UNIVERZITA PALACKEHO V OLOMOUCI
Prirodovédecka fakulta

Katedra fyzikalni chemie

Magnetické nanokompozity vyuzitelné jako vysoce ucinné sensory
fyziologickych procesii s mozZnym diagnostickym nebo terapeutickym

dopadem.

DISERTACNI PRACE

Mgr. Zuzana Chaloupkova

Skolitel: prof. RNDr. Radek Zbofil, Ph.D.

Olomouc 2018



Prohlaseni

Zakladem ptedlozené disertacni prace jsou realizované vyzkumné studie, jejichz

vysledky byly publikovany v impaktované odborné literatuie (A-C).

Prohlasuji, ze jsem disertac¢ni praci s nazvem Magnetické nanokompozity jako
vysoce ucinné sensory fyziologickych procesii s moznym diagnostickym nebo
terapeutickym dopadem sepsala samostatné pod vedenim vedouciho prace
prof. RNDr. Radka Zbofila, Ph.D. a konzultanta RNDr. Véaclava Rance, Ph.D.

S vyuzitim literarnich zdroju, které jsou citovany.

Prohlasuji, ze mam autorsky pfinos v nésledujicich publikacich, ketré tvoii

zéklad této disertacni prace:

A) Chaloupkova; Z., Balzerova; A., Mediikova; Z., Srovnal; J., Hajdtach; M., Cépé;
K., Ranc; V., Zbofil; R.: Label-free determination and multiplex analysis of
DNA and RNA in tumor tissues, Applied Materials Today 2018, 12, 85-91.

B) Chaloupkova; Z., Balzerova; A., Bafinkova; J., Medtikova; Z., Sacha; P., Benes;
P., Ranc; V., Konvalinka; J., Zbofil; R.: 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
2018, 997, 44-51.

C) Ranc; V., Zizka; R., Chaloupkové; Z., Seveik; J.: Imaging of growth factors on a
human tooth root canal by surface Enhanced Raman spectroscopy, Anal.

Bioanal. Chem. 2018, v reSerznim fizeni

V Olomoucidne 23.8.2018



Podékovani:

Rada bych podékovala svému Skoliteli prof. RNDr. Radku Zboftilovi, Ph.D. za
podporu béhem doktorského studia. Dale bych chtéla podékovat RNDr. Viaclavu
Rancovi, Ph.D. za odbornou pomoc, trpélivost a cenné rady béhem celého pribéhu
mého doktorského studia. Mé diky patii také Marianu Hajduchovi, M.D., Ph.D. za
poskytnuti vzorka obsahujicich DNA a RNA rakovinnych tkani. Souc¢asné bych chtéla
podekovat Doc. RNDr. Janu Konvalinkovi, CSc. za spolupréci na publikaci zabyvajici
se stanovenim GCPII. Mgr. Klafe Cépe, Ph.D., Mgr. Jané Straské a Mgr. Ondieji
Tomancovi dékuji za pofizeni obrazovych zaznami pomoci elektronovych mikroskopt.
Velké diky patifi soucasnym 1 byvalym spolupracovnikiim z Regiondlniho centra
pokrocilych technologii a materialt a Katedry fyzikalni chemie za pomoc a rady béhem
mého doktorského studia. V neposledni fadé bych chtéla pod€kovat mému pfiteli za

podporu, kterou mi po celou dobu studia poskytoval.



Anotace

Katedra fyzikalni chemie, PFirodovédecka fakulta,

Univerzita Palackého v Olomouci

Student: Mgr. Zuzana Chaloupkova

Titul: Magnetické nanokompozity vyuzitelné jako vysoce
ucinné sensory fyziologickych procesii s moZnym

diagnostickym nebo terapeutickym dopadem

Vedouci prace: prof. RNDr. Radek Zbofril, Ph.D.
Spolufesitel: RNDr. Vaclav Ranc, Ph.D.

Pocet stran: 121

Pocet pfiloh: 3

Rok: 2018

Teoreticka Cast disertaéni prace je zaméfena na popis Ramanovy spektroskopie,
zejména SERS (povrchem zesilenou Ramanovu spektroskopii). Popisuje praktické
vyuziti metody SERS, pfedevsim metodu SERS jako néstroj pro analyzu biopolymert.
Experimentalni c¢ast se vénuje studiu biologickych systémii pomoci nanokompozitu
obsahujiciho nanocastice stiibra s naslednou detekci metodou MA-SERS (magneticky

asistované povrchem zesilené Ramanovy spektroskopie).

Kli¢ova slova: SERS, MA-SERS, nanocastice, biopolymery



Annotation

Department of Physical Chemistry, Faculty of Science,

Palacky University Olomouc

Student: Mgr. Zuzana Chaloupkova

Title: Magnetic nanocomposites applicaple as highly effective
sensors of physiological processes with possible

diagnostic or therapeutic impact

Suprevisor: prof. RNDr. Radek Zbofril, Ph.D.
Co-suprevisor: RNDr. Vaclav Ranc, Ph.D.
Number of pages: 121

Number od attachments: 3

Year: 2018

The theoretical part of the dissertation is focused on the description of Raman
spectroscopy, especially SERS (surface-enhanced Raman spectroscopy). It describes the
practical use of the SERS method, especially the SERS method as a tool for analyzing
biopolymers. The experimental part deals with the study of biological systems using a
nanocomposite containing silver nanoparticles, followed by detection by MA-SERS

(magnetically assisted surface-enhanced Raman spectroscopy).

Key words: SERS, MA-SERS, nanoparticles, biopolymers



Obsah

Cile disertac¢ni prace

Experimentalni ¢ast

1. Ramanova spektroskopie
1.1. Historie

1.2. Princip Ramanovy spektroskopie

1.3. Instrumentace Ramanova spektrometru

1.4. Interpretace spekter v Ramanové spektroskopii

1.5. Vyznamné typy Ramanovy spektroskopie — RRS, SERS, SERRS

1.6. Vyhody a nevyhody Ramanovy spektroskopie

1.7. Aplikace Ramanovy spektroskopie .
. SERS - Surface Enhanced Raman Spectroscopy
2.1. Mechanismus SERS

2.2. SERS substraty

2.3. Praktické vyuziti metody SERS

. SERS jako nastroj analyzy biopolymert

3.1. Detekce nukleovych kyselin (DNA, RNA)

3.2. Ptimé metody detekce proteinii

4.1. Chemikalie

4.2. Ptiprava nanocastic stiibra

4.3.Syntéza nanokompoziti

4.3.1. Syntéza Fe;O,@Ag nanokompozitu pro analyzu DNA/RNA

4.3.2. Syntéza Fe;0,@ANti-GCPII@Ag nanokompozitu ke stanoveni GCPII
4.3.3. Syntéza Fe;O4@ Ag nanokompozitu pro analyzu ristovych faktort

4.4. Priprava inhibitoru a funkcionalizace nanomaterialu

4.4.1. Syntéza nizkomolekuldrniho GCP II inhibitoru k analyze GCPII

6

10
10
11
13
15
17
19
20
21
21
22
25
27
28
29
30
31
33
34
35
35
36
36
36
37
38



4.4.2. Funkcionalizace Fe;O4,@Ag nanokompozitu pro analyzu DNA/RNA 39

4.4.3. Funkcionalizace nanomaterialu pro stanoveni rustovych faktora 40
4.5, PHpIava VZOTK O 41
4.5.1. Priprava vzorkli RNA a DNA z rakovinnych tkani 41
4.5.2. Ptiprava standardniho roztoke GCPII______ 42
4.5.3. Priprava vzorkt z pIn¢ krve k analyze GCPIL_______ 42
4.5.4. Priprava vzorkl obsahujicich GCPIL . 42
4.5.5. Pfiprava vzorki k analyze rastovych faktora 43
4.5.6. Osetieni vzorkl zubni tkané za pouziti EDTA 43
4.5.7. Uprava vzorkii pro analyzu riistovych faktord za pouziti nanomateridlu - 44
4.5.8. Znaceni vzorkl zubni tkané protilatkami pro Ramanovu spektrokopii 44
4.6. Analyza vZorKO 44
4.6.1. Multiplexni analyza standardnich a realnych vzorka obsahujicich DNA/RNA_44
4.6.2. Analyza standardnich a realnych vzorki obsahujicich GCPIL . 45
4.6.3. Analyza rustovych faktort na povrchu dentinu________ 46
4.7, PHistrojove vybaveni 46
Vysledky a disKuze, | . ... 47
5.1. ,,Label-free* determinace a multiplexni stanoveni DNA a RNA v rakovinnych
RANTC 48
5.2.,,Label-free* stanoveni PSMA v Krvi v nanomolarnim mnozstvi za pouZiti
MA-SERS 55
5.3. Povrchova analyza rustovych faktort lidského zubniho kotfenového
kanalu pomoci MA-SERS 62
L2 OO 69
SUMMEBIY oot aee e ses s s ses s s s e ses s sesses s s s s sassase s ses s ses s sassaneanen 1
SEZNAM ZKIALEK ... .......oveieeereereessessessessesse bbb bbb bbb 73
PouZitd literatura e 75
PEI Oy 84
A. Applied Materials Today 85
B. Analytica Chimica ACta 93
C. Analytical and Bioanalytical Chemistry 102



Uvod

Ramanova spektroskopie je vibra¢ni metodou, ktera je vyuzivana k identifikaci
latek, pfi urCovani jejich struktury a slozeni. Své uplatnéni si nasla zejména pro
jednoduchost pii piipravé vzorku, pfesnost a rychlost méfeni. Mezi hlavni vyhody této
metody patii skute¢nost, ze se jedna o metodu nedestruktivni. Ramanova spektroskopie
se pouzivd k analyze plynnych latek, kapalin i pevnych latek, a Ize pomoci ni
analyzovat také povrchy (rizné sorbenty ¢i senzory) ¢i biologické systémy
(biomolekuly az organismy). Citlivost Ramanovy spektroskopie je pomérné omezena,
avSak pomoci SERS — povrchem zesilené Ramanovy spektroskopie jen mozné snizit

mez detekce az o n¢kolik fadu a ziskat tak informace o analyzovaném vzorku.

Predlozena experimentalni ¢ast disertacni prace se zabyva studiem biologickych
systémit (DNA, RNA, proteind a ristovych faktori) pomoci nanokompozitu na bazi
nanocastic stiibra. Tento nanokompozit je nasledné funkcionalizovany, ¢imz je zajiSténa
potiebna imobilizace cilovych biopolymeri. Nanokompozit stiibra je vyuzit pro jeho
schopnost vyrazné piispét k zesileni Ramanova signdlu. V experimentalni ¢asti této
disertacni prace byl pouzit magneticky nanokompozit obsahujici nanocastice stiibra,
jedna se tedy o MA-SERS — magneticky asistovanou povrchem zesilenou Ramanovu
spektroskopii. Diky aplikaci magnetického nanokompozitu je mozné ze slozité
biologické matrice specificky selektovat pozadovany analyt a podrobit ho nésledné

analyze pomoci Ramanovy spektroskopie.

Zavér této disertacni prace je vénovan diskuzi tykajici se dvou prvoautorskych
publikaci a jedné spoluautorské, zaméfenych na multiplexni stanoveni DNA/RNA,
,.label-free stanoveni GCPII pomoci MA-SERS a vyuziti metody MA-SERS k analyze

rustovych faktord na povrchu dentinu.



Teoreticka Cast



1. Ramanova spektroskopie
1.1. Historie

Ramanova spektroskopie je metoda molekulové vibraéni spektroskopie zaloZena
na neelastickém rozptylu monochromatického zateni. Poprvé byl neelasticky rozptyl
zdokumentovan C. V. Ramanem a jeho spolupracovnikem K. S. Krishnanem v roce
1928 (1), ktefi provedli analyzu nejjednodussi biologické molekuly — H,O a pozorovali
jev neelastického optického rozptylu (2). C. V. Raman m¢l k dispozici pouze hrubou
instrumentaci. Ve svém experimentu pouzil jako zdroj zafeni svétlo, sbér paprski
umoznil dalekohled a musel spoléhat pouze na své oci, které vyuzil jako detektor. Dva
roky po tomto objevu obdrzel C. V. Raman (Obr.1) za svoji praci Nobelovu cenu a
spektroskopie zacala nést jeho jméno. Dnes je Ramanova spektroskopie dilezitym
nastrojem pouZivanym pii analyze latek v mnoha oborech zahrnujici chemii, biologii,

1ékarstvi, farmacii a mnoho dalsich.

Obr. 1: Sir Chandrasekhara Venkata Raman (3) (*7.11.1888 - 21.11.1970)
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1.2. Princip Ramanovy spektroskopie

Zakladnim principem Ramanovy spektroskopie je méteni rozptyleného zateni
vznikajiciho interakci monochromatického zafeni v UV-VIS a NIR oblasti
s molekulami vzorku, pfi niz dochazi ke zméné jejich rota¢nich a vibra¢nich stavt (4).
Zdrojem zafeni je laser slouzici jako excita¢ni zdroj, ktery ozafuje molekuly vzorku.
Fotony reagujici se vzorkem mohou vzorkem projit, byt absorbovany nebo rozptyleny.
Nejcastéji laser excituje elektron v zdkladnim stavu do virtudlniho stavu. Pfi névratu
elektronu do zakladniho stavu dochazi k vyzaieni fotonu se stejnou vinovou délkou jako
puvodni foton a molekulam vzorku neni pfedana zadna energie. Vznika tak Rayelighluv
rozptyl (Obr.2). Rayelighliiv rozptyl patii mezi elasticky rozptyl svétla a tyka se 1:10™

fotoni. V bézné praxi je odfiltrovan pomoci tzv. Reyleighovych filtri (5).

Fotony mohou byt rozptyleny také neelasticky (1:10"® fotoni). Na tomto jevu je
zalozena Ramanova spektroskopie (6), tedy na neelastickych srazkach molekul vzorku
s fotony excitujiciho zafeni (Stokesiiv a Anti-Stokestiv rozptyl). Pokud se elektron po
excitaci do virtudlniho stavu vrati do vyssi kvantové hladiny, nez ze které byl elektron
vyrazen, vyzaii se foton s vétSi vinovou délkou a vznika tzv. Stokestv rozptyl (Obr.2).
Pokud se elektron pivodné nenachdzel v zdkladnim stavu, ale po navratu z vyssi
hladiny na zakladni hladinu dochazi k vyzateni fotonu o menSi vlnové délce a

pozorujeme tzv. Anti-Stokestv rozptylu (7).

Ditlezitou podminkou vzniku Ramanova rozptylu je zména polarizovatelnosti
studované molekuly (8). Jedna se o schopnost, kdy vlivem ptisobeni elektrického pole
dochazi k posunuti naboje v molekule a vznikd tak indukovany dip6l. Zména
polarizovatelnosti tedy vede k deformaci orbitald v disledku interakce fotont
s elektronovymi oblaky vazeb v molekule (9). Polarizovatelnost vykazuji zejména
nepolarni ¢asti molekuly, zatimco polarni jsou ztidka polarizovatelné. V Ramanové
spektru jsou tedy vidét velice intenzivni pasy nepolarnich vazeb, v dasledku vyrazné

zmény polarizovatelnosti pti vibraci.
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Obr. 2: Schéma energetickych pechodii v Ramanové spektroskopii.

Anti-Stokestv rozptyl vznika s mensi pravdépodobnosti nez Stokesiv a je
nutnost odfiltrovat Rayelighovy linie, jelikoZ intenzita té€chto linii je aZ 10% vysSi. Proto
se Vv praxi téméf vyhradné méfi spektra Stokesova rozptylu (Obr.3). Anti-Stokesova
spektra lze vyuzit v ptipad€, kdy vlivem zéafeni pozorujeme vysokou fluorescenci

vzorku, ktera Stokesovu oblast zakryje (10).
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Obr.3 : Stokesovy a anti-Stokesovy linie (11).

1.3. Instrumentace Ramanova spektrometru

Ramanovy spektrofotometry miizeme obecné rozdélit do dvou skupin. Prvni
skupinu tvofi disperzni spektrofotometry zaloZené na rozkladu svétla pomoci
hranolu ¢i  disperzni mfizky. Druhou skupinu tvofi spektrofotometry
s interferometry, kde pro ziskani klasického spektralniho zaznamu musime pouZit
Fourierovu transformaci, proto se tyto spektrofotometry oznacuji také jako
FT-spektrometry (12). V ptipadé FT-spektrometru je jako zdroj zafeni pouzit laser
s excitaénim zafenim v blizké IC oblasti. Hlavnimi soucastmi Ramanova
spektrofotometru jsou obecné zdroj monochromatického zéateni, monochromator a
detektor (Obr.4). Vystupem méfeni je ziskané Ramanovo spektrum, kde na ose je na

0se y vynesena intenzita zafeni a na ose X Ramansky posun.

Dftive se jako zdroj zafeni pouzivaly rtutové vybojky, ty byly pozd¢ji nahrazeny
lasery poskytujicimi intenzivni a stabilni paprsek zarfeni. Existuje cela fada
vyuzitelnych lasert, naptiklad argonovy laser (457 - 488 nm), He-Ne laser (633 nm)
nebo Nd-YAG laser pro NIR oblast (1064) (11). Dalsi soucasti Ramanova
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spektrometru jsou monochromatory. Z rozptyleného zafeni je nutné nejprve
odfiltrovat Reylightiv rozptyl, ktery nesmi pfevysit intenzitu Ramanova signélu.
K tomu se béZné pouzivaji interferen¢ni filtry, av§ak v dasledku pouziti téchto filtra
dochézi k odstranéni spektralniho rozsahu + 100 cm™ od frekvence laseru (13).
Nezadouci Reylighovo zéafeni lze také eliminovat pouzitim monochromatort
s dvojitou nebo trojitou monochromacii. Kvalitngjsi pfistroje obvykle umoznuji
méfit spektra blize K excita¢ni linii a to az k hodnoté pouhych 10 cm* pomoci

holografické optiky nebo zlepSenych dielektrickych filtra (12).

Pouzivané termoelektricky chlazené fotonasobice, které slouzily jako detektory,
byly nahrazeny tzv. CCD detektory pro disperzni spektrofotometry (14). Ramanova
spektroskopie umoziuje mefit vzorky v pevném, kapalném 1 plynném skupenstvi.
Dulezitou vlastnosti je moznost ptesného polohovani vii¢i paprsku a sbérné optice
rozptyleného zareni a pfistroje obsahujici mikroskop (tzv. microRaman) jsou
vybaveny Xx-y-z polohovacim zafizenim (15). Tyto spektrometry jsou vyuzivany
zejména pro analyzu povrchi a jejich mapovani (16). Zakladnim piedpokladem pro
pfesnou analyzu je vzdalenost vzorku od sbérné optiky. Rozptylené zateni musi byt
optimaln¢ soustiedéno na vstupni aperturu Ramanova spektrometru v piipadé
Ramanova spektrometru s Fourierovou transformaci ¢i na vstupni Stérbinu
disperzniho Ramanova spektrometru (13). Velkou vyhodou Ramanovy
spektroskopie je minimalni zachazeni se vzorkem a jeho pfiprava pro analyzu.
Typické pftisluSenstvi zahrnuje drzaky kyvet, drzaky pevnych latek ¢i svorky pro

nepravidelné pevné predméty (17).
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Obr.4: Obecné schéma usporadani Ramanova spektrofotometru

1.4. Interpretace spekter v Ramanové spektroskopii

Ramanova spektra umoziuji ziskat informace o rota¢né-vibracnich pohybech
polyatomickych ¢astic, pricemz frekvence normélnich vibraénich méda zévisi na
hmotnostech zucastnénych atomil, geometrickém uspotradani a na sile vazeb mezi nimi.
Intenzita naméfenych past odpovida druhé mocniné zmény polarizovatelnosti béhem
vibra¢nich pohybti molekuly. Komplementarni metodou k Ramanové spektroskopii je
infracervend spektroskopie, napi. symetricka vibrace bude silnd v Ramanové spektru,
zatimco v IR spektru bude slaba, naproti tomu karboxylové a karbonylové skupiny
vykazuji intenzivni absorpce jak v Ramanové tak v IR spektroskopii (12). V ptipadé

Ramanovy spektroskopie hraji vyznamnou roli pfi ur€ovani pasti dostupna literatura a
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praxe pracovnika obsluhujiciho pfistroj. Pokud tato dvé kritéria splnime, ziskame

podstatné informace o struktufe analyzované latky.

