¢i Daxad-19 (sodna sul polynaftalen sulfonatu s formaldehydem)
[53]. Pii nastaveni vhodnych reak¢énich podminek, jako je teplota, rychlost pfidavku
reduk¢niho Cinidla a doba zrani, 1ze snadno ziskat jak izometrické Castice (Castice jsou

ve vSech tfech rozmérech pfiblizné stejné vyvinuty), tak i ¢astice napt. hexagonalnich ¢i

slozit&jsich tvaru, jak bylo popsano v publikaci autora Suber a kol. [53]. Obrazek 9

Obr. 9: SEM snimek nanocastic stiibra redukovanych kyselinou askorbovou za
piitomnosti stabilizatoru Daxad-19 ptipravenych a) 20 hodinovym zranim pii teploté
50 °C a koncentraci AgNOs 0,18 mol/l, b) 24 hodinovym zranim pii teploté 65 °C a
koncentraci AgNO3 0,065 mol/l. Pievzato z [53].

Dalsi velmi ¢asto pouzivanou a povéstné znamou metodou, ze které vychazi
mimo jiné i jedna z ptilozenych praci, je tzv. Tollenstv proces, ktery spo¢iva v redukci
amoniakalniho komplexniho kationtu [Ag(NH3)2]* redukujicimi sacharidy, jako je napf.
glukéza ¢i maltoza [54], sorbitol [55], atd., coby mirna redukéni ¢inidla. Tento postup
byl plvodné pouzivan pro neelektrolytické nanaSeni stfibrného zrcatka ve formé
tenkého filmu vyredukovaného roztokem formaldehydu se sorbitolem na pevném

povrchu. SniZzenim koncentrace reakénich slozek a pouzitim ultrazvukové lazné, lze
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ziskat nanocastice stiibra o velikostech v rozmezi 20 — 50 nm [55]. V dusledku silné
afinity amoniaku vii¢i Ag® 1ze velmi snadno, béhem jediného syntetického kroku, Fidit
variaci koncentrace amoniaku vyslednou velikost nanocastic stfibra [54]. Kvitek a kol.
[56] se ve své praci zabyvali vlivem zmény koncentrace amoniaku na velikost
vznikajicich nanocastic stiibra v modifikovaném Tollensové procesu, kde jako
redukujici cukr byla pouzita xyloza, glukéza, fruktéza a maltéza. Na zaklad¢ svych
studii zjistili, ze s klesajici koncentraci amoniaku (v rozsahu od 0,2 mol/l po
0,005 mol/l) klesa i pramérna velikost ¢astic, presnéji redukci xylézou z 372 nm — 54
nm, v ptipad¢ glukdzy z 336 nm — 57 nm, za pouziti fruktézy z 380 nm — 161 nm a v
piipadé maltdézy z 352 nm — 47 nm. Nasledné Panacek a kol. [57] se taktéz zabyvali
sledovanim vlivu redukujicich latek prostiednictvim modifikovaného Tollensova
procesu na velikost vznikajicich nanoc¢astic stéibra. K redukci [Ag(NHs)2]* pouzili dva
monosacharidy, glukdzu a galaktozu, a dva disacharidy, laktézu a maltozu. Experimenty
byly provadény pfi riznych koncentracich amoniaku (0.005 — 0.20 mol/l) a pfi riznych
hodnotach pH (11.5 — 13.0), pficemz vysledna velikost nanocéstic stiibra se pohybovala
v rozsahu od 25 do 450 nm. Jak uz autofi tuSili z predeslych studii, se vzrlstajici
koncentraci amoniaku rostla primérna velikost Castic, ktera dosahovala maxima pii

koncentraci amoniaku 0.035 mol/l pro disacharidy a 0.20 mol/l pro monosacharidy.

3. Aplikace nanocastic uslechtilych kovu

Vyuziti nanocastic stiibra a zlata se odrazi zejména od jejich unikatnich vlastnosti,
které nepozorujeme ve svété mikro a makroskopickych rozmérd téchto kovd.
S klesajicim rozmérem céstic se vyrazné meéni jejich fyzikalné-chemické vlastnosti,
které vedou ke vzniku zcela novych fyzikalnich jevii na fazovém rozhrani mezi
nanocastici a disperznim prostiedim. Ponévadz s klesajicim rozmérem ¢astic kovi roste
pomér atomu na jejich povrchu vuci atomiim v objemu, prosazuji se zde povrchové
jevy. Z velké plochy povrchu nanocastic vychazi jejich Siroké vyuziti pii heterogenni
katalyze, adsorpci €i pfi zkoumani antibakterialni a antimykotické aktivity téchto castic.
Na zédkladé¢ zménéné vnitini struktury materialu maji navic 1 unikétni elektrické a

optické vlastnosti, ¢ehoZ lze vyuzit v analytickych technikach jako je napf. jiZ zminéna
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povrchem zesilena Ramanova spektroskopie, nebo pii konstrukci biosenzord C¢i
optickych pamétovych ¢ipi. Objev povrchem zesilené Ramanovy spektroskopie mél
obrovsky vliv jak na zakladni tak aplikovany vyzkum, zejména pii objasnéni
strukturalnich nebo konformacénich zmén molekul p#i adsorpci. Nebyl to jen prvotni
impuls pro studium zesileni optického rozptylu na fizovém rozhrani, ale také nam
ukdzal cestu k dalsim alternativnim SERS technikdm, jako je povrchem zesilena
rezonan¢ni Ramanova spektroskopie (SERRS) ¢i hrotem zesilena Ramanova
spektroskopie (TERS).

3.1 Analytické vyuZziti nanocastic uslechtilych kovii v SERS

Nanocastice uslechtilych kovi, ptipravené postupy diskutovanymi Vv piedchozich
kapitolach, maji diky vyhodnym fyzikalné-chemickym vlastnostem uplatnéni v mnoha
védecko-vyzkumnych oblastech vramci velice citlivé spektroskopické techniky —
povrchem zesilené Ramanovy spektroskopie (SERS), jejiz princip byl diskutovan
Vv ivodni kapitole. Diky extrémnimu povrchovému zesileni je nejvétsi prednosti této
metody schopnost pracovat za koncentraci, které oteviraji fadu analytickych aplikaci
diive pro Ramanovu spektroskopii nedostupnych. V ramci hledani spolehlivych analyz
pro detekci jednotlivych molekul v analytech, jejichZz koncentrace neptesahuje tad
nanomold, je SERS technika nezbytna v mnoha kli¢ovych oblastech (nano)mediciny,

(nano)biotechnologie, chemie, farmacie a jinde [58-61].

Prvni dikazy o moZnosti detekce jediné molekuly adsorbované na nanocastici
stiibra metodou SERS podal Nie a kol. [14], ktefi provedli detekci na urovni jedné
molekuly rhodaminu 6G naadsorbované na ¢asticich koloidniho stiibra, a stejné tak
obdobnych vysledki bylo dosazeno autorem Kneipp a kol. [62], kde detekovali
jednotlivé molekuly krystalové violeti na téchto nanoc¢asticich v kombinaci se SERS
technikou. Schwartzberg a kol. [63] rovnéz vyvinuli systém detekce rhodaminu 6G
Vv piitomnosti vodné disperze agregatli nanocCastic zlata, které poskytovaly faktor
zesileni 107-10°. V navaznosti na tyto vysledky zaroveit Kneipp a kol. [62] uvedli, za
ucelem ziskani vysSich intenzit signald, tzv. aktivaci povrchu nanocastic stiibra

ucinkem chloridu sodného. Mezi prvnimi prikopniky aktivace povrchu nanocastic
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stiibra se objevuje i prace autora Hildebrandt a kol. [64], ktefi sledovali zavislost
zesileni SERS signalu rhodaminu 6G na pridavku halogenidovych a sulfatovych iontt
k nanocasticim stiibra. Co stoji za pfi¢inou pusobeni téchto ,aktiva¢nich® ¢inidel
V ramci narastu intenzity Ramanova signalu neni doposud pfesné znamo. Nicméné
existuji tfi hypotézy o mozném mechanismu, kterymi lze pfiblizit uceleny pohled na
tuto problematiku. Prvni hypotéza, tykajici se vysvétleni mechanismu aktivace, plyne
ze zesileného elektromagnetického pole plsobiciho kolem vzniklych agregata
nanocastic kovu. Futamata a kol. [65] potvrdili, ze pfidavkem chloridovych ionta je
mozné docilit detekce rhodaminu 6G na trovni jedné molekuly, coZ je zpisobeno
ohromnym elektromagnetickym polem V tésném okoli agregatli nanocastic stiibra
v disledku pfidavku chloridovych iontt. Dalsi hypotéza na tuto problematiku vychazi z
pfedstavy pfenosu naboje mezi piisluSnym kovem nanocastice a naadsorbovanymi
molekulami analytu [66—68]. Tieti hypotézu navrhl Grochala a kol. [69], ktefi uvazuji
reorientaci molekul barviva vyvolanou aniontem a soucasné molekularni resonanci
zpusobenou silnym vlivem koadsorbovanych chloridovych ionti na elektronovou

hladinu barviva.

Dong a kol. [70] se zabyvali vlivem riznych redukénich ¢inidel (hydroxylamin
hydrochlorid, tetrahydridoboritan sodny, citrat sodny) a rtiznych ,,aktiva¢nich® ¢inidel
(chlorid sodny, siran sodny, dusi¢nan sodny) na vyslednou velikost nanocéstic stiibra a
soucasn¢ sledovali ulinek takto ptfipravenych Céastic na zesileni Ramanova signalu
methylenové modie (MB). Mechanismus zminéného postupu SERS aktivace popisuje
Obr. 10, ze kterého plyne, ze nejprve byl ,aktivovan™ povrch nanocastic stfibra a
nasledné k témto casticim byl pfidan analyt MB. Ptidavek aktivacnich ionth a MB k
primarnim ¢asticim stfibra je doprovazen zménou naboje na jejich povrSich a usnadiuje
tak jejich naslednou agregaci. Agregaty pak poskytuji na styénych bodech mezi
jednotlivymi €asticemi tzv. ,hot spots®, kde je pozorovana nejvyssi hodnota zesileni
Ramanova signalu. Z uvedenych vysledkli jasné plyne, Ze nejvyssiho zesileni bylo
dosazeno pii aktivaci hydroxylaminovych nanocastic stiibra chloridovymi ionty.
Zavérem tedy nutno podotknout, Ze pod pojmem aktivace si lze s urcitou
pravdépodobnosti predstavit CasteCnou agregaci téchto Castic, ktera je klicova pro

dosazeni vyrazného zesileni Ramanova signalu.
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Obr. 10: Modelové schéma mechanismu aktivace povrchu nanocastic stiibra.

Pievzato z [70].

Vedle samotnych nanocastic je studovan i vliv dalSich parametrii metody, jako je
vykon laseru a hlavné vinova délka excita¢niho zdroje zafeni. V jedné z publikovanych
praci byla diskutovana zéavislost Ramanova signalu na souhfe velikosti nanocastic
stiibra a vlnové délky excitacniho zéafeni. Pii pozorovani, které Castice poskytuji
maximalni efekt na zesileni Ramanova signalu ve spojeni s vhodnou excitaéni vlnovou
délkou pouzitého laseru pohybujici se od ultrafialové az do blizké infracervené oblasti,
se dospé€lo k zaveru, ze s rostouci vinovou délkou linearné roste i potiebna velikost
SERS-aktivnich castic. Tyto nanocastice jsou znamy pod pojmem jako tzv. ,hot
particles®. Zajimavych vysledk tak bylo dosaZeno s nanocasticemi stiibra o velikostech
70+ 6 nm v kombinaci s excita¢ni vinovou délkou 488 nm pouzitého laserového zateni.
Déle pak pro ¢astice o prumérné velikosti 190-200 nm se jevila byt nejpiiveétivejsi
excitacni vinova délka laseru 647 nm [71]. Nevhodné snoubeni vinové délky zdroje
laserového zéfeni a velikosti nanocastic miZze byt zna¢né zavadéjici zejména pak pfi
interpretaci a porovnavani ziskanych spekter [72,73]. I pfes to, ze se kazdorocné
publikuji stovky praci, kde se autofi odkazuji na relevantnost této techniky pro detekci v
praxi vyznamnych molekul, vyvoj komerénich SERS substratu stale zaostava. Proto
v souvislosti s témito poznatky jsme se pied nedavnem V jedné z naSich studii zabyvali
jednoduchym a reprodukovatelnym vyvojem SERS aktivniho substratu na bazi
rekrystalizovanych nanocastic stfibra. Tyto rekrystalizované nanocastice stiibra

poskytovaly zesileni Ramanova signalu jak pii excitaci ve viditelné oblasti spektra
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(488 nm), tak v blizké infracervené oblasti spektra (1084 nm) [74]. Morasso a kol. [75]
se zabyvali vlivem sférickych a hvézdicovitych nanocastic zlata na zesileni SERS
signalu malachitové zelené s pouzitim tiech riznych vinovych délek (532 nm, 633 nm,
785 nm) excita¢niho zdroje zateni. Obrazek 11 piedstavuje SEM snimky zlatych
sférickych (spheres; 70 nm) a zlatych hvézdicovitych (SGN; 70 nm) nanoc¢astic a SERS
spektra malachitové zelené (1 pmol/l) s obéma typy ¢astic excitovanymi tfemi riznymi
vlnovymi délkami laserového zafeni. Srovnanim spekter je ziejmé, Ze nanohvézdy
vykazuji mnohem vys$8i SERS signal, coz lze pfisuzovat zejména ¢lenitému povrchu
nanocastic s ostrymi konci. V této studii takto dosahli na hvézdicovitych nanocésticich
zlata az 50x vyssiho faktoru zesileni nez na sférickych zlatych nanocasticich stejnych

rozmeéru.

1200 1400 1600 T 1200 1400 1600 T 1200 1400 1600
Raman Shift (cm™) Raman Shift (cm™) Raman Shift (cm”)

Obr. 11: SEM snimky (a) sférickych nanocastic zlata (SPHERES) a (b) hvézdicovitych
nanocastic zlata (SGN). SERS spektra malachitové zelené (1 pmol/l) s obéma typy
nanocastic a excita¢ni vilnovou délkou 532 nm (a), 633 nm (b) a 785 nm (c). Pievzato a

upraveno z [75].
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V poslednich letech je znacnd pozornost ve védecké komunité taktéz vénovana
nanocasticim uslechtilych kovii, které jsou imobilizovany na pevnych povrsich, ¢imz se
spojuje  vyhoda  zajisténi  stability systému diky pevnym  substratim
s reprodukovatelnymi SERS vysledky a taktéz vyhoda uzsi distribuce velikosti Castic,
které lze v dnesni dobé pripravit. Freeman a kol. [76] ucinné imobilizovali
samoorganizujici se monovrstvu zlatych a stiibrnych nanocéstic na sklenénych nosic¢ich
pfedem funkcionalizovanych polymery. Imobilizace nanocastic spoéivala ve vzniku
kovalentnich interakci mezi funkénimi skupinami (kyano, amino ¢i thiolové) na konci
fetézcti polymeru a nanocastic kovu. Tento systém byl nasledné vyuzit kK SERS detekci
modelového analytu trans-1,2-bis(4-pyridyl) ethylenu (BPE) o koncentraci 1 mmol/I,
kde bylo dosazeno velmi povzbudivych vysledkli pro nasledné aplikace zminénych

SERS substratu.

3.2 Aplikace nanocastic uslechtilych kovi v biologické SERS analyze

Jak jiz bylo uvedeno vySe, SERS spektroskopie je takika idedlni metodou
s vyuzitim v oblasti forenzni analyzy (kriminalistiky), diagnostiky chorob ¢i kontroly
potravin, nebo analyzy Zzivotniho prostiedi. Jednou z dalsich mnoha oblasti vyuziti
nanocastic uslechtilych kovi ve spojeni se SERS technikou predstavuji tzv. biodetekce.
I pti velmi nepatrnych zménach ve slozeni a koncentraci molekul analytu mizeme
ziskat otisk téchto zmén ve vibracnich stavech ptislusného SERS spektra. Navic i pies
potize s reprodukovatelnosti signalu v souvislosti s ptipravou SERS aktivnich substratd,
Ize tuto techniku uplatnit mimo jiné v medicinském vyzkumu a sméfuje i do lékaiské
praxe. Piikladem miize byt technologie SERS genomové sondy, kterd ma velky
potencial pro Sirokou $kalu aplikaci v oblastech, kde je nutna identifikace nukleovych
kyselin. Ke stanoveni specifickych sekvenci DNA a dale objasnéni tilohy nékterych
gent pomoci SERS detekce vyznamné ptispéla prace autora Vo-Dinh a kol. [77]. Za
timto ucelem vyvinuli DNA-SERS sondu na bazi 23 nm nanocastic stiibra znacenych
molekulami fluorescenénich barviv (rhodamin B, rhodamin 123, rhodamine 6G,
kresylova violet) citlivé detekovatelnymi metodou SERS. Fluorescenéni znacka ,,usita”

na miru k oligonukleotidu ptedstavuje vynikajici detekéni prvek, s jehoz pomoci se
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nabizi detailn¢j$i prizkum chovani modifikovanych oligonukleotidi v ,,obarveném
vnitrobunééném prostiedi. Takto vyvinutou metodu pak tspésné testovali na burnikach
z vaje¢niki ¢inského kiecka. K tomuto vyzkumu rovnéz ptispéli svou praci Cinta a kol.
[78], kteti provadéli in-vivo SERS testy u mysi postizenych nadorovym onemocnénim
kize s vyuzitim nanocastic stiibra oznaCenych kresylovou violeti. Vyse uvedené
postupy znacéné rozsitily pohled na soucasnou problematiku znaceni biologickych tkani
za ucelem sledovat rakovinu ktize SERS technikami. Nadorova onemocnéni v soucasné
dobé¢ predstavuji velky globalni problémem, jelikoz si stoji na druhém misté zebiicku
nejcastéjSich pii¢in umrti. Proto je velka pozornost vénovana vyuziti SERS techniky
Vv oblasti vyzkumu rakoviny, konkrétn¢ rakoviny délozniho ¢ipku [79], prsu [80,81],
prostaty [82,83], plic [84], Zzaludku [85], jicnu [86], a dalSich. Soucasna literatura tak
predstavuje SERS techniku, diky jeji specifi¢nosti, vysoké citlivosti a materialové i
Casové nenarocnosti, jako potencialni diagnostickou metodu k odliseni zdravé tkané od

karcinogenni.

Jednim z prukopnikl, ktefi vyznamné prispéli SERS technikou Kk detekci
jednotlivych zivych bunék byli Kneipp a kol. [87-90]. Potencial SERS techniky jakozto
citlivé metody pro ,.label-free* (tj. bez pouziti vySe uvedenych fluorescencnich znacek)
analyzu uvniti jednotlivych zivych bunék ilustruje naptiklad publikace autort Kneipp a
kol. [90], ktefi ve své praci vyuzili nanocastice zlata o rozmérech 30 nm az 50 nm. Tyto
nanocastice pak byly prostfednictvim endocytdézy zavedeny do mysSich mikrofagu a
bungk krysich ledvinnych tubuld a sledovan vliv agregace nanocastic zlata po inkubaci
(30 min, 60 min, 120 min, 180 min, 24 hod) s timto biologickym materialem na zesileni
Ramanova signalu. Aby byl minimalizovan G¢inek nezddouci fluorescence, jako budici
zdroj zateni byl pouzit laser s excitacni vinovou délkou 786 nm v blizké infracervené
oblasti elektromagnetického zareni. SERS spektra zaznamenana dvé hodiny po
internalizaci nanocastic zlata do epitelialnich bun¢k byla nejintenzivnéjsi a nesla tak

nejhojnéjsi informaci o vibracnich stavech molekul.

Dalsi z oblasti aplikace SERS spektroskopie smétujici do 1ékaifské praxe je
vyzkum tkani. Zde se vétSinou vyuziva vinovych délek laseru v blizké infracervené
oblasti spektra (650 — 900 nm), ve které je prunik svétla tkanémi a krvi maximalni.

Skutecnost, ze takové zafeni pronika do hloubky az nékolika milimetri, nachazi
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obrovskou vyhodu pro vyzkum pokozky. Register a kol. [91] tak provadéli ex-vivo
SERS testy na lidskych koznich $tépech a in-vivo na zivych zvifecich modelech.
Zminéna studie je vysledkem vyzkumu zlatych 45 nm hvézdicovitych nanocastic, které
byly aplikovany injekéni stiikackou do hrubé struktury kiize tésné pod povrch. Kromé
nalezeni optimalnich podminek, jak ziskat maximalni SERS signal pro in-vivo testovani,
se jim také podatilo identifikovat rozdily lidské a zviteci (potkani a praseci) kize. Pro
in-vivo SERS testovani byly Au nanohvézdy oznacené HITC barvivem (z angl.
1,1',3,3,3',3'-hexamethylindotricarbocyanine  iodide)  vlozeny do  poréznich
hydrogelovych platforem a implantovany do hibetu zivého potkana tak, aby se
minimalizoval pohyb pii dychani. Obrazek 10 (vlevo) ukazuje SERS spektra HITC
znacenych Au nanohvézd zakotvenych v porézni platformé. Vsechna SERS spektra jsou
prumérem tfech 10s expozic s vyuzitim excita¢niho laseru o vilnové délce 785 nm.
Cerné SERS spektrum odpovida porézni platformé pred implantaci do potkaniho hibetu.
Modré, zelené a cervené SERS spektrum odpovida tentyz platformé, nybrz ihned po
implantaci, zaznamenané s lisicim se vykonem laseru 28 mW, 11,5 mW a 3,8 mW.
Obrazek 10 (vpravo) ilustruje in-vivo SERS uspofadani na anestetizovaném potkanovi.
Publikované vysledky testd in-vivo a ex-vivo naznacuji, ze diky zlatym hvézdicovitym
nanocasticim Ize SERS techniku vyuzit jako diagnostickou metodu a udé€luji ji tak velky

potencial v biomediciné nejen pro in-vivo testovani, ale i pro klinické aplikace.
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Obr. 12: SERS spektra HITC znaCenych Au nanohvézd zakotvenych V porézni
platform¢, které byly nitrokozné implantovany do hibetu potkana (10s expozice;

excitacni vinova délka 785 nm). Pievzato z [91].
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Dale se ex-vivo vyzkumu kaze pomoci SERS techniky, konkrétné studiem
dynamiky penetrace a akumulace 20 nm ¢&astic zlata v kuizi potkanti do hloubky az 75
um, zabyvali ve své praci Xiong a kol. [92]. Krom¢ urceni hloubky, kam aZ jsou
nanocastice zlata schopny proniknout, se jim také podafilo rozlisit rizné vrstvy pokozky

od nejsvrchnéjsi az po Skaru.

Obrovsky pfinos pro medicinu je in-vivo detekce glukozy v krvi. Stanoveni
glukozy v krvi je dulezité, a to nejen z diivodu sledovani hladiny jeji koncentrace u
pacienti trpicich cukrovkou, ale i z divodu urceni jejiho vztahu k neurdlni aktivité
mozku. Nicméné SERS spektrum glukozy je obvykle pomérné nizkych intenzit.
K piekonani tohoto problému v oblasti biomedicinského vyuziti SERS techniky pfispéli
prukopnici Shafer-Peltier a kol. [93]. Zminéna prace je vysledkem pilotniho vyzkumu
systematické studie piimé detekce glukoézy v Krvi pomoci biosenzoru na bazi vrstvy
nanocastic stiibra a SERS techniky. Modifikace povrchu tenkého filmu nanodastic
stiibra alkanthioly byla navrZzena za U¢elem co nejefektivnéjsi adsorpce glukdzy na
substrat, ktery byl vytvofen nanesenim stiibra na vrstvu polystyrenovych ¢astic a jejich
naslednou samoorganizaci do stiibrnych trojuhelnikovych utvard. Zminéna studie tak
demonstruje funkéni model pro kvantitativni detekci glukézy jak ve vysokych
(0-250 mmol/l), tak klinicky vyznamnych (0-25 mmol/l) koncentracich, coz nahrava k
jeho komerénimu vyuziti v mediciné. Plany a ambice do budoucna mezi védci jsou tak
ziejmé jasné. V dlouhodobém ¢asovém horizontu se bude usilovat o vyvoj mikro-SERS
¢i nano-SERS zafizeni, které bude mozno podkozné implantovat, nebo dokonce zaclenit

jako soucast protetické kontaktni Cocky v oku diabetickych jednotlivci.

Kli¢ovou otazkou, ve které zatim stale neni UipIln€ vSe jasné zodpovézeno, zlistdva
rychly screening a moznost detekce a typizace bakterialnich patogent Vv oblasti
bezpecnosti potravin, ochrany veifejného zdravi, a stejné tak v diagnoze pivodce
infekéniho onemocnéni [94]. Zavedené molekularné biochemické techniky pro rutinni
analyzy bakteridlnich patogent typicky predstavuji casové velmi naroc¢né kultivacni
postupy bakterii odebranych z kontaminovanych zdroji [95]. Zcela odlisny piistup k
identifikaci bakterii poskytuje Ramanova [96,97] a povrchem zesilena Ramanova
spektroskopie [98]. Na rozdil od klasickych kultivaénich metod, zde nejsou tieba pro

tuto techniku kroky jako extrakce ¢i amplifikace (zmnoZeni) bakterialni DNA.
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Ramanova spektroskopie je zalozena na vibracnich spektrech, ktera odrazeji proteinovy
profil analyzované bakterialni buiky. Mnoho praci se jiz zabyvalo SERS technikou za
ucelem detekce vybranych mikroorganismu, jako jsou napiiklad Pseudomonas
aeruginosa [99-101], Staphylococcus epidermidis [102,103], Helicobacter pylori [104],
Listeria innocua [105], Shewanella oneidensis [106,107], Escherichia coli [108-112],
Salmonella typhimurium [113-116] Listeria monocytogenes [117] Staphylococcus
aureus [113,118-120] a Legionella pneumophila [121]. Detekce a identifikace vySe
zminénych testovanych bakterii byla provadéna s rozdilnymi excitaénimi zdroji zafeni,
zejména v UV/Vis oblasti, a s vyuzitim riznych SERS substratl (prevazné nanocastice
stiibra a zlata). Pfitom je tfeba podotknout, ze pro SERS uspotfadani s excitaénim
zatenim vinovych délek v blizké infracervené oblasti spektra (785 nm, 830 nm) jsou
nejcastéji vyuzivany substraty na bazi nanocastic stiibra ¢i jejich agregatt [122-128].
Pro testovani biologickych materialll je $t'astnéjsi volba zdroje excitaéniho zafeni praveé
Vv blizké infraCervené oblasti spektra za G¢elem vyhnout se utopeni Ramanova signalu
ve fluorescen¢nim pozadi. Na toto poukazuji i dalsi prace, kde byly vyuzity jako SERS
substraty zlaté 80 nm ¢astice [72,129,130]. Je tedy namisté, aby byly vyvijeny rizné
substraty pro typické vlnové délky excitacniho zafeni z uvedené oblasti. Praktické
vyuziti SERS metody pti detekci vybranych patogennich mikroorganismil piedstavuje
rovnéz prace autort Prucek a kol. [131], ktefi vyvinuli robustni metodu pro diskriminaci
mezi Gram-pozitivnimi (Enterococcus faecalis a Streptococcus pyogenes) a Gram-
negativnimi bakteriemi (Acinetobacter baumannii a Klebsiella pneumoniae). Tato
metoda detekce vyuzivda 400 nm Ccastice stfibra, vzniklé rekrystalizaci nanocastic

ptidavkem vysoce koncentrovanych chloridovych ionti.

Pokroky ve vyzkumu SERS biosenzord nabizeji nové moznosti pro rychlou
detekci a identifikaci bakteridlnich patogenti. Pfi aplikaci disperze nanocastic
uSlechtilych kovi v 1ékatské praxi lze predpokladat nezadouci plsobeni nepiiznivych
vlivii biologické matrice na stabilitu nanoc¢astic. Z tohoto divodu je nutné zajistit jejich
leps$i agregatni stabilitu vhodnou modifikaci povrchu a zaroven musi chemicka
modifikace umoznit nasledné zesileni SERS signalu. Prvni pilotni studie, které se radi
na pocatek zkoumani modifikace povrchu Au NPs ochrannou vrstvou oxidu
kemicitého, byly publikovany skupinami Mine [132], Mulvaney [133], Doering [134],

a Brown [135]. V téchto experimentech sice modifikace nanocastic zlepsila agregatni
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stabilitu systému, nicméné takto navrzeny postup mél za nasledek relativné nizké
intenzity SERS signalu. Na zakladé obecné uznavané teorie mechanismu zesileni
Ramanova signalu se toto dalo ocekavat, jelikoz nejlepsi SERS aktivity je dosazeno na
nanocasticich ve stavu, kdy jsou mirn¢ zagregovany, avsak tésn¢ pred jejich shluknutim
do velkych SERS neaktivnich utvard. Systém zlatych nanocastic s ochrannou vrstvou
oxidu kiemicitého se podatilo vyrazné vylepsit vyuzitim velkych nanocastic zlata (cca
150 nm) a hlavné dal$i modifikaci povrchu specifickou protilatkou na protein A. Za
pomoci takto modifikovanych nanocastic se podafila detekce i jednotlivych

bakterialnich buné€k Staphylococcus aureus [95].

V dalsi studii se Khan a kol. [116] zaméfili na detekci bakterie Salmonella
Typhimurium ve vodé, ktera je povazovana za celosvétové nejzakeinéjsi patogen
zpusobujici infekci z potravin, a zaroven se tento typ bakterie nachazi mimo spektrum
pisobeni mnoha antibiotik. V téchto experimentech byly vyuzity hvézdicovité
nanocastice zlata, které byly pfipraveny dvoustupniovym redukénim procesem [136].
Prvni krok syntézy spocival v piipravé 4,3 nm zarodeCnych castic redukci roztoku
trojmocného zlata tetrahydridoboritanem sodnym v pfitomnosti citratu sodného plniciho
funkci stabiliza¢niho ¢inidla. Druhy krok syntézy ptredstavoval néslednou redukci
dalsich zlatitych iontl slabsim redukénim cinidlem (kyselinou askorbovou) za
ptitomnosti cetyltrimethylamonium bromidu, ktery plnil funkci modifikatoru ristu a
podporoval tak tvorbu hvézdicovitych nanocastic zlata o velikosti 30 nm. Pro kovalentni
imobilizaci monoklonalni protilatky na O-antigen (antigen polysacharidové povahy ve
sténé bakterii Salmonella Typhimurium) na vySe zminéné Au NPs bylo vyuzito
molekularni raménko glutaraldehydu. V téchto studiich bylo dosazeno limitu detekce
10 CFU/ml. Vy8e zminény typ nanostrukturovanych ¢astic zlata, funkcionalizovanych
anti-PSMA monoklonalni protilatkou, je dle autord rovnéz mozno vyuzit pti detekci
prostatického specifického membranového antigenu (PSMA), ktery je vyuzitelny pro

¢asnou detekci karcinomu prostaty [136].

SERS technika byla dale vyuzita pii detekci bakterii ve vzorcich lidské krve.
Sivanesan a kol. [137] se zabyvali vyvojem selektivni identifikace grampozitivnich (S.
epidermidis, B. megaterium) a gramnegativnich (E. coli, S. enterica) bakterialnich

patogenti Vv koncentracich 102 CFU/ml. V této studii byla vyuzita elektrochemicky
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zdrsnéna stiibrna elektroda s deponovanou tenkou vrstvou nanocastic zlata a nasledné
funkcionalizovanou antibiotikem (vankomycin ¢i ceftazidim) za ucelem zvysit
selektivitu a zachyceni bakterii. Na zakladé svych studii zjistili, Ze intenzita SERS
signalu s pouzitim biosenzoru s vankomycinem oproti nemodifikované Ag/Au
bimetalické elektrod¢ je 8x vyssi pro S. epidermidis a B. megaterium, 4x vyssi pro S.
enterica a 5x vyssi pro E. coli. Duvod vyssi intenzity SERS signalu pro S. epidermidis a
B. megaterium autofi pfipisuji tomu, Ze vankomycin se uziva k 1écbé infekci

vyvolanych pravé vyse uvedenymi grampozitivnimi bakteriemi.

Aplikaéni potencial nanocastic kovii v klasické SERS technice pii analyze
biologickych vzorkl lze jednoznaéné zvysit vyuzitim magnetickych nanomaterialti za
ucelem cilené separace a zakoncentrovani analytu pasobenim vnéjsiho magnetického
pole. Separaci a purifikaci cilenych molekul pomoci magnetickych ¢astic ze slozitych
biologickych vzorkli lze realizovat prostfednictvim afinitnich interakci. Kovalentni
imobilizace afinitniho ligandu (streptavidin; monoklonalni protilatka) na povrch
magnetickych castic je perspektivni moznosti, jak rychle a snadno izolovat proteiny
(nebo jiné molekuly, které jsou pfedmétem zajmu) z komplexni matrice. Dale pak na
zakladé nekovalentni interakce dvojice chemickych komponent tzv. zamku (protilatky)
a klice (antigenu, resp. proteinu z urcité bakterie) dochazi k rozpoznavani cilovych
molekul s vysokou specificitou. Pii pouziti magnetického separac¢niho zafizeni je takto
navazana molekula lehce izolovana z analyzovaného vzorku (krev, kloubni punktaty,
mozkomi$ni mok, sliny, potraviny), ¢imz lze snizit nebezpeéi jak faleSné pozitivnich
vysledkd, tak i snizeni citlivosti detekéni metody. V porovnani s klasickymi
biochemickymi kultivatnimi metodami je prace s magnetickymi ¢asticemi bezpecna,

rychld, levna a jednoducha.

Jak uz tedy bylo napovézeno, novym vyzkumnym smérem poslednich let,
predevsim v oblasti senzoriky, se stala tzv. magneticky asistovana povrchem zesilena
Ramanova spektroskopie (MA-SERS). Tento selektivni a vysoce specificky inovativni
systém, zaloZzeny na magnetickém kompozitu s nanocasticemi uslechtilych kovd, byl
uspésné aplikovan pro stanoveni dopaminu ve vzorku mozkomis$niho moku ziskaného
Z oblasti mySiho mozku zvané corpus striatum (Obr. 13). Tento MA-SERS detekéni

systém vyuziva nanokompozit na béazi nanocCastic Fe3Os a stiibra, nasledné
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modifikovany kyselinou Zelezo-nitrilotrioctovou (Fe-NTA), ktera je selektivni vaci
dopaminu. Takto navrzeny detekéni systém byl spolehlivé vyuzit pro analyzu

modelovych vzorkid s obsahem dopaminu v rozsahu koncentraci 10 - 5000 fmol/I [138].
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Obr. 13: Schematické znazornéni SERS analyzy dopaminu. Pfevzato z [138].

Obdobného principu magneticky asistované SERS selektivni detekce bylo vyuzito
i pro stanoveni lidského imunoglobulinu G ze vzorku krve ziskaného z prstu ruky [139].
Pro izolaci cilené molekuly imunoglobulinu G byl vyuzit opét nanokompozitni material
obsahujici nanocastice Fe3Os a stiibra. Nasledné byl tento systém modifikovan anti-
imunoglobulinem G pies nekovalentni interakci S kovalentné navazanym streptavidinem
na povrchu kompozitu a timto byla zajisténa vysoka selektivita stanoveni. V této praci
bylo ukazano, ze lze detekovat koncentrace imunoglobulinu G od 600 fg/ml v kapce
krve, coz lze srovnat napi. s hojné vyuZivanou fluorescencni metodou [140]. Dalsi
moznosti je vyuziti kompozitniho systému magnetickych ¢astic s nanocasticemi zlata,
na coz se zamérili Drake a kol. [141] v jejich studii zabyvajici se detekci bakterie
Staphylococcus aureus. Magnetické nanocastice oxidu zeleza byly pouzity k separaci a

izolaci bakterie a SERS aktivni 50 nm nanocastice zlata modifikované Kkyselinou
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4-merkaptobenzoovou byly vyuzity pro naslednou detekci a kvantifikaci bakterialniho
patogenu. Oba typy nanocastic byly funkcionalizovany protilatkou, ktera se selektivné
vaze na protein A pritomny v bunééné sténé bakterie Staphylococcus aureus. Takto
navrzenym SERS biosenzorem dosahli autofi detekéniho limitu 1 bunky bakterie S.

aureus v 1 ml vzorku.

Prikladem jiné aplikace SERS techniky mize byt tzv. sandwichova
imunomagneticka separace bakterialnich patogent.. Cho a kol. [142] se zabyvali detekci
bakterie E. coli vyskytujici se ve vyrobcich z mletého hovéziho masa. Systém vyuziva
sandwichového komplexu, ktery sestava z 30 nm magnetickych nanocastic (Fe3Oa)
modifikovanych monoklonalni protilatkou a 30 nm nanocastic zlata modifikovanych
polyklondlni protilatkou, jez jsou obé specifické na bakterii E. coli. Naslednou
membranovou filtraci a autometalografii, za ucelem pokryt povrch bakterii SERS
aktivnimi nanocasticemi stfibra, bylo dosazeno detekéniho limitu 10 CFU/mI
V homogenatu mletého masa. Stejné¢ tak na obdobném principu sandwichové
imunomagnetické SERS detekce byl vyuzit kompozitni systém magnetickych
nanocastic se sférickymi nanocasticemi zlata a SERS aktivnimi ty¢inkovitymi
nanocasticemi zlata pro detekci bakterie E. coli ve vodé. Tento kompozitni systém i
tyCinkovité Au NPs byly modifikovany avidinem a nasledné¢ funkcionalizovany
biotinylovanou protilatkou selektivni na bakterii E. coli. S takto navrZzenym
kompozitnim sandwichovym sytémem bylo dosazeno detekéniho limitu 8 CFU/ml a

hodnota meze stanovitelnosti byla 24 CFU/ml [108].

3.3 DalSi oblasti analytického vyuziti nanocastic uslechtilych kovu

Jak uZz bylo vySe uvedeno, pii interakci elektromagnetického zafeni s
nanocasticemi kovi muzeme Vv disledku kolektivnich oscilaci vodivostnich elektront
pozorovat charakteristické absorpéni maximum ve viditelné oblasti spektra, nazyvané
jako povrchova plasmonova resonance. Poloha a tvar tohoto maxima zavisi na velikosti
a tvaru nanocastic, na jejich stupni agregace, na dielektrickych vlastnostech ptislusného
kovu a stejné tak i na okoli kovové astice [26,36]. Jako konkrétni piiklad vyuziti tohoto

jevu vanalyze lze uvést detekci lithnych iontd ve vodném prostiedi za pomaoci
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nanocastic zlata modifikovanych 1,10-fenantrolinem. Princip této detekce spociva v
navazani Li* na ligand za vzniku komplexu, ktery nasledné zpisobi agregaci nanocéstic
zlata, coz se projevi typickym posunem extinkéniho maxima do dlouhovinné oblasti
spektra. Tento detekéni systém byl spolehlivé vyuzit Vrozsahu koncentraci
10 — 100 mmol/l Li* [143]. Na stejném principu byly nanodéastice zlata a stiibra
modifikované manosou vyuzity ke kolorimetrickému stanoveni Concavalinu A. V této
praci bylo dosazeno detek¢niho limitu 0.04 pmol/l pro nanocastice zlata a 0,1 pmol/l
pro nanocastice stiibra [144]. Naproti tomu, Haes a kol. [145] moznost vyuziti
nanocastic jakozto biosenzoru ilustrovali na systému trojbokych nanocéstic st¥ibra (100
nm §irokych, 50 nm vysokych) funkcionalizovanych biotinem pro stanoveni 100 nmol/I
streptavidinu. Na zakladé pozorovani extink¢nich spekter doSlo po spé$né interakci
mezi biotinem a streptavidinem k posunu povrchového plasmonu o 27 nm do ¢ervené
oblasti spektra. Téchto principi bylo taktéZ vyuzito pii konstrukci imunosensoru pro

stanoveni antibiotinu [146] ¢i biomarkeru pro uréeni Alzheimerovy choroby [147].

Dalsi moznosti analytického vyuziti nanocastic ve formé luminiscencnich
biosenzort predstavuji 2,5 nm nanocastice zlata modifikované oligonukleotidovym
fetézcem zakoncenym fluoroforem navrzené pro cilenou detekci specifickych DNA
sekvenci. V disledku interakce mezi DNA a znacenym oligonukleotidovym fetézcem
doslo ke zméné konformace tohoto fetézce, coz se nasledné projevilo zménou pribéhu

fluorescenéniho signalu typického pro analyzovanou sekvenci DNA [148].

V oblasti elektrochemickych metod nachéazeji nanocastice zlata a stiibra aplika¢ni
potencial v podobé& vrstev nanesenych na klasickych elektrodach ¢i mikroelektrodach.
Shi a kol. [149] se zabyvali vyvojem citlivého, selektivniho, ekonomicky vyhodného
senzorického pole na bazi nanocastic zlata, které umoziiovalo detekci tékavych
organickych sloucenin. Kolektivem kolem Spanélského védce Arbena Merkogih byl
vyvinut elektrochemicky imunosensor na zdkladé nanocastic zlata modifikovanych
ferrocenem a nasledné funkcionalizovanych polyklonalni protilatkou. Tento senzor byl
vyuzit ke stanoveni lidského imunoglobulinu G v modelovych vzorcich pomoci
diferen¢ni pulzni voltametrie s limitem detekce 0,87 ng/ml a mezi stanovitelnosti
2,9 ng/ml [150]. Tento imunosensor se navic ukazal jako vyuzitelny i pro piimé

stanoveni 1gG Vv realnych vzorcich lidského krevniho séra.
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4. Cile disertacni prace

Hlavnim cilem ptedkladané disertacni prace byl vyzkum zaméteny na piipravu,
modifikaci a transformaci koloidnich ¢astic stiibra (véetné nanocastic) a jejich
organizovanych soubort (vrstev na vhodnych pevnych substratech) s ohledem na jejich
vyuziti v povrchem zesilené Ramanové spektroskopii pfi analyze biologicky
vyznamnych (signalnich) molekul.

Pii realizaci tohoto zaméru byly naplanovany tyto cile, které lze shrnout do

nasledujicich bodu:

. optimalizovat podminky vyvoje efektivniho substratu a vlastniho méfeni
povrchem zesilenych Ramanovych spekter na sestavé disperzni Ramaniv

mikroskop DXR Nicolet pro aplikace v bioanalytické oblasti

. studium zavislosti velikosti povrchového zesileni Ramanova signalu na zméné

excitacnich vlnovych délek budiciho zafeni a zméné morfologie nanocastic stiibra

. vyvoj a aplikace diagnostického nastroje pracujiciho na principu magneticky
asistované SERS detekce patogennich mikroorganismu (Staphylococcus aureus,
Streptococcus pyogenes) pii rychlém stanoveni bakteridlni infekce kloubnich

nahrad

. vyuziti aplikaéniho potencidlu alternativnich SERS substrati pii detekci

biologicky vyznamnych molekul
Kromé piedloZené disertacni prace jsou vysledky obsahem &tyf publikaci v

mezinarodnich impaktovanych ¢asopisech. Vsechny publikace jsou uvedeny v ptehledu

publikaci v kapitole Piilohy na konci diserta¢ni prace.
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5.1 Chemikalie

Na piipravu disperzi nanocastic stfibra i nanocasticovych vrstev stfibra, které
slouzily jako SERS-aktivni substrat, byly pouzity nasledujici chemikalie: dusi¢nan
stiibrny (AgNOs, p.a., Fagron), amoniak (NHs, vodny roztok 28% (v/v), p.a., Sigma),
hydroxid sodny (NaOH, p.a., Lachema), D(+)-malt6za monohydrat (C12H22011, p.a.,
Sigma). Chlorid sodny (NaCl, p.a., Sigma-Aldrich) slouzil jako tzv. aktiva¢ni ¢inidlo
primarnich nanocastic stfibra. Jako modelova latka pro ucely povrchem zesilené
Ramanovy spektroskopie byl pouzit adenin (Sigma-Aldrich, minimum 99%).

