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ABSTRAKT

Kov-vazné proteiny jsou vyznamnou skupinou biomolekul v Zivych organismech.
Zastupuji zde mnoho Zzivotné dulezitych funkci jako je udrzeni homeostdzy esencidlnich
kovii vorganismu, podileji se na detoxifikaci t€¢Zkymi kovy, pomahaji antioxida¢nimu
systému vyrovnat se s volnymi radikaly zpUsobujicimi oxidaéni stres. Rada znich patii
do skupiny zivotné¢ dilezitych enzymil, katalyzujici biochemické reakce. Mimo jiné jsou
kov-vazné proteiny soucasti vrozené imunity Pro boj proti patogennim bakteriim a také
jsou vybornymi transportéry nejen pro esencidlni molekuly, ale mohou byt vyuzty pro
cileny transport ve velmi rozvijejici se oblasti, nanomediciny. Existuje fada metod, jak
lze  tyto specifické proteny studovat a sledovat jejich interakce s dalSimi
biomolekulami. Mezi zakladni metody patii kapalinova chromatografie, ktera umoziuje
jejich izolaci zbiologickych vzorkt, dale byly vtéto praci pouzity imunochemické
metody, spektrofotometrické metody a elektrochemické metody, pomoci kterych Ize
objasnit chovani a vlastnosti téchto molekul Vvrizném prostiedi Cilem piedkladané

prace bylo optimalizovat metody pro separaci a studium kov-vaznych proteintl.

Kli¢ova slova: kov-vazné proteiny, apoferrinin, laktoferrin, metalothionein, kapalinova

chromatografie, spektrofotometrie, elektrochemie



ABSTRACT

The metal binding proteins are important group of biomolecules effects in living
organisms. They represent series of vital important functions such as homeostasis of
essential metals, they are involved in heavy metals detoxification, helps antioxidant
system with free radical neutralization to prevent oxidation stress. Lot of them belongs
to group of important enzymes catalyzing biochemical reactions. Last, but not least they
are part of innate immunity system against pathogenes and could be utilized as a carrier
cages in target drug therapy due to their unique transporter properties. A number of
methods have been developed to study and observe the interactions between
metalloproteins and specific biomolecules. First of all, the liquid chromatography
enables isolation of required proteins from biological matrices. Further experiments
utilized immunochemical, spectrophotometrical and electrochemical methods to clarify
their properties and behaviour in various environments. The aim of the thesis was

optimized analytical methods for separation and studying of the metal binding proteins.

Keywords: metalloproteins, apoferritin, metallothionein, lactoferrin, liquid

chromatography, spectrophotometry, electrochemistry
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1 UVOD

V souCasné dob¢ nariista enormni zijem védecké spole¢nosti o objasnéni mechanismii a
principi  vznku fady civilizacnich chorob jako je rakovina, kardiovaskularni
onemocnéni, diabetes aj, stejn¢ tak jako vysvétleni rezistence organismu ¢i patogennich
mikroorganismii a virh na dosavadni lé¢iva. Ve véd¢ se uplatiuji dva pfistupy, které
pomahaji objasnit pfi¢iny a definovat disledky civilizacnich chorob; zdkladni vyzkum a
aplikovany vyzkum.

Zékladni vyzkum je motivovan zvédavosti a studiem vlastnosti pifrody. Jeho cilem je
ziskat znalosti o zakladech ¢i podstaté pozorovanych jevl, vysvétleni jejich pficin a
moznych dopadt pii vywzti ziskanych poznatkt. Jeho diléim ukolem je oteviit nové
otdizky a podnitit zijem o nalezeni odpovédi Zatimco aplikovany vyzkum je vice
zaméfeny na zskani novych poznatkli zaméfenych na budouci vyuzti v praxi. Je to ta
cast vyzkumu, jejiz vysledky se prostfednictvim vyvoje vyuzivaji v novych vyrobcich,
technologiich a sluzbach. Poskytuje odezvu na to, co spolecnost potiebuje a co
spole¢nost ocekava. Oba pfistupy by jeden bez druhého nemohly existovat. Jedna se o
propojeny celek, diky kterému se dneS$ni spolecnost posouvd ve vyvoji a pouziva jej
jako nastroj pro sebezdokonaleni a pokrok lidstva.

Kov-vazné proteiny jsou chapany ob&éma pfistupy jako dilezity predmét studia spojujici
anorganicky ,.svét* sorganickym. Je mimofadné zajimavé, jak navzajem oba chemické
obory spolu interaguji. O to zajimavéjsi je fakt, ze tato interakce mize byt pro Zzivy
organismus prospésna, ba ji ke svému zivotu potiebuje; anebo toxicka, ktera jej muze
usmrtit.

Predkladana disertacni prace se zabyva izolaci a studiem vyznamnych kov-vaznych
proteintl. V literarnim piehledu je uveden momentdlni stav poznani této oblasti
proteomiky a jsou popsany dostupné analytické metody pro jejich studium. Vysledkova
Cast je zaméfena na aplikovany a zakladni vyzkum interakce proteini s kovy. Ackoliv je
predpokladano, ze vbudoucnu bude fada vysledkti piekonana a nové otizky otevieny,
veétim, Ze zskané poznatky pomohou obohatit védéni na trovni analytické chemie a

biochemie.
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2 CILE PRACE

— Literarni piehled piehled tykajici se kov-vaznych proteini a metod vhodnych pro

jejich studium

— Optimalizace izolace a stanoveni laktoferinu

— Monitorovani interakce metalothioneinu a apoferitinu s kov-obsahujicimi  1é¢ivy a

kovovymi nanocasticemi
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3 LITERARNI CAST
3.1 Vyznam kov-vazajicich proteinii v organismu

Témei jedna polovina vsech proteini v lidském organismu obsahuje iont kovu. Jedna
Ctvrtina az jedna tfetina vSech proteind vyzaduji kovové ionty pro svou spravnou funkci
(Thomson, A. J. and Gray, H. B. 1998). Vzhledem Kk duleZitosti této problematiky,
zijem o studium Kkov-vaznych proteind znacné nartsta, coz doklada statistika

citovanosti daného oboru podle védecké databaze Web of Science (Obrazek 1).
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Obrazek 1: Citovanost ¢lankd obsahujici klicové slovo "metal
1960 do roku 2016.

inding proteins" od roku

Kov-vazné proteiny vazi ionty kovll nejCastéji mezi atomy dusiku, kyslku nebo siry.
Tyto donorové skupiny jsou casto soucasti proteinovych postrannich fetézci,
imidazolovych substituentti histidinovych zbytkli, thiolovych substituenti cysteinovych
zbytki a karboxylatovych skupin (Nara, Masayuki and Tanokura, Masaru 2008; Wang,
Chu, Vernon, Robert et al. 2010; Amrein, Beat, Schmid, Maurus et al. 2012). S ohledem
na rozmanitost metaloproteinli, bylo prokazano, Ze v podstaté vSechny zbytky
aminokyselin jsou schopné vazat kovy. Peptidova kostra taktéz poskytuje donorové

skupiny, které zahrnuji deprotonované amidy a karbonylova kyslkkova centra. Kromé
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donorové skupiny mohou dalsi organické kofaktory fungovat jako kov-vazné ligandy
(Yamauchi, O., Odani, A. et al. 2002).

Rizné kovy ve struktufe protemu mohou byt ve form¢ aktivnich redoxnich iontli, jako
jsou Fe*, Cuw”, Co* a Mn* a neaktivnich redoxnich iontd jako je Ca* a Zn**. Tyto
prvky se uplatiuji jako transkripcni faktory pro fadu enzymi, které jsou zapojeny do
metabolismu DNA. Aktivni redoxni kovy mohou v organismu snadno tvoiit volné
radikaly poskozujici biomolekuly, avsak jsou velmi vhodné pro funkci enzymu, které
jsou soucasti reakci a premén aktivnich slozek obsahujici kyslk (Harding, Marjorie M.,
Nowicki, Matthew W. et al. 2010). Ionty kovi hraji velmi vyznamnou roli ve vSech
biologickych systémech. Jejich interakce sproteiny maji vyznam pro regulaci
proteinovych struktur a pro enzymatickou aktivitu (Zitka, Ondrej, Ryvolova, Marketa et
al. 2012). Na druhou stranu jsou tyto esencidlni prvky pii zvySené hladiné v organismu
toxické. Nedostatek nebo piebytek kovovych iontdh mize vyustit ve vznik genetickych
poruch, stejné tak jako vznk malnutrice mize zpusobit smrt nebo fadu zavaznych
onemocnéni (Fraga, Cesar G. 2005). Bylo prokaziano, Ze abnormalni pifem Zeleza je
spojovan se vznikem dédicného onemocnéni hemochromatdzou, anémii, ateroskler6zou
a neurologickymi onemocnénimi jako jsou Parkinsonova, Alzheimerova Huntingenova
choroba (Askwith, C. and Kaplan, J. 1998; Li, W., Hellsten, A. et al. 2004; Moos, T.
and Morgan, E. H. 2004). Pro udrZeni bunétné homeostazy vSech iontd kovi se
vorganismu uplatiuji biochemické procesy pro regulaci jejich pifjmu, uskladnéni a
sekrece. Prav€é faktory, které kontrolyi transport kovovych iontdi pres bunécné
membrany, mtracelularni homeostazu a regulaéni odezvu bunék na zménu prostiedi
byly pfedmétem mnoha vyzkumi v piedchozich letech (Radisky, D. and Kaplan, J.
1999). Obzvlasté studovanymi jsou diky jejich vyznamu v buné¢ném metabolismu, kde
se uplatiji hlavné jako kofaktory mnoha enzymil divalentni stopové kovy jako Cu?*,
Mn?*, Fe’*a Zn**. Obwykle je jejich intracelularni koncentrace udrovéna na stalé
fyziologické hlading. T&%é kovy jako Cd?" Co?*a Ni¥*jsou ve vysokych davkach
toxické pro mnoho savcu, ale také pro rostliny (Islam, Ejaz Ul, Yang Xiao, E. et al.
2007). Vlastnosti téchto kovii je schopnost se navazat do proteinii na mista, kterd jsou

urCena pro vazbu jinych prvka tak, ze vyvazuji pivodni iont zjeho piirozeného

13



vazebného mista (Bozhkov, Anatoliy, Padalko, Viadimir et al. 2010). Vyzkumy
ukdzaly, Ze vazbou t&€Zkych kovi do struktury DNA a jadernych proteini vznika
oxidaéni poskozeni biologickych makromolekul (Schroder, H. C., Di Bella, G. et al
2005; Zhang, Ying-Mei, Wang, Ye-Jing et al. 2006; Sebbio, Claudia, Carere, Claudio et
al. 2014). Pro eliminaci toxicity kovi si burky vyvinuly fadu strategi, z nichz
nejdilezit€j$i jsou transport nebo sekvestrace do organel ¢i navazani na thiolové

skupiny (Hediger, M. A. 1997; Eide, D. J. 1998; Nelson, N. 1999).
3.2 Funkce kov-vaznych proteini

Funkce metaloproteinti zavisi na jemnych interakcich mezi ionty kovi, jejich koordinaci
a stabilit¢ proteinové konformace. V prvnim piipadé¢ mize iont kovu dominovat a pfi
absenci kovu je protein zcela rozvolnén (piikladem jsou zinkové prsty). V druhém
ptipadé dominuje protein, ktery vaze iont kovu do své struktury. Tento efekt je vyrazny
u riuznych superoxidovych dismutasovych metaloenzymii (SOD). Naptiklad CuZn-
SODs (Tainer, J. A., Getzoff, E. D. et al. 1983; Zou, Yu, Sun, Yunxiang et al. 2016) fidi
svij redoxni potencial a rychlost katalyzy deformaci protenové geometrie kolem Cu
iontu. Naproti tomu, Ni-SODs (Barondeau, D. P., Kassmann, C. J. et al. 2004) vykazuje
aktivni misto na svém N konci, ktery je neuspofadany v nepiitomnosti iontu kovu. lonty
kovii maji tedy vyzmamnou roli v konformaci specifickych mist ve struktufe proteinu a
diky této specifit€¢ tak tyto proteiny vykazuji fadu dilezitych funkci nezbytnych pro
zivot. Kov-vazné proteiny lze rozdélit na zakladé kowu, ktery dany protein vaze anebo

na zaklad¢ jejich funkce, kterou cely komplex vykonava.
3.2.1 Transportni a zisobni kov-vazné proteiny

Transportni proteiny umoziuji prendseni iontl kowvii napfi¢ organismem a jsou zvotne
dilezit¢ pro vSechny typy zivo¢ichi. Tyto proteiny se transportu mohou tcastnit piimo
jako tzv. pienaseCe, nebo umoziuji aktivni ¢i pasivni difizi kovi do bunky (Ruotolo,
Roberta, Marchini, Gessica et al. 2008; Wille, Holger, Ehsani, Sepehr et al. 2010). Pro
pfehled membranovych transportnich proteini byla vytvofena klasifikacni databaze

(TCDB zaj. Transporter Classification Database) dostupna zwebové stranky
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www.tcdb.org. Databaze obsahuje vice nez 10 000 proteind, které prezentuji vSechny
dosud poznané rodiny molekularnich transportnich systémii vSech zndmych organismi.
Proteiny jsou v databazi organizovany do péti trovni hierarchického systému, kde prvni
dvé urovné jsou tfida a podtfida, dalli dvé jsou rodiny a pod rodiny a posledni jsou
transportni systémy (Saier, Milton H., Jr., Reddy, Vamsee S. et al. 2014).

Vyznamnym proteinem ndlezici do podskupiny hemoproteind, hemoglobin, je
principialnim  pfenaSeCem  kysliku v organismu. Jeho struktura obsahuje Ctyfi
podjednotky, ve kterych jsou Fe®* ionty koordinovany do planarnich, makrocyklickych
ligandG protoporfyrmu IX a imidazolového atomu dusiku histidnovych zbytkl
(Buergers, Anja C. and Lammert, Eckhard 2011). Sest koordinaénich mist obsahuje
molekuly vody nebo kysliku (Liddington, Robert 1994; Safo, M. K. and Abraham, D. J.
2003). Na rozdil od hemoglobinu, myoglobin, ktery se nachazi ve svalovych bunkach,
ma pouze jednu takovou jednotku. Jeho aktivni misto je lokalizovano v hydrofobni
kapse uvnitt molekuly. Zde se odehrava ireverzibini oxidace Fe?* na Fe**. Rovnovama
konstanta pro tvorbu HbO; je udrZzovana uvolnénim kyslku v zavislosti na jeho
parcidlnim tlaku vplicich a ve svalech. Ctyfi podjednotky hemoglobinu vykazuji
kooperativni pUsobeni, které umoziuje snadny pienos kyslku zhemoglobinu do
myoglobinu (Pin, S., Valat, P. et al. 1985; Hardison, Ross C. 2012). Transfer elektront
Vorganismu zprosttedkovava skupina proteni oznaovanych jako cytochromy.
Pfitomnost ionti kovu umoziuje  metaloenzymim vystupovat v redoxnich reakcich,
které nemohou byt snadno zprostiedkované pomoci funkénich skupin aminokyselin.
Atom Zeleza ve veétSin€é cytochromi obsahuje 1 hemovou skupinu. Riznoroda
koordinace kovu ve struktufe cytochromii rozhoduje o rizném Fe** a Fe®* redoxnimu
potencidlu, diky cemuz jsou cytochromy zapojeny do mitochondridlniho elektronového
transportniho tetézce (Pelletier, H. and Kraut, J. 1992; Giorgio, M., Migliaccio, E. et al.
2005; Dai, Yuejie, Zhen, Jing etal. 2015).

3.2.1.1 Metalothionein

Metalothioneiny (MTs) jsou nizkomolekularni kov-vazné proteiny, které ve své
sktrukture obsahuji t€émét jednu tietinu cysteinovych zbytkl. Lidské MTs maji celkoveé
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11 funkénich isoforem, které mohou byt rozdéleny do Ctyt tiid MT-1 - 4. Tyto tfidy jsou
kédovany osmi aktivnimi MT1 geny (MTIA, B, E, F, G, H, M a X) a jedinou kopii
MT2 (znamé také jako MT2A), MT3 a MT4. Lidsky genom také obsahuje pét pseudo-
MT1 genh, které jsou odvozeny od duplikaci, a které mutaci zratily funkci piivodniho
prenatalnho MT1 (Raudenska, Martina, Gumulec, Jaromir et al. 2014). Nejcastéji se
vyskytujici  isoformy MT-1 a -2, které jsou Siroce zkoumany v souvislosti
s metabolismem zinku. Bylo zji§téno, Ze jsou exprimovany v mnoha typech bunck
riznych organti a tkani, a také v kultivovanych bunkéach. Jejich funkei je udrzovani
bunécné Zn homeostazy a vypotrddavani se bunky s cytotoxicitou vyvolanou tézkymi
kovy chlelataci téchto iontl a snizovanim jejich intracelularni koncentrace (Spahl, D.
U., Berendji-Grun, D. et al. 2003; Barbato, John C., Catanescu, Otilia et al. 2007). Dnes
jiz je také velmi dobfe objasnén a popsdn mechanismus MT vychytavani volnych
radikali a redoxni cyklus zinku a metalothioneinu (Obrazek 2) (Lazo, J. S., Kondo, Y.
et al. 1995), ale dosud neni zcela jasné, jak se MT-1 a -2 funkéné odlisuji. Oba proteiny
maji podobnou aminokyselinovou sekvenci a indukovatelnost v odpovédi na znek a
rizné stresové podminky. AvSak mnoho studii nerozliSuje mezi obéma isoformami a
jejich funkce je zatim zcela neobjasnéna (Ruttkay-Nedecky, Branislav, Nejdl, Lukas et
al. 2013).

Transkripce MT1/2 je regulovana kov-responzivnim elementem vazbou transkripcniho
faktoru 1, ktery reguluje odezvu genové exprese na ionty kovu (Kimura, Tomoki, Itoh,
Norio et al. 2009). MTF-1 je zakladni faktor pro expresi genu MTI1/2 vyvolanou
t¢Zkymi  kovy. Bylo ziSt€no, ze MTF-1 reguluje zinek-dependentni odezvu pro
transkripci ZnT1 a ZnT2 (Langmade, S. J.,, Ravindra, R. et al. 2000; Guo, Liang,
Lichten, Louis A. et al. 2010) a potlacuje expresi Zip10 (Lichten, Louis A., Ryu, Moon-
Suhn et al 2011), coz znaci roli MTF-1 vhomeostaze zinku. Tumor supresorova
fosfatdza a homolog tensinu modulyyi MTF-1 zprostiedkovanou expresi ZnT1 a MT
(Lin, Meng-Chieh, Liu, Ya-Chuan et al. 2012), coz naznaCuje vztah mezi tumorgenezi a

homeostazou zinku v organismu.
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Obrazek 2: Redoxni cyklus metalothioneinu. Zinek navdzany na MT je uvolnén do
zinkovych zasobnich a znek vazajicich proteini pod fyzologickymi oxidacnimi
podminkami za tvorby MT-disulfidu (thionin). Tento proces je zesilen v piitomnosti
volnych radikald, jako jsou nitridy oxidu (NO), reaktivnimi Casticemi kyslku (ROS) a
oxidovanym glutathionem (GSSG). MT-disulfid mize byt degradovan nebo Vv
redukénich podminkach redukovan na MT-thiol (thionein). Tato redukce je
doprovazena piitomnosti selenokatalyzatorti. MT-thiol vaZze zinek a vytvaii Zn-MT,
ktery je termodynamicky stabilni. Pfepracovano z (Gonzalez-lglesias, Hector, Alvarez,
Lydia et al. 2014).

3.2.1.2 Feritin

Dalsim vyznamnym metaloprotemem lidského organizmu zasobni protein, ktery slouzi
jako hlavni zasobni forma Zeleza - feritin. Sklada se z 24 proteinovych podjednotek
apoferitinu a vjeho struktufe je uzavieno az 4500 iontd zeleza. VétSina z celkového
mnozstvi ferritinu je intracelulirni a jen mald Cast se nachaz v plazmé (Bradley, Justin
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M., Le Brun, Nick E. et al. 2016). Feritiny se v tkanich nachazi ve dvou izoformach:
bazicka izoforma ferritinu obsahuje ve své struktufe vice kyselé H (heavy) podjednotky
a slabé bazick¢é L (light) podjednotky. Bazické izoferitmy jsou odpovédné za
dlouhodobé¢ skladovani zeleza a nachazeji se predevSim v jatrech, slezin€ a kostni dieni.
Kysel¢ izoferitiny jsou =zastoupeny piedev§sim v myokardu, placenté, nadorovych
tkanich a v men$im rozsahu v depotnich organech (Erikson, K. M., Beard, J. L. et al.
1998).

3.2.1.3 Piehledovy Clanek I:

Apoferritin applications in nanomedicine

Heger, Z., Skalickova, S., Zitka, O., Adam, V. and Kizek, R
Nanomedicine, 2014, 2233-2245, 1743-5889

Podil autora Skalickova S.: 40 % textové Casti prace

Nanomedicina je neustdle se vyvijejici védni obor, ktery se snazi zavést do klinické
praxe moderni nanotechnologie. Zejména se jena o nanostrukturované materidly, které
sebou piinasi nové moznosti v cileném transportu 1é¢iv a in vivo/in vitro zobrazovani.
Velky potencial vtomto oboru je zaméfen na syntetické a biologické materialy, jako
jsou fulereny, porézni kfemiCitanové nanocastice,nanocastice z oxidu zeleza, zaté
nanocastice, uhlikové  nanotrubicky, liposomy, dendrimery, proteinové klece
(apoferitin) a rizné nanosféry. Ackoliv jsou tyto materidly akceptovany organismem a
nespoustéji imunitni odezvu, jsou vtomto oboru uplatnitelné také proteiny, které jsou
organismu vlastni, a organismus je dokaze po ukonCeni jejich plsobeni zcela rozlozt.
Néptiklad se jedna o feritmy , které jsou piftomny v mnoha Zivych organismech napftic
evoluci a dky jejich transportni funkci, mohou byt vywity v mnoha
nanotechnologickych aplikaci.

Cilem piehledového ¢lanku bylo shrnuti dosavadnich znalosti o apoferritinu, jeho
struktufe, vyuziti jako materidlu pro rizné pouziti v mediciné a také jeho aplikace jako
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platformy pro syntézu nano¢astic. Rada studii demonstruje moZnosti uplatnéni
apoferritini  jako pfenaSece Ié¢iv pro jejich cileny transport. Apoferitin chrani
transportované molekuly pted jejich degradaci, zamezuje jejich pred¢asnému uvolnéni a
chrani necilové tkan€¢ pted ucinky prenaSenych terapeutik. Proteinové nanoklece maji
také schopnost zabranit spontanni makromolekularni agregaci. Diky témto vlastnostem,
je apoferitin vyuzitelny v genové terapii a jako transportér uplatnitelny v lécbé rlznych

onemocnéni, vcetné¢ rakoviny.
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Apoferritin applications in nanomedicine

Nanomedicine as a continuously evolving discipline is still looking for a structure with
perfect properties that is usable as a multifunctional transporter. Great potential is
attributed to synthetic materials such as fullerenes, porous hollow silica nanoparticles
and single-wall nanotubes, among others. However, materials that are natural to the
human body are more acceptable by the organism, and thus become an attractive
approach in this field of research. Ferritins are proteins that naturally occur in most
living organisms throughout evolution and may be a possible transporter choice.
Numerous applications have demonstrated the possibilities of iron-free ferritins,
called apoferritins, serving as platforms for various nanomedical purposes This article
summarizes the advantages and disadvantages of these proteins and discusses their

practical applications and future perspectives.

Keywords: horse spleen ferritin ® magnetic resonance imaging e nanoscale ® nanotrasporter
e photodynamic therapy e self-assembly e therapeutic agents

Ferritins (FRTs) are the major iron storage
and detoxifying oligomeric proteins in most
organisms, from humans through to inver-
tebrates, plants and microorganisms [1-3].
In such different organisms, the structure
of FRTs varies only slightly [4;5]. Their main
role is to prevent the harmful accumulation
of iron inside the organism by collecting free
iron in the form of ferrihydrite phosphate
([FeOOH]S[FeOP03H2D in its core for fur-
ther usage of these ions as enzymatic cofac-
tors [6-9]. In nature, the interiors of FRTs
are filled with iron, but when expressed arti-
ficially in iron-free conditions, the yielded
apoferritins are hollow, comprising a cavity
that can be loaded with different substances,
including those of an inorganic and/or
organic nature [10,11].

Based on the aforementioned properties,
apoferritins have attracted great interest
not only because of their nanoscale nature
and ability to serve as transporters, but also
because of their high stability and special
structure [12]. Researchers in nanotoxicology
have indicated that these pharmacological

properties, as well as biodegradability, bio-
compatibility and nontoxicity, are crucial
for transporting molecules [13-15], consider-
ing the fact that nanoscale materials have
become the most rapidly developing area in
the biomedical research field, particularly in
the field of targeted therapy [16-18]. In this
field, the apoferritins, as naturally occurring
proteins, meet the requirements for targeted
therapy. The aim of this article is to sum-
marize the knowledge regarding apoferritin
structure, its utilization as a material for
various nanomedicine applications and, fur-
thermore, its application as a platform for the
synthesis of nanoparticles.

FRT protein superfamily

The FRT superfamily can be divided into
three subfamilies: the classical FRTs; the
bacterioferritins (BFRs); and the DNA-
binding proteins from starved cells (DPSs).
The FRT and BFR proteins are considered
to be maxi-ferritins, whereas DPS proteins
are considered to be mini-ferritins. These
three subfamilies share the same character-
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istic four-helix bundle fold [19.20]. The most significant
difference between the FRT and BFR proteins is the
presence of 12 heme moieties in BFRs. In addition,
the DPS proteins form a smaller molecule made up of
only 12 monomers with a lower iron storage capacity
than the FRTs and BFRs and utilize unique ferroxidase
sites [21].

Apoferritin structure

The structure of apoferritin is remarkably stable and
robust, and it is able to withstand biologically extreme
temperatures (up to 70°C) and a wide pH range
(pH 2.0-10.0) for an appreciable period of time with-
out significant disruption of their quaternary structure
(22.23]. The native, cytosolic FRTs are proteins that are
composed of two types of subunits — H-type (heavy)
and L-type (light) — where we can find 53% sequence
identity [2425]. They are encoded by separate genes
with nonexchanangeable functions [2627), whereas
those from plants and bacteria contain only H-type
chains [28]. Twenty-four FRT subunits form a spherical
cage-shaped protein shell folded in a bundle of four
long parallel and antiparallel a-helices (A, B, C and D)
with a fifth shorter C-terminal helix E, inclined at 60°
to the major helix bundle [29]. Each subunit is formed
by an individual molecule that joins its neighboring
subunit through noncovalent interactions in order to
form the whole molecule with a molecular mass of
approximately 20 kDa occurring in octahedral (F7432)
symmetry (3031]. The apoferritin structure has six two-
fold symmetry axes, four threefold symmetry axes and
three fourfold symmetry axes. It is known that there
are narrow hydrophilic channels along the threefold
symmetry axes consisting of negatively charged amino
acids (glutamic and aspartic acid) and hydrophobic
channels along the fourfold symmetry axes [32.33]. Sev-
eral channels transversing the shell facilitate inorganic
or organic ions to enter and exit the protein cavity [34-
36]. The protein shell forms an inner cavity with inner
and outer diameters of 7-8 and 12—13 nm, respectively
[29-30,37). The inner cavity, with an 80-A diameter, is
capable of storing up to 4500 Fe(III) atoms [38,39)].

Apoferritin self-assembly ability

The self-assembling ability of apoferritin is widely used
by researchers in the field of nanomedicine because the
protein cage may be reversibly disassociated in unfavor-
able environments and after a change in the environ-
ment, the conditions may be reconstituted backwards,
retaining the therapeutic agent in its cavity. The same
principles are also applied for the enclosure of contrast
agents in imaging protocols. This natural ability is
advantageous in many ways: the resulting nanopar-
ticles form size-uniformed cavities, and thus encapsu-

lation of cargo can be highly reproducible; the encap-
sulation protocol is simple, based only on changes to
environment conditions; and the undesired release of
cargo in blood vessels is eliminated due to the absence
of the required conditions. The overall scheme of the
encapsulation of target molecules into apoferritin cages
is shown in Figure 1. The properties of the FRT assem-
bly were first found in natural horse spleen FRTs in
1978 40]. The protein cage can be disassociated into all
24 subunits at low pH (2.0) and the subunits can be
reconstituted backwards under the influence of higher
pH (41]. As was observed using synchrotron small-
angle x-ray scattering in the presence of an environ-
ment with a pH below 0.8, the disassembled subunits
aggregated, which is attributed to the denaturation of
the stable protein structure of FRTs [42]. The overall
assembly mechanism of apoferritin was first designed
by Gerl and Jaenicke using data obtained by intrinsic
fluorescence, far-UV circular dichroism and glutaral-
dehyde cross-linking experiments [43]. The apoferritin
self-assembled product was formed during a series of
reactions with a mixture of partially assembled sub-
units, including monomers, most frequently trimers,
hexamers and dodecamers [43]. It was also shown that
two hexamers could be used to form a dodecamer, and
two dodecamers could assemble into a 24-mer. These
results led to a refined model where the 24-meric cage
assembles from a dimer (M2) via tetramers (M4) and
hexamers (M6) [40].

Apoferritin utilization for targeted imaging

As drug or contrast agent carriers, apoferritins could
protect their cargo against degradation and prereleas-
ing, which would cause undesired side effects. As has
been described previously, apoferritins may effectively
carry a cargo towards different types of tissue, as shown
in Figure 2. In this area, it can be mentioned that the
apoferritins may be efficiently taken up from blood
by their specific receptors, SCARA5 [44.45) and TfRI.
Moreover, the amount of apoferritin that is taken up
can be quantitatively visualized when the protein is
loaded with an MRI contrast agent, such as gadolin-
ium and/or manganese [46,47]. Manganese—apoferritin
complexes were used as highly sensitive MRI contrast
agents for the detection of hepatocellular carcinoma
based on manganese—apoferritin complex uptake by
liver SCARAS5 [48]. When injected into hepatitis B
virus-transgenic mice with spontaneously developed
hepatocellular  carcinoma,  manganese—apoferritin
enabled the clear distinguishing of healthy liver tissue
and tumor lesions as hyperintense and hypointense T -
weighted magnetic resonance images. The apoferritin-
encapsulated gadolinium, as a possible candidate for
a new MRI contrast agent, was suggested by Makino

2234

Nanomedicine (Lond.) (2014) 9(14) 21

fsg

future science group


K1PC2
Typewritten Text
21


@ H-subunit

L-subunit

pH below 2

Apoferritin applications in nanomedicine

Disassociation

Resulting APO/TM Genes
complex

Contrast agents

Antisense oligonucleotides
Therapeutic agents
Photosensitizers

Addition of

@ required
molecule

Increased pH > 7

&

Reconstitution

w:?
®

i»

Figure 1. Overall scheme of apoferritin reversible disassociation under the influence of pH changes.

(A) Twenty-four subunits divided into H- and L-subunits form the stable apoferritin protein molecule. (B) Low

pH (below 2.0) protein disassociates reversibly into the basic 24 subunits. (C) The addition of the TM required for
complex formation follows. (D) After an increase of the pH value of solution, the protein molecule reconstitutes,

thus encapsulating the target molecules in its inner cavity.

APO: Apoferritin; TM: Target molecule.

et al. (44]. Gadolinium was efficiently encapsulated into
the apoferritin cavity and enhanced the T, relaxivity
to as much as tenfold higher than the commercially
used contrast agent gadolinium-DOTA. Furthermore,
the 77 vivo blood clearance time of apoferritin was pro-
longed by its surface modification with dextran. An
increased accumulation of this complex was observed
mainly in the tumor region due to passive targeting via
enhanced permeability and retention effect. Moreover,
single-dose toxicity tests showed no serious side effects
[44]. It was previously shown that the modification of
apoferritin with the substrate peptides of MMP-2 and
a hydrophilic polymer (PEG) may cause the aggrega-
tion of nanoparticles initiated by the action of a tumor-
associated protease, MMP-2, leading to T, shortening
on MRI [49]. Sun et al. demonstrated that two gold
nanoclusters localized at the ferroxidase active sites of
the FRT H-chain nanocomplex not only retained the
intrinsic fluorescence properties of gold, but also gained
enhanced intensity with a red shift and exhibited tun-

able emissions due to the coupling interaction between
paired gold clusters bound in the H-chain of apoferritin
(50]. Furthermore, this complex showed an organ-spe-
cific targeting ability due to the high expression of the
FRT receptor SCARAS5 in kidney cells, the high bio-
compatibility and the low cytotoxicity. Such agents are
very promising for iz vitro and in vivo imaging [s0]. The
importance of the possibility of apoferritin outer-shell
functionalization was shown by Valero ez al. [51]. In this
case, apoferritin-enclosed nanomaghemite was modified
with N-acetyl-p-glucosamine and p-mannose, and the
carbohydrate-functionalized apomaghemite nanopar-
ticles retained their recognition abilities, as demon-
strated by the strong affinity with their corresponding
carbohydrate-binding lectins. The in vivo MRI studies
showed the efficiency in contrasting images, where the
r, nuclear magnetic resonance relaxivities, as well as the
precontrast and postcontrast T, *-weighted images, were
comparable with those obtained from the commercially
used Endorem® (Guerbet, Villepinte, France).
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Figure 2. Apoferritin may be simply exploited as a nanotransporter, bearing various contrast agents. (A) Contrast
agents may be encapsulated into the apoferritin cavity in the classical way. (B) After encapsulation, the surface of
the apoferritin—contrast agent complex may be functionalized through antibodies or carbohydrates in order to
form targeted imaging conjugates. (C) After application of the apoferritin-contrast agent, the complex is driven
by recognition elements placed on its surface towards the required location. Moreover, the apoferritin protects
the cargo against undesired degradation. (D) After exposure to a strong magnetic field produced by MRI, a
radiofrequency signal is emitted and, subsequently, the contrast between different tissues is determined.

