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Anotace

Rychlost mutaci chiipkovych virii je az stondsobné vyssi v porovnani s ostatnimi
viry a pravé diky rychlosti muta¢nich zmén je chiipka povazovéna za nejsilnéjSiho
¢lena skupiny potencionalnich piivodcti pandemie. Abychom byli schopni predchazet
vzniku a Sifeni pandemie, kterd by mohla ohrozit zivot sedmi miliard lidi, je nezbytné
mit k dispozici metody pro rychlou a citlivou detekci jakéhokoliv subtypu chiipkového
viru. Jednim z progresivnich smérti detekce biomolekul jsou elektrochemické senzory a
biosenzory. Cilem dizertacni prace bylo navrzeni senzoru pro detekci chiipkovych vird,
predevsim ptaci chiipky subtypu HS5NI1, zalozeného na izolaci ¢asti virionu pomoci
paramagnetickych castic a nasledné elektrochemické detekci cilové molekuly. Byly
navrzeny a optimalizovany metody pro izolaci a detekci chiipkového antigenu
(hemaglutininu) a nukleové kyseliny (DNA oligonukleotidu odvozeného od
chiipkového genomu). V obou piipadech bylo pouzito kvantovych tecek (QDs)
pro oznaceni cilové molekuly. QDs, respektive jejich elektro-aktivni kovova ¢ast, byly
vyuzity k neptfimé elektrochemické detekci cilové molekuly.

Cilem prace bylo vyvinout rychlé, citlivé a levné metody pro izolaci a naslednou
elektrochemickou detekci chiipkovych virh s moznym vyuzitim square-wave

voltametrie, cyklické voltametrie a diferencni pulzni voltametrie.

Klicova slova: chfipka, hemaglutinin, paramagnetické Ccastice, elektrochemie,

kvantové tecky



Annotation

Mutation rate of influenza viruses is up to a hundred times higher, when compared
to other viruses. Thanks to the speed of mutational changes, influenza is considered as
the strongest member of the group of potential pandemics agents. In order to prevent the
occurrence and spread of pandemic, which could have impact on worldwide population,
we need methods for rapid detection of each subtype of influenza viruses. One of the
most progressive way of detection of biomolecules are electrochemical sensors and
biosensors. The aim of the thesis was to design sensors and biosensors for influenza
virus detection, especially avian influenza H5N1, that are based on the isolation of two
different parts of influenza virion using paramagnetic particles, coupled with subsequent
electrochemical detection of isolated target molecules. We designed and optimized
methods for isolation and detection of influenza antigen (hemagglutinin) and influenza
nucleic acid (DNA oligonucleotide derived from genomic RNA of influenza). In both
cases, quantum dots (QDs) were used as the label of target molecules for
electrochemical detection. Two fast, sensitive and low-cost methods for isolation and
electrochemical detection, square-wave voltammetry and differential pulse voltammetry

were applied.

Keywords: influenza, hemagglutinin, paramagnetic particles, electrochemistry,

quantum dots
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1 UVOoD

Pred tficeti lety se fada védcu zacinala domnivat, Zze jsou infek¢ni onemocnéni na
ustupu. Celd fada onemocnéni, kterd diive znamenala ohroZeni Zivota (tuberkuléza,
nestovice, ¢erny kasel), pozbyla svého vyznamu diky vakcinaci, preventivni péci a
rozsifujicimu se spektru 1ékt. U nékterych onemocnéni (malarie), se ocekavalo, ze
jednoho dne sama vymizi. Cast védct se domnivala, Z¢ jednoho dne bude mozné
kapitolu s ndzvem ,,infekéni choroby* navzdy uzavitit. Nasledujici roky ukazaly, Ze tyto

domnénky byly jen pouhym snem.

V roce 1981 bylo v USA rozpoznano nové onemocnéni AIDS (Curran, a kol., 1985)
(nyni 42 milionti nakazenych virem HIV) a o n¢kolik let pozdéji dalsi v podobé viru
hepatitidy C (ro¢né¢ diagnostikovano 25 000 infikovanych a az 10 tisic umrti) (Hill a
Cooke, 2014). V letech 2002-2003 vypukla epidemie SARS a z poctu 8 273 ptipada
bylo 775 smrtelnych (9,6%) (Yasui, a kol., 2014). A co soucasnost a rok 2014? Nejvetsi
hrozbou je epidemie eboly v Africe. V bieznu 2014 byl v Africe diagnostikovan prvni
smrtelny ptipad, souvisejici s touto epidemii, béhem tfech mésicti zemielo 599 lidi, coz
je nejvice od objevu této nemoci v roce 1976 (Ansumana, a kol., 2014). V nadvaznosti na
HIV, hepatitidu C, SARS a Ebolu mtze byt znicujici pandemie chtipky dalsi pfi¢inou

globalniho ohrozeni zdravi a zivota sedmi miliard lidi.

V soucasnosti predstavuje chiipka jednu z nejvétSich hrozeb celosvétové populace
(Stohr, 2014). Neni divu, ze Svétova zdravotnickd organizace (WHO) iniciovala
Globalni chiipkovy program (GIP), ktery poskytuje ¢lenskym statlim strategické vedeni,
technickou podporu a koordinaci cinnosti nezbytnych pro zlepSeni pfipravenosti
zdravotnickych systémil pro boj s ndsledky sezonni (pfipadn€ pandemické chiipky),
kterd miiZze ptredstavovat riziko ohrozeni zdravi a zivota jednotlivcl nebo celosvétové
populace (http://www.who.int/influenza/en/) (Perdue a Nguyen, 2012, Shindo a Briand,
2012). Podle WHO je sezonni chiipka rocné zodpovédnd za nékolik miliont ptipadii

akutnich onemocnéni a témet ptl miliont umrti (Jones, 2012).

Socialni, ekonomické a ekologické dopady kazdorocnich sezonnich epidemii jsou
znacné a je velmi tézké odhadnout, jaké by byly v pfipadé pandemie. Ekonomické

ztraty spojené s pandemii Vysoce patogenni ptaci chiipky (HPAI) byly v USA
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vycisleny na desitky nebo stovky milionti dolartt (McLeod a Guerne-Bleich, 2006).
V Evropé nebyla situace o nic lepsi, v Nizozemi trvala epidemie HPAI dva mésice,
postihla 255 farem a muselo byt zabito vice nez 30 miliont kust dritbeze (Stegeman, a

kol., 2004).

Dtsledky chiipkovych pandemii jsou zndmy z historie 20. stoleti, které bylo
poznamenano celkem tiemi chiipkovymi pandemiemi: Spanélska chiipka (1918),
Asijska chiipka (1957) a Hong-Kongska chiipka (1968) (Ryan, 2009). Spanélska
chiipka je povazovana za nehor$i v historii, poCet obéti byl vycCislen na téméf 50
miliont (Lina, 2008). V 21. stoleti byly zaznamenany dvé epidemie s pandemickym
potencidlem (ptaci a praseci chiipka), ani jedna vSak zatim neméla tak zavazné dopady,
jak se ocekavalo (Freidl, a kol., 2014, Noisumdaeng, a kol., 2014). Nedadvno vSak byly
popsany dalsi, ptivodné ptaci subtypy H7N7 a H7N2 (Belser, a kol., 2008), HON2
(Pushko, a kol., 2009), HTINO (Rebmann a Zelicoff, 2012), které jsou schopny vyvolat
onemocnéni u lidi, a tak diskuze nad hrozbou v podobé vzniku pandemie stale
neutichla. Mnoho védcl, zabyvajicich se vyzkumem v oblasti chifipkovych virl, se
shoduje na riziku vyskytu dal$i chfipkové pandemie. Otazkou tak zlstava, kdy a kde se
objevi a jak moc bude zavazna (Chan, a kol., 2010, Kobasa, a kol., 2004, Komadina, a
kol., 2014).

V soucasnosti jsme 1épe pfipraveni na boj proti vzniku a §ifeni epidemii, zejména co
se tykd prevence, diagnostiky a terapie (Rao a Nyquist, 2014, Tarbet, a kol., 2014,
Zhang a Wang, 2014). Na druhou stranu diky letecké prepravé lidi, zvitat, potravin a
surovin roste riziko extrémné rychlého rozSiteni pandemie. Ve spojeni s dalSimi
rizikovymi faktory, jako jsou rust poctu obyvatel a globalizace, se zda byt situace spi§
hor$i (Muscatello, a kol., 2014). A proto je nutné¢ hledat nové moznosti v oblasti

prevence, 1éCby a diagnostiky.
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CILE PRACE

e Sumarizovat dostupné informace tykajici se vyuZiti senzorii a biosenzorii pro

detekci ptaci chiipky.

e Elektrochemicky charakterizovat chiipkovy antigen hemaglutinin a oznacit ho

kvantovymi teCkami. [zolovat a elektrochemicky detekovat vznikly komplex.

e Elektrochemicky charakterizovat chiipkovou nukleovou kyselinu a oznacit ji

kvantovymi teckami. Izolovat a elektrochemicky detekovat vznikly komplex.

e Soucasné detekovat tii rizné subtypy chfipky v jednom vzorku pomoci nepiimé

detekce tiech riznych kvantovych tecek a pouzit je jako elektro-aktivni znacky.
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3 LITERARNI PREHLED
3.1 Chripkové viry

Viry zptsobujici chiipku patii do celedi Orhomyxoviridae, a jsou klasifikovany na
zakladé¢ rozdilt v antigenni vybavé, struktuie a hostitelské specifité na tfi rody: chiipka
typu A, chiipka typu B a chiipka typu C (Fauquet a Pringle, 1997, Salez, a kol., 2014).
Pro oznacovani chiipkovych izolatl je pouzivana standardni nomenklatura, specifikujici
typ viru, druh hostitele (vynechdva se, pokud je hostitelem c¢lovek), geografickou
polohu prvniho vyskytu viru, potfadové ¢islo izolace, rok izolace a u virti chfipky typu A

1 subtypy HA a NA antigent: A /horse/ Prague/1/ 56 (H3NS).
3.1.1 Chripka typu A

Chiipkové viry typu A jsou nejvice virulentni, zptisobuji onemocnéni savct a ptakda.
Viry typu A mohou byt dale klasifikovany na subtypy na zdklad¢ sérologickych a
genetickych  rozdild v povrchovych glykoproteinech hemaglutininu (HA) a
neuraminidazy (NA) (Gilbert, 2013). Do roku 2009 bylo identifikovano 16 subtypti HA
(H 1-16) a 9 subtypti NA (N 1-9). VSech 16 HA a 9 NA subtypt bylo prokédzano u
vodnich ptaki, ktefi jsou povazovani za ptirodni rezervoar chiipkovych virt (Bahl, a
kol., 2009, Gilbert, 2013). Béhem poslednich let byly popsany tfi nové endemicky se
vyskytujici subtypy (H17, H18 a N10), jejichz pfirozenymi hostiteli jsou 1étavi savci.
N10 byl objeven v roce 2009 u guatemalskych netopyra (Zhu a Wilson, 2012). V roce
2012 byl objeven H17 u kalonii (Sun, a kol., 2013, Zhu, a kol., 2013) a o rok pozdéji byl
objeven u netopyrt v Peru H18 (Tong, a kol., 2013). Chiipka typu A je nejcastéjSim
puvodcem sezonnich chiipkovych epidemii a jedinym ptivodcem pandemii. Diivodem
jejich uspésnosti je intenzita mutacnich zmén a fakt, ze viry typu A podléhaji obéma
mechanismiim evolu¢nich zmén (antigenni drift, antigenni shift) (Li, a kol, 2011,
Martcheva, 2012). Viry typu A zpusobuji stfedné tézka az tézkd onemocnéni u lidi
vsech vékovych kategorii a u Sirokého spektra zvitat (koné, psi, fretky, mofsti savci)
(Bi, a kol., 2010, Volz, a kol., 2013). V ptirod¢ jsou viry typu A udrzovany diky volné
Zijicimu vodnimu ptactvu, které ma funkci ptfirodniho rezervoaru (Li, a kol., 2011).
Vétsina ,,ptacich® subtypt nejsou pro své piirozené hostitele patogenni a dokonce se ani

u svych pfirozenych hostitelt neméni (Freidl, a kol., 2014). Genetické i antigenni
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variace chiipky typu A jsou popsany napii¢ celou fadou hostitelskych druht (Volz, a

kol., 2013).

3.1.2 Chtipka typu B

Chftipkové viry typu B zplsobuji méné zdvaznd onemocnéni a vyskytuji se témer
vyhradné v lidské populaci (jedingym dalSim zndmym hostitelem jsou tuleni) (Bodewes,
a kol., 2013, Kim, a kol., 2014). V porovnani s chiipkou typu A je typ B méné Castym
puvodcem epidemii a jeho mutacni rychlost je 2-3x mens$i. U virt typu B dochazi
k mutacnim zménadm jen prostfednictvim antigennimu driftu. VSechny vySe popsané
aspekty (Gzké hostitelské spektrum, niz§i mutacni rychlost a nizs$i geneticka

rozmanitost) znemoziuji virim typu B zplisobit pandemii (Kim, a kol., 2014).
3.1.3 Chfripka typu C

Chtipka typu C je jen vyjimecné detekovana jako pficina onemocnéni, ve vétsing
piipadii probihd onemocnéni subklinicky. Typ C je schopen infikovat pouze lidi
(nejCastéji déti) (Principi, a kol., 2013) a prasata (Sheng, a kol., 2014), je typicky
endemickym vyskytem, ktery nebyva spojovan s epidemiemi. V piipadé chiipky typu
A byly jako rezervoarova zvifata popsani vodni paci, pro chiipku typu B a C jsou

jedinym znamym rezervoarem lidé.
3.2 Replikace, zZivotni cyklus viru chripky

Pro viry je charakteristickd biotropie - viry nemaji schopnost metabolizmu ani
tvorby energie (ATP) a nejsou schopné tvofit aminokyseliny pro stavbu virovych

proteind, tudiz se mohou rozmnoZovat a rlist pouze v metabolizujici hostitelské bunice.

Virus chiipky se pfenasi kapénkovou infekci u savcl u ptaka oro-fekalni cestou,
k prenosu muze dojit i prostfednictvim télnich tekutin (krev, sliny) (Imai, a kol., 2013,
Oh a Hurt, 2014). Viry chiipky jsou schopné piezit tyden pfi teploté lidského téla, vice
jak mésic pfi teploté kolem 0 °C a neurcitou dobu pii teplotach hluboko pod bodem
mrazu (jezera na severni Sibifi). Mohou byt lehce zniceny desinfekei, detergenty,

poklesem pH prostiedi (< 2), nebo u¢inkem teploty (56 °C, > 1h).
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Chiipkové viry se replikuji v sloupcovych epitelialnich buiikach dychacich cest
(Bouvier a Lowen, 2010). Odtud se §ifi pomoci respiracniho sekretu v malych ¢asticich
aerosolu, vznikajictho pfi kychdni, kaSlani, a mluveni (Imai, a kol., 2013). Délka
inkubacni doby chiipky je kratkd (1-4 dnd) a spolu s vybuSnou povahou nastupu
chiipkovych epidemii a pandemii, potvrzuje, Ze jeden nakazeny muze pienést virus na
velky pocet vnimavych jedinct béhem nékolika dni. HINT a H3N2 subtypy chiipky A a
chiipka typu B jsou v soucasné dobé v ob&hu spole¢né (Jones, 2012). Prevalence téchto
tii skupin vird se mize liSit Casové a geograficky v rdmci jedné zemé, ale i mezi

zemémi a kontinenty béhem jednoho chiipkového obdobi (Bouvier a Lowen, 2010).

Puieni o shalovani viclenn
Adsorhee - 77, Uvolnéni virmz buiky

NA

M2

Replikace
foror s BENA oy
Syutéa cRNA

P AT AT AT

VRNA

Hostitelska buiika

Obrazek ¢. 1: Schématické znazornéni zivotniho cyklu viru chipky v hostitelské buiice.

Pocatecnim krokem infekce je vazba chiipkového virionu na povrch hostitelské
buniky. Tento d¢j se odehravéd interakci HA na stran¢ viru a receptoru tvoreného
sialovou kyselinou na strané hostitel. Po uspéSném pfichyceni viru na receptor, dojde ke
splynuti membran (hostitelské buiiky a viru) a je vytvofen novy obal kolem pohlceného
viru (Hyland, a kol., 2006). Nové vznikly kompartment se oznacuje endozom.
Hostitelska buiika se nasledné pokusi natravit pohlceny virus okyselenim endozomu a
transformaci do lysozomu za ucelem zniceni pohlcené ¢astice. Pokles pH na hodnotu
6,0 nevede ke zniceni endocytovaného viru, ale k aktivaci HA (Glodowski, a kol., 2007,
Isin, a kol., 2002, Watanabe, a kol., 2010). Pivodni slozeny trimer HA se stava

nestabilni a doje kjeho c¢astecnému rozvinuti a uvolnéni hydrofilni cCasti
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polypeptidového fetézce, ktery byl diive ukryt uvniti proteinu (Edinger, a kol., 2014,
Garten a Klenk, 1999). Tento fuzni polypeptidovy fetézec funguje jako hacek, ktery se
zasekne do endozomdlni membrany a tdhne ji do blizkosti vlastni virové membrany,
dokud obé membrany nesplynou (Edinger, a kol., 2014). Vzéapéti dojde k uvolnéni
virové RNA (v RNA), proteini komplexu polymerazy a RNA dependentni polymerazy
do cytoplazmy hostitelské¢ bunky (Hooper a Bloom, 2013, Watanabe, a kol., 2010).
Nésledn¢ se zpfislusSnych molekul vytvoifi polymerdzovy komplex, ktery je
transportovan do jadra hostitelské buiiky, kde RNA dependentni polymeraza vytvoii
komplementarni pozitivni cRNA, ktera je bud’ exportovana do cytoplazmy a nasledné
translatovana nebo zustava v jadie. Chiipkové viry nejsou schopné koédovat aparat
k vytvoteni 5” €epicky na vlastni mRNA. 5" ¢epicka je odstépena z hostitelské mRNA a
nasledné navéazdna na vlastni mRNA (Watanabe, a kol., 2010). Nové syntetizované
virové proteiny jsou transportovany diky Golgiho aparatu na povrch buiiky, nebo jsou
pieneseny do jadra, kde se vazi na vVRNA a podili se na vytvofeni nové virové Castice.
Ostatni virové proteiny maji celou fadu funkci jako je Stépeni bunééné mRNA, aby vir

ziskal nukleotidy pro syntézu VRNA, nebo inhibuji translaci hostitelské mRNA.

VRNA budoucich virli, nasyntetizované proteiny polymerdzy a ostatni virové
proteiny se seskupi uvnitt hostitelsk¢ builkky do budoucich virionii. Na povrchu
hostitelské bunky se utvoii pucici utvar (budouci virus), pokryty HA a NA antigeny, do
kterého se vlozi jadro viru (Cheng, a kol., 2012). Aby mohl novy virus opustit
hostitelskou bunku, musi NA enzymaticky rozstépit skupiny kyseliny sialové z
hostitelskych glykoproteinii, které tvoii receptory piivodni hostitelské bunky (stejné
receptory vyuzivali HA k vazbé viru na pocatku infekce) (Garcia a Aris-Brosou, 2014,
Chen, a kol., 2001). Po uvolnéni nové replikovanych virioni dochazi ke smrti

hostitelské buiiky.

Vnové syntetizované RNA se diky absenci opravnych mechanizmi RNA
dependentni RNA polymerazy, naléza dost neopravenych chyb (jeden nukleotid na
kazdych 10kbp), coz vede k tomu, ze témet kazdy virus obsahuje mutaci (Rossman a

Lamb, 2011).
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3.3 Struktura chripkového virionu

Chtipkové viriony jsou Castice obalené lipoproteinovou membranou. Kapsida viru
muize mit sféricky nebo vldknity tvar. Genom chiipkovych virt je linearni, tvoieny
segmentovanou sSRNA s negativni polaritou a je zmapovan a popsan od roku 1976
(Palese a Schulman, 1976, Ritchey, a kol., 1976). Do roku 2001 bylo u chfipky typu A a
B popsano 8 genomovych segmentii a piedpokladalo se, ze koduji 10 proteinti:
nukleoprotein ~ (NP), hemaglutinin (HA), neuraminidazu (NA), proteiny
polymerdzového komplexu (PB1 PB2 a PA), matrixové proteiny (M1 a M2) a
nestrukturdlni proteiny 1 (NS1 a NS2) (Noda a Kawaoka, 2006). V roce 2001 byl ale
objeven mitochondrialni protein PB1-F2 (Chen, a kol, 2001) a do roku 2012 bylo
objeveno dalSich Sest proteinii: PB1-N40 (Wise, a kol., 2009), PA-X (Jagger, a kol.,
2012) a NS3 (Forbes, a kol., 2013), M42 (Wise, a kol., 2012), PA-N155 (Muramoto, a
kol., 2013) a PA-N182 (Muramoto, a kol., 2013).

Celkova velikost genomu chiipky typu A je 13,5 kbp, velikost segmentl se
pohybuje od 890 do 2341 bp (Vasin, a kol, 2014). U chiipky typu A a B je vétSina
proteini uzaviena do dvouvrstevného lipidového obalu, vyjimku tvofi tfi povrchové
proteiny - dva z nich maji antigenni povahu: trimer HA a tetramer NA a jsou na
povrchu viru zastoupeny vpoméru 4-5:1 ve prospéch HA. Tieti protein M2 je

integrovany v membrang viru a plni funkci iontového kanalu (Denis, a kol., 2008).

Segmenty VRNA jsou asociovany s komplexem polymerazy a nukleoproteinem
(NP) a dohromady tvofi ribonukleoproteiny (RNP), které jsou odpovédné za transkripci
a replikaci viru (Edinger, a kol., 2014, Reguera, a kol., 2014). Strukturu nativnich RNP
popsal Arranz a kol. (Arranz, a kol., 2012).

Chiipkové proteiny a genomové segmenty, které je koduji

e PA, PBI1, PB2, PB1-F2 transkripty se nachéazi na 1., 2., a 3. segmentu, jedna se
o polymerazovy komplex, PBI-F2 vznika translaci alternativniho otevieného
¢teciho ramce

e HA (Hemaglutinin) transkript se nachdzi na 4. segmentu

e NP (Nukleoprotein) transkript se nachdzi na 5. segmentu

e NA (Neuraminidasa) transkript se nachazi na 6. segmentu
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e MI (Matrix) transkript se nachazi na 7. segmentu

e M2 (M2 iontovy kanal) transkript se nachdzi na 7. segmentu, vznika sestfihem
MI transkriptu, slouzi jako kanal pro protony pienasené z buiiky do viru, coz je
nezbytny krok pro replikaci viru.

e NSI transkript se nachdzi na 8. segmentu

e NS2 (NEP Nuclear export protein) transkript se nachazi na 8. segmentu, vznika
sestithem transkriptu NSI, slouzi k exportu segmentil z jadra pifi zvySené

koncentraci M1

8 \ / Transkripéni komplex
L) —_— M2 iontovy kanal

ANAANANNA { Lipidova dvojvrstva
\
e T e
ulp AN —_— Nestrukturalni protein 2
% NMANVV \00
AMAAVVA (<)

T M1 matrix protein

A< A
80 K \08\ Hemaglutinin
%4 m O\OO ¥>\ Nnukleokapsida

Neuraminidaza

Obrazek €. 2: Struktura chiipkového virionu, cervené jsou zvyraznény antigeny.
3.3.1 Virova polymeraza (komplex PB1, PB2 a PA)

Vsechny segmenty chiipkového genomu jsou sbalené do komplexti, obsahujici RNA
polymerazu a nukleoprotein. Komplexy se oznacuji jako ribonukleoproteiny (RNPs) a
predstavuji minimdlni transkripéni a replika¢ni aparat chiipkového viru. B&hem
transkripce virovd polymerdza syntetizuje polyadenylovanou mRNA s cepickou
(Reguera, a kol, 2014, Vasin, a kol, 2014), coz je struktura na5'
konci eukaryotickych a virovych mRNA, kterda chrani mRNA pred rozkladem
bunénymi enzymy a usnadiiuje transport mRNA a spusténi translace na ribozomu.
Béhem replikace virovda RNA polymerédza tvoii komplementarni RNA (¢ RNA), ktera
slouzi jako templat pro syntézu novych kopii VRNA (Moeller, a kol., 2012, Rossman a

Lamb, 2011). Molekularni podstata transkripce a replikace neni doposud zcela
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objasnéna, ale nedavné vyzkumy naznacuji, Ze by transkripce mohla byt provadéna cis-
ptuisobici RNA polymerazou, zatimco replikace trans-piisobici RNA polymerazou
(Fodor, 2013). Virova polymeraza obsahuje dva zékladni polymerazové proteiny PB1, a
PB2 a dale kysely protein PA, sestavené do struktury trimeru, kde se C konec PA vaze
na N konec PB1 a C konec PB1 na N konec PB2 (4rranz, a kol., 2012, Moeller, a kol.,
2012). PBI1 ptedstavuje aktivni misto pro vazbu k 5’a 3" terminalnim koncliim vRNA a
cRNA (Cobbin, a kol., 2014). PA a PB2 hraji roli pfi iniciaci transkripce, vazby a
$tépeni hostitelské pre-mRNA (Fodor, 2013). Rada kment chiipkovych virt, exprimuje
protein PB1-F2, ktery je transkribovadna z alternativniho otevieného cteciho ramce (+1
ORF) PBI. PBI-F2 protein se podili na indukci apoptézy bunck hostitele, reaguje
s PB1, ovliviiuje aktivitu polymerazy a pfispiva k virové patogenezi nékterych kmenti

chiipkovych virt (Conenello, a kol., 2011).

39 s Hostitelska pre mRNA

P AnAAAM Chimerické virovi mRNA
L, B VRNA Translace
PB1 B e VL L
________ AAA '\f\r A AAA
B2 o i s oF 4F
Pt N Ribozom
- Endonucleolytické §tépeni

PB2,

Obrazek ¢. 3: Seskupeni BP1, PB2 a PA podjednotek do virové polymerazy a schématické

znazornéni funkce komplexu virové polymerazy. Leva cast pievzata: Boivin, 2010, J. Bio. Chem..

3.3.2 Hemaglutinin

Hemaglutinin (HA) je trans-membranovy glykoprotein, jehoz velikost je 13,5 nm a
molekulova hmotnost asi 76 kDa. HA je cilovou molekulou pro neutralizac¢ni protilatky
a ztoho divodu je povazovan za hlavni povrchovy antigen. Priméarni funkci HA je
iniciace infekce, podili se na rozpoznani hostitelské buiiky a vazb¢ viru na jeji receptor,
ktery je tvotfeny sialovou kyselinou (Edinger, a kol., 2014, Cheng, a kol., 2012). Po
vazbé viru na receptor dochézi ke vstupu viru do hostitelské bunky a uvolnéni virové

RNA z virionu, coz umozni naslednou replikaci. V soucasnosti jsou nejrozsirenéjsi HA
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subtypy chiipky typu A v lidské populaci H1 (HIN1) a H3(H3N2). Vyjimecné¢ mohou
zpusobit onemocnéni u lidi 1 subtypy, které jsou jinak typické pro vodni ptaky HS5
(Nasreen, a kol., 2013, Van Kerkhove, 2013) a H7 (Guo, a kol., 2014) a H9 (Bi, a kol.,
2010).

HA monomery jsou syntetizovany samostatn¢ jako prekurzory HAO, které jsou
proteolyticky Stépeny na dvé mensi podjednotky (HA1 a HA2) (Skehel a Wiley, 2000,
Stevens, a kol., 2006). Stépeny jsou disulfidické mistky spojujici HA1 a HA2, které
byly vtvoieny pii replikaci viru v procesu skladani HAO). Stépeni HAO miiZe probihat
v Golgiho aparatu, nebo extracelularné (pomoci enzymii produkovanych bunkami
respira¢niho systému), proces Stépeni HAO je zdsadni pro infekénost virové cCastice
(Garten a Klenk, 1999, Leikina, a kol., 2002). Po rozstépeni HAO prekurzort se trojice
HA struktur spoji za vzniku trimeru, ktery ma tvar houby (Xu, a kol., 2010). Klobouk
houby je tvofen z antiparalelnich B-listt HA1 podjednotek a oblast kmene je tvotfena ze
tii spiralovité stocenych a-Sroubovic (HA2) (Gamblin a Skehel, 2010). Podjednotka
HAI1, neboli receptor vazajici oblast umoziiuje vazbu viru na receptory hostitelské
buiky, tvofenymi kyselinou sialovou vazanou galaktézou (Xu, a kol., 2010). Lidské HA
receptory prednostné rozpoznavaji a-2,6 glykosidickou vazbou, zatimco ptaci viry
uptfednostnuji vazbu a-2,3 (Edinger, a kol., 2014, Xu, a kol., 2010). Preference jednoho
z typl receptortl, je ddna poctem aminokyselin v HA. Kmen HA trimeru (tvofeny HA2
subjednotkami) obsahuje fuzni doménu nezbytnou pro fizi membran pfi iniciaci infekce

(Edinger, a kol., 2014).

Obrazek ¢. 4: Hemaglutinin (Influenza A virus (A/Hong Kong/483/1997(H5N1)), ilustracni obrazek,

sequence identity 44%, residue range: 16 to 519, zdroj: http://www.proteinmodelportal.org/.
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3.3.3 Nukleoprotein

Nukleoprotein je také zdkladni slozkou virového transkripéniho aparatu a je spojen
s virovym obalem pomoci M1 proteinu (Fodor, 2013). NP je RNA véazajici protein,
ktery vaze virovou RNA a tvoii s ni NP-RNA komplex. Ten ptfedstavuje Sablonu pro

transkripci a replikaci u¢inkem virové polymerazy (Chenavas, a kol., 2013).

Obrazek ¢. 5: Nukleoprotein (Influenza A virus (Influenza A virus (A/Hong Kong/213-
DkPass/2003(H5N1)), ilustracni obrazek, sequence identity 96%, residue range: 22 to 496, zdroj:

http://www.proteinmodelportal.org/.

Pomoci SPR (surface plasmon resonance) s vysokym rozliSenim byla odhalena
struktura NP jako trimerni komplex skladajici se z hlavy, téla a ocasu (Ng, a kol., 2008).
NP mé schopnost polymerizovat a vytvafet trimerni struktury z NP monomerd,
vzajemné spojenymi pomoci smycky a kapsy sousedicich NP (Hosaka, 1997, Reguera,
a kol., 2014). Ackoliv je NP povazovan za fylogeneticky konzervativni strukturu, ma
NP chiipky typu B, na rozdil od typu A, strukturu tetrameru (Ng, a kol., 2012). Jednou z
primdrnich funkci NP je pokryvani vRNA, coz usnadiuje jeji skladani do dsRNP
struktury (Zheng a Tao, 2013). NP téz interaguje s PB1 a PB2 subjednotkami virové
polymerazy (Edinger, a kol., 2014, Fodor, 2013).

3.3.4 Neuraminidaza

Neuraminiddza (NA) ptedstavuje dal$i povrchovy antigen chiipkovych vird, jehoz
hlavni funkci je uvoliiovani nové replikovanych virionil z hostitelské buiky. Aby mohl

virus opustit hostitelskou bunku, musi neuraminiddza enzymaticky rozstépit sialovou
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kyselinu z glykoproteini na povrchu hostitelské bunky (Cheng, a kol., 2012). NA je
enzym s hydrolytickou aktivitou, Stépici glykosidickou vazbu mezi kyselinou sialovou
(N-acetylneuraminovou) a D-galaktézaminem nebo D-galaktozou, které tvoii receptor
pro HA na povrchu hostitelské bunky (Hooper a Bloom, 2013, Samson, a kol., 2013).
Zbytky sialové kyseliny u savcll vdzany na termindlnich pozicich v komplexu s glykany
a tak NA, ktera ma exo-glykosiddzovou aktivitu, vyuziva tyto termindlni zbytky jako
substratu (Kim, a kol., 2013). NA se uplatiiuje téz pti priniku viru pfes vrstvu mucinu
na sliznici, puceni viru a nasledné eluci viru z bunék (4ir, 2012). Nékteré neddvné
studie poukazuji i na to, ze NA muze ptebrat i funkci vazby receptoru na hostitelskych

bunkach (Lin, a kol., 2010).

Vroce 2012 byla izolatu A/Tanzania/205/2010 popsédna mutace D151G, kterd
umoziiuje NA piebrani funkce HA a zprostiedkovava vazbu receptoru hostitelské buiiky
(Zhu, a kol., 2012). V roce 2013 vytvotili Hooper a spolupracovnici mutaci G147R,
diky které¢ prevezme NA zcela funkci HA. I kdyz byla tato mutace vytvofena za
laboratornich podminek, k podobné mutaci miize dojit téméf kdykoli i pfirozenou
cestou (Hooper a Bloom, 2013). Virus s touto mutaci kompletné ptebira funkci HA, coz
bylo potvrzeno na kmenech chtipkovych vird s mnohonasobnymi mutacemi a delecemi

v konzervativni (receptor vazajici) ¢asti HA (Hooper a Bloom, 2013).

Protilatky proti neuraminiddze brani Sifeni infekce mezi bunikami, ale nemaji
neutralizacni aktivitu (Matrosovich, a kol., 2004). NA, stejn¢ jako HA, podléhd zméndm
typu antigenni drift a mimo jiné obsahuje né¢kolik dtlezitych aminokyselin, které mohou
podléhat mutacim s naslednym vznikem rezistence k inhibitorim neuraminidazy (NAIs)
(Yen, a kol., 2013), pokud je aminokyselina arginin (R) nahrazena v pozici 292 lysinem
(K) dojde ke vzniku mutace R292K a rezistence k Oseltamiviru a Zanamiviru (Chachra

a Rizzo, 2008, Yen, a kol., 2013).

Dalsi vyznamnou mutaci, kterd s sebou ptinasi rezistenci k Oseltamiviru, je H274Y.
Tato mutace ma za nasledek zmenSeni poc¢tu NA na povrchu buiky (coZ snizi
anitiviralni efekt NA). Defekt, ktery vznikl tibytkem NA, miiZze vyvolat sekundéarni

mutaci, ktera obnovi ptivodni vlastnosti viru (Bloom, a kol., 2010).
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Obrazek ¢. 6: Neuraminiddaza (Influenza A virus (A/Hong Kong/483/1997(H5N1)), ilustracni

obrazek, sequence identity 94%, residue range: 64 to 448, zdroj: http://www.proteinmodelportal.org/.