Na ptipravu magnetického SERS biosenzoru pro véasnou detekci infekce kloubni
nahrady byly pouzity nasledujici  chemikélie: magnetické  mikrocastice
funkcionalizované karboxylovymi skupinami (18-22 mg/ml, Sigma-Aldrich, katalogové
Cislo produktu 00239), N-hydroxysulfosukcinimid sodna sl (>98% (HPLC), Sigma-
Aldrich), 1-ethyl-3—(3—dimethylaminopropyl) karbodiimid (Sigma-Aldrich),
streptavidin izolovany z bakterie Streptomyces avidinii (lyofilizovany prasek, >13
units/mg protein, Sigma-Aldrich), biotinylovanda mys$i monoklonalni protilatka na
protein A (Sigma-Aldrich), biotinylovana krali¢i polyklonalni protilatka na sténovou
polysacharidovou substanci skupiny A (Abcam plc., Cambridge, UK), ethylamin
(vodny roztok 70%, Sigma-Aldrich), fosfatovy pufr pH 7,5 (Sigma-Aldrich).

Veskeré zde vyse uvedené chemikalie byly pouzity bez dalSiho ¢isténi.

5.2 Pristrojové vybaveni

Velikost a distribuce pfipravenych castic stiibra ve vodné disperzi byly
charakterizovany technikou pracujici na principu dynamického rozptylu svétla (DLS) —
90 Plus Particle Size Analyzer (Brookhaven Instruments Corporation, USA). Zeta
potencial pfipravenych magnetickych castic byl meéfen metodou elektroforetické
mobility na pfistroji Zetasizer NanoZS (Malvern, UK). UV/Vis absorpcni spektra
nanocastic stfibra byla zaznamenavana spektrofotometrem Specord S 600 (Analytik
Jena AG, Némecko). Velikost a morfologie castic byla charakterizovana pomoci
elektronovych mikroskopt jako je transmisni (TEM) na pfistroji JEM 2010 (Jeol,
Japonsko) s urychlovacim napétim 160 kV, skenovaci (SEM) na pfistroji Hitachi
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SU6600 (Hitachi, Japonsko), a stejn¢ tak pomoci transmisniho elektronového
mikroskopu s vysokym rozlisenim (HRTEM) na pfistroji FEI Titan G2 60 — 300
pii urychlovacim napéti 80 kV s X-FEG zdrojem elektrond a s bodovym rozliSenim
VTEM rezimu 0,08 nm. Soucasn¢ je tento mikroskop vybaven Cs korektorem a
detektorem STEM-HAADF. Pro prvkovou analyzu studovaného materialu bylo vyuzito
STEM-energiové disperzni X-ray spektroskopie (EDS; Bruker SuperX) s dobou
akvizice 20 min. Infracervena spektra byla naméfena na FT-IR spektrometru Nicolet iS5
(Thermo Scientific, U.S.A.) technikou zeslabeného tplného (vnitiniho) odrazu (ATR)
se ZnSe krystalem.

Vlastni zaznam Ramanovych a povrchem zesilenych Ramanovych spekter
probéhl pii laboratorni teploté na disperznim Ramanové mikroskopu DXR Nicolet
(Thermo Scientific, U.S.A.) vybavenym integrovanym optickym mikroskopem se sadou
objektivi se zvétSenim 4x, 10x a 50x a termoelektricky chlazenym CCD detektorem
(-50 °C). K excitaci byly vyuzity pevno latkové diodové lasery s vinovou délkou 532
nm a 780 nm a He-Ne laser s excita¢ni vinovou délkou 633 nm. Strukturni analyza
studovaného materidlu byla zajisténa pomoci rentgenové praskové difraktometrie
(XRD, PANalytical X’Pert PRO) s kobaltovou rentgenkou CoKa (provozni rezim 40
kV a 30 mA), vertikdlnim goniometrem a linearné pozi¢nim citlivym detektorem

X Celerator.

5.3 Priprava vodné disperze nanocastic stribra

Nanocastice stiibra byly pfipraveny modifikovanou Tollensovou metodou, kterd
spo¢iva v redukci amoniakalniho komplexu stiibrnych iontd [Ag(NH3)2]* maltozou.
Postup pfipravy byl nasledujici: v litrové kadince byly smichdny pfedem ptipravené
zasobni roztoky reakénich komponent o definovanych objemech a danych
koncentracich v nasledujicim potradi: 160 ml 5.10° mol/l AgNOs3, 40 ml 0,1 mol/l NHs,
408 ml destilované vody. Zasadité prostfedi reakéniho systému pak bylo nastaveno na
hodnotu pH 11,5 + 0,1 pfidavkem 32 ml 0,24 mol/l NaOH. K intenzivné michané takto
ptipravené smési bylo pifidano 160 ml vodného roztoku maltézy o koncentraci
0,05 mol/l. Reakce byla pfiblizné po 4 minutach ukoncena a takto vznikla zlutohnéda

koloidni disperze byla uchovavana v tmavé zasobni lahvi pro pouziti v nasledujicich
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experimentech bez jakychkoliv dalSich tprav. Reakce byla provedena v
netemperovaném prostiedi pfi laboratorni teploté (20 °C). Tyto maltézou redukované
nanocastice stiibra jsou témeéf monodisperzni s primérnou velikosti ¢astic okolo 28 nm.
Takto pfipravené nanocastice stiibra byly charakterizovany UV/Vis absorp¢ni
spektroskopii s maximem absorpéniho pasu pii vinové délce 410 nm. Piipravend vodna
disperze nanocastic stfibra vykazuje dlouhou stabilitu po dobu nékolika mésict az let

bez jakychkoliv znamek agregace a to i bez piidanych stabilizujicich ¢inidel [74].

5.4 Aktivace nanocastic stfibra a jejich charakterizace

Pro vlastni pouziti nanoc¢astic stiibra v SERS experimentech byla jejich vodna
disperze aktivovéna piidavkem roztoku chloridu sodného o riznych vyslednych
koncentracich. Pribéh zmény parametri aktivovanych stiibrnych nanocéstic
chloridovymi ionty byl sledovan na zakladé méteni pramérné velikosti ¢astic metodou
DLS a zaznamenavanim UV/Vis absorp¢nich spekter. V obou piipadech byl postup
nasledujici: 0,4 ml zasobniho roztoku nanocastic stfibra bylo nafedéno
1,20 ml — 1,55 ml destilované vody a nasledné ptidano 0,050 ml — 0,400 ml 1 mol/I
nebo 4 mol/l vodného roztoku chloridu sodného tak, aby vysledny objem ¢inil 2 ml.
Okam?zité, po piidavku chloridovych iontlh k vodné disperzi nanocastic stiibra, byla
reakéni smés fadné promichana a béhem par vtefin spuSténo méfeni. V piipadé méteni
pramérné velikosti aktivovanych ¢astic metodou DLS byla po dobu 30 minut kazdou
minutu zméfena hodnota velikosti ¢astic a zaznamenana. Pii sledovani kinetiky aktivace
nanocastic stiibra pomoci UV/Vis spektroskopie probihala analyza taktéz po dobu 30
minut, kde kazdou 20. sekundu bylo zaznamenano spektrum proti isté destilované vodé
Vv rozsahu vinovych délek 350 nm — 800 nm.

Jako pfima metoda pozorovani pribc¢hu zmény velikosti a tvaru nanocastic stiibra
po pfidavku chloridovych iontl byla zvolena transmisni elektronova mikroskopie. V
tomto piipadé byl ale vzorek odebran pouze v ¢ase 15 minut od ptidavku aktiva¢niho
¢inidla k disperzi nanocastic stiibra. Odebrany vzorek byl nafedén desetinasobnym
mnozstvim destilované vody za uGcfelem pozastaveni probihajici reakce a teprve pak

nanesen na médénou podlozni sitku s napatfenou uhlikovou vrstvou.
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5.5 Priprava magnetického SERS biosenzoru pro diagnostiku infekce

kloubnich nahrad

Na zaklad¢ ziskanych vysledkd, jez budou diskutovany v kapitole 6.1, byla k této
studii pouzita disperze nanocastic pripravenych redukci amoniakalniho komplexu
stiibra maltozou aktivovana 1M NaCl (vysledna koncentrace 200 mmol/l), ktera byla
ptikapnuta K biofunkcionalizovanym magnetickym c¢asticim tésné pred samotnou SERS

analyzou bakteridlnich vzorki.

5.5.1 Imobilizace streptavidinu na magnetické nanocastice

K navazani biologicky aktivnich molekul na povrch magnetickych nanocastic s
vyuzitim specifickych interakeci je nezbytnd funkcionalizace jejich povrchu
prostfednictvim vhodnych funkénich skupin (napt. COOH, NHz, SH). Jelikoz byly
vyuzity komeréné dostupné vhodné povrchové modifikované magnetické nanocastice
s karboxylovymi skupinami, odpadla pii pfipravé magnetického SERS biosenzoru
nutnost tohoto prvniho kroku funkcionalizace. Imobilizace streptavidinu (Strep) na
povrch magnetickych nanocéstic s funkénimi karboxylovymi skupinami (MNP)
probihala nasledovné: bylo odebrano 0,5 ml ze zasobni disperze MNP (18-22 mg/ml) a
pomoci vnéjsiho magnetu separovany z disperze a tfikrat promyty destilovanou vodou.
Funk¢ni karboxylové skupiny na téchto magnetickych nanocasticich byly nejprve
aktivovany ptidavkem 1 ml smési 1-ethyl-3—(3—-dimethylaminopropyl) karbodiimid
(EDC) a N-hydroxysulfosukcinimid (NHS) (1:1, vysledna koncentrace obou reak¢nich
slozek byla 0,010 mmol-IY) k pevnému promytému podilu MNP a michany na
magnetické michacce po dobu 45 min. Poté byly MNP tiikrat promyty fosfatovym
pufrem o pH 7,5. V dalsim kroku bylo k pevnému podilu MNP, ktery byl odseparovan
pfilozenim vnéjsiho magnetického pole, pifidano 5 ml roztoku streptavidinu o
koncentraci 1 mg/l a nechano po dobu 2 hodin michat za ucelem vytvoreni kovalentni
vazby mezi volnymi amino skupinami (—NH>) pfitomnymi ve struktufe streptavidinu a
aktivovanymi karboxylovymi skupinami na povrchu MNP. Poté byly opét magnetické
nanocastice s navazanym streptavidinem (MNP@Strep) tiikrat promyty fosfatovym

pufrem, pfi¢emz byly vymyty nenavazané molekuly streptavidinu.
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5.5.2 Funkcionalizace povrchu magnetickych nanocastic protilitkou

Imobilizace biotinylované mysi monoklonalni protilatky na protein A (anti-1gA),
ktery je piitomny v bunétné sténé bakterie Staphylococcus aureus, ¢i imobilizace
biotinylované kralici polyklondlni protiladtky na st€énovou polysacharidovou substanci
skupiny A (anti-APS), ktera je pfitomna u bakterie Streptococcus pyogenes, na povrch
magnetickych nanocastic se streptavidinem, byla provadéna nasledujicim postupem:
Kk pevnému podilu magnetickych nanocastic (18-22 mg/ml) modifikovanych
streptavidinem byl pfidanl ml bud’ protilatky anti-IgA, a nebo 1 ml protilatky anti-APS
(vysledna koncentrace obou protilatek byla 10 mg/l) a nasledovala hodinova inkubace
za ucelem vytvoreni nekovalentni interakce mezi streptavidinem a biotinylovanou ¢asti
protilatky. Po dostateném promyti fosfatovym pufrem bylo nutné zablokovat zbytek
volnych aktivnich karboxylovych skupin ptidavkem 3,5% vodného roztoku ethylaminu.
Takto ptipraveny magneticky biosenzor (MNP@Strep@anti-IgA ¢i MNP@ Strep@anti-
APS) byl stabilni po dobu zhruba dvou mésicu.

5.6 Priprava bakterialnich vzorki
5.6.1 Priprava modelovych vzorki

Vyvoj magnetického SERS biosenzoru pro vcasnou detekci infekce kloubni
nahrady byl provadén na modelovych vzorcich bakterialnich lyzatt Staphylococcus
aureus a Streptococcus pyogenes ve fyziologickém roztoku. K piipravé bakterialniho
lyzatu byla pouzita dvaceti¢tyihodinova kultura Staphylococcus aureus CCM 3953 a
Streptococcus pyogenes (vlastni bakteridlni kmen & SP12 z Ustavu mikrobiologie
Lékarské fakulty Univerzity Palackého). Dobte izolované kolonie byly pievedeny do
5 ml Mueller-Hintonova (HiMedia) bujonu, aby vysledny zakal odpovidal zakalovému
standardu 1 podle McFarlanda (hustota bunék piiblizné 3 x 108 CFU/mI). Bakterialni
supsenze byla kultivovdna pti 37 °C po dobu 24 hodin. Po inkubaci byl bujon
centrifugovan (2000 otacek/10 minut), supernatant slit a k sedimentu bylo ptidano 10
ml destilované vody. Promichand suspenze byla sttidavé zmrazovana pii teploté -72 °C

po dobu 10 minut a rozmrazovana ve vodni lazni pii teploté 37 °C celkem desetkrat.
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Timto zpusobem byly pfipraveny bakterialni lyzaty, které byly uchovavany v lednici pii
teploté 4 °C.

5.6.2 Priprava biologickych vzorkii

Testovani magnetického SERS biosenzoru pro vcasnou detekci infekce kloubni
nahrady bylo provadéno se sterilnimi kloubnimi vypotky ziskanymi punkci z kolene od
pacienta trpicich osteoartrozou. Sterilita punktitu byla vzdy dopfedu ovéfena
naockovanim na krevni agar (Trios, Ltd) a do Mueller-Hintonova (HiMedia) bujonu,
coz bylo provadéno na specializovaném pracovisti Ustavu mikrobiologie Lékaiské
fakulty Univerzity Palackého pod vedenim prof. MUDr. Milana Kolafe, Ph.D.
Z punktatu od kazdého pacienta byly dodany tii typy vzorki: punktat homogenizovany
1:1 s zivou bakterialni kulturou Staphylococcus aureus, dale punktat homogenizovany
1:1 s zivou bakterialni kulturou Streptococcus pyogenes a sterilni kloubni punktat (dale
pak oznacovano jako SJF z angl. sterile joint fluid), ktery slouzil jako negativni kontrola

pro SERS experimenty.

Odbér a zpracovani kloubniho punktatu bylo provddéno s povolenim etické
komise Lékaiské fakulty Univerzity Palackého a Fakultni nemocnice v Olomouci
v souladu s ¢eskou legislativou. VSichni pacienti podepsali informovany souhlas pied

zatazenim do studie.

5.7 Priprava vzorku pro experimenty povrchem zesilené Ramanovy

spektroskopie
5.7.1 Vliv ruzné koncentrace chloridovych ionti na transformaci nanocastic
stiibra a jejich vyuziti v SERS pfi rozdilnych excita¢nich vinovych délkach

V ramci prvni faze této disertacni prace byl proveden vyzkum zameéfeny na
studium vlivu aktivace vodné disperze nanocastic stiibra chloridovymi ionty a nalezeni

optimalniho postupu, kterym 1ze dosdhnout nejvétsiho zesileni Ramanova signalu. Pro
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tyto SERS experimenty byla pfipravena fada disperzi nanocastic stiibra S lisici se
vyslednou koncentraci chloridu sodného, jakozto aktiva¢niho Ccinidla, které byly
piipraveny nasledovné: 0,4 ml zasobniho roztoku nanocastic stiibra bylo nafedéno
1,18 ml — 1,53 ml destilované vody a nasledné ptidano 0,050 ml — 0,400 ml 1 mol/I
nebo 4 mol/l vodného roztoku chloridu sodného. Nakonec bylo k takto upravenym
nanocasticim stiibra ptidano 20 pl 0,001 mol/l adeninu (vysledna koncentrace adeninu
pak byla 1-107° mol/l) tak, aby vysledny objem ¢&inil 2 ml, a vznikla smés byla diikladné
promichéna. Pro méieni zavislosti SERS zesileni na vinové délce excitacniho zdroje pro
rizné morfologie nanocastic byla jako modelova latka zvolen adenin a to z jednoho
prostého diivodu. Adenin, jakoZto purinova baze, ma velmi efektivni Ramantiv rozptyl a
zarovenn se dobfe adsorbuje na povrch stéibrnych nanocastic. Tento vySe uvedeny
pracovni postup byl stejny pro vSechny tii pouZzité excitani vinové délky. Urceni
faktorti zesileni signdlu Ramanova rozptylu pro jednotlivé systémy pak bylo vypocéteno
z poméru intenzit SERS signalu 1-10~° mol/l adeninu k standardnimu Ramanovu signalu

0,1 mol/l adeninu pro intenzivni pas pfi ~734 cm™2.

5.7.2 Diagnostika infekce kloubnich nahrad metodou MA-SERS

Bakterialni lyzaty a zivé bakterialni kultury (Staphylococcus aureus a
Streptococcus pyogenes) byly pfipraveny vySe popsanym postupem (5.6). MA-SERS
analyza realné matrice kloubniho punktatu inokulovaného Zivymi bakterialnimi
bunikami probihala po jejim desetinasobném nafedéni deionizovanou vodou z divodu
zmény viskozity vzorku. Vzorky, at uz bakterialnich lyzatd ¢i kloubnich punktatd s
zivymi bakterialnimi kulturami, byly ptipraveny pro MA-SERS analyzu nasledujicim
postupem: v mikrozkumavce typu eppendorf bylo smichano 10 ul MNP@Strep
nanocastic konjugovanych biotinylovanou protilatkou bud’ na protein A nebo na
streptokokovou sténovou polysacharidovou substanci skupiny A s 10 pl analyzovaného
bakterialniho vzorku a ponechano inkubovat po dobu 30 minut. Tato reakéni smés pak
byla ptevedena na podlozni sklicko, kde pisobenim vné&jsiho magnetického pole doslo
k odseparovani alikvotniho mnozstvi magnetického komplexu od zbytkd matrice
vzorku. Dale pak bylo k tomuto oddélenému mnozstvi pevného magnetického podilu

pfikdpnuto 8 pl vodné disperze Ag NPs (~28 nm), kterd byla nasledné aktivovana
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ptidavkem 2 pl 1 mol/l vodného roztoku NaCl. Po promichani ve $pi¢ce automatické
pipety byla, po pfilozeni vnéj§iho magnetického pole k podloznimu sklicku, vytvofena
na okraji kapky srazenina magnetického bionsensoru, ktera byla analyzovana SERS
technikou bezprostiedné pied vysuSenim. Schematické piiblizeni vySe popsaného
postupu SERS detekce je na Obr. 14,

Mg¢feni a zpracovani vibracnich spekter bylo provedeno pomoci softwaru OMNIC
8.2.0.403 (Thermo Fisher Scientific Inc.). K vyhodnoceni experimentalnich dat a
vibra¢nich spekter byly pouzity nasledujici programy: QtiPlot 0.9.8.3 a Microsoft Excel.
Statistické vyhodnoceni experimentalnich dat a jejich grafické znazornéni v podobé
diskrimina¢ni analyzy pak bylo provedeno pomoci softwaru TQ Analyst 8.4.257

(Thermo Fisher Scientific).
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Obr. 14: Schematické znazornéni MA-SERS detekce bakterialnich patogent. llustrace
autora [151].
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6. Vysledky a diskuze

6.1 Vliv rizné koncentrace chloridovych iontii na transformaci
nanocastic stfibra a jejich vyuziti v SERS pFi rozdilnych excitacnich

vinovych délkach

V na8i piedeslé studii [74] bylo dokazano, ze vysoka koncentrace vodného
roztoku NaCl (vysledna koncentrace 400 mmol/l) je velmi G¢inna pro SERS aktivaci
maltézovych nanocastic stiibra (~28 nm). Tato vysoka koncentrace chloridovych iontt
vedla Kk rychlé rekrystalizaci primarnich nanocastic stéibra na ¢astice S primérnou
velikosti okolo 400 nm, které byly velmi efektivni pro zesileni Ramanova signalu
adeninu pii pouziti excitacnich laserd s vinovymi délkami jak ve viditelné (488 nm), tak
blizké infracervené (1064 nm) oblasti spektra. Tato zékladni studie byla prohloubena
dal8im originalnim vyzkumem zaméfenym na hlubsi pochopeni role Ag NPs pfi zesileni
Ramanova signalu po aktivaci chloridovymi ionty. Nova studie se tak zabyva G¢inkem
rtuzné koncentrovanych chloridovych iontd jak na fyzikalni parametry Castic stiibra, tak
1 na zesileni Ramanova signalu témito ¢asticemi. K témto experimentim poslouzily
nano¢astice stiibra (~28 nm) pfipravené redukci Ag® Vv amoniakalnim prostiedi
maltézou 0 koncentraci 0,05 mol/l. Pro vlastni pouziti v SERS experimentech byla
jejich vodna disperze, pted pfidanim roztoku adeninu o vysledné koncentraci 107> mol/l,
aktivovana (agregovana) piidavkem roztoku chloridu sodného. Experimenty byly
provadény s fadou Sesti ruznych vyslednych koncentraci chloridovych iontl (25, 50,
100, 200, 400, 800 mmol/l) ve vodné disperzi nanocastic stiibra a se tiemi rozdilnymi
excitaénimi lasery (532 nm, 633 nm, 780 nm). Proces aktivace nanocastic stiibra
vodnym roztokem chloridu sodného byl sledovan na zédkladé¢ méfeni primérné velikosti
¢astic metodou DLS a zaznamenavani absorpcnich UV/Vis spekter. Zména prumérné
velikosti Castic stfibra méfena pomoci DLS, a stejné tak UV/Vis spektra, byla
zaznamenavana v minutovych intervalech po dobu 30 minut za ucelem sledovat
probihajici proces transformace primarnich nanocastic stfibra. Déle pak castice stiibra
byly blize charakterizovany transmisni elektronovou mikroskopii, kdy se v ¢ase 15

minut od pfidavku roztoku NaCl odebraly vzorky pro TEM. V piipadé SERS méieni
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byla spektra zaznamenavana v tiiminutovém intervalu po dobu 30 minut od ptidavku
roztoku NaCl. Spektru adeninu dominuje vibrace dychaciho kruhu, proto se v dalsich
odstavcich pro zjednoduseni porovndni a zhodnoceni intenzity SERS signdlu zamétime
pouze na tento typicky pas lezici pii ~734 cm™. Intenzity dalsich molekulovych vibraci
adeninu se ménily imérné k intenzit& tohoto hlavniho pasu ~734 cm. Na obrazku 15 si
muzeme vSimnout, ze tento pas (oznaceny hvézdickou) je nejintenzivngjsi z celého
SERS spektra a pochazi od vibrace dychaciho fetézce ve struktufe adeninu (vloZeny

obrazek v Obr. 15).
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Obr. 15: SERS spektrum adeninu a strukturni vzorec jeho molekuly. Prevzato z [152].

SERS meéfeni byla provadéna s excitacnimi vinovymi délkami 532 nm, 633 nm a
780 nm. Profil casovych zavislosti intenzit SERS signdlu vibrace dychaciho kruhu
adeninu p¥i ~734 cm~ po piidavku chloridovych iontil je znazornéna na obrazku 16. Pro
excitacni vinovou délku 532 nm byly pozorovany pouze malé zmény V intenzitach
SERS signalu mezi jednotlivymi systémy s lisicimi se koncentracemi chloridovych
iontt (Obr. 16A). Srovname-li G¢inek vSech pouzitych vyslednych koncentraci NaCl,
Ize pozorovat zhruba 20% rozdily v intenzitach pasu adeninu pii ~734 cm™. V piipadé
excitace pii 633 nm, zde miizeme pozorovat znacné rozdily Vv intenzitach SERS signalu
adeninu mezi jednotlivymi koncentracemi NaCl (Obr. 16B). Nejvyssiho zesileni

Ramanova signalu bylo dosazeno s disperzi nanocastic stfibra aktivovanych roztokem
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NaCl o vysledné koncentraci 400 mmol/l. Naopak, hodnoty intenzit SERS signalu
ziskané pro laser 780 nm byly zna¢n¢ niz§i oproti excitaci s vinovou délkou 532 nm a
633 nm (Obr. 16C). Porovnanim intenzit SERS signalu z t€chto méfeni a standardniho
Ramanova signalu roztoku adeninu o koncentraci 0,1 mol/l pak vychazi celkové faktory
zesileni Ramanova signalu pfiblizn¢ 7,2 X 10* pro laser 532 nm, 2,0 x 10° pro laser
633 nm, a 2,4 x10° pro laser 780 nm.
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Obr. 16: Profil ¢asovych zavislosti intenzit SERS signalu vibrace dychaciho kruhu
adeninu pii ~734 cm™ po ptidavku chloridovych iontli p¥i excitaénich vinovych délkach
532 nm (A), 633 nm (B) a 780 nm (C). Legenda popisuje vysledné koncentrace roztoku

NaCl ve vodné disperzi Castic stiibra. Pfevzato z [152].
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Z vynesenych zavislosti na obrazku 16 je evidentni, Ze intenzity SERS signalu,
Vv ptipad¢ pouziti excitatniho laseru 532 nm, téméf nezavisi na Kkoncentraci
chloridovych iontd pouzitych k aktivaci. U excita¢niho laseru s vinovou délkou 633 nm
jsou jiz zietelné odliSnosti, které jsou pak nejvyraznéjsi u laseru 780 nm, kde nejnizsi
koncentrace NaCl pouzité k aktivaci poskytuji jen velmi malé zesileni Ramanova
signalu adeninu. Mozné vysvétleni pomérné vVysokych intenzit SERS signalu pro lasery
532 nm a 633 nm dosazenych S vyuzitim aktivace pomoci roztoku NaCl o nejnizsi
vysledné koncentraci 25 mmol/l lezi v existenci tzv. ,,hot spot mist [153]. Takova
koncentrace chloridovych ionti mize vyvolat docasné piiblizeni ¢astic stiibra v roztoku
na urcitou velmi malou vzdalenost, ktera je zcela klicovou zalezitosti pro vytvofeni
aktivnich mist podstatnych pro zesileni Ramanova signalu. Naopak, pii excitaci
svlnovou délkou 780 nm jsme u takto nizké koncentrace chloridovych ionth
nepozorovali zadny ndrGst intenzity SERS signélu. Tento piidavek chloridovych iontt
nevyvolal dostate¢ny vliv na transformaci Ag NPs, ¢imz padem povrchovy plasmon
téchto nanocastic byl mimo rezonanci s excita¢ni vinovou délkou pii 780 nm. Jak uz
bylo vySe zminéno, V téchto experimentech Se vychédzelo z nanocéstic o pramérné
velikosti 28 nm. Z obrazku 17A je patrné, ze ihned po pfidavku roztoku NaCl o
vysledné koncentraci 25 mmol/l doslo ke zméné praimérné velikosti ¢astic z pocatecni
hodnoty 28 nm na 40 nm. S dal§im nardstajicim Casem pak primérna velikost ¢astic
postupné klesala. Toto pozorovani lze vysvétlit tak, ze doslo k do€asnému piibliZzeni
dvou ¢i vice Ag NPs, které mélo vliv na mirny narst primérné velikosti ¢astic
zaznamenavané V minutovych intervalech metodou DLS. Nicméné na zakladé
pozorovani UV/Vis spekter a TEM snimka Ize usuzovat, ze takto nizkd koncentrace
NaCl neméla vliv na parametry nanocéastic. Z UV/Vis spekter (Obr. 17D)
zaznamenanych po pfidavku NaCl o koncentraci 25 mmol/l Ize usuzovat, ze nedochazi
ke zméné pozice absorpéniho maxima béhem celého procesu méfeni, jelikoZ zména
prumérné velikosti ¢astic byla jen velmi nepatrna. Nicméné slaby nartst absorpce pii
vysSich vilnovych délkach byl pteci jen pozorovan. Tyto vysledky byly nasledné
podpoieny TEM analyzou téhoz systému, ze kterého byl odebran vzorek v 15. minuté

od ptidavku NaCl k disperzi Ag NPs (Obr. 19A).
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Obr. 17: Graf zavislosti velikosti ¢astic stiibra A) — C) a jejich pfislusnych UV/Vis
spekter D) — F) na case od ptidavku chloridovych iontd do systému o vysledné
koncentraci 25 mmol/l, 50 mmol/l a 100 mmol/l. Chybové tsecky piedstavuji rozmezi
hodnot (nejmensi a nejvyssi), které byly ziskdny behem tfech nezavislych meéfeni.

Legenda popisuje uplynuly ¢as od piidavku chloridovych iontt. Prevzato z [152].

Ponckud odlisna zavislost byla ziskana pii aktivaci vodné disperze Ag NPs
chloridovymi ionty o vysledné koncentraci 50 mmol/l, kde byly pozorovany od samého
zacatku vySsi hodnoty intenzit SERS signalu pii excitacni vinové délce 532 nm, které
byly stabilni béhem celého tficetiminutového experimentu (Obr. 16A). V piipadé
excitaéniho laseru 633 nm doslo ke zna¢nému narustu intenzit SERS zesileni béhem
prvnich par minut po pfidavku NaCl k disperzi nanocastic stiibra (Obr. 16B). S dalsim
narUstajicim ¢asem, respektive naristajici primérnou velikosti ¢astic, se pak Umérné
meénila i intenzita SERS signalu. To vSak neplati pro systém s excita¢ni vinovou délku
pi1 780 nm, u n¢hoz byl zaznamenan pouze nepatrny narist intenzit SERS signéalu (Obr.

16C). Tento jev muize byt vysvétlen na zakladé znaénych zmén velikosti Castic
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zapric¢inénych pridavkem 50 mmol/l chloridovych iontt k Ag NPs (Obr. 17B). Po tieti
minuté od piidavku NaCl byl pozorovan obrovsky narist velikosti ¢astic. Tento nartst
byl patrny az do 25. minuty aktivacniho procesu, kde priimérné velikost ¢astic vzrostla
az k 300 nm. Tyto zmény byly soucasné potvrzeny i pofizenym TEM snimkem (Obr.
19B), ktery odhalil pfitomnost vétSich castic. Navic, cely tento proces aktivace
primarnich ¢astic stiibra byl doprovazen vyraznou zménou zabarveni reakéniho systému
z hnédé¢ na Sedou. Tyto zmény indikujici vznik vétSich Castic byly nasledné potvrzeny
UV/Vis spektry, jak je vidét na obrazku 17E. Povrchovy plasmon piivodnich Ag NPs
s maximem absorbance pii 410 nm je typicky pro primarni ¢astice o velikostech okolo
28 nm bez ptidaného roztoku NaCl. Po tfeti minuté od pridavku chloridovych iontt
k vodné disperzi nanocCastic stéibra byl zaznamenan pokles tohoto maxima a zaroven
V ten samy okamzik se objevil druhy pik s plasmonovym maximem v oblasti 640 nm.
Tyto poznatky potvrdily, Zze takto upravené Ag NPs jsou pfi excitaci 532 nm a 633 nm
v rezonanci S povrchovym plasmonem. Naopak pii excitaci 780 nm je efekt
povrchového zesileni téméf nulovy, z duvodu slabého u¢inku této koncentrace NaCl na

zménu vlastnosti (zménu ve tvaru nanocastic ¢i agregacni stav) ptivodnich Ag NPs.

Pii excitaci s vlnovou délkou 780 nm neni tento typ laseru v povrchem
zesilené Ramanové spektroskopii pfili§ rozsifen, jelikoz se K tomuto ucelu pouzivaji
predev§im SERS substraty na bazi koloidniho stfibra majici maximum absorbance
povrchového plasmonu niz§i, nez vySe zminénd excitacni vinova délka 780 nm. Je
vSeobecné znamo, ze vlinova délka povrchového plasmonu se posouva do dlouhovinné
oblasti spektra s rostouci velikosti kovovych ¢astic. Da se tedy ocekavat, ze poloha
tohoto maxima bude v rezonanci s vinovou délkou budiciho laserového zateni a bude
tak dosazeno nejlepsiho zesileni Ramanova signalu. Bézné pouzivané nizké koncentrace
chloridovych ionti (v jednotkach mmol/l) nejsou zdaleka tak uc¢inné ke zménam
parametri Ag NPs, aby doSlo k zesileni Ramanova signélu s pouZzitim budiciho zafeni
delsich vinovych délek. Nicméné jak jsme pozorovali v predeslé nasi studii, piidavek
vysoce koncentrovaného roztoku NaCl (stovky mmol/l) k maltézové disperzi nanocastic
stiibra zajistil reprodukovatelny SERS-aktivni povrch s efektivnim zesilenim Ramanova
signdlu adeninu jak ve viditelné (488 nm), tak blizké infraervené (1064 nm) oblasti

spektra [74].
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Obr. 18: Graf zavislosti velikosti ¢astic stiibra A) — C) a jejich pfislusnych UV/Vis
spekter D) — F) na case od piidavku chloridovych ionti do systému o vysledné
koncentraci 200 mmol/l, 400 mmol/l a 800 mmol/l. Chybové usecky predstavuji
rozmezi hodnot (nejmens$i a nejvyssi), které byly ziskany béhem tfech nezavislych
méteni. Legenda popisuje uplynuly cas od pifidavku chloridovych iontl. Pievzato z
[152].

Pti zvyseni vysledné koncentrace roztoku NaCl na 100 mmol/l a 200 mmol/l jsme
pozorovali pro obé koncentrace podobnou zavislost zmén vlastnosti Ag NPs na
piidavku NaCl do systému, Svyjimkou vysSich intenzit Ramanova signalu pro
200 mmol/l NaCl. Co se tyce budiciho zafeni s excitacni vlnovou délkou pii 532 nm,
zde byly hodnoty intenzit SERS signalu pro obé koncentrace po celou dobu analyzy
stabilni (Obr. 16A). U obou koncentraci NaCl nebyly pozorovany zadné vyznamné
zmény v intenzitach SERS signalu po dobu méfeni s excitacni vinovou délkou 633 nm
(Obr. 16B); pti aktivaci 200 mmol/l NaCl bylo dosazeno stabilnich hodnot zesileného
Ramanova signalu béhem celé sledované doby, v ptipadé¢ 100 mmol/l NaCl intenzita
signalu mirné nardstala. Naopak pro laser 780 nm, v piipadé¢ 100 mmol/l NaCl hodnota

intenzit SERS signalu vzrostla dvojnasobné, Vv ptipadé 200 mmol/l NaCl ¢étyfnasobné
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(Obr. 16C). Sledovanim korelace mezi DLS hodnotami, UV/Vis spektry a zménou
morfologie Ag NPs pozorovanou v TEM snimcich (Obr. 19C a D) Ize usuzovat, ze tyto
chloridové koncentrace vyvolaly zmény v rozmérech ¢astic za soucasného vzniku jak
malych, tak vétSich ¢astic stiibra v dusledku rozpousténi pivodnich Ag NPs a jejich
naslednou rekrystalizaci v pfitomnosti obou takto koncentrovanych chloridovych ionta.
Primérna velikost téchto ¢astic u obou systému vzrostla z desitek nanometrt na stovky
nanometru (Obr. 17C a 18A). VétSina zmén se projevila béhem prvnich par minut od
piidavku chloridovych iontd. U obou systémt doslo béhem 30 minut k potlaceni
extinkéniho maxima pii 410 nm a zaroven byla patrna zvySena absorbance v oblasti 650
nm odpovidajici pravé bud’ agregatim, ¢i zvétSenym rozmérum castic (Obr. 17F a
18D). Na zakladé téchto poznatk lze usuzovat, ze dochazelo k postupnym zménam
v prumérné velikosti Ag NPs [74] ¢i jejich morfologie [154]. Jakmile vzrostla primérna
velikost ¢astic, jejich povrchovy plasmon byl v resonanci S pouzitymi excita¢nimi
vinovymi délkami, a tim padem se dalo oc¢ekavat vyssich intenzit zesileného Ramanova

signalu. VSechny tyto charakteristické zmény byly doprovazeny i vyraznou zménou

zabarveni reak¢niho systému z hnédé na Sedou.

f N 200 nm ¥ | 200mm | 200 nm

E) F)
e @

200 nm 200 nm

200 nm T2000m 200 nm

Obr. 19: TEM snimky ¢astic stiibra po 15 minutach od pfidavku chloridovych iont do
systétmu o vysledné koncentraci 25 mmol/l (A), 50 mmol/l (B), 100 mmol/l (C),
200 mmol/I (D), 400 mmol/I (E) a 800 mmol/l (F). Ptevzato z [152].
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Povrch nanocastic byl dale aktivovan uc¢inkem 400 mmol/l NaCl, které mély vliv
na nejvetsi zesileni Ramanova signalu pro vSechny tfi pouzité excitacni vinové délky
napii¢ vSemi koncentracemi aktiva¢niho ¢inidla. Po 3 minutach od piidavku NaCl k Ag
NPs vzrostla primérna velikost ¢astic az k 400 nm. Béhem 15 minut od piidavku
400 mmol/l NaCl k disperzi Ag NPs doslo k postupnému navyseni intenzit SERS
signalu (Obr. 16A — C). Toto lze ptfisuzovat k nardstu velikosti ¢astic Ag zpuisobené
pritomnosti vysoce koncentrovanych chloridovych iont, kde jsme pozorovali Ag
castice o velmi dobte definovanych tvarech, odebranych ze systému pro TEM analyzu
v 15. minuté od ptidavku NaCl (Obr. 19E). Po vySe zminéném case doslo k poklesu
SERS signalu modelového analytu, coz je pravdépodobné spojeno se sniZzenim
dostupného povrchu Ag castic nezbytného pro naadsorbovani molekul adeninu,
z divodu agregace Ag NPs, jak je dokumentovano na Obr. 18B [155]. Nartst pramérné
velikosti Castic s Casem, a stejné tak znacny posun UV/Vis extinkéniho maxima do
Cervené oblasti spektra (Obr. 18E), umoznuje sledovat kinetiku pfemény castic, ktera
byla taktéz doprovazena vyraznou zménou zabarveni reakéniho systému z hnédé na

Sedou.

Na zavér si vSimnéme, co se d¢je se SERS signalem adeninu pfi aktivaci povrchu
nanocastic stifbra 800 mmol/l NaCl. Pon¢kud odlisna zavislost byla ziskana pro
excitacni vlnové délky 532 nm a 633 nm, kde byly pozorovany klesajici intenzity SERS
signalu adeninu ihned po pfidavku NaCl k vodné disperzi Ag NPs (Obr. 16A a B).
Jedno z moznych vysvétleni, pro¢ doslo ke sniZeni intenzit pozorovaného SERS signalu
tkvi pfedev§im Vv konkurenénim boji mezi chloridovymi ionty a molekulami adeninu o
povrch Ag NPs [156]. Na zaklad¢ vysledki je vidét, ze jiz v 7. minuté od ptidavku
roztoku NaCl k Ag NPs pozorujeme maximalni intenzitu SERS signalu adeninu
Vv pfipadé excitacni vinové délky pii 780 nm. Jeho signél vSak néasledn€ vyznamné klesal
(Obr. 16C). I v tomto piipadé byla provadéna DLS méfeni, ktera odhalila zna¢ny rist
pramérné velikosti ¢astic az na 450 nm (Obr. 18C), coz bylo v souladu s ptislusnymi
UV/Vis spektry, kde v prvni minuté experimentu doslo k poklesu a rozsifeni maxima pfi
410 nm a zaroven K nardstu absorbance pfi 700 nm (Obr. 18F). Nasledna agregace
castic vedla k destabilizaci vodné disperze, coz se projevilo uplnym potlacenim obou

UV/Vis maxim. Soucasny pokles a posun UV/Vis maxim do Cervené oblasti spektra
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bylo vyraznéjsi, nez u predeslych nizsich koncentraci NaCl, coz nam potvrdil i TEM
snimek téchto modifikovanych ¢astic (Obr. 19F). Z davodu preristani Ag NPs a
agregacniho mechanismu aktiva¢niho procesu takového rozsahu, jsme se dostali mimo
rezonanci excita¢nich vlnovych délek, a v dusledku toho jsme opét pozorovali zménu
zbarveni reakéniho systému z hnédé na Sedou. Z divodu velmi silné agregatni a
sedimentacni nestability pokleslo mnozstvi SERS-aktivnich Ag NPs ve vodné disperzi,
kde podle ptedpokladu dochazelo s rostoucim ¢asem ke sniZzeni intenzit Ramanskych

signald.

Vysledky z této kapitoly byly v roce 2015 publikovany v ¢asopise RSC Advances
a autorka disertaéni prace je prvni ze Sesti autori tohoto ptivodniho ¢lanku, ktery lze

nalézt v priloze této prace.

6.2 Diagnostika infekce kloubnich nahrad metodou MA-SERS

Piedmétem studia v této praci byla véasna detekce a identifikace bakterialnich
patogenti  Staphylococcus aureus a Streptococcus pyogenes piitomnych ve
vzorcich kloubniho vypotku ziskanych punkci kolene. Pfitomnost kovalentné
navazan¢ho streptavidinu na povrchu magnetickych ¢astic, ktery vykazuje vysokou
afinitu pro biotin, umoznuje jejich naslednou selektivitu prostiednictvim jednoduché
funkcionalizace povrchu pomoci biotinylované protilatky. K témto experimentim byly
vyuzity dvé protilatky: protilatka na protein A [157] se pouziva k dosazeni selektivity
pro bakterii Staphylococcus aureus, a protilatka na streptokokovou sténovou
polysacharidovou substanci skupiny A [158], které se vyuziva k selektivni detekci

bakterie Streptococcus pyogenes.

