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ABSTRACT

The thesis is focused on the application of noble metal nanoparticles in analysis of
biologically active substances using surface enhanced Raman spectroscopy (SERS). The
thesis also describes methods of preparation of used nanomaterials, including their
characterization by spectroscopic and microscopic techniques (TEM, HRTEM, XRD, IR).
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UVvoD

Eru nanotechnologii odstartoval Richard Feynman vroce 1959 svoji pfednaskou
nazvanou ,There's Plenty of Room at the Bottom”, ve které predpovédél, Ze
v budoucnu bude mozZné cilené manipulovat s atomy a sestavovat systémy a zafizeni
neobycejnych vlastnosti a funkci. Vétsina z pfednich védcu té doby nevénovala této
predndsce moc pozornosti, nicméné vyzkum v oblasti pfipravy a studia vlastnosti ¢astic
mensich nez 100 nm ke konci osmdesatych a na zacatku devadesatych let dvacatého
stoleti potvrdil platnost myslenek vyslovenych Feynmanem.' Na pomysiné startovni
¢are vzniku nanotechnologii staly v té dobé uhlikaté materiély typu fullerenu? & objev
mikroskopickych technik se skenujici sondou.® Od té doby dochazi k novym a novym
objeviim, které umoznuji dalsi pokrok a zvysuji aplika¢ni potencidl nanocastic jak
v oblasti védy, tak v béZném Zivoté.® Nicméné, nanotastice maji prekvapivé dlouhou
historii. BézZné se totiz vyskytuji v ptirodé jako produkty vulkanické c¢innosti, pozaru Ci
mikrobiologickych proces(. Z tohoto divodu lze prvni vyuZiti nanocastic ¢lovékem
datovat uz do obdobi antiky. Kovové nanocastice byly po dlouha stoleti vyuZivany
k barveni skla. Typickym prikladem jsou zlaté nanocastice, které zbarvuji sklo do jasné
¢ervené barvy. Této vlastnosti vyuZili ve ¢tvrtém stoleti Rimané pfi vyrobé Lykurgovych
pohard. Pohary se za denniho svétla jevi jako zelené, ale pfi ozareni z vnitrku se jevi
jako Eervené. Technologie barveni skla nanocasticemi zlata byla poté zapomenuta
a znovuobjevena a7 v 17. stoleti.” V roce 1857, opublikoval Faraday praci , Experimental
Relations of Gold (and other Metals) to Light”, ve které popisuje pfipravu koloidniho
roztoku zlata redukci chlorozlatité soli fosforem v sirouhliku. Na tento postup pfisel
Cisté nahodou, nicméné se tyto roztoky (spravnéji disperze) nanocastic staly zakladem
vté dobé nové vznikajicho oboru — koloidni chemie a pozdéji i oboru
nanotechnologie.”™” PF¥iblizné o ¢tyficet let pozdéji dalsi z prikopnikil koloidni chemie
Richard Zsigmondy a Henry Siedentopf sestrojili ultramikroskop umozZiujici nepfimé
sledovéani do té doby ,neviditelnych“ koloidnich &astic.® Koloidni &astice (obvykle se
uvadi, Ze se jedna o ¢astice hmoty o rozmérech v rozsahu pfiblizné 1 nm az 1 um) pak
poprvé spattil konstruktér prvniho elektronového mikroskopu Ernst Ruska v roce
19312 A éru nanotechnologii, jednoduse definovanych jako obor zabyvajici se
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hmotnymi objekty o rozmérech v rozsahu 1-100 nm, spolu oteviral v roce 1981 objev
skenovaci tunelové mikroskopie, prvniho zdstupce Siroké rady technik oznacovanych
jako mikroskopie se skenujici sondou, které nejen ze poskytuji nahled do nanosvéta,

ale zaroveri umozfiuji i manipulaci s nanobjekty.’

Dulezitou oblast vyzkumu jak v koloidni chemii, tak i nanotechnologiich predstavuje
interakce elektromagnetické zareni svelmi malymi objekty. Obzvlasté u kovovych
nanocastic dochdzi ve viditelné oblasti spektra k zajimavym jevim, které zpUsobuji
barevnost jejich disperzi napf. jiz zminéné zabarveni skla, dochazi k vybuzeni
tzv. povrchového plasmonu.™ Tato interakce ma i dalsi diisledky souvisejici s lokalnim
zesilenim elektromagnetického pole v blizkosti povrchu nanocastice, které nese hlavni
zodpovédnost za existenci vysoce citlivé spektroskopické metody - povrchem zesilené
Ramanovy spektroskopie (Surface Enhanced Raman Spectroscopy — SERS). Pficemz
zesileni Ramanova signadlu je tak velké, Ze ve specifickych pfipadech umoznuje detekci
i jednotlivych molekul.'* Diky tomu tato metoda nala 3iroké uplatnéni napfiklad
v potravinafstvi, kriminalistice, farmacii a biologii.”>™*® Dalsi zvy3eni citlivosti p¥inasi
metoda magneticky asistované SERS (MA-SERS), umoznujici detekci biologicky
vyznamnych molekul, vyskytujicich se vzZivych organismech ve velmi nizkych
koncentracich. Tato metoda vyuziva nanokompozity s magnetickymi vlastnostmi, které
slouzi jako substrat k navazani biologicky aktivnich Iatek a které umoznuji jednoduchou
prekoncentraci analytu pomoci vnéjsSiho magnetického pole. Kovové nanodcastice,
napriklad zlata nebo stfibra, navazané na povrchu magnetickych ¢&astic, pak slouzi

k zesileni Ramanova signalu.*’ "

V predkladané disertacni praci byla tato metoda pouzZita k detekci lidského
imunoglobulinu G (IgG) ve vzorcich lidské krve. Pfitomnost potencidlni nespecifické
interakce komponent vzorku s aktivnim povrchem nanodastic byla minimalizovana
Uplnou blokaci tohoto povrchu pomoci vodného roztoku ethylaminu. Dale byla tato
metoda pouZzita k simultdnnimu stanoveni dvou odlisSnych rakovinnych markerd (HER2
a EpCAM). Kazdy marker byl nejprve oznacen rozdilnymi fluorescen¢nimi znackami —
HER2_Cy3 a EpCAM_Cy5. Analyza pak byla zaloZzena na sledovani poklesu relativnich
intenzit vybranych spektrdlnich past fluorescencnich znacdek v disledku kompetice

oznacenych a neoznacenych markerli o vazebna mista na povrchu magnetickych
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nanocastic. Zavér experimentalni ¢asti této disertacni prace je vénovan struc¢nym
popistim spoluautorskych publikaci, ve kterych bylo rovnéz vyuZito nanocastic stfibra

jakozto aktivnich substratl pro zesileni Ramanova signélu biologicky aktivnich molekul.
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1 Nanomateridly a nanocastice

Nanomaterialy predstavuji hmotné objekty, jejichz velikost je alespon vjednom
rozméru od 1 do 100 nm.?° Na zékladé svych vlastnosti (velikost, struktura, morfologie)
mohou byt rozdéleny do nékolika skupin. Nejzdkladnéjsi rozdéleni nanostruktur je
podle poctu rozmérd nad 100 nm a to na: 0D struktury (nanocastice, kvantové tecky),
kdy vSechny rozméry jsou v nanometrech, 1D struktury (nanodrdty, nanotrubicky) dva
rozméry pod 100 nm, 2D struktury (nanovrstvy, nanofilmy) jeden rozmér
v nanometrech a 3D struktury, coZ jsou objemové materialy, které obsahuji napt. péry

2021 Nanomaterialy vykazuji diky svym malym

s velikosti v nanometrech (obrazek 1).
rozmérdm a velkému povrchu unikatni fyzikdlni a chemické vlastnosti. Termin
»nanotechnologie” poprvé pouZil Eric Drexler roku 1986 a od té doby doslo k mnoha
vyznamnym objeviim v oblasti nanotechnologii.”? Mezi nejvyznamnéjsi bezesporu patii
jiz zminény vyvoj skenovaci tunelové mikroskopie, za kterou dostali Binnig a Rohrer
vroce 1986 Nobelovu cenu, dale pak objev uhlikovych fuleren C60 (Smalley, Curl,

Heath a Kroto, Nobelova cena udélena v roce 1986) ¢i objev grafenu v roce 2004, za

ktery byla Nobelova cena udélena v roce 2010 profesordim Geimovi a Novoselovi.

Diky malym rozmérdm dochdzi ke zménam vlastnosti téchto materidld. Zménu
vlastnosti nanomateridlll oproti makroskopickym materialdm maji na svédomi dva
faktory — zvySena plocha povrchu a kvantova omezeni. Diky témto faktorlim dochazi ke
zméné magnetickych, optickych, elektrickych vlastnosti a ke zméné chemické
reaktivity.23

Isotropic nanomaterials | T —
&

@ & /\/\
|

[ ] /\/\
°%e  |\”

(1))) 1D
Spheres, Clusters | Nanorods, wires |Nanofilms, plates | Nanoparticles

Obr. 1.: Schématické znazornéni nanomaterialt podle po¢tu rozmért pod 100 nm (0D, 1D, 2D a 3D).

Pfevzato z Sadhasivam a kol (2017).21
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1.1 Nanocastice uslechtilych kovi
Nanocastice uslechtilych kovd, vykazuji unikatni fyzikdlné chemické vlastnosti, ale také
biologické vlastnosti. Tyto vlastnosti vyrazné zavisi na velikosti a tvaru pfipravenych
nanocdastic. Zménou tvaru a velikosti castic lze ménit jejich elektrické, optické
a chemické vlastnosti a tim i zplUsob aplikace jako je katalyza, SERS, biologicky
sensoring a mnoho dalsich.?* Velkym pfinosem je uplatnéni nano&astic ulechtilych
kovl v biomedicinalnich aplikacich. VyuzZivaji se zejména v diagnostice, ,imagingu” Ci

2>728 protoze zde jsou vyuzivany zejména nanotastice kov( I. B

fizeném transportu léciv.
skupiny periodického systému (Cu, Ag a Au), bude dalsi text zaméren hlavné na tyto

kovy.

1.1.1 Syntéza
V soucasné dobé existuje nékolik zplisobU syntézy nanocastic kovl. Jedna se zejména
o metody chemické a fyzikalni, ale i metody fotochemické ¢i biologické. Kazda z téchto
metod ma svoje pozitiva i negativa s ohledem na cenu, velikost ¢astic a tvar Castic.
Obecné Ize metody pfipravy rozdélit do dvou hlavnich skupin na ,top-down“ metody
(dispergacni) a ,bottom-up” metody (kondenzacni). U prvné zminénych postupujeme
od makroskopickych materidld smérem k menSim uUtvarlm aZ po nanocdstice.
Pfikladem téchto metod je mleti, chemickd depozice par ¢i laserova ablace. Timto
zpUsobem lze pfripravit napriklad nanocdstice magnetitu z pfirodni rudy, nanocastice
uhliku a jiné. Metody , bottom-up“ funguji obrdcenym zptsobem, kdy jsou nanocastice
LVvystavény” z atomU, nejcastéji diky vhodné chemické reakci. Do této kategorie patfi
zejména srazeci a redukéni (€i oxidaéni) reakce.” Mezi nejéastéji pouzivané metody
pripravy nanocastic uslechtilych kovl patfi zejména chemické metody, které umoznuji
syntézu kovovych nanodastic v disperzi. Obecné, pro chemické syntézy je potreba tfi
slozek: 1) kovovy prekurzor, 2) redukéni ¢inidlo a 3) stabilizator. Vytvoreni koloidnich
disperzi redukci kovovych soli zahrnuje dvé faze — nukleaci, rist a zrani (obrdzek 3).
Véechny faze vyrazné ovliviiuji vyslednou velikost a tvar &astic.”? Pomoci vhodné
metody lze pfipravit nanocastice rGznych velikosti i tvarQ, napriklad draty, tycinky,

krychlicky, hvézdicovité Castice, hranolovité ¢astice a mnoho dalsich.*
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Obr 2.: TEM snimky nanocastic zlata srliznym tvarem, pripravené ,growth-seeding” metodou.

Pfevzato z Xu a kol. (2011).30

Se zménou tvaru a velikosti se méni i barva koloidnich disperzi nanocastic kovu. Zlaté
kulovité nanocdstice o velikosti pfiblizné 10 — 20 nm maji ¢ervenou barvu, zatim co

stfibrné kulovité &astice o velikosti pfiblizné 30 nm maji barvu Zlutou.*

Critical limiting super-saturation

CMEAX [ttt Plasmon energy (eV)
3.5 3.0 25 20 1.5 1.0 05
Cminb ool e ————— Mid infrared
400 500 800 BOO 1,000 3,000 9,000
Wavelength (nim)

Solubility
R

H Triangles
sfneration "ill(ap~id.wli—i %‘;ruwth by

atoms 1 . diffusion
pnucleation g

Nanorice

Time

Obr 3.: Schéma procesu nukleace a rlistu nanokrystalli v roztoku: prekurzory jsou nejprve rozpustény
v rozpoustédlech za vzniku monomeri, nasledované tvorbou jader a rlistem nanokrystaldi agregaci
. v . 32 - . v e o ,

jader. Pfevzato z Airo a kol (2014).” /rozsah plasmonovych rezonanci nanoéastic s riznym tvarem.

Pfevzato z Xu a kol. (2011).*°

K pripravé nanocdastic stfibra a zlata se nejcastéji pouziva chemicka redukce.

Redukénim cCinidlem mlzZe byt naptiklad tetrahydridoboritan sodny. Jako prvni touto
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metodou pfipravili Creighton, Blatchford a Albrecht nanocastice stfibra s velikosti
v rozmezi 5 - 20 nm, které jsou stabilni po dobu nékolika mésic.>* Daldim redukénim
Cinidlem muUze byt citrdt sodny. Lee a Meisel sjeho pomoci pftipravili stfibrné
nanocastice tak, Ze k vroucimu vodnému roztoku AgNOs, pfidali 1% (w/w) roztok
citrdtu sodného a smés vafili po dobu 1 hodiny. Timto postupem vznikaji castice
s velikosti od 30 nm do 120 nm, absorpénim maximem okolo 420 nm a s vyssi
polydisperzitou nez pfi redukci tetrahydridoboritanem sodnym. Podle autor( publikace
se tato metoda také oznatuje jako Lee — Meiselova metoda.** Mezi nejznaméjsi
syntézu nanocastic zlata patfi Turkevitchova metoda . Zlatitd sll a citrat sodny jsou
smichany ve vodném prostfedi a zménou teploty, poméru jednotlivych latek a poradim
vjakém jsou do reakéniho systému pfidavany lze ménit velikost vyslednych
nanoéastic.>’ Kromé jiz zminénych redukénich Cinidel se k syntézdm pouzivaji také

33737 pravé pii redukci sacharidy lze Fizené

kyselina askorbova, hydrazin ¢i sacharidy.
pripravit ¢astice s urcitou velikosti. Jedna se o modifikovany Tollens(iv proces, cozZ je
jednostupriova syntéza, kdy se k redukci diaminstfibrného komplexu pouziva sacharid
(schéma 2). Velikost castic pfipravenych touto metodou se pohybuje v rozmezi
od 25 nm do 450 nm a zavisi na pouzitém sacharidu a také na koncentraci amoniaku

v reakénim systému. Experimentalné bylo zjisténo, Ze s rostouci koncentraci amoniaku

v systému roste velikost &astic.*®

Ag®™ + 2NH;4 —>[Ag(NH3)2]SaCh—a>M OH™ + Ag° [2]
Dalsi oblibenou metodou pfipravy nanocastic riznych tvari a velikosti je ,growth-
seeding” metoda. Pfi této metodé se nejdfive pomoci silného redukéniho cCinidla
pripravi disperze velmi malych ¢éastic, které poté slouzi jako zarodeéna centra pro dalsi
rast ¢astic po pridavku dalSiho kovového prekurzoru a vyuZiti slabého redukéniho
Cinidla napfiklad kyseliny askorbové (obrazek 4). Pfi dalSim rlstu je velice dulezita
pfitomnost kationického surfaktantu, jako napftiklad CTAB (cetyltrimethylammonium
bromid).?! Jana a kol. poutili ,growth-seeding” metodu k pfipravé nanolastic zlata
s velikosti 5 — 40 nm. Velikost vznikajicich ¢astic Ize velmi jednoduse ovlivnit pomérem
zarodecnych center v kovovému solu. Jako zarodecna centra pouZili nanocastice

redukované tetrahydridoboritanem sodnym stabilizované citratovym aniontem
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s velikosti 3,5 nm. Vodny roztok CTAB byl pouZit jako rdstové medium, které branilo
agregaci castic béhem rlstu a zdroven slouZilo jako stabilizator castic po jejich

vytvoreni.*

HAIJCLt NaBHq,

Seed Synthesis

Hﬁuucld. 3&0“ .
.ﬁgNCla. \l'lgarous hﬂ""ﬂ (2h}
Stirring

GNRs Growth

Obr 4.: Postup pfipravy nanocastic zlata pomoci ,growth-seeding” metody. Pfevzato z Xu a kol.

(2011).*°

Nanocastice lze pfipravit také biologickymi metodami, kdy se k redukci vyuZivaji
rostlinné extrakty &i bakterialni kmeny a houby.*® Amarendra Dhar Dwivedi a Krishna
Gopal pfripravili stfibrné nanocastice redukci dusi¢nanu stfibrného extraktem z listQ
rostliny Chenopodium album. Velikost takto pfipravenych ¢astic se pohybovala
v rozmezi od 10 nm do 30 nm.*' Kromé jiz zminéné Chenopodium album byly
k pfipravé nanoddstic pouzity i extrakty z dalSich rostlin jako napfiklad Moringa
oleifera, Garcinia mangostana, Magnolia kobus a Diopyros kaki, Acalypha indica a

42-44
h

mnoho dalsich. K biosyntézam nanocastic Ize také pouzit houby nebo bakterie.

Napriklad bakterie Rhodococcus sp. nebo Bacillus subtilis a houby Aspergillus

fumigatus ¢&i Fusarium oxysporum.45'47

1.1.2 Vlastnosti nanocastic uslechtilych kova

Optické vlastnosti
Jiz dlouho je znamo, Ze pfidanim zlata lze vytvofit sklo zabarvené do vinové ¢ervenych
nebo purpurovych odstind. S ménici se velikosti a tvarem nanodastic dochazi i ke
zméné zbarveni koloidl. Koloidy zlatych kulovitych castic s velikosti okolo 20 nm maji
charakteristickou ¢&ervenou barvu, zatimco koloidy stfibrnych kulovitych ¢astic
s velikosti okolo 25 nm jsou Zluté. Zjistilo se, Ze zbarveni je zplsobeno kolektivnimi

oscilacemi elektroni ve vodivostnim pasu, zndmé jako povrchovy plasmon.31
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Povrchového plasmonu je vyuZzivano k charakterizaci nanocdstic a také hraje
vyznamnou roli ve spektroskopickych technikach jako je povrchem zesilend Ramanova
spektroskopie (SERS) a povrchem zesilend rezonancni Ramanova spektroskopie
(SERRS). V UV/Vis spektroskopii poloha, intenzita a Sitka pasu absorpce zpUsobené
existenci povrchového plasmonu napovida o velikosti a tvaru nanocastic. Napfiklad
u nanocastic stfibra pripravenych redukci maltosou roste s pfidavkem amoniaku
velikost castic a zdroven dochazi k posunu absorpéniho maxima povrchového
plasmonu smérem k delSim vinovym délkam. Vznik agregdti nanocastic v systému lze
v UV/Vis spektrech rozpoznat podle vyskytu druhého absorpcniho maxima, které ma

evvs

(obrazek 5).3"*
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Obr. 5.: Typicka absorpcni spektra stabilnich nanocastic zlata a agregovanych nanocastic zlata.

v . 49
Prevzato z WWW.nanocomposix.com.
Katalytické vlastnosti

Nanocastic uslechtilych kovl se velice Casto vyuziva pri katalyze diky jejich velkému
povrchu a vysoké povrchové energii. Katalyza vyuZzivajici nanocastic byla zkoumana jak
pro ,homogenni“ (katalyzatory a reaktanty jsou oba v roztoku), tak pro heterogenni
systémy (katalyzatory na substratu). Bylo ukdzano, ze v homogenni katalyze maji tvary
s vice rohy a okrajovymi atomy vyssi reaktivitu neZz podobné nanodastice s mensim

poctem rohl a okraji. Katalyticka aktivita nanocastic se vyskytuje i u materialQ, které
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vykazuji v objemovém stavu velmi malou reaktivitu. Pravé napriklad makroskopické
zlato je uslechtily kov, ktery je velmi nereaktivni. Nicméné, nanocastice a malé klastry
zlata jsou vysoce katalyticky aktivni. Bylo navrzeno mnoho moznych vysvétleni pro
rozdilnost reaktivity mezi nanocasticemi a makroskopickym zlatem. Ty zahrnuji
elektronické a chemické vlastnosti nanocastic, tvar, velikost, oxidac¢ni stav nanocastic

a plochu povrchu.50
Antimikrobialni vlastnosti

Vyznamnou vlastnosti nékterych nanoddstic, zejména koloidniho stfibra, je jeho
biologicka aktivita. Antimikrobialni Ucinky stfibrnych ionti nebo soli jsou velmi dobre
znamé, ale ucinky a mechanismus pUlsobeni stfibrnych nanocastic na mikroorganismy
jsou stale predmétem vyzkumu.”* ™ Vzhledem k tomu, Ze v poslednich letech je stale
vice bakterii resistentnich vic¢i béinym antibiotiklm, se vyzkum zaméfuje na
alternativni nebo dfive vyuZivané formy Iéciv nebo metod Iéceni. Stfibrné nanocastice
vykazuji baktericidni aktivitu uz pfi nizkych koncentracich, kdy jesté nejsou toxické pro

lidské buriky. Také se ukdzalo, ze zesiluji u¢inky b&zné pouzivanych antibiotik.”*

1.1.3 Bioaplikace nanocastic uslechtilych kovu
Existuje mnoho zminek o poutZiti uslechtilych kovl, zejména sttibra, zlata a platiny pro
|éCebné uUcely. V Ayurvédé se béiné pouzivaji velmi jemné prasky téchto kovl, znamé
pod nazvem "bhasma" pro [é¢bu réiznych onemocnéni.> Nano&astice uslechtilych kovd
maji potencidl k vyuziti v oblasti mediciny diky jejich unikatnim vlastnostem. Lze jich
vyuzit k molekuldrnimu zobrazovani, diagnostice ¢i cilenému transportu Ié¢iv. V fadé
studii bylo potvrzeno, Ze nanocastice jsou vyborné nosi¢e chemoterapeutik, nicméné
musi byt splnéno nékolik podminek, jako je dobra afinita Ié¢iva k nanodasticim,
stabilita nanocastic a specificita vytvofeného komplexu a jeho schopnost uvolnit
lé¢ivo.>® Patra a kol. testovali zlaté nanolastice (AuNPs) jako nosi¢e légiv. Na
nanocastice s velikosti okolo 5 nm kovalentné navdazali léCivo a poté sledovali

akumulaci nano&astic v misté nadoru.’”®

Také bylo zjisténo, Ze AuNPs zvysuji ucinek
protinadorovych léciv. Nanocastice s navazanymi protildtkami Anti-trastuzumab byly
pouzity k zacileni lidského epidermalniho ristového faktoru (HER2) v lidskych burnkach

rakoviny prsu (SK-BR-3). Bylo zjiSténo, Ze nanocastice Au-HER s receptorem HER-2 byly
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burikou pfijaty, coz vedlo k dvojnasobnému zvyseni cytotoxicity trastuzumabu.>®

Kromé nadorovych onemocnéni maji AuNPs velky potencidl také proti infekénim
onemocnénim, jako je HIV, tuberkuléza, Parkinsonova nemoc a dal$i.?®® Naptiklad
Mycobacterium tuberculosis (MTB) je obtizné identifikovat diky jejich pomalému r{stu.
Liu a kol. vyvinuli biosenzor k vysoce citlivé detekci specifické DNA sekvence MT61
IS6110 sloZzeny z redukovaného grafenoxidu s AuNPs (rGO-AuNPs) a AuNPs
s polyanilinem (Au-PANI), které slouzily jako znacka. Vzhledem k vysoké elektroaktivité

konjugdatd Au-PANI vykazoval sensor vysokou citlivost, specificitu a stabilitu.®

Nejen AuNPs, ale i nanocastice stfibra (AgNPs) maji obrovské uplatnéni v oblasti
mediciny, predevsim jako potencidlni antimikrobidlni latky, ale i pfi |écbé rakoviny.
AgNPs byly pouzity k detekci a zobrazovani nadord, k transferu IéCiv i k hypertermii.
Kromé toho samotné AgNPs maji protinddorovou aktivitu, inhibuji rlist nador( a také
zabranuji angiogenezi v okoli nddorovych tkani. Védci vyuZivaji chemicky i biologicky
syntetizované AgNPs k in vitro i in vivo testovani protinadorovych aktivit proti rlznym
rakovinnym bunkdm, jako je bunécna linie lidského karcinomu prsu MCF-7,
melanomova bunika B10F17, bunka epitelidlniho adenokarcinomu plic A549,
cervikalniho karcinomu SiHa a buriky Hela.”® Guo a kol. studovali u¢inek AgNPs
pokrytych PVP s tfemi rlznymi velikostmi: 3, 11 a 30 nm, proti leukemii (lidska
bunécna linie AML). Zjistili, Zze AgNPs s velikosti 11 nm byly vice cytotoxické nez 30 nm
AgNPs, zatimco u d¢astic svelikosti 3 a 11 nm nebyl Zadny vyznamny rozdil
v cytotoxicité, coz bylo zplsobeno malym rozdilem v hydrodynamickém poloméru
Castic. Zjistili také, Zze AgNPs pfi nizSich koncentracich vykazuji silnéjsi cytotoxicky
ucinek nez vyssi koncentrace nanotastic.®® Stiibro v raznych formach (kovové stribro,
stfibrné soli a koloidni stfibro) se pouziva jako ucéinné antibakterialni ¢inidlo po mnoho
staleti. Stfibrné NP nebyly béiné pouzivany v lékarské praxi, s vyjimkou kratkého
obdobi na pocatku dvacatého stoleti, kdy se koloidni stfibro pouzivalo k |écbé
nékterych infekcénich stavd. Proto neni jasné, zda se bakterie mohou stat rezistentnimi
vuci AgNPs. Jediny vyzkum, ktery studoval bakteridlni chovani v reakci na opakovanou
dlouhodobou expozici AgNPs, zjistil, Ze mezi mnoha bakteridlnimi kmeny ma pouze
Bacillus subtilis pfirozenou schopnost pfizplsobit se bunécnému oxidativnimu stresu

vyvolanému st¥ibrnymi nanolasticemi.?® Vzhledem k nedostatku experimentalnich
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Udaja stale probiha diskuse o tom, zda si bakterie mohou vyvinout odolnost proti
antibakteridlnim ucinkiim AgNPs pfi dlouhodobé expozici subinhibi¢nich koncentraci.
Pandcek a kol. zjistili, Ze bakterie opakované vystavené subinhibi¢nim koncentracim
AgNPs si mohou rychle vyvinout rezistenci v(i¢i antibiotické aktivité NPs. Tato odolnost
je zpusobena produkci flagellinu, adhezniho proteinu bakterialniho biciku (flagellum),
ktery zpusobuje agregaci AgNPs a tim eliminuje jejich antibakteridlni ucinek vaci
gramnegativnim bakteriim. Vyvinuta bakteridlni rezistence muize byt potlacena
inhibitory, které zabranuji produkci flagellinu, jako je extrakt z kliry granatového jablka

(PGRE).>*

1.2 Magnetické nanocastice
Béhem poslednich let velmi vzrostl zdjem védecké komunity o magnetické
nanomateridly z dlvodu jejich uplatnéni v mnoha aplikacich souvisejicich s vyvojem

vysoce citlivych analytickych metod ¢i novych typl katalytickych systému.

Mezi nejvice zkoumané magnetické materidly patfi nanocastice oxidd Zeleza. T¥i
nejcastéji v prirodé vyskytujici se formy oxidl Zeleza jsou magnetit (Fe3s04), maghemit
(y-Fe,03) a hematit (a-Fe,03). Vyuzitelné magnetické vlastnosti jsou ale spojeny hlavné
s nanocasticemi magnetitu. Feromagnetické Castice s velikosti <10 — 20 nm vykazuji

unikatni vlastnosti jako napfriklad s,uperparamagnetismus.67

1.2.1 Syntéza

Nanocastice oxid(l Zeleza (FeNPs) mohou byt pfipraveny 3 rliznymi zpGsoby:

1) FyzikdIni metody — hlavné metody typu top-down, mezi které patti mleti, depozice
plynu ¢i litografie. Nevyhodou téchto metod je obtizné fizeni velikosti Eastic.®”%®

2) Chemické metody — v provedeni odpovidajici metoddm bottom-up. Mezi nejcastéji
pouzivané metody patfi koprecipitace, termicky rozklad, hydrotermalni syntéza,
sol-gel metoda ¢ sonochemicka syntéza.®”*

o Principem koprecipitacni metody pFipravy nanocastic magnetitu je reakce
selezitych a Zeleznatych iontd v poméru 2:1 (Fe**/Fe?), kterd probiha v silné

zasaditém prostredi (pH 8 - 14) bez pfistupu vzduchu, poptipadé i za zvysené
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teploty. Jednd se pravdépodobné o nejjednodussi a nejefektivnéjsi chemickou

metodu syntézy nanotastic magnetitu.®®’°
Fe®* + 2Fe® + 80H - Fe30,4 + 4H,0 3]

Vznikly magnetit (FesO,4) je nestabilni a na vzduchu oxiduje na maghemit
(y-Fe,03) podle rovnice:
Fes04 + 2H" = y-Fe,03 + Fe" + H,0 [4]

o U metody termické dochazi k rozkladu organokovové slouceniny, napfiklad
pentakarbonylu Zeleza nebo tris(acetylacetonato)zelezitétho komplexu,
v organickém rozpoustédle za vysokych teplot.®

o Hydrotermalni metoda umoziuje pfipravu vysoce krystalickych FeNPs. Probihd
ve vodném prostredi v uzaviené nadobé (autoklavu) za vysokych teplot a tlaku.
Syntéza muze probihat za p¥itomnosti surfaktantu i bez ngj.”

o Sol-gel metoda je zaloZena na hydroxylaci a kondenzaci molekul prekurzoru
v roztoku. Nejdfive vznikne roztok nanocastic (,sol”) z kterého naslednou
kondenzaci a polymerizaci vznika 3D sit oxidu Zeleza oznaCovana jako gel. Cely
proces probihd za pokojové teploty, nicméné na zavér je k dosazeni
krystalickych NPs potieba vysoké teploty (400 °C).”

o PFi sonochemické syntéze se vyuZiva akustické kavitace, pfi které dochazi ke
vzniku bublin (kavit), které se po dosazeni kritického poloméru rozpadaji a tim
dochazi velkému narlstu teploty a tlaku. Rozbiti molekul prekurzoru probiha

, . . vs v s . v s . 7
v malém objemu bublinky, &im? dochazi ke vzniku nano&astic.®

3) Biologické metody — krystalky FesO,4 ziskané z magnetotaktickych bakterii. Tyto
bakterie obsahuji fetizky specialnich organel nazyvanych jako magnetozomy, diky
kterym dochazi k orientaci a pohybu bakterii podle linii magnetického pole Zemé,

tudiz funguji podobné jako magneticka stfelka kompasu (obrazek 6). 172
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Obr 6.: (A) TEM snimek celé magnetotaktické bakterie. Magnetosomy jsou oznaceny modrymi
Sipkami. (B) TEM snimek suspenze fetézcii magnetozomu, izolovanych z magnetotaktickych bakterii.
(C) TEM snimky jednotlivych magnetosomt oddélenych z fetizkli tvofici agregaty. (D) TEM snimky

jednotlivych magnetosomi oddélenych z fetizkt tvofici smycku. Pfevzato z Alphandéry a kol. (2012).71

U magnetickych nanodastic oxidl Zeleza dochazi velmi rychle k agregaci diky silnym
magnetickym vlastnostem ¢astic, van der Waalsovym sildm a diky vysoké povrchové
energii. Ztohoto dlvodu je vyhodné magnetické castice stabilizovat modifikaci jejich
povrchu at uz stericky (pomoci polymer() nebo elektrostaticky (pomoci funkénich
skupin).”® Existuje mnoho materialti a polymer(, které se ke stabilizaci pouzivaji. Mezi
nejpouzivanéjsi patfi polyethylenglykol (PEG), Zelatina, dextran, chitosan,
polyvinylpyrrolidon (PVP), polyvinyl alkohol (PVA) nebo tfeba polyakrylova kyselina
& silany.®”®
1.2.2 Bioaplikace magnetickych nanocastic

V oblasti diagnostiky a l1é¢by lze rozdélit magnetické nanocdstice (MNPs) do Ctyr skupin
podle jejich vyuZiti. 1) nanoclastice pro magnetickou separaci, 2) nanoclastice pro
prenos |éciv (,drug delivery”), 3) nanocastice pro magnetickou rezonanci

(MRI - Magnetic Resonance Imaging) a 4) hypertermie.”*

Ad 1) Magnetické separace — magnetické nanocastice Ize v rdmci diagnostickych metod

pouzit k in vitro separacim napfiklad proteini nebo bunék. Magnetické separace maji
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oproti konveninim separacnim metoddam nékolik vyhod. Cely proces je rychly
a jednoduchy. Pomoci externiho magnetického pole pfilozeného ke vzorku lze

odseparovat pozadovanou latku nebo vzorek jednoduse predistit.”

Ad 2) Prenos léciv — dalsi moznou aplikaci magnetickych nanodastic je ,drug delivery”,
kde nanocastice slouzi jako nosic IéCiva. V idedlnim pripadé je nanoclastice s IéCivem na
svém povrchu transportovana na cilové misto (organ) a zde nasledné dochazi
k uvolnéni léciva. Velikost, ndaboj a povrchovd energie magnetické castice vyrazné
ovliviuji cely prabéh procesu. Nanocastice s polomérem od 10 nm do 100 nm jsou pro
tuto aplikaci nejlepsi, protoze zUstavaji v krevnim obéhu optimalni dobu a jsou
dostatecné malé, aby byly efektivné distribuovany v cilovych tkanich. Modifikaci ,,drug
delivery” je mozné pouzit pfimo k IéCbé rakoviny. Vyhodou této metody je, Ze oproti
béZné chemoterapii jsou minimalizovany vedlejsi Ucinky, jak bylo prokdzano pfi pouziti

nano&astic oxidu Zelezitého s navazanym cytostatikem mitoxantron.”®”®

Ad 3) MRI — metoda magnetické rezonance byla vyvinuta v roce 1973 a velmi rychle se
stala oblibenou a velmi pouzivanou diagnostickou metodou klinické mediciny. Jedna se
o neinvazivni metodu, kterd umozZiuje zobrazeni vnitfnich organd a funkci lidského
téla. Magneticka rezonance vyuZiva silné magnetické pole a elektromagnetické vinéni
s vysokou frekvenci. V silném magnetickém poli dochazi k usporadani magnetickych
spind atomovych jader (protonud) podle vnéjsiho magnetického pole. Radiofrekvencni
puls rozrusi rovnovaziné usporadani spinli. Po skonceni elektromagnetického impulsu
jiz neni protonidm dodavana energie, a proto se vraci do plvodniho, energeticky
vyhodnéjsiho postaveni. V MRI mizZeme pozorovat dva nezavislé relaxacni procesy - T1
(podélna relaxace) a T2 (pficna relaxace). Nanocdstice oxidl Zeleza se vyuZivaji
zejména ke zlepdeni kontrastu v MRI.”® Je dulezité, aby se nanoéastice hromadily okolo
cilové tkané. Toho je dosazeno funkcionalizaci povrchu nanocastic molekulami, které
pak interaguji sreceptory a tim dochazi k potfebné akumulaci. MNPs mohou byt
funkcionalizovany rlznymi latkami, napfiklad epidermalnim rlstovym faktorem (EGF),

herceptinem nebo karcinoembryonalni antigenem (CEA).*

Ad 4) Hypertermie — pouZiti nanocastic k hypertermii bylo poprvé popsdno v praci

Jordana a jeho kolegl v roce 1993.”” Tato price experimentdlné potvrdila vysokou
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efektivitu superparamagnetickych castic absorbovat energii stfidavého magnetického
pole a poté ji preménit na teplo. Obecné je zndmo, Ze nadorové buriky jsou vice citlivé
na teplo nez buriky zdravé. Pravé téchto vlastnosti se vyuziva pti hypertermii, kdy se
in vivo pomoci magnetickych nano&astic zvy3i teplota v misté nadoru (41 - 45 C) a tim

dojde ke zni¢eni rakovinné buriky.”®
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2 Ramanova spektroskopie

2.1 Historie
Ramanova spektroskopie je technika vyuzivajici k identifikaci latek rotacni a vibracni
stavy jejich molekul. PfestoZe byl neelasticky rozptyl svétla teoreticky predpovézen
vroce 1923 rakouskym fyzikem Adolfem Smekalem, experimentalné byl potvrzen az
vroce 1928 Sirem Chandrasekhara Venkata Ramanem a jeho kolegou Sirem
Kariamanickam Srinivasa Krishnanem. Jejich experiment vyuZival slune¢niho svétla
fokusovaného teleskopem na vzorek. K zachyceni rozptyleného zareni byly za vzorek
umistény dalsi ¢ocky. Timto systémem optickych filtrd dokazali existenci rozptyleného
zareni s odliSnou frekvenci, nez mélo plvodni zafeni. Navic to, co Raman pozoroval, byl
anti-Stokestv rozptyl, ktery je normalné velmi slaby. Témér soucasné pozorovali
Raman(v rozptyl rusti védci Landesberg a Mandelstan. Nicméné, v roce 1930 ziskal Sir
Raman za tento objev Nobelovu cenu za fyziku. Ndsledné v roce 1934 vypracoval

George Placzek teorii Ramanova rozptylu.”®”

Bezprostiedné po objevu zacal byt Ramanlv efekt vyuzivan fyziky a chemiky k reseni
mnoha problém( a béhem nasledujicich péti let pfispél k mnoha vyznamnym
poznatkiim v oblasti fyziky i chemie. Béhem prvniho desetileti po objeveni Ramanova
jevu bylo vice nez 2500 chemickych sloucenin studovano timto zplsobem. Z pocatku se
jako zdroj zareni vyuZivalo rtutovych obloukovych lamp. Tento zdroj zareni byl
v Sedesatych letech nahrazen lasery, coZ bylo vyznamnym milnikem pro Ramanovu
spektroskopii.80 V dnesni dobé se k Ramanové rozptylu vyuziva laser( s Sirokou Skalou
frekvenci od blizké ultrafialové az po blizkou infradervenou a tim je umoznén vybér
optimadlnich excitaénich podminek pro kaidy vzorek. Dale k vyvoji citlivych
Ramanovych  spektrometrld  prispélo  pouzZivani novych vysoce ucinnych
multikanalovych detektord s nizkou hladinou Sumu a vysokou kvantitativni G¢innosti

(charge- coupled device — CCD).3"%?
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2.2 Princip
Kdyz paprsek svétla interaguje s molekulou, vétsina energie je rozptylena elasticky (bez
zmény energie) se stejnou frekvenci jako mélo dopadajici svétlo, coZz oznacujeme jako
Rayleighliv rozptyl (obrdzek 7). Nékteré fotony ale interaguji a vyménuji s molekulami
energii, coz vede k neelastickému rozptylu svétla, znamého také jako RamanUv rozptyl.
Molekula absorpci fotonu vystoupa na virtudlni hladinu excitovaného stavu a témér
okamzité emituje foton slehce odliSnou vinovou délkou. Pokud plvodni foton
interaguje s molekulami tak, Ze jim ¢ast energie preda, dojde k rozptyleni fotonl s nizsi
frekvenci (energii) a toto zareni oznacujeme jako Stokesliv rozptyl. Naopak pokud
dopadajici fotony pfijimaji energii od molekul, vznikd zareni o vyssi frekvenci
oznacované jako anti-StokesGv rozptyl. Rozdil mezi frekvenci puavodnich
a rozptylenych fotonU odpovidd hladiné vibracni energie molekuly a nazyva se
Ramanuv posun. Energie absorbovaného nebo emitovaného fotonu je ddna Bohrovou
frekvencni podminkou hv = AE (obrazek 7). V pfipadé Ramanovy spektroskopie je rozdil
mezi frekvenci rozptyleného a dopadajiciho zareni uréen energetickymi prechody

v molekule, a proto se tato technika vyuziva k identifikaci funkénich skupin na zakladé

zmén rotaénich a vibraénich stavi molekul 23
Ener -
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Obr. 7.: RGzné moZnosti rozptyleni svétla: Rayleighlv rozptyl (2adna vyména energie: ptivodni
a rozptylené fotony maji stejnou energii), Stokestiv Ramantv rozptyl (atom nebo molekula pohlcuje
energii: rozptyleny foton ma méné energie nez pivodni foton) a anti-Stokestiv Ramantiv rozptyl (atom
nebo molekula ztraci energii: rozptyleny foton ma vice energie nez pivodni foton). Pfevzato z Saleh

(2017).®
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Diky rozdildm ve vybérovych pravidlech je Ramanova spektroskopie doplikovou
metodou k infracervené spektroskopii a naopak. Pfi Ramanové rozptylu plati podminka
zmény polarizovatelnosti molekuly béhem vibrace, jinak feceno, polarizovatelnost
molekuly je v priibéhu rozptylu nenulova (kdeito u IC musi dochdzet ke zméné
dipélového momentu molekuly). Vnéjsi elektrické pole E. excitaéniho zdroje indukuje

v molekule dipélovy moment P:

P = akE,, [5]

kde a je polarizovatelnost molekuly. Tento koeficient vyjadfuje miru schopnosti
elektrickych nabojd v molekule posouvat se vlivem pUsobeni elektrického pole.