3.3.5 Matrixové proteiny (M1 a M2)

Sedmy segment v RNA koéduje matrixovy protein (M1) a iontovy kanal (M2). M1
protein tvoii strukturovanou vrstvu pod virovou membranou, reaguje s povrchovymi
glykoproteiny a tvoifi most mezi obalem viru a jddrem (VRNP). M1 protein mtze byt
vizualizovan pomoci elektronové mikroskopie (Fontana a Steven, 2013). M2 je
multifunkéni membrénovy protein tvofici protonovy kanal, ktery hraje roli pii
uvolnovani genomu z virového obalu (Schnell a Chou, 2008). Proces vstupu viru do
buiiky a uvolnéni RNP z obalu vyzaduje koordinovanou ¢innost M2 a M1 proteind
(Rossman a Lamb, 2011, Schnell a Chou, 2008). Po vstupu do hostitelské buiky a
uvolnéni z endozomu se zacne zvySovat aktivita M2 iontového kandlu, a tim se zvysi
tok kladné nabitych castic, které vyvolavaji pokles pH uvnitt virionu. Vysledkem
okyseleni vnitiniho prostiedi viru, je naruSeni vazby HA a M1 a otevieni virové Castice,
nasledn¢ se HA piemisti a splyne svnitfni membranou endozomu, RNP je

transportovan k jadru, kde zainé syntéza virové RNA (Vasin, a kol., 2014).
3.3.6 Nestrukturalni proteiny (NS1 a NS2)

Osmy segment chiipkovych viri typu A koduje dva proteiny oznacované od
prvotnich studii jako nestrukturalni proteiny (NSla NS2) (Lamb a Choppin, 1983). Tyto
proteiny jsou ziskdvéany alternativnim sestfthem mRNA (de Chassey, a kol., 2013). Oba

proteiny maji dillezité funkce pifi replikaci a proto jsou povazovany za cil pro vyvoj
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novych 1€éka. NS1 je multifunkéni protein s vyznamnou ulohou pifi uniku pred
plisobenim Uc¢inkli imunitniho systému hostitele (Hale, a kol., 2008). Podstatou u¢inku
NS1 je blokovéni syntézy interferont interferonti o/ (Jiao, a kol., 2008, Kim, a kol.,
2002). NS1 je RNA vazajici protein, ktery se v pocatecni fazi infekce podili na regulaci
mnoha bunéénych procest, jako je inhibice hostitelské mRNA polyadenylace, inhibice
jaderného exportu polyadenylované hostitelské mRNA, inhibice sestfihu mRNA a
inhibice interferonem-zprostiedkované anti-virové odpovédi (Fortes, a kol., 1994,
Garcia-Sastre, a kol., 1998, Hatada, a kol., 1999). NS1 redukuje syntetické i plicni
prozanétlivé cytokiny (Hyland, a kol., 2006). NS2 také oznacovany jako NEP, hraje
kli¢ovou roli pfi transportu RNA a polymerdzovych proteinti v prubéhu replikace a
v porovnani s NS1 je podstatné méné popsany (dkarsu, a kol., 2011). Byl nalezen jako
soucast purifikovanych virovych ¢astic nebo v jadru infikovanych eukaryotickych
bunék (Kim, a kol., 2002, Smith, a kol., 1987). Rada studii dokazuje, Ze se podili na
regulaci replikace virové RNA (Perez, a kol., 2010, Varble, a kol., 2010).

3.4 Mutacni zmény

Pfi¢inou vzniku epidemii a pandemii jsou konstantn¢ probihajici mutace, rychlost
mutacnich zmén chiipky je v porovnani s nékterymi dalSimi viry (ebola) az 100 krat
vys$§i. Chiipkové antigeny (HA a NA) se méni zfejmé v diisledku postupného vyvoje
imunity (pfipadné ¢astecné imunity) populace (Hall, a kol., 2013, Ito, a kol., 1998).
Antigenni mutace se objevi a nasledn¢ mize byt vybrana jako prevladajici kmen viru,
pokud se lisi od predchdzejiciho viru, ktery byl potlacen specifickou protilatkou,
vzniklou v populaci jako disledek infekce. Proces vzniku mutace viru a nasledné
vytvorfeni post-infekénich protilatek u hostitele se opakuje kontinudlné a predstavuje
evolu¢ni mechanismus chfipkovych vird, ktery umoziuje virim zptusobovat opakované
infekce a prilezitostné pandemie s vysokou morbiditou a mortalitou (Ifo, a kol., 1998,
Martcheva, 2012). Usp&nost §ifeni chiipkovych virii je zaloZena na dvou typech

antigennich zmén.
3.4.1 Antigenni drift

Antigenni posun (drift) pfedstavuje mensi a postupnou zménu antigennich vlastnosti

viru, které zptsobuji opakovani epidemie v jedno- az tii-letych intervalech a umoziuji
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reinfekci osob, které jiz ndkazu danym typem prodé€laly. Antigenni drift je mensi zména
ve struktufe povrchovych antigenti a je vysledkem bodovych mutaci v konkrétnim
genovém segmentu (Ferguson, a kol., 2003, Martcheva, 2012). Antigenni drift je Casto
pfi¢inou epidemii, protoze imunita, kterd byla vytvofena po expozici predchozimi
subtypy, v ptipadé¢ nové zmutovaného subtypu nechrani jedince kompletné. Drift se
vyskytuje u vSech tfi chiipkovych rodi a je povazovan za pokracujici evoluce

chiipkovych virt.
3.4.2 Antigenni shift

wwvr

struktute povrchovych antigentll) a vyskytuje se pouze u viri chiipky typu A. Antigenni
shift je definovan jako vyskyt nového viru, imunologicky naprosto odliSného od
chiipkovych virt cirkulujici v poslednich letech (Katz, a kol., 1999). Antigenni posun
nastane, kdyz je novy subtyp chfipky, ktery se bézn¢ vyskytuje pouze u ptakl a prasat,
pienesen na Cloveéka (Bahl, a kol., 2009). Ke vzniku novych pandemickych kment
muze dochazet po genetickém preskupeni mezi lidskym a zvifecim chiipkovym virem,
nebo prostiednictvim piimého ptfenosu zvifeciho kmene chiipky na ¢loveka (Kim, a
kol., 2014). Novy subtyp se objevuje ndhle a jeho Sifeni ma obvykle pandemicky
charakter. Tato zména nastdva jedenou za 10 - 40 let. Antigenni shift pfedstavuje
velkou zménu v genomu chiipky, coz vede k infekci velké ¢asti populace, vétSinou
napii¢ vSemi vékovymi skupinami a je spojen se zvySenym procentem tézkych
onemocnéni a umrtnosti (Ferguson, a kol., 2003). Pti¢inou vSak neni jen zvySena
zavaznost onemocnéni, ale hlavné zvySeny pocet nakazenych osob (Ferguson, a kol.,
2003, Mills, a kol., 2006). Antigennim shiftem vznikaji pandemie, vyskytujici se pouze
u jednoho rodu a to influenzy typu A. PfiCinou je virus, ktery bézné¢ vyvolava
onemocnéni u jednoho druhu zvifat a ktery diky mutaci (v disledku rekombinace) ziska
schopnost nakazit celou fadu dalSich druha véetné Clovéka (Enserink, 2005, Gething, a
kol., 1980). Obecné rozdily v povrchovych proteinech brani ,,v preskoku® pies
mezidruhovou bariéru a infekci ¢lovéka, tato bariéra miize byt obejita mutaci, jako v

ptipadé HPAI (Kuiken, a kol., 2006, Mills, a kol., 2006).
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3.5 Epidemie a pandemie

Pandemie chfipky a pfirodni katastrofy maji néco spole¢ného. Vime, Ze se budou
opakovat, ale nazndme misto, datum ani rozsah. Nemame tuseni, o jaky subtyp se bude
jednat, jak rychle a v kolika vinach se bude §itit. Nevime, jestli zabije 1, 10 nebo 100

miliond lidi.

Chtipka pfedstavuje vazné respiracni onemocnéni, které muze byt vysilujici i pro
zdravy organismus a mize s sebou pfinést fadu komplikaci vedoucich k hospitalizaci
nebo ke smrti, a to hlavné u pacientl patiicich do rizikové skupiny. Kazdoro¢ni
chiipkova epidemie mé za nasledek 3-5 milionid ptipadi vaznych onemocnéni a 300-

500 tisic umrti (Volz, a kol., 2013).

Nové epidemie chiipky typu A vznikaji bodovou mutaci (antigenni drift) dvou
povrchovych glykoproteind: hemaglutiniu (HA) a neuraminidazy (NA). K témto
mutacim dochéazi v ro¢nich nebo dvouletych intervalech. Nové varianty HA a NA
antigenll jsou schopny se vyhnout imunitni reakci a tak nedochdzi k vytvoteni trvalé
imunity ani po vakcinaci ani po ptirozené infekci (Tsang, a kol., 2014), tyto konstantné
probihajici, malé bodové mutace zplsobujici zmény v antigenni vybavé viru chiipky.
Nahromadéni bodovych mutaci HA (nebo HA a NA) jsou pfi¢inou vyskytu

pravidelnych sezonnich epidemii.

Na rozdil od epidemii jsou pandemie vzacnéjsi, ale interval mezi jednotlivymi
pandemiemi je postupné snizovan. Prvni zaznamy o chiipkové pandemii se datuji k 16.
stoleti a za poslednich 4 stoleti bylo zaznamenano celkem 31 pandemii (Yoshikura,
2014). V pribéhu 20. stoleti byly popsany tii pandemie. Tou nejhorsi byla Spané&lska
chiipka vroce 1918 (Ito, a kol., 1998, Lina, 2008). Tato pandemie si vyzadala 50
milionti obéti béhem 25 tydnt, coz je vice, nez si AIDS vyzadala v pribéhu 25 let.
Dalsimi dvéma pandemiemi byla Asijskd chiipka (1957) a Hong-Kongskéa chiipka
(1968), ob& pandemie nasledujici po Spanélské chfipce byly mnohem mirn&jsi (Ito, a
kol., 1998, Lina, 2008, Yoshikura, 2014). Spanélské chtipka byla pravdépodobng
ptaciho pavodu (HIN1) (Tumpey, a kol, 2005), vzhledem ktomu, ze i dalsi
pandemické kmeny H2N2 v roce 1957 a H3N2 v roce 1968 obsahovali geny z ptacich

vird, neni pochyb, Ze vSechny tfi pandemie vznikly pfeskupenim gent (reasortment).
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Co se tyka klinickych ptiznakl pii onemocnéni chiipkou, jsou velmi variabilni, at’
uz jde o epidemii nebo pandemii. Je mozné, Ze polovina nakazenych nema vitbec zadné
klinické ptiznaky. Klinicky obraz mlze byt od mirné¢ zavaznych onemocnéni az po
tézké, které mohou ve svém dusledku ovlivnit kromé respiracniho ustroji 1 dalsi organy:
srdce, mozek, jatra, ledviny a svaly a nervovou soustavu (Baguelin, a kol., 2012,
Martcheva, 2012). Klinicky prabéh chiipky je ovlivnén na jednu stranu vlastnostmi viru
na druh¢é strané stavem pacienta, v piipadé pacienta hraje roli v€k, stav imunitniho
systému, koufeni, komorbidita a také t€¢hotenstvi (Laskowski, a kol., 2014, Nicholson, a
kol., 2003). V zavaznych ptipadech mize dojit i ke smrti, ktera nastava v dusledku
primarni virové nebo sekundéarni bakterialni pneumonie. VétSinou dochéazi ke smrti
prevazné lidi v rizikové skupiné (chronicky nemocni pacienti, kojenci a stafi 1idé). Jen
v pfipadé pandemii 1918 a 1968 dochéazelo k umrti pfevazné¢ u mladych jedinct
(Baguelin, a kol., 2012, Kobasa, a kol., 2004). Co se tyka replikace viru v lidském
organizmu je virus omezen na cylindrické epitelialni bunky respiracniho systému.
V momenté, kdy virus vstoupi do bunky je zahéjena replikace, dochédzi ke kaskade
cytopatickych efektt, hlavné tim, Ze poklesne syntéza proteint hostitelské buiiky. Ztrata

kriticky diilezitych proteint hostitelské buiiky vede k smrti nekrézou.
3.6 Vysoce patogenni ptaci chripka

Pandemie v pribéhu poslednich nékolik stoleti pravidelné opakovaly kazdych 10-40
let, podle tohoto scénafe bychom méli ocekavat dal§i pandemii v nejblizsi dob€. Jednim
z horkych kandidath je ptaci chfipka, subtyp HS5NI1, vyznacujici se endemickym
vyskytem u divokych vodnich ptaki a domaci dribeZe v Asii. Vodni ptaci jsou hlavnim
pfirodnim rezervoarem ptaci chiipky typu A a onemocnéni u nich probihd casto
asymptomaticky. VétSina ptacich chiipkovych virt je hostitelsky specifickd a jen
nekteré maji zoonoticky potencial, coz je Cini schopnymi vyvolat onemocnéni u
Clovéka. Vroce 1997 bylo v Hongkongu laboratorn¢ potvrzeno 18 piipadi ptaci
chiipky u lidi, z ¢ehoz 6 bylo smrtelnych (Dankar, a kol., 2013). Dle tidajd WHO bylo
do roku 2014 nakazeno 650 lidi, z ¢ehoz 386 zemielo (http://www.who.int/influenza/en/,
2014). Pandemicky potencial subtypu H5N1 je uz nyni alarmujici a v budoucnu muze
jesté rist. Kromé subtypu HS5N1 (Van Kerkhove, 2013), bylo v poslednich letech
detekovéano 1 nékolik dalSich subtypi, bézné nalézanych ptaki, které dokéazali pfekonat

bariéru mezidruhového ptenosu a infikovat ¢lovéka HIN2 (Tretyakova, a kol., 2013),
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H7N7 (Stegeman, a kol., 2004), HIN2 (Eames, a kol., 2010), HTIN3 (Rudenko, a kol.,
2014), HIN9 (Qiu, 2014) a HION7 (Arzey, a kol., 2012). Klinicka zprava pacienti, ktefi
onemocnéli ptaci chiipkou, popisuje horecnaté onemocnéni a postizeni hornich nebo
dolnich cest dychacich (Conenello, a kol., 2011, de Jong, a kol., 2005). Krom¢ vysoké
umrtnosti bylo onemocnéni subtypem HS5N1 doprovazené dal$imi netypickymi rysy,
jako pfiznaky postizeni gastrointestindlniho traktu u dospélych a vyssi mira dalSich
komplikaci, jako je syndrom akutni respiracni tisné, jaterni dysfunkce a selhani ledvin
(de Jong, a kol., 2005, Yuen, a kol., 1998). Viry ptaci chiipky subtyptit HS, H7 a H9 jsou
na vrcholu seznamu subtypl s nejvétSim pandemickym potencidlem, vyse zminéné
subtypy ziskaly pomérné rychle schopnost pfenosu z ptaka na ¢loveéka a je jen otazkou

¢asu, nez ziskaji i schopnost pfenosu z ¢lovéka na ¢lovéka.
3.7 Chripka

3.7.1 Klinické priznaky

Chfipka je nejcastjsi pti€inou akutniho respira¢niho onemocnéni vSech vé€kovych
skupin. Spektrum onemocnéni se pohybuje od asymptomatickych az po smrtelné, ale
vétSina onemocnéni probihd jako akutni hore¢naté onemocnéni, které odezni bez
komplikaci. Po kratké inkubacni dobé (obvykle 2 dny) se chfipka prezentuje ndhlym
nastupem horecky a zimnice, doprovazené bolesti v krku, dale bolesti hlavy a svald,
malatnosti, nechutenstvim a suchym kaSlem. Horecka dosahuje vrcholu béhem 24 hodin
od pocatku nakazeni a trva 1-5 dny. Klinické ptiznaky zahrnuji pocit nevolnosti,

horecku, nastriknuté cévky v ocich, hyperemické sliznice, a vytok z nosu.

3.7.2 Komplikace

Nejcastéjsi komplikaci je zapal plic jako dusledek sekundarni bakterialni infekce,
jejichz piivodcem jsou nejcastéji Streptococcus pneumoniae, Staphylococcus aureus a
Haemophilus influenzae, tato komplikace se vyskytuje zejména u starSich pacientt
(Joseph, a kol., 2013). Reye syndrom je komplikace, ktera se vyskytuje vyhradné u déti
uzivajicich Aspirin hlavné ve spojeni s chiipkou typu a je prezentovano zvracenim a
zmatenosti, které mize progredovat do kématu a otoku mozku, ¢asto s fatdlnim koncem
(Yuen, a kol., 1998). Dalsi komplikaci mlize byt myokarditida a chronické bronchitidy.
Komplikace s nasledkem smrti se vyskytuji v poctu 0,5-1 na 1000 ptipadt (Muscatello,
a kol., 2014).
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3.7.3 Vakcinace

V soucasnosti jsou k dispozici dva druhy vakcin. V prvnim ptipadé se jedna o
trivalentni inaktivovanou vakcinu (Trivalent inacitvated influenza vaccine - TIV), ktera
je na trhu od roku 1940 (Van Buynder, a kol., 2013). TIV je podavana intramuskularné
nebo intradermalné a obsahuje tfi inaktivované viry chfipky: typ A (HINI), typ A
(H3N2) and type B, TIV vakcina obsahuje bud’ rozStépené viriony nebo jejich
subjednotky (Barker a Snape, 2014, Palese a Garcia-Sastre, 2002). Dal§im typem
vakciny proti chfipce je ziva oslabenad vakcina (Live attenuated influenza vaccine -
LAIV), kterd obsahuje stejné viry jako TIV (Cao, a kol., 2014). Kazdy virus se kultivuje
oddélené, inaktivuje se a kombinuje se se zbyvajicimi dvéma viry (Tretyakova, a kol.,
2013). Vakcina se aplikuje vstfikem do nosnich direk (polovina davky do kazdé nosni
dirky). Tretyakova a spolupracovnici popsali rekombinantni viru podobnou ¢éstici
(virus like particles — VLP), obsahujici HA proteiny odvozené z virti subtypi H5N1,
H7N2 a HIN2 jako experimentalni vakcinu proti chfipce, ke koexpresi byl pouzit
bakulovirovy vektor (Tretyakova, a kol., 2013). Rekombinantni VLP se jevi jako velmi
slibné ptistup pro vyrobu vakciny proti chiipce (Perrone, a kol., 2009). Dalsi moznosti
jsou DNA vakciny obsahujici plazmidy, kodujici jeden nebo vice proteini chiipkovych
vird, vysledky ztestovani DNA vakcin byly zatim hlaSeny jen experimentil
provedenych na zvitecich modelech (Bragstad, a kol., 2013, Liu, a kol., 2014, Wei, a
kol., 2012).

3.7.4 Terapie

Pro 1é¢bu a profylaxi chiipky jsou schvaleny dvé skupiny antivirotik: blokatory M2
proteinu a inhibitory neuraminiddzy (NAI). M2 blokatory jsou starSi skupinou
antivirotik, jejich ucinek spociva v blokovani M2 proteinu, ktery plni funkci iontového
kandlu a podili se na iniciaci infekce hostitelské bunky (7isdale, 2009). Do skupiny
blokatori M2 proteinu patii amantadin a rimantidin. Pokud jsou M2 blokatory
podavany v pocateCnim obdobi infekce (do 48h od prvnich priznakil), mohou redukovat
dobu vylucovani viru, zkracovat délku onemocnéni a zmirnovat zdvaznost symptomil
(Pielak, a kol., 2009). Jejich podavani za ucelem profylaxe je nutné zvazit, nebot’ u nich
byly prokazany nezadouci u€¢inky na CNS (Garcia a Aris-Brosou, 2014). Lécba pomoci
M2 blokatori ma dalsi dvé uskali, jednak nejsou u¢inné v terapii chiipky typu B a v

piipad¢ chiipky typu A byl prokazan Casty vyskyt rezistentnich kmenti. Pielak a kol.
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zaznamenali, ze 1écba M2 blokatory mtze vyvolat vznik rezistentnich variant chiipky
typu A u 30 - 80% osob (Pielak, a kol., 2009). Druhou, nov¢jsi skupinou jsou léky,
které se tadi do skupiny zvané inhibitory neuraminidazy, do této skupiny patii dva léky
Zanamivir a Oseltamivir (van der Vries, a kol., 2013). NAI jsou v soucasné dobé¢
predepisovany k 1é¢b¢ chiipky castéji nez M2 blokatory, divody jsou dva jednak je to
rostouci rezistence chiipky typu A k M2 blokatortim a déle jejich neu¢innost v piipadé
1écby chiipky typu B (Hai, a kol., 2013, van der Vries, a kol., 2013). Zanamivir je
distribuovdn v podobé prasku, ktery je aplikovan vdechovanim a je uren pro
nekomplikované akutni pfipady chiipky u osob star§ich 7 let, u kterych symptom
neprobihaji delsi dobu nez 48 hodin. Oseltamivir je podavan ve formé kapsli a je urcen
pro 1écbu osob starsich 1 roku se symptom trvajicich maximalné 48 hodin, i1 v pfipadé
aplikace Oseltamiviru byla prokdzana rezistence (McGettigan, a kol., 2014). V ptipade
Oseltamiviru je rezistence zpusobena mutaci H275Y, v pfipadé Zanamiviru mutace
Q136K (Okomo-Adhiambo, a kol., 2014). Rezistence je v souCasnosti jednim z

nejvétsich problémi antivirotické 1éCby a to v piipade obou skupin 1é¢iv.
3.8 Laboratorni diagnostika

Od roku 1933, kdy byl poprvé charakterizovan lidsky chiipkovy virus, byla vyvinuta
cela fada diagnostickych postupt a testll. Behem chiipkové sezony se diagnostika casto
spoléhd na predikci na zakladé kasle a vysoké horecky. V takovém piipadé€ diagnostické
testy nejsou vyzadovany a jsou provadény jen v ptipadech, pokud nejsou klinické
priznaky jednozna¢né, nebo kdy je nutné rozhodnout o dal§i antivirotické nebo
antibiotické 1écbe. Nejpouzivanéjsimi metodami jsou: detekce antigenu, izolace viru a
reverzni transkripéni polymerdzova reakce (RT-PCR), pfi¢emz dalsi skupinu tvori
sérologické testy (Comin, a kol., 2013, Dong, a kol., 2014, Schutten, a kol., 2013).
Neméné diilezitou roli v diagnostice hraje spravné nacasovani odbéru vzorkl a jejich
kvalita (Singh, a kol., 2014). Pro detekci antigenu, izolaci viru a RT-PCR jsou vzorky
odebirany z respiracniho traktu (stéry, vytéry a lavaze), pro sérologické testy je

nezbytny odbér krve.

Virus mize byt izolovan z krku nebo nosohltanu pomoci stérti ziskanych béhem

prvnich tii dni od nastupu onemocnéni. Transport vzorkli by mél probihat co nejkratsi
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dobu a vzorky by mély byt uchovavany pii teploté 2-8°C, v transportnim médiu

(Ferdinands, a kol., 2014).

Krev (plnd krev nebo sérum) se odebira pro ucely sérologického vySetieni
(protilatky proti chfipce). Parové vzorky by mély byt odebrany s 14-21 dennim

rozestupem a pro signifikantni zvyseni by mél byt vzestup titru protilatek ¢tyfnasobny.

Kultivace viru se provadi naockovanim do amniového nebo alantoického vaku
kutecich embryi, pfipadné na bunéénych kulturach, které podporuji replikaci vird.
Prtkaz virh chiipky zabere 2 dny a dalsi 1-2 dny jsou nezbytné k dodatecné identifikaci
typu/subtypu viru (Li, a kol., 2014). Kultivace viri ma dulezitou tlohu pfi definovani
etologie lokalni epidemie. Serologicky prikkaz vyzaduje signifikantni vzestup titru
protilatek IgG. Vzorek z akutni faze onemocnéni by mél byt odebran nejpozdéji 5. den
od poc¢atku onemocnéni a parovy vzorek (rekonvalescentni) idealné 21. den od pocatku
onemocnéni. Mezi nejvice pouzivané sérologické testy se fadi inhibice hemaglutininu a
fixace komplementu. Klicovym testem pro prikaz chiipky je HI, ktery zavisi na
schopnosti viru hemaglutinovat lidské nebo kufeci erytrocyty a inhibici této schopnosti
pomoci specifické protilatky (Comin, a kol., 2013). Diagnostika se opird o minimalné
Ctyfnasobny vzestup titru protilatek. Rychlé diagnostické testy jsou pottebné pro
posouzeni nutnosti pouzit antivirotika a jejich v€asné podani (Comin, a kol., 2013,
Schnell a Chou, 2008). Rychla diagnostika hraje roli také pii kontrole infekce

v nemocni¢nim prostiedi a snizovani prenosu infekce z pacienta na pacienta.

3.8.1 Primé metody

Pro ptimou detekci (detekuje se virova ¢éstice nebo antigen) je mozno pouzit celou
fadu metod, jako jsou enzyme-linked immunoassay, imunofluorescence a RT-PCR (Kim

a Poudel, 2013).
3.8.1.1 Imunofluorescence

Pro pfimou imunofluorescenci, je nutné fixovat potencionalné infikované bunky
respiracniho epitelu, obsahujici chfipkové viry a jejich antigeny, které jsou detekovany
pomoci specifickych protilatek konjugovanych s fluorescenénim barvivem (pfima
imunofluorescence) (Del Pozo, a kol., 2014), ptipadné mohou byt detekovany anti-

protilatkou konjugovanou s fluorescencnim barvivem (nepfimd immunofluerescence)
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(Noisumdaeng, a kol., 2014). Bézné pouzivanymi fluorescen¢nimi barvivy jsou
fluorescein a rhodamin. V obou piipadech se k vizualizaci reakce pouziva fluorescencni
mikroskop, kde pozitivni buniky (infikované) jsou rozliSené intenzivnim zbarvenim a
zménou morfologie. Pfimd imunofluorescence je sice rychlejsi, ale vétSinou méné
senzitivni. Imunoflurescence¢ni metody umoziuji rychly prukaz viru, ale vyzaduji
spravny odbér vzorkll respiracniho epitelu pacienta (Del Pozo, a kol, 2014).
Nevyhodou stanoveni jsou individualni rozdily ve vzorcich, interpretace je casto

subjektivni a spravnost zavisi na schopnosti a zkuSenosti pracovnika.
3.8.1.2 Enzyme-linked immuno sorbent assay (ELISA)

ELISA, né¢kdy také oznaCovana jako EIA (Enzyme immunoassay), funguje na bazi
imunoenzymatické reakce a lze s ni rovnéz detekovat jak antigen (pfimd ELISA)
(Glikmann, a kol., 1995), tak i protilatku (neptimd ELISA) (Schutten, a kol., 2013).
Podstatou metody je specifickd interakce antigenu a protilatky. V piipadé ptimé detekce
(detekce antigenu - HA) je na povrch reakéni nadoby nejprve pevné ukotvena protilatka
(adsorpce nebo kovalentni vazba), v dal§im kroku nasleduje vazba antigenu ze vzorku.
Nasleduje vazba dalsi protilatky konjugované s enzymem, katalyzujicim chemickou
preménu chromogenniho substratu, ktery je do smési ptidan po dokonceni vazby mezi
antigenem a obéma protildtkami (v mezikrocich je vzdy odstranén ptebytek reaktantu a
nasleduje promyti). Enzym katalyzuje chemickou pfeménu substratu na produkt, coz se
projevi zménou barvy. Zména barvy je detekovana spektrofotometricky (v ptipadé
pouziti chromogenniho substratu) nebo fluorimetricky. Koncentrace produktu je pfimo
umérnd koncentraci detekovaného antigenu (nebo protilatky) (Glikmann, a kol., 1995).
ELISA a imunochromatografie jsou velmi rychlé (10-30 minut), ale jsou drazsi nez

imunofluorescence nebo kultivace.
3.8.1.3 Imunochromatografie

Principem imunochromatografickych metod je reakce antigenu pfitomného ve
vzorku s konjugdtem za vzniku komplexu antigen-konjugét, ktery migruje smérem
ke specifické protiladtce imobilizované na porézni membrané (nitrocelul6za). Je-li ve
vzorku pfitomen antigen, vznikne v misté vazby antigenu a imobilizované protilatky
band (pozitivni prikaz viru) (Mitamura, a kol., 2013). Nadbytek konjugatu pfitomného

v testu, migruje dale membranou a vaZe se na dalsi imobilizovany protein, vznikéd druhy
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band, coz je signalem pro ukonceni testu. Hodnoceni testu je provadéno vizualné
pomoci konjugovanych ¢astic, kterymi jsou nejcastéji zlato nebo uhlik (Li, a kol., 2011,

Park).
3.8.1.4 Polymerdzova retézova reakce spojend s reverzni transkripci (RT-PCR)

RT-PCR zahrnuje krom¢ bézné amplifikace DNA (klasicka PCR) jesté proces, pfi
kterém je izolovana chiipkova VRNA piepsana na DNA (cDNA) pomoci reverzni
transkriptazy (Schnell a Chou, 2008). Néasleduje amplifikace pomoci primert,
komplementarnich ke specifickému chiipkovému tseku VRNA piepsané na cDNA..
Vyhodou této metody je vysoka senzitivita, moznost detekce subtypu, pfipadné
fylogeneticka analyza (Kim a Poudel, 2013). Nevyhodou je rychla RNA degradace
pomoci ribonukledz (které jsou navic termostabilni), coz vyzaduje rychlé zpracovéani

vzorkll a pouziti inhibitor RNas.
3.8.1.5 Izolace viru 7 infekéniho materidalu

Pti izolaci (kultivaci) viru je nutné naockovat odebrany vzorek na vnimavé bunky a
nasledné detekovat ptitomnost viru diky zmozZeni viru na bunikach. Izolace vyZzaduje
rychly transport vzorku do laboratote, aby nedoslo k inaktivaci viru. V souc¢asné dob¢ je
kultivace stdle vice vytlaCovana metodou PCR, nicméné stale poskytuje cenné

informace o kvantité a infekéni povaze virt (Li, a kol., 2011, Schutten, a kol., 2013).
K izolaci a mnoZeni vird se pozivaji:
e Bunécné kultury

e Kufeci embrya

e Vnimava zvifata
Izolace viru na bunéénych kulturach

Pro kultivaci chiipkovych virt je mozné pouzit celou fadu bunéénych linii, témi
nejpouzivanéj§imi jsou Madin-Darby canine kidney cells (MDCK) (Danilenko, a kol.,
2014). Kultivace tkanovych linii se provadi ve sklenénych nebo plastovych lahvich.
Ditlezitym kritériem pro uspéSnou kultivaci je volba spravného kultivaéniho média,

teploty a slozeni atmosféry. Pro zvySeni uspéSnosti infekce se bunky oSetiuji trypsinem.
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Vyhodou kultivace je vysoka citlivost, nevyhodou doba trvani (bézn¢ zabere kultivace

vice nez dva tydny) (Danilenko, a kol., 2014).
Izolace viru na kurecich embryich

Odebrany vzorek (stér nebo vyplach z dychacich cest pacienta) je inokulovan do
amniové dutiny u 10-12ti dennich kufecich embryi (Li, a kol., 2011). ZvySeni vytézku
viru je mozno dosdhnout po 2-4 denni kultivaci. Poté se odebird amniova tekutina, ve
které se zjiSt'uje virus. Je stale pouZivand, ale nikoliv pro rutinni diagnostiku, ale spiSe
jako referen¢ni metoda a to diky vysoké citlivosti (Kandeil, a kol., 2014, Li, a kol.,
2011).

Izolace viru na laboratornich zviratech

I kdyz lze adaptovat virus chiipky na laboratorni zvifata a vSechny kmeny viru
chiipky aglutinuji ptaci erytrocyty (i nékteré savci), pro rutinni diagnostiku chiipky se
laboratorni zvifata nepouzivaji. K biologickym pokustim se nejcastéji pouzivaji kurata a
kachnata (Kalthoff, a kol, 2014). Fretky jsou pouzivané jako model pro humanni
infekci (Belser, a kol., 2014, Kalthoff, a kol., 2014).

3.8.2 Nepiimé metody - sérologické testy

Sérologické testy detekuji pfitomnost chiipky stanovenim pifitomnych protilatek.
Sérologické testy nadm mohou poskytnout informaci o pfitomnosti specifickych
protilatek proti konkrétnimu antigenu, o mnozstvi celkovych protilatek, nebo o
mnozstvi konkrétni tfidy protilatek (IgG, IgA, IgM). Mezi nejpouzivanéjsi testy patii:
inhibice hemaglutininu (HI), fixace komplement (CF), nepfimd immunofluorescence a
ELISA (ktera je vhodna jak pro ptimou, tak i nepfimou detekci) (Comin, a kol., 2013,
Dong, a kol., 2014). Sérologické testy nejsou vhodné pro diagnostiku akutnich piipada
chiipky, ale jsou vhodné pro rozliSeni akutni (narist [gM) a prod€lané infekce (narast
IgG). Pro sérologickou diagnostiku jsou nutné parové vzorky (prvni vzorek na zacatku
infekce, dals$i po 14 dnech) a je nutny alespoil ¢tyindsobny ndrdst titrG protilatek.

Sérologie muize byt pouzita pro testovani icinnosti imunizace vakcinaci.
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3.8.2.1 Hemaglutinacné inhibicni test (HIT)

Tento typ testli je pomérné pracny a cCasové narocny a vyzaduje standardizaci
postupu (Schutten, a kol., 2013). Ptitomnost protilaitek je indikovana inhibici
hemaglutinace (tvorba srazeniny, shlukovani erytrocytll) a sedimentaci erytrocytd.
Jejich vyhodou je vysoka citlivost (umoziuji detekci protilatek radove v pg) (Comin, a
kol., 2013). Reagencie pro test jsou levné a dostupné, je mozné pouzit morceci nebo
slepi¢i Cervené krvinky, které se fedi na 0,4 - 0,5%. Sérum musi byt nejprve zbaveno
fedéni séra, které inhibuje hemaglutina¢ni reakci je HI titr. HIT je citlivéjsi nez fixace

komplementu a ma tu vyhodu, ze umoziuje piesn€jsi rozliSeni mezi HA subtypy.
3.8.2.2 Komplement fixacni reakce (CFT)

CFT metody jsou zalozeny na schopnosti tvorby komplexu antigen-protilatka,
komplement se navaze na komplex antigen protilatka, coz ma za nasledek, Ze neni
dostatek komplementu, ktery by byl schopny lyzovat senzitivni ov¢i erytrocyty, které
tvoti detekéni slozku testu. Tato metoda je narocnd, vyZaduje kontrolu kazdého kroku a

je méng¢ citliva nez HIT, ale jeji vyhodou je nizka cena (Doller, a kol., 1987).
3.8.2.3 Enzyme linked immuno sorbent assay (ELISA)

I kdyz je HIT stale povazovan za zlaty standard pro subtypizaci HA, je ELISA
dobrou alternativou k HIT testu a mize byt snadnéji automatizovana (Comin, a kol.,
2013, Mookkan, a kol., 2013). ELISA je mnohem citlivéj$i nez HI a CF (Dong, a kol.,
2014). Dostupna je cela fada komer¢nich EIA testt, které jsou schopny detekovat IgG,
IgA ¢i IgM. Test neni vhodny pro detekei akutni infekce.

3.9 Senzory a biosenzory

3.9.1 Senzory pro detekci ptaci chiipky

Senzor je nedilnou soucasti méficiho zatizeni, které prevadi vstupni signal na signal
vhodny pro méfeni a vyhodnoceni. Elektrochemické senzory mohou byt déleny na
senzory s kapalnym nebo pevnym elektrolytem (Palecek a Bartosik, 2012) a dale na
potenciometrické nebo ampérometrické (Willander, a kol., 2014). Citlivou vrstvu tvofi
rozhrani mezi elektrodou a analyzovanym prostfedim, pficemz samotnym senzorem
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(ptevodnikem) je pracovni elektroda. Idedlni senzor je vysoce specificky a senzitivni
pouze k detekované sloZce. Pfitomnost ostatnich slozek by neméla nijak ovlivnit signal

detekované veliciny.