Charakterizace materialu po jednotlivych krocich chemické modifikace povrchu
magnetickych castic, tj. po aktivaci funkénich skupin a vzniku novych vazeb, byla
provedena na zakladé méteni jejich elektrokinetického (zeta; () potencialu. {-potencialy
namétené po kazdé povrchové upravé jsou uvedeny v grafu na obrazku 20A. Naméiena
hodnota (-potencialu primarnich magnetickych nanocastic S volnymi karboxylovymi
skupinami (MNP) odpovidala hodnoté -22,3 mV. Tento relativné vysoky zaporny

povrchovy naboj je pfi¢itan pfitomnosti po¢etnych volnych karboxylovych skupin.
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Vychozi MNP byly charakterizovany metodou RTG praskové difrakce (Obr. 20B)
na rentgenovém praskovém difraktometru. Pofizeny XRD zaznam spektra studovaného
vychoziho materidlu MNP dokazuje piitomnost pouze krystalické faze bez dalSich
difrakci nebo vyznamného podilu amorfni faze. Analyzou difrak¢niho zdznamu jsme
zjistili hodnotu mfizkové konstanty a rovnou 0,8360 nm, kde pozorujeme mirné
nestechiometrickou fazi maghemitu (y-Fe20z3), ktera vykazuje kubickou strukturu s
castecné usporadanymi vakancemi s prostorovou grupou P4332. Rietveldova analyza
difrakcnich podilti naznacila, ze ¢astice maghemitu dosahuji velikosti 13 nm. Zavéry
ucinéné na zakladé difrakénich dat byly podpoieny i TEM snimkem vychozich MNP
(vlozeny obrazek do Obr. 20B). Tyto vychozi magnetické nanoc¢astice byly vybrany z
dtvodu piitomnosti volnych karboxylovych skupin na povrchu, které brani aglomeraci
nanocastic a zvysSuji tak jejich disperzibilitu ve vodném prostfedi. Nasledna aktivace
volnych karboxylovych skupin za pouziti vodné smési ¢inidel EDC a NHS byla
doprovazena vyraznym zvySenim (-potencialu materialu az na hodnotu 8,8 mV, coz
odrazi uspé&snou aktivaci karboxylovych funkénich skupin na povrchu MNP na reaktivni
estery  N-hydroxysukcinimidu. Dalsim krokem byla kovalentni imobilizace
streptavidinu na povrch magnetickych nanocastic prostfednictvim reakce jeho koncové
aminoskupiny (-NH2) s aktivovanymi karboxylovymi skupinami na povrchu MNP.
Vznik kovalentni vazby se projevilo zvySenim (-potencialu az na hodnotu 9,6 mV.
Dalsi krok syntézy spocival v navazani biotinylované protilatky na streptavidin. Vznik
nekovalentni vazby v komplexu streptavidin-biotin a kone¢né zablokovani zbylych
aktivovanych karboxylovych skupin zplsobilo malé navysSeni povrchového néboje na
hodnotu 10 mV, ktera je typicka pro nanocastice nesouci protilatku anti-APS, a stejné
tak na hodnotu 10,4 mV, ktera byla zaznamenana v piipad¢ funkcionalizace povrchu
MNP anti-IgA protilatkou. Morfologie biosenzoru byla charakterizovana pomoci
HRTEM, STEM-EDS a STEM-HAADF zobrazovacich technik. Pti pouziti HRTEM
analyzy MNP@Strep/Ag castic (Obr. 20C) je ziejmé, Ze celkovy primér, jak
magnetickych, tak stfibrnych nanocastic se pohybuje v rozmezi 10-20 nm. Kromé toho,
chemické mapovani STEM-EDS (Obr. 20D) biosenzoru jasné poukazuje na pfitomnost
prvka jak Fe, tak Ag. Jak je zndzornéno na obrazku 20E, nanocastice stiibra jsou
distribuovany na povrchu maghemitu; toto je dale potvrzeno piitomnosti Castic s

riznym kontrastem ve snimku STEM-HAADF (Obr. 20E).
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Obr. 20: Komplexni materialova charakterizace MA-SERS nanocastic: (A) Namétené
{-potencialy zaznamenané po kazdém kroku modifikace ptipraveného biosenzoru. (B)
XRD spektrum vychozich magnetickych nanocastic MNP (vlozeny obrazek vpravo
nahofe predstavuje TEM snimek tychz MNP) se zobrazenim teoreticky
nejvyznamngéjSich difrakénich rovin maghemitu. (C) Reprezentativni HRTEM snimek
modifikovanych MNP@Strep/Ag ¢astic. (D) STEM-EDS chemické mapovani (Fe, O, a
Ag) modifikovanych MNP@Strep/Ag castic. (E) HAADF snimek modifikovanych
MNP@Strep/Ag castic. Prevzato z [151].

Uspé&snost syntézy MA-SERS biosenzoru byla ovéfena s vyuzitim metody
infratervené spektroskopie (IR). IR absorpéni spektra povrchu &istych MNP,
modifikovanych streptavidinem a nasledn¢ funkcionalizovanych biotinylovanymi
protilatkami jsou ukdzana na Obr. 21. IR spektrum primarnich MNP vykazuje
charakteristické vibraéni médy (napt. 1726 cm™) typické pro karbonylové vibrace,
prozatim bez pfitomnych vibraci proteinli, které budou nasledné diskutovany v IR
spektrech po jednotlivych krocich modifikace povrchu MNP. IR spektrum nanocéstic
po imobilizaci streptavidinu (tj. MNP@Strep) vykazuji dva amidové pasy: amid I pfi
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1639 cm™?, ktery je typicky pro B-strukturu skladaného listu (C=0O vibrace), a amid I
pii 1568 cm™ (deformaéni N-H s valenéni C-N vibraci). Tyto pasy mohou byt pfipsany
amidovym skupindm V postrannim fetézci pfitomnym v peptidovych skupinach
streptavidinu, a proto na tomto zakladé¢ 1ze usoudit pfitomnost streptavidinu na povrchu
MNP [96,159,160]. Pas odpovidajici vibraénimu médu karboxylatu pti 474 cm™ (COO~
vibrace) je taktéz identifikovatelny ve spektru MNP@Strep [161]. Pfitomnost
streptavidinu na MNP byla taktéz potvrzena pfitomnosti vibrace slabych az stiednich
intenzit pfi 1208 cm™ al1247 cm™, vibraci z nichZ ob& odpovidaji vibracim amidu III
[96]. Srovname-li na Obr. 20 IR spektra biosenzord (oznac¢ené jako MNP@Strep@anti-
IgA a MNP@Strep@anti-APS) a spektrum MNP@Strep, nepozorujeme zde zadné
rozdilné vibrace az na slaby posun pasu 1726 cm do cervené oblasti spektra, ktery
odpovida signalu karbonylové skupiny, ktera mize byt zodpovédna za interakci kli¢-
zdmek mezi nanocasticemi s navazanym streptavidinem a biotinylovanym koncem

protilatek [162].
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Obr. 21: IR spektra vychozich MNP, modifikovanych MNP@Strep, MNP@Strep
funkcionalizovanych biotinylovanou protilatkou na protein A (oznaceno jako
MNP@Strep@anti-IgA) a biotinylovanou protilatkou na streptokokovou sténovou
polysacharidovou substanci skupiny A (oznaceno jako MNP@Strep@anti-APS).
Pievzato z [151].
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MA-SERS biosenzor byl nejprve testovan na modelovych vzorcich bakterialniho
lyzatu Staphylococcus aureus (proto dale oznaceni STAU). Vysledna SERS spektra
jsou znazornéna na Obr. 22, spole¢né se spektrem vychozich MNP, dale pak pro
porovnani spektrum vzorku piedstavujici modifikované MNP@Strep castice a spektrum
slepého vzorku sestavajiciho z vodné disperze MNP@Strep@anti-IgA biosenzoru bez

ptidaného lyzatu.
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Obr. 22: SERS spektra vychozich MNP/Ag, modifikovanych MNP@Strep/Ag,
MNP@Strep funkcionalizovanych biotinylovanou protilatkou na protein A (oznaceno
jako MNP@Strep@anti-IgA/Ag) a bakterialniho lyzatu Staphylococcus aureus CCM
3953 (oznaceno jako MNP@Strep@anti-IgA@STAU/AQ). Prevzato z [151].
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Spektrum cistych MNP nevykazuje zaddné ze silnych vibra¢nich moédu, které jsou
nasledné pozorovany ve spektrech modifikovanych MNP@Strep castic, slepého ¢i
modelového vzorku. Naopak, SERS spektra modifikovanych MNP@Strep castic a
castic MNP@Strep@anti-IgA biosenzoru (slepy vzorek) si jsou velice podobné. Oba
vykazuji charakteristické spektralni pasy odpovidajici castem proteinové struktury,
které zahrnuji pasy oznacované v literatute jako amid Il a Ill. Charakteristické vibrace
spektralnich past amidu II se nachéazeji pti 1558 cm™ (NH vibrace) a 1450 cm™ (5-CH;
nuzkova) [163]. Dale pak vibra¢ni mod amidu III, ktery je spojovan se strukturou o-
helixu a zejména pak s v(CN) a NH in-plane vibracemi peptidové vazby, je
reprezentovan pasy pfi 1391 ecm™* a 1231 cm™ [164,165]. Funkcionalizaci MNP@Strep
castic biotinylovanou protilatkou doslo k podstatnému navyseni intenzity SERS pasu
amidu III pti 1231 ecm™?, coz Ize vysvétlit nadbytkem piitomnych a-helix konformaci, a
tim padem to povazovat za GspéS$nou nekovalentni interakci mezi streptavidinem a
biotinylovanym koncem protilatky. Reprezentativni SERS spektrum biosenzoru
(oznaceno jako MNP@Strep@anti-1gA/Ag) je zobrazeno na Obr. 22. Nakonec inkubace
biosenzoru se vzorkem STAU lyzatu (oznadeno jako MNP@Strep@anti-
IgJA@STAU/AQ) byla doprovazena vyraznymi zménami relativnich intenzit past pfi
1391 cm™ a 1558 cm™ ve srovnani s intenzitami téchto past ve slepém vzorku. Za
citlivy indikator Gspé$né interakce biosenzoru s proteinem A typického pro STAU
bakterii, lze povazovat hodnotu poméru intenzit proteinovych past (definovany jako
l1301 / lisss, dale pak oznacovano jako PBR zangl. protein band ratio), ktera byla
doprovazena zménou hodnot z 13,31 (slepy vzorek) na 0,36 (modelovy vzorek) se
statisticky vyznamnym rozdilem (p hodnota = 1,035 x 107°). SERS spektrum STAU
lyzatu rovnéz vykazuje nové vskutku dobie rozliitelné pasy pfi 530 cm™?, 602 cm™ a
730 cm!, které nebyly pozorovatelné ve spektrech MNP@Strep ¢i slepém vzorku. Ve
spektru STAU bakterie dominuje silny vibraéni méd pfi 530 cm™?, ktery lze
interpretovat jako S-S vibraci pochazejici od vyznamného bakterialniho
polypeptidového toxinu (L-cystein) produkovaného STAU bakterii [96,166,167]. SERS
spektrum taktéz vykazuje vyznamny péas pii 602 cml, ktery mize byt piifazen
vibra¢nimu modu fenylalaninu, ktery je stejné tak produkovan STAU bakteriemi
[168,169]. Dalsi vyznamny pas lezici pii 730 cm™ byl interpretovan jako mod

glykosidické vazby stavebnich kamend v bunéénych sténach bakterie, presnéji poly-N-
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acetylglukosamin (NAG) a kyselina N-acetylmuramova (NAM) [127,170-172].
Zaroven se muzeme setkat s interpretaci podle literatury Ankamwar a kol. [120], kde je
tento vibraéni pas pii 730 cm™ spojovan s,dychacimi vibracemi aromatického
purinového kruhu C-N fetézce adeninu pochazejiciho ze slozek lipidové vrstvy bunééné

stény bakterie.

Vysoky stupenn vsestrannosti, ktery tato metoda nabizi, spocivd ve volbé
konkrétni protilatky, jenz se pfidava v poslednim kroku syntézy, a zajiStuje tak
selektivitu MA-SERS biosenzoru. Univerzalnost této metody byla demonstrovana na
bakteridlnim lyzatu Streptococcus pyogenes (dale jen STPY), ktery je rovnéZ spojovan
s infekci kloubni nahrady (IKN). Srovnani SERS spekter modelovych vzorku STPY
bakterialniho lyzatu (dale oznaceno jako MNP@Strep@anti-APS@STPY/Ag) a STAU
lyzatu (MNP@Strep@anti-IgA@STAU/AQ) se nachazi v Obr. 23.
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Obr. 23: SERS spektra modelovych vzorkt bakterialnich lyzata Staphylococcus aureus
CCM 3953 (oznacené jako MNP@Strep@anti-lgA@STAU/AgQ) a Streptococcus
pyogenes (oznacené jako MNP @ Strep@anti-APS@STPY/AQ). Prevzato z [151].
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Vzhledem k zatazeni obou bakterii mezi fakultativné anaerobni Gram-pozitivni koky se
dalo ocekavat, ze jejich spektra budou mit velmi podobny pribéh, i pres nékteré
vyznamné rozdilné molekulové vibrace. Hodnota PBR se podstatné snizila po inkubaci
piislusného biosenzoru se STPY lyzatem, tj. z hodnoty 19,71 na hodnotu 0,48 se
statisticky vyznamnym rozdilem, jenz nam svéd¢i o uspesné interakci mezi bakteridlnim
lyzatem a funkcionalizovanym biosenzorem. Nejvétsi rozdily mezi SERS spektry
STAU (MNP@Strep@anti-IgA@STAU/Ag) a STPY  (MNP@Strep@anti-
APS@STPY/Ag) bakterii se vztahuji k vibraénim pasim lezicim pii 475 cm cm™,
924 cm™ a 962 cm™. Tyto pasy byly interpretovany jako vibrace D-mandzy, ktera je
hlavni cukernou slozkou matrice STPY [173]. Ve spektru STPY bakterie mtizeme také
pozorovat intenzivni pik pti 660 cm ™, ktery nAm jednoznaéné potvrzuje ptitomnost C-S
vibraci pochazejici z toxinu methioninu diskutované bakterie [170,174]. Kromé toho se
ve spektrech nachazi dal$i ne méné dilezity pas pfi 530 cm™, ktery je piivodcem S-S
vibrace cysteinu. Rovnéz si mizeme vSimnout, Ze intenzita vibrace tohoto pasu je nizsi
ve spektru STPY nez v pfipadé STAU, coz mize byt dal§im voditkem pro diskriminaci
mezi témito dvéma patogeny. Navic rozdil mezi hodnotami PBR pro STAU a STPY se
jednozna¢né jevil jako staticky vyznamny (p = 0,021). Toto piimé porovnani SERS
spekter dvou riznych bakteridlnich lyzati s na miru uSitym biosenzorem jasné
poukazuje, ze prostfednictvim zde popsaného MA-SERS piistupu mizeme jasné rozlisit

mezi bakteriemi Staphylococcus aureus a Streptococcus pyogenes.

Vzhledem k tomu, ze vzorky kloubnich tekutin jSou typicky bohaté na informace
v disledku Sirokého obsahu celé fady rtuznych molekul, interpretace spekter
bakterialnich patogent v matrici biologickych materialti je obvykle velmi obtizna. Proto
se Casto nevyhneme pouziti naroénych technik a zkuSenych specialisti pro analyzu
ziskanych dat. 1 pfes to se SERS spektroskopie jevi jako perspektivni analyticka
technika pouzitelnd pro klinickou praxi pii detekci patogennich mikroorganismd.
Vzhledem ke komplexnosti biologickych vzorkli se da ocekavat, ze spektra budou
obsahovat koktejl SERS-aktivnich vibra¢nich modu pochazejicich od slozek bunééné
stény patogenl a nativnich slozek matrice. Zatimco zde uvedeny systém spoléha na
apriorni znalosti 0 biochemii analyzovaného patogenu, tato technika rovnéz poskytuje
urcitou flexibilitu pfi interpretaci SERS vibranich péasi a néslednou detekci a

diagnostiku IKN. Ptestoze je tato flexibilita atraktivni, idealni systém detekce bakterii
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by viibec nemél dovolit nejisté piifazeni pasi. Bohuzel v souc¢asné dobé se vahavému
pfifazeni past pravdépodobné nevyhneme z divodu nedostatku dostupnych SERS
spektralnich knihoven, které by mohly byt vyuzity K interpretaci vibra¢nich pasa
bakterialnich slozek, coz se muize podepsat na finan¢ni i Casové naro¢nosti celého
analytického procesu. Ackoliv se databazové zdroje pro zakladni Ramanova spektra
biologickych materiali postupné stavaji dostupnéjsi a komplexné&jsi, neni zde jistota, ze
vibracni pasy pozorované v Ramanové spektru budou totozné s pasy pozorovanymi V

SERS spektrech téch samych bakterii.

Z hlediska dalSich aplikaci a zejména pak pii vyuziti v povrchem =zesilené
Ramanové spektroskopii je velmi klicova Casova stabilita magnetického biosenzoru.
Vliv starnuti senzoru na stabilitu SERS signalu jsme testovali pomoci STAU
biosenzoru, jenz byl skladovan za atmosférickych podminek po dobu nékolika tydnt.
Stabilita SERS signalu byla hodnocena s vyuzitim MNP@Strep@anti-lIgA cCastic, které
byly ihned po pfipravé uloZzeny do chladni¢ky. Z tohoto zasobniho roztoku byly v den
meéteni (1., 15., 30., 45. a 60. den od pfipravy) odebrany alikvotni podily vzdy tésné
pied inkubaci se STAU lyzatem a nasledné byla zaznamenana SERS spektra. I pies to,
Ze se absolutni intenzity s ¢asem znateln¢ snizily, polohy vibra¢nich pasi pozorované
ve spektrech na Obr. 24A zlstaly pro danou bakterii po celou dobu zachovany.
Vypoctené PBR hodnoty jsou pomérné stabilni s primérnou hodnotou okolo 0,36 a
relativni smérodatnou odchylkou niz§i nez 5%. Nasledné¢ byly vyneseny zavislosti
SERS intenzit pasu 1558 cm™, resp. PBR hodnot na ¢ase od pitipravy STAU
biosenzoru. Jak je vidét na obrazcich 24B a 24C, obé hodnoty byly monitorovany po
dobu 2 mésici. Tento SERS biosenzor se tak jevi jako pomérné stabilni za béznych

atmosférickych podminek, a to 1 po dvou mésicich skladovani.
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Obr. 24: A) SERS spektra MNP@Strep@anti-IgA@STAU/Ag ziskany pro vzorky
rtuznych davek odebranych béhem 2 mésicti ode dne jejich ptipravy pii sledovani ¢asové
stability biosenzoru. Pro lepsi ptehlednost bylo kazdé SERS spektrum posunuto o
zhruba 300 jednotek Ramanovy intenzity. Sledovani Casové stability prostiednictvim
zévislosti B) SERS intenzity pasu 1558 cm™ a C) PBR hodnot na ¢ase v priib&hu 2

mésicl. Pfevzato z [151].

K testovani a hodnoceni pouzitelnosti navrhované bezkultiva¢ni detekce a
identifikace patogent S. aureus a S. pyogenes v realné matrici byly zkoumany vzorky
zprvu sterilnich punktat z kolenniho kloubu, které byly inokulovany témito Zivymi
bakterialnimi bunikami. SERS spektra ziskana béhem téchto experimentt jsou uvedena
na obrazku 25. I pies to, Ze se absolutni intenzity SERS signalti oproti modelovym
vzorkiim znatelné snizily, polohy vibracnich pasti pozorované ve spektrech na Obr. 25
(oznaceno jako MNP@Strep@anti-IgA@SIF@STAU/Ag a MNP@Strep@anti-
APS@SJF@STPY/AQ) zustaly pro obé bakterie zachovany a odpovidaji spektrim
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jejich modelovych vzorkli. Nicméné oba vzorky (modelové i srealnou matrici)
poskytovaly stejny trend zmény hodnot PBR, ktera klesala z 13,31 na 0,08 (p = 1.010 x
107 v piipadé S. aureus, a z 19,71 na 0,65 (p =2.817 x 107°) v piipadé S. pyogenes.
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Obr. 25: SERS spektrum modifikovanych MNP@Strep/Ag castic, MNP@Strep ¢astic
funkcionalizovanych biotinylovanou protildtkou na protein A (oznaceno jako
MNP@Strep@anti-IgA/Ag), sterilniho  kloubniho  punktatu  (oznaceno  jako
MNP@Strep@anti-IgA@SJF/Ag), kloubniho punktatu inokulovaného bakterii
Staphylococcus aureus CCM 3953  (oznaeno jako MNP@Strep@anti-
IJA@SJF@STAU/AgQ) a kloubniho punktatu inokulovaného bakterii Streptococcus
pyogenes (oznaceno jako MNP@Strep@anti-APS@SIJF@STPY/AQ). Prevzato z [151].
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Dale pak byl sledovan vliv koncentrace a nespecifickych interakci na aspésnost
bakterialni detekce. VIiv nespecifickych interakci byl studovan s vyuzitim
MNP@Strep@anti-IgA biosenzoru inkubovaného se vzorky punktatu z kolenniho
kloubu ziskanych od ¢ty pacientii (oznaceni jako pacient A-D), které byly inokulovany
zivymi bakteriemi STAU. Obrazek 26 reprezentuje ziskand spektralni data pro tato
meéfeni. VSechna spektra obsahuji vySe interpretované a nasledné diskutované vibraéni
mody, ackoliv se jejich absolutni intenzity mezi sebou patrné 1isi. Nicméné, vypocétené
hodnoty PBR pro vSechny 4 pacienty jsou stabilni (primérné se pohybuji okolo hodnoty
0,80) s10% relativni smérodatnou odchylkou mezi PBR hodnotami jednotlivych
pacienti. Mizeme si povSimnout, ze spektra bakterii pfitomnych v realné matrici
znazornéna na obrazcich 25 a 26 obsahuji méné vyznamné pdsy pochazejici z
nespecifickych biologickych interakci na rozhrani mezi volnym povrchem nanocastic
stiibra a malymi organickymi molekulami. Nicmén¢ tyto interakce nemaji zasadni vliv

na vypoctené hodnoty PBR, o ¢emz svéd¢i nizka RSD a stabilnim PBR.
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Obr. 26: Reprezentativni SERS spektra zivych bakterialnich bunék STAU
inokulovanych v kloubnich punktatech ziskanych od ctyf rznych pacientt (A-D). Pro
lepsi piehlednost bylo kazdé SERS spektrum posunuto o fadoveé stovky jednotek
Ramanovy intenzity. Pievzato z [151].
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O definitivnim postaveni této nové analytické metody v diagnostickém algoritmu bylo
nasnad¢ dale testovat pouziti biosenzoru ve vzorcich realné matrice kloubniho punktatu
ziskanych od ¢ty pacienti (A, B, C a D). Pro kazdy vzorek bylo provedeno deset
opakovanych méfeni a vysledné spektralni udaje byly podrobeny statistické analyze pro
nasledné zhodnoceni schopnosti navrhované metody detekce a identifikace IKN. Pro
Klasifikaci dvou bakterialnich patogeni (STAU a STPY) v biologickém materialu byl
pouzit algoritmus diskrimina¢ni analyzy (DA), ktery je soucasti chemometrického
programu TQ Analyst dodavaného s pfistrojem. Diskrimina¢ni analyza
umoznuje interpretovat rozdily mezi dvéma nebo vice skupinami objektt, které maji
velmi podobné charakteristické rysy (v naSem piipadé spektralni pribéh). Zafazovani
bakterialnich vzorkti do tfid se odehrava na =zakladé vzdalenosti mezi centry
jednotlivych tfid vyjadfené v distancnich Mahalanobisovych jednotkach. Vystupem
statistické diskrimina¢ni analyzy dat je nasledné grafické uspotadani objekti ve
vicerozmérném prostoru pomoci jiz zminéné Mahalanobisovy vzdalenosti. Jak bude
dale patrné v této diserta¢ni praci, DA usnadiiuje interpretaci spektralnich podobnosti a
rozdilt, a stejné tak umoziuje zafazeni neznamého objektu do jedné z jiz existujicich
tiid. SERS spektra biologickych vzorka s nejvétsi reprodukovatelnou podobnosti by se
m¢ely seskupit do transformovaného prostoru s nejmensi Mahalanobisovou vzdalenosti.
Vzhledem K bohatym informacim ve spektralni oblasti 400 cm™ a 1600 cm™ byla
statistické diskrimina¢ni analyze podrobena tato oblast SERS spektra. Studie byla
provedena na skupin¢ 30 vzork vzdy pro kazdého pacienta, zahrnujici
reprodukovatelna SERS spektra naméfena se sterilnimi kloubnimi punktaty a punktaty
inokulovanymi zivymi bakterialnimi bunikami (STAU ¢i STPY). Ziskané vysledky jsou
shrnuty na obrdzku 27A-D, kde pozorujeme jednoznacné odliSeni existujicich tiid
v datech, pficemz tiida sterilniho kloubniho punktatu je znazornéna Cervené, tiida
kloubniho punktatu s inokulovanou bakterii Staphylococcus aureus CCM 3953 je
zobrazena modfe a tfida kloubniho punktatu inokulovaného bakterii Streptococcus
pyogenes je oznaCena zelené. Z obrazku 27 je patrné, ze jednotlivé vzorky kloubnich
punktat tvoii oddélené shluky, které maji rizné meziklastrové Mahalanobisovy
vzdalenosti. Vypoctené primérné hodnoty vzdalenosti uvnitt jednotlivych tfid pro
pacienty A, B, C a D odpovidaji hodnotam 0,37, 0,57, 0,59 a 0,94 pro sterilni kloubni
punktat; 1,31, 1,24, 0,80 a 0,92 pro kloubni punktat inokulovany bakterii S. aureus
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CCM 3953; 0,84, 0,82, 1,27 a 0,91 pro kloubni punktat inokulovany bakterii S.
pyogenes. Vypoctené¢ primérné hodnoty mezi jednotlivymi tfidami navzajem
odpovidaji vzdalenostem 2,37, 2,90, 2,83 a 3,72 mezi sterilnim kloubnim punktatem a
punktatem se Staphylococcus aureus CCM 3953; 2,46, 1,60, 5,69 a 4,69 mezi sterilnim
kloubnim punktatem a punktatem se Streptococcus pyogenes. Dale pak meziklastrové
vzdalenosti odpovidaji hodnotam 3,62, 1,95, 4,45 a 5,83 pro tfidy Staphylococcus
aureus CCM 3953 a Streptococcus pyogenes. Zaveérem lze tedy konstatovat, ze tyto
vysledky poukazuji na spolehlivost kombinace MA-SERS s DA k rozliSeni tiech

analytl, které byly soucasné validovany na zékladé standardnich kultiva¢nich metod se

stejnym setem tychz vzorkd.
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Obr. 27: Klasifikace kloubnich punktatd od c&tyf pacientt (A, B, C a D) podle
diskriminacni analyzy. Orientatné zvyraznéné oblasti v grafech ptedstavuji: sterilni
kloubni punktat (SJF; Cervena), kloubni punktat inokulovany bakterii Staphylococcus
aureus CCM 3953 (STAU; modra) a kloubni punktat inokulovany bakterii
Streptococcus pyogenes (STPY'; zelena). Pievzato z [151].
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Citlivost metody byla nasledné testovana s vyuzitim stejného MA-SERS
detek¢niho protokolu popsaného v Experimentalni ¢asti. V nasledujici ¢asti prace jiz
byly zkoumany pouze bakterialni lyzaty v kloubnim punktatu z divodu snadnéjsi
manipulace s biologickym materidlem a dodrZeni fedicich krokd. Koncentrace obou
bakterialnich patogent byla snizovana az na hranici, kde Ize stale pozorovat statisticky
vyznamny rozdil mezi PBR hodnotami (l13e1 / l1558) slepého vzorku, resp. biosenzoru a
bakterialniho vzorku. Na zakladé ziskanych vysledku tak bylo zjiSténo, Zze navrzeny
biosenzor poskytuje pozitivni odpovéd’ na bézné se vyskytujici koncentraci bakterii (3 x
108 CFU/mL) v realnych vzorcich b&hem IKN, jak jsme pozorovali vyse u modelovych
vzorku (Obr. 23). A navic tato MA-SERS metoda poskytuje limity detekce o dva
(STAU; Obr. 28A) ¢i tii (STPY; Obr. 28B) fady nizsi nez je bézné se vyskytujici

koncentrace bakterii doprovazejici IKN.
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Obr. 28: Detailni pohled na pasy 1391 cm™ a 1558 cm™ v SERS spektru kloubnich
punktat s rozdilnymi koncentracemi bakterialnich patogent A) Staphylococcus aureus
a B) Streptococcus pyogenes. Pro lepsi piehlednost bylo kazdé SERS spektrum

posunuto o fadove stovky jednotek Ramanovy intenzity. Pfevzato z [151].
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Poslednim, rovnéz velmi dilezitym kritériem bylo testovani schopnosti MA-
SERS biosenzoru selektivné vazat bakterie ve vzorcich realné matrice. Za timto ucelem
byla pfipravena smés obou senzori (MNP@Strep@anti-IgA & MNP@Strep@anti-
APS) v poméru 1:1. Tento mix senzoru byl otestovan jak s ¢istymi lyzaty jednotlivych
bakterii, tak s jejich bakterialni smési v poméru 90:10 jak pro STAU, tak STPY a
rovnéz se postupovalo stejnym MA-SERS detekénim protokolem popsanym Vv
Experimentalni ¢asti disertacni prace. Pii klasifikaci seta s ¢istym STAU (Obr. 29) nebo
STPY (Obr. 30) proti jejich odpovidajicim bakterialnim smésim byly v obou pfipadech
ziskany dvé riuzné tfidy vyjadfené pomoci hrani¢ni ptimky pozorované v grafech
diskrimina¢ni analyzy. Vypoctené primérné hodnoty vzdalenosti uvniti jednotlivych
téid pro STAU vzorky odpovidaji hodnotam 0,37 pro smés 90:10 a 0,68 pro smé&s 100:0,
resp. Cisty STAU. Podobné vysledky byly ziskany pro klasifikaci STPY vzorkd, které
byly opét v poméru 90:10 a 100:0 (Obr. 30) s vnitinimi vzdalenostmi 1,06 a 0,79. Na
druhou stranu z vysledki vyplyva, ze jednotlivé vzorky tvofi oddélené shluky
s meziklastrovou vzdalenosti 2,45 pro STAU vzorky a 1,97 pro STPY vzorky. Na
zédkladé¢ ziskanych vysledku tak bylo zjisténo, Ze navrZzend metoda je selektivni pro oba
pfitomné patogeny i navzdory tomu, ze je jedna bakterie ve velmi malém zastoupeni

vedle druhé.
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Obr. 29: Grafické znazornéni diskriminac¢ni analyzy dat ziskanych klasifikaci Cistého
STAU lyzatu (STAU:STPY = 100:0; ctverec) a smési bakteridlnich lyzath
(STAU:STPY = 90:10; trojuhelnik) s vyuzitim smési biosenzori v poméru 1:1.
Prevzato z [151].
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Obr. 30: Grafické znazornéni diskriminaéni analyzy dat ziskanych klasifikaci ¢istého

STPY lyzatu (STAU:STPY

(STPY:STAU
Prevzato z [151].

100:0;

Ctverec) a

smési

bakterialnich

lyzati

90:10; trojuhelnik) s vyuzitim smési biosenzori v poméru 1:1.

Vysledky z této kapitoly byly v roce 2017 publikovany v Casopise Analytical

chemistry a autorka diserta¢ni prace je prvni z deviti autorti tohoto piivodniho ¢lanku,

ktery lze nalézt v ptiloze této prace.
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6.3 Publikace zahrnujici alternativni SERS substraty

Tato cast predkladané disertaéni prace shrnuje spoluautorské publikace, ve
kterych bylo rovnéz vyuzito optickych vlastnosti Ag NPs a jejich aplika¢niho potencialu
Vv povrchem zesilené Ramanové spektroskopii jako aktivnich substratt, oproti
predchozim pfipadim ale byly Ag NPs pouzity v podobé vrstev ¢i jako soucast
kompozitniho materidlu. Konkrétné se jednd o publikaci zabyvajici se piipravou
nanokompozitniho materidlu pro ,label-free* stanoveni lidského imunoglobulinu G
v krvi metodou MA-SERS a o publikaci, ktera ilustruje syntézu sonochemické depozice

Ag NPs na sklenéné desticky a jejich vyuziti jako SERS aktivni substraty.

6.3.1 Magneticky-asistovana povrchem zesilena Ramanova spektroskopie
- pro ,label-free“ stanoveni lidského imunoglobulinu g
MA-SERS) label-free i lidského i lobulinu G (1gG

v krvi s vyuzitim nanokompozitniho materialu na bazi Fe;0s@Ag

Vysledky této prace popisuji modifikaci nanokomopozitniho materidlu
obsahujiciho nanocastice stiibra a Fe3Oas, konjugované spolu ptes polymerni mezivrstvu
vytvofenou Kkarboxymethyl chitosanem, jakozto pfirodnim a biokompatibilnim
polymerem. Nasledné byl tento systém modifikovan anti-imunoglobulinem G pies
nekovalentni interakci s kovalentné navdzanym streptavidinem na povrchu kompozitu,
¢imz byla zajiSténa vysoka selektivita stanoveni. S vyuzitim mikroRamanovy
spektroskopie nasel takto pfipraveny biosenzor uplatnéni ve stanoveni imunoglobulinu
G ze vzorkl krve. V této praci bylo ukdzano, ze lze detekovat koncentrace
imunoglobulinu G od 600 fg/ml v kapce krve. Tato robustni metoda poskytuje relativné
snadnou modifikaci za ucelem stanoveni celé fady biologicky vyznamnych molekul
s vysokou selektivitou a citlivosti. Prislusnda modifikace se realizuje tak, ze se

Vv poslednim kroku vybere vhodn4 biotinylovana protilatka.

Vysledky z této kapitoly byly vroce 2014 publikovany v casopise Analytical
Chemistry a autorka disertacni prace je druhd z péti autorti tohoto pivodniho ¢lanku,

ktery lze nalézt v ptiloze této prace.
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6.3.2 Sonochemicka priprava sklenénych desti¢ek s vrstvou nanocastic

stiibra pro tucely povrchem zesilené Ramanovy spektroskopie

V ramci dalsi faze studia aplikacniho potencidlu povrchem zesilené Ramanovy
spektroskopie byla provedena studie na zcela nové metodicky navrZenych
sonochemicky deponovanych vrstvach castic stfibra na sklenéném povrchu. Jelikoz
sonochemickéd ptiprava nebyla soucasti této disertacni prace, budou zde jednotlivé
postupy popsany jen v kratkosti. Podrobny postup pak byl popsan v publikaci Suchomel
a kol. [175]. Vysledky této publikace spocivaji v komparativni studii moznych postupti
variujicich pouziti rozdilnych redukcénich latek, scilem nalézt experimentalni
usporadani a podminky pro ¢asové nenaroc¢nou a reprodukovatelnou ptipravu Ag vrstev
a jejich nasledny aplikac¢ni potencial v povrchem zesilené Ramanové spektroskopii.
Navrzené postupy piipravy Ag vrstev spocivaly ve variujicim pouziti riznych
redukujicich latek (polyethylenglykol, glycerol, maltéza, glukoéza, laktéza) a v riizném
experimentalnim uspotadani (pfedev$im snizeni koncentrace stfibra) za Gcelem zvysit
reprodukovatelnost pifipravy i SERS signédlu. Testovani SERS aplikacnich mozZnosti
takto pfipravenych, vysoce stabilnich a homogennich vrstev nanocastic stiibra
prokazalo vyuzitelnost vSech typi deponovanych vrstev jako efektivnich SERS
substrati. Odhlédneme-li od nepatrné negativniho vedlej$iho ucinku procesu tvorby
téchto povrchd spojenym s piitomnosti rezidui v SERS spektrech, pak Ize konstatovat,
ze jako nejefektivngj$i se ukazaly vrstvy pfipravené redukci maltozou za asistence

ultrazvuku, kde bylo dosazeno faktoru zesileni Ramanova signalu v fadu statisict.

Vysledky z této kapitoly byly v roce 2016 publikovany v ¢asopise Ultrasonics
Sonochemistry a autorka disertaéni prace je Ctvrtd z osmi autorti tohoto puvodniho

¢lanku, ktery 1ze nalézt v ptiloze této prace.
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7. Zavér

Cilem ptedkladané disertacni prace byla ptiprava a modifikace nanocastic stiibra
pro aplikace v povrchem zesilené Ramanové spektroskopii (SERS) se zaméfenim na
citlivou a specifickou analyzu biologicky vyznamnych molekul i jednobunécnych
patogennich mikroorganismti - bakterii. Jednotlivé pfipravené materidly byly
charakterizovany fadou technik (transmisni, skenovaci ¢i vysokorozliSovaci elektronova
mikroskopie, UV/Vis, Ramanova a infraervena spektroskopie, rentgenova difrakce,
dynamicky rozptyl svétla) a zejména pak byly testovany jejich aplikacné vyznamné
vlastnosti se zaméfenim na zesileni Ramanova signalu a specificitu vyvijené analytické

aplikace vyuzivajici tyto materialy.

Prvi ¢ast experimentalni prace se zabyvala aktivaci disperze nanocastic stiibra
vlivem S$esti rozdilnych finalnich koncentraci chloridovych iontd (25, 50, 100, 200, 400,
a 800 mmol/l) a jejich nasledné vyuziti pro praktické aplikace v povrchem zesilené
Ramanové spektroskopii. V této ¢asti studie byl popsan piimy vztah mezi vybranymi
koncentracemi chloridovych ionti a intenzitou SERS signdlu modelové molekuly
adeninu. Na zakladé provedenych experimentti bylo zjisténo, ze kli¢ovou roli hraje
nejen koncentrace chloridovych iontl, ale stejné dulezity je i vybér vinové délky
excitacniho zafeni pro konkrétni provedeni aktivace. Ze ziskanych vysledkli pozorovani
morfologickych zmén Ag NPs bylo patrné, ze ptidavek niz8ich koncentraci
chloridovych iontd (desitky mmol/l) nema zasadni vliv na transformaci nanocastic
stiibra oproti vlivu vyssich koncentraci chloridovych iontd (stovky mmol/l). Srovname-
li ti€inek vSech pouzitych vyslednych koncentraci NaCl napfi¢ vSemi tiemi testovanymi
excitaénimi lasery (532, 633 a 780 nm), lze konstatovat, Ze nejvyssi zesileni Ramanova
signalu bylo dosazeno se systémem, ktery obsahoval finalni koncentraci 400 mmol/I
NaCl. Nicméné niz$i koncentrace chloridii jsou rovnéz pouzitelné v ptipadé excitace
laserem 532 nm, avsak nedostate¢né pro pouziti pfi excitaci vinovymi délkami 633 a
780 nm. Oproti tomu, vlivem ucinku jeste¢ vyssi koncentrace chloridovych iontti na
urovni 800 mmol/l dochazelo jiz k tvorbé nestabilnich rozmérnych ¢astic, kdy se pak
tato destabilizace Ag NPs odrazila ve velmi rychlé ztrat¢ Ramanova signalu a to pro

vSechny tfi excitacni lasery.
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Druha ¢ast experimentalni prace se zabyvala vyvojem rychlé diagnostiky infekce
kloubnich ndhrad metodou magneticky asistované povrchem zesilené Ramanovy
spektroskopie. MA-SERS detekce a identifikace bakterii (Staphylococcus aureus,
Streptococcus pyogenes) byla nejprve vyvijena na bakteridlnich lyzatech. K MA-SERS
detekci byl vyuzit biosenzor na bdzi magnetickych nanocastic oxidu zeleza
funkcionalizovanych protilatkami na ptislusné bakterie. Po prvotni Gspésné testovaci
fazi na umélych vzorcich nasledovalo testovani tohoto biosenzoru s realnymi vzorky
kloubnich punktatt inokulovanych Zivymi bakterialnimi buiikami. Ramanova spektra
jednotlivych vzorkid (infikovany a neinfikovany biologicky material) byla podrobena
diskrimina¢ni analyze, kde bylo dosazeno rozdé€leni signalu systémii obsahujicich
jednotlivé bakterie do piislusnych tfid na zakladé Mahalanobisovych vzdalenosti. Na
zaklad¢ ziskanych vysledkt se tak podafilo nejen rozhodnout, zda je kloubni punktat
infikovany, ale pfedevsim 1 urcit, o jakou bakterii se jedna z diivodu v¢asného nasazeni
téch spravnych antibiotik. Spojeni mikro-Ramanovy spektroskopie a diskriminaéni
analyzy tak poskytuje rychlou detekci a identifikaci infekce kloubnich néhrad bez
nutnosti zdlouhavych kultivac¢nich postupti, se kterymi se mizeme setkat v klasické

mikrobiologii.

Posledni ¢ast experimentalni prace se v€novala vyzkumim, ve kterych byl rovnéz
vyuzit aplikaéni potencidl nanocastic stfibra v povrchem zesilené Ramanové
spektroskopii, pouzity tentokrat ve form¢ stiibrné vrstvy ¢i jako soucast magnetického

kompozitu.

Vyvijené typy senzorti naznacuji cestu k ultracitlivé detekci vyuzitelné v biologii i
mediciné s velmi malymi ndroky na instrumentalni vybaveni. Vyvoj vlastni metodiky
pfipravy SERS biosenzorli neni zdaleka ukoncen, vyzkum pokracuje ve smeérech
multiplexni analyzy a snizovani detekénich limitd vzhledem k pozadavku jejich
aplikovatelnosti v medicinské i bézné praxi. Vysledky ziskané v souvislosti s touto
disertacni praci, zejména pak na zaklad¢ vysledkl z detekce infekce kloubnich néhrad,
byly nadale zuroceny pro rychlou a vcasnou detekci meningitidy, kde prozatimni
vysledky naznauji, Ze jsme na spravné cesté v boji proti této zakeiné infekci

mozkovych blan.
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8. Summary

The aim of this dissertation was the preparation and modification of silver
nanoparticles for application in surface enhanced Raman spectroscopy (SERS), focusing
on sensitive and specific analysis of biologically important molecules as well as single-
celled pathogenic microorganisms - bacteria. The individual synthesized materials were
characterized by a variety of techniques (transmission, scanning or high resolution
electron microscopy, UV/Vis, Raman and infrared spectroscopy, X-ray diffraction,
dynamic light scattering) and especially their significant application characteristics with
focus on enhancement of Raman signal and specificity of developed analytical

application using these materials.

The first part of the Experimental Section of the thesis was focused on the
influence of six different final concentrations of chloride ions (25, 50, 100, 200, 400,
and 800 mmol/L) used as an agent for silver nanoparticles activation and their
subsequent use for practical application in surface enhanced Raman spectroscopy. In
this part of the study a direct relationship between the selected concentrations of
chloride ions with the intensity of the SERS signal using of adenine as a model
compound was described. It was found out that the concentration level of chloride ions
plays a crucial role in this part and a careful tuning of experimental design has to be
performed for each laser wavelength. From the results of the observation of the
morphological changes of Ag NPs it was evident that lower final concentrations of
chloride ions (tens of mmol/L) led to a transformation of silver nanoparticles in a
different manner (mainly aggregation) compared to higher concentrations (hundreds of
mmol/L). If we compare the effect of the all final NaCl concentrations across the three
tested excitation lasers (532, 633 and 780 nm), it can be stated that the best results were
achieved with a system containing a final concentration of 400 mmol/L NaCl.
Nevertheless, lower concentrations of chlorides are also usable for 532 nm laser, but its
action has smaller or no effect on the Raman signal enhancement for lasers 633 and 780
nm. On the other hand, treatment with 800 mmol/L chlorides led to a rapid loss of the
Raman signal due to the formation of unstable large-sized particles and theirs

subsequent destabilization for all three tested laser wavelengths.
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The second part of the Experimental Section of the thesis dealt with the
development of rapid detection of prosthetic joint infection (PJI) based on magnetically
assisted surfaced enhanced Raman spectroscopy (MA-SERS). MA-SERS detection and
bacterial identification (Staphylococcus aureus, Streptococcus pyogenes) has been
developed on model samples of bacterial lysates. The MA-SERS detection used a
biosensor based on magnetic iron oxide nanoparticles functionalized with suitable
antibodies to the respective bacteria. After the initial successful test phase with model
samples, testing of this biosensor followed with real samples of the synovial fluid
inoculated with live bacterial cells. The Raman spectra of the individual samples
(infected and uninfected biological material) were subjected to discriminant analysis,
which was used to determine the classes of known materials by calculating the distance
between each class center in Mahalanobis distance units. The results showed that it was
possible to decide whether the synovial fluid is infected and moreover to determine
which bacteria is presented. The combination of microRaman spectroscopy and
discriminant analysis can reliably be used to rapid detection and identification of

prosthetic joint infection without the need for lengthy cultivation methods.