Apoferritins as drug nanotransporters

The first mention of the ability of FRTs to encapsu-
late anticancer therapeutics was published in 2005 by
Simsek and Kilic in their paper entitled ‘Magic fer-
ritin: a novel chemotherapeutic encapsulation bullet
(s2]. Seven years later in 2012, Kilic et a/. formed an
apoferritin complex with doxorubicin, a commonly
used cytostatic drug (53]. The doxorubicin encapsula-
tion was carried out using direct and step-wise changes
of the pH of the solution from 2.5 to 7.4. It was found
that up to 28 molecules of doxorubicin could be cap-
sulated per apoferritin protein and no significant drug
leakage occurred over several days” storage [53]. In the
same manner, doxorubicin was encapsulated into bio-
tinylated apoferritin whose surface was modified with
streptavidin-functionalized magnetic particles [54].
This complex can be tracked by fluorescence detec-
tion and, furthermore, be applied in targeted transport
using an external magnetic field. Other cytostatics,
such as carboplatin, cisplatin [55.56] or daunorubicin
(57], can also be encapsulated in the apoferritin cav-
ity and the drug-loaded protein has cytotoxic effects

on tumor cells (summarized in Table 1). Although
apoferritin exhibits great attributes for serving as a
platform for nanomedicine, the possible undesired
immune response of patients still exists. The ideal
nanotransporter has to go through the body unde-
tected by immune system. Despite evidence that exces-
sive amounts of apoferritin administered for long peri-
ods can trigger immune complex glomerulonephritis
in mice (s8], there is still a lack of evidence regarding
immune responses in human.

In addition to its well-documented encapsulation
capacity, apoferritin can also bind specifically to a vari-
ety of cell types due to the presence of FRT receptors on
the surfaces of various cells [63-65]. Besides SCARAS,
only one FRT receptor in human cells, TfR1, has been
shown to bind both FRT (via binding with H-subunit
of the protein) and transferrin [(66]. The internaliza-
tion of apoferritin is performed by clathrin-mediated
endocytosis (also called receptor-mediated endocyto-
sis) [67] during the acidification of endosome, thus the
cargo is released gradually (Figure 3). Moreover, the
functionalization of the protein surface with various
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types of antibodies may offer the possibility to trans-
port cargo towards the required site very specifically.
As was shown by Cutrin et al., the encapsulation of
curcumin, a therapeutic with antioxidant and anti-
inflammatory properties, inside the apoferritin cavity
significantly increased its stability and bioavailability
(47]. This complex was used to attenuate the thioacet-
amide-induced hepatitis, and mice pretreated with
the intraperitoneal administration of apoferritin—cur-
cumin showed significantly attenuated hepatic injury
as assessed by measuring alanine aminotransferase
activity (47]. In addition, the cytostatic drug 5-fluoro-
uracil (5-FU) can be sequestered into the void space of
the apoferritin modified with gold in order to produce
a nanoscale hybrid apoferritin modified with gold car-
rying 5-FU. Gold-modified apoferritin then serves as
a bionanochemosensitizer, rendering tumor cells more
susceptible to 5-FU by cell-cycle regulation, therefore
leading to a significant decrease in the IC, value of
5-FU in a human carcinoma cell line (HepG2) from
138.3 t0 9.2 uM [59]. Bradshaw ez al. proposed a com-
plex comprising lead (I) sulfide quantum dots enclosed

Apoferritin applications in nanomedicine

in an apoferritin cage, and it was shown that after the
application on colorectal carcinoma cells, they failed to
recover their proliferative capacity [60]. Moreover, the
generation of reactive oxygen species triggered their
apoptosis. By contrast, the apoferritin—lead(II) sulfide
quantum dot complex did not negatively affect non-
tumor human microvessel endothelial HMEC-1 cells
(60]. Genetic modification of the protein can lead to the
presence of a peptide with a required sequence on the
surface. Zhen and colleagues genetically modified FRT
with the Cys—Asp—Cys—Arg—Gly—Asp—Cys—Phe—Cys
(RGD4C) peptide, showing affinity towards tumor
cells through the RGD—integrin o 3, interaction [10].
Doxorubicin-loaded RGD FRT nanocages exhib-
ited longer circulation times, higher tumor uptake
and tumor inhibition. In addition, these nanocages
decreased cardiotoxicity compared with free doxoru-
bicin. Apoferritin can also be fused to other proteins
in order to form chimeras. With the insertion of hem-
agglutinin onto the interface of adjacent apoferritin
subunits, the spontaneously assembly and generation
of nanoparticles with immunization attributes were

Review

Table 1. Overview of apoferritin utilization in drug delivery.

Cargo Complex Application Apoferritin role Ref.

DOX APO-DOX - Encapsulation concept [52]

DOX APO-DOX - Drug leakage elimination [53]

DOX MPs@APO-DOX - Encapsulation and surface [54]
modification

Cisplatin-; APO-cisplatin-; carPt - Improvement of drug toxicity [55]

carPt profiles

Cisplatin-; APO-cisplatin; oxali-; carPt PC12 Enhancement of platinum-based [56]

oxali-; carPt drug uptake

Daunorubicin  APO-DNR-PLAA - Modification to improve complex [57]
stability

Cur; Gd APO-Cur-Gd Mice with Enhancement of Cur and Gd [47)

thioacetamide-induced hepatitis stability and bioavailability

5-FU APO-AuNP-5-FU HepG2 Chemosensitization, decrease of [59]
drug IC,

PbSQDs APO-PbSQDs CRCs Platform for theranostics — imaging [60]
and treatment

X APO-BIBA-PNIPAAM-DMIAAM - Surface modification to provide [61]
specifity

DOX APOfilm-DOX - Controllable drug delivery and (62]
release

DOX RGD@APO-DOX U87-MG Increased tumor uptake and [10]
circulation time, decreased
cardiotoxicity

5-FU: 5-fluorouracil; APO: Apoferritin; APOfilm: Apoferritin mesoporous film; AuNP:Gold nanoparticle; BIBA: 2-bromo-isobutyric acid; CarPt: Carboplatin;

CRC: Colorectal carcinoma cell; Cur: Curcumin; DMIAAm: 2-(dimethyl maleinimido)-N-ethyl-acrylamide; DNR: Daunorubicin; DOX: Doxorubicin;

Gd: Gadolinium; MP: Magnetic particle; Oxali-: Oxaliplatin; PbSQD: Lead(ll) sulfide quantum dot; PLAA: Poly-1-aspartic acid; PNIPAAm: Poly(N-isopropyl acrylamide);

X: No cargo defined.
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Figure 3. Apoferritin may protect chemotherapeutic agents against the tissue environment and thus significantly
decrease the unwanted effects of these substances. A scheme of clathrin-mediated endocytosis is shown,
demonstrating how the protein molecule is internalized into most types of cells. (A) Apoferritins establish binding
with ferritin receptors. (B) After binding is established, clathrin polypeptides are attracted by the adaptor complex
AP-2 and (C) clathrin polypeptides provide a coating of a vesicle lattice. (D) After the vesicle is formed, clathrin is
removed and used for another purpose. In this fashion, the formed vesicle is transformed into an endosome. Due
to endosome acidification, the chemotherapeutic agent may be released into the intracellular space gradually.

achieved [¢8]. Immunization with this nanostructure
exhibited a decrease (more than tenfold) in hemag-
glutinin antibody titers when compared with licensed
inactivated vaccine.

Bionanoparticles with the ability to form stable
emulsion droplets decorated with polymer-modified
apoferritin with potential to be cross-linked were pre-
pared by grafting thermoresponsive poly(NV-isopropyl
acrylamide) and photo-crosslinkable 2-(dimethyl
maleinimido)-/N-ethyl-acrylamide to the protein sur-
face. This structure allows the formation of capsules
with thermoresponsiveness for controlled release
purposes [61]. Efficient drug delivery platforms with
controllable releasing speeds were constructed using
mesoporous apoferritin thin films [62]. Composite
nanofibrous dispersions of nanostrands and proteins
were formed by assembling negatively charged proteins
on the highly positively charged nanostrand surfaces.
Moreover, these films also hold promise for applica-
tions in recovering dyes from dye waste waters. The
structures constructed in this manner show highly

diverse possibilities for apoferritin utilization, not only
in form of nanotransporters, but also for the formation
of functionalized materials with potential extending
beyond the boundaries of nanomedicine applications.

Apoferritins in photodynamic therapy

Another form of apoferritin utilization for medical
purposes is in photodynamic therapy in cancer treat-
ment. Photodynamic therapy is s a new therapeutic
modality that is emerging as a powerful tool against
malignant tumors [69]. This strategy is based on the
action of photosensitizers (i.e., molecules that may
accumulate preferentially inside tumor cells, where
they exert a cytotoxic effect after excitation by light
at appropriate wavelengths) [70]. Upon the absorption
of light, the photosensitizer is promoted to an excited
state and undergoes crossing with oxygen, resulting in
singlet oxygen, which aggressively attacks any organic
compounds, and thus become highly cytotoxic. When
used as a delivery system for photosensitizers to the
intracellular space, the apoferritin nanocage acts as a
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unique transporter that protects loaded photosensitiz-
ers from reactive biomolecules in the cell membranes.
This enables further targeting of singlet oxygen upon
specific light irradiation to tumor cells only (Figure 4).
As was shown by Yan and colleagues, a Methylene
Blue-encapsulated apoferritin complex exhibits cyto-
toxic effects, as tested on MCF-7 human breast adeno-
carcinoma cells, when irradiated using the appropriate
wavelength (71]. In addition, it was demonstrated that
the encapsulation of Methylene Blue into apoferritin
via the reassembly process controlled by pH is useful a
tool for photodynamic therapy. When the complex was
irradiated at the appropriate wavelength (633 nm), it
showed a positive effect on singlet oxygen production
and therefore cytotoxic effects on the MCF-7 human
breast cancer cell line [72]. It was demonstrated a com-
plex with zinc hexadecafluorophthalocyanine ZnF Pc
5] to behave as a potent photosensitizer [73]. The sur-
face of the resulting conjugate was modified with
RGDA4C, formed by Cys—Asp—Cys—Arg—Gly—Asp—
Cys—Phe—Cys, and the complex may specifically tar-
get tumor tissue through RGD—integrin interactions.
Using light irradiation, phototoxicity was induced
while leaving normal tissues unaffected. Due to can-
cer angiogenesis, resulting in an enhanced perme-
ability and retention effect, most types of cancers are
especially active in both the uptake and accumulation
of nanotransporters carrying drugs and/or photosen-
sitisers (74] This phenomenon makes them vulnerable

®

Ground singlet
state

Apoferritin applications in nanomedicine

to photodynamic therapy, and so the utilization of
apoferritin as a photosintetizer nanotransporter offers
promising prospects for the future of cancer therapy.

Apoferritins in biosensors/bioassays

Apoferritins may also be used as a part of very sensi-
tive bioassays or biosensors. Applications of nanomate-
rials in electrochemical DNA biosensors and bioassays
are reviewed elsewhere [75-77], and apoferritin is one of
the more well-discussed nanostructures. In this field of
applications, Kim ez a/. genetically engineered apofer-
ritin by fusing GFP to its C-terminus and subsequently
used this for chemical conjugation to DNA aptamers via
each GFP’s cysteine residue that was newly introduced
through site-directed mutagenesis [78]. Furthermore,
the DNA-aptamer-conjugated complexes were used as
a fluorescent reporter probe in the aptamer-based ‘sand-
wich’ assay of the PDGF B-chain homodimer, which
is considered to be a tumor marker. The limit of detec-
tion obtained with this bioassay was lowered to the 100
fM, and the assay sensitivity was significantly enhanced
compared with standard immune-based detection.
Versatile nanoparticle labels based on apoferritin were
demonstrated by Liu ez a/. [79]. Their concept of using
hexacyanoferrate(III) and fluorescein as model mark-
ers for loading into the cavity of apoferritin with an
amino-modified DNA probe conjugated on its surface
was used as a label for electrochemical DNA detection
in connection with a magnetic bead-based sandwich

Figure 4. Apoferritins may serve a useful tool in guiding of photosensitizers to the required site of a tissue

and protecting photosensitzers against the undesired effects of environment. (A) After irradiation with light,
(B)photosensitizers absorb a photon, and subsequently, an electron is excited to the first excited singlet state.
(C)This further relaxes to the more long-living triplet state. (D) The triplet-state electron interacts with molecular
oxygen, leading to the formation of ROS, thereby damaging cells.

ROS: Reactive oxygen species.
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hybridization assay. This method included double-
hybridization events with probes linked to the biofunc-
tionalized apoferritin and to magnetic beads, along
with magnetic separation of the target DNA-linked
magnetic bead—apoferritin assembly. As was mentioned
in review by Pumera ¢t a/., a number of metals exist that
can be introduced into the apoferritin cavity and thus
pave the way for different multiplexed assays [s0]. Novel
nanobioparticles that have been synthesized for these
purposes represent a large potential for future applica-
tions, bringing new possibilities for the electrochemical
biosensing of proteins or DNA.

Apoferritins as precursors for nanoparticles
crafting

Because of its unique cavity structure, apoferritin has
been widely used as a biotemplate for size-restricted
bioinorganic nanocomposite synthesis [22,32.81-86],
forming the nanoparticles with consistent size and
shape, monodispersion and biocompatibility [87].
These nanocomposites may further find several appli-
cations in the field of nanomedicine, such as MRI con-
trast agents [88,89], as parts of various nanotransporters
(90,91] or as smart theranostic platforms [92]. In the case
of iron, Fe?* jons are attracted by a negative charge on
the outer surface surrounding the hydrophilic three-
fold channels of the molecule and pass through them.
Tons are subsequently condensed and oxidized at nega-
tively charged amino acid sites on the inner surface in
order to form iron oxide nanoparticles. The synthe-
ses of Fe,O,—y-Fe,O,, MnOOH, CoOOH, CeO, or
Co,0, typically requires the addition of oxidants, such
as O, or H,O, [22,93]. For the synthesis of Ca, Ba, Ni or
Cr oxoanion compounds, the addition of an oxoanion,
such as carbonate or phosphate, is necessary [94.95]. The
mechanism of the permeation of positively charged ions
through the channels was elucidated using x-ray crys-
tallographic observation of apoferritin metal-binding
sites [96]; however, it remains unclear how the anions
enter the apoferritin cavity. Solving this issue could
enhance the effectiveness of nanoparticle synthesis.

Apoferritin in gene therapy

Gene therapy includes the insertion, removal or modi-
fication of defective gene(s) for the treatment of geneti-
cally inherited diseases. The commonly used trans-
porters for gene delivery are viral vectors, liposomes,
peptides and cationic polymers [97-100]. In addition
to excellent knowledge regarding the genetic nature
of a disease and the specific gene sequence, it is also
important to select a suitable vector. The main require-
ments of the gene delivery vector are the protection of
delivered nucleic acid against nucleases, targeting and
the ability to disrupt the endosomal membrane, thus

delivering the DNA to the nucleus [101,102]. Among the
main obstacles against gene delivery vectors, aggrega-
tion, instability, toxicity and the propensity to be cap-
tured by the mononuclear phagocyte system [103] are the
most significant. There is evidence of the aggregation of
nonviral transporters, which could cause embolization
(104]. Although the usage of apoferritin as a gene vec-
tor has not yet been published, it exhibits a few advan-
tages; however, it is necessary to study apoferritins due
to their colloidal behavior, charge, possession of elec-
trostatic repulsion and the stability of the encapsulated
DNA. Apoferritin cages possess a net negative charge at
neutral pH that ensures its excellent solubility in water
[10s]. Due to apoferritin’s outer surface positive charge,
the protein may be easily modified, as was shown in
the case of apoferritin with incorporated anionic ligand
poly-L-aspartic acid into its structure [57]. In another
study, apoferritin was modified by poly(ethylenimine)
(106], which was employed for nonviral gene delivery
(107.108]. The suggested method of entry of cationic gene
delivery systems is by nonspecific adsorptive endocy-
tosis followed by the clathrin-coated pit mechanism
[109.110], because negatively charged nonviral vectors
present on the cell membrane are able to interact with
the positively charged systems.

Conclusion & future perspective

One of the main goals of nanomedicine is to create a
nanocarrier that can efficiently and specifically deliver
therapeutic agents to target sites in the body. Moreover,
in order to enable efficient and specific delivery, a nano-
carrier needs to have the ability to be easily modified.
The replacement of synthetic materials, such as porous
hollow silica nanoparticles, single-wall nanotubes and
fullerenes, among others, with natural materials that
are more acceptable to many organisms has become an
attractive approach in this field of research.

Today, new insights into mechanisms of pH-sen-
sitive vectors are being intensively studied [111-114],
because pH values in tumors and other pathologically
affected tissues dramatically change [115.116] and pH-
sensitive vehicles, such as apoferritin, may serve as a
promising tool for gene delivery systems. Apoferritin
proteins may self-assemble into multisubunit, hol-
low, nanoscale cages with affinity towards SCARA5
and/or TfR1, and they have the potential to be modi-
fied through synthetic recognition molecules or geneti-
cally in order to form chimeric proteins or peptides on
its surface. Due to their high stability, special struc-
ture and excellent nanotoxicological properties, such
as biodegradability, biocompatibility and nontoxic-
ity, apoferritins are the focus of many drug-delivery
studies, synthesizing contrast agents in MRI, devel-
oping platforms for nanomaterial synthesis or bioas-
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says. Particularly for nanomedical purposes, apofer-
ritin meets the special requirement of being a widely
used nanotransporter with the capability to protect
its cargo against degradation. Moreover, apoferritin
may eliminate the early release of its load and thus
protect tissues against the adverse effects of various
therapeutic agents. Importantly, the size uniformitcy
of protein cages offers simplicity and reproducibility
for cargo encapsulation. Protein nanocages also avoid
random macromolecular aggregation. Apoferritin also
has potential for applications in gene therapy, due to its
properties of loading with a cargo and transport it to
the required location. However, the lack of human tri-
als of apoferritin means that there are insufficient data
to determine whether the use of apoferritin is better
than the use of traditional drugs. Despite the fact that
apoferritin was previously linked with glomerulone-
phritis as a results of immune responses in mice [58,117],
this may not be a problem when used in humane medi-

Apoferritin applications in nanomedicine

cine. In case of undesired immune responses, FRT
proteins can be extracted from the patient’s body, car-
rying out the process of iron removal and subsequent
drug encapsulation. This protein, which is extracted
from bodily tissue, connects the terms ‘nanomedicine’
and ‘personalized medicine’ into a powerful weapon
that is applicable in fighting various diseases, includ-
ing cancer.
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Executive summary

Background

Multitasking apoferritins

photodynamic therapy.
nucleic acids.

Conclusion & future perspective

order to increase transporter specificity.

* Nanomaterials of natural origin are of great interest in medicine for the transporting and targeting of drugs.
¢ The encapsulation of drugs into these nanomaterials can also markedly decrease side effects.

e With their self-assembling ability, apoferritins represent promising nanotransporters.
¢ Due to their ability to encapsulate various molecules, apoferritins may also be used in imaging protocols and

e Biosensing can be considered as a potential field of application due the ability of apoferritins to interact with

e Apoferritins may also be loaded with various chemicals in order to produce other nanomaterials.

e Due to their excellent properties of withstanding various environmental influences, apoferritins may eliminate
the early release of their load and thus protect tissues against the adverse effects of various therapeutic

agents. Moreover, the cationic nature of the protein’s outer surface enables simple surface modification in

e There is great potential in the field of gene therapy for this material.
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3.2.3 Metaloenzymy

Enzymy, které jsou zavislé na iontech kovu jako kofaktorech, spadaji do dvou kategorii:
() kovem aktivované enzymy a (i) metalloenzymy. Jak vyplyvda znazvu, kovem
aktivované enzymy jsou vybuzovany k vétSi katalytické aktivit€ piitomnosti mono nebo
divalentnich kovovych iontd zokoltho prostiedi proteinu. Kovy mohou aktivovat
substrat (napt Mg (II) s ATP), pifimo enzymem nebo vstoupit do rovnovahy s vyuzitim
iontového naboje enzymu pro poskytnuti vhodnych podminek pii vazbé substratu nebo
katalyze. Ztohoto divodu kovem aktivovany enzym vyzaduje piebytek kovu asi 2-10
krat vysS§i, nez je koncentrace enzymu (Medyantseva, E. P., Vertlib, M. G. et al. 1998).
Diky slabé vazbé kowvu k proteinu, kovem aktivované enzymy typicky ztraceji aktivitu
béhem jejich purifikace. Pikladem je maktivace pyruvat kindzy, ktera béhem dialyzy
zraci ionty K potiebné k jeji aktivité (Kumar, S. and Barth, A. 2011). Naproti tomu
metaloenzymy maji kovovy kofaktor pevné navazan do specifického regionu na
povrchu proteinu. Nékteré mohou dokonce vyzadovat vice nez jeden iont kovu a v méné
Castych pifpadech mize metalloenzym obsahovat dva rizné kovové ionty jako je tomu
v piipadé Cu®*, Zn** superoxid dismutasy (Hoffman, B. M. 2003). Metaloenzymy jsou
schopny se pfirozené ucastnit vétSiny Katalytickych reakci z hlediska jejich aktivity,
selektivity a schopnosti pilisobit za mirnych podminek. Tak jako u ostatnich enzymd,
tvar aktivntho mista metalloenzymi hraje dtlezitou roli v pro jejich funkci. lont kowu je
Casto lokalizovan v misté, které zapada do substratu (Pordea, A. 2015).

3.2.4 Metaloproteiny singnalni transdukce

Signdlni transdukce zahrnuje pifenos informace zvnéjsku buiky do jejiho jadra
k wvolani biologické odezvy pomoci tzv. signalnich molekul a na né reagujicich
receptorovych molekul. Jejich spoleCnym rysem je, ze dokaz zesilt bunénou odezvu
az 10°-10° krat. Bun&éné receptory maji ve své struktufe obvykle dvé domény. Pomoci
jedné domény je navazana signalni molekula na specificky ligand a pomoci druhé
domény je zprostfedkovana biologickd odpovéd’, tzv. efektorovd doména. Piikladem

metaloproteinti signalni transdukce je kalmodulin (Marshall, C. B., Nishikawa, T. et al.
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2015). Jedna se o maly protein, ktery obsahuje ¢tyfi EF-hand motivy, vSechny schopné
vazat Ca®* jonty. Ve smy&ce EF-hand motivu je Ca®* ont koordinovan do pentagonalni
bipyramidalni konfigurace. Sest rezidui molekul kyseliny glutamové a asparagové je
zapojeny do této vazby na pozicich 1, 3, 5, 7 a 9 polypeptidového fetézce. Na pozici 1 je
glutamatovy nebo asparagovy ligand, ktery se chova jako bidentatni a poskytye dva
atomy kyslku. Devaty zbytek ve smycce je obsazen glycinem kvili konformacnim
pozadavkim patefe molekuly. Koordinaéni sféra vapenatého iontu obsahuje jen
karboxylatovy atom kyslku ale nikoliv atom dusku, coz odpovida pevné povaze
vapenatych iontl. Protem ma primémé dveé symetrické domény oddélené flexibinim
zavésnym regionem. Vazba vapniku pak zplsobuje konformacni zménu (Kovacs, Erika,
Harmat, Veronika et al. 2010). Kalmodulin se podili na vnitrobuné¢né signalizaci,
napiiklad pfi regulaci CHR genu (Obrazek 3). V zivislosti na bunééném kontextu
aktivuje celou ftadu enzymi, napiiklad adenylatcyklazu, cytosolickou fosfodiesterazu,
kindzu lehkého fetézce myosinu, Ca’*/Mg?* ATPazu &ervenych krvinek & fosforyliza
kinazu (Penniston, John T., Caride, Ariel J. et al. 2012; Selwa, Edithe, Laine, Elodie et
al. 2012; Bisserier, Malik, Berthouze-Duquesnes, Magali et al. 2015; Doroudi, Maryam,
Schwartz, Zvis et al. 2015).

Dalsim vyznamnym kov-vaznym protemem je troponin, ktery je souCasti srdeni a
kosterni svaloviny. Produkce svalové sily je zde fizena zménou ntracelularni
koncentrace vapniku. Obecné, pokud hladina vapniku roste, svaly jsou v kontrakci a
pokud hladina vapniku klesa, svaly se dostavaji do relaxované formy (Li, Monica X.
and Hwang, Peter M. 2015).
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Obrazek 3: Schéma vnitrobunécné signdlni drdhy pro regulaci CRH genu
(kortikotropin uvoliujici hormon). Neurotrasimentr stimuluyje adenyl cyklatasu pies G
protein, ktery zvySuje vnitrobunécnou koncentraci cAMP, aktivuje PKA enzym a ten
pot¢ aktivuje CRH genovou expresi pies fosforylaci (P) CREB (bunécny transkripcni
faktor). Dalsi neurotransimetr pifmo otevira Ca kandlky, které depolarizuje. Tim dojde
ke zvySeni vnitrobunécné koncentrace vapniku, ktery aktivuyje kalmoduln (CaM) a
kalmodulin dependentni protein kindzu (CaMKIV). Nasledné se zesilyje transkripce
CRH genu pies fosforylaci CREB (Pfevzato z (Yamamori, E., Asai, M. et al. 2004).)

3.2.5 Metaloproteiny transkripéni regulace

Metaloproteiny, které jsou zapojeny do regulace genové exprese, mohou byt rozdéleny
na dvé¢ skupmny na zikladé Ulohy iontu kovu. Prvni skupina se vyznacuje schopnosti
iontu kovu se sam o sob¢ uplatiovat jako efektorova molekula. V druhé skupiné se iont

kovu prosazuje jako senzorovy efektor a casto také obsahuje prostetickou skupinu
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Vv proteinové strukture (Schmidt, Michael H. and Berg, Jeremy M. 1992; LaRochelle,
0., Stewart, G. et al. 2001).

Transkripcni regulatory, patiici do prvni skupiny, mohou existovat ve dvou formach:
apo a holo form¢é. V holo formé je iont kovu vdzin na proteinovou matrix, zatimco iont
kovu putsobici jako efektor je uvolnén zproteinové matrix vapo formé. Ackoliv ve
vSech piipadech v prvni skupin¢ je vazba kovovych ionti reverzibini a zpusobuje
alosterickou konforma¢ni zménu pro zachovani regulace aktivity transkripcenich
regulatorti, regulacni mechanismus neni stejny pro vSechny tyto transkripni regulatory
(Massari, M. E. and Murre, C. 2000).

Transkripce genové exprese, ktera je zavisld na externim signdlu, mize byt dokoncena
transkripéni nebo post-transkripni regulaci. V uvedeném piipad¢ se casto uplatiuje
dvoukomponentovy systém, ktery zapojuje dva proteiny - senzorovou kindzu a
odpovédni regulator. Senzorova kinaza pfipojuje fosfitovou skupinu z ATP na
histidinové zbytky a kontroluje environmentdlni parametry jako je piitomnost nutrientd
a toxin, kyselost, teplota, osmolarita a vlhkost prostiedi (Vincenti, M. P., White, L. A.
et al 1996). Autofosforylace zahrnuje detekci senzor-kinazovych  proteint
korespondujicim externim signdlem, které jsou poté piemistény z fosforylovaného
senzorového proteinu do odpovéd-regulatorového proteinu fungujictho jako aktivovany
transkripéni  regulator (Hunter, T. and Karin, M. 1992). Mimo uvedeny
dvoukomponentovy syst¢ém se  metaloproteiny mohou uplatnit v jednokomponentovém
systému, kdy obé funkce, senzoru a regulatoru phi jediny protein. V tomto piipade iont
kovu zprostiedkovava celou aktivitu (Rutherford, J. C. and Bird, A. J. 2004).
Posttranskripéni regulace genové exprese uplatiiyje IRP1 jako cytosolicky RNA-
vazebny protein, ktery se vaze na vlasenkovou strukturu jako Zelezo-responzivni
element (IRE). Tyto elementy jsou lokalizovany na 5° a 3’ netranslatovanych regionech
specifické mRNA, které koduji proteiny zapojené do homeostaze Zeleza, napiiklad
feritiny, transferiny a trensferinovy receptor (Harrison-Findik, D. D., Schafer, D. et al.
2006). Pokud je IRP1 navazan na 5°-IRE, je inhibovana translace korespondujici
mRNA. Tento mechanismus je kontrolovan piitomnosti zeleza v buiikdch. Pokud je

prebytek Fe iontt, tak IRP1 ztraci RNA vazebnou aktivitu (Obrazek 4). V pitomnosti
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prebytku zeleza, IRP1 obsahuje 4Fe-4S klastr, zatimco IRP1 je konvertovan na apo-
formu. Tato apo-forma je pak s vysokou afinitou navazana na IREs (Huang, L. E., Ho,
V. etal 1997).

Nizka koncentrace Zeleza v
prostiedi. IRE-vazny protein se vaze
na IRE a inhibuje produkci ferritinu

Aktivni IRE-vazny
/ protein

L~ 14 | | |

Start kodon . Stop kodon
Ferritin mRNA

Zelezo-responzivni
element (IRE)

Vysoka koncentrace zeleza. IRE

vazny protein je uvolnén z IRE a
ferritin je syntetizovan

Ferriti
Ribosom

LN\ /1 1 1N X X /| | |
IRE Start kodon Stop kodon
Ferritin mRNA

Neaktivni IRE

©

Obrazek 4: Modelové schéma transkripni regulace Zelezo-responzivniho elementu
(IRE). Nahote v prostfedi s nizkou koncentraci Zeleza, dole v prostiedi s vysokou
koncentraci Zeleza, které¢ indukuje IRE k produkci ferritinu.

3.2.6 Imunitni metaloproteiny

K omezeni nespecifick¢ reaktivity pfechodnych kovi, potiebuje byt jejich dostupnost
pevné¢ regulovana a obzvlasté behem probihajictho ataku infekce. Tento proces se
nazyva nutricni imunita a spo¢ivd v zamezeni pfistupu Zivin patogentim, které jsou pak

nasledkem ztraty nutrienti inhibovany (Obrazek 5). Mechanismy nutricni imunity se
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navzajem [i§i, avSak vétSina z nich zahrnyje indukci hepcidinu, hlavniho regula¢niho
hormonu, ktery tidi zasoby Zeleza v organismu (Drakesmith, Hal and Prentice, Andrew
M. 2012) a expresi NRAMP1 (Natural Resistance asociated macrophage protein),
transportéru Fe iontd pro odCerpani zeleza a manganu patogenim (Jabado, N.,
Jankowski, A. et al. 2000; Forbes, J. R. and Gros, P. 2003; Cellier, Mathieu F.,
Courville, Pascal et al. 2007). Nakonec je uplatiiovana exprese antimikrobidlnich
proteinti, které vychytavaji ionty kovi v mistech infekce (Hood, M. Indriati, Mortensen,
Brittany L. et al. 2012; Liu, Janet Z., Jellbauer, Stefan et al. 2012). Hemopexin omezuje
mnozstvi cirkulyjictho Zelezo-vazného hemu a lipokalin-2 vychytdva bakterialni Zelezo-
pohlcujici sideofory, napf. enterobaktin (Rocha, E. R., Smith, A. et al. 2001). Béhem
mfekce, protizanétlivé mediatory zvySuji expresi kov-vaznych protemtl, které posSkozuji
bakterie blokovanim jejich mechanismi vychytdvat volné kovy. Protizanétlivé cytokiny,
IL-17 a [IL-22, produkované T-bunkami indukuji epitelidini burky k expresi
antimkrobidlnich proteini véetné lipocalinu-2 a kalprotektinu. Navic aktivované
epitelidlni bunky sekretuji CXC chemokiny, které zisobuji centrum mfekce neutrofily.
Neutrofini buiky jsou schopné exprimovat velké mnozstvi laktoferinu (LF), lipokalinu-
2 a kalprotektinu. Mikrobidlni infekce mize stimulovat produkci hepcidinu v jatrech a
v makrofazich, coz nasledn¢ redukuje dostupnost Zeleza indukci degradace bunécného
prenaseCe zeleza ferroportinu 1 (Raffatellu, Manuela, George, Michael D. et al. 2009).
Transporter divalentnich kovi NRAMP1 mize exportovat mangan a Zelezo
zmakrofagih pomoci figosomu k ndslednému omezeni dostupnosti kowvii pro
nitrobuné¢né patogeny (Portnoy, M. E., Jensen, L. T. et al 2002). Avsak tyto
mechanismy se nékteré patogenni bakterie nauCily piekovavat vyuZitim vysoce
specializovanych transportéri  ABC-typu, které¢ wusnadiuji pifjem kovll navazanim
chelatort hemu a siderofort (Chandra, R. K. 1996). Ackoliv lipocalin-2 mize pohltit
enterobaktin pro omezeni pfistupu bakteri k Zelezu, nckteré patogeny pouzivaji
salmocheln, ktery nemize byt na lipocalin-2 navazan. Dalsi strategi nékterych
patogennich bakterii je exprese NRAMP transportérii nebo ZIP transportérii pro zvyseni
svého piijmu iontd kovii potiebnych pro svij metabolismus (Hornef, M. W., Wick, M.
J. et al. 2002).
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Obrazek 5: Nutricni imunita. Kovy, které patogenni mikroorganismy potiebuji pro
svoji ~ Zivotaschopnost, jsou vychytavany prostiednictvim kov-vaznych  proteint
exprimovanych bunkami imunitniho systému.

3.2.6.1 Laktoferin

Laktoferin je globularni protein, ktery se vyskytuje vnékolika glykosilovanych
variantach (Wei, Z., Nishimura, T. et al. 2001). Jeho schopnost vazby Zeleza je az 300x
siln€j$i nez u ostatnich proteinti se stejnou schopnosti (Moutafchiev, D. A. and Sirakov,
L. M. 1981; Birgens, H. S., Kristensen, L. O. et al. 1988). Sekvena¢ni analyza
prokéazala, Ze laktoferiny jsou evoluéné spojené se sérovymi transferiny a napiiklad
sekvence lidského LF je z 60 % identicka se sekvenci transferint. Ob¢ skupiny proteini
se vymacuji motivy disulfidickych vazeb a jsou charakterizovany ze 40 % shodnou 2x
slozenou interni opakujici se strukturou aminokyselinové sekvence (Baker, Heather M.
and Baker, Edward N. 2012). Struktura LF je slozena do dvou symetrickych N a C
domén, které jsou dale rozdéleny na dvé menSi poddomény. Do své struktury je LF
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schopen pojmout dva Fe®* ionty, jejichz vysoka afinita (Kp 1072°M) k vazebnym
mistim je vysoce konzervativni a dodava LF unikatni vlastnost udrzet ionty Zeleza i pfi
nizkém pH (Baker, H. M. and Baker, E. N. 2004).