3.9.2 Biosenzory pro detekci ptaci chripky

Biosenzor je analyticky pfistroj obsahujici citlivy prvek biologického piivodu, ktery
je bud soucasti, nebo v tésném kontaktu s fyzikdlné-chemickym pievodnikem a
poskytuje pribézny elektronicky signal, ktery je pfimo umérny koncentraci jedné nebo
nékolika (skupin) chemickych latek ve vzorku (Rechnitz, 1991). Biosenzor se tedy od
senzoru lisi pfitomnosti biologické (biorekogni¢ni) slozky, ktera ma bio-afinitni nebo
bio-katalytickou ulohu. Bio-katalytickou tlohu maji v biosensorech nejcastéji buiiky,
tkan¢, organy, organely nebo enzymy. Principem je pieména analytu v pribéhu
chemické reakce (sledovany analyt je nejcastéji substratem enzymové reakce). Do
skupiny bio-afinitnich senzorti patii nukleové kyseliny, lektiny a protilatky, v tomto
ptipad¢ je analyt specificky vazan. Typicky biosenzor se skladé ze tii Casti, biologicky
prvek (enzym, protilatka, DNA, atd), ¢idlo pro snimani signélu (elektrické, optické nebo
tepelné), a prvek pro zesileni / zpracovani signalu (Velasco-Garcia a Mottram, 2003).
Zpusob prevodu signalu zavisi na typu fyzikaln¢ chemické zmény vyplyvajici z
pocatecniho a kone¢ného signalu (Singh, a kol., 2014). V mnoha ptipadech je dileZitou
soucasti biosenzoru membrana, ktera pokryva bio-rekogni¢ni Cast senzoru a jejiz
hlavnimi funkcemi jsou selektivni propustnost, fizeni diftize analytu, ochrana proti
mechanickému poskozeni a podpora biologické slozky (Merkoci, a kol., 2005, Sadik, a
kol., 2009). Mezi nejcastéji pouzivané biologické ¢asti senzorli patii enzymy (Cosnier a
Mailley, 2008, Dey a Raj, 2014, Qureshi, a kol., 2009), protilatky a (Cosnier a Mailley,
2008, Nidzworski, a kol., 2014), oligonukleotidy (Aydinlik, a kol., 2011, Grabowska, a
kol., 2014, Muti, a kol., 2010). B&zn¢ pouzivané elektrochemické ptrevodniky jsou
potenciometrické (Liu, a kol., 2011, Souza, a kol., 2011), ampérometrické (Komarova, a
kol., 2005) a vodivostni (Gooding, 2002). Dal$im piikladem pfevodnikii jsou
piezoelektrické ménice (Cai, a kol., Tam, a kol., 2009).
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4 MATERIAL A METODIKA

4.1 Chemikalie

Tris (2-karboxyetyl) fosfin byl zakoupen od Molecular Probes (USA). VSechny dale
uvedené chemikalie byly zakoupeny od firmy Sigma-Aldrich (USA) v ACS kvalité
(pokud neni uvedeno jinak). Pro syntézu kvantovych teCek (QDs) byly pouzity tyto
chemikalie: dusi¢nan kademnaty Cd(NO;),-4H,O, 3-merkaptopropionova kyselina,
hydroxid amonny, sulfid sodny monohydrate Na,S-9H,O, dusi¢nan zinecnaty
Zn(NOs),-6H,0, octan olovnaty Pb(OAc),-3H,O. Pro piipravu pufri byly pouzity:
Acetatovy pufr (CH;COONa, CH;COOH), Amoniakalni pufr (Co(NH3)sCls, NHs(aq),
NH4Cl), Tris-glycinovy pufr (Trizma-baze, glycin a SDS). Fosfatovy pufr (PB)
(NaH,PO4, Na,HPO,). Fosfatovy pufru I (pH = 6.5, NaCl, Na,HPO4, NaH,;POj).
Hybridiza¢ni pufr (fosfatovy pufr, guanidin thiocynate, Tris, pH = 7.5). Elu¢ni roztok
(fosfatovy pufr II NaCl, Na,HPO,4, NaH,PO,). Jako matrix pro detekci pomoci MALDI
byla pouzita 3-hydroxyskoticova kyselina(Sigma-Aldrich, USA).

Zasobni roztoky QDs, standardii a vSech potifebnych pufrti byly pfipraveny v ACS
vode (Sigma-Aldrich, USA) a uchovany v temnu, pii 4 °C. Hodnoty pH byly méteny s
pouzitim WTW inoLab Level 3 (Weilheim, Némecko). pH-elektroda (SenTix-H) byla
pravidelné kalibrovana souborem WTW pufri. Piiprava deionisované vody byla
provedena demineralizaci pomoci reverzni osmézy na piistrojich Aqua Osmotic 02
(Aqua Osmotic, Ceska republika) a nasledné purifikaci pomoci Millipore RG (Millipore

Corp., USA). Deionisovana voda byla pouzita pro promyvani, oplach a ptipravu pufri.

Pro tcely izolace cilovych biomolekul byly pouzity dva typy paramagnetickych
castic (MPs): Streptavidin Dynabeads M-270 (Life Technologies, USA) a Dynabeads
Oligo (dT)zs (Invitrogen, Norsko). Biotinylovany multivalentni glykan (01-078
[NeuSAca2-3GalB1-3GIcNAcB1-PAA-biotin]) byl zakoupeny od firmy GlycoTech
(USA). HA odvozené od virl chiipky typu A (H5N1, a HIN1) exprimované v
Baculoviru, byly objednany od Prospec-Tany TechnoGene Ltd (Izrael). Jako standard
HA byla pouzita vakcina proti chiipce Vaxigrip ® (Sanofi Pasteur, Francie), ktera
obsahovala rozstépené viriony nasledujicich kmenti: A/California/7/2009 (HIN1),
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A/Victoria/361/2011 (H3N2) a B/Wisconsin/1/2010. Vzorek inaktivovaného viru H5N1

byl darovan Veterinarni a farmaceutickou univerzitou v Brné.

PNA oligonucleotid (cystein-CCTCAAGGAG) byl syntetizovan firmou
Biosynthesis (Biosynthesis, USA). K PNA komplementdrni a od chiipky odvozena
DNA sekvence (5° AAAAACTCCTTGAGG 37) byla objednanad od Sigma Aldrich
(Sigma-Aldrich, USA).

4.2 Metody a instrumentace
4.2.1 Izolace cilovych molekul pomoci MPs, ep Motion 5075

Automaticka pipetovaci stanice epMotion 5075 byla pouzita pro izolaci cilovych
biomolekul, kterymi byly ODN a HA, oznaceny kvantovymi teckami (QDs). V obou
piipadech byly jako platforma pro izolaci pouzity MPs. V ptipad€ izolace komplexu
HA-QDs byly pouzity Streptavidin Dynabeads M-270. Pro izolace komplexu ODN-
QDs Dynabeads Oligo (dT),s. Dilezitou ¢asti pipetovaci stanice je pohyblivé rameno s
optickym senzorem, uzpusobené pro uchyceni pipetovacich nastavcli a nastavce pro
pfenaSeni mikrotitracni desticky. Dalsi nedilnou soucasti zatizeni je pocitac s fidicim
softwarem a dale pracovni plocha vybavena Spickami (objem 50ul, 300ul, 100ul),

magnetickou a termostatovanou podlozkou a zasobniky na vzorky a pufry.
Izolace komplexu ODN-QDs

Nejprve bylo pipetovano 10 pl Dynabeads Oligo (dT);s (Invitrogen, Norsko) do
jednotlivych jamek v mikrotitraéni desti¢ce a desticka byla pfenesena na magnet a
nakonec byl odpipetovan uchovavaci roztok z MPs. Potom byly MPs tfikrat promyty 20
ul fosfatového pufru I (PBI). Nasledn¢ byl ptfidan hybridiza¢ni pufr (10 pl) 10 pl
polyA-modifikované proby (komplementarni fet€ézec ODN k cilové molekule) a smés
byla nasledn¢ inkubovéna (15 min, 25°C). Dal§im krokem bylo trojndsobné promyti
obsahu jamek 20 pl PBI. Nasledoval druhy hybridiza¢ni krok, kdy do jamek bylo
napipetovano 10 pl komplexu cilového ODN znaceného QDs a 10 ul hybridiza¢niho
pufru a opét probehla ikubace (15 min, 25°C). Procedura byla zakon¢ena trojndsobnym
promytim pomoci 20 pl PBI. V poslednim kroku bylo ptidano 30 pl elu¢niho roztoku a
mikrotitra¢ni jamka byla inkubovana (5 min, 85°C). Desticka byla pfenesena na magnet

a supernatant byl odpipetovan do novych jamek.
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Izolace komplexu HA-QDs

Prvnim krokem automatické izolace bylo pipetovani 10 pl of Dynabeads® M-270
Streptavidin, do jamek mikrotitracni desticky (Eppendorf, Némecko). Po té byla
desticka pfenesena na magnet a byl odpipetovan uchovévaci roztok z MPs. Nasledné
byly MPs promyty 100 ul fosfaitovym pufrem (PB). Poté bylo pipetovano 20 pul
biotinylovaného multivalentniho glykanu. Nasledovala inkubace (30 min, 25 °C, 400
rpm). V dal$im kroku byly jamky tfikrat promyty 100 pul PB a bylo pfidano 20 pl
vzorku (komplex HA s Cd QDs). Smés byla opét inkubovana a nasledné tfikrat promyta
100 ul PB. V poslednim kroku bylo pfidano 35 ul of PB a komplex MPs-glykan-HA
CdQDs byl rozbit ultrazvukem (2 min). Mikrotitracni desticka byla pfenesena na

magnet a supernatant byl odpipetovan z MPs do novych jamek.

Obrazek ¢. 7: Automatickd pipetovaci stanice ep Motion, a) fidici pocita¢, b) rameno pohyblivé
v osach x, y a z pro uchopeni pipetovacich nastavcl a drapaku pro prenos mikrotitracnich desticek, c)
optické ¢idlo, d) vybaveni pracovni plochy (magnetické a termoregulacni podlozky, zasobniky pufri a

vzorkl).
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4.2.2 Elektrochemicka detekce izolovanych cilovych molekul

Izolované komplexy cilovych molekul (HA, ODN) s QDs byly detekovany
elektrochemicky pomoci analyzatoru 663 VA Stand v elektrochemické cele s klasickym
tiielektrodovym zapojenim. Visici rtut'ova kapkova elektroda (HMDE) s plochou kapky
0,4 mm’ byla pouZita jako pracovni elektroda. Ag/AgCl/3M KCl elektroda jako
referentni a platinova elektroda jako pomocné. Analyzované vzorky byly pied vlastnim
stanovenim deoxygenovany probublavanim argonu (99,999 %). Jako pracovni

elektrolyt byl vybran acetatovy pufr (CH;COONa, CH;COOH, pH 5).

Detekce signalu ODN a PNA (CA pik)

Pro detekci CA piku byla zvolena pfenosova adsorptivni technika spojend se square
wave voltametrii (AdT SWV) s nésledujicimi parametry: pocatecni potencial 0 V;
koncovy potencial -1.85 V; frekvence 10 Hz; potencidlovy krok 0.005 V; amplituda
0.025 V.

Pro detekci PNA ODN byly pouzity metody AdT SWV, DPV a cyklickd voltametrie
(CV), parametry metod jsou uvedené ve védeckém c¢lanku IX (vysledky).

Detekce signalu kovové ¢asti QDs (pik kovu)

Pro detekci signdlu kovové ¢asti QDs (pik kovu) byla zvolena metoda diferen¢ni pulzni
voltametrie, parametry metody byly nasledujici: Cd (pocate¢ni potencial -0.9 V;
kone¢ny potencial -0.45 V); Zn (pocatecni potencial -1.2 V; konecny potencial -0.85
V); Pb (pocatecni potencial -0.6 V; konecny potencidl -0.25 V); ostatni parametry byly
shodné: depozi¢ni potencidl -0.9 V; depozice 240 s; ¢as equilibrace 5 s; modula¢ni Cas

0.06; interval 0.2 s; potencialovy krok 0.002 V; amplituda 0.025V.

Detekce katalytického signalu HA

HA byl detekovan pomoci Brdickovi reakce (Skalickova, a kol., 2013), adsorptivni
prenosovou technikou ve spojeni s diferen¢ni pulzni voltametrii (AdT DPV). Veskera
meéifeni probihala téZ na pfistroji 663 VA Stand (Metrohm, Switzerland) s chlazenou
elektrochemickou celou a klasickym tfielektrodovym zapojenim (viz vyse). Teplota
elektrochemické cely, ve které probihala méfeni, byla 4 °C. Stala teplota byla udrzovéana
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zatizenim Julabo F25 instrument (JulaboDE, Némecko). Pfed méfenim byl vzorek
deoxygenovan argonem (99,999 %, 120 s). Méfeni HA probihala v prostfedi Brdickova
elektrolytu: ImM Co(NHj3)¢Cls a 1M amoniakalni pufr (NHs(aq) + NH4Cl, pH = 9.6).
Parametry AdT DPV byly nasledujici: poc¢atecni potencial -0.7 V; konecny potencial -
1.75 V; modulacni ¢as 0.057 s; Casovy interval 0.2 s; potencidlovy krok 0.002 V;
modula¢ni amplituda 0.025V. Pro zpracovani a vyhodnoceni vSech vysledkt byl pouzit

software GPES 4.9.

A B

Obrazek ¢. 8: Automatickd pipetovaci stanice ep Motion, a) fidici pocita¢, b) rameno pohyblivé
v osach x, y a z pro uchopeni pipetovacich nastavcl a drapaku pro prenos mikrotitracnich desticek, c)
optické ¢idlo, d) vybaveni pracovni plochy (magnetické a termoregula¢ni podlozky, zasobniky pufrd a

vzorkl).

4.2.3 Hmotnostni spektrometrie, MALDI-TOF

K charakterizaci HA byl pouzit MALDI-TOF hmotnostni spektrometr Bruker
ultrafleXtreme (Bruker Daltonik GmbH, Némecko) s 355 nm Nd:YAG laserem s
maximalni frekvenci 2000 Hz, s nastavenym urychlujicim napétim 25 kV a zpozdénou
extrakei 100 ns. Méfeni probihalo v linearnim, pozitivnim iontovém moédu. Pro sbér a
zpracovani dat byly pouzity programy flexControl verze 3.4 a flexAnalysis verze 2.2.

Roztok matrice byl slozen z nasyceného roztoku kyseliny a-kyan-4-hydroxyskoticové
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(Sigma-Aldrich) v 30% acetonitrilu a 0.1% kyselin€ trifluoroctové. Pracovni roztoky
byly pfipravovany kazdy den ze zasobnich roztokl. Vzorek vakciny byl pfed nandSenim
smichén v objemovém poméru 1:1 s nasycenym roztokem matrice, a poté byl nanaSen
vzdy 1 pl smési na jeden spot desticky MTP Anchorchip 384 BC (Bruker Daltonik).
Kalibracni roztoky standardi proteind (Bruker Daltonik) byly pouzity pro externi
kalibraci. Hmotnostni spektra byla typicky ziskavana zprimérovanim 20 subspekter z

celkovych 500 laserovych pulsi.

4.2.4 Skenovaci elektrochemicky mikroskop (SECM)

Charakterizace MPs a MPs-glykan-HACdS byla provedena pomoci SECM CHI
920C v amperometrickém modu. Pro pracovni a substratovou elektrodu byly zvoleny
nasledujici parametry: WE (pracovni elektroda, Pt): 0,25 V, ¢as k ustaleni proudové
odezvy 2 s; sensitivita 1,0 E® A/V; rychlost skenovani: 10 um/0,02 s SA (substratova
elektroda, Au): 0,1 V; sensitivita 1.0 E® A/V. Ferrocenmethanol byl pouZit jako
elektrochemicky mediator. VSechna méteni byla provedena se stejnou vzdalenosti mezi

hrotem elektrody a substratem (d=30 pm).

Elektrochemicka cela byla ¢isténa ultrazvukem (ve smési acetonu a etanolu, pomér
1:1) a nasledné ¢isténa peroxidem a kyselinou syrovou (1:3). Cisténi elektrody trvalo 5
minut a z povrchu elektrody byly odstranény veskeré necistoty. Hrot byl cistén
ultrazvukem pouze v etanolu. Po chemickém ¢isténi, byla spusSténa cyklické voltametrie
(CV) v 30% (v/v) kyseliné sirové. Nakonec byly vSechny vyse zminéné ¢asti oplachnuty
miliQ vodou a osuseny dusikem. Tato procedura byla opakovana po kazdém dalSim

meéreni.

4.2.5 Gelova elektroforéza, charakterizace a separace HA a HA-QDs

Pro gelovou elektroforézu bylo pouzito zafizeni Mini Protean Tetra apparatus s
rozmérem gelu 8.3 x 7.3 cm (Bio-Rad, USA). Nejdiive byl nalit 15 % nebo 12.5 %
(m/V) separacni gel, ktery byl prevrstven 5 % (m/V) koncentratnim gelem. Gel byl
ptipraveny z 30 % (m/V) akrylamidového zasobniho roztoku s 1 % (m/V) bis-
akrylamidem. Polymerizace separacniho a koncentra¢niho gelu probihala pi1 pokojové
teploté¢ po dobu 45 min nebo 30 min. Pfed vlastni analyzou byly vzorky smichény s
neredukujicim pufrem v poméru 2:1. Vzorky byly inkubovany pfi teploté 93°C po dobu

3 min a nanaSeny na gel. Pro stanoveni molekulové hmotnosti byl pouzit proteinovy
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zebticek “Precision plus protein standards” od firmy Biorad (USA). Parametry
elektroforézy byly nastaveny nasledovné: napéti 150 V, délka trvani 1 h a teplota 23 °C.
Separace probihala v prostiedi Tris-glycinového pufru (0.025 M Trizma-base, 0.19 M
glycin a 3.5 mM SDS, pH = 8.3). Nasledn¢ byl gel obarven Coomassie-blue. Procedura
barveni pomoci Coomassie-blue staining byla pievzata od Wong et al. (Wong, a kol.,

2000).

4.2.6 Vyroba ¢ipu, 3D tiskarna

Pro vyrobu mikrofluidniho 3D ¢ipu byl pouzit modelovaci program Blender 2.65
(http://www.blender.org/community/get-involved). Model z tohoto programu byl
exportovan do STL formatu and a nasledné editovan programem netFabb (Parsberg,
Némecko). Takto opraveny model v STL formatu byl otevien v programu G3DMAKER
(DO-IT, Ceska republika) 3D a vytiitén pomoci 3D tiskarny EASY 3D MAKER (DO-
IT, Ceska republika). Jako material byl pouzit polylaktid (PLA) (DO-IT, Ceska
Republika), ktery byl aplikovan extrusi (tavici hlava) pfi teploté¢ 210 °C na zahtivanou
podlozku (40 ° C). Kazdy ¢ip byl nejprve zbaven drobnych nepiesnosti, a nasledné
osazen tfemi elektrodami (pracovni sklenéna uhlikovd mikroelektroda (GCm),
referen¢ni uhlikova elektroda s primérem 0.5 mm, a pomocna elektroda z platinového

drétku). Poslednim krokem pfi vyrobé Cipu bylo ptilozeni plastového vika.
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5 VYSLEDKY A DISKUSE

Vysledkova c¢ast predkladané dizertani prace je ptilozena ve formé publikaci
v odbornych c¢asopisech a dale doplnéna o komentafe autorky. U kazdé prace je
vyznacen 1 podil autorky na vytvofeni publikace, se kterym souhlasi vSichni uvedeni

spoluautofi.
5.1 Senzory a biosenzory pro detekci chripky

5.1.1 Védecky ¢lanek I

KREJCOVA, L.; HYNEK, D.; ADAM, V.; HUBALEK, J.; KIZEK, R.
Electrochemical Sensors and Biosensors for Influenza Detection.

International Journal of Electrochemical Science, 2012, ro¢. 7. ¢. 11, s. 10779-10801.
ISS 1452-3981. IF: 1.956

Podil autorky Krejcova L.: 60 % textové casti prdce

Vznik pandemie, kterd by mohla ohrozit 7 miliard lidi je jednou z nejvétsich hrozeb
lidstva. Na zaklad¢ znalosti historie a epidemiologickych dat je chiipka povazovana za
potenciondlniho plvodce Cislo jedna (Lazzari a Stohr, 2004, Lina, 2008). Klicovym
nastrojem pro boj proti vzniku a Sifeni pandemie je v€asnd a piesna diagndza. Soucasné
pouzivané metody detekce jsou Casto naro¢né na vybaveni, persondl a Cas. Z toho
divodu je predmétem zajmu hledani rychlé, citlivé a selektivni metody pro detekci
chiipky. Slibnou oblast pfedstavuje vyuziti nanocastic ve spojeni s elektrochemickou
detekci. Cilem naSeho ¢lanku bylo popsat a diskutovat strategie pro detekci chiipkovych
viriont, proteinii a nukleovych kyselin a prezentovat souhrn poznatkd publikovanych do

roku 2012.

Zakladni ¢lenéni védeckého ¢lanku I tvoti dvé kapitoly, senzory a biosenzory. Prvni
definuje senzory a bliZe popisuje Ctyfi typy pracovnich elektrod (rtutové, amalgdmové,
uhlikové a tisténé) a jejich vyuziti pro elektrochemickou detekci biomolekul.
Podkapitola rtut'ové elektrody pojednéva o historii tohoto typu senzort a obsahuje popis
souCasn¢ pouzivanych technik, pfedev§im pro detekci nukleovych kyselin (DNA,
RNA), jako jsou cyklickd voltametrie (CV), diferencni pulzni voltametrie (DPV),

square  wave voltametrie = (SWV), elimina¢ni  voltametrie =~ (EVLS) a
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chronopotenciometrie. Diskutovano je i1 spojeni adsorptivni pienosové techniky (AdTS)
s vyse uvedenymi metodami pro zvyseni citlivosti detekce nukleovych kyselin (Palecek

a Bartosik, 2012).

Dalsi podkapitolou senzort jsou amalgdmové elektrody, které jsou netoxické a
v fad¢ ptipadii mohou uspésné nahradit rtutové elektrody (Yosypchuk a Barek, 2009,
Yosypchuk, a kol., 2002, Yosypchuk a Novotny, 2002). 1 zde je diskutovano vyuziti
techniky AdTS pro anlyzu DNA se snadnou detekei pikogramovych mnozstvi
modifikované¢ DNA nebo ODN (Fadrna, a kol., 2005, Yosypchuk, a kol., 2006) a dale
vyuziti amalgamové elektrody k detekci DNA bez nutnosti pouziti elektrochemicky

aktivni znacky (Fojta, a kol., 2010).

V ptipad€ uhlikovych elektrod jsou popsany rizné typy senzorli obsahujici jako
vodivy materidl uhlik, ktery je umistén v pojivu, kterd mohou byt tekutd (uhlikové
pastové elektrody) nebo pevnad (tisténé uhlikové -elektrody). Velkou vyhodou
uhlikovych elektrod je moznost modifikace pojiva chemickymi nebo biologickymi
latkami a ¢imz je moZzné zvysit citlivost a specifitu stanoveni (Jacobs, a kol., 2010).
V kapitole jsou popsany i uhlikové nanotrubice a jejich vyuziti pro hybridizacni DNA

senzory (Qureshi, a kol., 2009).

Posledni podkapitolou senzort jsou tisténé elektrody (Screen printed electrode —
SPE). Pro detekci virové nukleové kyseliny se €asto pouziva hybridiza¢ni reakce na
povrchu elektrody (Adam, a kol, 2010, Martinez-Paredes, a kol, 2009). Druhou
moznosti je vyuziti modifikovanych povrchit SPE. K modifikaci povrchu SPE se
pouzivaji rizné typy nanocastic (chitosan/Fe;O4 a zlaté¢) (Lam Dai, a kol., 2011,

Qureshi, a kol., 2009).

Druhé ¢ast ¢lanku je vénovana biosenzoriim, jejichz nedilnou soucésti je biologicka
slozka spojena s detektorem. Biologickou ¢asti biosenzorti byvaji enzymy, protilatky a
nukleové kyseliny. S hybridiza¢nim typem biosenzorti (kde biologickou cast tvofi
komplementarni fetézec k cilové sekvenci), se setkdvame pomérné Casto. Pro tyto ucely
byly testovany rtizné typy pracovnich elektrod, ale nejcastéji zlaté, uhlikové (Malecka,
a kol., 2012) a rtutové (Palecek a Bartosik, 2012). Dalsim smérem ve vyvoji biosenzort
jsou microarray (DNA nebo genové Cipy), pouzitelné pro soucasné stanoveni vice

specifickych sekvenci. Microarray jsou tvofeny pevnou podlozkou, na jejimz povrchu
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jsou zakotvené proby (komplementarni sekvence k cilovym molekulam). Microarray se
pouzivaji k detekci (Li, a kol., 2009), subtypizaci (Kongchanagul, a kol., 2011) nebo
identifikaci (Liu, a kol., 2006) chiipkovych kmenud. Dalsi podkapitola biosenzorl je
vénovana kfemennym mikrovazkam (quartz crystal microbalance, QCM). Principem je
meéteni zmeény frekvence kiemenného rezondtoru. Zmeéna frekvence je dana ptidanim
nebo odebranim hmoty, naptiklad v disledku oxidace nebo depozice filmu na povrchu
krystalu (Liu, a kol., 2008). QCM systém muze byt pouzit ve vakuu, v plynné fazi nebo
v kapalin€ (Owen, a kol., 2007). Mé&teni v kapalném prostiedi je vhodné pro sledovani
afinitnich reakci. QCM se pouziva i ke zkoumani interakce biomolekul. Dalsi moznosti
vyuziti QCM je konstrukce imunosenzoru, kde se vyuzivd afinity mezi cilovou
molekulou (HA) a protilatky (Hewa, a kol., 2009, Liu, a kol., 2008, Owen, a kol., 2007).
Dalsi velka skupina biosenzort je zaloZena na pouziti nanoc¢astic. Pro ucely izolace a
detekce chiipky jsou hojné vyuzivané QDs (Krejcova, a kol., 2012, Li, a kol., 2012),
MPs (Krejcova, a kol., 2012), zlaté¢ nanocastice (Mu, a kol., 2010) nebo modifikované
uhlikové nanocastice (Muti, a kol., 2012).

Pro detekci chiipky se Casto pouzivaji i biosenzory na bdzi aptamert, coZ jsou
molekuly slozené z nékolika nukleotidti (méné nez 100). Vybér vhodné sekvence, ktera
umoziiuje vysoce selektivni vazbu cilové biomolekuly (proteinu, sacharidu, nukleové
kyseliny) je kli¢ovym prvkem. V piipad¢é detekce chiipky jsou nejcastéji vyuZivany

sekvence vazajici HA (Misono a Kumar, 2005).

DalSim moznym pfistupem k detekci chiipky pomoci biosenzort je méfeni
impedance. Tato stanoveni jsou zalozena na dvou moznych pfistupech: impedanc¢ni
spektroskopii (Hassen, a kol., 2011) a konstrukci elektrochemickych impedancénich

imunosenzort (Wang, a kol., 2009).

Zajem o senzory a biosenzory se neustale stupiiuje a to jak v oblasti vyzkumu, tak v
oblasti komercéniho vyuziti. Spojeni nanotechnologii a riznych typt elektrod
pfedstavuje fadu moznosti detekce specifickych markeri nebo specifickych DNA
sekvenci, charakteristickych pro konkrétni onemocnéni. A pravé detekéni systémy
spojené s nanotechnologiemi byvaji nejcastéji zaméfeny na konstrukci senzorti a

biosenzort pro identifikaci zdjmovych molekul.
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World Health Organization, United Nations and national governments are doing detailed monitoring of
influenza viruses due to the fact that there is considerable concern about the emergence of new global
pandemics with significant socio-economic impact. These concerns are based on known
epidemiological data and knowledge, because antigens (hemagglutinin and neuraminidase) of
influenza viruses can easily and quickly changed. Result of mutational changes is the emergence of a
new subtype of the virus, which can cause a worldwide pandemic with a high fatality rate due to its
virulence properties (Spanish Flu 1918, Asian Flu 1957, Hong Kong Flu 1968). Assessment of
pathogenicity and virulence is the key to taking appropriate health actions in the outbreak of several
tens of hours. Methods used for detection of viruses demand on equipment and personnel, and,
moreover, confirmation (diagnosis) of infection lasts hours to days. Given the above, finding methods
for rapid, sensitive and selective detection of the virus in the environment, body fluids and tissues is
still challenging. A promising area of nanotechnology seems to using nanoparticles in combination
with electrochemical detection. The aim of this review is to describe and discuss the previously known
facts in the detection of influenza viruses and to outline the challenges and trends in the field of
electrochemical detection. In this paper, there are described and discussed appropriate strategies for
detection viral nucleic acid, specific viral proteins and virions. The strategies are divided into two main
parts as sensors and biosensors.

Keywords: influenza virus; electrochemical detection; biosensor; sensor; nucleic acid; viral protein;
viral genome; magnetic nanoparticle; quantum dots; voltammetry

1. INTRODUCTION

Influenza viruses belong to the family Orthomyxoviridae, which is the member of the group
sSRNA viruses with negative polarity. This family contains three genera: Influenza A, Influenza B and
Influenza C [1-3]. These genera differ from each other by the presence species-specific nucleo-protein
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antigens, the number of gene segments, host specificity and clinical manifestations. Size of influenza
virion is 80-120 nm and its schematic structure, which is similar for all genera, is shown in Fig. 1.

PB1,PB2,PA \ | /

(transcriptase complex) x / M2 (ion channel)
\ \AAAANPE? /

AVAYAVAVAVAVAN 3] _—Lipid bilayer
-H
M1 (matrix protein) ——— m;‘: _—
MM ND —_ NS?
—
MANA —

/{///"’VW’W‘NSHNS? \
NP (nucleocapsid) / / ” \ ™ HA (hemagglutinin)

NA (neuraminidase)

Figure 1. Structure of influenza virion. The influenza virion (as the infectious particle is called) is
roughly spherical. It is an enveloped virus — that is, the outer layer is a lipid membrane, which
is taken from the host cell, in which the virus multiplies. Inserted into the lipid membrane are
‘spikes’, which are proteins — actually glycoproteins, because they consist of protein linked to
sugars — known as HA (hemagglutinin) and NA (neuraminidase). These are the proteins that
determine the subtype of influenza virus (A/HIN1, for example). The HA and NA are
important in the immune response against the virus; antibodies against these spikes may protect
against infection. M2 protein is anchored in the lipid membrane. Beneath the lipid membrane is
a viral protein called M1, or matrix protein. This protein, which forms a shell, gives strength
and rigidity to the lipid envelope. Within the interior of the virion are the viral RNAs — 8 of
them for influenza A viruses. These are the genetic material of the virus; they code one or two
proteins. Each RNA segment, as they are called, consists of RNA joined with several proteins
shown in the diagram: B1, PB2, PA, NP. These RNA segments are the genes of influenza virus.
The interior of the virion also contains another protein called NS2.

The enveloped influenza A virions have three membrane proteins: hemagglutinin (HA),
neuraminidase (NA) and ion channel (M2). There is a matrix protein (M1) just below the lipid bilayer,
a ribonucleoprotein core (consisting of 8 viral RNA segments and three proteins: PA, PB1, PB2), and
the NEP/NS2 protein [2]. Influenza B virions have four proteins in the envelope: HA, NA, NB, and
BM2. Like the M2 protein of influenza A virus, the BM2 protein is a proton channel that is essential
for the uncoating process. The NB protein is believed to be an ion channel, but it is not required for
viral replication in cells [3]. The enveloped virions of influenza C viruses have hexagonal structures on
the surface and form long (500 um) cordlike structures as they bud from the cell. Like the influenza A
and B viruses, the core of influenza C viruses consists of a ribonucleoprotein made up of viral RNA
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and four proteins. The M1 protein lies just below the membrane, as in influenza A and B virions. A
minor viral envelope protein is CM2, which functions as an ion channel. The major influenza C virus
envelope glycoprotein is called HEF (hemagglutinin-esterase-fusion) because it has the functions of
both the HA and the NA. Therefore the influenza C virion contains 7 RNA segments, not 8 RNAs like
influenza A and B viruses [4,5].

Wild aquatic birds are the natural hosts for a large variety of influenza A. Occasionally, viruses
are transmitted to other species and may then cause devastating outbreaks in domestic poultry or give
rise to human influenza pandemics. It is not surprising that the type A viruses are the most virulent
human pathogens among the three influenza types and cause the most severe disease. The influenza A
virus can be subdivided into different serotypes based on the antibody response to these viruses. The
serotypes that have been confirmed in humans, ordered by the number of known human pandemic
deaths, are [6]:

o H1N1, which caused Spanish Flu in 1918, and Swine Flu in 2009
o H2N2, which caused Asian Flu in 1957

o H3N2, which caused Hong Kong Flu in 1968

° H5N1, which caused Bird Flu in 2004

o H7N7, which has unusual zoonotic potential
o H1NZ2, endemic in humans, pigs and birds

. HIN2

. H7N2

. H7N3

. H10N7

The type B virus only circulates among human beings, and it can make people ill in a
geographically limited area, often, when the type A influenza is subsiding. Type B influenza breaks
out less frequently than influenza A, so when people fall ill with influenza B, it is often more serious
because only a few will have developed antibodies. Influenza C is less common than the other types
and usually only causes mild disease (in children and old and altered immunity people) [6]. Nearly all
adults have been infected with influenza C virus, which causes mild upper respiratory tract illness.
Lower respiratory tract complications are rare. There is no vaccine against influenza C virus.

Antigenic equipment of influenza viruses can be easily and quickly changed. These changes are
probably responsible for the degree of virulence. Influenza viruses have on their surface two types of
glycoprotein antigens: hemagglutinin (responsible for the ability of the virus entering into the host cell
and replication) and neuraminidase (which is used by the release of newly formed virus particles from
host cells) [7]. HA is a trimeric glycoprotein expressed on the influenza virus membrane [8]. HA of
influenza viruses binds to host cell surface complex glycans via a terminal sialic acid (Sia) with a2-3
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and 02-6 linkages, and this is the first key step in the process of infection [9-13]. NA acts as the
receptor destroying enzyme in virus release [14]. The process is shown in Fig. 2.
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Figure 2. Life Cycle of Influenza Virus and Role of the Adaptive Immune Response during Infection
(adopted from [15]. Influenza virus attaches to the epithelial cell surface through binding of the
viral hemagglutinin (HA) protein to cell surface sialic acid receptors (1, 2). The virion is
internalized through endocytosis and fusion (3). Opening of the M2 channel allows proton flow
across the viral membrane (4), triggering fusion of viral and endosomal membranes and release
of viral genes into the cytoplasm, from where they travel to the nucleus. Viral proteins
produced in cytoplasm assemble with viral genes and bud from the cell membrane as progeny
virions (5). Release of new virus particles (6) requires the viral neuraminidase (NA) protein,
which cleaves sialic acid receptors from the cell membrane. Antibodies (Abs) to the HA protein
block virus attachment (inset, upper left), thereby decreasing the number of cells infected. They
can also function to prevent fusion (4). Abs to the NA protein (inset, upper right) bind virus to
the cell, preventing release of new virions. Abs to theM2 protein bind virus to the cell and
prevent release of viral particles into the extracellular fluid (inset, lower left). Cell-mediated
immunity contributes to resistance when CD8+ T cells specific for viral proteins such as
nucleoprotein (NP) or polymerase proteins (PB2 and PA recognize viral peptides presented by
MHC class | proteins, resulting in the release of cytokines with antiviral activity (IFN-g and
TNF-a) and perforins that mediate cytolysis of the infected cell (inset, lower right). Lysis of the
infected cell decreases the amount of virus released by the cell. The latter three mechanisms,
NA Abs, M2 Abs, and CD8+ T cells, operate after a cell becomes infected. Only HA Abs
prevent infection; this is likely to be why they are the most effective in vivo. Reprinted with the
permission.
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Subtypes of influenza viruses are classified just according to NA and HA forms. 16 subtypes of
HAs with differences in their primary sequences have been identified [16]. Among these 16-subtypes,
only three HA-subtypes HIN1, H2N2, and H3N2, have successfully adapted to humans [17]. 9
subtypes of NA surface antigens were described. Only 103 of all 144 possible HA x NA combinations
have been found yet [18].