Jednotkou polarizovatelnosti je Cm?v1®

Ramanova spektroskopie (RS) ma také oproti IC nékolik vyhod: 1) absorpéni pas vody je
v IC velmi intenzivni, kdeZto v Ramanové spektroskopii velmi slaby a je tudiz mozné bez
problémd méfit vzorky ve vodném prostiedi; 2) pozadavky na Upravu vzorkd pred
mérenim pomoci RS jsou témér nulové a mnozstvi vzorku potfebné pro analyzu je
minimalni a 3) oblast méfeni v RS je 4000 cm™ az 10 cm™; 4) metoda je neinvazivni
a nedestruktivni a méreni lze provddét za normalnich podminek. Hlavni nevyhodou
Ramanovy spektroskopie je, Ze Ramanlv jev je velmi slaby. Napfiklad
v biomedicinalnich aplikacich je potfeba k naméreni kvalitnich spekter pomérné vysoka
koncentrace vzorku (0,1 — 0,01 M), co? znainé presahuje fyziologické hodnoty.?"
Navic pfi vysokych koncentracich dochdzi k agregaci vzorkd a tim ke zméné struktury.
Jednou z metod jak zvysit citlivost detekce je rezonancéni Ramanova spektroskopie
(RRS). Krezonanénimu Ramanové jevu dochazi, kdyz ma vstupni zareni frekvenci
blizkou elektronovému prechodu chromoforu, coz ma za nasledek vyrazné zvyseni
intenzit pasl (3 — 5 krdt) oproti normalnimu Ramanovu spektru. Resonanéni Ramanova
spektra mohou poskytnout informace napfiklad o sekundarni struktufe proteinu
a polypeptidl. DalSim problémem pfi méreni Ramanovych spekter je fluorescence.

Ta mUzZe zastinit slaby Ramanuyv signal a tim znemoznit méreni. K fluorescenci dochazi

vlivem netistot, charakterem vzorku anebo kombinaci obojiho.%

Intenzita Ramanova rozptylu zavisi na vinové délce pouzitého laseru, je pfimo umérna

v / . v , , Ve, s s v E] . ,
&tvrté odmocniné vinové délky pouZitého zafeni (V1) a proto je laser s vinovou délkou

28



532 nm 4,7 krat ucinnéjsi nez laser s vinovou délkou 785 nm a 16 krat ucinnéjsi nez
laser s excitaci pfi 1064 nm. Z toho vyplyva, Ze pouZitim laseru s nizsi vinovou délkou
ziskdme intenzivnéjsi méné zaSumnéné spektrum. Pokud u méreného vzorku dochazi
k fluorescenci, je nutné zvolit vyssi vinovou délku laseru nap¥. 785 nm nebo 1064 nm,
a tim eliminovat interference zptisobené fluorescenci vzorku.®” Typické laboratorni
usporadani Ramanova spektrometru je znazornéno na obrazku 8. Paprsek laseru
ozafuje vzorek pomoci optického mikroskopu, rozptylené fotony po odfiltrovani
Rayleigho zafeni pronikaji do spektrometru.®® Vysledkem mé¥eni je pak Ramanovo
spektrum vyjadreno jako zavislost intenzity rozptyleného zarfeni na Ramanové posunu.
Spektra Ize zaznamendvat v rozmezi 4000 — 10 cm™, nicméné z hlediska kvalitativni
analyzy je zajimava oblast od 1500 cm™ do 500 cm™ (v piipadé biologickych vzorkd
asto 1800 cm™ — 500 cm™) oznatovana jako ,oblast otisku palce”, ktera poskytuje

velmi cenné informace o zkoumanych latkach .2
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Obr. 8.: Typické laboratorni uspofadani Ramanova spektrometru. Pfevzato z Tu, Chang (2012).88
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3 SERS

V poslednich desetiletich bylo vyvinuto nékolik technik vyuzivajicich Ramanuv jev, jako
naptiklad rezonancni Ramanova spektroskopie (RRS), koherentni anti-Stokesova
Ramanova spektroskopie (CARS), inverzni Ramanova spektroskopie, hrotem zesilend
Ramanova spektroskopie (TERS) ¢i povrchem zesilend Ramanova spektroskopie (SERS).
Posledni zminéna technika se béhem pomérné kratké doby stala mocnym ndstrojem
jak zakladniho, tak aplikacniho vyzkumu. Povrchem zesileny Ramanuv rozptyl byl
poprvé pozorovan na povrchu stfibrné elektrody v roce 1974 britskych chemikem
Martinem Fleischmanem a jeho kolegy.86 Poté, v roce 1977, provedly dvé vyzkumné
skupiny, Jeanmaire s Van Duynem a Albrecht s Creightonem, kvantitativni studie
potvrzujici zesileni Ramanova jevu molekul adsorbovanych na povrchu sttibrné
elektrody. Obecné je zndmo, Ze fenomén SERS je zpUsoben primdrné dvéma

mechanismy — elektromagnetickym a chemickym.’®”%#

e Elektromagneticky mechanismus (EM) — je hlavnim ptispévkem k celkovému
zesileni Ramanova signalu. Tento mechanismus vyuZiva silného elektrického
pole, které vznikd v dasledku excitaci povrchovych plasmonl na povrchu
kovovych substratl. Aby k excitaci doslo, musi byt molekula v tésné blizkosti
povrchu (maximalni vzdalenost pfiblizné 10 nm). Ve vétsSiné pripadl jsou
molekuly pfimo na povrchu adsorbovany, at uz chemicky nebo fyzikélné.79

e Chemicky mechanismus (ChM) — jeho existence a samotna definice je neustdle
predmétem sporli, nicméné jeho pfispévek je mnohondsobné mensi nez
elektromagneticky. Chemicky mechanismus se casto popisuje jako ,charge-
transfer” mechanismus (mechanismus prenosu naboje) k ¢emuz je nutné mit

, 7
molekulu adsorbovanou na kovovém povrchu.”

Zesileni Ramanova signdlu ovliviiuje mnoho faktorl, mezi néz patfi napfiklad vlastnosti
excitaniho laseru (vinova délka, polarizace ¢i uhel dopadu) ¢i samotné nastaveni
pfistroje (pocet skenll, doba jednoho skenu). Dale je pak zesileni ovlivnéno typem
pouzitého substratu, kdy zavisi na materidlu ze kterého je substrat vyroben (vétSinou
se jednd o stfibro nebo zlato), na geometrii a Uhlu vstupujicitho zafeni a na

prostorovém usporadani (2D nebo 3D substrat). Zesileni je také ovlivnéno adsorpci
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analytu — jeho koncentraci, mirou pokryti substratu, vzdalenosti od povrchu a zejména

zmeénou polarizovatelnosti vyvolanou adsorpci.79

3.1 Substraty pro SERS
Uspéch techniky SERS zdvisi na interakci adsorbované molekuly svhodnym
substratem. VétsSinou se jednd o substraty stfibrné, zlaté nebo médéné. Idealni kovové
substraty pro SERS musi mit rozmér v nanometrech, nejlépe v rozmezi od 5 nm do
100 nm. Posledni desetileti pfineslo celou fadu novych typa substrat( s vyssi stabilitou
a opakovatelnosti, které navic poskytuji vétsi zesileni signdlu, typicky se jedna

%092 Ty mohou byt pFipraveny primarné dvéma zpUsoby,

o nanostrukturni vrstvy.
fyzikadlné a chemicky. Fyzikalni metody tvorby vrstev zahrnuji zejména litografii,
depozici z plynné faze, napafovani ¢i naprasovani a Langmuir-Blodgett metoda.
Chemické metody zahrnuji chemickou depozici par ¢i metodu samovolné organizace
vrstev, popfipadé jeji modifikaci layer-by-layer (LbL) vyuZivajici samovolnou
organizaci.”® Posledni zminéné metoda je zalozena na elektrostatické interakci mezi
kladné a zdporné nabitymi slozkami. Tato metoda je velmi jednoducha a levna, ale
tasové narotna.” Vpfipadé depozice vrstev nanolastic stfibra pfipravenych
modifikovanou Tollensovou metodou na sklenény substrat, byl nejdfive povrch
substratu aktivovan ponorenim do roztoku HCI/HNOs v poméru 3:1 (piranha solution),
¢imz ziskal substrat zaporny ndaboj. Poté byl substrat ponoren do roztoku polymeru
s kladnym nabojem (polydiallyldimethylammonium chlorid - PDDA nebo
3-aminopropyltriethoxysilan - APTES), tzv. mezivrstvy a v poslednim kroku byl ponoren
do roztoku nanocastic stfibra se zapornym nabojem. Dllezité je po kazdém kroku
substrat dudkladné oplachnout, aby nedochazelo k agregaci nanocastic. Opakovanim
tohoto postupu lze pfipravit i vicendsobné vrstvy.”> Sara Abalde-Cela a kol. p¥ipravili
metodou LbL vrstvy nanodastic stfibra, které dale testovali jako substraty k detekci
dioxinu pomoci SERS. Jako mezivrstvu pouzili polymery PDDA a polyakrylovou kyselinu
(PAA).%® Alternativou kvyde uvedenym chemickym metoddm muze byt metoda
sonochemicka. Vrstvy pfipravené timto zptisobem poskytuji zesileni 5-10° (v pfipadé
adeninu jako modelového analytu), jsou vice homogenni nez v pripadé layer-by-layer

metody a cely proces je mnohondasobné rychle;jsi.”’
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3.2 Aplikace SERS
Velkou vyhodou SERS je schopnost identifikovat Siroké spektrum latek a ziskat tak
informace o jejich strukture. Toho lze vyuZit v materidlové chemii, biochemii, katalyze
i elektrochemii. PrestozZe byl fenomén SERS pozorovan a objasnén uz v roce 1977, jeho
aplikace mimo védecké laboratofe trvala pomérné dlouho. AZ s pfichodem fizené
pfipravy nanostrukturnich substratd se SERS zacdal hojné vyuZivat. Jednou z oblasti
vyuZziti SERS mUzZe byt restauratorstvi ¢i uméni. SERS umozniuje méreni velmi nizkych
koncentraci z malého mnoZstvi vzorku. Diky tomu je tato technika vhodna k analyze
barev a pigment( uméleckych dél, textilii nebo dievénych soch.”® Velmi duleZitou
skupinou aplikaci SERS je biosensoring. Pravé diky vysoké citlivosti a selektivité této
techniky je SERS vhodny zejména k detekci biologicky aktivnich latek, jako napfiklad
proteindi, bakterii, vird, neurohormont a bunék.’* Kromé jiz zminénych aplikaci Ize

SERS vyuzit i ve farmakologii, forenznich védach nebo toxikologii.

Existuje nékolik zplsobl jak vyuZit SERS k biosensoringu. Obecné lze tyto zpusoby
rozdélit do dvou skupin a to na ,label-free” a ,label-based”. Label-free zplsob zahrnuje
sledovani pfimo zkoumaného analytu, kdezto label-based zplsob vyuziva takzvanych
Ramanovskych znacdek, coz jsou prevdiné aromatické slouceniny obsahujicich dusik
nebo siru. Tyto molekularni znacky jsou velmi ¢asto navdzdny na povrch nanocastic
diky vysoké afinité dusiku a siry ke kovovému prvku. Detekci pomoci SERS lze provadét
v roztoku, kdy analyt reaguje svolnymi nanocasticemi nebo v pevné fazi pouzitim

SERS-aktivniho substratu.%®

3.2.1 SERS fyziologicky aktivnich latek
Castym vyuZitim techniky SERS je detekce protein(i. Proteiny jsou zakladni slozkou
jejich schopnost vazat se velmi pevné a specificky pouze na urcité molekuly. Klasické
metody a zpUsoby méreni proteinl zahrnuji zejména imunologické metody (ELISA)
zaloZzené na spektroskopické nebo fluorimetrické detekci ¢i metody separacni, zejména
elektroforéza a kapalinovda chromatografie spojend s hmotnostni spektrometrii.
Pritomnost fluoroforu v pripadé prvné zminénych imunologickych metod muze vést ke

zlepseni limitu detekce, avsak mUlze také dochdzet k autofluorescenci
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Ci k vyhasinéml'.‘c’g'100 Separacni metody jsou vysoce citlivé a selektivni, nicméné je nutné

pfed mérenim vzorek vhodné pripravit, coZ mizZe byt obtizné zejména pfi méreni

v komplexni matrici jako je napfiklad krev.'®

Vyvoj biochemickych SERS sensor(
v poslednich letech ved| k posunu SERS techniky od jednoduché chemické analyzy
k charakterizaci nanostruktur a biomedicindlnim aplikacim. Proteiny lze studovat jak
metodou ,label free“ tak metodou ,label-based” (obrazek 9). Label-free metody
detekuji pfimo proteiny adsorbované na SERS aktivnim substratu. Informace
o analyzovaném proteinu je tak ziskana pfimo zvibracnich spekter daného

proteinu. 102-104

Timto zpUsobem byly naptiklad analyzovdany hemoproteiny jako
myoglobin a hemoglobin, ale rovné? Ize analyzovat i cytochromy.'® Label-based
metody stanovuji proteiny nepfimo pomoci Ramanovskych znacek. K tomuto ucelu se
¢asto pouZivaji nanocastice zlata nebo stfibra, popfipadé vrstvy téchto nanocastic

s riznymi Ramanovskymi zna¢kami (Cy3, Cy5, MBA, Rh6G a dalgi).*®>™%’

SERS tags biofluid ® metal nanoparticles
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Obr. 9.: Schématické znazornéni rozdili mezi ,label free“ SERS metodou a ,label-based” SERS
metodou. U , label free” metody je spektroskopicky signal vysledkem vSech naadsorbovanych analyti,

zatimco u ,label-based” SERS metody pochazi spektroskopicky signal od Ramanovské znacky.

PFevzato z Bonifacio a kol. (2015).'*

SERS je také vhodnou metodou k detekci ¢i mapovani bunék. Ty poskytuji nékolik
typickych vibraénich médd, zejména DNA/RNA, proteind, lipidd a uhlovodikd.
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Nejvyraznéjsim pasem ve spektrech je valenéni vibrace vazby C-H p¥i 2930 cm™.
Nejvyraznéjsi pas znadici pfitomnost proteint je Amid | p¥i 1600 - 1690 cm™ a dychaci
méd tryptofanu a fenylalaninu pfi 1004 cm™. Daldimi pasy proteintl jsou Amid Il pfi
1480 — 1580 cm™ a Amid IIl p¥i 1230 — 1300 cm™.2%*1% Dal¥j aplikaci SERS je detekce
cirkulujicich naddorovych bunék (CTC). Ty se daji povaZzovat za charakteristicky znak
invazivnich forem rakovinnych bunék, které jsou zodpovédné za vyvoj metastazi. BéZné
metody jsou pro jejich méreni nedostacujici diky nizké citlivosti, specifité a casové
narocnosti méreni. Wang a kol provadeéli detekci nadorovych bunék pomoci citratovych
zlatych nanodastic s elektrostaticky navazanou QSY znackou. Poté byly Au-QSY
nanocastice funkcionalizovany polymery, kdy 85 % povrchu bylo pokryto thiolovanym
polyethylen glykolem, aby se predeslo nespecifickym interakcim s krevnimi burikami.
Zbylych 15 % bylo pokryto polyethylen glykolem s dvémi funkénimi skupinami - COOH
a SH. Merkapto skupina umoznila navdzani na povrch zlatych nanodastic, kdezto na
karboxylovou skupinu byl p¥es N-konec navézan epidermalni riistovy faktor (EGF).*™
Podobny zplsob byl vyuzit k detekovani a rozliseni bunék rakoviny prsou. K pfipravé
sensoru byly pouZity nanocastic stfibra s p-merkaptobenzoovou kyselinou (pMBA).
pMBA obsahuje na jednom konci thiolové funkéni skupiny a na druhém karboxylové.
Pomoci thiolovych funkénich skupin byla navdzdna na stfibrné nanocdstice, zatimco
karboxylové funkéni skupiny slouzily k vytvofeni peptidové vazby s protilatkami. Tento
sensor byl poté pouzit k rozliSeni mezi dvéma typy HER2 aktivnich bunék: HER2-
pozitivni SKBR3 buriky a HER2-negativni MCF7 burky. Jako modelovy vzorek byly
nejprve pouzity jen SKBR3 bunky. Ty byly inkubovany s pfipravenym sensorem za
rtiznych podminek: 4 hodiny p¥i 37 'C, 4 hodiny p¥i 4 C a tfeti zpGsob byla inkubace
nejdrive s volnou protilatkou anti-HER2 po dobu 2 hodin a poté se sensorem po dobu
4 hodin pti 37 C. Nejsilnéjsi SERS signdl vykazovaly bunky, které byly se sensorem
inkubovany po dobu 4 hodin pfi 37 'C. Poté byl sensor pouZit k rozliSeni dvou typu
bunék — SKBR3, které obsahuji velké mnoZstvi HER2 receptori na jejich povrchu
a MCF7, které obsahuji HER2 receptory pouze v malém mnozZstvi. Méreni ukazalo, Ze
intenzita SERS signalu SKBR3 bunék je 3 — 4krat vyssi nez MCF7 bunék. Navic bylo
z Ramanovského mapovani jednotlivych typl bunék zjisténo, Ze se pfipraveny sensor

véze lépe na HER2 pozitivni bufiky (SKBR3).*2
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Technikou SERS lze rovnéZ detekovat bakterie a viry.113 Obecné existuji tfi rlzné
zplsoby jak ziskat SERS spektrum bakterii. Prvnim zpUsobem je vytvoreni SERS
aktivnich nanocastic (AgNPs nebo AuNPs) uvnitf nebo na povrchu bakterie. Druhy
zpUsob spocivd v umisténi bakterii pfimo na SERS aktivni substrat a tfetim zplsobem je
smichani bakterii s koloidni disperzi.'***> Zhou a kol. publikovali metodu syntézy
stfibrnych nanocastic pfimo na bunécné sténé bakterii. Nejprve byly bakterie ponofeny
do roztoku dusi¢nanu stfibrného a poté byl pouzit hydrochlorid hydroxylaminu jako
redukéni Cinidlo, tim doslo k vytvoreni nanocastic stfibra na bunécné sténé. Tyto
modifikované bakterie pak byly detekovany pomoci SERS. Zesileni signalu bylo az
tficetinasobné oproti metodé, kdy se bakterie pouze smichaji s koloidem stfibra.'*
Cui Fan a kol. pouzili techniku SERS k detekci nékolika kmen0 virG (norovirus,
adenovirus, parvovirus, rotavirus, koronavirus, paramyxovirus, and herpersvirus)
vyskytujicich se v jidle ¢i ve vodé. K detekci pouZili komeréni zlaty substrat. Diky SERS
dokazali viry detekovat a pomoci statistickych metod dokazali rozdélit viry do dvou
skupin podle toho, zda obsahovaly lipidovou schranku & ne.'” Avci a kol ziskali SERS
spektra patogenu infekce mocovych cest smichanim nanocastic stfibra redukovanymi
hydroxylaminem se suspenzi bakterii. Vzorek byl pak umistén na substrat z fluoridu

Y8 prycek a kol. pouiili techniku SERS krozlideni Gram pozitivnich

vapenatého.
(Enterococcus faecalis a Streptococcus pyogenes) a Gram negativnich (Acinetobacter
baumannii and Klebsiella pneumoniae) bakterii. V prvnim kroku byly pfipraveny
nanocdstice stfibra redukci D-maltosou. Poté byly kroztoku nanocastic pfidany
chloridové ionty, ¢imz doslo k rekrystalizaci nanodastic stfibra. V poslednim kroku byl
k rekrystalizovanym nanocasticim pfidan lyzat bakterii. SERS spektra jednotlivych

bakterii byla porovnana pomoci diskrimina¢ni analyzy a na zakladé téchto vysledku

byly bakterie rozdéleny na Gram pozitivni a Gram negativni.'*’

3.3 Magneticky SERS

Technika SERS je velmi uziteéna k detekci fyziologicky aktivnich latek, nicméné jeji

vvvvv

SERS techniky. Tato metoda byva v literatufe nejcastéji nazyvdna jako magneticky
asistovana povrchem zesilend Ramanova spektroskopie (Magnetically Assisted Surface

Enhanced Raman Spectroscopy (MA-SERS)). Jeji hlavni vyhodou je jednoduchd
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separace analytu ze vzorku a jeho zakoncentrovani pomoci externiho magnetického

17,18,120

pole (obrazek 10).
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Obr. 10.: Schématické znazornéni aplikace metody magneticky asistovaného SERS (MA-SERS) k detekci

bakterii Staphylokoka aurea. Pfevzato z Wang a kol. (2016).120

3.3.1 Aplikace magnetickych nanocastic pro SERS
Vzhledem ke schopnosti MA-SERS detekovat rGzné slouceniny i ve velmi nizkych
koncentracich, byla publikovdna fada studii zaméfenych na vyuziti této metody
k detekci biomarkerd rakoviny a cirkulujicich nddorovych bunék (CTC). Takzvané
sendvi¢ové metody pro detekci marker( rakoviny nebo rakovinnych bunék jsou velmi

dobfe zname. 1?1123

Obecné sandwichova metoda vyuzZivd magnetické castice
s navazanymi specifickymi protilatkami a kovové nanocastice slouzici jako SERS aktivni
znacka (tzv. SERS reporter). Tato SERS aktivni znacka obsahuje navazané specifické
protilatky a velmi ¢asto i fluorescenéni znacku. Pfi analyze pak neméfime pfimo signal
analytu, ale signal SERS aktivni znacky. ** Tento postup byl napf¥iklad pouzit pro

detekci rakovinnych bunék s velmi nizkou ¢etnosti vyskytu. Magneticky nanokompozit
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byl oznafen 4-aminothiofenolem (4-ATP) a protildtkou proti karcinoembryondinimu
antigenu (CEA). Jako aktivni substrat SERS byly pouzity zlaté nanocdstice se stejnou

124

protilatkou. Dalsi studie popisuji pro detekci CEA pouziti zlatych nanodastic

modifikovanych merkaprobenzoovou kyselinou a protilatkou  anti-CEA
a nanokompozitu Fe,03;@Au funkcionalizovaného také protildtkou anti-CEA.'*
Magneticka imunoanalyza byla pouZita i k detekci prostatického antigenu (PSA).
Metoda vyuZiva sensor a povrchové zesilenou Ramanovu spektroskopii (SERS). Sensor
byl slozen z magnetickych nanocastic funkcionalizovanych specifickymi protilatkami
a ze zlatych nanoddastic oznacenych malachitovou zeleni, které byly také
funkcionalizovény stejnymi protildtkami jako magnetické nano&astice.'?® Magneticky
asistovana povrchem zesilena Ramanova spektroskopie (MA-SERS) byla také vyuZita
k detekci buniky Staphylokoka aurea pomoci biosensoru s navdzanym aptamerem.
Biosenzor se skladal ze dvou ¢asti - aktivniho SERS substratu (magnetické nanocastice
pokryté stfibrem, AgMNPs) a SERS znacek. Monodisperzni superparamagnetické
AgMNP s dobrou SERS aktivitou a magnetickou odezvou byly syntetizovany za pouziti
polymeru polyethyleniminu. Diky magnetickym vlastnostem AgMNPs bylo moziné
provést separaci a promyti, namisto opakovaného odstfedovani v centrifuze, ¢imz se
zabranilo sedimentaci materialu. Limit detekce (LOD) byl stanoven na urovni 10 bunék
S. aurea na mililitr.?” Shin a kol. pfipravili biokompatibilni SERS-aktivni substrat
zalozeny na core-shell magnetickém nanomateridlu (FesO,@SiO,@Au). Tento material
byl pouzit k detekci a rozliseni proteinG lidského a mysiho IgG. Timto zplsobem bylo
dosazeno velmi nizkého limitu detekce a to 800 ag/ml u mysiho 1gG a 5 fg/ml

u lidského 1gG.**®

Stanoveni jednoho biomarkeru neni dostatecné specifické pro stanoveni konkrétniho
typu rakoviny. Nutnost detekovat vice nez jeden biomarker soucasné ved| ke studiu
a vyvoji novych typU biosenzorl zaloZzenych na systému protilatka-antigen. Velka
pozornost je vénovana multiplexni analyze a jejimu zlepSeni, protozZe je nezbytna pro

vCasnou detekci a screening rakoviny v klinické praxi.129

Soucasny zplisob provedeni multiplexni analyzy s vyuZitim SERS vétSinou spociva
v oznaceni analytd rGznymi SERS aktivnimi znackami. Tang a kol. pouzili dvé rGzné

znacky (kyselinu merkaptobenzoovou a 5,5'-dithiobis (sukcinimidyl-2-nitrobenzoat))
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k oznaCeni stfibrného substratu, ktery byl dale funkcionalizovan protilatkami
anti-Glypikan-3 a anti-a-fetoproteinem, které jsou specifické pro markery rakoviny
jater - Glypikan-3 a a-fetoprotein (AFP). Metoda detekce rakovinnych markert byla
vtomto pfipadé zaloZena na sledovani posunu vybranych pas( SERS aktivnich
znatek.” Daldi prace popisuje detekci rakoviny slinivky pomoci markert CA 19-9
(carbohydrate antigen 19-9) a MMP-7 (matrix metalloproteinase-7). K detekci byla
pouzita sklicka pokryta zlatem a funkcionalizovana specifickymi protilatkami. Vysledky
SERS analyzy pak byly srovndny simunologickou metodou ELISA (Enzyme-Linked
ImmunoSorbent Assay). Vysledky obou analyz byly srovnatelné, nicméné mnoZstvi
vzorku potfebného pro SERS analyzu bylo mnohonasobné mensi, coz je velkou

vyhodou této techniky.™!

Jako dalsi imunosensor k multiplexni analyze rakovinnych
markerd CEA (carcinoembryonic antigen) a CK-19 (cytokeratin-19) byly pouZity
pryskyricové mikrokuli¢ky s kyselinou aminosalicylovou pokryté zlatymi nanocdsticemi.
NavrZeny sensor byl vysoce citlivy, selektivni, s nizkym limitem detekce a dlouhou
CK-19.1%2 Vjiné studii byly vyuZity zlaté hvézdicovité nanolastice pokryté slabou
vrstvou oxidu kremicitého funkcionalizované tfemi rldznymi protilatkami. S jejich
pomoci pak byly detekovany tfi rlizné typy biomarkerd rakoviny prsu, konkrétné (CA)
15-3, CA 27-29 a CEA."® v dalsi studii byly protilatky konjugovany na nanogastice zlata
oznacené tfremi rliznymi znackami — Cyanine 5 (Cy5), isothiokyandt malachitové zelené
(MGITC) a rhodamin 6G (Rh6G). Diky znackdm bylo moZné rozliSit jednotlivé
biomarkery jak in vitro, tak in vivo v xenoimplantatu (Stép z cizi tkdné prevzaté pfi
transplantaci z jiného Zivoc¢isSného druhu). Pfi in vivo testech byly funkcionalizované
oznacfené Cdstice injektovany pfimo do nador(, kde doslo k navdzani na nadorové
markery. Maximalni intenzita signalu byla pozorovana po 6 hodinach, po 72 hodinach
uz nebyl signal viibec pozorovatelny. Oznacené nanocastice bez specifickych protilatek

nevykazovaly po 6 hodinich zadny signal (obrazek 11).**°

Maiti a kol. pfipravili
biokompatibilni SERS sensor s vysokou citlivosti a stabilitou. Pomoci kyseliny lipoové,
ktera slouzila jako linker, kovalentné navazali trifenylmethanovou znacku na zlaté
nanocastice funkcionalizované protilatkami anti-EGFR a anti-HER2. Pfipraveny sensor
byl pak pouzit pro SERS detekci rakovinnych proteind HER2 a EGFR. Navic byla uspésné

provedena i in vivo detekce rakovinnych bunék, které byly do mysi injektovany.***
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Vétsina studii vyuZiva k simultanni SERS detekci rakovinnych markerd Ramanovské
znacky. Tento zpuUsob je vysoce citlivy a selektivni v porovnani s béZzné pouzivanymi
imunologickymi metodami jako je ELISA. Na druhou stranu, nespecifické interakce
pfipravenych materidl( s komplexni matrici jako je krev zplsobuiji interference signdlu

a tim prozatim znemozniuji pouziti téchto metod v klinické praxi.
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Obr. 11.: In vivo multiplexni detekce modelového nadoru: (A): Obrazek mysi s nadorem. (B): SERS
spektra z oblasti nadoru znazorfiujici piky pfi 1120, 1175 a 1650 cm™ odpovidajici nekonjugovanym
SERS znackam Cy5, MGITC a Rh6G. (C): - SERS spektra z mista nadoru znazornuijici piky p¥i 1120, 1175
a 1650 cm™ odpovidajici SERS znatkam Cy5, MGITC a Rh6G navazanych na biomarkery TGFBRII, CD44

a EGFR. Pfevzato z Dinish a kol. (2014)."*°

39



4 Cile disertacni prace

Hlavnim cilem predkladané disertacni prace byl vyzkum zaméreny na pfipravu a vyuziti
nanocdstic uslechtilych kov(, zejména nanodastic stfibra, v kombinaci s magnetickymi
nanocasticemi pfi povrchem zesilené Ramanové spektroskopii biologicky aktivnich

latek.

Pfi realizaci tohoto zaméru byly napldnovany tyto cile, které lze shrnout do

nasledujicich bod(:

e optimalizovat podminky pfipravy a modifikace magnetickych nanokompozit
s nanocdasticemi stfibra pro magneticky asistovanou povrchem zesilenou Ramanovu

spektroskopii

e vyvoj a aplikace biosensoru pracujiciho na principu magneticky asistované SERS

detekce imunoglobulinu G ve vzorcich lidské krve

e vyvoj a aplikace biosensoru pro multiplexni analyzu rakovinnych markeri HER2

a EpCAM pomoci MA-SERS

Kromé predloZzené disertacni prace jsou vysledky obsahem tfi publikaci
v mezinarodnich impaktovanych ¢asopisech a dvou publikaci v mezinarodnich
recenzovanych c¢asopisech. VSechny publikace jsou uvedeny v prehledu publikaci

v kapitole Prilohy na konci disertacni prace.
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EXPERIMENTALNI CAST

41



5 Priprava nanocastic, nanokompozitl a jejich funkcionalizace

5.1 Nanocastice stribra
Nanocastice stfibra pouzivané k zesileni Ramanova signalu byly pfipraveny redukci
diaminstiibrného kationtu [Ag(NHs),]" D-maltézou. Detailni postup je popsan

v publikaci Panacka a kol.!*

Pro pfipravu nanocastic stfibra bylo slozeni reakéniho
systému nasledujici: dusi¢nan st¥ibrny 1.10° mol-I"'; maltéza 1.10 mol-I'; amoniak
5.10° molI". Po smichani dusi¢nanu stfibrného a amoniaku bylo pH reakéniho
systému upraveno pfidanim hydroxidu sodného na 11,5 + 0,1. Poté se, za intenzivniho
michani, pridal do systému roztok maltdzy. Reakce byla povaZzovana za dokoncenou po
4 minutach, kdy jiz nedochazi ke zméné zabarveni vzniklé disperze AgNPs. Timto

postupem byla pfipravena prakticky monodisperzni suspenze nanocastic stfibra se

stfedni velikosti ¢astic okolo 28 nm.

5.2 Magneticky nanokompozit pro analyzu IgG
Magneticky nanokompozit byl pfipraven podle postupu popsaného dfive Markovou
a kol.*® Ve stru¢nosti, magnetické nanolastice byly pFipraveny Massartovou
koprecipita¢ni metodou z vodného roztoku FeCl;.6H,0 a FeCl,.4H,0 za pouziti
hydroxidu sodného; pH smési FeCl;.6H,0 a FeCl,.4H,0 bylo upraveno 1,5 M NaOH na
hodnotu 11. Syntéza byla provedena pfi pokojové teploté za konstantniho
probublavani dusikem, aby se zabranilo dalsi oxidaci. Po hodiné michani byl produkt
nékolikrat promyt vodou a magneticky odseparovan. Ziskané magnetické nanocastice
byly pouzity pro pripravu magnetit-O-karboxymethylchitosanu adsorpci polymeru na
povrch pfipravenych nanocastic indukovanou postupnym zvySovanim teploty na 80 C.
V poslednim kroku byl k magnetit-O-karboxymethylchitosanu pfridan dusi¢nan stribrny
a na povrchu hybridu doslo k vyredukovani ionth stfibra aminovymi skupinami

polymeru za alkalickych podminek a pfi teploté 80 °C.

Pfipraveny nanokompozit byl ddle funkcionalizovdn protilatkou anti-IG. Nejprve byl
nanokompozit smichan s roztoky EDC/NHS (1:1, findlni koncentrace 20 mM) a poté
s ethylaminem (7% w/w). V dalsim kroku byl pfidan karboxy-PEG (finalni koncentrace
1 mM), ¢imz doslo k vytvoreni karboxylovych skupin na povrchu AgNPs. Karboxylové

skupiny byly aktivovany pfidanim roztoku EDC/NHS (1:1, findlni koncentrace 20 mM),
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poté nasledovalo pfidani streptavidinu (findIni koncentrace 0,2 mg-L™). Po navéazani
streptavidinu na aktivované karboxylové skupiny, byla pfiddna biotinylovana protilatka
anti-IgG (findlni koncentrace 0,2 mg:L™"), kterd vytvofila se streptavidinem pevnou
vazbu. Na zavér byly zablokovany zbylé karboxylové skupiny ethylaminem (7% w/w),
aby se zabranilo nespecifickym interakcim. Béhem funkcionalizace byl nanokompozit

po kazdém kroku dlkladné promyt a odseparovan pomoci magnetického pole.

5.3 Priprava biosensoru pro multiplexni analyzu nadorovych markert
Uvedeny biosensor byl sloZzen z magnetickych nanoddstic a nanodastic stfibra
potfebnych k zesileni Ramanova signalu. Postup funkcionalizace magnetickych
nanocdstic je zobrazen na obrdzku 12. V prvnim kroku pripravy biosensoru byly
komercéni magnetické ¢astice s karboxylovymi skupinami (Sigma Aldrich) aktivovany za
pouZiti smési EDC/NHS v poméru 1:1(findlni koncentrace 10 mM); Castice pak byly
magneticky odseparovany a promyty PBS pufrem. V ndsledujicim kroku byly castice
s aktivovanymi karboxylovymi skupinami smichany s protildtkami AntiEpCAM
a antiHER2 (10 mg:L™") a ponechany pfes noc na rotitoru &mz dodlo ke vzniku
kovalentni vazby mezi volnymi amino skupinami (-NH;) pfitomnymi ve strukture
protilatek a aktivovanymi karboxylovymi skupinami magnetickych ¢astic. Po imobilizaci
protilatek byly magnetické c¢astice oddéleny pomoci magnetu a opét promyty PBS
pufrem. Na zavér byl pridan ethylamin (7% w/w), aby doslo k zablokovani zbylych

aktivnich karboxylovych skupin, ¢imz se zabranilo nespecifickym interakcim.

/f’% HaE ™ NeCeN=T CHy Y SO0
EDC Anti EpCAM washing
5, NHS Anti HER2 -

Obr. 12.: Schéma pfipravy biosenzoru (funkcionalizace MNPs protilatkami Anti-HER2 a Anti-EpCAM).

Pfevzato z Balzerova a kol. (2018)"*’
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5.4 Postup analyzy nadorovych markerti HER2 a EpCAM
Slepy vzorek pro tuto analyzu obsahoval jen PBS pufr (c = 10 mM, pH = 7,5). Modelovy
vzorek obsahoval biomarkery HER2 a EpCAM o koncentracich 5, 10 a 25 ng-l'1
rozpusténych v PBS pufru (c = 10 mM, pH = 7,5). Vzorky lidské krve (20 vzorkd od
2 dobrovolnikl, V = 1 ml) byly 100krat zfedény PBS a naspikovany biomarkery HER2

a EpCAM v koneéné koncentraci 5 a 10 ng-I™.

Postup analyzy vzork( je zobrazen na obrazku 13. Nejdfive byly 2 ul vzorku (slepy,
modelovy, lidskd  krev) smichany s 10 ul  pfipraveného  sensoru
anti-HER2@Anti-EpCAM@MNPs. Vzorek se sensorem byl michan po dobu jedné
hodiny, poté byl sensor magneticky odseparovan, promyt PBS pufrem a znovu
rozdispergovan v 10 pl PBS. Poté byly k sensoru pfidany 2 pl znaéeného HER2_Cy3
a EpCAM_Cy5 (kone¢na koncentrace 10 ng:™) a smés byla petlivé promichana. Po
1 hodiné byl sensor magneticky odseparovan od prebytku oznacenych marker(
a dvakrat promyt deionizovanou vodou. V poslednim kroku byly k sensoru ptidany
nanocdstice stfibra aktivované chloridem sodnym, vysledny nanokompozit byl

zakoncentrovan pomoci vnéjsiho magnetického pole a analyzovan pomoci SERS.

A washing EpCAM_Cy5
+ o > 4+
HER2_Cy3
washing
MA-SERS

Obr. 13.: Schéma multiplexni kompetitivni analyzy dvou riznych nadorovych markert v lidské plné

krvi. Pfevzato z Balzerova a kol. (2018)"*’
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6 Vysledky a diskuze

Tato ¢ast disertacni prace poskytuje prehled dosazenych vysledkd stanoveni biologicky
aktivnich latek pomoci magneticky asistované a povrchem zesilené Ramanovy
spektroskopie (MA-SERS). Sekce je rozdélena do tfi podkapitol. Prvni podkapitola se
zabyva vyuzitim magnetického SERSu k detekci lidského imunoglobulinu G (IgG),
zatimco druhd c¢ast se zabyva simultdnni analyzou rakovinnych marker(l. Treti
podkapitola je vénovana dalSimu vyuZiti techniky MA-SERS. Vysledky uvedené v této
kapitole byly publikovany ve tfech impaktovanych cCasopisech a dvou recenzovanych

Casopisech a jejich plné znéni lze nalézt v pfiloze.

6.1 Vyuziti magneticky asistované povrchem zesilené Ramanovy
spektroskopie (MA-SERS) pro stanoveni lidského imunoglobulinu G

v krvi
Tato prace popisuje vyvoj metody ke TEM image of nanocomposite
-~ 1. Blood sample is
T . . . 7 deposited on a glass
stanoveni lidského imunoglobulinu G (dale } olatform
jen 1gG) v krvi pomoci magneticky asistované ’ s

povrchem zesilené Ramanovy spektroskopie. __ 68 R M 2166 s magneticaly
]

separated and analyzed

. . . using MA-SERS
K tomuto ucelu byl pfipraven nanokompozit IgG U
O FeyOy@Ag@Streptavidin@AntilgG nanocomposite

FesO,@Ag@streptavidin@anti-IgG, ktery Prevzato z Balzerové a kol.”
mél magnetické vlastnosti a zaroven poskytoval zesileni Ramanova signalu diky
navazanym AgNPs. Charakterizace nanokompozitu byla provedena pomoci
transmisniho elektronového mikroskopu (TEM), infraervené spektroskopie (IR),
praskové difrakce (XRD) a mérenim zeta potencidlu. Poté byl nanokompozit pouzit pro

SERS analyzu vzork lidské krve.

Nanokompozit k detekci 1gG byl ptipraven podle schématu (Obr. 14). Nanokompozit
byl sloZzen znanodastic Fes0; a stfibrnych nanocdstic kovalentné vazanych
O-karboxymethylchitosanem. Tento linker byl zvolen z dldvodu pfitomnosti volnych
karboxylovych skupin, které zajistily dlouhodobou stabilitu takto pfipraveného
nanokompozitu ve vodném prostredi. Karboxylové skupiny vsak zpUsobuji relativné
vysoky negativni povrchovy ndboj. Proto byla jejich pfitomnost béhem ndslednych
krok( modifikace povrchu minimalizovana, aby se zajistilo vysoce selektivni navazani

streptavidinu pouze na volnou plochu nanodastic stfibra. Ztohoto dlvodu byly
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v prvnim kroku volné karboxylové skupiny odstranény (deaktivovdny) reakci s vodnou
smési EDC/NHS v poméru 1:1 a nasledné vodnym roztokem ethylaminu. Deaktivace
a blokovani karboxylovych skupin (Obr. 14, Step 1) vedly k vyznamné zméné zeta
potencidlu na -20,3 mV (z pavodniho -46,2 mV). Z tohoto poklesu negativniho naboje
bylo patrné, Ze karboxylové skupiny byly Uspésné blokovany. V dalsim kroku (Obr. 14,
Step 2) byly na povrchu nanocastic stfibra vytvoreny nové volné karboxylové skupiny
pridavkem karboxypolyethylenglykolu. Tento krok byl nezbytny pro dalsi selektivni
imobilizaci streptavidinu. Adsorpce karboxy-PEGu na povrchu AgNPs vedla k mirnému
zvySeni povrchového naboje na -21,1 mV. Rozdil mezi posledné jmenovanou hodnotou
a pocate¢nim zapornym nabojem (-46,2 mV) byl zplsoben rlznym mnozstvim
imobilizovanych funkénich skupin. Aktivace nové vytvorenych karboxylovych skupin
vodnou smési EDC a NHS (Obr. 14, Step 3) byla doprovazena velkym poklesem
zaporného naboje na hodnotu -2,1 mV. Ve ¢tvrtém kroku byl imobilizovan streptavidin
na povrch stfibrnych nanocastic (Obr. 14, Step 4). Mezi aktivovanymi karboxylovymi
skupinami a -NH; skupinami streptavidinu byly vytvofeny kovalentni vazby. Imobilizaci
streptavidinu na povrch nanokompozitu byl povrchovy ndboj zménén pouze mirné a to
na -1,7 mV. Usp&sna imobilizace streptavidinu byla potvrzena méfenim IR spekter
(Obr. 15: B), ktera vykazovala narQst pasl interpretovanych jako soucast proteinové
struktury (1450 a 1650 cm™). Streptavidin hral klicovou roli pfi vazbé biotinylované
Casti anti-IgG, ktery byl pfidan k nanokompozitu v dalSim kroku (Obr. 14, Step 6).
Tvorba vazby mezi streptavidinem a biotinylovanou ¢asti anti-lgG byla doprovazena
zménami povrchového ndboje na 0,4 mV a zménami vySe uvedenych IR pasQ.
Ke konecnému zablokovani zbyvajicich karboxylovych skupin byl opét pouzit
ethylamin. Zablokovani bylo potvrzeno dodateénym zvySenim zeta-potencidlu

na 0,7 mV (Obr. 15A, Step 7).
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Obr. 14.: Schéma znazornujici jednotlivé kroky modifikace nanokompozitu Fe;0,@Ag pro stanoveni

lidského IgG pomoci MA-SERS. Pfevzato z Balzerova a kol. (2014)"
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Obr 15.: (A) Naméfené zeta-potencialy pfipraveného nanokompozitu a nanokompozitu po kazdém

kroku modifikace. (B) IR spektra Cistého nanokompozitu a modifikovaného nanokompozitu. (C) TEM

snimek Fe;0,@Ag nanokompozitu. Pfevzato z Balzerova a kol.