The last part of the Experimental Section of the thesis was devoted to research in
which it was also exploited the application potential of silver nanoparticles in the
surface enhanced Raman spectroscopy as a silver layer or as part of a magnetic
composite.

Developed types of sensors indicate a way to ultrasensitive detection applicable in
biology and medicine with very small requirements on instrumental equipment. The
development of the SERS biosensor preparation is far from complete, the research
continues in the direction of multiplex analysis and the reduction of detection limits due
to the requirement of their applicability in medical and common practice. The results
based on this dissertation, especially on the results of the detection of prosthetic joint
infection, have been applied for rapid and early diagnosis of meningitis, where
temporary results suggest that we are on the right way to fight for this insidious

infection of the meninges.
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Seznam pouzitych zkratek

Ag NPs
anti-lIgA
anti-APS
DA
ELISA

EDC
HRTEM

IKN
MA-SERS

NHS
PBR
PCR
SERS

SJF
STAU

STEM-EDS

STEM-HAADF

STPY
TEM

XRD

silver nanoparticles; nanocastice stiibra

protilatka na protein A

protilatka na sténovou polysacharidovou substanci skupiny A
diskriminac¢ni analyza

enzyme-linked immuno sorbent assay; enzymaticka imunosorp¢ni
analyza

1-ethyl-3—(3—dimethylaminopropyl) karbodiimid

high-resolution transmission electron microscopy; transmisni
elektronova mikroskopie s vysokym rozliSenim

infekce kloubni nahrady

magnetically assisted surface enhanced Raman spectroscopy;
magneticky  asistovand  povrchem  zesilend  Ramanova
spektroskopie

N-—hydroxysulfosukcinimid
protein band ratio; pomér proteinovych pasu
polymerase chain reaction; polymerazova fetézova reakce

surface enhanced Raman spectroscopy; povrchem zesilena
Ramanova spektroskopie

sterile joint fluid; sterilni kloubni punktat
Staphylococcus aureus

scanning transmission electron microscopy/energy-dispersive
X-ray  spectroscopy; skenovaci transmisni  elektronova
mikroskopie s energiové disperznim systémem

scanning transmission electron microscopy/high-angle angular
dark-field; skenovaci transmisni elektronova mikroskopie
s prstencovym detektorem elektront difraktovanych pod velkymi
uhly

Streptococcus pyogenes

transmission electron microscopy; transmisni elektronova
mikroskopie

X-ray powder diffraction; Rentgenova praskova difrakce
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The effect of six various chloride ion concentrations (25, 50, 100, 200, 400, and 800 mM) on time-
dependence and surface enhanced Raman scattering (SERS) signal intensity was investigated for silver
nanoparticles (~28 nm) with a high monodispersity and long time stability. The experiments were
performed using three lasers with excitation wavelengths in the visible region (532 nm, 633 nm, 780 nm).
Adenine was used as a model analyte. The treatment procedure, when the various sodium chloride
solutions added to silver nanoparticles, led to an enhancement in the Raman signal at all studied
concentration levels of sodium chloride. Nevertheless, low-concentration chloride ions differently
influenced the time course of enhancement efficiency contrary to high-concentration chloride ions. The
final concentration of chloride ions equal to 25 mM did not have any pronounced influence on the silver
particle sizes and morphologies. The final concentration of chloride ions varying from 50 to 200 mM led
to the etching and coalescence of silver nanoparticles. Higher concentrations of chlorides (400 mM)
caused re-crystallization of primary silver nanoparticles to one order larger crystallites (400 nm). From
the point of view of SERS, the time dependent profiles of Raman signal enhancement differ only slightly
for all the used final concentrations of chloride ions when using excitation at 532 nm. On the contrary,
for excitation wavelengths 633 nm and 780 nm, the time dependent profiles of Raman signal
enhancement were very different when using above mentioned six various final concentrations of

www.rsc.org/advances chloride ions.

Introduction

Due to Fleischmann's observation of Raman spectra of pyridine
adsorbed at a silver electrode,* and mainly Creighton's obser-
vations of intense Raman scattering of pyridine molecules
adsorbed on silver colloid particles,” surface-enhanced Raman
scattering (SERS) spectroscopy has become a powerful analyt-
ical technique where metal particles or layers are exploited for
detection of important molecules.>* SERS is a very sensitive
technique which allows the acquisition of spectra at very low
concentrations of analytes.>” This ability makes SERS a versatile
tool for easy and rapid detection of the important compounds
which may be a clue to, for example, criminal investigations or
diagnostic purposes. Silver or gold nanoparticles which are the
most frequently used SERS substrates®** have been successfully
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applied for measurements of addictive substances,"*** unsafe
food,'**® or, especially in the last few years, bacteria.***’
Among the metals, silver based substrates are widely used for
SERS purposes, because of the cost, relatively easy preparation,
and very good enhancement effects of such materials. Studies
revealed that the shape, size and distance between silver
nanoparticles play an important role providing an enhance-
ment of the Raman signal.”**® Recently, it has been shown that
the highest value of Raman signal enhancement was achieved
on the so-called ‘hot silver particles’. The optimal sizes of such
particles are between 110 to 120 nm for the commonly used
argon laser with a wavelength of 514.5 nm.”** On the other
hand, silver nanoparticles with sizes of a few tens of nanome-
ters can be utilized as effective SERS substrates too. Neverthe-
less, these small particles themselves usually do not provide
significant enhancement of the Raman signal. For these
purposes, they must be treated, usually by the addition of some
inorganic ions, mainly chlorides. The presence of ions leads to
the aggregation of particles where the junction sites among
nanoparticles provide the very strong enhancement of the SERS
signal. The most used silver colloids for SERS purposes (treated
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by the addition of ions) are prepared using of sodium citrate,
sodium borohydride and hydroxylamine hydrochloride as
reducing agents. Nevertheless, there are a few studies
comparing influence of different concentrations of ions on
characteristics of silver colloid and its activity in SERS.***** Liu
et al. provided comprehensive studies of 66 mM halides (NacCl,
NaBr, and Nal) activation of borohydride-reduced silver colloid
for SERS of riboflavin.*® Dong et al. reported a comparative
study of the effects of various sodium salts (NaCl, NaNOs,
Na,SO,, and Nal) on the Raman signal of methylene blue (MB)
adsorbed on hydroxylamine-reduced silver colloid with particle
size of about 34 nm.** Among the four mentioned salts used for
SERS effect, the addition of NaCl solution provides the greatest
enhancement of Raman signal due to the synergy of the
modification of silver particle surface and the particle aggre-
gation caused by chlorides, while Nal gives the least enhance-
ment of Raman signal. On the other side, Aubard et al. observed
quenching of SERS-signal from benzoic acid after the addition
of various anions (Br—, I", and Cl"). This work brought inter-
esting results about mechanism of ions exchange which
proceed on silver particle surface. They have observed the
decreasing SERS intensities with the increasing concentration
of sodium salts up to 10 mM.*

There are no studies that have investigated the influence of
ions in a wide range of concentrations on changes of one type
silver nanoparticles with respect to its efficiency to enhance of
Raman signal. For such study, we choose maltose-reduced silver
nanoparticles (NPs) with high monodispersity and great time
stability.*® For treating of the silver NPs with an average particle
size equal to 28 nm, we applied six different final concentra-
tions of chloride ions (25, 50, 100, 200, 400, and 800 mM). The
changes in silver nanoparticle characteristics were monitored
by measuring the average particle sizes and by recording the UV/
Vis spectra. The kinetics of Raman signal enhancement after
addition of chloride ions was investigated for three excitation
wavelengths (532, 633, and 780 nm).

Experimental
Materials and chemicals

Silver nitrate (AgNOj;, p.a., Fagron), ammonia (NH,, aqueous
solution 28% w/w, p.a., Sigma), sodium hydroxide (NaOH, p.a.,
Lachema), p(+)-maltose monohydrate (C;i,H,,0;,-H,0, p.a.,
Sigma) were used for preparation of silver nanoparticles without
any further purification. Sodium chloride (NaCl, p.a., Sigma-
Aldrich) was used as a treatment agent of primarily prepared
silver nanoparticles. The adenine with certified purity of 99%
(Sigma-Aldrich) was used without any further purification too.
Deionized water was used for all experiments with conductivity
0.05 uS cm ™' obtained from instrument Aqual 29 (Merci).

Instrumentation

The size of synthesized silver nanoparticles as well as the course
of changes of particle sizes formed after the addition of sodium
chloride to the primarily prepared silver nanoparticles was
characterized by a dynamic light scattering (DLS) using a Zeta
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Plus analyzer (Brookhaven, USA). UV/Vis absorption spectra of
the silver nanoparticles were obtained by using a Specord S600
(Analytic Jena AG, Germany). Transmission electron microscopy
(TEM) images of silver nanoparticles were recorded on a Jeol
JEM 2010 (Japan) electron microscope at 160 kV of the accel-
eration voltage. SERS and normal Raman spectra were recorded
using a DXR Raman Microscope (Thermo Scientific) equipped
with a thermoelectrically cooled (—50 °C) charge-coupled device
(CCD) camera and a 4x objective. All spectra were measured at
room temperature in a quartz cell. SERS spectra have been
measured by three laser sources with wavelengths of 532 nm
(diode-pumped, solid state laser), 633 nm (He-Ne gas laser) and
780 nm (frequency-stabilized single mode diode laser). In all
three cases, the SERS spectra were acquired in the range from 40
to 1880 cm™' where the spectral acquisition was repeated 16
times with 5 seconds accumulation time. For all three different
excitation wavelengths, the laser light power incident onto a
sample was adjusted at to 8.0 mW and slit to 50 pm.

Preparation of silver nanoparticles

The maltose reduced silver nanoparticles, used as a SERS
substrate, were prepared by a procedure described by Panacek
et al.*® This procedure lies in a reduction of the silver ammonia
complex cation [Ag(NHj3),]" with p-maltose. The concentrations
of the reaction components were 10 > mol L™ * and 10 > mol
L~' for AgNO; and the reducing sugar, respectively. The
concentration of the used ammonia was 5 x 10> mol L ". The
basic environment of the reaction system was adjusted to the
value of pH at 11.5 £ 0.1 by adding of sodium hydroxide solu-
tion. A reaction time was achieved during 4 minutes. These
maltose-reduced silver nanoparticles are nearly monodispersed
with an average particle size of about 28 nm. The as-prepared
silver nanoparticles were characterized by measuring the UV/
Vis absorption spectra with narrow surface plasmon absorp-
tion peak at 410 nm wavelength. All the measurements were
performed at the laboratory temperature (20 °C). The resulting
brownish aqueous dispersion of the silver nanoparticles
exhibits a long stability in time during a period of ~2 years.*®

Sample preparation for characterization and SERS
measurements

For the purpose both of DLS and UV/Vis measurements, 0.4 mL
of the stock aqueous solution of silver nanoparticles was diluted
by deionized water ranged from 1.20 to 1.55 mL and then 0.050-
0.400 mL of 1 M or 4 M NacCl solution was added. After adding
solution of chloride ions, the mixture was quickly shaken and
immediately the measurements began. For SERS measure-
ments, six working mixtures with different final concentration
of sodium chloride were prepared as follows: the amount of 0.4
mL of the stock aqueous solution of silver nanoparticles was
added to deionized water ranged from 1.18 to 1.53 mL. Then,
0.050-0.400 mL of 1 M or 4 M NaCl solution was added in order
to characterize the influence of chlorides. After adding chloride
ions to the diluted dispersion of silver nanoparticles, the
mixture was quickly vortexed and finally 20 uL of 10> M solu-
tion of adenine was added (the final concentration of adenine
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was 10> M) thus, the total volume was 2 mL. The working
mixture was shaken and the SERS measurements began
immediately. This treatment procedure was the same for each
laser source. The total volume of working solution was held
constant for each measurement when the various chloride
concentrations and different lasers were used. The experiments
were repeated three times in order to verify the reproducibility.
The SERS enhancement factors were calculated as a ratio of
SERS signal of 107> M adenine to Raman signal of 0.1 M

adenine for the strongest band in the spectrum at ~734 cm™".

Results and discussion

In our previous work, it has been shown that the high concen-
trated aqueous solution of NaCl (a final concentration of 400
mM) is very efficient for the SERS activation of maltose-reduced
silver nanoparticles (~28 nm). Such very high concentration of
chloride ions leads to rapid re-crystallization of the primarily
prepared silver nanoparticles to particles with the size around
400 nm which very efficiently enhanced Raman signal of
adenine both for visible (488 nm) and near infrared laser exci-
tation (1064 nm).*®

In this study, we focus on effects of various concentrations of
chloride ions on the characteristics of silver nanoparticles
(particle size, UV/Vis absorption, SERS activity) because such
complex study is missing and is important for the utilization
and understanding of silver nanoparticles as enhancers of
Raman signal after treatment by chloride ions. The experiments
were performed for six different final concentrations of chlo-
rides (25, 50, 100, 200, 400, and 800 mM) in aqueous dispersion
of silver nanoparticles and for three excitation lines (532 nm,
633 nm, 780 nm). Silver nanoparticles obtained by the above
mentioned procedure are nearly monodispersed with a long-
time stability. After addition of NaCl solution to the diluted
dispersion of silver nanoparticles, the changes in its properties
were monitored by measuring of average particle size and by
recording of UV/Vis spectra. Change of the average particle size
measured by DLS as well as the UV/Vis absorption spectra were
recorded each minute during 30 minutes in order to have
information regarding the ongoing transformation processes of
primary silver nanoparticles. In order to confirmation of
particle size changes including their morphology, samples at
the time of 15 minutes after the addition of NaCl solution were
taken for TEM analysis. In the case of SERS measurements, the
SERS spectra were collected each third minute during a period
of 30 minutes after the addition of the NaCl solution. For the
evaluation and comparison of Raman intensities, the observa-
tion of the whole spectrum is important. Nevertheless, for a
simplification of calculation we have chosen only one peak at
~734 cm™ . The intensities of the other adenine peaks varied in
proportion to intensity of the main peak at ~734 cm™'. The
SERS spectrum in Fig. 1 shows that this peak (marked with star)
is the strongest among all and comes from the ring-breathing
mode in the adenine structure (inset picture in Fig. 1).

SERS measurements were performed with excitation wave-
lengths of 532 nm, 633 nm and 780 nm. Raman intensity
dependences on time are shown in the Fig. 2. For the excitation
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Fig. 1 SERS spectrum and chemical structure of adenine.

wavelength 532 nm, there were only slight differences among
the varying concentration of chloride ions (see Fig. 2a).

For all used final NaCl concentrations, we have observed
approximately twenty percent difference in intensities of the
adenine band at ~734 cm ™. In the case of excitation at 633 nm,
there we have observed considerable differences among the
SERS intensities of adenine for each concentration of NaCl
(Fig. 2b). The highest enhancement of the Raman signal was
obtained with the use of 400 mM final concentration of chloride
ions. The SERS signal values achieved for the excitation wave-
length of 780 nm were lower than in the case with excitation
wavelengths of 532 nm and 633 nm, as seen in the Fig. 2c. There
the highest enhancement of the Raman signal was observed
when 400 mM final concentration of chlorides was used,
although the absolute enhancement was considerably lower
compared to 532 nm and 632 excitation lines. The SERS
enhancement factors for the excitation lasers of 532 nm, 633
nm, and 780 nm were estimated to be 7.2 x 10* 2.0 x 10°, and
2.4 x 10, respectively.

As can be seen (Fig. 2a), the enhancement and time-
dependent enhancement profiles for excitation at 532 nm are
very similar for different final concentrations of chlorides on
the contrary of using of 633 nm and mainly 780 nm excitation
line. The possible explanations of considerably high Raman
signal enhancement for 532 nm and 633 nm excitation wave-
lengths when using of 25 mM chlorides lies in the so-called hot
spot regions.* Such concentration of chloride ions can cause
temporarily approaching of certain fraction of particles in the
solution, which are close to each other enough to form active
sites for Raman signal enhancement. Nevertheless, for excita-
tion wavelength 780 nm the using of 25 mM chlorides was
ineffective. The increase in SERS intensities at 780 nm excita-
tion wavelength using such low concentration of chloride ions
was not observed due to the fact that the addition of chloride
ions did not induce changes in silver nanoparticle characteris-
tics sufficiently and the surface plasmon resonance of such
treated Ag NPs is off the resonance with the use of the laser 780
nm. The original size of the primary silver nanoparticles has
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been changed from 28 nm to 40 nm. Immediately, during the
first minute after the adding of 25 mM solution of NaCl to the
primary Ag NPs, there was change in the particle size from 28
nm to 40 nm, and after that the average particle size gradually
decreased during a period of 30 minutes as is shown in the
time-dependence of particle size measured by the DLS method
(Fig. 3a). Because of the every minute averaging of particle size,
temporary approaches of two or more Ag NPs have influence on
slight growth of the average particle size to 40 nm. Nevertheless,
on the basis of the observation of the UV/Vis absorption spectra
and TEM image, there weren't observed considerable changes
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in particle size. Fig. 3d shows the UV/Vis absorption spectra of
Ag NPs mixed with the final concentration of chloride ions
equal to 25 mM. It has been observed obviously that the addi-
tion of 25 mM chlorides doesn't change the position of the
absorption peak during the whole measurement, because the
change of the average particle size was very negligible. Never-
theless, the weak increase of absorption at 532 nm and 633 nm
has been observed. This correlates with TEM image which was
taken at the time of 15 minutes after the addition of chloride
ions solution (Fig. 5a). TEM image of primarily prepared Ag NPs
is presented in ESI (Fig. S11).

For the final concentration of chlorides equal to 50 mM,
there were observed higher SERS intensities for the laser 532
nm, which were stable during the whole experiment (Fig. 2a). In
the case of excitation at 633 nm, a considerable growth of
enhancement was achieved within few minutes after the addi-
tion of CI~ (Fig. 2b). The enhancement slowly grew further up
with the increasing particle size. As it can be seen in the Fig. 2c,
there is nearly negligible growth of SERS intensities for laser
excitation at 780 nm. This fact can be explained by a consider-
able change in the size of Ag NPs after the addition of CI™ to Ag
NPs (Fig. 3b). After the third minute following the addition of
sodium chloride, there was an abrupt increase in the particle
size. The size increased until the 25™ minute, where it was
about 300 nm. In addition, particle size changes were accom-
panied by a change in the color of the working mixture of Ag
NPs (from brownish to grey). Fig. 3e exhibits the UV/Vis
absorption spectra recorded immediately after the addition of
50 mM chlorides. After three minutes, the surface plasmon
resonance peak of the original nanoparticles (410 nm) was
suppressed and at the same time the secondary peak in the
region 570 nm appeared. This indicates that the Ag NPs are still
suitable for lasers 532 nm, 633 nm but not for 780 nm. These
changes correlate with a respective TEM image (Fig. 5b), which
revealed the presence of larger silver particles. On the basis of
performed measurements, there it can be deduced that the
addition of 50 mM chlorides causes transformations of original
nanoparticles suitable for SERS measurements at 532 nm and
633 nm, but this low concentration level of chlorides has still
poor effect for enhancement of the Raman signal using laser
780 nm.

The laser with excitation wavelength at 780 nm is generally
not commonly used, because the most common SERS-active
substrates exhibiting the largest enhancement effects are
based on colloidal silver, which has the strongest plasmon field
lower than mentioned excitation wavelength at 780 nm. It is
known that the surface plasmon resonance wavelength is shif-
ted with a size of the particles or with distance among them and
it has to be in resonance with Raman laser to achieve the best
signal enhancement. The mostly used lower final concentra-
tions of sodium chloride (in orders of units of mM) are not
sufficient to increase the size of the particles enough to enhance
the Raman signal equipped with laser of longer wavelengths,
but as we have observed in our previous study, the addition of
highly concentrated sodium chloride solution (hundreds of
mM) to maltose-reduced silver colloid increases the particle size
enough to achieve an effectiveness of enhancement of the

This journal is © The Royal Society of Chemistry 2015
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mixture, respectively.

Raman signal even for near infrared laser excitation (1064
nm).*®

In terms of activation by 100 mM and 200 mM chloride ions,
the very similar effect of these concentrations was observed,
albeit the Raman intensities were higher with the use of 200
mM NaCl. Regarding the laser operating at 532 nm, there the
Raman intensities for both concentration levels are stable
during a whole measuring time (Fig. 2a). Addition of final
concentration 100 or 200 mM NaCl didn't cause any significant
changes in Raman intensities during the measurements when
laser 633 nm was utilized (Fig. 2b and c); the enhancement was
stable during the whole monitored time. For laser 780 nm, the
signal intensities increased for 50% regarding 100 mM and
500% regarding the use of 200 mM (Fig. 2b and c). Correlation
among the DLS method, UV/Vis absorption spectra and the
morphologies observed in the TEM image indicates that these
Cl™ concentrations induced changes in the particle size with the
formation of both larger and smaller particles due to the re-
growth and diffusion of the origin nanoparticles in the pres-
ence of the 100 mM Cl~ and 200 mM CI1™. Considerable growth
of the average particle size from 28 nm up to 400 nm was
observed (Fig. 3¢ and 4a). Most of the changes occur within the
first few minutes after the addition of chloride ions. During the
thirty minute record, the surface plasmon band was shifted to
~650 nm and the plasmon band at 410 nm for origin nano-
particles was suppressed (Fig. 3f and 4d). The suppression of
the original peak at 410 nm and at the same time the emerging

This journal is © The Royal Society of Chemistry 2015

of the secondary peak clearly indicates the onset gradual
changes in the average size®® or morphologies** of silver parti-
cles. As the size of the silver particles increases, the value of UV/
Vis absorption maximum becomes closer to excitation wave-
lengths, and higher SERS-signal enhancement is achieved. All
these characteristic changes were accompanied by a change in
the color of the working mixture of Ag NPs (from brownish to
grey)-

Particles treated with 400 mM chlorides caused the most
effective Raman enhancement for all the three mentioned
excitation sources, compared to the other concentrations of
chlorides. In the time region 1-16 minute after the addition of
400 mM chlorides to Ag NPs, there we observed a gradual rise in
Raman intensities (Fig. 2a—c). It is attributed to an increase in
the particle size caused by the presence of highly concentrated
chloride ions. After the mentioned time, the SERS signal
decreases because the colloid becomes over-aggregated. Due to
the aggregation effect, large radii of new particles (up to 400
nm), reached after 3 minutes after the addition of NaCl solu-
tion, leads to a decrease of the available particle surface, and
thus its total saturation can be achieved more easily,” as is
shown in the Fig. 4b. The particle growth was accompanied by
both a change in the color of the working mixture of Ag NPs
(from brownish to grey) and a distinct red shift of the maximum
in the UV/Vis absorption (Fig. 4e).

For the highest concentration of chlorides, 800 mM, and
laser excitations 532 nm and 633 nm, there were observed
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decreasing Raman intensities with increasing incubation
time (Fig. 2a and b). One of the possible explanations for the
observed SERS-signal intensities decrease can be attributed to
a surface-coverage limitation caused by a competition of the
Cl™ ions and molecules of adenine for a surface on the present
silver particles.’” The measurement of SERS on silver surface
with excitation source 780 nm, there it has been observed the
maximum intensity sooner, compared to 400 mM chlorides,
already in the 7" minute after the addition of chloride ions
solution. However the signal immediately decreased (Fig. 2c).
Following DLS measurements uncovered a significant growth
of the average particle size to 450 nm (Fig. 4c), which is in a
good accordance with the respective UV/Vis absorption
spectra where, in the first minute of the experiment, the peak
at 410 nm decreased and broadened and in parallel, peak at
700 nm raised (Fig. 4f). Further aggregation of the particles
leads to their destabilization which causes a total loss of both
absorption maxima. As it has been noticed, the simultaneous
decrease of absorption and the long-wavelength shift is more
dramatic than in the case of the previous lower chlorides
concentrations, which is in a correlation with a TEM image of
particles treated using 800 mM chlorides (Fig. 5f). Higher
concentrations of NaCl added to original silver colloid led to a
formation of large silver aggregates which was accompanied
by a change in the color of the working mixture of Ag NPs
(from brownish to grey). These aggregates sediment, and
therefore the amount of SERS-active particles decrease.

For comparison, we also performed additional experiments
regarding impact of three final chlorides concentrations
(25 mM, 100 mM, and 400 mM) on the changes of Ag NPs with
average particle size equal to approx. 50 nm and 120 nm
(see ESIY).

Conclusions

The presented study was focused on the influence of six
different final concentrations of chloride ions (25, 50, 100,
200, 400, and 800 mM) used as an agent for silver nano-
particles activation for purposes of surface enhanced Raman
spectroscopy. The study correlates selected concentration
levels of chloride ions with the intensity of the SERS signal
using of adenine as a model compound. It was found out that
the concentration level of chloride ions plays a crucial role
and a careful tuning of experimental design has to be per-
formed for each laser wavelength. Lower final concentrations
of chloride ions (tens of mM) led to a transformation of silver
nanoparticles in a different manner (mainly aggregation)
compared to higher concentrations (hundreds of mM).
Higher concentration of NaCl (in this case 400 mM) let to the
best results for all three tested laser wavelengths (532, 633 and
780 nm). Lower concentrations of chlorides are also usable for
532 nm laser, but its action has less or no effect on the Raman
signal enhancement for lasers 633 and 780 nm. On the other
hand, treatment with 800 mM chlorides led to a rapid loss of
the Raman signal due to the fast destabilization of silver
particles for all three tested laser wavelengths.

This journal is © The Royal Society of Chemistry 2015
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Preparation of silver nanoparticles using glucose as reducing agent

The silver nanoparticles were prepared by a reduction of the silver ammonia complex cation
[Ag(NH;3),]" by glucose. The concentrations of the reaction components were 10> mol-L-!
and 102 mol-L-! for AgNOs and glucose, respectively. The concentration of ammonia was
5:10° M. The pH of the reaction mixture was adjusted to the value 11.5+0.1 by adding of
sodium hydroxide solution. These silver nanoparticles had an average particle size of about 50

nm.

Preparation of silver nanoparticles using ascorbic acid as reducing agent

The silver particles were prepared by a reduction of the silver ammonia complex cation
[Ag(NH3),]* by ascorbic acid. The concentrations of the reaction components were 10-3
mol-L-' and 102 mol-L-! for AgNO; and ascorbic acid, respectively. The concentration of
ammonia was 5-10 M. The basic environment of the reaction system was adjusted to the
value of pH at 11.5%0.1 by adding of sodium hydroxide solution. These silver particles had an

average particle size of about 120 nm.

DLS and UV-Vis measurements

For the purpose both of DLS and UV-Vis measurements, 0.4 mL of the stock aqueous
solution of silver nanoparticles was diluted by deionized water (volumes ranged from 1.50 to
1.55 mL) and then 0.050 or 0.100 mL of 1 M and 0.100 mL of 4 M NaCl solution was added.
The final concentrations of chloride ions were 25 mM, 100 mM, and 400 mM, respectively.
After adding chloride ions, the solution was quickly mixed and immediately the
measurements began. All the measurements were performed at the laboratory temperature (20

°C).



Figure S1. TEM images of primary silver particles reduced by D-maltose without the
addition of NaCl.



1200

=k
=
=
=

800

Average particle size [nm]

0 5 10 15 20 25 30
Time [min]

P

0,6

0.5 -

04 -

03+

Absorbance

0.2 -

0,1 4

0 . . . .
330 450 530 650 730

Wavelength [nm]

Figure S2: Time dependences of the average size of ascorbic acid Ag NPs and its UV/Vis

absorption spectra recorded during 30 minutes after the addition of the 25 mM NaCl solution.



1200

=,
=
=
=

800

Average particle size [nm]
L ]

0 5 10 15 20 25 30

Time [min]
0.6
31 min
{] 5 | 1 min
i Zmin
04 -

0,3 1

Absorbance

02 &

0,1 4

0

350 450 550 650 750
Wavelength [nm]

Figure S3: Time dependences of the average size of ascorbic acid Ag NPs and its UV/Vis
absorption spectra recorded during 30 minutes after the addition of the 100 mM NaCl

solution.



1200

E

£, 1000 | .
S 300

lE . '-ll
o - E L ]

: 600 -_"-_'.. .
=400 | L

S 500 | e

o e

= L _

0 5 10 15 20 25 30

Time [min]
0,6
31 min
{] 5 ) 1 min
’ Z min
3 min
04 -

0,3 -

Absorbance

0.2

0,1 -

0

350 450 550 650 750
Wavelength [nm]

Figure S4: Time dependences of the average size of ascorbic acid Ag NPs and its UV/Vis
absorption spectra recorded during 30 minutes after the addition of the 400 mM NaCl

solution.



1200

E. 1000
@
MOB00
T
=
o 600 -
T
o
o 400
@
&
L 200
E 0 580000000000 0008 8080t tassente
0 A 10 15 20 25 30
Time [min]
2.5 .1 min
1 min
2 1 2 min

E Il I min

E 1.3 ' : S min
]

o 10 min
] i 210 min
= :

30 min
0.5 \R

350 450 550 650 750
Wavelength [nm]

Figure S5. Time dependences of the average size of glucose Ag NPs and its UV/Vis

absorption spectra recorded during 30 minutes after the addition of the 25 mM NaCl solution.



1200

E. 1000 -
ﬂ
= 800 -
L
© 500 - o of
E atee® @ o
1
5 "-‘-'D'D 7 '-'-"'lll
? a®
w200 § e
o ™
-
.{ ﬂ‘l 1 1 T 1 1 1
0 5 10 15 20 25 30
Time [min]
2’5 2.1 min

Absorbance

g

350 450 550 650 750
Wavelength [nm]

0

Figure S6. Time dependences of the average size of glucose Ag NPs and its UV/Vis
absorption spectra recorded during 30 minutes after the addition of the 100 mM NaCl

solution.



1200
E
= 1000
N o
s 800 LI
l'_': T L o
- — L
E 600 o*
-II
> 400 °
3 .
o 200
Z
e
0 5 10 15 20 25 30
Time [min]
255 @1 min
1 min
2 7 min

Absorbance

350 450 550 650 750
Wavelength [nm]

Figure S7. Time dependences of the average size of glucose Ag NPs and its UV/Vis
absorption spectra recorded during 30 minutes after the addition of the 400 mM NaCl

solution.



analygiglanlistry

pubs.acs.org/ac

Detection of Prosthetic Joint Infection Based on Magnetically
Assisted Surface Enhanced Raman Spectroscopy

Ariana Fargasova, Anna Balzerova, Robert Prucek eroslava Htoutou Sedlakova,

Katefina Bogdanova, Jiri Gallo, Milan Kolar, Viaclav Ranc,

and Radek Zboril*"

TReglonal Centre of Advanced Technologies and Materials, Department of Physical Chemistry, Faculty of Science, Palacky University

Olomouc, Slechtitel& 27, 783 71 Olomouc, Czech Republic

*Department of Microbiology, Faculty of Medicine and Dentistry, Palacky University Olomouc, Hnévotinska 3, 775 15 Olomouc,

Czech Republic

§Department of Orthopaedics, Faculty of Medicine and Dentistry, Palacky University Olomouc, 1. P. Pavlova 6, 77520 Olomouc,

Czech Republic

© Supporting Information

ABSTRACT: Accurate and rapid diagnosis of prosthetic joint
infection (PJI) is vital for rational and effective therapeutic
management of this condition. Several diagnostic strategies
have been developed for discriminating between infected and
noninfected cases. However, none of them can reliably
diagnose the whole spectrum of clinical presentations of PJL
Here, we report a new method for PJI detection based on
magnetically assisted surface enhanced Raman spectroscopy
(MA-SERS) using streptavidin-modified magnetic nanopar-
ticles (MNP@Strep) whose surface is functionalized with
suitable biotinylated antibodies and then coated with silver
nanoparticles by self-assembly. The high efficiency of this
approach is demonstrated by the diagnosis of infections caused
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by two bacterial species commonly associated with PJI, namely, Staphylococcus aureus and Streptococcus pyogenes. The method’s
performance was verified with model samples of bacterial lysates and with four real-matrix samples of knee joint fluid spiked with
live pathogenic bacterial cells. This procedure is operationally simple, versatile, inexpensive, and quick to perform, making it a
potentially attractive alternative to established diagnostic techniques based on Koch’s culturing or colony counting methods.

P rosthetic joint infection (PJI) is a feared complication of
total joint arthroplasty that substantially increases morbid-
ity and mortality following total joint arthroplasty. Current
estimates suggest that PJI complications occur in up to 3% of
primary hip and knee arthroplasties and up to 15.4% and 25%
of revision hip and knee arthroplasties, respectively."” The
pathogenesis of PJ1 is related to the presence of biofilm-forming
mi%ci'oorganisms, most commonly Staphylococci and Streptococ-
ci.”’

Most current methods for diagnosing PJI are rather time-
consuming, involving several pre- and intraoperative steps. This
is especially true for low-grade infections that are difficult to
distinguish from aseptic failure.’ The condition is typically
diagnosed on the basis of four generally accepted criteria: (i)
the presence of a cutaneous sinus tract communicating with the
prosthesis, (ii) histopathological evidence of acute inflamma-
tion, (iii) increased counts or differentials of leukocytes or
neutrophils in the synovial fluid, and (iv) the development of a
positive culture from samples of synovial fluid, intraoperative
periprosthetic tissue, or sonication fluid.”~* In recent years,
there has also been considerable interest in diagnosing PJI by
detecting antibacterial molecules. These methods achieve
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excellent sensitivity and specificity in around 95% of all
enrolled cases.” However, they provide no information about
the causative bacteria in any given infection.

Most of the gold standard microbial methods for diagnosing
PJI are based on Koch’s culturing and colony counting
methods'® and only deliver results after several days.''
Additionally, culture-based methods are susceptible to con-
tamination, which can lead to false positive diagnoses, and yield
false negative diagnoses in up to 30% of all cases.'” More
advanced alternative techniques have been proposed to shorten
the analysis time and increase the accuracy of the identification
of PJI. One such alternative is based on the polymerase chain
reaction (PCR), which can be used to detect and identify
diverse pathogens.'”"*™"> PCR is considerably less time-
consuming and more sensitive than many other techniques,
including the culturing and plating methods discussed
above.'"'® However, highly trained professionals are needed
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to perform PCR analyses and interpret their results.'®"” Other
techniques capable of bacterial identification are based on
pulsed-field gel electrophoresis (PFGE)."*™*° Despite their
sensitivity, methods based on PFGE are very time-consuming,
which limits their practical utility. Thus, there is still a need for
a rapid and highly sensitive typing tool that would enable the
accurate diagnosis of PJI and the identification of the causative
agent within a few minutes.

Procedures based on Raman spectroscopy represent
interesting alternatives to culture- or PCR-based methods for
PJI diagnosis. It was recently shown that surface enhanced
Raman spectroscopy (SERS) can be used to rapidly identify
selected microorganisms.u’22 Additionally, Khan et al. showed
that a SERS assay using antibody-conjugated popcorn-shaped
gold nanoparticles can detect Salmonella typhimurium in water
samples.”” SERS was also used by Sivanesan et al. to selectively
identify the pathogenic bacterium S. epidermidis in blood
samples on a bare Ag—Au bimetallic surface.”* More recently, a
composite of nanoaggregates of gold particles was used with a
high specificity single domain antibody to identify Staph-
ylococcus aureus bacteria by SERS.”> Another innovative
approach based on immunomagnetic isolation, membrane
filtration, and silver intensification was used to measure the
SERS si;nals of pathogenic Escherichia coli bacteria in ground
beef.”**” Unfortunately, all these nanoparticle-based techniques
require precultivation periods of several hours to generate
sufficient biomass and a silver intensification step to permit
SERS measurements. Here, we present a fast new method for
diagnosing PJI based on magnetically assisted surface enhanced
Raman spectroscopy (MA-SERS), which was previously used
by our group for fast, selective, and highly sensitive detection of
various molecules including dopamine™® and immunoglobu-
lins.”” It is worth mentioning that, despite Ag NPs being
frequently used for their synergistic antibacterial and antibiofilm
activity to inhibit the growth of bacteria,””’' Ag NPs at low
concentrations effective for Raman signal enhancement do not
have any inhibitory impact on the analyzed pathogens.

The method uses a new highly eflicient biosensor based on
streptavidin-modified carboxy-functionalized magnetic nano-
particles (henceforth referred to as MNP@Strep) for efficient
target isolation. After isolation, the biosensor is coated with
silver nanoparticles to enable MA-SERS detection of PJI. The
nanomaterial used for MA-SERS detection has two beneficial
effects. First, its magnetic properties enable effective and
quantitative isolation of selected chemical targets from a
complex matrix. Second, the SERS effect of the silver
nanoparticles on adsorbed molecules gives the method ultralow
limits of detection. We show that this method can be used to
isolate and identify two bacterial strains, Staphylococcus aureus
and Streptococcus pyogenes. Moreover, the method was
successfully used to diagnose PJI in real-matrix samples of
knee joint fluid in a few minutes, without any need for sample
pretreatment. It could thus be an attractive alternative to
established procedures for clinical diagnosis of PJL

B EXPERIMENTAL SECTION

Reagents and Chemicals. Carboxy-functionalized mag-
netic microparticles, N-hydroxysulfosuccinimide sodium salt
(>98% (HPLC); NHS), 1-[3-(dimethylamino)propyl]-3-ethyl-
carbodiimide methiodide (EDC), streptavidin from Streptomy-
ces avidinii (essentially salt-free, lyophilized powder, >13 units/
mg protein), biotin-conjugated mouse antiprotein A mono-
clonal antibody, ethylamine (purum, 70% in H,0), and
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phosphate-buffered saline solution (PBS) were purchased
from Sigma-Aldrich. Biotin-conjugated rabbit anti-Streptococcus
group A polyclonal antibody was obtained from Abcam plc.
(Cambridge, UK). Silver nitrate (AgNO;, p.a, Tamda),
ammonia (NH,, aqueous solution 28% w/w, p.a, Sigma-
Aldrich), sodium hydroxide (NaOH, p.a., Lach-Ner), and p(+)-
maltose monohydrate (C,,H,,0;; X H,O, p.a,, Sigma-Aldrich)
were used to prepare primary silver nanoparticles. Sodium
chloride (NaCl, p.a, Sigma-Aldrich) was used to treat the
primary silver nanoparticles. All chemicals were used as
received without any additional purification steps.

Preparation of Silver Nanoparticles. Maltose-reduced
silver nanoparticles for use as SERS substrates were prepared by
reducing the silver ammonia complex cation [Ag(NH;),]* with
p-maltose as described by Panacek and co-workers.” Briefly,
silver nitrate and the reducing sugar (maltose) were dissolved
in distilled water to initial concentrations of 107 and 107> M,
respectively. The initial concentration of ammonia was S5 X
1073 M. After the silver, sugar, and ammonia had been added,
the reaction system’s pH was adjusted to 11.5 + 0.1 by adding
sodium hydroxide. The reaction was deemed complete after 4
min, yielding a nearly monodispersed suspension of maltose-
reduced silver nanoparticles with an average particle size of
about 28 nm.

Preparation of Bacterial Samples. Preparation of Model
Samples. The method was initially tested using model bacterial
lysate samples without knee joint fluid. Testing samples were
prepared using the bacterial species Staphylococcus aureus CCM
3953 and Streptococcus pyogenes (Strain No. SP12, from the
culture collection of the Department of Microbiology, Faculty
of Medicine and Dentistry, Palacky University Olomouc).
Lysates were prepared from 24 h cultures of S. aureus and
S. pyogenes. Well-isolated colonies were transferred into 5 mL of
Mueller-Hinton broth so that the resulting turbidity was
equivalent to a McFarland standard of 1.0 (approximate cell
density of 3 x 10° CFU/mL). The inoculum density was
determined by measuring the samples’ optical density with a
densitometer (Densi-La-Meter; LACHEMA, Czech Republic),
and the bacterial suspensions were then cultured at 37 °C for
24 h. After incubation, the broth was centrifuged at 2000 rpm
for 10 min. The supernatant was then removed, and 10 mL of
distilled water was added to the pellet. Finally, the mixed
suspension was repeatedly (10 times) frozen at —72 °C for 10
min and then thawed in a 37 °C water bath. The repeated
freeze—thaw cycles cause lysis of bacterial cells in suspension.

Preparation of Real-Matrix Samples. After being validated
against model samples, the method was tested using real-matrix
samples prepared from sterile knee joint fluid obtained by
puncture from patients with osteoarthritis. To verify the sterility
of the initial joint fluid, it was inoculated onto blood agar
(Trios, Ltd.) and into Mueller-Hinton broth (HiMedia) and
cultivated. Real-matrix samples for testing were then prepared
by spiking samples of the joint fluid in a 1:1 ratio with live cells
of one of the two bacterial lysates. In these experiments, the
spiking samples of the joint fluid and the sterile joint fluid were
used as positive and negative controls, respectively. All joint
fluid samples were obtained under standard conditions with
written informed patient consent, and the study was approved
by the local Ethics Committee.

Immobilization of Streptavidin onto Carboxy-Func-
tionalized Magnetic Nanoparticles (MNP@Strep). To
immobilize streptavidin on the surface of the carboxy-
functionalized magnetic nanoparticles (MNP), 0.5 mL of the
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stock dispersion of MNP was separated from the mixture
solution using a magnet and then washed with deionized water.
The carboxylic groups of these MNP were then activated with a
1 mL solution of EDC and NHS (the final concentrations of
both reagents were 10 mM) and stirred for 45 min. The MNP
were collected using an external magnetic field and washed
three times with 10 mM PBS buffer. The MNP with activated
carboxylic groups were then mixed with streptavidin (1 mg/L)
and stirred for 2 h to form covalent bonds between the free
amino (—NH,) groups of streptavidin and the activated
carboxylic groups of the MNP. After the addition of
streptavidin, the MNP were collected using a permanent
magnet and subsequently washed three times with 10 mM PBS
buffer to remove free streptavidin.