Possible rapid spread of potential new pandemic subtype of influenza viruses is the great threat.
Global civilization, the whole world airplane transport and other ways of global transport create the
suitable conditions for extremely rapid spreading of potential pandemic. Simple instrumentation, quick
and low cost detection of influenza viruses is of great interest in this case, because such method could
reveal the threat before its spreading. However, most frequently used methods for the detection of
viruses are laborious, time consuming, expensive, need specialized facility and trained staff.
Cultivation of viruses in cell culture, immunofluorescence, polymerase chain reaction (PCR), enzyme-
linked immunosorbent assay (ELISA) and serological methods belong to these methods [19-21].

Cultivation of viruses in cell culture is considered as the gold standard for virus detection.
Conventional classic laboratory diagnosis of influenza is based on virus isolation and serologic testing.
Primary rhesus monkey (PMK) or Madin-Darby canine kidney (MDCK) cells are mostly used for the
isolation of viruses. Cell cultures are examined for cytopathic effect and screened by hemadsorption
with confirmation by immunofluorescent monoclonal antibody against influenza A or B. This method
is laborious and slow, usually takes 5-7 days [22,23]. Some laboratories replace conventional culture
with shell-vial culture. Shell-vial assays that use R-mix cells, a combination of mink lung cells and
human adenocarcinoma cells (strains MvlLu and Ab549, respectively), coupled with
immunofluorescent staining demonstrates faster results and sensitivity that approaches based on
conventional virus culture. Turn around time for shell-vial assay using R-mix cells is 1.4 days,
compared to a turn around time of 5.2 days for conventional virus culture [24]. For some viruses,
which have not cytopathic effect, this method is not appropriate. Some viruses are difficult to cultivate
or uncultivable in cell culture. In these cases, cultivation in chick embryos or in experimental animals
is used.

Besides cultivation assay, immunofluorescence of clinical specimens using monoclonal
antibodies against influenza virus antigen is a reliable and relatively rapid technique for the detection
of influenza [25]. Influenza A virus may also be detected rapidly in nasal secretions by ELISA [26].
The rapid detection of both types of influenza infections would allow appropriate antiviral therapy and
is particularly important, since agents active against both influenza A and B are now available [27]. At
present, six rapid diagnostic tests for influenza are used [24]. All tests, besides one, are based on
directed influenza virus antigens determination. ZstatFlu test (Zyme Tx, Inc., Oklahoma City, OK,
USA) detects influenza virus due to NA enzyme activity. In contrast to cell culture, rapid diagnostic
tests do not detect influenza B as efficiently as influenza A virus [24]. Boon et al. applied mouse
monoclonal antibody or anti-influenza nucleoprotein MoAb for detection of the virus [28]. In another
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work Chen et al. detected avian H5N1 influenza virus using five monoclonal antibodies 8H5, 8G9,
13D4, 2F2, and 3G4 raised against H5N1 virus strains Chicken/HK/YU22/2002 [29].

PCR, as another method used for virus detection, is very sensitive to target molecule, but it is
also very sensitive to contamination of the template nucleic acid and give sometimes false positive
result. The most commonly used is reverse transcription-polymerase chain reaction (RT-PCR) [30,31],
RT-PCR with detection by ELISA [32], real-time reverse transcription-polymerase chain reaction
(RRT-PCR) [33,34], and nucleic acid sequence-based amplification (NASBA) [35,36]. RT-PCR,
ELISA RT-PCR, and RRT-PCR are very similar to each other. Difference lies in PCR product
detection. RT-PCR detects the PCR product by using electrophoresis in an agarose gel to separate the
PCR product by size, which allows a presumptive identification. As a more specific alternative, ELISA
can be used instead of agarose gel electrophoresis. RRT-PCR test uses a fluorescently labelled probe to
detect the increase in PCR product while the test is being performed: i.e., the results are reported in
real time [37]. The other test used for avian influenza is NASBA, which directly amplifies and detects
RNA [35,36]. All these methods can provide fast and sensitive diagnostic results, and many published
tests using different primers and probes have been reported [38-40]. Pipper et al. reported new model
of microfluidic platform that can detect highly pathogenic avian influenza virus H5N1 in a throat swab
sample by using magnetic forces to manipulate a free droplet containing superparamagnetic particles.
In a sequential process, the viral RNA was isolated, purified, preconcentrated by 50,000% and
subjected to ultrafast real-time RT-PCR [41]. Compared to commercially available tests, the bioassay
is equally sensitive and is 440 % faster. Serological methods of influenza infection is based on
demonstration of a four-fold or greater rise in specific antibody titre between acute and convalescent
serum samples, measured by hemagglutination inhibition, complement fixation or neutralization tests
[24,42]. Serological methods require seroconversion and therefore are not able to detect acute
infection.

The most important prerequisite in the fight against influenza virus and possible pandemic is
early isolation and detection of the viral nucleic acid presence. Broadening of the range of applicable
methods for influenza detection has a great importance. It is necessary to change the conditions and
properties of detection (requirements of easy-to-use and well portable instrumentation, rapidity of test
and low cost). In our review we focus on sensors and biosensors for influenza virus detection, which
can be meet the above mentioned criteria. Sensors and biosensors connected with electrochemical
detection seem to be the best way for influenza virus detection. Therefore, these are mainly discussed.

2. SENSORS

The sensor is an essential part of the measuring device that converts the input signal to the
quantity suitable for the measurement and interpretation. Electrochemical sensors can be divided into
sensors with liquid electrolyte or solid electrolyte [43]. Electrochemical sensors can operate in
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potentiometric or amperometric way. The interface between the electrode and the analysed
environment here serves as a sensitive layer. The working electrode is actual physical transducer. A
good sensor obeys the following rules: good specifity and sensitivity, insensitivity to any other
property likely to be encountered in its application, and does not influence the measured quantity
[44,45].

2.1 Mercury electrodes

The most common applied sensors for influenza virus detection are different types of
electrodes. Electrochemical determination of different characteristic oligonucleotides (ODNS) is most
common way of detection [46-49]. First electrochemical method called oscillographic polarography
used for detection of DNA was suggested by Jaroslav Heyrovsky in 1941, but commercially available
instruments became available in the first half of the 1950°s [50,51]. Usually derivative curves were
recorded, such as dE/dt against E. Both redox and adsorption/desorption phenomena were reflected by
this method. The method was simple and fast, possessing advantages of its cyclic mode, later
appreciated in cyclic voltammetry. In spite of the fact that Berg claimed DNA is not electroactive [52],
Palecek showed that it was wrong presumption caused by using inappropriate electrochemical method
[51], because these compounds are electroactive as it was shown by oscillographic polarography of
DNA measured by Palecek [53,54]. Since than, there have been done great progress and development
in electrochemistry of nucleic acids at various electrodes [55]. In the case of using of mercury
electrode as a working one, the attention has been aiming at various electrochemical methods including
linear sweep and cyclic polarography/voltammetry [56] (elimination polarography/voltammetry
[57,58]), differential pulse polarography/voltammetry [59], square wave polarography/voltammetry
[60,61], AC polarography/voltammetry [62] and chronopotentiometry [63,64] for analysis of DNA.
Coupling of adsorptive transfer stripping technique (AdTS) to the above-mentioned methods is very
promising for nucleic acid studying and is discussed [43]. In addition, coupling of separation
(paramagnetic micro and nano particles) and detection tools (mercury electrode) brings numerous
advantages including simplicity, easy-to-use and sensitivity [55,65-72].

2.2 Amalgam electrodes

It was reviewed few times that amalgam electrodes (AE) can successfully substitute mercury
electrodes [73-75]. Amalgam electrodes coupled with AdTS were successfully used for investigation
of DNA, various DNA bases, and oligonucleotides (ODNs), making an easy detection of picogram
amounts of the modified DNA or ODN [76-78]. DNA possesses intrinsic electrochemical activity due
to the presence of electrochemically reducible or oxidizable nucleobases and exhibits characteristic,
structure-sensitive adsorption/desorption behaviour at amalgam electrodes. Thus, label-free
electrochemical DNA sensing is in principle possible [66].
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2.3 Carbon electrodes

Heterogeneous carbon electrodes are electrochemical sensors containing carbon as an
electrically conductive material, which is placed in the matrix (binder). Binders can be liquid (carbon
paste electrodes) or fixed (printed carbon electrode). The advantage of these electrodes is the
possibility of modifying by chemical or biological agents to a mixture of carbon and a binder to
enhance the selectivity and specificity of the assay [79]. Other advantages of carbon electrodes are
wide range of working potentials (depending on the type of carbon from the environment and - 1.7 V
to + 1.2 V), low background current and low cost [80,81].

Concerning carbon paste electrodes (CPE), they are composed from carbon powder and liquid
binder in an appropriate ratio. Paste is filled into the suitable electrode housing. Pastes mixtures
contain highly conductive graphite and electrically non-conductive, chemically inert and water
insoluble liquid (paraffin, mineral and silicone oils). Stability of these electrodes is several weeks [81-
83].

Carbon nanotubes (CNT) that become one of the most extensively studied nanostructures
because of their unique properties belong to another popular materials used for electrodes fabrication.
There are exist two variants — singlewalled (SWCNT) and multiwalled (MWCNT) carbon nanotubes.
Both types offered a porous structure with a large effective surface area, highly electrocatalytic
activities and conductivity. CNT can enhance the electrochemical reactivity of important biomolecules.
The remarkable sensitivity of CNT enables us to use them as highly sensitive nanoscale sensors. These
properties make CNT extremely attractive for a wide range of electrochemical sensors ranging from
amperometric enzyme electrodes to DNA hybridization biosensors, because these electrodes have been
successfully modified by nucleic acids and other types of biomolecules [84]. Noncovalent interaction
along the CNTs sidewalls via physical adsorption or entrapment and covalent binding via carboxylate
chemistry or nonselective attack of nanotube sidewalls by highly reactive species give an overview of
the functionalized CNTs methodologies for DNA, antigen-antibody, cells, and other molecules sensing
[85]. For DNA determination various ways are possible to be used. One of them is determination of
DNA due to oxidation of guanine or adenine residues of ssSDNA [86].

2.4 Screen printed electrodes

This type of electrodes is prepared by screen printing technique (Screen Printed Electrodes). If
the used material is carbon, then this is Screen Printed Carbon Electrodes (SPCE). However, name
Thick-Film Electrodes (TFE) better characterizes the dimensions of the electrodes as tens micrometers
film. The polymer paste containing carbon nanoparticles is printed through the patterned screen on the
ceramic or plastic carrier (substrate). After curing binder (solvent evaporation at room temperature or
higher, typically 60-120 °C, or using UV-radiation), the electrode is ready for use. The whole process
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can be repeated several times. In the next phase more electrodes including reference and auxiliary can
be applied [87,88].

In general, detection of viral ODNs on screen printed electrode (SPE) is connected with
hybridization reaction [65,89-91]. Two ways of influenza virus detection using SPE is applied as i)
direct using of SPE and ii) using of SPE with modified surface. First way is connected with the usage
of SPCE. In this case, various carbon structures as nanowires and nanotubes (singlewalled,
multiwalled) with different dimensions are employed. Comparison of determination of viral nucleic
acid by SPCE to carbon paste and mercury electrodes was discussed [65].

The second way as utilization of modified surfaces of SPE for viral nucleic acid detection is
more frequent. Mostly use surfaces are based on carbon, which is modified with various particles as
chitosan/Fe3O,4 nanoparticles and gold nanoparticles. The most attractive feature of chitosan/Fe;O,
nanoparticles modified electrodes is a suitable microenvironment (FesO, nanoparticles), which could
contribute to electron transfer and thus sensitivity enhancement when using methylene blue (MB) as an
external mediator and square wave voltammetry (SWV) as determination method [89]. Such modified
SPE had a low detection limit (as low as 50 pM), acceptable stability and good reproducibility. On the
other hand, gold nanoparticles, which are formed in situ by applying a constant current intensity during
a fixed time, acts as an immobilization and transduction surface. Immobilization takes place through
thiol-gold interaction in a relatively fast way, and the genosensor response is found to be linearly to the
biotinylated viral nucleic acid concentration between 2.5 and 50 pM. Detection limit of 2.5 pM was
estimated [90].

3. BIOSENSORS

A typical biosensor is constructed from three main parts (Fig. 3) as a recognition element
(enzyme, antibody, DNA, etc.), a signal transducing structure (electrical, optical, or thermal), and an
amplification/processing element [92].

The method of transduction depends on the type of physicochemical change resulting from the
sensing event. Often, an important part of a biosensor is a membrane that covers the biological sensing
element and has the main functions of selective permeation and diffusion control of analyte, protection
against mechanical stresses, and support for the biological element [93,94]. The most commonly used
sensing elements are enzymes [84,95,96], antibodies [85,97] and oligonucleotides [85,98,99].
Common used electrochemical transducers are potentiometric [100,101], amperometric [102] and
conductometric [103,104]. In some applications piezoelectric transducers are used [105-108]. Short
overview of biological elements and transducers commonly used in the fabrication of biosensors are
shown in Table 1.

56


LMAN-OLGA
Typewritten Text
56


Int. J. Electrochem. Sci., Vol. 7, 2012 10788
Sample analyte
' '0‘0
00 ®.°

Biological
component

e 090

Bioreceptors

Transducer

h 4 —Y - Electronic
Amplifier component

Electronics

Figure 3. General structure of biosensor. Transducers are made as an electrochemical (potentiometry,
amperometry) or optical (adsorption, fluorescence) parts. There are immobilised enzymes,
microorganisms, DNA, antibodies and so one as bioreceptors applied.

Table 1. Biological elements and transducers. Adapted from [109].

Biological elements Transducers \
Enzymes Electrochemical
Antibodies Amperometric
Receptors Potentiometric
Cells Conductometric
Membranes Optical
Tissues Fibre optic
Organisms Surface plasmon resonance
Organelles Calorimetric
Nucleic acids Heat conduction
Organic molecules Isothermal
Acoustic
Surface acoustic wave
Piezocrystal microbalance
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3.1 Hybridization of Nucleic Acids on Working Electrodes

The surface-immobilization of ssODN probe on the electrode is a key step to fabricate the
electrochemical oligonucleotide biosensor. It is not surprising that various electrodes have been
modified and tested for DNA biosensing. SWCNTs array electrode was fabricated as a DNA
hybridization biosensor based on the direct current response of guanine [110]. This biosensor gave,
under optimum conditions, the response proportional to the concentration of target DNA within the
range from 40 to 110 nM with a detection limit of 20 nM. Application of enzyme labels is another way
of DNA detection. Heller’s group applied this way and demonstrated that a highly sensitive
amperometric monitoring of DNA hybridization (down to 5 zmol) could be achieved in connection
with an horseradish peroxidase (HRP)-labelled target [111]. The enzyme labels to generate electrical
signals are also extremely useful for ultrasensitive electrochemical bioaffinity assay of DNA as it is
shown by Wang’s group, which used CNTs for amplifying alkaline phosphatase (ALP) enzyme-based
bioaffinity electrical sensing of DNA with a low detection limit of app. 1 fg/ml [112].

Avidin-biotin conjugation was also employed for influenza virus (type A) detection [113]. An
electrochemical DNA biosensor was fabricated by avidin-biotin conjugation of a biotinylated probe
DNA (5-biotin-ATG AGT CTT CTA ACC GAG GTC GAA-3") and an avidin-modified glassy
carbon electrode (GCE) to detect the influenza virus (type A). An avidin-modified GCE was prepared
by the reaction of avidin and a carboxylic acid-modified GCE, which was synthesized by the
electrochemical reduction of 4-carboxyphenyl diazonium salt. The current value of the electrochemical
DNA biosensor was evaluated after hybridization of the probe DNA (5’-biotin-ATG AGT CTT CTA
ACC GAG GTC GAA-3") and target DNA (5'-TTC GAC CTC GGT TAG AAG ACT CAT-3") using
cyclic voltammetry (Fig. 4). The current value decreased after the hybridization of the probe DNA and
target DNA [113].

|
| |
s} OH 0 (@] O (0]
EDC / NHS Avidin Probe
— E— R
COOH-GCE COOH-GCE COOH-GCE COOH-GCE

Figure 4. Scheme of immobilization of probe DNA on the surface of the COOH-modified GCE.
(adopted from [113]).
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In addition, biosensor that relies on the adsorption immobilization of the 18-mer single-
stranded nucleic acid related to dengue virus gene 1 on activated pencil graphite was developed [100].
Hybridization between the probe and its complementary oligonucleotides (the target) was investigated
by monitoring guanine oxidation by DPV. The electrochemical detection of annealing between the
DNA probe immobilized on the modified electrode and the target was achieved. The target can be
quantified in a range from 1 to 40 nM with good linearity and a detection limit app. 1 nM.

Determination of influenza viruses by electrochemical immunoassay also belongs to the
possible ways of detection [114-116]. Usage of carbon nanotube electric immunoassay for the
detection of swine influenza virus HIN1 was performed et al. [114]. The assay was based on the
excellent electrical properties of SWCNTs. Antibody-virus complexes influenced the conductance of
underlying SWCNT thin film, which has been constructed by facile layer-by-layer self-assembly.
Pristine SWCNTs were functionalized to graft hydrophilic carboxylic groups for the stable dispersion
to water. Polyelectrolytes used for layer-by-layer assembly as a polycation and polyanion were
poly(diallyldimethyammonium chloride and poly(stylenesulfonate). Poly-L-lysine was used to
immobilize the anti-virus antibody physically on the surface of SWCNTs. The antibody titre was
determined by haemagglutinin inhibition assay [114]. This CNT-based immunoassay also has the
potential to be used as a sensing platform for lab-on-chip system (Fig. 5).

PLL

(PDDA/SWCNT)

(R)
4

Figure 5. The fabricated carbon nanotube thin film immunochips: schematic of an individual
immunochip with close-up hierarchy of SWCNT multilayer (adopted from [114]). Reprinted
with the permission.
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Gold electrodes provide an ideal material for labelling of ODNSs due to their affinity with thiol
groups. The Self Assembled Monolayer (SAM) is usually formed using mercaptopropionic acid.
Thiolated ssODNs become the basis of wide range of biosensors, which are used for influenza
detection too [117]. Immobilization of specific influenza antibodies onto bio-functionalized gold
electrode is also possible [118]. Other way represent usage of gold nanowires [119] or planar nanogap
electrodes [120]. Modifications of gold electrodes by carbon nanotubes [121], thiol groups [122,123]
and enzymes [96] have been also published. The principle of biosensors is mostly putted up on
hybridization reaction. Effectiveness of this reaction can be enhanced by usage of peptide nucleic acid
(PNA). The enhanced of effectiveness is due to neutral character of PNA probe opposite negatively
charged DNA probes [122,124].

Microarray

DNA microarray (DNA chip or gene chip) is based on parallel sample hybridization with
specific probes (spots) on a solid surface (glass slide or silicon film). Custom probe specificity is
determined by their sequences and by the sequences of anchored oligonucleotides. The basic division
is according to the number of probes: low-density (the tenth hundreds specific probes) and high-
density (thousands millions to specific probes). The low-density microarray is used for analysis of files
of biomarkers and oligonucleotides. High-density is used for genomic analysis (sequencing DNA
sections) or in RNA expression analysis. Most studies about influenza and microarray is based on
detecting the presence [125] or typing and subtyping [7,126-130] or identification [131] of influenza,
especially new strands of influenza virus. Procedures are almost based on virus-specific
oligonucleotides determination [125,127-129]. The microarray utilizes mostly a panel of primers for
multiplex PCR amplification of the HA, NA and MP genes of influenza viruses.

There have not been published numerous papers on the using of electrochemical microarrays
for detection of influenza, but there is great potential. There was used the microarray silicon chip for
the detection of influenza A virus [131]. The chip has 12 544 electrodes, each with a size of 44 um in
diameter, oligomers of 35-40 bases were synthesized at each electrode. After the in situ synthesis of
microarray, the oligonucleotide probes on the chip were phosphorylated with T4 polynucleotide kinase
for 30 min at 37 °C. The samples were first added to monolayers of Madin-Darby canine kidney cells
and incubated for 1 h at 37°C to allow viral adsorption to the cells. The genotyping results showed that
the device identified influenza A hemagglutinin and neuraminidase subtypes and sequenced portions
of both genes, demonstrating the potential of integrated microfluidic and microarray technology for
multiple virus detection. In addition, HRP as a biomarker for DNA hybridization detection was used in
combination with the aforementioned electrochemical microarray [132]. The detection was based on
electrochemical reduction of the enzymatic oxidization product of 3,3°,5,5’-tetramethylbenzidene
(TMB). TMB oxidation was catalysed by HRP biomarker linked to a DNA target molecule (Fig. 6).
Each target DNA oligomer was tagged with a biotin molecule and after hybridization the biotin is was
with a streptavidin-HRP conjugate. Total RNA isolated from virus-containing material was reverse-
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transcribed into cDNA, which was then PCR amplified to produce biotinylated single-strand DNA.
Biotinylated-ssDNA was hybridized on 2 arrays containing probe specific sequences unique to
Influenza A subtypes HA1 to 16 and NA subtypes 1 to 9 [132].

H,0, H,O

\/’

HRP

O\,

OX-TMB

\J

Polymer

Electrode (Pt)

Active substrate (CMOS)

Figure 6. Diagram of the electrode surface after DNA probe hybridization and labelling of biotin with
streptavidin-HRP conjugate. TMB is oxidized by HRP in the presence of H202 and
subsequently reduced at the electrode surface during electrochemical detection (adopted from
[132]).

3.2 Quartz Crystal Microbalance

Using quartz crystal microbalance (QCM) as an immuno biosensor for the detection of
influenza virus has been carried out [105-108]. All of these procedures are used for detection of
specific influenza antibodies and differ only in method of attachment of particles on the gold surface.
The basic framework of the experiment is determination of influenza antibodies and then individual
differences lie in the procedures for attaching the electrode surface. QCM influenza determination is
possible without and/or with gold nanoparticles. The determination without gold nanoparticles was
practised on influenza A virus (VR-544, H3N2) detection, which was based on the determination of
H3N2 virus antigen and specific binding by polyclonal IgG antibodies against H3N2 on a crystal
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surface [107]. On the other hand, determination with gold nanoparticles is carried out due to the
increasing the sensitivity of the QCM immunosensor for the influenza viruses detection. This way of
determination is applicable in connection with specific protein detection [106,108] and specific ODN-
sequence detection [133]. These procedures have been applied on three types of influenza viruses
H3N2 [107], H5N1 [105,108] and HIN1 [106].

3.3 Nanoparticles

Advanced materials represent a way how to enhance sensitivity and selectivity of
electrochemical detection of nucleic acids. The materials can be divided into metal particles and
quantum dots (QDs). Application of combination of MWCNTSs and gold nanoparticles opened new
possibility in nucleic acids detection by electrochemistry [115,116]. Various ways of determination are
presented and differ from nanoparticle material and detected target. Two types of nanoparticles
material are commonly used, gold [123,134-137] and iron [138]. Gold nanoparticles have been
functionalized with virus specific antibodies or oligonucleotides. In each of these constructs, AUNPs
act as both an easily conjugated scaffolding system for biological molecules and a powerful
fluorescence quencher. Gold nanoparticles can be also immobilized and used as electrochemical
transducers. Moreover, gold-coated magnetic beads were employed as the platforms for the
immobilization and immunoreaction process, and horseradish peroxidase was chosen as an enzymatic
tracer. The proteins (antibodies or immunocomplexes) attached on the surface of magnetic beads were
found to induce a significant decline in their electric conductivity [115]. Modification of carbon
electrodes with oxide nanoparticles (ZnO and SnO;) was also tested for electrochemical monitoring of
nucleic acid hybridization [139,140]. Kamikawa et al. dealt with the determination of influenza at
gamma iron(l11) oxide nanoparticles [138]. This way of determination was based on HA detection.
Electrically active magnetic nanoparticles, consisting of aniline monomer polymerized around gamma
iron(I1I) oxide (y-Fe,O3) cores, served as the basis of a direct-charge transfer biosensor developed for
detection of HA from the Influenza A virus. H5N1 preferentially bound alpha 2,3-linked host glycan
receptors. Nanoparticles were immunofunctionalized with antibodies against target HA.

Usage of QDs for influenza detection in combination with electrochemical determination is
rare. Determination of influenza virus made through combination of magnetic particles (MPs) and QDs
with targeted DNA is presented by Krejcova et al. [141]. This way of detection was based on
hybridisation reaction between anti-H5N1 and H5N1 ODNSs chain, which was labelled with quantum
dot. Differential pulse voltammetry was used for detection of cadmium(ll) ions and square wave
voltammetry for detection of cytosine-adenine peak in ODN-SH-CdS complex [141]. Similar approach
was done in the study with influenza virus determination by using of paramagnetic particles modified
with glycan, which can selectively bind to specific viral A/H5N1/Vietnam/1203/2004 protein labelled
guantum dots [142]. Optimized detection of cadmium sulphide quantum dots (CdS QDs)-protein
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complexes connected to paramagnetic microbeads was performed using differential pulse voltammetry
on the surface of HMDE and/or GCE [142].

There was CdSe nanostructures applied for biosensor construction [143]. Based on these CdSe
nanostructures, sSSDNA/CdSe/GCE electrochemical DNA sensor was constructed. A novel method for
detection the DNA sequences of avian influenza virus was presented (Probe DNA: 5'-GGA ATG GTA
GAT GGA TGG TAT-3"; Target DNA: 5'-ATA CCA TCC ATC TAC CAT TCC-3"). This method
was based on the change of electrochemical signal with the different combining ability of sSDNA and
dsDNA with CdSe nanostructures. Methylene blue (MB) was used as the hybridization indicator and
the response signal of MB was measured using differential pulse voltammetry after the working
electrode was immersed in B-R buffer (pH 7.0). After DNA modification on the CdSe hollow
spheres/GCE it was worth to note that the peak current of ssSDNA/CdSe/GCE has dramatically
decreased. This was due to the formation of the DNA layer on the surface of the CdSe nanostructures
that hinds the electron-transfer process between MB molecules and CdSe/GCE surface, indicating that
DNA has been successfully loaded on the CdSe/GCE and therefore the peak current was low
correspondingly. After hybridization with complementary target DNA sequences, the signal increased
obviously. This was because that hybridization would take place after target DNA sequences were
immersed into complementary DNA sequences, which caused the target sSDNA sequences to form
dsDNA. During the process, the structure of DNA changed dramatically. Before hybridization, the
ssSDNA can uncoil sufficiently to expose its bases. After hybridization, the dsDNA has a stable double-
helix geometry, which makes the bases in the DNA lie inside the double-helix geometry of dsDNA,
and negatively charged phosphate backbones be exposed outside. This special structure of dsDNA
would greatly weaken the conjugated ability of dsDNA and CdSe. Therefore, after hybridization, the
formed dsDNA would release from the CdSe/GCE surface. For the non-complementary DNA
sequences, the signal almost unchanged because this DNA could not be hybridized with the probe
DNA [143]. Other authors chose the following targets: human papillomavirus [96], mosaic virus [144]
and Epstein-Barr virus [145].

3.4 Aptamers

The composition of aptamers is simple, generally has a few dozen nucleotides (less than 100),
and thus the design of the aptamers is relatively simple. Due to the advantages of aptamers, their using
for designing biosensors for identification and detection of pathogens is of extremely importance [146-
148]. Application of aptamers for influenza detection is possible in several ways. First possible way is
selection of aptamers against influenza virus hemagglutinin [149]. The best aptamer can be selected by
surface plasmon resonance as an efficient methodology for selecting aptamer that has high affinity to
HA of human influenza virus. This procedure allowed monitoring and selecting the target-bound
aptamers specifically and simultaneously. Second possible way is detection of viral gene sequence
using a DNA aptamer immobilized onto a hybrid nanomaterial-modified electrode [121]. The modified
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electrode is assembled with MWNT, polypyrrole nanowires and gold nanoparticles (GNPs). This
electrode offers a porous structure with a large effective surface area, highly electrocatalytic activities
and electronic conductivity. The biosensor is based on the hybridization and preferred orientation of a
DNA aptamer immobilized onto a modified electrode surface with its target (H5N1 specific sequence)
present in solution [121]. Gopinath et al. reported another aptamer selection process of influenza A
virus (H3N2). They used the whole-cell of H3N2 as targets to obtain the aptamers that specifically
bound the HA protein on the surface of H3N2. The affinity between screening aptamers and HA
proteins is 15-fold higher than the affinity between monoclonal antibodies and HA proteins [150].
Besides detection and determination of influenza virus, aptamers have other great feature, which is a
position as a promising candidate for treatment and prophylaxis of influenza virus infections [151].
There were found DNA aptamers that specifically targeted the HSN1 influenza virus and their antiviral
activity in vitro was also described. These aptamers would be expected to disrupt virus entry, and thus
slow the infection process so the host immune system has time to respond. This is important in the
absence of new vaccines to prevent the emergence of new viral infections.

3.5 Impedance

Impedance measurement is another way of electrochemical detection of influenza viruses.
There are two basic methods: an impedance spectroscopy [152,153] and electrochemical impedance
immunosensors [154-156] which are typically constructed using an mSAM base layer [157,158]. Upon
hybridisation between the bioreceptor and the viral antigen, there is a measurable response in
conductivity across the immunosensor surface, which is translated into a change in the resistance.
Hassen et al. reports a quantitation of influenza A virus in samples containing large amounts of
extraneous bovine serum albumin (BSA), foetal bovine serum (FBS) and hepatitis B virus (HBV)
vaccine. Detection was carried out using electrochemical impedance spectroscopy with an antibody-
neutravidin-thiol architecture immobilized on the surface of gold electrode [153]. Another method was
based on an oligonucleotide DNA probe, complementary to the target HLN1 virus sequence, which
was immobilized onto the electrode surface by covalent binding. Two different protocols (direct
hybridization with the DNA target and a sandwich scheme) were employed and compared. In both
cases the resulting hybrid was biotin-labelled to allow the additional conjugation with streptavidin gold
nanoparticles (strept—AuNPSs) [154].

Impedance imunnosensors were employed for the influenza detection due to HA [155] or
DNA sequence [154] differentiation. Impedance immunosensor based on an interdigitated array
microelectrode with antibodies against HA was developed. Polyclonal antibodies against Al virus
H5N1 surface antigen HA were oriented on the gold microelectrode surface through protein A. Target
H5N1viruses were then captured by the immobilized antibody, resulting in a change in the impedance
of the IDA microelectrode surface [155].
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4. CONCLUSION

Nanotechnologies together with various types of electrodes with many material-based
advantages open many outstanding possibilities to be used in detection of markers of serious diseases,
specific DNA sequences as markers for some viral infections and for suggesting and fabricating of
biosensors. Main directions of this type of research can be as follows: a) DNA hybridization-based
biosensors; b) drugs interaction; ¢) DNA protein interaction [159-162]. Sensors and biosensors have
witnessed an escalating interest nowadays, both in the research and commercial fields. There are many
fields, in which these instruments can be applied including those aimed at discrimination of different
organism strains or the presence of viral nucleic acid [163].

Abbreviations:

A - adenine; AdS - adsorptive stripping technique; AC - alternating current voltammetry; AE -
amalgam electrode; C - cytosine; CV — cyclic voltammetry; DME — dropping mercury electrode;
dsDNA — doublestranded deoxyribonucleic acid; sSDNA — singlestranded deoxyribonucleic acid; DPV
- differential pulse voltammetry; EVLS - elimination voltammetry with linear scan; G - guanine; HA —
hemagglutinin; HMDE — hanging mercury drop electrode; LSV - linear sweep voltammetry; MNP -
magnetic nanoparticle; MME - miniaturized mercury electrode; MWNT - multi-walled carbon
nanotubes; NA — neuraminidase; ODN - oligonucleotide; mRNA — mediator ribonucleic acid; SPCPE -
screen-printed carbon paste electrode; SWV - square wave voltammetry; T — thymine
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KREJCOVA, L.; HYNEK, D.; MICHALEK, P.; MILOSAVLIJEVIC, V.; KOPEL, P.;
ZITKA, O.; KONECNA, M.; KYNICKY, J.; ADAM, V.; HUBALEK, J.; KIZEK, R.
Electrochemical Sensors and Biosensors for Influenza Detection - Literature Survey
2012-2013.

International Journal of Electrochemical Science, 2014, roc. 9. €. 7, s. 3440-3448. ISS
1452-3981. IF: 1.956

Podil autorky Krejcova L.: 55 % textové casti prdace

Pfedmétem védeckého Clanku II byla aktualizace poznatkli z oblasti senzori a
biosenzori pro detekci chiipky za casové obdobi 2012-2014 a to z divodu velmi
rychlého vyvoje v aplikaci novych metod a materiali ve zminéné oblasti. Pfedchozi
prehledovy c¢lanek byl rozdélen na dvé Casti: senzory a biosenzory, i v této publikaci
jsme zachovali plvodni clenéni. Déle jsme shrnuli divody posunu od senzora
k biosenzorim a detailnéji popsali vyvoj v oblasti biosenzorl, nebot’ vyvoj v oblasti
senzoru, hlavné pak v oblasti amalgamovych a rtutovych elektrod je zanedbatelny.
V ptipad¢ zlatych a uhlikovych elektrod je tomu naopak. Zlaté elektrody jsou vyuzivany
nejcastéji a to diky snadno modifikovatelnému povrchu (Zhou, a kol., 2013). Aplikace
zlatych elektrod se ubird dvéma sméry a to jak pro ucely detekce (Wicklein, a kol.,
2013), tak magnetoimunosensingu (Zhou, a kol., 2013). Mnohem vétsi rozvoj byl
pozorovan v oblasti biosenzord. Podkapitola hybridizace na elektrodach se zaméfila na
detekci ODN a to bud ve spojeni s PCR amplifikaci (Fialova, a kol., 2013), nebo
detekci specifickych sekvenci pomoci QDs (Krejcova, a kol., 2012), a nebo soucasnou
detekci dvou riznych od chiipky odvozenych sekvenci pomoci hybridizace na povrchu
zlaté elektrody (Grabowska, a kol., 2013, Malecka, a kol., 2013). Dalsi podkapitolou
biosenzort je vyuziti QCM a to jak pro detekci chiipkovych vira (Wang a Li, 2013) tak
pro studii vazebnych vlastnosti chfipkovych vird (Gou, a kol, 2012). Dalsi
podkapitolou je vyuziti nanocastic, kde se vyvoj ubiral smérem k vyuziti QDs
(Krejcova, a kol., 2012, Krejcova, a kol., 2013), protilatkami zna¢ené CuO NPs (Gou, a
kol., 2012) a vyuziti Au NPs konjugovanymi protilatkami proti chiipce (Grabowska, a
kol., 2013). Znacny rozvoj byl sledovan i v oblasti vyuziti aptamerii a impedance, ale

nejvetsi rozmach na poli biosensingu byl pozorovan praveé v oblasti vyuziti NPs.
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This review summarized published information in the area of electrochemical detection of influenza
virus in 2012 — 2013. The attention was mainly paid to summarize the news in the field of sensors and
biosensors for influenza detection. Further, the impedance and quartz crystal microbalance sensing
devices are also discussed.
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1. INTRODUCTION

Because of new development in the assays for “pathogen determination and quantification”,
this review follows our previously published one focused on sensors and biosensors in the field of
electrochemical detection of influenza virus [1]. Very fast development of this global research area
leading to the application of new methods and materials in pathogen determination is obvious [2-4].
Therefore, the update of electrochemical detection approaches for influenza virus in the years 2012 and
2013 is summarized in this text.

