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Abstrakt:

Predlozend dizertaéni prace se piedevSim zameétfuje na poskytnuti SirStho vhledu
do problematiky kovovych nanostruktur (NSs) a nanokompoziti (NCPs). Na pocatku je
prace vénovana velikostnim pfechodiim kovového materialu z makroskopickych rozmért
do velikostniho rezimu nanoc¢astic (NPs) a dale nanoklastrti (NCs), pficemz piechod mezi
posledné¢ zminénymi NSs je pro piipad Au detailnéji rozebran. Posléze je text zaméten
na kovové NSs, se kterymi jsem se v ramci studia setkal. Jedna se o zlaté nanoklastry
(AUuNCs) a superparamagnetické nanocastice oxidi Zeleza (SPIONs). V piipadé AuNCs
jsou popisovany vlastnosti optické, zejména tedy absorp¢ni a luminiscencni, a v piipadé
SPIONs pak vlastnosti magnetické. V obou pifipadech jsou rovnéz uvedeny jednotlivé
strategie syntéz a také praktické vyuziti téchto NSs. Nasledné¢ prace pojednava
0 bimetalickych NCPs tvoienych jak z AUNCs, tak SPIONS, jejich syntéze a praktickém
vyuziti. Posléze je popsdna matrice uzivana pro syntézu zminénych NSs, kterou je
protein, albumin hovéziho séra (BSA). Zavérecna ¢ast dizertacni prace se vénuje shrnuti
védecke Cinnosti jejiho autora spolu s poznatky z ptilozenych publikaci, které svou naplni
postupné sméfuji od systému referencniho (tj. monometalicky nanokompozit sestdvajici
z proteinové matrice a AuNCs, nebo proteinové matrice a SPIONs) az k systému
bimetalickému, ktery kombinuje jak vlastnosti AuNCs, tak i SPIONs. Optimalizované
optické a superparamagnetické vlastnosti byly vyuzity pii in vivo fluorescenénim
zobrazovéni (FI) a zobrazovani magnetickou rezonanci (MRI), pfi¢emz prezentovany
optimalizovany bimetalicky systém ma potencidl slouzit jakoZto efektivni inertni

kontrastni latka pro duélni FI/MRI.
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AuUNCs zlaté nanoklastry/gold nanoclusters
AUNPs zlaté nanocastice/gold nanoparticles
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BSA hovézi sérovy albumin/bovine serum albumin
DMSA 2,3-dimerkaptobutandiova kyselina/2,3-dimercaptobutanedioic acid
DOS hustota energetickych stavii/density of states
ECL elektrochemiluminiscence/electrochemiluminescence
EDS energiové disperzni spektroskopie/energy dispersive spectroscopy
EPR elektronova paramagneticka rezonance/
electron paramagnetic resonance
FI fluorescen¢ni zobrazovani/fluorescence imaging
GSH glutathion/glutathione
HOMO n?jvyééi obsaz_eny molekulovy grbitall
highest occupied molecular orbital
LRTEM transmisni elektronova mikroskopie s vysokym rozlisenim/
high-resolution transmission electron microscopy
HZT hustota zafivého toku béhem doby jednoho laserového impulzu/fluence
LMCT pienos naboje z ligandu na kov/ligand-to-metal charge transfer
LMMCT p'fenos naboje z ligandu na systém kov-kov/
ligand-to-metal-metal charge transfer
nejnizsi neobsazeny molekulovy orbital/
LUMO . .
lowest unoccupied molecular orbital
MRI zobrazovani magnetickou rezonanci/magnetic resonance imaging
MUA 11-merkaptoundekanova kyselina/11-mercaproundecanoic acid
NCs nanoklastry/nanoclusters
NCP nanokompozit/nanocomposite
NCPs nanokompozity/nanocomposites
NHS N-hydroxysukcinimid
NPs nanocastice/nanoparticles
NSs nanostruktury/nanostructures
PL fotoluminiscence/photoluminescence
QY kvantovy vytézek/quantum yield
SPIONS superparamagnetické nanocastice oxidu Zeleza/
superparamagnetic iron oxide nanoparticles
SPR povrchova plazmonova rezonance/surface plasmon resonance
SR thiolat/thiolate
uv ultrafialové/ultraviolet
UVA oblast ultrafialova oblast A/ultraviolet region A
Vis viditelna/visible
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1. Rozsifeny piehled problematiky

1.1. Od objemového kovu k NCs

Jednim z faktoru ovliviiujicich fyzikalngé-chemické vlastnosti kovového materialu
je jeho velikost, pfi¢emz s jeji zménou lze odlisit nékolik rozeznatelnych piechodovych
oblasti (viz Obrazek 1) [1].

Metal Metal Metal
atom cluster nanoparticle

0.1 nm 1 nm 10 nm 100 nm 1 pm 10 pm

M * §----
n
hv

M s

n 0

Size-quantized
electronic transitions

Obrézek 1: Rozdilnd hustota energetickych stavii (DOS) v zavislosti na velikosti kovového materiélu.
Zprava jdeme z oblasti objemového kovu, kdy je DOS tvorena spojitymi pdsy, pies oblast nanocdstic, kdy
Se spoyjitost pasii zacind s ubytkem atomii rozpadat, az se dostavame do oblasti nanoklastri, jejichz DOS je
tvorena viceméné diskrétnimi energetickymi hladinami, mezi kterymi muiizZe priinterakci se zdrenim

dochazet k elektronovym prechodiim. Pievzato z [2].

Kovy makroskopickych rozméri jsou tvofeny tak obrovskym mnoZstvim atomd,
ze jejich hustota energetickych stavii (DOS) je natolik vysoka, Ze se projevuje existenci
spojitych energetickych pasu (viz Obrdzek 1), které jsou vysledkem linedrnich kombinaci
nezmérného poctu energeticky velice podobnych atomovych orbitalti. Pasovou strukturu

kovii Ize charakterizovat pomoci valen¢niho a vodivostniho pésu, zatimco zakazany pas
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Vv ptipad¢ kovil neexistuje, jelikoZ se oba zminéné pasy ¢astecné prekryvaji [1,3]. Vlivem
této skute¢nosti se elektrony mohou za normalnich podminek vyskytovat volné také
Vv pasu vodivostnim, diky ¢emuz jsou kovy vybornymi elektrickymi vodi¢i [4]. Emise
zateni pii excitaci objemového Au, Cu a jejich slitiny byla poprvé demonstrovana v roce
1969 autorem Mooradian (1969) [5] jako neefektivni proces s QY v fadu 107, Podstatou
tohoto optického jevu je zafiva rekombinace vodivostnich elektront s energii nizsi, nez
je energie Fermiho hladiny, a dér nachazejicich se v d pasu, které Ize indukovat excitaci

jak argonovym laserem, tak i vysokotlakou rtutovou obloukovou lampou [5].

Zmensime-li velikost kovové Castice na hodnotu srovnatelnou ¢i mensi, nez je
stfedni volna draha vodivostnich elektront, dostaneme se do oblasti kovovych NPs, kdy
pohyb elektronti za¢ina byt omezovan rozmérem kovu, a K interakcim se zafenim tak
dochézi primarné v ramci povrchu ¢astice [3]. Tato skutecnost je pticinou optického jevu
nazyvaného jako povrchova plazmonova rezonance (SPR), jejiz podstatou jsou kolektivni
oscilace vodivostnich elektronii béhem interakce se zafenim [1,3]. Diky tomuto NPs
vykazuji silnou absorpci svétla, nicméné intenzita fluorescence je relativné slaba, kdy QY
se pohybuje fadové od 107 do 1072, pficemz velikost, tvar a metoda piipravy NPs maji
vliv na hodnotu QY [6]. DOS je charakterizovana existenci kvazi-spojité pasove struktury
(viz Obrazek 1) [7,8].

Zmensujeme-li velikost kovové Castice nadale, az na hodnotu srovnatelnou
s Fermiho vinovou délkou elektronu (tj. de Broglieho vinova délka elektronu na Fermiho
hlading, pti¢emz pro piipad Au je = 0,5 nm [9]), dochazi postupné k dalSimu Fidnuti
energetickych hladin, a tim k rozpadu kvazi-spojité pasové struktury NPs, kdy DOS
zadina byt tvofena viceméné diskrétnimi energetickymi hladinami (viz Obrazek 1), mezi
kterymi muize dochazet k elektronovym piechodum vlivem interakce se zafenim
[3,10,11]. Dostavame se do oblasti NCs, jejichz chovani je podobné molekulam a jejich
chemické, optické a elektrické vlastnosti se vyrazné odlisuji jak od NPs, tak rovnéz
i od objemového kovu [3,7,10]. Primér kovového jadra takovychto NSs byva zpravidla
mensinez 2 nm [12-18]. Pramér vétsi nez 2 nm stanoveny pomoci transmisni elektronové
mikroskopie s vysokym rozliSenim (HRTEM) muze souviset se zménou Vvlastnosti
studovaného systému v dusledku in situ tvorby zlatych nanocastic (AuNPS), jez byla
autory Ostruszka a kol. (2022) [19] pozorovana pod fokusovanym svazkem elektront
ptiuplatnéni vétsiho zvétseni v piipadé HRTEMu a/nebo béhem mapovani s vyuzitim

energiové disperzni spektroskopie (EDS). Pozorovana in situ tvorba NPs mize byt



vysvétlena schopnosti elektron redukovat pfitomné kationtové stavy Au, konkrétné
Au(l) a Au(ll), na Au(0), jez mohou byt k BSA slabéji vazany, diky ¢emuz mize dochazet
k jejich migraci a koalescenci (slu¢ovani se) s jinymi Au(0), a tudiz k tvorbé vétsich NSs
[19]. NCs jiz nevykazuji SPR [1,3], naproti tomu vsak vykazuji silnou luminiscenci s QY
v fadu jednotek, a dokonce i desitek procent [12,13,16,18].

V piipad¢ zlatych nanostruktur (AuNSs) byl piechod mezi NPs a NCs, tedy mezi
chovanim kovovym (plazmonickym) a nekovovym (tj. chovani podobné molekulam),
mnoha autory studovan [14,17,20-25], nicméné stale existuje nejasnost tykajici se
prechodové oblasti (viz Obrazek 2).
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Obrazek 2: Diagram zobrazujici prechod mezi kovovym (plazmonickym, = Auzre) chovanim NPs, kdy
energeticky rozdil mezi nejvyssim obsazenym molekulovym orbitalem a nejnizsim neobsazenym
molekulovym orbitalem znaceny jako Eq < ksT (kde ks = 8,617333262-10°° eV-K* znaci Boltzmannovu
konstantu a T oznacuje termodynamickou teplotu; v pripadé, kdy T = 293,15 Kje Ey = 25 meV),

a nekovovym (neplazmonickym, = Auis) chovanim NCs, kdy Eq > ksT. Prevzato z [8].

Ke studiu tohoto ptechodu lze vyuzit NCs tvofené pfesnym poctem atomii Au se zndmou
krystalickou strukturou [8]. Zatimco definice kovového chovani je relativné jednoducha,

tj. stav, kdy je energeticky rozdil mezi nejvyssim obsazenym molekulovym orbitalem

v
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zanedbatelng maly (fadové keT, kde ks = 8,617333262:10° eV-K? znaci Boltzmannovu
konstantu a T oznacuje termodynamickou teplotu; pro T = 293,15 K je kgT = 25 meV),
experimentalni ur¢eni takovychto malych hodnot Eg je komplexni z divodu moznych
tepelnych excitaci valen¢nich elektront [8]. Jin a spol. [8] shrnuji kritéria rozhodujici

0 kovovém ¢i nekovovem chovani dané nanostruktury z hlediska pouzité metody (viz
Tabulka 1).

Tabulka 1: Kritéria pro rozliSeni mezi kovovym chovdnim nanocdstic a nekovovym chovanim nanoklastrii

a jejich vérohodnost. Prevzato z [8], upraveno s vuzitim [26] a prreloZeno.

Kritérium Kovove Nekovove Vérohodnost
nanostruktury nanostruktury
Definice Eq<ksT Eqg>ksT (teoretické)
Opticka ab ¢ni
phiesa avsorpet i az do ~ 500 meV/ stredni
méreni Eg
ECH _ a7 do = 100 meV WWsoké
méeni Eq (mozna i 50 meV) Y
UV-vis-NIR jeden pik SPR vice piki o
s x s (nezavislé na tvaru stfedni
absorpce (sférické castice) o
castic)
Absorpce x P ].kyjso.u Ovs.tf,eJSl'
ve 1 - spektrum méng mtenzivnejsi a :
pri nizkych L - vysoka
) ovlivnéné teplotou hypsochromné
teplotach .
posunuté
TA — priabéh jeden pik GSB vice pikia GSB stredni
spektra (sférické castice)  (nezavislé na tvaru)
1-5 ps nekolik ps az ps
(e-ph interakce) (zavisle na e 4
TA-ESLT 10-100 ps e & nizkd/stfedni
(ph-ph interakce) struktuie)
L ano
TA - zavislost :
(vyrazngjsi s ne stiedni
ESLT naHZT rostouci velikosti)
TA _ frekvence platllza}qun 1/R neplat,l z_alklon 1/R o
oscilaci (za\{ls € na (zavislé na stiedni
velikosti) struktufe)

Pozn. 1: e-ph interakce = interakce mezi elektronem a fononem, ECH = elektrochemicka, ESLT = doba
Zivota excitovaného stavu, GSB = vybélovani zdakladniho stavu, HZT = hustota zdrivého toku béhem doby
jednoho laserového impulzu (anglicky fluence), NIR oblast = blizka infracervena oblast, ph-ph interakce
= interakce mezi fonony, SPR = povrchova plazmonové rezonance, TA — tranzientni absorpce, UV oblast
= ultrafialovd oblast, vis oblast = viditeln& oblast. Pozn. 2: Hypsochromni posun je posun smérem
ke kratsim vinovym délkdm. Z&kon 1/R popisuje zavislost frekvence koherentnich oscilaci ve spektru

tranzientni absorpce na reciproké hodnoté poloméru nanocdstice.



V préci Varnavski a kol. (2010) [20] zjistili, Ze absorpéni spektra méfena v hexanu
vykazuji pik SPR pii vinové délce 520 nm pouze v piipadé AuNSs o velikosti 3 a 4 nm
a ze zména v dynamice ¢asoveé rozlisenych spektroskopii (konkrétné tranzientni absorpce
a fluorescence) a také G¢inném prifezu dvoufotonové absorpce nastava ve vSech tiech
ptipadech mezi velikostmi 2,2 a 3 nm. Ztohoto tedy vyplyva, Ze kritickou velikosti
pro pozorovani efektu kvantového omezeni je 2,2 nm (= 300 atomt Au [20]). Na druhou
stranu Philip a kol. (2012) [21] srovnali prubéh nelinearni propustnosti pfipravenych
AUNSSs a Au nanokrystali o velikosti 4 nm, z ¢ehoz vyvodili, Ze Auzs(SR)1s a Ausg(SR)24
nevykazuji zadné kovové chovani, kdezto Au144(SR)s0 Vykazuje mirny naznak kovoveho
chovéani. Dale Negishi a kol. (2015) [14] zkoumali prabéh teplotni zavislosti absorp¢nich
spekter (8itka, pozice a intenzita pik) pifipravenych AUNSs a zjistili, ze v piipadé
Au144(SR)60 (0 pruméru 1,6 + 0,1 nm) a NSs mensich dochazi se snizujici se teplotou (az
na 25 K) k hypsochromnimu posunu (tj. posun smérem ke krat$im vinovym délkam),
zuzovani a zvySovani intenzity pikl, coz poukazuje na nekovové chovani NCs, kdezto
v ptipadé Auis7(SR)es (0 pruméru 1,8 £ 0,3 nm) a NSs vétsich se v rozsahu vinovych
délek 520 — 540 nm nachazi pik SPR, pifi¢emz se zménou teploty nedochazi ke zméné
parametru spektra, coZz naopak poukazuje na chovani kovové. Navic, s vyuzitim teorie
funkcionalu hustoty srovnali teoreticka absorpéni spektra nékterych AUNSs se spektry
experimentalnimi a ziskali jejich dobrou shodu. Z prubéhu absorpénich spekter Zhou
a kol. (2016) [22] vyvodili, ze v ptipadé Auias a mensich NSs se ve spektru vyskytuje
n€kolik absorpénich pikt, zatimco v pfipadé Auszs a vétSich NSs se nachazi pouze
vyrazny pik SPR, ktery se se snizujici velikosti kovového jadra rozsifuje. Nasledné
s pomoci femtosekundové tranzientni absorp¢ni spektroskopie zkoumali zavislost doby
Zivota excitovaného stavu na hustoté zativého toku béhem doby jednoho laserového
impulzu (HZT; jedna se 0 mnozstvi energie obsazené v jednom impulzu pfepoctené
na jednotku plochy; anglicky fluence), pomoci ¢ehoz prokazali kompletni nezavislost
doby Zivota excitovaného stavu na HZT v piipadé Auiss (a to pro dvé rtizné vinové
délky), coz poukazuje na chovani nekovové. Naopak v ptipadé Ausss se zacina projevovat
slab4 zavislost jak v ptipadé vinové délky piku SPR, tak i jiné zkoumané vinové délky.
Nicméng, v prub¢hu spektra tranzientni absorpce Aussz (Viz Obréazek 3) je patrny vyskyt
dvou pikit vybélovani zakladniho stavu a dale také interakce e-ph (interakce mezi
elektronem a fononem) je pomalejsi, coz nakonec indikuje, ze Auszs vykazuje jak kovove,

tak i nekovové chovani. Autofi poté zkoumali katalytické Gcinky téchto NSs na oxidaci



CO a elektrokatalytické ucinky na oxidaci ethanolu, kdy byl pozorovan vliv ptechodové

oblasti na uc¢innost katalyzy.
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Obrézek 3: Spektrum tranzientni absorpce Ausss pri riiznych casovych zpozZdeénich. VInova délka pump
pulzu je 390 nm. Prevzato z [22].

Podobnych vysledkti z absorpcni spektroskopie a tranzientni absorpcni spektroskopie
dosahli i Kwak a kol. (2017) [23], kdy se v piipadé Ausss(SR)7e objevuje v absorpénim
spektru pik SPR a za¢ina se projevovat slaba zavislost doby Zivota excitovaného stavu
na HZT. Zhou a kol. (2017) [24] ptipravili pouze Aus6(SR)so, pfiCemz v absorpénim
spektru se vyskytuje n€kolik pikti a doba Zivota excitovaného stavu je nezavisla HZT.
Oboji poukazuje na nekovové chovani této nanostruktury. Sakthivel a kol. (2018) [17]
studovali AuNSs jednak pomoci ustalené (anglicky steady-state) a ¢asové rozlisené
absorpéni spektroskopie, jednak prosttednictvim teoretickych vypo¢tl s vyuzitim ¢asoveé
zavislé teorie funkcionalu hustoty. Vzhledem k pfitomnosti piku SPR v absorpénim
spektru Auz79(SR)ss, prubéhu spektra tranzientni absorpce a zavislosti doby excitovaného
stavu na HZT rozhodli o kovovém chovani této nanostruktury. Na kovovém chovani
Au279(SR)e4 se shoduji také Higaki a kol. (2018) [25], kteti pozorovali ostry ptechod mezi
Au246(SR)g0 a Au279(SR)es, ktery je patrny jednak z absorp¢niho spektra (pik SPR pii
vinové délce 506 nm; jeho poloha se se zménou teploty neméni), jednak z prib&hu spektra

tranzientni absorpce a také ze zavislosti doby Zivota excitovaného stavu na HZT.



Ptehled pripravenych AuNSs vcetné poctu atomli Au, praméru kovového jadra,
uzitého thiolového ligandu a barevného odliseni kovového a nekovového chovani jsou

uvedeny Vv tabulce nize (viz Tabulka 2).

Tabulka 2: Shrnuti pripravenych AuNSs znacenych jako Aux(SR)y, kde index x predstavuje pocet atomii Au

a index y oznacuje pocet thiolatovych (SR) ligandii, uvedenych s piislusnym priimérem kovového jadra d;.

Reference Thiolovy ligand Aux(SR)y dj [nm]
Auzs(SR)18 1,1+0,2
Au144(SR)s0 1,7+0,2
[20] 1-hexanthiol Auszo9(SR)e2 2,2%0,2
Aug76(SR)187 3,0+0,3
Au2406(SR)326 40+0,1
Auzs(SR)1s -
[21] 2-fenylethanthiol Auzg(SR)24 -
Au144(SR)s0 -
Ausg(SR)24 1,1+0,1
Au104(SR)4s 1,4+0,3
Au130(SR)s0 15+0,3
Au144(SR)e0 1,6 +0,1
. Au1s7(SR)ss 1,8+0,3
[14] 1-dodekanthiol Au-226(SR)-76 20405
Au-253(SR)=00 2,104
Au3z29(SR)s4 2204
Au-356(SR)-112 2,2+0,3
Au=520(SR)-=130 24+02
Aus 1,0
Auss 1,2
. Aui14s 1,7
[22] 2-fenylethanthiol AUszs 23
AUz520 2,9
AU-x940 3,5
Auzs(SR)1s -
Auzs(SR)24 -
. Aus7(SR)3s -
[23] 1-hexanthiol Au102(SR) 1t )
Au144(SR)s0 -
Au3z33(SR)79 -
[24] 4-methylbenzenthiol Au245(SR)s0 2,2
AU36(SR)24 1,3
. Ausa(SR)28 1,4
[17] 4-tert-butylbenzenthiol Aui35(SR)s2 17
Au279(SR)sa4 2,2
[25] 4-tert-butylbenzenthiol ﬁﬂz‘gggx 22”225

Pozn.: modry text = nekovové chovani, zeleny text = prechodovda oblast, cerveny text = kovové chovani.



1.2. AuNC:s a jejich optickeé vlastnosti ovlivnéné né€kolika faktory

AUNCs znacené jako Aun(SR)m, kde n oznacuje pocet atomii Au a m pocet
thiolatovych (SR) ligandd, predstavuji modelovy systém, jehoz struktura se obecné
sklada z kovového jadra a vnéjsiho obalu tvofeného jak povrchovymi atomy Au, tak
samotnymi SR ligandy. Pfitomnost tohoto obalu komplikuje studium optickych vlastnosti
AuUNCs vzhledem k tomu, Ze nejen kovoveé jadro, ale i obal ptispiva svymi energetickymi
hladinami k hrani¢nim molekulovym orbitalim [26], tj. HOMO a LUMO. Vyzkumny
tym Jin a spol. [27] poprvé uvedli do souvislosti krystalovou strukturu a optické vlastnosti
aniontu modelové slou¢eniny Auzs(SR)1s~ (kde R = CH2CH:Ph piredstavuje fenylethylovy
zbytek) provedenim vypocta s uzitim ¢asové zavislé teorie funkcionalu hustoty tykajicich
se elektronove struktury (viz Obrazek 4A) a optickeho absorp¢niho spektra (viz Obrazek

4B) [27].
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Obrézek 4: (A) Kohn-Shamiiv diagram energetickych hladin molekulovych orbitali aniontu modelové
slouceniny Auzs(SR)1s7, Kde R predstavuje fenylethylovy zbytek. Barevné oznaceni kazdého molekulového
orbitalu naznacuje relativni prispévek atomovych orbitalti Au (6sp) (zelené), Au (5d) (modre), S (3p)
(oranzové) a ostatnich komponent (Sedé). Nalevo je uvedena symetrie (ag, ay) a stupern degenerace (¢islo

V zavorce) daného molekulového orbitalu. HOMO = nejvyssi obsazeny molekulovy orbital, LUMO =

vy

Na zakladé Kohn-Shamova diagramu energetickych hladin molekulovych
orbitalii Jin a spol. [27] pfisoudili jednotlivé piky v teoretickém absorpénim spektru
(viz Obréazek 4B) aniontu modelové slouceniny elektronovym piechodim mezi jejimi

energetickymi hladinami (viz Obrazek 4A). Pik pii 1,52 eV (= 816 nm) piitadili pfechodu
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mezi hladinami HOMO a LUMO, jenz je v obou obrazcich oznac¢en pismenem a. Jde tedy
V podstaté 0 vnitropasovy (sp <« sp) piechod. Pik pti 2,63 eV (= 471 nm) ptifadili jak
vnitropasovemu, tak mezipasovému (sp < d) ptechodu (oba ozna¢eny pismenem b) a pik
pti 2,91 eV (= 426 nm) piitadili mezipasovému piechodu, Ktery je oznacen pismenem c.
Jelikoz jsou hladiny HOMO a LUMO (a také HOMO-1 a LUMO+1) slozeny pievazné
z atomovych orbitalt Au v kovovém jadru, na pik pti 1,52 eV lze pohlizet jako
na piechod, jenz je zcela definovan elektronovou a geometrickou strukturou kovového
jadra [27]. K odlisnému vysledku dospéli Nobusada a Iwasa (2007) [28], ktefi pFisoudili
absorp¢ni pik pfi 1,77 eV (= 702 nm) ptechodu mezi hladinami HOMO a LUMO, kdy
LUMO je primarné tvoten orbitaly nachdzejicimi se okolo atomu Au sdileného dvéma
ikosaedralnimi Auisz jadry. Rozdilnost vysledkti obou skupin autorti poukazuje na vliv
struktury nanoklastru na jeho absorp¢ni vlastnosti. Tvar teoretického (viz Obrazek 4B)
a experimentalniho (viz Obrazek 5) absorpéniho spektra si odpovida, nicméné je
pozorovatelny bathochromni posun (tj. posun smérem k del$im vinovym délkam) pika

v teoretickém spektru, ktery lze ptisoudit interakcim zjednodusenych liganda [6].
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Obréazek 5: Experimentdlni absorpcni spektrum aniontu modelové slouceniny Auzs(SR)is™, pricemz R
predstavuje fenylethylovy zbytek. Pik a se nachazi pii 1,8 eV (= 689 nm), pik b pii 2,75 eV (= 451 nm) a pik
cpri 3.1 eV (= 400 nm) [27]. Prevzato z [27].

Rentgenova krystalograficka analyza odhalila, Ze Auzs nanoklastr se sklada

z centrovaného ikosaedralniho Auis jadra, které je obklopeno vnéjsim obalem slozenym



ze zbyvajicich 12 atomt Au a 18 thiolatovych ligandd, pticemZz komponenty vnéjsiho
obalu spolu vytvaieji motiv, v ramci kterého jsou 3 atomy S a 2 atomy Au uspofadany
do tvaru pismene V (-S-Au-S-Au-S-) a jsou K jadru vazany skrze S-Au a Au-Au vazby
(viz Obrazek 6) [27].

pro lepsi prehlednost vynechany). Prevzato z [27].

Kromé struktury nanoklastru ma na optické vlastnosti vliv i jeho velikost. Zhou a
kol. (2019) [26] ptipravili serii 16 raznych AuNCs lisici se svou velikosti (v rozsahu
poctu atomid Au od Auzz po Auze) a piipadné i strukturou, pticemz vyuzili tripeptid
glutathion (GSH) jakozto stabilizujici a reduk¢ni ¢inidlo. Na zaklad€é srovnani prabéht
ustalenych absorp¢nich spekter, spekter tranzientni absorpce, velikosti Eq a dynamiky

excitovaného stavu rozdélili AUNCs do tiech velikostnich rezimu (viz Tabulka 3).

Tabulka 3: Velikostni rezimy AuNCs dle [26]. Velicina Eq predstavuje energeticky rozdil mezi nejvyssim

vy

Pocdet atomii Eq . )
AuUNCs AU [eV] ESLT Optické vlastnosti
Ultramalé <50 21-13 =100ns primarné dany strukturou

nékteré dany spiSe
strukturou, jiné velikosti
Velké > 100 0,4-0,0 700-15ps  vyhradné€ dany velikosti

Pozn.: ESLT = doba Zivota excitovaného stavu.

Stiedné velké 50-100 1,3-0,4 100-1ns
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Také oxidaé¢ni stav mize ovlivnit pribéh absorpéniho spektra. Aniont modelové
slou¢eniny Auzs(SC2H4Ph)1s™ vykazuje 3 hlavni absorpéni piky nachazejici se pii 400,
450 a 670 nm (viz Obrazek 7) a také Siroké rameno okolo 800 nm a mens$i rameno okolo

550 nm [29]. Oxidaci této slouceniny Liu a kol. (2011) [7] ziskali neutralni formu

AU25(SC2H4P|‘I)180 a pozorovali, Ze se pik pti 400 nm stal vice vyraznym (viz Obrézek 7),
zatimco pik pfi 450 nm naopak méné vyraznym, a Soucasné rameno okolo 800 nm zaniklo
a objevilo se malé rameno okolo 630 nm. Takovato zména v absorpénim spektru je
konzistentni s pozorovanim Zhu a kol. (2008) [29], ktefi ponechali roztok ¢istého
Auzs(SC2H4Ph)15 TOAT (TOA™ oznaduje tetraoktylamonny kationt) samovolné oxidovat
na vzduchu za premény v neutralni Auzs(SC2H4Ph)1s®. Dalsi oxidaci Liu a kol. (2011) [7]
ziskali kladné nabitou formu Auzs(SC2H4Ph)1g+, priCemz pozorovali, ze piky pti 400
a 450 nm jsou mén¢ vyrazné (viz Obrézek 7) a ze v piipadé piku pii 670 nm dochazi

k mirnému hypsochromnimu posunu k 660 nm.

400 500 600 700 800 900 1000
Wavelength (nm)
Obrézek 7: Absorpéni spektra [Auzs(SR)18]Y, kde R predstavuje fenylethylovy zbytek a q = {-1, 0, 1}.
Prevzato 2 [30].

Teplota je dalsim faktorem, ktery miize mit na absorpéni spektrum vliv. Devadas
a kol. (2011) [31] ptipravili Auzs(SCeH13)18 @ Auzs(SC2H4Ph)24 majici rizny pocet atomi
Au (jak v jadfe, tak i pocet atomt celkovy), kazdy s vyuzitim jiného thiolového ligandu
(postupné 1-hexanthiol a 2-fenylethanthiol). S klesajici teplotou se piky v absorpénim

spektru stavaly osttej$imi, pfiCemz se zacala se objevovat vibra¢ni struktura, a rovnéz se
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absorpéni maxima posouvala smérem ke krat$im vinovym délkam (viz Obrézek 8) [31].

Objeveni vibracni struktury vysvétluji na zéklad¢ snizeni interakci mezi elektrony

a fonony.
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Obrazek 8: Absorpcni spektra (A) Auzs(CeS)1s a (B) Ausg(PhCa)2s pri dvou riiznych teplotach (pokojova
teplota a 78 K nebo 90 K). Prevzato z [31].

UzZitecnou moznosti, jak ovlivnit optické vlastnosti nanoklastri, mize byt vyuziti
optického jevu zvaného jako dvoufotonova absorpce, kterou v ptipadé AuNCs poprveé
demonstrovali Ramakrishna a kol. (2008) [32]. Ptipravili Aus(SCeH13)1s vykazujici
emisi s maximem pii 830 nm po dvoufotonove excitaci vinovou délkou 1290 nm a pii
510 nm po dvoufotonove excitaci vinovou délkou 800 nm. Jednou z moznosti vyuziti
tohoto jevu je in vitro [33,34] ¢i in vivo [34] zobrazovani, jehoz vyhodou oproti
zobrazovani s vyuzitim jednofotonové excitace je pronikani zafeni do hlubSich vrstev
tkané, mén¢ intenzivni autofluorescence tkané a méné intenzivni rozptyl zareni [4,35].
Dalsimi moznostmi vyuziti jsou naptiklad in vitro sledovani interakce proteint [36]

¢iin vivo fotodynamicka terapie [37].

Velmi studovanou optickou vlastnosti AUNCs je jejich schopnost vykazovat
luminiscenci. Jsou pfijimany dva primarni mechanismy fotoluminiscence (PL) AuNCs:
(i) efekt kvantového omezeni a (i) pfenos naboje, jenz zahrnuje pienos naboje z ligandu
na kov (LMCT) a z ligandu na systém kov-kov (LMMCT) [38]. Link a kol. (2002) [39]
ptipravili AuNCs s vyuzitim GSH jako thiolového ligandu, které po pfedchozi excitaci
vinovou délkou 514 nm vykazuji emisi jak ve viditelné (pti 1,55 eV =~ 800 nm), tak

i v infracervené (pfi 1,13 eV = 1097 nm) oblasti. Strukturu energetickych hladin a pivod

12



PL piki poté prezentuji na zakladé dvou modela: pevnolatkoveho (viz Obrazek 9a)
a molekuléarniho (viz Obrézek 9b).

LUMO b Lsey
intraband
sp-band I transition
HOMO L
| 1.55¢V
===========q====s====| interband
| transition
L S b
d—band B — Excitation
Sa
IC
S
T,
1.5eV
Fluorescence 1.15 eV
Phosphorescence
So

Obrézek 9: Modely popisujici pivod fotoluminiscencnich pikii: a) pevnolatkovy model b) molekularni
model. Prevzato z [39].

Na zékladé pevnolatkového modelu prifadili PL ve viditelné oblasti mezipasovému
piechodu (6sp — 5d), kdezto PL v oblasti infratervené ptfechodu vnitropasovému
(sp — sp) mezi hladinami HOMO a LUMO. Na zakladé¢ molekularniho modelu pak
piisoudili pik ve viditelné oblasti fluorescenci a pik v infragervené oblasti fosforescenci.
K opaénému zavéru vsak dosli autofi Devadas a kol. (2010) [40], ktefi ptipravili AUNCs
odlisujici se svymi thiolovymi ligandy, kdy vyuzili jednak 1-hexanthiol, jednak GSH.
Oba systémy vykazovaly PL jak ve viditelné, tak infradervené oblasti. Fotoluminiscenci
ve viditelné oblasti ptifadili pfechodu mezi hladinami HOMO a LUMO kovového jadra,
kdezto PL v oblasti infratervené ptitadili pfechodu mezi hladinami kovového jadra
a hladinami vngjsiho obalu. Wen a kol. (2012) [41] pfipravili AuNCs s vyuzitim BSA
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jakozto stabilizujicitho a redukéniho Cinidla. Teplotné zavisla emisni spektra zkouseli
nafitovat a zjistili, ze PL v Cervené oblasti se sklada ze dvou pikii s maximy pii 710
a 640 nm. Teplotni zavislost emise pii vinové délce 710 nm poukazuje na to, ze se jedna
0 polovodi¢ové chovani, a piitazuji tedy jeho ptivod piechodu mezi hladinami HOMO
a LUMO. Pik pti 640 nm pfisuzuji dominantnimu piispévku vngjsiho obalu. Je tedy
ziejmé, Ze na PL budou mit vliv vlastnosti jak kovového jadra, tak vnéjSiho obalu. Zavér
autord Link a kol. (2002) [39] podporuji vysledky autora Li a kol. (2019) [42] a Zhou
a Song (2021) [43], ktefi uvadeji, Ze puvodcem PL v infracervené oblasti je kovové jadro.
Zhou a Song (2021) [43] také dale uvadéji, ze zdrojem PL ve viditelné oblasti je pfenos
naboje mezi kovovym jadrem a vnéj§im obalem (viz Obrézek 10). V nedavné praci nasi
vyzkumné skupiny Siskova a spol. [19] bylo prostiednictvim elektronové paramagnetické
rezonance (EPR) prokazéno, ze luminiscence AuNCs zanotfenych v BSA, vykazujicich
emisi u 655 nm (pfi excitaci u nizSich vinovych délek), je jejich vnitini vlastnosti
anejedna se v tomto piipadé o prenos naboje. Soucasné bylo v této praci zjisténo, zZe

kromé oxidaéniho stavu Au® je piitomen téz oxidaéni stav Au?*.
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Obrézek 10: Mechanismus fotoluminiscence (PL) Auzs(SR)1s ™. Pirevzato z [43].

V porovnani s napft. anorganickymi kvantovymi teckami (I. B — V1. A skupin) je
intenzita PL AuNCs pomérné slaba. Jednou z moznosti, jak navysit intenzitu PL, je
vyména ligandi. Wang a kol. (2006) [44] ptipravili Auzg(SC2H4Ph)24 S primérem jadra

okolo 1,1 nm a Au140(SCsH13)s3 S primérem okolo 1,6 nm. Intenzitu PL v infra¢ervené
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oblasti navysili vyménou nepolarnich ligandii za polarni thiolatové ligandy. Zvyseni
intenzity bylo vétsi v pfipad¢ thiolatovych ligandi majicich vétsi mnozstvi substituentti
ptitahujicich elektrony. V ramci nékterych thiofenolatovych ligandi byla zavislost mezi
intenzitou PL a poctem vyménénych polarnich ligandt dokonce piimo tumérna [44].
Zavéry autort Wang a kol. (2006) [44] podporuji vysledky Wu a Jin (2010) [45], ktefi
ptipravili AUNCs s uzitim rtznych thiolovych ligandd a zjistili, ze ligandy obsahujici
atomy ¢i skupiny ptitahujici elektrony mohou zna¢n¢ zvysit intenzitu PL. Autofi rovnéz
zminuji 3 strategie navySeni intenzity PL: (i) zvySeni schopnosti ligandi poskytovat
elektrony, (ii) zvyseni elektropozitivity kovového jadra, nebo (iii) pouziti liganda
obsahujicich atomy ¢i skupiny ptitahujici elektrony. Londofio-Larrea a kol. (2017) [46]
pripravili AUNCs pouze s vyuzitim HAuCls a NaOH, jez v§ak nevykazovaly zadnou PL,
nicméné obalenim riznymi thiolovymi ligandy a adenosin monofosfatem vedlo ke vzniku

PL, jiz ptipisuji interakcim mezi ligandem a povrchem nanoklastru.

Kromé intenzity PL mize mit vyména ligandt vliv i na pozici maxima emise.
Kundu a kol. (2020) [36] ptipravili AuNCs s vyuzitim GSH, které nasledné¢ modifikovali
prostiednictvim leptani kovového jadra a vymény ligandu. Podafilo se jim pfipravit
AUNCSs s riznymi thiolovymi ligandy na povrchu, kdy kazdy vykazuje odlisnou vinovou
délku maxima emise, pificemz s rostouci délkou uhlikatého fetézce ligandu dochazelo
k hypsochromnimu posunu, a to od 612 do 510 nm. Kromé¢ vinové délky maxima emise
se pripravené AuNCs odliSuji v dobé Zivoté excitovaného stavu a QY (hodnoty od 2,90
do 8,21 %). Tyto systémy poté uzili jak k fluorescen¢nimu zna¢eni bunék pozorovanych
pod mikroskopem, tak ke sledovani vzajemnych interakci proteina in vitro, a to jednak
s vyuzitim mikroskopie na zaklad¢ doby zivota excitovaného stavu, jednak pomoci
fluorescen¢ni korelaéni spektroskopie. Pozorovali, Zze pravé hydrofobicita povrchu
AuNCs muze spustit jejich schopnost detekovat amyloidy bez nutnosti uziti externich
markerd. Hydrofobicita ovlivnénd ptidavkem kyseliny palmitové byla zkoumana
pro systémy BSA-AUNCs v ramci nasi vyzkumné skupiny [47]. Byl proké&zan pozitivni
dopad pritomnosti kyseliny palmitové ve struktufe BSA na vyslednou PL AuNCs.

Zhu a kol. (2021) [48] pripravili AUNCs s vyuzitim 11-merkaptoundekanové
kyseliny (MUA), kterou nasledné nahradili ligandy s riznou délkou uhlikatého fetézce
a pozorovali, Ze dochazi ke zmén¢ intenzity PL a Kinetiky dohasinani excitovaného stavu,
ale nikoliv k posunu emisniho maxima. S rostouci délkou uhlikatého fetézce (v rozsahu

od 2 do 11 atomt C) dochézelo k linearnimu poklesu QY PL. Titiz autofi konjugovali
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COOH skupinu MUA s aminoskupinou 3-(aminopropyl)trifenylfosfonium-bromidu nebo
ethylendiaminu, coz v obou piipadech vedlo ke zhaseni PL. Uvadéji, ze divodem zhaseni
PL by mohlo byt agregaci indukované zhaseni, kdy k agregaci mize dochazet z divodu

snizovani velikosti povrchového naboje.