Jak uz bylo uvedeno vyse, intenzita pastt v Ramanovych spektrech souvisi se
zménou polarizovatelnosti. Intenzivnéj$i jsou pasy pro symetrické vibrace, néz pro
vibrace antisymetrické. Obzvlast' intenzivni jsou pasy vicendsobnych symetrickych
vazeb, napiiklad —C=C-, -N=N-) (18). Pro interpretaci spekter a objasnéni molekularni
struktury se vyuzivaji dva zpasoby. Prvnim je pouziti teorie skupin, ktera je zalozena na
matematickych vypoctech forem a frekvenci molekularnich vibraci. Druha teorie se
opira o pouziti empirickych charakteristickych frekvenci pro funkéni skupiny. Mnoho

empirickych skupin frekvenci bylo vysvétleno a zdokonalovano pomoci matematického

teoretického piistupu, coz prispélo ke zvyseni spolehlivosti interpretace spekter (19).

V Ramanové spektroskopii jsou aktivni valenc¢ni vibrace vétSiny anorganickych
molekul, deformacni vibrace organickych molekul (SBHCH, 6CCH, 8COH) a né¢které
valen¢ni vibrace organickych molekul (vC-C, vC-O). Velky vyznam hraji
charakteristické vibrace, kdy poloha spektralnich past funkénich skupin je relativné
malo zavisla na zbytku molekuly, a proto je mozné jejich vinocéty tabelovat (20).
Spektralni pasy, které se nachazeji v oblasti 4000 — 1500 cm™, jsou vhodné pro
identifikaci funk¢nich skupin (napt. — OH, C = O, N — H, CH aj.). Pasy nachazejici se v
oblasti 1500 - 400 cm™se nazyvaji oblastmi ,,otisku palce (z ang. fingerprint region)
(21).

NejcastéjSim rozpoustédlem vyuzivanym v Ramanové spektroskopii je voda, jejiz
typické vibrace lze nalézt v rozmezi 3760-1605 cm™, jmenovits 3760-3580 cm™ pro
asymetrickou vibraci O-H skupiny, 3640-3500 cm™ symetrick4 valen¢ni vibrace O-H
skupiny a 1640-1605 cm™ deformacni vibrace O-H skupiny. Primarni aminy poskytuji
v Ramanové spektru nasledujici pasy: 3550-3280 cm™ asymetrick4 valenéni vibrace -
NH, skupiny, 3450-3160 cm™ pro symetrickou valenéni vibraci -NH,, 1650-1580 cm™
deformacni vibrace NH,, 1360-1240 cm™ valen¢ni vibrace -CN a 1190-1170 cm™
kolébava vibrace -NH;. Sekundarni aminy mlizeme nalézt pti vinovych délkach 3500-
1180 cm™, kde pasy umisténé v rozmezi 3500-3300 cm™ vznikaji v diisledku valenéni
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vibrace —NH skupiny, 1580-1490 cm™ deformacni vibrace -NH, 1360-1250 cm™

valenc¢ni vibrace -CN a 1280-1180 patii valen¢ni vibraci —CgrN.

Pfi Ramanové spektroskopii, pouzivané ke stanoveni proteint, je dllezita
pritomnost spektralnich past znaCici amidy (Amid I, II, Il v primarni i sekundarni
struktufe proteinil). Jedna se o pasy umisténé pii 1690-1400 cm?tv piipad¢ primarnich
amidi (1690-1640 cm™ valen&ni vibrace C=0 zna&ici pfitomnost amidu I, 1640-1590
cm™ deformacni vibrace -NH, pro amid Il a 1420-1400 cm™ valenéni vibrace vazby —
CN pro amid I11) a 1700-1200 cm™ pro sekundérni amidy (1700-1630 cm™ zobrazuje
valenéni vibraci C=0 naleZici amidu I, 1570-1510 cm™ deformaéni vibraci —~NH amidu
1, 1350-1200 cm™ valené&ni vibrace —CN amidu I11).

1.5. Vyznamné typy Ramanovy spektroskopie — RRS, SERS, SERRS

Citlivost Ramanovy spektroskopie je relativné omezena, zejména pokud jde o
studium biologicky aktivnich latek. I pfes moderni instrumentace, umoziujici méteni
velmi malych objeml vzorkl, je nutné pii analyze disponovat relativné vysokymi
koncentracemi vzorku (22). Existuje n¢kolik typt Ramanovy spektroskopie, které nam
umoziuji snizit mez detekce az o nékolik fadi a ziskat tak specifické informace o
analyzovaném vzorku. V nasledujicich kapitolach bude pifedstavena rezonancni
Ramanovu spektroskopie (RRS) (23), povrchem zesilenoa Ramanova spektroskopie
(SERS) (12), povrchem zesilenoa rezonan¢ni Ramanova spektroskopie (SERRS) (24) a
hrotem zesileny Ramanuv rozptyl (TERS) (25). Metodé SERS bude vénovana
pozornost v kapitole 2, jakozto hlavnimu nastroji pouzivanému v detekci proteind a

nukleovych kyselin v experimentalni ¢asti této disertacni prace.

RSS je zaloZena na rezonan¢nim Ramanové rozptylu. Ten nastava, jestlize
frekvence pouzitého excitacniho laseru odpovidd frekvenci zafeni potfebného na
ptechod elektronu ve zkoumané molekule do excitovaného stavu a dochazi k rezonanci.

Nejvyssi intenzita rezonanéniho Ramanova signalu nastane tehdy, pokud se frekvence
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dopadajiciho zafeni rovna frekvenci zafeni potfebného na ptechod do prvniho nebo
druhého excitovaného stavu (26). Intenzita pasi pochazejicich z ¢asti molekuly, kde
doslo k piechodu, zesili 3 az 6X. Nejvétsi zesileni je mozné pozorovat na chromoforech,
které absorbuji dopadajici zafeni bézn¢ pouzivanych lasert (532 nm a 633nm). Toho lze
vyuzit zejména v biologii, jelikoz chromofory se Casto vyskytuji v aktivnich mistech
aromatickych aminokyselin, biomolekul a bazich nukleovych kyselin (27). Ramanova
rezonancni spektroskopie skyta také nevyhodu, kterou je vysoka fluorescence a mozna
fotodegradace vzorku v disledku ptisobeni vyssi energie excita¢niho laserového zateni
(28).

Principem povrchové zesilené Ramanovy spektroskopie je zvySeni intenzity
Ramanova rozptylu zpisobené silnou interakci analyzovaného vzorku absorbovaného
na kovovy povrch. Signal molekuly se mliZze pomoci SERS zvysit fadové az o
10*-10" a je mozné studovat vzorky s velmi malou koncentraci. Intenzita rozptyleného
i dopadajiciho zafeni se zesiluje v disledku rezonanéni excitaci povrchovych plazmont
v kovu (29). Nejcastéji jsou vyuzivané zlaté, stiibrné a médéné nanocastice. Pouziti
SERS je velmi Siroké od mikrobiologie, toxikologie, chemie az po 1ékafstvi a forenzni

védy (30).

Povrchové zesileni resonan¢ni Ramanova spektroskopie pomaha pfi interpretaci
spekter, kde mize dochazet k zastinéni pasu v disledku chemické interakce s povrchem
kovu pfi SERS. Oproti konvenéni Ramanové spektroskopii dochazi pii SERRS

k zvyieni intenzity signald az o 10*-10" (30).

Hrotem zesileny Ramaniiv rozptyl je metodou vychazejici ze SERS a je spojena
se skenovaci tunelovaci mikroskopii (STM) nebo s mikroskopii atomovych sil (AFM)
(31). TERS tak umoznuje, jako jedna z mala metod, ziskani vyznamného prostorového
rozliSeni a zaroven velmi lokalizované informace v podob¢ vibra¢niho spektra (32).
Principem metody je fokusace laserového paprsku na kovovy hrot, na jehoz konci
dochézi k plazmonové rezonanci. Hrot se nachdzi v bezprostiedni blizkosti vzorku a

v malé oblasti pod nim se selektivné budi Ramantv signal (31).
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1.6. Vyhody a nevyhody Ramanovy spektroskopie

Technika Ramanovy spektroskopie ma mnoho vyhod. Jde o techniku vibracni
spektroskopie a spektrum poskytuje komplementarni informace o molekularni struktuie
k bézné pouzivané metod¢ IR. Pii méteni vzorku pomoci Ramanovy spektroskopie neni
potieba starost o tloustku vzorku ani o ptispévek okolni atmosféry, tudiz neni nutné
méfeni ve vakuu, atmosféfe suchého vzduchu nebo dusiku (33). Ramanova
spektroskopie umoziuje méteni vzorku v Sirokém rozsahu vino¢ti dovolujici v jednom
méieni obsahnout stfedni 1 vzdalenou infracervenou oblast vinocth pftislusSnych

vibra¢nich modu (34).

Velkou vyhodou Ramanovy spektroskopie oproti jinym metodam je cCasové
nenaro¢na a nedestruktivni moznost analyzy vzorku. U vybranych pfistrojii je mozné
testovat vzorky piimo v obalu, ve kterém se nachazi (sklo, plast atd.). Pfi ranych
stadiich vyvoje riznych materiali je obvykle k dispozici jen velmi malé mnozstvi
vzorku v fadu nékolika mg. Ramanova spektroskopie umoziuje analyzovat velmi malé
mnozstvi vzorku a pripousti tak detekci vzorkd o velmi malé koncentraci (35). Pfi
meéfeni vodnych roztokli nedochdzi k ovlivnéni spektra analyzované latky pritomnosti
molekul vody, vzhledem k malému az zanedbatelnému Ramanovu rozptylu této
molekuly. Pomoci Ramanovy spektroskopie 1ze pozorovat i malé zmény v orientaci
analyzovaného matridlu. Jak uz bylo vySe zminéno, Casova nenaro¢nost patii mezi
hlavni vyhody této metody a umoznuje i studium kinetiky rekci. Flexibilita optického
uspofadani umozniuje pouZziti Ramanovy spektroskopie v riznych instrumentalnich

konfiguracich.

Mezi hlavni nevyhody vyuziti Ramanovy spektroskopie patii potfizovaci nadklady na
vybaveni, které jsou piekadzkou pro Sir$i piijeti této spektroskopie pii rutinnich
analyzach vzorku. Nevyhodou je také vysoka piitomnost fluorescence pozorovana pii
analyze nékterych vzorkl (zplisobend naptiklad necistotami ve vzorku). Tento problém
se ve vetsiné pripadd vyfesi pouzitim laseru o vinové délce blizici se NIR. Pokud je

pouzita vysoka excitace, miizeme vzorek tepelné€ rozlozit (4).
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1.7. Aplikace Ramanovy spektroskopie

Ramanovu spektrokopii lze vyuzit napiiklad v potravinafstvi jako nastroj
kontroly kvality potravin (36). Dalsim moznym uplatnénim je ov&fovani pravosti
uméleckych piedméti v archeologii (37). V posledni dob¢é se Ramanova spektroskopie
dostava do poptedi zejména v oblasti nanotechnologii — analyza uhlikovych nanotrubic,
biologii a lékaistvi — stanoveni markerii rakoviny pomoci SERS nebo farmacii —

detekce padélku 1éciv (38).

Bell et al. pouzil Ramanovu spektroskopii k profilovani tablet extaze vedouci
k rozliseni tablet pfipravenych riznymi vyrobci a moznosti oznacit nezakonné
syntetizované tablety (39). Vei et al. vyuzil Ramanovu spektrokopii jako slibnou
metodu pro rychlou detekci a identifikaci nékterych padélanych 1é¢iv (40). Ramanova
spektroskopie je vyuzivéana i jako néstroj pro kriminalistickou analyzu. Za zminku stoji
rychla identifikace kokainu, heroinu, vySe zminéné extdze a dalSich analogi téchto

uzivanych drog (41).

Jelikoz je Ramanova spektroskopie metodou nedestruktivni a nevyZaduje
pfedupravu vzorku, stala se dilezitym nastrojem pii povrchové analyze uméleckych d¢l,
zejména pii identifikaci pouZzitych pigmenti. Charakterizace pigmentii na uméleckych
objektech poskytuje informace o pouzité technice pii konstrukci, autentizaci a muze
pomoci Kk uréeni vhodnych postupt pro budouci restaurovani (42). Tato moznost byla
vyuzita napiiklad pfi analyze pigmentl ve starych rukopisech (43), starovékého skla

(44) ¢i keramiky (45).

Dulezitou biologickou aplikaci Ramanovy spektroskopie je rozlisSeni nadorovych
bunék od normalni zdravé tkané a detekce prekancerdznich bun¢k. Kast et al. ukazala
na moznost diferenciace malignich nadori z prsni tkan¢ detekce ¢asnych neoplastickych
zmén U mys$i za pouziti Ramanovy spektroskopie (46). Jess et al. poukazala na moznost
Ramanovy spektroskopie stit se uzitenym nastrojem pro vcasnou detekci bunék
vystavenych lidskému papilomaviru (HPV). Infekce HPV muze pfispét k rozvoji

neoplazie délozniho ¢ipku, a proto je v¢asna detekce velice dulezita (47).
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V poslednich letech hraje Ramanova spektroskopie dulezitou roli pii studiu a
charakterizaci grafenovych materialti, jmenovité pyrolytického grafitu (48), uhlikovych
vlaken, skelného uhliku, fullerend (49), uhlikovych nanotrubi¢ek (50) a grafenu (51).
Ramanova spektroskopie nam u téchto materialti podava informace o velikosti krystala,

hybridizaci a pritomnosti necistot, hustote, defektech a o poctu grafenovych vrstev.

2. SERS - Surface Enhanced Raman Spectrocopy

[ 24

pritomnost molekul na nebo blizko povrchu kovového substratu. Pienos molekul
Z objemu na povrch je opakujici se téma a také problém v praktickém vyuziti techniky
SERS (52). Zesileni signalu je zajisténo rezonanci plazmonu v kovovém substratu,
nejcasteji se jednd o nanocastice v roztoku, substraty vyrobené litografii a v neposledni
fade bézné€ dostupné komercni substraty, diky nimZ se aplikace SERS dostava i mimo

vyzkumné laboratote zasluhou dosazitelnosti technologie (29).

Béhem necelych 40 let od objevu SERS pokrocila technika od modelovych studii
pyridinu na zdrsnéné stiibrné elektrodé aZ po nejmoderngj§i nanosenzory. Siroky zdjem
o techniku SERS vzrostl zejména v uplynulém desetileti diky rozvoji spektroskopické
instrumentace, nanotechnologii a novym detekénim schématim a SERS ziskal moznost

stat se vykonnym analytickym nastrojem (53).

2.1. Mechanismus SERS

Prace popisujici ucinek SERS =zastavaly nazor, ze SERS vznika ptedevSim
v disledku elektromagnetického zesileni, které je spojeno s excitaci intenzivniho a ostie
lokalizovaného povrchového plazmonu, interakci elektromagnetického zéteni
S nanocasticemi kovu. AvSak SERS je primarné chemicky (v posledni dobé i

biochemicky) nastroj, jehoz plvod vyzaduje hlubokou znalost fyziky, predevSim
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optické odezvy materiala (54). Neelastické¢ zateni dopadajici na nanocéstice kovu je
zesileno v dusledku Mieova rozptylu a velikost faktoru zesileni, ktery je dan narGstem
Ramanova signalu oproti signdlu méieného za standardnich podminek, je zakladem

techniky SERS.

Elektromagneticky mechanismus je zodpovédny za nejveétsi prispévek
k celkovému faktoru zesileni. Optickym buzenim povrchovych plazmont
lokalizovanych na nanocasticich kovii vznika silné elektromagnetické pole. Po absorpci
zéteni vhodné vlnové délky dochazi k rozkmitani vodivostnich elektronii Castici za
vzniku oscilujicitho dipdlu, ktery emituje zafeni o intenzit¢ umérné druhé mocniné
velikosti tohoto dipdlu. Intenzita zafeni je zavisla na vzdalenosti molekuly a povrchu
nanocastice (55). Zesileni Ramanova signalu miizeme ovlivnit vhodnou vinovou délkou

excitacniho zafeni, velikosti a morfologii SERS substratu nebo fyzikalnimi vlastnostmi.

2.2. SERS substraty

vvvvv

SERS je volba vhodného substratu (syntéza substratu uSlechtilych kovil). Vzhledem
k tomu, Ze intenzita SERS je zavisla na LSPR (Localized Surface Plasmon Resonance-
lokalizovana povrchova plazmonova rezonance) je dilezité zachovat vSechny faktory
pro maximalizaci sily signdlu a zajiSténi reprodukovatelnosti. Mezi tyto faktory patii
velikost, tvar, mezicasticové rozestupy nebo dielektrické prostfedi. Tradi¢ni substraty
pro SERS poskytuji pozadované optické vlastnosti (56). Dnes jsou nejb&zng&jsi
pouzivané aktivni substraty SERS zatazeny do Cctyf obecnych kategorii: kovove
nanocastice v suspenzi, kovové nanocastice imobilizované na pevnych substratech,
nanostruktury vyrobené piimo na pevnych substratech nanolitografii a v neposledni

fad¢ komerén¢ dostupné substraty, pripravené jednim z vyse uvedenych postupti (57).

Kovové nanocastice v suspenzi mohou byt pfipraveny chemickymi nebo

fyzikdlnimi metodami. Jednou z bézné€ uzivanych fyzikalnich metod je pulzni laserova
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ablace uslechtilych kovii v kapalném médiu (58). Vznikaji vysoce stabilnich nanocastic
Ag, Au nebo Cu, které neobsahuji zddné organické necistoty. Velikost t€chto nanocastic
je zavisla na Case ozafovani laserem a pH kapalného média. Obrazky z transmisni
elektronové mikroskopie ukazaly, Ze takto pfipravené nanocastice jsou téméi sférické
(59). Chemicka syntéza aktivnich nanocastic pro SERS je zalozena na redukci
stiibrnych nebo zlatych iontl v roztoku, za pouziti reduk¢nich €inidel jako je hydrazin,
citrat sodny ¢i hydroxylamin (60). Velikost nanocastic je v pfipadé chemické metody
fizena koncentraci reduk¢niho ¢inidla (Obr. 5). Silngjsi reduk¢ni Cinidla, napiiklad
borohydrid, vytvaii mensi nanoc¢astice, zatimco slabsi redukéni ¢inidla, mezi které patii

citrat sodny, davaji vzniknout vétsim nanocasticim (61).

Obr. 5: SEM snimky nanocastic stiibra riznych tvarti a velikosti, v zavislosti na zptisobu

ptipravy (62, 63).

Dulezitym faktorem, pfispivajici ke zvysSeni intenzity signalu SERS, je tvar
syntetizovanych nanocastic. Tvar kovovych nanocastic v suspenzi lze regulovat
pfidanim povrchové aktivnich latek béhem syntézy. Tyto latky maji za nasledek zménu
povrchové energie a umoziuji kontrolu agregace nanocastic. V zavislosti na vybraném
surfaktantu a materialu, ze kterého jsou nanocastice syntetizovany, lze ziskat Sirokou

Skalu tvard nanocastic (64, 65).

Dalsi kategorii aktivnich SERS substratli jsou kovové nanoc¢éstice imobilizované
na pevnych substratech. Zakladnim pozadavkem sférickych kovovych nanocéstic je
agregace pro zvySeni velikosti SERS efektu. Toho je dosazeno za pomoci imobilizace
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nanocastic na pevné substraty. Jednou z moznych metod je chemické ukotveni Ag nebo
Au nanocastic na kiemenném povrchu, kdy velikost takto pfipravenych nanocastic je
v rozmezi 40-100 nm (66). Substraty pro SERS mohou byt také pfipraveny na
papirovych (67) nebo na hlinikovych filtrech (68). Jeden ze zplsobt piipravy SERS
substrati na papirovém filtru je =zalozen na zlatém koloidu rozptyleném
Vv isopropylalkoholu a nasledném vytisknuti koloidu pomoci inkoustové tiskarny (67).
Hlinikov¢ filtry jsou zalozeny na keramickych membranach obsahujicich oxid hlinity.
Tyto membrany maji jednotnou kapilarni strukturu por, jsou tuhé a Ramanovo spektrum
nevykazuje zadné nespecifick¢ interakce (69). Jednim =z pfistupii pii vyrobé
hlinikovych filtri je vakuované potahovani téchto filtrii stiibrem. Oxid hlinity si i po
potazeni stiibrem zachoval své filtraéni schopnosti a mohl tak byt pouzit pro

predkoncentraci zfedénych analyt na povrch substratu pro méteni pomoci SERS (68).