LF patii do skupiny multifunkénich proteinti, které vykazuji rizné biologické aktivity a
jsou regulovany riznymi posttranslaénimi modifikacemi a alternativnim sestfthem. LF
zajiStuje Siroké rozmezi dilezitych biologickych finkci jako je regulace a kontrola
homeostazi 7zeleza, antioxidaéni aktivita, transport Zeleza a vykazuje antibakterialni,
antifingicidni a antivirové vlastnost.. Mimo jiné mia vliv na modulaci imunity,
protizanétlivé  uCinky, proteolytickou aktivitu, moznost vazat nukleovou kyselinu,
vykazuje RNAsovou aktivitu, podili se na regulaci transkripce a vykazuje schopnost
vazat rizné druhy biomolekul a bunék. U LF byla prokdzina schopnost interagovat a
aktivovat NK bunky, neutrofily a také uCast na opravé poskozenych tkani (Baker,
Heather M. and Baker, Edward N. 2012). Vyznam LF ve vrozeném imunitnim systému
byla podrobnéji studovana v mukonasdlnim obranném systému, ktery hraje dullezitou
roli vochrané organismu proti bakterialni a virové infekci (Legrand, D., Elass, E. et al.
2005; Ammons, M. C. and Copie, V. 2013). V literatufe byla popsana interakce
laktoferinu s rotaviry, lidskym respiraénim syncycialnim virem, Zoutenkou typu C,
lidskym herpes virem a HIV. U vSech byl prokdzan mhibi¢ni vliiv LF na postupujici
infekci (Berlutti, Francesca, Pantanella, Fabrizio et al. 2011). Rovnéz nékteré studie
potvrdily dtlezitou roli LF v potlaeni Casnych virovych infekci zabranénim adsorpce a
penetrace virovych ¢astic do hostitelskych bunék (ElFakharany, Esmail M., Sanchez,
Lourdes et al. 2013).

3.3 Analytické metody pro studium vyznamnych kov-vaznych proteini

Dilezitost vyznamu kov-vaznych proteini potvrzuje Sirokd fada popsanych metod pro
jejich studium (Voss, J., Salwinski, L. et al. 1995; Sheardown, H., Cornelius, R. M. et
al. 1997; Sommer-Knudsen, J. and Bacic, A. 1997; Atanassova, A., Lam, R. et al. 2004;
Mentler, M., Weiss, A. et al. 2005; Carrer, Charlotte, Stolz, Michael et al. 2006; Parsy,
Celine B., Chapman, Caroline J. et al. 2007; Atanassova, Anelia, Hoegbom, Martin et

al. 2008; Long, Xiufen, Zhang, Caihua et al. 2008; Mohan, Abhilash, Anishetty,
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Sharmila et al. 2010; Hynek, David, Krejcova, Ludmila et al. 2012; Zhang, Aming,
Zhang, Cheng et al. 2012; Chakravorty, Dhruva K., Wang, Bing et al. 2013; Toyama,
Takashi, Shinkai, Yasuhiro et al. 2013; Huang, Li, Hu, Xiumei et al. 2014; Yamanaka,
Ryutaro, Hirasaka, Yuka et al. 2014). Vseobecné lze rozdélit tyto metody na zakladé
vyuwzti ziskanych dat. Zakladem jejich studia je sledovani krystalografické struktury
proteinll a jejich vazby ionti kovi (Hardman, K. D. 1973; Dauter, Z. 2005; Wille,
Holger, Grovaerts, Cedric et al. 2007; Isaksson, Johan, Nystom, Susanne et al. 2009;
Gao, Zenggiang, Hou, Haifeng et al. 2010), prediktivni studie chovani a vlastnosti
téchto proteintt (Babor, Mariana, Gerzon, Sergey et al. 2008; Wang, Chu, Vernon,
Robert et al. 2010; Lu, Chih-Hao, Lin, Yu-Feng et al. 2012; AlHazmi, Hassan A.,
Nachbar, Markus et al. 2014). V molekularni biologi je sledovana finkce a role
v bunéénych mechanismech, stejné tak jako Vbiochemickém pfistupu je zkoumana
jejich aktivita a pusobeni na organismus (Hooper, Nigel M., Taylor, David R. et al.
2008; Harley, R. 2011; Drozd, A. and Krezel, A. 2014; Kowuri, Venkata Aditya, Craig,
Paul et al. 2014; Besold, Angelique N. and Michel, Sarah L. J. 2015; Kowalski, Konrad,
Goszczynski, Tomasz et al. 2015; Vanderslice, N., Messer, A. S. et al. 2015). Rada
Zmetaloproteini se uplatiiuje ve vrozené imunit¢ a jsou proto hlavnfim zajmem
imunologickych metod (Garwvey, J. S., Thomas, D. G. et al. 1987; Roesijadi, G. and
Morris, J. E. 1988; Saenseeha, Suphakdee, Janwan, Penchom et al. 2014; Uehara,
Hiroshi and Rao, V. Ashutosh 2015). Voblasti vyvoje a vyzkumu [ECiv jsou
metaloproteiny testovany jako potenciondlni terapeutika at’ uz pfi piisobeni pifmo nebo
jako nastroje pro genovou terapii (Luo, Q., Guo, W. et al. ; Turunen, P., Puhakka, H. L.
et al. 2006; Shi, Kai, Cui, Fude et al. 2013; Price, Robert, Poursaid, Azadeh et al. 2015;
Parimelzaghan, Anitha, Anbarasu, Anand et al. 2016). Diky jejich schopnosti uzaviit ve
své struktufe ionty kowvu, stejné tak jako malé molekuly IéCiv, jsou metaloprotemny
studovany pro vyuzti v nanotechnologickych aplikacich (Giannotti, Marina 1., Cabeza
de Vaca, Israel et al. 2015; Hu, Yihui, Guo, Wenjing et al. 2015; Ouyang, Chun-Yu,
Lin, Yu-Kuan et al. 2016; Qiao, S. P., Lang, C. et al. 2016). V diagnostice mohou
metaloproteiny slowzit jako markery nékterych onemocnéni (Shovman, O., Gilburd, B.

et al. 2005; Markowski, Jaroslaw, Tyszkiewicz, Tomasz et al. 2009; Rausch, Mary E.,
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Beer, Lynn et al. 2011; Skjot-Arkil, H., Schett, G. et al. 2012), jako je tomu v piipadé
metalothioneinu (Raleigh, J. A., Chou, S. C. et al. 2000; Theocharis, S. E., Margeli, A.
P. et al. 2003; Knapen, Dries, Reynders, Hans et al. 2007; Pastuszewski, Wojciech,
Dziegiel, Piotr et al. 2007). Nasledujici kapitola se bude zabyvat hlavnimi metodami

vhodnymi pro studum metalloproteint.
3.3.1 Kapalinova chromatografie

Kapalinova chromatografie je zakladni a nejvice vyuzivanou metodou pro separaci
proteini. Gelovda permeacni chromatografie vyuzivda rozdily ve velkosti a 3D
konfigurace proteind (Szpunar, J. 2005). Malé rozdily v naboji proteind pii rizném pH
dovolyji pouziti iontové vyménné chromatografie v anionickém i kationickém modu
(Brunnekreeft, J. W. I. and Eidhof, H. H. M. 1993; Rohrer, J. S. and Avdalovic, N.
1996). Rozdil vpolarit¢ 20 esencialnich aminokyselin zptisobuje rozdily v hydrfobicité
proteint, coz je vywzto v chromatografii na reverznich fazich (Chassaigne, H. and
Szpunar, J. 1998). Pittomnost prostetické skupiny piedstavuje chemickou odliSnost
svelmi specifikou reaktivnosti, které vyuzivda afinitni chromatografie vynikajici
preciznimi vysledky separace (Campanella, Beatrice and Bramanti, Emilia 2014).
Principem gelové chromatografie je separace protemni na zikladé jejich molekulové
hmotnosti v roztoku, nebo piesnéji na zakladé¢ jejich hydrodynamického objemu. Pii
separaci kov-vaznych proteinii je tfeba zajistit, aby molekuly zistaly intaktni a napl
kolony nereagovala se stanovovanym proteinem (Bai, Yan 2015). Separace probiha pti
niz8im pH, které nevyvold uvolnéni iontu kovu zmolekulové struktury. Redistrubuce
kovi mize také nastat vlivem nevhodné zvolené staciondrni faze, vetSinou diky
silanolovym skupindm u geli na baz silky. Gelovd chromatografie je tedy velmi citliva
na podminky separace, aby nedochdzelo ke zmén¢ distribuCntho profilu a byla
zachovana rozli$itelnost.

Pro analytickou i preparativni separaci proteini je velmi vyuZivanou technikou iontové
vyménnd kapalinovd chromatografie (IEC). Principem je separace proteini na zakladé
jejich elektrického naboje, ktery zavisi na acidobazickych vlastnostech separovaného
proteinu (Salvalaglio, Matteo, Paloni, Matteo et al. 2015). Tyto vlastnosti jsou ureny
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podtem a povahou ionizovatelnych postrannich fetézct polypeptidu. Casto vyuzivané
funkéni skupiny v IEC jsou alkylované amino skupiny pro anioniové ménice a fosfatové
skupiny pro kationtové meéniCe. Pro separaci pomoci IEC jsou dulezit¢ nejen funkcni
skupiny matrice, ale také samotna struktura kostry stacionarni faze, kterda mize ovlivnit
nespecifickou vazbu proteinu. Je proto dilezité, aby vypliovy material kolony byl
zinterntnfho materialu  jako je celulosa, dextran, agarosa, siika nebo polymerni
materialy (Lang, Katharina M. H., Kittelinann, Joerg et al. 2015). Vyhodou IEC jsou
mimé podminky eluce, které pomahaji zachovat strukturu a funkce proteinii intaktni a
vysoké separacni rozliSeni (Duong-Ly, Krisna C. and Gabelli Sandra B. 2014).
Chromatografie na reverznich fazich separuje proteiny na zikladé jejich hydrofobicity.
Principialng, ¢im vEtSi proteiny jsou separovany a ¢im vice jsou hydrofobni, tim je tieba
pouzit stacionarni fazi s kratkymi alkylovymi fetézci, aby nedochdzelo ke ztraté
proteinil ireverzibilni vazbou k napli kolony (Yang, Yuanzhong, Boysen, Reinhard I.
et al. 2015). Ackoliv je tato metoda pro separaci a detekci proteinit vyuzivana (YU,
Zitong, Han, Caixia et al. 2013; Bobaly, Balazs, Mikola, Vivien et al. 2015; Yang,
Yuanzhong, Boysen, Reinhard I. et al. 2015; Akimoto, Masaru, Hokazono, Eisaku et al.
2016; Cruz-Huerta, Elvia, Martinez Maqueda, Daniel et al. 2016; Tyteca, Eva, De Vos,
Jelle et al 2016), vchromatografi na reverznich fazich se cCasto objevuje nizka
navratnost, rozmyvani a tvorba viceCetnych pikd. S ohledem na kov-vazné proteiny, zde
velmi Casto dochazi k denaturaci proteinti a vyvazanim kovu ze struktury proteinu diky
pouziti organickych rozpoustédel v mobilni fazi.

Konjugované proteiny obsahuji chemické skupiny, které nejsou aminokyselinami, ale
nazyvaji se prostetické skupiny (Takeuchi, Toshifumi, Mori, Takuya et al. 2014).
V neékterych piipadech jejich piftomnost umoziuje separovat protemy nebo dokonce
jejich isoformy pomoci afinitni chromatografie. Tato separacni technika je zalozena na
charakteru mnoha protemnti vstupovat do specifickych mterakci s nékterymi molekulami
(Vunnum, S., Natarajan, V. et al. 1998; Song, Yufeng, Zhang, Hongxiao et al. 2014).
Stacionarni faze je chemicky modifikovana piipojenim slouceniny se specifickou
afinitou k cilové sekvenci proteinu. Vyphiovy material kolony musi byt inertni a snadno

modifikovatelny, napiiklad agarosa. Vyuzté ligandy jsou pak biospecifické, tzn.
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enzymy, substraty, protilatky, receptory nebo pseudo-biospecifické mnapt. lektiny,
barviva nebo sfru obsahujici skupiny. Absorpce analytu na staciondrni fazi je
uskuteCnovana pies elektrostatické sily mez nabitymi skupinami, nepolarnimi
interakcemi, vodikovymi mustky a hydrofobnimi vazbami (Arakawa, Tsutomu, Kita,
Yoshiko et al 2008). Obecné¢ afinitni chromatografic predstavuje  jednu
Z nejefektivnéjSich metod pro purifikaci proteint, diky tomu, Ze umozZiuje separaci
jednoho proteinu zjejich komplexni smési (Smith, M. C., Furman, T. C. et al. 1988;
Arnold, F. H. 1991; Berkovsky, A. L. and Potapov, P. P. 1997; de la Calle Guntinas, M.
B., Bordin, G. et al. 2002; Ueda, E. K. M., Gout, P. W. et al. 2003; Dalal, Sohel,
Raghava, Smita et al. 2008; Lei, Genhu, Liu, Liting et al. 2008).

3.3.2 Enzymova imunoanalyza

Principem imunochemickych metod je wvyuzti specifickych protilatek ke sledovanym
proteinim, tzv. antigenim. Tato technikka vynikd vysokou specifitou a moZnosti
kvalitativniho 1 kvantitativntho stanoveni jak protilatek, tak antigend i ve velmi nizkych
koncentracich. Mimoto jsou protilatky schopny se vazat na povrch polymernich
materiall, diky c¢emuz jsou snadno imobilizovatelné naptiklad na mikrotitranich
destickdch a tak zajistit promyti nenavazanych komponent smési. Pro rizné analytické
postupy mohou byt protilatky imobilizované na nanocasticich nebo polymernich
nosi¢ich (Cardoso, M. M., Peca, I. N. et al. 2012; Omidfar, Kobra, Khorsand, Fahimeh
et al. 2013; Goodall, Stephen, Jones, Martina L. et al. 2015; Shargh, Vahid Heravi,
Hondermarck, Hubert et al 2016). V imunochemii se rozliSuje n€kolikk metod na
zaklad¢ detekce konecného produktu, které jsou zaloZzeny na stejném principu vazby
protilaitka-antigen. Jedna se o enzymové znaCenou imunoanalyzu (Butcher, H.,
Kennette, W. et al. 2003), radioimunoanalyzu (Butcher, H., Kennette, W. et al. 2003),
luminiscenéni  imunoanalyzu (Riechers, Alexander, Schmidt, Jennifer et al. 2009) nebo
metalloimunoanalyzu (Vessieres, A., Salmain, M. etal. 1999).

Antigeny mohou byt rizné makromolekuly, specidlné proteiny i kov-vazné proteiny,
které jsou schopny vyvolat v specifickou mmunitni odezvu jak na bunécné, tak na
humoralni rovni a specificky interagovat s produkty imunitni odpovédi (Butcher, H.,
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Kennette, W. et al. 2003). Imunitni odpovéd’ zahrnuje tvorbu protilatek pomoci
plasmatickych bun€k, které jsou vysledkem diferenciace B lymfocyti po predchoz
stimulaci  antigenem. Protilatky ~ jsou  heterogenni  skupina  glykoproteind,
immunoglobulintt (Ig). Kazdy Ig obsahuje nejméné¢ dva lehké a dva tézké fetézce
spojené¢ disulfidickymi mustky. Lehky fetézec se vyskytuje ve dvou typech kappa a
lambda, téZky fetézec existuje v5 isotypech a urCuje tridu Ig (IgG, IgM, IgA, IgD a
IgE). C konec obou fetézcti je oznaCovan za konstantni region, zatimco N konec se
mize liSit a tvoii Cast protilatkové molekuly, kterd vaze antigen. Mimo IgM, ktery ma
10 vazebnych mist a IgA se 4 vazebnymi misty, maji ostatni imunoglobuliny 2 vazebna
mista pro antigen (Moreno-Bondi, M. C., Benito-Pena, M. E. et al. 2012). Monoklonalni
protilaitky jsou produktem jednoho klonu plasmovych bun¢k odvozenych od B-
lymfocyti a jsou piimo uréené pro interakci s jednim epitopem. Obvykle vykazyji
vybornou specifitu, avSak zhorSenou schopnost precipitovat antigen (Brorson, Kurt and
Jia, Audrey Y. 2014). Polyklonalni protilatky jsou pfipravovany imunizaci zvifat (napf.
kralik, koza, ovce) danym antigenem (Trushinskaya, G. V., Simonov, V. I. et al. 1992).
Kazdy epitop tak stimuluje odlisny klon B-bun¢k a komplexni antigeny nesou nékolik
antigent. Polyklonalni protilatky tedy vykazuji schopnost interakce s mnoha antigeny.

Imunoanalyza je velmi dobfe vyuzitelnd jak pro protemny, tak 1 protemy se schopnosti
vazat kovy (Casalis, L., Bano, F. et al. 2011; Kumar, Rajesh 2012; He, Xiaohua and
Patfield, Stephanie A. 2015). Variantou je také vywziti kov-vaznych proteinti pro
detekci t&Zkych kovi (Liu, Gong-Liang, Wang, Ju-Fang et al. 2006). Imunochemické
metody se obecné vyuzivaji k diagnostice n€kterych onemocnéni na zdkladé detekce
specifickych protilaitek nebo biomarkerti, detekci toxinil, hormond, proteind a dalsich
bioaktivnich latek. Vyhodou je rozliSeni proteinti na urovni jeho isoformy (Chan, H. M.,
Cherian, M. G. et al. 1992). Pfinosem imunoanalyzy je moznost kombinace s dalSimi
analytickymi pfistupy jako jsou napiiklad optické detekéni metody nebo elektrochemie.
Spojeni téchto dvou metod lze vyuZit v oblasti biosenzorli jako variantu v pokrocilych
bioanalytickych systémech (Bahadir, Elif Burcu and Sezginturk, Mustafa Kemal 2015).
Detekce specifickych antigenii je zejména zajiSténa vazbou antigenu na protilditkou

modifikovaném povrchu elektrody (Xu, Qiao and Davis, Jason J. 2014). Protilatky zde
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funguji jako bioreceptor na ktery se vaze cilovy analyt. Vazba pak vyvola odezvu na
pfevodniku detektoru a signdl mize byt kvantifkovan. Metodu ELISA lze vyuzit jako
biosenzor pro detekci patogennich bakterii v koncentracich nizSich nez 15 koloni
tvoricich jednotek (Cho, Il-Hoon and Irudayaraj, Joseph 2013). Vtéto studii byla
vywzta afinita Zzlatych nanocastic k proteinim, diky kterym byla vytvofena sit’
protilaitek znacenych HRP a tim doSlo k zesileni detekéniho signalu (Obrazek 6).
V poslednich letech se vyuzivaji jak elektrochemické, tak optické metody detekce pro
klinickou diagn6zu  diky jejich jednoduchosti, citlivosti  specifit¢, moznosti
automatizace, miniaturizace a efektivit¢ nakladt na provoz (Wu, Jie, Fu, Zhifeng et al.
2007).

Kozi protilatka Krili&i protilatka

proti proti kozim )'
- )’ specifickemu protilatkam ) ol
»A receptoru konjugovane na
o AN Koot
)= proti kralicim
AuNP &\ protilatkdm
konjugované na
Mysi protilatka AUNP
proti kozim * Mysi protilatka
protilatkam proti krali¢im
znacend HRP protilatkam
znacena HRP

cF

()

Obrazek 6: Schéma biosenzoru pro detekci patogennich bakterii zalozeny na metod¢
ELISA. Na specifické protilatky proti patogenu byly postupné konjugovany sekundarni
(kralici proti primarnim) a tercidlni (kozi proti kralicim) protilatky. Pro detekci byly
vywzty mysi protilaitky proti sekunddrnim a tercialnim protilatkdm znaenym kienovou
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peroxidazou (HRP). Po piidani H,O, a substratu 3,3',5,5'-Tetramethylbenzidinu (TMB)
dochazi k barevné zméné reagencii, kterd je piimo uméma koncentraci patogenni
bakterie ve vzorku. Pfepracovano z (Cho, Il-Hoon and Irudayaraj, Joseph 2013).

3.3.3 Optické metody pro detekci proteinii

Spektroskopické techniky vyuzivaji svétlo v interakci s hmotou a poskytuyi tedy
nformace o struktufe vzorku. Svétlo je elektromagnetické zareni, fenomén S rliznou
energii @ Vzavislosti na této energii mohou byt urCeny vlastnosti molekul. Molekularni
substruktury, které jsou zodpovédné za interakci s elektromagnetickym zafenim, se
oznacuji chromofory. V piifpadé¢ proteml se jednd o peptidovou vazbu, nékteré
postranni fetézce aminokyselin (zejména tryptofan a tyrosin), prostetické skupiny a
koenzymy (Simonian, Michael H. and Smith, John A. 2006). Elektronové piechody
peptidové vazby se nachizi ve vzdalené oblasti UV pi#i 190 nm a 210 nm. Rada
aminokyselin (Asp, Glu, Asn, Gln, Arg a His) vykazuje absorbanni maximum pii 210
nm, avSak jsou vzdy piekryty sin€j§i absorbanci peptidovych vazeb. Odlisné
absorbanéni maximuma maji aromatické aminokyseliny. Pro fenylalanin  plati
absorbanni maximum 257 nm, pro tyrosin a tryptofan dominuji V typickém
proteinovém spekiru absorbancni maxima 274 a 280 nm. Aminokyselina cystein ma
slabé absorpcni maximum pii podobnych vinovych délkéch jako fenylalanin a to pii 250
nm (Gu, HongYan and Chang, WeiShan 2012).

Absorp¢ni spektrum chromoforu je urceno jeho chemickou strukturou a prostfedim ve
kterém je chromofor rozpustén (Goldring, J. P. Dean 2015). Faktory, které nejvice
ovliviuji UV/Vis absorbanci jsou: protonace/deprotonace rozpoustédla, polarita a
orientace chromoforu. Naopak zmény prostifedi v blizkosti chromoforu a zmény
absorbance jim vyvolané mohou slouzt jako indikatory (Hoff, W. D., Devreese, B. et
al. 1996). V prvnim piipadé se posouva vinova délka do vyssich hodnot (bathochromni
posun) nebo opaénym smérem (hypsochromni posun). Dale mize nastat nardst
absorbance (hyperchromicita) nebo opacny efekt nazyvany hypochromicita. Protonace

¢i deprotonace je zavislda na zméné pH nebo na oxida¢né-redukénich reakcich, které
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zchromofori vytvaii senztivni reporter zmény okolntho prostiedi Tyto zmény se
projevyji Cervenym a hyperchromnim posunem absorban¢niho spektra. Polarita
rozpoustédla zpisobuje zmény mezi zidkladnim a excitovanym stavem molekul, takze
pfi prechodu do méné polarntho prostiedi se objevuje Cerveny posun a hyperchromni
efekt, zatimco u pfechodu do vice polarntho prostiedi se projevuje modrym a
hypochromnim posunem (Imamoto, Y., Koshimizu, H. et al. 2001).

Aplikace UV/Vis spektrometrie se casto uplatiiuje pro kvantifikaci biomolekul, ur¢eni
konformacnich zmén, detekci aromatickych ammokyselin enzymii a sledovani
katalytickych reakci chromofori. Casto jsou zde vywZty i kolorimetrické metody, které
vyuzivaji barviva, schopna se specificky zaélent do struktury proteind, coz je
doprovazeno posunem absorbcniho maxima. Tento posun je kvantifikovan a je piimo
umérny koncentraci proteini ve vzorku. Mez nejcastéji vyuzivané metody jsou
pyrogalova ¢erven (Fiorina, J. C., Aimone-Gastin, I. et al. 2001), metoda dle
Bradfordové (Zor, T. and Seliger, Z. 1996), Lowryho metoda (Stauffer, C. E. 1975)
nebo Biuretova metoda (Robson, R. M., Goll, D. E. et al. 1968). Spektrofotometrické
metody lze vyuzit nejen pro detekci proteint, ale také i pro detekci navazanych kowi.
Ionty kovli jsou spektrofotometricky stanovitelné pomoci chelatacnich  Cnidel
vykazujici optické vlastnosti, napiiklad Zincon, ktery se vyuziva jako chromofor pro
kvantifikaci zinku a médi ve vodnych roztocich. Nevyhodou je nutnost odstranéni
vazajicho proteinu, aby nedochazelo k ovlivnéni analyzy (Saebel, Crystal E.,
Neureuther, Joseph M. et al. 2010). Pouwzti spektroskopickych metod je tedy velmi
Siroké pro analyzu proteinii a Casto se jedna o primarni analyzu proteinii a kov-vaznych

proteinil, kterd je schopna studované biomolekuly charakterizovat a kvantifikovat.
3.3.4 Elektrochemické metody

Elektrochemické metody jsou vhodnym nastrojem pro studium kov-vaznych proteini

(Palecek, E ; Scheller, F ; Wang, J 2005). Jejich redoxni chovani mize byt vyuzito pro

sestrojeni biosenzord (Wei, Ming-Yuan, Guo, Liang-Hong et al. 2012), které mohou byt

pouzity pro zjistovani koncentrace proteini (Polanski, Malu and Anderson, N. Leigh

2007) nebo jejich struktury po navazani ligandu, diky kterému dochazi k méfitelnym
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zménam prostiedi (Obrazek 7) (Anderson, L. 2005; Diaconu, lulia, Cristea, Cecilia et al.
2013; Chen, Chao, Xie, Qingji et al. 2013). Je zamo, Ze biologické makromolekuly
vykazuji pomalejSi rychlost heterogenntho pfenosu elektroni na konvencnich
elektrodach, ktery je pfisuzovan trojrozmérné struktufe proteind blokujici jejich
elektroaktivni centra nebo jejich adsorpci nebo pasivitu na elektrodovém povrchu.
Témto problémim se Ize vyhnout piipravou chemicky modifikovanych elektrod
(Borgmann, Sabine, Hartwich, Gerhard et al. 2005). Jsou znamy dva druhy; v prvnim
pfipadé je modifikovand elektroda, kterd funguje jako prostrednik, zatimco promotorova
elektroda zistava v pivodnim stavu. V této situaci je sledovana zména signdlu mez
modifikovanou a nemodifikovanou elektrodou. Medidtorova elektroda je modifikovana
takovym materidlem, ktery umoziuje elektronovy transfer v pozadovaném rozsahu
potencidlu.  Proto mohou materidly, které slouzi jako medidtor pinaset redoxni viny
(Borgmann, Sabine, Hartwich, Gerhard et al. 2005). Potencidlovy rozsah proteint zavisi
na mnoha faktorech, které mohou byt pouzity pro urCeni vnitintho redox potencidlu
hemovych protemni véetné postrannich ligandd, jejich orientaci, konformaci porfyrinu,
polarity a hydrofobicity hemové wnitini kapsy a interakci proteinovych ligandii
svn&jsim prostiedim (Kohno, Michiaki, Tanimura, Susumu et al. 2011; Bischoff,
Rainer and Schlueter, Hartmut 2012). Pouzti modifikovanych elektrod ma své limity
jako je neschopnost ukazat redoxni chovani nékterych proteind (Butterfield, D. Allan,
Reed, Tanea T. et al. 2007), rozliSeni mezi metaloproteiny a proteiny bez iontti kovi a
také potfeba téchto metod zafixovat medidtory a proteiny na povrch elektrody
(Butterfield, D. Allan, Perluigi, Marzia et al. 2006).

Elektrochemické  metody vynikaji pfesnosti, rychlosti jednoduchosti,  nizkymi
provoznimi naklady a moznosti miniaturizace. Tyto vlastnosti jsou velmi perspektivni
pro vyvoj novych analytickych postupi, monitoring biochemickych procest in vivo a in

vitro nebo i objeveni novych potencionalnich 1é¢iv.
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Elektronovy pirenos

Zlata
nanocastice
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Pracovni elektroda

Obrazek 7: Elektrochemicky biosenzor na Cipu pro detekci H2O,. Biosenzor je zalozen
na oxidaci hemoglobinu a zmény oxidacniho stavu Fe atomi uvnitt protenu. Tato
zména vyvola pfenos elektroni zesilenou Zlatym nanocasticemi mezi Au "gap"
elektrodou a zlatou protielektrodou. Ptepracovano z (Lee, Taek, Kim, Tae-Hyung et al.
2016).

3.4.5 Hmotnostni spektrometrie

Dilezitou roli vproteomice a ve studiu kov-vaznych proteind hraje hmotnostni
spektrometrie. Tato technka vyuziva méfeni pomcru hmotnosti m a naboje
Z analyzované latky. Princip metody spociva vionizaci vzorku vhodnou ioniza¢ni
technikou, ktera dodava analyzovanym molekuldm naboj. Na zikladé jejich hmotnosti a
dochazi k separaci v hmostnostnim analyzatoru a detekci pomoci zvoleného detektoru.
Oba kroky jsou realizovany ve vakuu, aby bylo zamezeno srazkdm iontl a naslednym
fragmentacim vzorku. Vysledkem analyzy je hmotnostni spektrum, ze kterého Ize
identifikovat  konkrétni protein pomoci protemovych databazi (Uniprot, NCBI,
EXPASY).
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Na zdkladé povahy analyzovanych vzork se vyuziva bud’ mekka, nebo tvrdd ionizace.
Pro biomolekuly jsou vhodné mekké techniky, jako je ionizace elektrosprejem (Becker,
Rene, Schwarz, Gunnar et al. 2015) nebo ionizace laserem za pfitomnosti matrice
(Rigueira, Leila M. B., Lana, Diogo A. P. D. et al. 2016), které¢ jsou Setrné ke vzorku a
omezuji vznik fragmentd. Pro studium Kkov-vaznych proteind se v kombinaci
S hmotnostni  spektrometrii vyuziva ionizace indukéné vazanym plazmatem (Moller,
Laura Hyrup, Jensen, Celina Stoving et al. 2015), kterda umoziuje stanovit stopové
mnozstvi kovll. Tato technika vyuzivd vysokych teplot (6 000 — 10 000 K), diky kterym
zanikaji chemické vazby v molekulach pfitomnych slou¢enin a vznikaji volné atomy
kladné nabitych iontd kowvil.

Mezi zakladni typy hmotnostnich analyzatord, ve kterych se separuji ionty na zaklade
jejich hmotnosti a naboje, jsou priletové analyzatory (Bonham, Christopher A.,
Steevensz, Aaron J. et al. 2014), kvadrupoly, iontové pasti (Meier, Samuel M., Babak,
Maria V. et al. 2014) a jejich kombinace (Kurahashi, T., Miyazaki, A. et al. 2001).
Detektor nasledné poskytyje signdl umérmy poctu dopadajicich ionti pomoci
elektronového nasobice nebo detekci elektrického proudu, vznikajictho pifmym
dopadem iontt.

Hmotnostni spektometrie se pro analyzu proteini c¢asto kombinuje se separacnimi
technikami jako je kapalinova chromatografie (Wang, Y., Li, H. et al. 2014), gelova
elektroforéza (Schmidt, A. C., Storr, B. et al. 2011) a kapilarni elektroforéza (Nguyen,
Tam T. T. N., Ostergaard, Jesper et al. 2015).
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4 MATERIAL A METODY

4.1 Chemikalie

Standard laktoferinu byl zakoupen od firmy Sigma-Aldrich (St. Louis, USA).
Paramagnetické¢ Castice byly zakoupeny od firmy Invitrogen (Norsko). Polyklonalni
kozi protilatky proti laktoferinu, monoklonalni mysi protilaitky proti laktoferinu a
kufeci-HRP konjugované protilatky byly zakoupeny od firmy SantaCruz Biotechnology
(USA). Polyklonalni kralici proti mySim protilatky konjugované alkaickou fosfatazou
byly zakoupeny od firmy Dako (Dénsko). Fragmenty proteinu metallothioneinu a byly
zakoupeny od firmy Clonestar (Ceskd republika). Ostatni powZité chemikalie byly
zakoupeny od firmy Sigma Aldrich v ACS Cistoté, pokud neni uvedeno jinak. Pracovni
roztoky pouzitych standardi byly piipravovany denné fedénim zisobnich roztoku.
Hodnoty pH byly méfeny s pouzitim WTW molLab Level 3 (Némecko), spojenym s
osobnim pocitatem (Weilheim). pH-elektroda (SenTix-H, WTW) byla pravidelné
kalibrovana souborem WTW pufii. K fedéni roztokli byla pouzta demineralizovana
voda pomoci reverzni osmézy na piistroji Aqua Osmotic 02 (Aqua Osmotic,Ceska

republika) a dale ¢isténa pomoci Millipore RG (Millipore Corp., USA, 18 M Q).
4.2 Priprava CdTe Qds

Kadmium chlorid (CdCl,, 0.04 M, 4 ml) byl nafedén na 42 ml MiliQ vodou a poté byl
k roztoku pfidan trisodny citrat dihydrit (100 mg). Na;TeOs; (0,01 M, 4 ml), MPA
(119 mg), and NaBHs (50 mg) byly ke vzniklé smési piidany pod neustalym michanim.
Molekulovy pomér Cdo/MPA/Te byl 1:7:0,25 na 10 ml Pfipravené prekurzory byly
vystaveny mikrovinnému zateni (400 W, Multiwave 3000, Anton-Paar GmbH,
Rakousko). Nasledné byla smés ochlazena a vzniklé kvantové tecky byly vysrazeny
promoci isopropanolu vobjemovém poméru 12 a centrifigovany (Eppendorf
centrifige 5417R). Vznikly pelet byl resuspendovan v 500 ml 10 mM Tris pufrem (pH
8.5).
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4.3 Biologicky material

Vzorky slin byly odebirdny pomoci odbérovych zkumavek Salivette (Sarstedt,
Némecko). Pfilozend buni¢ina byla Zvykédna po dobu 2 min. Nasledovala centrifugace
vzorkil v Salivette zkumavce pifi 3000 rpm po dobu 5 min. (Universal 320, Hettich
Zentrifugen, Némecko). Odebrany vzorek byl nafedén 1:1 s 25 mM Tris-HCI (pH 7) a
piefitrovan ptes mikrofitr (microStar 0,45 pm CA, Costar Cambridge). Takto
pfipravené  vzorky byly analyzoviny pomoci iontové vyménné kapalinové
chromatografie s UV detekci.