(2014) ¥

Pfipraveny nanokompozit Fe;0,@Ag@anti-IgG byl pouZzit pro stanoveni koncentrace

IgG ve vzorcich lidské plné krve. Na zakladé teorie

bylo predpokladano, ze specifickd

interakce IgG s protilatkou na IgG imobilizovanou na povrchu nanokompozitu by vedla

ke spektralnimu posunu o nékolik vinovych jednotek nebo ke zméné intenzity
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Ramanovych past odpovidajicich vazebnym mistim protilatky. Pro testovani této
hypotézy byly analyzovany standardni vzorky obsahujici vodnou disperzi
FesO,@Ag@streptavidin@anti-IgG s 16 ng-l'1 lidského 1gG, slepé a kontrolni vzorky.
Slepy vzorek obsahoval pouze C(Cisty nemodifikovany nanokompozit Fe;O,@Ag
dispergovany ve vodé, zatimco kontrolni vzorek sestaval z vodné disperze
nanokompozitu Fe;O,@Ag@streptavidin@anti-IgG bez pfidani IgG. Ziskand spektra
jsou prezentovana na obrazku 16.
140 — Fe:0,@Ag

1— Fe:0s@Ag@Streptavidine@AntilgG
| — Fes0s@Ag@Streptavidine@AntilgG@1gG (16 ng/L)
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Obr. 16.: Ramanovo spektrum ¢istého nanokompozitu Fe;0,@Ag, modifikovaného nanokompozitu
ziskaného imobilizaci streptavidinu a anti-IgG (Fe;0,@Ag@streptavidin@anti-IgG) a modelového
vzorku s koncentraci 1gG 16 ng-L" (znagené jako Fe;0,@Ag@streptavidin@anti-IgG@IgG). Pievzato
z Balzerova a kol. (2014)"

Raman(v signal kontrolniho vzorku obsahoval nékolik dilezZitych spektralnich pasd,
které byly pfifazeny ¢astem proteinl funkcionalizovaného nanokompozitu. Spektralni
pasy p¥i 1650, 1539 a 1350 cm™ byly interpretovany jako amidy I, Il a Ill. Navic
pomeérné ostry pas s vinoctem 1650 cm™ znadil sekundarni strukturu typu a helix. Pas
pfi 605 cm™ byl interpretovan jako vibrace Ag-N vazby pochdzejici z p¥idavku
ethylaminu v prvnich krocich modifikace nanokompozitu Fe,Os@Ag. Pfedpokladalo se,
Ze jeho poloha a intenzita nebude citliva na vznik kovalentni vazby mezi sensorem
a IgG ve vzorku. Ddle se predpokladalo, Zze Uspésna tvorba vazby mezi anti-IgG a IgG
zpUsobi zmény absolutnich intenzit a hlavné pomér spektralnich past Amidu I, Il a lll,

vzhledem k rozdilnym strukturam téchto dvou proteinli. Podrobné porovnani spekter
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kontrolnich a modelovych vzorkil ukazalo, 7e jak pozice, tak intenzita pasu pfi 605 cm™
zUstaly nezménény, jak bylo predpokladano, zatimco intenzity a poméry spektralnich
past protein se liSily. Velmi dllezité bylo studium selektivity navrzené metody.
Selektivita metody byla testovdna s pouZitim mysiho I1gG a BSA; pfitomnost téchto
proteind nevedla k vyznamnym zméndam pozorovaného analytického signalu,
a vypoctené hodnoty RS se vyznamné neliSily od hodnot ziskanych pro slepy roztok.
Za ucelem posouzeni, zda lze metodu pouzit ke kvantitativni analyze bylo pfipraveno
pét kalibracnich vzorkd. VSechny kalibraéni vzorky byly méreny za stejnych podminek.
Rozsah koncentraci pouzitych pro sestrojeni kalibra¢ni kfivky byl zvolen tak, aby
odpovidal pozadavkim na provadéni stopové analyzy a byl nastaven od 100 ng:I™ po
500 mg-I™. Spektra modelovych vzorkd obsahujicich 16 ng.I™, 160 ng.I* a 16 ug.I™ IgG
jsou uvedena na obrazku 17.
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Obr. 17.: Ramanova spektra modelovych vzorkii obsahujicich 16 ng.I”, 160 ng.I* a 16 ug.l” IgG.

PFevzato z Balzerova a kol. (2014)"

Normalizovana a zadkladni spektra byla vyhodnocena a pouzita pro kalibraci. Fluktuace
ve spektrech, zplsobené nestabilitou spektralniho pasu pfi 605 cm™, neumoZziuji
pfimé kvantitativni stanoveni IgG z absolutnich intenzit, coz je patrné z obr. 17.
Nicméné védecké publikace naznacuji, Ze interakce protein( vedou ke znacné zméné

pomérd vybranych spektralnich pasa.’3%*4

Kvantifikace 1gG byla tedy zaloZena na
jednoduché rovnici (rovnice 6), kterd umoinuje vypocet poméru intenzity pasu

proteinu s vinoéty 1539 a 1650 cm™, kde absolutni intenzity 11650 a 11539 byly pfedtim
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normalizovany na intenzitu referenéniho péasu pii 605 cm™, aby se minimalizovaly
nezadouci fluktuace analytického signalu.

_ I1539/I605 [6]
Lisso/lsos’

kde 11539, 11650 a 1605 predstavuji intenzity spektralnich pasa pri 1539, 1650 a 605
cm™. 1605 byl pouZit jako reference pro normalizaci spekter, aby se minimalizovaly
systémové chyby zplsobené zménami slozeni kompozitu, struktury a nestabilitou
Ramanova signdlu. Navic, aby byla metoda robustnéjsi, bylo pouZito Ramanovo
spektrum kontrolniho vzorku obsahujiciho jen kompozit FesO,@streptavidin@anti-IgG,

jak je uvedeno v rovnici 7:

R _ IStdys39/1Stdeos ,IRefi539/IRef605 [7]
IStdqgs50/1Stdeos ' IRefigs0/IRefg05"

kde IStd znaci intenzity spektralnich pasd vzorkd a IRef znadi intenzity spektrdlnich
pash kontrolnich vzorkd. RS tudiZz zndzorfuje miru zmény poméru proteinovych past
mnozstvi IgG ve vzorku (kontrolni vzorek RS = 1). Bylo zjisténo, Ze vypocitané poméry
maji linedrni charakter v celém méreném rozsahu. Limit detekce byl spocitdn na
0,6 ng.I". Pro ovéfeni stability signalu bylo provedeno 10 mé¥eni béhem 10 dnd. Bylo
zjisténo, Ze relativni chyba RS mezi stejnymi vzorky byla nizSi nez 8%. Dale byla
provedena méreni dvou modelovych vzork( pro testovani spolehlivosti a robustnosti
metody. Vzorek A obsahoval 10 ng-l'1 lgG a vzorek B 100 ng-l'l. Rozdily mezi skuteénou
a experimentalné ziskanou hodnotou byly kolem 20% a relativni smérodatnd odchylka
RSD = 5%. Pro sledovani dlouhodobé stability byla mérfena Ramanova spektra
Fes0,@Ag@Streptavidin@AntilgG po dobu 90 dnll. Namérena spektra jsou uvedena
na obrdzku 18. Kazdé spektrum je posunuto o 100 jednotek na ose intenzity, aby byla

spektra vice prehledna.
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Obr. 18.: Ramanova spektra Fe;0,@Ag@Streptavidin@AntilgG ziskand v rGznych ¢&asovych

intervalech, kterd demonstruiji stabilitu biosenzoru. Pievzato z Balzerova a kol. (2014)"

Navriend metoda byla dale pouzita pro analyzu vzorkd lidské pIné krve ziskanych
odbérem kapky krve z prstu. Touto metodou lze ziskat pouze malé mnozstvi vzorku,
v fadech mikrolitr(. PfestoZze metoda byla vyvijena tak, aby nespecifické interakce
pfipraveného nanokompozitu se slozkami komplexni matrice krve byly minimalni, ¢ast
Ramanova signalu muzZe presto pochazet od nespecifickych interakci. Z tohoto dlvodu
bylo nutné spektra peclivé vyhodnotit porovnanim redlnych vzorkl a vzork(
modelovych. Experimentdlni analyza byla provedena podle postupl pouzitych dfive
v kalibraénich experimentech. Bylo analyzovdno 10 vzorkd (dva pacienti, kazdy

5 vzorkd), SERS spektrum realného vzorku je uvedeno na obr. 19 (A).
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Obr. 19.: (A) Ramanovo spektrum vzorku plné lidské krve. Pro srovnani jsou prezentovany také
Ramanova spektra modelového vzorku obsahujiciho 16 ug-l'1 IgG a Cistého nanokompozitu. (B)
Stanoveni koncentrace analyzovanych vzorkd. Modré body patfi realnym vzorktiim krve a hnédé body
prezentuji data ziskana metodou standardniho pfidavku k témto vzorkiim. (C) Kalibra¢ni kfivka pro

stanoveni IgG v modelovych vzorcich. Pfevzato z Balzerova a kol. (2014)"

Ve spektru je vidét, Ze obsahuje vSechny pasy dfive pfifazené sensoru; nicméné
spektrdlni pds interpretovany jako Amid Il je mirné posunut vzhledem k odlisné
strukture 1gG ve srovnani s anti-IgG a Streptavidinem. Spektrum redlného vzorku bylo
porovnano s prislusSnym Ramanovym spektrem standardniho roztoku lidského IgG
(potatetni koncentrace = 5 gl), aby se potvrdil pdvod analytického signalu.
Koncentrace lidského 1gG v realnych vzorcich byla stanovena metodou standardniho
pridavku, aby se minimalizovaly mozné spektralni interference. Do kazdého vzorku
krve bylo pridano definované mnoizstvi I1gG a poloha a intenzita vsech pasU byla
vyhodnocena a porovnana s Ramanovymi spektry plGvodnich vzorkd krve. Ziskané
hodnoty jsou ukazédny na obrazku 19 (B), kde jsou realné vzorky oznaceny jako modré
body a dva standardni pfidavky jsou oznaceny jako hnédé body. Vysledky analyzy
ukazaly, Ze vzorky od pacienta A obsahovaly 9 g.l'1 IgG a analogicky, vzorky ziskané od
pacienta B obsahovaly 10 g.I* I1gG. Za zminku stoji, ze stanovend mnozstvi IgG jsou

v souladu s hodnotami uvadénymi pro zdravou populaci. ”’

Vysledky této prace byly vroce 2014 publikovany v ¢asopise Analytical Chemistry

a v plném znéni jsou dostupné v pfiloze.
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6.2 Vyuziti magneticky asistované povrchem zesilené Ramanovy
spektroskopie k multiplexni analyze nadorovych markerti HER2
a EpCAM v lidské krvi

Tato prace popisuje  vyuZiti . N
(_\ Ii’ Y Anti-EpCAM | Anti-HER2
. . , f M EpCAM @ HER2
magnetlcky asistovane povrchem ) # EpCAM_Cy5 @ HER2_Cy3
zesilené Ramanovy spektroskopie ke - .
o ° L1 ?
kompetitivni simultanni detekci dvou
X LUy =B
rakovinnych markerti HER2 a EpCAM. P g = U
\
Jako biosensor byl pouzit magneticky Pievzato z Balzerové (2018)"

nanokompozit Fe,0s@Ag funkcionalizovany protilatkami (Anti-HER2, Anti-EpCAM).
Navriend metoda byla zaloZzena na kompetici mezi chemicky znaenymi referenénimi
markery (Her2_Cy3 a EpCAM_Cy5) a neoznacenymi markery a byla pouzita pro detekci
vybranych marker( v lidské plné krvi. Analyza vzork( krve byla statisticky vyhodnocena
za poutziti Studentova t-testu a diskriminacni analyzy. Diky magnetickym nanocasticim,
které umoznuji rychlou prekoncentraci analytu pomoci vnéjsiho magnetického pole
a jednoduchou separaci cilenych latek od komplexni matrice, predstavuje aplikace MA-
SERS alternativu k ostatnim metoddm (elektrochemické metody nebo SERS)

pouzivanych pfi multiplexni detekci.

Chemicka struktura vychozich magnetickych nanodastic (MNPs) byla zkoumana
rentgenovou praskovou difrakci (XRD). Jako jedina krystalicka faze byl identifikovan
maghemit (y-Fe,03) (obr. 20 (A)) s velikosti krystalitd 13 nm. HRTEM snimky materidlu
s prvkovym rozlozenim stfibra a magnetickych nanocastic jsou zobrazeny na obrazku
20 (B). Svétlejsi, mensi objekty byly identifikovany jako Castice Fe,0Os; majici velikost
v rozmezi 10-15 nm, coz odpovida datim z XRD. Vétsi objekty na obrazku patfi
nanocasticim stribra s pramérnou velikosti asi 30 nm. Tato interpretace je dale
potvrzena elementarni mapou (inset obrazku 20 B), kde mensi Zluté casti mapy
predstavuji ¢astice oxidu Zelezitého, zatimco modré skvrny odpovidaji nanocasticim

stribra.

Infracervend spektroskopie a méreni -potencidlu byly pouzity ke sledovani zmén
povrchovych charakteristik funkcionalizovanych MNPs béhem procesu funkcionalizace

povrchu. Naméreny T -potencial nemodifikovanych vychozich magnetickych nanocastic

53



byl -22,3 mV. Silny zadporny naboj MNPs byl zplUsoben karboxylovymi skupinami
pfitomnymi na povrchu magnetickych nanocastic. Aktivace karboxylovych skupin
vodnym roztokem EDC a NHS byla doprovdzena velkou zménou zaporného ndboje na
kladny, s hodnotami +7 mV (A T potencidl = 29,3 mV). Posledni krok souvisel
s imobilizaci protildtek AntiHER2 a AntiEpCAM na povrch MNPs. Postupné navazani
proteinl zpUsobilo zménu naboje na hodnoty +9 mV pro AntiHER2 a +8 mV v pfipadé
AntiEpCAM. Uspédna imobilizace obou protilatek byla dale potvrzena naméfenymi IR
spektry, ktera jsou uvedena na obrdzku 20 (C). Spektrum obsahuje vyznamné pasy pfi
3430 cm™ interpretované jako valenéni vibrace O-H a pés pii 1726 cm™, interpretovany
jako C=0 vibrace karboxylovych skupin pfitomnych na povrchu magnetickych castic.
Pfitomnost navazanych protein( znaci proteinové pasy amidu | (-CO-NH) a amidu Il
(-CO-NH-) lokalizovanych p¥i 1570 cm™ a 1650 cm™, spektrdlni pas 1385 cm™
predstavuje vibraci COOH skupiny a je zplUsoben pfitomnosti zbyvajicich

nemodifikovanych karboxylovych skupin na povrchu Fe;0s.
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Obr. 20.: (A) XRD spektrum cistych MNPs, (B) HRTEM snimek hybridniho systému MNPs@Ag vcetné

elementarniho mapovani HAADF / EDS ve vyfezu, (C) IR spektra Cistych MNPs a funkcionalizovanych

MNPs. Pfevzato z Balzerova a kol. (2018)"’

Sensor MNPs@AntiHER2@AntiEpCAM byl navrien pro kompetitivni multiplexni
analyzu dvou rlznych nadorovych markerli HER2 a EpCAM a jejich protéjska

oznacenych fluorescenénimi znackami (HER2_Cy3 a EpCAM_Cy5) v plné lidské krvi.
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Nejdfive byla ziskdna Ramanova spektra funkcionalizovanych MNPs pro potvrzeni
Uspésné imobilizace protilatek HER2 (oranZova linka) a EpCAM (zelena linka) na
povrchu MNPs, coZ je ukdazdno na obrdzku 21. Spektra obsahuji charakteristické
proteinové pasy Amid Il (1240 cm™) a Amid Il (1554 cm™), které potvrzuji Uspé&sné

navazani proteinl na povrch nanodastic.

MNPs@Anti-HER?2

MNPs@Anti-EpCAM

Raman intensity (a.u.)

MNPs @
\\ J

) v 1 v 1 v 1 v ) v 1 1
400 600 800 1000 1200 1400 1600 1800

Wavenumber (cm)

Obr. 21.: Ramanova spektra nefunkcionalizovanych magnetickych nanocastic Fe,0;, magnetické
nanocastice funkcionalizované protilatkami Anti-HER2 (oranZova linka) a Anti-EpCAM (zelena linka),

(MNPs@AnNti-HER2, MNPs@Anti-EpCAM). Pfrevzato z Balzerova a kol. (2018)137

Poté byla méfena SERS spektra standardnich roztokd znacek (Cy3, Cy5) a oznacenych
markeru, kterd jsou uvedena na obrazku 22. Ramanova spektra sensoru a Cistych
sloucenin Cy3, Cy5, HER2 a EpCAM byla vzajemné porovndna. Pfitomnost spektralnich

past pfi 373 cm™ (Cy3) a 475 cm™ (Cy5) potvrdila Gspé&éné oznateni obou markerd.
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Obr. 22.: Ramanova spektra Cistych cyaninovych znacek Cyanin 3 (Cy3, oranZova linka) a Cyanin 5

(Cy5, zelena linka), nadorové markery HER2 a EpCAM znacené cyaninovymi znackami Cyanin 3 nebo

Cyanin 5 (HER2_Cy3, cervena linka; EpCAM_Cy5, modra linka). Pfevzato z Balzerova a kol. (2018)137

Pro zvwydeni spolehlivosti metody, byl vybran referenéni péas pfi 660 cm™,
charakteristicky pro tyrosin. Ramanova spektra ziskand analyzou oznacenych
nadorovych markerd HER2_Cy3 a EpCAM_Cy5 jsou uvedena na obrazku 23. Cervena
linka predstavuje Ramanovo spektrum ziskané analyzou oznaceného HER2 za pouziti
MNPs@AntiHER2 senzoru. Spektrum obsahuje spektralni pasy charakteristické pro Cy3
a referencni pas lezici na 660 cm™. Modra linka predstavuje Ramanovo spektrum
ziskané analyzou oznaceného EpCAM markeru pomoci MNPs@AntiEpCAM senzoru
a obsahuje spektralni pasy charakteristické pro Cy5 a referenéni pas pfi 660 cm™.
OranZova linka zndazorfiuje Ramanovo spektrum ziskané multiplexni analyzou obou
proteinl s pouzitim MNPs@AntiHER2@AntiEpCAM senzoru. Spektrum obsahuje

spektralni pasy obou znatek, konkrétné Cy3 pfi 373 cm™ a Cy5 pfi 475 cm™
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Obr. 23.: Ramanovo spektrum funkcionalizovanych MNPs s anti-HER2 po pfidani znaceného
nadorového markeru HER2 (HER2_Cy3), Ramanovo spekterum funkcionalizovanych MNP s anti-
EpCAM po prFidani znaceného nadorového markeru EpCAM (EpCAM_Cy5), multiplexni Ramanova
analyza se sensorem (MNPs@Anti-HER2@Anti-EpCAM) po pfidani znaéenych nadorovych markert

HER2 (HER2_Cy3) a EpCAM (EpCAM_Cy5). P¥evzato z Balzerova a kol. (2018)"’

Pro testovani funkcnosti senzord byla vyhodnocena spektra slepych vzork(
a modelovych vzork( a ty pak byly pouzity pro dalsi vypocty. Analyza byla provedena
s 10 slepymi vzorky a 10 modelovymi vzorky. KaZzdy vzorek byl méren pétkrat.
Primérna intenzita Cy3, Cy5 a referencnich spektrdlnich pdsl, ziskand z péti

nezavislych méreni, byla pouzita pro vypocet poméru celkové intenzity jako

Iznat
Ronatka = ;la ke (8]
ref

kde lnaeka predstavuje intenzitu prislusné Ramanovské znacky (Cy3 nebo Cy5) a s
predstavuje intenzitu referenéniho pasu pfitomného pfi 660 cm™. Poméry byly
vypocteny pro slepé vzorky (pufr PBS, c = 10 mM, pH = 7) a modelové vzorky obsahujici
markery HER2 a EpCAM v pomérech 1: 1 a 1: 2 (c/c, oznalené: neoznacené). Bylo
predpokladano, Ze konkurence mezi oznacenymi a pfirozenymi markery se promitne

ve snizené intenzité spektrdlnich pash charakteristickych pro dané znacky.
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Tato hypotéza byla potvrzena v pfitomnych Ramanovych spektrech slepého vzorku
a modelového vzorku obsahujiciho 10 ng:I* HER2 a EpCAM (Obrazek 24). Pokles
intenzity signalu byl uréen pro kazdou znacku zvlast. Pomér intenzity (Inazka / lref) S€ VE
vzorcich slepého vzorku, které obsahovaly pouze znacené markery, zménil z 0,15 (Cy3)
a 0,12 (Cy5) na 0,08 (Cy3) a 0,03 (Cy5) v modelovych vzorcich, které obsahovaly také
neznacené markery. Tyto zmény se tykaji Uspésné interakce mezi senzorem a markery
HER2 a EpCAM a také prednostniho obsazeni vazebnych mist neoznaéenymi markery

pred oznacenymi.

Model sample (sensor+unlabeled markers 10 ng.L"
+labeled markers 10 ng.L")

Blank sample
(sensor+labeled markers)

Raman intensity (a.u.)

I N I '
500 1000 1500

Wavenumber (cm™)

Obr. 24.: Ramanovo spektrum slepého vzorku a modelového vzorku obsahujiciho 10 ng.L™" HER2

a EpCAM. Pievzato z Balzerova a kol. (2018)"*’

Metoda byla dale statisticky vyhodnocena pomoci diskriminacni analyzy, kde byly
zahrnuty spektrélni pasy reference (tyrosin), Cy3 a Cy5 (660 cm™, 475 cm™ a 373 cm™).
Obrazek 25 ukazuje pfitomnost vyznamnych rozdili mezi Ramanovymi spektry slepych
vzorkd (Ctverec) a modelovych vzorkd (znacka trojuhelniku). Rozdily byly zplsobeny
snizenim intenzity v dasledku soutéZzeni mezi neznaenymi markery a oznacenymi
markery, jak bylo popsano vyse. Vypoctena primérna Mahalanobisova vzdalenost
mezi klastry byla nasledujici: 1,9 pro HER2; 2,0 pro EpCAM a 2,1 pro multiplexni

analyzu.
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Obr. 25.: Diskriminacni analyza MNPs s jednotlivymi markery HER2, EpCAM a senzorem (MNPs@Anti-

HER2@Anti-EpCAM) pro multiplexni analyzu. Pfevzato z Balzerova a kol. (2018)137

Stabilita signalu a také senzoru byla testovana se slepym vzorkem za ucéelem ovéreni
spolehlivosti metody. Béhem ¢asového intervalu od 2 minut do 12 minut po pfipravé
byla zaznamenavana Ramanova spektra vzorkd. Obrazek 26 (A) ukazuje, Ze viechna
spektra obsahuji stejné spektralni pasy, ackoli jejich absolutni intenzity se s ¢asem
sniZzuji. Rovnéz byla testovana reprodukovatelnost systému. Ramanova spektra Sesti
rGznych kapek ptipraveného sensoru s oznacenymi markery jsou uvedena na obrazku
26 (B). V obou pfipadech jsou spektra velmi podobnd bez podstatnych zmén a Ize tedy
konstatovat, Ze metoda poskytuje opakovatelné vysledky, coZz bylo podporeno
vypoctem relativni smérodatné odchylky pro kazdou znacku. Vypocétené hodnoty RSD
Cinily 5,6% a 2,2%. Limit detekce byl stanoven zkalibrac¢ni kfivky na hodnotu
LOD = 5 ng-I™ (vypotteno podle rovnice 3s/m, kde ‘s’ je smérodatna odchylka nejnizsi

koncentrace analytu a ‘m’ je smérnice primky). Dlouhodob3d stabilita byla hodnocena
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na slepém vzorku, kdy byla Ramanova spektra zaznamendna bezprostfedné po
pfipravé vzorku (den 0) a po 40 dnech. Vyslednd spektra jsou uvedena na obrazku 26
(C). Je zfejmé, ze spektrum 40 dnUl starého vzorku obsahuje stejné spektralni pasy jako
vzorek méfeny bezprostfedné po pfipravé. Prestoze je intenzita pasu p¥i 660 cm™ o

57% nizsi kvlli degradaci senzoru, systém je stale plné funkéni.
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Obr. 26.: (A) Ramanova spektra slepého vzorku (senzor + znacené nadorové markery) ziskana v
casovém intervalu 2 — 12 minut po pfipravé, ktera demonstruji stabilitu nanosystému. (B) Ramanova
spektra Sesti rtiznych kapek slepého vzorku (senzor + znacené nadorové markery), ktera ukazuji
opakovatelnost méreni. (C) Méfeni dlouhodobé stability se slepym vzorkem (senzor + znacené
nadorové markery). Ramanova spektra byla méfena okamzité po pripravé vzorku (den 0) a poté po 40

dnech od ptipravy. Pfevzato z Balzerova a kol. (2018)137

Aplikacni potencidl navrhované metody byl dale testovan s cilem pouzit ji pro

kompetitivni multiplexni analyzu vzork( lidské krve. Bylo shromazdéno deset vzorkd od
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dvou dobrovolnik(l a analyzovano pétkrat za Gcelem statistického vyhodnoceni. Proces
syntézy senzoru byl navrien tak, aby minimalizoval nespecifické interakce
funkcionalizovanych MNPs s latkami pfitomnymi v komplexni matrici lidské krve
pfidanim ethylaminu v poslednim kroku pfipravy senzoru a peclivym
nékolikanasobnym promytim deionizovanou vodou. Nicméné nové spektralni pasy ve
spektrech vzorku krve v oblasti 560 cm™ a 1242 cm™ naznaduji nespecifické interakce,
které ale nijak neovliviuji detekci. SERS spektrum plné krve je zndzornéno na obr. 27.
VSechny pasy predtim prifazené modelovému vzorku a slepému vzorku demonstruji
nepfitomnost interferujicich nespecifickych interakci a vykazuji zménu absolutnich

intenzit pozorovanych spektrdlnich pasti s ohledem na meénici se koncentraci HER2

a EpCAM.
B Blood sample
(sensor+uniabeled markers in blood-+labeled markers)
e Model sample
(sensor+labeled markers in buffer+labeled markers)
A Blank sample
(sensor+labeled markers)
5
LA
=
G
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Obr. 27.: (A) Detail spektralni oblasti od 300 do 550 cm™ z ozna&ené oblasti v (B) se zvyrazn&nymi pasy
jednotlivych znacek, (B) Ramanovo spektrum multiplexni analyzy pomoci senzoru s pouze znacenymi
nadorovymi markery HER2 (HER2_Cy3) a EpCAM (EpCAM_Cy5) (slepy vzorek, cerna linka), Ramanovo
spektrum multiplexni analyzy pomoci senzoru s neznacenymi nadorovymi markery v roztoku pufru
a znacenymi nadorovymi markery (modelovy vzorek, cervena linka), Ramanovo spektrum
kompetitivhi multiplexni analyzy lidské plné krve obsahujici nadorové markery pomoci senzoru

a zna¢enych nadorovych markert (vzorek krve, modra linka). Pfevzato z Balzerova a kol. (2018)137
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Dalsi statistické vyhodnoceni bylo provedeno pomoci studentova t-testu za ucelem
uréeni vyznamného rozdilu pramérnych poméra intenzit pro Cy3 a Cy5 (jak bylo
popsano vyse) mezi slepym vzorkem a vzorkem plné krve. Vypoctené p hodnoty byly
0,0093 pro HER2 a 0,0016 pro EpCAM. Takové vysledky ukazuji na statisticky vyznamny

rozdil.

Vysledky této prace byly vroce 2018 zaslany do Casopisu Applied Materials Today

a v plném znéni jsou dostupné v pfiloze.
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6.3 Publikace zahrnuijici vyuZiti SERS k detekci dalSich biologicky aktivnich
latek

Tato ¢ast disertacni prace zahrnuje publikace, ve kterych bylo vyuZito povrchem
zesilené Ramanovy spektroskopie kdetekci dalSich biologicky aktivnich latek.
Konkrétné se jedna o publikaci zabyvajici se multiplexni analyzou DNA a RNA
v rakovinnych tkanich; o publikaci popisujici vyuziti SERS k detekci bakteridlni infekce
kloubnich ndhrad a o publikaci, kterd popisuje vyuZiti magnetického biosensoru

k detekci rakoviny prostaty sledovanim proteinu PSMA.

6.3.1 Vyuziti magneticky asistované Ramanovy spektroskopie k detekci
infekce protetickych kloubi

Tato prace popisuje novou metodu
o Y MA-SERS __

i i . L, N detection of P
diagnostiky infekce protetickych kloubl streptavidin _ biotinylated

magnetic antibody
particles

(Prosthetic Joint Infection, PJI) zaloZzenou :;?g" {_ - Accurate and rapid dagnosis 507

* Very small volume of knee joint

na magneticky asistované povrchové st 4 B opsbanrmenp ooy
sample
Ramanové spektroskopii (MA-SERS), ktera & | oan b -
byla jiz dfive pouZzita k rychlé, selektivni a ” - > ED 7 5)
vysoce citlivé detekci rlznych molekul Prevzato z Fargasovs, (2017)

véetné dopaminu a imunoglobuling.!’**2

Stfibrné nanocastice se Casto pouZivaji pro
svou synergickou antibakterialni aktivitu k potlaceni rlstu bakterii, nicméné pfi nizkych
koncentracich pouzivanych pro zvySeni Ramanova signalu nemaji zadny inhibiéni vliv

, 143,144
na analyzované patogeny.**>

Metoda vyuziva novy vysoce ucinny biosenzor zalozeny
na streptavidinem modifikovanych karboxy-funkcionalizovanych magnetickych
nanocasticich (dale jen MNP@Strep) které zajistuji ucinnou cilovou izolaci. Po izolaci je
biosenzor pokryt nanocasticemi stribra, které umoznuji detekci PJI pomoci MA-SERS.
Nanomaterial pouZity pro detekci MA-SERS ma dvé hlavni vyhody. Za prvé, jeho
magnetické vlastnosti umoznuji efektivni a kvantitativni izolaci vybranych analytl z
komplexni matrice. Za druhé, SERS ucinek nanoddstic stfibra naadsorbovanych na
biosenzoru poskytuje velmi nizké limity detekce. Tato metoda byla pouzita k izolaci

a identifikaci dvou bakteridlnich kmen(, Staphylococcus aureus a Streptococcus

pyogenes. Navic byly touto metodou Uspésné diagnostikovany uvedené bakteridlni
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kmeny v realném vzorku vypotku kolenniho kloubu béhem nékolika minut bez nutnosti

predbézné Upravy vzorku.

Vysledky této prace byly vroce 2017 publikovany v ¢asopise Analytical Chemistry

a v plném znéni jsou dostupné v pfiloze.

6.3.2 Multiplexni analyza RNA a DNA v rakovinnych tkanich
Prace popisuje vyuZiti nanosenzoru pro
multiplexni stanoveni DNA a RNA

slozeného z magnetického Fe;0,@Ag

Sample with DNA and (or) RNA

. — =
Glass substrate >
]

) Magnetic separation

nanokompozitu funkcionalizovaného

nizkomolekularnim selektorem ze skupiny

alkyla¢nich ¢inidel - chlorambucilem.

<»7(8T0Z) eAddnojey) z 0jezAald

Alkyla¢ni antineoplasticka Cinidla se ¢asto
pouzivaji pfi lé€eni rakoviny selektivni alkylaci guaninu. Tohoto mechanismu bylo
vyuzito k ziskani vyrazné vyssi urovné selektivity vici nukleovym kyselindm. Sensor
navic umoznuje selektivni izolaci nukleovych kyselin pomoci magnetickych vlastnosti
nanocastic FesO, a nasledné stanoveni pomoci magneticky asistované povrchové
Ramanovy spektroskopie (MA-SERS). Dosazené limity detekce byly 3,0 ng:I™* pro DNA a
3,8 ng-l'1 pro RNA. ZvySena selektivita vyvinutého sensoru, dand pfitomnosti
alkylaéniho ¢inidla, umoziuje provadét multiplexni analyzu DNA
a RNA s relativnimi odchylkami pod 10%. Stabilita pouZitého nanokompozitu
Fes0,@Ag@Chlorambucil byla sledovana po dobu 21 dnd. Koneény pokles

analytického signalu v ¢ase byl 25 %.14°

Vysledky této prace byly v roce 2018 publikovany v ¢asopise Applied Materials Today

a v plném znéni jsou dostupné v pfiloze.
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6.3.3 Vyuziti magneticky asistované Ramanovy spektroskopie k detekci
prostatického specifického membranového antigenu (PSMA) v lidské
krvi

Tato prace popisuje vyuziti
magnetického biosensoru

k detekci rakoviny prostaty

sledovanim prostatického | | — — , = 1
-Y« .Y. % g

specifického membranového 1] ; = = e ey U8

antigenu (PSMA) v lidské krvi. 0 % % % %

Pfevzato z Chaloupkova (2018)19
PSMA je také znam pod oznacenim glutamat karboxypeptidaza Il (GCPIl). Metoda

vyuzivd magnetického nanokompozitu obsahujiciho nanoclastice oxidu Zeleznato-
Zelezittho a nanocastice stfibra (FesO;@Ag) funkcionalizovaného protilatkou
(synteticky GCPII inhibitor s nizkou molekulovou hmotnosti). Nanokompozit umoznuje
jednoduchou izolaci analytu z matrice pomoci vnéjsiho magnetického pole a ndsledné
stanoveni pomoci povrchem zesilené Ramanovy spektroskopie (MA-SERS). Limit
detekce byl stanoven na 6 pmol. Navic bylo zjisténo, Ze vysledny biosensor

Fes0,@Anti-GCPII@Ag byl stabilni po dobu 21 dn.

Vysledky této prace byly v roce 2018 publikovany v ¢asopise Analytica Chimica Acta

a v plném znéni jsou dostupné v pfiloze.
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ZAVER

Cilem predkladané disertacni prace bylo studium vyuziti nanocastic uslechtilych kovu
v kombinaci s magnetickymi nanocasticemi Zeleza k detekci fyziologicky aktivnich latek
pomoci magneticky asistované povrchem zesilené Ramanovy spektroskopie
(MA-SERS). Pripravené nanomateridly byly charakterizovany pomoci rady technik (XRD,
UV/Vis, TEM, HRTEM, IC, DLS), které vedle jejich zakladnich fyzikalné chemickych
parametr (velikost ¢astic, prvkové slozeni) umoznily i sledovani modifikace primarnich
nanocdstic biologicky aktivnimi molekulami. Praktické uplatnéni nasly tyto pfipravené
materialy pfi detekci proteinu 1gG a rakovinnych markeri HER2 a EpCAM pomoci
povrchem zesilené Ramanovy spektroskopie. Mimo tyto bioanalytické aplikace byly
systémy zalozené na kombinaci magnetickych nanocastic a nanocastic uslechtilych
kovl poutzity v dalSich bioanalytickych metodach (napf. biosenzor pro stanoveni PSMA,

DNA a RNA rakovinnych tkani, infekce kloubnich nahrad).

Prvni ¢ast experimentalni prace se zabyvala funkcionalizaci magnetického
nanokompozitu protildtkami a naslednou detekci lidského imunoglobulinu G
v plné lidské krvi pomoci magneticky asistované povrchem zesilené Ramanovy
spektroskopie (MA-SERS). Navriend metoda vyuZivala magneticky nanokompozit
FesO,@Ag, kde byly nanodastice stfibra  kovalentné vazany pouzitim
karboxymethylchitosanu. Povrch takto pfipraveného nanokompozitu byl modifikovan
pomoci streptavidinu a poté protilatkou anti-IgG. Nejdrive byl funkcionalizovany
nanokompozit testovan s modelovymi vzorky (vodny roztok 1gG), poté byly provedena
analyza vzork( lidské krve. Ke stanoveni koncentrace IgG v krvi byla sestrojena
kalibracni kfivka, s jejiz pomoci byl stanoven limit detekce na hodnotu 600 ug.ml'l.
Velkym pfinosem této metody je, Ze mulze byt relativné snadno modifikovana.
To docilime tak, Ze nanokompozit bude funkcionalizovan jinou biotinylovanou

protilatkou, coz umozni stanoveni odpovidajiciho cilového analytu.

Druhd ¢ast experimentalni prace se zabyvala vyvojem metody k simultdannimu
stanoveni nadorovych markerli pomoci MA-SERS s biosenzorem kombinujicim
magnetické nanocastice (oxid Zelezity) pro magnetickou separaci a nanocastice stribra

pro povrchem zesilenou Ramanovu spektroskopii v analytické koncovce. K analyze byly
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vybrany dva nadorové markery — HER2 a EpCAM. Metoda vyuzivda nanokompozitu
Fe,03@Ag funkcionalizovaného specifickymi protildtkami anti-HER2 a anti-EpCAM a je
zalozena na kompetici mezi neoznaCenymi markery a markery oznalenymi
fluorescenénimi znackami (HER2_Cy3, EpCAM_Cy5). Limit detekce byl v tomto pfipadé
stanoven na velmi nizké Grovni 5 ng.l?, pficem? obé slouéeniny jsou statisticky

odliSitelné od slepého vzorku s p-hodnotami 0,0093 (HER2) a 0,0016 (EpCAM).

67



SUMMARY

The aim of this dissertation was to study the application of noble metal nanoparticles
for the detection of physiologically active substances using the surface of enhanced
Raman spectroscopy. The prepared nanomaterials were characterized by variety
of techniques (XRD, UV/Vis, TEM, HRTEM, IR, DLS). Prepared materials have found
practical applications for the detection of IgG protein and cancer markers HER2 and
EpCAM by surface enhanced Raman spectroscopy. In addition to these bioanalytical
applications, systems based on the combination of magnetic nanoparticles and
nanoparticles of noble metals were used in other bioanalytical methods (biosensor for

determination of PSMA, DNA and RNA in tumor tissues, prosthetic joint infection).

The first part of the experimental section dealt with the functionalization of magnetic
nanocomposite with antibodies and subsequent detection of human immunoglobulin
G in whole human blood by magnetically assisted surface enhanced Raman
spectroscopy (MA-SERS). The proposed method utilized the magnetic Fe;O,@Ag
nanocomposite where the silver nanoparticles were covalently bound using
carboxymethylchitosan. The surface of the nanocomposite was modified with
streptavidin and then with the anti-lgG antibody. First, the functionalized
nanocomposite was tested with model samples (aqueous solution of 1gG) and then
human blood samples were analysed. A calibration curve was constructed
to determine IgG concentration in blood. The detection limit was determined
to 600 ug.mL'l. The benefit of such an approach is that it can be modified relatively
easily in order to analyze other targets by selecting an appropriate biotinylated

antibody.

The second part of the experimental work dealT with the development of a method for
the simultaneous determination of cancer markers using MA-SERS. Two cancer
markers - HER2 and EpCAM, were selected for analysis. The method employed
Fe,Os@Ag nanocomposite functionalized with specific antibodies anti-HER2
and anti-EpCAM and was based on competition between unlabeled markers and

markers labeled with fluorescent labels (HER2_Cy3, EpCAM_Cy5). The detection limit
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was determined to 5 ng.L™! and both of model samples are statistically distinguishable

from the blank sample with p-values of 0.0093 (HER2) and 0.0016 (EpCAM).

69



LITERATURA

10.

11.

12.

13.

14.

15.

16.

17.

Khan, ., Saeed, K. & Khan, |. Nanoparticles: Properties, applications and toxicities. Arab.
J. Chem. (2017). doi:10.1016/j.arabjc.2017.05.011

Kroto, H. W., Heath, J. R., O’Brien, S. C., Curl, R. F. & Smalley, R. E. C60:
Buckminsterfullerene. Nature 318, 162 (1985).

Bogner, A., Jouneau, P. H., Thollet, G., Basset, D. & Gauthier, C. A history of scanning
electron microscopy developments: Towards ‘wet-STEM’ imaging. Micron 38, 390-401
(2007).

Olsman, N. & Goentoro, L. There’s (still) plenty of room at the bottom. Curr. Opin.
Biotechnol. 54, 72-79 (2018).

Heiligtag, F. J. & Niederberger, M. The fascinating world of nanoparticle research.
Mater. Today 16, 262—-271 (2013).

Yamamoto, Y. et al. Direct evidence for ferromagnetic spin polarization in gold
nanoparticles. Chem. Rev. 104, 293-346 (2004).

Faraday, M. LIX. Experimental relations of gold (and other metals) to light.—The
bakerian lecture. London, Edinburgh, Dublin Philos. Mag. J. Sci. 14, 512-539 (1857).

Babick, F. Suspensions of Colloidal Particles and Aggregates. (Springer, 2016).

Binnig, G. & Rohrer, H. Scanning Tunneling Microscopy—from Birth to Adolescence
(Nobel Lecture). Angew. Chemie Int. Ed. English 26, 606—614 (1987).

Noguez, C. Surface plasmons on metal nanoparticles: The influence of shape and
physical environment. J. Phys. Chem. C 111, 36063619 (2007).

Le Ru, E. C., Meyer, M. & Etchegoin, P. G. Proof of Single-Molecule Sensitivity in Surface
Enhanced Raman Scattering (SERS) by Means of a Two-Analyte Technique. J. Phys.
Chem. B 110, 1944—1948 (2006).