Jako substraty SERS byly vyuzity i tzv. sol-gelové folie dopované zlatem ¢i
stiibrem (70, 71). Castice zlata &i stéfbra zachycené v sol-gelové matrici jsou mnohem
stabilngj$i nez zlaté a stiibrné koloidni suspenze. Dalsi vyhodou pii pouZzivani
porovité sol-gelové matrice na bazi oxidu kiemicitého, je afinita této matrice k mnoha

organickym 1 anorganickym molekuldm.

Vysoce uspofadané kovové nanostrukturni soustavy pro SERS mohou byt
vyrobeny pomoci nanolitografie jak bylo zminéno vySe. Takto vyrobené SERS
substraty disponuji velkou plochou, homogenitou signalu i chemickou stabilitou (72).
Metoda nanosférové litografie (NLS) je nendkladnd a vysoce vykonna. Muze byt
pouzita pro syntézu dobie uspotraddanych 2D ¢astic pro SERS (73). Pro vyrobu substratu
byly pouzity také techniky elektronové paprskové litografie (74). Primarni vyhodou této
techniky oproti jinym technikdm pouzivanych k syntéze substrati pro SERS, je moZnost
tvorby vlastnich vzort s rozliSenim pod 10 nm. Tato schopnost je pti vyrobé SERS
substratu velice dilezitd vzhledem k tomu, Ze lokalizované povrchové plazmony
zodpovédné za SERS efekt, jsou zavislé zejména na velikosti, tvaru a usporadani

nanostruktur (75).
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Poslednim typem vySe zminénych substrati jsou komeréné dostupné substraty.
Za Ucelem pouziti vétSiny téchto komercnich substratii je na aktivni povrch SERS
napipetovan maly objem vzorku (typicky 10-15 ul). Real-time analyzatory patfily mezi
prvni firmy nabizejici SERS-aktivni substraty (53). Jednim z jejich prvnich vyrobku
byly 2 ml sklenéné lahvicky, jejichz vnitfek byl potazen SERS-aktivnim sol-gelem. Pro
pouziti byl do injek¢ni lahvic¢ky vstiiknut roztok obsahujici pozadovanou chemickou
latku, ktery byla umisténa analyzovana Ramanovym spektrometrem pro ziskani spektra.
Analyzatory v redlném case také nabizeji Ag nebo Au sol-gelové substraty v kapilarnich
zkumavkach a na 96 jamkovych mikrodestickdch. Kapilarni zkumavky Ag/Au byly

pouzity naptiklad na zjisténi kokainu v slinach (76).

Sigma-Aldrich nabizi komer¢ni zlaté nanocastice pokryté vrstvou oxidu
ktemic€itého o praméru 5, 10 a 20 nm. K¥emicity obal nanocastic zlata se provadi za
pouziti tetracthylorthokfemicitanu (TEOS) za vzniku vysoce rozvétveného a
mezoporézniho polymeru na povrchu zlata. Vysledny siloxanovy polymer nebo oxid
kfemicity na povrchu ma hydroxylové skupiny, které mohou byt pouzity jako chemické
kotvy pro dalsi funkcionalizaci (53). V dnesni dob¢ existuje cela fada ptipravenych
komer¢nich substratii a zalezi jen na uzivateli, jaky substrat zvoli s ohledem na cilovou

aplikaci.

2.3. Praktické vyuziti metody SERS

Weaver et. al. vyvinuly jedine¢ny pfistup pro studium heterogenni katalyzy na
jinych, nez bézné pouzivanych kovl. Technika je zalozena na pokryvani povrchi
nekovovych substratt bézné pouzivanymi kovy pro SERS (77). Tyto substraty poskytuji
katalytickou aktivitu podkladové vrstvy pii zachovani SERS aktivity kryci vrstvy.
Systémy zkoumané s témito substraty zahrnuji oxidaci metanolu na rhodiu a paladiu a
elektrooxidaci kyseliny mraven¢i na kovy platinové skupiny. Podobné substraty
zkoumali také Fokas a Deckert. Jejich vysledky ukazuji schopnost sledovat jednotlivé

katalyticky aktivni nanocastice za reaktivnich podminek (78). SERS poskytuje kromé
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vysoké citlivosti také informacni vibraéni spektrum jakozto idedlni ndstroj pro

charakterizaci reaktivnich meziproduktu, které se €astni heterogennich reakci.

SERS poskytuje velky potencial pro citlivou a selektivni identifikaci biologickych
&i chemickych latek. Uzké a dobie rozpoznatelné pasy umoziiuji simultanni detekci vice
analyti a diky nizkému signalu molekul vody, lze jednoduse zkoumat i biologické
vzorky. Nedavno byla metoda SERS aplikovana jako signal-transdukéni mechanismus
V prototypu snimace glukézy. Van Duyne et al. upravili zdrsnény stiibrny povrch
hydrofilni d¢€lici vrstvou a wusnadnili tak ptedkoncentraci glukézy a malych
molekulovych analytli v zoné zvySeni elektromagnetického pole SERS. Glukéza tak
byla detekovana a kvantifikovana s presnosti blizici se pozadavkiim biomedicinskych

ptistroju (79).

SERS byl také pouzit pfi detekci stopového mnozstvi chemickych bojovych latek.
Jako substrat byla pouzita stfibrna nanovlakna (Langmuir-Blodgett), kterd byla nasledn¢
pouzita pro detekci 2,4-dinitrotoulenu, nejéastéjsiho chemického indikatoru vykopanych
naslapnych min a vybusnin s citlivosti 0,7 pg (80). V obou vyse uvedenych postupech
detekce glukézy a 2,4-dinitrotoulenu bylo detekovano spektrum SERS cilové molekuly
piimo. V nedavné dobé se zacaly pouzivat Ramanovy znacky pro nasledné stanoveni

zkoumanych latek.

Vo-Dinh et al. pouzili Ramanovy znacky k identifikaci rakovinnych gent, ¢imz
se zabranilo zavadéni neZadoucich radioaktivnich DNA sond. V této praci byla
pfedstavena metoda zaloZzena na SERS-aktivnim substratu pfipojeném k jednovlakné
(ss) DNA sond¢ nesouci sekvenci z genu pro BRCA1 nebo genu BAX kodujici protein,
ktery je zodpovédna za regulaci apoptozy (81). DNA sondy nesouci SERS-aktivni
barviva byly inkubovany se substratem modifikovanym zachycovacimi sondami. Pokud
znacena sonda obsahovala sekvenci komplementarni k zachycovaci sondé, byla
hybridizace uspésna a vysledkem byl intenzivni SERS signal. Mirkin et al. ve svém

experimentu pouZili ssDNA spolu se zlatymi nanoc¢ésticemi a znackou SERS za tc¢elem
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detekce hybridizace v DNA. Vyvinuty substrat byl nasledné pouzit pro multiplexni
detekci k odliseni hepatitidy A, hepatitidy B, HIV, Eboly, nestovic a Antraxu
s detek¢nim limitem 20 fM (82).

SERS slouzi také jako ndstroj pro detekci 1ékti. Suspenze nanocastic stiibra,
pfipravené za pouziti chemickych metod, byly pouzity naptiklad pfi detekci tramadolu.
Alhabri et al. detekovali tramadol v um¢lé moc¢i pomoci SERS a vySe zminénych
nanocastic stiibra a dosahli limitu detekce, ktery byl srovnatelny k hladindm zjisténych
u jedinct pouzivajicich tramadol k ulevé od bolesti (83). Mabbott et al. za pomoci
SERS a stfibrnych nanocastic stanovili 1ék MDAI (synteticky derivat amfetaminu),
ktery je povazovan za zakazanou latku. Pomoci SERS bylo dosaZeno limitu detekce az

8 ppm (84).

3. SERS jako nastroj analyzy biopolymeru

Detekce proteinii pomoci SERS je vyznamna zejména v 1ékafstvi. Proteiny jsou
zakladni slozkou organismii a podileji se na dilezitych procesech probihajicich
v bunikach. S vyvojem proteomiky je stale dilezitéj$i objevovat vysoce efektivni
metody detekce proteinti. Ramanova spektra proteint a nukleovych kyselin se skladaji
z ¢etnych diskrétnich pasem, které slouzi jako citlivy a selektivni otisk prstu
trojrozmémé  struktury, intermolekuldrnich interakci a dynamiky. Ramanova
spektroskopie nese vyznam zejména pii studiu detailnich strukturalnich parametru virt,
stanoveni selektivni DNA a bilkovinnych zbytkl v nukleoproteinovych komplexech ¢i

metod pro pochopeni mechanismu proteinti (85).

Vétsina biologickych metod s sebou nese nevyhody, mezi které patfi Casova
narocnost, spotfeba velkého mnoZstvi materidlu spojen¢ho s malym vytéZkem produktu
(86). Detekce proteinti pomoci SERS maji vyhodu zejména oproti metodam zalozenych

na fluorescenci v oblasti citlivosti a moznosti multiplexni analyzy (87). Studie
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biomolekul pomoci SERS prokdzaly velky potencial metody pfi identifikaci proteint a

detekce interakci protein-ligand (88).

Soucasné pouzivané metody zalozené na SERS lze na zakladé cile detekce
proteinii rozdélit na dva typy — SERS pomoci Ramanovského znaceni (nepfimé metoda)
a SERS bez pouziti znacek (pfima metoda). Pokud se zaméfime na metodu detekce
proteinti bez pouziti znacek, jednd se o pifimou adsorpci proteinti na substratech
aktivnich v . SERS a jejich naslednou analyzu pomoci Ramanovy spektroskopie.
Napiiklad hemoproteiny (Cytochrom c, myoglobin a hemoglobin) byly velmi dobfie
charakterizovany pomoci SERS (89). Pii nepiimé detekci jsou proteiny stanovovany
pomoci SERS znacek, které jsou spojeny se sondou. Obvykle jsou pouzivany kovové

(zlaté, stiibrné) nanocastice s riznymi znackami (Cy3, Cy5, MBA, RhB atd.) (90).

Vzhledem k rozsahlému vyuzivani SERS zejména v pfirodnich védach nelze
struéné popsat vSechny moznosti, které SERS skyta. V nasledujicich podkapitolach se
zaméfim na nejvyznamngjsi aplikace této metody kladoucich diiraz na jejich vyhody,

zajimavé aplikace a vyvraceni mylnych piedstav, které s touto metodou souvisi (91).

3.1. Detekce nukleovych kyselin (DNA, RNA)

Ptesnd a selektivni analyza nukleovych kyselin a jejich strukturnich vlastnosti je
pfedmétem zajmu v souvislosti S rostoucim poctem diagnostickych vySetieni.
Analyzované vzorky jsou slozité¢ a obvykle poskytuji celou fadu interferenci vcetné
lipidt a bilkovin a je tedy dulezité zajistit selektivitu metody vici molekularnim cilim
(92). Analyza celkového obsahu DNA je zaloZena na spektrofotometrickych piistupech
a méné Casto vyuzivd separacni techniky kombinované s UV/VIS spektroskopii,

hmotnostni spektroskopii (93) nebo imunotesty (94).

Problém s dosazitelnymi limity detekce, naklady a piesnosti analyzy muze
vytesit pravé metoda SERS, kterd se stdva slibnym nastrojem detekce nukleovych

kyselin. Wang et al. popisoval vyuziti metody SERS k detekci vlasenkové DNA
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zpusobujici mutace, vedouci k hluchoté (95). Metoda je zalozena na selektivni interakci
sondy DNA imobilizované na substratu SERS a DNA, kterd je obsaZena ve vzorku.
Tato metoda byla jiz diive popsana Zhangem et al. a dosazené limity detekce se
pohybovaly v rozsahu femtomold na litr (96). V nedavné dobé byl SERS pouzit pfi
detekci virusu HPAI (97), specifickych DNA mutaci (98), respiracnich infekci ¢i
detekci K-ras genu (99). Ou et al. detekoval celkovy obsah DNA v nosohltanovych
karcinogennich burikach za pomoci stéibrnych nanocastic (100). SERS byl také vyuzit
pro identifikaci a kvantifikaci ¢ty ruznych cytosinovych modifikaci v jedno i
dvouretézové DNA (101). Yuanfeng et al. vyvinul mi-RNA biosenzor s pouzitim
Fe;0,@Ag magnetického nanokompozitu slouziciho jako SERS substrat (102). I pies
vysokou specifi¢nost vyse zminénych metod zlstavaji postupy zalozené na povrchem

zesilené Ramanové spektroskopii celkového obsahu nukleovych kyselin stale naro¢né.

3.2. Primé metody detekce proteinii

Jak uz bylo feCeno diive, pfimé stanoveni proteini je zalozeno na detekci
proteinll bez pouZiti znacek adsorpci proteinti na aktivni SERS substraty. Proteiny, které
obsahuji pouze aminokyseliny, jsou oznafovany jako jednoduché proteiny.
Konjugované proteiny jsou tvofeny bilkovinou a protetickou sloZkou piipojenou
kovalentné¢ nebo slabymi interakcemi s apoproteinem (103). P#i studovani
jednoduchych proteini metodou SERS jsou prvotni studie zaméfeny na zkoumani
zpusobi adsorpce aminokyselinovych zbytkli nebo preferovanych adsorpénich skupin
(karboxylovych nebo aminoskupin) na kovovy povrch (104). SERS spektra
jednoduchych proteini méfend riznymi vyzkumnymi skupinami se znacné€ lisi
v disledku piitomnosti aminokyselin v blizkosti kovového povrchu a denaturace
proteind, kterd je zplisobena pravé interakci mezi proteiny a kovovymi nanocasticemi

(105).

Mezi nejcasteji detekované konjugované proteiny patii hemoproteiny a na rozdil

od jednoduchych proteinti je jednodussi ziskand SERS spektra analyzovat. Orientace
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molekuly na nanocéstici, mechanismus pienosu elektroni ¢i detekce jednotlivych
molekul jsou vyznamné zkoumany na cytochromu c (106, 107). Nedavna studie
publikovana Feng et al. popsala charakterizaci pifirozené struktury myoglobinu pomoci
SERS za pouziti flow-cytometru (108) Smés proteini nebo tkani je obvykle oddélena
elektroforézou a poté je pomoci elektroblottingu pfenesena na imobilizujici membrany
(Western blot) pro naslednou identifikaci jednotlivych nebo specifickych tfid proteint
pomoci imunochemickych detekénich metod (109). Xiao et al. vyvinul novy analyticky
postup pro detekci bilkovin pomoci pfimé metody oznaCeny jako West-Sern SERS
(110). Tato metoda je slozena z proteinové elektroforézy, Western blotu, pouziti
koloidniho stfibra a nasledné detekce pomoci SERS. Vyhodou metody je moznost

detekce vice proteintl na jedné membrang.

3.3. Detekce proteinit ve vodnych roztocich

Jiz bylo zminéno, ze je velice obtizné ziskat reprodukovatelnd SERS spektra
zvlasté u proteinti bez chromoforil, vzhledem k nereprodukovatelnym substratim SERS
a odli§né orientaci analyt na kovovém povrchu. Zadna ptedchozi studie proteinti
zalozena na SERS neumoznila rutinni detekci proteinti bez znaceni s vysokou citlivosti
za pouZziti vodného roztoku. Halogenidové ionty, které se b&zné vyuZivaji jako
agregacni Cinidla, mohou tvofit siln€¢ vdzanou povrchovou vrstvu, kterd piisobi proti
adsorpci proteinti (111). Xiao et al. se zaméfil na pouziti okyseleného sulfatu jako
agregacniho Cinidla, které se vyuziva k zfedéni cilovych proteind pied SERS méfenim
(88). Slabé navazani SO, dava vzniknout mnohem siln&jsimu signalu SERS
v disledku vysokého rozpustného produktu siranu stiibrného (112). Nadbyte¢né
kationty H" hraji také vyznamnou roli pfi podminkach s nizkym pH (niz$im nez u
vétSiny proteinti)) nesou vSechny cilové proteiny cCisté pozitivni nédboje a diky
piitomnosti H" kationtd dochézi k snadné adsorpci na stiibrny povrch nanodastice se

zapornymi elektrostatickymi interakcemi (110).

VloZenim cilovych proteinli s pozitivnim nabojem mezi stiibrné nanocastice
umoznuje ziskat také vibra¢ni informace celych proteini zobrazené v SERS
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s vyznamnou reprodukovatelnosti. Detekce proteinti bez znaceni tedy kombinuje
jednoduchost, rychlost, citlivost a reprodukovatelnost s velkym potencidlem pfi

praktické detekci téchto proteint.

3.4. Neprimé metody detekce proteinii

Nepiimé stanoveni proteinl se opira o pouziti znacek viditelnych v Ramanové
spektru. Ramanovo znaeni je velice uzite¢né pro detekci biosenzoru s vysokou
citlivosti (113). Kovové nanocastice jsou pifimo spojeny s nepfimym stanovenim
proteint a staly se oblibenymi zejména v imuno-assays metodach zalozenych na SERS
(30). SERS signal byva v nékterych imunometodach zvysen pomoci stéibrnych kationtd
redukovanych na zlatych sondach (114). Ac¢koliv tyto kovové sondy maji velké vyhody,
mezi které patii citlivost a vysoka selektivita, slozity postup pro syntézu mize omezit
jejich pouziti pti detekci vysokovykonnych proteinti. Navic vazebnd mista cilovych
analyti na jejich ligandy (nejcastéji ty, které obsahuji sulfhydrylové skupiny) mohou

byt zni¢eny kovovymi nanocéasticemi (115).

Jak je zndmo, v enzymovém imunoabsorpénim testu (ELISA test) piisobi enzym
jako zesilovac a cilové proteiny jsou nepiimo detekovany za pouziti chemiluminiscence
z produktli enzymaticky katalyzované reakce (116). Tato metoda nepatii mezi
jednoduché a dochazi k vyrazné spotiebé reagencii. Xiao et al. spojil vyhody pevnych
nosicli ELISA a vysoké citlivosti SERS. Je mozné stanovit cilové antigeny pomoci
fingerprinti SERS molekul a FITC (fluorescein-isothiokyanat), které jsou piimo

piipojeny k protilatkdim a nedochazi k nadbyteénému plytvani reagenciemi (110).

Proteinové Cipy s vSestrannymi aplikacemi hraji dilezitou roli v proteomickych
studiich. Uelem je rychle snizit aktivitu daného proteinu proti mnoha cilim soudasné
(117). Postupy zalozené na SERS pro detekci interakci protein-ligand, kde se tézi
zvyhod fluorescence, jsou popsany V mnoha studiich. Pravdépodobné nékteré

fluorescenéni znacky, které jsou velmi blizké nanocasticim stiibra, jsou rozloZeny
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fluorescen¢né, zatimco jiné, relativné¢ vzdalené od stiibrnych povrchti vzhledem k
trojrozmérné struktute bilkovin, jsou posileny rizné (118). Avsak zna¢nou nevyhodou
je nizka fotostabilita fluorescencnich znacek pouzivanych k detekci interakci ligand-

protein.

Jak uz bylo zminéno vyse, SERS spektra analytu z Ag substratii jsou nachylné
ke zméndm z divodu odlisné orientace na kovovych povrsich nebo konformacnich
zmén z davodu intermolekularnich interakci. Pro reprodukovatelnost analyzy proteini
byly vytvofeny kovové sendvicové substraty piemosténé proteiny. Sandwichova
struktura vznika na zakladé techniky vrstva-vrstva (LbL) (119). Ve studii Carney et al.
byla prvni zlati monovrstva pfipravena Samo-sestavovanim nanocastic zlata na
sklenéném sklicku pokrytém PDDA. Sandwichova struktura poté vznikla interakci

mezi proteiny ve stfedni vrstvé a kovovymi nanocasticemi ve dvou kovovych vrstvach

(120).

Mnoho SERS studii prokazalo, Ze spektrum ze zlatych substrati je mnohem
stabilngj$i nez u stiibrnych substrati, zatimco primérna schopnost zesileni nanocastic
zlata je mnohem slabsi nez u sttibrnych substratii (121). Nejvyznamnéj$im znakem této
metody ve srovnani s jingymi metodami zalozenymi na SERS pro detekci proteind je
skute¢nost, Ze monovrstva nanocastice zlata se pouziva pro zachytavani bilkovin a
vyrobu substratu SERS s druhou stiibrnou vrstvou, ¢imz se navrhovany sendvicovy
substrat pristupnéjs$i a citlivéj$i nez jiné metody SERS zaloZzené na zlaté a vice

reprodukovatelné nez jiné méfeni SERS na bazi stiibra (110).
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Cile prace

Cilem ptedlozené disertacni prace je vyuziti magnetickych nanokompoziti jako

ucinnych sensorti s moznym diagnostickym nebo terapeutickym dopadem.