Samci Novozélandskych kralki o hmotnosti 3 - 3,5 kg (MaK-Bergman, Kocanda, ,
Ceska Republika) byly pod anestezii 30 mg/kg ketamin a 3 mg/kg xylazin (Ve toquinol
Biovet, Francie) vykrveni vpichem do srdce. Jednotlivd jatra byla vypreparovana a
uchovana vmrazu. 2g tkané bylo homogenizovano (Ultra-turrax T8 (Scholler
instruments, Némecko) v8 ml 10 mM Tris-HCI1 (pH 8,6) a centrifugovano (Universal
320, Hettich Zentrifuigen, Némecko) pii 5 000 rpm (30 min, 4 °C). Odebrany
supernatant byl zahiat na 99 °C 10 min (Eppendorf thermomixer comfort, Némecko) a
movu centrifigovan.  Odebrany supernatant byl pouzit k izolaci metalothioneinu

pomoci gelové permeacni kapalnové chromatografie.
4.4 Kapalinova chromatografie s UV detekci

Systém kapalinového chromatografu Biologic DuoFlow (Biorad, USA) byl sloZzen ze
dvou chromatografickych pump pro dopravu elu¢nich pufit, monolitické kolony s
jednin CIM diskem, ktery byl modifkovan -SO®  finkénimi skupinami (Bia
Separations, Slovinsko) pro separaci laktoferinu a gelovou filtraéni kolonou (HilLoad
26/60, 75 PG, GE Healthcare, Svédsko) pro purifikaci metalothioneinu, davkovaciho
ventilu s 2ml dévkovaci smyckou, UV-VIS detektoru a automatického sbérace frakci
Kapalina byla na kolonu dopravovana pomoci dvou pump za pomoci vysokotlakého
gradientu. Vystup zkolony byl napojen na UV-VIS detektor, ktery slouzil pro upravu
nastaveni sbéru frakci. Jako mobini faize I (MFI) byl pouzit 25 mM Tris-HCl o pH 7,
mobilni faze II (MFII) byla slozena z2 M NaCl v MFI. Pritok mobini faize byl 4
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mlmin. Laktoferin byl eluovan linearné se zvySujicim gradientem NaClL 0-6 ml (0 %
), 6 — 12 ml (100 % II), 12—16 ml (100 % II), 16—17 ml, (0 % II), 17 — 21 ml (0 %
[1). Metalothinein byl zkolony eluovan v isokratickych podminkach pomoci 150mM
NaCl v 10 mM Tris—HCI pufru (pH 8.6). Detektor byl nastaven na 280 nm (maximum
pii absorpci aromatickych aminokyseln). Frakce proteinit o objemu 1 ml byla sbirdna

pomoci automatického sbérace frakci (Biorad, USA).
4.5 Spektrofotometricka analyza

Pro spektrometrické analyzy byl pouzit automaticky spektrofotometr BS—200 (Mindray,
Cina), ktery se sklada z kyvetového prostoru (temperovaného na 37 + 0,1 °C),
reagencntho prostoru s karuselem pro reagencie a pifpravu vzorkd (temperovaného na
4 + 1 °C) a optického detektoru (Sochor, J., Ryvolova, M. et al. 2010). Zdrojem svétla
byla halogeno-wolframova zirovka. Pienos vzorkll a reagenci zabezpeCovalo robotické
rameno s davkovaci jehlou (chyba davkovani do 1 % objemu). Kontaminace byla
minimalizovana diky proplachovani jak davkovaci jehly, tak michadla MiliQ vodou.
Ke stanoveni laktoferinu pyrogalovou cerveni bylo ke 200 pl ¢inidla (50 mM sukcinova
kyselina, 3,47 mM benzoat sodny, 0,06 mM molybdenat sodny, 1,05 mM oxalat sodny
a 0,07 mM pyrogalova Cerven) (Pupkova, V. I. and Prasolova, L. M. 2007; Yang, J. Y.,
Chien, T. I. et al. 2009; Silva, A. S. and Falkenberg, M. 2011) (Skalab-kit, Svitavy
Ceska republika) pfiddano 4 pl vzorku. U metody dle Bradfordové (Seevaratnam, R.,
Patel, B. P. et al. 2009; Field, A. and Field, J. 2010; Carlsson, Nils, Borde, Annika et al.
2011) bylo k 190 ul ¢inidla (0,01% Coomassie Brilliant Blue G-250, 4,7% etanol, 8,5%
kyselina fosfore¢na v destilované vod¢) ptidano 10 w vzorku (Zor, T. and Seliger, Z.
1996). Detekce u obou metod probihala pii 578 nm a doba reakce byla 10 min. Pro
stanoveni proteini biuretovym Cinidlem bylo do kyvety napipetovano 150 pl
biuretového ¢inidla (100 mM vinan sodno-draselny, 100 mM NaOH, 15 mM KI, 6 mM
CuSQOy) a nasledné 3 pl vzorku. Po 10 min. inkubaci pti 37 °C byla zméfena absorbance
pii vinové délce 546 nm. Obsah kyvet po nadavkovani vzorku byl ihned promichan
automatickym michadlem a analyzovan. Absorbance byla odecitana v ¢ase 18 sekund,

kde byla zaznamendna maximalni absorbance pro vSechny body kalibrace.
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4.6 ELISA

Mikrotitratni desticka byla pokryta 100 pl polyklonalnich kozch protilatek proti
lakoferinu (SantaCruz Biotechnology, USA) fedénych 1:5000 nebo 1:3000 0,05 M
uhli¢itanového pufru pH 9,6. Nésledné byl volny povrch zablokovan 150 ul 1 %BSA a
po inkubaci 30 min 25 °C byly jamky promyty PBS pufrem. Standard laktoferinu byl
vobjemu 100 ul nadavkovan do kazdé jamky a smés byla inkubovana 30 min 25 °C. Po
promyti nenavazaného laktoferimu PBS pufrem, byly na laktoferin navazany
monoklonalni mysi protilatky proti laktoferinu (SantaCruz Biotechnology, USA) fedéni
1:5000 nebo 1:1000. Po inkubaci byly jamky promyty a cely komplex byl konjugovan
S HRP znaCenymi kufecimi protilitkami proti mySim protilaitkam. Po inkubaci 30 min
25 °C a promyti byl cely komplex detekovan jak elektrochemicky, tak
spektrofotometricky.

4.7 Injek¢ni analyza v zastaveném toku (SFIA)

Systtm byl slozen zprogramovatelné davkovaci jehly pump (Model eVol,
SGEAnalytical Science Pty, Australie), tiikanalového dvoupozicniho ventilu (Valco
Instruments, USA) a prototypu miniaturizovaného mikropotenciostatu (910 PSTAT
mini, Metrohm, Svycarsko), davkovaci kapilary, ktera vstupovala do elektrochemické
prutokové cely (CH Instruments, USA). Vzorek byl do systému injektovan v objemu
10 yl. Elektrochemickd detekce probihala na pracovni elektrodé¢ ze skelného uhliku,
pomocné platnové elektrody a Ag/AgCl 3 M KCI referencni elektrody. Parametry pro
cyklickou voltametrii byly: cyklus skenu od 0 do 1000 mV a zpét, rychlost skenu
20 mV/s. Parametry diferencni pulzni voltametrie byly nasledujici: vstupni potencial 0,8
V, kone¢ny potencial -0,6 V, amplituda 0,05 V, délka pulsu 0,0167 s, perioda pulsu 0,2
s, depoziéni potencial 0,2 V, depoziéni ¢as 30 s a citlivost 2,10 A/V. Mé&feni probihalo
v prostiedi 0,05 M uhli¢itanového pufiu pH 9,6.
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5 VYSLEDKY A DISKUZE

5.1 Separace a detekce kov-vaznych proteini

5.1.1 Védecky €lanek I

Isolation and determination of lactoferrin in human saliva
Skalickova, S., Zitka, O., Krizkova, S., VIkova, M., Sochor, J., Adam, V. and Kizek, R.
Chem. Listy, 2014, 0009-2770, 56-63

Podil autora Skalickova S.: 60 % textové Casti prace a 70 % experimentalni prace

Sliny jsou vyméskem slinnych Zlaz clovéka a mnoha jnych Zivocicht. Bylo prokézino,
7ze slozeni slin je ovlivnéno vyskytem nekolka onemocnéni, jako jsou akutni zanéty,
cystickd fibroza nebo karcinom dutiny Ustni Rada védeckych praci vyuziva
protemového slozeni slin pro diagnézu patologickych zmén v organismu diky jejich
funkcim, které ve slinach zastupuji (Javaid, Mohammad A., Ahmed, Ahad S. et al
2016). Vyznamnym kov-vaznym proteinem slin je laktoferin, u kterého byly prokazany
antimkrobidlni, antivirotické a  antkarcinogenni U¢inky. Jeho zvySend hladina
Vorganismu je spojovana s probihajicim zanctlivym onemocnénim, celiakii nebo
Sjorgenovym syndromem (Mayeur, S., Spahis, S. et al. 2016). Vcasna diagnostika
téchto onemocnéni mize zabranit komplikacim a zhorSenim stavu pacienta. Mez
metody, které se vyuzivaji pro izolaci a detekci kov-vaznych proteind, patii kapalinova
chromatografie za vyuziti gelové permeacni nebo iontové vyménné separace.

Cilem ptedkladané studie bylo vyvinout metodu pro izolaci laktoferinu z lidskych slin
pomoci iontové vyménné kapalinové chromatografie s vyuzitim monolytické kolony a
off-line  spektrofotometrické detekce metodou Pyrogallova cCerven, metodou dle
Bradfordové a Biuretovou metodou. Monolyticka kolona pfedstavuje vhodny nastroj
pro separaci a izolaci velkych proteind jako je laktoferin a ve spojeni s kapalinovou
chromatografii se jednd o spolehlivou metodu pro separaci tohoto proteinu z riznych
biologickych matric. U&innost separace a izolace byla ovéfena pomoci gelové

chromatografie, kterd potvrdila pfitomnost jediného proteinu o piblzné molekulové
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hmotnosti jakou ma laktoferin. Pro charakterizaci metody byly evaluovany analytické
parametry spektrofotometrické detekce jako je lnearni dynamicky rozsah, relativni
smérodatnd odchylka stanoveni a limit detekce. Z dosazenych vysledki je patmé, ze
nejcitlivéjsi detekéni metodou pro laktoferin byla metoda dle Bradfordové. Kalibracni
kiivka pro laktoferin vykazovala linearni trend vrozsahu 0,06 - 62,5 pg/ml Limit
detekce byl stanoven na 0,01 pg/ml Optimalizovanou metodou byly analyzovany
vzorky slin zdravych subjektl. Priméma koncentrace laktoferinu byla stanovena
42 + 4 pg/mg proteinu. U testovanych subjektl byla pozorovana 2,5 x vyssi hladina
laktoferinu u pacientky s chronickou celiakii. Je znamo, Zze celiakie je autoimunitni
onemocnéni vyvolané imunitni odezvou na gluten. U tohoto typu onemocnéni vzrista
exprese protizanétlivych latek v organismu. Ziskané vysledky této prace ukazuji, Ze
nami navrhovany postup s vyuwztim kapalinové chromatografie, monolitické kolony a
off-line  spektrofotometrickou detekci pomoci metody dle Bradfordové, je velmi
senzitivni a robustni pfistup pro izolaci a stanoveni laktoferinu z biologické matrice.
Nami pfedkladana metodika je tak vyuzitelnd pro diagnostické uUcely chorob spojenych

se zménou koncentrace laktoferinu ve slinach.
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Uvod

Sliny jsou smési biologicky vyznamnych glykoprotei-
nu, proteindl, enzymul, hormond, minerald a elektrolyt
rozpusténych ve vode a jsou produkovany predevsim paro-
vymi velkymi slinnymi Zldzami'*. Obsah vody a v ni roz-
pusténych latek kolisa v zavislosti na momentalnim fyzio-
logickém stavu organismu, pfi¢emz jsou tyto procesy fize-
né vegetativnim nervovym systémem na zakladé podminé-
nych a nepodminénych reflexti’. Sliny se podileji
na prenosu chuti k chutovym poharkdm, zvlh¢uji dutinu
ustni, St€pi sacharidy a tuky na jednodussi slouceniny,
maji antimikrobni, desinfekéni a ochranné Géinky”.

Jednou z vyznamnych slozek slin je laktoferin. Tento
glykosylovany protein o molekulové hmotnosti 80 kDa je
slozeny z 692 aminokyselin*" a jeho isoelektricky bod (pI)
byl stanoven na 8-8,5 (cit.%”). Struktura laktoferinu je
uspofadana do jednoduchého polypeptidového fetézce
strukturovaného do dvou domén (obr. 1, pievzato
z databaze Expasy). Ty jsou pak schopny vazat ionty kovu,
nejéast&ji Fe*" nebo Fe’", ale také i jonty Cu®*, Zn*" a Mn®"
(cit.>"). Vyskyt tohoto proteinu byl zaznamenan v sekre-
tech nékolika sliznic (matefském mléce, slzach, krevni
plazmé, slinach, potu spermatu & vaginalnim vytoku)®.
V organismu plni dilezitou funkci v nespecifickém imu-
nitnim systému diky jeho antimikrobni, fungicidni a anti-
virové aktivitg, kterd je podminénd schopnosti vdzat kovo-
vé ionty, které vétsina bakterii vyzaduje pro sviij rast®.
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Zvyseni hladiny laktoferinu v krvi je ¢asto spojené se za-
nétlivymi procesy probihajicimi v organismu’.

Ze vzorku lze laktoferin izolovat diky podstatné odlis-
nému isoelektrickému bodu v porovnani s dalSimi proteiny
pfitomnymi ve vzorku pomoci iontov€ vyménné chroma-
tografie'” . Dalsi vyuzivané metody pro izolaci a piecis-
téni laktoferinu jsou enzymové znatena imunoanalyza'’,
afinitni membranovéa chromatografie'® ¢i novéji pseudoafi-
nitni chromatografie'’. Kvantitativni stanoveni se nej¢asté-
ji provadi imunoseparaénimi metodami, jako je enzymoveé
znaCend imunoanalyza (ELISA)"*2, radioimunoanalyza
(RIA)*'#, ¢ luminiscentng zaloZena imunoanalyza (LSA)™.
Pro tyto metody se limity detekce pohybuji v rozmezi
10 ng mlI™ - 0,2 mg ml™. Literatura se viak také zmifiuje
o stanoveni laktoferinu vysoce t¢innou kapalinovou chro-
matografii s detektorem diodového pole (DAD) s limitem
detekce 4,5 pg ml™' (cit.**). Vzhledem k vhodnosti metod
kapilarni elektroforézy pro stanoveni proteint® byl lakto-
ferin studovan i &ipovou gelovou elektroforézou™. Pro
detekci laktoferinu jsou vzhledem k snadné moznosti mini-
aturizace detekéniho zatizeni”’ do budoucna pouzitelné
i amperometrické metody (limit detekce (LOD) 35 nM)*.
Jako dalsi elektrochemické metody vhodné pro stanoveni
proteinti Ize uvést Brdi¢kovu reakci®’ nebo chronopotenci-
ometrickou rozpoustéci analyzu, kde je mozné pro protei-
ny}()é}i1 enzymy dosdhnout vyrazn€ nizkych limith detek-
ce .

V této praci byla provedena separace proteinu laktofe-
rinu z lidskych slin za vyuziti iontové vyménné kapalinové
chromatografie s monolitickou kolonou a nésledné¢ byla
optimalizovana metoda offline fotometrického stanoveni,
kde byly porovnany parametry metody stanoveni s bézn¢
pouzivanymi metodami barveni proteinli pomoci biureto-
vého ¢inidla, pyrogalové &ervené a Bradfordova &inidla™.
Nejvhodnéjsi metoda byla vyuzita pro off-line stanoveni

Obr. 1. 3D struktura lidského laktoferinu obsahujiciho dva
jonty Fe? vazané vkaidé zjeho dvou domén
(zdroj:www.expasy.org)
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laktoferinu v lidskych slindch po pfeciSténi kapalinovou
chromatografii.

Experimentalni ¢ast
Chemikalie

Laktoferin a ostatni chemikalie (Trizma base, HCI,
NaCl, Etanol, H;PO,4, ACS voda, Coomasie brilliant blue)
byly zakoupeny od firmy Sigma-Aldrich (St. Louis, USA).
Destilovana voda byla pfipravena v laboratofi na zatizeni
AquaOsmotic 02 (AquaOsmotic, Tisnov, Ceské republika)
a nasledn€ preciSténa na zafizeni Millipore RG
(MilliporeCorp., USA, 18 MQ) na deionizovanou (MiliQ)
vodu.

Odbér a ptiprava vzork

K experimentu bylo vybrano 9 zdravych osob ve véku
23-28 let (7 Zen a 2 muzi) a 1 osoba trpici celiakii (vzorek
¢. 10, Zena). Vzorky slin byly odebirdany do odbé&rovych
zkumavek Salivette (Sarstedt, Némecko). Prilozena bunici-
na byla zvykana po dobu 2 min. Nésledovala centrifugace
vzorkl v Salivette zkumavce pii 3000 rpm po dobu 5 min
(Universal 320, Hettich Zentrifugen, Némecko). Odebrany
vzorek byl nafedén 1:1 s 25 mM Tris-HCI pufrem (pH 7)
a prefiltrovan ptres mikrofiltr (microStar 0,45 um CA,
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Costar Cambridge). Takto ptipraveny vzorek byl analyzo-
van iontové vyménnou kapalinovou chromatografii s UV
detekci a separované frakce byly off-line fotometricky
analyzovany automatickym spektrofotometrem.

Tontové-vymeénné kapalinova chromatografie s UV
detekei

Systém kapalinového chromatografu Biologic Duo-
Flow (Biorad, USA) byl slozen ze dvou chromatografic-
kych pump pro dopravu elu¢nich pufrti, monolitické kolo-
ny s jednim CIM diskem, ktery byl modifikovan -SO5;"
funk¢nimi skupinami (Bia Separations, Slovinsko), davko-
vaciho ventilu s 2pul davkovaci smyckou, UV-VIS detekto-
ru a automatického sbérace frakci (obr. 2A). Kapalina byla
na CIM kolonu dopravovana dvéma pumpami za pomoci
vysokotlakého gradientu. Vystup z kolony byl napojen na
UV detektor, ktery slouzil pro upravu nastaveni sbéru frak-
ci. Jako mobilni faze I (MFI) byl pouzit 25 mM Tris-HCI
pufr o pH 7, mobilni faze II (MFII) byla tvofena 2M NaCl
v MFI. Pritok mobilni faze byl 4 ml min™'. Laktoferin byl
eluovan linearné se zvysujicim gradientem NaCl: 0-6 ml
(0 % II), 6 — 12 ml (100 % II), 12—16 ml (100 % II),
16—17 ml, (0 % II), 17 — 21 ml (0 % II) (obr. 2B). De-
tektor byl nastaven na 280 nm (maximum pii absorpci
aromatickych aminokyselin). Frakce laktoferinu o objemu
1 ml byla sbirdna v elu¢nim objemu 10,62-11,62 ml auto-
matickym sbéracem frakci (Biorad, USA).

A Mobilni faze PC
B I
) : Software: .
S BioLogic DuoFlow :
5 i
=l I
S R i ol S e e S st A !
2 4 6 8 101214 1516 18 20 / Z N \I
Objem (ml) [ ! I:
| 1
I 1
uv
O D detektor
II ) ) Monoliticka
Nastrikovy ventil kolona
Chromatografické Sbéra¢ frakci
pumpy
Odpad

Obr. 2. (A) Schéma iontové vyménné kapalinova chromatografie vyuZivajici monolitickou CIM kolonu s UV detektorem a sbéra-
¢em frakci. Kapalina byla na CIM kolonu dopravovana dvéma pumpami za pomoci vysokotlakého gradientu. Vystup z kolony byl napo-
jen na Ctyrkanalovy UV detektor, ktery slouzil pro Gpravu nastaveni sbéru frakci. Jako mobilni faze I byl pouzit 25mM Tris-HCI (pH 7),
mobilni faze II se sklddala z 2M NaCl v mobilni fzi A. Priitok mobilni fize &inil 4 ml min' a detekce probihala p¥i 280 nm. (B) Znéazor-
néni ¢asového pribéhu gradientu — koncentrace mobilni faze B v zavislosti na objemu
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Polyakrylamidova gelova elektroforéza

Vyseparované frakce laktoferinu byly analyzovany
polyakrylamidovou gelovou elektroforézou v pritomnosti
dodecylsulfatu sodného (SDS-PAGE). Pro studium lakto-
ferinu byl pouzit 7,5% separacni gel a koncentrace zaost-
fovaciho gelu byla 5 %. SDS-PAGE probihala na aparatu-
te Maxigel od firmy Biometra (Némecko). Separace probi-
hala pfi napéti 150 V, dokud ¢elo proteinti nedosahlo dol-
niho konce gelu (~ 1 h). Béhem separace byl gel chlazen
vodou. SDS-PAGE a detekce proteint stiibrem byly pro-
vedeny podle klasickych protokold®®. Gel byl inkubovan
1 hodinu v roztoku 1 (1,14 % kyseliny octové, 6,4 % me-
thanolu, 0,1 % formaldehydu) s naslednym proplachnutim
3x15 min v roztoku 2 (methanol s MiliQ vodou v poméru
1:1). Poté byl opét inkubovan 1 min v roztoku 3 (0,02 %
thiosiranu sodného) a proplachnut 2x20 min destilovanou
vodou. Nasledovala dalsi inkubace 20 min v roztoku 4
(0,02 % AgNOs, 0,076 % formaldehydu) a proplachnuti
20 min destilovanou vodou. Na zavér byl gel inkubovan
v roztoku 5 (6 % N32CO3, 0,0004 % Na28203, 0,05 %
formaldehydu) a byl pozorovan vznik zbarveni. Po ziskani
optimalniho zabarveni (~ 3 min) byl gel ihned proplachnut
2x2 min destilovanou vodou. Pro zafixovani byl hotovy
gel inkubovan v roztoku 6 (6,4 % methanolu a 1,14 %
kyseliny octové).

Off-line fotometrick4 analyza

Pro spektrofotometrické analyzy byl pouzit automa-
ticky spektrofotometr BS-200 (Mindray, Cina), ktery se
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sklada z kyvetového prostoru (temperovaného na 37+0,1 °©
C), reagencniho prostoru s karuselem pro reagencie a pii-
pravu vzorkii (temperované¢ho na 4+1 °C) a optického
detektoru®. Zdrojem svétla byla halogeno-wolframova
zarovka. Prenos vzorkl a reagenci zabezpecovalo robotic-
ké rameno s davkovaci jehlou (chyba davkovani do 1 %
objemu). Kontaminace byla minimalizovana diky propla-
chovani jak davkovaci jehly, tak michadla MilliQ vodou.
Ke stanoveni laktoferinu pyrogalovou cerveni bylo
ke 200 pl ¢inidla (50 mM sukcinova kyselina, 3,47 mM
benzoat sodny, 0,06 mM molybdenat sodny, 1,05 mM
oxalat sodny a 0,07 mM pyrogalovéa ervei)” >’ (Skalab-
kit, Svitavy Ceska republika) piidano 4 ul vzorku.
U metody dle Bradfordové®™ ™ bylo k 190 pl &inidla
(0,01 % Coomassie Brilliant Blue G-250, 4,7 % ethanol,
8,5 % kyselina fosforecna v destilované vod¢) pridano
10 pl vzorku®'. Detekce u obou metod probihala pfi
578 nm a doba reakce byla 10 min. Pro stanoveni proteint
biuretovym cinidlem bylo do kyvety napipetovano 150 pl
biuretového ¢inidla (100 mM vinan sodno-draselny,
100 mM NaOH, 15 mM KI, 6 mM CuSOQ,) a nésledné 3 pl
vzorku. Po 10 min inkubace pfi 37 °C byla zméfena absor-
bance pfi vinové délce 546 nm. Obsah kyvet po nadavko-
vani vzorku byl ihned promichén automatickym micha-
dlem a analyzovan. Typické zaznamy v podobé kinetic-
kych ktivek ziskanych z automatického fotometru BS-200
znazornujici ¢asové zavislé méfeni absorbance rtznych
koncentraci laktoferinu jsou uvedeny na obr. 3. Absorban-
ce byla odecitana v casel8 sekund, kde byla zaznamenana
maximalni absorbance pro vSechny body kalibrace.

= 1400
<
2 koncentrace
< Laktoferinu
1200 - (ug.ml )
...... 1000
1000
=500
300 | - - 250
600 - ° —_— 625
—31.25
400 -
——- 150625
200 - — 78125
0 — T T T T T T T T — T T T T T T
14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
Cas,s

Obr. 3. Kinetické kiivky ziskané z automatického fotometru BS-200 znazoriujici ¢asové zavislé méfeni riznych koncentraci lak-
toferinu metodou dle Bradfordové. Na obrazku je znazorn&na osmibodova kalibra¢ni kiivka v rozmezi 7,81 az 1000 pg ml™'
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Vysledky a diskuse

Pro separaci laktoferinu jsme vyuZzili kapalinovy
chromatograf, ke kterému byla ptipojena monoliticka ko-
lona. Tato kolona je diky své konstrukci Setrnd ke struktu-
fe proteinu, nebot’ 1ze separaci provadét pii vysokém pru-
toku a pfitom pii velmi nizkém tlaku, aniz by doslo
k poskozeni struktury proteinu®®**. Strukturni zm&ny pro-
teinll v zavislosti na tlaku v kolon¢ byly jiz v minulosti
studovany® . Pro separaci byl vyuzit postup, jehoz para-
metry byly optimalizovany v praci®, pfiemz byla prove-
dena optimalizace postupu pro izolaci laktoferinu ze slin,
kdy jsme pozornost zaméfili na rychlost pritoku mobilni
faze a koncentrace soli obsaZzenych v elu¢nim pufru, a dale
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jsme se zaméfili na vybér nejvhodnéjsi fotometrické detek-
ce.

Off-line fotometricka detekce

Nejprve jsme se zaméfili na vybér vhodné off-line
fotometrické detekce pomoci riznych typt barveni. Pro
fotometrické stanoveni koncentrace laktoferinu
z izolovanych frakci byly vybrany tifi metody, které se
pouzivaji ke stanoveni proteind, a to metoda s pyrogalovou
Cerveni , metoda dle Bradfordove®* a metoda
s biuretovym ¢inidlem™®. Ke zjiténi limitu detekce (3*S/N)*
metod byla prométena 15 bodova kalibracni zavislost lak-
toferinu v roztoku 2M NaCl v koncentra¢nim rozmezi od 1
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Obr. 4. Graf zavislosti absorbance na koncentraci laktoferinu v ziskanych frakcich pomoci iontové-vyménné kapalinové chroma-
tografie analyzovanych v off-line provedeni pomoci (A) pyrogalové ¢ervené, (B) biuretového ¢inidla a (C) metody dle Bradfordové
v koncentraénim rozmezi 0,061-1000 ug mI™. (D) Linearni &ast kalibraéni kiivky laktoferinu detegovaného metodou dle Bradfor-

dové od 0,2 do 62,5 pg ml™*
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Tabulka I
Fotometrické stanoveni proteint
Metoda Rovnice regrese Linearni dynamicky rozsah R? LOD? LOQ" RSDf
[ug ml "] [wgml™] [ugml™]  [%]
Pyrogalova Cerven y =0,0650x + 3,81 16-1000 0,990 1 3 6
Biuretovo ¢inidlo y =0,928x + 208 62,5-1000 0,999 10 30 5
dle Bradfordové y=2,03x + 8,46 0,1-62,5 0,992 0,01 0,03 4

? Limit detekce, ° limit kvantifikace, © relativni smérodatna odchylka

do 1000 pg ml™". V ptipadé metody vyuZivajici pyrogalo-
vou &erveir (obr. 4A) byla linearita R* = 0,9899
v koncentraénim rozmezi 15-1000 pg ml™'s limitem de-
tekce 1 ug ml' (RSD = 6 %, n = 3, tab. I). Linearita kalib-
raéni kfivky biuretové metody (obr. 4B) byla R*= 0,999
v koncentra¢nim rozmezi 62,5-1000 pug ml ™" . Limit detek-
ce 3S/N ¢&inil 10 ug mI™" (RSD =5 %, n = 3, tab. I). Kalib-
race laktoferinu metodou dle Bradfordové (obr. 4C a D)
vykazovala linearitu R? = 0,9916 v koncentraténim rozmezi

1 do 62,5 pg ml™". Limit detekce této metody (3 S/N byl
0,01 pg ml™' (RSD =4 %, n =3, tab. I).

Z téchto vysledkd jasné vyplyva, ze pro stanoveni
laktoferinu je nejvhodnéjsi z pohledu limitu detekce meto-
da dle Bradfordové. Vzhledem k tomu, ze v publikova-
nych studiich byly naméfené koncentrace laktoferinu
ve slinach v rozmezi 10,54 pg ml™ (cit.*®) az 47 pg ml™
(cit.®), byla pro off-line detekci zvolena fotometricka me-
toda dle Bradfordové. Pro ovéfeni detekce i v off-line pro-

)
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< 75 / (200 pg.ml)

50 RS

JN Vzorek
55 S 3 (adravy dovek)
S
| T T
2 3 4
Retencni ¢as, min
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= 125 B
£ 1004 ,
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50+ I,‘"\\ Vzorek
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N e
T T \
2 3 4
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Obr. 5. (A) Chromatograficky zaznam vzorku slin zdravého ¢lovéka a standardu laktoferinu (200 ug mI™). (B) Chromatograficky
zaznam vzorku slin pacienta trpiciho celiakii v proloZeni se standardem laktoferinu (200 pug m1™)
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vedeni byla 15 bodova kalibra¢ni z4vislost pfipravena také
v pufru, ktery je soucasti mobilni faze A pro separaci lak-
toferinu, a kterym jsou sliny fedény. Tato kalibrac¢ni fada
laktoferinu byla analyzovana iontové vyménnou kapalino-
vou chromatografii s naslednou fotometrickou detekci
izolovanych frakci metodou dle Bradfordové. Zjisténé
hodnoty absorbance byly pfi porovnani stejné jako u kalib-
race laktoferinu pfipraveného v prostiedi eluentu, tedy
mobilni faze B. V porovnani s ostatnimi autory (Adam
a spol.*? 100 pug mI™", Yoshise a spol.”® 100 pg ml™", Sykes
a spol.?' 200 ug ml'a Drackova a spol.** 4,5 pg ml™)
vykazuje nami optimalizovana metoda niz$i limity detekce.

Analyza redlnych vzork

Navratnost

Sliny jsou komplexem mnoha latek, které spolu mo-
hou interferovat a tim zkreslovat ziskané vysledky. Byla
tedy studovana navratnost stanoveni laktoferinu metodou
standardniho piidavku o koncentraci 50 ug ml™', kde ana-
lyza  probihala  dle  optimalizované  metodiky.
Z naméfenych hodnot byla vypocitana primérnd navrat-
nost 53+5 % (n=3). Pomoci provedeni gelové elektroforé-
zy metodou SDS-PAGE**" byla potvrzeno, Ze izolovana
frakce obsahovala pouze protein o molekulové hmotnosti
80 kDa, ktera odpovida laktoferinu.

Analyza redlnych vzorkii slin

Pted izolaci laktoferinu iontové-vyménnou kapalino-
vou chromatografii byly pfipravené vzorky slin podrobeny
fotometrické analyze metodou dle Bradfordové pro urceni
celkové koncentrace proteinii. Namétené absorbance byly
pfepocitany pomoci nasledujici kalibra¢ni pfimky (y =

Tabulka II
Analyza vzork slin
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4,8658x + 7204,7) a zjisténa koncentrace se ve slinach
pohybovala v rozmezi 490 az 860 ug ml™'. Stanovené kon-
centrace koresponduji s literaturou, kterd udava celkové
mnoZstvi proteinii ve slinach od 720 do 2450 pg ml™
(cit.”™*?). Pro stanoveni laktoferinu ze slin byly vzorky
izolovany iontové vyménnou kapalinovou chromatografii.
Optimalizované podminky separace byly: priitok mobilni
faze 4 ml min' a koncentrace NaCl v mobilni fazi B pro
vysoleni proteinu z kolony 2 M. V elu¢nim objemu 5,26—
6,26 ml byla sbirana frakce o objemu 1 ml. Chromatogra-
my laktoferinu ze vzorku slin pacienta a zdravého ¢lovéka
jsou uvedeny na obr. 5A a 5B. Odebrané frakce obsahujici
laktoferin byly nasledn¢ off-line fotometricky analyzovany
metodou dle Bradfordové. Koncentrace laktoferinu se
u studovanych zdravych lidi (muzi a Zeny ve véku 18 az
23 let) po prepoctu na celkovy obsah proteini (hodnoty
jsou uvedené jako pg laktoferinu na mg celkovych protei-
nit) pohybovala v rozmezi 3242 az 10043 pg mg ' s pri-
mémym obsahem laktoferinu ve slinach 42+4 pg mg
(n=3). V ostatnich publikovanych studiich byly zjistény
koncentrace laktoferinu ve slinach v rozmezi 10,54 pg ml™
(cit.*®) az 47 pg ml™ (cit.*), coz odpovida nasim vysled-
ktm, které byly v rozmezi 20-35 pg ml ™! (tab. II). U oso-
by trpici celiakii (vzorek ¢. 10) byla zjisténa 2,5% vyssi
hladina laktoferinu nez u primérnych hodnot u zdravych
jedinct (tab. IT). Vyssi hladinu laktoferinu u celiakt dokla-
daji i dalsi studie®™*, kde byla zjisténa vy3si koncentrace
laktoferinu ve stfevni mukéze. U kontrol byl test na lakto-
ferin negativni. Vzhledem k tomu, Ze se u jedinct trpici
touto chorobou po styku nebo pozieni lepku vytvati imu-
nitni reakce s naslednou tvorbou zanétu stievni sliznice,
muze tento patologicky stav vést ke zvySené koncentraci
laktoferinu v organismu™.

Vzorek ? ¢ (proteiny) ° ¢ (laktoferin) ¢ (laktoferin/celkové proteiny) °
[pg ml'] [pg ml'] [ng/mg proteini]
1 490 +30 80 +7 230+ 20
2 700 £50 70 +£6 130+ 10
3 630 £70 70 +£6 240 £+ 20
4 560 +40 60 £5 170+ 10
5 690 £50 3042 190 £+ 20
6 680 £50 50 +4 150+ 10
7 790 £60 60 £5 150+ 10
8 600 40 70 £6 230+ 20
9 860 £60 60 +5 130+ 10
10 500 £40 110 £10 420 + 30

* Vzorky ¢. 1-9 byly odebrany (n = 3) od zdravych osob ve véku 23-28 let, vzorek 10 pochazi od Zeny (28) trpici celiakii,
®celkové koncentrace proteint byla stanovena pomoci fotometrické metody dle Bradfordové, © koncentrace laktoferinu se
pohybovala v rozmezi 13010 az 240+20 pg mg ' s pramérnym obsahem laktoferinu ve slindch 170£10 ug mg ' (n=3)
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Zavér

Metoda iontové vyménné kapalinové chromatografie
s vyuzitim monolitické kolony a nasledna off-line fotome-
trickd detekce izolovanych frakci s vyuzitim metody dle
Bradfordové je velmi vhodnym a robustnim postupem pro
stanoveni laktoferinu v lidskych slinach. Kontrola izolova-
ného laktoferinu byla s pozitivnim vysledkem provedena
pomoci SDS-PAGE. Optimalizovanou metodou byla sta-
novena koncentrace laktoferinu u deseti zdravych subjek-
ti. Praimérny obsah laktoferinu ve slinach zdravych osob
byl 4244 pg mg ™, u osoby trpici celiakii byla tato hodnota
2,5x vyssi. Vysledky této prace ukazuji, Ze spojenim sepa-
racni techniky vyuZzivajici monolitickou kolonu a klasické
fotometrické metody dle Bradfordové implementované do
automatického analyzatoru je tento postup snadno plné
automatizovatelny a vhodny pro tyto typy studia.