Family of influenza viruses contains three genera: Influenza A, Influenza B and Influenza C.
These three genera differ from each other in inside, species-specific nucleo-protein antigen, the
number of gene segments, host specificity and clinical manifestations protein [5]. Because of the fact
that the individual subtypes of influenza virus differ from each other by the variations in membrane
virus constitution (membrane protein, ion channels, matrix proteins), various ways of detection based
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on individual parts of virus are investigated. Utilization of individual differences could help in
detection of individual subtypes of influenza virus.

2. SENSORS

Our last review, which is updated by this text, was divided on two basic parts according to the
way of virus determination. These two basic ways were called as sensors and biosensors. The
difference in both approaches lies in the presence of bio-recognition element in the sensor
construction. Developmentally, the usage of electrochemical sensors is an older way. Reasons for the
course change from sensors to biosensors in the area of virus determination have been summarized
[6,7]. Nevertheless, development in this area is still going on.

While the development in the application of mercury and amalgam electrodes is negligible, the
usage of carbon and gold electrodes is widespread. Gold electrode has well defined surface and thus,
these are very suitable for the electrode surface modification. This is probably the main reason why the
latest investigation is focused to this electrode material. Particularly, modification of gold electrode
surface through the chemical reagents [8,9] or magnetoimmunosensing entity [10,11] was published.
Chemical modification is in this case presented by two approaches, where the first one is based on the
functional architecture introducing receptor molecules as a sensing entity that mimics those found in
the membrane of target cells of influenza A virus [8]. The artificial receptors are built by sequential
assembly of 1-octanethiol/octyl-galactoside hybrid bilayer, followed by an enzyme-mediated
functionalization of the terminal galactoside groups with sialic acid molecules. The detection
mechanism relies hence on the specific affinity between the sialic acid-galactose receptor moieties
anchored on the modified electrode surface and the hemagglutinin (HA) viral surface protein. In
contrast to immunosensors based on antibodies as bioreceptor, the sialylated modified gold electrode is
also able to distinguish among influenza phenotypes. The second way of chemical modification is
represented by the diazonium salt as modifier of electrode surface [9]. More precisely, 4-carboxy
phenyl groups located on the electrode surface were prepared for the indium tin oxide, gold and glassy
carbon electrode. Modified glassy carbon electrode was tested for the functionality as influenza ODN
hybridisation biosensor [9]. In addition, modification of gold electrode surface using
magnetoimmunosensing entities was based on the connection of gold electrode with magnet and next
usage of magnetic particles as catchers and carriers of influenza virus [10,11]. The electrochemical
response of suggested system was obtained from realized bienzymatic strategy. The first enzyme
functional as tracer was tagged on immunomagnetic beads, which could be accumulated on the
magneto controlled gold electrode and the second enzyme was immobilized on the electrode by layer-
by-layer technique. This construction allowed obtaining the catalytically reduced electrochemical
signal of H,0, after the immunoreaction.

73


LMAN-OLGA
Typewritten Text
73


Int. J. Electrochem. Sci., Vol. , 2014 3442

target sequence

ferrocene WJU\ stem-loop sequence

Figure 1. Schematic of the DNA detection system based on the stem-loop structured DNA probe.
Probe was formed by the introduction of four ferrocene moieties at the 5’ end of a stem-loop
oligonucleotide and a C6-thiol modifier group at the 3’ end. This 4Fc-DNA was immobilized
on the surface of a gold electrode microsystem via standard thiol chemistry. Such architecture
serves as sensor for DNA detection which is based on hybridization.

3. BIOSENSORS

3.1. Hybridisation on electrodes

ODNs belong to the first choice targets for formation of biosensing platform for pathogens. The
simplest determined step is obviously hybridisation of target sequence. This procedure could be easily
recorded by electrochemical methods. Well written overview of electrochemical real-time nucleic acid
amplification was published by Patterson et al. [12]. This review is aimed on general pathogens
quantification including influenza virus and divides presented information into four parts according the
way of nucleic acid amplification as follows: solid polymerase chain reaction (PCR), solution-phase
PCR using electrochemical reporters of product formation, solution-phase gPCR using sequence
specific reporters, and isothermal amplification [12].

The newest ways of influenza determination based on hybridization reaction are connected
with the application of electrochemical labels [13-19]. Usage of ferrocene as a modifier of specific
ODN sequence was reported by Chatelain et al. [13]. They used four-ferrocene modified
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oligonucleotide at the 5'-end and a C6-thiol modifier group at the 3'-end as a probe for DNA detection
with a gold electrode microsystem (Fig. 1). The probe sequence had a stem-loop structure that fold
efficiently on the electrode, and thus optimized electron transfer. Such architecture served as sensor for
DNA detection based on hybridization.

Grabowska et al. constructed sensor consisting of two different oligonucleotide probes
immobilized covalently on the surface of one gold electrode (via Au-S bond formation) [14]. This
sensor was used for simultaneous determination of two different oligonucleotide targets. One of the
probes, bound on its S'-end with ferrocene, was related to sequence encoding part of hemagglutinin
from H5N1 virus. The second probe, bound on its S-end with methylene blue, was related to the
fragment of neuraminidase from the same virus. Such sensor is able to detect main markers of the
influenza virus, hemagglutinin and neuraminidase.

Our group published magnetic electrochemical bar code array for detection of single point
mutations (mismatches in up to four nucleotides) in HSN1 neuraminidase gene [17]. Paramagnetic
particles covered with dT,s were used as a tool for isolation of complementary H5N1 chains (H5N1
Zhejin, China and Aichi). For detection of H5N1 chains, oligonucleotide chains of lengths of 12 (+5
adenine) or 28 (+5 adenine) bp labelled with quantum dots (CdS, ZnS and/or PbS) were used. The
obtained signals identified mutations present in the neuraminidase gene sequence.

3.2. Quartz crystal microbalance

Quartz crystal microbalance (QCM) contributed to the influenza research in last two years by
two various ways. The first way is represented by the detection of influenza virus [20,21] and the
second by the study of influenza virus binding capabilities [22,23]. Application of QCM for influenza
detection was done through two various parts of influenza virus. In the first case, the aptamer was used
for the formation of switch on/off system based on the crosslinked polymeric hydrogel [21]. A selected
aptamer with high affinity and specificity against HSN1 surface protein was used, and hybridization
between the aptamer and ssDNA formed the crosslinker in the polymer hydrogel. The aptamer
hydrogel was immobilized on the gold surface of QCM sensor using a self-assembled monolayer
method. The hydrogel remained in the state of shrink if no H5N1 virus was present in the sample
because of the crosslinking between the aptamer and ssDNA in the polymer network. When it exposed
to the target virus, the binding reaction between the aptamer and H5N1 virus caused the dissolution of
the linkage between the aptamer and ssDNA resulting in the abrupt swelling of the hydrogel. The
second part of virus used for detection was hemagglutinin, its binding capabilities, respectively [20].
Diltemiz et al. used 4-aminophenyl boronic acid as a new ligand for binding of sialic acid (having an
important role in binding of HA) via boronic acid sugar interaction. QCM sensor surface was modified
with thiol groups and then 4-aminophenyl boronic acid and sialic acid were immobilized on sensor
surfaces, respectively.

Further studies of influenza binding capabilities were focused on hemagglutinin and its
interaction. The first example of such study was the work of Takahashi et al. [22]. They studied the
association of a sulphated galactosyl ceramide (sulphatide) with the viral envelope glycoprotein
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hemagglutinin. To determine whether the ectodomain of HA could bind to sulphatide, a secreted-type
HA (sHA), in which the transmembrane region and cytoplasmic tail were deleted, was applied. sHA
showed subtype-specific antigenicity and binding ability to both sulphatide and gangliosides. Kinetics
of sHA binding to sulphatide was demonstrated by QCM analysis. The second example was the work
of Wangchareansak et al. focused on behaviour of N-acetylglucosamine [23]. N-acetylglucosamine is
a part of the oligosacharide ligand responsible for the first binding step of virus (ligand-virus
interactions) to a host cell. For immobilization on the gold surface, N-acetylglucosamine was linked to
p-nitrophenol, and the nitro group was reduced and then bound to cysteine via two-step synthesis.

3.3. Nanoparticles

The main benefits of nanoparticle application lie in the improvement of electrode surface in the
view of electrochemical reaction or better way of isolation procedure. Papers published in last two
years aimed to these two ways. Yanxia et al. labelled antibodies by CuO NPs [24]. After the
immobilization of the antibodies (attached on the solid substrate via physical adsorption between
hydrophobic groups of antibody molecules and polystyrene), the CuO NPs were dissolved by adding
acid to produce copper ions, which were electrochemically detected with high sensitivity and
specificity. Another way of electrode surface modification was presented by Jang et al. [25]. In their
work usage of ZnO nanorod network for the immunosensor fabrication was described. The
immunosensor was evaluated in the acetate buffer solution containing 3,3',5,5'-tetramethylbenzidine
(TMB) via cyclic voltammetry.

The improvement of the isolation procedure was described by Kamikawa et al. using
electrically active magnetic polyaniline-coated nanoparticles as the transducer in an electrochemical
biosensor for rapidly identifying influenza strains based on receptor specificity [26]. Electrically active
magnetic nanoparticles were prepared by synthesizing aniline monomer around gamma iron (I11) oxide
(gamma-Fe,03) cores, yielding 25-100 nm diameter nanoparticles. The nanoparticles were coated with
monoclonal antibodies specific to H5N1. In addition, Krejcova et al. used glycan modified magnetic
particles for isolation of influenza hemaglutinin and reported a new three-dimensional (3D), bead-
based microfluidic chip for rapid, sensitive and specific detection of influenza hemagglutinin [19].

Gopinath and co-workers described immuno-AuNP assay, where gold nanoparticles were
conjugated to an antibody against A/Udorn/307/1972 (H3N2) influenza virus to detect viruses on a
sensing plate designed for an evanescent field-coupled waveguide-mode sensor [27]. One year later
Gopinath and coworkers applied sensor based on previous experiment for demonstration that the anti-
A/Udorn/307/1972 polyclonal antibody has the ability to discriminate between old and recently
emerged influenza A/H3N2 viruses [28]. The authors were successful in the reaching of their aims.
Moreover, Bamrungsap et al. report on a lateral flow immunoassay (LFIA) for influenza A antigen
using fluorescently-doped silica nanoparticles as reporters [29].

Application of quantum dots for the influenza detection was presented by our group only.
Different ways using quantum dots as labels were published [15,17,18,30,31]. Two main parts of
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influenza virus using for its detection was labelled by quantum dots, nucleic acids [16,18,31] and
proteins (especially hemagglutinin) [15,30].

3.4 Aptamers

The utilization of aptamers for influenza electrochemical detection was published twice times
in the defined time interval only [21,32]. The first experiment, published by Wang et al. [21], was
described above in the section related to the QCM method. Another way of detection was based on the
polymer microfluidic system with a functionalized conductive polymer microelectrode array [32].
Kiilerich-Pedersen et al. [32] show that DNA aptamer with affinity for influenza A virus (H1N1) were
linked covalently to the conductive polymer microelectrodes in the microfluidic channel. The
immobilization of aptamer on the electrodes provoked an increase in the impedance due to increased
charge transfer resistance at the electrode/liquid interface. The binding of the virus to aptamers caused
significant increase in the impedance already at very low concentrations. The washing the samples
with PBS gave no significant change in the impedance signal, hence demonstrating that virus was
bound to the aptamer.

3.5. Impedance

The utilization of impedance technique for the influenza determination had a great potential as
it was shown in the last two years. Impedance determination was mainly connected with
immunomagnetic separation [33-37]. Connection of immunomagnetic separation was studied mainly
by the Yan et al. in four experiments differing in various technical designing of the experiments. They
determined H5 subtype of avian influenza virus. In the first experiment [36], they used monoclonal
antibodies against AIV H5N1 surface antigen hemagglutinin (HA), which were immobilized on the
surface of gold microelectrodes through protein A for capturing influenza H5N1 in sample solutions.
Electrochemical impedance spectroscopy was carried out in the presence of [Fe(CN)s]*™ as a redox
probe to describe the surface modification of microelectrodes and the binding of viruses. Other their
experiments were connected with the application of immunomagnetic separation and differ in
individual experiments design [33-35]. The first approach used streptavidin-coated magnetic
nanobeads, where these particles were immobilized onto the biotin-labelled anti-H5 monoclonal
antibodies to capture hemagglutinin (HSN1) from sample solutions by the specific immunoreaction.
Then, these complexes were separated and concentrated by a magnetic field and the impedance
magnitude was measured in a frequency range from 20 Hz to 1 MHz [35]. The second design was
based on the modification of the surface of gold microelectrodes with protein A and then
immobilization with monoclonal antibodies against an epitope in the hemagglutinin of H5 influenza
subtype [34]. The binding of H5 subtype viruses onto the antibody-modified microelectrodes surface
resulted in a change in the impedance, which was measured in the presence of [Fe(CN)s]*™ as a redox
probe. The third approach was based on the biotin labelled anti H5 monoclonal antibodies, which
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were immobilized onto the streptavidin coated magnetic nanobeads to separate and concentrate avian
influenza virus H5N1 [33].

Except Yan et al. one other group published impedance biosensor for influenza detection. Lum
et al. improved the impedance detection by labelling attached influenza H5N1 entities by chicken red
blood cells for the impedance signal amplification [37]. The main principle of their assay is described
in Fig. 2.

The application of impedance technique for influenza detection may not be combined with
immunomagnetic separation only. Another approach for influenza impedance detection was published
by Malecka et al. [38]. They suggested a biosensor for detection of specific oligonucleotide sequences
of H5N1 influenza virus. The NH2-ssDNA probe was deposited onto a gold electrode surface to form
an amide bond between the carboxyl group of thioacid and the amino group from ssDNA probe. The
signals generated as a result of hybridization were registered by impedance spectroscopy in the
presence of [Fe(CN)s]*>'* as a redox mediator. This genosensor was capable to determine 180-bp (PCR
products) oligonucleotides complementary sequences.

negative positive

8,73

_Gold electrode

O magnetic bead O H5N1 virus

=g captureantibody - anti H5
=g immobilizationantibody - anti N1 @ chicken red blood cell

Figure 2. Design of non-Faradic impedance biosensor system using chicken red blood cells (RBCs) as
bio-labels for improvement of impedance detection. A sample of influenza was isolated using
immunomagnetic nanobeads coated with monoclonal antibody against H5. Second antibody
against N1 subtype was interdigitated to microelectrode array. Target H5SN1 virus was bound to
the antibody on the electrode surface, causing a change in the impedance compared to a control
sample. RBCs were used as biolabels to amplify the impedance change through their binding to
the influenza virus on the electrode. RBCs were used as biolabels to amplify the antibody-virus
binding due to their larger diameter (7-12 um) compared to the virus (80-120 nm), and strong
and specific binding by virus hemagglutinin to sialic acid linkages found on the cell surface.
Both the virus and the RBC act as resistors in the system, and the RBC has a larger resistive
value due to its larger size compared with the virus.
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4. CONCLUSION

This review summarized published information in the area of electrochemical detection of
influenza virus in the years 2012 — 2013. This text should be connection of our previous review
focused on this area of research [1], where interesting and promising seems to be aiming the attention
at the impedance and QCM ways of influenza virus detection.
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5.2 1zolace a detekce chiipkové nukleové kyseliny

5.2.1 Védecky ¢lanek I11

KREJCOVA, L.; HYNEK, D.; KOPEL, P.; ADAM, V.; HUBALEK, J.; TRNKOVA,
L.; KIZEK, R. Paramagnetic Particles Isolation of Influenza Oligonucleotide Labelled
with CdS QDs.

Chromatographia, 2013, ro€. 76. €. 7-8, s. 355-362. ISS 0009-5893. IF: 1.370

Podil autorky Krejcova L.: 70 % textoveé casti prace, 70 % experimentalni casti prace

Chiipkové viry jsou velmi nachylné ke zménam typu antigenni shift a drift (Koel, a
kol., 2013). Vyskyt vysoce patogeni HPAI je pravé dasledkem jedné znich (Hall, a
kol., 2013, Le a Nguyen, 2014). Vysoce nakazlivé a nebezpeéné¢ onemocnéni, kterym
HPALI bezesporu je, vyzaduje neustalé hledani rychlejsich a citlivéjSich metod (Igbal, a
kol., 2014). Hybridizace nukleové kyseliny na pevné zakladny je soucasti fady
biotechnologickych postupli pro izolaci (Miodek, a kol., 2014, Singh, a kol., 2014).
Podstatou experimentu byl navrh senzoru pro detekci sekvence specifické pro subtyp
H5NI1. Autofi se zaméfili na popis MPs, QDs a jejich aplikaci pro detekcei specifickych
chiipkovych sekvenci na principu dvou, na sebe navazujicich krok: 1) izolace cilové
sekvence (ODN) pomoci MPs modifikované anti-sense sekvenci a 2) detekci izolované,
cilové sekvence pomoci QDs znacky. Dil¢im tkolem byla optimalizace teploty, doby
hybridizace, koncentrace cilové chiipkové sekvence v komplexu s kademnatymi QDs
(ODN-SH-Cd) a automatizace celého postupu. Uéinost hybridizace pti raznych
podminkach byla sledovéana elektrochemicky, a to jak piimo (detekce cilové sekvence -
CA pik), tak neptimo (detekce QDs - Cd pik). Optimalni parametry byly vybrany
nasledovné: hybridizacni teplota 25°C, ¢as hybridizace 35 minut a koncentrace ODN v
ODN-SH-Cd 20 pg/ml. Pfi téchto podminkach byla elektrochemicky detekovéana
nejvetsi  vytéznost izolace. Optimalizované podminky izolace byly pouzity pro
automatizaci celého procesu. Navrzeny detekéni systém muze byt pouZzit pro rychlou
detekcei jakékoliv specifické sekvence na zakladé komplementarity k anti-sense fetézci,

kterym je modifikovan povrch MPs.
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Abstract In this study, we describe hybridization design
probes consisting of paramagnetic particles and quantum
dots (QDs) with targeted DNA, and their application for
detection of avian influenza virus (HSN1). Optical prop-
erties of QDs were beneficial, but the main attention was
paid to the electroactivity of metal part of QDs and ODNs
themselves. Differential pulse voltammetry was used for
detection of cadmium(Il) ions and square wave voltam-
metry for detection of cytosine—adenine peak in ODN-
SH-Cd complex. It clearly follows from the obtained
results that the optimized conditions were temperature
of hybridization 25 °C, time of hybridization 35 min,
and concentration of ODN-SH-Cd complex 20 pg mL ™.
The detection limit (3 signal/noise) was estimated as
15 ng mL™" of ODN-SH-Cd.
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Introduction

Influenza is an infectious disease caused by RNA viruses of
the family Orthomyxoviridae. Influenza viruses can be
found in the aerosols formed by sneezing and coughing and
may cause acute infection of upper respiratory tract [1, 2].
Vaccine against influenza exists; however, it is effective for
one year against selected subtypes. This is due to mutational
changes in the structure of the virus, thus the reuse of the
same vaccine in the following year does not have a pro-
tected effect [3, 4]. It is clear that flu viruses are very sus-
ceptible to change antigenic equipment by drift and shift.
These changes can easily create a new subtype, as in the
case of highly pathogenic avian influenza. Owing to this, a
great amount of research is being carried out in the search
for rapid and more reliable detection methods [1, 5, 6].

Nucleic acid hybridization on solid bases is widely used
in biotechnology for the isolation of targeted DNA. Among
numerous methods used in this field, many probe-target
DNA assays use oligo-conjugated paramagnetic particles
(MPs) for the isolation of nucleic acids of interest [7, 8].
The advantage of magnetic separation is in the possibility
of modifying the surface of MPs, and thus the elimination
of interfering adsorption of non-target biomolecules
[9-11], because MPs are able to respond to external mag-
netic field, which is used for efficient separation. Both
magnetic separation and modification of MPs surfaces are
beneficial for DNA isolation [12-14].

Isolated DNA is usually detected by hybridization process
using different materials such as biotin—avidin, substrate
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enzyme, antigen—antibody and fluorescent dyes or other
optical active substances as quantum dots (QDs) [15, 16],
because detection of hybridized DNA molecule is important
for diagnosis of the presence of specific virus [17].
Application of optical detection methods based on fluores-
cently active labels is widespread [18-20]. Recent advanta-
ges in synthesis and surface modifications of QDs as a new
type of fluorescently active labels have resulted in various
applications of these particles [21-25]. Wang et al. described
multi-target electrochemical DNA detection based on the use
of different QDs. Multi-target electrical detection scheme
developed by those authors incorporates the high sensitivity
and selectivity advantages of nanoparticle-based electrical
assays [17]. It is clear that besides optical properties of these
nanoparticles, QDs can be also used as electroactive labels
for determination of biologically active compounds [26].
Therefore, one of the main aims of this study was the elec-
trochemical detection of the presence of Cd and cytosine—
adenine (CA) in H5NI1 influenza derived oligonucleotide
labelled with CdS. This detection part was coupled to
paramagnetic particle-based isolation protocol as the second
main aim of our study. The suggested procedure is shown
in Fig. 1.

Experimental Section
Preparation of CdS QDs

All chemicals were purchased from Sigma-Aldrich
(St. Louis, USA) and used without further purification. CdS
QDs were prepared with a slightly modified method
published in [27]. Cadmium nitrate tetrahydrate
Cd(NO3),-4H,0 (0.03085 g, 0.1 mM) was dissolved in
ACS water (25 mL). 3-Mercaptopropionic acid (35 puL,
0.4 mM) was slowly added to stirred solution. Afterwards,
pH was adjusted to 9.11 with 1 M NH;3 (1.5 mL). Sodium
sulphide nanohydrate Na,S-9H,O (0.02402 g, 0.1 mM) in
23 mL of ACS water was poured into the first solution with
vigorous stirring. Obtained yellow solution was stirred for
1 h. CdS QDs were stored in dark at 4 °C. Fluorescence of
the obtained QDs is shown in Fig. 2. We found that the
synthesized objects were smaller than 10 nm.

Preparation of CdS Labelled H5N1 Influenza
Oligonucleotide (ODN-SH-Cd)

ODN-SH H5N1 5-SH-CTTCTTCTCTCTCCTTGAGG-3’
(100 pL, 100 pg mL™") was mixed with a solution of CdS
QDs (100 pL). This mixture was shaken for 24 h at room
temperature using Vortex Genie2 (Scientific Industries,
New York, USA). Subsequently, solution was dialysed
against 2,000 mL of mili Q water (24 h, 4 °C) on Millipore
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membrane filter 0.025 pm VSWP. During dialysis, the
sample was diluted to 800 pL. Diluted sample was con-
centrated to 500 pL final volume on a centrifugal filter
device Amicon Ultra 3k (Millipore, Billerica, USA).
Centrifuge 5417R (Eppendorf, Hamburg, Germany) was
utilized with following parameters 15 min, 4,500 rpm,
15 °C.

Robotic Pipetting Station

For automated samples handling before their electro-
chemical analysis, an automated pipetting station
ep-Motion 5075 (Eppendorf) with computer controlling was
used. Positions C1 and C4 were thermostated (Epthermo-
adapter PCR96). In Bl 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 ensured by a robotic arm with
pipetting adaptors (TS50, TS300, TS1000) numeric label-
ling refers to maximal pipetting volume in pL. and a gripper
for platforms transport (TG-T). The program sequence was
edited and the station was controlled in pEditor 4.0. For
sample preparation, two platforms were used: Thermorack
for 24 x 1.5-2 mL microtubes (position C3), which was
used for storage of working solutions, 96-well microplate
with well volume of 200 pL (position C1), which was
thermostated. After the separation, the MPs were forced
using Promega magnetic pad (Promega, Madison, USA)
(position B4) and the solutions were transferred to a new
microplate.

Automatic Isolation of ODN-SH-Cd

Automatic pipetting station ep-Motion 5075 (Eppendorf)
with original devices was used for fully automated influ-
enza-derived oligonucleotide isolation process. The buffers
used in isolation part of experiment were as follows:
phosphate buffer I: 0.1 M NaCl + 0.05M Na,H-
PO, + 0.05 M NaH,PO,4; phosphate buffer II: 0.2 M
NaCl + 0.1 M Na,HPO4 + 0.1 M NaH,PO,; and hybrid-
ization solution: 100 mM Na,HPO, + 100 mM NaH,POy,,
0.5 M NaCl, 0.6 M guanidium thiocyanate, 0.15 M Trizma
base adjusted by HCI on pH of 7.5.

The protocol was as follows: 10 pL of Dynabeads Oligo
(dT)25 (1 pm diameter, Hameenlinna, Finland) was dis-
pensed in each well in the plate (PCR 96, Eppendorf. Plate
was subsequently transferred to the magnet, stored solution
from nanoparticles was aspirated to waste, and beads were
further washed three times with 20 pL of phosphate buffer
I. The next step was first hybridization. 10 pL. of polyA-
modified anti-sense HSN1 oligonucleotide and 10 pL of
hybridization buffer (0.1 M phosphate buffer, 0.6 M gua-
nidium thiocyanate, 0.15 M Tris) were added into each
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Fig. 1 Scheme of H5N1
(ODN-SH-Cd) isolation and
electrochemical detection.

a Anti-H5N1 binding to MP due
to A-T complementarity,

b addition of ODN-SH-Cd,

¢ binding of ODN-SH-Cd to MP
with anti-H5N1 and

d electrochemical detection of
ODN and Cd

T

:

TTTTTT

AAAAAAA

Anti H5N1

'@

H5NI1

@

Electrochemical detection of cytosine-adenine peak
and cadmium peak

Fig. 2 a SEM micrograph of
paramagnetic particles modified
with dT25 (SEM HV 15.0 kV).
b CdS QDs (i) without UV light,
(i) UV light 305 nm. The
fluorescence was monitored by
in vivo Xtreme system by
Carestream, Woodbridge, USA.
This instrument was equipped
with 400 W xenon light source
and 28 excitation filters
(410-760 nm). The emitted
light was captured by 4 MP
CCD camera

o
wd

well. Further, the plate was incubated (15 min, 25 °C,
pipetting), followed by three times washing with 20 pL
phosphate buffer I. The next step was second hybridization.
10 pL of Cd labelled H5N1 oligonucleotide and 10 pL of
hybridization buffer (0.1 M phosphate buffer, 0.6 M gua-
nidium thiocyanate, 0.15 M Tris) were added to each well,

and the plate was incubated (15 min, 25 °C, pipetting),
followed by three times washing with 20 pL of phosphate
buffer I. Afterwards, 30 pL of elution solution (phosphate
buffer II) was added into each well, and the plate was
incubated (5 min, 85 °C, pipetting). After elution step, the
plate was transferred to the magnet, and product from each
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well was transferred to separate well. The whole procedure
was optimized by other authors [28-30].

Methods for Detection of CA and Cd Peak
(ODN-SH-Cd)

Measurements were performed at 663 VA Stand, 800
Dosino and 846 Dosing Interface (Metrohm, Zofingen,
Switzerland) using a standard cell with three electrodes. A
hanging mercury drop electrode with a drop area of 0.4 mm?
was employed as the working electrode. An Ag/AgCl/3 M
KCI electrode served as the reference electrode, while the
auxiliary electrode was a glassy carbon electrode. All
measurements were performed in the presence of 0.2 M
acetate buffer (0.2 M CH;COOH + 0.2 M CH;COONa,
pH 5.0) at 25 °C. Samples were deoxygenated by argon
(99.99 %, 120 s). For smoothing and baseline correction,
the software GPES 4.9 supplied by EcoChemie (Utrecht,
Netherlands) was employed. For detection of DNA, CA
peak measured by square wave voltammetry (SWV) was
used. The parameters of electrochemical determination were
as follows: initial potential 0 V; end potential —1.85 V;
frequency 10 Hz; potential step 0.005 V; and amplitude
0.025 V. For electrochemical detection of cadmium (Cd
peak), differential pulse voltammetry (DPV) was used. The
parameters of electrochemical determination were as fol-
lows: initial potential —0.9 V; end potential —0.45 V;
deposition potential —0.9 V; duration 240 s; equilibration
time 5 s; modulation time 0.06; time interval 0.2 s; potential
step 0.002 V; and modulation amplitude 0.025.

Scanning Electron Microscope

A modern scanning electron microscope (SEM) with
motorized stage, full software control and image acquisi-
tion was recognized as a relatively easy way for automated
high-resolution documentation of particles. For each
experiment, three independent samples of particles on
different tablet sections (glass, pure Si, and Millipore syr-
inge filters) were documented. FEG-SEM TESCAN MIRA
3 XMU (Brno, Czech Republic) was used for documenta-
tion. This model is equipped with a high brightness
Schottky field emitter for low noise imaging at fast scan-
ning rates. The SEM was fitted with Everhart-Thronley
type of SE detector, high speed YAG scintillator-based
BSE detector and panchromatic CL Detector.

Descriptive Statistics
Data were processed using MICROSOFT EXCELs (USA)
and STATISTICA.CZ Version 8.0 (Prague, Czech

Republic). The results are expressed as mean £ SD unless
noted otherwise. The detection limits (3 signal/noise, S/N)
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were calculated according to Long and Winefordner [31],
whereas N was expressed as standard deviation of noise
determined in the signal domain unless stated otherwise.

Results and Discussion

Rapid detection of the presence of virus represents a
challenge for modern bioanalytical chemistry. For this
purpose, MPs bring many advantages including possibility
of miniaturization of the instrument as lab-on-chip [28].
Moreover, paramagnetic particles are suitable for sensing,
therapeutic and diagnostic purposes [32]. In this study,
particles modified with short thymine chain (dT25) were
used (Fig. 2a). Next step was labelling of influenza derived
thiolated oligonucleotide with CdS QDs. These QDs were
prepared from cadmium nitrate tetrahydrate according to
procedure mentioned in the “Experimental” section. The
prepared CdS QDs had fluorescent properties as shown in
Fig. 2b. The possibilities of labelling of nucleic acids and
proteins with QDs are discussed by Joseph Wang and
Cliphord Mirkin and showed many advantages for potential
applications in nanomedicine [33-37]. The last part of
preparation of sensing assay was full automation of the
isolation with subsequent electrochemical detection of CdS
labelled H5N1 influenza derived oligonucleotide (ODN-
SH-Cd). Scheme of ODN-SH-Cd isolation and electro-
chemical detection is shown in Fig. 1.

Determination of Cadmium(II) Ions and ODNs

For the quantification of the interactions between CdS QDs
and ODNs, determination of the presence of the formed
complex via electrochemical detection of cadmium(II) ions
is very advantageous, because electroanalysis of metal ions
is well known, sensitive, and robust enough to be used rou-
tinely for analysis of various types of real samples [38, 39].
DPV was used for detection of cadmium(Il) ions in CdS
QDs. Peak of cadmium(II) ions enhanced with the increasing
accumulation time up to 300 s, which was selected as the
optimum for the following experiments (Fig. 3a). The
obtained CdS QDs concentration dependence was linear
within the range from 0.5 to 70 pg mL™" as it follows
y = 0.6473x; R = 0.9990,n = 5,RSD = 2.1 % (Fig. 3b).
If cadmium(II) ions (CdS) were detected in bounded forms
with ODNs, then well-developed peaks of Cd(II) were
measured at —0.58 4= 0.02 V (n = 5). Determined calibra-
tion dependence was following y = 20.64x; R?> = 0.9941,
n =15, RSD = 3.8 % (Fig. 3c). The limit of detection
(3 S/N) was determined as 1 ng mL~! ODN-SH-Cd.

For the complete characterization of system, we
needed electrochemical determination of ODNs. SWV was
selected for this purpose. ODN-SH (full line) and ODN-
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SH-Cd (dotted line) complex provided various SWV
records (Fig. 4a). For ODN-SH characteristic, CA peak
was detected at —1.348 &+ 0.005 V). Oligonucleotide ODN-
SH-Cd showed two peaks. The first one corresponded to
cadmium(II) ions (Cd peak, —0.58 %+ 0.005 V), and the
second one to the nucleic acid (CA peak, —1.362 £+
0.002 V). There were also significant differences between
CA peaks of Cd labelled and non-labelled oligonucleotides.
Non-labelled ODN gave higher and thinner CA peak

120

100 1 Py o 4 = 4
80 3
60 =

40 2 d
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o : ; . ;
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Relative Cd peak height (%)
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Fig. 3 a Optimization of time of accumulation for Cd(II) determi-
nation by DPV with parameters as follows: initial potential —0.9 V;
end potential —0.45 V; deposition potential —0.9 V; duration 240 s;
equilibration time 5 s; modulation time 0.06; time interval 0.2 s;
potential step 0.002 V; and modulation amplitude 0.025. b Obtained
calibration curve for Cd(II) ions. ¢ Cadmium was determined in
ODN-SH-Cd complex too. Dependence of cadmium signal (peak
height) on concentration of complex is presented

compared with ODN-SH-Cd. Slight difference in the CA
peak position was determined (QDs labelled: —1.362 V
and non-labelled: —1.348 V). The only difference between
these oligonucleotides is the bound CdS to the 5’ SH end of
influenza derived oligonucleotide. It follows that the
change of the CA signal must be caused by QDs binding,
but effect of CDs on the CA peak is not fully understood,
but the changes can be associated with changes of electric
properties of nucleic acids [40].

After characterization of labelled and non-labelled
ODN:s, the optimization of accumulation times for both
ODNs was done. Binding of CdS to ODN-SH decreased
CA peak in the whole tested interval, but in both cases, the
value of 120 s was selected as optimal for further studies
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Fig. 4 a Comparison of typical SW voltammograms of ODN-SH
(full line) and ODN-SH-Cd (dotted line). b Dependence of CA peaks
of ODN-SH (green diamonds) and ODN-SH-Cd (blue diamonds) on
accumulation time. ¢ Calibration curves CA peaks of (red diamonds)
ODN-SH and (blue diamonds) ODN-SH-Cd. Start concentration of
both ODNs was 2 pg mL™". CA peak was measured by SWV
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(Fig. 4b). Dependences of CA peak height on both labelled
and non-labelled ODN concentrations are shown in Fig. 4c.
It is shown that the both dependences have polynomial
calibration equations. For ODN-SH, the equation was
y = —27.56x> 4+ 105.2x + 0.3250; R* = 0.9984, n =5,
RSD =32 and for ODN-SH-Cd y= —13.75x> +
59.57x — 0.8282; R* = 0.9963, n = 5, RSD = 2.9. The
detection limits (3 S/N) were estimated as 15 ng mL~! of
ODN-SH-Cd and 30 ng mL~" of ODN-SH.