Pro splnéni zaméru disertacni prace lze cile prace rozdelit do nasledujicich bodu:

e vyvoj nanokompozitu pro MA-SERS
e vyvoj metod pro analyzu fyziologicky zajimavych latek
e vyvoj metod pro Ramanské zobrazovani rozlozeni proteinii pomoci MA-SERS

e testovani vybranych metod na redlnych vzorcich
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Experimentalni Cast
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4.1. Chemikalie

Dusi¢nan stfibrny (p.a.- LMW), chitosan (75-85% deacetylovany), chlorid
zeleznaty tetrahydrat (p.a.), chlorid Zelezity hexahydrat (p.a.), N-hydroxysulfosuccimide
sodna stl (> 98%), chlorambucil, sodné stl karoxylmethyl celul6zy (nizka viskozita),
heptahydrat siranu zeleznatého (>=99%), hydroxid amnonny (28.0-30.0 %), 1-[3-
(dimethylamino)propyl]-3-ethylkarbodiimid methiodid (>=99%), Cy3 mAb Kit, Cy5,
Cy7 mAb Kit, D-(+)-maltbza monohydrat, amoniak (25%) (p.a.), sulfat zeleznaty
heptahydrat (>=99%), N,N’-dimethylformamid (>=99%), TBTU, methyl alkohol
(> 99,8%), hydroxid paladnaty (20% w/t), trichloroctova kyselina (>=99%) byly
zakoupeny ze Sigma Aldrich a pouzity bez dalsiho ¢isténi. H3POy (p.a., 85% w/w) a
NaOH (p.a.) byly zakoupeny z Lach-Ner. Kyselina octova (99,8 %) a methanol (p.a.)
byly zakoupeny v P-LAB (Ceska republika). RNA Later solution (Qiagen, Valencia,
CA, USA). TRI ¢inidlo (Molecular Research Cenrter, Cincinnati, Oh, USA). Z-PEG1,-
COOH byl zakoupen z IRIS Biotech. Protilatky, jmenovité anti-TGF-B1, anti-BMP-2 a
anti-bFGF, byly zakoupeny od spole¢nosti Abcam (Spojené kralovstvi).

4.2. Priprava nanocastic stribra

Nano¢astice stiibra byly ptipraveny redukci [Ag (NHgz ,] * komplexu
D-maltosou podle protokolu Panacek et.al (122). Dusi¢nan stiibrny a maltéza byly
rozpustény v destilované vod¢ o pocatecni koncentraci 1 mmol a 10 mmol, koncentrace
amoniaku byla 5 mmol. Po smichani vSech komponent bylo pH reakéniho sytému
upraveno na 11,5 + 0,1 pfiddnim hydroxidu sodného, ktery zah4jil reduk¢ni proces.
Reakce byla ukoncena po 4 minutach a byla ziskdna téméf monodisperzni suspenze

nanoCastic stfibra s maltézou o pramérné velikosti cCastic cca 28 nm.
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4.3. Syntéza nanokompozitii

V nasledujicich  kapitolach jsou shrnuty postupy syntézy jednotlivych

nanokompoziti, které jsou pouzity v publikacich.

4.3.1. Syntéza Fe304@Ag nanokompozitu pro analyzu DNA/RNA

Magnetické nanocastice byly syntetizovany za pouziti Massartovi koprecipitacni
metody popsané jiz diive Markovou et. al (123). Koprecipitace byla provedena ve
vodném roztoku obsahujicim FeClz . 6 H,O a FeCl, . 4 H,O s pouzitim hydroxidu
sodného (¢ = 1,5 mol . L), ktery byl pfidan po kapkach pro dosazeni pH 11. Reakce
probihala pii pokojové teploté a inertni atmosféte dosazené konstantnim prebublavanim
dusiku, zabranujicimu dalSi oxidaci zelezitych iontl. Produkt byl po jedné hodiné
michéni promyt vodou a odd€len magnetickou dekantaci. Vysledné nanocastice byly
pouzity  pro  pfipravu  nanokompozitu = magnetit-O-karoxylmethylchitosanu.
Nanokompozit byl nejprve funkcionalizovany -COOH skupinou pomoci chitosanu za
pouziti metody popsané Shi et al. (124). Absorpce polymeru na povrch takto
piipravenych nanocastic byla indukovéna postupnym zvySovanim teploty na 80°C.
V poslednim kroku byl do nanokompozitu pfidan dusi¢nan stfibrny pro redukci iont
stiibra na povrch nanokompozitu. Redukce probihala za teploty 80°C a alkalickych
podminek. Vysledny produkt byl opakované promyt deionizovanou vodou a separovan
magnetickou dekantaci. Vyslednd disperze byla pfed dalSim zpracovanim desetkrat

ziedéna.

4.3.2. Syntéza Fe30,@ANti-GCPII(@Ag nanokompozitu ke stanoveni GCPII

Nanocastice ~ magnetitu ~ byly  nejprve  stabilizovany za  pouZiti
karboxylmethylcelulozy (cmcFe3O4) podle protokolu, ktery popsal Bakandritsos et.al
(125). Smichanim CMC a FeSO, . 7 H,0 byl vytvoifen vodny komplex. Poté byl ke
smési piidan NH4OH (28%) a suspenze byla zahtata na 50°C do vzniku magnetického
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koloidu. Vzorek byl néasledné centrifugovan a supernatant obsahujici zbytky
chemickych latek byl z reakce odstranén a nahrazen vodou, poté byl vzorek sonikovan.
Funkcionalizace nanomaterialu je schématicky popsana na Obr. 4.3.2.1., kde 75 ul
cmcFe3O, (obsahujici 250 pug nanomaterialu) bylo aktivovano 5 pl EDC (aktivace
karboxylovych skupin). Po 15 minutach bylo ptidano 10 pg inhibitoru GCPII a celkovy
objem byl upraven na 250 pl. Imobilizace inhibitoru byla provedena ptfes noc. Vznikly
komplex byl poté centrifugovan (20000 rpm) pro odstranéni volného inhibitoru.
V poslednim kroku bylo do smési pfidano 10 pl nanocastic stiibra pro imobilizaci

stiibra na povrch pfipraveného nanokompozitu a roztok byl michédn 15 minut za

pokojové teploty.
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Obr. 4.3.2.1: Obecné¢ schéma popisujici pfipravu a naslednou funkcionalizaci

nanomaterialu (126).

4.3.3. Syntéza Fe30,@ Ag nanokompozitu pro analyzu riistovych faktoru

Na pripravu Fe304@ Ag magnetického nanokompozitu byl pouzit protokol
popsany Bakandritsosem et.al (125). Postup je podrobn¢ rozepsan v kapitole 4.3.2.
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4.4. Priprava inhibitoru a funkcionalizace nanomaterialu

V nize uvedenych kapitolach jsou popsany jednotlivé postupy vyuzité k ptipraveé
inhibitoru pro stanoveni PSMA a funkcionalizaci nanomaterialu pouzitych v ¢asti

Vysledky a diskuze.

4.4.1. Syntéza nizkomolekuldrniho GCP II inhibitoru k analyze GCPII

Prvni slozka inibitoru byla pfipravena pomoci protokolu Murelli et al. (127).
Druha slozka byla syntetizovana podle Obr. 4.4.1.1. a sklada se z 1-amino-39,47-dioxo-
3,6,9,12,15,18,21,24,27,30,33,36-dodecaoxa-40,46,48-triazafenpentakontan-45,49,51
trikarboxylové kyseliny - 511 mg (0,68 mmol, 1,1 ekvivalentu) Z-PEG12-COOH (IRIS
Biotech), ktery byl rozpustén v 1,5 ml DMF a bylo ptidano 297 mg (0,775 mmol, 1,25
ekv.) TBTU spolu se 150 pul DIEA (0,87 mmol, 1,4 ekv.). Reakce probihala pfes noc a
smés byla nasledné odpafena do sucha. Surovy produkt byl rozpustén v MeOH a
ochranna skupina Cbz byla odstranéna hydrogenaci (1,1 atm) spolu s Pd(OH),, ktery
pusobil jako katalyzator. Ziskany produkt byl dale filtrovan a rozpoustédlo bylo
odstranéno na rotacni odparce. Dale byl k jedné tietiné produktu ptfidan 1 ml TFA a
reak¢éni smés byla stfidavé sonikovana a michana po dobu 15 min. Nadbytek TFA byl
odstranén proudem dusiku a produkt byl pomoci HPLC (gradient 2-30% ACN, 60 min.)
pficemz bylo ziskano 131 mg produktu (izolovany vytéZzek 60%). Zasobni roztok druhé

slozky byl pfipraven rozpusténim 40 pg inhibitoru v 1 ml deionizované vody.
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Obr. 4.4.1.1: Syntéza Anti-GCPII (druhd slozka). a) Z-PEG12-COOH, TBTU, DIEA,
DMF; b) 1)H,, Pd(OH),, MeOH; 2) TFA (126).

4.4.2. Funkcionalizace Fe;O04@Ag nanokompozitu pro analyzu DNA/RNA

Imobilizace chlorambucilu na povrch FesO4@Ag nanokompozitu byla
provedena za pouZiti cysteaminu, ktery plnil funkci spojovaci molekuly (Obr. 4.4.2.1.).
Imobilizace byla dosazena nasledujicim zptisobem: I) 1 mg chlorambucilu byl zcela
rozpustén v 1 ml vodného roztoku obsahujiciho 2,4% NH4OH. IT) poté bylo ptidano 100
ul vodného roztoku EDC (¢ = 50 mmol . L™) a NHS (c = 50 mmol . L™), smés byla
intenzivné michdana 60 minut pii pokojové teploté. III) Dale bylo pfiddno 100 nl
cysteaminu (kone&na koncentrace 100 mmol . L™) a smés byla michana dalsich 20
minut. IV) 20 pl vysledného produktu bylo smichano s 20 pl disperze predem
pfipraveného nanokompozitu. Reakce probihala po dobu 60 minut za pokojové teploty.

Ptipraveny vzorek byl pfed pouZzitim michan 3 minuty.
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Obr. 4.4.2.1.. Schéma pfipravy a nasledn¢ funkcionalizace magnetického

nanokompozitu za pouZiti cysteaminu jako ,,spojovaci® molekuly (128).

4.4.3. Funkcionalizace nanomaterialu pro stanoveni riistovych faktorii v dentinu

Pfipraveny nanomaterial byl funkcionalizovan protilatkami, oznacenymi pomoci
Ramanovych znaek za pouziti EDC a NHS. 75 pl magnetického nanokompozitu bylo
aktivovéno s pouzitim 15 pl EDC (1mM) po dobu 60 minut. Dale bylo ke smési pfidano
15 pul NHS (ImM) a ptislusné Raman-znacené protilatky (50 mM) a reakce probihala
pfes noc. Vysledny produkt byl magneticky separovan a ttikrat promyt destilovanou

vodou.
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4.5. Priprava vzorku

4.5.1. Priprava vzorkit RNA a DNA z rakovinnych tkani

Celkovd RNA byla ziskdna z 10 riznych rakovinnych tkani (fixovanych
vroztoku RNA Later - Qiagen, Valencia, CA, USA) bezprostiedné¢ po biopsii a
uchovavana pii -20°C do nésledné izolace RNA. Stru¢né, maly kus nadorové tkané (30-
50 mg) byl homogenizovan v 1 ml ¢inidla TRI (Molecular Research Center, Cincinnati,
OH, USA) za pouziti tfi sklenénych kuli¢ek o priméru 3 mm. Homogenizace byla
provadéna po dobu 2 min. pii 30 Hz v homogenizatoru MixerMill 301 (Retsch, Haan,
Némecko) pfed purufikaci RNA. Celkovd RNA byla extrahovana z homogenatl
nadorovych tkani v souladu spokyny vyrobce. Pro extrakci bylo pouzito 0,2 ml
chloroformu a k lyzatu bylo pfidano TRI. Po centrifugaci a fazové separaci byla horni
vodna faze obsahujici RNA pifenesena do nové zkumavky a RNA byla vysrazena
pfidanim 0,5 ml isopropanolu do zkumavky. RNA byla poté promyta dvakrat etanolem

a rozpusténa ve vodé oSetfené¢ DEPT.

DNA byla purifikovana ze 14 biopsii Cerstvé zmrazeného mozkového nadoru za
pouziti soupravy na piipravu vzorkii DNA Cobas (Roche, Basel, Svycarsko) podle
pokynit vyrobce. Vzorky nddorové tkan€ byly lyzovany protedzou K. Nésledné byl
pfidan isopropanol a DNA byla odstfedéna pomoci filtru ze sklenénych vlaken.
Koncentrace a cCistota nukleovych kyselin byla uréena pomoci Nanodrop ND 1000

(ThermoScientific, Wilmington, DE, USA).
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4.5.2. Priprava standardniho roztoku GCPII

Extracelularni ¢ast GCPII (aminokyseliny 44-750 s AviTag na N-konci) byly
produkovany v S2 buitkach hmyzu; purifikovany na matrici streptavidinového muteinu.
Nasledné probéhla dialyza oproti 20 mM MOPS, 20 mM NaCl, pH 7,4 a produkt byl
uchovan pii -80°C. Cistota byla stanovena na > 95% za pouziti dodecylsulfatu sodného
a polyakrylamidové gelové elektroforézy (SDSPAGE). Vyslednd koncentrace
purifikovaného proteinu byla 0,24 mg/ml (vypoctena ze stanoveni aminokyselin po
hydrolyze). Roztok obsahujici 10 ng/ml izolovaného proteinu byl pfipraven ziedénim
zasobniho roztoku fosfatovym pufrem (pH=7,2) a poté byl rozdélen na deset alikvotnich

dila, které byly uchovany pti -20°C.

4.5.3. Priprava vzorku z plné krve k analyze GCPII

Studie se zcastnilo 5 zdravych dobrovolnikl ve véku od 50-71 let (5 muzt, 0
zen). Vzorky plné krve byly odebrany do 2 ml eppendorfovych zkumavek s pfidanym
citritem pusobicim jako antikoagula¢ni ¢inidlo a byly uchovany pii -80°C. Pro
experiment byly vzorky plné krve ziedény v poméru 200 pl krve a 800 ul vody
(celkovy objem vzorku 1 ml). Vzorek nebyl podroben zadné dal$i upravé. Ziedéni
vzorku je dilezité zejména pro sniZeni celkové hustoty vzorku a viskozity nezbytné pro

naslednou magnetickou izolaci GCPII ze vzorku.

4.5.4. Priprava vzorku obsahujicich GCPII

Pro analyzu GCPII za pouziti FesO,@AnNti-GCPII@Ag nanokompozitu byl
pouzit nasledujici postup: nejprve bylo smichano 10 pl Fe3Os@Anti-GCPII@Ag
nanokompozitu s 10 pl standardniho roztoku GCPII (¢ = 10 ng/ml) a vznikla smés byla

ponechana 30 minut pii pokojové teploté. Produkt byl nasledné¢ magneticky oddélen,

42



tiikrat promyt deionizovanou vodou a analyzovan pomoci MA-SERS. Spektra byla

ziskdna na 9 mistech a byla zprimérovana.

4.5.5. Priprava vzorkit k analyze rustovych faktorii

Bylo ziskano pét nezkazenych a nezralych premolari od pacientd, u kterych byla
z ortodontickych divodi provedena extrakce. Rodice poskytly pisemny souhlas
s dalsim pouzivani extrahovanych premolarti. Dale bylo ziskdno schvéleni Etické
komise Fakultni nemocnice Olomouc a Lékaiské fakulty Univerzity palackého (NV-
1808-00328). Zuby byly po extrakci promyty fyziologickym roztokem (0,9 % NaCl, B.
Braun Medical, Melsungen, Némecko), a poté byly ulozeny v roztoku anorganickych
soli (1,5 mmol/L CaCl,, 1,0 mmol/L KH,PO, a 50,0 mmol/L NaCl) a okamzité

pfepravy k nésledné analyze.

4.5.6. Osetreni vzorkii zubni tkané za pouziti EDTA

Po radiologickém vySetteni potvrzujicim pfitomnost pouze jednoho kofenového
kanalu byly zuby segmentovany ¢epeli s vodorovnym ostiim za chlazeni vodou. Timto
zpusobem byly ziskany 4 vzorky z jednoho extrahovaného zubu s intaktnim povrchem
kotenoveého kanalu. Vzorky byly ndhodné rozdéleny do c¢tyf skupin — negativni
kontrolni skupina, pozitivni kontrolni skupina a dvé experimentalni skupiny s riznou
casovou expozici 17% EDTA. Povrch kotfenového kanalu v negativni kontrolni skupiné
byl vyhlazen za pomoci diamantového ostii ( FGSL H. 1. 316. 010, Komet USA, Rock
Hill, USA). V pozitivni kontrolni skupiné byl vzorek promyt fyziologickym roztokem
(0,9 % NaCl, B. Braun Medical, Melsungen, Némecko). V experimentalnich skupindch
byl povrch kotenového kanalu proplachnut 17% EDTA po dobu 5 a 20 minut a

nasledné oplachnut fyziologickym roztokem.
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4.5.7. Uprava vzorkii pro analyzu ristovych faktorii za pouziti nanomateridalu

Kazdy vzorek byl ponofen do 1 ml roztoku obsahujiciho 100 pl
funkcionalizovaného materiadlu, jmenovit¢ Ag@Anti-TGF-81@Cy3, Ag@Anti-BMP-
2@Cy5 a Ag@AnNti-bFGF@Cy7 a byl ponechan v tomto roztoku po dobu 20 minut. Po

ukonceni reakce byl vzorek promyt vodou pro odstranéni nenavdzaného nanomaterialu.

4.5.8. Znaceni vzorkii zubni tkané protilatkami pro Ramanovu spektrokopii

Protilatky, jmenovité anti-TGF-B1, anti-BMP-2 a anti-bFGF, byly znaceny za
pouziti sady znaCeni obsahujici reaktivni fluorescen¢ni barviva Cy3, Cy5 a Cy7,
vazebny pufr (1M pufr uhli¢itanu sodného, pH 9,3). Anti- TGF-81 protein byl znacen
znackou Cy3, anti-BMP-2 pomoci Cy5 znacky a anti-bFGF Cy7 znackou. Oznacené
proteiny byly purifikovany za pouZiti odstfedivych filtracnich jednotek (Amicon Ultra
0,5 ml, MWCO 3 kDA) pti 10 000 rpm po dobu 10 minut, pro oddéleni nadbytku volné

znacky

4.6. Analyza vzorkii

V nasledujicich podkapitolach jsou uvedeny postupy pouzité pii analyze vzorki.

Vysledky jsou vice diskutovany v kapitole 5.

4.6.1. Multiplexni analyza standardnich a redlnych vzorkii obsahujicich DNA/RNA

Syntetizovany  FesO,@Ag@chlorambucil ~ nanokompozit byl  pouzit
k multiplexni analyze DNA/RNA v standardnich a realnych vzorcich za vyuziti
Ramanovy spektrokopie. Redlné¢ vzorky DNA a RNA byly pfipraveny podle postupu
popsaném v kapitole 4.5.1. Pripraveny Fe;O,@Ag@chlorambucil nanokompozit byl

nejprve pouzit k analyze standardniho vodného roztoku DNA (c=100 ng . L™). Vdalim
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kroku bylo stanoveno mnozstvi RNA v redlném vzorku nddorové tkané pomoci
Fes0,@Ag@chlorambucil nanokompozitu. Pro vylouceni vlivu alkyla¢niho ¢inidla na
analytickou informaci byla srovnana vysledna spektra RNA s diive ziskanymi daty
standardnich vzorkd RNA.

Pro rozliSeni DNA a RNA ve vzorcich byly pfipraveny standardni roztoky
obsahujici ob& zmin&né kyseliny o koncentraci 100 ng . L™ pro minimalizaci vlivu
koncentracniho ucinku. Spektralni data naznacuji schopnost spektralni diferenciace
nukleovych kyselin dané rozdilem spekter zejména v spektralnim rozmezi 500 — 1000
cm™ a pro naslednou diferenciaci DNA a RNA byly vybrany dva spektralni pasy
(850 cm™ pro analyzu RNA a 764 cm™ pro analyzu DNA).

4.6.2. Analyza standardnich a redalnych vzorkii obsahujicich GCPII

Piipraveny Fe;0,@ANti-GCPII@Ag nanokompozit slouzi k magnetické
separaci GCPII od komplexniho biologického vzorku a k nasledné detekci pomoci
povrchové zesilené Ramanovy spektroskopie. Vzorky obsahujici Fe;Os@AnNti-
GCPII@AQ@GCPII (standardni roztok) byly magneticky izolovany a ziedény
deionizovanou vodou (V=0,02 ml). Kapka byla nanesena na sklenény substrat a

analyzovana Ramanovou spektroskopii na deviti riiznych mistech.