Tato prace byla financovina z projektu CEITEC
CZ.1.05/1.1.00/02.0068.
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S. Skali¢kova®, O. Zitka’, S. Kr¥izkova®,
M. Vikova', J. Sochor®’, V. Adam™", and R. Kizek™"
(“ Department of Chemistry and Biochemistry, Faculty of
Agronomy, Mendel University, Brno, * Central European
Institute of Technology, University of Technology, Brno,
“Department of Clinical Immunology and Allergology,
University Hospital, Brno): Isolation and Determination
of Lactoferrin in Human Saliva

Lactoferrin, a globular glycoprotein, is an important
component of saliva. It shows an antibacterial, anticancer-
ogenic and anti-inflammatory activity. The aim of this
study was to develop a method of isolation of lactoferrin
from human saliva using ion exchange chromatography in
a monolithic column and spectrometric detection with
Pyrogallol Red by the Bradford and biuret methods. The
calibration curve for lactoferrin was linear in the range
0.06-62.5 pg ml™', limit of detection 0.01 ug ml™'. The
lactoferin concentration in saliva of healthy subjects was
42+4 pg mg'. Patient with celiac disease showed 2.5x
times higher concentration of lactoferrin compared with
healthy subjects.
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Microfluidic tool coupled with electrochemical assay for detection of lactoferrin
isolated by antibody-modified paramagnetic beads

Zitka, O., Krizkova, S., Skalickova, S., Dospivova, D., Adam, V. and Kizek, R.
Electrophoresis, 2013, 0173-0835, 2120-2128

Podil autora Skalickova S.: 50 % textové Casti prace a 50 % experimentadlni prace

Laktoferin se nachdzi v dilezitych télnich sekretech jako je matetské mi¢ko, sliny, pot
aj. Diky jeho schopnosti vazat ionty kovi, se uplatiiuje Vudrzovani jejich homeostazy v
organismu a pfispiva k Cinnosti imunitniho  systému  svymi  antibakterialnimi,
antivirovymi  a antifingicidnimi  u¢inky. Pro detekci a stanoveni laktoferinu byla
optimalizovana tada metod, znichz se nejcastéji vyuziva kapalinovd chromatografie.
Dalsi vhodné techniky jsou imunochemické metody, kapilarni -elektroforéza ¢i
elektrochemické metody.

Paramagnetick¢é  Céastice jsou dnes Casto vywidvané médiuum pro izolaci a
zakoncentrovani cilovych analyti diky moznosti jejich konjugace s protilatkami proti
stanovované latce. Timto se snizuje Cas piipravy vzorkil, zvySuje se reprodukovatelnost
a senztivita analyzy. Mimo jin¢ paramagnetické Céstice predstavuji analyticky potencial
v biosenzorech.

V této studii jsme vyvinuli imunosenzor pro detekci laktoferinu z biologickych vzorkl
pomoci roboticky ovlddané piipravy paramagnetickych Castic  modifikovanych
protilatkami proti laktoferinu pomoci automatické pipetovaci stanice. V postupu jsme
optimalizovali nasledujici kroky: navdzani protemu G na paramagnetické Castice, na
které byly pfipojeny koz protilatky proti LF (10 pg). Laktoferin byl nasledné¢ piidan do
mikrotitracni  desticky, kterd byla pokryta kozimi protilditkami proti laktoferinu.
Laktoferm byl ve vzniklém komplexu detekovan pomoci kienové peroxiddzy, ktera
redukuje  3,3',5,5'-Tetramethylbenzidine (TMB). Vysledny produkt byl detekovan
spektrofotometricky s limitem detekce 5 ng/ml (3 S/N) a také pomoci injek¢ni analyzy
v zastaveném prutoku (SFIA) s amperometrickou detekci. Limit detekce metody byl
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stanoven na 0,1 pg/ml Vysledky obou analyz byly mezi sebou porovndny pomoci
korelaéni analjzy a vypoéitany korelaéni koeficient R* = 0,95 znadi, Ze vysledky jsou
Vv dobré¢ shodé. Vyhodou nami navrzené metody je moznost jeji plné automatizace a
propojeni spektrofotometrické a elektrochemické detekce. Navic, dynamicky rozsah pro

SFIA je lepsi nez u bézn¢ vyuzivané enzymem znacené imunoanalyzy.
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1 Introduction

Electrophoresis 2013, 34, 2120-2128
Research Article

Microfluidic tool coupled with
electrochemical assay for detection of
lactoferrin isolated by antibody-modified
paramagnetic beads

Lactoferrin (LF) is approximately 80 kDa iron-binding protein, which is important part of
saliva and other body fluids. Due to its ability to bind metal ions, it has many biologically
important functions. In this study, a method for the isolation of LF from a biological
sample using robotically prepared antibody-modified paramagnetic particles was devel-
oped using robotic pipetting station. The method consisted of the following optimised
steps. Protein G was bound on the paramagnetic particles, on which goat antibody (10 pg)
was linked. LF was subsequently added to microtitration plate, which had affinity to goat
antibody and the interaction lasted for 30 min. We found that the highest signals were
obtained using the combination of goat antibody 1:3000, murine antibody 1:5000 and
conjugate 1:1500. Horseradish peroxidase reducing 3,3',5,5 -tetramethylbenzidine (TMB)
was linked to the merged complex. The resulted product of this reaction was subsequently
analysed spectrometrically with detection limit (3 S/N) as 5 ng/mL. In addition, we also de-
termined TMB by stopped flow injection analysis with electrochemical detection. The limit
of detection (3 S/N) was estimated as 0.1 pg/mL. To compare spectrometric and electro-
chemical approach for detection of TMB, calibration range of bead-LF-antibodies complex
was prepared and was determined using a least-squares correlation with coefficient R?
higher than 0.95, indicating a very good agreement of the results obtained.

Keywords:

Electrochemistry / ELISA / Lactoferrin / Magnetic particles / Stopped flow
injection analysis DOI 10.1002/elps.201200631

which have the ability to bind metal ions, mostly Fe*" or Fe**,
but also Cu?*, Zn** and Mn?* [3, 4], which are required for

Saliva is the product of the salivary gland secretory cells con-
taining glycoproteins, proteins, enzymes, hormones and min-
erals [1]. Saliva composition varies depending on the current
physiological state of an organism and processes controlled
by autonomic nervous system on the basis of the conditioned
and unconditioned reflexes [1]. Saliva involves in the transfer
of flavour to the taste buds, moisturizes the mouth, facilitates
dilution and swallowing food, breaks down carbohydrates and
fats into simpler compounds and exhibits antimicrobial, an-
tiseptic and protective effects [2]. Lactoferrin (LF), protein
contained in saliva, is one of the components of innate im-
munity due to its antimicrobial, anti-inflammatory effects
that result from its structure. It consists from two domains,

Correspondence: Dr. Rene Kizek, Department of Chemistry
and Biochemistry, Mendel University in Brno, Zemedelska 1,
CZ-613 00 Brno, Czech Republic

E-mail: kizek@sci.muni.cz
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Abbreviations: CV, cyclic voltammetry; FPLC, fast protein LC;
HRP, horseradish peroxidase; LF, lactoferrin; SFIA, stopped
flow injection analysis; TMB, 3,3',5,5'-tetramethylbenzidine

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

bacteria growth [5]. The occurrence of this glycoprotein was
observed in several mucosal secretions as breast milk, tears,
blood, saliva, sweat, semen or vaginal discharge [3]. In addi-
tion, the enhanced level of LF in the blood is associated with
inflammatory processes in the body [6].

ELISA [7-9], RIA [10, 11] or luminescence-based
immunoanalysis [12] are commonly used for determination
of LF. This protein can be also determined using other meth-
ods like CE [13] and/or flow injection analysis with elec-
trochemical detection [14]. Biosensors with detection limits
down to hundreds of pg/mL are suitable for determination of
LF in urine samples, where LF is present in very small con-
centrations [15]. In addition to determination assays, affinity
CE was used to investigate the binding of heparin to LF [16].

Nano- and microparticles are increasingly used in im-
munoassays both for molecules labelling as gold nanopar-
ticles used for CA15-3 antigen determination [17] and for
immobilization of target compounds including antibodies
[18]. Besides particles without magnetic properties, advan-
tages of paramagnetic particles using are simple separation

Colour Online: See the article online to view Figs. 1-4 in colour.
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of immunocomplexes and reactants, relatively large surface
area for molecules immobilization, implementation to mi-
crodetection systems and therefore possibility to use smaller
amounts of sample, to reduce reaction times and to en-
hance selectivity and reproducibility [19]. Combination of
electrokinetic pumping and manipulation in a microflu-
idic device employing magnetic particles as a solid sup-
port was described for detection of rabbit IgG as model
protein [20].

In this study, a method for the isolation of LF from
a biological sample using antibody-modified paramagnetic
particles was developed. The whole process included several
steps, which have been optimised. The effectiveness of each
step was monitored using spectrophotometric and electro-
chemical techniques. We also suggested a procedure for the
automated preparation of the initial magnetic particle conju-
gates with antibody. After the isolation of LF by the optimised
procedure, concentration of the protein of interest was deter-
mined using previously published flow injection analysis with
electrochemical detection [21].

2 Materials and methods
2.1 Chemicals and pH measurement

3,3,5,5-Tetramethylbenzidine (TMB), Na,CO;, NaHCOs,
BSA, human IgG, NaCl, Na,PO, and NaHPO, were pur-
chased from Sigma Aldrich (St. Louis, USA). HPLC-grade
methanol (>99.9%; v/v) was from Merck (Dortmund, Ger-
many). Other chemicals were purchased from Sigma Aldrich
in ACS purity unless noted otherwise. Stock standard so-
lutions of LF (1 mg/mlL) were prepared with ACS wa-
ter (Sigma-Aldrich) and stored in dark at —20°C. The
pH value was measured using WTW inoLab Level 3
with terminal Level 3 (Weilheim, Germany), controlled
by software MultiLab Pilot (Weilheim). The pH electrode
(SenTix H, pH 0-14/0-100°C/3 mol/L KCl) was regularly
calibrated by set of WIW buffers (Weilheim). Polyclonal
goat anti-LF, monoclonal murine anti-LF antibodies and
chicken-HRP conjugate were purchased from SantaCruz
Biotechnology (USA). Polyclonal rabbit anti-mouse conju-
gate with alkaline phosphatase (AP-conjugated rabbit anti-
mouse IgG) was purchased from Dako (Denmark). Magnetic
microparticles Dynabeads Protein G were from Invitrogen
(Norway). Plastic (tips, DWP plates) used was low retention
and low protein binding and was purchased from Eppendorf
(Germany).

2.2 lIsolation of LF by fast protein LC

LF from human saliva was isolated using fast protein LC
(FPLC) protocol by Zitka et al. [22]. The saliva was ob-
tained from healthy man (age 26 years) using Salivette tubes
(Sarstedt, Germany). The obtained fractions of LF were dia-
lyzed on cellulose ester membranes 0.1-1 kDa (Float-A-Lyzer

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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G2, Spectra Pro, USA) 24 h, 4°C and lyophilised (Christ Alpha
1-2) 24 h under 171 mBar and —50°C. Lyophilised LF was
dissolved in ACS water to concentration 1 mg/mL and filtered
using cut-off filter (Amicon Ultra-2, Ultracel-30 Membrane,
30 kDa, Millipore, Ireland). The concentration of LF standard
was measured spectrometrically.

2.3 ELISA

Dilution of the coating, primary and secondary antibodies
for LF immunodetection was tested by ELISA. Microtitra-
tion plate was coated with 100 wL per well of polyclonal goat
anti-LF antibody (SantaCruz Biotechnology) diluted 1:5000
or 1:3000 in 0.05 M carbonate buffer (0.032 M Na,CO; and
0.068 M NaHCO;, pH 9.6) at 4°C for 16 h. After coating
the free surface of the wells was blocked with 150 pL per
well of 1% BSA w/v in PBS (137 mM NaCl, 2.7 mM KCl,
1.4 mM NaH,PO,, and 4.3 mM Na,HPO,, pH 7.4) for 30 min
at 37°C, then the wells were washed 5 x with 350 pL of 0.05%
v/v PBS-T (Hydroflex, TECAN, USA). Then, 100 pL of the
sample of LF standard was added and the microplate was in-
cubated at 37°C for 1 h. After washing with PBS-T, 100 pL
of monoclonal murine anti-LF antibody (SantaCruz Biotech-
nology) in dilution 1:5000 or 1:10 000 in PBS was added and
the plate was incubated for 60 min at 37°C. After washing
with PBS-T, 100 pL of chicken anti-mouse-HRP conjugate
(SantaCruz Biotechnology) in dilution of 1:1500 or 1:2000
was added and the plate was incubated for 60 min at 37°C.
After incubation and washing 100 pL of 0.001% w/v TMB
in 0.2 M sodium acetate adjusted to pH 5.8 with citric acid
with 0.037% v/v of H,0, was added. After 30 min, the reac-
tion was stopped with 50 pL of H,SO, and after additional
5 min the absorbance was read at 450 nm (Infinite M200 Pro,
Tecan, USA).

2.4 Immobilization of antibodies to the
paramagnetic beads

The procedure of antibodies preparation and immobilization
to the beads was adopted from suppliers manual (Invitro-
gen). The magnetic beads with protein G (DB-G) (25 L)
were washed twice in the 100 wL of PBS buffer. Goat anti-
body against LF (10 g in 100 wL of PBS) was added to DB-G
and the Ab-DB-G complex was incubated for 30 min at room
temperature in a multi-spin MSC-3000 centrifuge (Biosan,
Latvia) to avoid beads sedimentation. During this incubation
the antibody was bound to the Dynabeads via its Fc region.
After that, tubes were placed on a Dynal Magnetic Particle
Concentrator (Invitrogen), thus, the beads migrated to the
side of the tube facing the magnet and allowed for easy re-
moval of the supernatant. Unbound antibody was removed
and the samples were washed with 100 pL of PBS and the
beads were blocked with 0.1 mg/mL of nonspecific human
IgG for 30 min in a multi-spin centrifuge. After the washing
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the beads were resuspended in 100 pL of PBS with 0.01%
Tween-20 and stored for further usage at 4°C.

2.5 Dot-immunobinding assay and SDS-PAGE

Dot-immunobinding assay was used to verify the antibodies
binding to LF standards. Two microlitre of the sample was
pipetted on a PVDF membrane (Bio-Rad, USA) and let to
dry. Then the membrane was blocked with 1% milk and in-
cubated with primary antibodies in dilution of 1:200 in PBS
overnight with rotation. Then, the membrane was three times
washed with PBS buffer containing 0.05% v/v Tween-20
(PBS-T) and incubated with secondary antibodies in dilution
of 1:500 in PBS for 1 h. After the three times washing with
PBS-T the membrane was incubated with a chromogenic sub-
strate for HRP (0.4 mg/mL 3-aminoethyl-9-carbazole in 0.5 M
acetate buffer with 0.1% H,0,, pH 5.5), after the adequate
development the reaction was stopped by rinsing with water,
dried and scanned.

SDS-PAGE was performed using a Mini Protean Tetra
apparatus with gel dimension of 8.3 x 7.3 cm (Bio-Rad). First
12.5% w/v running, then 5% w/v stacking gel was poured.
The gels were prepared from 30% w/v acrylamide stock so-
lution with 1% w/v bisacrylamide. The polymerization of the
running or stacking gels was carried out at room temper-
ature for 45 or 30 min, respectively. Prior to analysis the
samples were mixed with non-reduction sample buffer in a
2:1 ratio. The samples were incubated at 93°C for 3 min, and
the sample was loaded onto a gel. For determination of the
molecular mass, the protein ladder ‘Precision plus protein
standards’ from Bio-Rad was used. The electrophoresis was
run at 150 V for 1 h at laboratory temperature (23°C) (Power
Basic, Bio-Rad, USA) in Tris-glycine buffer (0.025 M Trizma-
base, 0.19 M glycine and 3.5 mM SDS, pH 8.3). Then the gels
were stained with silver according to Krizkova et al. [23].

2.6 Robotic pipetting station

For automated samples handling prior to their electrochem-
ical analysis, an automated pipetting station Ep-Motion 5075
(Eppendorf) with computer controlling was used. Positions
C1 and C4 were thermostated (Epthermoadapter PCR96). The
samples can be placed in position B3 Ep 0.5/1.5/2 mL adaptor.
In B1 position Module Reservoir for washing solutions and
waste were placed. Tips were placed in positions A4 (ePtips
50), A3 (ePtips 300) and A2 (ePtips 1000). Transfer was en-
sured by a robotic arm with pipetting adaptors (TS50, TS300,
TS1000 — numeric labelling refers to maximal pipetting vol-
ume in microlitre) and a gripper for platforms transport
(TG-T). The program sequence was edited and the station
was controlled in pEditor 4.0. For samples preparation two
platforms were used: Thermorack for 24x 1.5-2 mL micro-
tubes (Position C3), which was used for storage of working
solutions, 96-well DPW plate with well volume of 1000 pL (Po-
sition C1), which was thermostated. After the immunosep-

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. (A) Scheme of SFIA system. (B) Scheme of the electro-
chemical flow cell (CHI cell).

aration and enzymatic reaction, the magnetic particles were
forced using Promega magnetic pad at position B4 (Promega,
USA) and the solutions were transferred to a new DPW plate,
in which HRP determination was performed.

2.7 Stopped flow injection analysis (SFIA)

For electrochemical detection of TMB, miniaturized mi-
crofluidic system for low volume coupled with automated
electrochemical detection was used [21]. The system is com-
posed from programmed syringe pump (Model eVol, SGE
Analytical Science Pty, Australia), three-way 2-position se-
lector valve (made from six-way valve) (Valco Instruments,
USA), dosing capillary, which is entered to the electro-
chemical flow cell (CH Instruments, USA) and a proto-
type of miniaturized micropotentiostat (910 PSTAT mini
(Metrohm, Switzerland)). The scheme of the instrument is
shown in Fig. 1A with detailed electrochemical flow cell
(Fig. 1B). Programmed syringe pump enables precise sample
injections (units of microlitre with error lower than 5%). To
prepare a fully automated system, switching valve enabling
switching between the off waste and sample flow was placed
into the system. Flow cell in volume of 500-1000 nL with
electrochemical detection (working electrode: glassy carbon
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Table 1. Comparison of immunoreactivity of available LF standards?

Standard Equation of regression 1:1500 R Equation of regression 1:2000 R

1 y=0.09-10"3x+47.54.10°3 0.70 y=1.14.10"3x417.70- 1073 0.73
2 ND ND y=01-10"3x+0.86-10"° 0.56
3 y=021-10"3x+4 1621073 0.88 y=031-10"3x+248-10°° 0.90
a) Goat antibodies 1:1500.

ND: not detected.

Table 2. Comparison of immunoreactivity of available LF standards?

Standard Equation of regression 1:1500 R Equation of regression 1:2000 R

1 y=033-10"3x+ 0981073 0.94 y=1027-10"3x—3.08- 103 0.79
2 ND ND y=023-10"3x—4.01-107° 0.43
3 y=248-10"3x—270-10"% 0.99 y=109-10"3x+498-10"° 0.96

a) Goat antibodies 1:3000.
ND: not detected.

electrode, auxiliary electrode: platinum, reference electrode:
Ag/AgCl 3 M KCl) was used for a measurement.

The sample (10 wL) was injected by automated syringe
(SGE Analytical Science, Australia) through flow cell in speed
of 1.66 wL/s. The flow cell was cleaned by rinsing with
200 pL ethanol in water (75% v/v), then with 200 wL of
100% methanol and stabilized with 200 pL of the support-
ing electrolyte. Cleaning was applied after 50 measurements.
The data obtained were processed by PSTAT software 1.0
(Metrohm). The experiments were carried out at 20°C.

2.8 Detection of TMB products

Supporting electrolyte for electrochemical detection of TMB
was 0.05 M carbonate buffer pH 9.6. Detection parameters of
cyclic voltammetry (CV) method were as follows: cyclic scan
from 0 to +1000 mV and back to 0 mV, scan rate 20 mV/s.
Analysis of calibration curve of TMB was carried out using
method of differential pulse voltammetry where parameters
were as follows: initial potential E 0.8 V, final potential —0.6
V, amplitude (V) = 0.05, pulse width (s) = 0.0167, pulse
period (s) = 0.2, deposition potential (V) = 0.2, deposition
time (s) = 30, sensitivity (A/V) 2.107>.

2.9 Descriptive statistics

Data were processed using Microsoft EXCEL® (USA) and
STATISTICA.CZ Version 8.0 (Czech Republic). Results are
expressed as mean & SD unless noted otherwise (EXCEL®).
The detection limits (3 S/N) were calculated according to Long
and Winefordner [24], whereas N was expressed as standard
deviation of noise determined in the signal domain unless
stated otherwise.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3 Results and discussion

3.1 ELISA - Testing of LF standards

Immunoreactivity of LF standards with murine and goat
anti-LF antibodies was tested by ELISA. Three LF standards
were used: LF isolated from human saliva using FPLC ac-
cording to protocol published by Adam et al. [25], com-
mercially available standards of LF from Biopole and from
Sigma-Aldrich, hereafter referred to as standard 1 (human),
2 (Biopole) and 3 (Sigma). LF concentration ranging from
2.5 to 40 ng/mL was prepared. Two dilutions of goat an-
tibodies (1:1500 and 1:3000), three dilutions of murine an-
tibodies (1:5000, 1:10000 and 1:15000) and two dilutions
of labelled antibodies (1:1500 and 1:2000) were tested. The
obtained equations and regression coefficients are shown
in Tables 1 and 2. It is apparent that the linearity of the
measured lines was strongly dependent on the amount of
antibody used for the covering of plate, on the amount
of labelled antibody and on the amount standard used.
The best linearity (R?> = 0.99) was obtained using standard
no. 3 using 1:3000 goat antibody, 1:5000 murine antibody and
1:1500 labelled antibody. In contrast, the addition of 1:1500
goat antibodies did not show good linearity of the calibra-
tion curve with R* = 0.70 using 1:500 labelled antibody, and
R’ = 0.73 using 1:2000 labelled antibody. The calibra-
tion curve obtained from the analysis of standard no. 2
did not show good linearity and, using 1:1500 labelled
antibody, calibration curve showed no trend. It is there-
fore obvious that the standard no. 2 does not bind
to antibodies and therefore cannot be used for fur-
ther analysis. Standard no. 3 shows good linearity us-
ing 1:500 goat antibody and 1:2000 labelled antibody with
R? =0.9. When applying 1:3000 goat antibody and 1:15 000 la-
belled antibody, the coefficient of determination of measured
dependence was R* = 0.94. The worse regression coefficient
in comparison with standard no. 1 can be associated with
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Figure 2. (A) Scheme of bead-LF-antibodies complex. Polyclonal goat antibodies against LF were immobilized onto paramagnetic particles
coated with protein G. After binding with LF, monoclonal murine antibody with rabbit conjugate containing HRP against LF was used for
detection of this protein. (B) Verifying the functionality of the antibodies and comparison of their immunoreactivity with the standards
of LF (standard 1 — Human, standard 3 - Sigma). Left: goat antibodies, right: murine antibodies. SDS-PAGE sample standard after
immunoextraction of LFE Lane 1: 500 ng of LF (standard no. 1) before immunoextraction. Lane 2: 500 ng of LF (standard no. 1) after
immunoextraction. Lane 3: 500 ng of LF (standard no. 3) before immunoextraction. Lane 4: 500 ng of LF 2 (standard no. 1) after
immunoextraction (top) and dot blot of LF standard (bottom). (C) Dependence of signal intensity on amount of coating goat antibodies;
10 pg corresponds to 1:3000 dilution (left), dependence of signal intensity on time of interaction (right). (D) LF signal (80 ng/mL, standard
no. 3) measured by using of various combinations of the antibodies and conjugate (goat antibody 1:3000, and conjugate 1:1500).
(E) Calibration curve of LF (standard no. 3) measured using various concentration of murine antibody 1:5000, 1:10 000 and 1:15 000.

the fact that standard no. 3 exhibits poor immunoreactivity
with used antibodies, probably due to preparation protocol or
impurities, which may interfere with the immunoreaction.
Based on the results obtained, LF standards nos. 1 and 3
were used in the following experiments.

3.2 Preparation of bead-LF-antibodies complex

In the following part of our study, the immunoseparation
of LF was based on magnetic beads modified by sandwich
ELISA. Scheme of bead-LF antibodies complex is shown in
Fig. 2A. Goat antibody was linked to paramagnetic particles
via protein G, subsequently LF was added and murine an-

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

72

tibody was bound in the following step. Formation of the
immunocomplex was determined with anti-mouse Igs HRP
conjugate and TMB. The absorbance of the reaction product
was measured at 450 nm.

Before optimising of formation of bead-LF-antibodies
complex, the applicability of antibodies for immunoextraction
of LF was verified by SDS-PAGE and dot-immunobinding as-
say. Immunoextraction of LF was designed that 10 pL of
beads modified by goat or murine antibody according to the
Chapter 2.3 was pipetted to 100 L of LF (125 wg/mL). Fur-
ther, samples were shaken for 60 min, then, the liquid was
pipetted away and used for SDS-PAGE analysis. For analy-
sis by SDS-PAGE, 500 ng of LF standards before and after
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immunoextraction was applied into the wells of a gel. In
both standards before immunoextraction, we detected a band
with an approximate molecular weight of 80 kDa, which cor-
responds to LF. After immunoextraction with goat antibod-
ies in standard samples nos. 1 and 3, we did not detect any
band after immunoextraction, which indicates that both stan-
dards of LF were bound to the antibodies immobilized onto
the paramagnetic beads (Fig. 2B, left). When using murine
antibodies, we detected weak band in standard no. 1 (Fig. 2B,
right). This means that the standard no. 1 bound to murine
antibodies on the paramagnetic particles only slightly and
remained in solution (Fig. 2B).

Using the dot-blot analysis, it was confirmed that both
types of antibodies were able to detect less than 200 ng LF
of standard no. 3. In standard no. 1, immunoreactivity was
demonstrated only with goat antibodies. Therefore, it can
be concluded that this standard was unusable for sandwich
type of analysis, which is consistent with results obtained by
ELISA (Table 1). It clearly follows from the results obtained
that standard no. 3 was used for the following experiments.

Subsequently, the concentration of goat antibodies cou-
pled to paramagnetic particles (1, 5 and 10 pg) was optimised.
Detection of antibodies was carried out spectrophotometri-
cally using chicken anti-goat Igs conjugated with HRP. It
clearly follows from the results shown in Fig. 2C that the
highest absorbance was detected using 10 wg. When optimis-
ing interaction time, the following ones were tested as 15, 30,
45 and 60 min. The most suitable time for an interaction of
antibodies with LF was 30 min. At higher interaction time,
the absorbance slightly decreased (Fig. 2C).

Considering the fact that we planned linking of other an-
tibodies, which also binds to the G protein, we had to block
free surface with nonspecific Igs. Blocking increased the de-
tected signal by 3%, which is negligible for our experimen-
tal purposes (not shown). The further step was to optimise
amount antibodies used for construction bead-LF-antibodies
complex. Comparison of signal of LF (80 ng/mL) determined
by various concentrations of antibodies, which were selected
based on the results obtained by ELISA (combination of goat
antibody 1:3000 or 1:5000; murine antibody 1:5000, 1:10 000
or 1:15 000; and conjugate 1:2000 or 1:1500), is shown Fig. 2D.
It clearly follows from the results obtained that the highest
signals were obtained using the combination of goat antibody
1:3000, murine antibody 1:5000 and conjugate 1:1500. It is
also evident that the concentration of murine antibody (the
first three columns) was the most critical for obtaining the
highest signal heights. Therefore, we aimed our attention at
the influence of murine antibodies dilution on LF signal. For
this purpose, goat antibody 1:3000 and conjugate 1:1500 was
used. There were tested again the following dilution 1:5000,
1:10000 and 1:15 000. The measured dependence of the sig-
nal height on LF concentration within the range from 10
to 100 ng/mL is shown in Fig. 2E. Regression coefficients
were greater than 0.97 using all dilutions. Using 1:15 000, the
signal was, however, very low. This suggests that the concen-
tration of murine antibody required for further signal ampli-
fication was not reached. Using dilution of 1:10 000 increased

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Microfluidics and Miniaturization 2125

Table 3. Analytical parameters of other related methods for
determination of LF

Method Linearity LOD Recovery RSD Reference
(%) (%)
ELISA? (ng/mL) 0.625-40 0.6 98 78  [8]
Immunosensor— 56-8000 24 100 54  [26]
amperometric
detection (wg/mL)
CE (pg/mL) 10-400 3 91 24 [29]
SFIA (p.g/mL) 0.78-100 0.4 93 31 -

a) Commercial kit (Abcam, Cambridge, United Kingdom).

regression coefficient to 0.99. Using 1:5000, we detected the
highest signal and the regression coefficient was greater than
0.99. Sensitivity expressed as slope of the curve enhanced
by 22x and/or 78x in the case of using of 1:10000 and/or
1:5000 dilution, respectively. We confirmed our results that
the highest signals were obtained using the combination of
goat antibody 1:3000, murine antibody 1:5000 and conjugate
1:1500. Detection limit (3 S/N) was estimated as 5 ng/mL.

3.3 SFIA analysis of TMB

Campanella et al. determined LF using amperometric im-
munosensor, which consisted of hydrogen peroxide elec-
trode coated with the immobilized antibodies against LF. This
method is less time consuming (time accumulation 1 h), but
the detection limit was estimated to 3 pg/mL [13,15,26,27].
Amperometric immunosensor was tested for diagnosis of
urinary tract infection by determination of LF level with de-
tection limit 145 pg/mL [28]. Short overview of the mostly
used methods for LF determination [8,26,29] and their com-
parison with the suggested method is shown in Table 3. To
our knowledge there have not been described microfluidic
bead-based immunosensor for LF determination. Therefore,
we attempted to apply the above-mentioned results for sug-
gestion of microfluidic bead-based immunosensor.

TMB is used as a substrate to generate detectable signal
in ELISA. The reaction between the TMB substrate and HRP
produces a measurable blue colour change that correlates
with analyte level. After adding stop solution (acid), yellow
complex is formed (Fig. 3A). TMB also exhibits electrochem-
ical activity and therefore can be measured by using electro-
chemistry, which is especially useful for miniaturization and
sensors [25, 30]. For electrochemical analysis of TMB, SFIA
as described by Zitka et al. [21] was used. For observing of
redox change of TMB we added 185 pL of stock solution of
TMB into the rest of reagents, which were as follows: 1.9 uL
of H,0,, 92.5 nL of HRP with antibody (diluted 1:10) and
finally 1720 pL of substrate buffer. Characterization of con-
version of 1 uM TMB within time interval from 5 to 60 min
was carried out by CV. When interlaying the obtained cyclic
voltammograms showed in Fig. 3B, reduction peaks are de-
tected at approximately 0.25 and 0.35 V. Their height gradu-
ally decreased from the beginning of the measurements. The
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Figure 3. (A) Reaction scheme of the TMB conversion from reduced to oxidized form by HRP. (B) Time dependence of TMB (1 pM)
conversion in the presence of 30% H, 0, catalysed by HRP as overlay of cyclic voltammetric scans. (C) The influence of time of accumulation
on peak height of TMB (1 nM) measured by differential pulse voltammetry (DPV). (D) Differential pulse voltammograms of various
concentration of TMB. (E) Calibration curve (0.195-100 pwg/mL) of TMB (reduction signals) measured by DPV.

height of the oxidation peaks at 0.260 and 0.280 V slightly
increased with a longer interaction time up to 20 min, then,
the peaks decreased. Based on the potentials of reduction and
oxidation peaks, it is evident that the reaction is reversible.

After that we characterized the basic electrochemical be-
haviour of TMB, we used differential pulse voltammetry for
detection of TMB due to better sensitivity of the measurement
compared to CV. Primarily, we optimised accumulation time
of TMB (1 wM) at the surface of working electrode (Fig. 3C).
It clearly follows from the results obtained that 30 s long
interaction time caused marked enhancement of the signal.
Under longer accumulation time (60 and 90 s), the signal
did no change. Our effort was to develop a sensitive electro-
chemical detection of TMB, which would be also less time
consuming. Therefore, we selected accumulation time of
30s. Using this accumulation time, calibration curve for TMB
within the range from 0.195 to 100 pg/mL was measured
(Fig. 3D), which showed a linear trend with the following
equation y = 32.811x + 187.28, R = 0.9901, RSD = 6.7%
and n = 5 (Fig. 3E). The limit of detection (3 S/N) for TMB
was estimated as 100 ng/mL.
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3.4 Correlation between spectrophotometric and
electrochemical determination

To compare spectrometric and electrochemical approach for
detection of TMB, calibration range of bead-LF-antibodies
complex was prepared within the range from 2.5 to 80 ng/mL.
Standards nos. 1 and 3 were tested and standard 2 was not
used, because there was not detected any interaction with an-
tibodies. A linear dependence with R? = 0.99 was measured
using standard no. 3 (Sigma-Aldrich, Fig. 4A). On the other
hand, the calibration standard no. 1 showed increasing trend
only with R* = 0.91, which is probably caused by impurities
occurring in the sample prepared according to Section 2.2, be-
cause the isolated LF was not further purified. Calibration of
bead-LF-antibodies complex detected electrochemically was
based on reduction signals of TMB (Fig. 4B). Concentration
dependence shows a downward trend due to the fact that
the decrease of TMB peak is measured. The regression co-
efficient of standard no. 1 was R*> = 0.92 and of standard
no. 3 was R? = 0.98, which is in good agreement with the
spectrophotometric assay.
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Figure 4. Comparison of the results of electrochemical and spec-
trometric detection. (A) Calibration curve of LF standards nos. 1
and 3 obtained by spectrometry. (B) Calibration curve of LF stan-
dard s nos. 1 and 3 obtained by electrochemistry. (C) Correlation
between the concentrations of LF detected by spectrometry and
electrochemistry.

The correlation between the concentrations of LF in
Sigma-Aldrich standard and in human saliva isolated accord-
ing to Section 2.2, detected using spectrophotometric and
electrochemical assay was determined using a least-squares
correlation with coefficient R? higher than 0.95, indicating a
very good agreement of the results obtained (Fig. 4C).