Stuart, D. A. et al. In Vivo Glucose Measurement by Surface-Enhanced Raman
Spectroscopy. Anal. Chem. 78, 7211-7215 (2006).

El-Ansary, A. Nanoparticles as biochemical sensors. Nanotechnol. Sci. Appl. 3, 65 (2010).

Fikiet, M. A. et al. Surface enhanced Raman spectroscopy: A review of recent
applications in forensic science. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 197,
255-260 (2018).

Yang, J., Rorrer, G. L. & Wang, A. X. Bioenabled SERS substrates for food safety and
drinking water monitoring. in Proceedings of SPIE--the International Society for Optical
Engineering (eds. Kim, M. S., Chao, K. & Chin, B. A.) 9488, 948808 (2015).

Radu, A. I. et al. Surface-enhanced Raman spectroscopy (SERS) in food analytics:
Detection of vitamins B 2 and B 12 in cereals. Talanta 160, 289-297 (2016).

Balzerova, A., Fargasova, A., Markova, Z., Ranc, V. & Zboril, R. Magnetically-Assisted
Surface Enhanced Raman Spectroscopy (MA-SERS) for Label-Free Determination of

70



18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Human Immunoglobulin G (IgG) in Blood Using Fe;0, @Ag Nanocomposite. Anal. Chem.
86, 11107-11114 (2014).

FargasSova, A. et al. Detection of Prosthetic Joint Infection Based on Magnetically
Assisted Surface Enhanced Raman Spectroscopy. Anal. Chem. 89, 6598—-6607 (2017).

Chaloupkova, Z. et al. Label-free determination of prostate specific membrane antigen
in human whole blood at nanomolar levels by magnetically assisted surface enhanced
Raman spectroscopy. Anal. Chim. Acta 997, 44-51 (2018).

Cao, G. & Wang, Y. Nanostructures and Nanomaterials: Synthesis, Properties, and
Applications. (World Scientific, 2011). at
<https://books.google.cz/books?id=HRvNTjo4tZQC>

Sadhasivam, T. et al. Dimensional effects of nanostructured Mg/MgH 2 for hydrogen
storage applications: A review. Renew. Sustain. Energy Rev. 72, 523-534 (2017).

Drexler, K. E. Engines of creation 2.0." The Coming Era of Nanotechnology. Anchor
Books- Doubleday 1986, 576 (2006).

Daniel, M. C. M. & Astruc, D. Gold Nanoparticles: Assembly, Supramolecular Chemistry,
Quantum-Size Related Properties and Applications toward Biology, Catalysis and
Nanotechnology. Chem. Rev. 104, 293—-346 (2004).

Stassi, S. et al. Shape-Controlled Synthesis of Silver Nature-Like Spiky Particles for
Piezoresistive Sensor Applications. Eur. J. Inorg. Chem. 2014, 2711-2719 (2014).

Baptista, P. et al. Gold nanoparticles for the development of clinical diagnosis methods.
Anal. Bioanal. Chem. 391, 943—950 (2008).

Tanaka, R. et al. A novel enhancement assay for immunochromatographic test strips
using gold nanoparticles. Anal. Bioanal. Chem. 385, 1414—-1420 (2006).

Huang, X., El-Sayed, I. H., Qian, W. & El-Sayed, M. A. Cancer Cell Imaging and
Photothermal Therapy in the Near-Infrared Region by Using Gold Nanorods. J. Am.
Chem. Soc. 128, 2115-2120 (2006).

Han, G., Ghosh, P. & Rotello, V. M. Functionalized gold nanoparticles for drug delivery.
Nanomedicine 2, 113-123 (2007).

Tran, Q. H., Nguyen, V. Q. & Le, A.-T. Silver nanoparticles: synthesis, properties,
toxicology, applications and perspectives. Adv. Nat. Sci. Nanosci. Nanotechnol. 4,
033001 (2013).

Xu, L., Kuang, H., Wang, L. & Xu, C. Gold nanorod ensembles as artificial molecules for
applications in sensors. J. Mater. Chem. 21, 16759 (2011).

Eustis, S. & El-Sayed, M. A. Why gold nanoparticles are more precious than pretty gold:
Noble metal surface plasmon resonance and its enhancement of the radiative and
nonradiative properties of nanocrystals of different shapes. Chem. Soc. Rev. 35, 209—
217 (2006).

Airo, M. A. et al. Synthesis and characterization of indium monoselenide nanosheets: A
proposed pseudo top-down mechanism. J. Cryst. Growth 406, 1-7 (2014).

Creighton, J. A,, Blatchford, C. G. & Albrecht, M. G. Plasma Resonance Enhancement of

71



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Raman-Scattering by Pyridine Adsorbed on Silver or Gold Sol Particles of Size
Comparable to the Excitation Wavelength. J. Chem. Soc. Trans. 1i 75, 790-798 (1979).

Lee, P. C. & Meisel, D. Adsorption and surface-enhanced Raman of dyes on silver and
gold sols. J. Phys. Chem. 86, 3391-3395 (1982).

Kimling, J. et al. Turkevich Method for Gold Nanoparticle Synthesis Revisited. J. Phys.
Chem. B 110, 15700-15707 (2006).

Nickel, U., Castell, A. Z., Poppl, K. & Schneider, S. Silver colloid produced by reduction
with hydrazine as support for highly sensitive surface-enhanced Raman spectroscopy.
Langmuir 16, 9087-9091 (2000).

Panacek, A. et al. Silver Colloid Nanoparticles: Synthesis, Characterization, and Their
Antibacterial Activity. J. Phys. Chem. B 110, 16248-16253 (2006).

Kvi, L. & Vec, R. Silver Colloid Nanoparticles : Synthesis , Characterization , and Their
Antibacterial Activity. 16248—-16253 (2006).

Jana, N. R., Gearheart, L. & Murphy, C. J. Seeding Growth for Size Control of 5-40 nm
Diameter Gold Nanoparticles. Langmuir 17, 6782-6786 (2001).

Marambio-Jones, C. & Hoek, E. M. V. A review of the antibacterial effects of silver
nanomaterials and potential implications for human health and the environment. J.
Nanoparticle Res. 12, 1531-1551 (2010).

Dwivedi, A. D. & Gopal, K. Biosynthesis of silver and gold nanoparticles using
Chenopodium album leaf extract. Colloids Surfaces A Physicochem. Eng. Asp. 369, 27—
33 (2010).

Veerasamy, R. et al. Biosynthesis of silver nanoparticles using mangosteen leaf extract
and evaluation of their antimicrobial activities. J. Saudi Chem. Soc. 15, 113-120 (2011).

Song, J. Y., Jang, H. K. & Kim, B. S. Biological synthesis of gold nanoparticles using
Magnolia kobus and Diopyros kaki leaf extracts. Process Biochem. 44, 1133-1138
(2009).

Krishnaraj, C. et al. Synthesis of silver nanoparticles using Acalypha indica leaf extracts
and its antibacterial activity against water borne pathogens. Colloids Surfaces B
Biointerfaces 76, 50-56 (2010).

Ahmad, A. et al. Intracellular synthesis of gold nanoparticles by a novel alkalotolerant
actinomycete, Rhodococcus species. Nanotechnology 14, 824—-828 (2003).

Bhainsa, K. C. & D’Souza, S. F. Extracellular biosynthesis of silver nanoparticles using the
fungus Aspergillus fumigatus. Colloids Surfaces B Biointerfaces 47, 160—164 (2006).

Ahmad, A. et al. Extracellular biosynthesis of silver nanoparticles using the fungus
Fusarium oxysporum. Colloids Surfaces B Biointerfaces 28, 313—318 (2003).

Lu, X., Rycenga, M., Skrabalak, S. E., Wiley, B. & Xia, Y. Chemical Synthesis of Novel
Plasmonic Nanoparticles. Annu. Rev. Phys. Chem. 60, 167—-192 (2009).

WWw.nhanocomposix.com. at <https://nanocomposix.com/pages/gold-nanoparticles-
optical-properties>

72



50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Eustis, S. & El-Sayed, M. A. Why gold nanoparticles are more precious than pretty gold:
Noble metal surface plasmon resonance and its enhancement of the radiative and
nonradiative properties of nanocrystals of different shapes. Chem. Soc. Rev. 35, 209—
217 (2006).

Kim, J. S. et al. Antimicrobial effects of silver nanoparticles. Nanomedicine
Nanotechnology, Biol. Med. 3, 95-101 (2007).

Le Ouay, B. & Stellacci, F. Antibacterial activity of silver nanoparticles: A surface science
insight. Nano Today 10, 339-354 (2015).

Hsueh, Y.-H. et al. The Antimicrobial Properties of Silver Nanoparticles in Bacillus
subtilis Are Mediated by Released Ag+ lons. PLoS One 10, e0144306 (2015).

Panacek, A. et al. Bacterial resistance to silver nanoparticles and how to overcome it.
Nat. Nanotechnol. 13, 65-71 (2018).

Pal, D., Sahu, C. & Haldar, A. Bhasma : The ancient Indian nanomedicine. J. Adv. Pharm.
Technol. Res. 5, 4 (2014).

Rai, M., Ingle, A. P., Birla, S., Yadav, A. & Santos, C. A. Dos. Strategic role of selected
noble metal nanoparticles in medicine. Crit. Rev. Microbiol. 42, 1-24 (2015).

Patra, C. R. et al. Targeted Delivery of Gemcitabine to Pancreatic Adenocarcinoma
Using Cetuximab as a Targeting Agent. Cancer Res. 68, 1970-1978 (2008).

Patra, C. R., Bhattacharya, R., Mukhopadhyay, D. & Mukherjee, P. Fabrication of gold
nanoparticles for targeted therapy in pancreatic cancer. Adv. Drug Deliv. Rev. 62, 346—
361 (2010).

Jiang, W., Kim, B. Y. S., Rutka, J. T. & Chan, W. C. W. Nanoparticle-mediated cellular
response is size-dependent. Nat. Nanotechnol. 3, 145-150 (2008).

Myers, S. M. and Collins, 1. in Climate Change 2013 - The Physical Science Basis (ed.
Intergovernmental Panel on Climate Change) 7, 1-30 (Cambridge University Press,
2015).

Hussain, M. M., Samir, T. M. & Azzazy, H. M. E. Unmodified gold nanoparticles for direct
and rapid detection of Mycobacterium tuberculosis complex. Clin. Biochem. 46, 633—
637 (2013).

Tsai, T.-T. et al. Diagnosis of Tuberculosis Using Colorimetric Gold Nanoparticles on a
Paper-Based Analytical Device. ACS Sensors 2, 1345-1354 (2017).

Hu, K. et al. Neuroprotective effect of gold nanoparticles composites in Parkinson’s
disease model. Nanomedicine Nanotechnology, Biol. Med. 14, 1123-1136 (2018).

Liu, C. et al. An electrochemical DNA biosensor for the detection of Mycobacterium
tuberculosis, based on signal amplification of graphene and a gold nanoparticle—
polyaniline nanocomposite. Analyst 139, 5460-5465 (2014).

Guo, D. et al. Anti-leukemia activity of PVP-coated silver nanoparticles via generation of
reactive oxygen species and release of silver ions. Biomaterials 34, 7884—7894 (2013).

Gunawan, C., Teoh, W. Y., Marquis, C. P. & Amal, R. Induced Adaptation of Bacillus sp.
to Antimicrobial Nanosilver. Small 9, 3554-3560 (2013).

73



67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Zia, M., Phull, A. R. & Ali, J. S. challenges of iron oxide nanoparticles. 49—67 (2016).

Majidi, S., Zeinali Sehrig, F., Farkhani, S. M., Soleymani Goloujeh, M. & Akbarzadeh, A.
Current methods for synthesis of magnetic nanoparticles. Artif. Cells, Nanomedicine,
Biotechnol. 44, 722-734 (2016).

Hao, R. et al. Synthesis, Functionalization, and Biomedical Applications of
Multifunctional Magnetic Nanoparticles. Adv. Mater. 22, 2729-2742 (2010).

Laurent, S. et al. Magnetic Iron Oxide Nanoparticles : Synthesis , Stabilization ,
Vectorization , Physicochemical Characterizations , and Biological Applications. 2064—
2110 (2008).

Alphandéry, E., Guyot, F. & Chebbi, |. Preparation of chains of magnetosomes, isolated
from Magnetospirillum magneticum strain AMB-1 magnetotactic bacteria, yielding
efficient treatment of tumors using magnetic hyperthermia. Int. J. Pharm. 434, 444—-452
(2012).

Oestreicher, Z. et al. Magnetosomes and magnetite crystals produced by magnetotactic
bacteria as resolved by atomic force microscopy and transmission electron microscopy.
Micron 43, 1331-1335 (2012).

Challa S. S. R. Kumar. Magnetic Nanomaterials. (Wiley-VCH, 2009).

Kudr, J. et al. Magnetic Nanoparticles: From Design and Synthesis to Real World
Applications. Nanomaterials 7, 243 (2017).

Gupta, A. K. & Gupta, M. Synthesis and surface engineering of iron oxide nanoparticles
for biomedical applications. Biomaterials 26, 3995-4021 (2005).

Boyer, C., Whittaker, M. R., Bulmus, V., Liu, J. & Davis, T. P. The design and utility of
polymer-stabilized iron-oxide nanoparticles for nanomedicine applications. NPG Asia
Mater. 2, 23-30 (2010).

Gonzalez-Quintela, A. et al. Serum levels of immunoglobulins (IgG, IgA, 1IgM) in a
general adult population and their relationship with alcohol consumption, smoking and
common metabolic abnormalities. Clin. Exp. Immunol. 151, 42-50 (2007).

Ewen Smith; Geoffrey Dent. Modern Raman Spectroscopy — A Practical Approach. (John
Wiley & Sons, Ltd, 2005).

Eric Le Ru; Pablo Etchegoin. Principles of Surface-Enhanced Raman Spectroscopy and
Related Plasmonic Effects. (Elsevier B.V., 2009).

Bumbrah, G. S. & Sharma, R. M. Raman spectroscopy — Basic principle, instrumentation
and selected applications for the characterization of drugs of abuse. Egypt. J. Forensic
Sci. 6,209-215 (2016).

Kneipp, K., Kneipp, H., Itzkan, I., Dasari, R. R. & Feld, M. S. Ultrasensitive Chemical
Analysis by Raman Spectroscopy. Chem. Rev. 99, 2957-2976 (1999).

Krishnan, R. S. & Shankar, R. K. Raman effect: History of the discovery. J. Raman
Spectrosc. 10, 1-8 (1981).

Moura, C. C,, Tare, R. S., Oreffo, R. O. C. & Mahajan, S. Raman spectroscopy and
coherent anti- Stokes Raman scattering imaging : prospective tools for monitoring

74



skeletal cells and skeletal regeneration. 9-11 (2016).
84. Peter Atkins; Julio de Paula. Fyzikdlni chemie. (Oxford University Press, 2010).

85. Saleh, T. A. Pharmaceutical Characterization and Detection Using Surface-Enhanced
Raman Scattering. Int. Arch. Clin. Pharmacol. 3, 1-7 (2017).

86. Li, Y. & Church, J. S. Raman spectroscopy in the analysis of food and pharmaceutical
nanomaterials. J. Food Drug Anal. 22, 29-48 (2014).

87. Peter Larkin. Infrared and Raman Spectroscopy. (Elsevier, 2011).

88.  Tu, Q. & Chang, C. Diagnostic applications of Raman spectroscopy. Nanomedicine
Nanotechnology, Biol. Med. 8, 545-558 (2012).

89. Huang, W. et al. Study of both fingerprint and high wavenumber Raman spectroscopy
of pathological nasopharyngeal tissues. J. Raman Spectrosc. 46, 537-544 (2015).

90. Kudelski, A. Analytical applications of Raman spectroscopy. Talanta 76, 1-8 (2008).

91. Sharma, B., Frontiera, R. R., Henry, A.-l., Ringe, E. & Van Duyne, R. P. SERS: Materials,
applications, and the future. Mater. Today 15, 16-25 (2012).

92. Gbémez, M. & Lazzari, M. Reliable and cheap SERS active substrates. Mater. Today 17,
358-359 (2014).

93. Fan, M., Andrade, G. F. S. & Brolo, A. G. A review on the fabrication of substrates for
surface enhanced Raman spectroscopy and their applications in analytical chemistry.
Anal. Chim. Acta 693, 7-25 (2011).

94. Dong, X., Gu, H., Kang, J., Yuan, X. & Wu, J. Comparative study of surface-enhanced
Raman scattering activities of three kinds of silver colloids when adding anions as
aggregating agents. Colloids Surfaces A Physicochem. Eng. Asp. 368, 142-147 (2010).

95. Panacek, A. et al. Preparation, characterization and antimicrobial efficiency of
Ag/PDDA-diatomite nanocomposite. Colloids Surfaces B Biointerfaces 110, 191-198
(2013).

96.  Abalde-Cela, S. et al. Loading of Exponentially Grown LBL Films with Silver
Nanoparticles and Their Application to Generalized SERS Detection. Angew. Chemie Int.
Ed. 48, 5326-5329 (2009).

97.  Suchomel, P. et al. Highly efficient silver particle layers on glass substrate synthesized
by the sonochemical method for surface enhanced Raman spectroscopy purposes.
Ultrason. Sonochem. 32, 165-172 (2016).

98. El-dessouky, R., Georges, M. & Azzazy, H. M. E. Silver Nanostructures : Properties,
Synthesis , and Biosensor Applications. Funct. Nanoparticles Bioanal. Nanomedicine
Bioelectron. Devices 1, 359—404 (2012).

99, van Eeden, P. E. et al. Using Time-Resolved Fluorescence to Measure Serum Venom-
Specific IgE and I1gG. PLoS One 6, 16741 (2011).

100. Bobek, V. et al. A clinically relevant, syngeneic model of spontaneous, highly metastatic
B16 mouse melanoma. Anticancer Res. 30, 4799-803 (2010).

75



101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Costa, D. De et al. Sequencing and quantification of IgG fragments and antigen binding
regions by mass spectrometry. J. Proteome Res. 2937—-2945 (2010).

Kho, K. W., Dinish, U. S., Kumar, A. & Olivo, M. Frequency Shifts in SERS for Biosensing.
ACS Nano 6, 4892-4902 (2012).

Xu, L.-J. et al. Label-Free Detection of Native Proteins by Surface-Enhanced Raman
Spectroscopy Using lodide-Modified Nanoparticles. Anal. Chem. 86, 2238-2245 (2014).

Han, X. X., Huang, G. G., Zhao, B. & Ozaki, Y. Label-Free Highly Sensitive Detection of
Proteins in Aqueous Solutions Using Surface-Enhanced Raman Scattering. Anal. Chem.
81, 3329-3333 (2009).

Han, X. X., Zhao, B. & Ozaki, Y. Surface-enhanced Raman scattering for protein
detection. Anal. Bioanal. Chem. 394, 1719-1727 (2009).

Yoon, J. et al. Highly sensitive detection of thrombin using SERS-based magnetic
aptasensors. Biosens. Bioelectron. 47, 62—67 (2013).

Hahn, C. D., Riener, C. K. & Gruber, H. J. Labeling of Antibodies with Cy3-, Cy3.5-, Cy5-,
and Cy5.5-monofunctional Dyes at Defined Dye/Protein Ratios. Single Mol. 2, 149—-149
(2001).

Bonifacio, A., Cervo, S. & Sergo, V. Label-free surface-enhanced Raman spectroscopy of
biofluids: fundamental aspects and diagnostic applications. Anal. Bioanal. Chem. 407,
8265-8277 (2015).

Lorenz, B., Wichmann, C., Stockel, S., Rdsch, P. & Popp, J. Cultivation-Free Raman
Spectroscopic Investigations of Bacteria. Trends Microbiol. 25, 413—424 (2017).

Rygula, A. et al. Raman spectroscopy of proteins: A review. J. Raman Spectrosc. 44,
1061-1076 (2013).

Wang, X. et al. Detection of circulating tumor cells in human peripheral blood using
surface-enhanced raman scattering nanoparticles. Cancer Res. 71, 1526-1532 (2011).

Yang, J. et al. Distinguishing breast cancer cells using surface-enhanced Raman
scattering. Anal. Bioanal. Chem. 402, 1093—-1100 (2012).

Jarvis, R. M. & Goodacre, R. Discrimination of Bacteria Using Surface-Enhanced Raman
Spectroscopy. Anal. Chem. 76, 40—47 (2004).

Mosier-Boss, P. Review on SERS of Bacteria. Biosensors 7, 51 (2017).

Efrima, S. & Zeiri, L. Understanding SERS of bacteria. J. Raman Spectrosc. 40, 277-288
(2009).

Zhou, H. et al. SERS Detection of Bacteria in Water by in Situ Coating with Ag
Nanoparticles. Anal. Chem. 86, 15251533 (2014).

Fan, C. et al. Detecting Food- and Waterborne Viruses by Surface-Enhanced Raman
Spectroscopy. J. Food Sci. 75, no-no (2010).

Avci, E., Kaya, N. S. eli., Ucankus, G. & Culha, M. Discrimination of urinary tract infection
pathogens by means of their growth profiles using surface enhanced Raman scattering.
Anal. Bioanal. Chem. 407, 8233—8241 (2015).

76



119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Prucek, R. et al. Reproducible discrimination between Gram-positive and Gram-
negative bacteria using surface enhanced Raman spectroscopy with infrared excitation.
Analyst 137, 2866 (2012).

Wang, J. et al. Facile Synthesis of Au-Coated Magnetic Nanoparticles and Their
Application in Bacteria Detection via a SERS Method. ACS Appl. Mater. Interfaces 8,
19958-19967 (2016).

Song, C., Yang, Y., Yang, B., Min, L. & Wang, L. Combination assay of lung cancer
associated serum markers using surface-enhanced Raman spectroscopy. J. Mater.
Chem. B 4,1811-1817 (2016).

Sun, C., Zhang, R., Gao, M. & Zhang, X. A rapid and simple method for efficient capture
and accurate discrimination of circulating tumor cells using aptamer conjugated
magnetic beads and surface-enhanced Raman scattering imaging. Anal. Bioanal. Chem.
407, 8883—-8892 (2015).

Song, C. et al. Ultrasensitive detection of carcino-embryonic antigen by using novel
flower-like gold nanoparticle SERS tags and SERS-active magnetic nanoparticles. RSC
Adv. 4, 41666-41669 (2014).

Qiu, Y. et al. Synthesis of magnetic Fe;0, —Au hybrids for sensitive SERS detection of
cancer cells at low abundance. J. Mater. Chem. B 3, 4487-4495 (2015).

Lin, Y. et al. Detection of CEA in human serum using surface-enhanced Raman
spectroscopy coupled with antibody-modified Au and y-Fe,O;@Au nanoparticles. J.
Pharm. Biomed. Anal. 121, 135-140 (2016).

Gao, R., Cheng, Z., DeMello, A. J. & Choo, J. Wash-free magnetic immunoassay of the
PSA cancer marker using SERS and droplet microfluidics. Lab Chip 16, 1022-1029
(2016).

Wang, J. et al. Magnetically Assisted Surface-Enhanced Raman Spectroscopy for the
Detection of Staphylococcus aureus Based on Aptamer Recognition. ACS Appl. Mater.
Interfaces 7, 20919-20929 (2015).

Shin, M. H. et al. Multiple detection of proteins by SERS-based immunoassay with core
shell magnetic gold nanoparticles. Vib. Spectrosc. 72, 44—-49 (2014).

Dinish, U. S., Balasundaram, G., Chang, Y.-T. & Olivo, M. Actively Targeted In Vivo
Multiplex Detection of Intrinsic Cancer Biomarkers Using Biocompatible SERS Nanotags.
Sci. Rep. 4, 4075 (2014).

Tang, B. et al. Ultrasensitive, Multiplex Raman Frequency Shift Immunoassay of Liver
Cancer Biomarkers in Physiological Media. ACS Nano 10, 871-879 (2016).

Granger, J. H., Granger, M. C., Firpo, M. A., Mulvihill, S. J. & Porter, M. D. Toward
development of a surface-enhanced Raman scattering (SERS)-based cancer diagnostic
immunoassay panel. Analyst 138, 410-416 (2013).

Lu, W. et al. Multiplexing determination of lung cancer biomarkers using
electrochemical and surface-enhanced Raman spectroscopic techniques. New J. Chem.
39, 5420-5430 (2015).

Li, M., Kang, J. W., Sukumar, S., Dasari, R. R. & Barman, |. Multiplexed detection of

77



134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

serological cancer markers with plasmon-enhanced Raman spectro-immunoassay.
Chem. Sci. 6, 3906—-3914 (2015).

Maiti, K. K. et al. Multiplex cancer cell detection by SERS nanotags with cyanine and
triphenylmethine Raman reporters. Chem. Commun. (Camb). 47, 3514-3516 (2011).

Panacek, A. et al. Silver Colloid Nanoparticles: Synthesis, Characterization, and Their
Antibacterial Activity. J. Phys. Chem. B 110, 16248—-16253 (2006).

Markov3, Z. et al. Chitosan-based synthesis of magnetically-driven nanocomposites
with biogenic magnetite core, controlled silver size, and high antimicrobial activity.
Green Chem. 14, 2550 (2012).

Balzerova, A., Opletalovd, A., Ranc, V. & Zbotil, R. Multiplex competitive analysis of
HER2 and EpCAM cancer markers in whole human blood using Fe,0;@Ag
nanocomposite. (2018).

McNay, G., Eustace, D., Smith, W. E., Faulds, K. & Graham, D. Surface-Enhanced Raman
Scattering (SERS) and Surface-Enhanced Resonance Raman Scattering (SERRS): A
Review of Applications. Appl. Spectrosc. 65, 825—-837 (2011).

Sjoberg, B., Foley, S., Cardey, B. & Enescu, M. An experimental and theoretical study of
the amino acid side chain Raman bands in proteins. Spectrochim. Acta Part A Mol.
Biomol. Spectrosc. 128, 300-311 (2014).

Guerrini, L. et al. Highly Sensitive SERS Quantification of the Oncogenic Protein c-Jun in
Cellular Extracts. J. Am. Chem. Soc. 135, 10314-10317 (2013).

Avci, E. & Culha, M. Influence of Protein Size on Surface-Enhanced Raman Scattering
(SERS) Spectra in Binary Protein Mixtures. Appl. Spectrosc. 68, 890—899 (2014).

Ranc, V. et al. Magnetically Assisted Surface-Enhanced Raman Scattering Selective
Determination of Dopamine in an Artificial Cerebrospinal Fluid and a Mouse Striatum
Using Fe;0, /Ag Nanocomposite. Anal. Chem. 86, 2939—-2946 (2014).

Gallo, J. et al. Silver Nanocoating Technology in the Prevention of Prosthetic Joint
Infection. Materials (Basel). 9, 337 (2016).

Habiba, K. et al. Synergistic antibacterial activity of PEGylated silver—graphene quantum
dots nanocomposites. Appl. Mater. Today 1, 80-87 (2015).

Chaloupkova, Z. et al. Label-free determination and multiplex analysis of DNA and RNA
in tumor tissues. Appl. Mater. Today 12, 85-91 (2018).

78



SEZNAM ZKRATEK

SERS Surface-enhanced Raman spectroscopy, povrchem zesilena Ramanova
spektroskopie

MA-SERS Magnetically-assisted surface enhanced raman spectroscopy,
magneticky asistovana povrchem zesilena Ramanova spektroskopie

AuNPs gold nanoparticles; nanocéstice zlata

AgNPs silver nanoparticles; nanocastice stribra

IgG imunoglobulin G

HER2 human epidermal growth factor receptor 2, lidsky epidermalni rlistovy
faktor

EpCAM Epithelial cell adhesion molecule

Cy3 cyanin 3

Cy5 cyanin 5

CCD Charge-Coupled Device

RS Ramanova spektroskopie

RRS rezonanc¢ni Ramanova spektroskopie

CARS Coherent anti-Stokes Raman spectroscopy, koherentni anti-Stokes

Ramanova spektroskopie

TERS Tip-enhanced Raman spectroscopy, hrotem zesilena Ramanova
spektroskopie

LbL Layer-by-Layer, metoda samovolné organizace vrstev
PDDA Poly(diallyldimethylammonium chlorid)

APTES (3-Aminopropyl)triethoxysilan

PAA Polyacrylic acid, kyselina polyakrylova

Rh6G Rhodamin 6G

DNA deoxyribonucleic acid, deoxyribonukleova kyselina
RNA ribonucleic acid, ribonukleova kyselina

CTC Circulating tumor cell, cirkulujici nddorové buriky
EGF epidermal growth factor, epidermalni ristovy faktor
pMBA p-merkaptobenzoova kyselina

4-ATP 4-Aminothiophenol
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CEA

PSA

AFP

MNPs

MMP-7

ELISA

MGITC

0sCC

EGFR

XRD

TEM

HRTEM

AFM

SEM

CTAB

PEG

PVP

PVA

MRI

EDC

NHS

PBS

PJI

PSMA

GCPII

karcinoembryonalni antigen

prostaticky specificky antigen

alfa—fetoprotein

magnetic nanoparticles, magnetické nanocastice

matrix metaloproteinaza 7

enzyme-linked immuno sorbent assay; enzymaticka imunosorpéni
analyza

Malachite green isothiocyanate, malachitova zelen

Oral Squamous Cell Carcinoma, perordlni spinoceluldrni karcinom
Epidermal Growth Factor Receptor, epidermalni ristovy faktor
X-ray powder diffraction; rentgenova praskova difrakce
transmission electron microscopy; transmisni elektronova
mikroskopie

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

atomic force microscopy, mikroskopie atomarnich sil

scanning electron microscope, rastrovaci elektronovy mikroskop
cetyltrimethylammonium bromid

Polyethylenglykol

Polyvinylpyrrolidon

Polyvinylalkohol

magnetic resonance imaging, magnetickd rezonance

infrared spectroscopy, Infracervena spektroskopie
1-ethyl-3—(3—dimethylaminopropyl) karbodiimid
N—hydroxysulfosukcinimid

Phosphate Buffered Saline, fosfatovy pufr

Prosthetic Joint Infection, infekce kloubni ndhrady

Prostate-Specific Membrane Antigen, prostaticky specificky
membranovy antigen

Glutamate carboxypeptidase Il, glutamat karboxyperoxidaza Il
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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-

TEM image of nanocomposite
1. Blood sample is
deposited on a glass
platform

3 %2

e _a 1111
IgG ~ U

O=€ Fe,0,@Ag@Streptavidin@AntilgG nanocomposite

2. 1gG is magnetically
separated and analyzed
using MA-SERS

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
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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
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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



Analytical Chemistry

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.
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samples.

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.
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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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Abstract

Sensitive, reliable, and selective detection of biochemical markers represents a challenging
approach towards early diagnosis of cancer diseases. However, the complexity of the targeted
physiological environments challenges currently available protocols. Therefore, new, reliable
methodologies for detection of cancer markers are highly demanded. Here we describe a new
method for parallel analysis of two essential cancer markers, HER2 (human epidermal growth
factor receptor 2) and EpCAM (epithelial cell adhesion molecule). The method is based on a
combination of Fe,O3;@Ag magnetic nanocomposite covalently functionalized with Anti-
EpCAM and Anti-HER2, and surface enhanced Raman spectroscopy. The detection of target
molecules employs a competitive approach between reference compounds, labeled with
Raman active tags, and their naturally accruing counterparts. The limit of detection was
determined to 5 ng L%, where both compounds are statistically distinguishable from a blank
sample with p = 0.0093 (HER2) and 0.0016 (EpCAM). The developed methodology presents

an exciting alternative to more common methods including immunological methods or PCR.

Keywords: multiplex, competitive analysis, cancer markers, SERS, magnetic

1. Introduction

Cancer, a disease caused by an uncontrolled division of abnormal cells, is one of the
leading causes of death worldwide. In 2012, an estimated 14.1 million new cases were
diagnosed, and 8.2 million people died [1]. Breast cancer, with an occurrence of 1.7
million cases, and with estimated 521,900 deaths, is the most frequent type of cancer

among women [1]. These numbers strongly emphasize an urgent demand for novel



methodologies that will be able to provide a reliable screening of tumor markers
involved in its early diagnosis [2]. The available screening methods usually target
tumor markers found in blood, urine, or saliva [3-5], and include nucleic acids,
metabolites, isoenzymes, or hormones. Nonetheless, the most important part of the
recognized markers represents proteins overexpressed by cancer cells [6]. Human
epidermal growth factor receptor 2 (HER?2), also known as receptor tyrosine-protein
kinase erbB-2 or HER2/neu, is a member of the human epidermal growth factor
receptor family and it is associated with breast, lung, and ovarian cancer [7]. HER2 is
overexpressed in 10—25% of cases [8], and it is usually related to extremely aggressive
forms [9]. Epithelial cell adhesion molecule (EpCAM) belongs to the family of the first
discovered tumor-linked biomarkers [10]. It is often linked to a variety of human
adenocarcinomas and squamous cell carcinomas or also breast, ovarian, and colon
carcinomas [10]. Cancer screening techniques include cytology, histopathology, and
immunochemistry [11-14] as well as tissue microarray techniques [15-19] or chips
and paper-based electrochemical sensors [20-24]. Among potential candidates, surface
enhanced Raman spectroscopy (SERS) has proven to be an interesting alternative. Its
potential has been demonstrated in a detection of many physiologically active
compounds covering both large proteins and low molecular compounds [25-27],
bacteria [28—30], viruses [31,32], neuro-hormones [33], and whole cells [34,35].
Moreover, a newly developed SERS approach, referred to as magnetically assisted
surface enhanced Raman spectroscopy (MA-SERS), further increases the potential of
SERS by employing magnetic nanocomposites for highly efficient separation and pre-
concentration of target compounds by an external magnetic field [25]. The improved
analytical performance of MA-SERS has been shown in cases covering a detection of

cancer biomarkers and circulating tumor cells (CTCs) using sandwich-based



approaches [36—38], detection of non-small lung cancer cells with a detection limit
(LOD) approximately ten cells per mL [34], detection of CEA with a resulting LOD =
0.1 ng mL ™ [39], or detection of a prostate-specific antigen (PSA) by magnetic
Immunoassay technique utilizing surface enhanced Raman scattering based micro-
droplet sensor with LOD = 0.1 ng mL " [40].

Nevertheless, a decision based on the detection of a single cancer-related biomarker does not
often deliver suitable true positive or true negative rates. The demand for methods providing a
multiplex detection of several biomarkers gives an opportunity to various types of highly
advanced biosensors [41].

SERS-based methods for multiplex analyses usually introduce several Raman tags to
distinguish the signals from targeted analytes [42]. Granger et al. [43] described a
multiplex detection of pancreatic adenocarcinoma markers — serum carbohydrate
antigen 19-9 and matrix metalloproteinase-7. The obtained results were subsequently
compared to ELISA and eventually a good correlation was found [43]. Raman tags or
reporters were also used for a simultaneous multiplex SERS detection of cancer
markers, such as cancer antigen (CA) 15-3, CA 27-29, Glypican-3, a-fetoprotein, or
cancer embryonic antigen (CEA) [5,44,45]. Maiti et al. [46] developed a biocompatible
SERS nanotag with high stability by using sensitive triphenylmethine Raman reporters
covalently attached to gold nanoparticles using lipoic acid (LA) as a linker. The
prepared SERS nanotags were conjugated to selective antibodies recognizing HER2
and EGFR cancer proteins [46]. The above-mentioned experimental methods and
approaches exhibit high selectivity and sensitivity in comparison with commonly used
immunological methods like ELISA.

On the other hand, nonspecific interactions of the prepared materials with as

complicated matrix as whole human blood cause interferences of signal and



considerably limit such methods in clinical practice. Herein we present a novel
magnetic sensor for a competitive multiplexed detection of HER2 and EpCAM
biomarkers using SERS approach. The developed sensor employs Fe,O;@Ag
nanocomposite functionalized by Anti-HER2 and Anti-EpCAM antibodies. The
detection is based on a competition between naturally present biomarkers and their
tagged (reference) counterparts. This approach allows a simple magnetic separation of
the sensor from human whole blood, it minimizes the influence of nonspecific
interactions through a competition-based approach and active surface functionalization
of the nanocomposite, and it increases the method reliability through a developed

statistical evaluation.

2. Materials and methods
2.1. Chemicals

Silver nitrate (p.a.), D-(+)-Maltose monohydrate (BioXtra, >99%), Ammonium
hydroxide solution (ACS reagent, 28.0-30.0% NH; basis), carboxy functionalized
magnetic particles (18—22 mg mL™?), 1-[3-(Dimethylamino)propyl]-3-
ethylcarbodiimide methiodide (EDC), N-Hydroxysulfosuccinimide sodium salt (=98%
(HPLC); NHS), Sodium chloride (BioXtra, >99.5% (AT), Anti-HER2 antibody
produced in rabbit, Anti-EPCAM antibody produced in rabbit, ethylamine (purum,
70% in H0), Cy®3 mAD Kit, Cy®5 mAb Kit were purchased from Sigma-Aldrich
(USA) and used without further purification. Human HER2 / ErbB2 Protein (Fc Tag)
was purchased from Sino Biological Inc. (China), recombinant Human EpCAM
protein was purchased from Abcam (United Kingdom), H3PO, (p.a., 85% w/w) and

NaOH (p.a.) was bought from Lach-Ner (Czech Republic).



2.2. Functionalization of magnetic particles with antibodies (Fig. 1)

Magnetic particles with carboxylic groups were activated using EDC/NHS mixture
(1:1, final concentration 10 mM) and the reaction was stirred for 30 minutes; the
particles were then magnetically separated and washed with 5 mL of PBS buffer. In the
next step, the particles with the previously activated carboxylic groups were mixed
with antibodies (c = 10 mg L) and stirred overnight to form a covalent bond between
free amino (—NH>) groups present in the structure of the antibodies and the activated
carboxylic groups of the magnetic particles. After the immobilization of antibodies, the
magnetic particles were separated by a magnet and washed with 10 mM PBS buffer.
After washing with PBS buffer, the ethylamine with final concentration 3.5% wt. was
added to block the rest of the active carboxylic groups to prevent any nonspecific
interactions. In a final step, the functionalized nanoparticles were washed three times

with PBS buffer.
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Fig. 1. Schema of sensor preparation (functionalization of MNPs with antibodies Anti-

HER2 and Anti-EpCAM).

2.3. Labeling of proteins

Proteins (HER2, EpCAM) were labeled using a labeling kit containing reactive

fluorescent dye Cy3 or Cy5 tags, coupling buffer (1 M sodium carbonate buffer, pH



9.3), and PBS buffer. HER2 protein was labeled with Cy3 tag (HER2_Cy3) in ratio
1:10 and EpCAM protein with Cy5 tag (EpCAM_Cy5) in the same ratio as HER2
according to the recommended procedure. The labeled proteins were purified using
centrifugal filter units (Amicon Ultra 0.5 mL, MWCO 3 kDa) at 10000 rpm for 10
minutes to separate excessive free compound. The concentration of the proteins after
labeling with Cy3 and Cy5 was measured using a colorimetric method with Coomassie
Brilliant Blue G-250 agent (Bradford assay) at 595 nm. According to the measured
data, the concentration of the markers after labeling was the following: HER 0.009 mg
mL*and EpCAM 0.01 mg mL . The labeled marker HER2 (HER2_Cy3) was
analyzed using HPLC-UYV system to find out the yield of the labeling process. From
the chromatogram, it was found that 70% of markers were successfully labeled (Fig.
S1) and the sample did not contain a free Cy3 tag. The same yield of the labeling
process was expected for EpCAM_Cy5. The optimal concentration for competitive
analysis was set up experimentally as a breakpoint in a graph of the intensity—
concentration dependence of the 1450 cm* spectral band of the labeled markers (Fig.
S2). Two linear fits were used for the calculation and the breakpoint was determined at

the concentration 10 ng L.

2.4. Apparatus

The C potential was measured using a Zetasizer NanoZS (Malvern, UK). High-
resolution transmission electron microscope (HR-TEM FEI Titan G2 60-300) with an
X-FEG type emission gun, operating at 80 kV, was used to obtain the images of the
final products. This microscope is equipped with Cs image corrector and a STEM
high-angle annular dark field detector (HAADF). The point resolution is 0.08 nm in the

TEM mode. The elemental mapping was obtained by STEM-energy dispersive X-ray



spectroscopy (EDS; Bruker SuperX) with acquisition time 20 min. X-ray powder
diffraction pattern was recorded on PANalytical X Pert PRO diffractometer in
Bragg—Brentano geometry, equipped with an iron-filtered CoKa radiation source,
X’Celerator detector, programmable divergence, and diffracted beam anti-scatter slits.
200 pL of liquid sample was dropped on a zero-background Si slide, dried under
vacuum at RT, and scanned in the two 6 range from 10° to 105° under ambient
conditions. Samples of protein standard and Cy3-labeled protein were analyzed using
HPLC-UV system (Dionex UltiMate 3000, Thermo Scientific, U.S.A.). The samples
were separated on a C18 column (Nucleodur C18 Gravity, 150%2 mm, 1.8 pm
particles). The separation was performed under isocratic conditions with composition
of mobile phase: water : acetonitrile : TFA (0.95 : 0.049 : 0.001; v/v/v). The separated
peaks were detected using UV detector operating at 274 nm. Raman spectra were
collected using a DXR Raman spectroscopy (Thermo Scientific, U.S.A.) equipped with
a laser operating at a wavelength of 633 nm. The laser power on the sample was set to
5 mW. Each measured Raman spectrum was an average of 4 experimental micro scans.
The acquisition time was set to 3 s. SERS experiments employing silver nanoparticles
were performed according to the procedure previously described by FargaSova et al.
[47]. Briefly, 1 uL of the sample was mixed with 7 uLL of the prepared silver
nanoparticles (108 mg L™, 30 nm) and then 2 pL of sodium chloride (¢ = 4 mol L™?)
was added to the mixture, mixed thoroughly and analyzed using SERS. Infrared
spectra were acquired using a Nicolet iS5 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 (Omnic, version 8,
Thermo Scientific, U.S.A.), highs of the target spectral bands were statistically

assessed using LibreOffice (version 4.3.0, The Document Foundation, Berlin,



Germany). Discriminant analysis was performed using TQ Analyst. It revealed
significant differences between blank samples and model samples according to the

intensity ratios of the selected spectral bands (660 cm ™, 475 cm ™, and 373 cm™).