Optimization of Separation Process: Hybridizations

Paramagnetic particles (MPs) are able to respond to external
magnetic field, which is used for efficient separation of dif-
ferent analytes from liquid samples. Isolation of biomole-
cules using MPs is usually followed by electrochemical
detection. This way of isolation and detection is less time-
consuming and it is highly sensitive to even small quantities
of sample [28, 41]. In order to study using MPs as a tool for
hybridization assays we designed a MP- and QD-based
hybridization assay for the detection of avian influenza
HS5NI1, respectively H5N1-derived oligonucleotide. Fig-
ure 1 shows a schematic view of the hybridization procedure
for isolation and detection of target (ODN-SH-Cd). The
separation procedure contains from four items arranged in
the following order: (i) polyA-modified oligo probes (oligo
anti-sense) bind on the surface of polyT MPs due to specific
TA capturing, (ii) Cd QDs labelling target oligonucleotide,
(iii) capturing of target QDs labelled oligonucleotide derived
from an influenza sequence, and (iv) electrochemical
detection of metal part of QDs marker by DPV. Electro-
chemical detection of influenza H5N1-derived oligonu-
cleotide using SWV was connected too.

Based on the above mentioned results it can be con-
cluded that CdS QDs can be used for detection of specific
ODNs labelled with CdS QDs. Therefore, we were inter-
ested in the issue how we can affect the optimize isolation
process. We aimed our attention to second hybridization,
where the binding of target molecule on the modified MPs
takes place. The hybridization process is influenced by
wide range of hybridization conditions such as tempera-
ture, time, mixing, pH and composition of hybridization
buffer. For the first step we aimed our attention to the
temperature of hybridization process. The hybridization
process was repeated four times under these temperatures
of 15, 20, 25 and 30 °C. At the end of hybridization pro-
cess, peaks of ODN (CA peak) and signals of Cd(II) ions
(Cd peak) were determined. Measured peak height was
recalculated with respect to the amount of ODN-SH-Cd
molecules for both determined signals (Fig. Sa, b). It is
evident that increasing temperature enhanced effectiveness
of hybridization and thus CA and Cd peak heights. The
most effective hybridization was carried out under 25 °C.
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This temperature is more effective than 30 °C, because T},
of influenza-derived oligonucleotide is 28 °C.

Second hybridization parameter, which was optimized,
was time of hybridization. The obtained results show that
peak heights of ODN and Cd(I) enhanced with the
increasing time of hybridization (Fig. 6a). Response of Cd
signal increased linearly within the range from 5 to 35 min
as it follows y = 1.970x + 31.23; R?> = 0.9991, n = 3,
RSD = 4.8. In contrast, the ODN signal (CA peak)
was changed quadratically as it follows y = 0.1266x"
— 1.945x + 11.52; R* = 0.9926, n = 3, RSD = 5.1.

The third changing condition of hybridization process
was concentration of ODN-SH-Cd complex. The concen-
tration was changed within the interval from 2.5 to
20 ug mL~" and both CA and Cd peaks were determined
(Fig. 6b). As for previous parameters, the concentration of
ODN-SH-Cd complex influenced measured peaks in the
same way. Response of Cd peak increased linearly as
it follows y=2202x + 56.61; R>=0.9958, n =3,
RSD = 3.8, and ODN peak quadratically as it follows
y = —0.2013x% + 7.412x + 32.04; R* = 0.9838, n = 3,
RSD = 5.6 with the increasing concentration of ODN-SH-Cd

---4--- CA peak (15°C)
---#--- CA peak (20°C)
A ---49--- CA peak (25°C)
0 . . ---I'O--- CA pa:ak 30°C)
0 5 10 15 20 25

Concentration of ODN-SH-Cd (ug/mL)

Amount of ODN-SH-Cd
molecules (¥10e!7)
(=)}
1

b o6
= .
L,) _ 0.5
%Eg 04 - p
2 < 03 e L
©3 / O
S = e T
= 8 %21 P ----#--- Cd peak (15°C)
£ . ---#--- Cd peak (20°C)
g=0 ‘c‘ -9 Cd peak (25°C)
< ---#--- Cd peak (30°C)

0.0 T T T T
0 5 10 15 20 25

Concentration of ODN-SH-Cd (ug/mL)

Fig. 5 a Detected amount of ODN-SH-Cd molecules (x 10e'7) as a
function of start concentration of ODN-SH-Cd (pg mL~") after
separation process referenced for CA peak. b Amount of ODN-SH-Cd
molecules (x 10617) as a function of start concentration of ODN-SH-
Cd (pg mL™") referenced for Cd peak. CA peak was measured by
SWV and Cd peak by DPV. First hybridization step was carried out
for 30 min at 25 °C
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Fig. 6 a Change of relative peak height (relate to maximum value of
CA and Cd peak) with the increasing of time of second hybridization
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(determined by SWV) and (blue diamonds) of Cd peak (determined
by DPV). b Dependence of relative peak height (relate to maximum
value of CA and Cd peak) on concentration of ODN-SH-Cd complex
(2.5,5,10 and 20 pg mL™") at 25 °C. (Orange diamonds) Change of
CA peak (determined by SWV) and (red diamonds) of Cd peak
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complex. It clearly follows from the obtained results that
the optimized conditions were temperature of hybridization
25 °C, time of hybridization 35 min and concentration of
ODN-SH-Cd complex 20 pg mL~'. Under these condi-
tions, we can obtain the best efficiency in isolation and
detection of influenza oligonucleotide.

The obtained results show that suggested method of
isolation and detection of Cd labelled influenza-derived
oligonucleotide is functional and provide electrochemically
measurable signal of target molecule. Cd peak gives us the
information about successful hybridization process, and
ODN peak relates with the presence of ODNs in solution
after hybridization process. The number of molecules
determined from CA peak is approximately ten times
higher than the number from Cd peak. This effect might be
explained from breakage of creating complex after second
hybridization in the other place that we assumed. Based
on our previously published articles, the breakage of
complex can proceed at A-T place [28-30]. We assumed
that this situation can be explained from binding of more

oligonucleotides to one CdS QD particle. This reasoning is
in accordance with studies of Nolan et al. [42] and Ho et al.
[43] who reported the use of QDs labelling oligo probes for
hybridization with target DNA. Yet another published
study is based on DNA-cross-linked CdS nanoparticles
array [44] and shows similar effect.

Conclusion

Nowadays, research is directed towards finding methods for
simultaneous detection of multiple DNA targets. The
electrochemical coding technology is thus expected to open
up new opportunities for DNA diagnostics [17, 45]. In this
study, an optimized method for automated isolation of
Cd-labelled influenza oligonucleotide using automated
pipetting station has been proposed. The effects of hybrid-
ization temperature, hybridization time, and concentration
of ODN-SH-Cd complex on CA and Cd peak height, which
were determined electrochemically using SWV and DPV,
were also demonstrated. The system proposed in this study
can be used as electroanalytical tool for rapid detection of
target oligonucleotide based on isolation by probe conju-
gated MPs.

Acknowledgments Financial support from the projects NANIMEL
GA CR 102/08/1546 and CEITEC CZ.1.05/1.1.00/02.0068 is grate-
fully acknowledged.

References

. Peiris JSM, Poon LLM, Guan Y (2012) Science 335:1173-1174
. Osterholm MT, Henderson DA (2012) Science 335:801-802
. Feng ZL, Towers S, Yang YD (2011) AAPS J 13:427-437
. Ghendon Y (1994) Eur J Epidemiol 10:451-453
. Fouchier RAM, Herfst S, Osterhaus A (2012) Science
335:662-663
6. Karlas A, Machuy N, Shin Y, Pleissner KP, Artarini A, Heuer D,
Becker D, Khalil H, Ogilvie LA, Hess S, Maurer AP, Muller E,
Wolff T, Rudel T, Meyer TF (2010) Nature 463:818-822
7. Elghanian R, Storhoff JJ, Mucic RC, Letsinger RL, Mirkin CA
(1997) Science 277:1078-1081
8. Katz E, Willner I (2004) Angew Chem Int Ed 43:6042-6108
9. Hsing IM, Xu Y, Zhao WT (2007) Electroanalysis 19:755-768
10. Drbohlavova J, Hrdy R, Adam V, Kizek R, Schneeweiss O,
Hubalek J (2009) Sensors 9:2352-2362
11. Pumera M (2011) Chem Commun 47:5671-5680
12. Ahmed ARH, Olivier GWJ, Adams G, Erskine ME, Kinsman
RG, Branch SK, Moss SH, Notarianni LJ, Pouton CW (1992)
Biochem J 286:377-382
13. Ossendorp FA, Bruning PF, Vandenbrink JAM, Deboer M (1989)
J Immunol Methods 120:191-200
14. Xu HX, Sha MY, Wong EY, Uphoff J, Xu YH, Treadway JA,
Truong A, O Brien E, Asquith S, Stubbins M, Spurr NK, Lai EH,
Mahoney W (2003) Nucleic Acids Res 31:e43
15. Lim SH, Bestvater F, Buchy P, Mardy S, Yu ADC (2009) Sensors
9:5590-5599
16. Hicks JM (1984) Hum Pathol 15:112-116

L S R

@ Springer
88


LMAN-OLGA
Typewritten Text
88


362

L. Krejcova et al.

17. Wang J, Liu GD, Merkoci A (2003) J Am Chem Soc
125:3214-3215

18. Cao YWC, Jin RC, Mirkin CA (2002) Science 297:1536-1540

19. Taton TA, Mirkin CA, Letsinger RL (2000) Science 289:1757—
1760

20. Nicewarner-Pena SR, Freeman RG, Reiss BD, He L, Pena D]J,
Walton ID, Cromer R, Keating CD, Natan MJ (2001) Science
294:137-141

21. Bakalova R, Zhelev Z, Ohba H, Baba Y (2005) ] Am Chem Soc
127:11328-11335

22. Agrawal A, Sathe T, Nie SM (2007) J Agric Food Chem
55:3778-3782

23. Peterson AW, Heaton RJ, Georgiadis RM (2001) Nucleic Acids
Res 29:5163-5168

24. Steel AB, Levicky RL, Herne TM, Tarlov MJ (2000) Biophys J
79:975-981

25. Ryvolova M, Chomoucka J, Janu L, Drbohlavova J, Adam V,
Hubalek J, Kizek R (2011) Electrophoresis 32:1619-1622

26. Krejcova L, Dospivova D, Ryvolova M, Kopel P, Hynek D,
Krizkova S, Hubalek J, Adam V, Kizek R (2012) Electrophoresis.
doi:10.1002/elps.201200304

27. Li H, Shih WY, Shih WH (2007) Ind Eng Chem Res
46:2013-2019

28. Adam V, Huska D, Hubalek J, Kizek R (2010) Microfluid
Nanofluid 8:329-339

29. Huska D, Hubalek J, Adam V, Vajtr D, Horna A, Trnkova L,
Havel L, Kizek R (2009) Talanta 79:402—411

30. Janicek Z, Huska D, Trnkova L, Provaznik I, Hubalek J, Kizek R
(2010) J Biochem Technol 2:S87-S88

@ Springer

31.
32.

33.
34.
35.
36.

37.
38.

39.

40.

41.

42.

43.

44,

45.

Long GL, Winefordner JD (1983) Anal Chem 55:A712-A724
Huska D, Adam V, Trnkova L, Kizek R (2009) J] Magn Magn
Mater 321:1474-1477

Ju HX, Zhang XJ, Wang J (2011) In: Nanobiosensing: principles,
development and application. Springer, New York, pp 535-567
Nam JM, Park SJ, Mirkin CA (2002) J Am Chem Soc
124:3820-3821

Nam JM, Thaxton CS, Mirkin CA (2003) Science 301:1884—1886
Rosi NL, Mirkin CA (2005) Chem Rev 105:1547-1562

Wang J (2009) ACS Nano 3:4-9

Huska D, Zitka O, Krystofova O, Adam V, Babula P, Zehnalek J,
Bartusek K, Beklova M, Havel L, Kizek R (2010) Int J Elect-
rochem Sci 5:1535-1549

Kleckerova A, Sobrova P, Krystofova O, Sochor J, Zitka O,
Babula P, Adam V, Docekalova H, Kizek R (2011) Int J Elect-
rochem Sci 6:6011-6031

Slinker JD, Muren NB, Renfrew SE, Barton JK (2011) Nat Chem
3:228-233

Halfpenny KC, Wright DW (2010) Wiley Interdiscip Rev
Nanomed Nanobiotechnol 2:277-290

Nolan RL, Cai H, Nolan JP, Goodwin PM (2003) Anal Chem
75:6236-6243

Ho YP, Kung MC, Yang S, Wang TH (2005) Nano Lett
5:1693-1697

Willner I, Patolsky F, Wasserman J (2001) Angew Chem Int Ed
40:1861-1864

Chomoucka J, Drbohlavova J, Masarik M, Ryvolova M, Huska
D, Prasek J, Horna A, Trnkova L, Provaznik I, Adam V, Hubalek
J, Kizek R (2012) Int J Nanotechnol 9:746-783

89


LMAN-OLGA
Typewritten Text
89


5.2.2 Védecky ¢lanek IV

KREJCOVA, L.; HYNEK, D.; KOPEL, P.; RODRIGO, M. A. M.; ADAM, V.;
HUBALEK, J.; BABULA, P.; TRNKOVA, L.; KIZEK, R. Development of a Magnetic
Electrochemical Bar Code Array for Point Mutation Detection in the HS5SNI
Neuraminidase Gene.

Viruses-Basel, 2013, ro¢. 5. ¢. 7, s. 1719-1739. ISS 1999-4915. IF: 3.279

Podil autorky Krejcova L.: 75 % textové casti prace, 80 % experimentalni casti prace

Vysoce patogenni ptaci chiipka (HPAI), subtypu H5NI1 piredstavuje pro lidstvo
hrozbu od roku 1997, kdy byl diagnostikovan prvni smrtelny ptipad (Dankar, a kol.,
2013). Dodnes subtyp HS5N1 zptsobil ztratu miliond kust dritbeze a zapfticinil imrti
ptiblizné 650 lidi (Zhang, a kol., 2014). HPAI nema schopnost Sifeni z ¢lovéka na
Cloveéka, z toho diavodu je jeji Sifeni v lidské populaci omezené (Poovorawan, a kol.,
2013). Chiipkové viry snadno a rychle podléhaji mutacim, coz sebou pfinasi dvé rizika.
Jednak je to zisk schopnosti pfenosu mezi lidmi a jednak je to vznik rezistence vici
ativirotikim, jejichz soufasné nejvice pouzivanou skupinou jsou inhibitory
neuraminidazy (NAIs). Rada autori se ve svych pracich zaméfila na vyvoj metod pro
detekci mutantnich forem HS5N1 (Xie, a kol, 2014). Analyza genomu, evoluce a
fylogenetickd analyza poukazuji na to, ze virus H5N1 vykazuje pfitomnost mutaci
spojovanych s rezistenci jak v genu kdédujicim matrixovy protein tak neuraminidazu,
tedy proteiny pro cilenou 1é¢bu antivirotiky (7isdale, 2009, Volz, a kol., 2013, Wolf, a
kol., 2006, Yen, a kol., 2013). Souc€asné studie se predev§im zamétuji na jednobodovou
mutaci H275Y, odpovédnou za rezistenci vuci NAls (Pinilla, a kol., 2012, Samson, a
kol., 2013, Tong, a kol., 2011). Pro navrzeny experiment byly vybrany tfi specifické
sekvence H5N1 kodujici neuraminidazu, které se vzajemné liSily jednobodovou mutaci,
jako model pro mutaci H275Y. Pfedmétem experimentu byl popis hybridizacniho testu
zalozené¢ho na automatické izolaci tii specifickych chiipkovych sekvenci pomoci anti-
sense modifkikovanych MPs. Izolovand cilovda molekula byla pro ucely
elektrochemické analyzy konjugovana s QDs (ZnS, PbS a CdS). Pro bare code test byly
navrzeny tfi rtizné sekvece ve dvou délkach (12 a 28 nukleotidil), liSici se
jednobodouvou mutaci, kazd4d sekvence byla znacena jinym typem QDs. Cilem

experimentu bylo sestavit rychly ,,screeningovy® test tvofeny kratkymi sekvencemi a
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senzitivnéjsi test tvoreny delSimi sekvencemi. Pro obé série cilovych sekvenci byla
optimalizovdna teplota hybridizace. Nejvétsi vyteznosti izolace bylo dosazeno pii
teploté 25 °C (kratké sekvence) a 50 °C (pro dlouhé sekvence). Efetk teploty na
vyteznost izolace byl zkoumdn i pfi zméné pomerii v zastoupeni jednotlivych sekvenci
ve vzorku. V této praci jsme popsali soucasnou detekci tfi riiznych sekvenci, které se
lisili bodovymi mutacemi, v jednom vzorku. Bare code test (identifikace tfi riznych
specifickych sekvenci v jednom vzorku) byl zaloZzeny na izolaci a elektrochemické
detekci tfech riznych QDs (CdS, PbS a ZnS), které byly pouzity k oznaceni mutantnich
forem specifické sekvence kddujici gen pro neuraminidazu. Optimalizace teploty
hybridizace a uspésna identifikace tfi raznych sekvenci v jednom vzorku jsou hlavnimi
uspéchy této prace. Rozpoznani mutace zpusobujici rezistenci NaiS je totiz nezbytné
pro spravny vybér antivirotika a uspéSnou lécbu tézkych ptipadi chiipky, a to zejména

v pripadé HPAI.
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Abstract: Since its first official detection in the Guangdong province of China in 1996, the
highly pathogenic avian influenza virus of HSN1 subtype (HPAI H5N1) has reportedly
been the cause of outbreaks in birds in more than 60 countries, 24 of which were European.
The main issue is still to develop effective antiviral drugs. In this case, single point
mutation in the neuraminidase gene, which causes resistance to antiviral drug and is,
therefore, subjected to many studies including ours, was observed. In this study, we
developed magnetic electrochemical bar code array for detection of single point mutations
(mismatches in up to four nucleotides) in H5N1 neuraminidase gene. Paramagnetic

particles Dynabeads® with covalently bound oligo (dT),s were used as a tool for isolation
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of complementary HSN1 chains (HSN1 Zhejin, China and Aichi). For detection of HSN1
chains, oligonucleotide chains of lengths of 12 (+5 adenine) or 28 (+5 adenine) bp labeled
with quantum dots (CdS, ZnS and/or PbS) were used. Individual probes hybridized to
target molecules specifically with efficiency higher than 60%. The obtained signals
identified mutations present in the sequence. Suggested experimental procedure allows
obtaining further information from the redox signals of nucleic acids. Moreover, the used
biosensor exhibits sequence specificity and low limits of detection of subnanogram
quantities of target nucleic acids.

Keywords: voltammetry; highly pathogenic influenza; antiviral resistance; paramagnetic
particles; hybridization; quantum dots; automated separation; electrochemistry

1. Introduction

Highly pathogenic avian influenza A (HPAI), subtype H5N1, represents a threat to the human
population [1]. While respiratory symptoms and fever are typical signs of influenza, HSN1 has a high
incidence of neurological sequelae in many animal species and sporadically in humans, but it
represents a continuous danger of global pandemic associated with high mortality [2,3]. HPAI viruses
have caused millions of deaths in domestic poultry, and hundreds of deaths in humans [4]. Circulating
of influenza viruses in wild animals poses the risk to human health [5,6]. Humans can be infected also
by animal subtypes, such as avian influenza virus HSN1 and HIN2 and swine influenza virus HIN1
and H3N2 [7-9]. The primary risk factor for human infection appears to be direct or indirect exposure
to infected live or dead animals or contaminated environments [10]. HSN1 occurs in two distinct
pathotypes in bird population, seasonal low pathogenic avian influenza (LPAI), and highly pathogenic
avian influenza (HPAI) [11-14]. LPAI may become HPAI to poultry through mutations after
introduction from wild birds to poultry, but only two subtypes (H5 and H7) can become HPAI [15-17].
These viruses may result in 100% mortality within a susceptible poultry species [16]. The mechanism
of mutation of LPAI to HPAI is based on passage in susceptible animals, typically poultry during
several months. New generated HPAI virus has broken out in flocks of poultry as so as in wild birds,
and caused devastation with huge economic and ecologic impact [3,18]. HPAI poses risk not only for
birds, there were also reported sporadic human infections with low morbidity but high mortality,
nearly 60% [19-21].

HPALI is not capable of droplet infection from human to human. For this reason, spread of H5N1
virus in the human population is limited [22]. There is a concern that HSN1 may obtain this ability and
become pose a potential pandemic hazard to public health worldwide [23—-27]. Influenza viruses can
develop resistance to pharmacological mechanism of neuraminidase inhibitors (NAls) that is based on
the loss of binding affinity of these drugs. Antiviral resistance in influenza may not develop entirely
during treatment but also sometimes transmit widely to replace susceptible strains in the absence of
drug pressure [28]. Recently, different authors showed different methods for determination of
mutations in H5N1. Sparse learning method was developed to identify antigenicity-associated sites in

highly pathogenic H5N1 influenza virus HA based on immunologic data sets [29]. The analysis of
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complete genome sequences, genetic evolution and phylogenetic analyses showed that the sequence
analysis of HSN1 influenza virus displayed the drug-resistant mutations in the matrix protein and NA
genes [30]. This fact is important for better understanding the prevalence and adaptation of H5N1
influenza viruses in different countries [31,32]. The continuous mutations in NA gene give rise
to a great necessity to monitor its sequence for detection of any possibilities to drug resistance in
H5NI1 [33-36].

The current study was targeted to detect possible mutations in NA gene for both diagnosis
and treatment purposes. Neuraminidase inhibitors resistance is based on single-point mutations of
neuraminidase gene (H 275 Y) [37,38]. Our choice of three various gene sequences for neuraminidase
of H5N1 influenza was based on this assumption. There was chosen sections, in which the sequences
differed from each other. This way was considered as a model of point mutation. Further, we
report multi-target detection of point mutation in H5SN1 NA gene. As a model real sample RNA
oligonucleotide (RNA ODN) labeled with CdS was tested. Isolation and detection was carried out
under conditions optimized by labeled DNA oligonucleotide. In addition, we described hybridization
assay based on automatic isolation by modified paramagnetic particles (MPs). Isolated target molecule
labeled by quantum dots (QDs) was detected by electrochemical analysis.

2. Experimental Section
2.1. Chemicals

All used chemicals in ACS purity were purchased from Sigma Aldrich (Sigma-Aldrich, St. Louis,
MO 3050 Spruce St., St. Louis, MO 63103, USA) unless noted otherwise. Stock solutions were
prepared with ACS water. The pH value was measured using inoLab Level 3 (Wissenschaftlich-
Technische Werkstatten GmbH; Weilheim, Germany). Deionized water underwent demineralization
by reverse osmosis using Aqua Osmotic 02 (Aqua Osmotic, Tisnov, Czech Republic) and was
subsequently purified using Millipore RG (MiliQ water, 18 MQ, Millipore Corp., Billerica, MA 3050
Spruce St., St. Louis, MO 63103, USA). Deionized water was used for rinsing, washing and
buffer preparation.

2.2. Preparation of ODs (CdS, PbS and ZnS)

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used without further
purification. CdS quantum dots (QDs) were prepared with a slightly modified method published
in [39]. Briefly, cadmium nitrate tetrahydrate Cd(NO3), - 4H,O (0.0309 g, 0.1 mM) was dissolved in
ACS water (25 mL). 3-mercaptopropionic acid (35 pL, 0.4 mM) was slowly added to stirred solution.
Afterwards, pH was adjusted to 9.11 with 1 M ammonia solution (NH4OH, 1.5 mL). Sodium sulphide
nanohydrate Na,S - 9H,O (0.0240 g, 0.1 mM) in 23 mL of ACS water was poured into the first
solution with vigorous stirring. Obtained yellow solution was stirred for 1 h. ZnS QDs were prepared
similarly to CdS QDs; zinc nitrate hexahydrate Zn(NO3),-6H,O (0.0298 g, 0.1 mM) was used in the
preparation. Colorless solution was obtained.

PbS QDs were prepared by modified method of Hennequin [40]. Lead acetate trihydrate
Pb(OAc),-:3H,0 (0.0379 g, 0.1 mM) was dissolved in ACS water (25 mL). 3-mercaptopropionic acid
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(60 pL, 0.69 mM) was slowly added to stirred solution. White precipitate, which disappeared after
addition of 3.8 mL of 1 M ammonia solution (pH 9.88), was formed. Sodium sulfide nonahydrate
Na;,S - 9H,0 (0.0120 g, 0.05 mM) in 21.2 mL of ACS water was added under vigorous stirring. Color
of solution was brown. All QDs solutions were stored in dark at 4 °C prior to use.

2.3. Labeling of Influenzas’ Derived DNA and RNA Oligonucleotides with QDs (CdS, PbS and ZnS)

Probes were found in the GenBank database at NCBI ([41], Tables 1,2) and synthesized by
Sigma-Aldrich. The number for Zhejiang, China and Aichi ODN were DQ643810, EU263982, and
AB684120, respectively. Briefly, ODN-SH (DNA or RNA) (100 pL, 100 pg.mL™") was mixed with a
solution of NPs (100 pL, 100 pg.mL ™). This mixture was shaken for 24 h at room temperature (Vortex
Genie2, Scientific Industries, 70 Orville Drive, Bohemia, NY, USA). Subsequently, solution was
dialyzed against 2000 ML of miliQ water (24 h, 4 °C) using a Millipore membrane filter 0.025 pm
VSWP. During dialysis the sample was diluted to 800 pL. Diluted sample was concentrated to the final
volume of 500 pL on a centrifuge filter device Amicon Ultra 3k (Millipore, Merck Millipore
Headquarters 290 Concord Road, Billerica, MA 01821, USA). Centrifuge 5417R (Eppendorf,
Hamburg, Germany) was set to the following parameters: 15 min, 4,500 rpm, 15 °C.

Table 1. Probes and target DNA oligonucleotides derived from influenza gene for neuraminidase.

Probe Target
Zhejiang 5" TCTGCATTCCAA AAAAA 37 Zhejiang 5" TTGGAATGCAGA (Th) 3°
China 5" TCTGCATTCCAG AAAAA 3’ China 5" CT GGAATGCAGA (Th) 3"
Aichi 5" CCTGCATTCCAT AAAAA 3’ Aichi 5" ATGGAATGCAGG (Th) 3’
Zhejiang 5" TCTGCATTCCAAGTGGGAGCATGAGATGAAAAA 3’ Zhejiang 5" CATCTCATGCTCCCACTTGGAATGCAGA (Th) 3’
China 5" TCTGCATTCCAGATGGGAGCATGAGATGAAAAA 3’ China 5" CATCTCATGCTCCCATCTGGAATGCAGA (Th) 3°
Aichi 5" CCTGCATTCCATATGGGAGCATGAGATAAAAAA 3’ Aichi 5" TATCTCATGCTCCCATATGGAATGCAGG (Th) 3°

Red highlighted nucleotides represent a point mutation in the gene of HSN1 influenza for neuraminidase.

Table 2. Probes and target RNA oligonucleotides derived from influenza gene for neuraminidase.

Probe Target
China 5" UCUGCAUUCCAG AAAAA 3’ China 5" CU GGAAUGCAGA (Th) 3’
China 5" UCUGCAUUCCAGAUGGGAGCAUGAGAUGAAAAA 3’ China 5" CAUCUCAUGCUCCCAUCUGGAAUGCAGA (Th) 3’

2.4. Characterization of ODN-QDs by MALDI-TOF/TOF

The ODN-SH-QDs were characterized using MALDI-TOF/TOF mass spectrometer Bruker
Ultraflextreme (Bruker Daltonik GmbH, Bremen, Germany) equipped with a laser operating at
wavelength of 355 nm with an accelerating voltage of 25 kV, cooled with nitrogen and a maximum
energy of 50.4 uJ with repetition rate 2,000 Hz in reflector and positive mode, and with software for
data acquisition and processing of mass spectra flexControl and flexAnalysis Version 3.4.
3-hydroxypicolinic acid (3-HPA) was used as a matrix. The matrix 3-HPA was dissolved in ACS
water to the concentration of 25 mg.mL ™' and 10 mg.mL~' diammonium citrate (DAC) was added.
Mixture was thoroughly vortexed for 2 min at room temperature. Working standard solutions were

prepared daily by dilution of the stock solutions. The samples were prepared by dissolving with ACS
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water. 1 pL of matrix was applied on the anchorchip target plate (Bruker) and dried under atmospheric
pressure and room temperature. 1 pL oligo sample at a concentration of 40 ug.mLﬁ1 was applied on top
of this thin layer and dried under atmospheric pressure and room temperature. A mixture of oligo
calibrations standard (15-mer, 20-mer and 25-mer) was used for calibration of the instrument.

2.5. Automatic Isolation of ODN-QDs

Automatic pipetting station EP Motion 5075 (Eppendorf, Germany) with original devices
(microplate holder, tips holder, tips (1,000, 300, 50 uL), rack tubes, reservoir holder, container for used
tips, thermo adapter, PCR plate 96, magnetic adapter) was used for the fully automated target nucleic
acids isolation process (Figure 1). Volume of 10 pL of Dynabeads® Oligo (dT),s (Invitrogen, Oslo)
was dispensed in selected wells in the plate (PCR 96, Eppendorf, Germany). Plate was subsequently
transferred to the magnet and MPs storing solution was aspirated to waste. Subsequently, beads were
further washed three times with 20 uL of phosphate buffer I (pH 6.5, 0.1 M NaCl + 0.05 M Na,HPO4
+ 0.05 M NaH,PO,). The first hybridization was the next step. 10 pL of polyA-modified anti-sense
oligonucleotides and 10 pL of hybridization buffer (0.1 M phosphate buffer, 0.6 M guanidinium
thiocynate, 0.15 M Tris, pH 7.5) were added in each well and then the plate was incubated (15 min, 25
°C, mixing). This procedure was followed by a washing (three times) with 20 uL of phosphate buffer
I. The second hybridization was the next step. 10 uL of QDs-labeled oligonucleotide and 10 pL of
hybridization buffer (0.1 M phosphate buffer, 0.6 M guanidinium thiocynate, 0.15 M Tris, pH = 7.5)
were added to selected wells and the plate was incubated (15 min, 25 °C, mixing). This procedure was
followed by washing (three times) with 20 pL of phosphate buffer I. Then, 30 pL of elution solution
(phosphate buffer I1 0.2 M NaCl + 0.1 M Na,HPO,4 + 0.1 M NaH,PO,4) was added into selected wells
and plate was subsequently incubated (5 min, 85 °C, mixing). After the elution step, the plate was
transferred to the magnet, and the product from selected wells was transferred to separate wells after
120 s of elution step. This isolation assay was described previously [42—45].

2.6. Electrochemical Method for Detection of CA and Metal Peak of ODN-QDs

Electrochemical analyses were performed using a 663 VA Stand (Metrohm, Herisau, Switzerland)
and a standard cell with three electrodes. It was equipped with a standard cell consisting of three
electrodes, a cooled sample holder and a measurement cell set at 4 °C (Julabo F25, JulaboDE,
Seelbach, Germany). The three-clectrode system consisted of a hanging mercury drop electrode
(HMDE) with a drop area of 0.4 mm” as the working electrode, a Ag/AgCl/3M KCI reference
electrode and a platinum electrode acting as the auxiliary. VA Database 2.2 by Metrohm was used for
data acquisition and subsequent analysis. Acetate buffer (0.2 M CH3;COOH + 0.2 M CH3;COONa,
pH 5.0) was used as a background electrolyte. Measurements were carried out at room temperature.
The analyzed samples were deoxygenated prior to measurements by purging with argon (99.999%)
saturated with water for 120 s. GPES 4.9 software was employed for data processing.

Cytosine-adenine reduction (CA peak) was detected by square wave voltammetry coupled with
adsorptive transfer technique (AdTS SWV) [45-50]. The parameters of the electrochemical determination
were as it follows: initial potential 0 V; end potential —1.85 V; frequency 80 Hz; potential step
0.005 V; amplitude 0.025 V. Time of accumulation was optimized.
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Figure 1. Scheme of fully automated paramagnetic particles (MPs)-based isolation
followed by electrochemical detection of target ODN labeled with QDs. As a target, three
different ODNs derived from point-mutated neuraminidase gene of influenza HSN1 were
used. (i) Covalent binding between oligo (dT),s and anti-sense sequence of different
H5N1-derived ODNSs; (ii) Target influenza ODNs labeled with QDs (China ODN with
CdS, Aichi with PbS and Zhejiang with ZnS); (iii) Hybridization between anti-sense
sequence bound to MPs and target sequence labeled with QDs; (iv) Isolation of target
sequence ODN-QDs and elution from MPs (elution temperature 85 °C); (v) Electrochemical
detection of ODN-QDs complex, ODN (CA peak) was measured by adsorptive transfer
technique coupled with square wave voltammetry (AdTS SWV) and metal part of QDs (Cd,
Pb and Zn peak) was measured by differential pulse anodic stripping voltammetry (DPASV).
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Metal part of the ODN-QDs complex was detected by differential pulse anodic stripping voltammetry
(DPASV). In this case the parameters of electrochemical determination were as it follows: Cd (initial
potential —0.9 V; end potential —0.45 V, deposition potential —0.9 V); Zn (initial potential —1.2 V; end
potential —0.85 V, deposition potential —1.2 V); Pb (initial potential —0.6 V; end potential —0.25 V,
deposition potential —0.6 V); others parameters were same: equilibration time 5 s; modulation time
0.06; time interval 0.2 s; potential step 0.002 V; modulation amplitude 0.025. Time of accumulation

was optimized.

2.7. Descriptive Statistics

Data were processed using MICROSOFT EXCELs (USA) and STATISTICA.CZ Version 8.0
(Czech Republic). The results are expressed as mean +SD unless noted otherwise. Statistical
significances of the differences were determined using STATISTICA.CZ. Differences with p < 0.05
were considered significant and were determined by using of one way ANOVA test (particularly
Scheffe test), which was applied for means comparison.
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3. Results and Discussion

Detection of a specific nucleic acid (NA) sequence is one of the most important markers of clinical
medicine. Knowledge of a specific sequence of nucleic acid may be applied in modern therapeutic
approaches [51,52]. Based on these facts, it is clear that there is a plenty of methods that have been
suggested for NA analysis. Electrochemical methods are especially important due to low costs,
rapidity, simplicity, and especially selectivity for specific NA sequences. Our system of isolation and
detection requires less than one hour for one sample determination. Due this fact it is obvious that it is
very quick way of determination opposite the other methods. Nanoparticles-based electrochemical NA
analysis represents an important tool in the detection of specific NA sequences [53]. In addition, using
nanoparticles provides us the possibility to use not only electrochemistry but also spectrometry.
Moreover, nanoparticles have found application as oligonucleotide labels for electrochemical detection
of viruses. Sun ef al. used lead sulfide (PbS) nanoparticles as oligonucleotide labels for electrochemical
detection of the 35 S promoter from cauliflower mosaic virus (CaMV) sequence [54]. Quantum
dots (QDs)-labeled RNA oligonucleotide was used by Roh et al. for detection of hepatitis C
virus nonstructural protein 5B (NS5B) [55]. In this study, magnetic particles with covalently
boundoligooligo(dT),s were used as a tool for isolation of complementary H5N1 chains (HSN1 Zhejin,
China and Aichi, Figure 1). For detection of the isolated HSN1 chains, we used oligonucleotide chains
of lengths of 12 (+5 adenine) or 28 (+5 adenine) bp labeled with quantum dots (CdS, ZnS and/or PbS,
Figure 1). The scheme of the isolation and detection is shown in Figure 1.