4 Concluding remarks

In this study, we developed a bead-based immunosen-
sor of LF coupled with electrochemical detection using
microfluidic SFIA system with amperometric detection
of TMB. Liquid handling during beads preparation was
processed by fully automated pipetting system. This im-
munosensor was further tested for determination of LF ob-
tained by FPLC separation and compared it with determina-
tion of commercially available LF standard. It follows from
the results obtained that SFIA coupling with bead-based im-
munoassay has a good potential to be useful for analysis of
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samples obtaining LF including blood and urine. In compar-
ison with other electrochemical approaches, the suggested
tool is more than twofold more sensitive compared to other
electrochemical tools. Moreover, dynamic range of the sug-
gested method is better than ELISA.
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5.2 Studium interakce proteina s kovy

5.2.1 Védecky €lanek 111

Single amino acid change in metallothionein metal-binding cluster influences
interaction with cisplatin

Zitka, O., Kominkova, M., Skalickova, S., Skutkova, H., Provaznik, I., Eckschlager, T.,
Stiborova, M., Trnkova, L., Adam, V. and Kizek, R.

Int. J. Electrochem. Sci., 2013, 1452-3981, 2625-2634

Podil autora Skalickova S.: 30 % textové Casti prace a 40 % experimentadlni prace

Cisplatina je jedno znejefektivnéjSich cytostatickych 1é¢iv na bazi platiny, které se
vywzivda v Iécbé onkologickych onemocnéni. Jeji mechanismus G¢inku  spociva
vinterkalaci do struktury DNA a tvorby kovalentnich vazeb mez cytostatkem a
purinovymi bdzemi, zejména guaninem. To ma za nasledek tvorbu kroslinkl, které
brani replikaci a transkripci DNA (Dasari, Shaloam and Tchounwou, Paul Bernard
2014). Ptes to, Ze cisplatina je UC¢inné cytostatikum, jeji vywziti v I6¢bé je limitovano
vedlejsimi GCinky a vznikem rezstence. Dosud nebyla rezstence rakovinnych bunck
plné objasnéna, avSak predpokladd se, ze zaklad tohoto procesu jsou interakce cytostatik
s biomolekulami, které jsou produkovany nadorovou tkani. Jednim moZnych
mechanismi  vysvéthyjici vznik rezistence nekterych cytostatik zalozenych na béazi kovu
je overexprese metalothioneinu v rakovinnych bunkach (Saga, Y., Hashimoto, H. et al.
2004). Metalothionein je nizkomolekularni protein, ktery vynika vysokym poctem
cysteinovych zbytkli, které wurCuyji jeho kov vazné vlastnosti Diky tomu je
metalothionein schopny do své struktury navdzat ionty platiny a podpofit onkogenni
buiiky vyrovnat se s oxidacnim stresem zpusobenym lécbou cytostatky (Doz, F.,
Roosen, N. et al. 1993). Pro studium metalothioneinu a iontd kovli byla navrzena fada
postupt.  Elektrochemické metody vynikaji schopnosti vyjadiit pribeh interakce
sledovanim redoxniho déje.

Vtéto studii jsme se zamefili na sledovani elektrochemického profilu interakce mez

fragmenty kov-vazného proteinu metalothioneinu s hojné vyuzivanym cytostatickym
77



lé¢ivem cisplatinou. Mechanismus rezistence mize byt vysvétlen snadnou vyménou
zinkovych ionti obsazenych ve struktufe proteinu s Gsttednim kovem - platiny
v onkologickém 1é¢ivu. Abychom posoudily tyto vysledky, byly pro kazdou interakci
navrzeny interakéni konstanty. Sledovali jsme redoxni parametry vybranych fragment(
metalothioneinu a studovali jsme vliv riznych fyzikalnich a chemickych podminek
jejich interakce s cisplatinou, abychom objasnili vznik rezistence nadorovych bunék.
Konkrétné jsme se veénovali vlivu teploty (10, 15, 25, 35 a 45 °C), poméru cisplatiny
(100 uM) a fragmentu metalothioneinu (50, 100 a 150 uM), a casu interakce (1, 2, 3, 4,
5, 6, 7 a 8 hodin). Z dosazenych vysledkii je patné, Ze nejvice je zvySena interakce
(vice jak 100%) u konzervativnich aminokyselin, které byly substituovany na vice jak
jedné pozici vné cystemovych klastri. Naopak substituce aminokyselin v ramci
cysteinovych klastri vedla k redukci interakéni konstanty (0 vice nez 10 - 25 %
zprumeru). Tyto vysledky jasn€é naznaCuji, ze aminokyseliny mimo cystein-vazny
motiv hraji dllezitou roli v interakci metalothioneinu s cisplatinou. Na zakladé téchto
vysledki mizeme shrnout, Ze substituce jednotlivych aminokyselin v peptidovém
fetézci proteinu  vyrazn¢ ovliviuje interakci metalothioneinu s cisplatinou.  Tyto

poznatky tak mohou byt uziteCné pii navrhu novych cytostatickych IEcCiv.
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The issue of tumour cell resistance to anticancer drugs is a major problem in the treatment of this grave
disease and it is still not satisfactorily explained. Its base lies in the interaction of a cytostatic with
biomolecules synthesized by tumour cells. One of the generally accepted mechanisms of resistance to
some metal based cytostatics is the overexpression of metallothionein in tumour cells. In this study,
electrochemical profile of interaction between 23 sulphur-rich fragments of the metal-binding protein
metallothionein and cisplatin was studied. To evaluate the results, interaction constants were
suggested. Here, we found that the maximum increased interaction (more than 100 %) occurred, when
conservative aminoacids were substituted for more than one position outside the cysteine cluster. On
the contrary, amino acid substitution within the cysteine cluster led to a reduction in interaction
constants (up to 10-25% of average). This result clearly indicates that aminoacids outside cysteine
binding motif are of high importance for interactions of metallothionein with cisplatin. Based on the
results it can be assumed that the substitution of individual aminoacids in the peptide chain of protein
markedly influences the interaction with cisplatin, which could be used for designing new types of
cytostatics.

Keywords: Aminoacid Sequence; Interaction Study; Metallothionein Fragments; Cisplatin; High
Throughput Analysis; Interaction Constants
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1. INTRODUCTION

The issue of tumour cell resistance to anticancer drugs is a major problem in the treatment of
this grave disease [1] and it is still not satisfactorily explained [2]. Its base lies in the interaction of a
cytostatic with biomolecules synthesized by tumour cells [3]. Developing new types of drugs is
conditioned by achieving a higher selectivity and lower occurrence of side effects [4]. An example
such development are platinum cytostatics, which have been evolving for more than forty years [5].
They are also one of the longest and most widespread used drugs used for systemic therapy of many
cancers, but poor response to this treatment may be caused by interactions of platinum based drugs
with proteins or with protein complexes with DNA [6]. One of the generally accepted mechanisms of
resistance to some cytostatics is the overexpression of metallothionein in tumour cells [7-10].

From the structural point of view, mammalian metallothioneins (MTs) are low molecular mass
(from 5 to 7 kDa, Fig. 1) proteins with unique abundance of cysteine residues (more than 30 % from
all aminoacids), which directs their metal binding properties. It has been found 250 various structural
forms of MTs [11]. Tertiary structure of MTs is divided into two domains, forming cysteine clusters,
where the alpha and beta domains can bind to 4 divalent and 3 metal ions, respectively [12,13].

Fragment (decapeptide)

a - domain

Figure 1. The structure of the protein metallothionein, oo — metallothionein domain containing four
cadmium atoms (green), p — metallothionein domain containing two zinc atoms (orange) and
one atom of cadmium. The position of fragment of metallothionein, which was synthesized for
subsequent in vitro interaction studies, is marked by pink. (Source: www.expasy.org).

Due to high abundance of cysteines in the MT structure, several sections of the chain, which
contribute significantly to the interaction with the metal ions, can be described. For the purposes of our
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in vitro interaction study, metallothionein protein fragments occurring in the metal binding cluster of
various vertebrates were selected (Fig. 1). We evaluated redox parameters of the selected fragments of
metallothionein (FMT) and studied the effects of various physical and chemical conditions on their
interactions with cisplatin due to elucidation of resistance formation in tumour cells against this drug.
Particularly, we aimed our attention at i) temperature (10, 15, 25, 35 and 45 °C), ii) ratio of cisplatin
(100 uM) and FMT (50, 100 and 150 uM), and iii) time of interaction (1, 2, 3, 4, 5, 6, 7 and 8 hours).

2. EXPERIMENTAL PART

2.1 Bioinformatics

The data source was the internet proteomic database Expasy (www.expasy.org). For data
processing software Matlab version 7.9.0 (The MathWorks, Inc., Natik, MA, USA) was used. Alignment
was performed by using the conservative sections of the global multiple sequence alignment using the
BLOSUMS0 substitution matrix. To better assess the similarity of the sequences, distribution was
weighted on the number of “characters”. Data were processed using MICROSOFT EXCEL®
(Microsoft, Prague, Czech Republic) and STATISTICA.CZ Version 8.0 (StatSoft CR s.r.0. Prague,
Czech Republic). Results are expressed as mean =+ standard deviation (S.D.) unless noted otherwise.

2.2 Chemicals and pH measurement

Standards of fragments of metallothionein (FMTs) were synthesized by Clonestar (Clonestar
s.r.o., Brno, Czech Republic). Other chemicals were purchased from Sigma-Aldrich (St.Lois, MO,
USA) in ACS purity unless noted otherwise. Stock standard solutions of FMTs (1 mg/ml) was
prepared with ACS water (Sigma-Aldrich) and stored in dark at -20 °C. Working standard solutions
were prepared daily by dilution of the stock solutions. The pH value was measured using WTW
inoLab Level 3 with terminal Level 3 (WTW GmbH, Weilheim, Germany), controlled by software
MultiLab Pilot (Weilheim). Deionised water underwent demineralization by reverse osmosis using the
instruments Aqua Osmotic 02 (Aqua Osmotic, Tisnov, Czech Republic) and then it was subsequently
purified using Millipore RG (Millipore Corp., Billerica, MA, USA, 18 MQ) — MiliQ water.

2.3 Interaction conditions

Complexes of FMTs with cisplatin were prepared in the following molar ratios cisplatin 100
uM : FMT 50, 100 and 150 uM in the presence of phosphate buffer pH 7.5 (20 mM). Incubation of the
complexes was performed in a total volume of 400 pl of the mixture, which was continuously
vortexing during incubation in a heating block at 400 rpm.
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2.4 FIA-ED system

FIA-ED was consisted of one chromatographic pump and electrochemical detector. Sample
(20 ul) was injected by autosampler (Model 542, ESA, Sunnyvale, CA USA). Electrochemical detector
Coulochem 1l (ESA, Sunnyvale, CA USA) was connected directly to the autosampler. For
electrochemical detection the electrochemical cell model 5040 (ESA, Sunnyvale, CA USA) was used.
This cell is equipped by planar electrode from glassy carbon. Mobile phase was phosphate buffer pH
7.5 (20 mM). Flow rate of mobile phase was 1 ml/min.

3. RESULTS AND DISCUSSION

3.1 Metallothionein fragments selection

Mathematical comparison of different metallothioneins from vertebrates’ sequences of length
60 or 61 amino acids was done according to their amino acid sequence of the primary structure. The
complete amino acid sequences of a total of 145 metallothioneins were primarily aligned according to
conservative sections. There was generated sequence logo representing conservative positions in
individual sequences from the aligned sequences (Fig. 2). Ten amino acid long clusters (in position 31-
40 or 41) with the highest cysteine content per number of amino acids within the decapeptide with high
conservatism that was related to FMT peptide 2, which was the most conservative, i.e. the sum of
occurrence of individual amino acids expressed by percent was the highest, were then determined, as it
is shown on percentage conservatism: 1 - K (98.62 %), 2 - free (93.79 %), 3 - S (97.93 %), 4 - C (100
%), 5-C (99.31 %), 6 - S (63.45 %), 7 - C (100 %), 8 - C (99.31 %), 9 - P (100 %), 10 - S (51.72), 11 -
G (93.79). Variability positions of 2 and 10 less distant from cysteine residues were < 94 %. Based on
these presumptions, we selected fragments that were different at least by just one amino acid. From
145 FMTs, which can be found in nature, twenty three ones fit to this. For each of these 23 sequences,
a short fragment within the range from 31 to 40 (41) amino acids was selected. For these 23 fragments,
a degree of conservatism of the sequence was estimated. Pj is the percentage of degree of conservatism
of sequence j. It indicates the degree of sequence similarity expressed in relation to the preservation of
genetic information of each sequence position. Degree of conservatism calculates as it follows:

1 f; :
P==>-100, Vj=1..n

: i=1
where Kk is the length of the sequence, i is the marker of position in the chain sequence, j is the
sequence indicator and n is the number of sequences. Parameter f; is the frequency of s;; character on
the i-th position in the aligned sequences, i.e. a number of times the character located in the j-th
sequence in the i-th position occurs at the same position in all sequences.

82


K1PC2
Typewritten Text
82


Int. J. Electrochem. Sci., Vol. 8, 2013 2629

A
Consensus: MDP--CSCSKTGSCNCGGSCKCKNCKCTSCKK-SCCSCCPSGCSKCASGCVCKG-TCDK-SCCQ

corsvaion [y ol A ond  JOOAEN AR AR AR R el

4 3 bits

S logo:
A PN YRk GMVRGOVKYEMVTS KK S PSG K i G ! KGKI I CS C

0 5 10 15 20 25 30 35 50 55 60
B

Symbols 100%—
probability .
in fragment: - | = )4
0% o ===

3233 34 35 36 37 38 39 40 41 4

Figure 2. (A) Sequence logo assessed for 145 sequences of vertebrate MTs with a length of 60-61
amino acids. (B) Modified sequence logo of fragment in positions 32-42 representing the
quantity of point mutations single-nucleotide polymorphism of 23 selected sequences.

3.2 Interaction experiment

Samples were incubated for 1, 2, 3, 4, 5, 6, 7 and 8 hours at 10, 15, 25, 35 and 45 °C at a
concentration of 100 uM FMT and 50, 100 and 200 uM cisplatin. For each combination from
hydrodynamic voltammogram (HDV) was obtained in the potential range from 100 to 1200 mV (n = 3,
RSD <15 %). Based on the results obtained, equimolar ratio of 100 uM FMT and 100 uM cisplatin
was chosen as the best under 1 h long interaction at 45 °C.

3.3 Data interpretation

Based on the obtained HDVs, regression equations of the dependences measured from the test
mixtures (Smix), and platinum itself (Sp) and fragments themselves (Sgmt) Were determined. Each
mixture dependence was subtracted from platinum and corresponded fragment and gave the value of
which presents only the resulting change of the signal due to interaction (Sin), which is expressed

according to equation No. 1.
Equation No. 1: Sin= (Smix - SkmT) - Skt

To determine the influence of various factors on the interactions as (“a 1 — 57, 10 - 45 °C
respectively; “b 1 — 8”7, 1 — 8 hours respectively; “c 1 — 37, 50 - 200 uM respectively), graphical
evaluation was done according to X = S versus Y = Xgai+a2+a3...) » Where Sy =Zs/Pparameter, fOr €ach
studied fragment (Figs. 3 and 4).
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Figure 3. (A) Measured fragments of metallothionein. Graphical presentation of slopes affected by
certain tested physical and chemical factors as (B) Temperature 10 °C; (C) Temperature 15 °C;
(D) Temperature 25 °C; (E) Temperature 35 °C; (F) Temperature 45 °C; (G) Concentration 50
uM; (H) Concentration 100 pM; (1) Concentration 200 uM.
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Figure 4. (A) Measured fragments of metallothionein. Graphical presentation of slopes affected by
certain tested physical and chemical factors as (B) Time of interaction 1 h; (C) Time of
interaction 2 h; (D) Time of interaction 3 h; (E) Time of interaction 4 h; (F) Time of interaction
5 h; (G) Time of interaction 6 h; (H) Time of interaction 7 h; (I) Time of interaction 8 h.
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For the selection of only those conditions, under which there were recorded significant
increased interaction, a graph with a radius obtained from the relationship Xna*0.3= 1.17 for y-axis
was constructed for the median interval. On the x-axis, the value of the average median interval was
S@=0.16. Points located within the median interval were excluded as insignificant (2x RSD, reliability
under 90). On the contrary, values outside the range of median values were found to have significant
interactions associated with a diversity of structures of studied FMTs. The values of deviations on x-
axis from the edge of the median were further summed on the amount that was interpreted as the total
effect of temperature, concentration and interaction time and therefore gave us the interaction constant
called ICgur according to equation No. 2. All fragments except FMT 1 had higher degree of the
interaction, i.e. positive ICgumr.

Equation No. 2: ICgpmt= (Sa+Sp+Se)

3.4 Influence of aminoacid change on interaction constant

Due to high conservatism of FMT 2, all interactions were associated to this fragment as a
percentage change (Fig. 5A). The highest values of ICgyt were found for FMTs 18 and 20, where a
marked change in non-neighbouring amino acids directly with cysteines could be observed. At FMT
18, there was found P in position 10 and at FMT 20, position 10 was occupied by V and, moreover,
strongly conservative position 1 contained T instead of K. ICgut values of both mentioned fragments
were for more than 100 % higher compared to other studied fragments. On the other hand, FMTs 2, 4,
16 had lower ability to interact with cisplatin despite the fact that there were still conservative amino
acids S, S and P next to cysteines. For FMT 4 only there were conservative cysteine clusters
surrounded by P instead of S, but the end of peptide was distinguished by substitution of N-terminal D
for G, resulting in an overall increase in ICgyt form more than 14 %. It was also observed the increase
of ICkmt of FMT 16 for 6 %, which was caused only by substitution of M for S in position No. 10.

Overall, at least conservative peptide FMT 21 of all tested peptides showed the lowest
similarity to other tested FMTs. This was caused by replacing a conservative S with N next to the first
cysteine cluster in position 3, followed by substitution of C for Y inside the second cysteine cluster in
position 8 and finally by the substitution of S for V in position 10, resulting in an overall reduction of
ICemt for more than 10 %. Other reported decreased levels of ICgyt in the order of 25-37% were
observed in FMTs 7, 8, 22 and 23. Structure of FMTs 7 and 8 was identical to FMT 2 with the
exception of the aminoacid substation in position 6, which was neighboured to both cysteine clusters.
Compared to the conservative sequence FMT 2, a mismatch of S for T in position 6 in the case of FMT
8 resulted in the reduction of ICgyt for more than 20 % and a mismatch of S for A in position 6 in the
case of FMT 7 caused a decrease in ICgyt for more than 30 %. FMT 22 had aminoacids surrounding
the cysteine cluster in positions 3, 6 and 9 as S, P and P, which caused a reduction of ICgyt for more
than 25 %. FMT 23 showed at least conservative arrangement (69.92%). In position 2, there were done
substitutions of free for A, and of W for C in position 5, and of S for D in position 6, which resulted in
the reduction of ICgyt for more than 25 %.
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The most significant reduction in the value of ICgyr in the order of 50-100% was observed in
all other studied FMTs as 17, 14, 3, 10, 13, 6, 5, 11, 19, 9, 12, 15 and 1, which were majority found
within the median range. At FMTs 17, 6, 9 and 1, there was substitution in position 2 for D, E, D and
in position 2 for P. The combination of location of P decreased ICgyt mostly. At FMTs 14, 3, 13, 11,
19, 12 and 15, the substitution in position 10 for V, A, M, V, A, G or L was done. In addition to these
changes, C was in position 3 at FMT 4, and M in position 10 at FMT 13.

A B
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Figure 5. (A) Values of ICgyt for all 23 studied metallothionein fragments resulting from the
calculation based on the tested parameters (temperature, molar concentration, time of
interaction). Value of the most conservative ICryt 2 (0.43) is highlighted in red. (B) Table
where you can see the original MT code, amino acid sequence of FMT, which indicates the
percentage of similarity in the conservative group and serial number of the peptide. Amino
acids significantly affecting the level of interaction are highlighted in blue.

The insertion of these sulphur-containing amino acids at these positions resulted in the
reduction of ICgyr for more than 50 %. Moreover, FMT 19 had also changed aminoacid in position 2
to T, which resulted in the decrease in ICgyt for more than 75 %. Compared to similar FMT 20, where
K was in front of T and V instead of A in position 10, this was one of the most significant effects
characterized by an overall decrease in ICgyt for more than 190 %. The highest effect characterized by
a total difference of 201 %, however, was inverse substitution of P in positions 6 and 10 at FMTs 18
and 1. At FMTs 10 and 5, substitution for T and E in position 11 resulted in decreased ICgyt for more
than 50 %.
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The obtained results show that the greatest influence on the interaction of cisplatin with FMT
have aminoacid changes in positions 1 and 10, which are distant by more than one position from the
cysteine cluster, where quite significantly affects the overall location of the interaction of aminoacids
P, Tand V at FMTs 20 and 18. In comparison with these amino acids, aminoacid changes in P and D
in positions 6 and 11 at FMT 4 and followed by the M substitution in position 10 at FMT 16 also
influenced the interaction with cisplatin but much lower compared to P, T and V.

4. CONCLUSIONS

Metallothionein has been previously studied by electrochemical methods, which are utilizable
for this purpose due to high content of cysteine in its structure. In terms of complex formation at the
level of aminoacids it is advisable to study only a fragment of this protein [14]. As part of monitoring
the effect of histidine, which is not too frequent, on the redox changes in the sequence of MT with the
view of the possibility of increasing the coordination of metals was similar to our work. In that study,
the authors used a different methodological approach (NMR and ICP-MS) [15], where NMR provides
structural information and ICP-MS provides information on the quantity of the elements of the interest.
Compared to this multi instrumental approach, our method combines structural and quantitative
information. The suitability of electrochemical methods for the study of complex MT with metal has
been demonstrated using cathodic stripping voltammetry [16], square wave voltammetry [17] or cyclic
voltammetry [18-22]. In addition to these studies, we used FIA-ED method, which was chosen thanks
to the experience from the previous studies of interactions between the thiol group of peptide and
cisplatin [23,24]. In this study, it is shown in detail that the substitution of individual aminoacids in the
peptide chain of protein markedly influence the interaction with cisplatin.

ACKNOWLEDGEMENTS

Financial support from the following projects CEITEC CZ.1.05/1.1.00/02.0068, CYTORES GA CR
P301/10/0356, NANOSEMED GA AV KAN20813081, IGA 1P23/2012 and by the project for
conceptual development of research organization 00064203 is highly acknowledged. The authors wish
to express their thanks to Nadezda Spackova for critical evaluation of the paper.

References

1. T.Boehm, J. Folkman, T. Browder and M. S. Oreilly, Nature, 390 (1997) 404.

2. W. Sakai, E. M. Swisher, B. Y. Karlan, M. K. Agarwal, J. Higgins, C. Friedman, E. Villegas, C.
Jacquemont, D. J. Farrugia, F. J. Couch, N. Urban and T. Taniguchi, Nature, 451 (2008) 1116.

3. C. F. Higgins, Nature, 446 (2007) 749.

4. C. Sawyers, Nature, 432 (2004) 294.

5. D.Wang and S. J. Lippard, Nat. Rev. Drug Discov., 4 (2005) 307.

6. U. M. Ohndorf, M. A. Rould, Q. He, C. O. Pabo and S. J. Lippard, Nature, 399 (1999) 708.

7. T. Eckschlager, V. Adam, J. Hrabeta, K. Figova and R. Kizek, Curr. Protein Pept. Sci., 10 (2009)

360.

87


K1PC2
Typewritten Text
87


Int. J. Electrochem. Sci., Vol. 8, 2013 2634

8.

9.

10.

11.
12.
13.
14.
15.

16.
17.
18.
19.
20.
21.
22.

23.

24

D. Dospivova, K. Smerkova, M. Ryvolova, D. Hynek, V. Adam, P. Kopel, M. Stiborova, T.
Eckschlager, J. Hubalek and R. Kizek, Int. J. Electrochem. Sci., 7 (2012) 3072.

L. Krejcova, I. Fabrik, D. Hynek, S. Krizkova, J. Gumulec, M. Ryvolova, V. Adam, P. Babula, L.
Trnkova, M. Stiborova, J. Hubalek, M. Masarik, H. Binkova, T. Eckschlager and R. Kizek, Int. J.
Electrochem. Sci., 7 (2012) 1767.

J. Sochor, D. Hynek, L. Krejcova, I. Fabrik, S. Krizkova, J. Gumulec, V. Adam, P. Babula, L.
Trnkova, M. Stiborova, J. Hubalek, M. Masarik, H. Binkova, T. Eckschlager and R. Kizek, Int. J.
Electrochem. Sci., 7 (2012) 2136.

M. Capdevila, R. Bofill, O. Palacios and S. Atrian, Coord. Chem. Rev., 256 (2012) 46.

S. G. Bell and B. L. Vallee, Chembiochem, 10 (2009) 55.

P. Coyle, J. C. Philcox, L. C. Carey and A. M. Rofe, Cell. Mol. Life Sci., 59 (2002) 627.

J. Mendieta, J. Chivot, A. Munoz and A. R. Rodriquez, Electroanalysis, 7 (1995) 663.

C. A. Blindauer, M. T. Razi, D. J. Campopiano and P. J. Sadler, J. Biol. Inorg. Chem., 12 (2007)
393.

I. Sestakova and P. Mader, Cell. Mol. Biol., 46 (2000) 257.

O. Nieto and A. R. Rodriguez, Bioelectrochem. Bioenerg., 40 (1996) 215.

C. Harlyk, G. Bordin, O. Nieto and A. R. Rodriguez, Electroanalysis, 9 (1997) 608.

N. M. Marshall, D. K. Garner, T. D. Wilson, Y. G. Gao, H. Robinson, M. J. Nilgesand Y. Lu,
Nature, 462 (2009) 113.

V. Adam, I. Fabrik, T. Eckschlager, M. Stiborova, L. Trnkova and R. Kizek, TRAC-Trends Anal.
Chem., 29 (2010) 409.

V. Adam, J. Petrlova, J. Wang, T. Eckschlager, L. Trnkova and R. Kizek, PLoS ONE, 5 (2010)
el1441.

P. Babula, M. Masarik, V. Adam, T. Eckschlager, M. Stiborova, L. Trnkova, H. Skutkova, I.
Provaznik, J. Hubalek and R. Kizek, Metallomics, 4 (2012) 739.

O. Zitka, D. Huska, S. Krizkova, V. Adam, G. J. Chavis, L. Trnkova, A. Horna, J. Hubalek and R.
Kizek, Sensors, 7 (2007) 1256.

. O. Zitka, M. Kominkova, S. Skalickova, H. Skutkova, I. Provaznik, T. Eckschlager, M. Stiborova,
V. Adam, L. Trnkova and R. Kizek, Int. J. Electrochem. Sci., in press (2012)

© 2013 by ESG (www.electrochemsci.org)

88


K1PC2
Typewritten Text
88


5.2.2 Védecky ¢lanek IV

Study of interaction between metallothionein and cdte quantum dots
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Kvantové teCky (QDs) jsou fluoreskujici polovodicové nanokrystaly. Jejich
potenciondlni vyuziti se nabizi vbiologi a v analytické chemi jako organické
fluorofory. Vynikaji vyjimeCnymi chemickymi a fyzikdlnimi vlastnostmi, které se
uplatiyji v konstrukci  detek¢nich  systtmu pro detekci iont, bakteri, virg,
nukleotidovych ~sekvenci, protein a jinych analytl. Siroké uplatnéni existuje
samoziejm¢ ve fluorescenéni mikroskopii a in Vvivo zobrazovani. Soucasti QDs jsou
ionty kovl jako je kadmium, selen, telur nebo zinek (Michalet, X., Pinaud, F. F. et al.
2005). QDs mohou byt snadno navazany do struktury proteind, coz je hlavnim
parametrem sledovani jejich toxicity v oblastech, kde by se QDs mohly uplatnit v in
Vivo zobrazovacich systémech. Toxicita je Casto zplsobena jejich desintegraci na dobie
rozpustné anorganické ionty, napiklad kadmium. Rada studii prokazala, Ze stupen
toxicity QDs je tésné spjat s odlisnymi vlastnostmi biologického systému jako je pocet
bunék, bunéény rast, apoptéza, morfologic bunky a jeji metabolicka aktivita (Chen,
Nan, He, Yao et al. 2012). Aby byla zajisténa stabilita QDs, musi byt fnkcionalizovany
biomolekulami  obsahujicimi  thiolovou skupinu, napiklad cystein, merkaptopropionova
kyselina, ale také i protein metalothionein, ktery je bohaty na cysteinové zbytky a
vykazuje vysokou afinitu ke kadmiu (Huang, Deping, Geng, Fei et al. 2011).

Cilem této prace bylo navrhnout metodu pro sledovani moznych interakci MT s QDs.
Pro tento tucel byly piipraveny QDs s CdTe jadrem. Metalothionemn, vyuzty v nasi
studi byl izolovan zjater kadmiem pifikrmovanych kraliki, pomoci kapalinové
chromatografie sUV  detekci. U¢innost izolace byla ovéfena pomoci gelové

elektroforézy, kterd prokazala pfitomnost proteinu o piblizné molekulové hmotnosti,
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jakou wykazuje metalothionein vizolované frakci. Pro studium interakce byla vyuZita
smés obou komponent MT (3,6 uM a CdTE QDs QDs (0, 0.34, 0.68, 1.02, 1.36, 1.7,
2.04 a 247 uM). Tato smeés byla spektrofotometricky sledovana pti vinovych délkach
260 a 505 nm. Stejnd smés byla také studovana pomoci diferencni pulzni voltametrie S
Brdickovou reakci, specidlné vyvinutou pro detekci MT, kterd podpoiila ziskana data.
Nasledn¢ jsme wvyuzli kapalinovou chromatografii pro purifikaci QDs-MT konjugatl.
Vysledkem bylo ziskani riznych chromatogrami pro 1) Apo-MT, 2) CdTe QDs a 3)
MT-QD-  komplexu, jehoz formace byla potvrzena pomoci fluorescencni
spektrofotometrie, ktera potvrdila vznik tohoto komplexu. V tomto experimentu se nam
podafilo vyvinout metodu, ktera je vhodnd, diky vysoké afinit¢ metallothioneinu ke
kademnatym iontim, pro sledovani této nterakce. Tato metoda nabyva vyznamu
z pohledu interakénich studii anorganickych nanocastic s biomolekulami jako je DNA a

kov-vaznymi proteiny pro vyuziti v medicing.
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Abstract Quantum dots (QDs) belong to a new class of
fluorescent agent for biochemical, medicinal or other pur-
poses. However, QDs based on cadmium or other metals
can be risky for an organism. As one of the mechanism
how to detoxify cadmium-based QDs expression of
metallothioneins (MT) can be considered. Due to high
affinity of metallothionein to cadmium(Il) ions, we
attempted to develop an approach for studying of possible
interaction with QDs. We prepared QDs with CdTe core
and studied the interaction with MT, which we isolated
from livers of Cd-administered rabbits. To study the
interaction, we used the mixture of both components MT
(3.6 pM): CdTe QDs (0, 0.34, 0.68, 1.02, 1.36, 1.7, 2.04
and 2.47 pM). The mixtures were studied by spectropho-
tometry within the range from 200 to 750 nm with detected
maxima at 260 and 505 nm. Same mixtures were also
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analysed by differential pulse voltammetry Brdicka reac-
tion, which supported data from spectrophotometry. Sub-
sequently, we used fast protein liquid chromatography for
purification of protein—quantum dot conjugates. We
obtained the different chromatograms for (1) Apo MT, (2)
CdTe QDs and (3) MT-QD complex. We also collected the
fractions and subsequently analysed them on the content of
Cd and MT, which confirmed the formation of CdTe QDs—
MT complex.

Keywords Fast protein liquid chromatography - Brdicka
reaction - Differential pulse voltammetry - Fluorimetry -
Spectrophotometry - Separation of quantum dots - ApoMT

Introduction

Quantum dots (QDs) light-emitting particles on the nano-
metre scale are emerging as a new class of fluorescent agent
for in vivo imaging [1]. QDs often consist of cadmium(II)
ions and/or ions of other metal such as selenium, tellurium
or zinc [2] and can be used for fluorescent labelling of
biomolecules [3, 4]. In addition, these particles can be
modified by a recognition molecule such as an antibody and
then, QD-antibody complex can be used for identification
and visualisation of necrotic lesions or tumour cells [5].
Wang et al. [6] showed that the QDs could be bound by
proteins in an organism very easily. However, toxicity of
QDs must be considered. Their toxicity is predominantly
caused by their disintegration to well-soluble inorganic
ions, mostly cadmium(II) [7]. It has been demonstrated that
the degree of QDs toxicity is closely connected with dif-
ferent parameters such as cell number, cell growth, apop-
tosis, cellular morphology or metabolic activity change of
targeted tissue [8]. Thus, functionalisation of their surface
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by thiol group(s)-containing compounds, such as cysteine,
mercaptopropionic acid and glutathione is commonly
applied [9]. In spite of this fact, studying of interactions of
some protective proteins with QDs is of great interest.

Metallothioneins (MT) are a group of proteins rich in
cysteine [10], which are able to bind metal ions especially
essential zinc or toxic cadmium [11]. It is not surprising that
metallothionein is biosynthesised due to stress caused by
heavy metals, respectively, in the response to entering of a
metal ion into the intracellular space. This process is realised
via binding the metal ion on metal transcription factor-1
(MTF-1), which is zinc finger of the size of 70-80 kDa.
MTEF-1 subsequently binds to metal response element
(MRE) localised in the promoter of gene for metallothionein
[12—14], and this process activates transcription of this gene.
The process itself is regulated by some factors such as metal-
transcription inhibitor (MTI), which inhibits MT transcrip-
tion by binding to metal responsive element (MRE). After
the entry of metal ions into a cell, these ions bind to MTT, and
this leads to the change in the conformation and dissociation
of MTI from MRE. Therefore, binding site is free and ready
for the interaction with MTF-1 [13]. Some studies show that
the presence of other heavy-metal ions (not only zinc) may
activate other redox-sensitive transcription factors such as
NF-kappaB, AP-1and p53 [15].

From the structural point of view, metallothionein is a
low-molecular protein of the size of 67 kDa of which
tertiary structure is based on the presence of two domains,
which form cysteine clusters for binding metal ions [16].
Due to the fact that MT contains almost no aromatic amino
acids and due to its size, MT forms no secondary struc-
tures, thus, it is very difficult to apply analytical methods
commonly used in proteomics as gel electrophoresis and
mass spectrometry [17-19]. Metallothionein and similar
cysteine rich proteins have been studied using the separa-
tion methods of affinity chromatography [20], reversed-
phase chromatography [21], high-performance liquid
chromatography with mass detection [22] and capillary
electrophoresis [23-26]. Due to the high content of elec-
trochemically active thiol groups in the structure of MT,
electrochemical techniques represent the most sensitive
analytical technique for MT quantification [10, 27-30].