2.5. Sample preparation

The blank sample composed of the phosphate-buffered saline (c =10 mM, pH = 7.5).
The model samples contained a HER2 and EpCAM biomarkers at concentration levels
5, 10, and 25 ng L dissolved in the phosphate-buffered saline (c = 10 mM, pH = 7.5).
The human whole blood samples (20 samples from 2 volunteers, V = 1 mL) were
collected with the volunteer’s permission for blood collection and subsequent
experiments. Whole human blood was diluted 100 times with phosphate-buffered
saline (c =10 mM, pH =7.5), and spiked with HER2 and EpCAM biomarkers at final

concentrations 5 and 10 ng L ™.

2.6. Sample analysis

The samples were analyzed using a procedure described in Fig. 2. First, 2 pL of the
sample (blank, model, human whole blood) was mixed with 10 uL of the prepared
MNPs@AnNti-HER2@ Anti-EpCAM sensor. After the sample was shaken for one hour,
the sensor was magnetically separated, washed with phosphate-buffered saline (10
mM, pH 7.5), and dispensed in 10 uLL PBS. Consecutively, 2 uL of tagged HER2 Cy3
and EpCAM_Cys5 (final concentration 10 ng L) was added and the mixture was
vortexed. After 1 hour, the sample was magnetically separated from an excess of the
tagged markers and washed with deionized water (20 pL) two times. Finally, the

sample was analyzed using SERS according to a previously described procedure.



»
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Fig. 2. Schema of competitive multiplex analysis of two different tumor markers in

human whole blood.

3. Results and discussion
3.1. Characterization of magnetic nanoparticles and MNPs@Ag hybrid system

The chemical structure of the initial magnetic nanoparticles (Fig. 3A) and Fe,O;@Ag
nanocomposite (Fig. S3.) was investigated using X-ray powder diffraction (XRD).
Maghemite (y-Fe,O3) was identified as the only crystalline phase in the sample (Fig.
3A). Crystallite size derived from Rietveld refinement is 13 nm. HRTEM images
accompanied by an elemental map with the distribution of Ag and MNPs are depicted
in Fig. 3B. The brighter, smaller objects were identified as Fe,O3 particles having a
size in the range of 10-15 nm, in a good correspondence with XRD data. Larger
objects on the image belong to the activated silver nanoparticles exhibiting an average
size about 30 nm. This interpretation is further supported by an elemental map as
depicted in the right corner of Fig. 3B. The smaller yellow parts of the image represent
iron oxide particles, whereas the blue spots correspond to silver nanoparticles. Infrared
spectroscopy and (-potential measurements were used to monitor changes in the

surface characteristics of the functionalized MNPs during the surface functionalization



process. The measured {-potential of unmodified initial magnetic nanoparticles was —
22.3 mV. The strong negative charge of MNPs was caused by carboxylic groups
present on the surface of the magnetic nanoparticles. The activation of the carboxylic
groups with an aqueous solution of EDC and NHS was accompanied by a considerable
change of firstly negative charge to positive values of +7 mV (A{-potential = 29.3
mV). The final step related to immobilization of Anti-HER2 and Anti-EpCAM
antibodies onto the MNPs surface. Consecutive anchoring of proteins changed the
charge to more positive values of +9 mV for Anti-HER2 and +8 mV in the case of
Anti-EpCAM. The successful immobilization of both antibodies was further confirmed
by measured IR spectra, shown in Fig. 3C. The spectrum contains bands located at
3430 cm ! interpreted as a stretching vibration of O—H, and band at 1726 cm™,
interpreted as a C=0 vibration of the carboxyl groups presented on the surface of
magnetic particles [48,49]. The presence of the anchored proteins is supported by the
presence of two strong protein bands of Amide | (-CO—-NH) and Amide 11 (—CO-NH-)
localized at 1570 cm * and 1650 cm™* [50,51].

The spectral band at 1385 cm* represents COO stretching, and it is caused by the

presence of the remaining unmodified carboxylic groups on the Fe,O3 surface [52].
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Fig. 3. (A) XRD spectrum of pristine MNPs, (B) HRTEM image of MNPs@Ag hybrid
system including HAADF/EDS elemental mapping in the inset (scale bar 70 nm), (C)

IR spectra of the initial MNPs and functionalized MNPs.

3.2. Raman characterization of the sensor

The sensor MNPs@ Anti-HER2@ Anti-EpCAM was designed for the competitive
multiplex analysis of two different tumor markers, HER2 and EpCAM, in whole
human blood by a competitive approach with tagged standards of HER2, HER2_Cy3
and EpCAM, EpCAM_Cys5. Firstly, Raman spectra of functionalized MNPs were
obtained to confirm the successful immobilization of antibodies HER2 (orange trace)
and EpCAM (green trace) onto the MNPs surface, as shown in Fig. S4. The spectra
contain characteristic protein bands Amid 111 (1240 cm™) and Amide 11 (1554 cm™)
representing successful anchoring of the proteins [50,51,53-55]. Secondly, labeling of
reference compounds was evaluated. SERS spectra of the stock solutions of tags (Cy3,
Cyb5) and labeled markers were measured and are shown in Fig. S5. Raman spectra of
the sensor and pure compounds, including Cy3, Cy5, HER2, and EpCAM were
compared to confirm successful labeling of the proteins HER2 and EpCAM using
respective Raman tags in the presence of spectral bands located at 373 cm™ (Cy3) and
475 cm* (Cy5). Furthermore, to considerably improve the method reliability, a
reference band located at 660 cm*, characteristic for tyrosine, was selected and used in
the consecutive analytical steps. Raman spectra obtained by the analysis of tagged
tumor markers HER2_Cy3 and EpCAM_Cy5 are shown in Fig. 4. The red trace
represents a Raman spectrum obtained by the analysis of HER2 using MNPs@ Anti-
HER?2 sensor. The spectrum contains abundant spectral bands characteristic for Cy3

and reference band located at 660 cm™. The blue trace represents a Raman spectrum



obtained by the analysis of EpCAM antigen using MNPs@ Anti-EpCAM sensor, and
contains strong spectral characteristic for Cy5 and reference band at 660 cm . The
orange trace shows a Raman spectrum obtained by the multiplex analysis of both
proteins using MNPs@Anti-HER2@ Anti-EpCAM sensor. The spectrum contains

spectral bands of both tags, namely Cy3 at 373 cm *and Cy5 at 475 cm ™.

Blank sample
MNPs@Anti-EpCAM@Anti-HER2+EpCAM_Cy5+HER2_Cy3

MNPs@Anti-EpCAM+EpCAM_Cy5

Raman intensity (a.u.)

MNPs@Anti-HER2+HER2_Cy3

EEIJO ' 10IDO l 1500
Wavenumber (cm'')
Fig. 4. Raman spectra of functionalized MNPs with Anti-HER?2 after addition of
labeled tumor marker HER2 (HER2_Cy3), Raman spectra of functionalized MNPs
with Anti-EpCAM after addition of labeled tumor marker EpCAM (EpCAM_Cy5),
multiplex Raman analysis with the sensor (MNPs@ Anti-HER2@ Anti-EpCAM) after

addition of labeled tumor markers HER2 (HER2_Cy3) and EpCAM (EpCAM_Cys5).

3.3. Multiplex analysis with model samples

The multiplex analysis was based on a competition between unlabeled tumor markers
HER2 and EpCAM; and labeled tumor markers HER2_Cy3 and EpCAM_Cyh5. To test

the sensor functionality, the spectra of the blank samples and the model samples were



evaluated and used for further calculation. The analysis was done using 10 blank
samples and 10 model samples. Each sample was measured five times. The average
intensity of Cy3, Cy5, and reference spectral bands, obtained for five independent

measurements, was used for the calculation of the overall intensity ratio as

Irq
Rrag = g (1)

Iref’

where l1ag represents a spectral intensity of the respective Raman tag (Cy3 or Cy5), and
I, represents a spectral intensity of the reference band present at 660 cm . The ratios
were calculated for blank samples (PBS buffer, ¢ = 10 nM, pH = 7), and model
samples containing natural HER2 and EpCAM compounds in ratios 1:1 and 1:2 (c/c,
tagged:natural). The competition between the tagged and the natural antigens will be
projected in the lowered intensity of spectral bands characteristic for the tags. This
hypothesis was confirmed in the present Raman spectra of the blank sample and the
model sample containing 10 ng L' HER2 and EpCAM (Fig. S6). The decrease in
signal intensities was determined for each tag separately. The intensity ratio (Itag/lrer)
changed from 0.15 (Cy3) and 0.12 (Cy5) in the blank samples that contained only
labeled markers to 0.08 (Cy3) and 0.03 (Cy5) in the model samples that contained also
unlabeled markers. Such changes refer to a successful interaction between sensor and
natural HER2 and EpCAM compounds and occupation of binding sites by natural

markers prior to labeled markers.

3.4. Statistical evaluation of method

The method potential was further evaluated by a discriminant analysis, where spectral
bands of the reference (tyrosine), Cy3 and Cy5 (660 cm ™, 475 cm ™, and 373 cm ™)

were included. Fig. 5 demonstrates the presence of significant differences between



Raman spectra of blank samples (square mark) and model sample (triangle mark). The
differences were caused by a decrease in intensity due to the competition between the
unlabeled markers and the labeled markers as described above. The calculated average
Mahalanobis distance between clusters was the following: 1.9 for HER2, 2.0 for

EpCAM, and 2.1 for the multiplex sample.
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Fig. 5. Discriminant analysis of MNPs with single markers HER2, EpCAM, and sensor

(MNPs@AnNti-HER2@ Anti-EpCAM) for multiplex analysis.

3.5. Stability and reproducibility

Signal and sensor stability was evaluated to test the method’s reliability. The signal
stability was tested with a blank sample to obtain Raman spectra during the time

interval from 2 minutes to 12 minutes after the preparation. Fig. S7 shows that all the



spectra contain the same spectral bands, although their absolute intensities decrease
inappreciably over time. Also, the reproducibility of the system was tested. Raman
spectra of six different drops of the sensor with the labeled markers are presented in
Fig. S8. In both cases, the spectra are very similar without any considerable changes
and it can be thus stated that the method produces repeatable results. The spectra were
supported by calculating the relative standard deviation separately for each tag. The
calculated RSD values, defined as an 1373/1660 ratio or 1475/1660 ratio were 5.6% and
2.2%, respectively. The limit of detection was determined according the 3s/m criteria
where ‘s’ is the standard deviation of the low concentration of the analyte and ‘m’ is
the slope of the calibration graph (Fig.S9). Calculated value of LOD was 4.9 ng L.
Long-term stability was evaluated on the blank sample. Resulting spectra are presented
in Fig. S10. Ten days after preparation, the activity of system was 81%. After 40 days,
intensity of the band at 660 cm ™ was 57% lower due to sensor degradation however it
can be clearly seen that the spectrum of the 40-day-old sample contains the same
spectral bands as the sample measured immediately after the preparation so the system
is still fully operational.

3.6. Multiplex analysis of human whole blood samples

The application potential of the proposed method was further tested with the aim of
using it for the competitive multiplex analysis of human whole blood samples (details
are given in Materials and methods section). Ten samples from two volunteers were
collected and analyzed five times to perform a statistical evaluation. The process of the
sensor synthesis was tuned to minimize nonspecific interactions of the functionalized
MNPs with non-targeted compounds present in the complex matrix of human blood by
addition of ethylamine in the last step of sensor preparation and careful multiple

washing with deionized water. However, new spectral bands located at 560 cm ™ and



1242 cm ™ in the spectrum of the blood sample indicate minor nonspecific interactions,
nonetheless, their interference is minimized by a described post-processing procedure
and they do not influence the detection. A SERS spectrum for the whole blood is
presented in Fig. 6, showing that all the bands previously attributed to the model and
blank samples a) demonstrate an absence of interfering nonspecific interactions and b)
show a change in absolute intensities of the evaluated spectral bands with respect to a
changing concentration of target compounds HER2 and EpCAM. The additional
statistical evaluation was performed by a Student’s t-test for paired group. Student’s t-
tests were performed to determine the significance of differences of average intensity
ratios for Cy3 and Cy5 (as described earlier) between blank and whole blood samples.
Calculated p values were 0.0093 for HER2 and 0.0016 for EpCAM. Such results show
a statistically significant difference between the samples. The results of the t-test for

competitive multiplex analysis are in Table S1.
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Fig. 6. (A) Detail of spectral region from 300 to 550 cm* originated from the marked

area in (B), (B) Raman spectra of multiplex analysis using sensor with only labeled

tumor markers HER2 (HER2_Cy3) and EpCAM (EpCAM_Cy5) (black line), Raman



spectra of multiplex analysis using sensor with unlabeled tumor markers in a buffer
solution and labeled tumor markers (model sample; red line), Raman spectra of
competitive multiplex analysis of human whole blood containing tumor markers using
sensor and labeled tumor markers (blue line). The shift between spectra is 200 units of

Raman intensity to make the figure more transparent.

4. Conclusions

Current screening methods for the detection of cancer markers in clinical samples are
mostly based on the fluorescence analysis. Such methods can detect targets at low
concentration levels but the high risk of auto-fluorescence and photobleaching makes
these methods difficult to apply to all samples. Here we report a magnetic biosensor for
the multiplex detection of tumor markers in the whole human blood. The designed
sensor enables simultaneous detection of two different tumor markers in one step using
surface enhanced Raman spectroscopy. Moreover, the magnetic properties allow a
simple manipulation. The analysis is based on the competition between unlabeled
(HER2, EpCAM) and tagged biomarkers (HER2_Cy3, EpCAM_Cy5) to minimize the
influence of nonspecific interactions. Both biomarkers compete for the active sites on
respective antibodies, anchored on a surface of the prepared sensor. The benefit of such
an approach lies mainly in the possible substitution of Anti-HER2 and Anti-EpCAM
for other antibodies as well as for other small molecular targets using specific
compounds that can be employed in the analysis. An interesting alternative would be
the application of the designed sensor for the screening of circulating tumor cells
(CTCs) in blood, which is essential for early detection of cancer and tracing metastasis

in real time.
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The Sl contents:

The Sl file contains process of preparation of standard solutions and buffers and preparation of silver nanoparticles,
chromatogram of HER2 marker (standard) and HER2 marker labeled with cyanine dye Cy3 (HER2_Cy3); intensity—
concentration dependence graph of the 1450 cm* spectral band of labeled markers for calculation of optimal
concentration for competitive analysis; Raman spectra of initial magnetic nanoparticles Fe,0O3, magnetic nanoparticles
functionalized with antibodies Anti-HER2 and Anti-EpCAM (MNPs@Anti-HER2, MNPs@Anti-EpCAM); cyanine
dyes Cyanine3 and Cyanine5, tumor markers HER2 and EpCAM labeled with cyanine dyes Cyanine3 or Cyanine5
(HER2_Cy3, EpCAM_Cy5); calculated average ratio of intensities of blank samples and blood samples and calculated
t-test; Raman spectra of blank sample and model sample containing 10 ng L™* HER2 and EpCAM; Raman spectra of
blank sample (sensor + labeled tumor markers) obtained in various periods of time after the preparation demonstrating
the stability of the nanosystem; Raman spectra of six different drops of blank sample (sensor + labeled tumor markers)
to show repeatability of measurement and calculation of the relative standard deviation; Raman spectra of long-term
stability measurements; XRD spectrum of Fe,O;@Ag nanocomposite with percentage of individual components;
calibration curve for determination of limit of detection.

Preparation of Standard Solutions and Buffers. The phosphate-buffered saline (PBS; 10 mM, pH 7.5) was prepared
from 100 mM stock solution of H3PO, by fine-tuning of its pH value using a highly concentrated solution of NaOH
(50%, w/v) under a constant stirring. Afterward the final concentration was adjusted by adding a defined volume of
water solvent. Stock solutions of 0.1 mol L™* NHS and EDC were prepared in a volume of 10 mL by careful weighing
of the calculated amount of each. The solutions were used immediately after the preparation. The stock solutions of all
the proteins being used, namely HER2, EpCAM, Anti-HER2, and Anti-EpCAM were prepared by dissolving 0.1 mg
of each in 1 mL of water in an Eppendorf tube. The solutions of the proteins were kept in a dark environment at —20
°C for a maximum of five days.

Preparation of Silver Nanoparticles. Silver nanoparticles with concentration 108 mg L™ and average diameter 30 nm
were prepared by a modified Tollens method." Complex cation [Ag(NHs),]* was reduced using D-(+)-Maltose
monohydrate under alkaline conditions. The initial concentrations of the reagents in the reaction system were as
follows: silver nitrate 1 x 10~ mol L', ammonia 5 x 10 mol L™, sodium hydroxide 9.6 x 10~ mol L™* and D-(+)-
maltose 1 x 10> mol L. The synthesis was carried out at room temperature under constant stirring.
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Number of tables: 1
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Fig. S1. Chromatogram of HER2 marker (standard) and HER2 marker labeled with cyanine dye Cy3 (HER2_Cya3).
From the chromatogram, it was found that 70% of markers were successfully labeled and that the sample does not
contain free Cy3 dye.
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Fig. S2. Intensity—concentration dependence graph of the 1450 cm ™ spectral band of labeled markers for calculation of
optimal concentration for competitive analysis. Two linear fits were used for calculation of optimal concentration for
competitive analysis, y = —15400x + 411 and y = —3314.3x + 287.57. Calculated concentration was 0.01 ng mL .
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Fig. S3. XRD spectrum of Fe,O;@Ag nanocomposite with percentage of individual components.
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Fig. S4. Raman spectra of initial magnetic nanoparticles Fe,O3, magnetic nanoparticles functionalized with antibodies
Anti-HER2 and Anti-EpCAM (MNPs@Anti-HER2, MNPs@Anti-EpCAM). Raman spectra of functionalized MNPs
were obtained to confirm the successful immobilization of antibodies HER2 (orange trace) and EpCAM (green trace)
onto the MNPs surface.
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Fig. S5. Raman spectra of bare cyanine dyes Cyanine 3 (Cy3) and Cyanine 5 (Cy5), tumor markers HER2 and
EpCAM labeled with cyanine dyes Cyanine 3 or Cyanine 5 (HER2_Cy3, EpCAM_Cy5). Water solutions of
fluorescent tags Cyanine 3 (red trace) and Cyanine 5 (blue trace) were measured to find specific spectral bands for
each tag. Concerning the measured Raman spectra of these tags, one spectral band for each tag was chosen; the
spectral band at 373 cm* for Cyanine 3 and 475 cm* for Cyanine 5. Labeling of the proteins was done according to
the standard operational procedure provided by the manufacturer and followed by SERS analysis using activated
AgNPs. The resulted SERS spectra were compared with the previously measured SERS spectra of simple labels to
confirm the presence of selected spectral bands 373 cm™ and 475 cm . The shift between the spectra is 250 units of
Raman intensity in order to make the figure more transparent.

Model sample (sensor+unlabeled markers 10 ng.L"
+labeled markers 10 ng.L™")
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Fig. S6. Raman spectra of blank sample and model sample containing 10 ng L™* HER2 and EpCAM. Raman spectra of
the blank and model samples were obtained to confirm the interaction between sensor and natural HER2 and EpCAM

compounds and the occupation of the binding sites by natural markers prior to the labeled markers. The shift between
the spectra is 500 units of Raman intensity in order to make the figure more transparent.
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Table S1. Calculated average ratio of intensities of blank samples and blood samples for both wavenumbers and
calculated t-test.

wavenumber 373 calculated average ratio wavenumber calculated average ratio
cm*t of intensities 475 cm™* of intensities
sample blank blood sample blank blood
1 0.1243 0.0586 1 0.1000 0.0460
2 0.1238 0.0445 2 0.1423 0.0582
3 0.6636 0.0657 3 0.1500 0.0700
4 0.0927 0.0233 4 0.1173 0.0644
5 0.3097 0.0780 5 0.1679 0.0543
6 0.1177 0.0789 6 0.1246 0.0711
7 0.2617 0.0744 7 0.4117 0.0567
8 0.1091 0.0422 8 0.1727 0.0511
9 0.1789 0.0720 9 0.1222 0.0800
10 0.2030 0.0563 10 0.1600 0.0663
t-test result 0.0093 t-test result 0.0016

Student's t-tests were performed to determine the significance of differences in average intensities of blank samples
without unlabeled tumor markers and blood samples with unlabeled markers. Calculated values of t-test of competitive
multiplex analysis are shown in Table S1.
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Fig. S7. Raman spectra of blank sample (sensor + labeled tumor markers) obtained in various periods of time after the
preparation demonstrating the stability of the nanosystem. The shift between spectra is 250 units of Raman intensity in
order to make the figure more transparent.
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Fig. S8. Raman spectra of six different drops of blank sample (sensor + labeled tumor markers) to show repeatability
of measurement. It can be seen in both cases that the spectra are very similar without any considerable changes and it
can be thus stated that the method produces repeatable results. The spectra were supported by calculating the relative
standard deviation, separately for each label. The calculated RSD values, defined as 1373/1660 ratio or 1475/1660 ratio
were 5.6% and 2.2%, respectively. The shift between the spectra is 250 units of Raman intensity in order to make the

figure more transparent.
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Fig. S9. Calibration curve for determination of limit of detection. LOD was calculated according the 3s/m criteria
where ‘s’ is the standard deviation of the low concentration of the analyte and ‘m’ is the slope of the calibration graph.

Calculated value of LOD was 4.9 ng L.
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Fig. S10. Raman spectra of long-term stability measurements with blank sample (sensor + labeled tumor markers).
Raman spectra were acquired immediately after the sample preparation (day 0) and then after 40 days. The spectrum of
the 40-day-old sample contains the same spectral bands as the sample measured immediately after the preparation, but
the intensity of the band at 660 cm* wavenumbers is 57% lower due to the sensor degradation.
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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

-4 ACS Publications  © 2017 American Chemical Society

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
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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,

DOI: 10.1021/acs.analchem.7b00759
Anal. Chem. 2017, 89, 6598—6607


http://dx.doi.org/10.1021/acs.analchem.7b00759

Analytical Chemistry

1208
1244
1417
1568
1639
1726

MNP@Strep@anti-APS

MNP@Strep@anti-IgA

Transmittance (%)

12000 1400 1600 1800

Wavenumber (cm™)

"1000

800

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

A B
— 3 x 107 CFU/mL — 3 x 107 CFU/mL
3 x 10° CFU/mL 3 x 10° CFU/mL
— 3 x 10° CFU/mL 5000 — 3 x 10° CFU/mL
8000 A | SR
Al i /\
| |
| | \
z | \ Z 40 /M |
@ 6000+ @
5 5
.‘E‘ ﬂ‘ ‘é 3000
s I =
o JI s
4000+ /[y
£l :
o t o 2000
A\
2000
1000

1400 1500 1600 1500

1400

1600
Raman shift (cm™) Raman shift (cm™)
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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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
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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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Determination of the total content of nucleic acids constitutes an important part of medicinal diagnosis.
This determination is typically performed using a combination of spectrophotometry and polymerase
chain reaction, where multi-step and complex sample pretreatment is generally required. To simplify
the analysis, we present a nanosensor for the multiplex determination of DNA and RNA. This nanosensor
consists of a magnetic Fe;0,@Ag nanocomposite functionalized by a low molecular selector from the
family of alkylating agents, chlorambucil. The sensor allows selective isolation of nucleic acids based
on the magnetic properties of integrated Fe;04 nanoparticles and consecutive determination of their
content via magnetically assisted surface-enhanced Raman spectroscopy (MA-SERS). Limits of detection
of 3.0ngL~! and 3.8 ngL~! are achieved for DNA and RNA, respectively. The enhanced selectivity of the

Keywords:

SERS
Nanocomposite
Nucleic acids

DNA developed sensor, owing to the presence of the alkylating agent, allows multiplexed analysis of DNA and
RNA RNA with low relative errors (<10%) of determination.
Alkylating agent © 2017 Published by Elsevier Ltd.

Chlorambucil

1. Introduction

An increasing number of diagnostic examinations require
accurate and selective determination of nucleic acids and their
structural properties. Illustrative examples include the determi-
nation of mitochondrial DNA in the diagnosis of diseases linked to
a prenatal phase of development [1], neurodegenerative diseases
[2], or diagnosis of atrial fibrillation [3]. The analyzed samples are
usually complex and contain several highly abundant interferences
including lipids and proteins; selectivity of the applied method
toward respective molecular targets must therefore be assured.
Analysis of the total DNA content commonly employs spectropho-
tometric approaches and, less frequently, separation techniques
that are typically combined with UV/Vis spectroscopy, mass spec-
trometry [4] or immunoassays [5]. Analytical procedures that are
sufficiently fast, cost efficient, and yield reliable determination of
the total content of nucleic acids still pose a major scientific chal-
lenge. Newly developed methods must fulfill requirements, such
as low limits of detection (LODs), selectivity, reliability, total costs
per analysis, and accessibility of the procedure at the point of care

* Corresponding authors.
E-mail addresses: vaclav.ranc@upol.cz (V. Ranc), radek.zboril@upol.cz
(R. Zboril).

https://doi.org/10.1016/j.apmt.2017.12.012
2352-9407/© 2017 Published by Elsevier Ltd.

[6]. Currently applied technologies can achieve specificity toward
a single sequence. However, from the viewpoint of the achieved
limits of detection, portability of the procedure, and its cost effi-
ciency, challenges persist. Surface-enhanced Raman spectroscopy
(SERS) represents a promising technique in this regard. Recently,
Wang described the use of hairpin DNA and SERS for the analysis
of deafness mutations [7]. The analytical signal of this approach is
obtained from the selective interaction of the DNA probe, immo-
bilized on the SERS substrate, and the DNA present in the sample,
as also previously described by Zhang [8]. The achieved limits of
detection are quoted in units of femtomole per liter. A similar
approach has been recently used for the diagnosis of respiratory
infections [9], HPAI virus [10], detection of specific DNA mutations
[11], and detection of the K-ras gene [12]. The aforementioned
approaches exhibit ultra-high specificity. However, procedures
based on the use of Raman spectroscopy for selective and reliable
determination of the total content of nucleic acids remain chal-
lenging. Ou et al. used undecorated silver nanoparticles and SERS
to determine the total DNA content of nasopharyngeal carcinoma
cells [13]. In addition, Folch et al. demonstrated the feasibility of
direct SERS combined with chemometrics and microfluidics for the
identification and relative quantification of four different cytosine
modifications in both single- and double-stranded DNA [14]. Yuan-
feng has developed mi-RNA biosensors using Fe;0,@Ag magnetic
microspheres as SERS. This low-cost Raman instrument renders
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the method a potential tool for mi-RNA diagnosis [15]. A recent
study also suggests that selective analysis of nucleic acids by SERS
can be performed via a variation in pH [16]. Small-molecule-based
chemosensing represents an interesting alternative to selective
nucleic acid detection. Shirinfar et al. designed a novel imida-
zolium naphthalene derivative for a fluorescent chemosensor,
which senses RNA selectively through fluorescence enhancement
over other biologically relevant biomolecules [17]. Yousuf et al.
proposed an effective strategy for the sensing of nucleic acids
based on novel naphthalene-, anthracene-, and pyrene probes
[18]. Similarly, Ahmed et al. developed a novel tetra-cationic probe
for the selective detection of RNA in neuroblastoma cells and green
algae cells [19].

Considerable improvement has been achieved through the uti-
lization of magnetic nanocomposites [20]. The introduction of
magnetic properties yielded a substantial increase in sensitivity,
although a template of the target nucleic acid was still required to
achieve a suitable level of selectivity.

In this work, we sought to develop an analytical platform
aimed at determining the total content of nucleic acids, namely
DNA and RNA. The detection platform is based on the utilization
of a Fe304@Ag@Chlorambucil nanocomposite and magnetically
assisted surface-enhanced Raman spectroscopy (MA-SERS). This
approach allows magnetic isolation of selected molecular targets
and their consecutive detection via SERS with a single nanosensor
[21].Here, we present the first case demonstrating the utilization of
an alkylation antineoplastic agent, employed as a molecular selec-
tor in SERS. Alkylation antineoplastic agents are frequently used
in the treatment of cancer through selective alkylation of guanine.
We have applied this mechanism as a working tool to achieve con-
siderably higher levels of selectivity (than those of conventional
methods) toward nucleic acids. Integration of the alkylation agent
resulted in the development of a template-free analytical platform
capable of high-sensitivity determination, with nanomolar-level
limits of detection, of DNA and RNA levels.

2. Material and methods
2.1. Chemicals

Silver nitrate (p.a.), low molecular weight (LMW) chi-
tosan (75-85% deacetylated), iron(Il) chloride tetrahydrate
(p.a.) and iron(lll) chloride hexahydrate (p.a.), 1-[3-
(dimethylamino)propyl]-3-ethylcarbodiimide methiodide (EDC),
N-hydroxysulfosuccinimide sodium salt (>98% (HPLC); NHS),
and Chlorambucil were purchased from Sigma-Aldrich and used
without further purification. H3PO4 (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).

2.2. Sample preparations

Total RNA was purified from 10 different tumor tissues fixed in
RNA Later solution (Qiagen, Valencia, CA, USA) immediately after
biopsy and stored at —20°C until RNA isolation. Briefly, a small
piece of tumor tissue (30-50 mg) was homogenized in 1 mL of TRI
Reagent (Molecular Research Center, Cincinnati, OH, USA) using
three glass balls, each 3 mm in diameter. Homogenization was per-
formed for 2 min at 30 Hz in a MixerMill 301 homogenizer (Retsch,
Haan, Germany) prior to RNA purification. Total RNA was extracted
from the tumor tissue homogenates in accordance with the manu-
facturer’s instructions. For this extraction, 0.2 mL of chloroform was
added to a TRI Reagent lysate. After centrifugation and phase sep-
aration, the upper aqueous RNA-containing phase was transferred
to the novel tube. RNA was then precipitated by adding 0.5 mL of

isopropanol to the tube. The RNA pellet was then washed twice
with ethanol and resolved in DEPC-treated water.

Genomic DNA was purified from 14 fresh-frozen brain tumor
biopsies using a Cobas DNA Sample Preparation Kit (Roche, Basel,
Switzerland) in accordance with the manufacturer’s instructions.
The tumor specimens were lysed with protease K. Subsequently,
isopropanol was added, and DNA was then bonded to the glass
fiber filter during centrifugation. The concentration and purity of
the nuclei acids were determined by a Nanodrop ND 1000 (Ther-
moScientific, Wilmington, DE, USA).

2.3. Synthesis of Fe30,@Ag nanocomposite

Magnetic nanoparticles were prepared using the Massart co-
precipitation method described previously by Markova et al.
[22]. The co-precipitation was performed in an aqueous solution
containing FeCl3-6H,0 and FeCl,-4H,0 using sodium hydroxide
(c=1.5molL~1). Sodium hydroxide was added dropwise to achieve
a pH of 11. The reaction was performed at room temperature
in an inert atmosphere achieved by constant bubbling of nitro-
gen to prevent further oxidation of the ferrous ions. After 1h of
stirring, the product was washed repeatedly with water and sepa-
rated via simple magnetic decantation. The resulting nanoparticles
were used for the preparation of the magnetite-O-carboxymethyl
chitosan nanocomposite. Firstly, to introduce —COOH groups, the
chitosan LMW was carboxymethylated using the method described
by Shi [11]. Polymer adsorption onto the surface of the as-prepared
nanoparticles was induced by a gradual increase of temperature to
80°C. In the last step, silver nitrate was added to the magnetite-
O-carboxymethyl chitosan nanocomposite through the reduction
of silver ions on the surface of the composite. This reduction
was induced, at a temperature of 80°C under alkaline condi-
tions, by amine groups of the adsorbed polymer. The product was
washed repeatedly with deionized water and separated via mag-
netic decantation. The resulting dispersion was diluted ten times
prior to further processing.

2.4. Synthesis of Fe304,@Ag@Chlorambucil nanocomposite

Immobilization of chlorambucil on the surface of silver nanopar-
ticles was performed using cysteamine as a bridging molecule, as
shown in Scheme 1. This immobilization was achieved through the
following procedure: (i) 1 mg of chlorambucil was completely dis-
solved in 1 mL aqueous solution containing 2.4% NH4OH, (ii) 100 L
of aqueous solution containing EDC (c=50mmolL-') and NHS
(c=50 mmol L-1)was added; the mixture was vigorously stirred for

D cl
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N
EDC, NHS Y —
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Fe,0,@Ag overnight

Fe;0,@Ag@chlorambucil

Scheme 1. General scheme showing the preparation and follow-up functionaliza-
tion of the nanomaterial. Functionalization is performed using cysteamine as a
linking molecule.
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60 min at room temperature, (iii) 100 pL of cysteamine (final con-
centration: 100 mmol L) was added and the mixture was stirred
for an additional 20 min, (iv) 20 pL of the resulting product was
mixed with 20 pL of the dispersion of the previously prepared
nanocomposite and allowed to interact for 60 min at room tem-
perature. The as-prepared sample (Fe304@Ag nanocomposite) was
stirred for 3 min prior to use.

2.5. Apparatus

Raman spectra were acquired using a DXR Raman spectrome-
ter (Thermo Scientific, USA) equipped with a red excitation laser
operating at a wavelength of 633 nm. Stokes Raman spectra were
collected at wavenumbers of 400-1800cm~! with a spectral res-
olution of 1.0cm~!. The Raman spectrometer was operated with
the following experimental parameters: exposure time 32s and
laser power on sample 8 mW. An averaged Raman spectrum was
obtained from 32 micro scans. The acquired spectral data were eval-
uated using instrument control software (Omnic, version 8, Thermo
Scientific, USA) and maxima of the target spectral bands were sta-
tistically evaluated with LibreOffice (version 4.3.0, The Document
Foundation, Berlin, Germany). In addition, nucleic acids were quan-
tified using software package TQ-Analyst (Omnic version 8, Thermo
Scientific, USA). Spectral processing was performed in QTI plot
(version 0.9.9.1, Romania). Through this processing, the spectral
background was corrected using an algorithm based on a polyno-
mial fitting. Afterward, the spectra were normalized to the intensity
of the spectral band at 1350 cm~!, interpreted as a structural part
of chlorambucil. The measured spectra are presented in terms of
Raman scattered photon counts. A high-resolution transmission
electron microscope (HRTEM; FEI Titan) was used to obtain images
and perform a chemical mapping of the functionalized nanocom-
posites.

3. Results and discussion

The developed analytical procedure is based on the utilization
of an alkylating agent, selective toward guanine present in the
structure of nucleic acids. Chlorambucil is preferred particularly
due to its chemical structure, which facilitates its immobilization
on a surface of silver nanoparticles of the Fe304,@Ag nanocompos-
ite. The process of immobilization of chlorambucil on the surface
of this nanocomposite is monitored via time-resolved infrared
spectroscopy (IR) and follow-up measurements of {-potential (see
Fig. 1A for the acquired infrared spectra). Firstly, IR spectra of the
raw Fe304@Ag nanocomposite are acquired for further comparison
(trace label Fe304@Ag). The anchoring of cysteamine on the surface
of the silver nanoparticles is then evaluated. Spectral data (trace
label Fe;0,@Ag@Cysteamin) show that addition of the bridging
agent leads to a considerable increase in the abundance of spec-
tral bands associated with aliphatic and amino functional groups
occurring at wavenumbers of 1550 and 1150 cm™!, respectively.
The successful formation of the amino bond between the alkylat-
ing agent and cysteamine should lead to a detectable increase in
the abundance of C—Cl. This hypothesis is validated by a consecu-
tively measured infrared spectrum of the Fe;0,@Ag@Chlorambucil
nanocomposite, where increased intensities of analytical signals
corresponding to C—Cl bonds at 730cm™! is observed (trace label
Fe304@Ag@Chlorambucil). The successful immobilization of the
alkylation agent on the surface of the Fe;04,@Ag nanocomposite
is further supported by the results of {-potential measurements.
The data obtained from Fe30,@Ag and Fe304,@Ag@Chlorambucil
nanocomposites reveal a significant change (i.e., from —20mV to
—9mV). Subsequently, the as-prepared Fe30,@Ag@Chlorambucil
nanocomposite is characterized via electron microscopy, where

clusters of Fe;0,@Ag@Chlorambucil are revealed (see Fig. 1B and
C). Moreover, EDS analysis (Fig. 1B) reveals the presence of sil-
ver nanoparticles (shown in red, size: <40nm), and magnetite
nanoparticles (shown in blue, size: <5 nm). The synthesized nano-
material is subsequently utilized in the analysis of DNA and
RNA.

First, the developed analytical sensor is tested using a stan-
dard aqueous solution of DNA (c=100ngL-!). Interfering spectral
bands are absent from the Raman spectra of the raw nanomate-
rial and the as-prepared functionalized nanocomposites, namely
Fe304@Ag and Fe30,@Ag@Chlorambucil (see Fig. 2A). The band at
1350cm™!, originating from an aromatic structure of chlorambucil,
is used for normalization of the acquired spectral data, as described
in the Materials and methods section. Raman spectra obtained
from the analysis of a DNA-containing solution exhibit charac-
teristic spectral profiles. These include: dominant bands located
at 729cm~! and 1576 cm~! (ring stretching modes of Adenine),
773 cm~! (breathing ring of Thymine), 1010cm~! (amino group
vibration of Cytosine), 1440 cm~! (vibration of the Guanine ring),
1100 cm~! (asymmetric deformation of NH; in C), and a spectral
band at 1390cm~! (aromatic ring vibration of DNA/RNA), previ-
ously interpreted by Kneipp [23] or Moskovits [24] (see Table S1
for a more detailed interpretation of the acquired spectral data).
Second, the role of the functionalization is evaluated by analyzing
RNA in an actual sample of tumor tissue. RNA in the sample is first
identified using UV/Vis methodology, as previously described in the
Materials and methods section.

Subsequently, the repeatability of the obtained results is eval-
uated on a set of five independent measurements of actual
DNA-containing samples (c=100ngL-!); results are shown in Fig.
S2. The spectra are all similar, as indicated by the relative stan-
dard deviation (RSD: <5%) between the intensities of the five most
intense spectral bands. Furthermore, the long-term stability of the
nanocomposite is evaluated through a set of five consecutive mea-
surements performed over 21 days. The results are shown in Fig. S3.
Partial aggregation of the nanocomposite results in a decrease in the
total intensity of the acquired spectral data. Nonetheless, spectral
data acquired 21 days after the synthesis of the final nanomaterial
still yields a strong analytical signal, and the nanocomposite can
be further utilized for the analysis of nucleic acids. The intensity of
the strongest band (1390 cm~!, aromatic ring vibration), measured
after 21 days of material storage at room temperature, decreases
by 25%.

The ability of the developed analytical method to distinguish
between DNA and RNA is then verified. Standard samples contain-
ing both acids at the same concentration level (c=100ngL-1) are
prepared to minimize the influence of the concentration effect.
Acquired Raman data of DNA and RNA are shown in Fig. 2C, and
the spectrum of both nucleic acids in a mixture is shown in Fig. 2D.
Spectral data suggest that differentiation of the spectra associated
with RNA and DNA is possible. In general, spectral differences occur
mainly at wavenumbers ranging from 500 to 1000cm~!, where
deformation vibrations are attributable to particular bases. Two
spectral bands are consequently selected for further differentiation
of the nucleic acids. First, the RNA breathing mode (spectral band
located at 850 cm~1) is selected as a marker band for the analysis
of RNA. Subsequently, the deformation mode of Thymine (spectral
band located at 764 cm~1) is employed for the analysis of DNA.

The ability of the procedure to perform quantitative analysis
is subsequently assessed. First, Raman spectra for calibration
samples containing standards of both nucleic acids (concentra-
tions: 5-500ngL-!) are obtained; six calibration points with
five technical replicates are measured (see Fig. 3C and D for the
constructed calibration curves showing the results for DNA and
RNA, respectively). The sample spectral data used for the calcula-
tion of both calibrations are shown in Fig. 3A and B, where three
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Fig. 1. (A) Infrared spectra obtained at three steps of the synthesis of Fe30,@Ag@Chlorambucil nanocomposite. Trace 1: raw Fe;04@Ag nanocomposite, Trace 2: Fe;0,@Ag
nanocomposites functionalized by cysteamine, and Trace 3: Fe30,@Ag@Chlorambucil nanocomposite. The as-prepared nanocomposite has been successfully functionalized.
(B) Elemental analysis (color labels; blue: iron, red: silver) of Fe;04@Ag@Chlorambucil nanocomposite reveals the presence of silver and magnetic nanoparticles. (C) HRTEM
image of the as-prepared functionalized Fe;0,@Ag@Chlorambucil nanocomposite showing a magnetic nanoparticle. Fe304 nanoparticles and silver nanoparticles have sizes

of ~5 nm and <40 nm, respectively.

concentration levels are selected. The absolute intensity of the
spectral bands located at wavenumbers characteristic of DNA and
RNA molecules changes accordingly. The final parameters of the
calculated calibration curves are summarized in Table S2. Briefly,
the coefficient of determination is 0.995 for DNA and 0.982 for
RNA. The limits of detections for both targets (3.0ngL~! for DNA
and 3.8 ngL~! for RNA) are calculated from the slope and an integer
of the respective calibration curves. The detection limits for the
methods aimed at determining the total amount of DNA, based on
a combination of spectrophotometry and labeling dyes [4], are fre-
quently quoted in units of tens of ng L-1. Existing alternatives, such
as approaches based on quantum dots [25], small molecule-based
fluorescent chemosensors [17-19], or mass spectrometry [26],
have comparable limits of detection. However, approaches based
on quantum dots and mass spectrometry typically require complex
sample pre-treatment and application of protocols encompassing
a time-dependent isolation of the targeted nucleic acids. Fluo-
rescent imaging probes based on imidazole derivatives and other
novel small organic molecules constitute interesting alternatives.
However, research on their selectivity toward DNA and RNA, and
development of synthesis protocols are lacking. These factors indi-
cate that the developed approach represents a fully competitive
solution to the already established approaches. Attributes including
short analysis or method availability at a point of care render this
approach an attractive alternative to the conventional methods.
The potential of the developed approach for quantifying the total
amounts of nucleic acids is assessed using nine samples of tumor
tissues. Resulting data are compared with parallel results obtained
from a spectrophotometric analysis, consecutively performed on
the same set of samples. The obtained results are shown in Fig. 3E
and F, and the statistical data are summarized in Table S3. Briefly,
the concentration levels of nucleic acids are determined with a rel-
ative error of determination of <5%; relative differences between

experimental data from both techniques are lower than 15% (cor-
relation higher than 0.99). Furthermore, samples containing both
targets are analyzed to determine if the developed approach can
perform multiplexed analysis. In this case, three actual samples
containing defined concentrations of both nucleic acids, namely
RNA and DNA, are evaluated using the above-described procedures.
The corresponding relative errors of determinations are all lower
than 10%. Therefore, the obtained results indicate that the devel-
oped approach can perform multiplexed analysis. This may further
enable the determination of the total DNA content of samples con-
taminated with other nucleic acids including RNA.