Dalsi moznosti navyseni intenzity luminiscence je zména oxida¢niho stavu Au.
Peng a kol. (2017) [49] pfipravili AUNCs s vyuzitim acetyl-L-cysteinu a GSH, pficemz
zjistili, ze v obou piipadech muze byt intenzita elektrochemiluminiscence (ECL)
navysena budto chemickou ¢&i elektrochemickou redukci Au z Au' na Au®. Navyseni
intenzity ECL je pfimo imérné stupni redukce Au [49]. Valen¢ni stav Au mize kromé
intenzity ECL ovlivnit i polohu maxima emise. Kim a kol. (2018) [50] ptipravili AUNCs
s vyuzitim GSH jakozto thiolového ligandu, pticemz ECL v blizké infracervené oblasti
pii 800 nm piisuzuji Au v oxida¢nim stavu I a naopak ECL ve viditelné oblasti pfi
610 nm pfisuzuji Au v oxida¢nim stavu 0. Huang a kol. (2021) [51] piipravili AuNCs
S vyuzitim acetyl-L-cysteinu, které nanesli na elektrodu vyrobené ze skelného uhliku
a posléze chemicky redukovali pomoci NaBH4. Tento systém vyuzili k ECL detekci
kanamycinu, ktera je zalozena na zhaSeni intenzity ECL pii zméné oxida¢niho stavu Au
(z Au® na Au"), ke které dochazi diky redoxni reakci mezi Au® akanamycinem

v pritomnosti H20x.

K navySeni intenzity luminiscence lze rovnéz vyuzit fotofyzikalniho jevu
nazyvaného jako agregaci indukovana emise, béhem které materiadl nevykazujici
luminiscenci (¢i vykazujici slabou luminiscenci) za¢ne po agregaci luminiscenci
vykazovat (¢i emitovat zafeni s vétsi intenzitou), coz lze vysvétlit omezenim rota¢nich
a vibra¢nich pohybt ligandu ve vnéjsim obalu AUNCs, ¢imz dojde ke sniZeni disipace
energie ve formé nezativych procest [38,52]. Agregaci indukované emise Ize dosédhnout
pfiddnim urgitého kationtu (Zn?*, AP*, Gd**, Ce**, Y3, Tm3"), polymeru ¢&i jinych
biologickych molekul, zménou pH roztoku, pfidanim slabé polarniho rozpoustédla
do vodného roztoku AuNCs obalenych hydrofilnim ligandem nebo pomoci krystalizace
[38,52]. Omezeni rotacnich a vibracnich pohybu ligandu ve vnéjsim obalu AuNCs Ize
také efektivné dosdhnout imobilizaci uvniti matrice, a to napiiklad v hydrogelu nebo také

v organokovovém ramci [38,52].

V neposledni fadé Ize k navyseni luminiscence a/nebo posunu maxima emise téz
uzit nahrazovani jednoho ¢i vice atomii Au heteroatomem/y, jakymi mohou naptiklad

byt Ag, Cu, Cd, Er, Pt a Zn [53-55]. Principem navyseni intenzity je modifikace
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geometrické a/nebo elektronové struktury, nebo zmény v pifechodu zahrnujicim LMCT
nebo LMMCT [56].

Krom¢ zminénych optickych vlastnosti mohou AuNCs vykazovat i dalsi unikatni
fyzikalné-chemickeé vlastnosti, jakymi jsou kupiikladu magnetismus, vnitini chiralita,
katalyticka aktivita ¢i schopnost generace reaktivnich forem kysliku béhem interakce

se zafenim [38].

1.3. Metody syntézy a praktické vyuziti AUNCs

K provedeni syntézy AuNCs lze uzit jednu ze dvou strategii: shora doli, tedy
Z objemového materialu smérem k NSs (anglicky top-down) (viz Obrazek 11A), nebo
zdola nahoru, tudiz poskladanim jednotlivych atomt do NSs (anglicky bottom-up) (viz
Obrézek 11B).

A Top-down approach B Bottom-up approach
)
C 9
(5w & @D ’\\
l %0, + A=
Etching with Etching with Reduction
precursor ° excess ligand

02, A4

/) \; "
g® &
f\f'"l Ligand

exchange

+*

JQOO Auions /.~ Ligand

Ligand-protected .
AuNCs ° Au nanopatrticles

Obréazek 11: Schéma predstavujici dvé nejbéznéji uzivané strategie syntézy zlatych nanoklastrii. (A) Top-
down (shora dolii) metoda spociva v pripravé vétsich nanostruktur (naprikiad zlatych nanoddstic)
s naslednym chemickym leptanim bud'to pomoci prekurzoru Au (a ndaslednou vyménou ligandu) nebo uzitim
nadbytecného mnozstvi ligandu. (B) Bottom-up (zdola nahoru) metoda spociva v redukci iontii prekurzoru

AU redukénim cinidlem v pritomnosti stabilizujiciho ligandu. Prrevzato z [57] a upraveno.
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Top-down metoda zahrnuje piedevS§im chemické leptani, kdy jsou materidly
vétsich rozmérn, jakymi mohou byt naptiklad Au nanokrystaly [58], AuNPs [59] ¢i vétsi
AUNCs [60], leptany prostiednictvim nadbytku liganda [61], nebo rovnéz s vyuzitim
samotného prekurzoru Au [62] za vzniku AuNCs (viz Obrazek 11A). V piipadé leptani
pomoci prekurzoru Au provedli Lin a kol. (2009) [62] naslednou vyménu ligandu, ktera
vedlak tvorbé systému emitujicim v Cervené oblasti spektra; zatimco pted touto vyménou
nevykazovaly ptipravené AuNCs zadnou fluorescenci. Mezi ligandy uzivané k leptani
patii rizné thiolové slouceniny [60,63], merkaptanové kyseliny [36], polyethylenimin
[58], GSH [59,64], ¢i dokonce BSA [65].

Princip bottom-up metody spo¢iva v redukci iontéi Au (pievazné Au®") na atomy
AW’ anasledné nukleaci téchto atomf za vzniku AuUNCs [66]. Mezi uzivané formy
redukce patti redukce chemicka [18,67,68] a elektrochemicka [69], fotoredukce
[13,15,70] a redukce uvnitt biologického systému [71-73]. Mezi hojné¢ vyuzivana
chemicka redukéni Cinidla patti napiiklad tetrahydridoboritan sodny [18], kyselina
askorbova [74], citrat trisodny [75], GSH [75] ¢i BSA [67]. V této praci se autor zaméFil
na vyuziti redukénich uéinktt BSA na Au®*. Je znamo, Ze zvysena teplota mize usnadnit
redukéni reakce poskytnutim potfebné aktivacni energie pro pfemeénu prekurzora
obsahujicich Au ionty na Au atomy ¢i AuNCs [38]. Yan a kol. (2012) [76] byli prvni, kdo
k syntéze AuUNCs chranénych BSA vyuzili mikrovinné zafeni, ¢imz podstatné zkratili

reakéni dobu z desitek hodin na nékolik minut.

Kromé vysSe uvedenych forem redukce byly provedeny syntézy prostiednictvim
sonochemické metody [12,16,77], piiCemz chemické ucinky ultrazvuku o vysoké
intenzité vyplyvaji pfedevsim z tzv. akusticke kavitace (tedy tvorby, ristu a implozivniho
kolapsu bublin v kapalinach), kdy Ize dosahnout extrémnich podminek, tj. velmi vysoké
teploty, tlaku a rychlosti chlazeni ¢i ohfivani [12,78]. Dalsi metody ptipravy zahrnuji
mikroemulzni proces [79], kde mikroemulze je termodynamicky stabilni disperze
obsahujici dvé nemisitelné kapalné faze (napiiklad olej dispergovany ve vodé€) [80].
Ptiklady nékterych vyse uvedenych metod jsou s vy¢tem uzitych prekurzord, templati ¢i
ligand®, redukénich Cinidel a rozpoustédel a také s piehledem vyslednych hodnot
kvantového vytézku (QY), vlnové délky maxima emise (Amax) a priméru kovového jadra

shrnuty v tabulce nize (viz Tabulka 4).
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Tabulka 4: Metody pouzivané pro syntézu AUNCs s prrehledem uzitych prekurzori, templatii ¢i ligandii, redukcénich cinidel a rozpoustédel a také s prehledem vyslednych hodnot
kvantového vytézku (QY), vinové délky maxima emise (Amax) @ priiméru kovového jadra.

v . Matrice nebo Redukéni vox QY Amax Prumér d Metoda
Autofi Synteza ligand Ginidlo Rozpoustédlo 1 [nm] [nm] uréeni d
315
[69] elektrochemicka PVP - acetonitril 12,5 335 - -
350
fotoreduk¢éni 0,26 580 2,0
[15] (365 nm) MPTS - THF 0,73 558 1,8 HRTEM
3,12 538 1,3
[13] fo(tgggdﬁlggm PTMP-PMMA : H0 53 610  06%04 TEM
Y PTMP-PMMA 3,8
[70] f""gg;dukcm PTMP-PBMA - THF 14,3 iég - -
(365 nm) PTMP-PtBMA 20,1
[67] chemicka, MW BSA H20 19 650 2,1+03 TEM
[68] chemicka, MW vajecny bilek H.O 2,37 648 2,7+0,7 TEM
[18] chemicka, MW lysozym NaBH4 H20 4,9 750 1,3+0,3 TEM
[19] chemicka, MW BSA H20 6,7+0,1 655 1,01 +0,24 TEM
[16] sonochemicka GSH H20 4,3 598 1,7+0,3 TEM
[12] sonochemickéa BSA H20 8 670 1,8 HRTEM
15025 450
[77] sonochemicka - - toluen 17,4 +4.2 490 <1 AFM

20,8 2,3 475

Pozn.: AFM = mikroskopie atomarnich sil, BSA = hovezi sérovy albumin, GSH = glutathion, HRTEM = transmisni elektronov& mikroskopie s vysokym rozlisenim, MPTS = 3-
(merkaptopropytrimethoxysilan, MW = syntéza s vyuzitim mikrovinného zdareni, PMMA = polymethylmethakrylat, PtBMA = poly(tert-butylmethakrylat), PTMP = poly(n-
butylmethakrylat), PVP = polyvinylpyrrolidon, THF = tetrahydrofuran, TEM = transmisni elektronova mikroskopie.
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Jak lze vypozorovat v tabulce vyse (viz Tabulka 4), v rdmci syntézy AuNCs se
kromé samotnych prekurzort a reduk¢nich Cinidel uziva témét vzdy néjaka templatova
molekula ¢i ligand. V ptipadé syntézy bez této komponenty by mohlo dojit k interakcim
mezi jednotlivymi NCs, které by vedly k nevratné agregaci z duvodu sniZeni jejich
povrchové energie [81]. Rovnéz by mohlo postupné dochazet k prerastani AuNCs
v AuNPs, jak bylo v nasi skupiné diive pozorovano [47]. Ke stabilizaci AuNCs je mozno
uzit Sirokou Skalu ligandd, jakymi jsou napiiklad: rtzné thiolové slouceniny [82];
dendrimery [83,84], coz jsou polymery s pravidelnou rozvétvenou strukturou, velmi
dobte definovanym chemickym slozenim a molekulovou hmotnosti [85]; dale polymery
[86,87]; proteiny [12,88]; peptidy [89,90]; rizné sekvence DNA [91] a také jednotlivé
nukleotidy [92,93]. Nékteré ligandy mohou soucasné slouzit jako stabilizujici a redukéni
Cinidla, a to napiiklad MUA [94], BSA [19,95] a GSH [16,50].

Praktické vyuZiti AuNCs je pomérné rozmanité, pocinaje detekci iontd kovi,
mezi které patii naptiklad ionty arsenite, chromité a chromové, kademnaté, kobaltnate,
méd’naté, olovnaté, rtut'naté, stiibrné, zine¢naté a zelezité (viz Tabulka 5). Kromé¢ kovu
byly také detekovany riizné anionty jako S?-, CN~, NO,~ a malé molekuly jako napiiklad
bilirubin, cystein, dopamin, glukdza, GSH, H202, H2S, HCIO a cholesterol (viz Tabulka
5).

Tabulka 5: Prehled detekovanych kovovych ionti, aniontit a malych molekul a princip jejich detekce.

Detekované

ionty/molekuly Autofi Princip detekce

Tonty kovii

Ag’ [96] EN
As? [97] EN
o [98-100] EN
Cd [101] AIE
Co?* [102] QU
cré [94,103] QU
cré [103,104] QU
cu [99,100,102,105-111] QU
[112] AIQ
Fe®* [113-116] QU
Hg?* [99,105,110,117-126] QU
[95,99,127,128] QU

Pb2* [129] ECLC
[123] EN
Zn2* [108] EN
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Tabulka 5: Pokracovani.

_ Detekovane Autofi Princip detekce
ionty/molekuly
Anionty
CN- [130-132] QU
NO?% [133-135] QU
g2 [136-138] QU
Malé molekuly
bilirubin [139] QU
cystein [140] ElL|
_ [141,142] QU
dopamin [143] EN
glukéza [144] —L
glutathion [145] EN
H,0, [146,147] QU
H,S [148,149] QU
HCIO [150] Sy
cholesterol [151] EQU

Pozn.: AIE = agregaci indukované zvysSeni intenzity fotoluminiscence, AIQ = agregaci indukované zhaseni
fotoluminiscence, DSI = pokles intenzity Rayleighova rozptylu druhého radu, ECLC = zména signalu
elektrochemiluminiscence, EQU = enzymatické zhdsSeni fotoluminiscence, EN = zvySeni intenzity

Jfotoluminiscence, QU = zhaseni fotoluminiscence.

AuNCs lIze rovné€z s uspéchem vyuzit k detekci enzymu [90,152—-157], méteni pH
[103,148,158-160] a teploty [16,106,161-165], detekci patogennich bakterii [166-168]
a metastazi rakoviny [169]. Detekce byva z pievazné ¢asti zalozena na zhaseni signalu
PL (kupiikladu [104,116,125,132,147]) vlivem interakce AuNCSs s ionty kovu, anionty ¢i
malymi molekulami. Existuji vSak také systémy, jejichz intenzita PL je vlivem interakce
naopak navySena (napiiklad [100,123,145]). V leckterych piipadech jsou AuNCs
konjugovany s jinymi entitami vykazujicimi také luminiscenci [100,107], ale v jiné
oblasti spektra. Tyto pak slouzi jako reference, nebot’ jejich luminiscenéni signal je oproti
AuNCs konstantni. Mezi dalsi principy detekce patii napiiklad agregaci indukované
zhaseni [112], agregaci indukovanad emise [101], zména signalu ECL [129] ¢i zména

v poloze maxima absorpce [157].

Mimo detekci Ize AuNCs vyuzit také ke katalyze chemickych reakci [170-173],
regulace hladiny glukozy v krvi [174,175], in vitro nebo in vivo zobrazovani s uzitim
vypocetni tomografie a/nebo PL [148,174,176-181], fototermalni [182-186] a rovnéz
fotodynamické [37,183,185,187,188] terapii, transportu lé¢iv do nadorovych bunék
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[180,189-192] a v neposledni fadé jako teranosticky systém [179,192], tj. kombinace
diagnostiky a terapie [57].

1.4. SPIONSs a jejich magnetické vlastnosti

NPs tvofené z feromagnetického ¢i ferimagnetického materialu majici velikost
zhruba do 20 nm mohou vykazovat unikatni formu magnetismu nazyvanou jako
superparamagnetismus [193-195]. V piipadé SPIONs se nejcastéji jedna o magnetit
(Fe304), maghemit (y-Fe203) ¢i ferity (oxid Zeleza s piimési jednoho ¢i vice piechodnych
kovi, naptiklad Ba, Co, Cu, Mn, Ni) [196,197].

Pro vysvétleni podstaty superparamagnetismu je potteba zacit s magnetickymi
materialy vétsich, okem viditelnych, rozmért. Magnetické materialy makroskopickych
velikosti jsou slozeny z magnetickych domeén, coz jsou oblasti uniformni magnetizace,
které jsou od sebe oddéleny doménovymi sténami, uvniti kterych se smér magnetizace
méni plynule od jedné domény ke druhé [198]. Kdyz se velikost materidlu zmensuje,
pocet magnetickych domén Klesa, pticemz jakmile je velikost Castice srovnatelna
se Sitkou doménové stény, vznik vicera domén neni mozny, a ¢astice je tedy tvoiena
pouze jednou doménou [198,199]. Piesnéji feCeno, material je tvofen pouze jednou
magnetickou doménou, pokud energie nutna k tvorb¢ dalsi domény je vétsi nez pokles
energie, ke kterému by doslo v disledku sniZeni vysledného magnetického toku [193].
Se zménou velikosti materialu se obecné méni také magnetickd koercivita, ktera
predstavuje intenzitu vnéjSiho magnetického pole potfebnou k odstranéni zbytkové
magnetizace (tzv. magnetické remanence) [195,200,201]. Jeji prubéh v zavislosti
na velikosti pro NPs magnetitu (FesOs) majici krychlovy tvar Ize pozorovat na obrazku
nize (viz Obrazek 12), kdy béhem piechodu z multidoménového charakteru castice
na jednodoménovy je koercivita maximalni a s dalsim snizovanim velikosti ¢astice klesa

k nule.
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Obrézek 12: zavislost magnetické koercivity nanocastic FesOu na jejich velikosti pri teploté 300 K.
Cervené kruhové znacky predstavuji nanocdstice s kubickou strukturou, zelené trojuhelnikové znacky
predstavuji nanocastice se sférickou strukturou a cerné trojithelnikové, fialové kruhové a modré kruhové
znacky jsou postupné vysledky autorii Ma a kol. (2004) [202], Kim a kol. (2009) [203] a Lee a kol. (2015)
[201]. Prrevzato z [195].

Pti dosazeni uréité hrani¢ni velikosti Castice, kdy je tepelna energie srovnatelna
s energii potfebnou K reorientaci spinii (magneticka anizotropni energie), je koercivita
nulova, a material se tedy nachazi v superparamagnetickém rezimu [200,201]. Tepelna
energie tak umoznuje po odstranéni pisobeni vnéjsiho magnetického pole uskuteénit
spontanni reorientaci spintl, kterd vede ke zndhodnéni magnetickych dipdli v urcitém
casovém intervalu, a tudiz k demagnetizaci materidlu neni potieba Zadna dodatecna vnéjsi
energie [193,200]. Z dtivodu potieby dostatecné tepelné energie je pon¢kud ziejmé, ze
kromé velikosti Castice je superparamagnetismus svazan takeé s jeji teplotou. Teplota,
pti které je tepelna energie ksT rovna magnetické anizotropni energii, se nazyva bloka¢ni
teplota Tg [200]. V piipad¢, kdy T < Tg, neni tepelna energie potiebna ke spontanni

reorientaci spinti dostatecna, a koercivita tak zacina byt opét nenulova [193].
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V superparamagnetickém rezimu tedy materidl nevykazuje hysterezni chovani,
jinymi slovy, vykazuje nulovou magnetickou remanenci a koercivitu (viz Obrazek 13)
[193,200,204,205].

1 Magnetization
Superparamagnetism

* High Saturation
Magnetization

+ No Remanence

» Zero Coercivity

Higher Saturation Magnetism
than Paramagnetic

A
g1
g1
|
& 1
4 "
MagneticFieI;
Superparamagnetic
Ferromagnetic
Paramagnetic

Obrézek 13: Zavislost magnetizace superparamagnetického (riizova), feromagnetického (modrd)
a paramagnetického (zelend) materidlu na intenzité vnéjsiho magnetického pole. Magnetickd remanence
(zbytkova magnetizace pii absenci viéjsiho magnetického pole) a magnetickd koercivita (intenzita vnéjsiho
magnetického pole nutnd Kk odstranéni zbytkové magnetizace) jSOU V pripadé superparamagnetického

materialu nulové. Prevzato z [205], upraveno a prelozeno.

Jak nazev tohoto jevu napovida, hodnota satura¢ni magnetizace superparamagnetickych
NPs je vEtsi nez v piipadé ¢astic paramagnetickych, nicméné je srovnatelna se saturacni
magnetizaci feromagnetickych a ferimagnetickych c¢astic (viz Obrazek 13) [193].
Satura¢ni magnetizace SPIONs zavisi jak na velikosti ¢astic [195], tak na krystalové
struktufe a typu obalujiciho materialu [206], dale také na tloust'ce obalu [207], molarnim
poméru Fe?*/Fe**, iontové sile, pH a na tom, zda byla pfi syntéze pouzita inertni (N2)
atmosféra [208].
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1.5. Metody syntézy, popis vzniku a praktické vyuziti SPIONS

Obdobné jako Vv piipadé AuNCs mohou byt k piipravé SPIONs pouzity oba
popisovaneé piistupy: shora doli ¢i zdola nahoru [209]. Celkové Ize vyuzit mnoha riznych
strategii, které lze rozd¢lit na chemické, fyzikalni a biologické, pticemz volbou syntézy
Ize dosédhnout rtznych tvard, velikosti, struktury, koloidni stability a magnetickych
vlastnosti, ¢imz lze zajistit rizné oblasti vyuziti [210]. Mezi chemické metody lze zatadit
tepelny rozklad, hydrotermalni ¢i solvotermalni syntézu, syntézu s vyuzitim polyold,
mikroemulzni a sol-gelovou syntézu a spolusrazeni (koprecipitaci) [204]. K fyzikalnim
metodam patii kulové mleti, laserova ablace, pyrolyza ¢i spalovani [209]. V piipadé
biologickych metod Ize k syntéze vyuzit rostliny [211], zdravé ¢i rakovinné butiky [212],
plisné [213], fasy [214,215], bakterie [216], haloarchaea [217] ¢i kvasinky [218]. Piiklady
nékterych vyse uvedenych metod lze nalézt v tabulce na dalsi strance (viz Tabulka 6).
Lze si povS§imnout, ze pfestoZze ma koercivita v piipadé superparamagnetickych ¢astic byt
nulova, nékteti autofi povazuji ptipravené Castice za superparamagnetické, byt je jejich

koercivita fadové v desitkach Oe.
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Tabulka 6: Metody syntézy SPIONSs s uvedenymi prekurzory, priméru kovového jadra dy, saturacni magnetizace Ms, magnetické koercivity Hc a vysledné struktury.

Autofri Prekurzor kovu Metqda Vnéjsi obal dig (TEM) M 1 He Struktura
syntézy [nm] [emu-g~] [Oe] kovu
[219] FeCly-4H,0 HT - 154311 53,0-97,5 (%) NS FesOs
Fe(NOs)3-9H-0 ~
[220] Zn(NO3)2-6H20 HT OA ~10 41,18 - 79,23 NS Fes04
[221] Fe(acac)s HT PAA 6 39,0 NS Fe304
FeCl, 6,9 53,2 Fes04
[222] FeCl; KP - 6.7 53.3 NS y-Fe:03
KP - 14 46,5 64,8
[223] FFZSC?“.'@;?SZS SCH PEG 8 47,0 12,9 FesOs
3o SCH PEG 5 49,0 5,4
FeSO4-7H0
[224] FoClo6HaO SCH OA 15 83 NS FesO4
OLNa 8 59,27 34,27
FeSO4-7H,0 BPEI 11+3 70,98 33,21
(228 FeClz-6H,0 SCH PAANa 10 +3 71,51 35,26 Fes04
CIT 11+3 77,36 33,90
Fe(C2H302).
[226] Octan geleznaty SCH - 10 <1,25 NS FesO4
[227] Fe(acac)s TR OA 7 59,1 NS FesO,
59+ 14 53
[228] Fe(acac)s TR CIT 574009 62 NS Fe203
PEG 6,8+ 1,2 17
[229] Fe(acac)s TR PEG-PEI (260°C) 10,0+ 1,7 51 NS FesO4
PEG-PEI (200°C) 9,0+ 1,5 53
PEG/PVP 77+11 46,2
[230] Fe(acac)s TR PLAPEG/PVP  80+14 54.5 <30 Fe30s
9 60
[231] FeCl, PR DDA T = NS FesO4
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Tabulka 6: Pokracovani.

Autori Prekurzor kovu Metqda Vnéjsi obal dig (TEM) M 1 He Struktura
syntezy [nm] [emu-g~] [Oe] kovu
FeS0O4-7H.0 KP i 16.9 69.1
FeClz-6H,0 Fes04
[232] KP NS 5 A v-Fe203
SPIONS KM Dextran 11,8-135  56,4—655
15 73,7 2,4
[233] FeClsz-6H20 KM - 16,4 77,8 3,5 Fe304
17,5 85,3 1.1
- Fe3O4
[234] Fe folie PLAB - 3al2 124 76
FesC
. 17 14,8 22 Fe3Oa4
[235] Fe desticka PLAB - y 225 115 FeO
Mg(NOs)2-6H-0 ) 4,05 (XRD) 5,5 9,1
28l Fe(NO3)3-9H.0 PYR 9,60 (XRD) 16,8 12,53 Nilg o
Pentakarbonyl 5,6 a157 44,8 2,34 KA/m Fe304
[237] seleza PYR - 6,22 18 69.1 13,9 KA/M y-Fe20s
Fe(acac)s FesO4
[238] NeiFiermad Sl PYR - 15,28 £ 4,02 97 <30 y-Fe20s
[239] Fe(NOs)s-6H20 Sp TEOS 5 6 (*) NS a-Fe;03
[240] Fe(NO)s Sp - 3,4 21 20 a-Fe;03

Pozn. 1: * oznacuje, Ze hodnoty byly odecteny z grafu;, BPEI = rozvétveny polyethylenimin, CIT = citrdt trisodny, DDA = dodecylamin, HT = hydrotermalni, KM = kulové
mleti, KP = koprecipitace, NS = nespecifikovano, OA = olejova kyselina, OLNa = oleat sodny, PAA = polyakrylova kyselina, PAANa = polyakrylat sodny, PEG =
polyethylenglykol, PEI = polyethylenimin, PLA = polymlécna kyselina, PLAB = pulzni laserové ablace, PR = precipitace, PVP = polyvinylpyrrolidon, PYR = pyrolyza, SCH
= sonochemickd, SP = spalovani, TEM = transmisni elektronova mikroskopie, TEOS = tetraethoxysilan, TR = tepelny rozklad, XRD = rentgenova difrakce. Pozn. 2: Priimér

kovového jadra je urcen pomoci TEM, pokud neni u hodnoty uvedeno jinak.
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Vznik materiali s krystalovou strukturou je obvykle popisovan pomoci teorie
nukleace (vznik zarodkl) a rastu, pfi¢emz postupem c¢asu byly kromé teorie klasické
popsany i teorie neklasické [241,242]. Proces nukleace spoc¢iva v tvorbé zarode¢nych
Castic z roztoku uzitého prekurzoru, pfi¢emz muze nastavat nukleace homogenni, béhem
které dochazi ke tvorbé zarodkt uniformné v rdmci celého roztoku, ¢i heterogenni, kdy
k nukleaci dochéazi na pevnych substratech, jakymi jsou naptiklad povrchy nadob,
necistoty, ¢i jiné zarodky [242—245]. Oproti klasické nukleaéni teorii dochazi v ptipadé
nukleacni teorie neklasické k vyskytu nékolika ptfechodnych metastabilnich stavi
nukleace pred vznikem termodynamicky stabilni fdze [242]. Proces rustu zahrnuje

depozice atomu ¢i molekul na povrch zarodkt v nasyceném roztoku [244,245].

Piikladem aplikace teorie nukleace a rustu budiz prace autorti LaMer a Dinegar
(1950) [246]. Model, ktery prezentuji, 1ze pozorovat na obrazku nize (viz Obrazek 14).
Princip mechanismu spo¢iva v tom, Ze koncentrace prekurzoru nartista, dokud nedosahne
urcité kritické hodnoty, kdy za¢ne dochazet k nahlé a take rychlé nukleaci prekurzoru,
pii¢emz postupné dochazi ke snizovani koncentrace prekurzoru, ¢imz dojde k zastaveni

procesu nukleace. Rist poté nastava diky difuzi prekurzoru v roztoku [247].
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Obréazek 14: Mechanismus nukleace a ristu dle LaMer a Dinegar (1950) [246]. Prevzato z [248].
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Detailn¢j$i mechanismus vzniku nanocastic oxidi Zeleza bude demonstrovan
na koprecipitaéni metodé syntézy magnetitu. Jednd se o velmi uzivanou metodu
syntézy SPIONSs spocivajici v pfidani zasady (napiiklad NaOH nebo NHsOH) k iontim
Fe?* a Fe** (obecné v molarnim poméru 1:2) [249]. Na zakladé vysledkd z infradervené
spektroskopie s Fourierovou transformaci, elektronové mikroskopie a také rentgenové
difrakce Ahn a kol. (2012) [250] uvadégji, ze NPs magnetitu vznikaji spiSe fazovou
transformaci oxohydroxidi Zeleza, nez piimou reakci Fe?* a Fe*" iontti ve vodném
roztoku. Zjistili, ze pomalym, avSak nepietrzitym pfidavanim zasady (NHs) do roztoku
obsahujiciho FeCl, aFeClz v molarnim poméru 1:2 dochazi postupné k nukleaci
akaganeitu (B-FeOOH) a jeho fazové transformaci na magnetit skrze goethit (a-FeOOH)
a pravdépodobné také skrze hematit (0-Fe>O3) a maghemit; zatimco nahlym piidanim
baze dochazi k nukleaci hydroxidu zeleznatého (Fe(OH)2) a jeho transformaci
na magnetit skrze lepidokrit (y-FeOOH) (viz Obrazek 15). Proces sledovali a zjistili, ze
pomalou alkalizaci se barva roztoku ménila pomalu, a to ze svétle hnédé, pres tmavé

hnédou az na ¢ernou indikujici tvorbu NPs magnetitu [250].
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Obrézek 15: Schéma vyvoje nanocdstic magnetitu pripravenych pomoci metody koprecipitace dle autorii

Ahn a kol. (2012) [250]. PFevzato z [250].

Blanco-Andujar a kol. (2012) [251] do roztoku obsahujiciho FeCl, a FeClz v molarnim
pomeru 1:2 postupné piikapdvali ne hydroxid, ale zasaditou stl alias sil silné zésady
a slabé kyseliny, Na,COa. S vyuzitim rentgenové difrakce zjistili, Ze pii pokojové teploté
se jim jako prvni zacal vytvaret goethit, ktery se pomalu postupné (béhem 24 hodin)

transformoval na magnetit. Také LaGrow a kol. (2019) [252] uzili Na,CO3 pro nastaveni
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zasaditého prostfedi. Rychlym pfiddvanim a misenim prekurzori Fe se zasadou, ¢ehoz
bylo dosazeno diky pritokovému reaktoru, a analyzou s vyuzitim transmisni elektronové
mikroskopie, elektronové difrakce a Mdssbauerovy spektroskopie tito autofi odhalili
zietelny prechod z amorfniho ferihydritu (Fe10014(OH)2) na smés magnetitu a maghemitu
(oznaceno jako FesOaly-Fe20s3). Synchrotronova rentgenova difrakce dale odhalila
formovani krystalickych plati Fes(OH)12COs, které se formovaly pted objevenim
vysledné smési magnetitu a maghemitu. Jak se platy Fes(OH)12COz rozpoustély,
dochézelo ke zvétsovani velikosti ferinydritovych ¢astic, a to az do doby, dokud tyto
Castice nevykrystalizovaly do smési Fes3Oa/ y-Fe>O3 (viz Obrazek 16). V kontrolnim

experimentu se bez ptitomnosti Fe?* nepovedlo dosahnout riistu ferihydritu v magnetit.
[252]
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Obrézek 16: Schéma vyvoje nanocdstic magnetitu pripravenych pomoci metody koprecipitace dle autorii
LaGrow a kol. (2019) [252]. Prevzato z [252].

Autofti dale uvadéji, ze mnozstvi zbytkového ferihydritu ve findlnim produktu miize byt
snizeno bud’to ochranou Fe?* iontii pied oxidaci, nebo zvysenim koncentrace téchto ionti
v reakéni smési. S pomoci pritokového reaktoru, synchrotronove rentgenové difrakce
a malouhlového rozptylu rentgenového zafeni Besenhard a kol. (2020) [253] zjistili, ze
jedina faze, ktera je pfitomna 5 sekund po smichani Fe?* a Fe3* iontli s NaOH, je smés

FesOa/y-Fe;0z a Ze k naslednému nartstu velikosti ¢astic dochazi jen minimalné.
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Povrch SPIONSs je velice reaktivni z divodu zvySené plochy povrchu vuéi
objemu, tudiz se povrch SPIONs obvykle obaluje k zamezeni aglomerace ¢i agregace
a modulace velikosti a tvaru [204]. Nicméng, tyto povrchové upravy mohou ovlivnit
jednak magnetické vlastnosti SPIONs Vv zavislosti na mnozstvi, sloZeni &i Sifce
povrchové vrstvy [204], jednak naptiklad vstup NPs do bunék [254]. Liao a kol. (2011)
[254] studovali vliv obaleni SPIONs kyselinou listovou na jejich vstup do zdravych
HEK293 a rakovinnych HeLa bunék. V prub&hu 4 hodin se do HeLa buné¢k dostalo vice
nez 3x veéts§i mnoZstvi obalenych SPIONSs, kdezto v ptipadé HEK293 bunék nebyl vliv
obaleni zadny. Dlivodem by mohla byt nadmérna exprese receptort pro kyselinu listovou
v piipadé HeLa bunék ve srovndni s butikami HEK293 [254]. Mezi ligandy uzivané
k obalovani SPIONSs patii napi. dextran [232], chitosan [255], 2,3-dimerkaptobutandiova
kyselina (DMSA) [238], kyselina poly-y-glutamova [256], polyethylenglykol [257]
a polyvinylpyrrolidon [258].

Jednim ze sméru aplikovatelnosti SPIONSs je jejich uplatnéni jakozto kontrastni
latky v ramci zobrazovani magnetickou rezonanci (MRI) (napiiklad [259,260]). Jedna
se 0 neinvazivni zobrazovaci metodu s vysokym prostorovym rozlisenim, béhem které
neni uzivano ionizujici zafeni [261]. SPIONS jsou povazovany za uc¢inné T2 kontrastni
latky, jelikoz dokazou zkrétit dobu transverzalniho (neboli spin-spinoveého) relaxa¢niho
Casu magnetického momentu jednotlivych protont, diky ¢emuz se ovlivnéna oblast jevi
jako tmavsi [261,262]. Za ur¢itych podminek se v8ak povedlo nékterym autorum ziskat

i SPIONS s relativné vysokym T kontrastem a nizkym pomérem relaxivit ra/r1 [263,264].

Dalsim vyuzitim SPIONs je magnetickym polem indukovana hypertermie. Jeji
fyzikalni princip spoc¢iva v generaci tepla NPs vlivem plisobeni nestaciondrniho vnéjsiho
magnetického pole [212]. Biologicky ucinek hypertermie je zalozen na skute¢nosti, ze
zdravé bunky dokazi vydrzet pusobeni vyssich teplot, kdezto naopak rakovinné burky
pti takovychto teplotach podstupuji apoptozu. Uziti teplot vysSich nez 46 °C jiz vSak
milZze vést k potencidlné nebezpecné nekrdze rakovinnych bunék, ktera vede k vzniku
zanétlivé reakce v okoli takto zemielych bun€k, a mize negativnim zpisobem ovlivnit

i buniky zdravé. [265]

SPIONSs Ize také vyuzit k cilenemu transportu 1é¢iv do nadorovych bunék, jenz
muze byt aktivné zprostfedkovan jednak ptisobenim vnéjsiho magnetického pole [266—
269], jednak konjugaci SPIONSs s latkou umoziujici cilit na nadorové bunky [270-274].
Takovymi latkami mohou byt protilatky a jejich fragmenty, ligandy receptort, peptidy
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¢i aptamery [265]. Piikladem budiz hojné uzivand kyselina listova [270-273]. Mezi
transportovana 1é¢iva patii riizna chemoterapeutika jako naptiklad 5-fluorouracil [275],
doxorubicin [268,270,274], kamptotecin [271], methotrexat [276] a paklitaxel [272].
Pfidanou vyhodou Kk cilenému transportu mize byt rovnéz moznost kontrolovaného
uvoliovani transportovaného 1é¢iva v reakci na urcity stimul, a to napiiklad ptisobenim
blizkého infracerveného zaieni [277] ¢i ultrazvuku [273] nebo zménou pH [278]. Kromé
aktivniho transportu mize byt pouzit i transport pasivni, kdy k nahromadéni SPIONs
uvnité rakovinné tkané dochazi v disledku efektu zvySené permeability a retence
rakovinnych bunék. Nevyhodou této metody je obtiznost dosazeni koncentraci SPIONs
dostate¢nych k G¢inné 1é¢be, pticemz mnozstvi injektovanych SPIONs nelze neustéle
zvySovat z divodu nezanedbatelné toxicity v ptipadé vyssich koncentraci [265]. Cileny
transport 1é¢iv Ize kombinovat s hypertermii [276,279]. Mirzaghavami a kol. (2021) [275]
dokonce ptipravili systéem kombinujici cileny transport 1é¢iv, hypertermii a také moznost
radioterapie, pii¢emz jejich spojenim dosahli signifikantné lepSich terapeutickych
ucinkd.

Poslednim ptikladem vyuziti SPIONS je odstranovani ionti téZkych kovi jako
napiiklad Cd?**, Co?*, Cr®, Cu®*, Pb** a Hg?* [256,280-282].

1.6. Bimetalické NCPs slozené z AUNCs a SPIONs nebo magnetickych
nanocastic oxida zeleza, jejich syntéza a vyuziti

Nanokompozit (NCP) je soustava slozena ze dvou ¢i vice materiald, pfi¢emz
minimalné jeden z jeho rozméri je fadové v nanometrech [283]. Bimetalicky NCP je
pak NCP obsahujici dva kovové materidly [284]. Existuji dva rizné pristupy piipravy
NCPs, jejichz jednou ze soucasti jsou kovové NCs: postsynteticka funkcionalizace
a in situ syntéza [11]. Prvné zminovany ptistup spociva v piipravé jednotlivych soucasti
NCP, jejich nasledné funkcionalizaci a propojeni ve vysledny NCP. V piipadé¢ in situ
syntézy je NCP piipraven postupnym smisenim vSech prekurzora v jednu reakéni smés.
Piiklady téchto obou strategii budou demonstrovany vyhradné na bimetalickych NCPs
tvofenych soucasné jak AuNCs, tak SPIONSs ¢i piipadné magnetickymi nanocasticemi

oxidu zeleza.

Postsyntetick& funkcionalizace bude v nasledujicich odstavcich detailngji

ukazéna na jednotlivych metodach, kterymi budou chemickd konjugace [285,286],
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metoda povrchové redukce [287], nekovalentni interakce [288—290] a samouspofadani
[291].

Principem chemické konjugace je interakce mezi koncovymi funkénimi
skupinami molekul, kterymi jsou jednotlivé prvky konjugace modifikovany. Huang a kol.
(2018) [286] piipravili multifunkéni bimetalicky NCP slozeny z AUNCs a SPIONs se
schopnosti dualniho zobrazovani a moznosti distribuce 1é¢iv. Nejprve s vyuzitim metody
koprecipitace pripravili SPIONS, jejichz povrch nasledné modifikovali prostfednictvim
3-aminopropyltriethoxysilanu. Poté ptipravili AuNCs s vyuzitim kyseliny lipoové jako
stabilizujiciho ¢inidla, které nasledné konjugovali s funkcionalizovanymi SPIONs skrze
amidové vazby. Nakonec konjugat uzavieli do lipozomi a realizovali in vitro MRI
a in vivo fluorescen¢ni zobrazovani (FI). S pomoci ex vivo optického zobrazovani organti

zjistili, ze jejich NCP je primarné metabolizovan v ledvinach.