Due to high affinity of metallothionein to cadmium(II)
ions, in this study, we aim on developing an approach for
studying of possible interactions between MT and cad-
mium-based quantum dots prepared according to [31].
Primarily, we isolated metallothionein from rabbit liver
and used it as chelating agent for CdTe QDs. Further, we
study the complex formation between MT and CdTe QDs.
For that purpose, spectrophotometric, fluorimetric and
differential pulse voltammetry were used. Moreover, fast
protein liquid chromatography [32—-34] was used for CdTe
QDs-MT complex observation.

@ Springer

Experimental Section
Chemicals

Trizma base, HCl, NaCl, BSA, TCEP, EDTA, CdCl,,
Na,TeQs, trisodium citrate dihydrate, mercaptopropionic acid,
Co(NH3)6Cls, NH3(aq) and NH4Cl of ACS purity used were
purchased from Sigma Aldrich Chemical Corp. (Sigma-
Aldrich, USA), unless noted otherwise. Deionised water
underwent demineralisation by reverse osmosis using the
instrument Aqua Osmotic 02 (Aqua Osmotic, Tisnov, Czech
Republic) followed by further purification using Millipore RG
(Millipore Corp., USA, 18 M'Q)—MiliQ water. The pH was
measured using WTW inoLab pH meter (Weilheim, Germany).

QDs Synthesis

QDs were prepared according to Duan et al. [31]. Cadmium
chloride solution (CdCl,, 0.04 M, 4 mL) was diluted to
42 mL with ultrapure water, and then trisodium citrate
dihydrate (100 mg), Na,TeO; (0.01 M, 4 mL), MPA
(119 mg), and NaBH, (50 mg) were added successively
under magnetic stirring. The molar ratio of Cd*"/MPA/Te
was 1:7:0.25. 10 mL of the resulting CdTe precursor was put
into a Teflon vessel. CdTe QDs were prepared at 95 °C for
10 min under microwave irradiation (400 W, Multiwave
3000, Anton-Paar GmbH, Austria). After microwave irra-
diation, the mixture was cooled to 50 °C and the CdTe QDs
sample was obtained. Re-purification of CdTe QDs was
carried out using isopropanol condensing. The CdTe QDs
was mixed with isopropanol in ratio 1:2 and then centrifuged
for 10 min at 25,000 rpm (Eppendorf centrifuge 5417R).
Pellet was dissolved into 500 pL with Tris Buffer (pH 8.5).

Experimental Animals and Preparation of Samples
for MT Isolation

The males of New Zealand rabbits weighing 3.0-3.5 kg
were kept in separate cages on regular pelleted laboratory
chow (MaK-Bergman, Kocanda, Prague, Czech Republic)
and allowed free access to drinking water. Rabbits were
given the intraperitoneal injection of 10 mg of CdCly/kg of
weight (Sigma-Aldrich) in three equal doses (day 1, day 3
and day 5). In the aforementioned day intervals, animals
were anaesthetised with Ketamine: 30 mg/kg and Xyla-
zine: 3 mg/kg, (Vétoquinol Biovet, France). Animals were
then bled out by heart puncture, individual livers were
collected, weighed and immediately frozen on dry ice.

Preparation of Sample for MT Isolation

Amount of 2 g of defrosted rabbit liver was homogenised
on ice using Ultra-turrax T8 (Scholler instruments,
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Germany) in 8§ mL of 10 mM Tris—HCI buffer (pH 8.6).
The obtained sample was subsequently vortexed (Vortex
Genuie, Germany) and centrifuged (Universal 320, Hettich
Zentrifugen, Germany) at 5,000 rpm (30 min, 4 °C). Taken
supernatant was again centrifuged (Eppendorf centrifuge
5417R) in 1.5-mL micro test tube at 4 °C (25,000 rpm,
30 min). The supernatant was subsequently heated in
thermomixer (Eppendorf thermomixer comfort, Germany)
at 99 °C (10 min) and centrifuged (Eppendorf centrifuge
5417R, Germany) in 1.5-mL micro test tube at 4 °C
(25,000 rpm, 30 min). Sample prepared like this was used
for isolation of MT.

Fast Protein Liquid Chromatography for Isolation
of MT

Fast protein liquid chromatography (FPLC) was purchased
from Biologic DuoFlow system (Biorad, USA), which
consisted of two chromatographic pumps for the applica-
tion of elution buffers, a gel-filtration column (HiLoad
26/60, 75 PG, GE Healthcare, Sweden), an injection valve
with 2-mL sample loop, an UV-VIS detector and an
automated fraction collector. Solution of 150 mM NaCl in
10 mM Tris—HCI buffer (pH 8.6) was used as a mobile
phase. Flow of the mobile phase was set to 4 mL/min.
Isocratic elution was used for metallothionein separation.
Column was washed for 60 min by mobile phase prior to
every separation.

Process of metallothionein isolation from rabbit liver
after Cd(Il) application is shown in (Fig. 1a). Fraction
containing metallothionein was collected in elution volume
of 240 mL. Signal of metallothionein was well evident due
to binding of Cd(II) ions into protein structure, which
caused change in the absorbance measured at 254 nm [35].
Dialysis and lyophilisation of corresponding fraction were
also carried out in deionised water.

SDS PAGE for MT Assay

The electrophoresis of the fraction containing MT (Fig. 1b)
was performed using Maxigel apparatus (Biometr, Ger-
many). First 15 % (w/v) running, then 5 % (w/v) stacking
gel was poured. The gels were prepared from 30 % (w/v)
acrylamide stock solution with 1 % (w/v) bisacrylamide.
The polymerisation of the running or stacking gels was
carried out at room temperature for 45 min. Prior to anal-
ysis, the samples were mixed with non-reduction sample
buffer in a 2:1 ratio. The samples were incubated at 93 °C
for 3 min, and the sample was loaded onto a gel. For the
determination of the molecular mass, the protein ladder
“Precision plus protein standards” from Bio-Rad was used.
The electrophoresis was run at 150 V for 1 h at room
temperature (Power Basic, Bio-Rad) in Tris—glycine buffer
(0.025 M Trizma-base, 0.19 M glycine, and 3.5 mM SDS,
pH = 8.3). Then, the gels were stained with Coomassie
blue and consequently with silver. The procedure of rapid
Coomassie blue staining was adopted from Wong et al.
[36], silver staining was performed according to Krizkova
et al. [37] with omitting the fixation (1.1 % (v/v) acetic
acid, 6.4 % (v/v) methanol, and 0.37 % (v/v) formalde-
hyde) and first two washing steps (50 % (v/v) methanol).

Differential Pulse Voltammetry for Cadmium(II) Ions
Determination

Determination of cadmium(II) ions were performed with
797 VA Stand instrument connected to 889 IC Sample
Center (Metrohm, Switze rland). The analyser (797 VA
Computrace, Metrohm, Switzerland) employs a conven-
tional three-electrode configuration with a hanging mercury
drop electrode (HMDE) working electrode: 0.4 mm?, Ag/
AgCl/3MKCI as reference electrode, and a platinum auxil-
iary electrode. A sample changer (Metrohm 889 IC Sample

Fig. 1 a FPLC chromatogram a b
of real sample of extract from )
rabbit liver treated with Cd(II) ) MT (fraction 21)
In overlay with determined Isolated fraction = =
concentration of cadmium in containing MT S - kDa
collected fractions. In the ‘\‘ MT-Cd complex Cd(In)
position of MT peak, Cd(n \ (254 nm) (DPV method)
cadmium(Il) was 0.80 utM TN 26.5 -
determined by differential i i 5
(determined by differentia! Time (10 mln) \ 17.0 |-
pulse voltammetry).
b Electrophoreogram from SDS 14.0 .
PAGE analysis of fractions with 6.5 .
mMr NN~ —
— i ~—| 35
FrTTrTrTTTTT | TTTTTTTTTh | T TTTTTTT r TTTTTTTT r TTTTTTTTT r 14
1 10 20 30 40 50 -
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Center) performs the sequential analysis of 96 samples in
plastic test tubes. Differential pulse voltammetric measure-
ments were carried out under the following parameters:
deoxygenating with argon 120 s; start potential —0.9 V; end
potential —0.3 V; deposition potential —0.9 V; accumula-
tion time 800 s; pulse amplitude 0.025 V; pulse time 0.05 s;
step potential 2 mV; time of step potential 0.2 s; volume of
injected sample 20 pL; cell was filled with 1,980 pL of
electrolyte (0.2 M acetate buffer pH 5.0).

Differential Pulse Voltammetry Brdicka Reaction
for MT Determination

Differential pulse voltammetric measurements were per-
formed with 747 VA Stand instrument connected to 693 VA
Processor and 695 Autosampler (Metrohm, Switzerland),
using a standard cell with three electrodes and cooled sample
holder and measurement cell to4 °C by Julabo F25 (JULABO,
Germany). A hanging mercury drop electrode (HMDE) with
a drop area of 0.4 mm? was the working electrode. An Ag/
AgCl/3 M KCl electrode was the reference and platinum
electrode was auxiliary. For data processing, VA Database 2.2
by Metrohm CH was employed. The analysed samples were
deoxygenated prior to measurements by purging with argon
(99.999 %) saturated with water for 120 s. Brdicka supporting
electrolyte containing | mM Co(NH3)¢Cl; and I M ammonia
buffer (NHs(aq) + NH4Cl, pH = 9.6) was used. The sup-
porting electrolyte was exchanged after each analysis. The
parameters of the measurement were as follows: initial
potential of —0.7 V, end potential of —1.75 V, modulation
time 0.057 s, time interval 0.2 s, step potential 2 mV, modu-
lation amplitude —250 mV, E,4s = 0 V, volume of injected
sample: 25 pL, volume of measurement cell 2 mL (25 pL of
sample + 1,975 pL Brdicka solution).

UV-VIS Spectrophotometry

An UV-VIS spectrophotometer Specord 210 (Analytik
Jena , Germany) was used for spectrophotometric analyses.
This apparatus was equipped by movable carousel with
eight positions for cuvettes. Quartz cuvettes Microcuvette
(1 cm, total volume of 1.5 mL, Kartell, Italy) were used for
the analyses. Carousel was tempered to required tempera-
ture by a flow thermostat JULABO F12/ED (JULABO,
Germany), where distilled water serves as a medium. All
analyses were carried out at 25 °C. The range of wave-
lengths for the measurement was 200-750 nm. As a blank,
we used Tris buffer (pH 7.5) with 150 mM NacCl.

Fluorescence Measurement

Fluorescence spectra were acquired by multifunctional
microplate reader Tecan Infinite 200 PRO (TECAN,
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Switzerland). 350 nm was used as an excitation wave-
length and the fluorescence scan was measured within the
range from 400 to 750 nm per 2-nm steps. Each intensity
value is an average of three measurements. The detector
gain was set to 100. The sample (50 pL) was placed in
transparent 96 well microplate with flat bottom by Nunc
(Thermo Scientific, USA). All measurements were per-
formed at 25 °C controlled by Tecan Infinite 200 PRO
(TECAN, Switzerland). As a blank, we used Tris buffer
(pH = 7.5) with 150 mM NaCl.

Results and Discussion

Interaction between MT and CdTe QDs was investigated
using the multi-instrumental approach. MT was isolated
using fast protein liquid chromatography from the homog-
enate of liver of rabbits treated with cadmium(Il) ions
according to Demuynck et al. [35]. FPL chromatogram is
shown in Fig. 1a. The presence of MT was verified by SDS-
PAGE (Fig. 1b). CdTe QDs were prepared according to
Duan et al. [31]. Prepared CdTe QDs were further cha-
racterised by differential pulse voltammetry (DPV), where
concentration of cadmium(II) ions was determined [38—42].
Interaction between MT and CdTe QDs was primarily
characterised using UV-VIS spectrophotometry according
to [10] and subsequently by fluorimetry and differential
pulse voltammetry Brdicka reaction. Finally, size exclusion
separation of MT-CdTe QDs complex, where QDs, MT and
Cd(II) were determined, was carried out.

Cd Content in the Prepared CdTe QDs

Quantum dots with CdTe core were prepared according to
protocol mentioned in “Experimental Section” and the
content of cadmium was determined by DPV to quantify
prepared QDs. Redox signals of cadmium(II) ions were
detected at —0.64 V. Parameters of calibration dependence
were as follows: y = 1.795x, R?>=10.9996,n =5 (R.S.D.
3.1 %). Using DPV, method it was determined that pre-
pared stock solution of CdTe QDs contained 68 £+ 2 uM
(n = 5) of cadmium(II) ions.

Spectrophotometry of MT Interacted with CdTe QDs

For verification of the formation of MT-CdTe QDs complex
the effect of addition of QDs to MT, which was isolated
according to the protocol mentioned in “Experimental
Section”, was investigated. Firstly, volume of 60 pL of MT
(3.6 tM) was mixed with 120 pL. of phosphate buffer (pH
7.5, 20 mM). Subsequently, addition of CdTe QDs (68 uM,
individual step 1 pL) was carried out. Final concentration of
MT in this mixture was 1.2 pM and final concentration of
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CdTe QDs was 2.64 uM. Set of ten samples was prepared
like this. One sample (1) represented only MT (without QDs
addition) at a concentration of 1.2 uM, next sample (2)
contained MT in combination with 0.34 uM CdTe QDs, and
next samples had increasing concentrations of QDs—0.34,
0.68, 1.02, 1.36, 1.7, 2.04, and 2.47 pM. Total volume of
sample, which was applied into cuvette, was always 180 pL.
Spectrum within in the range from 200 to 350 nm in 5-min
intervals for 30 min was analysed after the individual
additions of QDs. It clearly follows from the obtained results
that the applications of QDs to MT lead to the increase of
absorbance at three wavelengths as 260, 310 and 510 nm
(Fig. 2a). Maximum / detected at 260 nm was related to
MT-QDs complex I, and the second maximum related to
MT-QDs complex II was observed at 310 nm, which is in
agreement with the previously published results [23], where
the increase of absorbance at 240-260 nm as a result of
origination of MT—Cd(II) was observed. Addition of CdTe
QDs led to the almost linear increase in absorbance for both
maxima corresponding to complex I and II, respectively, to
complexes of MT (Fig. 2b). The increase of absorbance at
510 nm was caused by CdTe QDs themselves. This fact is
well evident in the record of analysis of CdTe QDs at
identical concentration without MT presence (Fig. 2a).

Electrochemical Study of CdTe QD-MT Complex

Interaction between CdTe QDs and MT was further mon-
itored using DPV Brdicka reaction. This reaction belongs
to the catalytic processes, where nascent signal is influ-
enced by the formation of complexes between analyte with
cobalt(IIT) ions [43]. CdTe QDs complexes with MT gave
DP voltammograms, which are shown in Fig. 3a. The
voltammograms contain five characteristic signals. RS,Co,
Catl and Cat2 are signals associated with MT itself, which
have been described in our previous papers [10, 30, 44-46].
Signals X and Y can be related to the interaction between
CdTe QDs with the electrolyte and MT. Addition of CdTe
QDs leads to the vanishing of signal X and shift of signal Y
towards more positive potentials (from —1.05 to —0.98 V).
Moreover, signals X and Y formed one composed signal,
which narrows with the increasing concentration of CdTe
QDs. More detailed description of these processes will be
published elsewhere. It follows from the results shown in
Fig. 3b that the addition of CdTe QDs to MT causes
decrease in catalytic signal Cat2. As it was described in the
previous subchapter, the increasing amount of CdTe QDs
(0.34, 0.68, 1.02, 1.36, 1.7, 2.04, 2.47, 2.72, 3.06 and
3.4 uM) was gradually added to the 3.4 pM solution of
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Fig. 2 a Overlay of absorption spectra obtained within the range
from 200 to 600 nm for mixture of MT (1-1.2 uM), QDs (2-0.34;
3-0.68; 4-1.02; 5-1.36; 6-1.70; 7-2.04; 8-2.47;) and CdTe QDs
(9-2.5 uM). Well observable complexes I and II were detected at

254 nm and 310 nm. Detail of spectra maxima of QDs (CdTe) is
shown in inset (450-550 nm). b The increasing absorbance of
complexes I and II after an addition of QDs into MT
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Fig. 3 a DP voltammogram of complex MT-CdTe measured in the
presence of Brdicka solution. Five various additions of QDs
(0.34-34 uM) was mixed with MT solution—voltammogram 0-4.
b The influence of QDs addition to measured Cat2 MT signal. The
parameters of the measurement were as follows: initial potential of
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APO-MT 0.34  0.38 1.02 1.36 1.7 204 238 272 3.06 34

Concentration of QDs (uM)

0.75 V, end potential of —1.75 V, modulation time 0.057 s, time
interval 0.2 s, step potential 2 mV, modulation amplitude —250 mV,
E.4s = 0V, volume of injected sample: 25 pL, volume of measure-
ment cell 2 mL (25 pL of sample + 1,975 pL Brdicka solution)

Fig. 4 a Emission spectra of a b 40000 -
QDs (CdTe 3.4 uM) after 3 h 35000 -
under applied concentrations of
NaCl (a-0; b, c-12.5, 6.25; a 35000 v
d-25; e-50; ~100; g-200; | X
h—300 mM NaCl). b Influence 30000 b.c E : e o 5 * e Z
of NaCl (0-300 mM) during d 30000 4 _ ¢
time dependent measurement 25000 4 e . ) % x % :
(01,800 min) on QDs (CdTe S 25000 - . -
17 uM) signal at 535 nm =) f E . f
(excitation at 350 nm); in inset: é 20000 e g
the slope development owing to o & E 20000 1
decrease of signal is shown % {\ . z h
2 g 35
S 15000 1 £ 150001 30 I I 1
E £ 259 1 . i
% 20 I 1
10000 100007 2 5
% 10
5000 S
5000 - T L
0 625 125 25 50 100 200 300
0 ' Concentration (')f NaCl (mM) '
0 — 0 50 100 150

400 500 600 700

800 900

Time of incubation (min)

Emission wavelength (nm)

MT. Cat2 signal was decreased for more than 85 % com-
pared to MT itself after the addition of 1.36 uM of CdTe
QDs. However, further decrease of Cat2 signal was not
observable with the increasing CdTe QDs concentrations
(inset in Fig. 3b), which can be related to the saturation of
MT moieties for metal interactions by QDs.

Quenching of QDs Emission by NaCl
Further, we aimed our attention on the isolation of QDs—
MT complexes. Stability of QDs and their ability to emit

radiation after excitation in the higher NaCl concentrations,
which was necessary for effective separation of QD-MT

@ Springer

using FPLC, was investigated by fluorimetry. Solution of
NaCl (0, 6, 12, 25, 50, 100, 200 and 300 mM) was added to
3.4 uM solution of CdTe QDs in Tris buffer. Then, we
performed time-dependent fluorimetric analysis for 3 h
with 10-min steps. As it is obvious from the obtained
results, the increasing concentration of NaCl and time of
interaction lead to the decrease of fluorescence of CdTe
QDs (emission at 535 nm). The most significant reduction
of the emission was detected at the highest applied NaCl
concentration (300 mM) as 45 % after 3 h of incubation
(Fig. 4a). For the evaluation of the trend of the reduction of
the emission, the obtained dependences were plotted with
linear lines (Fig. 4b). The least sharp decrease was detected
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in the case of 6.25 and 12.5 mM NaCl. On the other hand,
the sharpest increase was detected at 100 and 200 mM (in
inset Fig. 4b). These results give evidence about the pos-
sible effect of ionic strength on CdTe QDs fluorescence
quenching. It is necessary to apply higher ionic strength
(100200 mM NaCl) for the size exclusion separation,
which was most suitable for the separation/characterisation
of MT-QD complex. This fact is based on the necessity to
eliminate possible non-specific interactions and other
electrostatic and hydrophobic interactions. On the other
hand, lower recovery rate must be carefully considered in
the case like separated CdTe QDs. The decrease of emis-
sion after 2 h is for about 30 % in the case of 150 mM
concentration, which must be taken into account as we
discussed above.

Quenching of QDs Emission by MT Interaction

Due to the decrease of electrochemical signal of MT
observed in QD-MT complex studied using the Brdicka
reaction, we decided to determine the emission of CdTe
QDs complex with MT. We carried out a time-dependent
measurement of QDs emission within the range from 400
to 850 nm under the excitation of 350 nm for individual
MT additions (0.43—1.7 pM) to CdTe QDs (1.7 uM) in the
presence of Tris buffer (pH = 7.5). The results obtained
are shown in Fig. 5a. It clearly follows from the obtained
results that additions of 0.43 and 0.64 uM of MT did not
influence the intensity of emission. However, addition of
0.85 uM of MT led to the decrease of the intensity of the
emission by 20 % during 120 min of incubation. Higher
concentrations as 1.28 and 1.7 uM of MT caused emission
decrease almost immediately by 60 %, respectively, 90 %
with only minimal progression during 120-min-long incu-
bation. In general, change of the emission intensity during

incubation was minimal (up to 10 %) in all applied MT
concentrations. These results indicate that the complex
between MT and CdTe is formed rapidly (already in the
time 0) and is stable for 120 min at least. The obtained
slopes of linear regression characterise the decrease in
emission with the increasing MT concentration with the
linearity of R* = 0.8874 (Fig. 5b).

Separation of QD-MT Complex Using FPLC

For the verification of the formation of MT-QDs complex
as well as for separation of this complex, we performed fast
protein liquid chromatography with the application of
Sephadex FPLC column (HiLoad 26/60, 75 PG, GE
Healthcare, Sweden). For the monitoring of complex for-
mation, mixture of 1.7 uM MT and 1.7 uM CdTe QDs was
prepared. Volume of sample applied into system was
1 mL. Visible spectra detection of CdTe QDs was per-
formed at 505 nm due to detection of CdTe QDs them-
selves. Fractions were collected during the whole
separation (2 mL for 70 min). In addition to actual absor-
bance (505 nm) monitored behind the output of column,
fractions were subjected to analysis of Cd(II) content and
also MT content using the Brdicka’s reaction (Fig. 6c¢).
Obtained chromatogram (VIS detection) shows two distinct
signals (signal a and signal b), where signal a represents
probably a formed complex of QD and MT and signal
b represents CdTe QDs. Application of only QDs leads to
the formation of signal in the same position as signal
b (Fig. 6b). Signal of metallothionein was observed in the
same position as signal a (Fig. 6a). Application of Cd(II)
ions did not affect the position of both signals as well as the
formation of “new” signal. This presumption was sup-
ported by the determination of MT in very low concen-
tration (0.2 pM) in the elution time of signal a. This fact

Fig. 5 a The influence of a b
addition of apoMT (a—0.43; 30000 1 30000 -
b-0.64; c-0.85; d-1.28;
e—1.70 uM) on QDs (CdTe 25000
1.7 uM) fluorescence at 535 nm 25000 1 a -
(excitation at 350 nm) during
time dependent measurement e =
P : : : > 20000 1 b = 20000

(0-120 min). b Calibration = <é
curve of addition of apoMT to E ¢z

8 5]
QDs 215000 § 150001

Q Q

Q 172)

5 £

E 10000 4 £ 10000 -

- d

y =-5276.4x + 31954
5000 - 5000 R2=0.8874
L 4
¢ 0 T T y
0 T T T T ] 0 2 4 6
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Fig. 6 Chromatogram of MT (1.7 uM) + QDs (1.7 pM) mixture
separated by FPLC system and recorded at 505 nm (green line).
Collected fractions (2 mL) were than analysed by DPV method for Cd
content determination (red line) and by Brdicka’s method for MT
content determination (blue line) where a is analysis of apoMT, b is
analysis of QDs, and c¢ is analysis of the mixture. All measurements
were carried out with Sephadex FPLC column (HiLoad 26/60, 75 PG,
GE Healthcare, Sweden)

corresponds to the finding introduced in “Experimental
Animals and Preparation of Samples for MT Isolation”,
because, in the case of complex, the signal is reduced by
almost 85 %. Observed signal a representing complex of
MT and QD is eluted 40 min earlier than CdTe QDs rep-
resented by signal b at applied flow rate of 4 mL/min.

Conclusions

Interaction of inorganic-based nanoparticles with biomol-
ecules including DNA and proteins can be used for diag-
nosis and treatment purposes in medicine [47-49].
Therefore, there is a need for hyphenating of analytical
methods using QDs for this purpose. In this study, we
verified the formation of MT-QDs complex by the use of
spectrophotometric and fluorimetric methods with sub-
sequent separation using FPLC method. Considering that

@ Springer

role of MT in cancerogenesis is discussed [19, 50-57],
these results could be considered as a base for some
imaging technologies for MT in vivo visualisation.
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5.2.3 Védecky ¢lanek V

Use of nucleic acids anchor system to reveal apoferritin modification by cadmium
telluride nanoparticles

Kudr, J., Nejdl, L., Skalickova, S., Zurek, M., Milosavljevic, V., Kensova, R., Ruttkay-
Nedecky, B., Kopel, P., Hynek, D., Novotna, M., Adam, V. and Kizek, R.

J. Mat. Chem. B, 2015, 2050-750X, 2109-2118

Podil autora Skalickova S.:20 % textové Casti prace a 30 % experimentalni prace

Feritny jsou univerzalni proteiny, které jsou schopny do své struktury uzaviit ionty
riznych anorganickych latek, transportovat je a ve vhodnych podminkach tyto ionty
opét uvolnit do okoliho prostiedi. Diky t€émto vlastnostem se staly feritiny vyznamnym
pfedmétem vyzkumu v oblasti nanotechnologii. Vyhodou vyuzti feritind je jejich
organicky ptivod a tak se stdva jednim z perspektivnich nanotransportért, které hraji
dilezitou roli v diagnostice a in vivo zobrazovani. Nedinou soucasti téchto obort je
pokrok ve vyvoji kvantovych teCek, které vykazuji vysoké kvantové vytéZky a stavaji se
novym diagnostickym pfistupem. V neddvnych studich byla popsana syntéza riznych
nanomateridli uvnitt apoferitinové struktury. Vyhodou takového systému mize byt
vywiti vin Vvivo zobrazovani, kdy wnéj$i proteinova klec chrani do ni uzaviené
nanostruktury, které vykazuji specifické vlastnosti, napiiklad fluorescenci (Sun, Cuiji,
Yang, Hui et al. 2011). Mimo jiné mize byt vn¢jsi klec rizné funkcionalizovana nebo
modifikovana pro zajiSténi specifity, anebo pro cileny transport. Jednou z moznosti je
vyuzti specifické mterakce mezi cystemovymi ammokyselinovymi zbytky ve strukture
apoferitinu  a jejich specifické interakce se zlatymi nanocasticemi znacenymi
oligonukleotidovou  sondou  modifkovanymi ~ paramagnetickymi  Casticemi,  které
umoziiovaly purifikaci celého nanokonstruktu.

Ciem této prace bylo syntetizovat apoferitin modifikkovany kadmum teluridovymi
nanoCasticemi, které byly vytvofeny uvnitf apoferitinové kostry vlivem srazeni pii
vysokych teplotach. Ztohoto divodu byla provéfena termostabilita apoferitinu jehoz

denaturace zaCind pii teplot¢ 70 °C. Pomoci méfeni absorbancnich spekter a
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fluorescence byla sledovana tvorba CdTe QDs. Z vysledkl je patrnd zména signalu pii
jednotlivych krocich syntézy a posun absorbénich a fluorescenénich maxim, které
dokazuji vytvofeni CdTe QDs uvnité apoferitinové klece. Pro izolaci apoferitinu
Suzavienymi QDs, byl povrch proteinu modifikovan zlatymi nanoCésticemi a pies
thiolové skupiny oligonukleotidu upevnén k paramagnetickym ¢asticim, za pomoci
kterych byl cely konstrukt izolovan od zbytku nenavazanych slozek smési. Tvorba
cillového nanokonstruktu byla monitorovana pomoci skenovaciho elektronového
mikroskopu. Jednotlivé kroky tvorby nanokonstruktu vedly ke snizeni celkového
protékajictho proudu mez povrchem pracovni a pomoci elektrody, coz dokazuje vznik
celé nanokonstrukce.

Vtomto experimentu se podafilo monitorovat a prokazat tvorbu CdTe QDs uvnitf
apoferitnové klece pomoci spektrofotometrie a fluorescence. Diky interakci zlatych
nanocastic s povrchem apoferitinu byla umoznéna konjugace k oligonukleotidové prob¢
znacenou  paramagnetickymi  Casticemi.  Vznikly nanokonstrukt vynikd moznosti
purifikace a manipulace diky paramagnetickym casticim a stdvd se tak moznym
nastrojem Vvin Vivo zobrazovacich technikach diky vysokému kvantovému vytézku
CdTe QDs.
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Use of nucleic acids anchor system to reveal
apoferritin modification by cadmium telluride
nanoparticles
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Renata Kensova,?® Branislav Ruttkay-Nedecky,®® Pavel Kopel,?® David Hynek,?°
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The aim of this study was to synthesize cadmium telluride nanoparticles (CdTe NPs) modified apoferritin,
and examine if apoferritin is able to accommodate CdTe NPs. Primarily, the thermostability of horse
spleen apoferritin was tested and it's unfolding at 70 °C was observed. Cadmium telluride nanoparticles
(CdTe NPs) were synthesized both within apoferritin protein cage and on its surface. The thermal
treatment of apoferritin with CdTe NPs resulted in the aggregation of cores, which was indicated by
changes in the absorption spectra and the shape of apoferritin tryptophan fluorescence. The apoferritin
modified with CdTe NPs was additionally modified with gold nanoparticles and attached to magnetic
particles via oligonucleotide using gold affinity to thiol group. This anchor system was used to separate
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1. Introduction

Nanoparticles have been attracting a great attention due to their
wide potential of application," where their different shapes,
sizes and compositions enhance a possibility of broad range of
their use.>* For nanotechnology and biotechnology applica-
tions, there is a strong demand on uniformity of nanoparticles
properties. However, there are still technical challenges
regarding the preparation of nanoparticles with homogeneous
size distribution.®

Various nanoparticles fabrication methods have been
reported.®® It was shown that biomolecules, such as protein
cages or viruses, can serve as a template for the synthesis of
nanoparticles.>'® The cage-like proteins are able to bio-miner-
alize inorganic materials; moreover, they can be used as a
spatially restricted chemical chamber (nanoreactor). Among all
protein cages, apoferritin is favoured for its remarkably stable
structure under various acidity and temperature.**> Apoferritin
is an iron storage protein, which is ubiquitous in animals. It is
composed of 24 polypeptide subunits. These heavy and light
subunits self-assemble into a hollow protein sphere with outer
and inner diameters of 12 and 8 nm, respectively."”® Horse-
spleen apoferritin is composed of nearly of 90% of L-subunit
(one tryptophan per L and H subunit at the same position of
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the construct using external magnetic field and to analyse the molecules attached to apoferritin.

polypeptide chain). Specific threefold channels at the interface
of the subunits are responsible for the flow of positive ions to
the hollow core. In recent research, apoferritin has been used to
synthesize various metal nanoparticles and semiconductor
nanocrystals."?° In these cases, aspartate and glutamate on the
inner surface proved to promote the formation of nano-
particles."” In addition, apoferritin is used in many biomedical
applications.”***

Magnetic particles have important applications in
biochemistry and analytical chemistry such as analyte pre-
concentration, separation and identification.>*?® The target
molecule can be recognized by specific magnetic particle
surface modification and the magnetic force enables the sepa-
ration of adsorbed target molecule from a complex sample.””*®
The modification of magnetic particles with oligonucleotide
probe is broadly used for biosensors fabrication and medical
applications due to their unique biorecognition properties
based on the ability to hybridize target sequence and to elimi-
nate non-specific adsorption.>*-*

As it was mentioned above protein cages, including apo-
ferritin, are broadly used in the field of material science.
Therefore, the aim of this study was to synthesize CdTe NPs
modified apoferritin, and examine if apoferritin is able to
accommodate CdTe NPs. Moreover, we designed the anchor
system based on modified magnetic particles to prove apo-
ferritin modification by CdTe NPs. The advantage of the
proposed system is not only in the synthesis of nanoparticles
within the apoferritin cage but also in the possibility to purify
this nanoreactor from the unreacted components of the
synthesis, as well as to transfer it to the desired location by
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external magnetic field manipulation due to the conjugation
with magnetic field responsive particles.

2. Material and methods
2.1. Chemicals

Water, cadmium acetate dihydrate, sodium tellurite, sodium
borohydride and other chemicals were purchased from Sigma-
Aldrich (St. Louis, USA) in ACS purity (chemicals meet the
specifications of the American Chemical Society), unless noted
otherwise. Apoferritin from equine spleen (0.2 um filtered) and
the oligonucleotides were also purchased from Sigma-Aldrich
(St. Louis, USA). Magnetic particles Dynabeads Oligo(dT),s were
bought from Thermo Fisher Scientific (Waltham, USA). pH was
measured with a pH meter WIW (inoLab, Weilheim, Germany).

2.2. Sample preparation

The apoferritin with CdTe NPs (ApoCdTe NPs) was prepared as
follows. The horse spleen apoferritin (20 pl, 7.3 pg ul™') was
pipetted into water (300 pl). Then, cadmium acetate (20 pl,
20 mM) and ammonium (4.5 pl, 1 M) were added. After shaking
(30 min, 37 °C, 500 rpm) on a thermomixer (Eppendorf,
Hamburg, Germany), and then sodium tellurite (3.75 pl,
20 mM) was added to the solution (pH 9.5). To obtain the
ApoCdTe NPs sample, sodium borohydride was added to the
solution. The control sample (CdTe NPs sample) was prepared
in the same way by adding 20 pl of water, instead of apoferritin.
The water solution of apoferritin (0.4 mg ml~") was used to
compare the ApoCdTe NPs and apoferritin fluorescence and
absorption. After incubation (20 h, 60 °C, 500 rpm) on a ther-
momixer (Eppendorf, Germany), all the samples were filtered
using the Amicon Ultra-0.5 ml Centrifugal Filters with 50 kDa
cut-off (Merck Millipore, Billerica, USA) according to the
manufacturer instructions.

2.3. Preparation of gold nanoparticles (Au NPs)

Gold nanoparticles were prepared using citrate method at room
temperature as reported elsewhere.?*** Briefly, an aqueous
solution of sodium citrate (0.5 ml, 40 mM) was added to a
solution of HAuCl, -3H,0 (10 ml, 1 mM). The colour of the
solution slowly changed from yellow to violet. The mixture was
stirred overnight. The smallest Au NPs from the top layer of the
flask were used for apoferritin modification according to the
following protocol. The ApoCdTe NPs, CdTe NPs and apoferritin
sample (100 pl) were mixed with the Au NPs (10 ul) and incu-
bated (24 h, 500 rpm, 37 °C) in a thermomixer (Eppendorf,
Germany).