3.1. Characterization of DNA Oligonucleotide Labeled with QDs (CdS, PbS and ZnS) by
MALDI-TOF/TOF

MALDI-TOF/TOF was used to characterize mass spectra of ODN-QDs in 3-hydroxypicolinic acid
(3-HPA) and diammonium citrate as a matrix for testing the binding of HSN1 neuraminidase gene with
quantum dots (CdS, ZnS and/or PbS). The spectra of each labeled ODN with different QDs are shown
in Figure 2. The signals shown in Figure 2 were assigned as follows: (A) [ODN]" of m/z 3,938.7
corresponding to unlabeled and [ODN/CdS]" of m/z 4,050.8 corresponding to labeled complex with
CdS in China H5N1 neuraminidase gene, (B) [ODN]" of m/z 3,993.1 corresponding to unlabeled and
[ODN/PbS]" of m/z 4,200.1 corresponding to labeled complex with PbS in Aichi HSN1 neuraminidase
gene and (C) [ODN]" of m/z 3,864.2 corresponding to unlabeled and [ODN/ZnS]" of m/z 3,954.3
corresponding to labeled with ZnS in Zhejiang H5N1 neuraminidase gene. It is evident that the
suggested labeling of different ODNs with QDs was carried out correctly, as it is shown in Figure 1.

3.2. Scheme of Fully Automated MPs Isolation Followed by Electrochemical Detection of Target ODN
Labeled with QDs

Nanoparticles have found their application in the rapid and simple isolation of nucleic acids from
various biological matrixes. Magnetic nanoparticles represent an especially important improvement in
these techniques due to very easy manipulation [56,57]. However, data about application of NPs in
isolation of viral nucleic acid are very limited. Anti-sense oligonucleotides specific for conserved
region of AIV PA protein of H5N1 avian influenza virus were used by Zhang et al. [58]. Nevertheless,
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the authors focused on the antiviral properties of these anti-sense oligonucleotides. In this study, we
designed the protocol for multi-target isolation and detection of ODNs molecules (derived from
neuraminidase gene of influenza H5N1) labeled with QDs. The first step consisted of hybridization
(covalent binding) of the complementary anti-sense sequence modified with the polyA sequence on
MPs modified with the polyT sequence (Figure 1i). This step was followed by influenza ODNs
labeling with QDs. China ODNS5 (short and long) was labeled with CdS, Aichi with PbS and Zhejiang
with ZnS (Figure 1ii) Hybridization between anti-sense and target ODN-QDs was the most important
step (Figure 1iii). This step was the subject of study of effects of hybridization temperature and length
of target ODN(s)-QDs on the hybridization, respectively the yield of isolated molecules. ODN-QDs
elution was the last step of the isolation (temperature 85 °C, Figure liv). The isolation process was
followed by electrochemical detection of ODN-QDs complex. Two voltammetry methods were used.
ODN (CA peak) was determined by square wave voltammetry coupled with the adsorptive transfer
technique (AdTS SWV) and metal peak (Cd, Pb and Zn) was determined by differential pulse anodic
stripping voltammetry (DPASV), as it is shown in Figure 1v. Time of accumulation (ta) of both
methods was optimized.

Figure 2. MALDI-TOF/TOF mass spectra of oligonucleotide (ODN) derived from H5N1
gene for neuraminidase labeled with QDs (CdS, PbS and ZnS). (A) Spectra of ODN and
ODN labeled with CdS in China H5N1 sequence; (B) spectra of ODN and ODN labeled
with PbS in Aichi H5N1 sequence; and (C) spectra of ODN and ODN labeled with ZnS in
Zhejiang H5N1 influenza virus. 3-hydroxypicolinic acid (3-HPA) and diammonium citrate
were used as matrix.
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3.3. Optimization of AdTS SWV and DPASV Method

Time of accumulation (ta) was optimized for detection of lead(Il), cadmium(II) and zinc(II) ions

using DPASV (Figure 3A-C, respectively). Different accumulation times (30, 60, 120, 240, 360, 480
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and 600 s) were tested. Height of metal peak of ODN-QDs increased linearly up to 600 s, but the time
of accumulation of 300 s was selected due to the time consuming measurements at ty longer than
300 s. Time of accumulation (tp) was optimized also in the case of CA peak detection in various
ODN-QDs complexes formed from Pb, Cd and Zn (Figure 3D-F, respectively). Tested time intervals
were 0, 30, 60, 90, 120, 180 and 240 s. Time of accumulation 120 s was chosen as an optimal t, as the
highest peak at the lowest time of accumulation.

Figure 3. Optimization of electrochemical determination. The influence of time of
accumulation on the heights of metal and CA peaks. (A—C) Dependence of relative
height of metal peak (%) on the time of accumulation of ODN(s) labeled with QDs;
(D-E) Dependence of relative height of CA peak (%) on the time of accumulation of
ODN(s) labeled by QDs. In the optimization step, these ODN(s) labeled with QDs were
used: (A+D) Aichi (A1) was labeled with PbS (Ai 1 is short ODN-12 nucleotides, Ai 2 is
long ODN-28 nucleotides), (B+E) China (Ch) was labeled with CdS (Ch 1 is short
ODN-12 nucleotides, Ch 2 is long ODN-28 nucleotides), (C+D) Zhejiang (Zh) was
labeled with ZnS (Zh 1 is short ODN-12 nucleotides, Zh 2 is long ODN-28 nucleotides).
DPASV was used to determine metal, parameters were as it follows: initial potential
-1.2 V (Zn), 0.8 V (Cd), —0.65 V (Pb); end potential 0.9 V (Zn), —0.5 V (Cd), -0.3 V
(Pb), deposition potential —1.2 V (Zn), —0.8 V (Cd), —0.65 V (Pb); equilibration time 5 s;
modulation time 0.06 s; time interval 0.2 s; potential step 0.002 V; modulation amplitude
0.025 V. Optimized parameter was time of accumulation (a — h): a30s,b 60s,¢ 120s, d
240 s, e 360 s, £480 s, g 600 s, h 700 s. AdTS SWV method was used to determine CA
peak, parameters were as it follows: purge time 60 s, initial potential —1.85 V; end potential
0 V; frequency 100 Hz; potential step 0.005 V; amplitude 0.025 V. Optimized parameter
was time of accumulation (a —> g):a0s,b30s,c60s,d90s,e 120, f 180 s, g 240 s.
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Calibration of the metal peak (Pb, Cd and Zn) in ODN-QDs using DPASV was carried out and it is
shown in Figure 4A—C, respectively. Ai ODN labeled with PbS demonstrated the highest coefficient of
reliability followed with Zn and Cd. Further, we aimed at calibration of CA peak measured by AdTS
SWV. CA peak was measured in various ODN-QDs complexes formed from Pb, Cd and Zn

(Figure 4D-F, respectively). The highest coefficient of reliability was demonstrated by Zh ODN
labeled with ZnS.

Figure 4. Calibration curves of metal and CA peaks. (A—C) Dependences of height of
metal peak (nA) on concentration of ODN-QDs (ng/mL): (A) ODN Ai 1+2 (labeled with
PbS), (B) Ch 1+2 (labeled with CdS), (B) Zh 1+2 (labeled with ZnS). Ai 1, Ch 1 and Zh 1
are 12 nucleotides long sequences labeled with QDs, Ai 2, Ch 2 and Zh 2 are 28 nucleotides
long sequences labeled with QDs. To measure metal(s) in QDs, DPASV method was used
(parameters are in caption in Figure 3); (D-F) Dependences of height of CA peak (nA) on
concentration of ODN-QDs (pg/mL): (D) ODN Ai 1+2 (labeled with PbS), (E) Ch 1+2
(labeled with CdS), (F) Zh 1+2 (labeled with ZnS). AATS SWV method was used for
measurements (parameters are in caption in Figure 3).
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3.4. Hybridization Experiments—Influence of Different Hybridization Condition of Hybridization
Efficiency

3.4.1. Influence of Temperature and Different Length of ODN-QDs on Hybridization

Firstly, we investigated the effect of length of ODN and temperature of hybridization on an amount
of isolated ODN-QDS (effectiveness of hybridization) in accordance with the scheme introduced in
Figure 5A,D, where hybridization of short (12 nucleotides + 5A tail; Ai 1, Ch 1 a Zh 1) and long

(28 nucleotides + 5A tail; Ai 2, Ch 2 a Zh 2) nucleotide sequences is shown, respectively. Double
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hybridization represents a substantial part of isolation. The first step was based on the hybridization of
anti-sense chain of MPs (oligo (dT),s), and the second one consisted in the second hybridization
between anti-sense chain and target ODN-QDs molecule (Aichi 1, 2 labeled by PbS; China 1, 2 labeled
by CdS a Zhejiang 1, 2 labeled by ZnS).

Figure 5. The effect of different temperatures on hybridization of short and long
ODN-QDs derived from H5N1 gene for neuraminidase. (A) Short and/or (D) long ODN
anti-sense (anti-H5N1 Zhejiang, China and Aichi) modified MPs with covalently bound
oligo(dT),s were used as a tool for isolation of complementary H5N1 strands (H5N1
Zhejin, China and Aichi) labeled with QDs (CdS, ZnS and/or PbS). (B+C) The effect of
the temperature of hybridization (20, 25 and 30 °C) on number of hybridized molecules of
short ODN-QDs abbreviated as Ai 1, Ch 1 and Zh 1; (B) Number of H5SN1 molecules was
calculated from the height of CA peak; (C) Number of H5N1 molecules was calculated
from the height of metal peak. (E+F) The effect of the temperature of hybridization (45 °C,
50 °C and 55 °C) on number of hybridized molecules of long ODN-QDs abbreviated as
Ai2, Ch 2 and Zh 2; (E) Number of HSN1 molecules was calculated from the height of
CA peak; (F) Number of HSN1 molecules was calculated from the height of metal peak.
AdTS SWV method was used to measure the height of CA peak was used (parameters are
in caption in Figure 3). DPASV method was used to measure the height of metal peak
(parameters are in caption in Figure 3). Blue color: minimal temperature of hybridization
was 20 °C for 12 nucleotides long ODNs and/or 45 °C for 28 nucleotides long ODNs, red
color: optimal temperature of hybridization was 25 °C for 12 nucleotides long ODNs and/or
50 °C for 28 nucleotides long ODNs, violet color: minimal temperature of hybridization
was 30 °C for 12 nucleotides long ODNs and/or 55 °C for 28 nucleotides long ODNSs.
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Effectiveness of the hybridization of short nucleotide sequences was monitored at different
temperatures: 20 °C, 25 °C and 30 °C. Effectiveness of the hybridization of long nucleotide sequences
was monitored at 45 °C, 50 °C and 55 °C. These temperatures were suggested in accordance with a
calculation of 7, for given length and sequence of nucleotide. For short nucleotide sequences
(12 nucleotides + 5A tail), the Tm value was T,, = (wA+xT) x 2 + (yG + zC) x 4, for long nucleotide
sequences the TM value was T, = 64.9 +41 x (yG + zC-16.4)/(wA + xT + yG + zC), where
W, X, y, and z are the numbers of the bases A, T, G, and C in the sequence of ODN, respectively.
Temperature of hybridization (7%,,) was calculated according to Ty = Tin—10 °C (hybridization
temperature specific to the probe is typically 5 °C—10 °C low than Ty,). Subsequently, hybridization
minimal, optimal and maximal values were suggested. Number of the isolated molecules was
determined indirectly according to the height of peak that was measured using DPASV and AdTS
SWV. CA peak that corresponds to the signals of cytosine and adenine was measured using AdTS
SWYV (Figure 5B,E) and metal peak was measured by DPASV (Figure 5C,F).

Effectiveness of the hybridization of short nucleotide sequences. To detect the highest CA and
metal peaks, temperature of hybridization of 25 °C was selected as the most suitable for the short
nucleotide sequences. Effectiveness of hybridization calculated according to the height of CA peak
between three different ODN-QDs (Ail, Chl, Zhl) showed no significant differences (Figure 5B).
Effectiveness of hybridization calculated according to the height of metal peak showed significant
differences at p < 0.05 (the most effective Chl-labeled CdS and the least effective Zh1-labeled ZnS),
as it is shown in Figure 5C.

Effectiveness of the hybridization of long nucleotide sequences. According to CA and metal peaks
heights, the temperature of hybridization of 50 °C was chosen as the most suitable for the
hybridization of long nucleotide sequences. Effectiveness of hybridization calculated according the
height of CA peak between three different ODN-QDs (Ai2, Ch2, Zh2) is not comparable to short ODN
(Figure SE). The most effective isolation was determined in the case of Ai 2 (labeled by PbS), on the
other hand the least effective in the case of Ch2 and Zh2 that were labeled with CdS (Ch2) and ZnS
(Zh2), respectively (Figure 5F). According to the number of the isolated molecules calculated from the
height of metal peak, the most effective ODN were Ai2 and Ch2 and the least effective Zh2.

In conclusion, the largest number of short ODN-QDS molecules was isolated at 25 °C and the
largest number of long ODN-QDS molecules was isolated at 50 °C. These temperatures were used in
the subsequent experiment, where effectiveness of hybridization of mixture of short and long
ODN-QDs was investigated.

3.4.2. Effect of Different Lengths of Mixture of Short and Long ODN-QDS on Hybridization

Hybridization of both mixtures was carried out according to the scheme introduced in Figure 6A.
This experiment focused on the comparison of effectiveness of hybridization of mixture of ODN-ODs
with short and long nucleotide sequences. Calculation of number of isolated molecules was carried out
according to formula for Ai 1 (short ODN-QDs) and Ai 2 (long ODN-QDs). Mixtures of ODN-QDs
were prepared at different rates of all three components as 1:1:1-the same ratio of oligonucleotides,
and 1:2:1 oligonucleotides labeled with CdS were in twofold ratio than that labeled with ZnS and PbS.
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This was done due to evaluation of the suggested procedure, because we expected the increase of
peaks corresponding to CdS labeled ODNSs.

Figure 6. The effect of optimal temperature on hybridization of short, long and mixture of
short and long ODN-QDs derived from H5N1 gene for neuraminidase. (A) Experimental
scheme: bar code array for detection of three different (long and/or short) point-mutated
H5NI1 neuraminidase gene. (B+C) The effect of optimal temperature on hybridization
(optimal temperature: 25 °C for mixture of short ODN-QDs and 50 °C for mixture of long
ODN-QDs) on number of hybridized short ODN-QDs molecules. Two ratios of
oligonucleotides (1:1:1-the same ratio of oligonucleotides, 1:2:1 oligonucleotides labeled
with CdS were in twofold ratio than ODN labeled with ZnS and PbS; (B) The effectiveness
of hybridization determined by the height of CA peak. Number of molecules calculated
from the height of CA peak (light grey—CA peak of short ODN, dark grey—CA peak of
long ODN); (C) The effectiveness of hybridization was monitored using the height of Cd,
Pb and Zn peaks. Number of molecules calculated from the height of metal peak (light
color-metal peak(s) of short ODN, dark color-metal peak(s) of long ODN;
(D-F) The effect of optimal temperature of hybridization (optimal temperature: 25 °C in
light color and 50 °C in dark color, mixture of short and long ODN-QDs) on mixture of
short and long ODN-QDs (12+28 nucleotides) molecules. Two ratios of oligonucleotides
(1:1:1-the same ratio of oligonucleotides, 1:2:1 oligonucleotides labeled with CdS were in
twofold ratio than that labeled with ZnS and PbS) were investigated; (D) The effectiveness
of hybridization determined using the height of CA peak. (E+F) The number of molecules
calculated from the height of metal peak (light color—metal peak of short ODN, dark
color—metal peak of long ODN); (E) The effectiveness of hybridization was calculated from
short ODN-QDs; (F) effectiveness of hybridization was calculated from long ODN-QDs.
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Comparison of results of effectiveness of hybridization of mixture of short and long ODN-QDs is
shown in Figure 6B,C. The effect of hybridization was calculated based on the number of the isolated
molecules calculated from the height of CA peak (Figure 6B) and from the height of metal peak
(Figure 6C), where resulting values of the isolation of mixture of short molecules (lighter color) and
mixture of long molecules (darker color) is shown. We monitored the effect of length in the mixture of
short and long ODN-QDs as well as different ratios of individual components of ODN-QDs mixture.
More effective is hybridization of the mixture of short ODN due to the better and rapid hybridization.
In addition, they probably exhibit lower specificity. We proved also the effect of the ratio of different
components in ODN-QDs mixture on the hybridization. Ratio 1:2:1 brought larger number of the
isolated molecules compared to ratio 1:1:1. Similarly, we monitored the effect of the length of
nucleotide sequence and their different ratios on number of the isolated molecules. More effective
hybridization (larger number of isolated molecules) is observable for short ODN-QDs.

3.4.3. Influence of Two Optimal Hybridization Temperatures (25 °C and 50 °C) on Efficiency of
Hybridization of Mixture of Short and Long ODN-QDs

Figure 6D-F introduces the effect of two temperatures of hybridization (25 °C and 50 °C) on the
hybridization of mixture containing all ODN-QDs (Ail+2, Ch 142, Zh 1+2). The number of isolated
molecules was calculated from the height of CA peak (Figure 6D) and from the height of metal peak
(Figure 6E,F). For the calculating of number of the isolated ODNs, formulas for Ai 1 (Figure 6D, E, grey
columns) and for Ai 2 (Figure 6D, F, green columns) were used. Light color columns indicate results
of hybridization at 25 °C, dark color columns at 50 °C. We tested two different ratios of mixture of
short and long ODN-QDs. Ratio 1:1:1 represents mixture of all short and long ODN-QDs, where
individual components occur at the same rate (columns on the left). Ratio 1:2:1 represents mixture of
all short and long ODN-QDs, where ODN labeled with CdS (Chl and Ch2) occur at double rate
compared to that labeled with PbS and ZnS (columns on the right).

Figure 6D shows effectiveness of hybridization (number of isolated molecules) at 25 °C that is
larger compared to 50 °C. This is caused by the fact that short ODNs are not able of hybridization at
50 °C, because their Ty, is almost for 20 °C lower. On the other hand, long ODN-QDs hybridized only
at 50 °C. In conclusion, short sequences were hybridized at 25 °C specifically and long sequences
nonspecifically, thus, the yield of the isolated molecules was higher at 25 °C compared to 50 °C.
Calculation of number of isolated molecules was carried out according to the formula for short
ODN-QDs (Figure 6D, grey columns) or for long ODN-QDs (Figure 6D, green columns). Columns on
the right indicate increase in number of the isolated molecules. This fact is based on the increased ratio
of ODNs labeled with CdS (Chl and Ch2).

Figure 6E shows results of hybridization calculated from the height of metal peak. Formula for Ai 1
was used for the calculation of effectiveness of hybridization. Differences between light and dark
columns (hybridization at 25 °C and 50 °C) are not so evident in comparison with those that are shown
in Figure 6D, where the yield was calculated from the height of CA peak. At 25 °C both short and long
ODNs are hybridized, whereas at 50 °C long ODNs giving smaller signal are hybridized only. Method
for detection of individual metals is not influenced by this effect. Significant difference is well evident
in the increase in Cd peak in column with the ratio of 1:2:1 (p < 0.05).
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Figure 6F shows results of hybridization calculated from the height of metal peak. However, the
formula for Ai 2 was used for calculation compared to Figure 6E. Differences between light and dark
columns (hybridization at 25 °C and 50 °C) are not so evident compared to Figure 6D, where the yield
was calculated from the height of CA peak. In addition, the increase in the number of isolated
molecules is well evident also in the case of columns calculated from Pb peak at the ratio of 1:1:1.
Increase in the Cd peak in column with the ratio of 1:2:1 is well evident compared to ratio of 1:1:1;
otherwise the values of isolated molecules between two different ratios are similar.

3.4.4. Isolation and Detection of RNA ODN-QDs

Above mentioned results showed that suggested procedure allowed to distinguish individual point
mutations and therefore could be applicable for detecting of the point mutation in real samples.
Influenza viruses belong to the RNA viruses group and therefore we were interested in the issue
whether we would be able to detect RNA sequence as a model of the real sample using the suggested
procedure. The detection of RNA sequences was performed under the optimal conditions (determined
for DNA sequences). Application of the same experimental conditions for DNA and RNA sequences is
in accordance with numerous published papers [59-70]. The RNA ODN are much more sensitive to
external conditions and optimization of detection is usually provided with DNA ODN (DNA analogues),
also in the case of RNA pathogens [59-70].

For our purposes, we decided to use two length China RNA ODN-CdS to confirm that the method
is applicable to analysis of real sample. In accordance with above experimental design, one short
(12 nucleotides) and one long (28 nucleotides) RNA ODN-CdS were tested. The differences between
DNA and RNA experimental design were in number of isolated sequences (DNA: three different short
and three different long ODN in combination with three different QDs and on the other hand RNA:
one short, one long RNA sequence and one QDs type. The RNA ODNs were labeled with CdS
quantum dots as in the case of DNA ODNs. The comparison of various detection ways is shown in
Figure 7A. This picture shows number of RNA ODN molecules due to the detection via CA and Cd
peaks. The comparison for short and long RNA ODNs is presented too. It is evident that the detection
of short RNA ODN led to the same results compared to DNA ODNSs. Analyzing long RNA ODNs
showed various results, because Cd peak gave higher number of target molecules. This is in
accordance with the results shown in Figure 5 for DNA ODNSs. The changes of detected signals caused
by the changing length of ODNs were compared too. The similarity assessment of these between RNA
and DNA ODNs is shown in Figure 7B. There is the influence of RNA or DNA ODNs on detected
signals quantified. Here is the percentage of signal intensity of the long ODN sequence related to the
short ODN sequence detected due to CA and Cd peak. It is obvious that the compared signals reach the
similar values with differences to ten percentages.

Presented results also show that the application of RNA ODNS to the suggested procedure brings no
issues and behavior of the RNA ODNs and DNA analogues is similar. Due these facts, one may
suggest that the optimized procedure is applicable for real sample analysis.
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Figure 7. (A) The effect of the RNA-ODN length on the number of hybridized molecules.
Two long varieties of China RNA ODN sequences were tested due to CA and Cd peak
detection. Short RNA ODN sequence was hybridized at 25 °C and long RNA ODN
sequence was hybridized at 50 °C; (B) Percentage of signal intensity of the long ODN
sequence related to the short ODN sequence detected due to CA and Cd peak for RNA and

DNA ODN sequence.
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4. Conclusions

Mutations of the influenza virus in combination with the global increasing of the use of
anti-influenza specific drugs allows for the selection of antiviral drug-resistant viruses. Therefore,
there is imperative to have faster and more sensitive assays for detection of antiviral drug-resistant
strains of the influenza virus. New assays are important for the surveillance of HPAI H5N1 and for
decisions to use specific antiviral drugs in the treatment of human patients suspected or suffering from
H5NI influenza. In this study, we demonstrate methods for multi-target detection of NAlIs-resistant
influenza subtypes. This multi target bar code assay is based on the electrochemical analysis of
isolated target molecules labeled with QDs. Based on previously published papers [42,43], we
designed and optimized hybridization assay for multi-target isolation and detection of influenza H5N1
neuraminidase gene, respectively point-mutated neuraminidase gene. These point mutations are
responsible for the resistance to NAIs. Revealing NAIs’ resistance is important for targeted and
successful treatment of severe human influenza cases, and for preventing the occurrence of severe
influenza disease, especially HPAI HSN1.
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Clanek popisuje navrh a realizaci metody pro identifikaci t¥i riznych subtypi
chiipky v jednom vzorku soucasné. Cilovymi molekulami byly od chiipky odvozené
oligonukleotidy (ODN), se sekvencemi charakteristickymi pro tii riizné subtypy chiipky
typu A (HINI, H3N2 a HS5NI1). Kazda cilova sekvence (ODN) byla pro ucely
elektrochemické detekce znacena jinym typem NPs (HIN1: ZnS, H3N2: PbS a H5N1:
CdS). Nanocéstice maji fadu unikatnich vlastnosti, jako je pomérné¢ velky aktivni
povrch, velkd mechanickd odolnost, dobré elektrické, optické a magnetické vlastnosti,
snadné interakce s biomolekulami (4kbarzadeh, a kol., 2012, Liu, a kol., 2011, Liu, a
kol., 2014), a z toho divodu jsou povazovany za néstroj rozsifujici moznosti detekce
biomolekul (Wei, a kol., 2014, Xie, a kol., 2014).

Experimentalni ¢ast byla rozdélena do dvou krokli. Prvnim krokem byla izolace
pomoci MPs spojena s dvojitou hybridizaci. Jako platforma pro izolaci byly zvoleny
MPs, které jsou v soucasné dobé pro Ucely izolace nukleovych kyselin Siroce pouzivané
(Hsing, a kol., 2007, van Reenen, a kol., 2014). Prvni hybridizace piedstavovala vazbu
anti-sense fetézcl na MPs, druhd pak vazbu mezi anti-sense fetézci a cilovymi ODN
konjugovanymi NPs. Izolované komplexy ODN-SH-NPs byly detekovany pomoci
voltametrie a to pomoci dvou metod. ODN ¢ast komplexu (CA pik) byla detekovana
pomoci square wave voltametrie (SWV) ve spojeni s pfenosovou adsorptivni technikou
pii potencialu -1,4 V. Kovova ¢ast NPs (Cd, Pb a Zn piky) byla detekovana pomoci
diferen¢ni pulzni voltametrie (DPV) pii potencidlech -1,03V (Zn), -0,63V (Cd) a -0,45V
(Pb). Podstatou vzajemného rozliSeni tfech riznych ODN sekvenci bylo jejich znaceni
pomoci NPs a rozdil v potencidlech pikli kovovych casti NPs. Nejprve byly
optimalizovany parametry elektrochemickych metod pro detekci CA piku a pikia

kovovych casti NPs, nasledn¢ byly sestaveny piislusné kalibracni zavislosti pro vSechny

113



sledované molekuly (ODN a NPs). Poté byla optimalizovana teplota druhé hybridizace.
Jako optimum bylo vybrano 25 °C. Pfi této teploté bylo dosazeno nejvétsiho vytézku
izolace. Efekt izolace byl sledovan elektrochemicky, na zéklad¢ analyzy CA pikt a pikl
kovovych ¢asti NPs. Lze tedy fici, Ze se podafily splnit vSechny vytycené ukoly a ze
nami navrzena metoda muze byt modifikovana a aplikovana i pro detekci dalSich

infek¢nich nebo podminéné dédi¢nych onemocnéni.
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The aim of this study was to suggest isolation protocol based on paramagnetic microparticles and
multicolour electrochemical detection of three various influenza oligonucleotides (HLN1 influenza
subtype, H3N2 influenza subtype and H5N1 influenza subtype) modified with nanoparticles (NPs)
called quantum dots (QDs), which are made from zinc, cadmium or lead. Particularly, we described
hybridization assay based on paramagnetic microparticles (MPs) and coupled with detection of three
different influenza derived oligonucleotides (ODNs) labelled with QDs. Hybridization efficiency
between NPs conjugated anti-senses and target nucleic acid hybrids was optimized and evaluated by
the electrochemical analysis. The highest response of ODN-SH-NPs was determined for the
hybridization temperature of 25 °C. Further, we tested detection of the complexes via peak coming
from the presence of ODNs and/or from the presence of metal ions in QDs. Under the optimized
conditions, LODs (3 S/N) based on the determination of metal ions in QDs label were estimated as
follows: 0.1 ng/ml of ODN-SH-CdNPs, 0.5 ng/ml of ODN-SH-ZnNPs and 1 ng/ml of ODN-SH-
PbNPs. Besides this we also correlated the results from ODNs and metal ions signals.

Keywords: Influenza; Nanoparticles; Quantum Dots; Multi Target Detection; Voltammetry; Magnetic
Particles; Hybridization; Automated Separation; Electrochemistry

1. INTRODUCTION

Influenza is an infectious disease, which affect respiratory system and is often associated with
the high morbidity in the common population and mortality in a group of high-risk patients
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(immunosuppressed, geriatrics or very young etc.). Currently, vaccination is the most common way of
the influenza control. Influenza vaccine exists, however, it must be prepared year after year again
because of the constant mutational changes in the antigenic structure of the influenza virus
(hemagglutinin and neuraminidase antigens). In collaboration with World Health Organization
(WHO), two vaccines are prepared every year in a six-month interval between the Southern and
Northern hemisphere due to seasonal occurrence in the winter months [1]. Except the common
subtypes that are responsible for mortality only in a high-risk patients group, highly virulent subtypes,
such as H5N1 (highly pathogenic avian influenza) with mortality of about 60%, occur [2,3]. Constant
mutational changes of antigens represent a high risk, especially in the connection with a possibility of
origination of the highly virulent subtype(s). Global travelling can successfully potentiate extension of
the global pandemic. Rapid and well-timed diagnostics is one of the most effective tools in the fight
against emergence and spread of the epidemic. Multi target analyses have a great potential as a tool for
the diagnosis of commonly occurring and new influenza subtypes [4-6]. Obviously applied analytical
methods for identification of nucleic acids (NAs) require highly sensitive analytical tools. Microarrays,
as one of the tested tools, are based on the fluorescent probes; however, they are limited by their
sensitivity, range of the emission spectrum and demands on data evaluation [7-11]. In the light of the
above-mentioned facts, methods of nucleic acids detection and isolation have become the crucial part
of nucleic acids analysis [12-19]. Presently, paramagnetic particles are widely used in the NAs
isolation [20-25]. They may be applied for the isolation of RNA, DNA and proteins as well as for the
isolation of specific nucleic acids or specific antigens [11,24,26-29]. Paramagnetic particles (MPs)
enable automation of the whole process; in addition, paramagnetic particles’ surface may be
effectively modified by interactions with target biomolecules [23]. Target DNA is usually isolated and
detected by probe hybridization and by using different compounds such as biotin-avidin system,
substrate-enzyme systems, antigen-antibody system and fluorescent dyes or quantum dots (which has
vast spectrum of application in microarrays as fluorescent probes) [30-32]. Recently, a plenty of assays
uses oligo (probe) conjugated MPs for the isolation of target DNA [26,33-35].

Nanoparticles (NPs) have significantly improved the techniques based on the paramagnetic
particles. Through the nano size (scale) dimensions ranging from 1 to 100 nm, NPs have a quite large
active surface, high mechanical resistance, excellent electrical, catalytic and eventually magnetic
properties with the possibility to interact with a wide range of biological as well as chemical
compounds [36-41]. They extended possibilities in the NAs isolation and especially detection
[12,14,23,24,29,42-46]. Gold, silver and iron NPs are the most used NPs for this purpose [14,47,48].
However, isolation itself is not sufficient for the diagnosis. Isolated targeting NA must be detected by
the use an appropriate method. Detection of hybridised target NANAs is important for a diagnosis of
viral and bacterial pathogens as well as diagnosis of genetic diseases or for forensic analyses [11,49].
Nowadays, research is directed to the finding the methods for the simultaneous detection of multiple
target DNA. The research is focused on the methods using optical detection with application of
fluorescently active labels [50-52]. Wang et al. describes multi-target electrochemical DNA detection
based on the application of different quantum dots tags, multi-target electrochemical detection scheme
incorporates the high sensitivity and selectivity advantages of the NPs-based electrochemical assays
[53]. The great advantage of electrochemical methods is based on their high sensitivity, low costs and
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possibility of automation and connection with other analytical methods [54-59]. In addition, they can

be miniaturized into nanoscale dimensions [60-64].

The aim of this study was to suggest isolation protocol based on paramagnetic particles and
multicolour electrochemical detection of three various influenza ODNs (HIN1 influenza subtype,
H3N2 influenza subtype and H5NL1 influenza subtype) modified with nanoparticles (NPs) called
quantum dots, which are made from zinc, cadmium or lead according to scheme shown in Fig. 1/Part

1.
Part1
'.\,,unn
AAAAAA
MPs \AAA, —
A Anti sense NA
X=PborCdorZn
‘ T @ )
-« | «— %8
T il <7 J Lafhn
B Target NA NPsX W/ influenza
‘ o T e ¢
NPsX
C
:‘IZH
1
1
can g
1 A Pb
LY I\ ,l\ ’
14V SN A
D -1.03V  -0.63V-0.45V

Figure 1. (Part 1) Scheme of isolation and detection of specific influenza sequences by using
paramagnetic microparticles (MPs), nanoparticles labels as quantum dots (NPs) and
electrochemistry. (A) Paramagnetic particle modified by poly thymine strand oligonucleotide
and addition of probe modified by poly adenine strand. (B) Addition of target to: ODN-SH-
XNPs. X= Pb or Cd or Zn. (C) Hybridization ODN-SH-XNPs to anti sense on MPs. (D)
Electrochemical detection of XNPs and target influenza ODN. (Part 2) (A) arm for tips and
microplate holder with optic sensor, (B) microplate holder, (C) tips holders, (D) tips (1000 pl),
(E) tips (300 ul), (F) tips (50 ul), (G) rack tubes (Eppendorf 1.5 ml, MPs, antisense, specific
ODN labelled by NPs, hybridization buffer, phosphate buffer Il), (H) reservoir holder (30 ml,
phosphate buffer I and waste), (1) container for used tips, (J) thermo adapter, (K) start position
for microplate — PCR plate 96, (L) magnetic adapter.

2. EXPERIMENTAL PART

2.1 Preparation of nanoparticles (NPs)

All chemicals were purchased from Sigma Aldrich (USA) in ACS purity and used without
further purification. CdS QDs were prepared with a slightly modified method published in [34].
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Briefly, cadmium nitrate tetrahydrate Cd(NO3), - 4H,O (0.03085 g, 0.1mM) was dissolved in ACS
water (25 ml). 3-mercaptopropionic acid (35 pl, 0.4mM) was slowly added to stirred solution.
Afterwards, pH was adjusted to 9.11 using 1M NH4OH (1.5 ml). Sodium sulphide nonahydrate Na,S -
9H,0 (0.02402 g, 0.1mM) in 23 ml of ACS water was poured into the first solution with vigorous
stirring. Obtained yellow solution was stirred for 1 h. CdS QDs were stored in dark at 4°C. ZnS QDs
were prepared similarly to CdS QDs; zinc nitrate hexahydrate Zn(NOs),-6H,0 (0.02975 g, 0.1 mM)
was used for this preparation. Obtained colourless solution was stirred for 1 h and stored in dark at
4°C. PbS QDs were prepared by modified method of Hennequin [65]. Lead acetate trihydrate
Pb(OACc),-3H,0 (0.03794 g, 0.1mM) was dissolved in ACS water (25 ml). 3-mercaptopropionic acid
(60 ul, 0.69mM) was slowly added to stirred solution. White precipitate was formed, which
disappeared after addition of 3.8 ml of 1M NH4OH (pH = 9.88). Na,S - 9H,0 (0.01201 g, 0.05mM) in
21.2 ml of ACS water was added with vigorous stirring. The obtained brown solution was stirred for 1
h and stored in dark at 4 °C.