Koncentrace GCPII v redlnych vzorcich byla stanovena nésledovné: nejprve
byla vypocitand pfibliznd koncentrace GCPII ve vzorku zexterni kalibrace
zkonstruované za pouziti standardnich roztokl v rozsahu koncentraci 5 az 200 ng . mL’
! Nasledng byla stanovena koncentrace GCPII metodou standardniho pridavku zalozené
na tfech po sob¢ nasledujicich ptidavcich standardniho roztoku GCPII. Koncentrace
standardnich ptidavkll se odvijela z pfiblizné koncentrace GCPII z prvniho kroku a
koncentrace ptidavka 1-3 byly nastaveny na 30-50 % pftirastku. Metoda standardniho
pfidavku byla pouzita za uCelem zlepSeni pfesnosti metody a minimalizace moznych
efektl pouzité matrice. Pro kvantitativni analyzu byl vybran spektralni pas lokalizovany

pii 1335 cm™,
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4.6.3. Analyza ristovych faktorii na povrchu dentinu

Syntetizovany Fe;O4@Ag nanokompozit byl pouzit k analyze ristovych faktort
na povrchu dentinu. Pfiprava vzorkl je podrobné posdna v kapitole 4.5.5. Daéle byl
nanomateridl kovalentn¢ fukcionalizovan pfisluSnymi znacenymi protilatkami,
jmenovité¢  FesO,@Ag@AnNtI-TGF-B1@Cy3, Fes0,@Ag@ANti-BMP-2@Cy5 a
Fes0,@Ag@AnNtI-bFGF@Cy7 (kapitola 4.5.8.). V poslednim kroku byly vzorky zubi
oSetieny po dobu 5 a 20 minut roztokem EDTA, slouziciho jako chelata¢ni ¢inidlo
K odstranéni skloviny, umoziujici naslednou analyzu rastovych faktord pomoci

Ramanovy spektroskopie.

4.7. Ptistrojové vybaveni

Ramanova spektra byla ziskana za pouziti spektrometru DXR Raman (Thermo
Scientific, USA). K excitaci byl vyuzit He-Ne laser s excita¢ni vinovou délkou 633 nm.
Ramantv spektrometr byl provozovan s néasledujicimi experimentalnimi parametry: pro
multiplexni stanoveni celkového obsahu DNA/RNA byla pouZita doba expozice 32 s a
vykon laseru 8 mW. Stejné parametry byly pouZity i1 pfi stanoveni PSMA. Pro analyzu
rastovych faktori byla pouzita doba expozice 3sa vykon laseru 2 mW. Ziskané
spektralni data byla vyhodnocena pomoci softwaru dodaného vyrobcem pfistroje
(Omnic, verze 8, Thermo Scientific, USA) a maxima cilovych spektralnich pasem byla
statisticky vyhodnocena pomoci LibreOffice (verze 4.3.0, The Document Foundation,
Berlin, Némecko). Ke kvantifikaci byl pouzit softwerovy balicek TQ-Analyst (Omnic
verze 8, Thermo Scientific, USA).

Zeta potencial pfipravené¢ho FesOs@Ag nanokompozitu byla méfena pomoci
Zetasizer NanoZS (Malvern, UK). Prvkova analyza piipraveného nanokompozitu byla
méfena energiové disperznim X-ray spektroskopem (EDS, Bruker, SuperX).
Infracervena spektra byla ziskana za pomoci FT-IR spektrometru Nicolet iS5 (Thermo
Scientific, U.S.A.). Velikost a morfologie castic byla charakterizovana pomoci

transmisniho elektronového mikroskopu s vysokym rozlisenim HR-TEM (FEI Titan).
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Vysledky a diskuze
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Tato ¢ast disertacni prace je zaméfena na souhrn dosazenych vysledkd v ramci
Ph.D studia, kter¢ byly publikovany. Vysledky lze rozdélit do dvou ¢asti — prvoautorské
Clanky zaméfené na MA-SERS (Magnetically Assisted- Surface Enhanced Raman
Spoectrioscopy) biologickych aktivnich latek a spoluautorskou publikaci, ktera rovnéz
vyuziva SERS pro stanoveni rastovych faktord v zubni tkani. Metody MA-SERS jsou
zalozené na multiplex-analyze stanovovanych biologickych latek na zdkladé povrchové
zesilené Ramanovy spektroskopie a nanosenzoru slozeného z magnetického Fe3O,@A(g
nanokompozitu  funkcionalizovaného  pfisluSnou protilaitkou s konjugovanymi
nanocasticemi stiibra. Predstavené vysledky v této kapitole byly publikovany

v impaktovanych ¢asopisech. Celé znéni ¢lanku 1ze nalézt v piilohach A-C.
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5.1. ,,Label-free*“ determinace a multiplexni stanoveni DNA a RNA v rakovinnych

tkanich

Cilem této publikace je stanoveni celkového obsahu nukleovych kyselin (DNA a
RNA) Vv rakovinnych tkanich pomoci nové vyvinuté analytické platformy, zalozené na
Fe;0,@Ag@chlorambucil nanokompozitu. Syntetizovany nanokompozit byl nasledné
pouzit k multiplexni detekci DNA a RNA za pomoci MA-SERS (Obecné schéma
zobrazujici princip MA-SERS je zobrazeno na Obr. 5.1.1.). Fes0,@Ag@chlorambucil
nanokompozit vykazuje vyssi selektivitu vaéi nukleovym kyselinam oproti bé&Zzné

pouzivanym metodam, a umoziuje tak detekovat DNA a RNA v fadech nanogramu.

chlorambucil
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Obr.5.1.1.:  Obecné schéma zndzornujici princip stanoveni DNA/RNA  pomoci

MA-SERS (128).

Poprvé byl pouzit chlorambucil, jakozto molekularni selektor vii¢i guaninu
pfitomného ve struktuie nukleovych kyselin. Imobilizace chlorambucilu byla sledovana
za pomoci infra¢ervené spektroskopie (IR) (Obr. 5.1.2A). Reakei alkyla¢niho Cinidla a
cysteaminu dochazi k detekovatelnému zvySeni mnoZstvi C-Cl vazeb. Tato hypotéza
byla nasledné potvrzena méfenym infraéervenym spektrem Fe3O,@Ag@chlorambucil
nanokompozitu, kde byla pozorovdna zvySena intenzita analytického signalu
odpovidajicimu vazb& C-Cl pfi 730 cm™. Usp&na imobilizace alkyla¢niho &inidla na

povrch nanokompozitu byla dale potvrzena vysledky méfeni z-potencialu. Pfipraveny
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nanokompozit byl dale charakterizovan pomoci HR-TEM mikroskopie (Obr. 5.1.2B) a
energiove disperzni X-ray spektroskopie (Obr. 5.1.2C).
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Obr.5.1.2.: A) IR spektrum ziskané syntézou Fe;O,@Ag@chlorambucil nanokompozitu.
Cervené spektrum zobrazuje &isty FesO,@Ag nanokompozit, Eerné Fe;0,@Ag nanokompozit
funkcionalyzovany cysteaminem a zelené spektrum znazoriiuje FesO,@Ag@chlorambucil
nanokompozit, ze které¢ho je patrné, Ze ptipraveny nanokompozit byl uspésné funkcionalyzovan
alkylacnim ¢inidlem. B) Analyza nanokompozitu vykazuje pfitomnost nanocastic stiibra a
magnetickych nanocastic (modfe znaceno zelezo, Cervené stiibro). C) HR-TEM snimek
funkcionalizovaného magnetického Fe;O,@Ag@chlorambucil nanokompozitu potvrzujici

pritomnost magnetickych nanocastic o velikosti pfiblizné 5 nm a nanocastic stiibra < 40nm

(128).

Syntetizovany magneticky nanokompozit byl nejprve pouzit k analyze
standardniho vodného roztoku DNA (c=100 ng . L™). Ziskana data jsou zndzornéna na
Obr. 5.1.3A. Pro normalizaci ziskanych spektralnich dat byl pouzit spektralni pas 1350
cm™, ktery pochazi zaromatické struktury chlorambucilu. Ramanova spekitra

standardniho roztoku DNA naopak obsahuji charakteristické spektralni profily
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zahrnujici dominantni pasy umisténé p¥i 729 cm™ a 1576 cm™ (p¥itomnost Adeninu
v molekule DNA), dale 773 cm’? (,,dychaci® vibrace aromatického kruhu Thyminu),
1010 cm™ (vibrace Guaninového kruhu), 1100 cm™ (asymetrickd deformace NH;

v Cytosinu) a spektralni pasmo 1390 cm™ (vibrace aromatickych kruhtt DNA/RNA).

DalSim krokem bylo stanoveni RNA v redlném vzorku nédorové tkané¢ pomoci
Fes0,@Ag@chlorambucil nanokompozitu. Ramanova spektra jsou zobrazena na
Obr. 5.1.3B. Srovnanim vyslednych spekter RNA s diive ziskanymi daty standardnich
vzorkli RNA bylo potvrzeno, ze alkyla¢ni Cinidlo neovliviiuje analytickou informaci.
Spektra ziskand analyzou redlnych vzorkl s vysokym obsahem interferujicich slozek za
pouziti surového Fe3Os@Ag a funkcionalizovaného Fe3O,@Ag@chlorambucil
nanokompozitu ukazalo pozitivni vysledky nami syntetizované nové analytické
platformy, kde spektralni data redlnych komplexnich vzorkii RNA jsou ménég intenzivni
a neobsahuji charakteristické bilkovinné pasy. Lze tak predpokladat, ze funkcionalizace

nanokompozitu vyrazné snizuje pusobeni interferenci.

Ditlezitou podminkou byla také moZnost syntetizovaného nanokompozitu
rozlisSit DNA a RNA ve vzorcich. Pro tento ucel byly pfipraveny standardni roztoky
obsahujici ob& zmin&né kyseliny o koncentraci 100 ng . L™ pro minimalizaci vlivu
koncentra¢niho uc¢inku. Ziskand Ramanova spektra jsou zobrazena na Obr. 5.1.3C a
Ramanovo spektrum obou nukleovych kyselin ve smési na Obr. 5.1.3D. Spektralni data
naznacuji schopnost spektralni diferenciace nukleovych kyselin dané rozdilem spekter
zejména v spektralnim rozmezi 500 — 1000 cm™ a pro naslednou diferenciaci DNA a
RNA byly vybrany dva spektralni pasy. Pro RNA spektralni pas zobrazujici ,,dychaci*
vibrace nachazejici se pfi 850 cm™ a pro analyzu DNA deformaéni vibrace Thyminu pii

764 cm™t.
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Obr. 5.1.3.. A) Ramanovo spektrum ziskané analyzou surového nanokompozitu (Raw
nanomaterial), spektrum nanokompozitu funkcionalizovaného chlorambucilem
(FesOs@Ag@chlorambucil) a  Ramanovo  spektrum  standardniho  roztoku DNA
(c = 100 ng . L% mdfené za pomoci FesO,@Ag@chlorambucil nanokompozitu
(FesOs@Ag@chlorambucil@DNA). B) Ramanovo spektrum FesO,@Ag nanokompozitu
(blank), Ramanovo spektrum redlného vzorku RNA bez funkcionalizace nanokompozitu
chlorambucilem  (Fe;0,@Ag@RNA), Ramanovo spektrum realného vzorku RNA
funkcionalizovaného nanokompozitu chlorambucilem (Fe;O,@Ag@chlorambucil@RNA) a
standardni roztok RNA (c = 100 ng . L™) analyzovany za pouziti Fe;0,@Ag nanokompozitu
(referen¢ni standard). C) Ramanova spektra ziskana analyzou vzorkt obsahujici DNA i RNA o
koncentraci 100 ng . L™, vzorky byly méfeny za pomoci Fe;0,@Ag@chlorambucil
nanokompozitu a MA-SERS D) Ramanova spekira DNA a RNA (c = 100 ng . L™) ve smési,
v poméru 1:1 (128).

Pro kvantitativni analyzu bylo pouzito 6 kalibracnich bodii, z nichz kazdy byl

replikovan pétkrat a nasledné byla zkonstruovéana kalibraéni kiivka (Obr. 5.1.4C pro
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DNA a 5.1.4D pro RNA ). Vzorovd Ramanova spektra pouzité pii vypoctu obou
kalibraci jsou zndzornéna na Obr. 4. 1. 1. 4A a 4. 1. 1. 4B, kde byly vybrany 3
koncentrace, které vykazovaly zmény absolutnich intenzit v Ramanovych spektrech

charakteristickych pro DNA a RNA.
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Obr. 5.1.4: (A) a RNA (B) o koncentracich 5, 50 a 100 ng . L. Kalibraéni kiivky Sesti
kalibra¢nich bodit DNA (C) a RNA (D) a kvantitativni vysledky ziskané analyzou realnych
vzorkl obsahujicich DNA (E) a RNA (F) za pouziti vySe popsané metodiky (experimentalni

koncentrace) a standardizovanou analyzou UV/Vis (skutecna kalibrace) (128).

Opakovatelnost ziskanych vysledki byla hodnocena na souboru péti nezavislych
meifeni redlnych vzork obsahujicich DNA (¢c=100 ng . L‘l). Relativni smérodatna
odchylka (RSD) mezi intenzitami nejintenzivngjSich péast je niz8i nez 5%, z ¢ehoz
vyplynulo, ze vSechna spektra jsou plné¢ srovnatelné. Dlouhodobé stabilita byla
vyhodnocena pomoci péti po sob¢ nasledujicich méteni provedenych v rozmezi 21 dni.
I pfes pozorovanou agregaci nanokompozitu Ramanova spektra ziskané 21 dni po
syntéze nanokompozitu obsahuji silny analyticky signdl a nanokompozit mize byt
naddle pouzit pro analyzu nukleovych kyselin. Z kalibracnich kfivek byly stanoveny
mezni hodnoty detekce 3,0 ng . L™ piislusici DNA a 3,8 ng . L™ pro RNA, které se
stavaji plné¢ konkuren¢nimi K jiz zavedenym piistupim a vykazuji zna¢né vyhody,

zejména analyzu vzorki v kratkém ¢asovém intervalu.

Vyse popsany clanek byl publikovan v asopise Applied Materials Today 12
(2018), na strankach 85-91. Cely clanek je ptipojeny k disertacni praci jako Ptiloha A.
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5.2. ,,Label-free*“ stanoveni prostatického specifického membranového antigenu
Vv Krvi v nanomolarnim mnoZstvi za pouZiti magneticky asistované povrchové

zesilené Ramanovy spektroskopie

Rakovina prostaty patii mezi jednu z nejCastéji diagnostikovanych forem
rakoviny a v soucasné dob¢ tvoii 12% vsech piipadd rakoviny na celém svété. Vyskyt
této formy rakoviny se od roku 1970 zvysil 0 155% a v roce 2012 bylo diagnostikovano
témet 500 000 novych ptipadi (129, 130). Nejbeznéjsi screeningové testy pro vcasnou
diagnézu rakoviny jsou zaloZeny na stanoveni hladiny prostatického specifického
antigenu (PSA) v krvi nebo na digitalnim rektalnim vySetfeni spojenym s biopsii (DRE)
(131). Vyse zminéna pozadovana biopsie je stale limitem v alternativnim ziskavani
informaci z genomickych dat pacienta (132). Jednou z moznosti v 1é¢bé rakoviny
prostaty je hledani vhodnych markert, umoziujicich detekci rakoviny prostaty bez
nutnosti DRE vysetfeni. Jednim z potencidlné zajimavych markert pro stanoveni
rakoviny prostaty je PSMA — prostaticky membranovy specificky antigen (znamy jako
folat-hydrolaza I a glutamatkarboxypetidaza II — GCPII). GCPII katalyzuje hydrolyzu
N-acetylaspartylglutamatu (NAAG) na glutamat a N-acetylaspartit (NAA) a je

nadmérné exprimovan v burnikach rakoviny prostaty (133).

Bézné pouzivané metody pro stanoveni rakoviny prostaty zalozené napiiklad na
vyuZiti inhibitorG malych molekul, které napodobuji endogenni substrat NAAG nejsou
velmi G¢inné pii  detekci malych metastatickych lozisek (134). Inhibitory
s fluorescencnimi znackami vyuzivané ke stanoveni rakoviny prostaty prokazaly vyssi
hladinu GCPII u pacienti s karcinomem prostaty ve srovnani se zdravymi pacienty
(135, 136). Tato publikace je zamétena na vyuziti MA-SERS a nizkomolekularniho
inhibitoru GCPII pro analyzu GCPII z plné lidské krve za vyuziti syntetizovaného
Fes0.@Ag nanokompozitu. Vyhodou metody je magneticka izolace GCPII a jeho
naslednd detekce v plné krvi ve velmi kratké dobé s limitem detekce niZ§im, nezZ je tomu

u obvykle pouzivanych technik.

Prvnim krokem byla charakterizace syntetizovaného nanokompozitu pomoci

TEM, IR a stanovenim z-potencidlu. Vysledky ziskané transmisni elektronovou
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spektroskopii jsou zobrazeny na Obr. 5.2.1A-B. Stiibrné nanoc¢astice o priméru 30 nm
jsou obklopeny mensimi magnetickymi nanocasticemi s prumérem pfiblizné¢ 10 nm a
jsou organizovany do ,,superklastri®. Toto pozorovani bylo nasledné potvrzeno pomoci
HAADF. Byl zméfen z-potencial syntetizovan¢ho biosenzoru s vyslednou hodnotou

- 46mV, coz naznacuje stabilitu systému (137).

Obr. 5.2.1.: A-B) TEM snimky koloidniho Fe;O,@Ag nanokompozitu stabilizovaného CMC.
A) obecny snimek vzorku; B) detailni pohled na nanocastice stfibra. C) HAADF obrazek
vzorku (126).

Zaznamenana FT-IR spektra volné karboxylmethylcelulozy (CMC) a
funkcionalizované cmcFe;O4 demonstruji UspéSnou imobilizaci CMC na povrch
magnetickych nanocastic (5.2.2A). Spektra byla interpretovana v souladu s ptistupy
definovanymi Barthem (138). Ob¢ spektra obsahuji charakteristické pasy cistétho CMC
pti 3400-3000 (O-H valen¢ni vibrace), 2917 (C-H valenéni vibrace), 1594 ( -COO
asymetricka valenéni vibrace), 1417 (-COO asymetricka valen¢ni vibrace), 1338
(mistkova-O- valen&ni vibrace), 1058 ( C-O valenéni vibrace), 910 cm™ (pyrandzovy
kruh). U cmcFesO,4 byl dale nalezen charakteristicky pas pro magnetit pii 590 cm™.
Ukotveni anti-GCPII je zdokumentovano ve spektralnich datech uvedenych na Obr.
5.2.2B. FT-IR spektra volnych anti-GCPIl a Fe;O,@anti-GCPII obsahuji spektralni
pasy 1626-1629 cm™ (Lys, NHs" asymetrickd valenéni vibrace), 1404 (Glu, -COO
valen¢ni vibrace), 1650 (Amide | C=0 vibrace) a 1400 cm™ (Amide 111 C-N vibrace).
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Obr. 5. 2. 2.: A) FT-IR spektroskopie cmcFe;0,, Cerné je zobrazeno spektrum surového CMC,
Cervené funkcionalizovaného CMC. B) FT-IR
funkcionalizovaného Fe;0,@Anti-GCPII. anti-GCPII,
cmcFe;0, funkcionalizovaného anti-GCPII tvorici Fe;O,@Anti-GCPII komplex (126).

nanomaterialu  Fez04 spektroskopie

Cerné spektrum nalezi Cervené

Syntetizovany nanomaterial byl nejprve testovan za pouZiti standardniho roztoku
purifikovaného rekombinantniho GCPII (c=10 ng/ml). Vysledna data jsou zobrazena na
Obr: 5.2.3. Ramanova spektra ziskana z analyzy modelového vzorku GCPII (standard
GCPII) obsahuji ve

vzorkem (blank) spektralni

pasy

charakteristické pro proteiny. Vyrazné vibrace proteinti zahrnuji dominantni spektralni

srovnani s prazdnym

pasy, které se nachazeji v rozmezi 678 cm™, 728 cm™, 955 cm™, 1235 cm™ (Amid 111),

1335 cm™ (C-H deformaéni proteinovy pés), 1450 cm™, 1577 cm™, 1670 cm™ (Amide
1) a1790 cm™.
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5.2.3.: Ramanovo spektrum ziskané analyzou Fe;O,@Anti-GCPII@Ag nanokompozitu (blank)
a Ramanovo spektrum purifikovaného rekombinantniho vzorku GCPII ( c=10 ng/ml) za pouziti

Fes0,@ANti-GCPlII@Ag nanokompozitu (standard GCPII) (126).