MNP@Strep Nanoparticles and Antibody Binding
Procedure. Two different biotinylated antibodies were used
to prepare antibody-labeled MNP: mouse monoclonal antibody
to protein A (anti-IgA) (a surface protein from the S. aureus cell
wall) or rabbit polyclonal antibody to group-A streptococci
polysaccharide (anti-APS). To prepare MNP with antibodies
immobilized on their surfaces, MNP@Strep nanoparticles were
mixed with 1 mL of the appropriate antibody solution (at a final
concentration of 10 mg/L) and stirred for 1 h to enable
noncovalent bond formation between the streptavidin and the
antibody’s biotin tag. After rinsing three times with 10 mM PBS
buffer to physically remove residual unbound antibody
molecules, ethylamine at a final concentration of 3.5% wt.
was added to block the remaining active carboxylic groups. The
resulting MNP@Strep@anti-IgA or MNP@Strep@anti-APS
nanoparticles were stable over a period of 2 months.

Material Characterization Methods. The { potentials of
the starting material, intermediates, and final products were
measured using a Zetasizer NanoZS (Malvern, UK). A
transmission electron microscope (TEM) (Jeol 2100) equipped
with a LaB4 cathode operated at an accelerating voltage of 200
kV with a point-to-point resolution of 0.194 nm was used to
obtain an image of the commercial starting material, i.e., the
carboxy-functionalized MNP. A drop of MNP dispersion was
placed onto a holey carbon film supported on a copper-mesh
TEM grid and left to air-dry at room temperature. Structural
analysis of the starting MNP was performed with an X-ray
powder diffractometer with programmable divergence (XRD,
PANalytical X'Pert PRO) in the Bragg—Brentano geometry,
equipped with an iron-filtered Co Ka radiation source, an
X’Celerator detector, and diffracted beam antiscatter slits. 200
uL of liquid sample was dropped on a zero-background Si slide,
dried under vacuum at room temperature, and scanned across
20 values ranging from 10° to 105° under ambient conditions.
HRTEM images of the final product were obtained using a high
resolution transmission electron microscope (HR-TEM FEI
Titan G2 60—300) with an X-FEG type emission gun,
operating at 80 kV. This microscope was equipped with a Cs
image corrector and a STEM high-angle annular dark-field
detector (HAADF). Its point resolution was 0.08 nm in TEM
mode. Elemental mapping was performed by STEM-Energy
Dispersive X-ray Spectroscopy (EDS; Bruker SuperX) with an
acquisition time of 20 min. Fourier transform infrared (FT-IR)
absorption spectra were collected using a Nicolet iSS infrared
spectrometer (Thermo Scientific, U.S.A.) to identify the
functional groups of the treated MNP and the nature of their
bonding. FT-IR spectra were acquired by attenuated total
reflectance (ATR) in a ZnSe crystal. A drop of sample was
placed onto a ZnSe crystal and left to air-dry at room
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temperature. Then, a total of 64 scans with a resolution of 2
cm™ were recorded and averaged for each sample. The FT-IR
absorption spectra were processed using ATR correction.

Sample Preparation for SERS Detection. Bacterial
lysates and live bacterial cells of S. aureus and S. pyogenes
were prepared as described above. Prior to the analysis of real-
matrix samples of joint fluid spiked with live bacterial cells,
samples were diluted 10-fold with deionized water to modify
their consistency. Both model bacterial lysate samples and real-
matrix samples of knee joint fluid spiked with live bacterial cells
were then analyzed using the following SERS protocol. A
sample volume of 10 #L was mixed with a 10 L solution of the
MNP@Strep nanoparticles conjugated with a biotinylated
antibody to either protein A or the group-A streptococci
polysaccharide, and the resulting mixture was stirred for 30
min. A 20 uL aliquot of the stirred solution was then dropped
onto a glass slide and magnetically separated from the excess
sample matrix. Next, 8 yL of a silver nanoparticle (Ag NPs)
suspension was pipetted onto the separated magnetic solid
portion on the glass slide. Finally, 2 yL of a 1 M solution of
NaCl was pipetted onto the magnetic biosensor and the
resulting suspension was mixed in the pipet tip. A precipitate of
the magnetic biosensor formed on the edge of the drop, from
where it was captured with a magnet and analyzed immediately
before it could dry.

SERS Instrumentation and Data Processing. SERS
spectra were recorded using a DXR Raman Microscope
(Thermo Scientific) equipped with a thermoelectrically cooled
(=S50 °C) charge-coupled device (CCD) camera and a 10X
objective. All spectra were measured at room temperature on a
glass slide. SERS spectra were measured with an excitation line
at 633 nm (He—Ne gas laser) and were acquired over a
wavenumber range of 400 to 1800 cm™'. Spectral acquisition
was repeated 16 times per sample, with an accumulation time of
0.5 s per repetition. The laser light power incident on the
samples was adjusted to 5.0 mW, and the slit length was set to
S0 mm.

All spectra were baseline corrected and unit-vector
normalized to enable visualization of spectral dissimilarities.
Spectra of experimental samples were evaluated by comparing
their protein band ratios to those in the spectra of blank
samples. The results were expressed as the mean of the
standard deviation of values obtained from five independent
experiments with ten measurements in the case of biosensor
stability and four independent experiments with ten measure-
ments in the case of the influence of concentration effects on
bacterial recognition. The differences between blank sample
and bacteria treated biosensors were analyzed by a two-tailed
Student’s t test using Microsoft Excel and were considered
statistically significant (p < 0.05). The Nicolet TQ Analyst
chemometric software package was used to construct and
perform discriminant analysis of the bacteria related to
prosthetic joint infection. Additionally, the TQ Analyst software
package was used to perform a clustering analysis based on
average intra- and intercluster distances in order to evaluate the
MA-SERS method’s ability to discriminate between bacteria.
The capacity of the MA-SERS biosensor to detect PJI was
evaluated using both infected and noninfected real-matrix
samples. A set of 30 samples including ten sterile joint fluid
replicates and spectra of sterile joint fluid spiked with live
bacterial cells were used for this purpose. The three principal
components needed to describe the spectral variation in the
standards using the discriminant analysis method were chosen
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Figure 1. Material characterization of the MA-SERS biosensor: (A) Measured { potentials of the prepared biosensor after each modification step.
(B) XRD pattern of MNP (inset: TEM image of the MNP). The theoretical position of the maghemite diffraction line is also shown. (C)
Representative HRTEM image of MNP@Strep/Ag. (D) STEM-EDS chemical mapping (Fe, O, and Ag) of MNP@Strep/Ag. (E) HAADF image of

MNP @Strep/Ag.

on the basis of an Eigenanalysis; the resulting decomposition
converted the data into a principal component space with axes
in the directions of maximal orthogonal variation inherent in
the data. The chemometric models were constructed using data
for the 400—1600 cm™" region of the Raman spectra, where the
full spectrum contribution was above 99.5%.

B RESULTS AND DISCUSSION

In this work, MNP@Strep biosensors were used as SERS
platforms for the determination of two bacterial strains,
Staphylococcus aureus and Streptococcus pyogenes, in knee joint
fluid samples. The presence of covalently bound streptavidin on
the surface of these magnetic biosensors allows their selectivity
to be tuned by simple functionalization using biotinylated
antibodies. Two antibodies were employed in this work: an
antibody to protein A was used to achieve selectivity for
Staphylococcus aureus, and an antibody to the group-A
streptococci polysaccharide® was used to achieve selectivity
for Streptococcus pyogenes.

The surface composition of the as-synthesized biosensors
was monitored by measuring their { potential after each
modification step, i.e., after the activation of functional groups
and bond-forming steps. { potentials measured after each
surface modification are shown in Figure 1A. The measured {
potential of the pristine carboxy-functionalized magnetic
nanoparticles (MNP) corresponded to a charge of —22.3 mV.
This relatively high negative surface charge is attributed to the
acidity of the free carboxyl groups. These pristine MNP were
also characterized by XRD with Co Ka radiation (Figure 1B).
The only crystalline phase can be identified from the diffraction
pattern: cubic slightly nonstoichiometric maghemite phase (y-
Fe,05; cell parameter a = 0.8360 nm) with partially ordered
vacancies (space group P4332). The crystallite size derived
from Rietveld refinement analysis of the X-ray powder
diffraction pattern is 13 nm. A TEM image of the starting
MNP is shown in the inset of Figure 1B. These pristine
magnetic nanoparticles were selected because of the presence

6601

of free carboxylic groups, which increased the long-term
stability of the as-prepared biosensor by enhancing its
dispersibility in aqueous environments. The subsequent
activation of the surface carboxyl groups using an aqueous
mixture of EDC and NHS was accompanied by a substantial
increase in the material’s zeta potential (to 8.76 mV), reflecting
the successful conversion of the carboxyl groups on the MNP
surface into reactive N-hydroxysulfosuccinimide esters. In the
next step, streptavidin was immobilized on the surface of the
magnetic nanoparticles via the reaction of its terminal amino
group (—NH,) with the activated carboxyl groups on the MNP
surfaces. This increased the particles’ zeta potential further, to
9.63 mV. Streptavidin functionalization was required to enable
binding of the biotinylated antibodies, which occurred in the
next step of the synthesis. The formation of a noncovalent
bond between streptavidin and the biotinylated antibodies and
the final blockage of residual activated carboxylic groups caused
a small further increase in the surface charge, to 10 mV for the
nanoparticles bearing the anti-APS antibody and 10.4 mV for
those bearing the anti-IgA antibody. The morphology of the
final biosensors was characterized by HRTEM, STEM-EDS,
and STEM-HAADF imaging. Figure 1C shows a HRTEM
image of MNP@Strep/Ag which reveals that the overall
diameter of the as-synthesized Fe,O; (maghemite) and Ag
nanoparticles is in the range of 10—20 nm. Moreover, the
STEM-EDS chemical mapping (Figure 1D) of the biosensors
clearly indicates the presence of both Fe and Ag species. As
shown in Figure 1E, silver nanoparticles are distributed on the
surface of maghemite; this is further confirmed by the presence
of particles with different contrast in the STEM-HAADF image.

To better understand the surface composition of the
functionalized MNP@Strep biosensors, they were analyzed by
infrared spectroscopy (IR). IR absorption spectra collected
after streptavidin decoration and the attachment of biotinylated
antibodies to the MNP are shown in Figure 2. The IR spectrum
of the pristine MNP features the characteristic vibrational
modes (e.g, 1726 cm™"), which are due to carbonyl stretching,
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Figure 2. IR spectra of pure MNP, modified MNP@Strep, and
MNP@Strep functionalized with biotinylated antibody to protein A
(labeled as MNP@Strep@anti-IgA) and with biotinylated antibody to
group-A streptococci polysaccharide (labeled as MNP@Strep@anti-
APS).

yet contains no protein vibrations that will be featured in IR
spectra after subsequent modification steps of MNP. The IR
spectrum of the nanoparticles after streptavidin immobilization
(i.e, MNP@Strep) features two amide bands: band I at 1639
cm™!, corresponding to a f-pleated sheet structure (C=O0
stretch), and band II at 1568 cm™' (N—H bend with C—N
stretch). These bands can be attributed to the amide
functionalities of streptavidin’s peptide groups and thus indicate
the presence of the streptavidin on MNP.*"**° A peak
corresponding to the carboxylate vibrational mode at 1417
ecm™ (COO~ stretch) is also identifiable in the spectrum of
MNP@Strep.”” The presence of streptavidin on MNP was
confirmed by the presence of bands of weak-to-medium
intensity at 1208 and 1247 cm ™', both of which were assigned
to amide III vibrations.”* As can be seen in Figure 2, there are
no new vibrational modes between the IR spectra of the
biosensors prepared with antibodies (labeled MNP@Strep@
anti-IgA and MNP@Strep@anti-APS, respectively) and that of
the streptavidin-coated nanoparticles except for a slight red shift
of a weak spectral band located at 1726 cm™' arising from
carbonyl stretching, which may be attributed to the formation
of a lock-and-key type interaction between the nanoparticle-
bound streptavidin and the biotin tag on the antibodies.’
The biosensors were initially tested against model samples
consisting of a Staphylococcus aureus (henceforth referred to as
STAU) bacterial lysate. The resulting SERS spectra are shown
in the Figure 3, together with spectra for a pure MNP sample, a
modified sample consisting of the MNP@Strep nanoparticles in
aqueous solution, and a blank sample consisting of the MNP@
Strep@anti-IgA biosensor in aqueous solution with no added
lysate. The spectrum of the pure MNP sample features none of
the strong vibrational modes observed in the spectra of the
modified MNP@Strep, blank, or model samples. Conversely,
the SERS spectra of the MNP@Strep and MNP@Strep@anti-
IgA (blank) samples are very similar. Both feature spectral
bands characteristic of proteins, including the amide II and III
bands. The spectral bands located at 1558 and 1450 cm™" were
assigned to the amide II mode, which arises mostly from NH
bending, and to (6-CH,) scissoring vibrations modes,
respectively.”” The amide III mode, which is associated with
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Figure 3. SERS spectra of the pure MNP/Ag, modified MNP@Strep/
Ag, MNP@Strep modified with biotinylated antibody to protein A
(labeled as MNP@Strep@anti-IgA/Ag), and bacterial lysate of
Staphylococcus aureus CCM 3953 (labeled as MNP@Strep@anti-
IgA@STAU/Ag).

a-helices and is primarily due to #(CN) stretching and NH in-
plane bending vibrations of the peptide bond, is represented by
the bands at 1391 and 1231 cm™.***' Functionalization of the
MNP@Strep biosensor using either of the biotinylated
antibodies increased the intensity of the amide III band at
1231 cm™!, which is consistent with an increase in the
prevalence of a-helical conformations and thus successful
noncovalent binding between streptavidin and the biotinylated
antibody. A representative SERS spectrum of an antibody-
decorated MNP sample is shown in Figure 3 with the label
MNP@Strep@anti-IgA/Ag. Finally, treatment of anti-IgA-
decorated MNP with the STAU lysate yielded a sample
referred to as MNP@Strep@anti-IgA@STAU/Ag. SERS
analysis of this material revealed pronounced changes in the
relative intensities of the bands at 1391 and 1558 cm™" when
compared to the modified MNP@Strep and blank sample. The
ratio of intensities (I;39;/I5s5, henceforth referred to as the
protein band ratio, PBR) changed from 13.31 in the blank
sample to 0.36 with the difference statistically significant (p
value = 1.035 X 107°), which is consistent with a successful
interaction between a functionalized composite and protein A,
which is a characteristic protein of STAU.

The SERS spectrum of the lysate-treated MNP (MNP@
Strep@anti-IgA@STAU/Ag) also features new well-resolved
bands at 530, 602, and 730 cm™" that were not present in the
spectra of the modified MNP@Strep and blank samples. The
strong Raman mode at 530 cm™' could be assigned to S—S
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stretches of the L-cysteine-rich polypeptide toxin produced by
STAU.>"*** The SERS spectrum also features a significant
band at 602 cm™" which might be due to a vibrational mode of
phenylalanine, which is also produced by STAU.*** Another
important peak at 730 cm™' may correspond to a glycosidic
ring mode of the bacterium’s peptidoglycan cell wall building
blocks, poly-N-acetylglucosamine (NAG) and N-acetylmuramic
acid (NAM).*™* On the other hand, Ankamwar et al.*°
attributed the 730 cm™" peak to the purine ring breathing mode
and the C—N stretching mode of the adenine part of the lipid
layer components of the bacterial cell wall.

Our method offers a high degree of versatility because the
selectivity of the nanoparticle biosensors can be altered simply
by changing the antibody that is added in the final step of the
synthesis. This was demonstrated by analyzing a lysate of
Streptococcus pyogenes (henceforth, STPY), which is frequently
associated with PJI. Figure 4 compares the SERS spectra of the
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Figure 4. SERS spectra of model samples of bacterial lysates of
Staphylococcus aureus CCM 3953 (labeled as MNP@Strep@anti-IgA@
STAU/Ag) and Streptococcus pyogenes (labeled as MNP@Strep@anti-
APS@STPY/Ag).

STPY biosensor after treatment with the corresponding
bacterial lysate (labeled MNP@Strep@anti-APS@STPY/Ag)
to that of the previously discussed STAU sensor (MNP@
Strep@anti-IgA@STAU/Ag) after treatment with the STAU
lysate. As might be expected given that both of these bacteria
are Gram-positive facultative anaerobic species, the two spectra
are quite similar, although there are some noteworthy
differences. The PBR for the peaks at 1391 and 1558 cm™ in
the SERS spectrum of the MNP@Strep@anti-APS nano-
particles changed substantially upon treatment with the STPY
lysate, from 19.71 falling to 0.48 with a statistically significant
difference (p value = 2.522 X 107°). This is clearly indicative of
an interaction between the lysate and the functionalized
biosensor. The largest differences between the SERS spectra
of the lysate-treated STAU MNP (MNP@Strep@anti-IgA@
STAU/Ag) and STPY MNP (MNP@Strep@anti-APS@STPY/
Ag) relate to the bands at 475, 924, and 962 cm™ L. All of these
could be due to vibrations of D-mannose, which is the main
sugar component in the matrix of STPY.>' The MNP@Strep@
anti-APS@STPY/Ag spectrum also features a striking and
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intense peak at 660 cm ™', corresponding to the C—S stretch of
the methionine-containing STPY toxin.*”** Moreover, the
important band at 530 cm™" (corresponding to cysteine S—S
stretches) is less intense in the spectrum of the STPY MNP
than in the STAU MNP, which could be used to further
differentiate these bacterial species. Moreover, the PBR values
for the STAU and STPY lysates were statistically significantly
different (0.36 vs 0.48, p value = 0.021). This direct comparison
of the SERS spectra of two different bacterial lysates with
tailored MA-SERS biosensors clearly shows that our new MA-
SERS assay can distinguish between Staphylococcus aureus and
Streptococcus pyogenes.

Because knee joint fluid samples are typically information-
rich and contain a wide range of different molecules,
interpreting the spectra of bacterial pathogens in a knee joint
fluid matrix is usually very difficult and often requires the use of
complex data analysis techniques. Despite this, SERS
microscopy is a promising clinical analytical technique for
detecting pathogenic bacteria. Because of the samples’
biochemical complexity, they are likely to contain a diverse
mix of SERS-active vibrational modes arising from pathogen
cell envelope components and native components of the
matrix. While the system presented here relies on a priori
knowledge of the biochemistry of the pathogen of interest and
the host, the technique offers some flexibility in that the SERS
spectrum of a lysate-treated biosensor is likely to contain
multiple peaks that could be used for diagnosis and detection.
Although this flexibility is attractive, an ideal system would not
permit any band to be assigned tentatively. In practice, tentative
assignment is likely to be unavoidable for the time being
because of the lack of SERS spectral databases that could be
used to identify peaks due to bacterial components; this makes
the analytical process more time-consuming than it would be
otherwise. Although database resources for basic Raman spectra
of biological materials are gradually becoming more accessible
and comprehensive, it is not certain that the vibrational bands
seen in Raman spectra will also appear in the SERS spectra of
the corresponding bacteria.

We tested the stability of our fabricated SERS biosensor by
storing it for various periods of time under atmospheric
conditions and then repeating the SERS analysis. The SERS
signal stability was evaluated using a batch of the MNP@
Strep@anti-IgA that was prepared (on day 0) and stored in a
refrigerator for a period of 60 days. Aliquots of this stored
material were removed and treated with an STAU lysate on
days 1, 15, 30, 45, and 60, and the SERS spectra of the resulting
MNP@Strep@anti-IgA@STAU nanoparticles were acquired.
Figure S1A shows these spectra. All the spectra contain the
same bands as those for the fresh material, although their
absolute intensities decrease appreciably over time. However,
the calculated PBR values are rather stable, with an average
value of 0.36 and a relative standard deviation of less than 5%
between PBR values. Consequently, we have plotted additional
line charts of the main peak intensity at 1558 cm™/PBR value
as y axis and time as x axis. Both values were monitored for a 2
month period as can be seen in Figure S1B,C. The SERS
biosensor thus appears to be quite stable when stored under
ambient atmospheric conditions even after two months.

To further evaluate the viability of the proposed cultivation-
free approach for detecting and identifying STAU and STPY in
a real matrix, samples of a sterile knee joint fluid spiked with
live bacterial cells were examined. The Raman spectra obtained
in these experiments are shown in Figure 5. The signals in both
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Figure S. SERS spectra of the modified MNP@Strep/Ag nano-
particles, sterile joint fluid (labeled as MNP@Strep@anti-IgA@SJF/
Ag), joint fluid with Staphylococcus aureus CCM 3953 (labeled as
MNP@Strep@anti-IgA@SJF@STAU/Ag), and joint fluid with
Streptococcus pyogenes (labeled as MNP@Strep@anti-APS@SJF@
STPY/Ag).

spectra agree well with those for the corresponding model
samples; while the peaks” absolute intensities changed because
of concentration effects, both the model samples and the real
matrix samples yielded the same trend in the PBR, which
decreased from 13.31 to 0.80 (p value = 1.010 X 107°) in the
case of S. aureus and from 19.71 to 0.65 (p value = 2.817 X
107°) for STPY. We then investigated the influence of
concentration effects and nonspecific interactions on bacterial
recognition. The influence of nonspecific interactions was
studied using the MNP@Strep@anti-IgA biosensor with real-
matrix samples of knee joint fluid from four patients (labeled
A-D) spiked with live STAU bacteria prepared at different
times. Figure S2 shows the spectral data for these measure-
ments. All the spectra contain the previously identified bands,
although their absolute abundances vary appreciably. However,
the calculated PBR values are stable (averaging around 0.80),
and the relative standard deviation of the PBR between batches
is only 10%. The spectra shown in Figures 5 and S2 contain
minor bands originating from nonspecific interactions of the
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remaining free surface of the silver nanoparticles with small
organic molecules and salts. These interactions have no
appreciable effect on the calculated PBR values, as demon-
strated by the low RSD and steady PBR.

The performance of the new method was then tested using
real-matrix samples from the same four patients (A, B, C, and
D). Briefly, ten technical replicate analyses were performed for
each sample, and the resulting spectral data were subjected to
statistical analysis to further evaluate the method’s ability to
distinguish between the two studied bacterial strains. The
chosen analytical technique was discriminant analysis (DA),
which is used to determine the classes of known materials that
have similar spectra by calculating the distance between each
class center in Mahalanobis distance units. When working with
data derived from multiple sources, DA can be used to map the
observations into a coordinate space that maximizes source
separation. As applied in this work, DA facilitates the detection
of spectral similarities and differences and can also be used to
screen incoming materials to determine how they should be
classified. If the SERS spectra of the biological samples have
obvious, repeatable similarities, data points from each species
should group together within the transformed space, indicating
successful discrimination of a species-specific SERS signature.
After the material was successfully classified by DA, the
Statistical Spectra software tool supplied with the spectrometer
was used to compute a mean spectrum for each class. Due to
the rich informational content of the spectra in the region
between 400 and 1600 cm™’, the DA was performed based on
this region. The study was performed on a set of 30 samples
from the four patients, including replicate spectra of the sterile
joint fluid and sterile joint fluid spiked with live bacterial cells.
The results obtained are summarized in Figure 7A—D, which
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Figure 6. Close up of the 1391 and 1558 cm™" peaks of real matrix
sample with different concentrations of (A) S. aureus and (B)
S. pyogenes. The spectra were shifted by a hundred units of Raman
intensity in order to increase the transparency.

show the results of a DA and the associated mean SERS spectra
(Figure S3A—D). The classes identified by the DA are clearly
visible and distinct, with the sterile joint fluid cluster shown in
red, the sterile joint fluid with added Staphylococcus aureus
CCM 3953 cluster shown in blue, and the sterile joint fluid with
added Streptococcus pyogenes cluster shown in green. DA data
based on the SERS spectra obtained for each individual patient
indicate that the method can differentiate between pathogenic
samples and sterile sample (SJF, red cluster) as well as between
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Figure 7. Discriminant analysis of knee joint fluid samples from four real patients (A, B, C, and D). Clusters defined training sets: sterile joint fluid
(SJF; red), joint fluid with Staphylococcus aureus CCM 3953 (STAU; blue), and joint fluid with Streptococcus pyogenes (STPY; green).

the S. aureus (blue cluster) and S. pyogenes (green cluster)
samples because the experimental data points are centered in
clusters that are separated by appreciable distances. The DA
accurately classified all the tested samples as belonging to one
of the sterile fluid, S. aureus, or S. pyogenes classes. For all
patients (Figure 7A—D), the signals corresponding to S. aureus
and S. pyogenes are located in two distinct clusters and can be
clearly distinguished from the sterile knee joint fluid. The
calculated average intracluster distances for patients A, B, C,
and D are 0.37, 0.57, 0.59, and 0.94, respectively, for sterile
joint fluid; 1.31, 1.24, 0.80, and 0.92, respectively, for sterile
joint fluid with added S. aureus CCM 3953; 0.84, 0.82, 1.27, and
0.91, respectively, for sterile joint fluid with added S. pyogenes.
The average intercluster distances between the sterile joint fluid
cluster and the Staphylococcus aureus CCM 3953 or
Streptococcus pyogenes clusters are 2.37, 2.90, 2.83, and 3.72
and 2.46, 1.60, 5.69, and 4.69, respectively. The average
intercluster distance between sterile joint fluid with added
Staphylococcus aureus CCM 3953 and sterile joint fluid with
added Streptococcus pyogenes is 3.62, 1.95, 445, and 5.83. These
results show that MA-SERS combined with DA can reliably be
used to differentiate the three analytes, a conclusion that was
subsequently validated using standard cultivation methods with
the same set of samples.

The sensitivity of the method was tested using the same MA-
SERS detection protocol described in the Experimental Section.
We have decreased the concentration of both bacteria down to
a limit, where a statistically significant change in PBR value can
still be observed between the blank and bacteria containing real
samples. On the basis of the results, this approach gives a
positive response for the common concentration of bacteria
present (3 X 10° CFU/mL) in real samples accompanying
prosthetic joint infection. Moreover, the purposed approach
showed that the limit of detection of the MA-SERS method is
two (STAU) or three (STPY) orders below a common value
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accompanying bacterial joint infections, which can be seen in
Figure 6.

Finally, the ability of the purposed MA-SERS biosensor to
selectively trap a target pathogen in real-matrix samples was
briefly tested using the 1:1 mixture of biosensors (MNP@
Strep@anti-IgA and MNP@Strep@anti-APS) treated with pure
S. aureus or S. pyogenes as well as with the mixture of bacterial
lysates in a 90:10 ratio for both bacteria. The mixed biosensors
were treated with the above-mentioned bacterial samples with
the same sampling protocol described in the Experimental
Section. When differentiating between the sets with pure
S. aureus or S. pyogenes against their respective bacterial
mixtures, two different classes observed in DA were obtained
(see Figures S4 and SS, respectively). The calculated average
intracluster distances for STAU samples sets 90:10 and 100:0
are 1.11 and 0.68, respectively. On the other hand, these
clusters are completely separated and the distance between the
classes is 2.4S5. Then, the calculated average intracluster
distances for STPY samples sets 90:10 and 100:0 are 1.06
and 0.79, respectively. On the other hand, these clusters are
completely separated and the distance between the classes is
1.97. It has been estimated that the assay is selective for both
pathogens despite the fact that one is present in a very small
amount compared to the other one.

B CONCLUSION

Aspiration of the knee joint is required before reoperation due
to PJI and before the second stage of the two-stage surgery.
Additionally, many orthopedic surgeons perform this simple
examination routinely before any revision total joint
arthroplasty. Joint fluid samples are regularly analyzed for the
presence of cells and molecules associated with antibacterial
host responses and for causative agents of PJI. However,
cultures grown from joint fluid samples often yield false
negative results even in cases with evident PJL In addition, the
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identification and characterization of bacteria using culture
methods is time-consuming, laborious, and expensive. Our
work demonstrates that characteristic proteins of pathogenic
bacteria, protein A from Staphylococcus aureus and the group-A
streptococci polysaccharide from Streptococcus pyogenes, can be
detected in experimental settings and in clinical knee joint fluid
samples using MA-SERS spectroscopy with antibody-function-
alized magnetic nanoparticle biosensors. The analysis can be
performed much more quickly than established methods for
diagnosing PJI based on Koch’s culturing protocols, colony
counting, PCR, or PFGE and can be tailored to specific
pathogens of interest by selecting an appropriate antibody
when functionalizing the nanoparticles in the final step of their
synthesis. As such, our new method could be clinically useful
for rapidly diagnosing cases of PJI and identifying appropriate
treatments. Additionally, the results presented herein clearly
demonstrate the power of functionalized magnetic nano-
particles in biorecognition.
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The SI contents:

The SI file contains SERS spectra of MNP@Strep@anti-lgA@STAU/Ag obtained with samples
of different batches in 2-months period after the preparation and SERS spectra obtained by
analysis of real-matrix samples of knee joint fluid collected from four different patients (labeled
as A-D) spiked by live bacteria cells of STAU, the mean SERS spectra for each class of
discriminant analysis of knee joint fluid samples from four patients, and graphical representation
of the discriminant analysis of data obtained by evaluation of the mixture of biosensors treated

with mixture of bacterial lysates.
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Figure S1. (A) SERS spectra of MNP@Strep@anti-lgA@STAU/Ag obtained with samples of
different batches in a 2-month period after the preparation demonstrating the stability of the
biosensor. Each spectrum is shifted by 300 units of Raman intensity in order to increase the
transparency of the spectra. (B) The line chart with main peak intensity at 1558 cm™ of
MNP @Strep@anti-IgA@STAU/Ag obtained with samples of different batches plotted against a
2-month period after the preparation and found to have a decreasing trend. (C) The line chart of
PBR values of MNP@Strep@anti-IgA@STAU/Ag obtained with samples of different batches in

a 2-month period after the preparation demonstrating the stability of the biosensor.
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Figure S2. SERS spectra obtained by analysis of real-matrix samples of knee joint fluid collected
from four different patients (labeled as A-D) spiked by live bacteria cells of STAU. The
replicative spectra were acquired by the utilization of MNP@Strep@anti-IgA biosensor. Spectral
pattern of obtained spectra is comparable, albeit the absolute intensities differ. However, the
calculated spectral differences among PBR values, defined as l1391/l15s5 ratio, acquired from the

different batches, are 10% (measured as relative standard deviation, RSD, between PBR).
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Figure S3. The corresponding mean spectra for each class of discriminant analysis of knee joint
fluid samples from four real patients (A, B, C, and D). Spectra are shifted in order to increase the

transparency of the spectra.
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Figure S4. Graphical representation of the discriminant analysis of data obtained by evaluation
of the 1:1 mixture of biosensors (MNP@Strep@anti-lgA & MNP@Strep@anti-APS) treated
with pure Staphylococcus aureus as well as with the mixture of bacterial lysates (Staphylococcus
aureus & Streptococcus pyogenes) in real-matrix sample. Clusters defined training sets:
STAU:STPY = 100:0 (square), and STAU:STPY = 90:10 (triangle), where the distance between

the clusters represents the level of discrimination (Mahalanobis distance).
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Figure S5. Graphical representation of the discriminant analysis of data obtained by evaluation
of the 1:1 mixture of biosensors (MNP@Strep@anti-lgA & MNP@Strep@anti-APS) treated
with pure Streptococcus pyogenes as well as with the mixture of bacterial lysates (Streptococcus
pyogenes & Staphylococcus aureus) in real-matrix sample. Clusters defined training sets:
STPY:STAU = 100:0 (square), and STPY:STAU = 90:10 (triangle), where the distance between

the clusters represents the level of discrimination (Mahalanobis distance).
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ABSTRACT: Development of methods allowing determination
of even ultralow levels of immunoglobulins in various clinical
samples including whole human blood and plasma is a particular
scientific challenge, especially due to many essential discoveries in
the fields of immunology and medicine in the past few decades.
The determination of IgG is usually performed using an enzymatic
approach, followed by colorimetric or fluorimetric detection.
However, limitations of these methods relate to their complicated
setup and stringent requirements concerning the sample purity.
Here, we present a novel approach based on magnetically assisted
surface enhanced Raman spectroscopy (MA/SERS), which
utilizes a Fe;0,@Ag@streptavidin@anti-IgG nanocomposite
with strong magnetic properties and an efficient SERS enhance-
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ment factor conferred by the Fe;O, particles and silver nanoparticles, respectively. Such a nanocomposite offers the possibility of
separating a target efficiently from a complex matrix by simple application of an external magnetic force, followed by direct
determination using SERS. High selectivity was achieved by the presence of anti-IgG on the surface of silver nanoparticles
coupled with their further inactivation by ethylamine. Compared to many recently developed sandwich methods, application of
single nanocomposites showed many advantages, including simplicity of use, direct control of the analytic process, and
elimination of errors caused by possible nonspecific interactions. Moreover, incorporation of advanced spectral processing
methods led to a considerable decrease in the relative error of determination to below 5%.

mmunoglobulins (Ig) play an essential role in many

defensive mechanisms of organisms against various poten-
tially damaging objects, such as viruses or bacteria. Five classes
have been shown to be present in the human circulatory
system, namely immunoglobulins A, G, M, E, and D.! It is
noteworthy that IgG has a considerably smaller effective
diameter compared to other immunoglobulins in the above-
mentioned classes.” It is thus able to enter placenta and defend
an unborn organism in its prenatal phase of development. IgG
is present in the blood of healthy human adults at
concentrations of approximately 10 g-L™', but these levels are
usually changed during pathological processes induced by
diseases.® Therefore, advanced technologies and novel materials
have been utilized to improve currently used methods to
develop new procedures for determining levels of IgG with
superior selectivity, even at ultralow concentrations, in order to
decrease sample requirements, particularly the amount.

Classical methods and approaches for measuring IgG
concentrations include immunomethods based on spectro-
scopic detection, such as enzyme-linked immunosorbent assay
(ELISA).* Several alternatives to ELISA have been developed
in order to increase the method accuracy and improve the limit
of detection, e.g., fluorescence-based methods.” The presence
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of fluorophore defined by a design of the method can be
advantageous for the above-mentioned reasons. However, such
approaches may be limited by the modification steps required
and by possible photobleaching or autofluorescence. Other
well-established methods are based on separation techniques
(electrophoresis, liquid chromatography), which are often
coupled with mass spectrometry.® These techniques possess
several advantages, including high sensitivity and robustness.
However, they also have some drawbacks regarding the
requirements for sample purity and composition.

An alternative technique that can be used for the
determination of human IgG is surface enhanced Raman
spectroscopy (SERS),” which allows detection of various
organic, inorganic, and biological compounds at ultralow
concentrations, even at the molecular level. Until now, SERS
has been successfully applied in many fields, ranging from the
enterprise sector, clinical praxis to environmental control, and
forensic sciences.” Moreover, the application potential of SERS
can be further increased by employing magnetic nanomaterials
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for efficient sample separation and preconcentration,” an
approach referred here as magnetically assisted surface
enhanced Raman spectroscopy (MA-SERS). This innovative
approach has already been successfully applied for the
purification of recombinant biotinylated human sarco-/
endoplasmic reticulum Ca**ATPase using a magnetic nano-
material functionalized with avidin.'® Another important study
showed that a magnetic nanocomposite containing silver
nanoparticles could be utilized for the detection of a
protein—small molecule complex (avidin—biotin) using
SERS.'" MA-SERS has also recently been applied for the
determination of dopamine in an artificial cerebrospinal fluid
and mouse striatum."”> Another possibility is to use various
magnetic nanomaterials with gold nanoparticles."> Drake et al.
exploited the magnetic properties of iron oxide nanoparticles to
trap and isolate Staphylococcus aureus bacteria and then
employed active gold nanoparticles (AuNPs) coated with 4-
mercaptobenzoic acid for the detection and quantification of
the bacteria by SERS."* One of the key features of the
nanocomposites presented here is the formation of a covalent
bond between the magnetic and noble metal nanoparticles.
Such a property is useful not only for the analysis of ex-vivo
samples because of the increased stability of the nano-
composites but also for future applications in in vivo
experiments, where a stable bond between the magnetic core
and surface modified silver/gold nanoparticles is crucial.

To the best of our knowledge, the detection of proteins by
SERS-based immunoassay has so far mostly been indirect and
required a Raman label to provide a strong Raman signal.'> An
example of such an approach can be seen in the work of Chen
et al.'® They developed an analytical approach for detecting
IgG at a very low limit of detection (LOD) of 0.1 ugmL ™'
Moreover, Song et al. prepared gold nanoparticles labeled with
4-mercaptobenzoic acid and used them as a Raman label for the
detection of IgG at a level of 100 fmmL™""" It is worth
mentioning that this approach can be enhanced by employing
sandwich systems.'® The magnetic properties of some nano-
particles can be employed to improve the separation of targets
from a complex matrix. A common sandwich-type analytical
system thus consists of a combination of magnetic and SERS-
active substrates. The magnetic substrates are used to efficiently
extract a target from a complex matrix by employing a selective
bond between an analyte and immunorecognition molecule
(previously immobilized on the surface) and applying an
external magnetic force. The SERS-active silver or gold
nanoparticles are added after purification and selectively
attached to the target using the same set of immunorecognition
molecules present on the metal surface. Indirect analysis is then
performed by measuring the signal of a Raman label present as
a linker between the antibody and metal surface of the SERS-
active substrate.'”'® Chon et al. demonstrated the application
potential of such an approach for the analysis of IgG.lgb They
developed a method based on SERS and opto-fluidics for the
detection. The LOD was between 1 and 10 ng-mL™..'""

The above-mentioned methods have many advantages, such
as ultralow LODs and versatility. However, their simplicity of
use is limited by several drawbacks, including the necessity to
synthesize two sets of nanoparticles with limited stability,
usually complicated experimental design, high risk of false
results as a result of nonspecific interactions between particles
and nontargeted compounds attracted from a matrix, and
inability to monitor the direct bonding of target to a specific

antibody. These limitations may explain the relatively low
uptake of such methods in other scientific fields.

Here we present a label-free SERS based method for the
determination of human IgG using a single nanocomposite.
The method utilized a novel magnetic Fe;O,@Ag@streptavi-
din@anti-IgG nanocomposite, which comprised a magnetic
core modified by O-carboxymethylchitosan (CM) to covalently
attach silver nanoparticles. The silver surface was subsequently
modified by streptavidin and finally anti-imunoglobulin G (anti-
IgG). The immobilization of anti-IgG via a bond with
streptavidin did not influence its total activity, in contrast to
the approaches mentioned above, which utilized unspecific
direct immobilization on the metal surface. Application of the
method is demonstrated for the determination of human IgG in
blood samples obtained by the finger prick method. Despite
being relatively straightforward, the proposed method showed
high accuracy and reliability. Further, the relative standard
errors of determination were reduced to below 5% by using a
newly developed advanced spectral processing method, which
involved background normalization and utilization of two
reference spectral points.

B MATERIALS AND METHODS

Chemicals. Silver nitrate (p.a.), low molecular weight
(LMW) chitosan (75—85% deacetylated), iron(I) chloride
tetrahydrate (p.a.) and iron(IIl) chloride hexahydrate (p.a.), 1-
[3-(dimethylamino)propyl]-3-ethylcarbodiimide methiodide
(EDC), N-hydroxysulfosuccinimide sodium salt (>98%
(HPLC); NHS), IgG from human serum (reagent grade,
>95% (SDS-PAGE), essentially salt-free, Iyophilized powder),
antihuman IgG (Fc specific)-biotin antibody produced in rabbit
(IgG fraction of antiserum, lyophilized powder), ethylamine
(purum, 70% in H,0), streptavidin from Streptomyces avidinii
(essentially salt-free, lyophilized powder, >13 units/mg
protein) and a,w-bis{2-[ (3-carboxy-1-oxopropyl)amino ]ethyl}-
polyethylene glycol (M, 2000) (carboxy-PEG) were purchased
from Sigma-Aldrich and used without further purification.
H,PO, (p.a, 85% w/w) and NaOH (p.a.) were bought from
Lach-Ner. Acetic acid (99,8%) and methanol (p.a.) were
obtained from P-LAB (Czech Republic).

Preparation of standard solutions and buffers. A
phosphate-buffered saline solution (PBS; 10 mM, pH 7.5) was
prepared from 100 mM stock solution of H;PO, by fine-tuning
its pH value using a highly concentrated solution of NaOH
(50%, w/v) under constant stirring. The final concentration
was adjusted by addition of a defined volume of water. Stock
solutions of 0.2 mol-L™' NHS and EDC were prepared in a
volume of 10 mL weighing exact amounts of each. Solutions
were used immediately after preparation. Stock solutions of all
used proteins, namely IgG, anti-IgG and streptavidin, were
prepared by dissolving 1 mg of protein in 1 mL of water in an
Eppendorf tube. Solutions of proteins were kept in the dark at
—20 °C for no longer than 5 days.

Preparation of Fe;0,@Ag nanocomposite. Magnetic
nanocomposites were prepared according to the process
described earlier by Markova et al?® Briefly, magnetic
nanoparticles were prepared by the Massart coprecipitation
method of an aqueous solution of FeCl;.6H,0 and FeCl,.4H,0
using sodium hydroxide; 1.5 M NaOH was slowly added to a
mixture of FeCl;.6H,0 and FeCl,.4H,O to obtain a pH of 11.
The synthesis was carried out at room temperature under
constant bubbling of nitrogen to prevent further oxidation of
the ferrous ions. After 1 h of stirring, the product was washed

dx.doi.org/10.1021/ac503347h | Anal. Chem. 2014, 86, 1110711114
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Figure 1. Scheme showing the individual steps in the modification of nanocomposite Fe;O,@Ag.

several times with water and separated using simple magnetic
decantation. The magnetic nanoparticles generated were used
for the preparation of magnetite-O-carboxymethylchitosan
hybrids by adsorption of polymer onto the surface of the as-
prepared nanoparticles induced by gradually increasing the
temperature to 80 °C. Finally, silver nitrate was added to the
magnetite-O-carboxymethylchitosan hybrids and silver ions
were reduced on the surface of the hybrids by amine groups in
the polymer under alkaline conditions and at a temperature of
80 °C. The products were finally washed several times with
deionized water and separated using magnetic decantation.
Preparation of Fe;0,@Ag@strepavidin@anti-lgG
nanocomposite. Immobilization of anti-IgG on the surface
of the previously described nanocomposite Fe;O,@Ag was
carried out according to the steps shown in Figure 1. First, 1
mL of magnetic nanoparticles prepared by the process
described above was mixed with 100 L of EDC and NHS
(final concentration of both reagents was set to 20 mM) and
stirred for 30 min. Next, ethylamine was added to a final
concentration of wt.7%. The nanocomposite was collected by
application of an external magnetic field and washed twice with
10 mM PBS buffer. Then, S mM carboxy-PEG was added (final
concentration 1 mM) to the washed magnetic nanocomposite.
After 1 h of stirring at 300 rpm, the magnetic nanocomposite
was separated from the reaction mixture by simple application
of an external magnetic field and washed with PBS buffer. Next,
EDC and NHS (1:1, final concentration 20 mM) were added
and the reaction stirred for a further 1 h. The resulting
nanocomposite was again magnetically separated and washed
with PBS buffer. In the next step, nanocomposite with
previously activated carboxylic groups was mixed with
streptavidin (0.2 mg-L™") and stirred for 1 h to form covalent
bonds between the free amino (—NH,) groups present in the
structure of streptavidin and activated carboxylic groups of the
nanocomposite. After the addition of streptavidin, the nano-
composite was magnetically separated and washed with 10 mM
PBS buffer. Next, nanocomposite with streptavidin was mixed
with biotinylated anti-IgG (final concentration 0.2 mg-L™") and

stirred for 1 h to allow covalent bonds to be formed between
between streptavidin and the biotinylated part of the anti-IgG.
After washing with PBS buffer, ethylamine at a final
concentration of 7% wt. was added to block the rest of the
active carboxylic groups.