4. Conclusions

Determination of the total content of nucleic acids in complex
samples represents an important step in procedures associated
with medical diagnosis or forensic science. For this purpose, a novel
approach based on magnetically assisted surface enhanced Raman
spectroscopy (MA-SERS) has been developed. The methodology
is based on the utilization of a Fe304,@Ag nanocomposite, where
the surface of Ag nanoparticles is further functionalized using an
alkylating agent, namely chlorambucil. The functionalization is
performed via cysteamine, which serves as a linking molecule. As-
prepared functionalized nanocomposite is subsequently applied as
a biosensor for multiplexed determination of the total contents of
DNA and RNA in actual samples of cancerous tissues. Calculated
limits of detection are in units of ng L~ and relative errors of deter-
mination, obtained from the analysis of actual samples, are lower
than 10%. Comparison of the obtained results with parallel data
acquired from spectral measurements reveals a relative difference
of <15%. The method provides results with very good repeatability.
The stability of the utilized Fe30,@Ag@Chlorambucil nanocompos-
ite is evaluated over 21 days with a 25% degreasing of the analytical
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Fig. 2. (A) Raman spectra obtained from the bare Fe;04@Ag nanocomposite, Fe;04@Ag@Chlorambucil nanocomposite (Fe3;04@Ag@Chlorambucil), and a standard sample of
DNA (c=100ngL-") associated with the Fe30,@Ag nanocomposite (Fe304,@Ag@DNA). (B) Raman spectra obtained from: the as-prepared Fe304@Ag nanocomposite (blank),
an actual sample of non-functionalized RNA (Fe30,@Ag@RNA), an actual sample of RNA functionalized by chlorambucil using the Fe;04,@Ag@Chlorambucil nanocomposite
(Fe304@Ag@Chlorambucil@RNA), and a standard RNA (c=100ngL-')-containing solution, analyzed using the Fe;0,@Ag nanocomposite (reference standard). (C) Raman
spectra obtained from the samples containing DNA and RNA at the same concentration level (100 ngL-!). Samples were analyzed using Fe304@Ag@Chlorambucil nanocom-
posite and MA-SERS. Spectra contain regions with a considerable degree of differentiation. These regions are located between 800 cm~! and 1200 cm~', where breathing
modes of DNA and RNA, as well as spectral bands of Thymine and Uracil, are found. (D) Raman spectra obtained from the analysis of DNA and RNA (c=100ngL~", ratio=1:1).
The sample is consecutively diluted to a RNA level of 100 ngL~'. The resulting Raman spectra (Fig. 2B) are compared with data previously acquired from standard samples of
RNA. This comparison shows that utilization of the alkylation agent has no effect on the gained analytical information, as indicated by the spectral trace denoted as “Refer-
ence standard”. The spectra obtained from the analysis of actual samples with a high content of interfering components using both functionalized and bare nanocomposites
(denoted as “Fe;04@Ag” and “Fe3;04@Ag@Chlorambucil”) are also compared. This comparison reveals the significant potential of the above-described functionalization.
Spectral data of RNA present in actual complex samples, acquired using Fe3;0,@Ag@Chlorambucil nanocomposite, are less dented than those of the bare nanocomposites
and lack the characteristic protein bands. Therefore, the functionalization leads to a considerable decrease in the impact of the presented interferences. This hypothesis is
further tested by analyzing samples containing bovine serum albumin (BSA) at five different concentration levels (10-10,000 ng mL~'). The corresponding results (see Fig.
S1) reveal the positive impact of the functionalization. Spectra obtained from the bare Fe;0,@Ag nanocomposite consist of spectral bands that are characteristic of proteins
(for example, the bands at 1300cm~! and 1550cm~! correspond to Amid I and II, respectively). These bands are absent from the spectra obtained using functionalized
Fe;04@Ag@Chlorambucil nanocomposite, indicating that the functionalization inactivates the free surface of the nanocomposite and increases the sensitivity toward nucleic
acids.

signal. The achieved limits of detection combined with minimal
time requirements and simplicity render the method an interest-
ing alternative to generally applied spectroscopy-based methods,
such as UV/Vis and fluorimetry.
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Fig. 3. Data obtained from the MA-SERS analysis of actual samples. Raman spectra obtained from analysis of (A) DNA and (B) RNA at concentrations of 5, 50, and 100 ngL-".
Calibration curves containing six calibration points obtained from the analysis of (C) DNA and (D) RNA. Quantitative results obtained from the analysis of actual samples
containing (E) DNA and (F) RNA using the methodology described here (experimental concentration) and standardized UV/Vis analysis (actual concentration).

References

[1] S. Stigliani, P. Anserini, P.L. Venturini, P. Scaruffi, Mitochondrial DNA content
in embryo culture medium is significantly associated with human embryo
fragmentation, Hum. Reprod. 28 (2013) 2652-2660.

[2] P.Podlesniy, J. Figueiro-Silva, A. Llado, A. Antonell, R. Sanchez-Valle, D.
Alcolea, A. Lleo, ].L. Molinuevo, N. Serra, R. Trullas, Low cerebrospinal fluid
concentration of mitochondrial DNA in preclinical Alzheimer disease, Ann.
Neurol. 74 (2013) 655-668.

[3] M. Tsuboi, I. Hisatome, T. Morisaki, M. Tanaka, Y. Tomikura, S. Takeda, M.
Shimoyama, A. Ohtahara, K. Ogino, O. Igawa, C. Shigemasa, S. Ohgi, E. Nanba,
Mitochondrial DNA deletion associated with the reduction of adenine

nucleotides in human atrium and atrial fibrillation, Eur. J. Clin. Invest. 31
(2001) 489-496.

[4] S.B. Lee, B. McCord, E. Buel, Advances in forensic DNA quantification: a review,
Electrophoresis 35 (2014) 3044-3052.

[5] E.P. Diamandis, Analytical methodology for immunoassays and DNA
hybridization assays - current status and selected systems - critical review,
Clin. Chim. Acta 194 (1990) 19-50.

[6] P.Koivisto, K. Peltonen, Analytical methods in DNA and protein adduct
analysis, Anal. Bioanal. Chem. 398 (2010) 2563-2572.

[7] H. Wang, X. Jiang, X. Wang, X. Wei, Y. Zhu, B. Sun, Y. Su, S. He, Y. He, Hairpin
DNA-assisted silicon/silver-based surface-enhanced Raman scattering
sensing platform for ultrahighly sensitive and specific discrimination of
deafness mutations in a real system, Anal. Chem. 86 (2014) 7368-7376.


http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0135
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0135
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0135
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0135
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0135
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0135
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0135
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0135
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0135
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0135
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0135
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0135
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0135
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0135
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0135
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0135
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0135
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0135
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0135
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0135
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0135
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0135
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0135
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0135
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0135
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0135
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0135
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0135
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0135
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0140
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0145
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0150
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0150
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0150
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0150
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0150
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0150
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0150
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0150
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0150
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0150
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0150
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0150
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0150
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0150
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0150
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0150
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0150
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0150
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0150
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0155
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0155
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0155
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0155
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0155
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0155
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0155
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0155
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0155
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0155
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0155
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0155
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0155
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0155
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0155
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0155
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0155
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0155
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0155
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0155
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0155
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0155
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0155
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0155
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0155
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0155
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0155
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0160
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0160
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0160
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0160
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0160
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0160
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0160
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0160
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0160
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0160
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0160
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0160
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0160
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0160
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0160
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0160
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0160
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0160
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0160
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0160
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0165

Z. Chaloupkovad et al. / Applied Materials Today 12 (2018) 85-91 91

[8] J. Zheng, A. Jiao, R. Yang, H. Li, J. Li, M. Shi, C. Ma, Y. Jiang, L. Deng, W. Tan,
Fabricating a reversible and regenerable Raman-active substrate with a
biomolecule-controlled DNA nanomachine, J. Am. Chem. Soc. 134 (2012)
19957-19960.

[9] H.-N. Wang, A.M. Fales, A.K. Zaas, CW. Woods, T. Burke, G.S. Ginsburg, T.
Vo-Dinh, Surface-enhanced Raman scattering molecular sentinel nanoprobes
for viral infection diagnostics, Anal. Chim. Acta 786 (2013)

153-158.

[10] Y. Pang, ]. Wang, R. Xiao, S. Wang, SERS molecular sentinel for the RNA genetic
marker of PB1-F2 protein in highly pathogenic avian influenza (HPAI) virus,
Biosens. Bioelectron. 61 (2014) 460-465.

[11] Z. Shi, K.G. Neoh, E.T. Kang, B. Shuter, S.-C. Wang, C. Poh, W. Wang,
(Carboxymethyl)chitosan-modified superparamagnetic iron oxide
nanoparticles for magnetic resonance imaging of stem cells, ACS Appl. Mater.
Interfaces 1 (2009) 328-335.

[12] S.-q. Huang, J. Hu, G. Zhu, C.-y. Zhang, Sensitive detection of point mutation
using exponential strand displacement amplification-based surface enhanced
Raman spectroscopy, Biosens. Bioelectron. 65 (2015) 191-197.

[13] L. Ou, Y. Chen, Y. Su, Y. Huang, R. Chen, ]. Lei, Application of silver
nanoparticle-based SERS spectroscopy for DNA analysis in radiated
nasopharyngeal carcinoma cells, J. Raman Spectrosc. 44 (2013) 680-685.

[14] ]. Morla-Folch, H.-n. Xie, P. Gisbert-Quilis, S. Gomez-de Pedro, N. Pazos-Perez,
R.A. Alvarez-Puebla, L. Guerrini, Ultrasensitive direct quantification of
nucleobase modifications in DNA by surface-enhanced Raman scattering: the
case of cytosine, Angew. Chem., Int. Ed. 54 (2015) 13650-13654.

[15] Y. Pang, C. Wang, ]. Wang, Z. Sun, R. Xiao, S. Wang, Fe;04@Ag magnetic
nanoparticles for microRNA capture and duplex-specific nuclease signal
amplification based SERS detection in cancer cells, Biosens. Bioelectron. 79
(2016) 574-580.

[16] P.C. Pinheiro, S. Fateixa, H.L.S. Nogueira, T. Trindade, SERS studies of DNA
nucleobases using new silver poly(methyl methacrylate) nanocomposites as
analytical platforms, J. Raman Spectrosc. 46 (2015) 47-53.

[17] B. Shirinfar, N. Ahmed, Y.S. Park, G.S. Cho, Y.S. Youn, ].K. Han, H.G. Nam, K.S.
Kim, Selective fluorescent detection of RNA in living cells by using
imidazolium-based cyclophane, J. Am. Chem. Soc. 135 (2013) 90-93.

[18] M. Yousuf, Y.S. Youn, J. Yun, L. Rasheed, R. Valero, G. Shi, K.S. Kim, Violation of
DNA neighbor exclusion principle in RNA recognition, Chem. Sci. 7 (2016)
3581-3588.

[19] N. Ahmed, B. Shirinfar, V.M. Miriyala, S.-K. Choi, K.-M. Lee, W.B. Jeon, Y.S. Park,
H.G. Nam, A new selective ‘turn-on’ small fluorescent cationic probe for
recognition of RNA in cells, Supramol. Chem. 27 (2015) 478-483.

[20] T. Donnelly, W.E. Smith, K. Faulds, D. Graham, Silver and magnetic
nanoparticles for sensitive DNA detection by SERS, Chem. Commun. 50 (2014)
12907-12910.

[21] V. Ranc, Z. Markova, M. Hajduch, R. Prucek, L. Kvitek, J. Kaslik, K. Safarova, R.
Zboril, Magnetically assisted surface-enhanced Raman scattering selective
determination of dopamine in an artificial cerebrospinal fluid and a mouse
striatum using Fe;04/Ag nanocomposite, Anal. Chem. 86 (2014) 2939-2946.

[22] Z. Markova, K. Siskova, J. Filip, K. Safafova, R. Prucek, A. Panacek, M. Kolaf, R.
Zboril, Chitosan-based synthesis of magnetically-driven nanocomposites with
biogenic magnetite core, controlled silver size, and high antimicrobial
activity, Green Chem. 14 (2012) 2550-2558.

[23] K. Kneipp, ]J. Flemming, Surface enhanced Raman scattering (SERS) of nucleic
acids adsorbed on colloidal silver particles, J. Mol. Struct. 145 (1986) 173-179.

[24] ].S. Suh, M. Moskovits, Surface-enhanced Raman spectroscopy of amino acids
and nucleotide bases adsorbed on silver, ]. Am. Chem. Soc. 108 (1986)
4711-4718.

[25] Y.K. Tak, W.Y. Kim, M.]. Kim, E. Han, M.S. Han, J.J. Kim, W. Kim, ].E. Lee, J.M.
Song, Highly sensitive polymerase chain reaction-free quantum dot-based
quantification of forensic genomic DNA, Anal. Chim. Acta 721 (2012) 85-91.

[26] S.-I. Fujii, K. Inagaki, S.-i. Miyashita, K. Nagasawa, K. Chiba, A. Takatsu, A
coupling system of capillary gel electrophoresis with inductively coupled
plasma-mass spectrometry for the determination of double stranded DNA
fragments, Metallomics 5 (2013) 424-428.


http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0170
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0175
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0180
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0185
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0190
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0190
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0190
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0190
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0190
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0190
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0190
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0190
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0190
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0190
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0190
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0190
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0190
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0190
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0190
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0190
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0190
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0190
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0190
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0190
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0190
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0190
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0190
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0190
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0190
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0190
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0190
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0190
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0190
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0195
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0200
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0205
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0210
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0215
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0220
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0225
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0230
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0230
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0230
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0230
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0230
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0230
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0230
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0230
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0230
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0230
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0230
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0230
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0230
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0230
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0230
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0230
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0230
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0230
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0230
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0230
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0230
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0230
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0230
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0230
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0230
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0235
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0240
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0245
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0245
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0245
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0245
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0245
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0245
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0245
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0245
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0245
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0245
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0245
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0245
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0245
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0245
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0245
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0245
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0245
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0245
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0245
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0245
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0245
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0245
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0245
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0245
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0245
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0250
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0250
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0250
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0250
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0250
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0250
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0250
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0250
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0250
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0250
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0250
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0250
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0250
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0250
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0250
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0250
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0250
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0250
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0250
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0250
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0250
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0250
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0250
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0250
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0250
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0255
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260
http://refhub.elsevier.com/S2352-9407(17)30431-6/sbref0260

Supporting Information

Label-free determination and multiplex analysis of DNA and RNA
in tumor tissues

Zuzana Chaloupkova 2, Anna Balzerova °, Zdenka Mediikova ?, Josef Srovnal °, Marian
Hajdach °, Klara Cépe ?, Vaclav Ranc **, Radek Zbofil #*

? Regional Centre of Advanced Technologies and Materials, Department of Physical
Chemistry, Faculty of Science, Palacky University Olomouc, 17. listopadu 12, 771 46
Olomouc, Czech Republic

b Institute of Molecular and Translational Medicine, Faculty of Medicine and Dentistry,
Palacky University Olomouc, Hnévotinska 5, 779 00 Olomouc, Czech Republic

Table S1. Interpretation of spectral data
Interpretation of spectral bands of presented in Raman spectra of DNA and RNA samples.

Spectral band Interpretation
(cm™)

505 S-S disulfide stretching in proteins

1



602 Phosphate band

725 Trp or A (symmetric breathing of bases)
729 Adenine

773 Thymine

850 RNA ring breathing mode

1140 C-O-C stretch

1336 Adenine

1390 Aromatic ring vibration of DNA/RNA
1440 Guanine

1576 Adenine

1610 Tyr aromatic ring vibration

1640 Carbonyl stretching mode

Table S2. Results obtained from a linear regression performed on calibration data
Parameters A and B represent coefficients of the equation of calculated calibration line. LOD
stands for a limit of detection calculated from parameters of the calibration line.

y = Ax+B LOD
Target A B R’ ng L™
DNA 20.9 -12.4 0.98 3.0
RNA 15.5 -7.59 0.95 3.8

Table S3. Results obtained by quantitative analysis of samples containing DNA and RNA
Results obtained by the analysis of real samples. Real samples were analyzed using here
developed MA-SERS based approach, and using spectrophotometry for a comparison. It can
be seen that the procedure can determine the content of nucleic acids with relative errors
(RSD) lower than 15% for both, mixed samples and real samples.



PCR MA-SERS

0,
Sample (ng LY (ng LY RSD (%)
DNA 1 224 227 1.3
DNA 2 224 226 1.0
DNA 3 224 235 4.5
DNA 4 224 257 12.8
DNA 5 224 202 10.9
DNA 6 224 238 5.9
RNA 1 582 606 4.0
RNA 2 582 575 1.3
RNA 3 582 593 1.8
Ratio DNA RNA
DNA/RNA Real Experimental RSD (%) Real Experimental RSD (%)
Sample 1 50 45 10.0 500 487 2.6
Sample 2 200 185 7.5 200 185 7.5
Sample 3 500 487 2.6 50 48 4.0
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» =
v}
e >
-1 et
1,000 ng.L 2 g M\v
| =
.; 3 —
o c
100 ng.L* = —
c =
[T ©
e £
o @©
: m-w/\'\

|

1,000 1,000
Raman shift (cm™') Raman shift (cm)



Fig. S1. Evaluation of the selectivity of the sensor

Raman spectra were obtained at five different concentrations of bovine serum albumin (BSA).
Spectra at part A were obtained using functionalized Fe30,@Ag@Chlorambucil
nanocomposite. Spectra at part B were obtained without functionalization with a bare
Fe;0,@Ag nanocomposite.

—— Sample replicate 1
—— Sample replicate 2
Sample replicate 3
—— Sample replicate 4
Sample replicate 5

Raman intensity

]
800 1,000 1,200

Raman shift (cm™)

Fig. S2. Stability of DNA samples

Raman spectra of five consecutive samples of DNA (c = 100 ng L™). Spectra were measured
using Fes0,@Ag@Chlorambucil nanocomposite and MA-SERS in one batch. It is shown that
there is no considerable difference between obtained spectral data.
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Fig. S3. Repeatability of measurements

Raman spectra of five consecutive samples of DNA (c = 100 ng L ™). Samples were measured
using Fes0,@Ag@Chlorambucil at the defined time intervals: 1, 5, 10, 14, and 21 days. It is
shown that all spectra are fully comparable, albeit longer storage times lead to a moderate
decrease of the total intensity. The calculated decrease of total intensity between day 1 and
day 10 is lower than 5%.
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HIGHLIGHTS

o A new method for a determination of
prostate specific membrane antigen
is proposed.

e The method utilizes magnetic; sur-
face functionalized Fe304@Ag
nanocomposite.

e A determination is based on
magnetically assisted surface
enhanced Raman spectroscopy.

e Method application potential is
demonstrated by analysis of human
whole blood.
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ABSTRACT

Prostate cancer is one of the most common cancers among men and can in its later stages cause serious
medical problems. Due to the limited suitability of current diagnostic biochemical markers, new bio-
markers for the detection of prostate cancer are highly sought after. An ideal biomarker should serve as a
reliable prognostic marker, be applicable for early diagnosis, and be applicable for monitoring of ther-
apeutic response. One potential candidate is glutamate carboxypeptidase I (GCPII), also known as
prostate specific membrane antigen (PSMA), which has a promising role for direct imaging. GCPII is
considerably over-expressed on cancerous prostatic epithelial cells; its analysis typically follows radio-
logical or spectrophotometric principles. Its role as a biomarker present in blood has been recently
investigated and potential correlation between a concentration of GCPII and prostate cancer has been
proposed. The wider inclusion of GCPII detection in clinical praxis limits mainly the time and cost per
analysis. Here, we present a novel analytical nanosensor applicable to quantification of GCPII in human
whole blood consisted of Fe3;04@Ag magnetic nanocomposite surface-functionalized by an artificial
antibody (low-molecular-weight GCPII synthetic inhibitor). The nanocomposite allows a simple magnetic
isolation of GCPII using external magnetic force and its consecutive determination by magnetically
assisted surface enhanced Raman spectroscopy (MA-SERS) with a limit of detection 6 pmol. L. This
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method enables a rapid determination of picomolar concentrations of GCPII in whole human blood of
healthy individuals using a standard addition method without a complicated sample pre-treatment.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Prostate cancer is among the most frequently diagnosed forms
of cancer, and currently accounts for 12% of all cancer cases
worldwide. The incidence rate in the global population has
increased 155% since 1970, and nearly 500,000 new cases were
diagnosed in 2012 [1,2]. The most common screening tests for early
diagnosis of prostate cancer are based on determination of the
blood level of prostate specific antigen (PSA) or a digital rectal exam
(DRE) [3]. Elevated PSA levels indicate higher probability of pros-
tate cancer; however, PSA elevations also can be caused by other
health complications, including benign prostatic hyperplasia and
nonspecific inflammation [4,5]. If PSA or DRE suggests prostate
cancer, transrectal biopsy is typically used to confirm the diagnosis.
Diagnostic information describing a tumor behavior can be alter-
natively obtained from a patient's genomic data, however, utiliza-
tion of his procedure is still limited due a still required biopsy [6].
Therefore, new biomarkers and more reliable techniques for a
prostate cancer diagnosis are being actively investigated. Prostate
specific membrane antigen [PSMA, also known as folate hydrolase |
and glutamate carboxypeptidase II (GCPII)], is one potential
candidate. GCPII is a type Il transmembrane zinc-metalloenzyme
with glutamate carboxypeptidase activity [7]. It catalyzes the hy-
drolysis of N-acetylaspartylglutamate (NAAG) to glutamate and N-
acetylaspartate (NAA) and is considerably over-expressed on
prostate cancer cells [7,8]. Some studies have also indicated a cor-
relation of GCPII expression with tumor stage and grade [9]. Re-
ports also indicate its potential applicability in all stages of
diagnostics and monitoring of disease treatment [10]. Clinical trials
utilizing labeled antibody against GCPII for prostate cancer detec-
tion have shown promising results [11]; however, their usability is
considerably limited by a long biological half-life [ 12]. Strategies to
overcome this limitation include use of antibodies labeled with
long-lived PET radionuclides, including 8°Zr and ®4Cu, and utiliza-
tion of antiGCPII mini-bodies [13]. An alternative approach is uti-
lization of small-molecule inhibitors that mimic the endogenous
substrate NAAG. Development of inhibitors for visualization of
GCPII led to introduction of various radiolabels, including %8Ga, 123],
18F and 'In, of which %8Ga seems to offer the best results [14—20].
However, radiolabeled molecules were not very effective at
detecting small metastatic deposits, leading researchers to design
inhibitors with fluorescent labels. Inhibitors labeled with fluores-
cein dyes have been applied intraoperatively to identify brain tu-
mors using photo-diagnosis (PDD) [21,22]. This approach was
further improved using quantum dots [23] and advanced fluores-
cent labels, including indocyanine green (ICG) [24]. Detection of
GCP-II as a potential biomarker in blood serum has been investi-
gated e.g. by Rochon et al., where higher levels in prostate cancer
patients were demonstrated, compared to healthy patients [25].
Similar results were obtained by Murphy et.al, where GPC-II shown
a better prognostic value than PSA [26]. GCP-II levels in blood has
been further evaluated by Beckett et al. [27], and Knedlik et al. [28],
where a further potential has been proposed. Methods based on
molecular spectroscopy are an interesting alternative to these more
common label-based approaches. Surface-enhanced Raman spec-
troscopy (SERS) is considered a promising technique for analysis of
molecular targets at ultra-low concentration levels. Since its

introduction in 1979 by Fleischmann, the technique has undergone
dramatic developments [29]. Development of novel substrates
allowed detection of record-low concentrations of various targets,
and introduction of magnetic nanocomposites allowed isolation of
the chemical target before follow-up spectral analysis [30—33].
Here, we demonstrate the utilization of low-molecular-weight
GCPII inhibitors in magnetically assisted (MA)-SERS. The suit-
ability of this type of low-molecular-weight inhibitor in the analysis
of GCPII has been demonstrated in previous analyses of human
blood [28] using a radio-immunoanalytical approach (RIA) and of
brain tissue [34], as well as in GCPII detection using DNA-linked
inhibitor [35]. Sacha et al. described a more complex strategy
employing synthetic polymer conjugates [36]. The MA-SERS
approach described here utilizes Fe304@Ag magnetic nano-
composite functionalized with a low-molecular-weight inhibitor of
GCPIL This novel approach enables magnetic isolation of GCPII and
its follow up SERS detection in whole human blood in a very short
time, with a limit of detections orders of magnitude lower than
commonly used techniques.

2. Experimental section
2.1. Reagents and chemicals

Silver nitrate (p.a.), D-(+)-maltose monohydrate (p.a.),
ammonia (25%) (p.a.), carboxymethyl cellulose sodium salt (low
viscosity), iron(Il) sulfate heptahydrate (>=99%), ammonium hy-
droxide solution, (28.0—30.0%), and N-(3-dimethylaminopropyl)-N’
ethylcarbodiimide hydrochloride (>=99.0%) were purchased from
Sigma Aldrich (San Chose, U.S.A.) and used without further purifi-
cation. Sodium hydroxide (p.a.) was purchased from Lach-Ner
(Neratovice, Czech Republic).

2.2. Synthesis of low-molecular-weight GCPII inhibitor

All chemicals were purchased from Sigma-Aldrich unless stated
otherwise. The final compound was purified using a preparative
scale Jasco PU-986 HPLC (flow rate 10 mL/s), equipped with a YMC
C18 Prep Column, 5 pm, 250 x 20 mm. Purity was tested on an
analytical Jasco PU-1580 HPLC (flow rate 1 mL/s), equipped with a
Watrex C18 Analytical Column, 5 um, 250 x 5 mm. The final
compound was of at least 99% purity. The structure was confirmed
by HRMS at LTQ Orbitrap XL (Thermo Fisher Scientific).

Compound 1 was prepared as previously described [37]. Com-
pound 2 was synthesized as shown in Scheme 1.

Compound 2: 1-amino-39,47-dioxo-3,6,9,12,15,18,21,24,27,
30,33,36-dodecaoxa-40,46,48-triazahenpentacontane-45,49,51-
tricarboxylic acid. 511 mg (0.68 mmol, 1.1 eq) Z-PEG1,-COOH (IRIS
Biotech) was dissolved in 1.5 mL DMF, and 297 mg (0.775 mmol,
1.25 eq) TBTU along with 150 pL DIEA (0.87 mmol, 1.4 eq) were
added. The reaction mixture was left stirring for 30 min, and
307 mg (0.62 mmol, 1.0 eq) compound 1 along with 118 pL DIEA
(0.68 mmol, 1.1 eq) dissolved in 1.5 mL of DMF, were added into the
reaction mixture in one portion. The reaction was left overnight,
and the mixture was rotary evaporated to dryness. The crude
product was dissolved in MeOH, and the Cbz protective group was
removed by hydrogenation (1.1 atm) with Pd(OH); as catalyst (the
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Scheme 1. Synthesis of Anti-GCPII (labeled as compound 2)
a) Z-PEG12-COOH, TBTU, DIEA, DMF; b) 1) Hy, Pd(OH),, MeOH; 2) TFA.

course of the reaction was monitored with TLC; it completed in 3 h).
The product was filtered and solvent removed on a rotary evapo-
rator. To one-third of this product, 1 mL TFA was added and the
reaction mixture was alternately sonicated and stirred for 15 min.
TFA was removed by flow of nitrogen, and the product was purified
using preparative scale HPLC (gradient 2—30% ACN in 60 min,
'R = 381 min). 113 mg of product was obtained (isolated
yield = 60%). Analytical HPLC (gradient 2—100% ACN in 30 min,
‘R = 14.8 min). HRMS (ESI-): calculated for C3gH74 N4Ozo [M]
917.48,236. Found 917.48,138. A stock solution of compound 2 was
prepared by dissolving 40 pg of the inhibitor in 1 mL deionized
water.

2.3. Preparation of a standard solution of GCPII

GCPII protein was prepared as previously described [38]. Briefly,
the extracellular portion of GCPII (amino acids 44—750 with an
AviTag at the N-terminus) was produced in insect S2 cells; purified
on Streptavidin mutein matrix; dialyzed against 20 mM MOPS,
20 mM NaCl, pH 7.4; aliquoted; and stored at —80 °C. The purity
was estimated to be >95% using sodium dodecyl sulfate - poly-
acrylamide gel electrophoresis (SDS-PAGE). The concentration of
purified protein was 0.24 mg/mlL, as determined by amino acid
analysis after hydrolysis.

A solution containing 10 ng/mL of the isolated protein was
prepared by diluting the stock solution with phosphate buffer
(pH = 7.2). The sample was divided into 10 aliquots, which were
kept at —20 °C. Aliquots were diluted to the concentration levels
described in the Results section immediately before use.

2.4. Preparation of samples of whole human blood

Five healthy volunteers in ranging in age from 50 to 71 years (5
males, O females) agreed to participate in this study. Blood speci-
mens were collected to 2 mL Eppendorf tubes with citrate as
anticoagulating agent. Samples were kept at —80 °C and analyzed
within 24 h. Blood samples were prepared by dilution 200 uL whole
blood with 800 pL water (total volume of blood samples was 1 mL).
No additional sample pre-treatment was performed. This step is
necessary to reduce a total sample density and viscosity to further
increase efficiency of consecutive magnetic isolation of GCPII from
the sample.

2.5. Preparation of silver nanoparticles

Silver nanoparticles were prepared by a reduction of silver
ammonia complex cation [Ag(NHs3),]" with p-maltose according to
protocol previously described by Panacek et al. [39]. Briefly, silver
nitrate and the maltose were dissolved in distilled water to initial
concentrations of 1 mmol and 10 mmol, respectively. The concen-
tration of ammonia was 5 mmol. 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, initiating the reduction
process. The reaction was considered complete after four minutes,
yielding a nearly monodispersed suspension of maltose-reduced
silver nanoparticles with an average particle size of about 28 nm.

2.6. Synthesis of Fe304@Anti-GCPII@Ag nanocomposite

First, magnetite nanoparticles stabilized using carboxymethyl
cellulose (cmcFe304) were prepared according to the protocol
described by Bakandritsos et al. [40]. Briefly, CMC and FeSO4-7H,0
form a complex in aqueous solution. When NH4OH (28%) is added
to the mixture and the suspension is heated to 50 °C, a magnetic
colloid form. The sample was centrifuged, and the supernatant
containing residual chemicals from the reaction was removed and
replaced with water, and the sample was sonicated. Subsequent
functionalization of the nanomaterial is schematically described in
Fig. 1. A 75-pL aliquot of carboxymethyl cmcFe304 (containing
250 pg of nanomaterial) was activated by 5 pL of EDC (activation of
carboxyl groups). After 15 min, 10 pg of compound 2 was added,
and the total volume was adjusted to 250 uL. Immobilization of the
inhibitor was performed overnight. The cMNPs loaded with com-
pound 2 was washed using centrifugation (20,000 rpm) to remove
free inhibitor. Finally, 10 uL of silver nanoparticles was added to the
mixture to add silver onto the surface of Fe304@Anti-GCPII nano-
particles, and nanoparticles were stirred 10—15 min at room
temperature.

2.7. Preparation of samples containing GCPII

Analysis of GCPII using Fe304@Anti-GCPII@Ag nanoparticles was
performed according to the following protocol: first, 10 pL of
Fe304@Anti-GCPII@Ag nanocomposite was mixed with 10 pL of a
standard solution of GCPII (c = 10 ng/mL), and the mixture was left
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Fig. 1. General scheme describing the preparation and follow up functionalization of the nanomaterial.

for 30 min at room temperature. The dispersion was carefully
mixed prior to use. Product was magnetically separated, washed
three times with deionized water, and analyzed using our MA-SERS
approach. The droplet containing sample and sensor was deposited
on a glass platform, sensor was magnetically shifted closer to the
droplet edge and measured immediately. Spectra were collected on
nine representative spots and averaged.

2.8. Apparatus

The ¢ potentials of the starting material and final products were
measured using a Zetasizer NanoZS (Malvern, UK). Raman spectra
were measured on a DXR Raman spectroscope (Thermo Scientific,
U.S.A) equipped with a red excitation laser operating at 633 nm.
Stokes Raman spectra were collected in the 400-1800 cm ™' range
with a spectral resolution of 1.0 cm ™. The Raman spectrometer was
operated with the following experimental parameters: exposure
time 32 s, laser power on sample 8 mW, 32 microscans were
averaged to obtain one experimental point. Spectral background
was corrected using subtraction of polynomic functions (n = 3) to
remove interference caused by fluorescence. The measured spectra
are presented in terms of their Raman scattered photon count.
Elemental mapping was conducted using a high-resolution trans-
mission electron microscope (HR-TEM TITAN 60—300 kV) oper-
ating at 80 kV. Protein quantification was performed using the TQ-
Analyst software package (Omnic version 8, Thermo Scientific,
USA).

2.9. Analysis of samples

Our analytical method utilizes Fe304@Ag magnetic nano-
composite functionalized with a low-molecular-weight GCPII in-
hibitor (compound 2). The final (Fe304@Anti-GCPII@Ag)
nanocomposite serves as a biosensor with dual modality: magnetic
separation of GCPII from a complex biological sample and follow-up
detection using surface-enhanced Raman spectroscopy. Prepared
samples containing Fe304@Anti-GCPII@Ag@GCPIl were magneti-
cally isolated and diluted with deionized water (V = 0.02 mL). The
resulting drop was deposited on a glass substrate and analyzed by
Raman spectroscopy at 9 representative spots. Resulting spectral
data were averaged and utilized in the follow-up steps.

2.10. Analysis of real samples

Real blood samples were analyzed analogically to a protocol
described in the Experimental section, paragraph 2.9, and con-
centration of GCPII was determined using a following procedure.
First, approximate concentration of the GCPII in the sample was

calculated from an external calibration constructed using standard
solutions in a concertation range 5—-200 ng mL~. Second, con-
centration of GCPII was determined using a standard addition
method based on three consecutive additions of the standard so-
lution of GCP II. Concentrations of the standard GCPII additions
were based on an approximate concentration of GCPII from the first
step, where concentrations of additions 1—3 were set to be 30—50%
increments. Standard addition method was utilized to improve
method accuracy and minimize possible matrix effects. Spectral
band localized at 1335 cm~' was employed in both steps for a
quantification purposes.

3. Results and discussion
3.1. Characterization of the GCPII nanosensor

The GCPII nanosensor, prepared as described in the Experi-
mental section, was characterized by transmission electron mi-
croscopy, Raman and infrared spectroscopy, and ¢-potential
measurements. High-resolution TEM results are displayed in
Fig. 2A—B. Silver nanoparticles with an average diameter of 30 nm
are enclosed by considerably smaller magnetic nanoparticles with
sizes around 10 nm, organized into dense superclusters. This
observation is further supported by high-angle angular dark field
image (HAADF, Fig. 2C) and energy dispersed spectroscopy (EDS,
Fig. 2D—E). The {-potential of the final biosensor was —46 mV,
indicating that the system is stable [41].

Acquired infrared spectral data are shown in Fig. 3A and B. The
recorded FT-IR spectra of free carboxymethyl-cellulose (CMC) and
functionalized cmcFe304 demonstrate successful immobilization of
CMC on the surface of the magnetic nanoparticles (Fig. 3A). Spectra
were interpreted in accordance with approaches defined by Barth
[42]. Both spectra contain characteristic bands of pure CMC at
3400—3000 (O—H stretch), 2917 (C—H stretch), 1594 (-COO
asymmetric stretch), 1417 (-COO™ symmetric stretch), 1338
(bridge—O—stretch), 1058 (C—O stretch), and 910 cm™! (pyranose
ring). Moreover, the characteristic band for magnetite at 590 cm™!
was found in cmcFe304 data. Anchoring of the Anti-GCPII is docu-
mented in the spectral data shown in Fig. 3B. The obtained FT-IR
spectra of free Anti-GCPII and Fe304@Anti-GCPII contain spectral
bands at 1626—1629 (Lys, NHf asymmetric stretch), 1404 (Glu,
COO~ vib. stretch), 1650 (amide I C=0 stretch) and 1400 cm™!
(amide III C-N stretch).

3.2. Analysis of GCPII in model samples

To evaluate use of the synthesized nanomaterial in the analysis
of GCPII, we first tested the analytical probe functionalized with
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40 nm

Fig. 2. High-resolution TEM images of colloidal Fe;0,@Ag stabilized by CMC. A: general overview of the sample, B: detailed view of a silver nanoparticle, C: HAADF image of the

sample, D—F: EDS characterization focused on the presence of Ag and Fe elements.

Anti-GCPII using a standard solution of purified recombinant GCPII
(c = 10 ng/mL). The resulting data are shown in Fig. 4. Raman
spectra obtained from the analysis of the model sample of GCPII
(label: Standard of GCPII) contain, compared to a blank sample
(label: Blank sample) spectral bands characteristic of proteins.
Distinctive vibrations of proteins include dominant spectral bands
located at, 678 cm ™!, 728 cm™ !, 955 cm™ !, 1235 cm ™! (amide 11I),
1335 cm~! (C-H deformation bands of proteins), 1450 cm™!,
1577 cm™ !, 1670 (Amide 1) cm~!, and 1790 cm™.

We next measured calibration spectra for GCPII in the con-
centration range from 5 to 200 ng/mL, where seven calibration
points with five technical replicates were evaluated. Spectral data
of all seven calibration standards are shown in Fig. 5A and final
calibration curve in Fig. 5B. These data illustrate that the Raman
intensity of spectral bands of proteins and amino acids, charac-
teristic for GCPII, change as the concentration varies. We desig-
nated the amide vibration of amide located at 1335 cm™! as a
quantification marker due to its higher absolute intensity and
lower amount of interference compared to other intense spectral
bands (Fig. 4). The normalized intensity of the band was used
for construction of a calibration curve. The coefficient of deter-
mination (R [2]) of the linear regression was 0.985, and the limit
of detection (LOD) was 0.48 ng/mL (calculated from the S/N
ratio).

Next, the repeatability of the analytical procedure was evaluated
on a set of five independent measurements (Fig. S1). All spectra are
fully comparable; the statistical difference between the 3 most
intensive bands in experimental data is lower than 7%. Further-
more, stability of the nanomaterial was evaluated using a set of
periodic measurements performed over a 21-day interval. The re-
sults are shown in Fig. S2. A moderate decline in the total intensity
of acquired spectral data due to a partial aggregation of the nano-
material can be observed. Nevertheless, spectral data acquired 21
days after the synthesis of the nanomaterial contain a strong
analytical signal of the measured chemical target.

3.3. Analysis of GCPII in samples of human whole blood

We next evaluated our functionalized nanocomposite for anal-
ysis of human whole blood samples containing various concen-
trations of GCPII. First, Raman spectrum obtained from the analysis
of real sample and standard solution of GCPII (¢ = 10 ng mL™') are
shown in Fig. 6. In-detail spectral analysis uncovered new bands
located at 1415 cm™!, and 1450 cm™!, present in the spectrum of the
real sample, indicating minor nonspecific interactions. Peak area of
the newly formed spectral bands is lower than 5% of total peak area
and does not interfere with a spectral band at 1335 cm~! which
minimizes its influence on a quantification of GCPII. Furthermore,
total concertation of GCPII in real samples was performed using
standard addition method to minimize effects of nonspecific in-
teractions between matrix constituents and analytical sensor. Total
five real samples of healthy adult individuals were evaluated.
Spectral data of real samples and standard additions, accompanied
by calibration data and calculated coefficients of determination are
summarized in the Figure S-3. The GCPII concentrations in these
samples was found to be in the range from 1 to 7.3 ng/mL, which is
in a good correlation to previously reported values for a healthy
population [28]. The relative errors of determination (RSD) were
less than 10%. All values obtained, including calculated RSD and
confidence intervals are further summarized in Tables S—1 with
respective statistical values.