Luo a kol. (2017) [285] ptipravili bimetalicky NCP sloZzeny z AUNCs, SPIONs
a SiO vykazujici peroxidadzovou aktivitu. Nejprve piipravili SPIONs pomoci metody
koprecipitace a nasledné provedli aminaci pomoci 3-aminopropyltriethoxysilanu. Pak
piipravili AUNCs s vyuzitim BSA jakozto stabilizujiciho a reduk¢niho ¢inidla, kdy
pro aktivaci COOH skupin BSA uzili N-(3-dimethylaminopropyl)-N’-ethylkarbodiimid
a také N-hydroxysukcinimid (NHS). Konjugaci obou NSs vznikl vysledny NCP
se schopnosti katalyzovat oxidaci substratu peroxidazy 3,3°,5,5’-tetramethylbenzidinu
Vv ptitomnosti H2O za vzniku 3,3’,5,5’-tetramethylbenzidindiiminu, produktu modré
barvy. Diky tomuto je mozné tento Systém pouzit pro citlivou kolorimetrickou detekci
H20; s detek¢nim limitem 0,6 uM a glukozy s detek¢nim limitem 3 UM a navic, diky
emisi AUNCs v Cervené oblasti a jejiho zhaseni H>Oz, je mozné detekovat pfitomnost
glukozy také pomoci fluorescence. Kolorimetricka detekce glukozy je selektivni vici
analogim glukézy (laktdza, sachar6za a maltéza) a ma velky potencial pro detekci

glukozy ve vzorcich lidského séra.

Metodou povrchové redukce piipravili Zhao a kol. (2015) [287] bimetalicky
NCP slozeny z AUNCs a SPIONSs se schopnosti in vivo zobrazovani s vyuzitim vypocetni
tomografie a in vivo MRI, moznosti optického zobrazovani buné¢k, a nakonec diagnozy
riznych onemocnéni jater S potencidlem pro spolehlivé rozliSeni stupné jaterniho
onemocnéni. Stejné jako V predeslych piipadech, SPIONs byly pfipraveny pomoci

koprecipitaéni metody, avsak tentokrat modifikovany prostiednictvim DMSA. K takto
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funkcionalizovanym SPIONs byla poté piidana HAuCls a redukci Au thiolovymi
skupinami DMSA byly ptipraveny SPIONs pokryté AuNCs.

Jednou z nekovalentnich interakci je interakce elektrostatickd, kterou Le Guével
a kol. (2012) [288] vyuzili k ptipravé NCP slozeného z AuNCs a superparamagnetického
Mn-Zn feritu MnggZno2Fe;O4 s potencialem vyuziti jakoZto nosice 1é¢iv a kontrastni
latky pro dudlni zobrazovéni (F1 a MRI). Nejprve pomoci koprecipitace ptipravili Mn-Zn
ferit, ktery poté obalili nékolika vrstvami opa¢né nabitého polyallylamin hydrochloridu.
Posléze ptipravili AuNCs s vyuzitim BSA jakoZto stabilizujiciho a reduk¢niho ¢inidla.
Syntetizované AuNCs byly nakonec adsorbovany na povrch modifikovaného feritu

prostfednictvim elektrostatickych interakci.

Podobné Wang a kol. (2015) [289] vyuzili elektrostatickou interakci k syntéze
bimetalickeho NCP tvofeného AUNCs a SPIONs s potencialem pro dualni zobrazovani
(FI a MRI). Nejprve ptipravili AUNCs s vyuzitim GSH jako stabilizujiciho a redukéniho
¢inidla. Nasledné piipravili magnetické nanocastice FezOs s vyuzitim metody termalni
dekompozice, které poté modifikovali bromidem hexadecyltrimethylamonnym, jenz
obsahuje kladn¢ nabity kvarterni dusik, diky kterému lze adsorbovat negativné nabité

AUNCs na povrch funkcionalizovanych SPIONSs.

Rovnéz Cho a kol. (2017) [290] pfipravili bimetalicky NCP prostfednictvim
elektrostatické interakce, jenz je tvoreny AUNCs a magnetickymi Fe3Os nanocasticemi,
které vyrazné vylepSuji katalytickou aktivitu samotnych AUNCs. VylepSené vlastnosti
vyuzili ke kolorimetrickému stanoveni glukézy ve vzorcich lidského séra s detekénim
limitem 100 uM, vysokou selektivitou oproti mocoving, fruktdze, laktéze a kyseliné
askorbové (tedy oproti molekuldm, které se v krvi bézné vyskytuji) a s potencialem

diagnostikovani hyperglykémie v komplexnich klinickych vzorcich.

Shibu a kol. (2013) [291] nasyntetizovali bimetalicky NCP tvoieny AUNCs
a magnetickymi FesOs nanoc¢asticemi pomoci metody samouspoiadavani (anglicky
self-assembly), kdy vyuzili silnou nekovalentni interakci mezi biotinem a avidinem [11].
Nejdiive ptfipravili AUNCs s vyuzitim BSA jakoZzto stabilizujiciho a redukéniho €inidla.
Prostiednictvim biotin-NHS esteru posléze biotinylovali aminoskupiny BSA, zatimco
nanocastice funkcionalizovali streptavidinem. Konjugaci obou funkcionalizovanych NSs
ziskali NCP, ktery po konjugaci s epidermalnim ristovym faktorem vyuzili pro in vitro

dualni zobrazovani (FI a MRI) zivych bungk.
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Piikladem druhého pfistupu, tedy in situ syntézy, budiz ptiprava bimetalického
NCP slozeného z AUNCs a SPIONSs, ktery byl vyuzit jakozto kontrastni latka pro in vitro
a in vivo dudlni zobrazovéani (FI a MRI) [292]. Bimetalicky NCP byl ptipraven postupnym
smisenim v8ech vstupnich latek, pfi¢emz schéma piipravy Ize pozorovat na obrazku nize
(viz Obrazek 17).
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Obrézek 17: Schematické zndazornéni pripravy bimetalického nanokompozitu dle [292].

Obecné lze bimetalické NCPs syntetizovat i pomoci dalSich metod, ke kterym
patii napiiklad solvotermalni a hydrotermalni metoda, pyrolyza nebo elektrodepozice, jez
spoc¢iva v nanaseni vodiveho materialu (kov nebo vodivy polymer) na pracovni elektrodu

na zaklad¢ redoxnich dé&ju [11].

Jak bylo popsano ve vyétu syntéz jednotlivych autoru vyse, pfidanim dalsi kovové
NSs Ize vylepsit stavajici vlastnosti monometalického NCP [285,290] a/nebo rozsitit jeho
aplikovatelnost o dalsi zobrazovaci modalitu ¢i jiné vyuZiti (napiiklad [286,289,291]).
Zobrazovani s vyuzitim nékolika modalit sou¢asné mize byt velmi pfinosné, nebot’ jejich
uzite¢nou kombinaci Ize pifekonat omezeni souvisejici s jejich samostatnym pouzivanim.
Kuptikladu, vysoka citlivost optického zobrazovani umoznuje sledovani biologickych
déja na molekularni drovni v realném cCase, nicméné kvilli omezené propustnosti zafeni
skrz tkan€ neumoznuje ziskat jeji detailni 3D obraz. Na rozdil od toho MRI poskytuje 3D
obraz mékkych tkani s vysokym prostorovym rozliSenim, ale bohuzel citlivost této
metody je nizka [289,293].
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1.7. Proteinova matrice BSA

Albuminy jsou ve vodé rozpustné jednoietézcové globularni proteiny, které jsou
diky své dostupnosti ¢asto vyuzivany jako modelové proteiny v laboratorni praxi [294].
Jsou charakteristické nizkym obsahem tryptofanu a methioninu, a naopak vysokym
obsahem nabitych aminokyselin (asparagova a glutamova kyselina, lysin a arginin) [295],
kterych se v BSA nachazi dohromady 181, z ¢ehoz 100 jich je nabitych negativné [296].
Sérové albuminy jsou v télech obratlovci hojné zastoupené, podileji se na udrzovani
osmotického tlaku krve a hraji dilezitou roli v distribuci mnoha metaboliti, hormont,
1é¢iv a prechodnych kovii [294,297]. Vétsina albumint savei (i BSA) obsahuje 4 vazebna
mista pro kovy, které se vSak zna¢né 1isi svou strukturou a specifitou [297]. Jmenovité
jde o N-koncové misto (znamé jako NTS), Cys34 a jeho okoli, vazebné misto A, které

bylo pozdé&ji ztotoznéno s vicekovovym vazebnym mistem, a vazebné misto B [297].

Primarni struktura BSA je dana sekvenci 583 aminokyselin, pticemz jeji
podobnost se sekvenci lidského sérového albuminu je 75,6 % [298,299]. Je tvoten celkem
2 tryptofanovymi rezidui, 20 tyrozinovymi rezidui a 35 cysteinovymi rezidui, z nichz 34
vytvaii disulfidické mustky [295,298,299]. Jeho molekulova hmotnost byla stanovena
mnoha autory, a to kupiikladu jako 66 500 Da [300], 66 267 Da [301], 66 600 Da [302],
66 509 + 23 Da [303] a 66 465,8 Da [298]. Hirayama a kol. (1990) [298] opravili pocet
aminokyselin v BSA z diive uvadénych 582 [295] na 583 (chybéjici tyrosin), diky cemuz
se teoreticka hodnota molekulové hmotnosti 66 430,3 Da piiblizila experimentalné
uréené hodnoté 66 431,5 + 1,3 Da autory Feng a kol. (1991) [304].

Sekundarni struktura BSA je pievazné a-helikalni, pficemz jeji procentualni

zastoupeni je uvedeno V tabulce nize (viz Tabulka 7).

Tabulka 7: Procentuélni zastoupeni a-helikalni struktury v hovézim sérovém albuminu v rozmezi hodnot
pH 7 -8.

Zastoupeni a-helikalni

Autofi pH struktury [%0]
[305] 8 55

[306] 7,4 62,9+29
[307] 7 67

[308] 7,4 59,6
[309] 7,4 59,3
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Terciarni struktura se sklada ze tfi homolognich domén (I, II a III), pficemz kazda

doména se sklada ze dvou subdomén (A a B) (viz Obrazek 18) [299].

Obrézek 18: Terciarni struktura hoveziho sérového albuminu sestavd ze tii domén (I, Il a Ill), pricemz
kazda doména se skldda ze dvou subdomén (A a B). Prevzato z [299].

Konformace BSA ve vodném roztoku je siln¢ zavisla na jeho pH, kdy béhem zmény pH
z oblasti kyselé do oblasti zasadité muzeme identifikovat celkem az 5 izomernich forem:
E(pH<27),F(2,7<pH<4,3),N(4,3<pH<8),B(8<pH<10)aA (pH>10) [310-
315]. V rozmezi pH od 4,3 do 8 ma BSA svou nativni podobu, jez pfipomina tvar srdce
[311,316]. Denaturacni teplota BSA v 0,1M NaCl je v rozmezi pH od 5,25 do 10,01 vétsi
nez 60 °C, pfi¢emz maximalni hodnota 64,3 °C je pti pH 7 [317]. Kongraksawech a kol.
(2007) [318] uvadeji hodnotu 70,6 °C piipH 7 (BSA v 0,01M fosfatovém pufru). Michnik
a kol. (2006) [319] uvadéji, ze po zahtati BSA pii pH 6,0 £ 0,5 na 60 °C je denaturace
proteinu kompletné reverzibilni. Izoelektricky bod se nachazi pti pH 4,7 [307,320],
nicméné Jachimska a Pajor (2012) [305] uvadéji hodnotu izoelektrického bodu 5,1 a Shi
a kol. (2005) [321] uvadgji hodnotu 5,4.

UV-vis spektrum BSA vykazuje dva charakteristické piky v ultrafialové oblasti,

pticemz jeden se nachazi v rozsahu vinovych délek 205-220 nm a souvisi s absorpci
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polypeptidového fetézce BSA a druhy se nachazi pti 280 nm a je vysledkem absorpce
aromatickych aminokyselin (tryptofan, tyrosin, fenylalanin) [309,322,323]. Uvedené
aminokyseliny jsou rovnéz zodpovédné za fluorescenci BSA s maximem v rozsahu
vinovych délek 340-350 nm, kde nejvétsi piispévek tvoii tryptofan [308,322,324].
Ve spektru cirkularniho dichroismu BSA se vyskytuje jedno pozitivni maximum okolo
190-195 nm a dvé zaporna minima pii vinovych délkédch 208 a 222 nm, coz jsou piky
charakteristické pro alfa-helikalni strukturu proteinu [308,309,313,322,325].
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2. Stru¢né shrnuti védecké ¢innosti

Préci na bimetalickych NCPs obsahujicich jak AUNCs, tak SPIONs piedchazela
ptiprava a charakterizace monometalickych NCPs sestavajicich pouze z AuUNCs. Tento
systém je logicky jednodussi, jeho ptiprava je tvofena menSim mnoZstvim kroki a hlavné
parametri, coZ bylo pro nasledné uskute¢néné optimalizace vyhodnéjsi. Monometalicky
systém slouzil také jako reference ke zminénému bimetalickému NCP. P¥iprava tohoto
monometalického systému byla inspirovana syntézou publikovanou autory Xie a kol.
(2009) [88], pricemz misto konvenéniho ohievu byl pro urychleni vyvoje AuNCs pouzit
ohfev mikrovinny dle autorti Yan a kol. (2012) [76]. Matrici obou vyse zminénych skupin
autort byl protein hovézi sérovy albumin (BSA). Jeho vyznam spociva v redukci iontt
AU** a nasledné stabilizaci tvorby a ristu AuNCs [19]. Nékteré parametry syntézy
(koncentrace, molarni poméry a doba mezi pfidanim jednotlivych vstupnich latek, doba
mikrovinného ohfevu, vykon mikrovinného zafeni a doba vyvoje systému) vsak byly
upraveny s ptihlédnutim k vysledkim optimaliza¢nich experimentu, jez byly provedeny
z diivodu dosaZeni co nejvétsi hodnoty QY v rozumném Gase vyvoje systému. Cést téchto
vysledkut, konkrétné vliv molarniho poméru HAuCls a NaOH (ovliviujici pH reakéni
smési) na hodnotu QY avilnovou délku maxima emise, je uvedena v konferen¢nim
piispévku autorii Ostruszka a Siskova (2022) [326].

Piipraveny monometalicky NCP, znaceny jako AUBSA, vykazuje emisi v ¢ervené
oblasti spektra s vyskytem jednoho maxima pii vinové délce 655 £+ 1 nm a hodnotou QY
stanovenou jako 6,7 + 0,1 % [19]. Pramérna velikost AuNCs uréena pomoci transmisni
elektronove mikroskopie je 1,01 + 0,24 nm, kdeZto Vv piipadé uziti HRTEMu byla
prumérna velikost vétsinez 2 nm, coz bylo vysvétleno pozorovanim in situ tvorby AuNPs
pod fokusovanym svazkem elektrond pii uziti vétsiho zvétSeni a/nebo béhem mapovani
s vyuzitim EDS. Pomoci EPR bylo jednak zjisténo, ze okamzité po zahdjeni ozatrovani
systému AuBSA UV A zaienim o vinové délce 325 nm dochazi k tvorbé thiylovych (RS,
tryptofanovych (Trp’) a také C-centrovanych (C°) radikalt, které s AUNCs magneticky
neinteraguji, ale pfi prodlouzeném ozafovani (nad 10 minut) vedou k nevratnému
poskozeni proteinové matrice; jednak byla poprvé v ramci NCP tvotfeného BSA a AUNCs
prokazana piitomnost Au®*, pfiemsz autofi vétsinou uvadéji vyskyt oxida¢nich stavi Au°
a Au’, jez nejcastéji detekuji pomoci rentgenové fotoelektronové spektroskopie
(naptiklad [67,88,327,328]). Rovnéz byla porovndnim EPR spekter systému AuBSA

a prekurzoru Au, kterym byla kyselina tetrachlorozlatitd (HAuCls), potvrzena schopnost
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BSA redukovat Au** na nizsi oxida¢ni stavy, pficemz s vyuzitim absorpéni spektroskopie
byla pozorovana redukce Au** na Au® za vzniku AuNPs (jejichz projevem je pik SPR)
Vv piipadé, kdy byla HAuCls inkubovana s tyrosinem (aminokyselina, ktera je soucasti
BSA).

V navaznosti na monometalicky systém AuBSA byl souc¢asné piipraven jednak
NCP bimetalicky, znaceny jako AUBSA-Fe, jehoZ syntéza byla obohacena o prekurzory
zeleza (FeCl:4H20O a FeClz-6H20), nicméné pivodni molarni poméry pro ostatni
reaktanty (tj. BSA: HAuCls a HAuUCls: NaOH) byly zachovany; jednak byl pfipraven
dalsi referencni NCP, oznaceny jako BSA-Fe, jenZ se od AuBSA 1i8i tim, Ze neobsahuje
AUNC:s, ale naopak je tvofeny SPIONs generovanymi v pfitomnosti BSA. Syntéza tohoto
NCP je obdobou syntézy AuBSA-Fe s tim rozdilem, ze HAuCls byla nahrazena HCI tak,
ze bylo ponechano stejné latkové mnozstvi CI™. Jak system BSA-Fe, tak AUBSA-Fe byly
opét zkoumany pomoci EPR spektroskopie a bylo experimentalné prokazano, ze v rdmci
obou systémt je Fe pfitomno jednak ve form¢ jednojadernych komplex, jednak ve formé
SPIONS (jak bylo diive prokazano pomoci Mdssbauerovy spektroskopie v [19]), pficemz
v ptipad¢é bimetalického NCP dochazi k tvorbé SPIONs mensich velikosti nez v ramci
systému monometalického BSA-Fe [329]. Také byla pozorovana komunikace v podob¢
pienosu ndboje mezi SPIONs (donor) a komplexy Fe (akceptor) po ozaieni UVA zafenim
o vlnové délce 325 nm, avSak pouze v ptipadé BSA-Fe (v ramci AuBSA-Fe nebyl tento
pienos naboje pozorovan). V neposledni fadé byl proveden experiment s uZzitim spinové
pasti (anglicky spin trap), ktery odhalil pfitomnost hydroxylovych radikala (‘OH)
generovanych ve vodném roztoku po ozaieni obou studovanych NCPs (BSA-Fe

a AUBSA-Fe) UVA zatfenim po dobu 5 minut pii pokojové teploté.

AUNCs v systému AuBSA-Fe opét emituji v cervené oblasti spektra s obdobnymi
hodnotami vinové délky maxima emise a QY, jaké mély AuNCs v systému AuBSA [330].
Z prub&hu mossbauerovskych spekter pii teplotach 300 a 5 K (u druhého téz v externim
magnetickém poli) bylo prokdzano, ze nanocasticova forma Fe v systému AuBSA-Fe je
superparamagneticky oxid Zeleza v oxida¢nim stavu III. Vysledky z EDS poukazuji
na dominantni vyskyt O v blizkosti Fe v nanocasticové formé a ptitomnost S pobliz Au.
Je znamo, Zze AuNCs je k BSA vazano ptes S (naptiklad [331,332]) a SPIONs (a oxidy
zeleza obecné) interaguji snadno s COOH a/nebo OH skupinami [333,334]. Dusledkem
této odlisné afinity je fakt, Zze jak AuNCs, tak SPIONs mohou byt v ramci BSA

lokalizovany pobliz odli$nych aminokyselinovych rezidui [329]. Také bylo provedeno
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invitro MRI s viditelnym T kontrastem a relaxometrie, kdy hodnoty relaxivity byly
ziskany fitovanim zavislosti reciproké hodnoty relaxa¢niho ¢asu na koncentraci Fe,
pri¢emz ve zkoumaném rozsahu koncentraci byly identifikovany dvé linedrni zavislosti,
a byly tedy ziskany dvé hodnoty relaxivity. V neposledni fad¢ byla stanovena viabilita
nerakovinnych RPE-1 bunék pii jejich inkubaci se systémem AuBSA-Fe, kterd
dosahovala hodnot okolo 80 % pro obé koncentra¢ni oblasti, coz dle ISO 10993 tadi tento
NCP stéale mezi netoxické latky [330].

V mezicase probihaly ¢etné optimalizace diskutovaného bimetalického systému,
jednak na zaklad¢ znalosti ziskanych z optimaliza¢nich experimenti monometalického
systému AuBSA, jednak byly nékteré experimenty inspirovany kKupiikladu autory Babes
a kol. (1999) [335], Andrade a kol. (2010) [336] a Ueno a kol. (2014) [337]. Optimalizace
byly pfevazné zaméfeny na vylepSeni magnetického kontrastu, jelikoz uspokojivého
kontrastu v piipadé¢ systému AuBSA-Fe bylo dosazeno pouze po piedchozim
zakoncentrovani vzorkt, coz mimo jiné vedlo ke zvySeni viskozity roztoku a snizeni
viability bun€k zhruba na hrani¢nich 80 %. Optimalizace bimetalického systému byla
mnohem komplexnéjsi, a to jednak proto, Ze zpocatku byla nepiekonatelnou prekazkou
jeho stabilita, jelikoz dochazelo k ¢astym agregacim proteinové matrice nebo pievazné
agregacim Fe v mikroc¢astice, jednak bylo potiecba najit takové podminky, aby obé
vysledné NSs (jak AuNCs, tak SPIONSs) vykazovaly soucasné co mozna nejlepsi
vlastnosti za dany ¢as jejich spoleéného vyvoje. Jedny z poslednich experimenta byly
inspirovany Jolivet a kol. (2004) [338], piicemz byly provadény s mySlenkou, Ze zvySeni
pH na hodnotu 7,4 pted piidanim HAuCls, kdy se Fe3* vyskytuji prevazné ve formé
neutralnich komplexa [338], by mohlo vést ke zvySeni interakci mezi komplexy Fe
a proteinovou matrici, ktera by se navic m¢la vtomto pH nachazet ve své prirozené
konformaci [311,316]. Neékteré vysledky z téchto optimaliza¢nich experimentii jsou
uvedeny v Ostruszka a kol. (2024) [292].

Nakonec se povedlo ptipravit bimetalicky NCP, oznaceny jako APEBM, jehoz
syntéza respektuje principy ,.zelené chemie (tj. prace ve vodném prostiedi, pouziti
netoxickych latek a vyvarovani se nadbyte¢nému mnozstvi chemikalii) [292]. Oproti
syntéze AuBSA-Fe byly upraveny a/nebo nové zavedeny nasledujici parametry: typ
prekurzoru Fe, pofadi pfidani jednotlivych reaktantli, jemna Gprava pH pied pfidanim
HAuUCI4, prodlouzena doba mezi jednotlivymi kroky syntézy, typ ohfevu pro urychleni

obou chemickych procesi (redukce Au®* iontli a formace SPIONs) a delsi doba dozravani
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vzorku, a to navic pti vyssi teploté. Vysledkem je NCP velmi stabilni viici agregaci jak
Vv deionizované vode¢, tak i v pufru PBS a kultivacnim médiu, a to pfi riznych teplotach
inkubace (4, 20 a 37 °C). Teoretické molarni poméry BSA: Au: Fe byly z pivodnich
hodnot 1: 10: 0,75 navySeny na 1: 20: 20, pficemz experimentalni poméry po dialyze jsou
1: 16: 18. Koncentrace Fe v optimalizovaném NCP byla tedy celkové navysSena vice nez
dvacetinasobné. Bimetalicky APEBM NCP vykazuje monomodalni distribuci velikosti
s hodnotou hydrodynamického priméru dy = 296 + 14 nm a bunééné viability vétsi nez
90 % pro nejvyssi koncentraci vzorku (tj. koncentrace ptimo po dialyze, jez vzorek natedi

vzdy 1,5x deionizovanou vodou).

Nejprve bylo provedeno in vitro FI a MRI, avsak s pfihlédnutim ke komplexnosti
bunééné internalizace nanomateriald, kterd je zavisla na mnoha vzajemné propojenych
parametrech, bylo rovnéz provedeno zobrazovani in vivo. Totiz, hydrodynamicky prameér
a povrchovy naboj (obecné reprezentovan jako zeta potencidlem) sice hraji urcitou roli
V interakcich mezi nanomaterialem a bunikami [339-345], av§ak mnoho jinych faktori
muze mit také vliv na buné¢nou internalizaci a/nebo cytotoxicitu studovaného materidlu.
Mezi tyto faktory patti napiiklad tvar [346,347], sloZeni kovového jadra a povrchu
[346,348], elasticita [349,350], hydrofobicita [348,351] a rovnéz i ptitomnost a sloZeni
proteinové korony [346,352-354], ktera mize byt modulovana fyzikalné-chemickymi
parametry, jakymi mohou byt pH, iontova sila, teplota, koncentrace plazmy, a dokonce
také mnozstvi cholesterolu [354-358]. Z vyslednych obrazkt poiizenych béhem in vivo
MRI (viz Obrazek 19A a 19B) a FI (viz Obrazek 19C) je ziejmé, ze prezentovany NCP
ma schopnost slouzit jakozto efektivni inertni kontrastni latka pro dudlni zobrazovani.
Luminiscen¢ni signal optimalizovaného NCP je nejméné 20x silnéjsi nez signal reference
(). koncetina injektovana destilovanou vodou) a MR kontrast Ize relativné dobte odliSit

od okolni svalové tkané.
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ROI 2 =1.07e+9

Obrézek 19: In vivo (A, B) zobrazovani magnetickou rezonanci a (C) fluorescencni zobrazovani zdravé
BALB/c mysi pod anestézii. Triplikat bimetalického nanokompozitu APEBM (oznacené jako BM 1, BM 2
a BM 3) byl aplikovan do jednotlivych koncetin. Do neoznacené koncetiny byla vpichnuta destilovana voda

slouzici jako reference. Obrazky prevzaty z [292] a zkombinovany.

43



3. Zavér

Piedlozena dizertaéni prace se ze SVé pievazné Casti soustfedi na piedani poznatku
ohledné dvou zcela odlisnych kovovych NSs, AuNCs a SPIONS, které rozebira z hlediska
jejich optickych (pripad AuNCs) ¢i magnetickych (ptipad SPIONs) vlastnosti, strategii
syntézy a rovnéz moznosti praktického vyuziti. Posléze se prace vénuje jednak systémim
kombinujicim uvedené NSs, jednak proteinu BSA, jenz byl po celou dobu védecké
¢innosti autora pouZzivan jako matrice pro syntézu téchto NSs. Druha cast prace se
zaméfuje pravé na zminénou védeckou Cinnost autora, ve které jsou rozebirany jak NCPs
monometalické (znaCené jako AuBSA, BSA-Fe) slouzici jako referencni systémy, tak
NCPs bimetalické (oznacené jako AuBSA-Fe a APEBM). Diky relativné velkému
mnozstvi postupnych optimalizaci syntézy bylo nakonec dosazeno ptipravy systému
APEBM, jenZ je stabilni vii¢i agregaci v ruznych prostredich pii riznych teplotach,
vysoce biokompatibilni a ma schopnost slouzit jako inertni kontrastni latka pro in vivo
duélni zobrazovani (FI a MRI). Dilezité¢ je zduraznit, z2 APEBM nebylo nutné
zakoncentrovat pro to, aby poskytoval dostatecny MRI signal, coz je velky pokrok oproti
systému AuBSA-Fe, jehoz zakoncentrovani vedlo k poklesu biokompatibility a nartstu
viskozity. Dalsi potencialni vyuziti systémti obsahujicich SPIONs (at’ uz jde o systém
monometalicky ¢i bimetalicky) souvisi s generovanim "“OH (detekovanych pomoci EPR
spektroskopie) ve vodném roztoku po ozafeni daného systému UVA zafenim po dobu
5 minut, ¢ehoZ by se v budoucnu mohlo vyuzit v environmentalni oblasti k odstrafiovani
polutantii ve vod¢ ¢i k eliminaci mikroorganismil. V tomto sméru je nicméné potieba
provést dalsi experimenty. Mimo to lze samoziejmé pokracovat také v biomedicinské
oblasti, kdy lze systém vylepsit naptiklad o moznost cileni do nadorovych bunék, a tim
umoznit jejich zobrazeni a/nebo eliminaci. Nakonec je rovnéz podstatné neopomenout
roli referenénich monometalickych systémi, diky kterym byly osvétleny mnohé
vlastnosti nejen samotnych monometalickych, ale také bimetalickych NCPs, coz mimo
jiné vedlo k pfesnéj$im interpretacim ziskanych dat a K lepsimu pochopeni téchto

systémil.
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Abstract: Bovine serum albumin-embedded Au nanoclusters (BSA-AuNCs) are thoroughly probed
by continuous wave electron paramagnetic resonance (CW-EPR), light-induced EPR (LEPR), and
sequences of microscopic investigations performed via high-resolution transmission electron mi-
croscopy (HR-TEM), scanning transmission electron microscopy (STEM), and energy dispersive X-ray
analysis (EDS). To the best of our knowledge, this is the first report analyzing the BSA-AuNCs by
CW-EPR/LEPR technique. Besides the presence of Au(0) and Au(l) oxidation states in BSA-AuNCs,
the authors observe a significant amount of Au(Il), which may result from a disproportionation
event occurring within NCs: 2Au(I) — Au(Il) + Au(0). Based on the LEPR experiments, and by
comparing the behavior of BSA versus BSA-AuNCs under UV light irradiation (at 325 nm) during
light off-on-off cycles, any energy and/or charge transfer event occurring between BSA and AuNCs
during photoexcitation can be excluded. According to CW-EPR results, the Au nano assemblies
within BSA-AuNCs are estimated to contain 6-8 Au units per fluorescent cluster. Direct observation
of BSA-AuNCs by STEM and HR-TEM techniques confirms the presence of such diameters of gold
nanoclusters in BSA-AuNCs. Moreover, in situ formation and migration of Au nanostructures are
observed and evidenced after application of either a focused electron beam from HR-TEM, or an
X-ray from EDS experiments.

Keywords: gold nanostructures; fluorescent nanoprobe; noble metal nanocrystal; protein nanocomposite

1. Introduction

Fluorescent gold nanoclusters (AuNCs) embedded in bovine serum albumin (BSA)
have been extensively studied in the literature since 2009, following the publication of Xie
et al. [1] However, many open questions remain unsolved, especially for the witnessed
dependence of the fluorescent properties with the sizes of Au nanostructures. [2-42]. The
discussion remains controversial because many reports describe fluorescent AuNCs where
the origin of such phenomenon is linked to the small size of the nanoparticles (NPs) (e.g.,
Burt et al. [37], Zhang and Wang [38], Zheng et al. [39]), while other reports suggest that
the key to the fluorescence properties is intimately associated to the oxidation state of the
gold cluster, Au(Ill)- [3] and/or Au(I)-complexes [40]. In Table 1, examples of selected
BSA-AuNCs preparations are given, including their synthetic parameters, as reported in
literature, in conjunction with the AuNCs size, oxidation state of Au when known, and
maximum (maxima) of their fluorescence emissions.
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Table 1. Details of selected BSA-AuNCs preparations and properties as reported in literature.

Size of Emission
Reference Oxidation State BSA-AuNCs Wavelength Quantum Yield Synthesis Conditions
Number of Au [nm] Maximum [%] (X = BSA + HAuCl4)
[nm]
(] Au’, Au* ~0.8 640 6 X —(2 min)> NaOH —
XPS TEM incubation at 37 °C for 12 h
] ~1 X — NaBH, — incubation at
n.a. TEM n.a. na RT for 1 h
6.3 £29 (pH12)* 640 (pH 12) .
3] na 33+ 1.4 (pH10)* na. (pH 10) na same as Pa]te T;ET used in
1.6 +0.7 (pH9) * 440 (pH 9) p
Au®, Au* 42+05 X — NaOH — MW
4] XPS TEM 676 414 (incubation at 80 °C for 4 min)
X — NaOH — MW
) AWl 31404 . . .
[4] XPS + FQ TEM 436 1.94 (incubation a.t 135 °C for
4 min)
7] na na 640, 710 na X = incubation at 37 °C
overnight
Au®, Au* 21403 X — NaOH — MW (120 W,
[15] XPS TEM 650 1.9 2 min)
Au’, Au*
[16] XPS n.a 656 n.a same as [1]
X —(1h) >NaOH —
[27] na na 705 na incubation at 45 °C for 4 h
Au’, Au*
[30] XPS na 635 na same as [1]
[32] Au’, Au* 4-6 650 ~8 X —(30 min)> NaOH —
XPS TEM - incubation at 50 °C for 34 h
AU, Aut - X — ascorbic acid -+ NaOH
[34] XPS na 685 ~5:5 — incubation at 37 °C for 5 h
X —=(2 min)> NaOH — MW
Aud, Aut 16 and then incubation at 37 °C
[35] XPS HR-TEM 604 n.a for12h
X =(10 min)> NaOH —
incubation at 37 °C for 24 h
Au At X — NaOH — incubation at
[36] 1w, Al n.a 620 n.a 37 °C for 12 h + dialysis for
XPS
48 h
average < 2
[37] n TEM n n X — NaBHy — incubation for
- 4 1.5-1.8 4 a 3h
HAADEF-STEM
, 3.6 X (90 )> NaOH — MW
[41] n.a DLS 650 6.2 (150 W, 10's)
) ~5 X — NaOH — MW (300 W,
[42] na TEM, HR-TEM 645 n-a. 6 min)

Notes: n.a. = not available, * = sizes obtained after the reduction performed by addition of NaBHy4 to Au(III)-BSA
systems which were generated at given pH values, MW = microwave radiation heating, XPS = X-ray photoelectron
spectroscopy, FQ = fluorescence quenching, TEM = transmission electron microscopy, HAADF-STEM = high-angle
annular dark-field scanning transmission electron microscopy, HR-TEM = high resolution transmission electron
microscopy.

From the size perspectives, AuNCs are considered intermediate systems, falling
between dimensions of isolated Au atoms (0D, zero dimensional) and Au nanoparticles
(3D dimensional). The fluorescent properties emerge and are tuned by the presence of
discrete energy levels that mirror the nanoparticle size variance, which approach the Fermi
wavelength of free electrons (e.g., [38,43]). More detailed descriptions of different types of
luminescent Au nanostructures and the related emission mechanisms, including not only
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the free-electron model, but also surface ligand effects, are thoroughly discussed in recent
reviews (e.g., [39,44-46]).

The oxidation state of Au is undoubtedly an important parameter to unveil for under-
standing the physical basis of the fluorescence phenomenon. [44] In this context, analysis of
the fluorescent properties of Au clusters entrapped by proteins, such as bovine serum albumin
(BSA), is particularly debated. Mostly, Au(0) and Au(I) oxidation states are observed and
screened by XPS (X-ray photoelectron spectroscopy) in BSA-AuNCs [1,2,4,15,16,30,32,34-36].
The pseudo-polymeric structure, such as SR-(Au-SR)x- (x = 1 or 2) motif, is envisioned
to be present, and from XPS results the authors [2] demonstrated that Au-Au and Au-S
bonds form in the BSA-AuNCs system. It should be noted that the occurrence of the staple
motif arrangement (-S-Au(I)-5-Au(I)-S-) determined in BSA-AuNCs (as in e.g., [7]) shares
similarities with the arrangement observed in thiol-protected Auys(SR)g clusters prepared
by Zhu M. et al. [47,48]. Based on XRD analysis, a core-shell structure of the thiol-protected
Auys cluster was determined in [47]. The same group of researchers revealed the intrinsic
magnetism of these thiolate-protected Auys super atoms in 2009 [49]. On the contrary, the
magnetic properties of BSA-AuNCs have not been investigated so far, to the best of our
knowledge. Therefore, the presence of such a property represents one of the aims tackled
in this study.

Importantly, the oxidation state of Au in the final AuNCs is closely related to the
experimental conditions. There are obvious differences in the presence and/or absence of a
strong reduction agent in the course of AuNCs formation as shown in Table 1. In synthetic
procedures where NaBHy is used, BSA represents solely a template (matrix) that prevents
the occurrence of coalescence processes in AuNCs at room temperature. On the contrary,
when the use of NaBHy is avoided (as in our previous work [41]), BSA acts as a reducing
agent (probably due to tyrosine residues [1] at increased pH above its pK, value) and,
simultaneously, as a capping agent for AuNCs. Interestingly, even syntheses exploiting
solely BSA as the reducing agent can lead to different fluorescent properties of resulting
AuNCs, as shown in Table 1. The reason for such differences in fluorescent characteristics
may be either the type of heating (incubator at 37 °C vs. MW heating), or the initial
concentration of BSA—see Table 1.

Several literature reports that describe organometallic complexes containing Au(I)
sites show the existence of strong Au—Au bonds and the term “aurophilicity” was therefore
introduced in 1989 to describe the unusual bond properties [50]. Aurophilic interaction
is thought to be as strong as a hydrogen bond and shows the presence of bond length as
shorter than the sum of two van der Waals radii of gold (3.80 A). This bond characteristic
is suggested to be one of the relevant factors promoting the fluorescence effect of Au(l)
complexes in the UV-vis region, when investigated in the solid state [50]. The fluorescent
property may then vanish in the solution, but there are scenarios where the luminescence is
restored, at least for high concentrations, when a suitable solvent is used [51,52] and/or in-
creases in the solution when AuNCs undergo self-assembly into nanoribbon structures [53].
Importantly, many Au(I) ions, being complexed with thiols and/or compounds containing
other functional groups, such as carboxylates and amides, show fluorescent effects when
they are partially ordered (from aurophillic interactions) [51,52]. This might also be the
case of Au(I) in BSA-AuNCs.

Concerning another oxidation state of Au (besides Au(I) and Au(0)) being evidenced in
BSA-AuNCs, however implicitly (i.e., based on additional chemical reduction using NaBH,
and not directly by XPS), Dixon and Egusa [3] reported the presence of a significant amount
of Au(Ill) in 2018. Terminologically, they label the systems as BSA-Au(Ill) complexes, but,
simultaneously, they admit that there is no disproval of the existence of neutral Au(0) NCs
in BSA-Au samples [3]. They [3] summarized that the red fluorescence that emerged due
to Au(Ill) cations complexed with BSA at or above the pH value (9.7 +/— 0.2), which
was responsible for the conformational change of BSA structure from normal (N) to aged
(A) conformation. Therefore, they [3] concluded that upon BSA conformational change,
some Cys—Cys bonds were expected to be sufficiently exposed and solvent-accessible and
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might interact with Au(Ill). They also experimentally proved multiple specific Au(IlI)
binding sites in BSA and postulated that the UV-excitable red fluorescence of the BSA-
Au(Ill) complex is due to the internal and potentially cascaded energy transfers among
chromophores [3]. Alternatively, they admit strong electron delocalization as a source of
the red fluorescence [3].

Furthermore, based on Table 1, it is obvious that sizes of AuNCs, the oxidation state of
Au, and consequently their luminescent properties are strongly dependent, among others,
on the exact conditions of their synthesis. Moreover, purification (if applied), storage condi-
tions, and time elapsed before the characterization of AuNCs is completed, may represent
other factors influencing the fluorescence of the final NCs as demonstrated in our previous
work [41]. Obviously (Table 1), visualization of tiny AuNCs is usually performed by TEM
and HR-TEM (high-resolution transmission electron microscopy). Particularly, STEM (scan-
ning transmission electron microscopy) using High-Angle Annular Dark Field (HAADF)
mode is necessary to be employed in the case of BSA-AuNCs [37]; otherwise, the TEM
resolution is obscured by the enveloping protein (BSA) and the accurate size distribution
cannot be obtained as stated in [2]. Interestingly, in many research papers (e.g., [3,4,42,54]),
the TEM images of AuNCs exceed the size characteristic for their fluorescent properties
(maximum of 2 nm in diameter). Besides HR-TEM/STEM, the determination of BSA-
AuNCs sizes is often based on mass spectrometry measurements (MS) [55,56]. This is
an indirect method where the MS size of BSA is subtracted from the MS size of the BSA-
AuNCs system. However, this leads to the determination of the number of Au atoms
per BSA. Such estimation does not provide any information about the real size of AuNCs
because Au atoms are not localized on a single place in BSA; indeed, they can be spread on
different cysteine and other residues of the protein [3,41]. Therefore, it seems that direct
visualization of AuNCs as well as determination of individual AuNCs sizes within BSA
represent challenging tasks.