Analysis of real samples. Human whole blood samples (n
= 2) were collected by finger prick method performed
according to standard operation procedure UOG-REB,
SOP011. A sample of volume V = 2 uL was placed on a
glass platform, 10 pL of nanocomposite Fe;O,@Ag@
streptavidin@anti-IgG was immediately added and the mixture
carefully stirred. The nanocomposite was magnetically sepa-
rated from the blood sample and washed twice with deionized
water (20 pL). Finally, the nanocomposite was magnetically
separated and analyzed using SERS.

Apparatus. The { potentials of the starting material,
intermediate and final products were measured using a
Zetasizer NanoZS (Malvern, UK). A transmission electron
microscope (TEM) (JEM 2010, Jeol, Japan) was used to obtain
images of the unmodified magnetic nanocomposite and final
nanocomposites. The TEM was operated at a voltage of 160 kV
with a point-to-point resolution of 1.9 A. Raman spectra were
collected using a DXR Raman spectroscope (Thermo Scientific,
U.S.A.) equipped with a laser operating at a wavelength of 532
nm. The laser power on the sample was set to 2 mW. Each
measured Raman spectrum was an average of 32 experimental
microscans. The acquisition time was set to 1s. Infrared spectra
were acquired using a Nicolet iSS infrared spectrometer
(Thermo Scientific, U.S.A.). A total of 32 scans were measured
and averaged for each material. Raman and IR spectra were
evaluated using instrument control software (Omunic, version 8,
Thermo Scientific, USA) and highs of target spectral bands
were statistically evaluated using LibreOffice (version 4.3.0, The
Document foundation, Berlin, Germany).

B RESULTS AND DISCUSSION

Infrared spectroscopy and ¢- potential measurements were used
to monitor changes in the surface characteristics of the as-
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Figure 2. (A) Measured {-potentials of the prepared nanocomposite and of the nanocomposites after each step of modification. (B) IR spectra of the
bare nanocomposite and modified nanocomposites. (C) TEM image of Fe;O,@Ag nanocomposite.

prepared nanocomposite during the surface modification
process. Such modifications included adsorption of chemicals
on the surface of the nanocomposite, activation of functional
groups, and formation of new bonds. Infrared spectra and (-
potentials measured during the surface modification process are
shown in Figure 2. The measured {-potential of an unmodified
initial nanocomposite (labeled as Step 0) corresponded to a
charge —46.2 mV. The nanocomposite was composed of Fe;O,,
and Ag nanoparticles covalently bonded by O-carboxymethyl-
chitosan. This linker was selected because of the presence of
free carboxylic groups, which increased the long-term stability
of the as-prepared nanocomposite by enhancing its dispersi-
bility in aqueous environments. However, such groups cause
relatively high negative surface charge. Therefore, their
presence during subsequent surface modification steps had to
be minimized to ensure highly selective bonding of streptavidin
only to a free surface of silver nanoparticles, while at the same
time maximizing the sensitivity of the designed analytical
system. The free carboxylic groups were thus removed in the
first step by reaction with an aqueous mixture of EDC:NHS,
followed by an aqueous solution of ethylamine. The
deactivation (Step 1) and blockage (Step 2) of carboxylic
groups led to a considerable change of {-potential to —20.3 mV.
This decrease in negative charge confirmed that the carboxylic
groups were successfully activated and efficiently blocked. The
residual negative charge was attributed to the bare silver
nanoparticles. In the next step (Step 3), free carboxyl groups
were generated on the surface of the silver nanoparticles by
addition of carboxy-PEG. This step was required for further
selective immobilization of streptavidin. The adsorption of
carboxy-PEG on the surface of Ag led to a moderate increase of
surface charge to —21.1 mV. The difference between the latter
value and the initial negative charge (—46.2 mV) was due to
different numbers of immobilized functional groups. Activation
of the newly created carboxylic groups with an aqueous mixture
of EDC and NHS (Step 4) was accompanied by a large
decrease in negative charge to a value of —2.1 mV. The
following step was performed to immobilize streptavidin on the
silver surface (Step S). Covalent bonds were formed between
—NH, groups of streptavidin and activated carboxyl groups by

11110

stirring for 1 h at 100 rpm. Immobilization of streptavidin onto
the nanocomposite surface changed the charge only slightly to
—1.7 mV. Successful immobilization of streptavidin was
confirmed by measuring IR spectra, which showed an increase
of bands interpreted as part of the protein structure (1450 and
1650 cm™'). Streptavidin played a key role for binding the
biotinylated part of anti-IgG, which was added to the
nanocomposite in the next step (Step 6). The formation of a
bond between streptavidin and the biotinylated part of anti-IgG
was accompanied by changes in the surface charge to 0.4 mV
and by changes in the previously mentioned IR bands. Final
blockage of the remaining carboxylic groups with ethylamine
was confirmed by an additional increase of the {-potential to
0.7 mV (Step 7). Moreover, the ability of the analytical system
to bind IgG was tested by IR measurements. It was expected
that successful binding of IgG would lead to a further change of
protein band intensities, as can be seen in Figure 2C. A TEM
image of the as-prepared and surface-modified nanocomposite
is shown in Figure 2C, where the bright fringes surrounding the
silver nanoparticles (shown in gray) can be interpreted as
attached protein layers. Additional TEM images acquired at
three important stages of the modification are shown in Figure
S1A — Figure SO1C. It can be seen that the synthesis did not
lead to any considerable structural changes. Moreover, the
HRTEM images accompanied by a map with the distribution of
Ag and Fe;O, nanoparticles in the prepared Fe;O,@Ag@
Streptavidin@AntilgG nanocomposite are included in Figure
S1D—SI1E. The signal stability of the modified nanocomposite
is of the highest importance, and several experiments were
conducted in order to evaluate its parameters. The as-prepared
nanocomposite Fe;O,@Ag was prepared at day = 0 and stored
for a period of 90 days. Its final modifications (labeled as
Fe,0,@Ag@Streptavidin@AntilgG) were prepared at selected
instances, namely on days 1, 5, 10, 20, and 90, and their
respective Raman spectra were acquired. Average Raman
spectra can be seen in Figure S2. The calculated variation of
the intensity of the spectral band at 1650 cm™ between
measured spectra is lower than 10%. It can be thus stated that
the modification is repeatable and resulting Raman spectra
comparable.

dx.doi.org/10.1021/ac503347h | Anal. Chem. 2014, 86, 1110711114
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The as-prepared Fe;O,@Ag@anti-IgG nanocomposite was
successively utilized for the determination of levels of one of
the most important immunoglobulins, IgG, in human whole
blood samples. Based on vibration theory, it was predicted that
the specific interaction of IgG with anti-IgG antibody
immobilized on the surface of the nanocomposite would lead
to a spectral shift of the order of a few wavenumbers or change
in intensity of Raman bands corresponding to parts of the
binding site of the antibody. To test this hypothesis, standard
samples containing 100 ng-L ™" of human IgG dissolved in water
were analyzed, as well as blank and control samples. The blank
sample contained only the pure unmodified nanocomposite
Fe;0, dispersed in water, whereas the control sample consisted
of an aqueous dispersion of nanocomposite Fe;O,@Ag@
streptavidin@anti-IgG without addition of IgG. The spectra
obtained are shown in Figure 3. The Raman signal of the
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Figure 3. Raman spectra of bare nanocomposite Fe;O,@Ag, modified
nanocomposite obtained by immobilization of streptavidin and anti-
IgG (Fe;0,@Ag@streptavidin@anti-IgG), and model sample with a
concentration of IgG 16 ng-L™" (labeled as Fe;0,@Ag@streptavidin@
anti-IgG@IgG).

control sample contained several important spectral bands that
were attributed to parts of the protein structure of the designed
analytical probe. Spectral bands at 1650, 1539, and 1350 cm™
were interpreted as Amide I, II, and III, respectively. Moreover,
the relatively sharp band at 1650 cm™ indicated an & helix type
secondary structure. The band at 605 cm™" was interpreted as
an Ag—N bond vibration originating from the addition of
ethylamine in the first steps of the modification of the Fe;O,@
Ag nanocomposite, as can be seen from the experiments
summarized in Figure S3. Furthermore, its position and
intensity were expected to be insensitive to further formation
of a bond between anti-IgG covalently attached to the surface
of the analytical probe, and IgG in a sample. On the other hand,
successful formation of a bond between anti-IgG and IgG was
anticipated to change the absolute intensities and, more
importantly, the ratio of the spectral bands of Amide I, II,
and IIL, owing to the different structures of these two proteins.
Detailed comparison of spectra of the control and model
samples revealed that both the position and intensity of the
band at 605 cm™' remained unchanged, as predicted, whereas
the intensities and ratios of the protein spectral bands differed.

The selectivity of the here designed method is a very
important issue. AntilgG used in the role of selector has been
previously utilized by many authors where a high selectivity of
antilgG toward IgG was successfully demonstrated.'®'® The
overall selectivity of this approach was tested using mouse IgG
and BSA; the presence of these proteins did not lead to any
significant changes in the observed analytical signal, as can be
seen in Figure S4; calculated values of RS were not significantly
different from the values obtained for the blank solution. In
order to evaluate the method’s capabilities for obtaining
quantitative information, five calibration samples were
prepared. All the calibration samples were measured under
the same conditions. The range of concentrations used to
construct the calibration curve was selected to comply with
demands for methods able to perform ultratrace analysis, and
was set from 100 ng-L™" to 500 mg-L™". Corresponding Raman
spectra of the selected standards are shown in Figure 4.
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Figure 4. Raman spectra obtained in the presence of model samples containing 16 ng-L™", 160 ng-L™", and 16 pg-L™" IgG.

dx.doi.org/10.1021/ac503347h | Anal. Chem. 2014, 86, 1110711114



Analytical Chemistry

A

250, - hgFe,
[~ 16pgl? 0o
{ = Real sample (diluted)

~
=
1=

o}
=

1350 em?
1539em*

Raman intensity
1=
. . .

50/

1 5 e

Mﬁuw’j LWMWMM ‘ ML
600 800 1,000 1,200 1,400 1,600
wavenumber (cm?)

B 12

4.9 10

RS

4.7

N oA

4.5

43 C

o

0 100 200 300 400 500
Concentration of IgG (mg.|-1)

RS

4.1
3.9 ®

3.7 L]
K]
[ ]

0 5 10 15 20
IgG concentration (g.L?)
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Normalized and baseline-corrected spectra were evaluated and
used for a calibration. Presented fluctuations in the spectral
data, observed from the instability of the spectral band at 605
cm™, do not allow a direct determination of the amount of IgG
from absolute intensities, as can be seen in Figure 4. However,
previous works suggest that protein interactions lead to
considerable changes in ratios of selected spectral bands.®
Quantification of IgG is thus based on a simple equation (eq 1)
that allows calculation of the ratio of the intensities of the
protein 1539 and 1650 cm™' bands, where the absolute
intensities of 11650 and 11539 were previously normalized to
the intensity of the reference band at 605 cm™ in order to
minimize the unwanted fluctuations in the analytical signal.

_ L0/ Igos
Ligso/ Lsos (1)

where I}539 I1450, and I stand for the intensities of the spectral
bands at 1539, 1650, and 605 cm ™, respectively. I5s was used
as a spectral reference to normalize the whole spectrum in
order to minimize system errors originating from changes in the
composite constitution, structure, and Raman signal instability.
As the data come from separate spectral analyses, values of Iy
in eq 1 could not be completely eliminated. Moreover, to make
the method more robust, a Raman spectrum for a control
sample containing only Fe;O,@Ag@streptavidin@anti-IgG
composite was used as a reference, as shown in eq 2:

ISt /ISt s /IRefmg/IReféos
IStd, 50/ IStdgos /  IRef; 550/ IRefgos ()

where IS denotes the intensities of the spectral bands obtained
by analysis of the samples and, analogously, IRef stands for the
spectral intensities of bands in the Raman spectra of the control
samples. RS thus describes the degree of change of the protein
band ratios between the control and each analyzed sample; the
greater the value above one, the higher the amount of IgG
present in the sample (control sample; RS = 1). It was found
that the ratio showed a linear trend over the whole measured
range with a coefficient of determination amounting to 0.98, as
can be seen in Figure 5. The calculated limit of detection was
0.6 ng-L™" (calculated from the parameters of the calibrations

curve, S/N = 3). The limit of detection of most current assays
for the analysis of IgG in human blood samples is of the order
of tens of ug-L”', with a relative standard error of
determination of around 20%; this includes serum and whole
blood samples. Although those assays are based on similar
principles (interaction of the target with a particular antibody),
the developed method is capable of detecting human IgG at
1000X lower concentration level and at the same time uses
much lower sample volumes. This is due to a superior signal
amplification effect achieved by careful selection of the SERS
conditions (described in the Materials and Methods). More-
over, 10 measurements were taken on 10 separate days to test
the stability of the Raman signal. It was found out that the
relative error of RS between replicates was lower than 8%. Next,
measurements of two model samples were performed to test
the method reliability and robustness. Sample A contained 10
ng-L™! IgG and Sample B 100 ng-L ™", with differences between
the real and experimentally obtained values of around 20% and
relative standard deviation, RSD = 5%. The same samples were
measured at two different times of day (intraday values) and on
three separate days (interday values). It was shown that the
relative error was lower than 5% for the intraday experiments
and lower than 15% for the interday experiments. This
demonstrates the applicability of the described method for
the analysis of IgG.

The application potential of the proposed method was
further tested with the aim of using it for the analysis of human
whole blood samples obtained using the finger prick method
(details are given in the experimental part), where sample
amount is strictly limited to a few microliters. It should be
noted that a design of the described procedure was tuned to
minimize nonspecific interactions of the synthesized nano-
composites with nontargeted compounds present in the
complex matrix of human blood. However, part of the overall
Raman signal may still have originated from nonspecific
interactions, and thus the Raman signal had to be properly
verified and normalized by careful comparison of the spectra
obtained for real and model samples. The experimental analysis
was performed according to the procedures previously used in
the calibration experiments. Briefly, 2 uL of 100X diluted whole
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blood was collected and deposited on a glass platform. Then,
10 uL of a solution containing prepared Fe;O,@Ag@
streptavidin@anti-IgG nanocomposite was added and well
mixed with the sample. The nanocomposite was washed twice
with water using an external magnetic force for separation (in
total 10 uL) and analyzed using SERS. To perform a full
statistical evaluation, four samples from two patients were
collected and analyzed S times. A SERS spectrum for the real
sample is presented in Figure 5A, showing that all the bands
previously attributed to the analytical probe were present;
nevertheless, the spectral band interpreted as Amid II is
moderately shifted due to a different structure of IgG,
compared to antilgG and Streptavidin. The Raman spectrum
of the real sample was thus compared to a respective Raman
spectrum of a standard solution of human IgG (initial
concentration = § g-L_l) in order to demonstrate the origin
of the analytical signal. Results are shown in Figure S4, where
the same pattern of both spectra is demonstrated.

Further demonstration of the method involved evaluation of
the method selectivity. It can be stated that the immunochem-
ical reaction can be considered as very selective, and the impact
of such a statement has already been demonstrated. Moreover,
the approach used in this analytical method further minimized
possible interferences caused by the presence of nontargeted
proteins by the applied synergy of magnetic separation and
preconcentration with a high selectivity of AntilgG. Albeit the
number of already published papers dealing with the
applications of antibodies in the role of selectors was
mentioned previously,'>™*® the selectivity of the here described
method was further tested on a set of proteins, namely mouse
IgG, human IgG, and bovine serum albumin. The results
obtained from the performed experiment are shown in Figure
SS, where it can be seen that the presence of BSA or mouse IgG
did not lead to any considerable changes in the spectra; the
calculated value of RS is equal to 1 for the blank solution
(without human IgG), 1.05 for BSA (¢ = 100 mg-L™"), and 1.08
for mouse IgG. Nonetheless, the concentration level of human
IgG in real samples was quantified by a standard addition
method in order to minimize possible spectral interferences
originating from the matrix effects and to achieve a suitable
level of accuracy and precision. A defined amount of IgG was
thus added to each sample, and the spectral position and
intensity of all bands were evaluated and compared to Raman
spectra of real samples. The obtained values are shown in
Figure SB, where real samples are labeled as blue points, and
two standard additions are labeled as brown points,
respectively. Signal stability was evaluated using a set number
of technical replicates (N = S). Obtained Raman spectra of
Sample 1 retrieved from patient A are shown in Figure S6. The
obtained relative standard deviation between calculated values
of RS is lower than 5%. The results of the analysis show that
samples from patient A contained 9 gL™' of IgG, and
analogously, samples obtained from patient B contained 10 g-
L™" of IgG. It is worth mentioning that the determined
amounts of IgG are in good compliance with the levels
recorded in a healthy population.*'

B CONCLUSIONS

Current methods for the determination of levels of IgG in
humans are mostly based on interactions of antibodies with a
target coupled with colorimetric or fluorimetric detection.
These methods are usually robust and fast. However, their
further development is limited and there is increasing demand

for methods able to determine IgG at ultralow concentrations.
Here, we report a novel method for the determination of
human IgG in whole blood samples. The method utilizes a
magnetic Fe;O,@Ag nanocomposite, where silver nanoparticles
are covalently bonded using carboxymethylchitosan chosen as a
physiologically compatible linker. The surface of the as-
prepared nanocomposite was modified using streptavidin,
followed by anti-IgG. The nanocomposite enabled the
development of a robust method for the direct determination
of IgG at concentrations from 600 fg.mL™". The benefit of such
an approach is that it can be modified relatively easily in order
to analyze many other targets by selecting an appropriate
antibody modified by addition of biotin.
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Figure S1. TEM images of as-prepared nanocomposites A) Fe;O.@Ag, B)
Fe;04s@Ag@Streptavidin and C) Fe;04@Ag@Streptavidin@AntilgG. D) HRTEM image of the as-
prepared nanocomposite labeled as Fe;O4@Ag@Streptavidin@ AntilgG. The present map displayed
in frame E covers the distribution of Ag and Fe;O4 nanoparticles. Figures SO1A — S01C show that
the synthesis of tmodified Fe;O4@Ag@Streptavidin@ AntilgG nanocomposite did not lead to any

structural of morphological changes of the nanocomposite.
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Figure S2. Raman spectra of Fe;Os@Ag@Streptavidin@AntilgG obtained in various periods of
time after the preparation demonstrating the stability of the nanosystem. Each spectrum is shifted by

100 units of Raman intensity in order to increase the transparency of the spectra.



{1 — Raw nanocomposite
1 — Ethylamine

Raman intensity

i B3

g 1) A ol A c il A V(17 s a ...' An U |
500 100 1 500
wavenumber (cm™)

Figure S3. Raman spectra for raw Fe;O4@Ag nanocomposite (black spectrum) and Fe;Os@Ag
nanocomposite with ethylamine (¢ = 1x10™* mol.L™", red spectrum). Both spectra demonstrate that

the spectral band at 605 cm ™" originates from the presence of ethylamine.
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Figure S4. Raman spectra of human IgG measured using unmodified raw Fe;O4@Ag
nanocomposite (red line), and the Fe;O4@Ag@Streptavidin@AntilgG nanocomposite (black line).
Both spectra indicate that spectral signal of human IgG is the same for Raman analysis using raw

material and modified Fe;O4@Ag@ Streptavidin@AntilgG nanocomposite.
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Figure SS. Raman spectra obtained by analysis of blank solution (without addition of human IgG,
blue spectrum), mouse IgG (green spectrum) and bovine serum albumin (BSA, red spectrum) using
the modified Fe;Os@Ag@Streptavidin@AntilgG nanocomposite. It can be seen that analytical
signal is not influenced by the presence of BSA or mouse IgG. The shift between spectra is 50 units

of Raman intensity in order to make the figure more transparent.
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Figure S6. Raman spectra obtained by analysis of real blood samples (four replicates) obtained from
the Patient A. The spectra were obtained by the utilization of Fe;Os@Ag@Streptavidin@AntilgG
nanocomposite and are labeled Real sample, replicate 1 - 4. Spectral pattern of obtained spectra is
comparable, albeit the absolute intensities differ. However, the calculated differences between RS

values, defined as 11539/11650 ratio, normalized to the blank solution, are lower than 5 %.
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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-Glaser, 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 PVP in 5.61 20.86
polypropylene beaker

Maltose without the presence of PVPin  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 NH40OH 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 107> 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
1000-1050 cm™! 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 ul of 10> 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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Uvod

Nanocastice uslechtilych kovii se staly béznou soucasti moderni civilizace, a to
nejen na poli védeckého vyzkumu, ale i mezi Sirokou vefejnosti. Praktické vyuziti
nanomateriala v riznych oborech lidské ¢innosti, jako je medicina, katalyza, elektronika
¢i Siroké spektrum bioanalytickych aplikaci, pfedstavuji jen zlomek oblasti, kde jsou
nanomateridly bud’ testovany, nebo pfimo vyuzivany. Tyto materidly o rozmérech
pouhych pér jednotek az desitek nanometrti vykazuji zcela odlisné chovani v porovnani
se svymi makroskopickymi protéjsky. Diky témto zménam v chovani se mohou v

nanosveété objevovat zcela nové fenomény nepozorovatelné v makrosvete.

Nanocastice stiibra, diky svym vlastnostem a aplikacnimu potencialu, fadime k
nejstudovangj$im uslechtilym koviim v oblasti nanotechnologii. Mimo biologickou
(antibakteridlni) aktivitu, prakticky vyuzivanou v materidlech pro humanni i veterinarni
medicinu [1], je dalsi ohromny aplika¢ni potencial nanocastic stiibra spojovan s jejich
optickymi vlastnostmi. Existence lokalizovaného povrchového plasmonu s maximem
absorpce ve viditelné ¢asti spektra poskytuje nastroj pro nové vysoce citlivé analytické
metody, mezi nimiZ vynikd povrchem zesilend Ramanova spektroskopie (SERS).
Ramanova spektroskopie obdobné jako infracervena spektroskopie poskytuje fadu
informaci o studovanych systémech, ale jeji nizka citlivost ji predurcuje k vyuziti pouze
ve vyzkumnych laboratofich. Tento nedostatek byl vyfeSen pravé povrchovym
zesilenim Ramanova rozptylu na kovovych nanomaterialech, kde hraje velmi dtlezitou
roli velikost, morfologie a podoba téchto nanoc¢astic, ne méné pak jejich tzv. ,,hot spots™
vytvofena béhem agregace [2]. Povrchem zesilena Ramanova spektroskopie se tak stava
v soucasnosti velmi mocnym analytickym ndastrojem, ktery umoznuje selektivni a
vysoce specifickou detekci biologicky vyznamnych molekul, jez se v zivych systémech
vyskytuji ve velmi nizkych koncentracich. Mimo detekce velmi nizkych koncentraci (az
pikomoly) biologicky vyznamnych molekul nabizi SERS do klinické praxe i
specifickou detekci celych Zivych systémii — patogennich bakterii. Rychla a
jednoznac¢na detekce patogenii hraje v oblasti mediciny zasadni roli, typicky v oblasti
ortopedie pfi sledovani poopera¢niho stavu pacienta, kdy prodleva v rychlosti stanoveni
pfitomnosti bakteridlniho patogenu v kloubnich punktatech mize mit az fatalni nasledky

v podobé amputace koncetin. Klasické testy piitomnosti bakterii v biologickych



vzorcich jsou zaloZeny na tradi¢nich kultivacnich technikach, ale i modernich technik
jako je polymerazova tetézova reakce (PCR) Ci enzymatickd metoda (ELISA), které
ovSem mohou zabrat i n€¢kolik hodin az dni diky vysokym detek¢nim limitdm. Nové
moznosti detekce a identifikace patogennich mikroorganismi nabizi v takovychto
pripadech biofunkcionalizované magnetické nanocastice a jejich spojeni s povrchem
zesilenou Ramanovou spektroskopii. Hlavni vyhodou magnetické separace oproti
ostatnim klasickym kultivaénim technikdm je jednozna¢né jeji rychlost, snadnost
provedeni a vysokéd specifita. Snizuje se tak doba komplexniho mikrobiologického
vySetfeni, coz je v dne$sni dobé jeden z kliCovych aspekti nejen v klinické

mikrobiologii.

V souvislosti s témito tématy je pfedloZzena disertani prace zaméeiena na piipravu
a testovani substratu na bdzi nanocastic stfibra, jakozto efektivniho substratu pro
zesileni Ramanova signélu. Prvni ¢ast experimentalni prace se zabyva sledovanim miry
zesileni Ramanova signdlu modelové biomolekuly adeninu v zavislosti na snoubeni
pramérné velikosti ¢astic stfibra s vinovou délkou budiciho laserového zatreni (532, 633
a 780 nm). Dale pak na zdklad¢ ziskanych vysledkti byl vyzkum SERS aplikace
sméfovan do oblasti detekce a identifikace mikrobidlnich patogenti. Druhd c¢ést
experimentalni sekce je proto vénovana uplatnéni diagnostického nastroje pracujiciho
na principu magneticky asistované SERS (MA-SERS) selektivni detekce a identifikace
patogennich bakterii. K MA-SERS detekci byl vyuzit biosenzor na bazi magnetickych
nanocastic oxidu zeleza funkcionalizovanych piislusSnymi protiladtkami na jednotlivé
bakterie, které byly nasledné konjugovany s nanocésticemi stfibra. Pomoci aplikace
takovych ¢astic ptimo do vzorku lze ze slozité biologické matrice specificky selektovat
pozadovany analyt a nasledné identifikovat. MA-SERS detekce a identifikace
mikrobidlnich patogenti byla nejprve vyvijena na bakterialnich lyzatech Staphylococcus
aureus a Streptococcus pyogenes. Jelikoz bylo dosazeno povzbudivych vysledk,
nasledovalo testovani tohoto biosenzoru s infikovanymi vzorky kloubnich punktat
ziskanych od pacientil trpicich osteoartrozou. Zavér experimentalni ¢asti této disertacni
prace je pak vénovan stru¢nym komentaifiim spoluautorskych publikaci, ve kterych byl
rovnéz vyuzit aplikani potencial nanocastic stiibra, at’ uz v podobé vrstev ¢i jako
soucast kompozitniho materidlu, jakozto aktivnich substratli pro zesileni Ramanova

signalu biologicky vyznamnych molekul.



1. Teoreticka ¢ast
1.1 Aplikace nanoc¢astic uslechtilych kovi v biologické SERS analyze

Povrchem zesilena Ramanova spektroskopie (SERS) je takika idealni metodou
S vyuzitim v oblasti forenzni analyzy (kriminalistiky), diagnostiky chorob ¢i kontroly
potravin, nebo analyzy zivotniho prostfedi. Jednou z dalsich mnoha oblasti vyuziti
nanocastic uslechtilych kovil ve spojeni se SERS technikou piedstavuji tzv. biodetekce.
I pii velmi nepatrnych zménach ve sloZeni a koncentraci molekul analytu miZeme
ziskat otisk téchto zmén ve vibra¢nich stavech ptislusného SERS spektra. Navic i pies
potize s reprodukovatelnosti signalu v souvislosti s pfipravou SERS aktivnich substratd,
lze tuto techniku uplatnit mimo jiné¢ v medicinském vyzkumu a sméfuje i do 1ékaiské
praxe. Piikladem muze byt technologie SERS genomové sondy, ktera ma velky
potencial pro Sirokou Skélu aplikaci v oblastech, kde je nutnd identifikace nukleovych
kyselin. Ke stanoveni specifickych sekvenci DNA a dale objasnéni ulohy nékterych
geni pomoci SERS detekce vyznamné ptispéla prace autora Vo-Dinh a kol. [3]. Za
timto ucelem vyvinuli DNA-SERS sondu na bazi 23 nm nanocastic stfibra znacenych
molekulami fluorescenénich barviv (rhodamin B, rhodamin 123, rhodamine 6G,
kresylova violet) citlivé detekovatelnymi metodou SERS. Fluorescen¢ni znacka ,,usita”
na miru k oligonukleotidu pfedstavuje vynikajici detekéni prvek, s jehoz pomoci se
nabizi detailngj$i priizkum chovani modifikovanych oligonukleotidi v ,,obarveném®
vnitrobunééném prostiedi. Takto vyvinutou metodu pak uspésné testovali na buitkach
z vaje¢niki ¢inského kiecka. K tomuto vyzkumu rovnéz ptispéli svou praci Cinta a kol.
[4], ktefi provadéli in-vivo SERS testy u mysi postizenych nadorovym onemocnénim
kGze s vyuzitim nanocastic stiibra oznacenych kresylovou violeti. VysSe uvedené
postupy znacné rozsifily pohled na souc¢asnou problematiku znaceni biologickych tkéani
za ucelem sledovat rakovinu kiize SERS technikami. Nadorova onemocnéni v souc¢asné
dobé¢ predstavuji velky globélni problémem, jelikoz si stoji na druhém misté zebticku
nejcastéjSich pfi¢in umrti. Proto je velkd pozornost vénovana vyuziti SERS techniky
v oblasti vyzkumu rakoviny, konkrétné rakoviny délozniho ¢&ipku [5], prsu [6,7],
prostaty [8,9], plic [10], zaludku [11], jicnu [12], a dalSich. Soucasna literatura tak

predstavuje SERS techniku, diky jeji specifi¢nosti, vysoké citlivosti a materialové i



Casové nenarocnosti, jako potencialni diagnostickou metodu k odliseni zdravé tkané od

karcinogenni.

Obrovsky pfinos pro medicinu je in-vivo detekce glukozy v Krvi. Stanoveni
glukozy vkrvi je dilezité, a to nejen z diivodu sledovani hladiny jeji koncentrace u
pacientl trpicich cukrovkou, ale i z diivodu urceni jejiho vztahu k neurdlni aktivité
mozku. Nicméné¢ SERS spektrum glukézy je obvykle pomérné nizkych intenzit.
K ptekonani tohoto problému v oblasti biomedicinského vyuziti SERS techniky ptispéli
prukopnici Shafer-Peltier a kol. [13]. Zminéna prace je vysledkem pilotniho vyzkumu
systematické studie pfimé detekce glukoézy v krvi pomoci biosenzoru na bazi vrstvy
nanocastic stfibra a SERS techniky. Modifikace povrchu tenkého filmu nanocéstic
sttibra alkanthioly byla navrzena za ucelem co nejefektivnéjsi adsorpce glukozy na
substrat, ktery byl vytvofen nanesenim stiibra na vrstvu polystyrenovych ¢astic a jejich
naslednou samoorganizaci do stiibrnych trojihelnikovych utvari. Zminénd studie tak
demonstruje funkéni model pro kvantitativni detekci glukdzy jak ve vysokych
(0-250 mmol/l), tak klinicky vyznamnych (0-25 mmol/l) koncentracich, coz nahrava k
jeho komerénimu vyuziti v medicingé. Plany a ambice do budoucna mezi védci jsou tak
ziejmé jasné. V dlouhodobém Casovém horizontu se bude usilovat o vyvoj mikro-SERS
¢i nano-SERS zafizeni, které bude moZno podkozné& implantovat, nebo dokonce za€lenit

jako soucast protetické kontaktni Cocky v oku diabetickych jednotlivcei.

Klicovou otazkou, ve které zatim stale neni uplné vSe jasn¢ zodpovézeno, zlstava
rychly screening a moznost detekce a typizace bakteridlnich patogent V oblasti
bezpecnosti potravin, ochrany vetfejného zdravi, a stejné tak v diagndéze plvodce
infekéniho onemocnéni [14]. Zavedené molekularné biochemické techniky pro rutinni
analyzy bakteridlnich patogend typicky ptedstavuji casové velmi narocné kultivaéni
postupy bakterii odebranych z kontaminovanych zdroji [15]. Zcela odlisny pfistup k
identifikaci bakterii poskytuje Ramanova [16,17] a povrchem zesilena Ramanova
spektroskopie [18]. Na rozdil od klasickych kultiva¢nich metod, zde nejsou tieba pro
tuto techniku kroky jako extrakce ¢i amplifikace (zmnozeni) bakteridlni DNA.
Ramanova spektroskopie je zaloZena na vibracnich spektrech, kterd odrazeji proteinovy
profil analyzované bakterialni buiky. Mnoho praci se jiz zabyvalo SERS technikou za

ucelem detekce vybranych mikroorganismu, jako jsou napiiklad Pseudomonas



aeruginosa [19-21], Staphylococcus epidermidis [22,23], Helicobacter pylori [24],
Listeria innocua [25], Shewanella oneidensis [26,27], Escherichia coli [28-32],
Salmonella typhimurium [33-36] Listeria monocytogenes [37] Staphylococcus aureus
[33,38-40] a Legionella pneumophila [41]. Detekce a identifikace vySe zminénych
testovanych bakterii byla provadéna s rozdilnymi excita¢nimi zdroji zafeni, zejména
v UV/Vis oblasti, a s vyuzitim riznych SERS substrati (pfevazné nanocéstice stiibra a
zlata). Piitom je tieba podotknout, Ze pro SERS uspofadani s excita¢nim zafenim
vlnovych délek v blizké infracervené oblasti spektra (785 nm, 830 nm) jsou nejcastéji
vyuzivany substraty na bazi nanocastic stiibra ¢i jejich agregatt [42—48]. Pro testovani
biologickych materidli je S$tastnéj$i volba zdroje excitatniho zafeni pravé v blizké
infraCervené oblasti spektra za ucelem vyhnout se utopeni Ramanova signalu ve
fluorescen¢nim pozadi. Na toto poukazuji i dalsi prace, kde byly vyuzity jako SERS
substraty zlat¢é 80 nm castice [49-51]. Je tedy namisté, aby byly vyvijeny rtzné
substraty pro typické vlnové délky excitacniho zafeni z uvedené oblasti. Praktické
vyuziti SERS metody pii detekci vybranych patogennich mikroorganismi ptedstavuje
rovné€z prace autord Prucek a kol. [52], ktefi vyvinuli robustni metodu pro diskriminaci
mezi Gram-pozitivnimi (Enterococcus faecalis a Streptococcus pyogenes) a Gram-
negativnimi bakteriemi (Acinetobacter baumannii a Klebsiella pneumoniae). Tato
metoda detekce vyuziva 400 nm Castice stiibra, vzniklé rekrystalizaci nanocéstic

pridavkem vysoce koncentrovanych chloridovych iontt.

Pokroky ve vyzkumu SERS biosenzori nabizeji nové moznosti pro rychlou
detekci a identifikaci bakteridlnich patogent. Pfi aplikaci disperze nanocastic
uslechtilych kovll v 1€katské praxi lze predpoklddat nezddouci plisobeni nepiiznivych
vlivii biologické matrice na stabilitu nanoc¢astic. Z tohoto diivodu je nutné zajistit jejich
lepsi agregatni stabilitu vhodnou modifikaci povrchu a zaroven musi chemicka
modifikace umoznit nasledné zesileni SERS signalu. Prvni pilotni studie, které se fadi
na pocatek zkoumani modifikace povrchu Au NPs ochrannou vrstvou oxidu
kfemicitého, byly publikovany skupinami Mine [53], Mulvaney [54], Doering [55], a
Brown [56]. V téchto experimentech sice modifikace nanocastic zlepsila agregatni
stabilitu systému, nicméné takto navrzeny postup mél za nasledek relativné nizké
intenzity SERS signalu. Na zakladé obecné¢ uznavané teorie mechanismu zesileni

Ramanova signalu se toto dalo ocekavat, jelikoZ nejlepSi SERS aktivity je dosazeno na



nanocasticich ve stavu, kdy jsou mirn¢ zagregovany, avsak tésné pted jejich shluknutim
do velkych SERS neaktivnich utvard. Systém zlatych nanocastic s ochrannou vrstvou
oxidu ktemicitého se podafilo vyrazné vylepsit vyuzitim velkych nanocastic zlata (cca
150 nm) a hlavn¢ dals$i modifikaci povrchu specifickou protilatkou na protein A. Za
pomoci takto modifikovanych nanocéstic se podafila detekce i jednotlivych

bakterialnich bunék Staphylococcus aureus [15].

V dalsi studii se Khan a kol. [36] zamé¢fili na detekci bakterie Salmonella
zpusobujici infekei z potravin, a zaroven se tento typ bakterie nachazi mimo spektrum
pusobeni mnoha antibiotik. V téchto experimentech byly vyuzity hvézdicovité
nanocastice zlata, které byly piipraveny dvoustupniovym reduk¢énim procesem [57].
Prvni krok syntézy spocival v piipravé 4,3 nm zarodeCnych castic redukci roztoku
trojmocného zlata tetrahydridoboritanem sodnym v pfitomnosti citratu sodného plniciho
funkci stabiliza¢niho c¢inidla. Druhy krok syntézy ptedstavoval ndslednou redukci
dalsich zlatitych iontt slabSim reduk¢énim CcCinidlem (kyselinou askorbovou) za
ptitomnosti cetyltrimethylamonium bromidu, ktery plnil funkci modifikatoru ristu a
podporoval tak tvorbu hvézdicovitych nanocastic zlata o velikosti 30 nm. Pro kovalentni
imobilizaci monoklonalni protilatky na O-antigen (antigen polysacharidové povahy ve
sténé bakterii Salmonella Typhimurium) na vySe zminéné Au NPs bylo vyuZito
molekularni raménko glutaraldehydu. V téchto studiich bylo dosazeno limitu detekce
10 CFU/ml. VySe zminény typ nanostrukturovanych ¢astic zlata, funkcionalizovanych
anti-PSMA monoklonalni protilatkou, je dle autorGi rovnéz mozno vyuzit pii detekci
prostatického specifického membranového antigenu (PSMA), ktery je vyuZitelny pro

¢asnou detekei karcinomu prostaty [57].

SERS technika byla dale vyuzita pti detekci bakterii ve vzorcich lidské krve.
Sivanesan a kol. [58] se zabyvali vyvojem selektivni identifikace grampozitivnich (S.
epidermidis, B. megaterium) a gramnegativnich (E. coli, S. enterica) bakterialnich
patogenéi v koncentracich 10 CFU/mI. V této studii byla vyuZita elektrochemicky
zdrsnéna stiibrna elektroda s deponovanou tenkou vrstvou nanocastic zlata a nasledné
funkcionalizovanou antibiotikem (vankomycin ¢i ceftazidim) za ucelem zvysit

selektivitu a zachyceni bakterii. Na zakladé svych studii zjistili, Ze intenzita SERS



signdlu s pouzitim biosenzoru s vankomycinem oproti nemodifikované Ag/Au
bimetalické elektrodé je 8x vyssi pro S. epidermidis a B. megaterium, 4x vyssi pro S.
enterica a 5x vyssi pro E. coli. Divod vyssi intenzity SERS signalu pro S. epidermidis a
B. megaterium autofi pfipisuji tomu, ze vankomycin se uziva k 1é¢b¢é infekci

vyvolanych pravé vyse uvedenymi grampozitivnimi bakteriemi.

Aplikacni potencidl nanocastic kovii v klasické SERS technice pifi analyze
biologickych vzorkl 1ze jednozna¢né zvysit vyuzitim magnetickych nanomateriald za
ucelem cilené separace a zakoncentrovani analytu pisobenim vnéjsiho magnetického
pole. Separaci a purifikaci cilenych molekul pomoci magnetickych Castic ze slozitych
biologickych vzorkii lze realizovat prostiednictvim afinitnich interakci. Kovalentni
imobilizace afinitniho ligandu (streptavidin, monoklonalni protilatka) na povrch
magnetickych ¢astic je perspektivni moznosti, jak rychle a snadno izolovat proteiny
(nebo jiné molekuly, které jsou predmétem zajmu) z komplexni matrice. Dale pak na
zaklad¢ nekovalentni interakce dvojice chemickych komponent tzv. zamku (protilatky)
a kli¢e (antigenu, resp. proteinu z ur¢ité bakterie) dochazi k rozpoznavani cilovych
molekul s vysokou specificitou. Pii pouziti magnetického separacniho zafizeni je takto
navazana molekula lehce izolovana z analyzovaného vzorku (krev, kloubni punktaty,
mozkomisni mok, sliny, potraviny), ¢imz lze snizit nebezpeéi jak fale$né pozitivnich
vysledkt, tak i snizeni citlivosti detekéni metody. V porovnani s klasickymi
biochemickymi kultivatnimi metodami je prace s magnetickymi Casticemi bezpecna,

rychld, levné a jednoducha.

Jak uz tedy bylo napovézeno, novym vyzkumnym smérem poslednich Ilet,
predevsim v oblasti senzoriky, se stala tzv. magneticky asistovana povrchem zesilena
Ramanova spektroskopie (MA-SERS). Tento selektivni a vysoce specificky inovativni
systém, zalozeny na magnetickém kompozitu s nanocasticemi uslechtilych kovi, byl
uspeésné aplikovan pro stanoveni dopaminu ve vzorku mozkomiSniho moku ziskaného
Z oblasti mysSiho mozku zvané corpus striatum (Obr. 1). Tento MA-SERS detekéni
systém vyuzivd nanokompozit na bdzi nanocastic Fe3O, a stiibra, nasledné
modifikovany kyselinou zelezo-nitrilotrioctovou (Fe-NTA), ktera je selektivni vaci
dopaminu. Takto navrzeny detekéni systém byl spolehlivé vyuZit pro analyzu

modelovych vzorkt s obsahem dopaminu v rozsahu koncentraci 10 - 5000 fmol/l [59].
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Obr. 1: Schematické znazornéni SERS analyzy dopaminu. Pievzato z [59].

Obdobného principu magneticky asistované SERS selektivni detekce bylo vyuzito
I pro stanoveni lidského imunoglobulinu G ze vzorku krve ziskaného z prstu ruky [60].
Pro izolaci cilené molekuly imunoglobulinu G byl vyuzit opét hanokompozitni material
obsahujici nanocastice Fe3O4 a stiibra. Nasledné byl tento systém modifikovan anti-
imunoglobulinem G pies nekovalentni interakci s kovalentné navazanym streptavidinem
na povrchu kompozitu a timto byla zajisténa vysoka selektivita stanoveni. V této praci
bylo ukazano, ze lze detekovat koncentrace imunoglobulinu G od 600 fg/ml v kapce
krve, coz lze srovnat napi. s hojné vyuZivanou fluorescenéni metodou [61]. Dalsi
moznosti je vyuziti kompozitniho systému magnetickych ¢astic s nanocasticemi zlata,
na coz se zaméfili Drake a kol. [62] vjejich studii zabyvajici se detekci bakterie
Staphylococcus aureus. Magnetické nanocastice oxidu zeleza byly pouzity k separaci a
izolaci bakterie a SERS aktivni 50 nm nanocastice zlata modifikované kyselinou 4-
merkaptobenzoovou byly vyuzity pro naslednou detekci a kvantifikaci bakterialniho
patogenu. Oba typy nanocastic byly funkcionalizovany protilatkou, ktera se selektivné
vaze na protein A piitomny v bunééné sténé bakterie Staphylococcus aureus. Takto
navrZzenym SERS biosenzorem doséhli autofi detek¢niho limitu 1 buniky bakterie S.

aureus v 1 ml vzorku.
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2. Cile disertacni prace

Hlavnim cilem ptfedkladané disertacni prace byl vyzkum zaméfeny na piipravu,
modifikaci a transformaci koloidnich ¢astic stiibra (véetné nanocastic) a jejich
organizovanych soubort (vrstev na vhodnych pevnych substratech) s ohledem na jejich
vyuziti v povrchem zesilené Ramanové spektroskopii pii analyze biologicky
vyznamnych (signalnich) molekul.