Dale bylo ziskdno kalibra¢ni spektrum GCPII v koncentraénim rozmezi 5-200
ng/mL (7 kalibra¢nich bodu s péti technickymi replikami). Spektralni data v§ech sedmi
kalibrac¢nich standardl jsou znazornéna na Obr: 5.2.4A a finalni kalibra¢ni kfivka na
Obr: 5.2.4B. Jako marker pro kvantifikaéni analyzu byl vybran spektralni pas 1335 cm™
(vibrace Amidu) vzhledem k jeho vysoké intenzité a mensi interferenci ve srovnani
S jinymi intenzivnimi spektralnimi pasy. Z kalibraéni kiivky byl nasledné spocitan limit

detekce 0,48 ng/ml.
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Obr: 5.2.4.: A) Ramanova spektra ziskana analyzou GCPII o Sesti riznych koncentracich 5-200
ng/ml. B) Kalibra¢ni kiivka GCPII sestrojena pomoci analyzy standardnich vzorku (126).

Opakovatelnost analytického postupu byla vyhodnocena na souboru péti
nezavislych méfeni. VSechna spektra byla pln€ srovnatelnd, kdy statisticky rozdil mezi
ttemi nejintenzivnéjSimi pasy v experimentalnich datech nepfesdhl hodnotu 7%.
Stabilita syntetizovaného nanomateridlu byla hodnocena za pouZziti souboru
periodickych méteni provadénych po dobu 21 dni. Byl pozorovan pouze maly pokles
celkové intenzity ziskanych spektralnich dat v dasledku casteCné agregace
nanomateridlu. Nicméné¢ Ramanova spektra ziskand 21 dni po syntéze nanomaterialu

vykazovaly silny analyticky signal méteného GCPII.

Poslednim krokem bylo stanoveni rtizné koncentrace GCPII v plné krvi pomoci
nami syntetizovaného funkcionalizovaného nanokompozitu. Na Obr. 5.2.5. jsou
zobrazena Ramanova spektra ziskané analyzou realného vzorku a standardniho roztoku
GCPII (c=10 ng/ml). Podrobna spektralni analyza odhalila nové pasy umisténé pii 1415

cm™ a 1450 cm™ pritomné v Ramanové spektru redlného vzorku, coz naznacuje mensi
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nespecifické interakce. Tyto pasy vSak neinterferuji se spektrdlni pasem

1335 cm™ a neovliviiuji tak kvantifikaci GCPIL

=== Reference standard
=== \\'hole blood
= Blank

T
Zi 3

1

Raman intensity

500 1,000 1,500
Raman shift (cm™?)

Obr. 5.2.5.: Ramanova spektra ziskané analyzou vzorku plné krve obsahujici GCPII pomoci
nanokompozitu funkcionalizovaného anti-GCPII a referenéni spektrum standardniho roztoku
GCPII (¢ = 10 ng/ml) za pouziti Fe;0,@anti-GCPII@Ag nanokompozitu (referen¢ni standard).
Blank pfedstavuje Ramanovo spektrum analyzy plné krve pomoci surového nanomaterialu
(FesO,@Ag). Spektralni pasy jsou oznageny v nasledujicim pofadi: 1: 678 cm™; 2: 728 cm™; 3:
955 cm™; 4: 1335 a 5: 1371 cm™ (126).

Celkova koncentrace GCPII v redlnych vzorcich byla stanovena za pouZiti
metody standardniho pfidavku za G¢elem minimalizace nespecifickych interakci mezi
matrici a analytem. Ve studii bylo vyhodnoceno celkem pét realnych vzorkt zdravych
dospélych jedincti. Koncentrace GCPII v téchto vzorcich nabyvala hodnot od 1 — 7,3
ng/ml, coz je v dobré korelaci s diive uvedenymi hodnotami pro zdravou populaci
(139). Vysledné koncentrace byly naméfeny s relativni chybou stanoveni (RSD) mensi
nez 10%.
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Metoda byla publikovana v ¢asopise Analytica Chimica Acta 997 (2018), na
strankach 44-51. Cely ¢lanek je pfipojeny k disertacni praci jako Ptiloha B.
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5.3. Povrchova analyza rustovych faktoru lidského zubniho korenového kanailu

pomoci MA-SERS

Castym problémem v endodoncii se stava 1é¢ba zubt obsahujici nekrotickou
tkan. Ta je dnes standardné oSetfovana pomoci 1é¢by kofenovych kanalkd, bohuzel je
stale zaté¢zovana nékolika klinickymi problémy (140). Mezi nejbéznéji pouzivané
pristupy regeneracni 1écby se fadi revaskularizace a revitalizace opirajici se o schopnost
dodéni rtstovych faktorii spolu s kmenovymi buitkami pifimo do postizené¢ho kanalku,
coz muze mit vliv na bunky nachazejici se v periapické oblasti (141). Dulezité
ristovymi faktory hrajici roli v regeneraci dentinu jsou ristovy faktor beta 1 (TGF-B81),
zastavajici dulezitou roli pii diferenciaci kmenovych bunék dfené na ontoblasty (142).
Dale kostni morfogeneticky protein 2 (BMP-2) vykazujici silny osteoinduktivni a
chondrogenni ucinek a byl popsdn také stimulaéni uCinek na dentinogenezi
v odontoblastech (143). A zakladni fibroblastovy rustovy faktor (bFGF) pusobici jako
silny mitogen, ktery stimuluje proliferaci kmenovych bunék diené a zvySuje jejich

diferencia¢ni potencial (144).

Vétsina metod studujicich rozlozeni ristovych faktorii na povrchu dentinu
vyzaduje extrakci rstovych faktori mimo zub a informace o jejich distribuci na
povrchu kofenového kanalu tak nejsou dostupné (145). Jednou z metod, pouzivanou jiz
diive ke studiu dentinu, byla Ramanova spektroskopie. Byla vSak vyuZita pouze v
omezené mife naptiklad pfi studii fluorescence skloviny na zdravé a nekrotické zubni
tkani (146, 147). Dalsi aplikace Ramanovy spektroskopie v zubnim Iékaistvi byly
shrnuty v piehledu napsaném Ramakrishnaiahem (148). Tato publikace je zaméfena na
studium rustovych faktorti pfimo na povrchu dentinovych kanalkd pomoci Ramanovy
spektroskopie a syntetizovaného nanosenzoru slozeného z Fe;04@Ag, ktery je dale
funkcionalizovany tak, aby poskytoval multiplexni analyzu ristovych faktort,

jmenovité¢ TGF-B1, BMP-2 a bFGF piimo na povrchu vzorku.

Funkcionalizovany nanokompozit byl nejprve charakterizovan elektronovou
mikroskopii a pomoci EDX. Vysledky jsou znazornény na Obr. 5.3.1A-C, kde jsou

zobrazeny TEM a EDX obrazy funkcionalizovaného nanokompozitu. Ze snimku
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vyplyva, Ze magnetické nanocastice jsou lokalizovany v klastrech. Velikost
magnetického kompozitu byla pomoci DLS stanovena na 140 nm. Analyza z-potencialu
odhalila vyraznou zménu hodnot z -42 mV pro Fe;O,@Ag nanokompozit na +2mV pro
materidl funkcionalizovany za pouziti znacenych protilatek. Tato zména je zplisobena
zakotvenim kladné nabitého proteinu na povrchu negativné nabitého nanokompozitu

avSak systém je koloidn¢ stabilni, i pfes nizkou hodnotu z-potencialu, vzhledem

k elektrostatickym interakcim mezi ukotvenymi proteiny.

Obr. 5.3.1.: A) TEM snimek funkcionalizovaného materialu. B) EDX obrazek nanokompozitu
S nanoc¢asticemi stiibra (¢ervené) a maghemitu (modra). C) HAADF analyza nanokompozitu,

kde stiibro je znazornéno jasné a zelezo v tmavsich odstinech (149).

Ziskana spektralni data ziskana métenim pomoci Ramanovy spektroskopie jsou
znazornéna na Obr. 5.3.2A. Ramanovo spektrum obsahuje charakteristické pasy viPO,*
(spektralni pas 960 cm™) a v4PO,* (spektralni pas 588 cm™). Je zfejmé, Ze spektrum
neobsahuje zadné spektralni pasy charakteristické pro proteiny. Dale byly vyhodnoceny
SERS spektra Cy3, Cy5 a Cy7. Vysledna Ramanova spektra jsou zobrazena na 5.3.2B a
jsou plné v souladu s dfive publikovanymi vysledky (150). Poté byly pomoci SERS
meéfeny protilatky, jmenovité anti-TGF-B1, anti-BMP-2 a anti-bFGF a ziskana spektra
jsou znazornéna na Obr. 5.3.2C. Spektra obsahuji pfevazné pasy charakteristické pro
proteiny, v&etnd Amidu I a III, které se nachazeji pii 1652 cm™ a 1304 cm™. Avsak
Ramanovo spektrum dentinu obsahuje velké mnozstvi proteind vcetné cilenych

rustovych faktorti a mnoho dalsich.
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Selektivni detekce interakce mezi zakotvenou protilatkou a konkrétnim
rastovym faktorem miize byt proto obtiznd a neni spolehliva. Za timto ucelem byly
protilatky znaCeny pomoci Raman aktivnich spektralnich znacek — Cy3, Cy5 a Cy7.
Znacky spolu s ptisluSnymi protilatkami byly charakterizovany za pouziti SERS a
vysledna Ramanova spektra jsou zobrazena na Obr. 5.3.2D-F. Spektralni analyza
odhalila pfitomnost spektralnich pdsem charakteristickych pro kazdou Ramanovu
znacku, jedna se o pasy 1395 cm™ pro anti-TGF-B1-Cy3, 1597 cm™ pro anti-BMP-2-
Cy5a 1621 cm™ pro anti-bFGF-Cy7.
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Obr. 5.3.2: A) Ramanovo spektrum kotenového kanalu. B) SERS spektra Cy3, Cy5 a Cy7
Ramanovych znacek. C) SERS spektra protilatek anti-TGF-B1, anti-BMP-2 a anti-bFGF. D-F)
SERS spektra specifickych protilatek znacenych Ramanovymi znackami a protilatky
S vazanymi antigeny, konkrétné anti-TGF-1-Cy3 (D), anti-BMP-2-Cy5 (E) a anti-bFGF-Cy7
(F) (149).
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Analyza SERS vzorkG obsahujiciho pfipraveny nanosenzor sloZeny
z nanokompozitu Fe;0s@Ag kovalentné fukcionalizovaného pfislusnymi znacenymi
protilatkami odhalil pfitomnost past charakteristickych pro Ramanovy znacky,
nanosensor a protilatky. Vysledna spektra jsou zndzornéna na Obr. 5.3.3A. Ramanovo
spektrum obsahuje vSechny dfive identifikované pasy, véetn¢ pasem charakteristickych
pro pouzit¢é Ramanovy znacky, coz naznacuje uspeéSnou imobilizaci znacenych
protilatek na povrch nanokompozitu. Stabilita signalu byla testovana na Sesti vzorcich
obsahujicich Fe3O4@Ag@anti-TGF-B1-Cy3 béhem ¢asového obdobi 21 dni. Vzorky
byly uchovany v lednicce pii 7°C a tmé¢. Signal znacek se mirn€ snizil, jak je ukdzano
na Obr. 5.3.3B avsak stale je nad hranici detekce a je pIlné pouzitelny. Dale byla
vyhodnocena opakovatelnost signalu na sérii péti Fe;O,@Ag@anti-TGF-31-Cy3
vzorki. Ziskana Ramanova spektra jsou zobrazena na Obr. 5.3.3C. Ramanova spektra
byla normalizovana a byla vypocitana relativni smérodatnd odchylka (RSD), ktera

nepiesahla 5% pro vSechny tfi znacky.
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Obr. 4.1.33. : A) Ramanovo spektrum surového Fe3O4@Ag nanokompozitu (modré),
Ramanovo spektrum nanosenzoru se zakotvenymi protilatkami zna¢enymi Ramanovymi
znaCkami (rizové) a spektrum senzoru naméfené na povrchu dentinu (zelené). B) Studium
stability signdlu pfipraveného Fe;O,@Ag@anti-TGF-B1-Cy3 sensoru. C) Opakovatelnost
analytického signalu pfipraveného Fe;O,@Ag@anti-TGF-31-Cy3 sensoru (149).
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Dalsim krokem bylo oSetfeni vzorkii zubli po dobu 5 a 20 minut za pouziti
EDTA jako chelata¢niho ¢inidla k odstranéni skloviny. Nejprve byla métfena plocha
lidského zubniho kofenového kanalu bez piedipravy pro testovani potencialu metody.
Vzorky byly nejprve podrobeny analyze za pouziti fluorescencni mikroskopie pro
ovéteni pfitomnosti nanosenzord na povrchu vzorku. Ziskané vysledky jsou zobrazeny

na Obr. 5.3.4., kde je demonstrovana piitomnost vSech tii znac¢ek na povrchu vzorkd.

1000 pm
-

Obr. 4.1.3.4.: mikroskopické snimky nanosenzord na povrchu vzorku zubu. A) senzor

TGF-81, B) BMP-2 a C) bFGF (149).

Ramanovy mapy fyziologického vzorku ukazuji pfitomnost kazdého ristoveho
faktoru s riznym vyskytem. TGF-B1 rtstovy faktor mize byt povazovan za nejhojnéjsi,
nasledovaly ristové faktory bFGF a BMP-2. Tyto vysledky jsou shodné s pfedchozimi
studiemi, u nichz bylo zjisténo, ze rustovy faktor TGF-B1 je Castéjsi nez jiné ristové
faktory (151). Jako negativni kontrola byla vybrana vrstva obsahujici sklovinu a tudiz je
zabranéno interakcim se znackami (Obr. 5.3.5D-F), tudiz ptitomnost vsech tii cilenych
rastovych faktord na kofenovém povrchu byla vyrazné sniZena. Spektralni analyza
vykazuje pokles o 70% pro TGF-1, o 50% pro bFGF a o 82% pro BMP-2. Dale byl
studovan vliv EDTA na pfitomnost ristovych faktori na povrchu vzorku, pficemz byly
zvoleny dva Casové useky 5 a 20 minut. Doba piisobeni EDTA po dobu 5 minut je
zobrazena na Obr. 5.3.5G-I, podobna Ramanova spektra byla ziskana u vzorku
oSetfenych EDTA po dobu 20 minut (Obr. 5.3.5J-L). Mnozstvi TGF-81 pfitomného ve

vzorku oSetfeného po dobu 20 minut se snizilo o 10% oproti vzorku oSetfeného po dobu
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5 minut, ale vzrostlo 0 80% Vv porovnani s fyziologickym vzorkem. Lepsi vysledky byly
dosazeny u bFGF a BMP-2, kde osetfeni EDTA po dobu 20 minut vedla ke zvySeni

vyskytu ristovych faktorti o vice nez 300% ve srovnani s fyziologickym vzorkem.

Physiological ~ Negative control 5 minutes 20 minutes

TGF-1

bFGF

50 4

BMP-2

0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.20 0.21 02 0.23

Raman intensity (a.u.)

Obr. 4.1.3.5.: A-L) Ramanovy spektralni mapy ziskané analyzou vzorku zubu - fadky
predstavuji jednotlivé rustové faktory (TGF-B1, bFGF a BMP-2) a sloupce typy
(fyziologicky vzorek, negativni kontrola, osetfeni EDTA 5 nebo 20 minut). Relativni
Ramanova intenzita jednotlivych faktor( jsou znaceny barevné, viz. barevna skéla pod
obrazkem. Pro Ramanovo zobrazeni byly vybrany nésledujici spektralni pasy — 1395
cm™ pro anti-TGF-B1-Cy3, 1597 cm™ pro anti-bFGF-Cy7 a 1621 cm™ pro anti-BMP-2-
Cy5 (149).



Vysledky této prace byly 6.8.2018 piijaty v Casopise Analytical and

Bioanalytical Chemistry a v plném znéni jsou dostupné v ptiloze C .
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Zavér

Cilem ptedlozené disertacni prace byla specifickd analyza biopolymert metodou
magneticky asistované povrchem zesilené Ramanovy spektroskopie. Syntetizované
magnetické  nanokompozity, funkcionalizované  piisluSnymi latkami, byly
charakterizovany fadou technik (dynamicky rozptyl svétla, vysokorozliSovaci
transmisni  elektronova mikroskopie, Ramanova spektroskopie, infraCervena
spektroskopie, rentgenova difrakce) a nasledné byly pouzity pro vyznamné aplikace
vedouci ke stanoveni cilovych biopolymert (DNA, RNA, GCP II, ristové faktory)
pomoci MA-SERS.

Prvni ¢ast experimentalni prace je zamétena na multiplexni stanoveni celkového
obsahu nukleovych kyselin v redlnych vzorcich rakovinnych tkéni, coz ptredstavuje
dalezity krok zejména v lékarské diagnostice. Stfibrné nanocastice na povrchu
syntetizovaného magnetického Fe;O4,@Ag nanokompozitu byly funkcionalizovany za
pouziti alkylaéniho C¢inidla, chlorambucilu. Takto pfipraveny funkcionalizovany
nanokompozit byl nésledné¢ pouzit jako biosenzor pro vySe zminéné multiplexni
stanoveni DNA a RNA v redlnych vzorcich rakovinnych tkani. Bylo dosazeno limitu
detekce v ng. L™ s relativni smérodatnou odchylkou niZ§i nez 10%. DosaZzené limity
detekce spolu s minimalnimi ¢asovymi pozadavky a jednoduchosti metody umoznily
vyvinuté metod€ stat se zajimavou alternativou k obecné pouZivanym metodam

zaloZenych na spektroskopii.

Druhéd ¢ast experimentalni prace se zabyva stanovenim celkového mnoZstvi
GCPII v biologickych vzorcich jakozto potenciondlniho markeru pro vyvoj diagnostiky
rakoviny prostaty. Metoda je zalozena na vyuziti nizkomolekularniho GCPII ligandu a
nasledné analyze pomoci MA-SERS. Funkcionalizace Fe;0.@AQ nanomaterialu byla
zalozena na ukotveni inhibitoru GCPII na jeho volném povrchu. Vysledny Fe;Os@anti-
GCPII@Ag nanokompozit byl nasledné pouzit ke stanoveni celkového mnozstvi GCPII
v plné lidské krvi. Limity detekce se pohybovaly v rozmezi ng . mL™, s relativni

smérodatnou odchylkou stanoveni 7%.
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V posledni ¢asti disertani prace je popsana metoda zaloZend na povrchové
analyze rustovych faktorti lidského zubniho kotfenového kanalu pomoci MA-SERS a
Fe30,@Ag nanokompozitu funkcionalizovaného Ramanovskou znackou. Metoda byla
testovana na lidskych zubnich vzorcich, ve kterych byla analyzovana distribuce vSech
tii rustovych faktort (TGF-B1, bFGF a BMP-2) na povrchu dentinu. Dale byl v praci
diskutovan vliv ptisobeni EDTA, kde bylo prokazano, ze pétiminutové ptisobeni EDTA
vedlo ke zna¢nému zvySeni vyskytu vSech tii studovanych ristovych faktord. Bylo
zjisténo, ze delsi pisobeni EDTA by mohlo vést k vymyti nékterych ristovych faktora,
proto je velice dulezité pro pouzivanou metodu optimalné nastavit ¢as. Vysledky znacici
rychlej§i vymyvani ristového faktoru TGF-f1 ve srovnani s dal§imi dvéma faktory
odpovidaly vysledkiim zvefejnénych v ptedchozich studiich zabyvajicich se timto

problémem.

Vyse zminéné syntetizované nanosenzory ndm oteviraji nové moznosti vedouci
K ultracitlivé detekci zejména v lékafstvi s minimalnimi naroky na vybaveni. Diky
aplikaci magnetického nanokompozitu je mozné ze slozité biologické matrice
specificky selektovat pozadovany analyt a nasledné ho analyzovat za pouziti Ramanovy

spektroskopie.
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Summary

The aim of this dissertation thesis was a specific analysis of biopolymers by
magnetically assisted surface-enhanced Raman spectroscopy. The synthesized magnetic
nanocomposites, functionalized by respective substances, were characterized by a
number of techniques (dynamic light scattering, high resolution transmissive electron
microscopy, Raman spectroscopy, infrared spectroscopy, X-ray diffraction) and
subsequently used for significant biopolymer targeting (DNA, RNA, GCP II, growth
factors) by MA-SERS.