As above mentioned, the magnetic properties of BSA-AuNCs have not been investi-
gated so far and, therefore, it is one of the aims of the present study. From the analysis of
literature results [57-66], many NPs (mostly prepared using thiolate residues) comprising
engineered Au(0) metal clusters give a wide range of magnetic behaviors (diamagnetic,
Pauli paramagnetism, antiferro-, and ferromagnetic responses) that depend on the sys-
tem size (1.8-4.4 nm), the metal’s local symmetry, metal coordination environments, and
unbalanced /charged states (neutral, positive, and negative metal-organic clusters). For
example, the 25 gold (Au(0)) atoms NC stabilized by 18 thiolate ligands prepared by Zhu
and co-authors (Auys(SR);s, with R = phenylethyl) shows, in frozen CH,Cl, /toluene solu-
tion at T = 8 K an EPR (Electron Paramagnetic Resonance) signal characteristic for S = %
systems with g-values consistent with an orthorhombic symmetry at 2.56(x), 2.36(y), and
1.82(z) [49]. Similarly, Agrachev and co-authors reported the phenylethanethiolate Au
complex (neutral), Auys(SCyPh)g, encoding a radius of 13.2 A, which also exhibits EPR
signatures associated to spin S = % The EPR spectrum of the complex at T = 5 K is rather
broad (~200 mT) for Auys5(SR)1s and anisotropic, with g-tensor components at 2.53 (x),
2.36 (y), and 1.82 (z) [67].

In this report, the authors used CW-EPR (Continuous Wave EPR), light-induced EPR
(LEPR), HR-TEM, and STEM to thoroughly investigate the formation of BSA-AuNCs in
a solution, which were intentionally prepared by Xie’s type of synthesis [1]. So far, EPR
has been employed for the investigation of the emerging magnetism of atomically precise
AuNCs of different sizes (e.g., Auy5(SR)1s, Auy33(TBBT)s;), which were prepared by a
multistep synthesis involving NaBH} as a reduction agent [5,6,49]. The EPR/LEPR study
of BSA-AuNCs (further labelled as AuBSA in the present study to be directly distinguished
from the other published results for BSA-AuNCs) is more complicated than the previous
EPR studies of atomically precise AuNCs [5,6,49] because BSA alone reveals photochem-
ically induced radicals” generation, which results in damages of the BSA structure and
oxidation of cysteine and tryptophan residues [68,69]. Several years ago, Lassmann and
coworkers [68] analyzed, using the LEPR technique, the formation of C and S radical centers
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in BSA by UV-photolysis, especially thiyl (R-CH2-Se) and perthiyl radicals (R-CH2-5-Se),
revealing that radiation damages are produced in the amino acid chain in a dose-dependent
manner, i.e., the number of radicals increases by increasing the UV light irradiation time.
The authors found that in bovine serum albumin (BSA) the thiyl radical (R-CH2-Se) exhibits
axial anisotropy, with ¢,, =217, ¢| =2.008, ABp, = 1.8 mT, pH =7, T = 80 K) and the
cysteine x HCl radical (phosphate buffer, pH = 3) shows similar features, with g,, = 2.11,
g1 =2.011, ABpp =3.2mT, T =80 K). The g, , component was always found to be very broad
and weak, to the point that it becomes barely detectable, while the g, component gives the
dominating, most intense signal. Together with the thiyl radicals, other types of radical
species were demonstrated to form as well, which include perthiyl centres (R-CH2-5-Se)
that exhibits thombic character, and likewise, C-radical centers. In BSA (pH =7, T = 80 K),
EPR signals for the perthiyl specie show resonances at g; = 2.057, g» = 2.027, and g3 = 2.002,
while the C-radical species have gavg ~ 2.000 [68].

Therefore, the main aim of this study is to thoroughly investigate the properties of
the AuBSA system with the aid of selected techniques (EPR/LEPR, HR-TEM/STEM). The
following key findings are presented: (i) redox processes take place upon entrapment of
Au(IlII) in BSA, in which the protein backbone, in absence of other reducing equivalents,
provide the electrons needed for Au(Ill) reduction; (ii) the Au uptake process by BSA in the
solution occurs on two types of sites, i.e., cysteine (Cys) and oxygen/carboxylate donor
residues (e.g., tyrosine, Tyr); (iii) the magnetic interaction among cationic forms of Au
arises from an admixture of Au(0), Au(I), and Au(Il); and (iv) UV irradiation of the AuBSA
system induces irreversible damages, and radicals are generated in BSA upon UV light
irradiation. It is disclosed that no energy transfer between entrapped Au clusters and the
BSA protein occurs under photoexcitation, thus the photoluminescence phenomenon is
governed by the intrinsic properties of the Au system (its size and the presence of various
spin active redox states) and both variables equally matter. On the other hand, in view of
the extended application of these materials in biomedical scenarios, correlation between
their experimental parameters (e.g., concentration in solution) and cell’s toxicity (with
and upon photoexcitation) should be analyzed with great caution, because observation
of an enhancement of toxic effects on cells by light irradiation might be hampered by
light-induced radical’s formation on the protein itself and not solely to the photoexcited
states of the gold nanoassembly.

2. Materials and Methods
2.1. Chemicals

Bovine serum albumin (>98%, BSA), gold(Ill) chloride trihydrate (HAuCly.3H,0), and
sodium hydroxide (NaOH) were purchased from Sigma-Aldrich (Saint Louis, MO, USA)
and used as received (without any further purification) for all experiments. Deionized (DI)
water prepared by purging Milli-Q purified water (Millipore Corp., Bedford, MA, USA)
was used in all experiments.

2.2. Synthesis of AuBSA System

The procedure of our AuBSA system preparation was a slightly modified version of
a method published by Xie et al. [1]. In a typical experiment, BSA solution (1 mL, 1 mM)
was mixed with aqueous HAuCly solution (1 mL, 10 mM) under vigorous stirring (600
rpm). After 90 s, NaOH solution (1 M) was added to obtain a basic environment (pH = 12),
which induced the reduction capability of BSA. Ninety seconds later, the mixed solution
was heated up in a microwave oven for 10 s (power was set to 150 W). After 2 h of ageing
at room temperature, the samples were dialyzed with a 12 kDa cut-off dialysis membrane
against DI water. Dialysis was performed at room temperature for 24 h, with DI water
being changed twice: once after one hour and then again after the second hour. Dialyzed
samples were stored in the dark at room temperature.
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2.3. Characterization of AuBSA System

Fluorescence measurements of AuNCs were performed on a JASCO F8500 (Jasco,
Tokyo, Japan) spectrofluorometer using a 1 cm quartz cuvette and 2.5 nm slits. Emission
spectra were measured in the range of 500-850 nm with the data interval of 1 nm and a scan
speed of 100 nm/min. The excitation wavelength was set to 480 nm. Excitation-emission 3D
maps were measured in the excitation range of 250-500 nm with the data interval of 2 nm
and in the emission range of 250-850 nm with the data interval of 1 nm and a scan speed of
5000 nm/min (Figure 1). All spectra were corrected to avoid any deviations of instrumental
components. Samples were diluted with DI water so that the protein concentration was
2 mg/mL for emission spectra and 0.25 mg/mL for excitation-emission 3D maps.
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Figure 1. Fluorescence 3D excitation-emission map of AuBSA. Note: Strong Rayleigh (red line) and
weak Raman (blue line) scattering first-order maxima are visible as straight lines in the map and
represent artifacts that do not belong to AuBSA.

The quantum yield of fluorescence (QY, ®) was calculated by the following equation:

F-(1-10"4)-n?

O = O,
* F-(1—10-4)-n2

)

where F is the integrated fluorescence intensity, A is the absorbance, n is the index of
refraction, and subscript s indicates the standard. DCM, 4-(dicyanomethylene)-2-methyl-
6-(4-dimethylaminostyryl)-4H-pyran, dissolved in ethanol (99,8%, Lach-Ner, Neratovice,
Czech Republic) was used as a standard ($s = 0.437 £ 0.024) [70].

Absorbance was measured on a Specord 250 Plus—223G1032 (Analytik Jena, Jena,
Germany) using a 1 cm quartz cuvette and double beam arrangement. As a reference, a
1 cm quartz cuvette filled with DI water was used.

CW-EPR spectra were recorded on a JEOL JES-X-320 spectrometer (JEOL, Tokyo, Japan)
operating at the X-band frequency (~9.0-9.1 GHz) equipped with a variable-temperature
controller (He, N2) ES-CT470 apparatus. The cavity quality factor (Q) was kept above
6000 in all measurements. Highly pure quartz tubes were employed (Suprasil, Wilmad,
<0.5 OD), and accuracy on g-values was obtained against the Mn(II)/MgO standard (JEOL
standard). The spectra were acquired by carefully monitoring that signal saturation from
the applied microwave power did not occur during signal’s acquisition. In situ light
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excitation EPR experiments (LEPR) were performed using a HeCd laser source operating
@325 nm (max cw power of 200 mW) from Kimmon Koha Co. Ltd. (Tokyo, Japan). The
UV-light was shined directly onto the sample, kept frozen inside the cavity EPR resonator,
through its dedicated optical window. The light-off to light-on process was operated
by an on-off light-shutter mechanism. Filling factors were kept the same (200 pL) in all
experiments. Experimental parameters used for all the EPR traces shown in Figure 2A:
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Figure 2. Panel (A) CW X-band Electron Paramagnetic Resonance (EPR) spectra recorded in water at
T =90 K under dark conditions of (a) HAuCly, (b) BSA, and (d) AuBSA. The LEPR spectra obtained
under in situ UV irradiation (@325 nm, for 10 min) of the frozen matrix solutions for the various
samples (T = 90 K) are given as trace (c) for BSA and trace (e) for AuBSA. Note that in trace (c),
the symbol (#) indicates the region in which the gy component of the thyil radical (Cyse) in BSA is
expected to be observed. The in situ 3D/2D LEPR experiment (T = 90 K, water) for BSA is shown
in panel (B) and panel (C); panel (D) and panel (E) show the 3D/2D LEPR experiment for AuBSA.
Panel (F) gives the experimental EPR spectrum (T = 90 K) together with computer simulations of the
individual spin components obtained for neat BSA in water after 20 min of continuous UV irradiation.
Panel (G) shows the structural organization of gold nanoclusters (Aug and Aug) derived from DFT
theory (neutral forms, coordinate files taken from ref. [67]) encoding the minimum dimensions for
the Au nano-assemblies in BSA that are compatible with the distances calculated by EPR for a pair of
spin—spin interacting Au(II)/ Au(0) centers (labelled as 1,3).

9.0821-9.0878 GHz frequency, 100 kHz modulation frequency, 0.03 s time constant,
2.00 mW applied power, 1.0 mT modulation width, 4 min sweep time, and 3 scans ac-
cumulated and averaged. Cavity background was subtracted. Experimental parameters
for the dark to light sequential EPR spectra shown in Figure 2B,C: T =90 K, 9.0802 GHz
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frequency, 100 kHz modulation frequency, 0.03 s time constant, 1.60 mW applied power,
0.5 mT modulation width, 30 s sweep time, and 5 min under dark followed by 20 min under
light irradiation. Experimental parameters for the dark to light sequential EPR spectra
shown in Figure 2D,E: T = 90 K, 9.0808 GHz frequency, 100 kHz modulation frequency,
0.03 s time constant, 1.60 mW applied power, 0.5 mT modulation width, 30 s sweep time,
5 min under dark conditions followed by 20 min under light irradiation, and then another
25 min under dark conditions. Experimental parameters for the EPR spectrum shown in
Figure 2F: T = 90 K, 9.0802 GHz frequency, 100 kHz modulation frequency, 0.03 s time
constant, 1.60 mW applied power, 0.5 mT modulation width, 1 min sweep time, and 5 scans
accumulated and averaged. Cavity background subtracted.

HR-TEM measurements were independently performed by two different operators on
two working places: (i) in the Regional Centre of Advanced Technologies and Materials
(RCPTM) in Olomouc (Czech Republic) and (ii) in the Institute of Molecular Genetics
(IMG) in Prague (Czech Republic). In both cases, AuBSA (the final protein concentration
of 1 mg/mL) was drop-casted (2—4 pL) on glow discharged TEM copper grids covered
with either a continuous 4-nm-thick carbon foil or lacey carbon and allowed them to dry
spontaneously at room temperature. It is worth noting that for successful measurements,
lacey carbon-copper grids (300 mesh) were used similarly as in ref. [37], and an electron
beam was focused within the holes of the carbon film to obtain images of the protein-
conjugated Au nanostructures without the interference of the carbon support (i.e., the
measurements of samples deposited on 4-nm-thick carbon films were not successful). Then,
the samples were measured by HR-TEM Titan G2 60-300 (FEL, Hillsboro, OR, USA) with an
image corrector with an accelerating voltage of 300 kV in RCPTM. Images were taken with a
BM UltraScan CCD camera (Gatan, Pleasanton, CA, USA). Energy Dispersive Spectrometry
(EDS) was performed in STEM mode by a Super-X system with four silicon drift detectors
(Bruker, Billerica, MA, USA). STEM images were taken with an HAADF detector 3000
(Fishione, Export, PA, USA). HAADF mode of STEM is intentionally used to better visualize
NCs because heavier elements appear bright, while lighter elements appear dark. Imaging
and data acquisition in IMG were performed with JEM-F200 TEM (JEOL, Tokyo, Japan)
operated at 200 kV. TEM Images were acquired using an XF 416 CMOS camera (TVIPS,
Gauting, Germany) and STEM images were acquired using the HAADF detector with a
detecting angle of 24.4-89.4 mrad at a camera length set to 250 mm. EDS data were acquired
using a JED 2300 X-ray spectrometer (JEOL, Tokyo, Japan) with a single 100 mm? (0.98 sr)
windowless SDD detector. Presented elemental maps are calculated from the raw spectra
using a standardless Zeta factor method embedded in the Jeol Analysis Station software.

3. Results and Discussion
3.1. Fluorescent Properties of AuBSA

Figure 1 displays characteristic fluorescent properties of AuBSA samples. According to
the 3D excitation-emission fluorescence map (Figure 1), two distinct asymmetric excitation-
emission maxima (EX/EM) with bathochromic tails appeared in the ultraviolet-visible
(UV-vis) spectral region: 275/345 nm (EX/EM) and 275/655 nm (EX/EM). This is in
accordance with our previous work [41] as well as with the fluorescent features of NCs
prepared in a similar manner (see Table 1), i.e., using BSA simultaneously as a reductant
of Au(Ill) precursors and a template for AuNCs formation. While the former EX/EM
maximum and its bathochromic tail of a low intensity (being located at around 325/400 nm
EX/EM) could be attributed to Trp and oxidized Tyr residues of BSA and/or blue-emissive
small AuNCs, respectively; the latter intensive EX/EM maximum can stem from Au(x)-
BSA, where x represents the oxidation state of gold reaching the values of 0, 1, II, (proved
in this study for the first time), and III. Obviously, AuBSA can be excited by employing any
wavelength in the range of 250-500 nm, as clearly demonstrated in Figure 1.

The characteristic fluorescent spectrum of AuBSA (EX 480 nm) where the center
of emission (positioned at 655 nm) is marked off is shown in Figure S1 in Supporting
Information for the sake of a direct comparison with fluorescence spectra of AuNCs being
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prepared by other authors using similar synthetic procedures (see Table 1). Namely, the
visible excitations of fluorescent species serving as bio-imaging probes are preferred in
practical applications because of the tissue optical window [71]. Fluorescence quantum
yield (QY) of AuBSA was determined according to equation (1) and revealed the mean
value of 6.7 + 0.1% (details presented in Table S1 in Supporting Information) with respect
to DCM dissolved in ethanol.

3.2. CW-EPR and LEPR Experiments and Analysis

To address in more details the electronic/magnetic characteristics of AuBSA, with-
out and under in situ UV-light irradiation (@325 nm), CW-EPR and LEPR spectroscopic
techniques were employed. In addition, as reference systems, the resonance fingerprints of
HAuCly (Au(IlI) precursor) dissolved in DI water, as well as the neat BSA protein (in DI wa-
ter), were recorded under identical experimental conditions to unveil the electronic changes
that might occur in the BSA protein after decoration/entrapment of Au; see Figure 2.

3.2.1. CW-EPR and LEPR Analysis of Precursors (HAuCly and BSA)

Figure 2A (trace a) shows the X-band resonance signal acquired at T = 90 K in dark
conditions of the aqueous solution of HAuCly (8.1 mg/0.2 mL). As expected, the Au®* cation
does not show any strong EPR resonance signals, which agrees with the diamagnetic nature
of its ground state electronic configuration ([Xe]4f'#5d®). Only a very weak derivative
signal emerges at gj, = 2.13, which is superimposed to a broad dispersion signal extending
over 100 mT that becomes visible above the background noise at a magnetic field higher
than 300 mT. These weak resonances suggest that a small fraction of Au is present in the
reduced forms, Au® ([Xe]4f*5d1%6s!) and/or Au?* ([Xe]4f#5d%), in the hydrated Au®*
cations [72]. The additional resonance signal that appears in the low field region (Figure 2A,
trace a), at ¢ = 4.26, indicates that the reduced Au centers, AWl or Au?*, are magnetically
interacting, either via a direct or super-exchange pathway (e.g., O or OH- bridged Au’/?*
dimers), forming aggregates with dimensions <1 nm, and giving an effective integer spin
system in which the resonance signal at g = 4.26 represents the half-field transition (Ams = 2).
Upon in situ irradiation by UV-light of the frozen HAuCly aqueous solution at T = 90 K, no
changes in the overall resonance envelope were observed (spectrum not shown).

Different behavior is recorded for BSA in water. The EPR resonance signal observed
under dark conditions is shown in Figure 2A (trace b) (T = 90 K, neat BSA, 7.0 mg/0.2 mL
in DI water). A cluster of very weak resonances develop just above the background noise
at gavg = 2.13. No other detectable high or low field resonance components are observed.
These resonance signal originate from either not fully compensated cavity background
noise, even after its subtraction from the sample resonance signal, or from the presence of
the very minute inclusion of metal impurities in BSA, such as Cu?* or low spin Fe3* During
UV-light irradiation (Figure 2A, trace c) a strong signal immediately appears at g;;, = 2.00,
which arises from radiation damages induced in the BSA protein. These spin containing
sites are based on cysteine (Cyse), tryptophan (Trpe) moieties and other C-centred radicals
(Ce) [68,69].

In full agreement with previous literature reports [68], the authors observed the
dynamic formation of the radical species in BSA during an UV light-off (5 min) to UV
light-on (20 min) EPR signal acquisition sequence, as shown in the 3D reconstructed
CW-EPR/LEPR resonance plot given in Figure 2B and in the 2D CW-EPR/LEPR plot in
Figure 2C. Individual CW-EPR spectra were acquired under fast-scan detection mode
(30 s acquisition time for each sequential resonance spectrum). The authors noticed that
formation of thiyl, tryptophan and C-centered radicals represent the early oxidation events
in BSA and start to form as soon as the UV light is applied to the frozen sample kept
inside the cavity resonator. The perthiyl radicals (RSSe), on the other hand, develop much
later in a slower process, after application of a much longer UV irradiation time (e.g.,
detected after 8 min of UV irradiation in the frozen water matrix at T = 90 K). Figure 2F
shows a well-resolved EPR resonance signal recorded for BSA in water irradiated in situ
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at 325 nm for 20 min at 90 K, which unveils the resonance features of the perthiyl radical
(RSSe, gx = 2.052, g, = 2.018 g; = 2.002) overlapped to tryptophan-based radicals (Trpe,
Sy =2.003, gx =2.002, An(xx,yy,2z) =2.0G,2.0G,10.0 G; AH/31(xx,yy,zz) =28.3G, 283G,
28.3 G; Appa(xxyy,zz) =13.0 G, 13.0 G, 13.0 G). Note that the region around g = 2.000 clearly
contains the overlapped resonance contributions of various spin species, but it is dominated
by the gy, components of the thiyl radical (Cyse, gy = 2.003, g, = 2.002) [68]. Unfortunately,
the gx component of this radical specie is expected to fall around 2.16-2.17 and it is known
to be rather weak and broad; thus, its resonance feature remains obscured by the presence
of clustered signals seen already in EPR spectrums recorded under dark conditions (see
Figure 2A, trace b). Additional resonances are observed in the spectrum and originate
from the hyperfine interactions of the electron spin moments of the radical species with
the nuclear spin moments of hydrogen ('H, I = 1/2, natural abundance 99.98%), nitrogen
(N, I = 1, natural abundance 99.60%) and sulfur nuclei (*3S, I = 3/2, natural abundance
0.76%) present in cysteine (Cys) and tryptophan (Trp) amino acid residues. For simplicity,
the detailed EPR simulation parameters used for plotting the various resonance envelopes
of these spin species in BSA, shown in Figure 2F, are given in the Supporting Information
(Figure S2). Therefore, a threshold of 10 min under UV-light irradiation time was used in
the following analysis of AuBSA during photoexcitation, in agreement with the suggested
irradiation time employed by Lassman and co-authors [68].

3.2.2. CW-EPR and LEPR Analysis of AuBSA

The resonance features of the AuBSA system are much different from those observed
in neat BSA. Figure 2A (trace d) shows the EPR spectrum of the AuBSA recorded under
dark conditions in DI water at T = 90 K (7.2 mg/0.2 mL). Unlike the EPR signatures shown
earlier by neat BSA recorded under dark conditions (Figure 2A, trace b), AuBSA exhibits a
strong derivative signal at gsne = 2.13 (ABpp = 13 mT) with clear shoulders developing rather
symmetrically at low and high magnetic fields: one absorption component at a g-value of
2.47 and a derivative component at low field, with a g-value of 4.26. All these resonance
signals arise from spin containing Au centers. The intensity of the EPR resonances coming
from Au centers in AuBSA (Figure 2A, trace d) significantly increased in comparison to
those seen in the EPR spectrum of HAuCly (Figure 2A, trace a); thus, a reduction process of
Au(IIl) promoted by BSA takes place during protein incubation with the gold precursor,
either to Au(I), Au(Il), or to Au(0), in agreement with literature reports [1,10,16,41,73,74].
However, Au(l) is a diamagnetic cation and cannot produce the resonance features seen
in the EPR spectrum. Moreover, the EPR spectrum shown in Figure 2A, trace (d), differs
substantially from those reported for thiolate Au nanoclusters [5,6,49,57—66].

According to literature data, the reduction process of Au(Ill) by BSA leads to the
formation of gold nanoparticles (AuNCs) in which the BSA protein is directly interacting
with metal centers through cysteine (Cys) and methionine (Met) residues. [3,74]. Further-
more, it is also expected that Tyr residues of BSA are the moieties that provide the electron
equivalents needed for driving the Au(Ill) reduction process [1,41], and thus, these are
the amino acids that undergo oxidation. Although very weak, at g ~ 2.00, the presence of
organic radical signals in AuBSA emerges in the EPR spectrum, but its resolution could
not be improved (Figure 2A, trace d, inset). In this framework, the authors performed
a set of test-experiments where either Tyr and/or Cys molecules were incubated with
Au(IIl) salt under the same experimental conditions used in AuBSA synthesis and the
resulting systems (denoted as Au-Tyr, Au-Cys) were characterized by UV-vis extinction
measurements and TEM imaging. The appearance of surface plasmon resonance (SPR)
peak (around 525 nm), which is characteristic for AuNPs—see Figure S3A in Supporting
Information—in the Au-Tyr system confirms the following results: (i) direct reduction of
Au(III) to Au(0) by Tyr and (ii) key function of the BSA protein as a matrix/template in
limiting the growth of the gold nanocluster during AuBSA synthesis. No SPR was detected
in the UV-vis spectrum of Au-Cys. TEM images (Figure S3B,C in Supporting Information)
give further evidence that AuNPs, of various sizes, are formed in the Au-Tyr system.
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Based on the EPR results, it is suggested that while small, nanosized Au aggregates
are indeed formed during the incubation and redox process between Au and BSA (size
of Au nano-assembly estimated ~ 1 nm), an admixture of oxidation states of entrapped
and clustered Au cations is indeed present. The authors speculate that the presence of
both Au?* and Au’, together with the dominant Au* specie, is generated during the
entrapment process of Au in BSA, in which a disproportionation event might occur in
the nanocluster (NC), 2Au* — Au?* + Au’, following the initial electron delivery by BSA
to Au®* and reorganization of the electron distribution within the Au cluster in response
to its anisotropic interactions with the BSA protein backbone. Thus, the weak signal at
g =2.47 and the more intense signal at ¢ = 2.13 can be associated with the co-existence of
two gold-based spin active species, Au?>* and Au". Moreover, the observed EPR features
cannot simply be described, in our opinion, in terms of isolated S = 1/2 states, but rather
to an admixture of doublets and triplet states. Simulated CW-EPR spectra of AuBSA in
dark conditions are shown in Figure 54 in the Supporting Information. The transition
observed at ¢ = 4.26 may thus represent the half-field component (Amgs = 2) of the S =1
Au®/?* interacting species, having for the Ams = 1 transition a g.¢ value of 2.13, as observed
here. Assuming an axial zero-field-splitting for the high spin component of ~20.5 mT (see
Figure 2A, trace d, the orange arrows indicate the estimated 2D), from a simple point
dipole approximation [75], | D1 (MHz) = 77,924 (gobs/ge)/7°, the through-space distance
(r) between interacting S = 1/2 centers should fall at ~5.1 A. The through-space distance
derived from EPR analysis translates into the smallest dimension for the entrapped Au
cluster in BSA of Aug-Aug gold units. Figure 2G shows the density functional theory
(DFT) calculated structures (neutral forms) [67] for an Aug (triangular) and Aug (4-fold
edge-capped square) assemblies. From the EPR results, it is suggested that the Au(II)/ Au(0)
centers that are magnetically interacting to form the S = 1 system adopt the spin exchange
coupling pathway Au(II)-Au(I)-Au(0), thus the spin containing sites Au(Il)/Au(0) are
located at the corners of the Aug or Aug nano assemblies. Such an assumption corresponds
well with the early observations of Dixon and Egusa [3] who discovered that the maximum
number of Au being incorporated into BSA is less than approximately 30 per BSA, but the
minimum number of Au per BSA to yield red fluorescence is less than 7.

Upon in situ irradiation of AuBSA (10 min of UV-light irradiation) at T = 90 K, the
overall EPR signatures addressable to the Au system did not change, both in intensity
and overall signal-shape. However, the clear appearance of a resonance signal around
g =2.00 (Figure 2A, trace e) points towards the formation of radical species, as described
above, in BSA. Most importantly, these spin containing centers that formed during UV
irradiation do not appear to magnetically interact with the Au NCs; in fact, the intensity
of the half-field component did not increase at all, and no other additional signals arising
from a new admixture of high spin species become evident in the EPR spectrum. Therefore,
these BSA radical centers (Cyse, Trpe, Ce) formed during photoexcitation must involve
sites that are far from the amino acid (Cys) residues that directly interact with the Au nano
assemblies.

Further validation of the present findings was obtained upon following (via LEPR mea-
surements) the in situ variation of the entire resonance line of AuBSA using an irradiation
cycle of light-off to light-on and back to light-off cycle, as shown in the 3D reconstructed
CW-EPR/LEPR resonance plot given in Figure 2D and in the 2D CW-EPR/LEPR plot
in Figure 2E. Individual CW-EPR spectra were acquired similarly to those employed for
neat BSA under fast-field scan detection mode (30 s acquisition time for each sequential
resonance spectrum). The authors observed that after application of UV light, the radiation
damages induced in the protein backbone in AuBSA are quickly triggered, likewise in
the neat BSA system, but there is no clear impact on the EPR signals associated with the
EPR signal associated to the gold species. Then, when UV light is turned off, no signifi-
cant changes are observed in the radical canters of BSA (hence the protein damages are
not reversible), nor changes in the EPR resonance features of the gold centers are seen.
Therefore, there is no charge or energy transfer processes involved between AuNCs and
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the BSA protein (at 90 K), although it is a process that, sometimes, becomes observable
in BSA-AuNCs, as stated in literature reports [3,9,10]. Our finding supports the results of
Yamamoto et al. [40], who discussed a high photo-stability of their BSA-Auy5NCs, albeit
the authors are dealing with much smaller AuNCs (Aug_g) in AuBSA as derived from EPR
spectra analysis.

3.3. HR-TEM, STEM, and EDS Analysis of AuBSA

To directly visualize our NCs in AuBSA samples, HR-TEM and STEM analysis were
performed. These techniques exploit electrons that represent reduction species par ex-
cellence. Therefore, by using electrons in studies of cationic metal-organic compounds
(obviously our case), irreversible transformation (i.e., reduction) may occur. Consequently,
the results of visualization cannot report on the initial nanomaterial, but on the transformed
one, as already known from the literature [76].

EDS was performed on the places of holes in the lacey-carbon Cu grid covered by
an AuBSA sample, similarly as in ref. [37]. It turned out that Au is well distributed along
with S elements being attributed to the protein (Figure 3a). Figure 3b,c demonstrates
STEM images of the same area on the AuBSA sample prior and after the scanning of EDS
for several occasions, respectively. Red circles pinpoint the areas where the changes are
the most apparent. Similarly, Figure 3d,e shows the same area of AuBSA prior and after
the HR-TEM measurement being performed by using a higher magnification (i.e., higher
density of electron beam). White ellipses emphasize different spots on the AuBSA sample
in these two images—see Figure 3d,e. The authors can sum up that Au nanoparticles
(NPs, sizes exceeding 2 nm) are formed by the focused electron beam if working with
a higher magnification of HR-TEM and/or if using EDS mapping. Our observation can
be a clue and indirectly confirms why there are discrepancies in sizes of fluorescent NCs
presented in the literature (e.g., [3,4,42,54]) and summarized in Table 1. Another set of
STEM images taken on the same AuBSA sample using a different HR-TEM/STEM machine
(located at IMG in Prague) is shown in Figure S5 in Supporting Information. Independently,
these additional measurements confirmed that it is possible to visualize NCs of sizes well
below 2 nm without inducing their size modification. Moreover, based on TEM, HR-TEM,
and STEM images, particle size distributions (PSD) were determined, and appropriate
histograms are shown in Figure S6 in Supporting Information. The average AuNC sizes of
1.01 £ 0.24 nm and 1.18 £ 0.21 nm were derived from TEM and STEM images of AuBSA
samples, respectively. On the other hand, the average AuNC size in the same AuBSA
sample increased to 2.28 £ 0.63 nm after HR-TEM and/or EDS measurements. This
corroborates the above-discussed observation about NPs in situ formation. Lattice planes
of Au(111) and Au(200) were detected in NCs of AuBSA sample in a particular HR-TEM
image as provided in Figure 57 in Supporting Information.

Furthermore, HR-TEM and STEM images of the same spot on the AuBSA sample are
compared in Figure 3f,g. Indeed, the HR-TEM image (Figure 3f) was taken first, followed
by STEM imaging (being recorded for a better contrast, Figure 3g). Red circles demonstrate
the shifts of Au nanostructures, which migrated right after HR-TEM imaging. The observed
Au NPs formation and their further migration upon HR-TEM imaging can be explained
by considering the cationic state of Au in AuBSA (as determined by EPR measurements
here) and reduction ability of electrons employed during TEM imaging. Indeed, Au(I) as
well as Au(II) being attached to BSA, most probably through sulfur atoms (as evidenced by
EPR and EDS in this study), can be reduced to Au(0). Since this Au(0) may be less strongly
connected with the protein backbone than cationic Au in AuBSA, it can migrate on the
carbon support of the TEM grid (which is more pronounced in cases of lacey-carbon rather
than on 4-nm carbon coating of the Cu grid). By meeting other Au(0) atoms, they can
coalesce and form larger Au nanostructures than NCs, i.e., NPs as evidenced in Figure 3c,e,g,
and confirmed also by an increased value of average AuNC size (2.28 £ 0.63 nm). The
above-mentioned observation of Au NPs formation and their migration during HR-TEM
imaging could also explain why the difference in size of red and blue emitting systems in
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ref. [4] was not as clear as expected. Logically, this supports the idea that AuNCs samples
might be influenced by the interaction with the focused electron beam and the resulting
images do not show the real structure of AuNCs. In other words, the presence of any
cationic Au center (Au* and/or Au?* and/or Au®*) in BSA-AuNCs render such systems
as being much more sensitive to techniques that use high energy electrons and/or X-ray
irradiation and can explain the size and oxidation state discrepancies of Au nanoassembly
in BSA-AuNCs found within the scientific literature (compared in Table 1).

Figure 3. (a) Elemental map of Au and S distributions in AuBSA determined by EDS. STEM images
of AuBSA prior (b) and after (c) the performed EDS analysis. HR-TEM images of the same area of
AuBSA prior (d) and after (e) the exploitation of a higher magnification. HR-TEM (f) and STEM
(g) images of the same spot on AuBSA. Colored and/or white circles indicate appearance of new NPs
in (b—e) and/or migration of NPs in (f,g).

Based on our results, the authors would like to emphasize that results strongly de-
pend on the type of experimental techniques employed for AuNCs characterization and
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subsequent data interpretation. Many powerful experimental techniques frequently used
for nanomaterials’ characterization exploit electrons and/or are working with strong irradi-
ation (X ray), thus affecting the electronic structure of the studied material, e.g., TEM, XAS,
EDS, etc., respectively. On the contrary, EPR represents a mild technique which uses the
magnetic field and microwave irradiation and, thus, can be envisaged as a very powerful
technique suitable for probing AuBSA systems in particular, as well as BSA-AuNCs in
general, because it does not physically alter the oxidation state of the nanomaterial in
the course of data acquisition. Moreover, by using LEPR, any changes in the electronic
structure of a particular nanomaterial exposed to electromagnetic irradiation (UV in our
case here) can be investigated and evidenced in situ.

4. Conclusions

The present work demonstrates that a redox process that leads to an admixture of
Au(0), Au(l), and Au(ll) is taking place upon entrapment of Au(Ill) in BSA and several
Au atoms of AuNCs are directly interacting through Cys and Tyr residues with BSA. The
authors observed that Tyr molecules are able to reduce Au(Ill) to Au(0) in the form of
AuNPs, while Cys did not provide the electron equivalents needed for the Au(III) reduction.
It is also demonstrated that UV irradiation induces irreversible damages in AuBSA and
radical species are generated during photoexcitation in the protein backbone. Since there
is no evidence of electronic communication between AuNCs and BSA according to the
LEPR experiments (in situ off-on-off cycles under UV light, at 90 K), any energy and/or
charge transfer can be excluded as a key mechanism for expressing the bright fluorescence
phenomenon observed, with maximum emission at 655 nm, in AuBSA. Furthermore,
evidence was given for the in situ growth of AuNCs to AuNPs and migration of Au
nanostructures during HR-TEM and EDS data acquisition. This work further reinforces
the knowledge that results obtained by using sophisticated techniques exploiting electrons
and/or X-ray irradiation in the investigation of gold nanostructures embedded in protein
matrixes must be considered carefully, because the experimental evidence might be severely
hampered by induced radiation damages on the protein structure.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390 /nano12091425/s1, Figure S1: Corrected emission spectrum
of AuBSA in deionized water; Table S1: Quantum yield and wavelength of maximum fluorescence
of AuBSA; Figure S2. CW-EPR spectrum obtained after 20 min of UV irradiation of BSA in water.
Experimental parameters: T = 90 K, 9.0802 GHz frequency, 100 kHz modulation frequency, 0.03 s time
constant, 1.60 mW applied power, 0.5 mT modulation width, 6 x 100 Gain, 1 min sweep time, and
5 scans accumulated and averaged. The simulation of the various spin components is shown together
with their sum (red-line); Figure S3. Extinction spectra of Au-Tyr in deionized water 1 min and 45 s
after synthesis (grey line) and 61 min and 45 s after synthesis (wine line). (B) and (C) TEM images
of Au-Tyr recorded at different magnifications; Figure S4. CW-EPR spectrum of AuBSA in water
recorded at T = 90 K in dark conditions with the EPR simulation of the diverse spin-components
associated to the Au nanoclusters; Figure S5: Further STEM images of AuBSA; Figure S6: Particle size
distributions derived from TEM, STEM and HR-TEM images; Figure S7: Lattice spaces determined
for several AuNCs of AuBSA in a particular HR-TEM image.
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BSA-AuNCs: general abbreviation for AuNCs embedded in BSA being published within the scientific
literature, i.e., regardless the consideration of the exact experimental conditions; CW-EPR: continuous
wave electron paramagnetic resonance; DFT: density functional theory; EDS: energy dispersive X-ray
analysis; EX/EM: excitation/emission; EXAFS: extended X-ray absorption fine structure; HAADF:
high-angle annular dark field; HR-TEM: high resolution transmission electron microscopy; 1-DOS:
local density of states; LEPR: light-induced electron paramagnetic resonance; MS: mass spectrometry;
MW: microwaves; NCs: nanoclusters; SPR: surface plasmon resonance; STEM: scanning transmission
electron microscopy; UV: ultraviolet; vis: visible; XANES: X-ray absorption near-edge structure; XAS:
X-ray absorption spectroscopy; XPS: X-ray photoelectron spectroscopy; XRD: X-ray diffraction.
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Figure S1. Corrected emission spectrum of AuBSA in deionized water.

Table S1. Quantum yield and wavelength of fluorescence maximum of AuBSA.

Quantum Yield Wavelength of Fluorescence Maximum

Sample Absorbance %] [nm]
AuBSA 1 0.0425 6.72 655
AuBSA II 0.0453 6.57 654

AuBSA III 0.0435 6.68 655

Average 0.0438 6.7 655

Standard Deviation 0.0014 0.1 1

Note: Quantum yields were calculated from corrected emission spectra and with respect to DCM
dissolved in ethanol. DCM in ethanol was chosen as a standard due to the fact that it reveals a
very similar excitation wavelength and fluorescence emission profile as AuBSA.
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EPR Data treatments. Simulation of the powder EPR spectrum was performed with

the WinEPR SimFonia software (V.1.25, EPR Division, Bruker Instruments, Inc., Billerica,
USA) using second-order perturbation theory and spherical integration (grid) of 200
(theta), 200 (phi).

_Cys Exp
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Figure S2. CW-EPR spectrum obtained after 20 min of UV irradiation of BSA in water. Experi-
mental parameters: T =90 K, 9.0802 GHz frequency, 100kHz modulation frequency, 0.03 s time
constant, 1.60 mW applied power, 0.5 mT modulation width, 6 x 100 Gain, 1 min sweep time, and
5 scans accumulated and averaged. The simulation of the various spin components is shown to-
gether with their sum (red-line).