Pii realizaci tohoto zaméru byly naplanovany tyto cile, které lze shrnout do

nasledujicich bodu:

. optimalizovat podminky vyvoje efektivniho substratu a vlastniho méfeni
povrchem zesilenych Ramanovych spekter na sestavé disperzni Ramanlv

mikroskop DXR Nicolet pro aplikace v bioanalytické oblasti

. studium zavislosti velikosti povrchového zesileni Ramanova signalu na zméné

excitacnich vlnovych délek budiciho zafeni a zméné morfologie nanocastic stiibra

. vyvoj a aplikace diagnostického nastroje pracujiciho na principu magneticky
asistované SERS detekce patogennich mikroorganismi (Staphylococcus aureus,
Streptococcus pyogenes) pii rychlém stanoveni bakteridlni infekce kloubnich

nahrad

. vyuziti aplikacniho potencidlu alternativnich SERS substrati pii detekci

biologicky vyznamnych molekul

Kromé¢ piedloZzené disertaéni prace jsou vysledky obsahem ¢&tyf publikaci v

mezinarodnich impaktovanych ¢asopisech.

12



v r

3. Experimentalni ¢ast

3.1 Priprava vodné disperze nanocastic stiibra

Nanocastice stiibra byly pfipraveny modifikovanou Tollensovou metodou, ktera
spo¢iva v redukci amoniakalniho komplexu stiibrnych iontti [Ag(NHs),]" maltézou.
Postup ptipravy byl nasledujici: v litrové kadince byly smichany pfedem ptipravené
zasobni roztoky reakénich komponent o definovanych objemech a danych
koncentracich v nasledujicim poradi: 160 ml 5.10° mol/l AgNOs3, 40 ml 0,1 mol/l NHs,
408 ml destilované vody. Zasadité prostiedi reakéniho systému pak bylo nastaveno na
hodnotu pH 11,5 + 0,1 pfidavkem 32 ml 0,24 mol/l NaOH. K intenzivn¢ michané takto
ptipravené smési bylo pfidino 160 ml vodného roztoku maltézy 0 koncentraci
0,05 mol/l. Reakce byla pfiblizné po 4 minutach ukoncena a takto vznikla zlutohnéda
koloidni disperze byla uchovavana v tmavé zasobni lahvi pro pouziti v nasledujicich
experimentech bez jakychkoliv dalSich uprav. Reakce byla provedena v
netemperovaném prostiedi pii laboratorni teploté¢ (20 °C). Tyto maltézou redukované
nanocastice stfibra jsou témét monodisperzni s primérnou velikosti ¢astic okolo 28 nm.
Takto pfipravené nanocéstice stiibra byly charakterizovany UV/Vis absorpéni
spektroskopii s maximem absorp¢niho pasu pii vinové délce 410 nm. Piipravena vodna
disperze nanocastic stiibra vykazuje dlouhou stabilitu po dobu nékolika mésict az let

bez jakychkoliv znamek agregace a to i bez ptidanych stabilizujicich ¢inidel [63].

3.2 Aktivace nanocastic stfibra a jejich charakterizace

Pro vlastni pouziti nanoc¢astic stiibra v SERS experimentech byla jejich vodna
disperze aktivovana ptidavkem roztoku chloridu sodného o riaznych vyslednych
koncentracich. Pribéh zmény parametri aktivovanych stfibrnych nanocastic
chloridovymi ionty byl sledovan na zékladé¢ méteni primérné velikosti ¢astic metodou
DLS a zaznamenavanim UV/Vis absorpénich spekter. V obou ptipadech byl postup
nasledujici: 0,4 ml zasobniho roztoku nanocéstic stifbra bylo nafedéno
1,20 ml — 1,55 ml destilované vody a nasledn¢ ptidano 0,050 ml — 0,400 ml 1 mol/I
nebo 4 mol/l vodného roztoku chloridu sodného tak, aby vysledny objem ¢inil 2 ml.

Okamzité, po ptidavku chloridovych ionti k vodné disperzi nanocastic stiibra, byla
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reakéni smés fadné promichdna a béhem par vtefin spuSténo méteni. V piipadé¢ méteni
primérné velikosti aktivovanych ¢astic metodou DLS byla po dobu 30 minut kazdou
minutu zmétena hodnota velikosti ¢astic a zaznamenana. Pii sledovani kinetiky aktivace
nanocastic stfibra pomoci UV/Vis spektroskopie probihala analyza taktéz po dobu
30 minut, kde kazdou 20. sekundu bylo zaznamenano spektrum proti Cisté destilované
vod¢ v rozsahu vinovych délek 350 nm — 800 nm.

Jako pfima metoda pozorovani pribehu zmény velikosti a tvaru nanocéstic stiibra
po pridavku chloridovych iontl byla zvolena transmisni elektronovd mikroskopie. V
tomto piipadé byl ale vzorek odebran pouze v ¢ase 15 minut od ptidavku aktiva¢niho
¢inidla k disperzi nanocastic stfibra. Odebrany vzorek byl nafedén desetindsobnym
mnozstvim destilované vody za tGcelem pozastaveni probihajici reakce a teprve pak

nanesen na médénou podlozni sit’ku S napatenou uhlikovou vrstvou.

3.3 Priprava magnetického SERS biosenzoru pro diagnostiku infekce

kloubnich nahrad

Na zaklad¢ ziskanych vysledki, jez budou diskutovany v kapitole 4.1, byla k této
studii pouzita disperze nanocastic pripravenych redukci amoniakdlniho komplexu
stiibra maltézou aktivovana 1M NaCl (vysledna koncentrace 200 mmol/l), kterd byla
piikapnuta k biofunkcionalizovanym magnetickym ¢asticim tésn¢ pred samotnou SERS

analyzou bakteridlnich vzork.

3.3.1 Imobilizace streptavidinu na magnetické nanocastice

K navazani biologicky aktivnich molekul na povrch magnetickych nanocastic s
vyuzitim specifickych interakci je nezbytnd funkcionalizace jejich povrchu
prostfednictvim vhodnych funkénich skupin (napt. COOH, NH,, SH). Jelikoz byly
vyuzity komeréné dostupné vhodné povrchové modifikované magnetické nanocastice
s karboxylovymi skupinami, odpadla pii piipravé magnetického SERS biosenzoru
nutnost tohoto prvniho kroku funkcionalizace. Imobilizace streptavidinu (Strep) na

povrch magnetickych nanocastic s funkénimi karboxylovymi skupinami (MNP)
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probihala nasledovné: bylo odebrano 0,5 ml ze zasobni disperze MNP (18-22 mg/ml) a
pomoci vnéjsiho magnetu separovany z disperze a tiikrat promyty destilovanou vodou.
Funkéni karboxylové skupiny na téchto magnetickych nanocasticich byly nejprve
aktivovany piidavkem 1 ml smési 1-ethyl-3—(3—-dimethylaminopropyl) karbodiimid
(EDC) a N-hydroxysulfosukcinimid (NHS) (1:1, vysledna koncentrace obou reakénich
slozek byla 0,010 mmol-I") k pevnému promytému podilu MNP a michany na
magnetické micha¢ce po dobu 45 min. Poté byly MNP tiikrat promyty fosfatovym
pufrem o pH 7,5. V dalsim kroku bylo k pevnému podilu MNP, ktery byl odseparovan
pfiloZzenim vnéjStho magnetického pole, pfiddno 5 ml roztoku streptavidinu o
koncentraci 1 mg/l a nechdno po dobu 2 hodin michat za G¢elem vytvofeni kovalentni
vazby mezi volnymi amino skupinami (—NH;) pfitomnymi ve struktuie streptavidinu a
aktivovanymi karboxylovymi skupinami na povrchu MNP. Poté byly opét magnetické
nanocastice s navazanym streptavidinem (MNP@Strep) tiikrat promyty fosfatovym

pufrem, pfi¢emz byly vymyty nenavazané molekuly streptavidinu.

3.3.2 Funkcionalizace povrchu magnetickych nanocastic protilatkou

Imobilizace biotinylované mysi monoklonalni protilatky na protein A (anti-1gA),
ktery je pfitomny v bunétné sténé bakterie Staphylococcus aureus, ¢i imobilizace
biotinylované krali¢i polyklonalni protilatky na sténovou polysacharidovou substanci
skupiny A (anti-APS), ktera je pfitomna u bakterie Streptococcus pyogenes, na povrch
magnetickych nanocastic se streptavidinem, byla provadéna nésledujicim postupem:
k pevnému podilu magnetickych nanocastic (18-22 mg/ml) modifikovanych
streptavidinem byl ptidanl ml bud’ protilatky anti-IgA, a nebo 1 ml protilatky anti-APS
(vysledna koncentrace obou protilatek byla 10 mg/l) a nasledovala hodinova inkubace
za uCelem vytvoreni nekovalentni interakce mezi streptavidinem a biotinylovanou casti
protilatky. Po dostate¢ném promyti fosfatovym pufrem bylo nutné zablokovat zbytek
volnych aktivnich karboxylovych skupin pfidavkem 3,5% vodného roztoku ethylaminu.
Takto pfipraveny magneticky biosenzor (MNP@Strep@anti-IgA ¢i MNP@ Strep@anti-
APS) byl stabilni po dobu zhruba dvou mésict.
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3.4 Piiprava bakterialnich vzorki

3.4.1 Priprava modelovych vzorkii

Vyvoj magnetického SERS biosenzoru pro vcasnou detekci infekce kloubni
nahrady byl provadén na modelovych vzorcich bakterialnich lyzata Staphylococcus
aureus a Streptococcus pyogenes ve fyziologickém roztoku. K piipravé bakteridlniho
lyzatu byla pouzita dvaceti¢tyrhodinova kultura Staphylococcus aureus CCM 3953 a
Streptococcus pyogenes (vlastni bakteridlni kmen &. SP12 z Ustavu mikrobiologie
Lékatské fakulty Univerzity Palackého). Dobie izolované kolonie byly ptevedeny do
5 ml Mueller-Hintonova (HiMedia) bujonu, aby vysledny zakal odpovidal zakalovému
standardu 1 podle McFarlanda (hustota bun&k pfiblizng 3 x 10° CFU/mI). Bakterialni
supsenze byla kultivovana pii 37 °C po dobu 24 hodin. Po inkubaci byl bujon
centrifugovan (2000 otacek/10 minut), supernatant slit a k sedimentu bylo ptidano 10
ml destilované vody. Promichané suspenze byla stfidavé zmrazovana pii teploté -72 °C
po dobu 10 minut a rozmrazovana ve vodni lazni pfi teploté 37 °C celkem desetkrat.
Timto zplisobem byly pfipraveny bakterialni lyzaty, které byly uchovavany v lednici pii

teplote 4 °C.

3.4.2 Priprava biologickych vzorkii

Testovani magnetického SERS biosenzoru pro v€asnou detekci infekce kloubni
nahrady bylo provadéno se sterilnimi kloubnimi vypotky ziskanymi punkci z kolene od
pacienta trpicich osteoartrézou. Sterilita punktitu byla vzdy dopfedu ovétena
naockovanim na krevni agar (Trios, Ltd) a do Mueller-Hintonova (HiMedia) bujonu,
coz bylo provadéno na specializovaném pracovisti Ustavu mikrobiologie Lékaiské
fakulty Univerzity Palackého pod vedenim prof. MUDr. Milana Kolafe, Ph.D.
Z punktatu od kazdého pacienta byly dodany tii typy vzorki: punktat homogenizovany
1:1 s zivou bakterialni kulturou Staphylococcus aureus, dale punktat homogenizovany
1:1 s zivou bakterialni kulturou Streptococcus pyogenes a sterilni kloubni punktat (dale
pak oznacovano jako SJF z angl. sterile joint fluid), ktery slouzil jako negativni kontrola
pro SERS experimenty.
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Odbér a zpracovani kloubniho punktdtu bylo provadéno s povolenim etické
komise Lékaiské fakulty Univerzity Palackého a Fakultni nemocnice v Olomouci
v souladu s ¢eskou legislativou. VSichni pacienti podepsali informovany souhlas pred

zafazenim do studie.

3.5 Priprava vzorkii pro experimenty povrchem zesilené Ramanovy

spektroskopie

3.5.1 Vliv rizné koncentrace chloridovych iontii na transformaci nanocastic

stfibra a jejich vyuziti v SERS p¥i rozdilnych excita¢nich vinovych délkach

V ramci prvni faze této disertacni prace byl proveden vyzkum zaméieny na
studium vlivu aktivace vodné disperze nanocastic stiibra chloridovymi ionty a nalezeni
optimalniho postupu, kterym lze dosahnout nejvétsSiho zesileni Ramanova signalu. Pro
tyto SERS experimenty byla pfipravena fada disperzi nanocéstic stiibra s liSici se
vyslednou koncentraci chloridu sodného, jakozto aktivacniho cinidla, které byly
pfipraveny nasledovné: 0,4 ml zdsobniho roztoku nanocastic stfibra bylo natfedéno
1,18 ml — 1,53 ml destilované vody a nasledné ptidano 0,050 ml — 0,400 ml 1 mol/Il
nebo 4 mol/l vodného roztoku chloridu sodného. Nakonec bylo k takto upravenym
nanocasticim stiibra piidano 20 pl 0,001 mol/l adeninu (vysledna koncentrace adeninu
pak byla 1-107° mol/l) tak, aby vysledny objem &inil 2 ml, a vznikla smés byla dikladn&
promichana. Pro méteni zavislosti SERS zesileni na vinové délce excitacniho zdroje pro
rizné morfologie nanocastic byla jako modelova latka zvolen adenin a to z jednoho
prostého divodu. Adenin, jakoZto purinova baze, ma velmi efektivni Ramantv rozptyl a
zaroven se dobfe adsorbuje na povrch stiibrnych nanocastic. Tento vysSe uvedeny
pracovni postup byl stejny pro vSechny tfi pouzit€¢ excitacni vlnové délky. Urceni
faktort zesileni signdlu Ramanova rozptylu pro jednotlivé systémy pak bylo vypocteno
z poméru intenzit SERS signalu 1-10~> mol/l adeninu k standardnimu Ramanovu signalu

0,1 mol/l adeninu pro intenzivni pas pii ~734 cm .
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3.5.2 Diagnostika infekce kloubnich nahrad metodou MA-SERS

Bakterialni lyzaty a zivé bakterialni kultury (Staphylococcus aureus a
Streptococcus pyogenes) byly pfipraveny vySe popsanym postupem (5.6). MA-SERS
analyza realné matrice kloubniho punktatu inokulovaného zivymi bakterialnimi
buntkami probihala po jejim desetindsobném natfedéni deionizovanou vodou z divodu
zmény viskozity vzorku. Vzorky, at’ uz bakteridlnich lyzatd ¢i kloubnich punktati s
zivymi bakterialnimi kulturami, byly piipraveny pro MA-SERS analyzu nasledujicim
postupem: v mikrozkumavce typu eppendorf bylo smichano 10 pl MNP@Strep
nanocastic konjugovanych biotinylovanou protilatkou bud’ na protein A nebo na
streptokokovou sténovou polysacharidovou substanci skupiny A s 10 pl analyzovaného
bakterialniho vzorku a ponechdno inkubovat po dobu 30 minut. Tato reakéni smés pak
byla pfevedena na podlozni sklicko, kde ptisobenim vnéjSiho magnetického pole doslo
k odseparovani alikvotniho mnozstvi magnetického komplexu od zbytkti matrice
vzorku. Dale pak bylo k tomuto oddélenému mnozstvi pevného magnetického podilu
ptikdpnuto 8 pl vodné disperze Ag NPs (~28 nm), kterd byla nésledn¢ aktivovdna
pfidavkem 2 pl 1 mol/l vodného roztoku NaCl. Po promichani ve Spicce automatické
pipety byla, po pfilozeni vn&jsiho magnetického pole k podloznimu sklicku, vytvofena
na okraji kapky srazenina magnetického bionsensoru, kterd byla analyzovana SERS
technikou bezprostitedné pied vysuSenim. Schematické pfibliZzeni vySe popsaného
postupu SERS detekce je na Obr. 2.

Meéfeni a zpracovani vibra¢nich spekter bylo provedeno pomoci softwaru OMNIC
8.2.0.403 (Thermo Fisher Scientific Inc.). K vyhodnoceni experimentalnich dat a
vibra¢nich spekter byly pouZity nasledujici programy: QtiPlot 0.9.8.3 a Microsoft Excel.
Statistické vyhodnoceni experimentalnich dat a jejich grafické znazornéni v podobé
diskrimina¢ni analyzy pak bylo provedeno pomoci softwaru TQ Analyst 8.4.257

(Thermo Fisher Scientific).
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Obr. 2: Schematické znazornéni MA-SERS detekce bakterialnich patogent. llustrace
autora [64].
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4, Vysledky a diskuze

4.1 Vliv rizné koncentrace chloridovych iontii na transformaci
nanocastic stiibra a jejich vyuziti v SERS pFi rozdilnych excita¢nich

vinovych délkach

V nasi predeslé studii [63] bylo dokazano, Zze vysoka koncentrace vodného
roztoku NaCl (vysledna koncentrace 400 mmol/l) je velmi u¢innd pro SERS aktivaci
maltézovych nanocastic stiibra (~28 nm). Tato vysoka koncentrace chloridovych iontl
vedla Krychlé rekrystalizaci primarnich nanocastic stiibra na Castice s primérnou
velikosti okolo 400 nm, které byly velmi efektivni pro zesileni Ramanova signalu
adeninu pfi pouziti excitanich lasert s vinovymi délkami jak ve viditelné (488 nm), tak
blizké infracervené (1064 nm) oblasti spektra. Tato zakladni studie byla prohloubena
dal$im originalnim vyzkumem zamétenym na hlubsi pochopeni role Ag NPs pfii zesileni
Ramanova signalu po aktivaci chloridovymi ionty. Nova studie se tak zabyva ti¢inkem
rizné koncentrovanych chloridovych ionti jak na fyzikalni parametry ¢astic stfibra, tak
1 na zesileni Ramanova signalu témito ¢asticemi. K témto experimentim poslouZzily
nanoéastice stfibra (~28 nm) pfipravené redukci Ag® Vv amoniakalnim prosttedi
maltozou 0 koncentraci 0,05 mol/l. Pro vlastni pouziti v SERS experimentech byla
jejich vodna disperze, pied piidanim roztoku adeninu o vysledné koncentraci 10> mol/l,
aktivovana (agregovana) ptridavkem roztoku chloridu sodného. Experimenty byly
provadény s fadou Sesti riznych vyslednych koncentraci chloridovych ionta (25, 50,
100, 200, 400, 800 mmol/l) ve vodné disperzi nanocastic stfibra a se tfemi rozdilnymi
excitatnimi lasery (532 nm, 633 nm, 780 nm). Proces aktivace nanocastic stiibra
vodnym roztokem chloridu sodného byl sledovan na zédklad¢ méfeni primérné velikosti
Castic metodou DLS a zaznamenavani absorpénich UV/Vis spekter. Zména pramérné
velikosti Castic stiibra méfena pomoci DLS, a stejné tak UV/Vis spektra, byla
zaznamenavana v minutovych intervalech po dobu 30 minut za Ucelem sledovat
probihajici proces transformace primarnich nanocastic stfibra. Déale pak Castice stiibra
byly bliZze charakterizovany transmisni elektronovou mikroskopii, kdy se v case 15

minut od pfidavku roztoku NaCl odebraly vzorky pro TEM. V ptipadé SERS méteni
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byla spektra zaznamenéavéana v tfiminutovém intervalu po dobu 30 minut od ptidavku
roztoku NaCl. Spektru adeninu dominuje vibrace dychaciho kruhu, proto se v dalSich
odstavcich pro zjednoduSeni porovnani a zhodnoceni intenzity SERS signalu zaméfime
pouze na tento typicky pas lezici pfi ~734 cm . Intenzity dalsich molekulovych vibraci
adeninu se ménily tmé&rné k intenzité tohoto hlavniho pasu ~734 cm . Na obrézku 3 Si
muzeme vSimnout, ze tento pas (oznaceny hvézdickou) je nejintenzivnéjsi z celého
SERS spektra a pochazi od vibrace dychaciho fetézce ve struktufe adeninu (vloZeny

obrazek v Obr. 3).
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Obr. 3: SERS spektrum adeninu a strukturni vzorec jeho molekuly. Pfevzato z [65].

SERS méfeni byla provadéna s excitatnimi vinovymi délkami 532 nm, 633 nm a
780 nm. Profil ¢asovych zavislosti intenzit SERS signalu vibrace dychaciho kruhu
adeninu pii ~734 cm po ptidavku chloridovych iontli je znazornéna na obrazku 4. Pro
excitatni vlnovou délku 532 nm byly pozorovany pouze malé zmény v intenzitach
SERS signalu mezi jednotlivymi systémy s lisicimi se koncentracemi chloridovych
iont (Obr. 4A). Srovname-li u€inek vSech pouzitych vyslednych koncentraci NaCl, 1ze
pozorovat zhruba 20% rozdily v intenzitach pasu adeninu pii ~734 cm ™ V piipadé
excitace pii 633 nm, zde miizeme pozorovat znacné rozdily Vv intenzitach SERS signalu
adeninu mezi jednotlivymi koncentracemi NaCl (Obr. 4B). Nejvyssiho zesileni

Ramanova signalu bylo dosazeno s disperzi nanocastic stfibra aktivovanych roztokem
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NaCl o vysledné koncentraci 400 mmol/l. Naopak, hodnoty intenzit SERS signalu
ziskané pro laser 780 nm byly zna¢né niz8i oproti excitaci s vinovou délkou 532 nm a
633 nm (Obr. 4C). Porovnanim intenzit SERS signalu z téchto méfeni a standardniho
Ramanova signalu roztoku adeninu o koncentraci 0,1 mol/l pak vychazi celkové faktory
zesileni Ramanova signalu pfiblizné 7,2 % 10* pro laser 532 nm, 2,0 x 10° pro laser
633 nm, a 2.4 x10° pro laser 780 nm.
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Obr. 4: Profil casovych zavislosti intenzit SERS signalu vibrace dychaciho kruhu
adeninu pii ~734 cm ™t po ptidavku chloridovych iontl pfi excita¢nich vinovych délkach
532 nm (A), 633 nm (B) a 780 nm (C). Legenda popisuje vysledné koncentrace roztoku

NaCl ve vodné disperzi Castic stéibra. Pfevzato z [65].
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Z vynesenych zavislosti na obrazku 4 je evidentni, Ze intenzity SERS signalu,
v piipadé¢ pouziti excitatniho laseru 532 nm, témé& nezavisi na Kkoncentraci
chloridovych iontl pouzitych k aktivaci. U excita¢niho laseru s vinovou délkou 633 nm
jsou jiz zietelné odlisnosti, které jsou pak nejvyraznéjsi u laseru 780 nm, kde nejnizsi
koncentrace NaCl pouzité k aktivaci poskytuji jen velmi malé zesileni Ramanova
signalu adeninu. MoZné vysvétleni pomérné vysokych intenzit SERS signélu pro lasery
532 nm a 633 nm dosazenych s vyuzitim aktivace pomoci roztoku NaCl o nejnizsi
vysledné koncentraci 25 mmol/l lezi v existenci tzv. ,hot spot™ mist [66]. Takova
koncentrace chloridovych iontti miize vyvolat doc¢asné piiblizeni ¢astic stfibra v roztoku
na ur¢itou velmi malou vzddlenost, kterd je zcela kliCovou zélezitosti pro vytvofeni
aktivnich mist podstatnych pro zesileni Ramanova signalu. Naopak, pfi excitaci
svlnovou délkou 780 nm jsme u takto nizké koncentrace chloridovych ionti
nepozorovali Zadny naruast intenzity SERS signdlu. Tento ptidavek chloridovych ionti
nevyvolal dostatecny vliv na transformaci Ag NPs, ¢imz padem povrchovy plasmon
téchto nanocastic byl mimo rezonanci s excitacni vlnovou délkou pii 780 nm. Jak uz
bylo vySe zminéno, v téchto experimentech se vychdzelo znanocéstic o primérné
velikosti 28 nm. Z obrazku 5A je patrné, Ze ihned po piidavku roztoku NaCl o vysledné
koncentraci 25 mmol/l doslo ke zméné primérmné velikosti Castic z pocatecni hodnoty
28 nm na 40 nm. S dalSim naristajicim ¢asem pak primérnéd velikost Castic postupné
klesala. Toto pozorovani Ize vysvétlit tak, ze doslo k docasnému piiblizeni dvou ¢i vice
Ag NPs, které mélo vliv na mirny nariist primérné velikosti ¢astic zaznamenavané
vV minutovych intervalech metodou DLS. Nicméné na zdkladé pozorovani UV/Vis
spekter a TEM snimku l1ze usuzovat, Ze takto nizka koncentrace NaCl neméla vliv na
parametry nanocastic. Z UV/Vis spekter (Obr. 5D) zaznamenanych po piidavku NaCl o
koncentraci 25 mmol/l lze usuzovat, Zze nedochdzi ke zméné pozice absorpcniho
maxima béhem celého procesu méfeni, jelikoz zména primérné velikosti ¢astic byla jen
velmi nepatrna. Nicméné slaby narist absorpce pti vysSich vinovych délkach byl preci
jen pozorovan. Tyto vysledky byly nasledné podpoteny TEM analyzou té¢hoZ systému,
ze kterého byl odebran vzorek v 15. minuté od pridavku NaCl k disperzi Ag NPs (Obr.
7A).
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Obr. 5: Graf zavislosti velikosti ¢astic stiibra A) — C) a jejich piislusnych UV/Vis
spekter D) — F) na c¢ase od piidavku chloridovych iontd do systému o vysledné
koncentraci 25 mmol/l, 50 mmol/l a 100 mmol/l. Chybové usecky piedstavuji rozmezi
hodnot (nejmensi a nejvyssi), které byly ziskdny béhem tfech nezavislych méreni.

Legenda popisuje uplynuly ¢as od piidavku chloridovych iontii. Pfevzato z [65].

Ponckud odlisna zavislost byla ziskana pii aktivaci vodné disperze Ag NPs
chloridovymi ionty o vysledné koncentraci 50 mmol/l, kde byly pozorovany od samého
zacatku vys$i hodnoty intenzit SERS signalu pfi excitacni vinové délce 532 nm, které
byly stabilni béhem celého tficetiminutového experimentu (Obr. 4A). V piipadé
excitaéniho laseru 633 nm doslo ke znaénému narastu intenzit SERS zesileni béhem
prvnich par minut po ptidavku NaCl k disperzi nanocastic stiibra (Obr. 4B). S dalsim
nartistajicim Casem, respektive nariistajici primérnou velikosti ¢astic, se pak imérné
meénila i1 intenzita SERS signdlu. To vSak neplati pro systém s excitacni vlnovou délku
pii 780 nm, u né¢hoz byl zaznamenan pouze nepatrny narust intenzit SERS signalu (Obr.

4C). Tento jev mize byt vysvétlen na zakladé¢ znaénych zmén velikosti Castic
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minuté od pfidavku NaCl byl pozorovan obrovsky nartist velikosti ¢astic. Tento narast
byl patrny az do 25. minuty aktivaéniho procesu, kde primérna velikost ¢astic vzrostla
az k 300 nm. Tyto zmény byly soucasn¢ potvrzeny i potizenym TEM snimkem (Obr.
7B), ktery odhalil pfitomnost vétSich cCastic. Navic, cely tento proces aktivace
primarnich ¢astic stiibra byl doprovazen vyraznou zménou zabarveni reakéniho systému
z hnédé na Sedou. Tyto zmény indikujici vznik vétSich Castic byly nasledné potvrzeny
UV/Vis spektry, jak je vidét na obrazku SE. Povrchovy plasmon pidvodnich Ag NPs
S maximem absorbance pii 410 nm je typicky pro primarni ¢astice o velikostech okolo
28 nm bez ptridaného roztoku NaCl. Po tfeti minuté od piidavku chloridovych ionth
k vodné disperzi nanocastic stiibra byl zaznamenan pokles tohoto maxima a zaroven
V ten samy okamzik se objevil druhy pik s plasmonovym maximem v oblasti 640 nm.
Tyto poznatky potvrdily, Ze takto upravené Ag NPs jsou pfi excitaci 532 nm a 633 nm
v rezonanci S povrchovym plasmonem. Naopak pii excitaci 780 nm je efekt
povrchového zesileni témét nulovy, z divodu slabého uc¢inku této koncentrace NaCl na

zménu vlastnosti (zménu ve tvaru nanocastic ¢i agregacni stav) ptivodnich Ag NPs.

Pii excitaci s vlnovou délkou 780 nm neni tento typ laseru v povrchem
zesilené Ramanové spektroskopii pfili§ rozsifen, jelikoz se k tomuto ucelu pouzivaji
piedevsim SERS substraty na bazi koloidniho stfibra majici maximum absorbance
povrchového plasmonu nizs$i, nez vySe zminénd excita¢ni vlnova délka 780 nm. Je
vseobecné¢ znamo, ze vlnova délka povrchového plasmonu se posouva do dlouhovinné
oblasti spektra s rostouci velikosti kovovych castic. Da se tedy ocekavat, ze poloha
tohoto maxima bude v rezonanci s vinovou délkou budiciho laserového zafeni a bude
tak dosazeno nejlepsiho zesileni Ramanova signalu. BéZné pouzivané nizké koncentrace
chloridovych iontd (v jednotkdch mmol/l) nejsou zdaleka tak ucinné ke zménam
parametrt Ag NPs, aby doslo k zesileni Ramanova signalu s pouZitim budiciho zafeni
delsich vlnovych délek. Nicméné jak jsme pozorovali v predeslé nasi studii, pfidavek
vysoce koncentrovaného roztoku NaCl (stovky mmol/l) k maltézové disperzi nanocastic
stiibra zajistil reprodukovatelny SERS-aktivni povrch s efektivnim zesilenim Ramanova
signdlu adeninu jak ve viditelné (488 nm), tak blizké infraervené (1064 nm) oblasti

spektra [63].
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Obr. 6: Graf zavislosti velikosti ¢astic stiibra A) — C) a jejich piislusnych UV/Vis
spekter D) — F) na ¢ase od piidavku chloridovych iontd do systému o vysledné
koncentraci 200 mmol/l, 400 mmol/l a 800 mmol/l. Chybové usecky ptedstavuji
rozmezi hodnot (nejmensi a nejvyssi), které byly ziskdny b&hem tfech nezavislych

meéteni. Legenda popisuje uplynuly ¢as od piidavku chloridovych iontt. Pfevzato z [65].

Pii zvyseni vysledné koncentrace roztoku NaCl na 100 mmol/l a 200 mmol/l jsme
pozorovali pro ob¢ koncentrace podobnou zavislost zmén vlastnosti Ag NPs na
pfidavku NaCl do systému, s vyjimkou vys$§ich intenzit Ramanova signalu pro
200 mmol/l NaCl. Co se ty¢e budiciho zafeni s excitacni vlnovou délkou pifi 532 nm,
zde byly hodnoty intenzit SERS signalu pro obé koncentrace po celou dobu analyzy
stabilni (Obr. 4A). U obou koncentraci NaCl nebyly pozorovany zadné vyznamné
zmény v intenzitdch SERS signalu po dobu méfeni s excitacni vinovou délkou 633 nm
(Obr. 4B); pti aktivaci 200 mmol/l NaCl bylo dosazeno stabilnich hodnot zesileného
Ramanova signalu béhem celé sledované doby, v pfipadé 100 mmol/l NaCl intenzita
signalu mirné nartstala. Naopak pro laser 780 nm, v piipadé 100 mmol/I NaCl hodnota
intenzit SERS signalu vzrostla dvojnasobné, v ptipadé 200 mmol/l NaCl ¢tyinasobné
(Obr. 4C). Sledovanim korelace mezi DLS hodnotami, UV/Vis spektry a zménou
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morfologie Ag NPs pozorovanou v TEM snimcich (Obr. 7C a D) Ize usuzovat, ze tyto
chloridové koncentrace vyvolaly zmény v rozmérech €astic za soucasného vzniku jak
malych, tak vétSich Castic stfibra v dasledku rozpousténi piivodnich Ag NPs a jejich
naslednou rekrystalizaci v ptitomnosti obou takto koncentrovanych chloridovych iontd.
Primérnd velikost téchto ¢astic u obou systému vzrostla z desitek nanometrti na stovky
nanometrd (Obr. 5C a 6A). Vétsina zmén se projevila béhem prvnich par minut od
pfidavku chloridovych iontd. U obou systémi doslo béhem 30 minut k potlaceni
extinkéniho maxima pii 410 nm a zaroven byla patrna zvysSena absorbance v oblasti 650
nm odpovidajici pravé bud’ agregatim, ¢i zvétSenym rozmérim castic (Obr. 5F a 6D).
Na zékladé¢ téchto poznatkli lze usuzovat, Ze dochédzelo k postupnym zméndm
v prumérné velikosti Ag NPs [63] ¢i jejich morfologie [67]. Jakmile vzrostla primérna
velikost ¢astic, jejich povrchovy plasmon byl v resonanci s pouzitymi excita¢nimi
vlnovymi délkami, a tim padem se dalo o€ekavat vysSich intenzit zesileného Ramanova

signalu. Vsechny tyto charakteristické zmény byly doprovazeny i vyraznou zménou

zabarveni reakéniho systému z hnédé na Sedou.

f N 200 nm e __200nm | 200 nm

200 nm 200 nm

200 nm T2000m

200 nm

Obr. 7: TEM snimky ¢astic stiibra po 15 minutach od ptidavku chloridovych ionti do

2
200 nm

systétmu o vysledné koncentraci 25 mmol/l (A), 50 mmol/l (B), 100 mmol/l (C),
200 mmol/l (D), 400 mmol/l (E) a 800 mmol/I (F). Ptevzato z [65].
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Povrch nanocastic byl déle aktivovan u¢inkem 400 mmol/l NaCl, které m¢ly vliv
na nejveétsi zesileni Ramanova signalu pro vSechny tfi pouZité excitacni vinové délky
napfi¢ vSemi koncentracemi aktiva¢niho Cinidla. Po 3 minutach od piidavku NaCl k Ag
NPs vzrostla primérna velikost castic az k 400 nm. Béhem 15 minut od piidavku
400 mmol/l NaCl k disperzi Ag NPs doslo k postupnému navyseni intenzit SERS
signdlu (Obr. 4A — C). Toto lze piisuzovat k nartistu velikosti Castic Ag zplisobené
pfitomnosti vysoce koncentrovanych chloridovych iontli, kde jsme pozorovali Ag
castice o velmi dobte definovanych tvarech, odebranych ze syst¢ému pro TEM analyzu
v 15. minuté od pifidavku NaCl (Obr. 7E). Po vySe zminéném case doslo k poklesu
SERS signdlu modelového analytu, coz je pravdépodobné spojeno se sniZzenim
dostupného povrchu Ag castic nezbytného pro naadsorbovani molekul adeninu,
z divodu agregace Ag NPs, jak je dokumentovano na Obr. 6B [68]. Nartust pramérné
velikosti Castic s Casem, a stejn¢ tak znacny posun UV/Vis extinkéniho maxima do
cervené oblasti spektra (Obr. 6E), umoznuje sledovat kinetiku pfemény castic, ktera
byla taktéz doprovazena vyraznou zménou zabarveni reakéniho systému z hnédé na

Sedou.

Na zavér si vSimnéme, co se déje se SERS signdlem adeninu pfi aktivaci povrchu
nanocastic stfibra 800 mmol/l NaCl. Pon¢kud odlisnd zavislost byla ziskana pro
excitacni vinové délky 532 nm a 633 nm, kde byly pozorovany klesajici intenzity SERS
signalu adeninu ihned po ptidavku NaCl k vodné disperzi Ag NPs (Obr. 4A a B). Jedno
z moznych vysvétleni, pro¢ doslo ke sniZeni intenzit pozorovaného SERS signalu tkvi
predev§im v konkuren¢nim boji mezi chloridovymi ionty a molekulami adeninu o
povrch Ag NPs [69]. Na zaklad¢ vysledki je vidét, ze jiz v 7. minuté od ptidavku
roztoku NaCl k Ag NPs pozorujeme maximalni intenzitu SERS signalu adeninu
Vv ptipadé excitacni vinové délky pii 780 nm. Jeho signél v§ak nasledné vyznamné klesal
(Obr. 4C). | vtomto ptipadé byla provadéna DLS meéfeni, ktera odhalila znacny rist
prumérné velikosti ¢astic az na 450 nm (Obr. 6C), coz bylo v souladu s piislusnymi
UV/Vis spektry, kde v prvni minuté experimentu doslo k poklesu a rozsifeni maxima pii
410 nm a zaroven k nartistu absorbance pii 700 nm (Obr. 6F). Nasledna agregace Castic
vedla k destabilizaci vodné disperze, coz se projevilo iplnym potlacenim obou UV/Vis

maxim. Soucasny pokles a posun UV/Vis maxim do &ervené oblasti spektra bylo
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vyrazngj$i, nez u predeslych nizsich koncentraci NaCl, coz ndm potvrdil i TEM snimek
téchto modifikovanych ¢astic (Obr. 7F). Z divodu prertstani Ag NPs a agrega¢niho
mechanismu aktiva¢niho procesu takového rozsahu, jsme se dostali mimo rezonanci
excitacnich vlnovych délek, a v disledku toho jsme opét pozorovali zménu zbarveni
reakéniho systému z hnéd¢ na Sedou. Z diivodu velmi silné agregatni a sedimentacni
nestability pokleslo mnozstvi SERS-aktivnich Ag NPs ve vodné disperzi, kde podle

pfedpokladu dochézelo s rostoucim casem ke sniZzeni intenzit Ramanskych signali.

Vysledky z této kapitoly byly v roce 2015 publikovany v ¢asopise RSC Advances

a autorka disertacni prace je prvni ze Sesti autort tohoto ptivodniho ¢lanku.

4.2 Diagnostika infekce kloubnich nahrad metodou MA-SERS

Pfedmétem studia v této praci byla v€asna detekce a identifikace bakteridlnich
patogenti  Staphylococcus aureus a Streptococcus pyogenes piitomnych ve
vzorcich kloubniho vypotku ziskanych punkci kolene. Pfitomnost kovalentné
navazaného streptavidinu na povrchu magnetickych castic, ktery vykazuje vysokou
afinitu pro biotin, umoznuje jejich naslednou selektivitu prostiednictvim jednoduché
funkcionalizace povrchu pomoci biotinylované protilatky. K témto experimentim byly
vyuzity dvé protilatky: protilatka na protein A [70] se pouziva k dosazeni selektivity pro
bakterii  Staphylococcus aureus, a protilatka na streptokokovou sténovou
polysacharidovou substanci skupiny A [71], které se vyuziva k selektivni detekci

bakterie Streptococcus pyogenes.

Charakterizace materialu po jednotlivych krocich chemické modifikace povrchu
magnetickych ¢astic, tj. po aktivaci funkénich skupin a vzniku novych vazeb, byla
provedena na zakladé méfeni jejich elektrokinetického (zeta; {) potencidlu. {-potencialy
naméiené po kazdé povrchové upravé jsou uvedeny v grafu na obrazku 8A. Naméiena
hodnota C-potencialu primarnich magnetickych nanocastic S volnymi karboxylovymi
skupinami (MNP) odpovidala hodnoté -22,3 mV. Tento relativné vysoky zaporny

povrchovy naboj je pfi€itdn piitomnosti pocetnych volnych karboxylovych skupin.

29



Vychozi MNP byly charakterizovany metodou RTG praskové difrakce (Obr. 8B)
na rentgenovém praskovém difraktometru. Pofizeny XRD zdznam spektra studovaného
vychoziho materidllu MNP dokazuje pfitomnost pouze krystalické faze bez dalSich
difrakci nebo vyznamného podilu amorfni faze. Analyzou difrakéniho zdznamu jsme
zjistili hodnotu mfizkové konstanty a rovnou 0,8360 nm, kde pozorujeme mirné
nestechiometrickou fazi maghemitu (y-Fe,O3), ktera vykazuje kubickou strukturu s
Casteéné usporadanymi vakancemi s prostorovou grupou P4332. Rietveldova analyza
difrakénich podilli naznacila, Ze ¢astice maghemitu dosahuji velikosti 13 nm. Zavéry
ucinéné na zakladé difrakénich dat byly podpofeny i TEM snimkem vychozich MNP
(vloZeny obrazek do Obr. 8B). Tyto vychozi magnetické nanocastice byly vybrany z
diivodu pfitomnosti volnych karboxylovych skupin na povrchu, které brani aglomeraci
nanocastic a zvySuji tak jejich disperzibilitu ve vodném prostiedi. Nasledna aktivace
volnych karboxylovych skupin za pouziti vodné smési Cinidel EDC a NHS byla
doprovazena vyraznym zvySenim (-potencidlu materialu az na hodnotu 8,8 mV, coz
odrazi uspé&snou aktivaci karboxylovych funkénich skupin na povrchu MNP na reaktivni
estery N-hydroxysukcinimidu. Dalsim krokem byla kovalentni imobilizace
streptavidinu na povrch magnetickych nanocastic prostfednictvim reakce jeho koncové
aminoskupiny (-NH,) s aktivovanymi karboxylovymi skupinami na povrchu MNP.
Vznik kovalentni vazby se projevilo zvysenim (-potencialu az na hodnotu 9,6 mV.
Dalsi krok syntézy spocival v navazani biotinylované protilatky na streptavidin. Vznik
nekovalentni vazby v komplexu streptavidin-biotin a kone¢né zablokovani zbylych
aktivovanych karboxylovych skupin zpiisobilo malé navyseni povrchového naboje na
hodnotu 10 mV, ktera je typicka pro nanocastice nesouci protilatku anti-APS, a stejné
tak na hodnotu 10,4 mV, ktera byla zaznamenana v pfipadé funkcionalizace povrchu
MNP anti-IgA protilatkou. Morfologie biosenzoru byla charakterizovana pomoci
HRTEM, STEM-EDS a STEM-HAADF zobrazovacich technik. Pti pouziti HRTEM
analyzy MNP@Strep/Ag castic (Obr. 8C) je ziejmé, zZe celkovy prumér, jak
magnetickych, tak stiibrnych nanocastic se pohybuje v rozmezi 10-20 nm. Krom¢ toho,
chemické mapovani STEM-EDS (Obr. 8D) biosenzoru jasné poukazuje na piitomnost
prvka jak Fe, tak Ag. Jak je znazornéno na obrazku 8E, nanocastice stiibra jsou
distribuovany na povrchu maghemitu; toto je dale potvrzeno pfitomnosti Castic s

riznym kontrastem ve snimku STEM-HAADF (Obr. 8E).
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Obr. 8: Komplexni materiadlova charakterizace MA-SERS nanog¢astic: (A) Namétené (-
potencialy zaznamenané po kazdém kroku modifikace pfipraveného biosenzoru. (B)
XRD spektrum vychozich magnetickych nanocastic MNP (vloZeny obrazek vpravo
nahofe pfedstavuje TEM snimek tychz MNP) se zobrazenim teoreticky
nejvyznamnéjsich difrakénich rovin maghemitu. (C) Reprezentativni HRTEM snimek
modifikovanych MNP@Strep/Ag ¢astic. (D) STEM-EDS chemické mapovani (Fe, O, a
Ag) modifikovanych MNP@Strep/Ag castic. (E) HAADF snimek modifikovanych
MNP@Strep/Ag Castic. Prevzato z [64].