The first part of the experimental work is focused on the multiplex
determination of total nucleic acid content in real samples of cancer tissues, which is an
important step especially in medical diagnostics. The silver nanoparticles on the surface
of the synthesized magnetic Fe304 @ Ag nanocomposite were functionalized using an
alkylating agent, chlorambucil. Thus prepared functionalized nanocomposite was
subsequently used as a biosensor for the above mentioned multiplex DNA and RNA
assays in real cancer tissue samples. The limit of detection in ng.L™ was reached with a
relative standard deviation of less than 10%. Achieved detection limits, along with
minimal time requirements and simplicity of the method, allowed the developed method

to become an interesting alternative to commonly used spectroscopic methods.

The second part of the experimental work deals with the determination of the
total amount of GCPII in biological samples as a potential marker for the development
of prostate cancer diagnosis. The method is based on the use of low-molecular GCPII
ligand and subsequent MA-SERS analysis. The functionalization of Fe304 @ Ag
nanomaterial was based on the anchoring of the GCPII inhibitor on its free surface. The
resulting Fe304 @ anti-GCPIl @ Ag nanocomposite was subsequently used to
determine the total amount of GCP Il in whole human blood. Detection limits ranged

from ng. mL™, with a relative standard deviation of 7%.
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In the last part of the dissertation the method based on surface analysis of
growth factors of the human dental root canal using MA-SERS and Fe304 @ Ag
nanocomposite functionalized by Raman marks is described. The method was tested on
human dental samples, in which the distribution of all three growth factors (TGF-B1,
bFGF and BMP-2) on the dentin surface was analyzed. In addition, the effect of EDTA
was discussed, where it was shown that the five-minute effect of EDTA led to a
significant increase in the occurrence of all three studied growth factors. Longer EDTA
effect has been found to lead to the removal of some growth factors, so it is very
important for the method to optimize the time. Results indicating a faster elution of
TGF-B1 growth factor compared to the other two factors were consistent with the results

reported in previous studies addressing this problem.

Synthesized nanosensors open up new possibilities for ultra-detection
especially in medicine with minimal equipment requirements. Due to the application of
magnetic nanocomposite it is possible to specifically select the desired analyte from a

complex biological matrix and then analyze it using Raman spectroscopy.
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Seznam zkratek

bFGF zakladni fibroblastovy rtustovy faktor

BMP-2 kostni morfogeneticky protein

CCD charge-couple zafizeni

CMC carboxylmethyl celuldza

Cy3 cystein 3

Cy5 cystein 5

Cy7 cystein7

DNA deoxyribonukleotidova kyselina

DRE digitalni rektalni vySetfeni

EDC N-Ethyl-N"-(3-dimethylaminopropyl)carbodiimid hydrochlorid
EDS energiove disperzni rentgenova spektroskopie
EDTA disodium ethylenediaminetetraacetat dihydrat
ELISA enzyme-linked immunosorbentni analyza

FITC fluorescein isothiokyanat

FT-IR Fourier-transform infracervena spektroskopie
GCPII glutamat carboxypeptidaza Il

HAADF vysoko-rozlisujici kontrastni zobrazeni

HPAI virus ptaci chiipky

HR-TEM vysoko-rozlisujici transmisni elektronova mikroskopie
IR infraCervend spektroskopie

LbL vrstva po vrstveé

LSPR lokalizovana povrchové plazmonova rezonance
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MA-SERS magneticky asistovand povrchem zesilend Ramanova
spektroskopie

MBA 2-chloro-N-(2-chloroethyl)-N-methylethanamin
MeOH methanol

NHS N-hydroxysuccinimid

NLS nanosférova litografie

NIR blizka infracervena spektroskopie

NMR spektroskopie nukledrni magnetické rezonance
ORC kombinovana redoxni elektroda

PDDA poly(diallyldimethylammoniumchlorid)

PSMA prostaticky specificky membranovy antigen
RhB rhodamin B

RNA ribonukleotidova kyselina

RRS Ramanova rezonan¢ni spektroskopie

RSD relativni smérodatna odchylka

SERS povrchem zesilena Ramanova spektroskopie
SERRS povrchem zesilend rezonan¢ni Ramanova spektroskopie
TGF-B1 transformuyjici ristovy faktor beta 1

TEM transmisni elektronova spektroskopie

UV-VIS ultrafialovéa-viditelna spektroskopie

XPS rentgenova fotoelektronova spektroskopie
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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).
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[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
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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



Z. Chaloupkovad et al. / Applied Materials Today 12 (2018) 85-91 89

A |— Raw nanomaterial

— Fe30:@Ag@Chlorambucil Fe;0:@Ag@RNA .
Fe30s@Ag@Chlorambucil@RNA
— Fes0:@Ag@Chlorambucil@DNA _ Refer‘en oegstandard
— Blank (Fes0:@Ag)

Raman intensity
Raman intensity

\._____‘,___,MM“_,..W

500 ' 1,000 ' 500 1,000 1,500
Raman shift (cm™) Raman shift (cm*')
Fe;0,@Ag@Chlorambucil@RNA [
® DNA Marker; @764 cm F6304@Ag@Ch|0rambUCI|@DNA ° DN A
e RNA
* RNA Marker; @850 cm™ ' z
= a
w
S £
=
< &
5
o o
600 800 1,000
Raman shift (cm'?)
400 600 800 1,000 1,200 1,400 1,600 1,800

Wavenumber (cm-)

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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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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GRAPHICAL ABSTRACT
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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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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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ABSTRACT

Endodontic treatment of immature permanent teeth with necrotic pulp poses several clinical
challenges and is one of the most demanding interventions in endodontics. Recently, with new
discoveries in the field of tissue engineering, novel treatment protocols have been established. The
most—promising treatment modality is revascularization, which integral part is the exposure of
collagen matrix and embedded growth factors. However, optimization of the treatment protocol
requires a development of analytical procedures able to analyze growth factors directly on the

sample surface.

In this work, method based on surface enhanced Raman spectroscopy (SERS) was developed
to investigate the influence of the time of the medical treatment using EDTA on exposure and
accessibility of the growth factors, namely TGF-31, BMP-2, and bFGF on the dentine surface. The
nanotags, which consist of magnetic Fe;O4@Ag nanocomposite covalently functionalized by tagged
antibodies (anti-TGF-B1-Cy3, anti-BMP-2-Cy5, and anti-bFGF-Cy7), were employed as a SERS
substrate. Each antibody was coupled with a unique label allowing to perform a parallel analysis of

all three growth factors within one analytical run. Developed methodology presents an interesting



alternative to a fluorescence microscopy and in contrary allows to evaluate a chemical composition

and thus minimize possible false-positive results.

Keywords: SERS, nanocomposites, growth factors, imaging

1. Introduction

The endodontic treatment of immature permanent teeth with necrotic pulp remains one of the most
challenging treatment options in endodontics. Root canal treatment is nowadays a standard modality for
teeth with infected dental pulp[1]. However, this process is still a subject to several clinical challenges|2,
3]. Nowadays, the cell-free approach of regenerative treatment known as revascularization or revitalization
belongs among the most applied approaches. It depends on the intracanal delivery of scaffold which is rich
in growth factors and contains stem cells or can attract such cells residing in the periapical region[4, 5].
The growth factors of the extracellular dentinal matrix, with significant roles in pulp-dentin regeneration,
are transforming growth factor-betal (TGF-81), bone morphogenetic protein-2 (BMP-2) and basic
fibroblast growth factor (bFGF). One of the most considerable challenges of the newly developed protocols
is efficient removal of the present smear layer[6]. Smear layer is an amorphous layer of dentin, pulp and
bacterial remnants which is produced during cavity preparation or root canal instrumentation. The content
1s composed of two distinct layers where a thin superficial layer 1-2 micrometres thick overlying a densely
packed layer that penetrated into the dentinal tubules which are subsequently occluded. The organic part is
mostly composed of collagen residues and glycosaminoglycans.[7] Its presence is efficiently lowering the
availability of the growth factors by an effective blocking of the surface for further interactions. Based on
its structure, it can’t be removed by a water stream, and it is thus usually treated with acids[8] or chelators
such as ethylenediaminetetraacetic acid (EDTA).[9-11] The efficiency of each treatment approach is given
by the number of the exposed growth factors available for further interactions with the introduced stem
cells, and development of analytical protocols allowing to study the distribution of the growth factors on

the dentin surface is thus essential.



Majority of approaches is based on immunohistochemical localization of the growth factors,
including recently published works by Hisamoto, et al. [12], where selected growth factors and receptors in
the tooth germ of murine fetuses and neonates were studied, Shubo et al. [13], where an expression of
growth factors such as connective tissue growth factor, and TGF-81 were studied during a mouse tooth
development, and Niwa et al. demonstrated a localization of TGF- B in dental pulp, odotoblasts and
dentin[14]. However, the results obtained by an immunohistochemical analysis could be influenced by a
presence of nonspecific interactions and thus false positive results. Interestingly, only a limited number of
works employs alternative approaches. One of few examples was demonstrated by Zhao et al., where a
distribution of TGF- B isoforms on dentinal cut surfaces of mature teeth was studied using an electron

microscopy and functionalized gold substrate [15].

To our best knowledge, parallel imaging of growth factors directly on the dentin surface using
molecular spectroscopy has not been reported yet. Raman spectroscopy has been previously exploited in
this area only superficially, despite its considerable potential. It was applied in the analysis of carious
lesions in enamel [16], analysis of enamel fluorosis at healthy and affected samples [17], study of dentine
[18] or analysis of microorganism present in oral cavity[19, 20]. The potential of Raman spectroscopy was
considerably increased with a discovery of surface enhanced Raman scattering (SERS) by Fleishman[21].
Recent modification of SERS, The magnetically assisted surface enhanced Raman spectroscopy (MA-
SERS), presents an interesting alternative to a selective detection of single molecules, such as PSMA,
dopamine or IgG [22-24]. However, its application in surface imaging was limited. The aim of this present
work is to enhance the original MA-SERS methodology and apply it in a parallel imaging of growth
factors, namely TGF-B1, BMP-2 and bFGF, on root dentin canals on four real samples. The developed
methodology is based on magnetic Fe;O4@Ag nanosensors, functionalized using covalently anchored

antibodies tagged with unique Raman tags.



2. Experimental section

2.1.Reagents and chemicals

Silver nitrate (p.a.), 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide methiodide (EDC), N-
hydroxysulfosuccinimide sodium salt (98% (HPLC); NHS), Cy3 mAb Kit, Cy5 and Cy7 mAb Kit were
purchased from Sigma-Aldrich (San Jose, U.S.A.). HiPO4 (p.a., 85% w/w) and NaOH (p.a.) were
purchased from Lach-Ner. Acetic acid (99.8%) and methanol (p.a.) were obtained from P-LAB (Czech
Republic). Antibodies, namely Anti-TGF-B1, Anti-BMP-2, and Anti-bFGF, were purchased from Abcam

(United Kingdom).
2.2.Sample extraction

Five non-carious immature single-rooted human—premolars were obtained from three patients in cases
where extraction of these teeth had been indicated for orthodontic reasons and otherwise the teeth would
have been disposed of. The parents were informed about further usage of the extracted premolars and a
written informed consent was obtained. The approval of Ethic committee of Faculty Hospital Olomouc and
Medical Faculty of Palacky University for the study was obtained (NV-18-08-00328). After extraction, the
teeth were washed with saline (0.9% NaCl, B. Braun Medical, Melsungen, Germany), stored in a solution
of inorganic salts (1.5 mmol/l CaCl,, 1.0 mmol/l KH,PO4, 50.0 mmol/l NaCl) and immediately transported

for specimen preparation.
2.3.Sample treatment using EDTA

After radiological verification that only one root canal is present, the teeth were decoronated and the roots
sectioned in the middle of the longitudinal and horizontal dimension plane with a segmented diamond-
edged blade cooled by water. Under this procedure, four specimens from one tooth with the intact surface

of the root canal have been obtained, and were randomly divided into four groups — negative control group,
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positive control group and two experimental groups with different time exposure with 17 % EDTA; five
samples from different specimen were present in each group. In the negative control, and
experimentalgroups, the surface of the root canal was smoothened with a diamond burr (FGSL
H.1.316.010, Komet USA, Rock Hill, USA) to obtain the smear layer. In the positive control group
(labeled as physiological sample), the specimen was rinsed with saline (0.9 % NaCl, B. Braun Medical,
Melsungen, Germany). In the experimental groups, the surface of the root canal was rinsed with 17 %
EDTA (MD-Cleanser, Meta Biomed, Cheongju-Si, South Korea) for 5 and 20 minutes and subsequently

rinsed with saline (0.9 % NaCl, B. Braun Medical, Melsungen, Germany).
2.4.Tagging of antibodies

Antibodies, namely anti-TGF- 1, anti-BMP-2, and anti-bFGF, were labeled using a labeling kit containing
reactive fluorescent dye Cy3, Cy5 and Cy7 tags, coupling buffer (1 M Sodium Carbonate buffer, pH 9.3)
and PBS buffer. Anti-TGF-B1 protein was labeled with a Cy3 tag, anti-BMP-2 with Cy5 tag, and anti-
bFGF with a Cy7 tag according to the obtained standard protocol. Labeled proteins were purified by using
centrifugal filter units (Amicon Ultra 0.5 mL, MWCO 3kDa) at 10000 rpm for 10 minutes to separate an

excessive free compound.
2.5.Preparation of silver nanoparticles

Silver nanoparticles were prepared by a reduction of silver ammonia complex cation [Ag(NH3)2]+ with D-
maltose according to the protocol previously described by Panacek et al.[25] Briefly, silver nitrate and
maltose were dissolved in deionized water to achieve a concentration of 1 mmol and 10 mmol,
respectively. The added concentration of ammonia was 5 mmol. After the silver, sugar, and ammonia were
added, the reaction system’s pH was adjusted to 11.5 by adding sodium hydroxide to initiate the reduction
process. The reaction was complete after four minutes having yielded a suspension of silver nanoparticles

with an average particle size of 30 nm, measured by a dynamic light scattering method.

2.6.Synthesis of Fe;O4@Ag nanocomposite



The magnetite nanoparticles stabilized by using carboxymethyl chitosan (CMC) were prepared according
to the protocol described by Markova et al.[26]. Briefly, carboxymethyl chitosan and FeSO,4.7H,0 form a
complex in aqueous solution. When NH4OH (28%) is added to the mixture and the suspension is heated to
50 °C, magnetic nanoparticles are formed. The sample was centrifuged and the supernatant containing
residual chemicals was removed and replaced with water. Finally, 10 pL of dispersion containing
previously prepared silver nanoparticles (section 2.5) was mixed with 200 pL of dispersion containing
prepared magnetic nanoparticles.  The silver nanoparticles were immobilized on the present
carboxymethylchitosan shell via a bond between present nitrogen atoms and silver. The formed

nanocomposite was stirred for 10-15 min at room temperature.

2.7.Functionalization of nanomaterials

The prepared nanomaterial was functionalized using antibodies, tagged with Raman labels. First, 75 pL of
CMC magnetic nanocomposite was activated by using 15 uL EDC (1 mM) for 60 minutes. Next, 15 pL of
NHS (I mM) and respective Raman-tagged antibody (50 pM) were added and let react overnight. The
magnetic properties of the nanocomposite allowed to quantitatively isolate the product from the reaction
medium by a simple application of external magnetic field wash it three times with a distilled water. This
step minimized a presence of nonspecific adsorption of free Raman tags and free antibodies on a surface of

the nanosensor.

2.8.Sample pretreatment

Each sample was immersed in a 1 mL solution containing 100 pL of each functionalized nanomaterial,
namely  Fe;04@Ag@Anti-TGF-81@Cy3, Fe;0sAg@Anti-BMP-2@Cy5, and  Fe;OsAg@Anti-
bFGF@Cy7. The sample was let to interact for 20 minutes. When finished, it was washed in water three

times to remove any unbonded nanomaterial.



2.9.Apparatus

Sample Raman spectra were acquired using a DXR Raman spectrometer (Thermo Scientific, U.S.A.)
equipped with a red excitation laser operating at the wavelength of 633 nm. Stokes Raman spectra were
collected at wavenumbers of 400-1800 cm™ and a spectral resolution 1.0 cm™. The spectrometer operated
under the following conditions: exposure time: 32 s, laser power on sample: 2 mW. In each case, an
averaged Raman spectrum was obtained from a total of 32 micro scans. SERS spectra were measured using
procedure described earlier by Prucek et al.[27] Briefly, 200 uL of the prepared silver nanoparticles
(described in the section 2.5) was mixed with 100pL of aqueous solution NaCl (¢ = 4 mol.I'"), and 690 pL
of water. Consequently, 10 puL of analyte (¢ = 10 umol.1-1) was added and sample was shaken. Resulting
dispersion was measured in a quartz cuvette three minutes after its preparation using instrumental
parameters described above. The acquired spectral data were evaluated using instrument control software
(Omnic, version 8, Thermo Scientific, USA). The ( potentials of nanocomposites, and sizes of silver
nanoparticles were measured using a Zetasizer NanoZS (Malvern, UK). A transmission electron
microscope (TEM) (JEM 2010, Jeol, Japan) was used to obtain images, and High-Angle, Annular Dark
Field (HAADF) analysis of the final sensor. The TEM was operated at a voltage of 160 kV with a point-to-
point resolution of 1.9 A. Fluorescence microscopy was performed on Olympus IX70 microscope with
fluorescent mode. Samples of dentine treated using respective prepared nanosensors (section 2.8) were

deposited on a microscopy glass and measured.
2.10. Raman imaging

Raman imaging was performed using DXR micro-Raman spectrometer (Thermo Scientific, U.S.A.) with
an excitation laser operating at 633 nm, spectral resolution 3 cm’, and spatial resolution 1 pm. The
exposure time was set to 2 s, the spectra were averaged from 16 micro-scans, and the laser power on the

sample was set to 3 mW. The microscope was equipped with a 50X objective, NA = (.75, and estimated



diameter of the irradiated spot was 1.6 um. Spectral maps contain 100 x 100 Raman spectra, with a spacing

2 um, giving a total number of 10.000 points.
2.11. Data processing

During this processing, the spectral background was corrected using an algorithm based on polynomial
fitting with an order of 3. The measured spectra were plotted regarding Raman-scattered photon counts.
Signal processing was performed using the TQ-Analyst software package (Omnic version 8, Thermo
Scientific, USA) and QTI plot (version 0.9.9.1, Romania), respectively. Raman intensities of Cy3, Cy5, and
Cy7 in the measured spectral maps were normalized to the intensity of the phosphate band at 960 cm'to

minimize influences of the sample topography.

3. Results and discussion

3.1.Characterization of the nanosensor

Firstly, the functionalized nanocomposite was characterized by electron microscopy and EDX element
mapping to evaluate its morphology, size distribution, and composition. Figure 1 shows TEM and EDX
images of the functionalized nanocomposite with the average size of the spherical silver nanoparticles 30
nm and spherical maghemite nanocrystallite 10 nm (measured by TEM). It is worth mentioning that the
magnetic nanoparticles are localized in clusters formed by the combination of the sample treatment
required for a TEM imaging and magnetic forces among nanoparticles. Analysis of the bare Ag
nanoparticles as well as Fe;O4@Ag nanocomposites using DLS are shown in figure 1D, where the size of
Ag nanoparticles corresponds to previous findings based on TEM. Size of the magnetic nanocomposite was
determined to 140 nm. The difference is caused by a formation of clusters due to a combination of
electrostatic and magnetic interactions. The analysis of the Zeta-potential uncovered a considerable change

from -42 mV for a Fe;04@Ag nanocomposite to +2 mV for the material functionalized using the tagged



antibodies. This considerable change is caused by anchoring the positively charged Raman tagged protein
on a surface of the negatively charged nanocomposite. The system is colloidally stable despite a low

deviation of the value form zero due to electrostatic interactions between the anchored proteins.

1= Ag NPs
Nanosensor

¥ ¢ :

Number distribution data (%)

“(;‘ | C | _ | | | | i )

Size (nm)

Figure 1: A: TEM image of the functionalized nanomaterial, B: EDX element mapping of the
nanocomposite with silver in red color and iron in blue color. C: HAADF analysis of the nanocomposite,
where silver is shown in bright and iron in darker shades, D: Distribution of sizes of silver nanoparticles,

and nanosensor Fe;0,@Ag measured by DLS.