4. Conclusions

Tools to analyze the total amount of GCPII in biological samples
present the potential opportunity for development of prostate
cancer diagnostics. Working toward this goal, we developed a novel
approach based on utilization of a low-molecular-weight GCPII
ligand in MA-SERS analysis. The functionalization of raw Fe30,@Ag
nanocomposite was based on the anchoring of a GCPII inhibitor on
its free surface. The resulting Fe;04@Anti-GCPII@Ag functionalized
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GCPII. Black trace, FT-IR of raw Anti-GCPII; red trace, FT-IR of cmcFe;04 functional-
ized by Anti-GCPII forming Fe;04@Anti-GCPIL. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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composite (label: Standard of GCPII). An interpretation of spectral data is given in
Table S1. Data of Standard sample are shifted for 250 counts to make the figure
readable. Spectral bands are labeled in a following order: 1: 678 cm™'; 2: 728 cm™'; 3:
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Fig. 6. Raman spectra obtained by analysis of a whole blood sample containing GCPII
with nanocomposite functionalized by compound 2 (Whole blood) and reference
spectrum of a standard solution of GCPII (c = 10 ng ml~'), analyzed using Fe;0,@Anti-
GCPII@Ag nanocomposite (Reference standard). Blank Raman spectrum represents an
analysis of human blood using raw nanomaterial (Fes0,@Ag). Spectral bands are
labeled in a following order: Spectral bands are labeled in a following order: 1:
678 cm™'; 2: 728 em™'; 3: 955 cm~! 4: 1335 cm-1; 5: 1371 cm™ .

nanocomposite was subsequently evaluated as a potential nano-
sensor for determination of the total amount of GCPII in whole
human blood samples. The calculated limits of quantification are in
the ng/mL range, and relative errors of determination, obtained
from the analysis of blood samples, are lower than 7%. Furthermore,
the method provides results with very good repeatability. The
Fe304@Anti-GCPII@Ag nanocomposite remained stable for 21 days.
The sensitivity of detection and simplicity of this method suggest
its promise as a potential alternative to generally applied analytical
procedures.
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Table S-1. Results obtained by quantitative analysis of samples containing GCPII. Results obtained
by the analysis of selected real samples. Samples were analyzed using here developed MA-SERS
based approach. The procedure is able to determine content of GCPII with relative errors (RSD)
lower than 10%. Confidence intervals (95%) were calculated for each sample from the respective
calibration curves (shown in Figure S-3).

Sample Experimental value Confidence intervals RSD (%)
(ng'-mL™) (95%0)
Lower Upper
1 1.02 0.74 1.35 5.2
2 3.71 3.53 4.01 7.0
3 6.14 5.78 6.26 55
4 7.27 7.00 7.54 4.5
5 5.93 5.67 6.12 6.3
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Figure S-1. Raman spectra of five consecutive samples of GCPII (c = 10 ng'-mL™). Spectra were
measured using FesO,@ANntiGCPII@AgQ nanocomposite and MA-SERS in one batch. It is shown

S-2



that there is no considerable difference between obtained spectral data. Positions of spectral bands
are: 1: 678 cm™; 2: 728 cm™; 4: 1335 cm™.
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Figure S-2. Stability of measurements. Raman spectra of five consecutive samples of GCPII
(c =10 ng'mL™). Samples were measured using Fes0,@AntiGCPII@Ag nanocomposite and MA-
SERS at the defined interval: 1, 5, 10, 14, and 21 days. It is shown that all spectra are fully
comparable. Positions of spectral bands are: 1: 678 cm™; 2: 728 cm™; 4: 1335 cm™.
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Figure S-3. Raman spectra obtained by the analysis of GCPII in human whole blood samples 1-5.
Spectra were measured using method of standard additions and MA-SERS in one batch. Data of
these measurement are shown in figure 1a, 2a, 3a, 4a and 5a and responding calibration curve in
figure S-3 1b, 2b, 3b, 4b and 5b. The coefficient of determination (R?) of the linear regression was
0.983 for 1b, 0.970 for 2b, 0.972 for 3b, 0.963 for 4b and 0.988 for 5b.
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UvoD

Eru nanotechnologii odstartoval Richard Feynman v roce 1959 svoji pfednaskou nazvanou
»There's Plenty of Room at the Bottom”, ve které predpovédél, ze v budoucnu bude moziné
cilené manipulovat s atomy a sestavovat systémy a zafizeni neobycejnych vlastnosti a funkci.
Vétsina z prednich védcl té doby nevénovala této predndsce moc pozornosti, nicméné
vyzkum v oblasti pfipravy a studia vlastnosti ¢astic menSich nez 100 nm ke konci
osmdesatych a na zacatku devadesatych let dvacatého stoleti potvrdil platnost myslenek
vyslovenych Feynmanem.' Na pomysiné startovni ¢afe vzniku nanotechnologii staly v té
dobé uhlikaté materidly typu fullerenu? & objev mikroskopickych technik se skenuijici
sondou.® Od té doby dochédzi k novym a novym objeviim, které umoziiuji dali pokrok
a zvysuji aplikaéni potencidl nanogastic jak v oblasti védy, tak v béZném Zivoté.* Nicméné,
nanocastice maji prekvapivé dlouhou historii. BéZné se totiz vyskytuji v ptirodé jako produkty
vulkanické cinnosti, pozar(i ¢i mikrobiologickych procest. Z tohoto dlvodu lze prvni vyuZziti
nanocdastic ¢lovékem datovat uz do obdobi antiky. Kovové nanocastice byly po dlouha stoleti
vyuzivany k barveni skla. Typickym pfikladem jsou zlaté nanocastice, které zbarvuji sklo do
jasné ¢ervené barvy. Této vlastnosti vyuZili ve ¢tvrtém stoleti Rimané pfi vyrobé Lykurgovych
poharl. Pohary se za denniho svétla jevi jako zelené, ale pfi ozareni z vnitiku se jevi jako
Cervené. Technologie barveni skla nanocasticemi zlata byla poté zapomenuta
a znovuobjevena az v 17. stoleti.”> V roce 1857, opublikoval Faraday praci ,Experimental
Relations of Gold (and other Metals) to Light”, ve které popisuje pfipravu koloidniho roztoku
zlata redukci chlorozlatité soli fosforem v sirouhliku. Na tento postup pfrisel ¢isté ndhodou,
nicméné se tyto roztoky (spravnéji disperze) nanodastic staly zakladem vté dobé nové
vznikajiciho oboru — koloidni chemie a pozd&ji i oboru nanotechnologie.””’ P¥iblizné
o Ctyricet let pozdéji dalsi z prikopnik( koloidni chemie Richard Zsigmondy a Henry
Siedentopf sestrojili ultramikroskop umoZnujici nepfimé sledovani do té doby
,heviditelnych” koloidnich ¢astic.® Koloidni &astice (obvykle se uvadi, Ze se jednd o Castice
hmoty o rozmérech v rozsahu pfiblizné 1 nm az 1 um) pak poprvé spatfil konstruktér prvniho
elektronového mikroskopu Ernst Ruska vroce 1931.> A éru nanotechnologii, jednoduse
definovanych jako obor zabyvajici se hmotnymi objekty o rozmérech v rozsahu 1-100 nm,
spolu oteviral vroce 1981 objev skenovaci tunelové mikroskopie, prvniho zastupce Siroké
fady technik oznacovanych jako mikroskopie se skenujici sondou, které nejen ze poskytuji
nahled do nanosvéta, ale zarover umoziiuji i manipulaci s nanobjekty.’

Dllezitou oblast vyzkumu jak v koloidni chemii, tak i nanotechnologiich predstavuje
interakce elektromagnetické zareni s velmi malymi objekty. Obzvlasté u kovovych nanocastic
dochazi ve viditelné oblasti spektra k zajimavym jevim, které zplsobuji barevnost jejich
disperzi napf. jiz zminéné zabarveni skla, dochazi k vybuzeni tzv. povrchového plasmonu.*

Tato interakce ma i dalsi disledky souvisejici s lokalnim zesilenim elektromagnetického pole



v blizkosti povrchu nanocastice, které nese hlavni zodpovédnost za existenci vysoce citlivé
spektroskopické metody - povrchem zesilené Ramanovy spektroskopie (Surface Enhanced
Raman Spectroscopy — SERS). PficemZ zesileni Ramanova signdlu je tak velké, Ze ve

specifickych p¥ipadech umoZiiuje detekci i jednotlivych molekul.**

Diky tomu tato metoda
nasla Siroké uplatnéni napfiklad v potravinafstvi, kriminalistice, farmacii a biologii.*° Dal3i
zvyseni citlivosti pfindsi metoda magneticky asistované SERS (MA-SERS), umoznujici detekci
biologicky vyznamnych molekul, vyskytujicich se v Zivych organismech ve velmi nizkych
koncentracich. Tato metoda vyuzivd nanokompozity s magnetickymi vlastnostmi, které slouzi
jako substrat k navazani biologicky aktivnich latek a které umoziuji jednoduchou
prekoncentraci analytu pomoci vnéjsiho magnetického pole. Kovové nanocastice, napfiklad
zlata nebo sttibra, navazané na povrchu magnetickych ¢astic, pak slouZi k zesileni Ramanova
signalu.t’~*?

V predkladané disertacni praci byla tato metoda pouzita k detekci lidského imunoglobulinu G
(IgG) ve vzorcich lidské krve. Pritomnost potencidlni nespecifické interakce komponent
vzorku s aktivnim povrchem nanocastic byla minimalizovana Uplnou blokaci tohoto povrchu
pomoci vodného roztoku ethylaminu. Ddle byla tato metoda pouzita k simultdnnimu
stanoveni dvou odlisnych rakovinnych marker( (HER2 a EpCAM). Kazdy marker byl nejprve
oznacen rozdilnymi fluorescenénimi znackami — HER2_Cy3 a EpCAM_Cy5. Analyza pak byla
zalozena na sledovani poklesu relativnich intenzit vybranych spektralnich pasa
fluorescenénich znacek v dUsledku kompetice oznadenych a neoznacenych markerd
0 vazebnd mista na povrchu magnetickych nanocastic. Zavér experimentdlni ¢asti této
disertacni prace je vénovan struénym popisim spoluautorskych publikaci, ve kterych bylo
rovnéz vyuzito nanocastic stfibra jakozto aktivnich substratl pro zesileni Ramanova signalu
biologicky aktivnich molekul.



TEORETICKA CAST

1. Nanomateridly a nanocastice

Nanomaterialy jsou sloZeny z ¢astic, jejichz velikost je alespon v jednom rozméru od 1 do
100 nm.?® Na zakladé svych vlastnosti (velikost, struktura, morfologie) mohou byt rozdéleny
do nékolika skupin. Nejzakladnéjsi rozdéleni nanostruktur je podle poctu rozmérd pod 100
nm a to na: OD struktury (nanocastice, kvantové tecky), kdy vSechny rozméry jsou
v nanometrech, 1D struktury (nanodraty, nanotrubicky) dva rozméry pod 100 nm, 2D
struktury (nanovrstvy, nanofilmy) jeden rozmér v nanometrech a 3D struktury, coZ jsou
objemové materiély, které obsahuji napt. pory s velikosti v nanometrech (obrazek 1).2%%*
Nanomaterialy vykazuji diky svym malym rozmérim a velkému povrchu unikatni fyzikalni
a chemické vlastnosti. Termin ,nanotechnologie” je zndm od roku 1959, kdy zaznél
v pfednasce “There’s Plenty of Room at the Bottom” (,Tam dole je spousta mista“) laureata
Nobelovy ceny Richarda P. Feynmana a od té doby doslo k mnoha vyznamnym objevim
v oblasti nanotechnologii.* Mezi nejvyznamnéjsi bezesporu patfi vyvoj skenovaci tunelové
mikroskopie, za kterou dostali Binnig a Rohrer v roce 1986 Nobelovu cenu, ddle pak objev
uhlikovych fulereni C60 (Smalley, Curl, Heath a Kroto, Nobelova cena udélena v roce 1986)
¢i objev grafenu vroce 2004, za ktery byla Nobelova cena udélena v roce 2010 profesoru
Geimovi a Novoselovi.*

Diky malym rozmérim dochazi ke zméndm vlastnosti téchto materiali. Zménu vlastnosti
nanomateridld oproti makroskopickym materidlim maji na svédomi dva faktory — zvysend
plocha povrchu a kvantova omezeni. Diky témto faktoriim dochazi ke zméné magnetickych,
optickych, elektrickych vlastnosti a ke zméné chemické reaktivity.
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Obr. 1.: Schématické znazornéni nanomaterialti podle poétu rozmérd pod 100 nm (0D, 1D, 2D a 3D). Pfevzato
z Sadhasivam a kol (2017).21

1.1. Bioaplikace nanocastic uslechtilych kovi

Existuje mnoho zminek o pouZiti uslechtilych kov(, zejména stfibra, zlata a platiny pro
|écebné ucely. V Ayurvédé se béiné pouZivaji velmi jemné prasky téchto kovd, znamé pod
nazvem "bhasma" pro lé¢bu rdznych onemocnéni.?? Nanot&astice udlechtilych kovi maji
potencial k vyuzZiti v oblasti mediciny diky jejich unikdtnim vlastnostem. Lze jich vyuzit



k molekularnimu zobrazovani, diagnostice ¢i cilenému transportu léciv. V fadé studii bylo
potvrzeno, Ze nanocdstice jsou vyborné nosi¢e chemoterapeutik, nicméné musi byt splnéno
nékolik podminek, jako je dobra afinita l|éCiva k nanocasticim, stabilita nanocastic
a specificita vytvoreného komplexu a jeho schopnost uvolnit 1é¢ivo.” Patra a kol. testovali
zlaté nanocastice (AuNPs) jako nosice léCiv. Na nanocdastice s velikosti okolo 5 nm kovalentné

2425 Také bylo zjisténo,

navazali |éCivo a poté sledovali akumulaci nanocastic v misté nadoru.
Ze AuNPs zvysuji uéinek protinddorovych Ié¢iv. Nanocastice s navdzanymi protildtkami Anti-
trastuzumab byly pouzity k zacileni lidského epidermdlniho rlstového faktoru (HER2)
v lidskych bunkach rakoviny prsu (SK-BR-3). Bylo zjiSténo, Ze nanocastice Au-HER
s receptorem HER-2 byly burikou pfijaty, coZ vedlo k dvojnasobnému zvyseni cytotoxicity
trastuzumabu.?® Kromé nadorovych onemocnéni maji AuNPs velky potencial také proti
infekénim onemocnénim, jako je HIV, tuberkuldza, Parkinsonova nemoc a dal§i.?’°
Napftiklad Mycobacterium tuberculosis (MTB) je obtizné identifikovat diky jejich pomalému
rastu. Liu a kol. vyvinuli biosenzor k vysoce citlivé detekci specifické DNA sekvence MT61
IS6110 sloZeny z redukovaného grafenoxidu s AuNPs (rGO-AuNPs) a AuNPs s polyanilinem
(Au-PANI), které slouzily jako znacka. Vzhledem k vysoké elektroaktivité konjugat Au-PANI

vykazoval sensor vysokou citlivost, specificitu a stabilitu.*

Nejen AuNPs, ale i nanocastice sttibra (AgNPs) maji obrovské uplatnéni v oblasti mediciny,
predevsim jako potencidlni antimikrobidlni latky, ale i pfi Ié¢bé rakoviny. AgNPs byly pouzity
k detekci a zobrazovani nador(, k transferu léciv i k hypertermii. Kromé toho samotné AgNPs
maji protinddorovou aktivitu, inhibuji rlst nador(i a také zabranuji angiogenezi v okoli
nadorovych tkani. Védci vyuzivaji chemicky i biologicky syntetizované AgNPs k in vitro
i in vivo testovani protinadorovych aktivit proti rliznym rakovinnym burikdm, jako je bunécna
linie lidského karcinomu prsu MCF-7, melanomova burika B10F17, burika epitelialniho
adenokarcinomu plic A549, cervikalniho karcinomu SiHa a bunky HeLa.”® Guo a kol. studovali
ucinek AgNPs pokrytych PVP s tfemi riznymi velikostmi: 3, 11 a 30 nm, proti leukemii (lidska
bunécnd linie AML). Zjistili, Ze AgNPs s velikosti 11 nm byly vice cytotoxické nez 30 nm
AgNPs, zatimco u castic s velikosti 3 a 11 nm nebyl Zadny vyznamny rozdil v cytotoxicité, coz
bylo zpUsobeno malym rozdilem v hydrodynamickém poloméru ¢&astic. Zjistili také, Zze AgNPs
pfi nizSich koncentracich vykazuji silnéjSi cytotoxicky ucinek nez wvy3si koncentrace
nano&astic.>® St¥ibro v rtznych formach (kovové stfibro, st¥ibrné soli a koloidni stfibro) se
pouziva jako ucinné antibakteridlni cinidlo po mnoho staleti. Stfibrné NP nebyly béziné
pouzivany v lékarské praxi, s vyjimkou kratkého obdobi na poéatku dvacatého stoleti, kdy se
koloidni stfibro pouzivalo k |écbé nékterych infekénich stav(. Proto neni jasné, zda se
bakterie mohou stat rezistentnimi vici AgNPs. Jediny vyzkum, ktery studoval bakterialni
chovani v reakci na opakovanou dlouhodobou expozici AgNPs, zjistil, Ze mezi mnoha
bakterialnimi kmeny ma pouze Bacillus subtilis ptirozenou schopnost prizplsobit se
bunéénému oxidativnimu stresu vyvolanému stfibrnymi nanotasticemi.® Vzhledem
k nedostatku experimentalnich udaja stale probiha diskuse o tom, zda si bakterie mohou
vyvinout odolnost proti antibakteridlnim ucéinklm AgNPs pfi dlouhodobé expozici
subinhibi¢nich koncentraci. Panacek a kol. zjistili, Ze bakterie opakované vystavené
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subinhibi¢nim koncentracim AgNPs si mohou rychle vyvinout rezistenci vici antibiotické
aktivité NPs. Tato odolnost je zplsobena produkci flagellinu, adhezniho proteinu
bakteridlniho biciku (flagellum), ktery zpuUsobuje agregaci AgNPs a tim eliminuje jejich
antibakteridlni ucinek vici gramnegativnim bakteriim. Vyvinutd bakterialni rezistence mlze
byt potlacena inhibitory, které zabranuji produkci flagellinu, jako je extrakt zkary
granatového jablka (PGRE).**

2. SERS

V poslednich desetiletich bylo vyvinuto nékolik technik vyuZivajicich Ramanlv jev, jako
napriklad rezonanéni Ramanova spektroskopie (RRS), koherentni anti-Stokesova Ramanova
spektroskopie (CARS), inverzni Ramanova spektroskopie, hrotem zesilend Ramanova
spektroskopie (TERS) ¢i povrchem zesilenda Ramanova spektroskopie (SERS). Posledni
zminénad technika se béhem pomérné kratké doby stala mocnym nastrojem jak zakladniho,
tak aplika¢niho vyzkumu. Povrchem zesileny Raman(v rozptyl byl poprvé pozorovan na
povrchu stfibrné elektrody v roce 1974 britskych chemikem Martinem Fleischmanem a jeho

> Poté, vroce 1977 provedly dvé vyzkumné skupiny, Jeanmaire s Van Duynem

kolegy.

a Albrecht s Creightonem, kvantitativni studie potvrzujici zesileni Ramanova jevu molekul

adsorbovanych na povrchu stfibrné elektrody. Obecné je znamo, Ze fenomén SERS je

zpUsoben primarné dvéma mechanismy — elektromagnetickym a chemickym.*®7#

e Elektromagneticky mechanismus (EM) — je hlavnim pfispévkem k celkovému zesileni
Ramanova signalu. Tento mechanismus vyuZiva silného elektrického pole, které
vznika v dusledku excitaci povrchovych plasmonl na povrchu kovovych substrat(.
Aby k excitaci doSlo, musi byt molekula vtésné blizkosti povrchu (maximalni
vzdalenost priblizné 10 nm). Ve vétsiné pripadd jsou molekuly pfimo na povrchu
adsorbovany, at uz chemicky nebo fyzikalné.*®

e Chemicky mechanismus (ChM) — jeho existence a samotnd definice je neustale
pfedmétem sporl, nicméné jeho prispévek je mnohondasobné mensi nez
elektromagneticky. Chemicky mechanismus se ¢asto popisuje jako ,charge-transfer”
mechanismus (mechanismus prenosu ndboje) k ¢emuz je nutné mit molekulu

adsorbovanou na kovovém povrchu.36

Zesileni Ramanova signalu ovliviiuje mnoho faktor(, mezi néz patfi napfiklad vlastnosti
excitacniho laseru (vinova délka, polarizace ¢i Uhel dopadu) ¢ samotné nastaveni pristroje
(pocet skenl, doba jednoho skenu). Déle je pak zesileni ovlivhéno typem pouZitého
substratu, kdy zavisi na materialu ze kterého je substrat vyroben (vétSinou se jedna o stribro
nebo zlato), na geometrii a Uhlu vstupujiciho zareni a na prostorovém usporadani (2D nebo
3D substrat). Zesileni je také ovlivnéno adsorpci analytu — jeho efektivitou, koncentraci,
mirou pokryti substratu, vzdalenosti od povrchu a zejména zménou polarizovatelnosti
vyvolanou adsorpci.*®



2.1. Aplikace SERS

Velkou vyhodou SERS je schopnost identifikovat Siroké spektrum latek a ziskat tak informace
o jejich struktufe. Toho Ize vyuzit v materidlové chemii, biochemii, katalyze i elektrochemii.
Pfestoze byl fenomén SERS pozorovdn a objasnén uZ vroce 1977, jeho aplikace mimo
védecké laboratore trvala pomérné dlouho. Az s pfichodem Fizené pfipravy nanostrukturnich
substratd se SERS zacal hojné vyuZivat. Jednou z oblasti vyuziti SERS mUze byt restauratorstvi
¢i uméni. SERS umoznuje méreni velmi nizkych koncentraci z malého mnozstvi vzorku. Diky
tomu je tato technika vhodnd k analyze barev a pigmentl umeéleckych dél, textilii nebo
dfevénych soch.* Velmi dileZitou skupinou aplikaci SERS je biosensoring. Pravé diky vysoké
citlivosti a selektivité této techniky je SERS vhodny zejména k detekci biologicky aktivnich
latek, jako napfiklad protein(, bakterii, vird, neurohormont a bunék.*® Kromé jiz zminénych
aplikaci Ize SERS vyuzit i ve farmakologii, forenznich védach nebo toxikologii.

Existuje nékolik zplUsob jak vyuZit SERS k biosensoringu. Obecné Ize tyto zplUsoby rozdélit do
dvou skupin a to na , label-free” a ,label-based”. Label-free zplUsob zahrnuje sledovani pfimo
zkoumaného analytu, kdezto label-based zplsob vyuZiva takzvanych Ramanovskych znacek,
coz jsou prevdiné aromatické slouceniny obsahujicich dusik nebo siru. Tyto molekularni
znacky jsou velmi ¢asto navazadny na povrch nanocastic diky vysoké afinité dusiku a siry ke
kovovému prvku. Detekci pomoci SERS Ize provadét v roztoku, kdy analyt reaguje s volnymi
nanoc&asticemi nebo v pevné fazi pouzitim SERS-aktivniho substratu.*

2.2. SERS fyziologicky aktivnich latek

Castym vyuZitim techniky SERS je detekce proteinG. Proteiny jsou zakladni slozkou
organismu a podili se na kazdém procesu v burice. NejdulezitéjSim rysem proteind je jejich
schopnost vazat se velmi pevné a specificky pouze na urcité molekuly. Klasické metody
a zplsoby méreni proteinl zahrnuji zejména imunologické metody (ELISA) zaloZené na
spektroskopické nebo fluorimetrické detekci ¢i metody separacni, zejména elektroforéza
a kapalinova chromatografie spojend s hmotnostni spektrometrii. Pfitomnost fluoroforu
v pfipadé prvné zminénych imunologickych metod muze vést ke zlepSeni limitu detekce,

avSak muzZe také dochdzet k autofluorescenci Ci kvyha5|'ne'm|'.41'42

Separacni metody jsou
vysoce citlivé a selektivni, nicméné je nutné pred mérenim vzorek vhodné pfipravit, coz
mGZe byt obtizné zejména pfi méfeni v komplexni matrici jako je napfiklad krev.*® Vyvoj
biochemickych SERS sensorli v poslednich letech vedl k posunu SERS techniky od jednoduché
chemické analyzy k charakterizaci nanostruktur a biomedicindlnim aplikacim. SERS je také
vhodnou metodou k detekci ¢i mapovani bunék. Ty poskytuji nékolik typickych vibracnich
maoda, zejména DNA/RNA, protein(, lipid( a uhlovodik(. Nejvyraznéjsim pasem ve spektrech
je valenéni vibrace vazby C-H pii 2930 cm™. Nejvyrazné&jéi pas znadici p¥itomnost protein je
Amid | p¥i 1600 - 1690 cm™ a dychaci méd tryptofanu a fenylalaninu pfi 1004 cm™. Dal$imi
pasy proteind jsou Amid Il pfi 1480 — 1580 cm™ a Amid Il pfi 1230 — 1300 cm™.*** Dal3i
aplikaci SERS je detekce cirkulujicich nddorovych bunék (CTC). Ty se daji povazovat za
charakteristicky znak invazivnich forem rakovinnych bunék, které jsou zodpovédné za vyvoj
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metastazi. B€Zné metody jsou pro jejich méreni nedostacujici diky nizké citlivosti, specifité a
tasové naro¢nosti méfeni. Technikou SERS lze rovné? detekovat bakterie a viry.*® Obecné
existuji tfi rizné zplsoby jak ziskat SERS spektrum bakterii. Prvnim zplsobem je vytvoreni
SERS aktivnich nanocastic (AgNPs nebo AuNPs) uvnitf nebo na povrchu bakterie. Druhy
zplUsob spociva v umisténi bakterii pfimo na SERS aktivni substrat a tfetim zplsobem je

smichani bakterii s koloidnim roztokem.*”"*

2.3. Magneticky SERS

Technika SERS je velmi uZite¢na k detekci fyziologicky aktivnich latek, nicméné jeji
techniky. Tato metoda byva v literatufe nejc¢astéji nazyvana jako magneticky asistovand
povrchem zesilena Ramanova spektroskopie (magnetically assisted surface enhanced Raman
spectroscopy (MA-SERS)). Jeji hlavni vyhodou je jednoduchd separace analytu ze vzorku

a jeho zakoncentrovani pomoci externiho magnetického pole.!”*84°

2.4. Aplikace magnetickych nanocastic pro SERS

Vzhledem k schopnosti MA-SERS detekovat rGzné slouceniny i ve velmi nizkych
koncentracich, se tato metoda pouzivd k detekci biomarkerl rakoviny a cirkulujicich
nadorovych bunék (CTC). Takzvané sendvicové metody vyuzivaji magnetické ¢astice a kovové
nanocdstice pro detekci markerd rakoviny nebo rakovinnych bunék jsou velmi dobre
50-52

znamé. Tento postup byl napriklad pouzit pro detekci rakovinnych bunék s velmi nizkou

etnosti vyskytu, detekci rakovinnych markeri CEA a PSA & k detekci bakterii.>>™° Stanoveni
jednoho biomarkeru neni dostatecné specifické pro stanoveni konkrétniho typu rakoviny.
Nutnost detekovat vice neZ jeden biomarker soucasné ved| ke studiu a vyvoji novych typl
biosenzorl zaloZenych na systému protilatka-antigen. Velkd pozornost je vénovana
multiplexni analyze a jejimu zlepSeni, protoZe je nezbytna pro véasnou detekci a screening
rakoviny v klinické praxi.>’ Biosenzor schopny detekovat ¢tyfi markery spojené s rakovinou
plic (CEA, CA125, AFP a CA15-3) byl vyvinut skupinou Tanga a kol. V publikaci popisuji pfistup
zalozeny na elektrochemickém imunosenzoru s funkcionalizovanymi magnetickymi
nanocasticemi, ktery méri zménu potencialu elektrody pfi navazani antigenu na protilétky.58
Elektrochemicky sensor byl také pouZit v praci Wana a kol. Jejich metoda k identifikaci
rakovinnych bunék vyuzivd kovovych nanocastic (MNPs), které se specificky vazi na cilové
buriky. Rakovinové buriky byly nejprve zachyceny na elektrodé modifikované anti-EpCAM
aptamerem, poté byl pridan roztok funkcionalizovanych nanocastic kovu a byla provedena
elektrochemickd detekce pomoci voltametrie.” V dal3i studii byly protilatky konjugovany na
nanocdstice zlata oznacené tfemi rdznymi znackami — Cyanine 5 (Cy5), isothiokyanat
malachitové zelené (MGITC) a rhodamin 6G (Rh6G). Diky znackdm bylo mozné rozlisit
jednotlivé biomarkery jak in vitro, tak in vivo v xenoimplantatu (Stép z cizi tkané prevzaté pri
transplantaci z jiného Zivoc¢iSného druhu). Pfi in vivo testech byly funkcionalizované oznacené
Castice injektovany pfimo do nadord, kde doslo k navazani na nadorové markery. Maximalni

intenzita signdlu byla pozorovdna po 6 hodinach, po 72 hodinach uz nebyl signdl vibec
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pozorovatelny. Oznacené nanoclastice bez specifickych protildtek nevykazovaly po 6
hodinach zadny signal (obrazek 2).>’

Nynéjsi zptisob multiplexni analyzy pomoci SERS vétSinou spociva v oznaceni analytl rlznymi
znackami. Tento zplsob je vysoce citlivy a selektivni v porovndni s béziné pouzivanymi
imunologickymi metodami jako je ELISA. Na druhou stranu, nespecifické interakce
pfipravenych materidld s komplexni matrici jako je krev zpUsobuji interference signalu a tim
znemozniuji pouZiti téchto metod v klinické praxi.

A
C 1120 1175 1650
L Mt P b PP oo Nt eplspotpts,  — () T
— 1hr
=)
B g — 4hr
1120 1175 1650 i
(9]
) NN\/\‘/\/\\MMWM— —O0hr E 6 hr
= M,J\/\,\,A_/\/\J\./\/AJ\,_/\\/\‘M 8
2 —1hr E
a &
g i — 24 hr
&
g 6 hr — 48 hr
v R A — 24 hr ~— T72hr
1000 1100 1200 1300 1400 1500 1600 1700 1800 1000 1100 1200 1300 1400 1500 1600 1700 1800

Raman shift (cm) Raman shift )

Obr. 2: In vivo multiplexni detekce modelového nadoru: (A): Obrazek mysi s nadorem. (B): SERS spektra z
oblasti nadoru znazornujici piky pfi 1120, 1175 a 1650 cm™ odpovidajici nekonjugovanym SERS znackam Cy5,
MGITC a Rh6G. (C): - SERS spektra z mista nadoru znazoriiujici piky p¥i 1120, 1175 a 1650 cm™* odpovidajici
SERS znackam Cy5, MGITC a Rh6G navazanych na biomarkery TGFBRII, CD44 a EGFR. Pfevzato z Dinish a kol.
(2014).”’
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3. Cile disertacni prace

Hlavnim cilem predklddané disertacni prace byl vyzkum zaméfeny na pripravu a vyuZiti
nanocastic uslechtilych kov(, zejména nanoddstic stfibra, v kombinaci s magnetickymi
nanocasticemi pfi povrchem zesilené Ramanové spektroskopii biologicky aktivnich latek.

PFi realizaci tohoto zaméru byly naplanovany tyto cile, které Ize shrnout do ndsledujicich
bodu:

e optimalizovat podminky ptipravy a modifikace magnetickych nanokompozitd
s nanocasticemi stfibra pro magneticky asistovanou povrchem zesilenou Ramanovu
spektroskopii

e vyvoj a aplikace biosensoru pracujiciho na principu magneticky asistované SERS detekce
imunoglobulinu G ve vzorcich lidské krve

e vyvoj a aplikace biosensoru pro multiplexni analyzu rakovinnych markeri HER2
a EpCAM pomoci MA-SERS

Kromé predlozené disertacni prace jsou vysledky obsahem tfi publikaci v mezindrodnich
impaktovanych c¢asopisech a dvou publikaci v mezinarodnich recenzovanych c¢asopisech.
Vsechny publikace jsou uvedeny v prehledu publikaci v kapitole PFilohy na konci disertaéni
prace.
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EXPERIMENTALNI CAST

4. Priprava nanocastic, nanokompozitl a jejich funkcionalizace

4.1. Nanocastice stfibra

Nanodastice stfibra pouzivané k zesileni Ramanova signalu byly pfipraveny redukci
diaminstfibrného kationtu [Ag(NHs),]" D-maltézou. Detailni postup je popsan v publikaci
Panacka a kol.®® Pro p¥ipravu nano&astic stiibra bylo slozeni reakéniho systému nasledujici:
dusi¢nan stfibrny 1.10 mol-I't; maltéza 1.10% mol-I'; amoniak 5.10° mol-I". Po smichani
dusi¢nanu stfibrného a amoniaku bylo pH reakéniho systému upraveno pfidanim hydroxidu
sodného na 11,5 £ 0,1. Poté se, za intenzivniho michani, pfidal do systému roztok maltdzy.
Reakce byla povaZovdna za dokoncéenou po 4 minutdch, kdy jiz nedochdzi ke zméné
zabarveni vzniklé disperze AgNPs. Timto postupem byla pfipravena prakticky monodisperzni
suspenze nanocastic stfibra se stredni velikosti ¢astic okolo 28 nm.

4.2. Magneticky nanokompozit pro analyzu IgG

Magneticky nanokompozit byl pfipraven podle postupu popsaného dfive Markovou
a kol.®* Ve stru¢nosti, magnetické nanotastice byly pfipraveny Massartovou koprecipitaéni
metodou z vodného roztoku FeCl;.6H,O a FeCl,.4H,0 za pouziti hydroxidu sodného; pH
smési FeCl;.6H,0 a FeCl,.4H,0 bylo upraveno 1,5 M NaOH na hodnotu 11. Syntéza byla
provedena pfi pokojové teploté za konstantniho probublavani dusikem, aby se zabranilo
dalsi oxidaci. Po hodiné michani byl produkt nékolikrat promyt vodou a magneticky
odseparovan. Ziskané magnetické nanocastice byly pouZity pro pfipravu magnetit-O-
karboxymethylchitosanu adsorpci polymeru na povrch pfipravenych nanocastic indukovanou
postupnym zvySovanim teploty na 80 C. V poslednim kroku byl k magnetit-O-
karboxymethylchitosanu ptidan dusi¢nan stfibrny a na povrchu hybridu doslo k vyredukovani
iontd stfibra aminovymi skupinami polymeru za alkalickych podminek a pfi teploté 80 °C.

Pfipraveny nanokompozit byl dale funkcionalizovdn protilatkou anti-IG. Nejprve byl
nanokompozit smichan sroztoky EDC/NHS (1:1, findlni koncentrace 20 mM) a poté
s ethylaminem (7% w/w). V dalsim kroku byl pfidan karboxy-PEG (findIni koncentrace
1 mM), ¢imz doslo k vytvoreni karboxylovych skupin na povrchu AgNPs. Karboxylové skupiny
byly aktivovany pfidanim roztoku EDC/NHS (1:1, findlni koncentrace 20 mM), poté
néasledovalo pfidani streptavidinu (finaIni koncentrace 0,2 mg-L™*). Po navazani streptavidinu
na aktivované karboxylové skupiny, byla pridana biotinylovana protilatka anti-IgG (finalni
koncentrace 0,2 mg-L™"), kterd vytvofila se streptavidinem pevnou vazbu. Na zavér byly
zablokovany zbylé karboxylové skupiny ethylaminem (7% w/w), aby se zabranilo
nespecifickym interakcim. Béhem funkcionalizace byl nanokompozit po kazdém kroku
dikladné promyt a odseparovan pomoci magnetického pole.
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4.3. Priprava biosensoru pro multiplexni analyzu nadorovych markerd

Uvedeny biosensor byl slozen z magnetickych nanocdastic a nanodastic stfibra potrebnych
k zesileni Ramanova signalu. Postup funkcionalizace magnetickych nanodastic je zobrazen na
obrazku 3. V prvnim kroku pfipravy biosensoru byly komeréni magnetické c¢dstice s
karboxylovymi skupinami (Sigma Aldrich) aktivovany za pouZiti smési EDC/NHS v poméru
1:1(findlni koncentrace 10 mM); Castice pak byly magneticky odseparovany a promyty PBS
pufrem. V nasledujicim kroku byly ¢astice s aktivovanymi karboxylovymi skupinami smichany
s protildtkami AntiEpCAM a antiHER2 (10 mg-L™") a ponechény pfes noc na rotatoru &ims
doslo ke vzniku kovalentni vazby mezi volnymi amino skupinami (-NH;) pfitomnymi ve
struktufe protilatek a aktivovanymi karboxylovymi skupinami magnetickych ¢&astic. Po
imobilizaci protilatek byly magnetické ¢astice oddéleny pomoci magnetu a opét promyty PBS
pufrem. Na zavér byl pfidan ethylamin (7% w/w), aby doslo k zablokovani zbylych aktivnich
karboxylovych skupin, ¢imz se zabranilo nespecifickym interakcim.

EDC Anti EpCAM washing

NHS Anti HER2

Obr. 3: Schéma pfipravy biosenzoru (funkcionalizace MNPs protilatkami Anti-HER2 a Anti-EpCAM). Pfevzato
z Balzerova a kol. (2018)%

4.4. Postup analyzy nadorovych markerti HER2 a EpCAM

Slepy vzorek pro tuto analyzu obsahoval jen PBS pufr (c = 10 mM, pH = 7,5). Modelovy
vzorek obsahoval biomarkery HER2 a EpCAM o koncentracich 5, 10 a 25 ng-l'1 rozpusténych
v PBS pufru (c = 10 mM, pH = 7,5). Vzorky lidské krve (20 vzork( od 2 dobrovolnikd, V =1 ml)
byly 100krat zfedény PBS a naspikovany biomarkery HER2 a EpCAM v koneéné koncentraci
5a10 ng-I'l.

Postup analyzy vzorkl je zobrazen na obrazku 4. Nejdrive byly 2 ul vzorku (slepy, modelovy,
lidska krev) smichany s 10 ul pfipraveného sensoru anti-HER2@Anti-EpCAM@MNPs. Vzorek
se sensorem byl michan po dobu jedné hodiny, poté byl sensor magneticky odseparovan,
promyt PBS pufrem a znovu rozdispergovan v 10 ul PBS. Poté byly k sensoru pfidany 2 pl
znateného HER2_Cy3 a EpCAM_Cy5 (kone&nd koncentrace 10 ng:l™) a smés byla peglivé
promichdna. Po 1 hodiné byl sensor magneticky odseparovan od prebytku oznaéenych
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markerQ a dvakrat promyt deionizovanou vodou. V poslednim kroku byly k sensoru pridany
nanocastice stfibra aktivované chloridem sodnym, vysledny nanokompozit byl
zakoncentrovan pomoci vnéjsiho magnetického pole a analyzovan pomoci SERS.

washing EpCAM_Cy5
- = -
HER2_Cy3
washing

MA-SERS

Obr. 4: Schéma multiplexni kompetitivni analyzy dvou rdznych nadorovych markert v lidské plné krvi.
Pfevzato z Balzerova a kol. (2018)*

16



5. Vysledky a diskuze

Tato ¢ast disertacni prace poskytuje prehled dosazenych vysledk( stanoveni biologicky
aktivnich latek pomoci magneticky asistované a povrchem zesilené Ramanovy spektroskopie
(MA-SERS). Sekce je rozdélena do tfi podkapitol. Prvni podkapitola se zabyva vyuZitim
magnetického SERSu k detekci lidského imunoglobulinu G (IgG), zatimco druha ¢ast se
zabyva simultanni analyzou rakovinnych marker(. Treti podkapitola je vénovana dalSimu
vyuziti techniky MA-SERS. Vysledky uvedené v této kapitole byly publikovany ve tfech
impaktovanych casopisech a dvou recenzovanych ¢asopisech a jejich plné znéni Ize nalézt
v pfiloze.

5.1. Vyuziti magneticky asistované povrchem zesilené Ramanovy spektroskopie (MA-SERS) pro
stanoveni lidského imunoglobulinu G v krvi

Tato prace popisuje vyvoj metody ke stanoveni TEM image of nanocomposite
. , . . , . i 1. Blood sample is
lidského ImunOgIObUhnU G (dale jen IgG) vkrvi ™ deposited on a glass
, . . , platform
pomoci magneticky asistované povrchem ,
£

zesilené Ramanovy spektroskopie. Ktomuto

Gcelu byl pfipraven nanokompozit 8 __ Lﬁm 2.16G is magnetically
| ]

separated and analyzed

Fes0,@Ag@streptavidin@anti-IgG, ktery mél \eG \’ using MA-SERS
magnetické vlastnosti a zaroven poskytoval O=€ Fe 0 @Ag@Streptavidin@AntilgG nanocomposite

*|0Y & BAOJDZ|RG Z 0}RZADId

LT

zesileni Ramanova signalu diky navazanym AgNPs. Charakterizace nanokompozitu byla
provedena pomoci transmisniho elektronového mikroskopu (TEM), infradervené
spektroskopie (IR), praskové difrakce (XRD) a mérenim zeta potencidlu. Poté byl
nanokompozit pouzit pro SERS analyzu vzorku lidské krve.

Nanokompozit k detekci IgG byl pfipraven podle schématu (Obr. 5). Nanokompozit byl sloZzen
z nanocastic Fe30q a stfibrnych nanocastic kovalentné vazanych O-
karboxymethylchitosanem. Tento linker byl zvolen z dlvodu pritomnosti volnych
karboxylovych skupin, které zajistily dlouhodobou stabilitu takto pfipraveného
nanokompozitu ve vodném prostredi. Karboxylové skupiny vsak zpUsobuji relativné vysoky
negativni povrchovy ndboj. Proto byla jejich pfitomnost béhem naslednych krokl modifikace
povrchu minimalizovdna, aby se zajistilo vysoce selektivni navazani streptavidinu pouze na
volnou plochu nanodastic stfibra. Z tohoto divodu byly v prvnim kroku volné karboxylové
skupiny odstranény (deaktivovany) reakci s vodnou smési EDC/NHS v poméru 1:1 a nasledné
vodnym roztokem ethylaminu. Deaktivace a blokovani karboxylovych skupin (Obr. 5, Step 1)
vedly k vyznamné zméné zeta potencidlu na -20,3 mV (z pGvodniho -46,2 mV). Z tohoto
poklesu negativniho naboje bylo patrné, zZe karboxylové skupiny byly dspésné blokovany. V
dalsim kroku (Obr. 5, Step 2) byly na povrchu nanodastic stfibra vytvoreny nové volné
karboxylové skupiny pridavkem karboxypolyethylenglykolu. Tento krok byl nezbytny pro
dalsi selektivni imobilizaci streptavidinu. Adsorpce karboxy-PEGu na povrchu AgNPs vedla k
mirnému zvySeni povrchového naboje na -21,1 mV. Rozdil mezi posledné jmenovanou
hodnotou a pocatec¢nim zdpornym nabojem (-46,2 mV) byl zplsoben rlznym mnoZstvim
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imobilizovanych funkcnich skupin. Aktivace nové vytvorenych karboxylovych skupin vodnou
smési EDC a NHS (Obr. 5, Step 3) byla doprovazena velkym poklesem zdporného naboje na
hodnotu -2,1 mV. Ve ctvrtém kroku byl imobilizovan streptavidin na povrch stfibrnych
nanocdastic (Obr. 5, Step 4). Mezi aktivovanymi karboxylovymi skupinami a -NH, skupinami
streptavidinu byly vytvofeny kovalentni vazby. Imobilizaci streptavidinu na povrch
nanokompozitu byl povrchovy naboj zménén pouze mirné a to na -1,7 mV. Uspéina
imobilizace streptavidinu byla potvrzena mérenim IR spekter (Obr. 6B), kterd vykazovala
narist pasd interpretovanych jako soulast proteinové struktury (1450 a 1650 cm™).
Streptavidin hral kliCovou roli pfi vazbé biotinylované casti anti-IgG, ktery byl pfidan k
nanokompozitu v dalsim kroku (Obr. 5, Step 6). Tvorba vazby mezi streptavidinem a
biotinylovanou ¢asti anti-IgG byla doprovazena zménami povrchového ndboje na 0,4 mV a
zménami vySe uvedenych IR pasl. Ke kone¢nému zablokovani zbyvajicich karboxylovych
skupin byl opét pouzit ethylamin. Zablokovani bylo potvrzeno dodateénym zvySenim
zeta-potencialu na 0,7 mV (obrazek 6A).