Doublet specie, S =1/2, tryptophan radical (Trpe). gx=2.002, gy =2.003, g-=2.003. A~
(xx,yy,zz) =2.0, G, 2.0 G, 10.0 G; Anp1 (xx,yy,zz) = 28.3, G, 28.3 G, 28.3 G; Anp2 (xX,yy,2z) =
=13.0, G, 13.0 G, 13.0 G Line-width tensor (x,y,z) =9.0 G, 9.0 G, 9.0 G. Lorentzian/Gaussian
ratio = 0.8. Relative intensity weight = 30.1%

Doublet specie, S =1/2, perthiyl radical (RSSe). gx=2.052, gy = 2.018, g- = 2.002. Line-
width tensor (x,y,z) =7.0 G, 9.0 G, 9.0 G. Lorentzian/Gaussian ratio = 0.8. Relative intensity
weight=7.1%

Doublet specie, S =1/2, thiyl radical (Cyss). gx=2.17, gy =2.003, g-=2.002. Line-width
tensor (x,y,z) = 16.0 G, 16.0 G, 16.0 G. Lorentzian/Gaussian ratio = 0.8. Relative intensity
weight =40.2%

Doublet specie, S =1/2, C-based radical (Ce). gx=2.012, gy = 1.984, g2 = 1.977, gavg =
1.991. Line-width tensor (x,y,z) = 60.0 G, 16.0 G, 6.0 G. Lorentzian/Gaussian ratio = 0.8.
Relative intensity weight =22.6%

Preparation of Au-Tyr and Au-Cys: 1 mL solutions of Tyr and/or Cys (12.6 mM
and/or 21.1 mM, respectively) were mixed with HAuCl (10 mM, 1 mL) under vigorous
stirring (600 rpm) after 90 s followed by NaOH addition (1 M, 200 pL), and after another
90 s, microwave heating was applied (10 s, power set to 150 W) as in the case of AuBSA

preparation.
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UV-vis absorption spectra of Au-Tyr and Au-Cys were then recorded, and the kinet-
ics of potential surface plasmon resonance peak at around 525 nm was followed in the
period ranging between 0 and 61.75 mins elapsed from the microwave heating applica-
tion.
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Figure S3. (a) Extinction spectra of Au-Tyr in deionized water recorded at 1 minute and 45 sec-
onds after synthesis (grey line) and 61 minutes and 45 seconds after synthesis (red line). Panels (b)
and (c) show the TEM images of Au-Tyr recorded at different magnifications. Scale bar in panel
(b) equals to 1 pm, and in panel (c) equals to 0.2 pm.
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Figure S4. CW-EPR spectrum of AuBSA in water recorded at T =90 K in dark conditions with the
EPR simulation of the diverse spin-components associated to the Au nanoclusters.

Doublet specie, S =1/2, dark green line, Au*. gx=2.47, gy =2.20, g. = 2.04. Line-width
tensor (x,y,z) = 100 G, 80 G, 100 G. Lorentzian/Gaussian ratio = 0.63. Relative intensity
weight =12.8%

Doublet specie, S =1/2, blue line, Au®. gx=2.13, gy = 2.13, g- = 2.13. Line-width tensor
(x,y,z) =180 G, 100 G, 100 G. Lorentzian/Gaussian ratio = 0.63. Relative intensity weight =
55.2% and S =1/2, green line, Au®. gx=2.13, gy = 2.13, g- = 2.13. Line-width tensor (x,y,z) =
230 G, 230 G, 230 G. Lorentzian/Gaussian ratio = 0.63. Relative intensity weight = 13.8%

Triplet specie, S =1, red line. gx=2.13, gy = 2.13, g- = 2.13. Line-width tensor (x,y,z) =
100 G, 100 G, 100 G. D=205 G, E=60 G. Lorentzian/Gaussian ratio = 0.63. Relative intensity
weight =18.2%
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Figure S5. Further STEM images of AuBSA.
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Figure S6. Particle size distributions derived from (a) TEM, (b) STEM, and/or (¢) HR-TEM images.
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Figure S7. Lattice planes determined for several AuNCs of AuBSA in a particular HR-TEM image.
Red arrows indicate Au(111), while the blue arrow represents Au(200).
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Abstract: Nanocomposites serving as dual (bimodal) probes have great potential in the field of
bio-imaging. Here, we developed a simple one-pot synthesis for the reproducible generation of new
luminescent and magnetically active bimetallic nanocomposites. The developed one-pot synthesis
was performed in a sequential manner and obeys the principles of green chemistry. Briefly, bovine
serum albumin (BSA) was exploited to uptake Au (III) and Fe (II) /Fe (III) ions simultaneously. Then,
Au (III) ions were transformed to luminescent Au nanoclusters embedded in BSA (AuNCs-BSA) and
majority of Fe ions were bio-embedded into superparamagnetic iron oxide nanoparticles (SPIONs)
by the alkalization of the reaction medium. The resulting nanocomposites, AuNCs-BSA-SPIONSs,
represent a bimodal nanoprobe. Scanning transmission electron microscopy (STEM) imaging visual-
ized nanostructures with sizes in units of nanometres that were arranged into aggregates. Méssbauer
spectroscopy gave direct evidence regarding SPION presence. The potential applicability of these
bimodal nanoprobes was verified by the measurement of their luminescent features as well as
magnetic resonance (MR) imaging and relaxometry. It appears that these magneto-luminescent
nanocomposites were able to compete with commercial MRI contrast agents as MR displays the bene-
ficial property of bright luminescence of around 656 nm (fluorescence quantum yield of 6.2 £ 0.2%).
The biocompatibility of the AuNCs-BSA-SPIONs nanocomposite has been tested and its long-term
stability validated.

Keywords: nanocomposite material; imaging; gold nanocluster; luminescence material; MRI assessment;
SPION; bovine serum albumin

1. Introduction

Today, nanocomposites that are simultaneously luminescent and magnetically active
are the focus of many research groups due to their applications in nanomedicine (for
instance, [1-5]). Several approaches can be used to combine luminescent and magnetic
features within one nanocomposite: (i) luminescent nanostructures (NSs) (e.g., quantum
dots and/or AuNSs) connected with magnetic NSs [6-12]; (ii) fluorescent (organic) dyes
and magnetic NSs [13,14]; (iii) luminescent NSs and magnetic complexes (e.g., contain-
ing Gd3*) [3,15,16]; and (iv) fluorescent dyes and magnetic complexes [17,18]. Here, we
deal with the first approach (luminescent NSs and magnetic NSs) to achieve magneto-
luminescent nanocomposites serving as dual (bimodal) probes.
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Typical synthetic strategies for the fabrication of such magneto-luminescent nanocom-
posites can include: (a) complex multi-step synthesis via a series of sequential synthetic pro-
cedures with separately optimized steps (e.g., [6,7]); (b) one-pot method from as-prepared or
commercially available structures (e.g., post-synthetic modifications) [13,14,16,17]; and/or
(c) a one-pot method without the previous preparation of NSs components (e.g., [15,18]).
Here, a straightforward synthesis of the (c) type with a high yield is presented.

Aside from the complexity of the preparation, the individual syntheses of NSs also
differ in the total preparation time, ranging from a few minutes (in the case of microwave-
assisted synthesis) [19-21] to tens of hours [7,15,18]. Today, simplicity, reproducibility,
and green chemistry in NSs preparation are beneficial and highly recommended and are
therefore applied in this work. Indeed, we have chosen a protein templated synthesis
of luminescent Au nanoclusters based on our previous experience [19,22]. Bovine serum
albumin (BSA), a transportation protein which is structurally analogous to human serum
albumin, is successfully employed as a matrix for the formation of non-toxic luminescent
Au nanoclusters embedded in BSA [19,22].

Furthermore, the same protein, BSA, has also been used by other authors in the gener-
ation of superparamagnetic iron oxide nanoparticles (SPIONs), which play a special role
in the in vivo visualization of cells or biological tissues by 'H MRI (magnetic resonance
imaging) [23,24]. BSA in conjunction with SPIONSs are exploited for two reasons: (i) achiev-
ing a better in vivo biocompatibility (e.g., [25-28]) and (ii) prolonging the blood circulation
lifetime of SPIONSs, representing MRI nanoprobes (e.g., [29-33]). Both properties are su-
perior in SPIONSs in comparison to, for instance, Gd (III) species, which are exhaustively
reported in the literature, even in combination with AuNSs (e.g., [15,16]). Since Gd (III)
species are toxic and represent potential risk to environment and human health [34], we
instead decided to exploit SPIONs as MRI contrast agents in our nanocomposites. Wang
Y. and co-authors [29] generated ultrasmall SPIONs directly in the presence of BSA under
alkaline pH, i.e., using a one-step bio-mineralization method. In the works of other authors,
BSA created only a part of the modification layers of SPIONs [30-33,35-37]. Nevertheless,
none of these SPIONs-BSA nanocomposites manifested fluorescent properties in the visible
region of the electromagnetic spectrum.

In the present study, a one-pot simultaneous bio-mineralization method of gold and
iron ions in the presence of BSA under alkaline medium was developed to create new
magneto-luminescent probes (further abbreviated as AuBSA-Fe). We demonstrate here
that an easy, reproducible, highly efficient synthesis of new functional bimodal probes can
be achieved by performing the one-pot sequential preparation procedure. Importantly, in
comparison to most of the related literature [12], no abundant chemical agents are necessary
and the use of organic solvents was totally avoided by us. Therefore, the synthesis can be
regarded as a green one.

Several basic, as well as sophisticated experimental techniques, were exploited for the
characterization of our bimodal AuBSA-Fe probes, such as steady-state fluorescence, dy-
namic light scattering (DLS), UV-Vis absorption measurements, scanning transmission elec-
tron microscopy (STEM), energy dispersive spectroscopy (EDS), Mossbauer spectroscopy,
inductively coupled plasma mass spectrometry (ICP-MS), relaxation rates determination,
and magnetic resonance imaging (MRI). Moreover, cell viability tests were performed by us-
ing Alamar blue assay (resazurin) and the long-term stability of AuBSA-Fe nanocomposites
was verified by X-ray photoelectron spectroscopy (XPS), among others.

Our results clearly demonstrate that our AuBSA-Fe probes prepared by a simple
one-pot sequential green synthetic procedure are superior to commercial MRI contrast
agents owing to their bright luminescence at 656 nm when excited in the visible region
(e.g., using 480 nm excitation wavelength).
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2. Materials and Methods
2.1. Chemicals for Syntheses

Bovine serum albumin (BSA; >98%), gold(Ill) chloride trihydrate (HAuCls-3H,O,
>99.9%), iron(II) chloride tetrahydrate (FeCl,-4H,O; containing 93.4% of FeCl, and 6.6% of
FeOOH according to Mossbauer spectroscopy), iron(III) chloride hexahydrate (FeCl;-6H,O;
>99%), and sodium hydroxide (NaOH; >98.0%) were purchased from Sigma-Aldrich (Saint
Louis, MO, USA) and used as received (without any further purification) for all experiments.
Nitric acid (69%, Analpure), hydrochloric acid (36%, Analpure), acid-certified reference
materials of the calibration standard solution ASTASOL® of Au, Fe (1000 + 2 mg-L1),
and INT-MIX 1 (10.0 + 0.1 mg-L~!) were purchased from Analytika, Ltd., Prague, Czech
Republic, and used only for ICP-MS analyses. Deionized (DI) water prepared by purging
Milli-Q purified water (Millipore Corp., Bedford, MA, USA) was used in all experiments.

2.2. Chemicals for Alamar Blue Assay

Foetal bovine serum (FBS), L-glutamine, Penicillin-Streptomycin, sodium chloride
(NaCl; >99.0%), potassium chloride (KCl; >99.0%), potassium dihydrogen phosphate
(KH2POy4; >99.0%), disodium hydrogen phosphate (NayHPOy4; >99.0%), and trypsin
(from the porcine pancreas) were purchased from Sigma-Aldrich (Saint Louis, MO, USA).
Resazurin sodium salt (>75%) was purchased from VWR International (Radnor, PA, USA).
Dulbecco’s modified Eagle’s medium (DMEM, 11054) was purchased from Thermo Fisher
Scientific (Waltham, MA, USA).

2.3. Syntheses of AuBSA and AuBSA-Fe—Their Purification, Concentrate Formation, and Storage

The synthetic procedure of AuBSA system follows the one used in our previous
manuscript [22]. Briefly, DI water (0.2 mL) was added to an aqueous HAuCly solution
(0.8 mL, 12.5 mM) and, subsequently, BSA solution (1 mL, 1 mM) was introduced under
vigorous stirring (600 rpm). After 90 s, NaOH solution (0.2 mL, 1 M) was added to obtain
a basic environment (pH ~ 12). Ninety seconds later, the mixed solution was heated up
in a microwave oven for 10 s (power was set to 150 W). The preparation of the AuBSA-Fe
system differs only in the gradual addition of DI water (0.05 mL), FeCl, (0.05 mL, 5 mM)
and FeCls (0.1 mL, 5 mM) to an aqueous HAuCly solution instead of DI water volume
(0.2 mL) alone.

After two hours of maturing at room temperature, the samples were dialyzed with
a 14 kDa cut-off dialysis membrane (regenerated cellulose, Membra-Cel™) against DI
water. Dialysis was performed at room temperature for 24 h, with DI water being changed
twice: once after the first hour and then again after the second hour. Concentrated forms
of samples were prepared using a centrifugal concentrator (30 kDa). The rotational speed
was set to 5000 rpm and the centrifugation lasted for 5 min. This process was performed
repeatedly until the desired concentration was reached. Dialyzed and concentrated samples
were stored in the dark at 4 °C.

2.4. Characterization Techniques
2.4.1. Fluorescence Spectroscopy

The fluorescence measurements of AuBSA and AuBSA-Fe systems were performed
on a JASCO F8500 (Jasco, Tokyo, Japan) spectrofluorometer using a 1 cm quartz cuvette.
Excitation—emission 3D maps were measured in the excitation range of 250-850 nm with
a data interval of 5 nm and in an emission range of 250-850 nm with a data interval of
1 nm and a scan speed of 5000 nm-min~!. Emission spectra were measured in the range of
500-850 nm with a data interval of 1 nm and a scan speed of 100 nm-min~!. The excitation
wavelength was set to 480 nm. All spectra were corrected to avoid any deviations induced
by instrumental components.
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The quantum yield of fluorescence (P) was then calculated by Equation (1):

F-(1-10"%4)-n?

O = b, ,
* F-(1—10-4)-n2

)

where F is the integrated fluorescence intensity, A is the absorbance, # is the index of refrac-
tion, and the subscript s indicates the standard. DCM, 4-(dicyanomethylene)-2-methyl-6-(4-
dimethylaminostyryl)-4H-pyran, dissolved in ethanol (99.8%, Lach-Ner, Neratovice, Czech
Republic) was used as a standard (&5 = 0.437 £ 0.024) [38].

Absorbance was measured on a Specord 250 Plus—223G1032 (Analytik Jena, Jena,
Germany) with a double beam arrangement using a 1 cm quartz cuvette. As a reference, a
1 cm quartz cuvette filled with DI water was used.

The hydrodynamic diameter of both systems was determined by dynamic light scat-
tering using Zetasizer Nano ZS (Malvern Instruments Ltd., Malvern, UK) equipped with a
He-Ne laser (A = 633 nm) at 22 + 1 °C. For fluorescence, absorbance, and hydrodynamic
diameter measurements, the ratio of the sample dilution with DI water was the same.

2.4.2. HR-TEM, STEM, and EDS

The AuBSA-Fe samples were measured by HR-TEM Titan G2 60-300 (FEI, Hillsboro,
OR, USA) with an image corrector at an accelerating voltage of 300 kV. Images were
taken with a BM UltraScan CCD camera (Gatan, Pleasanton, CA, USA). Energy Dispersive
Spectrometry (EDS) was performed in STEM mode by a Super-X system with four silicon
drift detectors (Bruker, Billerica, MA, USA). STEM images were taken with an HAADF
detector 3000 (Fishione, Export, PA, USA).

2.4.3. Mossbauer Spectroscopy

A home-made Mossbauer spectrometer was used to determine the oxidation and
spin state of iron atoms within AuBSA-Fe samples. A representative as-prepared and
centrifuged AuBSA-Fe sample was measured with an OLTWINS Mdossbauer spectrometer
in the transmission mode [39], using a constant acceleration rate and 57Co (Rh) source.
The isomer shift values were related to the 28 um «-Fe foil (Ritverc) measured at room
temperature. By using measurements in magnetic field at low temperature, average sizes
of SPIONs within AuBSA-Fe samples could be roughly estimated. The acquired Mossbauer
spectra were processed using MossWinn 4.0 software [40].

2.4.4. XPS

The X-ray photoelectron spectroscopy (XPS) measurements were carried out with the
PHI 5000 VersaProbe II XPS system (Physical Electronics) with a monochromatic Al-Ka
source (15 kV, 50 W) and a photon energy of 1486.7 eV. All the spectra were measured
in a vacuum of 1.1 x 1077 Pa and at a room temperature of 20 °C. Dual beam charge
compensation was used for all measurements. The spectra were evaluated with MultiPak
software, version 9 (Ulvac—PHI, Inc., Chanhassen, MN, USA).

2.4.5. ICP-MS

To accurately determine the total Au and Fe concentrations, the validated ICP-MS
method was employed. Prior to ICP-MS analysis, each sample was sonicated and conse-
quently digested using MLS 1200 mega closed vessel microwave digestion unit (Milestone,
Italy). The organic matrix was decomposed by a mixture of 4 mL of nitric acid (69%,
Analpure) and hydrochloric acid (36%, Analpure) in 1:1 ratio. The digests were allowed
to cool down to laboratory temperature, diluted with the ultrapure water to 25 mL in
volumetric flasks, and stored at 4 °C until ICP-MS analysis. The detailed ICP-MS method
description and the corresponding validation in terms of the limit of detection (LOD), the
limit of quantification (LOQ), trueness, and precision are presented in the Supplementary
Materials. All ICP-MS measurements were performed in six replicates, and the results are
expressed as an average + standard deviation (SD).
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2.4.6. MR Relaxometry and Imaging

The MR relaxometry was used to determine the relaxivities rq » of AuBSA-Fe nanocom-
posites (M1-M4). The relaxation times T; and T, were measured on relaxometer Bruker
Minispec mq 60 (Bruker Biospin, Ettlingen, Germany) at 1.5 T, at a stabilized temperature
of 37 °C throughout the whole experiment. MR sequence for T1 measurement: Inversion
recovery (IR), 20 points for fitting, 1 excitation, time of repetition (TR) = 0.01-10,000 ms,
recycle delay 2 s. T, relaxation times were measured with Carr-Purcell-Meiboom-Gill
(CPMG), TR = 5000 ms, 20,000 echoes, 1 excitation, echo time (TE) = 0.05 ms, recycle delay
2 s. The relaxivities r; ; were calculated via the least-squares curve fitting of R; and Rp
relaxation rates [s~!] versus iron concentration (mM). The experimentally determined
solvent relaxation rate R was subtracted as a starting value from the nanoparticle relaxation
rates prior to the linear regression analysis.

The MR imaging experiments were performed on a Bruker Biospec 47/20 (Bruker,
Ettlingen, Germany) at 4.7 T. T1- and T,-weighted MR images of M1-M4 and water (served
as a control) samples in tubes were acquired. Rapid acquisition with relaxation enhance-
ment (RARE) multi-spin echo MR sequence were used with the following parameters: T;-
weighted sequence: effective echo time (TE) = 11.6 ms, time of repetition (TR) = 587.0 ms,
turbo factor (TF) = 1, scan time = 10.5 min, plane resolution (PR) = 234 x 195 um?, slice
thickness = 0.6 mm. T>-weighted sequence: RARE, TE = 36 ms, TR = 3300 ms, TF = 8, scan
time = 11.0 min, PR = 234 x 195 um?, slice thickness = 0.6 mm. MR image processing and
quantification were performed using Image] software. The signal-to-noise ratio (SNR) was
calculated from images as 0.655 x Ssample/ Onoise and contrast-to-noise ratio (CNR) was
calculated from images as 0.655 X |Sgample — Swater | / Onoise, Where S is signal intensity in
the region of interest, o is the standard deviation of background noise, and the constant
0.655 reflects the Rician distribution of background noise in a magnitude MR image.

2.4.7. Alamar Blue Assay (Resazurin Assay)

In a typical experiment, 80 uL of cultivation medium (second column) or cell (RPE-1)
suspension was added to a 96-well plate, which was afterward plaved inside the incubator
(37 °C, 5% CO,). After 24 h, 20 uL of DI water (second and third column), two different
concentrations of gold and iron precursors, or AuBSA-Fe nanocomposites were added in
the form of tri/hexaplicates. Another 24 h later, 20 puL of resazurin was introduced to each
well. After 3 h of incubation, fluorescence intensity was measured on a microplate reader
Synergy Mx (BioTek™, Winooski, VT, USA). The excitation and emission wavelengths
were set to 540 nm and 590 nm, respectively. Cell viability (CV) was calculated according
to Equation (2):

F sample — Finedium

CV =100 x , @)

F, cells — F medium

where F is the averaged fluorescence intensity and the subscripts sample, cells, and medium
indicate the measurement of fluorescence in the suspensions of sample-treated cells, non-
treated cells, and the solution of cultivation medium alone, respectively.

3. Results and Discussion

The samples of AuBSA-Fe were prepared by an easy one-pot synthetic procedure
performed in a sequential manner, which was newly developed by us, as described in
detail in the Materials and Methods section. Essentially, ferrous and ferric ions were mixed
together in the ratio of 1:2, added to Au (III) aqueous solution and then allowed to interact
with BSA for a certain period. The reaction mixture was alkalized in the next step to set up
conditions for simultaneous and spontaneous Au (III) reduction and SPIONs formation
(i.e., precipitation of Fe ions under alkaline medium in the presence of BSA); the subsequent
heating accelerated both bio-mineralization reactions. As a reference, the AuBSA sample
was prepared by using the same amount of Au (III) and BSA as in AuBSA-Fe system. Thus,
AuBSA and AuBSA-Fe systems differ only in the absence/presence of iron ions in their
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synthetic procedures, respectively. The procedures of both nanocomposite syntheses are
schematically depicted in Figure 1.

HAuCl,4 BSA
N D
Microwave
\ irradiation
AuBSA-Fe 2h
FeCl; FeCls Dialysis
HAuCl, ®‘ ,® BSA (E4

Figure 1. Schematic depiction of AuBSA and AuBSA-Fe nanocomposites.

3.1. Luminescent Properties of AuBSA-Fe in Comparison to AuBSA

There might be concerns about luminescence quenching induced by iron cations, since
luminescent AuNCs have been used as sensors of Fe (III) in solution [41-43]. However,
in the cited studies, BSA is not used as the template for luminescent AuNCs formation.
Moreover, there is a big difference between (i) Fe cations being present in the course of
luminescent AuNCs formation within BSA (this study) and (ii) Fe cations being added to
well-formed luminescent AuNCs [41-43].

Prompted by this issue, we first focused our attention on the validation of lumines-
cent properties of AuNCs in the AuBSA-Fe system inherited from AuBSA—see Figure 2
for emission spectra in the region of 500-850 nm and Figure S1 for the whole-range 3D
excitation—emission maps. Obviously, the average position of the emission maximum of
AuNCs remained almost unchanged when iron ions were present: 657 &= 2 nm for AuBSA
and 656 + 1 nm for AuBSA-Fe (Tables S1 and S2, respectively). The intensity of lumines-
cence decreased slightly in AuBSA-Fe in comparison to AuBSA (Figure 2). The fluorescent
quantum yield reflects this fact and is of virtually the same average value for AuBSA-Fe,
6.2 & 0.2 (Table S2), as for AuBSA, 6.4 £ 0.1 (Table S1). This is a good sign that qualitative
and quantitative luminescent features of AuNCs are not affected by the presence of iron
atoms in AuBSA-Fe samples. Furthermore, one can assume that sizes and numbers of
AuNCs within AuBSA-Fe and AuBSA nanocomposites are approximately the same.

3.2. Investigation of Morphology and Particle Size Distribution in Luminescent AuBSA-Fe

According to STEM image in Figure 3A, one can see relatively large aggregates exceed-
ing several hundreds of nanometres in size; however, they consist of individual particles
with sizes in units of nanometres and are frequently encountered in AuBSA-Fe systems.
EDS data shown in Figure 3B,C further demonstrate that oxygen dominates in the close
vicinity of iron in nanoparticulate form (e.g., FexOy), while sulphur can be co-located
together with gold atoms, respectively. This supports previous results of many researchers
(including us, [22]) concerning Au-S interactions within AuBSA. It also correlates well
with the observation that the luminescent features of AuNCs are not severely hampered by
the presence of FeXOy in AuBSA-Fe. Thus, we anticipate that the same type of amino-acid
residues creates the closest nano-environment of luminescent AuNCs in AuBSA-Fe as that
in AuBSA systems. Since the samples for STEM/EDS are prepared by drying on a support
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(lacey carbon-coated Cu grid), the real particle size distribution (PSD) in the solution may
differ from that observed by STEM. Therefore, it is reasonable to determine PSD directly
by measuring the aqueous solutions of the samples by DLS. The average values of the
hydrodynamic diameters of particles in AuBSA and AuBSA-Fe nanocomposite solutions
along with polydispersity values (PDI) determined by DLS are compared in Table 1. Both
samples (AuBSA as well as AuBSA-Fe) represent proper solutions without any obvious
aggregate formation visible by the naked eye.

400

AuBSA
AuBSA-Fe

350

300 -

250

200 -

150

100 -

Fluorescence intensity [a.u.]

50 +

0 T T T T T T T T T T ¥ 1 "
500 550 600 650 700 750 800 850
Emission wavelength [nm]

Figure 2. Comparison of fluorescence emission spectra of AuBSA (orange curve) and AuBSA-Fe
(black curve) samples when excited at 480 nm. Average fluorescence spectra are shown as a result of
seven independent sample preparations and their measurements.

100°nim .

Figure 3. Scanning transmission electron microscopy (STEM) and energy dispersive spectroscopic
(EDS) analysis of a representative AuBSA-Fe sample: (A) STEM image, scale bar of 100 nm; (B) Au
and S spatial distribution map; and (C) Fe and O spatial distribution map.
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Table 1. Hydrodynamic diameter (represented by Z-average) and polydispersity (PDI) of nanocom-
posites determined by DLS measurements.

Sample Z-Average [nm] PDI
AuBSA 239 +£10.8 04+0.1
AuBSA-Fe 712 £8.0 1.0+ 0.0

Obviously, both the hydrodynamic diameter and PDI increased in AuBSA-Fe in
comparison to AuBSA (Table 1). These increases in the average values (from approx. 24 nm
in diameter and 0.4 polydispersity in AuBSA to 71 nm and 1.0 in AuBSA-Fe) can be ascribed
to the presence of iron oxide particles and their aggregates in AuBSA-Fe because these are
the only differences between the two compared systems. Further details of DLS data are
shown and discussed in the Supplementary Materials (Figures S2-54); whereas appropriate
values for AuBSA and AuBSA-Fe are listed in Tables S3 and S4, respectively. Although
influenced by sample drying to some extent, the STEM images of AuBSA-Fe in dried state
(Figure 3A) correlate with the PSD determined for the same system by DLS measured
directly in aqueous solution (liquid state).

3.3. Evidence of SPIONs in Luminescent AuBSA-Fe via Mdssbauer Spectroscopy

Mossbauer spectroscopy as an iron-sensitive method has been selected to give direct
evidence regarding the type of iron oxide present in AuBSA-Fe. Since relatively high con-
centrations of iron are required in this spectroscopy and, simultaneously, by knowing (from
STEM-EDS) that iron is most dominantly distributed in nanoparticulate form at the surface
of BSA, we centrifuged the AuBSA-Fe samples, a rusty pellet was carefully dried under
nitrogen atmosphere and then measured. The Mossbauer spectrum of AuBSA-Fe recorded
at room temperature, shown in Figure 4A, manifested itself as a doublet with an isomer
shift value of 0.33 4- 0.01 mm-s~! and the quadrupole splitting of 0.68 4- 0.01 mm-s~!. By
measuring the Mossbauer spectrum at 5 K and 5 T, as seen Figure 4B, a sextet with an isomer
shift value of 0.43 + 0.01 mm-s~!, a quadrupole splitting of —0.08 + 0.01 mm-s~!, and an
effective hyperfine magnetic field of 46.4 & 0.3 T was revealed. Based on these parameters
and our previous knowledge [44], the nanoparticulate form of iron in AuBSA-Fe samples
can be assigned to superparamagnetic Fe (III) oxide. Furthermore, the measurements at low
temperatures and under external magnetic fields showed a symmetrical environment with
no preferential orientation; therefore, very small superparamagnetic iron oxide particles
(SPIONSs) are present in AuBSA-Fe, generally in units of nanometres. This coincides well
with STEM imaging and DLS analysis.

3.4. Application of Luminescent AuBSA-Fe as MRI Contrast Agents

SPIONSs are well-known as negative or Tr-weighted MRI contrast agents [23]. There-
fore, we assessed MRI performance of our AuBSA-Fe samples. In Figure 5, we show the
Tr-weighted MR images of four independently prepared AuBSA-Fe samples (denoted as
M1-M4), containing different (increasing) concentrations of gold and iron, as determined
by ICP-MS (Table S6), but keeping the same molar ratio of these metals (10:0.75). Intention-
ally, four independently prepared samples were concentrated to verify the reproducibility
and to increase the T,-weighted signal. Obviously, the Tr-weighted MR images of water
phantoms were affected by the presence of AuBSA-Fe samples and the clear decrease in the
MR signal was observed; on the other hand, and as expected, the only negligible effect was
observed in T1-weighted MR images, where the MR signal increase was low (Figure 5). The
values of signal-to-noise ratio (SNR) as well as contrast-to-noise ratio (CNR) for the quanti-
tative comparison of M1-M4 samples are listed in Figure 5. Both SNR and CNR reached
values above 37 in the T,-weighted MR images of all four variants of AuBSA-Fe samples;
simultaneously, low SNR and CNR values in T1-weighted MR images were achieved. This
means that AuBSA-Fe samples represent “negative” contrast agents due to the presence of
SPIONSs. This is in full accordance with the literature [29,30].
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Figure 4. Mossbauer spectra of AuBSA-Fe recorded (A) at room temperature and (B) at the 5 K and
5 T external magnetic field.

Aside from the MRI imaging of water phantoms containing AuBSA-Fe samples (M1-
M4), MR relaxometry was performed. The relaxation rates R; and R, were calculated as
1/T; and 1/Ty, respectively, for concentrated and diluted M1-M4 samples. Note that the
real concentrations of Fe in concentrated and diluted M1-M4 samples together with the
corresponding values of Ry, R, relaxation rates are listed in Table S7 in the Supporting
Materials. Plotting the relaxation rates as a function of real iron concentration in AuBSA-Fe
samples (determined by ICP-MS) resulted in the determination of relaxivities r; and r, from
graphs shown in Figure 6. Evidently, the experimental R; values could be best fitted with a
linear function (although it can be separated in two parts, according to R, dependence).
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On the other hand, two linear functions with two different slopes are best able to fit the
experimental R, values: 3.44 & 0.36 L-mmol ~!-s~! for iron concentrations equal and above
0.52mM; 2.68 & 0.11 L-mmol~1-s~! for iron concentrations below this value (Table 2). These
slopes represent the characteristic r; relaxivity of AuBSA-Fe samples and, as such, can be
compared with the relaxivity values of the commercial MRI contrast agents (e.g., in [45]).
From this direct comparison, it is obvious that the r, relaxivity values of AuBSA-Fe samples
closely approach those of several commercially available contrast agents. Importantly, the
commercial MRI contrast agents do not possess luminescent properties, while AuBSA-Fe
samples do. Therefore, AuBSA-Fe samples could serve as bimodal (dual) probes for MRI
and fluorescence measurements.

M1 M2 M3 M4
15.13 16.62 15.75 16.38 11.13
4 5.32 4.62 5.25

60.2 55.88 45.64 42 97.23
37.3 41.35 51.59 55.23

Figure 5. Magnetic resonance (MR) images of AuBSA-Fe phantoms (denoted as M1-M4) containing
different Fe concentrations (807 uM Fe in M1, 1020 uM Fe in M2, 1193 uM Fe in M3, and 1249 uM Fe
in M4) and water phantom (H,O), measured at 4.7 T external magnetic field. T1- and T-weighted
MR images are shown. Note: the signal-to-noise ratio (SNR) was calculated using SNR = 0.655 x S/ o,
where S is signal intensity in the region of interest (ROI), o is the standard deviation of background
noise, and the constant 0.655 reflects the Rician distribution of background noise in a magnitude MR
image. Eight averages were used.

Interestingly, Ry values may be even fitted with a quadratic function as shown for
concentrated samples in Figure S5. The quadratic dependence of relaxation rates on concen-
tration of contrast agents was observed in previous studies by different authors [46-51]. In
our opinion, two plausible explanations may be adopted in the case of AuBSA-Fe samples:
either the aggregation of SPIONs and the consequent inhomogeneity of magnetic fields as
in [52] or the small sizes of SPIONSs (evidenced for our AuBSA-Fe samples through direct
visualization using STEM and/or spectroscopically through the Mossbauer effect), thus
falling in a range of quadratic relaxation [53].

3.5. Stability and Biocompatibility of AuBSA-Fe Nanocomposites

An important issue in any sample applicability is their stability in time if stored under
relevant conditions. Since AuBSA-Fe samples contain inorganic parts, being responsible
for luminescent and MR features as well as protein (although denatured during the syn-
thesis), generally, we stored our samples in a fridge. However, for the sake of curiosity,
a sample of AuBSA-Fe was stored at room temperature over 1 year, and its X-ray pho-
toelectron spectroscopic (XPS) spectrum measured and directly compared with that of
freshly prepared AuBSA-Fe. The XPS results, shown in Figure S6 and discussed in the
Supplementary Materials, confirmed the degradation of organic part, while preserving Au
(0) content even in the AuBSA-Fe sample stored at room temperature. Thus, the stability
of the newly developed AuBSA-Fe dual probes was verified. It can be summed up that



Nanomaterials 2023, 13, 1027

110f15

AuBSA-Fe, representing a stable system when stored in a fridge, could potentially be
applied as fluorescent and MRI contrast agents.

A
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Figure 6. (A) Relaxation rate Ry and (B) relaxation rate R; as functions of real iron concentrations in
AuBSA-Fe samples, as determined by ICP-MS (values are listed in Table S7).

Table 2. The values of r; and r; relaxivities assessed for AuBSA-Fe samples, depending on real iron
concentrations, as determined by ICP-MS. Two linear regimes are recognized by a jump around the
value of 0.52 mM in Fe concentrations.

Relaxivity r1 [L-mmol~1-s71]  Relaxivity r, [L-mmol—1.571]

2.68 £0.11
3.44 £ 0.36

Fe Concentration [mM]

<0.52 0.41 £ 0.04
>0.52 0.39 £ 0.04

Another very important issue of AuBSA-Fe nanocomposite application as a potential
contrast agent is its biocompatibility. Since AuBSA-Fe nanocomposites are prepared by
a synthetic approach obeying the principles of green chemistry (i.e., non-toxic reactants
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and aqueous environments, no abundant chemicals used), their biocompatibility can be
presumed. Moreover, AuBSA nanocomposites have been tested by many authors, including
us [19], for potential cytotoxicity, which was revealed to be negligible. Similarly, SPIONs
were tested by several authors and manifested almost zero cytotoxicity (e.g., [25-28]). It
would be thus very unusual if AuBSA-Fe nanocomposites were cytotoxic. However, the
assumption of the low cytotoxicity of AuBSA-Fe was validated by using Alamar blue assay
(exploiting resazurin and fluorescence measurements) in the present study. The average
cell viabilities for AuBSA-Fe nanocomposites with different iron concentrations (below
and/or above 0.52 mM Fe content, in correlation with MRI data) are shown in Table 3, and
an example of the resazurin assay is given in Table S8.

Table 3. Results of cell viability tests.

AuBSA-Fe Average Viability [%]
Iron concentration < 0.52 mM 78 £3
Iron concentration > 0.52 mM 80 +2

Surprisingly, the average cell viability was determined to be around 80% (only) in all
AuBSA-Fe nanocomposites. This value still falls in the range of non-toxic species according
to ISO 10993. However, it should be pointed out that the cytotoxicity results may be false
negatives because resazurin is able to interact with serum albumin, especially at elevated
protein concentrations, as revealed in [54]. In which case, the final values of cell viability
(here evaluated around 80%) could be underestimated with respect to reality, i.e., the
biocompatibility of AuBSA-Fe nanocomposites could be much better than determined
by the Alamar blue assay. It should be also noted that the MTT assay and CCK-8 kit
were not employed because both are able to provide false-positive results, as discussed
in [55,56]. Further experiments assessing the real cytotoxicity of AuBSA-Fe nanocomposites
are in progress.

4. Conclusions

We developed an easy, reproducible, one-pot, green synthesis of a new type of poten-
tial bimodal probe, labelled as AuBSA-Fe. These AuBSA-Fe probes are based on non-toxic
luminescent AuNCs (embedded in BSA), which are generated together with SPIONs sim-
ply through the alkalization of the reaction mixture. Luminescent features of AuNCs are
preserved in AuBSA-Fe samples, i.e., emission maxima and quantum yields are comparable
within experimental errors with those of AuBSA (serving here as a reference). Furthermore,
MRI experiments confirmed the effect of AuBSA-Fe on T, contrast in MR images. The relax-
ivity values of AuBSA-Fe approach those of commercial contrast agents. The great benefit
of AuBSA-Fe probes, serving as MR alternatives, lies in their simultaneous luminescent
feature. Therefore, AuBSA-Fe nanocomposites (stable when stored in a fridge) represent
promising bimodal probes and could be potentially applied as fluorescent and MRI contrast
agents. Further experiments with AuBSA-Fe nanocomposites are envisaged, leading to the
increased possibility of their use as MRI alternatives and testing their biocompatibility and
stability, performed not only in vitro but also in vivo.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /nano13061027/s1, Figure S1: 3D excitation-emission maps of
AuBSA (A) and AuBSA-Fe (B); Table S1: Quantum yield and position of emission maxima of AuBSA
(seven independent sample preparations); Table S2: Quantum yield and position of emission maxima
of AuBSA-Fe (seven independent sample preparations); Figure S2: Particle size distribution (PSD)
histograms of AuBSA (orange curve) and AuBSA-Fe (black curve) based on the changes in intensity of
scattered light (633 nm laser line) measured by dynamic light scattering. Trimodal PSD is observed in
both samples, however, with different average values and percentage (in brackets): 266.1 &= 38.0 nm
(12.9 +2.1%), 26.8 & 2.4 nm (50.8 £ 1.2%), 3.0 £ 0.1 nm (27.7 & 0.8%) for AuBSA; 351.2 £+ 21. 0 nm
(68.7 £+ 1.4%), 30.0 = 2.9 nm (16.7 + 0.9%), 4.4 £ 0.3 nm (10.6 £ 0.8%) for AuBSA-Fe; Table S3:
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PSD of several independently measured AuBSA samples determined by DLS based on intensity
and number. Average and standard deviation (SD) values are then calculated; Table S4: PSD of
several independently measured AuBSA-Fe determined by DLS based on intensity and number.
Average and standard deviation (SD) values are then calculated; Figure S3: Histograms of PSD of
several independently measured AuBSA; Figure S4: Histograms of PSD of several independently
measured AuBSA-Fe; Table S5: Validation results for ICP-MS; Table S6: Contents of Au and Fe in
many independently prepared AuBSA-Fe samples as determined by ICP-MS and calculation of Au:Fe
ratios in real samples; Table S7: Values of relaxation times Ty, T, and relaxation rates Ry, R; together
with real iron concentrations (as determined by ICP-MS for concentrated samples, while derived from
these values for diluted samples); Figure S5: Relaxation rates as a function of iron concentration in
AuBSA-Fe samples (100% concentration, any dilution is omitted). Comparison of linear and nonlinear
(quadratic) fits; Figure S6: (A) XPS signal of fresh AuBSA-Fe sample, Au4f region; (B) XPS signal of
one-year aged AuBSA-Fe sample, Au4f region; (C) XPS signal of fresh AuBSA-Fe sample, N1s region;
(D) XPS signal of one-year aged AuBSA-Fe sample, N1s region; (E) XPS signal of fresh AuBSA-Fe
sample, S2p region; (F) XPS signal of one-year aged AuBSA-Fe sample, S2p region; (G) XPS signal of
fresh AuBSA-Fe sample, Cl1s region; (H) XPS signal of one-year aged AuBSA-Fe sample, C1s region;
(I) XPS signal of fresh AuBSA-Fe sample, Ols region; (J) XPS signal of one-year aged AuBSA-Fe
sample, Ols region; Table S8: Table showing values of fluorescence in each well of the titration plate
when cell viability tests of AuBSA-Fe nanocomposites and their precursors (HAuCly, mixture of FeCl,
and FeCl3) were performed in two representative iron concentrations (below and above 0.52 mM).
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1. 3D-fluorescence maps and average quantum yield determination of AuBSA and AuBSA-Fe
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Figure S1. 3D excitation-emission maps of AuBSA (A) and AuBSA-Fe (B).