To minimize possible interferences of the sample on the signal of nanosensor, the raw surface was first
measured by Raman spectroscopy; obtained spectral data are shown in Figure 2A. Signal contain
characteristic bands for v,PO,> (spectral band at 960 cm™), and v4PO4> (spectral band at 588 em™). It is
shown that the spectrum does not contain any spectral bands characteristic for proteins, which indicates
that their concertation is below the limit of detection of Raman spectroscopy, and surface enhanced Raman
scattering needs to be applied to visualize their distribution. Next, SERS spectra of Cy3, CyS5, and Cy7,
were evaluated. Spectral data are shown in Figure 2B, and are in a full agreement with previously
published results[28]. Next, antibodies, namely Anti-TGF-B1, anti-BMP2, and anti-bFGF were measured
using SERS, and .resulting spectra are shown in Figure 2C. Spectral data contain dominantly bands
characteristic for proteins, including amide I, and III, located at 1652 cm'l, and 1304 cm’ However, the
measured dentine contains a large set of proteins, including targeted growth factors, and many others.

Moreover, measured spectra are frequently burdened with fluorescence (as shown in the figure 2C, SERS



spectrum of anti-bFGF). Selective detection of interaction between the anchored antibody and particular
growth factor can be thus difficult, and not reliable. Antibodies were thus labeled using Raman active
spectral tags, namely Cy3, Cy5, and Cy7 to increase the selectivity of the analysis. Finally, functionalized
antibodies together with respective antibodies were characterized using SERS, and resulting data are shown
in Figure 2D-F. SERS spectra contain bands characteristic for both, Raman labels and proteins, although
present with different intensities, caused by a spatial position of the adsorbed antibody on the surface of the
silver nanoparticle. Larger distance of the labels from the nanoparticle surface is indicated by a relatively
lower intensity of respective Raman bands, compared to the signal of proteins. Spectral analysis uncovered
a presence of spectral bands, characteristic for each Raman tag, namely Raman band at 1395 cm™ for anti-
TGF-B1-Cy3, 1597 cm™ for anti-BMP2-Cy5, and 1621cm™ for anti-bFGF-Cy7, which were consequently
selected for univariate analysis. Successful binding of antigens on the respective antibodies is indicated by
a change of spectral intensities of bands characteristic for amino acids. Finally, SERS analysis of a sample
containing the prepared nanosensor composed of the Fe;O4@Ag nanocomposite covalently functionalized
by respective tagged antibodies uncovered a presence of bands characteristic for Raman tags, nanomaterial
and anchored antibodies, as shown in Figure 3A. The spectrum contains all previously identified bands,
including bands characteristic for used Raman tags, which indicates a successful immobilization of the
tagged antibodies on a surface of the nanocomposite. Spectrum of the prepared nanosensensor anchored on
a surface of dentine is shown in Figure 3A (green spectrum). Spectral characteristics of the sensor are not

considerably changed during the interaction and signal of particular Raman tags are measurable.

10



— V1P043' i
— Q3 antiTGF-B1
—Cy5 antiBMP2
. ~ —CGy7 ~|— anti-bFGF
) 3 3
3 8 &
g g ¢
: g :
£ g g
[ c
- L]
“i00 180 1,000 1,500 T " "
Raman shift (cm) Raman shift (em™) Raman shift (cm™)
D — ANtiTGF-p1-Cy3 — AntibBMP-2-Cy5 F
AtTGF-B1-Cy3+TGF-B1 _ — AntibFGF-2-Cy7
POHTGER AntDEMP-2-Cy5+BMP-2 — AntibFGF-2-Cy7+bFGF-2
3 Cy3 3 3 Cy7
3 L Cy5 U
z z z
£ £ £
E‘ E 's M
1,000 1,500 1,000 1,500 1,000 1,500
Raman shift (cm™) Raman shift (cm™) Raman shift (cm™)

Figure 2: A: Raman spectrum of the root canal. B: SERS spectra of Cy3, Cy5, and Cy7 Raman tags, C:
SERS spectra of antibodies anti-TGF-p1, anti-BMP2, and anti-bFGF, D-F: SERS Spectra of particular
Raman tagged antibodies and antibodies with bonded antigens, namely antiTF G- f1-Cy3(D), anti-BMP-2-

Cy5(E), and anti-bFGF-Cy7(F).

3.2. Repeatability and signal stability

The stability of the nanomaterial and the repeatability of the obtained results are considered as the essential
factors for a consecutive analysis of real samples. First, the signal stability was analyzed. Six
measurements of samples containing Fe;Os@Ag@Anti-TGF-81-Cy3 sensor were performed in 21 days.
The sensor was kept in the refrigerator at 7 °C in dark. The signal of the labels moderately decreased, as
shown in the figure 3B, and it is still significantly above a limit of detection (determined as S/N = 3), and
thus fully utilizable. However, we have applied the sensor no longer than 1 day after the preparation. Based

on the sensor nature, similar behavior can be hypothesized for BMP-2, and bFGF sensors. Further, signal
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repeatability was evaluated on a set of 5 samples containing Fe;Os@Ag@Anti-TGF-B1@Cy3. The
measured data are shown in Figure 3C. Raman spectra were first normalized according to the procedure
described in the Experimental section and the intensities of the spectral bands characterizing particulate
Raman tags, as described previously, were analyzed and subsequently relative standard deviations (RSDs)

were calculated. RSD values for all three tags did not exceed 5 %.
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Figure 3: A: (blue) Raman spectrum of the pristine Fe;O@Ag nanocomposite, (pink) Raman spectrum of
the nanosensor with anchored Raman-tagged antibodies, and (green) average spectrum of the sensor
measured on a surface of dentine. B: Study of the signal stability and stability of the prepared
Fe;0,@Ag@Anti-TGF-1-Cy3 sensor. C: Repeatability of the analytical signal of Fe;O,@Ag@Anti-TGF-

f31-Cy3 sensor.

3.3.Sample imaging of growth factors

This study aimed to develop a method for an analysis of selected growth factors on the dentinal surface.
The next step involved treating the tooth samples for 5 and 20 minutes using EDTA in the role of a
chelating agent; applied to remove the existing smear layer. The newly developed methodology was

consequently utilized to study this process, mainly to evaluate the influence of the treatment time on the
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availability of growth factors on the sample surface. First, to test the method potential, the surface of a
human tooth root canal without any pre-treatment was measured. The sample was labelled using a mixture
of all three sensors according to the procedure described in the Experimental part. First, samples were
subjected to analysis using fluorescence microscopy to verify the presence of nanosensors on the sample
surface. Obtained results are shown in figure 4, where presence of all three sensors on the surface of the

physiological sample is demonstrated.

Figure 4: microscopy images of the nanosensors on a surface of the physiological tooth sample. A: TGF-f31

sensor, B: BMP-2 sensor, and C: bFGF sensor.

Univariate analysis, utilizing characteristic spectral bands of each functionalized antibody, was applied in
the analysis; particular spectral bands are described in the Results section 3.1. The results of the univariate
analysis performed for each Raman tag are shown in Figure 5A-L. The Raman intensities in all the
obtained maps (four samples per group) were first normalized to allow a meaningful comparison between
various measurements. The Raman maps obtained by the univariate analysis of physiological sample show
the presence of each growth factor in varying abundances. The growth factor TGF-B1 can be considered the
most abundant, followed by bFGF and BMP-2. This agrees with previous studies, where TGF-betal was
found to be more frequent than other growth factors.[6, 10] Second, a sample containing the smear layer
covering the surface and thus disabling its interaction with sensors was selected as a negative control. The

corresponding maps are shown in figure SD-F. The availability of all three targeted growth factors on the
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root surface was considerably lowered. The spectral analysis shows a decrease of 70 % for TGF-81, 50 %
for bFGF, and 82 % for BMP-2. The lowered number of active places indicate the absence of nonspecific
interaction of the sensor with the sample surface and support the role of the smear layer as a blockage

between the growth factors present in dentin microchannels and the surface.

Physiological Negative control 5 minutes 20 minutes

TGF-B1

bFGF

BMP-2

[ __________——— === _— |
0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.11 0.12 0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.20 0.21 0.22 0.23

Raman intensity (a.u.)

Figure 5: (A-L) Raman spectral maps obtained by analysis of tooth sample. The rows represent individual
growth factors (TGF-f1, BMP-2, and bFGF). Columns represent sample treatments, i.e.: without sample

treatment (label physiological), negative control with a smear layer (label: negative control), treated by
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EDTA for 5 minutes (label 5 minutes), and treated by EDTA for 20 minutes (labeled as 20 minutes).
Relative Raman intensities of particular factors are shown as colors defined by the inserted color bar. For
the Raman imaging, spectral bands localized at 1395 cm™ for anti-TGF-f1-Cy3, 1597 cm™ for anti-BMP2-

Cy5, and 1621cm™ for anti-bFGF-Cy7 were selected.

Next, the influence of the irrigation protocol on the availability of growth factors on the surface was
evaluated. Namely, the duration of the treatment of the sample by EDTA was studied, while different
periods of time 5 and 20 minutes were selected. Initially, the sample treated by EDTA for 5 minutes was
measured. The results of the univariate analyses performed on the normalized and background corrected
Raman data are shown in Figure 5G-I, where image G represents a distribution of TGF-81, H represents a
distribution of bFGF and I stands for distribution of BMP-2. Similar images (Figure 5, labels J-L) were
obtained from the samples treated for 20 minutes, albeit with intensities ranging at higher values. The
abundance of the TGF-81 present in the sample treated for 20 minutes decreased by 10 %, compared to the
sample treated for 5 minutes, but it increased by 80 % compared to the physiological sample, where a
naturally according smear layer is present. Even better situation was observed in bFGF and BMP-2, where
the treatment with EDTA for 20 minutes led to an increase in the growth factors abundances by more than

300 % compared to the physiological sample.

4. Conclusions

Here present methodology, providing a parallel analysis of growth factors, i.e., TGF-B81, bFGF, and BMP-2
on the dentin surface is based on the combination of surface enhanced Raman spectroscopy and the new
nanosensors based on Fe;O4@Ag nanocomposites functionalized by Raman tagged antibodies, namely
anti-TGF-B81@Cy3, anti-bFGF@Cy7, and anti-BMP-2@Cy5. The methodology was studied on a set of
samples of human teeth in which the distribution of all three growth factors on the dentin surface was
analyzed. Next, the influence of the time of treatment using EDTA was evaluated to study the possibility
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for the methodology to provide a semiquantitative analysis. It is shown that a five-minute treatment led to a
considerable increase of the abundances of all three studied proteins. It was also found out that longer
periods of time could lead to washing some proteins out, therefore the optimal time needs to be set
carefully. Growth factor TGF-1 started to wash out relatively fast compared to bFGF, and BMP-2, which
is consistent with previous studies published by Galler[6]. The release of growth factors strongly depends
on the applied solution. It is known that citric acids leads to a preferential release of bFGF and VEGF,

compared to TGF--B1, and TGF--B1 is preferentially released by EDTA.[11]

ASSOCIATED CONTENT

AUTHOR INFORMATION

Corresponding Author

*E-mail: vaclav.ranc@upol.cz (Vaclav Ranc)

Author Contributions

The manuscript was written through contributions of all authors.

Notes

The authors declare no competing financial interests.

ACKNOWLEDGEMENTS

The authors gratefully acknowledge support from projects NPU LO1305 of the Ministry of Education,
Youth and Sports of the Czech Republic; project IGA PrF 2018 021, CZ.1.07/2.3.00/30.0004 and

Research Infrastructure NanoEnviCz, supported by the Ministry of Education, Youth and Sports of the

16



Czech Republic under Project No. LM2015073; and project 16-02938S of the Grant Agency of the Czech

Republic.

REFERENCES

1.  Dhillon H, Kaushik M, Sharma R (2016) Regenerative endodontics-Creating new horizons: Regenerative
Endodontics. J Biomed Mater Res B Appl Biomater 104:676—685 . doi: 10.1002/jbm.b.33587

2. Wigler R, Kaufman AY, Lin S, Steinbock N, Hazan-Molina H, Torneck CD (2013) Revascularization: A Treatment
for Permanent Teeth with Necrotic Pulp and Incomplete Root Development. J Endod 39:319-326 . doi:
10.1016/j.joen.2012.11.014

3.  Nosrat A, Homayounfar N, Oloomi K (2012) Drawbacks and Unfavorable Outcomes of Regenerative
Endodontic Treatments of Necrotic Immature Teeth: A Literature Review and Report of a Case. J Endod
38:1428-1434 . doi: 10.1016/j.joen.2012.06.025

4.  Zizka R, Sedy J (2017) Paradigm Shift from Stem Cells to Cell-Free Regenerative Endodontic Procedures: A
Critical Review. Stem Cells Dev 26:147-153 . doi: 10.1089/scd.2016.0264

5.  Smith AJ, Scheven BA, Takahashi Y, Ferracane JL, Shelton RM, Cooper PR (2012) Dentine as a bioactive
extracellular matrix. Arch Oral Biol 57:109-121 . doi: 10.1016/j.archoralbio.2011.07.008

6. Galler KM, Buchalla W, Hiller K-A, Federlin M, Eidt A, Schiefersteiner M, Schmalz G (2015) Influence of Root
Canal Disinfectants on Growth Factor Release from Dentin. J Endod 41:363-368 . doi:
10.1016/j.joen.2014.11.021

7. Kakaboura A (1989) [Smear layer on prepared dentin]. Odontostomatol Proodos 43:211-223

8.  Ferracane JL, Cooper PR, Smith AJ (2013) Dentin Matrix Component Solubilization by Solutions at pH Relevant
to Self-etching Dental Adhesives. J Adhes Dent 15:407—412 . doi: 10.3290/j.jad.a29536

9.  Galler KM, Widbiller M, Buchalla W, Eidt A, Hiller K-A, Hoffer PC, Schmalz G (2016) EDTA conditioning of
dentine promotes adhesion, migration and differentiation of dental pulp stem cells. Int Endod J 49:581-590 .
doi: 10.1111/iej.12492

10. Zeng Q, Nguyen S, Zhang H, Chebrolu HP, Alzebdeh D, Badi MA, Kim JR, Ling J, Yang M (2016) Release of
Growth Factors into Root Canal by Irrigations in Regenerative Endodontics. J Endod 42:1760-1766 . doi:
10.1016/j.joen.2016.04.029

11. Duncan HF, Smith AJ, Fleming GJP, Reid C, Smith G, Cooper PR (2017) Release of bio-active dentine
extracellular matrix components by histone deacetylase inhibitors (HDACI). Int Endod J 50:24-38 . doi:
10.1111/iej.12588

12. Hisamoto M, Goto M, Muto M, Nio-Kobayashi J, Iwanaga T, Yokoyama A (2015) A systematic analysis for
localization of predominant growth factors and their receptors involved in murine tooth germ differentiation
using in situ hybridization technique. Biomed Res 36:205-217 . doi: 10.2220/biomedres.36.205

13. LiS, PanY (2017) Differential expression of transforming growth factor-betal, connective tissue growth factor,

phosphorylated-SMAD2/3 and phosphorylated-ERK1/2 during mouse tooth development. J Mol Histol
48:347-355 . doi: 10.1007/s10735-017-9733-4

17



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Niwa T, Yamakoshi Y, Yamazaki H, Karakida T, Chiba R, Hu JC-C, Nagano T, Yamamoto R, Simmer JP, Margolis HC,
Gomi K (2018) The dynamics of TGF-B in dental pulp, odontoblasts and dentin. Sci Rep 8:4450 . doi:
10.1038/s41598-018-22823-7

Zhao S, Sloan AJ, Murray PE, Lumley PJ, Smith AJ (2000) Ultrastructural localisation of TGF-p exposure in
dentine by chemical treatment. Histochem J 32:489-494

lonita | (2009) Diagnosis of tooth decay using polarized micro-Raman confocal spectroscopy. Rom Rep Phys
61:567-574

Zavala-Alonso V, Loyola-Rodriguez JP, Terrones H, Patifio-Marin N, Martinez-Castafion GA, Anusavice K (2012)
Analysis of the molecular structure of human enamel with fluorosis using micro-Raman spectroscopy. J Oral
Sci 54:93-98

Wang Y, Yao X (2010) Morphological/chemical imaging of demineralized dentin layer in its natural, wet state.
Dent Mater 26:433-442 . doi: 10.1016/j.dental.2010.01.002

Beier BD, Quivey RG, Berger AJ (2012) Raman microspectroscopy for species identification and mapping within
bacterial biofilms. AMB Express 2:35

Cepeda-Pérez E, Moreno-Hernandez C, Lopez-Luke T, Monzén-Herndndez D, de la Rosa E (2016) Evaluation of
bacterial presence in the root canal by Raman spectroscopy: a preliminary study. Biomed Phys Eng Express
2:065006 . doi: 10.1088/2057-1976/2/6/065006

FLEISCHMANN M, HENDRA PJ, McQUILLAN AJ RAMAN SPECTRA OF PYRIDZNE ADSORBED AT A SILVER
ELECTRODE. Chem Phys Lett 26:4

Balzerova A, Fargasova A, Markova Z, Ranc V, Zboril R (2014) Magnetically-Assisted Surface Enhanced Raman
Spectroscopy (MA-SERS) for Label-Free Determination of Human Immunoglobulin G (1gG) in Blood Using
Fe304@Ag Nanocomposite. Anal Chem 86:11107-11114 . doi: 10.1021/ac503347h

Ranc V, Markova Z, Hajduch M, Prucek R, Kvitek L, Kaslik J, Safarova K, Zboril R (2014) Magnetically Assisted
Surface-Enhanced Raman Scattering Selective Determination of Dopamine in an Artificial Cerebrospinal Fluid
and a Mouse Striatum Using Fe304/Ag Nanocomposite. Anal Chem 86:2939-2946 . doi: 10.1021/ac500394g

Chaloupkova Z, Balzerova A, Bafinkova J, Mediikova Z, Sacha P, Benes P, Ranc V, Konvalinka J, Zbof¥il R (2017)
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. doi:
10.1016/j.aca.2017.10.008

Panacek A, Balzerova A, Prucek R, Ranc V, Vecerova R, Husickova V, Pechousek J, Filip J, Zboril R, Kvitek L (2013)
Preparation, characterization and antimicrobial efficiency of Ag/PDDA-diatomite nanocomposite. COLLOIDS
Surf B-BIOINTERFACES 110:191-198 . doi: 10.1016/j.colsurfb.2013.04.031

Markova Z, Siskova K, Filip J, Safafova K, Prucek R, Panacek A, KolaF M, Zbofil R (2012) Chitosan-based
synthesis of magnetically-driven nanocomposites with biogenic magnetite core, controlled silver size, and high

antimicrobial activity. Green Chem 14:2550 . doi: 10.1039/c2gc35545k

Prucek R, Panacek A, Fargasova A, Ranc V, Masek V, Kvitek L, Zboril R (2011) Re-crystallization of silver
nanoparticles in a highly concentrated NaCl environment-a new substrate for surface enhanced IR-visible
Raman spectroscopy. CRYSTENGCOMM 13:2242-2248 . doi: 10.1039/c0ce00776e

Wang Y, Schliicker S (2013) Rational design and synthesis of SERS labels. Analyst 138:2224-2238 . doi:

18



10.1039/C3AN36866A

19



	Label-free determination and multiplex analysis of DNA and RNA in tumor tissues
	1 Introduction
	2 Material and methods
	2.1 Chemicals
	2.2 Sample preparations
	2.3 Synthesis of Fe3O4@Ag nanocomposite
	2.4 Synthesis of Fe3O4@Ag@Chlorambucil nanocomposite
	2.5 Apparatus

	3 Results and discussion
	4 Conclusions
	Acknowledgements
	Appendix A Supplementary data
	References

	Label-free determination of prostate specific membrane antigen in human whole blood at nanomolar levels by magnetically ass ...
	1. Introduction
	2. Experimental section
	2.1. Reagents and chemicals
	2.2. Synthesis of low-molecular-weight GCPII inhibitor
	2.3. Preparation of a standard solution of GCPII
	2.4. Preparation of samples of whole human blood
	2.5. Preparation of silver nanoparticles
	2.6. Synthesis of Fe3O4@Anti-GCPII@Ag nanocomposite
	2.7. Preparation of samples containing GCPII
	2.8. Apparatus
	2.9. Analysis of samples
	2.10. Analysis of real samples

	3. Results and discussion
	3.1. Characterization of the GCPII nanosensor
	3.2. Analysis of GCPII in model samples
	3.3. Analysis of GCPII in samples of human whole blood

	4. Conclusions
	Author contributions
	Notes
	Acknowledgements
	Appendix A. Supplementary data
	References