2.4. Preparation of anchor system

Buffers used for the isolation step were phosphate buffer I
(pH 6.5, 0.1 M NaCl, 0.05 M Na,HPO,, and 0.05 M NaH,PO,),
phosphate buffer II (0.2 M NaCl, 0.1 M Na,HPO,, and 0.1 M
NaH,PO,) and hybridization buffer (100 mM Na,HPO,, 100 mM
NaH,PO,, 0.5 M NaCl, 0.6 M guanidium thiocyanate, and 0.15 M
trizma base, pH was adjusted to 7.5 using HCI). 10 ul of the
resuspended magnetic particles were placed on the magnetic
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stand and washed 3-times with phosphate buffer I (100 ul).
The magnetic particles were resuspended in the solution con-
taining hybridization buffer (10 pl) and oligonucleotide with
polyadenine terminus (10 ul, 100 pg ml~', 5-TCTGCATTCCA
GATGGGAGCATGAGATGAAAAA). Subsequently, this solution
was incubated (30 min, 500 rpm, 37 °C) on thermomixer
(Eppendorf, Germany) and the particles were washed with
phosphate buffer I (100 pl) in order to remove unattached
oligonucleotide. The particles were then resuspended in the
solution containing hybridization buffer (10 ul) and thiolated
oligonucleotide (10 pl, 100 pg ml™*, 5-CATCTCATGCTCC
CATCTGGAATGCAGA-SH). After incubation (30 min, 500 rpm,
37 °C), the unbounded oligonucleotides were washed away. The
product was the modified magnetic particles without any fluid.
The prepared construct was used to anchor the gold modified
ApoCdTe NPs, apoferritin and CdTe NPs samples.

The samples with different ApoCdTe NPs concentrations and
modified by Au NPs were obtained by diluting the stock solution
of ApoCdTe NPs with water in different ratios (undiluted
ApoCdTe NPs stock solution, 1:1,1:3,1:7,1:15and 1 : 39).
The gold modified apoferritin sample (5 pl) and CdTe NPs
sample mixed with Au NPs (5 pl) were also mixed with water
(35 ul) and used as controls for cadmium detection after sepa-
ration conducted by the anchor system. In addition, these
samples (40 pl) were mixed with the prepared modified
magnetic particles and incubated (1 h, 25 °C, 500 rpm).
Subsequently, the magnetic particles were washed with phos-
phate buffer I (100 pul), and phosphate buffer I was added (10 pl)
in order to split the hybridized oligonucleotides. The magnetic
particles were immobilized by the magnetic field and the
supernatants were analysed using atomic absorption spec-
trometry (AAS).

2.5. Instrumentation

Absorption and fluorescence spectra were measured using an
Infinite 200 PRO multimode reader with top heating (Tecan,
Minnedorf, Switzerland). Gel electrophoresis was performed
using a PowerPac Universal Power Supply (Bio-Rad, Hercules,
USA). Average current levels were obtained using a Scanning
electrochemical microscope 920C (CH Instruments, Austin,
USA). Spectro Xepos (Spectro Analytical Instruments, Kleve,
Germany) was used to measure X-ray fluorescence spectra. The
determination of cadmium was carried out on a 280Z Agilent
Technologies atomic absorption spectrometer (Agilent, Santa
Clara, USA) with electrothermal atomization and Zeeman
background correction. Average particle size and size distribu-
tion were determined by quasielastic laser light scattering with
Malvern zetasizer Nano-ZS (Malvern Instruments Ltd., Wor-
cestershire, U.K.).

2.6. Apoferritin thermostability

The unfolding of apoferritin was monitored spectrophotomet-
rically using a computer-controlled Peltier thermostat (Labor-
technik, Wasserburg, Germany). The sample (35 pug ml™') was
incubated at different temperatures for 5 min, and thereafter
the absorbance was measured at 230 nm. Changes in sample
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absorbance were recorded using a spectrophotometer Specord
S600 with a diode detector (Analytik Jena, Jena, Germany). The
thermostability of apoferritin was also tested using gel electro-
phoresis. The solution of apoferritin (35 pg ml~ ') was shaken
(500 rpm) and heated with a thermomixer. The samples (10 pl)
were removed from the solution during heating when the
temperature reached 30, 35, 40, 45, 50, 55, 60, 65, 70 and 75 °C
for 5 minutes. These samples were further analysed by native
(non-denaturing) polyacrylamide gel electrophoresis (native-
PAGE).

2.7. Non-denaturing polyacrylamide gel electrophoresis

The samples were analysed in 6% non-denaturing PAGE in
60 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid and
40 mM imidazole pH 7.4 buffer as described by Kilic et al.®®
Briefly, the samples (10 ul) were mixed with 2 pl of 30% glycerol.
The gels (2.4 ml of acrylamide/bis-acrylamide 30% solution, 9.6
ml of running buffer, 9.96 pl of N,N,N',N'-tetramethylethylene-
diamine and 60 pl of ammonium persulfate) were run at 10 mA
for 2 hours (30 minutes for apoferritin thermostability experi-
ment) and were stained with Coomassie Brilliant Blue R stain.

2.8. The scanning electrochemical microscope
measurements

Scanning electrochemical microscope (SECM) consisted of
100 mm measuring platinum disc probe electrode with a
potential of +0.2 V. During the scanning, particles were attached
to the conducting substrate plate coated with gold via magnetic
force from neodymium magnet. The working distance of the
platinum measuring electrode was set at 20 pm above the
surface. The mixture consisted of 5% ferrocene in methanol
mixed in 1 : 1 ratio with 0.05% KCI with water (v/v).

2.9. Stern-Volmer constant

Fluorescence spectra (excitation wavelength 400 nm) of CdTe
NPs (emission wavelength 600 nm) QDs without any capping
agent (50 pl) were measured in the presence of 0, 0.3, 0.6, 0.8,
1.1 and 1.4 puM of apoferritin (5 pl) and also at different
temperatures (20, 25, 30, 35 and 40 °C). The CdTe NPs fluo-
rescence quenching by apoferritin can be described by Stern-
Volmer equation:

%: 1+ kq1[Q] = 1 + Ksv[Q]

where F, and F are fluorescence intensities of CdTe NPs in the
absence and presence of apoferritin quencher, respectively, k4 is
biomolecular quenching constant, 7, is the lifetime of the flu-
orophore without quencher, [Q] is the concentration of the
quencher and Kgy is the Stern-Volmer quenching constant.’”
The quenching constant Kgy was calculated by the linear
regression of a plot of (F, — F)/F against [Q].*®
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3. Results and discussion
3.1. The synthesis of CdTe NPs within apoferritin

The H subunits (represents 10-15% of horse spleen apoferritin)
include the ferroxidase centre, which is responsible for the
oxidation of ferrous oxide to ferric oxide and prevents free
radicals production. Apoferritin cavity in vivo was able to
accommodate 4000 iron atoms stored as a mineral ferrihydrite.
The hydrophobic fourfold channels represent large energy
barrier for divalent and monovalent ions uptake.** Apart from
that, the hydrophylic threefold channels transferred mono-
valent and divalent ions into the apoferritin cavity. This ability
was broadly used for nanoparticle synthesis within the cavity. As
it was previously proved, the apoferritin cavity was able to
accommodate several metal ions and inorganic molecules.**'>%°
From these, cadmium ions were used for ferritin and apoferritin
crystallization due to its large coordination numbers,* and
were also able to bridge the otherwise repulsive carboxyl groups
of opposing aspartate and glutamine side chains.*

Protein contains three intrinsic fluorophores: phenylala-
nine, tyrosine and tryptophan, which are also responsible for
protein absorption in the UV-region. Tryptophan has longer
excitation and emission wavelengths and good quantum yield.
Due to the fact that phenylalanine has very low quantum yield
and tyrosine is often totally quenched when is located near
amino or carboxyl group, protein intrinsic fluorescence mostly
arises from tryptophan (its indole ring).>” Changes in the tryp-
tophan fluorescence intensity, band shape, wavelength
maximum and fluorescence lifetime depend on the tryptophan
local environment and are used in various applications such as
substrate binding or quencher accessibility.***~** Both, the H
and L-chains of apoferritin contain single tryptophan residue,
thus 24 tryptophan residues are presented within apoferritin.
Therefore, we monitored apoferritin emission spectra after
excitation at 230 nm and observed the changes during the
sample preparations.

The preparation of ApoCdTe NPs (apoferritin modified with
CdTe NPs) is schematically depicted in Fig. 1A. More precisely,
ammonium (4.5 pl, 1 M) and cadmium acetate (20 pl, 20 mM)
were added to apoferritin solution (0.4 mg ml™"). Cadmium
ions were stabilized by ammonium ions and created positively
charged tetraminecadmium ions, which were partly transported
to the apoferritin cavity.** Then, sodium tellurite (3.75 pl,
20 mM) was added and the tellurite ions were reduced to
telluride by the addition of sodium borohydride, which resulted
in CdTe cores formation. Subsequent heating was applied to
allow CdTe cores to aggregate.

The individual steps of ApoCdTe NPs synthesis were moni-
tored using UV-Vis and fluorescence spectroscopy to confirm
the CdTe NPs creation. The absorption (230-800 nm) and
fluorescence spectra (280-480 nm) were measured and
compared with two control samples as (i) CdTe NPs solution
without any capping agent and apoferritin (CdTe NPs sample),
and (ii) apoferritin water solution. The characteristic absorption
peak of protein (apoferritin) was observed at 280 nm in the
cases of apoferritin solution with cadmium and tellurite ions
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Fig. 1

Individual steps of CdTe NPs synthesis within apoferritin (ApoCdTe NPs) and their characterization. (A) The scheme of the ApoCdTe NPs

synthesis, which was monitored using UV-vis spectrometry and fluorescence spectroscopy and compared with the control samples. The
absorption and fluorescence spectra of (a) apoferritin solution, (b) cadmium acetate, ammonium and sodium tellurite water solution and (c) same
mixture with addition of apoferritin were measured (B and C) before reduction step, (D and E) after reduction and (F and G) after heating. To
highlight the differences between ApoCdTe NPs and apoferritin sample the differential (H) absorption and (l) fluorescence spectra (a) before
reduction, (b) after reduction and (c) after incubation were calculated. (J) To encourage CdTe creation heating is required, thus apoferritin
thermostability was determined. The absorbance of apoferritin solution at 230 nm during the heating depicted as percentages of decrease and
(K) the native PAGE of heated apoferritin solution to particular temperature. (L) The size distribution of (a) CdTe colloids, (b) apoferritin in its
spherical state and (c) particles presented within ApoCdTe NPs sample. (M) Stern—Volmers Ksy constants were determined to elucidate the
interaction mechanism between CdTe NPs by apoferritin at different temperatures.

(A280 = 0.91 AU) and apoferritin solution (4,5, = 0.86 AU) before
the addition of NaBH,. No absorption peak was observed in the
case of cadmium and tellurite ions solution (Fig. 1B). The
fluorescence spectra of all three samples were also measured
(Fig. 1C). The emission peaks of apoferritin and apoferritin in
the presence of ions were observed at 308 nm. The sample with
cadmium and tellurite ions without apoferritin exhibited
emission spectra with no peak. In comparison to the sample of
ions before the addition of reducing agent, the absorption

2112 | J. Mater. Chem. B, 2015, 3, 2109-2118

maximum of reduced sample increased in the range from
246 nm to 450 nm due to CdTe cores creation (Fig. 1D), which is
in good agreement with Han et al.*’” The absorption spectra of
ApoCdTe NPs and apoferritin sample remained nearly the same
after reduction process. The emission of ApoCdTe NPs and
apoferritin samples were lowered by 4% and 3% respectively,
compared to the unreduced samples (Fig. 1E). The fluorescence
measurement of CdTe NPs sample immediately after reduction
revealed no emission peak (excitation wavelength 230 nm), but
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emission maxima was observed at 584 nm when excited at
400 nm (not shown). We assume that the presence of CdTe
quantum dots in the solution was responsible for this emission
maximum. In the next step, the samples were heated (20 h,
60 °C, 500 rpm) to encourage the aggregation of CdTe NPs
according to Khalavka et al.*®* The measurement of samples
absorption spectra after the heating step resulted in the
increase of ApoCdTe NPs local maxima at 280 nm by 14%
(compared with reduced ApoCdTe NPs sample) and the
formation of local maxima at 330 nm, although the absorption
spectra of apoferritin sample remained nearly the same
(Fig. 1F). The similar absorption spectra of nanoparticle within
apoferritin were reported for Pd and Cd.'**® Strong decrease in
CdTe NPs sample absorption at UV wavelengths was detected
after heating and we assume that this is the result of bulk CdTe
colloids precipitation (Fig. 1F). Although, the fluorescence of
apoferritin and ApoCdTe NPs sample with the maxima at
306 nm remained the same after incubation, the peak width
changed (Fig. 1G). The emission of CdTe NPs was not observed
and the mechanism of quenching is discussed afterwards. Xiao
et al. determined the interaction of CdTe quantum dots stabi-
lized by mercapropropionic acid with the human serum
albumin by the decrease in albumin fluorescence intensity,
however quantum dot properties are strongly affected by the
capping agent.’® Peak width at half height of ApoCdTe NPs
(calculated as a distance from the front slope of the peak to the
back slope of the peak measured at 50% of the maximum peak
height) increased by 54% in comparison with the emission peak
before heating and also increased by 30% in the case of apo-
ferritin solution. After the heating, no emission peak of CdTe
NPs sample was observed when excited at 230 nm and the
emission peak also disappeared when excited at 400 nm (not
shown). Without any capping agent, heating of quantum dots
resulted in their aggregation.

We also calculated the difference spectra. The absorption
and fluorescence spectra of apoferritin solution in a particular
synthesis step were subtracted from the spectra of ApoCdTe NPs
sample. The differential absorption spectra highlighted the
differences between samples at 300 nm before and after
reduction step and the local maxima increase at 330 nm
(Fig. 1H). The heating of ApoCdTe NPs sample resulted in the
difference fluorescence maxima evolving. The differential fluo-
rescence spectra revealed the increasing peak at 350 nm
(Fig. 1I). The difference emission of heated ApoCdTe NPs and
heated apoferritin increased 3-times in comparison with
difference emission of the unheated samples.

In addition, the thermostability of apoferritin spherical
structure was examined using UV-Vis spectrophotometry and
gel electrophoresis. UV-Vis absorbance measurement is a
simple method used to examine the structural changes and
formation of complexes.****** The protein absorption spectra
showed the peak at 280 nm due to the absorption of aromatic
side chains of phenylalanine, tyrosine, and due to disulphide
bonds, which are responsible for the dimerization of apoferritin
H-chains, and mostly by tryptophan.®® The tryptophan and
tyrosine content in various proteins remains constant, and
therefore this wavelength is commonly used to determine

This journal is © The Royal Society of Chemistry 2015
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protein concentration in a reagentless nondestructive way.
External conditions like temperature, pH and ionic strength
cause changes in the protein conformation, which results in the
change of amino acids exposure to the solvent and the
absorption spectra.**” Although the UV absorption spectra of
proteins show slopes only at app. 230 nm, according to Liu
et al.,”® it can be used as a convenient structural probe to find
the thermodynamic stability and kinetics of proteins unfolding.
The monitoring of absorbance at 230 nm (A,3,) during the
heating was used as structural probe for studying apoferritin.
The steady decrease of 4,3, was observed from 30 °C to 76 °C
during the heating of apoferritin solution (Fig. 1]). The absor-
bance of apoferritin solution at 30 °C and 76 °C was expressed
as 100% and 0%, respectively. The lowest absorbance (4,39 =
1.28 AU) was measured after the temperature of the solution
reached 76 °C; however, the absorbance of solutions heated to
68 °C and more were nearly the same. We suggest that the
heating of apoferritin above the body temperature resulted in
the conformation changes of the apoferritin subunits and total
denaturation at 68 °C was observed; nevertheless, the substan-
tial reversibility of horse spleen apoferritin denaturation was
observed up to a few degrees below denaturation temperature.™
The UV spectra of folded and unfolded protein commonly
shows downward peak (UV absorption of unfolded protein is
lower).>®

The unfolding and denaturation of apoferritin were also
examined using the native polyacrylamide gel electrophoresis
(Fig. 1K). Smears corresponding to the release of apoferritin
subunits were observed in case of samples heated above 65 °C
but it seems to have reached a higher intensity at 70 °C. Taking
together data from UV absorption and gel electrophoresis, we
conclude that the spherical structure of apoferritin degrades in
temperature above 65 °C. Based on previous results, we have
chosen 60 °C as a safe temperature for CdTe NPs aggregation in
the presence of the spherical state of apoferritin. Stefanini et al.
(1996) suggests that the horse spleen apoferritin should not be
heated to 80 °C to avoid its irreversible denaturation.'* Our
results confirm the high thermostability of horse spleen apo-
ferritin, which is consistent with the thermostability of the
entire ferritin group as it was determined in the case of ferritin
from hyperthermophile Pyrococcus furiosus, which is stable up
to 120 °C."*

The average particle sizes and particle size distribution
within samples were determined using a zetasizer; nevertheless,
electrochemical methods were suggested to be able to deter-
mine nanoparticle sizes (Fig. 1L).*® Average CdTe colloid was
295 nm in diameter after heating, although we assume that
their size without capping agent is not stable. The average size
of spherical apoferritin was found to be 11 nm, which corre-
spond with the commonly accepted size of apoferritin (12 nm).
Two main particle fractions were detected in the case of
ApoCdTe NPs sample as (i) CdTe colloids with average sizes of
255 nm and (ii) apoferritin modified by CdTe NPs with average
diameter of 18 nm.

As we observed the quenching of CdTe NPs fluorescence by
apoferritin and vice versa, we used the calculations of Stern-
Volmers constants to elucidate the interaction of CdTe NPs and
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apoferritin surface. Fluorescence quenching mechanism is
usually described as either dynamic or static and can be
determined using different temperature dependence.® As it is
shown in Fig. 1M, the calculated Stern-Volmer quenching
constants Ksy of CdTe NPs were inversely correlated with the
increasing temperature. This phenomenon is often observed in
the case of static quenching and suggests that the quenching of
CdTe NPs was the result of them binding to the surface of
apoferritin, rather than by dynamic collision.®*

3.2. Anchoring of the apoferritin samples

The utilization of the apoferritin cage as a nanoreactor provides
variety of advantages; however, the manipulation of such a
molecule by external stimuli is of an interest mainly to enable
the reaction to take place at the desired place, and subsequently
transfer the product to the site of action. Therefore, an elegant
approach of application of magnetic particles can be used. For
this reason, a simple connection using gold nanoparticles and
complementary oligonucleotides was proposed, enabling to
simply connect the cage to the magnetic particle and spatially
manipulate the nanoreactor.

In the following experiments, apoferritin, CdTe NPs and
ApoCdTe NPs samples were mixed with the gold nanoparticles
(Au NPs). Covalent bond between Au and S is the most widely
used interaction to achieve stable conjugation between Au NPs
and oligonucleotides or proteins containing cysteine.®>** The
citrate capped Au NPs are known as one of the easily synthe-
sized NPs, thus are frequently used for biosensors fabrication
and biomolecule labelling.®**” The exposed citrate is respon-
sible for the negative charge of Au NPs surface.®® Due to the
fact that the apoferritin inner surface has a negative electro-
static potential due to the presence of many acidic amino acids
residues, which is important to attract metal ions from solu-
tion during biomineralization, the electrostatic binding
between Au NPs and apoferritin (horse spleen apoferritin pI is
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between 4.1-5.5) is impossible in neutral pH.* Our concept of
apoferritin modification with Au NPs relies on the apoferritin's
ability to displace the citrate on nanoparticle surface as a
result of the direct interaction of amino acids functional group
(thiol of cysteine, amine of lysine or imidazole of histidine)
with the gold surface. The forming of chemical bond between
sulphur from apoferritin cysteine and gold was previously
reported.”

The integrity of apoferritin structure during the CdTe NPs
synthesis was examined using gel electrophoresis (Fig. 2A). The
apoferritin sample and apoferritin sample after Au NPs modi-
fication was run in the gel (Fig. 2Aa and e). The band of native
apoferritin nanosphere was found to be app. 1 cm from the
beginning (Fig. 2A red arrow), which was reported by Kilic ez al.
under these conditions.” The faint band attributed to the
dimeric form of apoferritin sphere was also observed (Fig. 2A
green arrow), which was in good agreement with Kilic et al.*®
After apoferritin sample heating (20 h, 60 °C, 500 rpm), the
sample was filtered using filter unit with 50 kDa cut off and the
filtrate was analysed on PAGE (Fig. 2Ac). There was no apo-
ferritin subunit band detected (both approximately 20 kDa),
thus we concluded that the integration of apoferritin was mostly
preserved after heating. The ApoCdTe NPs sample was treated
in the same way. In Fig. 2Ab, d and f shows the ApoCdTe NPs
sample after synthesis and its filtrate and ApoCdTe NPs modi-
fied by Au NPs. The positions of ApoCdTe NPs sample bands
were similar to bands of apoferritin sample. Only slight shifts of
ApoCdTe NPs bands were observed. We assume that the protein
charge was not changed. Therefore, we came to the conclusion
that it was the result of CdTe NPs attachment to the apoferritin
surface and the increase of its hydrodynamic size, as also sug-
gested by the particles size distribution and static quenching of
CdTe NPs fluorescence by apoferritin (Fig. 1L).

In conclusion, no shifts of the bands of apoferritin and
ApoCdTe NPs were observed after their modification with gold
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Fig.2 Creation of anchor system. (A) The native PAGE shows the (a) apoferritin sample, (b) the ApoCdTe NPs sample after heating, (c and d) the
filtrate obtained by filtration of apoferritin and ApoCdTe NPs sample through filter unit after heating, and (e and f) apoferritin and ApoCdTe NPs
sample after Au NPs modification. (B) The average current levels of individual parts of nanoconstruct measured by SECM confirmed individual
steps of anchor system creation. (C) The image of ApoCdTe NPs anchored to magnetic particles obtained by SECM.
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nanoparticles. The bands intensities of ApoCdTe NPs and
ApoCdTe NPs modified with Au NPs were not so well-marked as
the apoferritin bands. The thermostability of apoferritin seems
to be partly influenced by CdTe NPs presence. Heating (60 °C for
20 h) resulted in apoferritin portion unfolding, indicated by
polypeptide aggregates, which cannot go through the native-
PAGE and for this reason stacked at the beginning of the gel
(Fig. 2A yellow arrow) and they were also not able to go through
the filter unit with 50 kDa cut-off.

The individual steps of nanoconstruct formation were
examined using SECM (Fig. 2B). The bare gold plate was first
scanned and the average current level was calculated
(—0.22 nA). The magnetic particles attached to the gold plate
due to magnetic field had an average current level of —1.65 nA.

View Article Online
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The oligonucleotide with terminal polyA sequence was hybrid-
ized to magnetic particles. This complex was then hybridized to
complementary oligonucleotide with thiolated terminus and Au
NPs were immobilized on its thiol groups. This part of construct
decreased the reduction signal by 0.96 nA to —2.61 nA. The
construct extended by apoferritin resulted in the decrease of the
signal by 3.12 nA to —5.73 nA, therefore the apoferritin addition
increased the amount of reducible substances by 120%. The
presence of CdTe NPs within the apoferritin cavity and on the
apoferritin surface decreased the average current level four-
times to —22.90 nA. The SECM record of ApoCdTe NPs immo-
bilized on the surface of gold electrode using anchor system and
applying of external magnetic field is shown in Fig. 2C.
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Fig. 3 Proving of apoferritin modification with CdTe NPs. (A) The scheme of ApoCdTe NPs anchored to the separative nanoconstruct used to
prove the dependence of the detected cadmium amount on the amount of anchored apoferritin (B). (C) The sizes of gold nanoparticles (a) used
for apoferritin modification, (b) particles presented within the ApoCdTe NPs sample and (c) the particles separated by anchor system. (D) The XRF
spectra shows that Cd and Te ions were presented in ApoCdTe NPs sample separated by the anchor system. Inset: the image of water on the left
and ApoCdTe NPs on the right side after excitation by 312 nm. (E) The dependence of fluorescence on the heating temperature for (a) CdTe
solution with apoferritin added after CdTe synthesis, (b) ApoCdTe NPs and (c) the CdTe without any capping agent suggests that portion of CdTe

NPs is presented within apoferritin cavity.
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3.3. The presence of CdTe nanoparticles within apoferritin

The Au NPs were added to apoferritin, CdTe NPs and ApoCdTe
NPs samples. After incubation of the samples with the Au NPs,
we used the anchor system to capture the Au NPs and molecules
attached to them (Fig. 3A). Oligonucleotide probes with
terminal AAA sequence were hybridized to magnetic particles
with TTT sequence bound to theirs surface. Second probes with
thiol groups were hybridized to the first one and together
formed a system capable of anchoring gold modified biomole-
cules. The different concentrations of ApoCdTe NPs sample
modified with Au NPs were added to oligonucleotides with
attached magnetic particles. CdTe NPs solution was added to
the magnetic particle as a control. After incubation (1 h, 25 °C),
these constructs were separated from the solution of unat-
tached molecules by applying external magnetic field. Subse-
quently, the hybridized oligonucleotides in the constructs were
disrupted due to chemical denaturation and the magnetic
particles were removed from the samples. Finally, the samples
were analysed using AAS. No trace of cadmium was detected in
the control samples. It means that no CdTe NPs were modified
by Au NPs and anchored. Apart from that, ApoCdTe NPs was
successfully modified by Au NPs and attached to the anchor
system. The dependence of detected amount of total cadmium
on the volume of ApoCdTe NPs applied to the anchor system
proved the modification of apoferritin by CdTe NPs and it is
shown in Fig. 3B. Furthermore, we calculated that the ratio of
the detected cadmium to one apoferritin anchored molecule to
be 2700 : 1. The sizes and size distributions of gold nano-
particles used for apoferritin modification and particles sepa-
rated from ApoCdTe NPs solution were measured and
compared with the size distribution of the particles presented
within the ApoCdTe NPs solution (Fig. 3C). We observed that
gold nanoparticles with average diameter of 4 nm exhibited a
broad size distribution from 1 to 8 nm. In this case, we sug-
gested that the gold nanoparticles aggregation and cluster
formation was partly responsible for this size distribution and
also for the presence of second size distribution peak from 10 to
120 nm. The size distribution of ApoCdTe NPs sample consisted
of two peaks. The first peak, at app. 18 nm, was assigned to the
apoferritin with CdTe NPs present on its surface and the second
to the CdTe colloids with sizes from 165 to 340 nm. The size
distribution of particles separated from the ApoCdTe NPs
solution by anchor system shows that the apoferritin was
modified by Au NPs and probably also attached to the Au NPs
clusters. The size distribution of particles attributed to apo-
ferritin modified with CdTe NPs and Au NPs was from 12 to
42 nm with the biggest intensity at 21 nm. We assume that the
thiolated oligonucleotide was still bound to the apoferritin and
contributed to the peak shift. Particles with size of 105 nm were
also separated from ApoCdTe NPs solution, which suggests that
the aggregated Au NPs were also anchored. Although the small
overlap of CdTe NPs colloids size distribution from ApoCdTe
NPs sample and size distribution of particles separated from
ApoCdTe NPs sample was observed, we concluded that no CdTe
NPs colloids were anchored, because no fraction bigger than
CdTe NPs colloids was observed in the size distribution of the
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anchored particles, which confirms the results from AAS
measurement of the control sample. The sample, where the
highest concentration of cadmium was proven, was also ana-
lysed by X-ray fluorescence (XRF). The measurement of XRF
spectra confirmed the presence of tellurium (the Lo, line energy
corresponds to 3.134 keV and LB; to 3.317 keV) and also
cadmium (the Lo, corresponds to 3.769 keV and L, to 4.030
keV) in the solution containing ApoCdTe NPs (Fig. 3D).

We also tested the effect of CdTe NPs nanoparticles on the
fluorescence of tryptophan in apoferritin. The fluorescence
spectra of ApoCdTe NPs sample were compared with the
spectra of CdTe NPs solution with added apoferritin. Apo-
ferritin emissions in the presence of cadmium, tellurite and
ammonium ions were measured and subtracted from the
emissions of ApoCdTe NPs and the mixture of CdTe NPs and
apoferritin, which were monitored during heating (20, 25, 30,
35, 40, 45, 50, 55 and 60 °C) using an excitation wavelength of
380 nm. This excitation wavelength was chosen in order to
observe changes in the apoferritin emission peak width rather
than emission maxima and to enable observing the subtle
changes of tryptophan fluorescence. The addition of apo-
ferritin to CdTe NPs solution resulted in the complete
disappearance of CdTe NPs peak at 602 nm, which was
replaced by the emission of tryptophan at 450 nm (excitation
wavelength 380 nm). The concentration dependent ability of
protein to quench different types CdTe quantum dots was
previously described by Wang et al.”> and the mechanism of
apoferritin interaction with CdTe NPs without surface stabi-
lisation was described by Stern-Volmer equation described
above. In addition, we compared the fluorescence intensities
of ApoCdTe NPs and apoferritin covered with CdTe NPs. In
the case of both the samples, the fluorescence of apoferritin
tryptophan was statically quenched (fluorescence was
decreased) by the presence of CdTe NPs on apoferritin
surface, whereas it was reported previously that hydrous ferric
oxides emerging at ferroxidase centres are able to quench
tryptophan fluorescence.” The increasing temperatures
resulted in the growing and, finally, aggregation of CdTe NPs,
which is in good agreement with results obtained by Shen
et al.”* 1t also induced release of growing CdTe NPs from
apoferritin surface and led to the increase of apoferritin
fluorescence (Fig. 3E). The total release was observed at 50 °C.
After the release of CdTe NPs from apoferritin surface, the
fluorescence of apoferritin with CdTe NPs within the cavity
was still partly quenched (Fig. 3Eb). On the contrary, the
fluorescence of apoferritin with CdTe only on its surface was
almost same as apoferritin control after heating.

4. Conclusions

Apoferritin is an appealing molecule due to its inner cavity, and
is extensively investigated as a nanoreactor or drug carrier. We
designed the nanoconstruct, which is able to selectively bind
apoferritin molecules modified by gold nanoparticles and
separate them from the solution of unreacted components and
therefore to purify the required product. This simple anchor
system enables to analyse the anchored molecule modification

This journal is © The Royal Society of Chemistry 2015
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with the target analyte, also its degree or amount of encapsu-
lated analyte. In order to test this concept we utilized apoferritin
cavity as a nanoreactor and synthesized apoferritin modified by
CdTe nanoparticles, which proved to be presented on the
surface and within the apoferritin cavity.
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6 ZAVER

Prace se zabyva studiem mnterakci protemti s kovy s vyuzitim multinstrumentainiho
pfistupu. V literdrnim piehledu jsou popsany vyznamné skupiny kov-vaznych proteind
rozdélen¢ na ziklad¢ jejich funkce v organismu. Jednid se o transportni a zisobni kov-
vazné proteiny, metaloenzymy, metaloproteiny singnilni transdukce, metaloproteiny
transkripéni regulace a mmunitni metaloproteiny. Literarni ¢ast je doplnéna prehledovym
Clankem o wvyuzti apoferitinu v nanomediciné publikovaném v Casopise Nanomedicine.
Dale je pak podan piehled o vyuzti bézné¢ vyuzivanych analytickych metod pro
sledovani téchto biomolekul, kapalinova chromatografie, imunochemické metody,

spektrofotometrické a elektrochemické metody.

Vysledkova ¢ast je rozd€lena na dva celky. Prvni je zaméfen na separaci a detekci kov-
vazného proteinu laktoferinu za vyuzti iontové vyménné kapalinové chromatografie
S vyuzitim monolytické kolony a off-lne fotometrickou detekci pomoci Pyrogallové
cerven¢, Biretova a Bradfordova c¢inidla. Optimalizovanou metodou byly analyzovany
vzorky slin. Z vysledkii byla patrna vy$Si hladina laktoferinu u osoby trpici celiakii.
Dale byla navrzena a popsdna metodika vyuZivajici izolaci a separaci laktoferinu
pomoci paramagnetickych Castic modifikovanych protilatkami proti laktoferinu. Pro
detekci byly wvyuzity protilatky znacené kienovou peroxidazou a jejich interakce
vprostiedi substritu  TMB. Detekce vysledného produktu byla realizovana jak
elektrochemicky, tak spektrofotometricky a ob& metody byly mezi sebou korelovany.

V druhé casti se prace zabyva studiem interakce proteinii s kovy. Prvnim diléim cilem
bylo sledovani mnterakce fragmentii metalothionemu s cisplatinou pro objasnéni vzniku
rezistence organismu na cytostatickd Ié¢iva. V ramci studie byly sledovany redoxni
parametry vybranych fragmentii metalothioneinu za riznych fyzikalich a chemickych
podminek. Zdosazenych vysledki je patmmé, Ze nejvice je zvySend interakce u
konzervativnich aminokyselin, které byly substituovany na vice jak jedné pozci vné
cysteinovych klastr. Dalsi diléi ¢ast je formulovana do dvou clanki zaméfenych na
interakci  kov-vaznych proteinit s CdTe kvantovymi teCkami. Ve ¢lanku ,Study of
interaction between metallothionein and CdTe quantum dots* byl korelovan prubéh
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chromatogramu metalothioneinu, CdTe QDs a jejich interakce. Cela studie byla
podpofena spektrofotometrickou a elektrochemickou analyzou poskytujici uceleny
pohled na probihajici mterakci. Posledni c¢lanek disertatni prace se zabyva vyvojem
postupu pro syntézu CdTe QDs uvnitt struktury apoferitimu a jeho naslednou interakci
se Zatymi nanoCasticemi konjugovanych s paramagnetickymi ¢asticemi  znacenou
oligonukleotidovou  sondou.  Tvorba  nanokonstruktu  byla  ovéfena  pomoci
spektrofotometrickych ~ a  elektrochemickych ~ metod. Prace  ukazuje, 7z
multinstrumentalni pfistup mize byt velmi vhodnym nastrojem pro studium kowvi

s proteiny v oblasti jejich separace, ale také pro sledovani jejich vzajemné interakce.
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8 SEZNAM ZKRATEK

CaM Kalmodulin
CAMKIV Kalmodulin kinaza
CREB Buné¢ny transkripéni faktor

GSH Redukovany glutathion

GSSG Oxidovany glutathion

HRP Kftenova peroxidaza

IEC Iontové vyménnd kapalinova
chromatografie

Ig Imunoglobuliny

IRE Zelezo responzivni element

LF Laktoferin

MT Metallothionein

QDs Kvantové tecky

ROS Reaktivni castice kysliku

SFIA Injekéni analyza v zastaveném toku

SOD Superoxiddismutdza

TMB 3,3',5,5'-Tetramethylbenzidine
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