Step 1 Step 2 c\gﬂo cPEG
~ - carboxymethyichitosap
__ /00 (700 epc, NHs /-——\ﬁ-’COWH-CHz-CHz ~__ 9
y —~ ) ethylamine _ h C-PEG I
o) - & &% g B0 — d Step 3
\_ _/ reduction of -0, - - C Step 4
= o) O, P
AgNPs o M,
oe~ NHS
G, EDC
Streptavidin
Step 6 Step 5
CO-NH-CH,-CH,
\ ,C CO-NH-CH,-CH, ,C-PEG

carboxymethyichito:
~d

g

N
)
=
Ag )\

carboxymethylchitosan

treptavidin wAnti-IgG{ Anti-lgG

Step 7 19G

<CHy)| mm
P42 r«AStreptawdinJWIAnti-lgG}"‘ @

g\

\ X >
ALeH
CO-NH-CH-CH\____ y CO-NH-CH.CH,

Obr. 5: Schéma znazornujici jednotlivé kroky modifikace nanokompozitu Fe;0,@Ag pro stanoveni lidského
1gG pomoci MA-SERS. Pievzato z Balzerova a kol. (2014)"
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Obr 6: (A) Namérené zeta-potencialy pfipraveného nanokompozitu a nanokompozitu po kaidém kroku
modifikace. (B) IR spektra Cistého nanokompozitu a modifikovaného nanokompozitu. (C) TEM snimek
Fe;0,@Ag nanokompozitu. Pfevzato z Balzerova a kol. (2014) v

Pfipraveny nanokompozit FesO,@Ag@anti-lIgG byl pouzit pro stanoveni koncentrace IgG ve
vzorcich lidské plné krve. Na zdkladé teorie bylo predpokladano, Ze specificka interakce I1gG s
protilatkou na 1gG imobilizovanou na povrchu nanokompozitu by vedla ke spektralnimu
posunu o nékolik vinovych jednotek nebo ke zméné intenzity Ramanovych pdsu
odpovidajicich vazebnym mistlim protilatky. Pro testovani této hypotézy byly analyzovany
standardni vzorky obsahujici vodnou disperzi Fe;0,@Ag@streptavidin@anti-gG s 16 ng-I™
lidského IgG, slepé a kontrolni vzorky. Slepy vzorek obsahoval pouze Cisty nemodifikovany
nanokompozit FesO,@Ag dispergovany ve vodé, zatimco kontrolni vzorek sestaval z vodné
disperze nanokompozitu Fe;0,@Ag@streptavidin@anti-IgG bez pfidani IgG. Ziskana spektra
jsou prezentovana na obrazku 7.

140 — Fe;0:@Ag
1 — Fe;04@Ag@Streptavidine@AntilgG
| — Fe;0:@Ag@Streptavidine@AntilgG@IgG (16 ng/L)
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Obr. 7: Ramanovo spektrum cistého nanokompozitu Fe;0,@Ag, modifikovaného nanokompozitu ziskaného

imobilizaci streptavidinu a anti-IgG (Fe;0,@Ag@streptavidin@anti-IgG) a modelového vzorku s koncentraci
IgG 16 ng-L™ (zna&ené jako Fe;0,@Ag@streptavidin@anti-lgG@1gG). Pievzato z Balzerova a kol. (2014)"
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Ramanuv signal kontrolniho vzorku obsahoval nékolik daleZitych spektralnich pasl, které
byly pfifazeny ¢astem proteind funkcionalizovaného nanokompozitu. Spektralni pdsy pfi
1650, 1539 a 1350 cm™ byly interpretovany jako amidy I, Il a lll. Navic pomé&rné ostry pas s
vinoétem 1650 cm™ znadil sekundarni strukturu typu o helix. Pas p¥i 605 cm™ byl
interpretovan jako vibrace Ag-N vazby pochazejici z pfidavku ethylaminu v prvnich krocich
modifikace nanokompozitu Fe,0;@Ag. Pfredpokladalo se, Ze jeho poloha a intenzita nebude
citlivd na vznik kovalentni vazby mezi sensorem a IgG ve vzorku. Ddle se predpokladalo, zZe
Uspésna tvorba vazby mezi anti-IgG a IgG zpUsobi zmény absolutnich intenzit a hlavné pomér
spektralnich past Amidu |, Il a Ill, vzhledem k rozdilnym strukturam téchto dvou proteinda.
Podrobné porovnani spekter kontrolnich a modelovych vzork( ukazalo, Ze jak pozice, tak
intenzita pasu p¥i 605 cm™ zGstaly nezménény, jak bylo pfedpokladano, zatimco intenzity a
poméry spektralnich pasa proteint se liSily. Velmi dalezité bylo studium selektivity navrzené
metody. Selektivita metody byla testovana s pouzitim mysiho IgG a BSA; pfitomnost téchto
proteind nevedla k vyznamnym zméndm pozorovaného analytického signdlu, a vypoctené
hodnoty RS se vyznamné nelisily od hodnot ziskanych pro slepy roztok. Za ucelem posouzeni,
zda lze metodu pouzit ke kvantitativni analyze bylo pfipraveno pét kalibracnich vzorka.
Vsechny kalibra¢ni vzorky byly méreny za stejnych podminek. Rozsah koncentraci pouzitych
pro sestrojeni kalibracni kfivky byl zvolen tak, aby odpovidal poZadavkiim na provadéni
stopové analyzy a byl nastaven od 100 ng™ po 500 mg:I™. Spektra modelovych vzorkd
obsahujicich 16 ng.I*, 160 ng.I™ a 16 ug.I! I1gG jsou uvedena na obrazku 8.

300 — 16 ng/L
— 160 ng/L
— 16 pg/L 1650 cm™

250

200+

1539 ecm™
150

1350 em'!

Raman intensity
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=]
=]

605 cm!

1,000 1,200 1,400 1,600
Wavenumber (cm™)

Obr. 8: Ramanova spektra modelovych vzorki obsahujicich 16 ng.I", 160 ng.I* a 16 ug.I" 1gG. Pievzato z
Balzerova a kol. (2014)"

Normalizovana a zakladni spektra byla vyhodnocena a pouzita pro kalibraci. Fluktuace ve
spektrech, zptsobené nestabilitou spektrilniho péasu pfi 605 cm™, neumoZfiuji pfimé
kvantitativni stanoveni IgG z absolutnich intenzit, coZ je patrné z obr. 8. Nicméné védecké
publikace naznacuji, Ze interakce proteini vedou ke znacné zméné pomér(i vybranych

63-66

spektralnich pasu. Kvantifikace IgG byla tedy zaloZena na jednoduché rovnici (rovnice 1),
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kterd umozfiuje vypolet poméru intenzity pasd proteinu s vino¢ty 1539 a 1650 cm™, kde
absolutni intenzity 11650 a 11539 byly predtim normalizovédny na intenzitu referen¢niho pdsu
pFi 605 cm™, aby se minimalizovaly nezadouci fluktuace analytického signalu.

_ l1539/I605 [1]
I16s0/Is0s’

kde 11539, 11650 a 1605 predstavuji intenzity spektralnich pasd pfi 1539, 1650 a 605 cm™.
1605 byl pouZit jako reference pro normalizaci spekter, aby se minimalizovaly systémové
chyby zplUsobené zménami slozeni kompozitu, struktury a nestabilitou Ramanova signalu.
Navic, aby byla metoda robustnéjsi, bylo pouZito Ramanovo spektrum kontrolniho vzorku
obsahujiciho jen kompozit Fe;0,@streptavidin@anti-IgG, jak je uvedeno v rovnici 2:

RS = IStdy539/1Stdeos , IRef1539/IRef605 2]
IStdy650/IStdgos ' IRefigs0/IRef605"

kde IStd znaci intenzity spektralnich pasd vzorkd a IRef znadi intenzity spektralnich pdsu
kontrolnich vzork(l. RS tudiz znazorfiuje miru zmény poméru proteinovych pdasi mezi
vzorku (kontrolni vzorek RS = 1). Bylo zjisténo, ze vypocitané poméry maiji linedrni charakter
v celém méfeném rozsahu. Limit detekce byl spoéitdn na 0,6 ng.I". Pro ovéfeni stability
signalu bylo provedeno 10 méreni béhem 10 dnd. Bylo zjisténo, Ze relativni chyba RS mezi
stejnymi vzorky byla niZsi nez 8%. Dale byla provedena méfeni dvou modelovych vzork{ pro
testovani spolehlivosti a robustnosti metody. Vzorek A obsahoval 10 ng-I'1 IgG a vzorek B
100 ng-I". Rozdily mezi skute¢nou a experimentélné ziskanou hodnotou byly kolem 20% a
relativni smérodatnd odchylka RSD = 5%. Pro sledovani dlouhodobé stability byla méfena
Ramanova spektra Fe;O,@Ag@Streptavidin@AntilgG po dobu 90 dnli. Namérend spektra
jsou uvedena na obrdzku 9. Kazdé spektrum je posunuto o 100 jednotek na ose intenzity,
aby byla spektra vice prehledna.
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Obr. 9: Ramanova spektra Fe;0,@Ag@Streptavidin@AntilgG ziskana v rtiznych €asovych intervalech, ktera
demonstruiji stabilitu biosenzoru. Pfevzato z Balzerova a kol. (2014)"
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Navrzend metoda byla déale pouZita pro analyzu vzork( lidské plné krve ziskanych odbérem
kapky krve z prstu. Touto metodou lze ziskat pouze malé mnoiZstvi vzorku, v fadech
mikrolitr(i. Prestoze metoda byla vyvijena tak, aby nespecifické interakce pripraveného
nanokompozitu se slozkami komplexni matrice krve byly minimalni, ¢ast Ramanova signalu
mUzZe presto pochdzet od nespecifickych interakci. Z tohoto dlvodu bylo nutné spektra
peclivé vyhodnotit porovnanim redlnych vzork(l a vzorkd modelovych. Experimentalni
analyza byla provedena podle postupl pouzitych dfive v kalibra¢nich experimentech. Bylo
analyzovano 10 vzorkd (dva pacienti, kazdy 5 vzork(), SERS spektrum redlného vzorku je
uvedeno na obr. 10 (A).
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Obr. 10: (A) Ramanovo spektrum vzorku plné lidské krve. Pro srovnani jsou prezentovany také Ramanova
spektra modelového vzorku obsahujiciho 16 pg:1™* IgG a &istého nanokompozitu. (B) Stanoveni koncentrace
analyzovanych vzorkli. Modré body patfi redlnym vzorkiim krve a hnédé body prezentuji data ziskana
metodou standardniho pfidavku k témto vzorkim. (C) Kalibraéni kfivka pro stanoveni IgG v modelovych
vzorcich. PFevzato z Balzerova a kol. (2014)"

Ve spektru je vidét, Zze obsahuje vSechny pasy dfive pfifazené sensoru; nicméné spektralni
pas interpretovany jako Amid Il je mirné posunut vzhledem k odliSné strukture IgG ve
srovnani s anti-lgG a Streptavidinem. Spektrum redlného vzorku bylo porovnano s
pfislusnym Ramanovym spektrem standardniho roztoku lidského 1gG (pocatec¢ni koncentrace
= 5 g-I™), aby se potvrdil ptivod analytického signalu. Koncentrace lidského IgG v realnych
vzorcich byla stanovena metodou standardniho pfidavku, aby se minimalizovaly moziné
spektrdlni interference. Do kazdého vzorku krve bylo priddno definované mnozstvi IgG a
poloha a intenzita vSech pdsu byla vyhodnocena a porovndna s Ramanovymi spektry
pavodnich vzorkl krve. Ziskané hodnoty jsou ukadzany na obrazku 10 (B), kde jsou realné
vzorky oznaceny jako modré body a dva standardni pfidavky jsou oznaceny jako hnédé body.
Vysledky analyzy ukdzaly, ze vzorky od pacienta A obsahovaly 9 g.I"! 1gG a analogicky, vzorky
ziskané od pacienta B obsahovaly 10 g.I"* IgG. Za zminku stoji, Ze stanovena mnozstvi IgG jsou
v souladu s hodnotami uvddénymi pro zdravou populaci. &7
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Vysledky této prace byly vroce 2014 publikovany v Casopise Analytical Chemistry
a v plném znéni jsou dostupné v pfiloze disertacni prace.

5.2. Vyuziti magneticky asistované povrchem zesilené Ramanovy spektroskopie k multiplexni
analyze nadorovych markerti HER2
a EpCAM v lidské krvi

Tato prace popisuje vyuziti magneticky : —
asistované povrchem zesilené Ramanovy l>

F Y Ani-EpCAM | Anti-HER2 )
/ #EpCAM @ HER2
. | M EpCAM_Cy5 @FHER?2_Cy3
spektroskopie ke kompetitivni simultanni ‘

detekci dvou rakovinnych marker(i HER2 a & *. \‘QQ.Y.?.)’- q\"\.Y.?.)"
EpCAM. Jako biosensor byl poufZit 1y " Fe.0, QNI Fe.0. N

magneticky nanokompozit Fe,0;@Ag m VvV = U
funkcionalizovany protilatkami (Anti-HER2, ™ /

(81T0T) enoJdZ|Rg Z O1RZADAd

Anti-EpCAM). Navriena metoda byla zaloZzena na kompetici mezi chemicky znaéen\’/n:i
referenénimi markery (Her2_Cy3 a EpCAM_Cy5) a neoznacenymi markery a byla pouZita pro
detekci vybranych marker(l v lidské plné krvi. Analyza vzorkl krve byla statisticky
vyhodnocena za poufZiti Studentova t-testu a diskriminacni analyzy. Diky magnetickym
nanocasticim, které umoznuji rychlou prekoncentraci analytu pomoci vnéjsiho magnetického
pole a jednoduchou separaci cilenych latek od komplexni matrice, predstavuje aplikace MA-
SERS alternativu k ostatnim metoddm (elektrochemické metody nebo SERS) pouzivanych pfi
multiplexni detekci.

Chemicka struktura vychozich magnetickych nanocastic (MNPs) byla zkoumana rentgenovou
praskovou difrakci (XRD). Jako jedina krystalickad faze byl identifikovdn maghemit (y-Fe,053)
(obr. 11 (A)) s velikosti krystalitd 13 nm. HRTEM snimky materidlu s prvkovym rozlozenim
stfibra a magnetickych nanocastic jsou zobrazeny na obrazku 11 (B). Svétlejsi, mensi objekty
byly identifikovany jako ¢astice Fe,O3 majici velikost v rozmezi 10-15 nm, coZ odpovida
datdm z XRD. Vétsi objekty na obrazku patfi nanocasticim stfibra s prlmérnou velikosti asi
30 nm. Tato interpretace je dale potvrzena elementarni mapou (inset obrazku 11 B), kde
mensi Zluté ¢asti mapy predstavuji ¢astice oxidu Zelezitého, zatimco modré skvrny odpovidaji
nanocdasticim stfibra.

Infraervend spektroskopie a méfeni C-potencidlu byly pouZity ke sledovani zmén
povrchovych charakteristik funkcionalizovanych MNPs béhem procesu funkcionalizace
povrchu. Naméreny T -potencial nemodifikovanych vychozich magnetickych nanocastic byl -
22,3 mV. Silny zadporny ndboj MNPs byl zplisoben karboxylovymi skupinami pfitomnymi na
povrchu magnetickych nanocastic. Aktivace karboxylovych skupin vodnym roztokem EDC a
NHS byla doprovazena velkou zménou zaporného naboje na kladny, s hodnotami +7 mV (A T
potencial = 29,3 mV). Posledni krok souvisel s imobilizaci protilatek AntiHER2 a AntiEpCAM
na povrch MNPs. Postupné navazani protein zplsobilo zménu naboje na hodnoty +9 mV
pro AntiHER2 a +8 mV v pfipadé AntiEpCAM. Uspésna imobilizace obou protilatek byla dale
potvrzena namérenymi IR spektry, ktera jsou uvedena na obrazku 11 (C). Spektrum obsahuje
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vyznamné pasy pfi 3430 cm™ interpretované jako valenéni vibrace O-H a pas p¥i 1726 cm™,
interpretovany jako C=0 vibrace karboxylovych skupin pfitomnych na povrchu magnetickych
Castic. Pfitomnost navdzanych protein( znaci proteinové pasy amidu | (-CO-NH) a amidu |l
(-CO-NH-) lokalizovanych pfi 1570 cm™ a 1650 cm™, spektralni pas 1385 cm™ predstavuje
vibraci COOH skupiny a je zpUsoben pfitomnosti zbyvajicich nemodifikovanych
karboxylovych skupin na povrchu Fe;0s.

A ?50 nm

Intensity (a.u.)

r-Fe0, | I R N R R R AR A

10 20 30 40 50 60 70 80 90 100
20CoK (°)

initial MNPs
MNPsS@ANtHER2
—— MNPS@AntiEpCAM

e T A

1000 1500 2000 2500 3000 3500

Transmitance

Wavenumber (cm™)

Obr. 11: (A) XRD spektrum cistych MNPs, (B) HRTEM snimek hybridniho systému MNPs@Ag vcetné
elementarniho mapovani HAADF / EDS ve vyfFezu, (C) IR spektra Eistych MNPs a funkcionalizovanych MNPs.
Pfevzato z Balzerova a kol. (2018)62

Sensor MNPs@AntiHER2@AntiEpCAM byl navrien pro kompetitivni multiplexni analyzu
dvou ruznych nadorovych markerG HER2 a EpCAM a jejich protéjski oznacenych
fluorescenénimi znackami (HER2_Cy3 a EpCAM_Cy5) v plIné lidské krvi. Nejdfive byla ziskana
Ramanova spektra funkcionalizovanych MNPs pro potvrzeni Uspésné imobilizace protilatek
HER2 (oranzova linka) a EpCAM (zelena linka) na povrchu MNPs, cozZ je ukdazano na obrdazku
12. Spektra obsahuji charakteristické proteinové pasy Amid Il (1240 cm™) a Amid I
(1554 cm™), které potvrzuji Gspééné navazani proteind na povrch nanogastic.

24



MNPs@Anti-HER2

MNPs@Anti-EpCAM

Raman intensity (a.u.)

1 v 1 v 1 v 1 N ) v 1 v 1
400 600 800 1000 1200 1400 1600 1800

Wavenumber (cm™)

Obr. 12: Ramanova spektra nefunkcionalizovanych magnetickych nanocastic Fe,03;, magnetické nanocastice
funkcionalizované protilatkami Anti-HER2 (oranzova linka) a Anti-EpCAM (zelena linka), (MNPs@Anti-HER2,
MNPs@Anti-EpCAM). Pfevzato z Balzerova a kol. (2018)62

Poté byla mérena SERS spektra standardnich roztokd znacek (Cy3, Cy5) a oznacenych
markeru, kterad jsou uvedena na obrazku 13. Ramanova spektra sensoru a Cistych sloucenin
Cy3, Cy5, HER2 a EpCAM byla vzajemné porovnana. Pfitomnost spektralnich pasl pfi
373 cm™ (Cy3) a 475 cm™ (Cy5) potvrdila Uspééné oznaéeni obou markerd.

Cy3
— Cy5
—— EpCAM_Cy5
——HER2_Cy3
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Obr. 13: Ramanova spektra Cistych cyaninovych znacek Cyanin 3 (Cy3, oranZova linka) a Cyanin 5 (Cy5, zelena
linka), nadorové markery HER2 a EpCAM znacené cyaninovymi znackami Cyanin 3 nebo Cyanin 5 (HER2_Cy3,
&ervena linka; EpCAM_Cy5, modr4 linka). Pfevzato z Balzerova a kol. (2018)°°
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Pro zvy3eni spolehlivosti metody, byl vybran referenéni pas pi 660 cm™, charakteristicky pro
tyrosin. Ramanova spektra ziskana analyzou oznacenych nadorovych markerd HER2_Cy3 a
EpCAM_Cy5 jsou uvedena na obrazku 14. Cervend linka pfedstavuje Ramanovo spektrum
ziskané analyzou oznaceného HER2 za pouZziti MNPs@AntiHER2 senzoru. Spektrum obsahuje
spektralni pasy charakteristické pro Cy3 a referenéni pas leZici na 660 cm™. Modrd linka
pfedstavuje Ramanovo spektrum ziskané analyzou oznaceného EpCAM markeru pomoci
MNPs@AntiEpCAM senzoru a obsahuje spektralni pasy charakteristické pro Cy5 a referencni
pas ptfi 660 cm™. Oranfova linka zndzorfiuje Ramanovo spektrum ziskané multiplexni
analyzou obou proteind s pouzitim MNPs@AntiHER2@AntiEpCAM senzoru. Spektrum
obsahuje spektralni pasy obou znacek, konkrétné Cy3 pfi 373 cm™ a Cy5 pfi 475 cm™

Blank sample
MNPs@AntiEpCAM@ANtHER2+EpCAM_Cy5+HER2_Cy3

MNPs@ANtiEpCAM+EpCAM_Cy5

Raman intensity (a.u.)

MNPs@ANntHER2+HER2_Cy3

. ‘ .
500 1000 1500
Wavenumber (cm™)

Obr. 14: Ramanovo spektrum funkcionalizovanych MNPs s anti-HER2 po pfidani znateného nadorového
markeru HER2 (HER2_Cy3), Ramanovo spekterum funkcionalizovanych MNP s anti-EpCAM po pfidani
znaceného nadorového markeru EpCAM (EpCAM_Cy5), multiplexni Ramanova analyza se sensorem
(MNPs@Anti-HER2@Anti-EpCAM) po pFidani znacenych nadorovych markerti HER2 (HER2_Cy3) a EpCAM
(EpCAM_Cy5). Pfevzato z Balzerova a kol. (2018)**

Pro testovani funkénosti senzorll byla vyhodnocena spektra slepych vzork(i a modelovych
vzorku a ty pak byly pouzity pro dalsi vypocty. Analyza byla provedena s 10 slepymi vzorky a
10 modelovymi vzorky. Kazidy vzorek byl méren pétkrat. Primérnd intenzita Cy3, Cy5 a
referencnich spektralnich pasq, ziskana z péti nezavislych méreni, byla pouzita pro vypocet
pomeéru celkové intenzity jako

_ Izna(:ka
Rznaéka - Lef [3]
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kde lnazka predstavuje intenzitu prislusné Ramanovské znacky (Cy3 nebo Cy5) a s
predstavuje intenzitu referenéniho pasu p¥itomného pti 660 cm™. Poméry byly vypotteny
pro slepé vzorky (pufr PBS, c = 10 mM, pH = 7) a modelové vzorky obsahujici markery HER2 a
EpCAM v pomérech 1: 1 a 1: 2 (c/c, oznaené: neoznacené). Bylo predpokladano, Ze
konkurence mezi oznacenymi a pfirozenymi markery se promitne ve snizené intenzité
spektralnich pasd charakteristickych pro dané znacky. Tato hypotéza byla potvrzena v
pfitomnych Ramanovych spektrech slepého vzorku a modelového vzorku obsahujiciho
10 ng:I™ HER2 a EpCAM (Obrazek 15). Pokles intenzity signalu byl uréen pro kazdou znatku
zvlast. Pomér intenzity (l;nazka / lref) S€ Ve vzorcich slepého vzorku, které obsahovaly pouze
znacené markery, zménil z 0,15 (Cy3) a 0,12 (Cy5) na 0,08 (Cy3) a 0,03 (Cy5) v modelovych
vzorcich, které obsahovaly také neznacené markery. Tyto zmény se tykaji Uspésné interakce
mezi senzorem a markery HER2 a EpCAM a také prednostniho obsazeni vazebnych mist
neoznacenymi markery pfed oznacenymi.

Model sample (sensor+unlabeled markers 10 ng.L"
+labeled markers 10 ng.L")

Blank sample
(sensor+labeled markers)

Raman intensity (a.u.)

. . .
500 1000 1500
Wavenumber (cm™)

Obr. 15: Ramanovo spektrum slepého vzorku a modelového vzorku obsahujiciho 10 ng.L” HER2
a EpCAM. Prevzato z Balzerova a kol. (2018)62

Metoda byla déle statisticky vyhodnocena pomoci diskriminaéni analyzy, kde byly zahrnuty
spektralni pasy reference (tyrosin), Cy3 a Cy5 (660 cm™, 475 cm™ a 373 cm™). Obrazek 16
ukazuje pfitomnost vyznamnych rozdili mezi Ramanovymi spektry slepych vzorku (étverec) a
modelovych vzorkd (znacka trojuhelniku). Rozdily byly zplsobeny snizenim intenzity v
disledku soutéZzeni mezi neznacenymi markery a oznacenymi markery, jak bylo popsano
vyse. Vypoctena primeérna Mahalanobisova vzdalenost mezi klastry byla nasledujici: 1,9 pro
HER2; 2,0 pro EpCAM a 2,1 pro multiplexni analyzu.
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Obr. 16: Diskriminacni analyza MNPs s jednotlivymi markery HER2, EpCAM a senzorem (MNPs@Anti-
HER2@Anti-EpCAM) pro multiplexni analyzu. Pfevzato z Balzerova a kol. (2018)"

Stabilita signdlu a také senzoru byla testovdna se slepym vzorkem za uUlelem ovéreni
spolehlivosti metody. Béhem ¢&asového intervalu od 2 minut do 12 minut po pfipravé byla
zaznamendvana Ramanova spektra vzorkd. Obrazek 17 (A) ukazuje, Ze vSechna spektra
obsahuji stejné spektralni pasy, ackoli jejich absolutni intenzity se s ¢asem snizuji. Rovnéz
byla testovana reprodukovatelnost systému. Ramanova spektra Sesti rGznych kapek
pfipraveného sensoru s oznacenymi markery jsou uvedena na obrazku 17 (B). V obou
pripadech jsou spektra velmi podobna bez podstatnych zmén a lze tedy konstatovat, Ze
metoda poskytuje opakovatelné vysledky, coz bylo podpofeno vypoctem relativni
smérodatné odchylky pro kazdou znacku. Vypoctené hodnoty RSD cinily 5,6% a 2,2%. Limit
detekce byl stanoven z kalibraéni kiivky na hodnotu LOD = 5 ng:I™* (vypoéteno podle rovnice
3s/m, kde ‘s’ je smérodatna odchylka nejnizsi koncentrace analytu a ‘m’ je smérnice primky).
Dlouhodoba stabilita byla hodnocena na slepém vzorku, kdy byla Ramanova spektra
zaznamendna bezprostifedné po pfripravé vzorku (den 0) a po 40 dnech. Vysledna spektra
jsou uvedena na obrazku 17 (C). Je zfejmé, Ze spektrum 40 dn( starého vzorku obsahuje
stejné spektralni pdsy jako vzorek méreny bezprostiedné po pripravé. Prestoze je intenzita
pésu pii 660 cm™ 0 57% nizsi kvili degradaci senzoru, systém je stale pIné funkéni.
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Obr. 17: (A) Ramanova spektra slepého vzorku (senzor + znacené nadorové markery) ziskana v ¢asovém
intervalu 2 — 12 minut po pfipravé, ktera demonstruji stabilitu nanosystému. (B) Ramanova spektra Sesti
rtiznych kapek slepého vzorku (senzor + znacené nadorové markery), ktera ukazuji opakovatelnost méreni.
(C) Méfeni dlouhodobé stability se slepym vzorkem (senzor + znacené nadorové markery). Ramanova
spektra byla méfena okamiité po pripravé vzorku (den 0) a poté po 40 dnech od pFipravy. Pfevzato z
Balzerova a kol. (2018)*

Aplikacni potencidl navrhované metody byl ddle testovan s cilem pouzZit ji pro kompetitivni
multiplexni analyzu vzork( lidské krve. Bylo shromaidéno deset vzork(i od dvou
dobrovolnikll a analyzovano pétkrat za ucelem statistického vyhodnoceni. Proces syntézy
senzoru byl navrzen tak, aby minimalizoval nespecifické interakce funkcionalizovanych MNPs
s latkami prfitomnymi v komplexni matrici lidské krve pridanim ethylaminu v poslednim kroku
pfipravy senzoru a peclivym nékolikandsobnym promytim deionizovanou vodou. Nicméné
nové spektralni pasy ve spektrech vzorku krve v oblasti 560 cm™ a 1242 cm™ naznaduji
nespecifické interakce, které ale nijak neovliviiuji detekci. SERS spektrum plné krve je
znazornéno na obr. 18. VSechny pasy predtim pfifazené modelovému vzorku a slepému
vzorku demonstruji nepritomnost interferujicich nespecifickych interakci a vykazuji zménu
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absolutnich intenzit pozorovanych spektralnich past s ohledem na meénici se koncentraci
HER2 a EpCAM.

B Blood sample
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Obr. 18: (A) Detail spektralni oblasti od 300 do 550 cm™ z ozna&ené oblasti v (B) se zvyraznénymi pasy
jednotlivych znacek, (B) Ramanovo spektrum multiplexni analyzy pomoci senzoru s pouze znacenymi
nadorovymi markery HER2 (HER2_Cy3) a EpCAM (EpCAM_Cy5) (slepy vzorek, cerna linka), Ramanovo
spektrum multiplexni analyzy pomoci senzoru s neznacenymi nadorovymi markery v roztoku pufru
a znacenymi nadorovymi markery (modelovy vzorek, ¢ervena linka), Ramanovo spektrum kompetitivni
multiplexni analyzy lidské pIné krve obsahujici nadorové markery pomoci senzoru a znacenych nadorovych
markeru (vzorek krve, modra linka). Pfevzato z Balzerova a kol. (2018)62

Dalsi statistické vyhodnoceni bylo provedeno pomoci studentova t-testu za ucelem urceni
vyznamného rozdilu pradmeérnych poméru intenzit pro Cy3 a Cy5 (jak bylo popsano vyse) mezi
slepym vzorkem a vzorkem piIné krve. Vypoctené p hodnoty byly 0,0093 pro HER2 a 0,0016
pro EpCAM. Takové vysledky ukazuji na statisticky vyznamny rozdil.

Vysledky této prace byly vroce 2018 zaslany do casopisu Applied Materials Today
a v plném znéni jsou dostupné v pfiloze disertacni prace.
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5.3. Publikace zahrnujici vyuZiti SERS k detekci dalSich biologicky aktivnich latek

Tato cast disertacni prace zahrnuje publikace, ve kterych bylo vyuzito povrchem zesilené
Ramanovy spektroskopie k detekci dalSich biologicky aktivnich latek. Konkrétné se jedna o
publikaci zabyvajici se multiplexni analyzou DNA a RNA v rakovinnych tkanich; o publikaci
popisujici vyuZiti SERS k detekci bakteridlni infekce kloubnich ndhrad a o publikaci, ktera
popisuje vyuZziti magnetického biosensoru k detekci rakoviny prostaty sledovanim proteinu
PSMA.

5.3.1. Vyuziti magneticky asistované Ramanovy spektroskopie k detekci infekce
protetickych kloubti

Tato prdce popisuje novou metodu

¢ -7 MA-SERS o

diagnostiky infekce protetickych kloubu S detection of PJI P
(Prosthetic Joint Infection, PJI) zaloZenou na ;e | l g
magneticky asistované povrchové Ramanové :f’y e e e i == g
spektroskopii (MA-SERS), ktera byla jiz dfive b b oy iy “ g
pouzita k rychlé, selektivni a vysoce citlivé ‘“p l o - %
detekci rdznych molekul véetné dopaminua . > . > .D 3 ::) E
17,68 3 * e ay &

imunoglobuling. Stfibrné nanocastice se
Casto pouZivaji pro svou synergickou antibakteridlni aktivitu k potlaceni rlstu bakterii,
nicméné pfi nizkych koncentracich pouzivanych pro zvyseni Ramanova signdlu nemaji zadny

inhibi¢ni vliv na analyzované patogeny.®®°

Metoda vyuZiva novy vysoce Ucinny biosenzor
zalozeny na streptavidinem modifikovanych karboxy-funkcionalizovanych magnetickych
nanocasticich (dale jen MNP@Strep) které zajistuji ucinnou cilovou izolaci. Po izolaci je
biosenzor pokryt nanocasticemi stfibra, které umoziuji detekci PJI pomoci MA-SERS.
Nanomaterial pouzity pro detekci MA-SERS ma dvé hlavni vyhody. Za prvé, jeho magnetické
vlastnosti umoziuji efektivni a kvantitativni izolaci vybranych analytld z komplexni matrice.
Za druhé, SERS ucinek nanocastic stfibra naadsorbovanych na biosenzoru poskytuje velmi
nizké limity detekce. Tato metoda byla pouzita k izolaci a identifikaci dvou bakterialnich
kmen(, Staphylococcus aureus a Streptococcus pyogenes. Navic byly touto metodou Uspésné
diagnostikovany uvedené bakteridlni kmeny v realném vzorku vypotku kolenniho kloubu
béhem nékolika minut bez nutnosti predbézné Upravy vzorku.

Vysledky této prace byly vroce 2017 publikovany v ¢asopise Analytical Chemistry
a v plném znéni jsou dostupné v pfiloze disertacni prace.
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5.3.2. Multiplexni analyza RNA a DNA v rakovinnych tkanich

Prace popisuje vyuZziti nanosenzoru pro e
multiplexni stanoveni DNA a RNA ‘*@"
slozeného z magnetického Fe;0,@Ag T
nanokompozitu  funkcionalizovaného

nizkomolekuldrnim  selektorem ze

detection separation % % % %
chI?rambUC|Iem. Alkylaéni 7 é c ’% % ’X’ %

antineoplastickd  cinidla se casto

I | SERS Magnetic
skupiny alkyla¢nich Cinidel - i

IL(g]:()z) gA0)|dn0|eq3 Z 01eZA34d

pouzivaji pfi |éCeni rakoviny selektivni alkylaci guaninu. Tohoto mechanismu bylo vyuZito k
ziskani vyrazné vyssi drovné selektivity vici nukleovym kyselindm. Sensor navic umoznuje
selektivni izolaci nukleovych kyselin pomoci magnetickych vlastnosti nanocastic Fes04 a
nasledné stanoveni pomoci magneticky asistované povrchové Ramanovy spektroskopie (MA-
SERS). Dosazené limity detekce byly 3,0 ng:!™ pro DNA a 3,8 ng* pro RNA. Zvydena
selektivita vyvinutého sensoru, dana pritomnosti alkyla¢niho cinidla, umoznuje provadét
multiplexni analyzu DNA a RNA s relativnimi odchylkami pod 10%. Stabilita pouZitého
nanokompozitu Fes;0,@Ag@Chlorambucil byla sledovana po dobu 21 dnd. Konecény pokles
analytického signdlu v &ase byl 25 %.”*

Vysledky této prace byly vroce 2018 publikovany v ¢asopise Applied Materials Today
a v plném znéni jsou dostupné v pfiloze disertacni prace.

5.3.3. Vyuziti magneticky asistované Ramanovy spektroskopie k detekci prostatického
specifického membranového antigenu (PSMA) v lidské krvi

Tato prace popisuje vyuziti magnetického biosensoru k detekci rakoviny prostaty sledovanim
prostatického specifického membranového
antigenu (PSMA) v lidské krvi. PSMA je také
znam pod oznacenim glutamat
karboxypeptidaza Il (GCPIl). Metoda VyuZiva simple with DNA and (or) RNA

magnetického nanokompozitu obsahujiciho @ \ /

nanocastice oxidu Zeleznato-zelezitého a

:(8702) gAoydnojey) z ojeznsid

nanocdastice stfibra (Fes0,@Ag) Glass substrate ’
funkcionalizovaného protilatkou (synteticky @ e
GCPII inhibitor s nizkou molekulovou

hmotnosti). Nanokompozit umozniuje jednoduchou izolaci analytu z matrice pomoci vnéjsiho
magnetického pole a ndsledné stanoveni pomoci povrchem zesilené Ramanovy
spektroskopie (MA-SERS). Limit detekce byl stanoven na 6 pmol. Navic bylo zjiSténo, Ze
vysledny biosensor FesO,@Anti-GCPII@Ag byl stabilni po dobu 21 dn(.

Vysledky této prace byly vroce 2018 publikovany v Casopise Analytica Chimica Acta
a v plném znéni jsou dostupné v pfiloze disertacni prace.
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ZAVER

Cilem predkladané disertacni prace bylo studium vyuzZiti nanocastic uslechtilych kov(
k detekci fyziologicky aktivnich latek pomoci povrchem zesilené Ramanovy spektroskopie.
Pfipravené nanomateriadly byly charakterizovany pomoci fady technik (XRD, UV/Vis, TEM,
HRTEM, IC, DLS). Praktické uplatnéni nasly tyto pfipravené materialy pfi detekci proteinu IgG
a rakovinnych markerd HER2 a EpCAM pomoci povrchem zesilené Ramanovy spektroskopie.

Prvni ¢ast experimentdlni prace se zabyvala funkcionalizaci magnetického nanokompozitu
protilatkami a naslednou detekci lidského imunoglobulinu G v plné lidské krvi pomoci
magneticky asistované povrchem zesilené Ramanovy spektroskopie (MA-SERS). NavrZend
metoda vyuZivala magneticky nanokompozit Fe;O;@Ag, kde byly nanocastice stfibra
kovalentné vazany pouzitim karboxymethylchitosanu. Povrch takto pfipraveného
nanokompozitu byl modifikovdn pomoci streptavidinu a poté protilatkou anti-IgG. Nejdrive
byl funkcionalizovany nanokompozit testovdan s modelovymi vzorky (vodny roztok IgG)
a poté byly provedena analyza vzorku lidské krve. Ke stanoveni koncentrace 1gG v krvi byla
sestrojena kalibraéni k¥ivka. Limit detekce byl stanoven na 600 pg.ml™. Velkym p¥inosem
této metody je, Ze milze byt relativné snadno modifikovana, tim Ze nanokompozit bude
funkcionalizovan jinou biotinylovanou protilatkou, coZz umozZni stanoveni odpovidajiciho
cilového analytu.

Druha c¢dast experimentalni prace se zabyvala vyvojem metody k simultdnnimu stanoveni
nadorovych markerl pomoci MA-SERS. K analyze byly vybrany dva nddorové markery — HER2
a EpCAM. Metoda vyuziva nanokompozitu Fe,0s@Ag funkcionalizovaného specifickymi
protilatkami anti-HER2 a anti-EpCAM a byla zaloZzena na kompetici mezi neoznalenymi
markery a markery oznacenymi fluorescen¢nimi znackami (HER2_Cy3, EpCAM_Cy5). Limit
detekce byl stanoven na 5 ng.l?, pfitemZ obé slou¢eniny jsou statisticky odliditelné od
slepého vzorku s p hodnotami 0,0093 (HER2) a 0,0016 (EpCAM).
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SUMMARY

The aim of this dissertation was to study the application of noble metal nanoparticles for the
detection of physiologically active substances using the surface of enhanced Raman
spectroscopy. The prepared nanomaterials were characterized by variety of techniques
(XRD, UV/Vis, TEM, HRTEM, IR, DLS). Prepared materials have found practical applications
for the detection of IgG protein and cancer markers HER2 and EpCAM by surface enhanced
Raman spectroscopy. In addition to these bioanalytical applications, systems based on the
combination of magnetic nanoparticles and nanoparticles of noble metals were used in
other bioanalytical methods (biosensor for determination of PSMA, DNA and RNA in tumor
tissues, prosthetic joint infection).

The first part of the experimental section dealt with the functionalization of magnetic
nanocomposite with antibodies and subsequent detection of human immunoglobulin G in
whole human blood by magnetically assisted surface enhanced Raman spectroscopy (MA-
SERS). The proposed method utilized the magnetic Fes0,@Ag nanocomposite where the
silver nanoparticles were covalently bound using carboxymethylchitosan. The surface of the
nanocomposite was modified with streptavidin and then with the anti-IgG antibody. First,
the functionalized nanocomposite was tested with model samples (agueous solution of I1gG)
and then human blood samples were analysed. A calibration curve was constructed
to determine 1gG concentration in blood. The detection limit was determined
to 600 pg.mL™. The benefit of such an approach is that it can be modified relatively easily in
order to analyze other targets by selecting an appropriate biotinylated antibody.

The second part of the experimental work dealt with the development of a method for the
simultaneous determination of cancer markers using MA-SERS. Two cancer markers - HER2
and EpCAM, were selected for analysis. The method employed Fe,Os@Ag nanocomposite
functionalized with specific antibodies anti-HER2 and anti-EpCAM and was based on
competition between unlabeled markers and markers labeled with fluorescent labels
(HER2_Cy3, EpCAM_Cy5). The detection limit was determined to 5 ng.L™ and both of model
samples are statistically distinguishable from the blank sample with p-values of 0.0093
(HER2) and 0.0016 (EpCAM).
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