Table S1. Quantum yield and position of emission maxima of AuBSA (7 independent sample
preparations).

AuBSA I II III IV A\ VI VII Average SD
Absorbance 0.0196 0.0211 0.0204 0.0207 0.0205 0.0205 0.0206 0.0205 0.0005

Quantum yield
[%]

Maximum at
[nm]

6.4 6.1 6.4 6.4 6.4 6.5 6.4 6.4 0.1

659 654 656 656 658 659 656 657 2

Table S2. Quantum yield and position of emission maxima of AuBSA-Fe (7 independent sample
preparations).

AuBSA-Fe I II III IV A% VI VII Average SD
Absorbance 0.0197 0.0202 0.0205 0.0200 0.0201 0.0207 0.0204 0.0202 0.0003

Quantum yield
[%]

Maximum at
[nm]

6.5 6.1 6.1 6.3 6.2 6.0 6.2 6.2 0.2

658 655 656 655 656 655 658 656 1




2. Particle size distribution determined by DLS

Particle size distribution (PSD) within a liquid sample can be determined by dynamic light
scattering (DLS), i.e., by measuring changes of the scattered light intensity as a function of time.
The instrument (Zetasizer Malvern) enables to determine PSD based on intensity, number, and
volume. The former is the only value, which is measured experimentally; the two others are
calculated from the former under certain assumptions (spherical, isolated, identical particles).
Average PSD histograms of AuBSA and AuBSA-Fe nanocomposites are shown in Figure SI-2 for
the sake of a direct comparison and for explanation of polydispersity (PDI) increase in AuBSA-
Fe in comparison to AuBSA as shown and discussed in the main text. However, keep in mind
that contents of big particles in PSD based on intensity changes of scattered light are
overestimated because the bigger particles, the higher contribution of their scattering.

AuBSA
AuBSA-Fe

Intensity [%]

1 10 100 1000
Size [nm]

Figure S2. Particle size distribution (PSD) histograms of AuBSA (orange curve) and AuBSA-Fe (black curve)
based on the changes in intensity of scattered light (633 nm laser line) measured by dynamic light scattering.
Trimodal PSD is observed in both samples, however, with different average values and percentage (in
brackets): 266.1 + 38.0 nm (12.9 £ 2.1 %), 26.8 + 2.4 nm (50.8 £ 1.2 %), 3.0 £ 0.1 nm (27.7 + 0.8 %) for AuBSA;
351.2£21.0nm (68.7 + 1.4 %), 30.0 £ 2.9 nm (16.7 + 0.9 %), 4.4 = 0.3 nm (10.6 + 0.8 %) for AuBSA-Fe.

Three different types of NP sizes are thus present in both aqueous systems AuBSA and AuBSA-
Fe (representing proper solutions, i.e.,, without any aggregates visible by naked eyes): several
units, tens, and hundreds of nanometers, which well explains the relatively large PDI values.
Obviously, there is a more significant contribution of the largest particles (around 351 nm in
average) in PSD of AuBSA-Fe in comparison to PSD of AuBSA (Figure SI-2). However, their sizes



are still in hundreds of nanometers, which means that these nanoparticles could be internalized
by cells (which are 10-100 um in size for most animal and plant cells).

Reproducibility of PSD data is demonstrated in Figures SI-3 and SI-4 and in Tables SI-3 and SI-4.
By assuming spherical isolated particles, PSD based on number can be also calculated as seen in
Tables SI-3 and SI-4. However, it should be reminded that PSD based on particle number is the
calculated value obtained under the above-mentioned assumptions of identical, spherical,
isolated particles.

Table S3. PSD of several independently measured AuBSA samples determined by DLS based on intensity
(Int) and number (Num). Average and standard deviation (SD) values are then calculated.

Area Area Area Area
Intl Int2 Int3 Numl Z-Average

AuBSA [nm] [nm] [am] [nm] Intl Int2 Int3 Numl [nm]

[%]  [%]  [%] [%]
I 2436 264 3.0 2.2 131 526 279 100.0 42.86 0.236
II 2462 250 29 2.2 12.0 50.7 277 100.0 16.08 0.438
III 303.3 271 3.0 2.3 134 495 278 100.0 21.15 0.389
1A% 2272 249 3.0 2.2 101 499 287 1000 20.62 0.327
A% 3104 308 3.2 2.4 159 513 265 100.0 18.92 0.494
Average 266.1 268 3.0 2.3 129 508 277 100.0 23.9 0.4
SD 380 24 0.1 0.1 21 1.2 0.8 0.0 10.8 0.1

PDI

Table S4. PSD of several independently measured AuBSA-Fe determined by DLS based on intensity (Int)
and number (Num). Average and standard deviation (SD) values are then calculated.

Area Area Area Area
Intl Int2 Int3 Numl Z-Average

AuBSA-Fe Intl1 Int2 Int3 Numl1 PDI
[nm] [nm] [am] [nm] [nm]
[%]  [%]  [%I] [%]
I 361.2 344 4.7 2.2 67.7 17.2 11.2 100.0 83.61 1.000
11 3315 26.8 4.2 2.8 70.3 154 9.8 100.0 71.59 1.000

III 3823 304 39 2.6 68.8 17.8 9.8 100.0 71.28 1.000
IV 334.1 285 4.6 25 67.0 164 11.3 100.0 68.13 1.000

\'% 3470 300 4.5 24 69.8 169 11.1  100.0 61.61 1.000
Average 3512 300 44 25 68.7 167 10.6 100.0 71.2 1.0
SD 21.0 29 0.3 0.2 1.4 0.9 0.8 0.0 8.0 0.0
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Figure S3. Histograms of PSD of several independently measured AuBSA.
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Figure S4. Histograms of PSD of several independently measured AuBSA-Fe.



3. ICP-MS method validation and determination of Au and Fe concentrations

The total gold and iron concentrations were determined by an Agilent 7700x ICP-MS (Agilent
Technologies Ltd., Japan) fitted with ASX-520 autosampler, MicroMist concentric nebulizer, a
Scott-type double pass spray chamber, and an octopole reaction system working in helium mode
was used for all analyses. The optimized ICP-MS operating conditions were as follows: RF power
of 1550 W, plasma gas flow rate of 15.0 L-min, an auxiliary gas flow rate of 0.9 L-min™, nebulizer
gas flow rate of 1.05 L-min™, collision gas He flow rate of 4.3 mL-min~! and a dwell time of 100 ms
for *Fe, ”Au, ¥Sc, 2°Bi isotopes (last two served as internal standards).

The ICP-MS method validation covered the evaluation of limit of detection (LOD), the limit of
quantification (LOQ), trueness, precision (repeatability). Moreover, the quality control sample at
the concentration level of 50 mg-L! for Fe, and 500 mg-L! for Au was analysed every ten samples
to ensure the quality of the routinely acquired results.

Linearities of calibration curves were evaluated within a range from 10 to 2 000 ug-L for Fe and
100 to 10 000 ug-L*! for Au, respectively. LODs and LOQs were calculated using the equations:
LOD = 3.3 SD/s and LOQ = 10 SD/s, where SD is the standard deviation of the signal intensity
(standard deviation of the intercept) and s is the slope of the calibration curve. Trueness and
precision were assessed by analyses of 6 independently prepared spiked samples at the
concentration level of 500 ug-L* for Fe, and 5 000 pg-L for Au. Calculated recoveries for Fe, and
Au in repeatedly measured QC samples (n=9) were 101.7 %, 101.8 %. The validation results are
summarized in Table SI-5.

Table S5. Validation results for ICP-MS.

Parameter Analyte
Fe Au
Calibration range [ug-L] 10 -2 000 100 — 10 000
Correlation coefficient 0.9999 0.9999
LOD [pg-L7] g 2
LOQ [ugL1] 27 6
Trueness [%] 96.3 101.1
Precision [%] 0.6 0.5




Table S6. Contents of Au and Fe in many independently prepared AuBSA-Fe samples as determined by
ICP-MS and calculation of Au:Fe ratios in real samples.

Sample [Au] [Aul [Fe] [Fel Au:Fe
[mM]  [mgmL’] [uM] [ug-mL-]
M-8 3.9 0.8 321.1 17.9 12.2
M-7 4.9 1.0 359.6 20.1 13.5
M-6 5.9 1.2 421.5 23.5 14.0
M-5 7.0 1.4 508.8 28.4 13.8
M-4 8.3 1.6 636.4 35.5 13.1
M-3 10.6 2.1 750.2 41.9 14.2
M-2 11.7 23 894.4 49.9 13.0
M-1 13.9 2.7 1049.2 58.6 13.2
M1 10.9 22 807.0 45.1 13.6
M2 14.0 2.8 1020.4 57.0 13.7
M3 16.1 3.2 1193.3 66.6 13.5
M4 17.1 3.4 1248.5 69.7 13.7
Average 13.5 13.3 Theory
SD 0.5

Note: Average Au:Fe ratio in real samples coincides well with the theoretical ratio of these metals
(theoretical Au:Fe ratio derived from BSA:Au:Fe = 1:10:0.75 => 10/0.75 = 13.3)



4. MRI for AuBSA-Fe samples

Table S7: Values of relaxation times Ti, T2 and relaxation rates Ri, Rz together with real iron
concentrations (as determined by ICP-MS for concentrated samples, while derived from these values for
diluted samples).

ampl Fe
Sample conscentfa:ion concentration [:1;] [?_i] [:125] [Z{_:]
[%] [mM]
100 0.321 2200 0.455 835 1.198
75 0.241 2560 0.391 1085 0.922
M-8 50 0.161 2285 0.438 809.5 1.235
25 0.080 1490 0.671 492.2 2.032
100 0.360 2450 0.408 787 1.271
75 0.270 2355 0.425 926.2 1.080
M7 50 0.180 3020 0.331 1360 0.735
25 0.090 3390 0.295 1869.2 0.535
100 0.421 2305 0.434 700 1.429
75 0.316 2570 0.389 926.2 1.080
M-6 50 0.211 2800 0.357 1092 0.916
25 0.105 3320 0.301 1765.3 0.566
100 0.509 1970 0.508 587.6 1.702
75 0.382 2270 0.441 757.1 1.321
M-S 50 0.254 2590 0.386 973.4 1.027
25 0.127 3100 0.323 1579.4 0.633
100 0.636 1820 0.549 473 2.114
75 0.477 2145 0.466 602.1 1.661
M- 50 0.318 2635 0.380 920.4 1.086
25 0.159 3100 0.323 1420.8 0.704
100 0.750 1515 0.660 364 2.747
75 0.563 1920 0.521 487.7 2.050
M3 50 0.375 2379 0.420 704.3 1.420
25 0.188 2855 0.350 1151.2 0.869
100 0.894 1515 0.660 301.1 3.321
75 0.671 1810 0.552 386.3 2.589
M2 50 0.447 2315 0.432 629.7 1.588
25 0.224 2930 0.341 1003.1 0.997



Table S7. Cont.

M1

M2

M3

M4

Note: Green values were excluded.

100
75
50
25

100
75
50
25

100
75
50
25

100
75
50
25

100
75
50
25

1.049
0.787
0.525
0.262
0.807
0.605
0.404
0.202
1.020
0.765
0.510
0.255
1.193
0.895
0.597
0.298
1.249
0.936
0.624
0.312

1305
1610
2080
2795
1815
2050
2355
2780
1655
1810
2230
2430
1365
1560
1830
2590
1271
1535
1915
2655

0.766
0.621
0.481
0.358
0.551
0.488
0.425
0.360
0.604
0.552
0.448
0.412
0.733
0.641
0.546
0.386
0.787
0.651
0.522
0.377

213.4
331.133
459
889.73
447
593
723
1023
379
427
638
918
264
308
479
911
216
290
442
767

4.686
3.020
2.179
1.124
2.237
1.686
1.383
0.978
2.639
2.342
1.567
1.089
3.788
3.247
2.088
1.098
4.630
3.448
2.262
1.304
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Figure S5. Relaxation rates as a function of iron concentration in AuBSA-Fe samples (100% concentration,
any dilution is omitted). Comparison of linear and nonlinear (quadratic) fits.

Note: Quadratic fit is best suited for highly concentrated samples where the aggregation of protein occurs.
Simultaneously, superparamagnetic iron oxide particles (SPIONs) attached to the protein are aggregated
which may lead to the non-linear character of relaxation rate values with increasing sample concentrations.
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5. Ageing and storage conditions of AuBSA-Fe samples

XPS spectra of AuBSA-Fe samples were measured shortly after their preparation (M6 in Figures
SI-5) and after 1 year of ageing (M3 in Figures SI-5) at room temperature. Interestingly, in both
samples only Au (0) was detected by XPS — see Figures SI-5A and SI-5B, which means that the
inorganic part of the samples is not destroyed/changed. On the contrary, the relative contents of
various types of organic species derived from N1s, Ols, Cls signals, varied significantly in fresh
vs. aged samples — see Figures SI-5C — SI-5]. This points to a degradation of the organic part of
AuBSA-Fe nanocomposites, namely a sort of oxidation takes place (based on occurrence of
ammonium signal). It is highly recommended to store the samples in a fridge.

12



Aug_06_2022.104.Kaj_M6.spe

100

90

80

cls

70+

4oL

Chem.
Au (0)
Au (0)

Pos.
84.21
87.88

Sep.
0.00
3.67

%Area
57.14
42.86

10

Figure S6A. XPS signal of fresh AuBSA-Fe sample, Au4f region.
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Figure S6B. XPS signal of one-year aged AuBSA-Fe sample, Au4f region.
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390



Aug_06_2022.104.Kaj_M6.spe

T T T T
90 -
Chem. Pos. Sep. %Area
S(-I) 163.35 0.00 29.30
S(-1I) 164.53 1.18 14.65
85 SO3 (-II) 167.88 4.53 37.37 -
SO3(-II) 169.06 5.71 18.68
80 -
75 -
w
©
70+ -
651 -
60 -
551 -
I | I I | I | | I I
176 174 172 170 168 166 164 162 160 158 156 154

Binding Energy (eV)

Figure S6E. XPS signal of fresh AuBSA-Fe sample, S2p region.
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Figure S6F. XPS signal of one-year aged AuBSA-Fe sample, S2p region.
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Figure S6G. XPS signal of fresh AuBSA-Fe sample, Cls region.
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6. Cell viability tests of AuBSA-Fe nanocomposites — Alamar blue assay

Table S8: Table showing values of fluorescence in each well of the titration plate when cell viability tests
of AuBSA-Fe nanocomposites and their precursors (HAuCls, mixture of FeCl2 and FeCls) were performed

in two representative iron concentrations (below and above 0.52 mM).

A

B 867 [29735 [ 2200 | 29289 | 24847 | 24735 | 1944 | 22831 | 24020 | 21247
C 835 |[30876 [ 2210 | 27409 | 23349 | 23919 | 1955 (23864 | 24412 | 23791
D 836 | 30373 | 2255 | 27282 [ 23384 [ 25086 | 1961 | 22664 | 24639 | 23549
E 861 |[31141 [ 2407 | 20874 | 23155 | 25072 | 2278 | 794 | 25358 | 24243
F 856 |[30711 [ 2354 | 20757 | 24421 | 24207 | 2288 | 801 [ 25066 | 24370
G 880 | 32978 | 2283 | 16906 | 24822 24941 | 2318 | 791 | 24956 | 24286
H

cultivation
medium
RPE-1 cells

HAuCl

FeCL+

FeCls

HAuCls

FeCl2+

FeCls

AuBSA-Fe
(c(Fe) < 0.52 mM)

AuBSA-Fe
(c(Fe) > 0.52 mM)

The other samples

and precursors

T QO =" m 0w

Note: For the detection of outliers (green values), Grubbs” or Dixon’s test was used.
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Findings: Successful in vivo FI and MRI recorded in healthy mice corroborated the applicability of the APEBM
nanocomposite and, simultaneously, served as a proof of concept concerning the potential future exploitation of
this new FI/MRI bimodal contrast agent in preclinical and clinical practice.

1. Introduction

Bimodal and/or multimodal contrast agents are frequently asked in
preclinical and clinical practice [1] since they can lead to improved
localization and sensitivity of a chosen target while using a single in-
jection, mitigating the effects of invasive monitoring. Bimodal imaging
probes composed of fluorescent (especially that emitting in the near-
infrared region, NIR) and magnetically susceptible parts fulfil both re-
quirements at once, i.e., high sensitivity and unlimited spatial resolu-
tion, respectively, overcoming thus the limitations associated with the
stand-alone systems [2,3]. Moreover, owing to the unique conjunction
of two physical phenomena, luminescence and superparamagnetism,
within one contrast agent (i.e., one probe for dual-modal monitoring), in
vivo imaging is going to become less time-consuming and cost-effective,
meeting thus current social and economic requirements. Over the past
two years, there have been published more than one hundred scientific
reviews (according to Web of Science) dealing with multimodal and in
vivo imaging. Similarly, the topic of multimodal in vivo imaging
exploiting nanoarchitectures, nanostructures, and/or nanocomposites of
different kinds and compositions is very popular among scientists;
almost three hundred papers have been published in recent two years
(based on literature investigation using Web of Science). Thus, this
research field is undoubtedly fancy and quickly developing.

Nanocomposites are frequently designed in core-shell and/or core-
shell-shell architectures, comprising an inorganic core with organic
layer/s around [4,5]. Another strategy embodies entrapping functional
components into some matrices/scaffolds, such as metal-organic
frameworks [6,7], various graphene oxides [8,9], mesoporous silica
[10], silica/organosilica cross-linked block copolymer micelles [11,12],
and/or proteins [13,14]. Inspired by our latest research [15] as well as
by other researchers, serum albumin was chosen as a protein matrix/
template for the incorporation of luminescent gold nanoclusters (AuNC)
and superparamagnetic iron oxide nanoparticles (SPION) in the present
work. Serum albumin, a well-known efficient transportation protein
found in vertebrate blood, helps achieve better biocompatibility and
prolongs the blood circulation lifetime of functional nanostructures (e.
g., [16-19]). The step of biomimetic coating, ensuring biocompatibility
of functional nanostructures in living organisms (e.g., [7,20-23]), can be
thus avoided, consequently, the synthesis becomes simpler and faster.

Nanocomposites consisting of albumin conjugated with nano-
structures composed of gold and gadolinium for in vivo FI/MR imaging
were prepared and published [24,25]. Both of these bimetallic nano-
composites [24,25] possess magneto-luminescent properties; however,
they are based on gadolinium ions that are generally considered toxic
and represent potential risks to the environment and human health [26].
Therefore, one should rather avoid the usage of Gd(III) ions and
concentrate on benign iron ions instead [27-29]. Beneficial for iron
oxide usage in bimetallic nanocomposites intended to be exploited in in
vivo FI/MR imaging is also a significant number of clinically approved
imaging iron-oxide-bearing nanoparticles [30].

Herein, we developed the APEBM (advanced protein-embedded
bimetallic) nanocomposite, which was tested as FI/MRI contrast agent in
vivo. The APEBM nanocomposite is inspired by our previous work [15];
however, there are substantial changes in the preparation procedure
developed and described by us in the current work. In fact, we wanted to
develop a versatile and robust green synthesis of bimodal (and poten-
tially multimodal) contrast agents, meaning that any other desired metal
and/or functionality can be easily added/introduced while the stability
of the final functional nanocomposite is maintained and, simulta-
neously, its applicability improved. To the best of our knowledge,
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another system containing luminescent AuNC-SPION and simulta-
neously demonstrating in vivo bimodal imaging capability has not been
published yet.

Prior to the subcutaneous injection (aimed to assess the suitability of
the nanocomposite for optical imaging, similarly as in [31] into healthy
mice and FI/MRI measurements, the APEBM nanocomposite was char-
acterized by appropriate experimental techniques including UV-Vis
absorption spectroscopy, steady-state fluorescence, high-resolution
transmission electron microscopy (HR-TEM), scanning transmission
electron microscopy (STEM), energy dispersive X-ray spectroscopy
(EDS), inductively coupled plasma mass spectrometry (ICP-MS), dy-
namic light scattering (DLS), zeta potential measurements, MR imaging,
and relaxometry. Healthy cell (RPE-1) viability in the presence of the
APEBM nanocomposite was assessed employing calcein assay. The re-
sults of cytotoxicity corroborated the expected biocompatibility that is
most probably inherited from the components of the APEBM nano-
composite. Tests of fluorescence signal stability of APEBM nano-
composites in different media (e.g., PBS and cultivation medium) at
various temperatures were investigated and revealed relatively stable
integrated fluorescence emission that was superior to the average inte-
grated fluorescence emission intensity obtained in deionized water.
Moreover, fluorescence emission intensity of APEBM nanocomposites in
the presence of HeLa cancer cells was checked after 1, 2, and 24 h of cells
incubation (within the cultivation medium). The results confirmed
fluorescence signal stability even in the presence of HeLa cells.

2. Materials and methods
2.1. Used chemicals

2.1.1. Chemicals for the APEBM nanocomposite synthesis

Bovine serum albumin (BSA; greater than 98%), gold(Ill) chloride
trihydrate (HAuCl4-3H20, >99.9%), iron(III) chloride hexahydrate
(FeCl3-6H20; >99%), and sodium hydroxide (NaOH; >98.0%) were
purchased from Sigma-Aldrich (Saint Louis, MO, USA) and used as
received (without any further purification) for all experiments. Deion-
ized water was prepared by purging Milli-Q purified water (Millipore
Corporation, Bedford, MA, USA) and used for fluorescence spectroscopy
and DLS measurements.

2.1.2. Chemicals for ICP-MS

Nitric acid (69%, Analpure) and hydrochloric acid (36%, Analpure)
certified reference materials of calibration standard solution ASTASOL®
of Au, Fe (1 000 & 2 rng~L’1) and INT-MIX 1 (10.0 + 0.1 mg-L’l) were
purchased from Analytika, Ltd., Czech Republic. Ultrapure 18.2 MQ cm
water was prepared using a Milli-Q reference water purification system
(Millipore Corp. Molsheim, France) and used only for ICP-MS analyses.

2.1.3. Chemicals for Calcein-AM assay and fluorescence signal stability
experiments

Fetal bovine serum (FBS), r-glutamine, Penicillin-Streptomycin, and
trypsin (from the porcine pancreas) were purchased from Sigma-Aldrich
(Saint Louis, MO, USA). Dulbecco’s Modified Eagle Medium (DMEM,
11054) and Calcein-AM salt were purchased from Thermo Fisher Sci-
entific (Waltham, MA, USA). Sodium chloride (NaCl; p.a.), potassium
chloride (KCl; p.a.), potassium dihydrogen phosphate (KH2POyg; p.a.),
and disodium hydrogen phosphate (NapHPOg4; p.a.) were purchased
from Penta chemicals (Prague, Czech Republic). Healthy RPE-1 cell line
was obtained from M. Mistrik (Institute of Molecular and Translational
Medicine, Olomouc, Czech Republic).
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2.1.4. Chemicals for in vivo imaging experiments

Isoflurane (5% for induction and 1.5-2% for maintenance) was
purchased from Baxter (Deerfield, IL, USA), and an eye cream
Ophtalmo-Septonex was purchased from Zentiva (Prague, Czech
Republic).

2.2. Synthesis of the APEBM nanocomposite, purification, concentrate
formation, and storage conditions

The synthetic procedure of the APEBM nanocomposite system is an
optimized, specifically modified version of the one-pot synthesis we
applied in our previous work devoted to the preparation of bimetallic
nanocomposites by green chemical approach [15]. Briefly, FeCl3-6H20
(200 pL, 0.1 M) was introduced into a microcentrifuge tube. Subse-
quently, BSA solution (500 uL, 66.43 mg-mL ') was slowly added while
constantly mixed with a pipette (see video in SI). Instantly after that, the
same amount of BSA (500 L, 66.43 mg-mL~') was analogously pipet-
ted, and the reaction mixture was then swirled in a vortex at 3000 rpm
(kept for all further steps when the same vortex was used). Importantly,
visible agglomerates were formed during both steps of protein solution
addition but gradually dissolved due to the constant mixing with a
pipette. NaOH (57.5 pL, 1 M) was rapidly introduced and placed into the
tube five minutes later. Then, the tube content was immediately swirled
in the vortex. The reaction solution became cloudy, but after several
minutes, it started to clear up. Ten minutes later, HAuCl4 (800 pL, 25
mM) was slowly added while constantly mixed. The gradual formation
of a cloudy solution was observed again. The tube content was swirled in
the vortex, and five minutes later, NaOH (142.5 pL, 1 M) was quickly
introduced into the solution. Then, the tube was swirled in the vortex for
the last time, immediately accompanied by the solution clearing up.
Subsequently, the microcentrifuge tube was put into a dry bath incu-
bator for 22.5 h, where the temperature was set to 50 °C. The as-
prepared sample is of orange-brown colour without any aggregate or
agglomerate visible to the naked eye. It must be noted that before
putting the tube into the dry bath incubator, the solution could some-
times appear mildly cloudy, but this should eventually disappear after
several tens of minutes during the incubation at around 50 °C.

After maturing inside a dry bath incubator, the sample was dialyzed
with a 14 kDa cut-off dialysis membrane (regenerated cellulose, Mem-
bra-Cel™) against deionized water. Dialysis was performed at room
temperature (22 °C) for 5 h, with deionized water being changed four
times: after 30 min, 45 min, 60 min, and 75 min. For the cell viability
experiments, a concentrated form of the sample was prepared using a
centrifugal concentrator (30 kDa). The rotational centrifugal force (RCF)
was set to 3000 g, and the centrifugation lasted for 5 min. This process
was done repeatedly until the chosen concentration was reached. Dia-
lyzed and concentrated samples were then stored in the dark at 4 °C.

2.3. Characterization techniques

2.3.1. High-resolution transmission electron microscopy (HR-TEM) and
energy dispersive X-ray spectroscopy (EDS) analysis

A representative APEBM sample was drop-casted (24 pL) on glow
discharged TEM copper grid covered with holey carbon and allowed to
dry spontaneously at room temperature. Then, the sample was measured
by HR-TEM Titan G2 60-300 (FEI, Hillsboro, OR, USA) with an image
corrector with an accelerating voltage of 300 kV. Images were taken
with a BM UltraScan CCD camera (Gatan, Pleasanton, CA, USA). Energy
Dispersive Spectrometry (EDS) was performed in STEM mode by a
Super-X system with four silicon drift detectors (Bruker, Billerica, MA,
USA). STEM images were taken with an HAADF detector 3000 (Fishione,
Export, PA, USA). HAADF mode of STEM is intentionally used to better
visualize NCs because heavier elements appear bright, while lighter el-
ements appear dark.
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2.3.2. Inductively coupled plasma mass spectrometry (ICP-MS)

The total Au and Fe concentrations were determined by a validated
ICP-MS method employing a microwave-assisted digestion of the
APEBM nanocomposite matrix [14]. Briefly, each sample was
completely dried using a vacuum rotary evaporator Concentrator plus
(Eppendorf, Hamburg, Germany) prior to the ICP-MS analysis. The dried
samples were digested using a mixture of 2 mL of concentrated nitric
acid and 2 mL of concentrated hydrochloric acid in the MLS 1200 mega
closed vessel microwave digestion unit (Milestone, Italy) according to
the even steps power-controlled digestion program. The cooled digests
were quantitatively transferred into 25 volumetric flasks, filled up to the
volume with ultrapure water, and mixed properly. The total Au and Fe
levels were accessed using an Agilent 7700x ICP-MS (Agilent Technol-
ogies Ltd., Japan) using 8-point external calibration and the reliability of
ICP-MS results was controlled by a regular measurement of an inde-
pendently prepared quality control sample. All ICP-MS measurements
were performed in six replicates, and the results are expressed as an
average + standard deviation (SD).

2.3.3. MR relaxometry

The MR relaxometry was utilized to determine the relaxivities r; and
ro of the APEBM nanocomposite. The relaxation times T; and T, were
measured on a relaxometer Bruker Minispec mq60 (Bruker Biospin,
Ettlingen, Germany) at 1.5 T and stabilized temperatures of 20 °C and
37 °C during the whole experiment. Before imaging, a concentration
series (denoted as 100%, 75%, 50%, and 25%) of the dialyzed APPBM
nanocomposite was prepared, and distilled water served as a reference
(labelled as H30). T; relaxation times were measured employing the
inversion recovery (IR) sequence: repetition time (TR) = 0.01-10000
ms, recycle delay = 4 s, scans = 4, monoexponential fitting, 10 data
points for fitting. T, relaxation times were measured using the Carr-
Purcell-Meiboom-Gill (CPMG) pulse sequence: echo time (TE) = 0.05
ms, recycle delay = 2 s, scans = 8, monoexponential fitting, 20,000 data
points per fitting. The relaxivities r; and rp were then calculated via the
least-squares curve fitting of R; and Ry relaxation rates [s’l] versus real
iron concentration [mM], which was determined by ICP-MS. The
experimentally determined solvent (distilled water) relaxation rate Rg
was subtracted as a starting value from the nanocomposite relaxation
rates prior to the linear regression analysis. Each sample was subjected
to three measurements under identical conditions.

2.3.4. Invitro MR imaging

In vitro MR imaging was performed on a Bruker Biospec 47/20
(Bruker, Ettlingen, Germany) scanner at 4.7 T. Both Tj-and Ty-weighted
MR images of the APEBM nanocomposite samples and distilled water
(serving as a reference) were acquired using the Rapid Acquisition with
Relaxation Enhancement (RARE) sequence. T;-weighted sequence: TR
=400 ms, TE = 12 ms, number of acquisitions (NA) = 8, rare factor (RF)
=1, ST = 10 min 14 s, spatial resolution = 0.021 x 0.021 mm?, slice
thickness = 0.6 mm; Ty-weighted sequence: TR = 3300 ms, TE = 36 ms,
NA =1and 5, RF =1 and 5, ST = 10 min 33 s and 10 min 27 s, spatial
resolution = 0.021 x 0.021 mm?, slice thickness = 0.6 mm. MR image
processing and quantification were performed using ImageJ software
developed by the National Institutes of Health (Stapleton, NY, USA).
Signal-to-noise ratio (SNR) was calculated from images as 0.655 x
Ssample/Onoise and contrast-to-noise ratio (CNR) was calculated from
images as 0.655X |Ssample — Swater|/Onoise; Where S is signal intensity in
the region of interest, ¢ is the standard deviation of background noise,
and constant 0.655 reflects the Rician distribution of background noise
in a magnitude MR image.

2.3.5. In vitro optical imaging

The in vitro optical imaging was performed using the SPECTRAL Ami
HT imager with the subsequent image processing and quantification
utilizing the Aura imaging software developed by the Spectral in-
struments imaging (Tucson, AZ, USA). The experiment involved
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phantoms containing four different APEBM nanocomposite concentra-
tions (100%, 75%, 50%, 25%) and distilled water, serving as a reference
(labelled as H20). The imaging procedure included various excitation
and emission ranges to identify the optimal filter settings. Specifically,
the excitation at 430/500 nm and emission at 730/670 nm were used,
respectively. Other parameters were set as follows: excitation power =
4, exposure time = 2 s, FOV = 15, F-stop = 2, binning = 2.

2.3.6. Fluorescence spectroscopy and dynamic light scattering (DLS)

Fluorescence measurements of the APEBM nanocomposite were
performed on a JASCO F8500 (Jasco, Tokyo, Japan) spectrofluorometer
using a 1 cm quartz cuvette. Emission spectra were measured in the
505-850 nm range with the data interval of 1 nm and scan speed of 100
nm-min~!. The excitation wavelength was set to 430 nm and 500 nm. All
spectra were corrected to avoid any deviations induced by instrumental
components.

The hydrodynamic diameter and zeta potential of both systems were
determined by dynamic light scattering using Zetasizer Nano ZS (Mal-
vern Instruments Ltd, Malvern, UK) equipped with a He-Ne laser (A =
633 nm) at 22 4= 1 °C. For both fluorescence and DLS measurements, the
ratio of sample dilution with deionized water was the same (specifically,
dialysed samples were diluted 26.66 times).

2.3.7. Calcein-AM assay

In a typical viability assessment, 80 pL of cultivation medium and
cell suspension (RPE-1 cell line) was introduced into a 96-well plate
(5000 cells per well), which was afterward put inside the incubator
(37 °C, 5% COy) for 24 h. Subsequently, 20 pL of deionized water was
pipetted to the second and third column, and eight different concen-
trations of the APEBM nanocomposite were pipetted in the form of
hexaplicates. 24 h later, each well was washed with 95 pL of PBS two
times. Then, 100 pL of calcein-AM was added into each well. After 1 h of
incubation, fluorescence intensity was measured on a microplate fluo-
rometer Fluoroskan Ascent (Finland). The excitation and emission
wavelengths were set to 485 nm and 538 nm, respectively. Cell viability
(CV) was then calculated according to equation (1):
CV = 100 x Fmpte = Fcaiom €]

cells — Fmedium

where F is the averaged fluorescence intensity and subscripts sample,
cells, and medium indicate the measurement of fluorescence in the
suspensions of sample-treated cells, non-treated cells, and the solution of
cultivation medium alone, respectively.

2.3.8. Assessment of fluorescence signal stability in different media under
varying temperatures and in the presence of HeLa cells

For the investigation of the fluorescence signal stability in different
media, dialyzed APEBM nanocomposite was diluted with PBS and/or
cultivation medium. The factor of dilution was kept the same as for the
cell viability experiment (i.e., 5 times). For the first 24 h, diluted samples
were stored at 4 °C and the emission spectra were measured after 1, 2,
and 24 h. Subsequently, diluted samples were kept at room temperature
(20 °C) and the emission spectra were measured after 48, 72, and 96 h.
Finally, diluted samples were incubated in a dry bath incubator (the
temperature was set to 37 °C to simulate the body temperature) and the
emission spectra were measured after 168, 192, 216, 240, and 267 h. All
spectra were measured on a JASCO F8500 (Jasco, Tokyo, Japan) for the
excitation wavelength of 500 nm and were corrected to avoid any de-
viations induced by instrumental components. Other parameters were
set the same as described in chapter 2.3.6. Fluorescence spectroscopy
and dynamic light scattering (DLS).

Regarding the fluorescence signal stability in the presence of cells,
80 pL of cultivation medium and cell suspension (HeLa cell line) was
introduced into a 96-well plate (5000 cells per well), which was after-
wards put inside the incubator (37 °C, 5% CO5) for 24 h. Subsequently,
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20 pL of deionized water or dialyzed APEBM nanocomposite were
pipetted to the medium and cell suspension in the form of hexaplicates.
Then, 1, 2, and 24 h later, fluorescence intensity was measured on a
microplate fluorometer Fluoroskan Ascent (Finland). The excitation and
emission wavelengths were set to 500 nm and 670 nm, respectively.
Fluorescence intensity was further monitored by inverted fluorescent
microscope (Olympus Microscope 1X51 with Fluorescence and Phase
Contrasts, Japan) in the cultivation medium in the presence vs. absence
of HeLa cells as a function of time.

2.3.9. In vivo experiments — optical imaging and MRI

A healthy female BALB/c mouse was housed in a temperature-
controlled room with a 12-hour light-dark cycle and free access to
food pellets and water. The animal preparation procedure was carried
out under complete anaesthesia using isoflurane (5% for induction and
1.5-2% for maintenance), which was purchased from Baxter (Deerfield,
IL, USA). To avoid eye dryness and its potential damage, an eye cream
Ophtalmo-Septonex purchased from Zentiva (Prague, Czech Republic)
was thoroughly applied. Additionally, all four limbs were carefully
shaved to minimize the optical signal attenuation, leaving a sufficient
area around the injection site.

Before in vivo optical imaging, the right upper limb and both lower
limbs were subcutaneously injected, each with a different replicate of
the dialyzed APEBM nanocomposite. Every injection contained 100 uL
of the replicate, which was previously diluted 1.33 times (denoted as
75% concentration). The left upper limb was injected with distilled
water serving as a reference. Immediately after the injections, optical
images were acquired using the identical spectral parameters as those
applied during the in vitro experiments.

Right before the in vivo MR imaging, all four limbs were additionally
injected with 100 pL of the corresponding APEBM nanocomposite with
the intention of enhancing the visualization and signal quality due to
potential animal movement and the elapsed time between optical and
MR imaging, which could result in a partial absorption of the contrast
agent. For the in vivo MRI experiment, the homemade birdcage coil was
used. Furthermore, the respiratory rate of the mouse was monitored
throughout the whole experiment using a trigger unit purchased from
Rapid Biomedical (Berlin, Germany). We acquired both T;- and Ts-
weighted MR images using the Rapid Acquisition with Relaxation
Enhancement (RARE) sequence, employing the in vitro imaging proto-
col. To speed up the scan time, we just modified these parameters: NA =
4, RF = 8, ST = 5 min 16 s, and spatial resolution = 0.03 x 0.03 mm?.
Then, MRI data were processed and analysed using ImageJ.

All animal protocols were approved by the Ethics Committee of the
Institute for Clinical and Experimental Medicine and the Ministry of
Health of the Czech Republic (no. 58/2014) in accordance with the
European Communities Council Directive (2010/63/EU).

3. Results and discussion

3.1. Optimized green synthesis of the APEBM nanocomposite and
visualization via HR-TEM

In our previous work [15], we successfully developed a facile one-pot
green synthesis of functional magneto-luminescent bimetallic nano-
composites, combining luminescent AuNC together with SPION via BSA.
However, to achieve a sufficient MRI contrast, these nanocomposites
had to be concentrated [15]. Simultaneously, the viscosity of the
nanocomposite solutions increased. Since the increased viscosity would
be a problem in any in vivo application, we decided to further modify and
substantially optimize our synthetic approach (details are carefully
discussed in Supporting Information and clearly presented in Table SI-1)
and, thus, the APEBM nanocomposite was developed. Indeed, numerous
preparation trials (including multiple combinations of molar ratios be-
tween protein and both metals, different order and timings of reactants
addition, various pH changes amongst certain steps of the synthesis, and
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several temperatures during the sample maturing in a dry bath incu-
bator) were attempted to increase metals concentration in the final
bimetallic nanocomposites with the aim of contrast signals improve-
ment. The stability of the bimetallic nanocomposite was quite chal-
lenging because the aggregation either of iron oxide nanoparticles, or of
the protein itself often occurred (Table SI-1). Finally, we succeeded in
overcoming any aggregation and the specifically optimized synthetic
approach respecting green chemistry principles (i.e., usage of aqueous
environment, non-toxic species, and omission of abundant chemicals)
was developed, i.e., the APEBM nanocomposite created. The optimized
synthesis of the APEBM nanocomposite is schematically depicted in
Fig. 1.