Uspé&snost syntézy MA-SERS biosenzoru byla ovéfena s vyuzitim metody
infraervené spektroskopie (IR). IR absorpéni spektra povrchu ¢istych MNP,
modifikovanych streptavidinem a nasledné funkcionalizovanych biotinylovanymi
protilatkami jsou ukazana na Obr. 9. IR spektrum primarnich MNP vykazuje
charakteristické vibraéni mody (napt. 1726 cm ) typické pro karbonylové vibrace,
prozatim bez pfitomnych vibraci proteind, které budou nasledné diskutovany v IR
spektrech po jednotlivych krocich modifikace povrchu MNP. IR spektrum nanocastic
po imobilizaci streptavidinu (tj. MNP@Strep) vykazuji dva amidové pésy: amid 1 pii
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1639 cm™, ktery je typicky pro B-strukturu skladaného listu (C=O vibrace), a amid 1
pii 1568 cm ™ (deformacéni N—H s valenéni C—N vibraci). Tyto pasy mohou byt pfipsany
amidovym skupindm v postrannim fetézci pfitomnym v peptidovych skupinach
streptavidinu, a proto na tomto zéklad¢ 1ze usoudit pritomnost streptavidinu na povrchu
MNP [16,72,73]. Pas odpovidajici vibraénimu moédu karboxylatu pfi 474 cm ™ (COO
vibrace) je taktéz identifikovatelny ve spektru MNP@Strep [74]. Pritomnost
streptavidinu na MNP byla taktéz potvrzena ptitomnosti vibrace slabych az stfednich
intenzit pri 1208 cm™* a1247 cm*, vibraci z nich? ob& odpovidaji vibracim amidu III
[16]. Srovname-li na Obr. 8 IR spektra biosenzort (oznacené jako MNP@Strep@anti-
IgA a MNP@Strep@anti-APS) a spektrum MNP@Strep, nepozorujeme zde zadné
rozdilné vibrace az na slaby posun pasu 1726 cm* do &ervené oblasti spektra, ktery
odpovida signdlu karbonylové skupiny, kterd mize byt zodpovédnd za interakci kli¢-
zamek mezi nanocasticemi s navazanym streptavidinem a biotinylovanym koncem

protilatek [75].
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Obr. 9: IR spektra vychozich MNP, modifikovanych MNP@Strep, MNP@Strep
funkcionalizovanych biotinylovanou protiladtkou na protein A (oznaceno jako
MNP@Strep@anti-IgA) a biotinylovanou protilatkou na streptokokovou sténovou
polysacharidovou substanci skupiny A (oznaceno jako MNP@Strep@anti-APS).
Prevzato z [64].
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MA-SERS biosenzor byl nejprve testovan na modelovych vzorcich bakterialniho
lyzatu Staphylococcus aureus (proto dale ozna¢eni STAU). Vysledna SERS spektra
jsou znazornéna na Obr. 10, spole¢né se spektrem vychozich MNP, dale pak pro
porovnani spektrum vzorku piedstavujici modifikované MNP@Strep ¢astice a spektrum
slepého vzorku sestavajiciho z vodné disperze MNP@Strep@anti-IgA biosenzoru bez

ptfidaného lyzatu.
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Obr. 10: SERS spektra vychozich MNP/Ag, modifikovanych MNP@Strep/Ag,
MNP@Strep funkcionalizovanych biotinylovanou protilatkou na protein A (oznaceno
jako MNP@Strep@anti-IgA/Ag) a bakterialniho lyzatu Staphylococcus aureus CCM
3953 (oznaceno jako MNP@Strep@anti-lgA@STAU/AQ). Pievzato z [64].
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Spektrum c¢istych MNP nevykazuje zddné ze silnych vibra¢nich moédu, které jsou
nasledné pozorovany ve spektrech modifikovanych MNP@Strep castic, slepého ¢i
modelového vzorku. Naopak, SERS spektra modifikovanych MNP@Strep ¢astic a
castic MNP@Strep@anti-IgA biosenzoru (slepy vzorek) si jsou velice podobné. Oba
vykazuji charakteristické spektralni pasy odpovidajici Castem proteinové struktury,
které zahrnuji pasy oznaCované v literatuie jako amid Il a Ill. Charakteristické vibrace
spektralnich pasii amidu II se nachazeji pii 1558 cm ™ (NH vibrace) a 1450 cm™ (5-CH,
nizkova) [76]. Dale pak vibra¢ni mod amidu III, ktery je spojovan se strukturou a-
helixu a zejména pak s v(CN) a NH in-plane vibracemi peptidové vazby, je
reprezentovan pasy pii 1391 cm ' a 1231 cm ' [77,78]. Funkcionalizaci MNP@Strep
¢astic biotinylovanou protilatkou doslo k podstatnému navySeni intenzity SERS pasu
amidu III pti 1231 cm 7, coZ lze vysvétlit nadbytkem pfitomnych a-helix konformaci, a
tim padem to povazovat za uspéSnou nekovalentni interakci mezi streptavidinem a
biotinylovanym koncem protilatky. Reprezentativni SERS spektrum biosenzoru
(oznaceno jako MNP@Strep@anti-IgA/Ag) je zobrazeno na Obr. 10. Nakonec inkubace
biosenzoru se vzorkem STAU lyzatu (oznaCeno jako MNP@Strep@anti-
IgA@STAU/AQ) byla doprovazena vyraznymi zménami relativnich intenzit past pii
1391 cm* a 1558 cm ™ ve srovnani s intenzitami t&chto pasi ve slepém vzorku. Za
citlivy indikator uspeésné interakce biosenzoru s proteinem A typického pro STAU
bakterii, 1ze povazovat hodnotu poméru intenzit proteinovych pastu (definovany jako
li301 / lissg, dale pak oznaCovano jako PBR zangl. protein band ratio), ktera byla
doprovdzena zménou hodnot z 13,31 (slepy vzorek) na 0,36 (modelovy vzorek) se
statisticky vyznamnym rozdilem (p hodnota = 1,035 x 10°°). SERS spektrum STAU
lyzatu rovnéz vykazuje nové vskutku dobte rozliSitelné pasy pii 530 cm ™, 602 cmta
730 cm?, které nebyly pozorovatelné ve spektrech MNP@Strep ¢i slepém vzorku. Ve
spektru STAU bakterie dominuje silny vibraéni mod pi 530 ecm™, ktery lze
interpretovat jako S-S wvibraci pochazejici od vyznamného bakterialniho
polypeptidového toxinu (L-cystein) produkovaného STAU bakterii [16,79,80]. SERS
spektrum taktéz vykazuje vyznamny pas pii 602 cm ktery miize byt piifazen
vibracnimu moédu fenylalaninu, ktery je stejné¢ tak produkovan STAU bakteriemi
[81,82]. Dalsi vyznamny péas lezici pfi 730 cm ' byl interpretovan jako mod

glykosidické vazby stavebnich kament v bunéénych sténach bakterie, presnéji poly-N-
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acetylglukosamin (NAG) a kyselina N-acetylmuramova (NAM) [47,83-85]. Zaroven se
muzeme setkat s interpretaci podle literatury Ankamwar a kol. [40], kde je tento
vibra¢ni pas pii 730 cm spojovan s ,,dychacimi* vibracemi aromatického purinového
kruhu C-N fetézce adeninu pochazejiciho ze slozek lipidové vrstvy bunécéné stény

bakterie.

Vysoky stupent vSestrannosti, ktery tato metoda nabizi, spo¢ivd ve volb¢
konkrétni protilatky, jenz se ptfidavd v poslednim kroku syntézy, a zajiStuje tak
selektivitu MA-SERS biosenzoru. Univerzalnost této metody byla demonstrovana na
bakterialnim lyzatu Streptococcus pyogenes (dale jen STPY), ktery je rovnéz spojovan
s infekci kloubni nahrady (IKN). Srovnani SERS spekter modelovych vzorki STPY
bakterialniho lyzatu (dale oznaceno jako MNP@Strep@anti-APS@STPY/Ag) a STAU
lyzatu (MNP@Strep@anti-IlgA@STAU/AQ) se nachazi v Obr. 11.
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Obr. 11: SERS spektra modelovych vzorkt bakterialnich lyzati Staphylococcus aureus
CCM 3953 (oznacené jako MNP@Strep@anti-lgA@STAU/Ag) a Streptococcus
pyogenes (oznacené jako MNP@Strep@anti-APS@STPY/AQ). Prevzato z [64].
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Vzhledem k zafazeni obou bakterii mezi fakultativné anaerobni Gram-pozitivni koky se
dalo ocekavat, ze jejich spektra budou mit velmi podobny prubeh, i pies nékteré
vyznamné rozdilné molekulové vibrace. Hodnota PBR se podstatné snizila po inkubaci
ptislusného biosenzoru se STPY lyzatem, tj. z hodnoty 19,71 na hodnotu 0,48 se
statisticky vyznamnym rozdilem, jenz nam svédc¢i o Gispésné interakci mezi bakterialnim
lyzatem a funkcionalizovanym biosenzorem. Nejvétsi rozdily mezi SERS spektry
STAU (MNP@Strep@anti-IgA@STAU/Ag) a  STPY  (MNP@Strep@anti-
APS@STPY/Ag) bakterii se vztahuji k vibraénim pasim leZicim pfi 475 cm cm
924 cm™ a 962 cm . Tyto pasy byly interpretovany jako vibrace D-mandzy, ktera je
hlavni cukernou slozkou matrice STPY [86]. Ve spektru STPY bakterie mizeme také
pozorovat intenzivni pik pfi 660 cm Y, ktery nam jednozna¢né potvrzuje pfitomnost C-S
vibraci pochazejici z toxinu methioninu diskutované bakterie [83,87]. Kromé toho se ve
spektrech nachédzi dalsi ne ménd dileZity pas pfi 530 cm ™, ktery je pivodcem S-S
vibrace cysteinu. Rovnéz si miizeme vS§imnout, ze intenzita vibrace tohoto pasu je nizsi
ve spektru STPY nez v piipadé STAU, coz muze byt dalsim voditkem pro diskriminaci
mezi témito dvéma patogeny. Navic rozdil mezi hodnotami PBR pro STAU a STPY se
jednozna¢né jevil jako staticky vyznamny (p = 0,021). Toto pfimé porovnani SERS
spekter dvou rtznych bakteridlnich lyzati s na miru uSitym biosenzorem jasné
poukazuje, Ze prostfednictvim zde popsaného MA-SERS piistupu mizeme jasné rozlisit

mezi bakteriemi Staphylococcus aureus a Streptococcus pyogenes.

Vzhledem k tomu, Ze vzorky kloubnich tekutin jsou typicky bohaté na informace
v disledku $irokého obsahu celé¢ ftady rGznych molekul, interpretace spekter
bakteridlnich patogenil vV matrici biologickych materidlli je obvykle velmi obtizna. Proto
se Casto nevyhneme pouziti naro¢nych technik a zkuSenych specialisti pro analyzu
ziskanych dat. I pfes to se SERS spektroskopie jevi jako perspektivni analyticka
technika pouzitelnd pro klinickou praxi pfi detekci patogennich mikroorganismi.
Vzhledem ke komplexnosti biologickych vzorkd se da oc¢ekavat, ze spektra budou
obsahovat koktejl SERS-aktivnich vibra¢nich modu pochazejicich od slozek bunétné
stény patogent a nativnich slozek matrice. Zatimco zde uvedeny systém spoléha na
apriorni znalosti 0 biochemii analyzovaného patogenu, tato technika rovnéz poskytuje
urc¢itou flexibilitu pfi interpretaci SERS vibra¢nich pasi a naslednou detekci a

diagnostiku IKN. PiestozZe je tato flexibilita atraktivni, idealni systém detekce bakterii
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by viibec nemél dovolit nejisté piifazeni pasi. Bohuzel v soucasné dobé se vahavému
pfifazeni pasi pravdépodobné nevyhneme z divodu nedostatku dostupnych SERS
spektralnich knihoven, které by mohly byt vyuzity K interpretaci vibra¢nich past
bakteridlnich slozek, coz se muze podepsat na financni i ¢asové naroc¢nosti celého
analytického procesu. Ackoliv se databazové zdroje pro zakladni Ramanova spektra
biologickych materiali postupné stavaji dostupnéjsi a komplexnéjsi, neni zde jistota, ze
vibraéni pasy pozorované¢ v Ramanové spektru budou totozné s pasy pozorovanymi v

SERS spektrech téch samych bakterii.

Z hlediska dalSich aplikaci a zejména pak pii vyuziti v povrchem zesilené
Ramanov¢ spektroskopii je velmi klicova Casova stabilita magnetického biosenzoru.
Vliv starnuti senzoru na stabilitu SERS signalu jsme testovali pomoci STAU
biosenzoru, jenz byl skladovan za atmosférickych podminek po dobu nékolika tydnti.
Stabilita SERS signalu byla hodnocena s vyuzitim MNP@Strep@anti-IgA ¢astic, které
byly ihned po ptipravé ulozeny do chladnicky. Z tohoto zasobniho roztoku byly v den
méfeni (1., 15., 30., 45. a 60. den od pfipravy) odebrany alikvotni podily vzdy tésné
pied inkubaci se STAU lyzatem a nasledné byla zaznamenana SERS spektra. I pies to,
Ze se absolutni intenzity s ¢asem znatelné snizily, polohy vibracnich past pozorované
ve spektrech na Obr. 12A zustaly pro danou bakterii po celou dobu zachovany.
Vypoétené PBR hodnoty jsou pomérné stabilni s primérnou hodnotou okolo 0,36 a
relativni smérodatnou odchylkou nizs§i nez 5%. Nasledn¢ byly vyneseny zavislosti

SERS intenzit pasu 1558 cm

, resp. PBR hodnot na case od ptipravy STAU
biosenzoru. Jak je vidét na obrazcich 12B a 12C, ob& hodnoty byly monitorovany po
dobu 2 mésict. Tento SERS biosenzor se tak jevi jako pomérné stabilni za béznych

atmosférickych podminek, a to i po dvou mésicich skladovani.
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Obr. 12: A) SERS spektra MNP@Strep@anti-lgA@STAU/Ag ziskany pro vzorky
riznych davek odebranych béhem 2 mésicti ode dne jejich piipravy pii sledovani ¢asové
stability biosenzoru. Pro lepsi piehlednost bylo kazdé SERS spektrum posunuto o
zhruba 300 jednotek Ramanovy intenzity. Sledovani Casové stability prostfednictvim
zavislosti B) SERS intenzity pasu 1558 cm ™ a C) PBR hodnot na ¢ase v priibshu 2

mesicl. Prevzato z [64].

K testovani a hodnoceni pouzitelnosti navrhované bezkultivacni detekce a
identifikace patogent S. aureus a S. pyogenes v realné matrici byly zkoumany vzorky
zprvu sterilnich punktati z kolenniho kloubu, které byly inokulovany témito zivymi
bakterialnimi bunikami. SERS spektra ziskana béhem téchto experimenti jsou uvedena
na obrazku 13. I pies to, ze se absolutni intenzity SERS signali oproti modelovym
vzorkim znateln¢ snizily, polohy vibracnich past pozorované ve spektrech na Obr. 13
(oznaceno jako MNP@Strep@anti-IgA@SIF@STAU/Ag a MNP@Strep@anti-
APS@SJF@STPY/Ag) zlstaly pro obé bakterie zachovany a odpovidaji spektrim
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jejich modelovych vzorkd. Nicméné oba vzorky (modelové i1 sredlnou matrici)
poskytovaly stejny trend zmény hodnot PBR, ktera klesala z 13,31 na 0,08 (p = 1.010 x
10™°) v piipadé S. aureus, az 19,71 na 0,65 (p =2.817 x 10°°) v pripadé S. pyogenes.
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Obr. 13: SERS spektrum modifikovanych MNP@Strep/Ag ¢astic, MNP@Strep ¢astic
funkcionalizovanych biotinylovanou protildtkou na protein A (oznaceno jako
MNP@Strep@anti-lgA/Ag),  sterilniho  kloubniho  punktatu  (oznaceno  jako
MNP@Strep@anti-IgA@SJF/Ag), kloubniho punktatu inokulovaného  bakterii
Staphylococcus aureus CCM 3953  (oznadeno jako MNP@Strep@anti-
IgA@SIF@STAU/Ag) a kloubniho punktitu inokulovaného bakterii Streptococcus
pyogenes (ozna¢eno jako MNP@Strep@anti-APS@SIJF@STPY/AQ). Prevzato z [64].
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Dale pak byl sledovan vliv koncentrace a nespecifickych interakci na spésnost
bakterialni detekce. VIiv nespecifickych interakci byl studovan s vyuzitim
MNP@Strep@anti-IgA biosenzoru inkubovaného se vzorky punktatu z kolenniho
kloubu ziskanych od ¢tyf pacientii (oznaceni jako pacient A-D), které byly inokulovany
zivymi bakteriemi STAU. Obrazek 14 reprezentuje ziskanad spektralni data pro tato
meéteni. VSechna spektra obsahuji vySe interpretované a nasledné diskutované vibraéni
mody, ackoliv se jejich absolutni intenzity mezi sebou patrné 1isi. Nicmén¢, vypoctené
hodnoty PBR pro vSechny 4 pacienty jsou stabilni (pramérné se pohybuji okolo hodnoty
0,80) s10% relativni smérodatnou odchylkou mezi PBR hodnotami jednotlivych
pacientl. Muzeme si povSimnout, ze spektra bakterii pfitomnych v redlné matrici
zndzornéna na obrazcich 13 a 14 obsahuji méné vyznamné pasy pochdzejici z
nespecifickych biologickych interakci na rozhrani mezi volnym povrchem nanocastic
stiibra a malymi organickymi molekulami. Nicmén¢ tyto interakce nemaji zasadni vliv

na vypoctené hodnoty PBR, o ¢emz svéd¢i nizkd RSD a stabilnim PBR.
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Obr. 14: Reprezentativni SERS spektra zivych bakteridlnich bunék STAU
inokulovanych v kloubnich punktatech ziskanych od ¢tyi' riznych pacientti (A-D). Pro
lepsi piehlednost bylo kazdé SERS spektrum posunuto o tadové stovky jednotek
Ramanovy intenzity. Pievzato z [64].

40



O definitivnim postaveni této nové analytické metody v diagnostickém algoritmu bylo
nasnad¢ dale testovat pouziti biosenzoru ve vzorcich redlné matrice kloubniho punktatu
ziskanych od &ty pacienti (A, B, C a D). Pro kazdy vzorek bylo provedeno deset
opakovanych méfeni a vysledné spektralni idaje byly podrobeny statistické analyze pro
nasledné zhodnoceni schopnosti navrhované metody detekce a identifikace IKN. Pro
klasifikaci dvou bakteridlnich patogeni (STAU a STPY) v biologickém materidlu byl
pouzit algoritmus diskriminacni analyzy (DA), ktery je soucasti chemometrického
programu  TQ Analyst dodavaného s pfistrojem. Diskrimina¢ni analyza
umoziuje interpretovat rozdily mezi dvéma nebo vice skupinami objektd, které maji
velmi podobné charakteristické rysy (v naSem piipadé spektralni pribéh). Zatazovani
bakteridlnich vzorkli do tfid se odehrdava na zaklad¢ vzdalenosti mezi centry
jednotlivych tfid vyjadiené v distan¢nich Mahalanobisovych jednotkach. Vystupem
statistické diskriminacni analyzy dat je nasledné grafick¢é uspotfddani objektd ve
vicerozmérném prostoru pomoci jiz zminéné Mahalanobisovy vzdéalenosti. Jak bude
dale patrné v této diserta¢ni praci, DA usnadnuje interpretaci spektralnich podobnosti a
rozdild, a stejné tak umoznuje zatazeni neznamého objektu do jedné z jiz existujicich
tfid. SERS spektra biologickych vzorki s nejvétsi reprodukovatelnou podobnosti by se
mély seskupit do transformovaného prostoru s nejmensi Mahalanobisovou vzdalenosti.
Vzhledem k bohatym informacim ve spektralni oblasti 400 cm™ a 1600 cm™ byla
statistické diskrimina¢ni analyze podrobena tato oblast SERS spektra. Studie byla
provedena na skupin¢ 30 vzorki vzdy pro kazdého pacienta, zahrnujici
reprodukovatelna SERS spektra naméfena se sterilnimi kloubnimi punktaty a punktaty
inokulovanymi zivymi bakterialnimi buikami (STAU ¢i STPY). Ziskané vysledky jsou
shrnuty na obrazku 15A-D, kde pozorujeme jednoznacné odliSeni existujicich tfid
v datech, pficemz tiida sterilniho kloubniho punktatu je znazornéna Cervené, tiida
kloubniho punktatu s inokulovanou bakterii Staphylococcus aureus CCM 3953 je
zobrazena modife a tifida kloubniho punktatu inokulovaného bakterii Streptococcus
pyogenes je oznacena zelen€. Z obrazku 15 je patrné, Ze jednotlivé vzorky kloubnich
punktatii tvofi oddélené shluky, které maji rizné meziklastrové Mahalanobisovy
vzdalenosti. Vypoctené prumérné hodnoty vzdalenosti uvnitf jednotlivych tiid pro
pacienty A, B, C a D odpovidaji hodnotam 0,37, 0,57, 0,59 a 0,94 pro sterilni kloubni
punktat; 1,31, 1,24, 0,80 a 0,92 pro kloubni punktat inokulovany bakterii S. aureus
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CCM 3953; 0,84, 0,82, 1,27 a 0,91 pro kloubni punktat inokulovany bakterii S.
pyogenes. Vypoctené prumérné hodnoty mezi jednotlivymi tfidami navzajem
odpovidaji vzdalenostem 2,37, 2,90, 2,83 a 3,72 mezi sterilnim kloubnim punktatem a
punktatem se Staphylococcus aureus CCM 3953; 2,46, 1,60, 5,69 a 4,69 mezi sterilnim
kloubnim punktatem a punktatem se Streptococcus pyogenes. Déle pak meziklastrové
vzdalenosti odpovidaji hodnotam 3,62, 1,95, 4,45 a 5,83 pro ttidy Staphylococcus
aureus CCM 3953 a Streptococcus pyogenes. Zavérem lze tedy konstatovat, Ze tyto
vysledky poukazuji na spolehlivost kombinace MA-SERS s DA k rozliSeni tiech

analytl, které byly soucasné validovany na zéklad¢ standardnich kultiva¢nich metod se

stejnym setem tychz vzorka.
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Obr. 15: Klasifikace kloubnich punktati od Ctyf pacienti (A, B, C a D) podle
diskrimina¢ni analyzy. Orientatné zvyraznéné oblasti v grafech ptedstavuji: sterilni
kloubni punktat (SJF; Cervend), kloubni punktat inokulovany bakterii Staphylococcus
aureus CCM 3953 (STAU; modrd) a kloubni punktat inokulovany bakterii
Streptococcus pyogenes (STPY; zelena). Prevzato z [64].
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Citlivost metody byla nésledné testovana s vyuzitim stejného MA-SERS
detekéniho protokolu popsaného v Experimentalni ¢asti. V nasledujici ¢asti prace jiz
byly zkoumany pouze bakterialni lyzaty v kloubnim punktatu z divodu snadnéjsi
manipulace s biologickym materidlem a dodrzeni fedicich krokt. Koncentrace obou
bakterialnich patogent byla snizovana az na hranici, kde lze stale pozorovat statisticky
vyznamny rozdil mezi PBR hodnotami (11391 / l1558) slepého vzorku, resp. biosenzoru a
bakteridlniho vzorku. Na zikladé ziskanych vysledka tak bylo zjisténo, ze navrzeny
biosenzor poskytuje pozitivni odpovéd’ na bézné se vyskytujici koncentraci bakterii (3 %
10® CFU/mL) v realnych vzorcich bdhem IKN, jak jsme pozorovali vyse u modelovych
vzorkli (Obr. 11). A navic tato MA-SERS metoda poskytuje limity detekce o dva
(STAU; Obr. 16A) c¢i tii (STPY; Obr. 16B) tady nizsi nez je bézné se vyskytujici

koncentrace bakterii doprovazejici IKN.
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Obr. 16: Detailni pohled na pasy 1391 cm ™ a 1558 cm* v SERS spektru kloubnich
punktatti s rozdilnymi koncentracemi bakterialnich patogentt A) Staphylococcus aureus
a B) Streptococcus pyogenes. Pro lepsi piehlednost bylo kazdé SERS spektrum

posunuto o fadove stovky jednotek Ramanovy intenzity. Pievzato z [64].
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Poslednim, rovnéz velmi dilezitym kritériem bylo testovani schopnosti MA-
SERS biosenzoru selektivné vazat bakterie ve vzorcich redlné matrice. Za timto ucelem
byla pfipravena smés obou senzori (MNP@Strep@anti-lgA & MNP@Strep@anti-
APS) v poméru 1:1. Tento mix senzord byl otestovan jak s Cistymi lyzaty jednotlivych
bakterii, tak s jejich bakterialni smési v poméru 90:10 jak pro STAU, tak STPY a
rovnéz se postupovalo stejnym MA-SERS detekénim protokolem popsanym Vv
Experimentalni ¢asti disertacni prace. Pti klasifikaci setl s ¢istym STAU (Obr. 17) nebo
STPY (Obr. 18) proti jejich odpovidajicim bakterialnim smésim byly v obou piipadech
ziskany dvé ruzné tfidy vyjadiené pomoci hrani¢ni pfimky pozorované v grafech
diskrimina¢ni analyzy. Vypoctené¢ primérné hodnoty vzdalenosti uvniti jednotlivych
tiid pro STAU vzorky odpovidaji hodnotam 0,37 pro smés 90:10 a 0,68 pro smés 100:0,
resp. ¢isty STAU. Podobné vysledky byly ziskany pro klasifikaci STPY vzorki, které
byly opét v poméru 90:10 a 100:0 (Obr. 18) s vnitinimi vzdalenostmi 1,06 a 0,79. Na
druhou stranu z vysledki vyplyva, Ze jednotlivé vzorky tvofi oddélené shluky
s meziklastrovou vzdalenosti 2,45 pro STAU vzorky a 1,97 pro STPY vzorky. Na
zaklad¢ ziskanych vysledkt tak bylo zjiSténo, Ze navrzena metoda je selektivni pro oba
pritomné patogeny 1 navzdory tomu, Ze je jedna bakterie ve velmi malém zastoupeni

vedle druhé.
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Obr. 17: Grafické znazornéni diskriminacni analyzy dat ziskanych klasifikaci ¢istého
STAU lyzatu (STAU:STPY = 100:0; ctverec) a smési  bakteridlnich lyzata
(STAU:STPY = 90:10; trojuhelnik) s vyuzitim smeési biosenzori v pomeéru 1:1.
Prevzato z [64].
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Obr. 18: Grafické znazornéni diskriminacni analyzy dat ziskanych klasifikaci ¢istého
STPY Ilyzatu (STAU:STPY = 100:0; ctverec) a smesi  bakteridlnich lyzata
(STPY:STAU = 90:10; trojuhelnik) s vyuzitim smési biosenzori v pomeéru 1:1.
Prevzato z [64].

Vysledky z této kapitoly byly v roce 2017 publikovany v casopise Analytical

chemistry a autorka diserta¢ni prace je prvni z deviti autorti tohoto ptivodniho ¢lanku.
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4.3 Publikace zahrnujici alternativni SERS substraty

Tato c¢ast predkladané disertacni prace shrnuje spoluautorské publikace, ve
kterych bylo rovnéz vyuzito optickych vlastnosti Ag NPs a jejich aplikacniho potencialu
v povrchem zesilené Ramanové spektroskopii jako aktivnich substratl, oproti
pfedchozim piipadim ale byly Ag NPs pouzity v podobé vrstev ¢i jako soucast
kompozitniho materidlu. Konkrétné se jedna o publikaci zabyvajici se ptipravou
nanokompozitniho materidlu pro ,label-free” stanoveni lidského imunoglobulinu G
v krvi metodou MA-SERS a o publikaci, ktera ilustruje syntézu sonochemické depozice
Ag NPs na sklenéné desticky a jejich vyuziti jako SERS aktivni substraty.

4.3.1 Magneticky-asistovana povrchem zesilena Ramanova spektroskopie
(MA-SERS) pro ,label-free“ stanoveni lidského imunoglobulinu G (IgG)

v krvi s vyuzitim nanokompozitniho materialu na bazi Fe;O,@Ag

Vysledky této prace popisuji modifikaci nanokomopozitniho materidlu
obsahujiciho nanocéstice stiibra a Fe30,, konjugované spolu pies polymerni mezivrstvu
vytvofenou karboxymethyl chitosanem, jakozto pfirodnim a biokompatibilnim
polymerem. Nasledné byl tento systém modifikovan anti-imunoglobulinem G pftes
nekovalentni interakci s kovalentné¢ navadzanym streptavidinem na povrchu kompozitu,
¢imz byla zajiSténa vysoka selektivita stanoveni. S vyuZzitim mikroRamanovy
spektroskopie nasel takto pfipraveny biosenzor uplatnéni ve stanoveni imunoglobulinu
G ze vzorkli krve. V této praci bylo ukdzdno, ze lze detekovat koncentrace
imunoglobulinu G od 600 fg/ml v kapce krve. Tato robustni metoda poskytuje relativné
snadnou modifikaci za ucelem stanoveni celé fady biologicky vyznamnych molekulti
svysokou selektivitou a citlivosti. Pfislusna modifikace se realizuje tak, ze se

V poslednim kroku vybere vhodna biotinylovana protilatka.

Vysledky z této kapitoly byly vroce 2014 publikovany v Casopise Analytical

Chemistry a autorka diserta¢ni prace je druha z péti autorti tohoto ptivodniho ¢lanku.
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4.3.2 Sonochemicka priprava sklenénych desti¢ek s vrstvou nanocastic

stiibra pro ucely povrchem zesilené Ramanovy spektroskopie

V ramci dalsi faze studia aplikacniho potencidlu povrchem zesilené Ramanovy
spektroskopie byla provedena studie na zcela nové metodicky navrzenych
sonochemicky deponovanych vrstvach castic stfibra na sklenéném povrchu. Jelikoz
sonochemickéd pfiprava nebyla soucasti této disertacni prace, budou zde jednotlivé
postupy popsany jen v kratkosti. Podrobny postup pak byl popsan v publikaci Suchomel
a kol. [88]. Vysledky této publikace spocivaji v komparativni studii moznych postupt
variujicich pouziti rozdilnych redukcnich latek, Scilem nalézt experimentalni
usporadani a podminky pro ¢asové nenaro¢nou a reprodukovatelnou pripravu Ag vrstev
a jejich nasledny aplikacni potencidl v povrchem zesilené Ramanové spektroskopii.
Navrzené postupy pfipravy Ag vrstev spocivaly ve variujicim pouziti raznych
redukujicich latek (polyethylenglykol, glycerol, maltéza, glukoza, laktéza) a v rizném
experimentalnim uspofadani (pfedev§im snizeni koncentrace stiibra) za ucelem zvysit
reprodukovatelnost pfipravy i SERS signdlu. Testovani SERS aplikac¢nich moznosti
takto pfipravenych, vysoce stabilnich a homogennich vrstev nanocCastic stiibra
prokazalo vyuzitelnost vSech typu deponovanych vrstev jako efektivnich SERS
substrati. Odhlédneme-li od nepatrné negativniho vedlej$iho ucinku procesu tvorby
téchto povrchll spojenym s pritomnosti rezidui v SERS spektrech, pak Ize konstatovat,
ze jako nejefektivnéjs$i se ukdzaly vrstvy pfipravené redukci maltdozou za asistence

ultrazvuku, kde bylo dosazeno faktoru zesileni Ramanova signalu v fadu statisicti.

Vysledky z této kapitoly byly v roce 2016 publikovany v ¢asopise Ultrasonics
Sonochemistry a autorka disertaéni prace je Ctvrtd z osmi autorti tohoto puvodniho

¢lanku.
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5. ZAavér

Cilem ptedkladané disertacni prace byla pfiprava a modifikace nanocastic stiibra
pro aplikace v povrchem zesilené Ramanové spektroskopii (SERS) se zaméfenim na
citlivou a specifickou analyzu biologicky vyznamnych molekul i jednobunécnych
patogennich mikroorganismti - bakterii. Jednotlivé pfipravené materidly byly
charakterizovany fadou technik (transmisni, skenovaci ¢i vysokorozliSovaci elektronova
mikroskopie, UV/Vis, Ramanova a infraervena spektroskopie, rentgenova difrakce,
dynamicky rozptyl svétla) a zejména pak byly testovany jejich aplikacné vyznamné
vlastnosti se zaméfenim na zesileni Ramanova signalu a specificitu vyvijené analytické

aplikace vyuzivajici tyto materidly.

Prvi c¢ast experimentalni prace se zabyvala aktivaci disperze nanocastic stiibra
vlivem Sesti rozdilnych finalnich koncentraci chloridovych ionti (25, 50, 100, 200, 400,
a 800 mmol/l) a jejich nasledné vyuziti pro praktické aplikace v povrchem zesilené
Ramanove spektroskopii. V této casti studie byl popsan pfimy vztah mezi vybranymi
koncentracemi chloridovych ionti a intenzitou SERS signalu modelové molekuly
adeninu. Na zaklad¢ provedenych experimenti bylo zjisténo, ze kli¢ovou roli hraje
nejen koncentrace chloridovych iontl, ale stejné dulezity je i vybér vinové délky
excitacniho zafeni pro konkrétni provedeni aktivace. Ze ziskanych vysledkl pozorovani
morfologickych zmén Ag NPs bylo patrné, ze piidavek nizSich koncentraci
chloridovych ionti (desitky mmol/l) nema zasadni vliv na transformaci nanocéstic
stiibra oproti vlivu vyssich koncentraci chloridovych ionti (stovky mmol/l). Srovname-
li ti¢inek vSech pouzitych vyslednych koncentraci NaCl napfi¢ vSemi tfemi testovanymi
excitacnimi lasery (532, 633 a 780 nm), Ize konstatovat, ze nejvyssi zesileni Ramanova
signalu bylo dosazeno se systémem, ktery obsahoval findlni koncentraci 400 mmol/I
NaCl. Nicméné nizsi koncentrace chloridii jsou rovnéz pouzitelné v piipadé excitace
laserem 532 nm, avSak nedostate¢né pro pouziti pii excitaci vinovymi délkami 633 a
780 nm. Oproti tomu, vlivem ucinku jesté vyssi koncentrace chloridovych iontd na
urovni 800 mmol/l dochazelo jiz k tvorbé nestabilnich rozmérnych ¢astic, kdy se pak
tato destabilizace Ag NPs odrazila ve velmi rychlé ztrat¢ Ramanova signalu a to pro

vSechny tfi excitacni lasery.
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Druha ¢ast experimentalni prace se zabyvala vyvojem rychlé diagnostiky infekce
kloubnich nahrad metodou magneticky asistované povrchem zesilené Ramanovy
spektroskopie. MA-SERS detekce a identifikace bakterii (Staphylococcus aureus,
Streptococcus pyogenes) byla nejprve vyvijena na bakterialnich lyzatech. K MA-SERS
detekci byl vyuzit biosenzor na bazi magnetickych nanocastic oxidu zeleza
funkcionalizovanych protilatkami na pfislusné bakterie. Po prvotni Gspésné testovaci
fazi na umélych vzorcich nasledovalo testovani tohoto biosenzoru s redlnymi vzorky
kloubnich punktatd inokulovanych Zivymi bakterialnimi bunkami. Ramanova spektra
jednotlivych vzorku (infikovany a neinfikovany biologicky material) byla podrobena
diskrimina¢ni analyze, kde bylo dosazeno rozdé€leni signilu systémii obsahujicich
jednotlivé bakterie do piislusnych tfid na zakladé Mahalanobisovych vzdalenosti. Na
zaklad¢ ziskanych vysledka se tak podafilo nejen rozhodnout, zda je kloubni punktat
infikovany, ale pfedevsim 1 urcit, o jakou bakterii se jedna z diivodu v€asného nasazeni
téch spravnych antibiotik. Spojeni mikro-Ramanovy spektroskopie a diskrimina¢ni
analyzy tak poskytuje rychlou detekci a identifikaci infekce kloubnich nahrad bez
nutnosti zdlouhavych kultiva¢nich postupt, se kterymi se miizeme setkat v klasické

mikrobiologii.

Posledni ¢ast experimentalni prace se vénovala vyzkumim, ve kterych byl rovnéz
vyuzit aplikacni potencial nanocastic stfibra v povrchem zesilené Ramanové
spektroskopii, pouzity tentokrat ve formé stiibrné vrstvy ¢i jako soucast magnetického

kompozitu.

Vyvijené typy senzorii naznacéuji cestu k ultracitlivé detekci vyuzitelné v biologii i
medicin€ s velmi malymi naroky na instrumentalni vybaveni. Vyvoj vlastni metodiky
pfipravy SERS biosenzorii neni zdaleka ukoncen, vyzkum pokracuje ve smeérech
multiplexni analyzy a snizovani detekénich limitd vzhledem k pozadavku jejich
aplikovatelnosti v medicinské i bézné praxi. Vysledky ziskané v souvislosti s touto
disertacni praci, zejména pak na zaklad¢ vysledkt z detekce infekce kloubnich néhrad,
byly nadale ziroCeny pro rychlou a vcasnou detekci meningitidy, kde prozatimni
vysledky naznacuji, ze jsme na spravné cesté v boji proti této zakeiné infekci

mozkovych blan.
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6. Summary

The aim of this dissertation was the preparation and modification of silver
nanoparticles for application in surface enhanced Raman spectroscopy (SERS), focusing
on sensitive and specific analysis of biologically important molecules as well as single-
celled pathogenic microorganisms - bacteria. The individual synthesized materials were
characterized by a variety of techniques (transmission, scanning or high resolution
electron microscopy, UV/Vis, Raman and infrared spectroscopy, X-ray diffraction,
dynamic light scattering) and especially their significant application characteristics with
focus on enhancement of Raman signal and specificity of developed analytical
application using these materials.

The first part of the Experimental Section of the thesis was focused on the
influence of six different final concentrations of chloride ions (25, 50, 100, 200, 400,
and 800 mmol/L) used as an agent for silver nanoparticles activation and their
subsequent use for practical application in surface enhanced Raman spectroscopy. In
this part of the study a direct relationship between the selected concentrations of
chloride ions with the intensity of the SERS signal using of adenine as a model
compound was described. It was found out that the concentration level of chloride ions
plays a crucial role in this part and a careful tuning of experimental design has to be
performed for each laser wavelength. From the results of the observation of the
morphological changes of Ag NPs it was evident that lower final concentrations of
chloride ions (tens of mmol/L) led to a transformation of silver nanoparticles in a
different manner (mainly aggregation) compared to higher concentrations (hundreds of
mmol/L). If we compare the effect of the all final NaCl concentrations across the three
tested excitation lasers (532, 633 and 780 nm), it can be stated that the best results were
achieved with a system containing a final concentration of 400 mmol/L NaCl.
Nevertheless, lower concentrations of chlorides are also usable for 532 nm laser, but its
action has smaller or no effect on the Raman signal enhancement for lasers 633 and 780
nm. On the other hand, treatment with 800 mmol/L chlorides led to a rapid loss of the
Raman signal due to the formation of unstable large-sized particles and theirs
subsequent destabilization for all three tested laser wavelengths.
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The second part of the Experimental Section of the thesis dealt with the
development of rapid detection of prosthetic joint infection (PJI) based on magnetically
assisted surfaced enhanced Raman spectroscopy (MA-SERS). MA-SERS detection and
bacterial identification (Staphylococcus aureus, Streptococcus pyogenes) has been
developed on model samples of bacterial lysates. The MA-SERS detection used a
biosensor based on magnetic iron oxide nanoparticles functionalized with suitable
antibodies to the respective bacteria. After the initial successful test phase with model
samples, testing of this biosensor followed with real samples of the synovial fluid
inoculated with live bacterial cells. The Raman spectra of the individual samples
(infected and uninfected biological material) were subjected to discriminant analysis,
which was used to determine the classes of known materials by calculating the distance
between each class center in Mahalanobis distance units. The results showed that it was
possible to decide whether the synovial fluid is infected and moreover to determine
which bacteria is presented. The combination of microRaman spectroscopy and
discriminant analysis can reliably be used to rapid detection and identification of

prosthetic joint infection without the need for lengthy cultivation methods.

The last part of the Experimental Section of the thesis was devoted to research in
which it was also exploited the application potential of silver nanoparticles in the
surface enhanced Raman spectroscopy as a silver layer or as part of a magnetic

composite.

Developed types of sensors indicate a way to ultrasensitive detection applicable in
biology and medicine with very small requirements on instrumental equipment. The
development of the SERS biosensor preparation is far from complete, the research
continues in the direction of multiplex analysis and the reduction of detection limits due
to the requirement of their applicability in medical and common practice. The results
based on this dissertation, especially on the results of the detection of prosthetic joint
infection, have been applied for rapid and early diagnosis of meningitis, where
temporary results suggest that we are on the right way to fight for this insidious

infection of the meninges.
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Seznam pouzitych zkratek

Ag NPs
anti-1IgA
anti-APS
DA
ELISA

EDC
HRTEM

IKN
MA-SERS

NHS
PBR
PCR
SERS

SJF
STAU

STEM-EDS

STEM-HAADF

STPY
TEM

XRD

silver nanoparticles; nanocastice stiibra

protilatka na protein A

protilatka na sténovou polysacharidovou substanci skupiny A
diskrimina¢ni analyza

enzyme-linked immuno sorbent assay; enzymaticka imunosorpéni
analyza

1-ethyl-3—(3-dimethylaminopropyl) karbodiimid

high-resolution transmission electron microscopy; transmisni
elektronova mikroskopie s vysokym rozliSenim

infekce kloubni nahrady

magnetically assisted surface enhanced Raman spectroscopy;
magneticky  asistovand  povrchem  zesilendA  Ramanova
spektroskopie

N-hydroxysulfosukcinimid
protein band ratio; pomér proteinovych pasi
polymerase chain reaction; polymerazova fetézova reakce

surface enhanced Raman spectroscopy; povrchem zesilena
Ramanova spektroskopie

sterile joint fluid; sterilni kloubni punktat
Staphylococcus aureus

scanning transmission electron microscopy/energy-dispersive
X-ray  spectroscopy; skenovaci transmisni  elektronova
mikroskopie s energiové disperznim systémem

scanning transmission electron microscopy/high-angle angular
dark-field; skenovaci transmisni elektronova mikroskopie
s prstencovym detektorem elektronti difraktovanych pod velkymi
uhly

Streptococcus pyogenes

transmission electron microscopy; transmisni elektronova
mikroskopie

X-ray powder diffraction; Rentgenova praskova difrakce
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