By direct comparison of the schematic depiction of the APEBM
nanocomposite synthesis presented here (Fig. 1) with that used in our
previous work [15], one can clearly see the substantial changes in the
synthetic approach. There are several, as specified step by step below:
(i) type of iron precursor/s employed; (ii) order of reactants addition;
(iii) fine pH adjustment prior to auric acid addition (the newly intro-
duced step); (iv) prolonged time among individual steps of the synthesis;
(v) type of heating for the acceleration of both chemical processes, Au
(II1) reduction and SPION formation, under alkaline pH; (vi) increased
reaction time and elevated temperature of sample maturation. Impor-
tantly, the final APEBM nanocomposite is very stable against aggrega-
tion even at elevated metal concentrations; the theoretical molar ratios
of BSA: Au: Fe are 1: 20: 20 in the present work, as compared to the
ratios of 1: 10: 0.75 reported in our previous article [15]. This could be
achieved most probably by the newly involved step among others, i.e.,
increasing the pH to slightly alkaline (pH = 7.4) before adding a gold
precursor. Around this pH value, ferric ions predominantly form neutral
aqua complexes [32]. The neutrality may probably lead to a better
interaction between the iron complex and the protein molecule (being in
its close to natural conformation at the adjusted slightly alkaline pH
value). Moreover, it should be pinpointed that a video of the whole
synthesis was recorded, showing how BSA and other reactants are slowly
pipetted into a tube and mixed together — see Supporting Information.

The final optimized APEBM nanocomposite is visualized using HR-
TEM (bright field) and STEM (dark field) as shown in Fig. 2A and
Fig. 2B, respectively. It is evident that objects of sizes around 1.6 nm are
frequently encountered by both imaging modes. Elemental composition
is verified via energy-dispersive X-ray spectroscopy and the character-
istic spectrum is shown in Fig. 2C. It clearly evidenced the simultaneous
presence of gold (coming from luminescent AuNC), iron (stemming from
SPION), and sulphur (representative element evidencing the protein
presence directly since any other reactants within the reaction mixture
do not contain S). The signal of the other elements detected in the EDS
spectrum comes either from the microscopic grid (e.g., Cu, C) and/or
from the species being present in the reaction mixture (e.g., O, C, N, Na).
Randomly chosen place of APEBM nanocomposite deposited on TEM
holey carbon-covered Cu-grid was mapped (area framed by green square
in Fig. 2D) as for selected elements (Au, Fe, S) distribution (Fig. 2E).

BSA
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Fig. 1. Schematic depiction of the APEBM nanocomposite synthesis.
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=

22.5h

471

Journal of Colloid And Interface Science 663 (2024) 467-477

Obviously, protein (detected via S) is spread in the selected area almost
homogeneously (blue spots in Fig. 2E). On the other hand, AuNC (green
spots) and SPION (red spots) are either co-localized and/or arranged
into specific agglomerates as can be clearly seen in Fig. 2E. Regarding
the brightness of spots in Fig. 2D (dark field mode), it well corresponds
to the elemental composition determined by EDS mapping in Fig. 2E: the
brighter and well-separated nanoobjects are AuNC; while somewhat less
bright, tiny nanostructures agglomerated into chains can be attributed
to SPION. It should be, however, reminded that samples for HR-TEM/
STEM/EDS mapping are drop-casted on the microscopic grid and
allowed to dry which means that the effect of drying can influence the
observed structural arrangement of APEBM nanocomposite. Moreover,
it was corroborated in our recent work [33] that the focused electron
beam during HR-TEM and EDS mapping can greatly modify the oxida-
tion states of metallic parts as well as their mobility within our nano-
composites, leading thus to structural rearrangement in situ, under the
electron beam. Consequently, a modified sample is measured and not
the as-synthetized one.

3.2. Invitro MR imaging and relaxometry using the APEBM
nanocomposite

SPION are considered as efficient To MRI contrast agents since they
can influence the transverse (or spin-spin) relaxation time of protons
[34]. The Ty-weighted MR images representing the observed MR signal
from four different concentrations of the dialyzed APEBM nano-
composite samples (denoted as 100%, 75%, 50%, and 25%) are shown
in Table 1, along with distilled water (serving as reference).

By their direct comparison, it is evident that the contrast is suffi-
ciently visible even in the case of the lowest concentration (25%) of the
APEBM nanocomposite. Thus, the APEBM nanocomposite is affecting
the relaxation time of surrounding water protons. This observation can
also be supported numerically with the quantitative imaging parame-
ters: signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR), which
are summarized in the table included as an inset in Table 1. Specifically,
the higher the concentration of the sample (iron concentration), the
shorter the relaxation time of water protons and, consequently, the
higher the change of contrast in MR images was found. These changes
reflect the increasing differences in the SNR and CNR values between the
APEBM nanocomposite samples and the reference (distilled water).
Additionally, T;-weighted imaging was carried out as well; however, the
MR signal from the APEBM nanocomposite was only slightly different
than the signal from the reference (Table SI-2), which is in accordance
with the majority of scientific literature (e.g., [15,18]). It can be noted
that only under favourable preparation conditions, it is feasible to obtain
SPION with a relatively high T; contrast and low ry/r; ratio [35,36].

Besides the MR imaging in phantoms, relaxometry measurements
were conducted to obtain the relaxivity values. Experimentally deter-
mined relaxation times T and Ty were used to calculate the relaxation
rates R; and R; as reciprocal values, respectively. Then, the dependence
of the relaxation rate on the real iron concentration was plotted. The real
iron concentration in the dialyzed APEBM nanocomposite samples was
determined by ICP-MS and is listed in Table SI-3. Subsequently, the
experimental R; and Ry values were fitted with a linear function ac-
cording to equation (1), as shown in Figures SI-1A, SI-1B, and SI-1C. The
slope of this function represents the corresponding relaxivity r. Both r;
and rp values are listed in Table SI-4, together with the ry/r; ratio.
Indeed, the ry/r; ratio is an important factor correlating with the im-
aging contrast efficiency. For Ty-weighted contrast agents, it is
commonly higher than 2 [37]. According to the results, the ry/r; ratio of
the APEBM nanocomposite is slightly higher than 10 (Table SI-4), which
is fully comparable with the ry/r; ratios of the commercially available
iron oxide nanoparticle-based contrast agents, such as ferucarbotran
(Resovist®), ferumoxides (Feridex®), and ferumoxtran-10 (Combi-
nex®), measured in water at 1.5 T [38-40]. It is important to stress that
our relaxometry measurement was conducted at 1.5 T, a magnetic field
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Fig. 2. (A) HR-TEM (bright field) and (B) STEM (dark field) images of APEBM nanocomposite. (C) Its EDS spectrum. (D) Randomly chosen place of deposited APEBM
nanocomposite to map the elemental composition within a framed area (green square). (E) Selected elements distribution within the map shown in (D). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

strength commonly employed in clinical practice. Furthermore, it
should be remembered that the relaxivity and the ry/r; ratio could

depend on many parameters, including the field strength, used medium
(water, plasma, or blood), and protein corona [37,38]. To sum up, the
experimentally determined ry/r; ratio of the APEBM nanocomposite
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renders it the capability of a potential MR contrast agent with a bene-
ficial luminescent property (as will be evidenced in the next section).
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Table 1
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To-weighted MR images of phantoms representing four different concentrations (labelled as 100%, 75%, 50%, and 25%) of a representative APEBM nanocomposite
sample and distilled water serving as a reference (labelled as H,0), with corresponding signal-to-noise-ratio (SNR) and contrast-to-noise-ratio (CNR) values.

Sample concentration 100% 75%

50% 25%

o . . . . l

SNR
CNR

8.34
9.24

11.22
6.36

13.37
4.22

13.70
3.89

17.59

3.3. In vitro optical imaging employing the APEBM nanocomposite

Embedded in BSA, AuNC can exhibit bright luminescence in the
visible and near-infrared regions with relatively high quantum yield
[41-44]. Therefore, we tested optical imaging using our optimized
APEBM nanocomposites in vitro. The images depicting the observed
luminescence signal from four different concentrations of the dialyzed
APEBM nanocomposite samples (the same concentration series as used
in the MRI and relaxometry measurements) are shown in Fig. 3, together
with distilled water (serving as reference).

The luminescence signal for each concentration of the APEBM
nanocomposite is strong, i.e., even for the lowest concentration (25%),
the emission signal is more than 40 times stronger than the reference
signal (excitation and emission wavelengths were 500 nm and 670 nm,
respectively). A similar pattern can be observed in Figure SI-2, where a
different set of excitation and emission wavelengths (excitation and
emission wavelengths were 430 nm and 730 nm, respectively) was used.
However, the latter set of wavelengths is out of the optimal range, thus
the emission intensities presented in Figure SI-2 are lower than those
shown in Fig. 3. Moreover, the results for both excitation/emission sets
correspond with the fluorescence measurements of the APEBM nano-
composite in a diluted state (thus avoiding the inner filter effect), as can
be seen in Figure SI-3.

In all four concentrations of the APEBM nanocomposite (Fig. 3 and
Figure SI-2), the inner filter effect is reflected to a certain extent in the
resulting emission intensity: the higher the concentration, the more
pronounced the effect is. Alternatively, the dependence of the emission
intensity on the sample concentration within this concentration range is
non-linear. Consequently, the emission intensity for the 75% concen-
tration of the APEBM nanocomposite sample is higher than that for the
100% concentration within both wavelength sets (Table SI-5 and SI-6).
It can be summarized that the APEBM nanocomposite is an efficient
fluorescent imaging probe when using appropriate concentration and

[ROI 1 = 6.30e+9) ROI 2 = 6.40e+9

75%

100%

50%

excitation/emission wavelengths and, thus, could be applied for in vivo
experiments.

3.4. Biocompatibility and other important characteristics of the APEBM
nanocomposite

Prior to performing the in vivo imaging experiments, some other
characteristics of the APEBM nanocomposite, which can influence its
interaction within a living organism, were determined. Specifically, in
vitro cell viability, particle size distribution, zeta potential of the APEBM
nanocomposite and fluorescence signal stability in different media (e.g.,
PBS, cultivation medium) under varying temperatures and with/without
cells presence were measured and assessed.

As for the cell viability assessment, a fluorometric calcein-AM assay
was established. Widely used colorimetric MTT, XTT assays, and a
fluorometric Alamar blue (resazurin) assay were not employed because
of the possible interaction between the protein matrix (BSA) and the
corresponding dye, which could lead to false positive or negative results,
as discussed in [45-47]. Cell viability was determined for eight different
concentrations of the APEBM nanocomposite, as shown in Table SI-7.
Even for the highest concentration (labelled as 99%), the viability is
higher than 90% (specifically, 93.5 + 1.1%). The closest value to the one
used for both in vitro and in vivo imaging is the concentration of 70%,
with its corresponding viability of 103.5 + 0.5%. These values fulfil the
condition for APEBM nanocomposite to be considered a non-toxic spe-
cies according to ISO 10993.

Dynamic light scattering was employed for particle size distribution
and zeta potential determination of the APEBM nanocomposite in
aqueous solution to provide relevant information about the particle size
distribution of the entire APEBM nanocomposite in solution, i.e., the
hydrodynamic diameter (usually much bigger than sizes determined by
TEM measurements for the same sample). DLS has been recommended
in a very recent review [44] to tackle this and, therefore, used by us. The

ROI 3 = 5.50e+9 [ROI 4 = 3.73e+9]

25%

Fig. 3. In vitro fluorescence image of phantoms representing four different concentrations (labelled as 100%, 75%, 50%, and 25%) of a representative APEBM
nanocomposite sample and distilled water serving as a reference (labelled as H,0O). Excitation and emission wavelengths were 500 nm and 670 nm, respectively.
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average values of the polydispersity index (PDI), Z-average, hydrody-
namic diameter (based on the changes of scattered light intensity), and
zeta potential are listed in Table 2, together with their standard de-
viations. The measured particle size distribution derived from the
changes in scattered light intensity is shown in Figure SI-4.

Obviously, the APEBM nanocomposite possesses a somewhat broad
monomodal size distribution and negative zeta potential value. The
higher negative value of zeta potential indicates that the APEBM
nanocomposite should be stable. However, their stability and particu-
larly the stability of fluorescence signal have to be further checked
within the cell cultivation medium used. Thus, we evaluated the inte-
grated fluorescence intensity of APEBM samples within selected media
(PBS and/or cultivation medium) under varying temperatures and
related it to the averaged integrated fluorescence intensity of APEBM
samples in deionized water. The results (graphically depicted in
Figure SI-5A) show that integrated fluorescence intensities of APEBM
sample in PBS and/or cultivation medium are well above that of APEBM
sample in deionized water. The position of emission maximum
(Figure SI-5B) slightly shifts in the cultivation medium under varying
temperatures in the course of time. Fluorescence intensity was further
monitored by inverted fluorescent microscope in the cultivation me-
dium in the presence vs. absence of HeLa cells as a function of time. HeLa
cancer cells were intentionally chosen for this type of experiment as
inspired by [28]. It corroborated the stability of fluorescence signal after
1, 2, and 24 h of cells incubation (Figure SI-6).

Although both the hydrodynamic diameter and surface charge
(which is generally represented as zeta potential), play a certain role
within the nanomaterial-cell interactions [48-54], many other factors
can also affect the cellular internalization and/or the cytotoxicity of the
investigated nanomaterial, including, for instance, the shape [55,56],
composition of metal core/surface [56,57], elasticity [58,59], hydro-
phobicity [57,60], and last but not least, protein corona presence and
composition [56,61-63]. The last issue can be modulated by the phys-
icochemical properties of the nanomaterial, surrounding biological
environment (e.g., pH, ionic strength, temperature, and plasma con-
centration) or even the cholesterol levels as known from the literature
[61,64-67]. Evidently, the cell internalization of the nanomaterial in-
side a biological system is very complex since it depends on numerous
interconnected parameters. Therefore, besides the in vitro imaging, in
vivo imaging should be performed to verify both the MR and optical
contrasts inside a living organism (animal).

3.5. In vivo imaging exploiting the APEBM nanocomposite

Since both in vitro MR and optical imaging techniques provided
significant change of contrasts from the reference (distilled water), in
vitro viability experiments proved the biocompatibility of the APEBM
nanocomposite even for the highest concentration, in vivo imaging ex-
periments were performed. Three replicates of the dialyzed APEBM
nanocomposite sample were subcutaneously injected, each into a
different limb of a healthy female BALB/c mouse. Based on the results of
in vitro experiments and considering the potential inner filter effect, the
three in vivo injections contained a 75% concentration of the APEBM
nanocomposite sample. In the fourth limb of the healthy mouse, distilled
water (reference) was injected. Immediately after the injections, both
optical and MR imaging were conducted, and the images representing

Table 2

Average values of hydrodynamic diameter (based on the changes of scattered
light intensity), Z-Average, PDI and zeta potential acquired by DLS measure-
ments of a representative APEBM nanocomposite sample, listed with their
standard deviations.

Hydrodynamic diameter Z-Average PDI Zeta potential
[nm] [nm] [mV]
296 + 14 220 +£ 3 0.295 + 0.011 —44 £ 2
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the observed luminescence and MR signals are shown in Figs. 4 and 5,
respectively.

Evidently, each of the three injection sites, where the APEBM
nanocomposite was introduced, exhibits both luminescence and MR
signals; while the reference (in the fourth limb) did not provide a
detectable impact on the signal given by the local tissue. The lumines-
cence signal from the APEBM nanocomposite is at least 20 times
stronger than the signal from the reference (Fig. 4). Similarly, the MR
contrast induced by the APEBM nanocomposite can be easily distin-
guished from the surrounding muscle tissue (Fig. 5A and Fig. 5B).

There are some differences among the intensities of individual rep-
licates, but they may stem from anatomical dissimilarities under the skin
within the injection site, subsequently leading to variabilities in the
distribution of the APEBM nanocomposite. Furthermore, absorption and
scattering of the excitation (namely) and emission wavelengths when
they pass through the different thicknesses of skin tissue during optical
imaging could alter the resulting intensities. Moreover, the varying
position of each limb with respect to the emitter and detector during the
imaging procedures could also have an impact on the signal.

Additionally, it has to be stated that MR imaging was performed at
4.7 T. This magnetic field strength closely approaches the clinically used
one (3 T). Consequently, the results of MR imaging exploiting the
APEBM nanocomposite are tremendously important for clinical research
and, hence, the potential translation of the APEBM nanocomposite into

Fig. 4. In vivo fluorescence image of a healthy female BALB/c mouse under
anaesthesia. Three replicates (denoted as BM1, BM2, and BM3) of the APEBM
nanocomposite were subcutaneously injected, each into a different limb. Each
injection contained a 75% concentration of the replicate, whereas distilled
water was injected into the upper left limb serving as a reference. Excitation
and emission wavelengths were 500 nm and 670 nm, respectively.



R. Ostruszka et al.

A

Journal of Colloid And Interface Science 663 (2024) 467-477

Fig. 5. (A, B) In vivo MR images of a healthy female BALB/c mouse under anaesthesia. Three replicates (denoted as BM1, BM2, and BM3) of the APEBM nano-
composite were subcutaneously injected, each into a different limb. Each injection contained 75% concentration of the replicate, whereas distilled water was injected

into the upper left limb serving as a reference.

clinical practice can be envisaged.

Importantly, three months after the imaging experiments, the weight
of the animal increased (by 10 % in the first month). The treated areas
on the animal’s body were also inspected visually and did not show any
signs of inflammation, or other pathologies. This supports the conclusion
from cytotoxicity testing that the APEBM nanocomposite has no harmful
effects and can be considered biocompatible.

To sum up, the APEBM nanocomposite can be successfully exploited
as a bimodal FI/MRI contrast agent in a living organism. To the best of
our knowledge, the APEBM nanocomposite is the very first bimodal FI/
MRI biocompatible probe based solely on nanostructured entities
entrapped within a protein matrix and successfully applied in vivo. While
the existence of To-weighted magnetic contrast is caused by the presence
of SPION, similarly as in [34], the luminescence is exhibited by AuNC, as
in e.g. [68]. Therefore, both signals are provided by two different
inorganic nanostructured entities that are embedded in the same
transportation protein. It can be remembered here that using a bimodal
contrast probe can overcome the limitations of the monomodal probes
[69]. In the case of MRI/FI, where the MR and fluorescence signals could
be detected simultaneously, the advantage lies in the combination of
high spatial resolution and penetration depth of MRI, and high fluo-
rescence sensitivity [69]. Moreover, SPION are widely recognized as
inert imaging agents devoid of intended pharmacological functions
[70]. These nanoparticles are commonly classified as biocompatible,
demonstrating negligible in vivo toxicity [71,72]. Our investigations of
newly developed APEBM nanocomposites reveal similar inert charac-
teristics. Due to their non-specificity and lack of functional surface
modifications, we propose that APEBM nanocomposites could poten-
tially serve as efficient liver contrast agents for future applications. In
this respect, we were inspired also by the results of Zhang and co-
workers [73] who observed high Au content for the BSA-protected
Auys NCs in liver and suggested to use it in targeting therapy for liver
cancer. It could be a direction for ongoing research, however, it is
beyond the scope of this work. Last but not least, obtaining a biocom-
patible dual contrast agent utilizing SPION in conjunction with a fluo-
rescent probe is relatively difficult because of the possible aggregation of
iron oxide nanoparticles and their strong absorption [74], which could
cause the luminescence quenching to a certain extent. In the case of the
APEBM nanocomposite, the absorption of SPION together with the
emission of AuNC are ideally shifted (Figure SI-7): SPION absorb mainly
in the UV region and, in a decreasing manner, in the visible region [74];
whereas the AuNC emit more towards the NIR region (Figure SI-7). It
should also be pinpointed that in vivo fluorescence visualization is quite
challenging [75]. The APEBM nanocomposite is highly stable (based on
the zeta potential value listed in Table 2, spectroscopic monitoring over
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a year of shelf-life when stored in a fridge, and assessment of fluores-
cence signal stability in different media under varying temperatures and
in the presence of HeLa cells), which can be related to the specifically
optimized green synthetic approach developed and adopted in the pre-
sent work. It can be even envisaged that other metal cations suitable for
achieving additional functionality of a resulting nanocomposite (e.g.,
theranostic purposes and/or multimodal imaging), will be easily incor-
porated due to the robustness of the developed synthesis. Ongoing
research is conducted by us in this direction.

4. Conclusions

Highly optimized one-pot sequential green synthesis of the APEBM
nanocomposite resulted in a very stable, reproducible product that was
proved capable of serving as an efficient FI/MRI biocompatible bimodal
contrast agent in vitro as well as in vivo. To the best of our knowledge, it is
the first bimodal imaging probe of its kind in the world since it combines
totally nontoxic components (AuNC, SPION, serum albumin), hence
ensuring biocompatibility of the entire nanocomposite; and effectively
exploits functionalities of each part, avoiding thus any redundancy. It
can be noticed here that the usage of a bimodal contrast probe can
overcome the limitations of the monomodal ones [69]. It should also be
pinpointed that in vivo fluorescence visualization is quite challenging
[75]. Since the APEBM nanocomposite is based solely on nanostructured
entities entrapped within a protein matrix, it renders the system flexible
which can be further developed and exploited.
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1. Optimization of synthesis

Samples containing various molar ratios of BSA : Au : Fe were synthesized under the same conditions
as the final optimized APEBM nanocomposite (see chapter 1.2 Synthesis of the APEBM nanocomposite,
purification, concentrate formation, and storage conditions). There was only a minor exception: the step of
microwave irradiation was used between the second addition of NaOH and the sample incubation
inside a dry bath incubator. This was done due to the fact that the optimizing experiments were
influenced by the synthesis described in one of our previous publications (Ostruszka et al.2022). The
power of the microwave oven was set to 150 W, and the irradiation lasted 10 seconds. Additionally, the
samples were not dialyzed to be able to investigate the fluorescence intensity changes in time.

To prepare different variations of the Au : Fe molar ratio, the concentrations of both metal precursors
were adjusted accordingly. Therefore, the volume of NaOH added during the first NaOH addition (V;)
was also modified based on the concentration of ferric chloride used. A higher ferric chloride
concentration required a higher V; to obtain the pH of 7.4. However, the total volume of added NaOH
was kept the same (200 pL), thus the volume of NaOH during the second NaOH addition was equal to
200 — V; [pL].

To obtain the integrated fluorescence intensities, the emission spectra at numerous incubation times
were measured. For this purpose, JASCO F8500 (Jasco, Tokyo, Japan) spectrofluorimeter was used. The
excitation wavelength was set to 480 nm and all spectra were corrected to avoid any deviations induced
by instrumental components. Other parameters were the same as described in chapter 1.3.6 Fluorescence
spectroscopy and dynamic light scattering (DLS). It should be noticed that fluorescence quantum yield
(FQY) values were not used because the concentration-dependent iron absorption at the excitation
wavelength distorts FQY to different extents. Therefore, the concentration of gold was considered when
the comparison of fluorescence intensities was performed. When deciding on the most suitable molar
ratio, the following important requirements were taken into consideration: (i) the highest fluorescence
intensity reached within 20-24 hours, (ii) the concentration of iron as high as possible (to increase
magnetic resonance contrast), and, concomitantly, (iii) no visible precipitation of iron oxides, nor
protein gelation. The specific range of maturing time was set based on our previous experiences with
the protein-embedded nanocomposite syntheses (Andryskova et al. 2020; Ostruszka et al. 2023).



The resulting integrated fluorescence intensities for many types of APEBM nanocomposites are shown
in Table SI-1. For clarity of presentation, only two incubation times are shown for each molar ratio. The
molar ratio that best fulfils the requirements mentioned in the previous paragraph is the 1:20:20 ratio
with its emission maximum reached after approximately 20 hours of incubation. Apparently,
irreversible protein and/or iron aggregation occurred during or after the synthesis in several molar
ratios (Table SI-1). With the protein to total metal ratio being 1:55 or 1:60, samples started to form very
viscose liquid or even insoluble gel. Moreover, with the increasing iron and/or gold concentration, either
the maturing time is prolonged, and/or the intensity does not increase as much as in the case of the
1:20:20 ratio. For instance, if we compare the ratios of 1:20:20, 1:20:25, and 1:20:30, one can see that in the
first case, the sample is at its maximum after 20 hours, and after 39 hours, the intensity is already lower.
On the contrary, the intensity is still increasing from 20 to 39 hours in the samples containing molar
ratios of 1:20:25 and 1:20:30 (the intensity increase is even more pronounced in the latter). Very similar
trend applies for gold content increase as well.

Table SI-1: Integrated fluorescence intensities at different incubation times for samples containing various molar
ratios of BSA:Au:Fe. Excitation wavelength was set to 480 nm.

Integrated fluorescence intensity [a.u.]
Molar ratio of -
BSA:AuFe Time [hours]
6 17 or 20 39
1:10:10 aggregation
1:15:25 73198 73819 -
1:15:30 62291 85716 -
1:20:20 - 144465 122818
1:20:25 - 103746 125923
1:20:30 - 23963 75829
1:25:20 - 37766 78970
1:25:25 - 7885 15952
1:25:30 aggregation, high viscosity
1:30:20 - 6561 8581
1:30:25 aggregation, high viscosity
1:30:30 aggregation, mostly insoluble solid gel

Note: increasing integrated fluorescence intensity is colour coded: going from yellow to dark green

(the highest).



2. In vitro MR imaging, metal concentrations, and relaxometry measurements

Table SI-2: Ti- weighted MR images of phantoms representing four different concentrations (labelled as 100%,
75%, 50%, and 25%) of a representative APEBM nanocomposite sample and distilled water serving as a reference
(labelled as H20), with corresponding signal-to-noise-ratio (SNR) and contrast-to-noise-ratio (CNR) values.

Sample 100% 75% 50% 25% H.0
concentration
Ti-weighted
MR signal
SNR 6.70 6.69 5.97 4.31 3.11
CNR 3.59 3.58 2.85 1.21




3. Determination of total gold and iron concentrations by ICP-MS

Table SI-3: Experimentally accessed total gold and iron concentrations for three replicates (denoted as BM 1,
BM 2, and BM 3) of the APEBM nanocomposite determined by ICP-MS and corresponding theoretical BSA

concentration.

Sample [BSA]r [BSA]r [Fele [Fele [Aule [Aule
[mM] [mg-mL?] | [mM] | [mgmL?] | [mM] | [mgmL1]

BM 1 5.47 0.31 491 0.97

BM 2 0.30 20.13 5.45 0.30 4.87 0.96

BM 3 5.39 0.30 4.74 0.93




4. Relaxometry measurements
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Figure SI-1A: Relaxation rate R versus Fe concentration for the BM 1 sample. R1 and Rz values were fitted with

a linear function according to equation (1).
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Figure SI-1B: Relaxation rate R versus Fe concentration for the BM 2 sample. R1 and Rz values were fitted with

a linear function according to equation (1).
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Figure SI-1C: Relaxation rate R versus Fe concentration for the BM 3 sample. R1 and Rz values were fitted with
a linear function according to equation (1).

Table SI-4: Relaxivity values and the corresponding r2/r1 ratio for three replicates (denoted as BM 1, BM 2, and
BM 3) of the APEBM nanocomposite.

1 12
Sample [L-mmol-1-s1] [L-mmol-1-s1] r/n
BM1 0.207 2.129 10.3
BM 2 0.206 2.105 10.2
BM 3 0.212 2.189 10.3




5. In vitro fluorescence imaging and emission spectra
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Figure SI-2: In vitro fluorescence image of phantoms representing four different concentrations (labelled as 100%,
75%, 50%, and 25%) of a representative APEBM nanocomposite sample and distilled water serving as a reference
(labelled as H20). Excitation and emission wavelengths were 430 nm and 730 nm, respectively.
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Figure SI-3: Emission spectra of the representative APEBM nanocomposite sample for two different excitation
wavelengths: 430 nm (grey line) with the emission maximum at 675 nm and 500 nm (red line) with the emission
maximum at 662 nm.



Table SI-5: Values of the total emission E acquired by in vitro fluorescence imaging (FI) of phantoms using four
different concentrations (labelled as 100%, 75%, 50%, and 25%) of three replicates (denoted as BM 1, BM 2, and
BM 3) of the APEBM nanocomposite; distilled water served as a reference. Excitation and emission wavelengths
were 500 nm and 670 nm, respectively. Note: total emissions for the selected APEBM concentrations, after
subtraction of distilled water signal, are listed.

Sample E-108 [photons-s1]
100% 75% 50% 25% H-O
BM1 61.5 57.3 49.5 33.0 0.8
BM 2 62.3 63.3 54.3 36.6 0.7
BM 3 56.5 59.3 52.7 32.3 0.7

Table SI-6: Values of the total emission E acquired by in vitro fluorescence imaging (FI) of phantoms using four
different concentrations (labelled as 100%, 75%, 50%, and 25%) of three replicates (denoted as BM 1, BM 2,
and BM 3) of the APEBM nanocomposite; distilled water served as a reference. Excitation and emission

wavelengths were 430 nm and 730 nm, respectively. Note: total emissions for the selected APEBM
concentrations, after subtraction of distilled water signal, are listed.

Sample E-108 [photons-s]
100% 75% 50% 25% H:0
BM1 29.7 29.2 26.8 19.7 1.4
BM 2 30.3 31.9 284 23.8 1.3
BM 3 27.3 30.5 26.9 17.9 1.2




6. Biocompatibility and DLS characterization

Gold and iron concentrations for the concentrated representative APEBM sample (that was used for the
cell viability assessment) were determined by ICP-MS and the average values are listed in the second
row of the Table SI-7.

Table SI-7: Average cell viability (CV) values with corresponding standard deviations (SD) and average gold
and iron concentrations for eight different concentrations of a representative APEBM nanocomposite (labelled as
99%, 70%, 50%, 36%, 26%, 18%, 13%, and 9%).

Sample [Au] [Fel CV +SD
concentration [mM] [mM] [%]
concentrated 28.04 26.81 i

sample

99% 5.61 5.36 935+1.1

70% 4.01 3.83 103.5+0.5
50% 2.86 2.74 106.7 £2.3
36% 2.04 1.95 100.5+0.5
26% 1.46 1.40 108.9 + 3.6
18% 1.04 1.00 107.3+£2.3
13% 0.74 0.71 115.3+0.8
9% 0.53 0.51 122.1+13.0

Note 1: Considering the cell viability assay methodology, the concentrated samples are diluted 5 times
with the cell suspension when viability tests are performed. The listed concentration series is given by
further dilution of APEBM sample. This dilution was considered when the sample concentration and
the concentrations of both metals in the tested samples were calculated.

Note 2: Sometimes cell viability exceeds 100% which is a generally observed phenomenon (reported by
many researchers) and can be considered as normal.
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Figure SI-4: Averaged particle size distribution derived from the changes of scattered light intensity of a
representative APEBM nanocomposite sample. The resulting hydrodynamic diameter (size) is 296 + 14 nm.
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7. Assessment of fluorescence signal stability under different conditions
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Figure SI-5: (A) Integrated fluorescence intensity of APEBM sample in selected media (PBS, cultivation medium)
under varying temperatures as a function of time relative to averaged integrated fluorescence intensity of APEBM
sample in deionized water. Excitation wavelength was set to 500 nm. (B) Position of emission maximum of
APEBM samples under varying conditions as a function of time. Horizontal dash line represents the averaged
position of emission maximum of dialysed APEBM nanocomposite in deionized water.

11



/7] medium + H,0 [_] medium + APEBM
EZZcells +H,0  [[cells + APEBM

1000 4

A\
AN

— —
o N B O ©OONDN
P NI PR RN BT B |

1 2 24

Time [hours]

Figure SI-6: Fluorescence intensity changes in selected periods elapsed from APEBM samples introduction to the
cultivation medium, with/without HeLa cells presence. Excitation and emission wavelengths were set to 500 nm
and 670 nm, respectively.
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8. Normalized absorption and emission spectra
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Figure SI-7: Normalized absorption (grey line) and emission (red line) spectra of the representative APEBM
nanocomposite sample. The excitation wavelength was set to 500 nm.
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Abstrakt

Predlozena dizertani prace se piedevSsim zaméfuje na poskytnuti SirSiho vhledu
do problematiky kovovych nanostruktur (NSs) a nanokompoziti (NCPs). Na pocatku je
prace vénovana velikostnim piechodiim kovového materiadlu z makroskopickych rozmért
do velikostniho rezimu nanocastic (NPs) a dale nanoklastri (NCs), pticemz pfechod mezi
posledné zminénymi NSs je pro piipad Au detailnéji rozebran. Posléze je text zaméten
na kovové NSs, se kterymi jsem se v ramci studia setkal. Jedna se o zlaté nanoklastry
(AuNCs) a superparamagnetické nanocastice oxida zeleza (SPIONSs). V piipadé AuNCs
jsou popisovany vlastnosti optické, zejména tedy absorp¢ni a luminiscencni, a v ptipadé
SPIONSs pak vlastnosti magnetické. V obou piipadech jsou rovnéz uvedeny jednotlivé
strategie syntéz a také praktické vyuziti téchto NSs. Nasledné¢ prace pojednava
0 bimetalickych NCPs tvofenych jak z AuNCs, tak SPIONS, jejich syntéze a praktickém
vyuziti. Posléze je popsdna matrice uzivana pro syntézu zminénych NSs, kterou je
protein, albumin hovéziho séra (BSA). Zavérecna Cast dizertacni prace se vénuje shrnuti
védecké ¢innosti jejiho autora spolu s poznatky z piiloZzenych publikaci, které svou naplni
postupné smétuji od systému referencniho (tj. monometalicky nanokompozit sestavajici
z proteinové matrice a AuNCs, nebo proteinové matrice a SPIONs) az k systému
bimetalickemu, ktery kombinuje jak vlastnosti AuNCs, tak i SPIONs. Optimalizované
optické a superparamagnetické vlastnosti byly vyuzity pii in vivo fluorescenénim
zobrazovani (FI) a zobrazovani magnetickou rezonanci (MRI), pfiCemz prezentovany
optimalizovany bimetalicky systém ma potencial slouzit jakozto efektivni inertni
kontrastni latka pro duélni FI/MRI.



Abstract

The presented dissertation thesis mainly focuses on providing a broader insight into the
issue of metal nanostructures (NSs) and nanocomposites (NCPs). Initially, the thesis is
devoted to the size transitions of the metallic material from the macroscopic dimensions
to the size regime of nanoparticles (NPs) and then to nanoclusters (NCs). In the case of
Au, the transition between the last mentioned NSs is analysed in more detail. Afterwards,
the thesis is focused on the metallic NSs, which I encountered during my studies; namely,
gold nanoclusters (AuNCs) and superparamagnetic iron oxide nanoparticles (SPIONS).
In the case of AuNCs, optical properties are described, specifically absorption and
luminescence. Regarding SPIONSs, a description of the magnetic properties is given.
In both cases, individual synthetic strategies and the practical use of these NSs are also
presented. Subsequently, the thesis discusses bimetallic NCPs formed of both the AUNCs
and SPIONSs, their synthesis and practical usage. Then, the protein matrix (namely, bovine
serum albumin, BSA) employed for the synthesis of the mentioned NSs is introduced.
The final part of the dissertation thesis is dedicated to a summary of the scientific activity
of its author together with findings described in the attached publications. The content
of these publications gradually goes from a reference system (i.e., monometallic
nanocomposite consisting of a protein matrix and AuNCs, or a protein matrix and
SPIONSs) towards a bimetallic system, which combines the properties of both the AUNCs
and SPIONs. The optimized optical and superparamagnetic properties have been
exploited in in vivo fluorescence imaging (FI) and magnetic resonance imaging (MRI).
The presented optimized bimetallic system has the potential to serve as an effective inert

contrast agent for dual FI/MRI.



SEZNAM ZKRATEK uvedenych v textu

Zkratka Cesky nazev/Anglicky nazev
AUNCs zlaté nanoklastry/gold nanoclusters
AUNPs zlaté nanocastice/gold nanoparticles
AUNSSs zlaté nanostruktury/gold nanostructures
BSA hovézi sérovy albumin/bovine serum albumin
DOS hustota energetickych stavi/density of states
EPR elektronova paramagneticka rezonance/
electron paramagnetic resonance
Fl fluorescen¢ni zobrazovani/fluorescence imaging
GSH glutathion/glutathione
HOMO nt_ajvy§§i obsaz_eny molekulovy c_eritaI/
highest occupied molecular orbital
nejnizsi neobsazeny molekulovy orbital/
LUMO . .
lowest unoccupied molecular orbital
MRI zobrazovani magnetickou rezonanci/magnetic resonance imaging
NCs nanoklastry/nanoclusters
NCP nanokompozit/nanocomposite
NCPs nanokompozity/nanocomposites
NPs nanocastice/nanoparticles
NSs nanostruktury/nanostructures
PL fotoluminiscence/photoluminescence
QY kvantovy vytézek/quantum yield
SPIONS superparamagnetické nanocastice oxidi zeleza/
superparamagnetic iron oxide nanoparticles
SPR povrchova plazmonova rezonance/surface plasmon resonance
SR thiolat/thiolate
UVA oblast ultrafialova oblast A/ultraviolet region A
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1. Rozsiteny piehled problematiky

1.1. Od objemového kovu k NCs

Kovy makroskopickych rozmért jsou tvofeny tak obrovskym mnozstvim atomu,
ze jejich hustota energetickych stavii (DOS) je natolik vysoka, Ze se projevuje existenci
spojitych energetickych past, které jsou vysledkem linearnich kombinaci nezmérného
poctu energeticky velice podobnych atomovych orbitalii. Pasovou strukturu kovil lze
charakterizovat pomoci valen¢niho a vodivostniho pasu, zatimco zakézany pas v ptipadé
kovli neexistuje, jelikoz se oba zminéné pasy Casteéné piekryvaji [1,2]. Vlivem této
skute¢nosti se elektrony mohou za normalnich podminek vyskytovat volné také v pasu
vodivostnim, diky ¢emuz jsou kovy vybornymi elektrickymi vodi¢i [3]. Emise zafeni
pii excitaci objemového Au, Cu a jejich slitiny byla poprvé demonstrovana v roce 1969
autorem Mooradian (1969) [4] jako neefektivni proces s QY v adu 10710,

Zmensime-li velikost kovové Castice na hodnotu srovnatelnou ¢i mensi, nez je
sttedni volna draha vodivostnich elektronii, dostaneme se do oblasti kovovych NPs, kdy
pohyb elektronti zaCind byt omezovan rozmérem kovu, a k interakcim se zafenim tak
dochazi primarné v ramci povrchu ¢astice [1]. Tato skutecnost je pti¢inou optického jevu
nazyvaného jako povrchova plazmonova rezonance (SPR), jejiz podstatou jsou kolektivni
oscilace vodivostnich elektrontit béhem interakce se zafenim [1,2]. Diky tomuto NPs
vykazuji silnou absorpci svétla, nicméné intenzita fluorescence je relativné slaba, kdy QY
se pohybuje fadové od 107 do 107, ptiemz velikost, tvar a metoda piipravy NPs maji
vliv na hodnotu QY [5]. DOS je charakterizovana existenci kvazi-spojité pasové struktury
[6,7].

ZmenSujeme-li velikost kovové cCastice nadale, az na hodnotu srovnatelnou
s Fermiho vinovou délkou elektronu (tj. de Broglieho vinova délka elektronu na Fermiho
hlading, pti¢emz pro piipad Au je = 0,5 nm [8]), dochazi postupné k dal§imu Fidnuti
energetickych hladin, a tim k rozpadu kvazi-spojité pasové struktury NPs, kdy DOS
zacina byt tvofena viceméné diskrétnimi energetickymi hladinami, mezi kterymi mize
dochazet k elektronovym piechodiim vlivem interakce se zafenim [1,9,10]. Dostavame
se do oblasti NCs, jejichz chovani je podobné molekulam a jejich chemické, optické
a elektrické vlastnosti se vyrazné odlisuji jak od NPs, tak rovnéZ i od objemového kovu

[1,6,9]. Primér kovového jadra takovychto NSs byva zpravidla mensi nez 2 nm [11-13].



NCs jiz nevykazuji SPR [1,2], naproti tomu vSak vykazuji silnou luminiscenci s QY

v fadu jednotek, a dokonce i desitek procent [11,13,14].

1.2.AuNCs a jejich opticke vlastnosti

AuNCs znacené jako Aun(SR)m, kde n oznaCuje pocet atomi Au a m pocet
thiolatovych (SR) ligandi, piedstavuji modelovy systém, jehoz struktura se obecné
sklada z kovového jadra a vnéjsiho obalu tvoieného jak povrchovymi atomy Au, tak
samotnymi SR ligandy. Pfitomnost tohoto obalu komplikuje studium optickych vlastnosti
AUNCs vzhledem k tomu, Ze nejen kovové jadro, ale i obal pfispiva svymi energetickymi
hladinami k hrani¢énim molekulovym orbitalim [15], tj. HOMO a LUMO. Vyzkumny
tym Jin a spol. [16] poprvé uvedli do souvislosti krystalovou strukturu a optické vlastnosti
aniontu modelové slouceniny Auzs(SR)1s™ (kde R = CH2CH2Ph piedstavuje fenylethylovy
zbytek) provedenim vypoctu s uzitim ¢asove zavislé teorie funkcionalu hustoty tykajicich
se elektronove struktury (viz Obrazek 1A) a optického absorp¢niho spektra (viz Obrazek
1B) [16].
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Obrézek 1: (A) Kohn-Shamiiv diagram energetickych hladin molekulovych orbitalii aniontu modelové
slouceniny Auzs(SR)1s7, Kde R predstavuje fenylethylovy zbytek. Barevné oznaceni kazdého molekulového
orbitalu naznacuje relativni prispévek atomovych orbitalti Au (6sp) (zelené), Au (5d) (modre), S (3p)
(oranzoveé) a ostatnich komponent (Sedé). Nalevo je uvedena symetrie (aq, 8y) a stupen degenerace (¢islo

v z&vorce) daného molekulového orbitalu. HOMO = nejvyssi obsazeny molekulovy orbital, LUMO =

vy



Na zakladé Kohn-Shamova diagramu energetickych hladin molekulovych
orbitalti Jin a spol. [16] pfisoudili jednotlivé piky v teoretickém absorpénim spektru
(viz Obrazek 1B) aniontu modelové slouceniny elektronovym ptechodim mezi jejimi
energetickymi hladinami (viz Obrézek 1A). Pik pti 1,52 eV (= 816 nm) piitadili prechodu
mezi hladinami HOMO a LUMO, jenz je v obou obrazcich ozna¢en pismenem a. Jde tedy
V podstaté o vnitropasovy (sp < sp) piechod. Pik pti 2,63 eV (= 471 nm) ptifadili jak
vnitropasovému, tak mezipasovému (sp «— d) prechodu (oba ozna¢eny pismenem b) a pik
pti 2,91 eV (= 426 nm) piifadili mezipasovému piechodu, Ktery je oznacen pismenem c.
Jelikoz jsou HOMO a LUMO (a také HOMO-1 a LUMO+1) slozeny pievazné
z atomovych orbitalt Au v kovovém jadru, na pik pfi 1,52 eV lze pohlizet jako
na ptrechod, jenzZ je zcela definovan elektronovou a geometrickou strukturou kovového
jadra [16]. K odlisnému vysledku dospéli Nobusada a Iwasa (2007) [17], ktefi prisoudili
absorp¢ni pik pi1 1,77 eV (= 702 nm) prechodu mezi hladinami HOMO a LUMO, kdy
LUMO je primarné tvoien orbitaly nachazejicimi se okolo atomu Au sdileného dvéma
ikosaedralnimi Auiz jadry. Rozdilnost vysledkd obou skupin autord poukazuje na vliv
struktury nanoklastru na jeho absorpéni vlastnosti. Kromé struktury nanoklastru ma

na optické vlastnosti vliv napf. i jeho velikost [15], oxidaé¢ni stav , [6,18] a teplota [19].

Velmi studovanou optickou vlastnosti AUNCs je jejich schopnost vykazovat
luminiscenci. Jsou pfijimany dva primarni mechanismy fotoluminiscence (PL) AuNCs:
(i) efekt kvantového omezeni a (ii) pfenos naboje, jenz zahrnuje p¥enos naboje z ligandu
na kov (LMCT) a z ligandu na systém kov-kov (LMMCT) [20]. Link a kol. (2002) [21]
piipravili AuNCs s vyuzitim glutathionu (GSH) jakozto thiolového ligandu, které
po ptedchozi excitaci vinovou délkou 514 nm vykazuji emisi jak ve viditelné (pti 1,55 eV
~ 800 nm), tak i v infracervené (pii 1,13 eV = 1097 nm) oblasti. Strukturu energetickych
hladin a pivod PL pikli poté prezentuji na zakladé dvou modeli: pevnolatkového
a molekularniho. Na zaklad¢ pevnolatkového modelu piitadili PL ve viditelné oblasti
mezipasovému piechodu (6sp — 5d), kdezto PL v oblasti infratervené pirechodu
vnitropasovemu (sp — sp) mezi hladinami HOMO a LUMO. Na zaklad¢ molekularniho
modelu pak pfisoudili pik ve viditelné oblasti fluorescenci a pik v infracervené oblasti
fosforescenci. K opa¢nému zavéru vsak dosli autofi Devadas a kol. (2010) [22], kteti
ptipravili AuNCs odlisujici se svymi thiolovymi ligandy, kdy vyuzili 1-hexanthiol
a GSH. Oba systémy vykazovaly PL jak ve viditelné, tak infracervené oblasti.
Fotoluminiscenci ve viditelné oblasti ptifadili pfechodu mezi hladinami HOMO a LUMO



kovového jadra, kdezto PL v oblasti infraervené ptifadili pfechodu mezi hladinami
kovového jadra a hladinami vnéjsiho obalu. Zavér autort Link a kol. (2002) [21]
podporuji vysledky autord Lia kol. (2019) [23] a Zhou a Song (2021) [24], ktefi uvadéji,
7e puvodcem PL v infracervené oblasti je kovové jadro. Zhou a Song (2021) [24] také
dale uvadéji, Ze zdrojem PL ve viditelné oblasti je pfenos naboje mezi kovovym jadrem

a vn&j§im obalem (viz Obrazek 2).
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Obrazek 2: Mechanismus fotoluminiscence (PL) Auzs(SR)1s™. Prrevzato z [24].

V nedavné praci nasi vyzkumné skupiny Siskova a spol. [25] bylo pomoci elektronové
paramagnetické rezonance (EPR) prokdzdno, ze luminiscence AuNCs zanofenych
v BSA, vykazujicich emisi u 655 nm (pfi excitaci u nizSich vlnovych délek), je jejich
vnitini vlastnosti a nejedna se v tomto piipad¢ o ptenos naboje. Soucasné bylo v této praci

zjisténo, ze kromé oxidacniho stavu Au® je pritomen téz oxida¢ni stav Au?*.

V porovnani s napft. anorganickymi kvantovymi teckami (II. B — V1. A skupin) je
intenzita PL AuNCs pomérné slaba. Jednou z moznosti, jak navysit intenzitu PL, je
vyména ligandi [26-28]. Kromé¢ intenzity PL mtize mit vyména ligandu vliv i na pozici
maxima emise [29,30]. Dalsi moznosti navySeni intenzity luminiscence je zména
oxida¢niho stavu Au [31-33], vyuziti fotofyzikalniho jevu nazyvaného jakozto agregaci
indukovana emise nebo nahrazovani jednoho ¢i vice atomi Au heteroatomem/y,

jakymi mohou naptiklad byt Ag, Cu, Cd, Er, Pt a Zn [34-36].



1.3. Metody syntézy a praktické vyuziti AuNCs

K provedeni syntézy AuNCs lze uzit jednu ze dvou strategii: shora doli, tedy
Z objemového materialu smérem k NSs (anglicky top-down), nebo zdola nahoru, tudiz
poskladanim jednotlivych atomi do NSs (anglicky bottom-up). Top-down metoda
zahrnuje predevsim chemické leptani, kdy jsou materialy vétSich rozmért, jakymi mohou
byt napiiklad Au nanokrystaly [37], AuNPs [38] ¢i vétsi AuNCs [39], leptany
prostiednictvim nadbytku ligandi [40], nebo rovnéz s vyuzitim samotného prekurzoru
Au [41] za vzniku AUNCSs. Mezi ligandy uzivané k leptani patti riizné thiolové slouceniny
[39,42], merkaptanové kyseliny [29], polyethylenimin [37] ¢i GSH [38,43].

Princip bottom-up metody spo¢iva v redukcei iontéi Au (pievazné Au®") na atomy
AW’ anasledné nukleaci téchto atomt za vzniku AUNCs [44]. Mezi uzivané formy
redukce patii redukce chemicka [13,45,46] a elektrochemicka [47], fotoredukce
[14,48,49] a redukce uvnitt biologického systému [50,51]. Je znamo, ze zvySena teplota
muze usnadnit redukéni reakce poskytnutim potiebné aktivacni energie pro preménu
prekurzort obsahujicich Au ionty na Au atomy ¢i AuNCs [20]. Yan a kol. (2012) [52]
byli prvni, kdo k syntéze AuNCs chranénych BSA vyuzili mikrovinné zafeni, ¢imz
podstatné zkratili reak¢éni dobu z desitek hodin na nékolik minut. Kromé vyse uvedenych
forem redukce byly provedeny syntézy pomoci sonochemické metody [11,53,54]

a mikroemulzniho procesu [55].

V ramci syntézy AuNCs se kromé samotnych prekurzori a redukénich cinidel
uziva témér vzdy néjaka templatova molekula ¢i ligand. V piipadé syntézy bez této
komponenty by mohlo dojit k interakcim mezi jednotlivymi NCs, které by vedly
K nevratné agregaci z diivodu snizeni jejich povrchové energie [56]. RovnéZz by mohlo
postupné dochazet k pierastani AuNCs v AuNPs, jak bylo v nasi skupiné diive
pozorovano [57]. Ke stabilizaci AuNCs je mozno uzit Sirokou skalu ligandd, jakymi jsou
napiiklad: rtzné thiolové slouceniny [58]; dendrimery [59,60], coz jsou polymery
S pravidelnou rozvétvenou strukturou, velmi dobfe definovanym chemickym sloZenim
a molekulovou hmotnosti [61]; dale polymery [62,63]; proteiny [53,64]; peptidy [65,66];
rizné sekvence DNA [67] a jednotlivé nukleotidy [68,69].

Praktické vyuZiti AuNCs je pomérné rozmanité, pocinaje detekci iontt kovi [70—
72], riznych aniontd jako S*, CN™, NO2~ [73-75] a malych molekul jako napiiklad
bilirubin, cystein, dopamin, H20-, H.S a cholesterol [76-82]. AuNCs lze také tispéchem



vyuzit k detekci enzymu [83-85], méfeni pH [86,87] a teploty [88,89], detekci
patogennich bakterii [90,91] a metastazi rakoviny [92]. Detekce byva z ptevazné ¢asti
zalozena na zhaSeni signalu PL (kuptikladu [73,79,93]) vlivem interakce AuNCs s ionty
kovii ¢i malymi molekulami. Existuji vSak nékteré systémy, jejichz intenzita PL je vlivem
interakce naopak navysena (naptiklad [72,94,95]). V leckterych piipadech jsou AuNCs
konjugovany s jinymi entitami vykazujicimi také luminiscenci [94,96], ale v jiné oblasti
spektra. Tyto pak slouzi jako reference, nebot’ jejich luminiscenéni signal je oproti
AuNCs konstantni. Mezi dal$i principy detekce patti naptiklad agregaci indukované
zhaseni [97], agregaci indukovana emise [71], zména signalu elektrochemiluminiscence

[98] ¢i zména v poloze maxima absorpce [85].

Mimo detekci lze AuNCs vyuzit také ke katalyze chemickych reakci [99-102],
regulace hladiny glukozy v krvi [103,104], in vitro nebo in vivo zobrazovani s uzitim
vypocetni tomografie a/nebo PL [105-107], fototermalni [108-110] a fotodynamickeé
[109,111,112] terapii, transportu lé¢iv do nadorovych bun¢k [106,113,114]
a v neposledni fad¢ jako teranosticky systém [105,114], tj. kombinace diagnostiky
a terapie [115].

1.4. SPIONSs a jejich magnetické vlastnosti

NPs tvorené z feromagnetického ¢i ferimagnetického materidlu majici velikost
zhruba do 20 nm mohou vykazovat unikatni formu magnetismu nazyvanou jako
superparamagnetismus [116-118]. V piipadé¢ SPIONs se nejcastéji jedna o magnetit
(Fe304), maghemit (y-Fe203) ¢i ferity (oxid Zeleza s piimési jednoho ¢i vice piechodnych
kovi, napiiklad Ba, Co, Cu, Mn, Ni) [119,120].

Pro vysvétleni podstaty superparamagnetismu je potfeba zacit s magnetickymi
materialy vétSich, okem viditelnych, rozméri. Magnetické materialy makroskopickych
velikosti jsou sloZeny z magnetickych domén, coZ jsou oblasti uniformni magnetizace,
které jsou od sebe oddéleny doménovymi st€énami, uvnité kterych se smér magnetizace
méni plynule od jedné domény ke druhe [121]. Kdyz se velikost materialu zmensuje,
pocet magnetickych domén klesa, pficemZz jakmile je velikost Castice srovnatelnd
se Sitkou doménové stény, vznik vicera domén neni mozny, a Castice je tedy tvofena
pouze jednou doménou [121,122]. Piesnéji feeno, material je tvofen pouze jednou

magnetickou doménou, pokud energie nutna k tvorbé dalsi domény je vétsi neZ pokles



energie, ke kterému by doslo v disledku snizeni vysledného magnetického toku [116].
Se zménou velikosti materidlu se obecné méni také magneticka koercivita, ktera
predstavuje intenzitu vnéjSiho magnetického pole pottebnou k odstranéni zbytkové
magnetizace (tzv. magnetické remanence) [118,123,124]. Jeji pribéh v zavislosti
na velikosti pro NPs magnetitu (FezO4) majici krychlovy tvar Ize pozorovat na obrazku
nize (viz Obrazek 3), kdy béhem ptechodu z multidoménového charakteru &astice
na jednodoménovy je koercivita maximalni a s dal§im snizovanim velikosti castice klesa

k nule.
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Obrazek 3: Zavislost magnetické koercivity nanocastic FesOs na jejich velikosti pri teploté 300 K. Cervené
kruhové znacky predstavuji nanocastice s kubickou strukturou, zelené trojuthelnikové znacky predstavuji
nanocdstice se sférickou strukturou a cerné trojuhelnikove, fialové kruhové a modré kruhové znacky jsou
postupné vysledky autorii Ma a kol. (2004) [125], Kim a kol. (2009) [126] a Lee a kol. (2015) [124].
Prevzato z [118].

Pti dosazeni urcité hrani¢ni velikosti ¢astice, kdy je tepelna energie srovnatelna
s energii potfebnou k reorientaci spini (magneticka anizotropni energie), je koercivita
nulova, a material se tedy nachazi v superparamagnetickém rezimu [123,124]. Tepelna
energie tak umoznuje po odstranéni pusobeni vnéjstho magnetického pole uskutecnit
spontanni reorientaci spinll, kterd vede ke znahodnéni magnetickych dipold v urcitém
casovém intervalu, a tudiz k demagnetizaci materidlu neni potfeba zadna dodatecna vnéjsi
energie [116,123]. Z divodu potieby dostate¢né tepelné energie je ponékud ziejmé, ze

7



kromé velikosti Castice je superparamagnetismus svazan takeé s jeji teplotou. Teplota,
pti které je tepelnd energie ks T rovna magnetické anizotropni energii, se nazyva blokacni
teplota Tg [123]. V piipadé, kdy T < Tg, neni tepelna energie potiebna ke spontanni

reorientaci spinti dostate¢na, a koercivita tak zacina byt opét nenulova [116].

V superparamagnetickém rezimu tedy materidl nevykazuje hysterezni chovani,
jinymi slovy, vykazuje nulovou magnetickou remanenci a koercivitu [116,123,127,128].
Jak nazev tohoto jevu napovida, hodnota satura¢ni magnetizace superparamagnetickych
NPs je vétsi nez v piipadé astic paramagnetickych, nicméné je srovnatelna se saturacni
magnetizaci feromagnetickych a ferimagnetickych ¢astic [116]. Saturacni magnetizace
SPIONSs zavisi jak na velikosti ¢astic [118], tak na krystalové struktuie a typu obalujiciho
materialu [129], dale také na tloustce obalu [130], molarnim poméru Fe?*/Fe3*, iontové

sile, pH a na tom, zda byla pii syntéze pouzita inertni (N2) atmosféra [131].

1.5. Metody syntézy a praktické vyuziti SPIONS

Obdobné jako v ptipadé AuNCs mohou byt k pripravé SPIONs pouzity oba
popisované pristupy: shora doli ¢i zdola nahoru [132]. Celkové Ize vyuzit mnoha riznych
strategii, které Ize rozd¢lit na chemicke, fyzikalni a biologické, pricemz volbou syntézy
lze dosdhnout rtznych tvart, velikosti, struktury, koloidni stability a magnetickych
vlastnosti, ¢imz lze zajistit rizné oblasti vyuziti [133]. Mezi chemické metody lze zatadit
tepelny rozklad, hydrotermalni ¢i solvotermalni syntézu, syntézu s vyuzitim polyold,
mikroemulzni a sol-gelovou syntézu a spolusrazeni (koprecipitaci) [127]. K fyzikalnim
metodam patii kulové mleti, laserova ablace, pyrolyza ¢&i spalovani [132]. V piipadé
biologickych metod Ize k syntéze vyuzit rostliny [134], zdravé ¢i rakovinné buriky [135],
plisné [136], fasy [137,138], bakterie [139] ¢i kvasinky [140].

Povrch SPIONSs je velice reaktivni z divodu zvySené plochy povrchu vuéi
objemu, tudiz se povrch SPIONs obvykle obaluje k zamezeni aglomerace ¢i agregace
a modulace velikosti a tvaru [127]. Nicméné, tyto povrchové upravy mohou ovlivnit
jednak magnetické vlastnosti SPIONs v zavislosti na mnozstvi, sloZeni ¢i Sifce
povrchové vrstvy [127], jednak napiiklad vstup NPs do bunek [141]. Mezi ligandy
uzivané k obalovani SPIONs patii napt. dextran [142], chitosan [143], polyethylenglykol
[144] a polyvinylpyrrolidon [145].



Jednim ze sméru aplikovatelnosti SPIONS je jejich uplatnéni jakozto kontrastni
latky v rdmci zobrazovani magnetickou rezonanci (MRI) (naptiklad [146,147]). SPIONs
jsou povazovany za u¢inné T kontrastni latky, jelikoz dokazi zkratit dobu transverzalniho
(neboli spin-spinového) relaxacniho ¢asu magnetického momentu jednotlivych protont,
diky ¢emuz se ovlivnéna oblast jevi jako tmavsi [148,149]. Dalsim vyuzitim SPIONSs je
magnetickym polem indukovana hypertermie. Jeji fyzikalni princip spociva v generaci
tepla NPs vlivem piasobeni nestacionarniho vnéjsiho magnetického pole [135].
Biologicky ucinek hypertermie je zaloZen na skutecnosti, Ze zdravé bunky dokazi vydrzet
pusobeni vysSich teplot, kdezto naopak rakovinné buniky piitakovychto teplotach
podstupuji apoptézu [150]. SPIONs lze také vyuzit k cilenému transportu lé¢iv do
nadorovych bunék, jenz mize byt aktivné zprostfedkovan jednak piisobenim vnéjsiho
magnetického pole [151-153], jednak konjugaci SPIONs s latkou umoziujici cilit
na nadorové bunky [154-157]. Takovymi latkami mohou byt protilatky a jejich
fragmenty, ligandy receptort, peptidy ¢i aptamery [150]. Piikladem budiz hojné uzivana
kyselina listova [154-156]. Pfidanou vyhodou k cilenému transportu mize byt rovnéz
moznost kontrolovaného uvoliiovani transportované¢ho 1é¢iva v reakci na urcity stimul,
a to naptiklad puisobenim blizkého infraerveného zatreni [158] ¢i ultrazvuku [156] nebo
zménou pH [159]. Cileny transport 1é¢iv lze kombinovat s hypertermii [160,161].
Mirzaghavami a kol. (2021) [162] dokonce pfipravili systém kombinujici cileny transport
léciv, hypertermii a také moznost radioterapie, piicemz jejich spojenim dosahli
signifikantné lepsich terapeutickych ucinkd. Poslednim piikladem vyuziti SPIONS je
odstrafovani iontt tézkych kovi jako napiiklad Cd?*, Co?", Cr®*, Cu?*, Pb** a Hg?*
[163-166].

1.6. Bimetalické NCPs slozené z AuNCs a SPIONs nebo magnetickych

nanocastic oxidil Zeleza, jejich syntéza a vyuziti

Nanokompozit (NCP) je soustava slozena ze dvou ¢i vice materidlli, pfiCemz
minimalné jeden z jeho rozméri je fadové v nanometrech [167]. Bimetalicky NCP je
pak NCP obsahujici dva kovove materialy [168]. Existuji dva rizné ptistupy piipravy
NCPs, jejichz jednou ze soucasti jsou kovové NCs: postsyntetickd funkcionalizace
a in situ syntéza [10]. Prvné zminovany pfistup spociva v ptipravé jednotlivych soucasti

NCP, jejich nasledné funkcionalizaci a propojeni ve vysledny NCP. K metodam



vyuzivajicim tento pfistup patii napiiklad chemickd konjugace [169,170], metoda
povrchoveé redukce [171], nekovalentni interakce [172,173] a samouspoiadani [174].
V piipadé insitu syntézy je NCP pfipraven postupnym smisenim vSech prekurzord
V jednu reakéni smés [175]. Zminéné piiklady syntéz byly uvedeny pro piipad, kdy byl
NCP tvofen jak AuNCs, tak SPIONs nebo magnetickymi nanoc¢asticemi oxidd zZeleza.
Obecné lze vsak bimetalické NCPs syntetizovat také pomoci dalsich metod, ke kterym
patii kuptikladu solvotermalni a hydrotermalni metoda, pyrolyza nebo elektrodepozice
[10].

Ptidanim dal$i kovové NSs Ize vylepsit stavajici vlastnosti monometalického NCP
[169,176] a/nebo rozsitit jeho aplikovatelnost o dalsi zobrazovaci modalitu ¢i jiné vyuZiti
(naptiklad [170,173,174]). Zobrazovéni s vyuzitim nékolika modalit sou¢asné¢ mize byt
velmi pfinosné, nebot’ jejich uZiteCnou kombinaci lze pfekonat omezeni souvisejici
S jejich samostatnym pouzivanim. Kuptikladu, vysoka citlivost optického zobrazovani
umoziuje sledovani biologickych dé&jii na molekuldrni urovni v redlném case, nicméné
kviili omezené propustnosti zaieni skrz tkané neumoziuje ziskat jeji detailni 3D obraz.
Na rozdil od toho MRI poskytuje 3D obraz mékkych tkani s vysokym prostorovym

rozliSenim, ale bohuzel citlivost této metody je nizka [173,177].

1.7. Proteinova matrice BSA

Sérové albuminy jsou hojné zastoupené v télech vSech obratlovcl, podileji se
na udrzovani osmotického tlaku krve a hraji dilezitou roli v distribuci mnoha metabolit1,
hormont, 1é¢iv a pfechodnych kovii [178,179]. VétSina albumind saved (i BSA) obsahuje
4 vazebna mista pro kovy, které se v8ak znacné li$i svou strukturou a specifitou [178].
Jmenovité jde o N-koncové misto (zndmé jako NTS), Cys34 a jeho okoli, vazebné misto
A, které bylo pozdéji ztotoznéno s vicekovovym vazebnym mistem, a vazebné misto B
[178].

Primarni struktura BSA je dana sekvenci 583 aminokyselin, ptiCemz jeji
podobnost se sekvenci lidského sérového albuminu je 75,6 % [180,181]. Je tvoten celkem
2 tryptofanovymi rezidui, 20 tyrozinovymi rezidui a 35 cysteinovymi rezidui, z nichz 34
vytvaii disulfidické mistky [180-182]. Sekundarni struktura BSA je ptevazné a-helikalni
[183,184]. Terciarni struktura se sklada ze tii homolognich domén (I, II a III), pfi¢emz

kazda doména se sklada ze dvou subdomén (A a B) (viz Obrazek 4) [181].
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Obrazek 4: Tercidrni struktura hovéziho sérového albuminu sestavd ze tii domén (I, Il a IIl), pFicemZ
kazda doména se sklada ze dvou subdomén (A a B). Prevzato z [181].
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2. Stru¢né shrnuti védecké ¢innosti

Préci na bimetalickych NCPs obsahujicich jak AuNCs, tak SPIONs ptedchazela
ptiprava a charakterizace monometalickych NCPs sestavajicich pouze z AUNCs. Tento
systém je logicky jednodussi, jeho ptiprava je tvofena mensim mnozstvim krokti a hlavné
parametrti, coz bylo pro nasledné uskutecnéné optimalizace vyhodnéjsi. Monometalicky
systém slouzil také jako reference ke zminénému bimetalickému NCP. Ptiprava tohoto
monometalického systému byla inspirovana syntézou publikovanou autory Xie a kol.
(2009) [64], pticemz misto konven¢niho ohievu byl pro urychleni vyvoje AuNCs pouzit
ohtev mikrovinny dle autorti Yan a kol. (2012) [52]. Matrici obou vyse zminénych skupin
autort byl protein hovézi sérovy albumin (BSA). Jeho vyznam spociva v redukei iontt
AU** a nasledné stabilizaci tvorby a ristu AuNCs [25]. Nékteré parametry syntézy
(koncentrace, molarni poméry a doba mezi pfidanim jednotlivych vstupnich latek, doba
mikrovinného ohfevu, vykon mikrovinného zéatfeni a doba vyvoje systému) vSak byly
upraveny s ptihlédnutim k vysledkiim optimaliza¢nich experimentt, jez byly provedeny
z dtivodu dosaZeni co nejvétsi hodnoty QY v rozumném &ase vyvoje systému. Cést téchto
vysledkt, konkrétné vliv molarniho poméru HAuCls a NaOH (ovliviiujici pH reakéni
smési) na hodnotu QY avinovou délku maxima emise, je uvedena v konferen¢nim

piispévku autori Ostruszka a Siskova (2022) [185].

Ptipraveny monometalicky NCP, znaceny jako AuBSA, vykazuje emisi v ¢ervené
oblasti spektra s vyskytem jednoho maxima pii vlnové délce 655 £ 1 nm a hodnotou QY
stanovenou jako 6,7 £ 0,1 % [25]. Primérna velikost AuNCs uréena pomoci transmisni
elektronove mikroskopie je 1,01 + 0,24 nm, kdezto v piipad¢ uziti transmisni elektronové
mikroskopie s vysokym rozlisenim byla primérna velikost vétsi nez 2 nm, coz bylo
vysvétleno pozorovanim in situ tvorby AuNPs pod fokusovanym svazkem elektronti
pfiuziti vétSiho zvétSeni a/nebo béhem mapovani s vyuzitim energiové disperzni
spektroskopie. Pomoci EPR bylo jednak zjisténo, Zze okamzité po zahajeni ozafovani
systému AuBSA UV A zafenim o vinové délce 325 nm dochazi k tvorbé thiylovych (RS”),
tryptofanovych (Trp?) a C-centrovanych (C°) radikala, které s AUNCs magneticky
neinteraguji, ale pii prodlouZzeném ozatovani (nad 10 minut) vedou k nevratnému
poskozeni proteinové matrice; jednak byla poprve v ramci NCP tvofeného BSA a AuNCs
prokazéana pritomnost Au®*, pi¢emz autoii vétsinou uvadéji vyskyt oxidaénich stavii Au®
a Au’, jez nejcastéji detekuji pomoci rentgenové fotoelektronové spektroskopie
(naptiklad [45,64,186,187]). Rovnéz byla porovndnim EPR spekter systému AuBSA
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a prekurzoru Au, kterym byla kyselina tetrachlorozlatitd (HAuUCls), potvrzena schopnost
BSA redukovat Au** na nizsi oxidaéni stavy, pfitemz s vyuzitim absorpéni spektroskopie
byla pozorovana redukce Au** na Au® za vzniku AuNPs (jejichz projevem je pik SPR)
v piipadé, kdy byla HAuCls inkubovéana s tyrosinem (aminokyselina, ktera je soucasti
BSA).

V navaznosti na monometalicky systém AuBSA byl souc¢asné piipraven jednak
NCP bimetalicky, znaceny jako AuBSA-Fe, jehoZ syntéza byla obohacena o prekurzory
zeleza (FeCl'4H20 a FeClz-6H20), nicméné pivodni molarni poméry pro ostatni
reaktanty (tj. BSA: HAuCls a HAuUCls: NaOH) byly zachovany; jednak byl pfipraven
dalsi referencni NCP, oznaceny jako BSA-Fe, jenZ se od AuBSA 1ii tim, Ze neobsahuje
AuNC:s, ale naopak je tvofeny SPIONs generovanymi v pfitomnosti BSA. Syntéza tohoto
NCP je obdobou syntézy AuBSA-Fe s tim rozdilem, Ze HAuCls byla nahrazena HCI tak,
ze bylo ponechano stejné latkové mnozstvi CI™. Jak system BSA-Fe, tak AUBSA-Fe byly
opét zkoumany pomoci EPR spektroskopie a bylo experimentalné prokazano, ze v rdmci
obou systémt je Fe pfitomno jednak ve formé¢ jednojadernych komplex, jednak ve formé
SPIONS (jak bylo diive prokazano pomoci Mossbauerovy spektroskopie v [25], pficemz
v piipad¢é bimetalického NCP dochazi k tvorbé SPIONs mensich velikosti nez v ramci
systému monometalického BSA-Fe [188]. Také byla pozorovana komunikace v podob¢
pienosu naboje mezi SPIONs (donor) a komplexy Fe (akceptor) po ozatfeni UVA zarenim
o vlnové délce 325 nm, avSak pouze v ptipadé BSA-Fe (v ramci AuBSA-Fe nebyl tento
pienos naboje pozorovan). V neposledni fadé byl proveden experiment s uZzitim spinové
pasti (anglicky spin trap), ktery odhalil pfitomnost hydroxylovych radikala (‘OH)
generovanych ve vodném roztoku po ozareni obou studovanych NCPs (BSA-Fe

a AuBSA-Fe) UV A zafenim po dobu 5 minut pii pokojové teplote.

AUNCs v systému AuBSA-Fe opét emituji v cervené oblasti spektra s obdobnymi
hodnotami vinové délky maxima emise a QY, jaké mély AuNCs v systému AuBSA [189].
Z prub&hu mossbauerovskych spekter pii teplotach 300 a 5 K (u druhého téZ v externim
magnetickém poli) bylo prokazano, ze nanocasticova forma Fe v systému AuBSA-Fe je
superparamagneticky oxid Zeleza v oxida¢nim stavu III. Vysledky z energiové disperzni
spektroskopie poukazuji na dominantni vyskyt O v blizkosti Fe v nanoc¢asticové formé
a pritomnost S pobliz Au. Je zndmo, ze AuNCs je k BSA véazano pies S (napiiklad
[190,191]) a SPIONSs (a oxidy Zeleza obecn¢) interaguji snadno s COOH a/nebo OH
skupinami [192,193]. Dusledkem této odlisné afinity je fakt, Ze jak AuNCs, tak SPIONs
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mohou byt v ramci BSA lokalizovany pobliz odlisnych aminokyselinovych rezidui [188].
Také bylo provedeno in vitro MRI s viditelnym T> kontrastem a relaxometrie, kdy
hodnoty relaxivity byly ziskany fitovanim zéavislosti reciproké hodnoty relaxa¢niho ¢asu
na koncentraci Fe, pficemz ve zkoumaném rozsahu koncentraci byly identifikovany dvé
linearni zavislosti, a byly tedy ziskany dvé hodnoty relaxivity. V neposledni fad¢ byla
stanovena viabilita nerakovinnych RPE-1 bunék pfi jejich inkubaci s AUBSA-Fe, ktera
dosahovala hodnot okolo 80 % pro ob¢ koncentra¢ni oblasti, coz dle ISO 10993 tadi tento
NCP stale mezi netoxicke latky [189].

V mezi€ase probihaly ¢etné optimalizace diskutované¢ho bimetalického systému,
jednak na zaklad¢ znalosti ziskanych z optimalizacnich experimentli monometalického
systému AuBSA, jednak byly nékteré experimenty inspirovany kupiikladu autory Babes
a kol. (1999) [194], Andrade a kol. (2010) [195] a Ueno a kol. (2014) [196]. Optimalizace
byly pfevazné zaméteny na vylepSeni magnetického kontrastu, jelikoZ uspokojivého
kontrastu v piipadé systému AuBSA-Fe bylo dosazeno pouze po piedchozim
zakoncentrovani vzorkt, coz mimo jiné vedlo ke zvySeni viskozity roztoku a snizeni
viability bunék zhruba na hrani¢nich 80 %. Optimalizace bimetalického systému byla
mnohem komplexnéjsi, a to jednak proto, Ze zpocatku byla nepiekonatelnou prekazkou
jeho stabilita, jelikoz dochazelo k ¢astym agregacim proteinové matrice nebo pievazné
agregacim Fe v mikroc¢astice, jednak bylo potieba najit takové podminky, aby obé
vysledné NSs (jak AuNCs, tak SPIONs) vykazovaly soucasné¢ co mozna nejlepsi
vlastnosti za dany ¢as jejich spole¢ného vyvoje. Jedny z poslednich experimentd byly
inspirovany Jolivet a kol. (2004) [197], pficemz byly provadény s mySlenkou, Ze zvySeni
pH na hodnotu 7,4 pied pridanim HAuCls, kdy se Fe®* vyskytuji pievazné ve formé
neutralnich komplext [197], by mohlo vést ke zvySeni interakci mezi komplexy Fe
a proteinovou matrici, kterd by se navic méla v tomto pH nachédzet ve své ptirozené
konformaci [198,199]. Nékteré vysledky z téchto optimalizanich experimentit jsou
uvedeny v Ostruszka a kol. (2024) [175].

Nakonec se povedlo pfipravit bimetalicky NCP, oznaceny jako APEBM, jehoz
syntéza respektuje principy ,,zelené chemie (tj. prace ve vodném prostiedi, pouziti
netoxickych latek a vyvarovani se nadbyte¢nému mnozstvi chemikalii) [175]. Oproti
syntéze AuBSA-Fe byly upraveny a/nebo nové zavedeny nasledujici parametry: typ
prekurzoru Fe, pofadi pfidani jednotlivych reaktantli, jemna Uprava pH pied pfidanim

HAuUCl4, prodlouzena doba mezi jednotlivymi kroky syntézy, typ ohfevu pro urychleni
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obou chemickych procesi (redukce Au®* iontfl a formace SPIONs) a delsi doba dozravani
vzorku, a to navic pti vyssi teploté. Vysledkem je NCP velmi stabilni vii¢i agregaci jak
Vv deionizované vodg¢, tak i v pufru PBS a kultivaénim médiu, a to pfi riznych teplotach
inkubace (4, 20 a 37 °C). Teoretické molarni poméry BSA: Au: Fe byly z pivodnich
hodnot 1: 10: 0,75 navySeny na 1: 20: 20, pfi¢emz experimentalni poméry po dialyze jsou
1: 16: 18. Koncentrace Fe v optimalizovaném NCP byla tedy celkové navysena vice nez
dvacetinasobné. Bimetalicky APEBM NCP vykazuje monomodalni distribuci velikosti
s hodnotou hydrodynamického praiméru dy = 296 + 14 nm a bunééné viability vétsi nez
90 % pro nejvyssi koncentraci vzorku (tj. koncentrace pfimo po dialyze, jez vzorek natedi
vzdy 1,5x deionizovanou vodou). Nejprve bylo provedeno in vitro FI a MRI, avSak
s pfihlédnutim ke komplexnosti bunééné internalizace nanomateridll, kterd je zavisla
na mnoha vzajemné propojenych parametrech, bylo rovnéz provedeno zobrazovani
in vivo. Z vyslednych obrazki potizenych béhem in vivo MRI (viz Obrazek 5A a 5B) a FI
(viz Obrazek 5C) je ztejmé, Ze prezentovany NCP ma schopnost slouzit jakozto efektivni
inertni kontrastni latka pro dualni zobrazovani. Luminiscencni signal optimalizované¢ho
NCP je nejméné 20x silnéjsi nez signal reference (tj. koncetina injektovana destilovanou

vodou) a MR kontrast Ize relativné dobte odlisit od okolni svalové tkané¢.

ROI 2 = 10/e+9

Obrézek 5: In vivo (4, B) zobrazovdni magnetickou rezonanci a (C) fluorescencni zobrazovani zdravé
BALB/c mysi pod anestézii. Triplikat bimetalického nanokompozitu APEBM (oznacené jako BM 1, BM 2
a BM 3) byl aplikovan do jednotlivych koncetin. Do neoznacené koncetiny byla vpichnuta destilovand voda

slouzici jako reference. Obrdzky prevzaty z [175] a zkombinovany.
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3. Zavér

Predlozend dizertacni prace se ze své pievazné casti soustfedi na predani poznatkl
ohledné dvou zcela odlisnych kovovych NSs, AuNCs a SPIONS, které rozebira z hlediska
jejich optickych (piipad AuNCs) ¢i magnetickych (pfipad SPIONSs) vlastnosti, strategii
syntézy a rovnéz moznosti praktického vyuziti. Posléze se prace vénuje jednak systémim
kombinujicim uvedené NSs, jednak proteinu BSA, jenz byl po celou dobu védecké
¢innosti autora pouZzivan jako matrice pro syntézu téchto NSs. Druha cast prace se
zamétuje prave na zminénou védeckou ¢innost autora, ve které jsou rozebirany jak NCPs
monometalické (znaCené jako AuBSA, BSA-Fe) slouzici jako referencni systémy, tak
NCPs bimetalické (oznacené jako AuBSA-Fe a APEBM). Diky relativné velkému
mnozstvi postupnych optimalizaci syntézy bylo nakonec dosaZeno piipravy systému
APEBM, jenZ je stabilni vii¢i agregaci v ruznych prostredich pii riznych teplotach,
vysoce biokompatibilni a ma schopnost slouzit jako inertni kontrastni latka pro in vivo
duélni zobrazovani (FI a MRI). Dilezité¢ je zduraznit, z2 APEBM nebylo nutné
zakoncentrovat pro to, aby poskytoval dostatecny MRI signal, coz je velky pokrok oproti
systému AuBSA-Fe, jehoz zakoncentrovani vedlo k poklesu biokompatibility a nartstu
viskozity. Dalsi potencialni vyuziti systému obsahujicich SPIONs (at’ uz jde o systém
monometalicky ¢i bimetalicky) souvisi s generovanim "“OH (detekovanych pomoci EPR
spektroskopie) ve vodném roztoku po ozafeni daného systému UVA zafenim po dobu
5 minut, ¢ehoZ by se v budoucnu mohlo vyuzit v environmentalni oblasti k odstrafiovani
polutantii ve vod¢ ¢i k eliminaci mikroorganismil. V tomto sméru je nicméné potieba
provést dalsi experimenty. Mimo to lze samoziejmé pokracovat také v biomedicinské
oblasti, kdy lze systém vylepsit napiiklad o moznost cileni do nadorovych bunék, a tim
umoznit jejich zobrazeni a/nebo eliminaci. Nakonec je rovnéz podstatné neopomenout
roli referenénich monometalickych systémi, diky kterym byly osvétleny mnohé
vlastnosti nejen samotnych monometalickych, ale také bimetalickych NCPs, coz mimo
jiné vedlo k piesn€j$im interpretacim ziskanych dat a k lepSimu pochopeni téchto

systémil.
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