2.2 Preparation of NPs-labelled oligonucleotide (ODN-SH-NPs)

ODN-SH (100 pl, 100 pg/ml, Tab. 1) was mixed with a solution of NPs (100 pl). This mixture
was shaken for 24 h at room temperature (Vortex Genie2, Scientific Industries, USA). Subsequently,
solution was dialysed against 2000 ml of miliQ water (24 h, 4°C) using a Millipore membrane filter
0.025 um VSWP. During dialysis the sample was diluted to 800 ul. Diluted sample was concentrated
to the final volume of 500 pl on a centrifuge filter device Amicon Ultra 3k (Millipore, USA).
Centrifuge 5417R (Eppendorf, Germany) set to the following parameters: 15 min, 4,500 rpm, 15 °C.

Table 1. Probes and targets oligonucleotide (ODN) [66].

Probes Target oligonucleotide

HIN1- 5' (AAAAA) CCA TTG GTT C 3’ HIN1- 5’ (Th) GAA CCA ATG G 3'
H3N2- 5' (AAAAA) CCC GTT ACA C 3’ H3N2- 5" (Th) GTG TAA CGG G 3’
H5N1- 5' (AAAAA) CCT CAA GGA G 3’ H5N1- 5" (Th) CTC CTT GA GG 3’

2.3 Automatic isolation of ODN-SH-NPs

Automatic pipetting station epMotion 5075 (Eppendorf, Germany) with original devices
(microplate holder, tips holder, tips (1000, 300, 50 ul), rack tubes, reservoir holder, container for used
tips, thermo adapter, PCR plate 96, magnetic adapter) was used for the fully automated target nucleic
acids isolation process (Fig. 1/Part 2). Volume of 10 ul of Dynabeads Oligo (dT)zs (Invitrogen, Oslo)
was dispensed in each well in the plate (PCR 96, Eppendorf, Germany). The plate was subsequently
transferred to the magnet and NPs storing solution was aspirated to waste. Subsequently, beads were
further washed three times with 20 ul of phosphate buffer I (pH = 6.5, 0.1 M NaCl + 0.05 M Na,HPO,
+ 0.05 M NaH,PO,). The first hybridization according to the following protocol was the next step. 10
ul of polyA-modified anti sense oligonucleotide and 10 pul of hybridization buffer (0.1 M phosphate
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buffer, 0.6 M guanidinium thiocyanate, 0.15 M Tris, pH = 7.5) were added in each well and then the
plate was incubated (15 min, 25°C, mixing). This procedure was followed by a washing (three times)
with 20 ul of phosphate buffer I. The second hybridization according to the following protocol was the
next step. 10 ul of NPs-labelled oligonucleotide and 10 ul of hybridization buffer (0.1 M phosphate
buffer, 0.6 M guanidinium thiocyanate, 0.15 M Tris, pH = 7.5) were added to each well and the plate
was incubated (15 min, 25°C, mixing). Procedure was followed by a washing (three times) with 20 ul
of phosphate buffer I. Then, 30 ul of elution solution (phosphate buffer 11 - 0.2 M NaCl + 0.1 M
Na,HPO, + 0.1 M NaH,PQO,) was added into each well and plate was subsequently incubated (5 min,
85°C, mixing). After elution step, the plate was transferred to the magnet, and elution product from
each well was transferred to a separate well.

2.4 Method for detection of CA and metal peak of ODN-SH-NPs

Electrochemical measurements were performed with 747 VA Stand instrument connected to
746 VA Trace Analyzer and 695 Autosampler (Metrohm, Switzerland), using a standard cell with
three electrodes and cooled sample holder (4 °C). A hanging mercury drop electrode (HMDE) with a
drop area of 0.4 mm? was the working electrode. An Ag/AgCl/3M KClI electrode was the reference and
glassy carbon electrode was auxiliary electrode. GPES 4.9 supplied by EcoChemie was employed for
data processing. All measurements were performed in the presence of acetate buffer 0.2M CH3COOH
+ 0.2M CH3;COONa (pH 5.0) at 25°C. The analysed samples were deoxygenated prior to
measurements by purging with argon (99.99%) for 120 s.

For detection of CA signal, square wave voltammetry (SWV) method was applied [23]. The
parameters of the electrochemical determination were as follows: initial potential 0 V; end potential
- 1.85 V; frequency 10 Hz; potential step 0.005 V; amplitude 0.025 V. Differential pulse voltammetry
(DPV) was applied for electrochemical detection of metal part of the complex. In this case the
parameters of electrochemical determination were as follows: Cd (initial potential -0.9 V; end potential
-0.45 V); Zn (initial potential -1.2 V; end potential -0.85 V); Pb (initial potential -0.6 V; end potential -
0.25 V); others parameters were the same: deposition potential -0.9 V; duration 240 s; equilibration
time 5 s; modulation time 0.06 s; time interval 0.2 s; potential step 0.002 V; modulation amplitude
0.025 V.

2.5 Mathematical treatment of data and estimation of detection limits

Mathematical analysis of the data and their graphical interpretation was realized by
MICROSOFT EXCEL® (USA). Results are expressed as mean =+ standard deviation (S.D.) unless
noted otherwise (EXCEL®). The detection limits (3 signal/noise, S/N) were calculated according to
Long and Winefordner [67], whereas N was expressed as standard deviation of noise determined in the
signal domain unless stated otherwise.
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3. RESULTS AND DISCUSSION

We suggested and developed hybridization kit for the isolation and detection of three different
influenzas’ nucleic acids sequence from one sample. Procedure is based on the detection of metal-
based NPs (ZnNPs, PbNPs and/or CdNPs) complex with NAs. Generally, metals can be very
sensitively and selectively determined using the electrochemical techniques. NPs from different metals
provide signals at different potentials -1.03 + 0.005 V (Zn), -0.63 = 0.005 V (Cd) and -0.45 + 0.005 V
(Pb) [40,63,68,69]. The suggested procedure is shown in Fig.1/Part 1. Firstly, separation step as
isolation of target sequences from sample was provided by anti-sense modified MPs (Fig. 1/Part 1A).
After hybridization of target sequence to MPs, the washing step followed. After removing the
interfering compounds (unbound MPs, proteins and other residues of matrix), detection of the elution
of bound target influenzas’ sequences could be carried out. However, we would obtain information
only about the total amount of isolated NAs without details about their sequence or influenza subtypes.
For the simultaneous three influenza subtypes differentiation and their quantification, target NAs
(influenzas’ derived oligonucleotides) were incubated with the ZnNPs, CdNPs, and PbNPs (Fig. 1/Part
1B). MPs used in isolation part were modified with three different probes (anti sense chain), which are
able to bind the target sequences by hybridisation reaction between anti sense chain and target
influenza ODN (Fig. 1/Part 1C). Complex NPs with target ODN was designated as ODN-SH-ZnNPs;
ODN-SH-CdNPs and/or ODN-SH-PbNPs (connection due to-S-S- bond). After complex formation
due to recognizing the specific target sequence, this can be determined electrochemically (Fig. 1/Part
1D).

ODN-SH-NPs enable simultaneous quantification of three different target NAs. Application of
two different electrochemical methods (SWV and DPV) brought two diverse signals. The first one
corresponds to ODN-SH (CA peak) measured by SWV and the second one to metal part of QDs (metal
peak) measured by DPV. In the case of application of both methods, we obtain information about the
presence of NPs corresponding to one of the three target molecules (influenza subtype) which
coresponded to one of three specific influenzas’ derived ODNs. However, in the case of the only one
signal detection, we can assume that the probe has not been linked with the target sequence or the
linkage has failed. Signal of metal part NPs cannot be evaluated in this case. In addition to above-
mentioned facts, all steps were fully automated by the use of an automated pipetting system modified
for the hybridisation assay and for manipulation with paramagnetic and nano particles (Fig.1/Part 2).

3.1 Electrochemical detection of ODN-SH-NPs — CA and metal peaks

In general, electrochemical determination of oligonucleotides is based on the measurement of
electroactivity of DNA (respectively cytosine and adenine bases), or the measurement of
electroactivity of labels that has been used for modifying the oligonucleotides. Measurement of direct
electroactivity (label-free) of oligonucleotides is the easiest and low cost variant, which is available
[58,70-73]. The second possibility of DNA detection is DNA modifying by the electroactive label
(indirect detection). The widely used compounds are methylene blue [74], Meldola's blue [75],
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ferrocene and organic ligand complexes with osmium, ruthenium and copper [76-78]. Recently,
quantum dots were used for this purpose also [30,79,80].

Labeling of oligonucleotides with nanoparticles as quantum dots is the basic requirement for
theirs detection in our suggested system. Therefore, it was necessary to optimize all steps for the
correct function of hybridization kit. Isolation of target sequences using anti sense modified MPs was
carried out in accordance with the following paper [23]. Due to this fact, we focused on the
optimization of ODN-SH-NPs detection. Effect of ODN-SH-NPs accumulation and ODN-SH
accumulation on the working electrode is shown in Fig. 2A. We detected CA signal at -1.4V. This
signal corresponds to reduction of adenine and cytosine bases, why it is called CA peak. The highest
signal of CA peak was obtained at detection of ODN-SH without NPs (ODN-SH signal in blue)
linkage at the time of accumulation 120 — 180 s (Fig. 2A). Signals of all ODN-SH-NPs are app. 50%
lower compared to ODN-SH at the same time of accumulation (Fig. 2A). However, they provide
sufficient signal (signal of metal part NPs) for their determination. Therefore we detected signals of
individual NPs corresponding to metals (Zn, Cd and Pb) at potentials of -1.03V (Zn), -0.63V (Cd) and
-0.45V (Pb). The main advantage of the NPs detection (compared to CA signal determination) is the
fact that this way of detection is more sensitive with the lower limit of detection. Evaluated signals
corresponding to individual NPs metals (Zn signal in red); (Pb signal in green) and (Cd signal in
violet) are demonstrated in Figs. 2B, C and D. The increasing time of accumulation lead to the increase
in response. Various NPs achieved saturation of electrode surface at various times. The highest
responses were detected at time of accumulation 900 s for Zn and at 1000 s for Pb (Figs. 2B and C).
ODN-SH-CdNPs required the shorter time of accumulation. The highest response of Cd peak was
determined at 390 s (Fig. 2D).

We were subsequently focused on the possibility to bind various amounts of ODN onto NPs
and to detect these amounts. Effect of ODN concentration on the CA peak height is shown in Figs. 3A
and B. We used ODNSs, which was linked to NPs via -SH groups, within the concentration range from
0.002 to 2 pg/ml. The increasing concentration led to the increase of the detected signal in all targets.
The dependences had polynomial character in all cases (Fig. 3A). However, in lower concentration
range (0.002 pg/ml to 0.125 pg/ml) it was possible to detect linear course too (Fig. 3B). Regression
equations for individual probes with the coefficient of determination R?=0.99 are shown in Fig. 3A. If
we compare ODN-SH and ODN-SH-NPs, we can determine the effect of bounded NPs on the response
of CA signal. The most significant effect on the signal response was determined for PbNPs, the least
for CANPs. Due to differences in the sensitivity, LODs (3 S/N) were estimated as follows: 0.1 ng/ml of
ODN-SH-CdNPs, 0.5 ng/ml of ODN-SH-ZnNPs and 1 ng/ml of ODN-SH-PbNPs.
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Figure 2. Optimization of accumulation time: (A) CA peaks of ODN-SH (¢); ODN-SH-ZnNPs (¢);
ODN-SH-PbNPs (¢); and ODN-SH-CdNPs (¢). (B) Zn peak of ODN-SH-ZnNPs (¢). (C) Pb
peak of ODN-SH-PbNPs (¢). (D) Cd peak of ODN-SH-CdNPs (¢); concentration of ODN-SH
and ODN-SH-NPs was 2 pg/ml. CA peak was measured by SWV. Zn, Cd and Pb peaks were
measured by DPV.
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Figure 3. (A) Dependence of CA peak height on concentration of ODN (pg/ml) as ODN-SH (¢);
ODN-SH-ZnNPs(¢); ODN-SH-PbNPs(¢) and ODN-SH-CdNPs (¢). (B) Dependence of metal
ions peak height on concentration of metal ions (nug/ml) as Pb(Il): (¢); Zn(Il): (¢) and Cd(ll):

(4).

3.2 Optimization of hybridization temperature

It was necessary to determine the effect of hybridization temperature on the binding of ODN-
SH-NPs with the target NAs linked with magnetic NPs for the optimum hybridization (Fig. 4). Target
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NAs interacted for 30 min with 2.5; 5; 10 and 20 pg/ml of ODN-SH-NPs at the temperature of 15 °C,
20 °C, 25 °C and 30 °C. Subsequently, the CA signal (Figs. 4. A, C and E) and Cd, Zn and Pb
responses were determined (Figs. 4 B, D and F). It clearly follows from the results shown in Fig. 4 that
the highest response of ODN-SH-NPs was determined for the hybridization temperature of 25 °C. On
the other hand, the lowest ODN-SH-NPs response was detected for the hybridization temperature of
30 °C. ODN-SH-CdNPs represented exception. In this case, hybridization temperature of 30 °C led to
the binding of the second higher amount of labelled oligonucleotides in the studied concentrations 10
and 20 pg/ml compared to other temperatures. We expected that the higher temperature of
hybridization increased hybridization effect. This direct correlation can be applied only to the
temperature of 25 °C because the oligonucleotide T, was 28 °C.
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Figure 4. Dependence of relative peak heights (%) on concentration of ODN-SH-NPs (ug/ml), (left
side — ODN peak height; right side — metal peak height); (A+B) ODN-SH-PbNPs; (C+D)
ODN-SH-ZnNPs; (E+F) ODN-SH-CdNPs. Hybridisation temperatures: m15 °C; 420 °C; @ 25
°C;and A30 °C.

3.3 Correlation Analysis

For the evaluation of dependence between CA signal and signal corresponding to NPs,
correlation analysis was carried out (Fig. 5/Part 1/A, B and C). We used percentage values of signals
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for individual NPs, temperatures and concentrations. The correlation was 77% in the case of PbNPs,
89% at ZnNPs and 91% at CdNPs. Further, the Spearman Rank-Order Correlation analysis was
proved. In this case, the correlation coefficient for PoNPs was 0.90, for ZnNPs 0.89 and for CdNPs
0.96. Correlation analysis provided sufficient data, which showed that measuring both ODN-SH and
NPs gave us similar results.
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Figure 5. (Part 1) Correlation between the peak height of ODN and metal ions peak for hybridization
temperatures: 15 °C, 20 °C, 25 °C and 30°C and concentrations of ODN-SH-NPs: 2.5; 5; 10
and 20 ug/ml for (A) ODN-SH-PbNPs (¢); (B) ODN-SH-ZnNPs (¢) and (C) ODN-SH-CdNPs.
(Part 2) (A) voltamograms of Zn, Cd and Pb peak from complex ODN-SH-ZnNPs (-); ODN-
SH-PbNPs (-) and ODN-SH-CdNPs (-), measured by DPV (concentration of ODN was 2
ug/ml). (B) Mixture of oligonucleotides (concentration of all ODNs was 2 pug/ml).

The results showed that both ODN-SH-ZnNPs and ODN-SH-PbNPs had optimal hybridization
temperature 25 °C for 25 pg/ml. Further, ODN-SH-CdNPs provided optimal hybridization temperature
as 25 °C also, but the other hybridization temperature provided almost similar data like hybridization
at 25 °C. This we observed only in ODN-SH-CdNPs for 25 pg/ml concentration. We conclude from
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the results that hybridization between ODN-SH and NPs within the range from 20 °C to 25 °C is
suitable for the whole tested concentration interval.

3.4 Multi target determination

All above-mentioned experiments led to the optimization of the experimental conditions for
individual experimental steps of the whole experiment. After it, we applied this procedure on the
preparation samples containing mixture of specific probes and target sequence for the given specific
sequence of ODN labelled by NPs. Test tubes with these reagents were placed in the automated
pipetting system, where the isolation of target influenzas’ ODN using the MPs, hybridization and
washing steps take place. The resulted samples were determined using DPV. Voltammograms of
individual signals for individual NPs are shown in Fig. 5/Part 2A. Red curve indicates record of ZnNPs
with Zn signal in the potential area of -1.03 = 0.005V. Violet curve indicates record of CdNPs and Cd
signal at the potential of -0.63 + 0.005V. Green curve represents PbNPs and Pb signal in the potential
area of -0.45 + 0.005V. The obtained signals are well separated and they are symmetric and well
repeatable. In addition, we focused on the detection of individual ODN-SH-NPs in the mixture in test
tube. Voltammogram of this measurement is shown in Fig. 5/Part 1B. In given potential areas all three
signals are well evident and they correspond to ZnNPs — HIN1 influenza subtype (on the left), CANPs
— H3N2 influenza subtype (in the middle) and PbNPs H5N1 influenza subtype (on the right). This
result confirmed our main goal of this study to suggest electrochemical nanobiosensor that enables
identification of three specific influenza sequences without demands on special apparatus equipment.

4. CONCLUSIONS

We suggested fully functional hybridization kit for the identification of specific nucleic acids
based on the hybridization and electrochemical detection. Due to the various NPs based on the
different metals that provide signals at the specific potential areas, we can simultaneously determine
three different influenzas subtypes in one sample. Connecting between paramagnetic particles,
nanoparticles, automated pipetting system and electrochemical detection enable proposition of unique
tool for the detection of specific NAs sequences. Electrochemical bionanosensors brings new
possibilities into this field. High sensitivity of the suggested sensing device with the possibility of
miniaturization, compatibility with modern technologies, low price and low demands on the power
(possibility of in situ application) represent the excellent properties for detection of specific NAs in the
field of pathogen and genetic disease diagnostics.
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5.3 1zolace a detekce chiipkového antigenu

5.3.1 Védecky ¢lanek VI
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Chtipkové viry maji na svém povrchu dva typy antigenti: hameglutinin (HA) a
neuraminidazu (NA), které maji dtlezité role v zivotnim cyklu viru (Stevens, a kol.,
2006). HA inicijuje infekci a je odpoveédny za vstup viru do hostitelské buiiky. NA
ukoncuje proces infekce a umoziuje uvolnéni nové replikovanym virionim z
hostitelské buiiky (Russell, a kol., 2008, Watanabe, a kol., 2010). Oba antigeny snadno
a rychle podléhaji mutacim, které jsou divodem vzniku chiipkovych epidemii a
pandemii. Detekce epidemiologicky a pandemicky vyznamnych subtypl je nezbytna
pro prevenci a kontrolu chiipkovych onemocnéni (Schutten, a kol., 2013, Singh, a kol.,
2014).

Cilem studie bylo navrhnout alternativni metodu pro detekci chfipkového
hemaglutininu, biosenzor zalozeny na izolaci a nasledné detekci chiipkového proteinu
A/H5N1 (A/H5N1/Vietnam/1203/2004) znaceného pomoci CdS QDs. HA byl izolovan
pomoci glykanem modifikovanych MPs (tento proces byl automatizovan pomoci
pipetovaci stanice EP motion 5075). Izolovana molekula (HA-QDs komplex) byla
detekovana pomoci dvou typu elektrod: skelnd uhlikova elektroda (GC) a rtutova
kapkova elektroda (HMDE). V ptipadé¢ detekce pomoci HMDE byly vzorky méieny
v klasickém tfielektrodovém zapojeni a byl detekovéan jak signal kovu (Cd) pomoci
DPV metody, tak signdl HA pomoci AdTS DPV metody. Detekce HA proihala
v prostifedi brdi¢kova elektrolytu a byly detekovany tfi piky (odezva na interakci
pomocného elektrolytu s HA proteinem). Z vysledkii vypliva, Ze se zvySujici se
koncentraci HA se zvySovala vyrazné€ i vyska piku v poloze -1,55 V a stejny trend byl

zaznamenan 1 se zvySujici se koncentraci HA-QDs komplexu. Tvorba komplexu HA-

129



QDs byla potvrzena fluorescenénimi metodami. Kromé detekce HA-CdS komplexu na
rtuti byl komplex (respektive kovova ¢ast QDs) detekovan pomoci SFIA analyzy na
elektrodé ze skelného uhliku (GC), i zde byla pro detekci Cd piku pouzita metoda DPV.
Zaveérem lze fici, Ze byla navrzena a optimalizovana metoda pro izolaci a detekci
chiipkového hemaglutininu znaceného pomoci Cd QDs. Pomoci navrzené¢ metody jsme
byly schopni detekovat 10 ng/mg Cd (v komplexu HA-CdS), coz ukazuje na moznost
detekce submikrogramovych mnozstvi HA. Navrzeny a optimalizovany postup detekce
HA-QDs komplexu spojeny s jeho izolaci pomoci glykanem modifikovanych MPs
predstavuje citlivy a miniaturizovany nastroj pro rychlou detekci hemaglutininu.
Vyhodou této metody je modifikovatelnost pro detekci ostatnich proteinti, které mohou

slouzit jako markery onemocnéni.
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Research Article

Paramagnetic particles coupled with an
automated flow injection analysis as a tool
for influenza viral protein detection

Currently, the influenza virus infects millions of individuals every year. Since the influenza
virus represents one of the greatest threats, it is necessary to develop a diagnostic tech-
nique that can quickly, inexpensively, and accurately detect the virus to effectively treat
and control seasonal and pandemic strains. This study presents an alternative to current
detection methods. The flow-injection analysis-based biosensor, which can rapidly and eco-
nomically analyze a wide panel of influenza virus strains by using paramagnetic particles
modified with glycan, can selectively bind to specific viral A/H5N1/Vietnam/1203/2004
protein-labeled quantum dots. Optimized detection of cadmium sulfide quantum dots
(CdS QDs)-protein complexes connected to paramagnetic microbeads was performed us-
ing differential pulse voltammetry on the surface of a hanging mercury drop electrode
(HMDE) and/or glassy carbon electrode (GCE). Detection limit (3 S/N) estimations based
on cadmium(II) ions quantification were 0.1 pg/mL or 10 pg/mL viral protein at HMDE or
GCE, respectively. Viral protein detection was directly determined using differential pulse
voltammetry Brdicka reaction. The limit detection (3 S/N) of viral protein was estimated as
0.1 wg/mL. Streptavidin-modified paramagnetic particles were mixed with biotinylated se-
lective glycan to modify their surfaces. Under optimized conditions (250 pg/mL of glycan,
30-min long interaction with viral protein, 25°C and 400 rpm), the viral protein labeled
with quantum dots was selectively isolated and its cadmium(II) content was determined.
Cadmium was present in detectable amounts of 10 ng per mg of protein. Using this
method, submicrogram concentrations of viral proteins can be identified.

Keywords:
Electrochemical detection / Hemagglutinin / Influenza / Magnetic separation /

Voltammetry

1 Introduction

Influenza represents one of the greatest threats in soci-
ety today. It is not surprising that the World Health Or-
ganization (WHO) initiated the Global Influenza Program,
which provides member states with strategic guidance, tech-
nical support, and coordination of activities essential to bet-
ter prepare healthcare systems against seasonal, zoonotic,
and pandemic influenza threats to populations and individ-
uals (http://www.who.int/influenza/en/) [1, 2]. According to
WHO, seasonal influenza is responsible for several million

Correspondence: Professor Rene Kizek, Department of Chemistry
and Biochemistry, Mendel University in Brno, Zemedelska 1, CZ-
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Abbreviations: CdS QDs, cadmium sulfide quantum dots;
FIA, flow injection analysis; GCE, glassy carbon electrode;
HA, hemagglutinin; HMDE, hanging mercury drop electrode;
QD, quantum dots; WHO, World Health Organization
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cases of acute illnesses and between 250 000 and 500 000
deaths each year [3].

There are three genera of the influenza virus: Influenza
virus A, Influenza virus B, and Influenza virus C. They are
RNA viruses that make up three of the five genera of the Or-
thomyxoviridae family. Type A virus, the most virulent human
pathogens among the three influenza types, causes the most
severe disease. This virus can be further subdivided into dif-
ferent serotypes based on antibody responses. The influenza
virus contains two major surface proteins: hemagglutinin
(HA) and neuraminidase. HA mediates glycan receptor bind-
ing and membrane fusion for viral entry. Neuraminidase
conducts receptor-destroying enzyme activity important for
virus release [4]. Subtypes of influenza viruses are classified
according to these proteins [5, 6].

More than 500 cases of avian H5N1 influenza infections
in humans have been reported from 15 countries, of which
nearly 60% have resulted in death (Fig. 1). Recently published
meta-analysis in Science shows 12 677 participants in 20 stud-
ies that have been infected with the avian H5N1 have mild

Colour Online: See the article online to view Figs. 1-8 in colour.
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Figure 1. Affected areas with confirmed cases of H5N1 avian in-
fluenza since April 5, 2003, modified according to http://www.
who.int/influenza/human_animal_interface/avian_influenza/en/.

symptoms or subclinical infections that are not currently ac-
counted for; thus, the true fatality rate for H5N1 influenza
viruses is likely to be less than the frequently reported rate of
more than 50% [7]. It is possible that deaths caused by H5SN1
infections, as documented by WHO, are also underestimated.
A portable and robust standardized approach for large-scale
studies is examined.

Nanoparticles have numerous possible applications in
biosensors and bioassays. Electrochemical biosensors and
bioassays have attracted considerable interest due to their
high performance, miniaturized construction, and low cost
[8]. Conventional enzyme and electroactive labels have in-
corporated nanoparticles, nanotubes, and nanowires due to
their improved sensitivity in small molecule and protein
detection. Gold nanoparticles electrodes used to build im-
munosensors were the first target materials studied in elec-
trochemical immunosensors and DNA biosensors [9-11].
Semiconductor nanoparticles, inorganic compounds, and
apoferritin or liposomes-labeled complexes can be applied
as electrochemical targets for bioassays. Semiconductor
nanoparticles also called quantum dots are of particular inter-
est because of their size and tuneable fluorescence emission.
Owing to their unique properties, semiconductor nanoparti-
cles have generated considerable interest for optical biode-
tection. The intrinsic redox properties and sensitive elec-
trochemical stripping analysis of the metal components of
semiconductor nanoparticles cause labels in the electrochem-
ical biosensors to be very sensitive; thus, low detection lim-
its can be achieved. Liu et al. introduced an electrochemical
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immunoassay protocol for simultaneously measuring multi-
ple protein targets based on the use of CdS, ZnS, and PbS
quantum dots (QDs). Each protein gives a distinct voltam-
metric peak whose position and size reflects the identity and
amount of the corresponding antigen with fmol detection
limits [12, 13].

This study aimed to develop a low-cost isolation and
rapid CdS quantum dots-based biosensor to detect viruses.
Viral quantity was determined through cadmium(II) ion con-
centrations abstracted from quantum dots. The results were
confirmed by differential pulse voltammetry Brdicka reac-
tion. Particular attention was focused on the application of
streptavidin-coated paramagnetic particles modified with bio-
tinylated glycan and its selective binding properties to the in-
fluenza virus.

2 Materials and methods
2.1 Chemicals

Tris(2-carboxyethyl)phosphine was from Molecular Probes
(Eugene, OR, USA). Co(NHj3)¢Cl; and other chemicals used
were purchased from Sigma Aldrich (St. Louis, MA, USA)
unless otherwise noted. Stock solutions were prepared from
ACS water. pH value and conductivity was measured using
inoLab Level 3 (Wissenschaftlich-Technische Werkstatten;
Weilheim, Germany). Deionized water underwent deminer-
alization by reverse osmosis using Aqua Osmotic 02 (Aqua
Osmotic, Tisnov, Czech Republic) and was subsequently pu-
rified using Millipore RG (MilliQ water, 18 M'Q, Millipore,
Billerica, MA, USA). Deionized water was used for rinsing,
washing, and buffer preparation.

2.2 Preparation of CdS QDs

CdS QDs were prepared using a slightly modified version
of a published method [14]. Cadmium nitrate tetrahydrate
Cd(NO3), - 4H,0 (0.1 mM) was dissolved in ACS water
(25 mL). A 3-mercaptopropionic acid (35 nL, 0.4 mM) was
slowly added to the stirred solution. Afterward, the pH was
adjusted to 9.11 with 1 M NH; (1.5 mL). Sodium sulfide
monohydrate Na,S-9H,0 (0.1 mM) in ACS water was poured
into the solution while vigorously stirring. The acquired yel-
low solution was stirred for 1 h. Prepared CdS-quantum dots
were stored in the dark at 4°C.

2.3 Preparation of samples

A/H5N1/Vietnam/1203/2004 protein (accession no. ISDN
38687, Prospec-Tany TechoGene, Tel Aviv, Israel) (200 pL,
100 pg/mL) was mixed with a solution of CdS QDs (100 wL).
This mixture was shaken for 24 h at room temperature (Vor-
tex Genie2 [Scientific Industries, Bohemia, NY, USA]). The
volume of solution was reduced to 100 wL on an Amicon
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Ultra 3k centrifugal filter device (Millipore). Centrifuge 5417R
(Eppendorf, Hamburg, Germany) was performed under the
following parameters 15 min, 6000 rpm, 20°C. The obtained
concentrate was diluted with 400 pnL of ACS water and re-
duced on centrifuge to 100 pL. The process was repeated five
times. The washed sample was diluted to 300 pL and used
for succeeding measurements.

2.4 Magnetic nanoparticle separation

Streptavidin Dynabeads M-270 was purchased from Life
Technologies (Carlsbad, CA, USA). Biotinylated multiva-
lent glycans (01-078 [Neu5Aca2-3GalB1-3GIcNAcB1-PAA-
biotin]) were obtained from GlycoTech (Gaithersburg, MD,
USA). Soluble forms of HA derived from newly emerging
influenza viruses expressed in baculovirus, were purchased
from Prospec-Tany TechnoGene. Streptavidin Dynabeads M-
270 (10 pL) was pipetted to microplates (PCR 96, Eppendorf),
then subsequently transferred to a magnet plate. Stored so-
lution was drained from the magnetic particles. Magnetic
particles were washed three times with 100 n.L of phosphate
buffer (0.3 M, pH 7.4, made from NaH,PO, and Na,HPOy,).
Twenty microliters of biotinylated glycan were added to each
of the wells and incubated (30 min, 25°C, 400 rpm). After the
incubation, the sample was washed three times with phos-
phate buffer (0.3 M, pH 7.4). Subsequently 20 pL of H5N1-
Cd-labeled protein was added. It was further incubated (30
min, 25°C, 400 rpm) and washed with 100 pL of phosphate
buffer (0.3 M, pH 7.4). Thirty-five microliters of phosphate
buffer (0.3 M, pH 7.4) was added followed by the treatment
of ultrasound needle (2 min). The plate was transferred to the
magnet plate and the supernatant (product) was measured
using differential pulse voltammetry. The detected substance
was identified as cadmium (quantum dots).

2.5 Determination of proteins by Brdicka reaction

Differential pulse voltammetric measurements were per-
formed with a 747 VA Stand instrument connected to a
693 VA Processor and 695 Autosampler (Metrohm, Herisau,
Switzerland). It was equipped with a standard cell consist-
ing of three electrodes, a cooled sample holder, and a mea-
surement cell set at 4°C (Julabo F25, JulaboDE, Seelbach,
Germany). The three-electrode system consisted of a hang-
ing mercury drop electrode (HMDE) with a drop area of
0.4 mm? as the working electrode, an Ag/AgCl/3M KCl ref-
erence electrode, and a platinum electrode acting as the aux-
iliary. VA Database 2.2 by Metrohm was used for data acqui-
sition and subsequent analysis. The analyzed samples were
deoxygenated prior to measurements by purging with argon
(99.999%) saturated with water for 120 s. Brdicka-supporting
electrolyte containing 1 mM Co(NH3)Cl; and 1M ammonia
buffer (NH;(aq) + NH,Cl, pH = 9.6) was used. The sup-
porting electrolyte was exchanged after each analysis. The
parameters of the measurement were as follows: initial po-
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tential of —0.7 V, end potential of —1.75 V, modulation time
0.057 s, time interval 0.2 s, step potential 2 mV, modula-
tion amplitude —250 mV, E,4s = 0 V. The volume of in-
jected sample was 5 pL with a total volume of 2 mL in
the measurement cell (5 pL of sample + 1995 L Brdicka
solution).

2.6 Electrochemical determination of cadmium

Determination of cadmium by differential pulse voltamme-
try was performed using a 663 VA Stand (Metrohm) and
a standard cell with three electrodes. The three-electrode
system consisted of an HMDE with a drop area of 0.4 mm?
as the working electrode, an Ag/AgCl/3M KCI reference
electrode, and a glassy carbon acting as the auxiliary
electrode. GPES 4.9 software was employed for data pro-
cessing. The analyzed samples were deoxygenated prior to
measurements by purging with argon (99.999%). Acetate
buffer (0.2 M CH;COONa + CH;COOH, pH 5) was used
as a supporting electrolyte. The supporting electrolyte was
replaced after each analysis. The parameters of the mea-
surement were as follows: purging time 120 s, deposition
potential —0.9 V, accumulation time 240 s, equilibration
time 5 s, modulation time 0.057 s, interval time 0.2 s,
initial potential —0.9 V, end potential —0.3 V, step potential
0.00195 V, modulation amplitude 0.02505 V, volume of
injected sample: 10 pL, volume of measurement cell 1 mL
(10 n.L of sample; 990 nL acetate buffer).

2.7 Flow injection analysis (FIA)

An automated FIA system with electrochemical detection
was proposed. The system consisted of a solvent delivery
automated analytical syringe operating in a working vol-
ume of 1-50 pL, with variable speeds ranging from 1.66 to
50 pL/s (Model eVol, SGE Analytical Science, Kiln Farm Mil-
ton Keynes, UK), a 3-way 2-position selector valve (made
from 6-way valve) (Valco Instruments, Schenkon, Switzer-
land), and a dosing capillary that directly entered the electro-
chemical flow cell (CH Instruments, Austin, TX, USA). To
prepare a fully automated system, a switching valve that en-
abled alternating between the off waste and sample flow was
placed in the system. The sample (10 L) was injected by an
automated syringe (SGE Analytical Science) through a flow
cell ata speed of 1.66 p.L/s. The flow cell was first rinsed clean
with 200 L of ethanol in water (75% v/v), then with 200 p.L of
100% ethanol, and stabilized with 200 nL of supporting elec-
trolyte. Cleaning procedures were applied after every 50 mea-
surements. The electrochemical flow cell includes a low vol-
ume (1.5 pL) flow-through analytical cell (CH Instruments,
Austin, TX, USA), which consisted of a doubled glassy carbon
working electrode, Ag/AgCl reference electrode, and an out-
put steel tubing as an auxiliary electrode. An electrochemical
flow cell was connected to a miniaturized control module, po-
tentiostat 910 PSTAT mini (Metrohm). The differential pulse
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voltammetry was used as the measuring method with the
following parameters: initial potential —1.2 V, end potential
—0.2 V, modulation amplitude 0.05 V, step potential 0.001
V. Acetate buffer (0.2 M, pH 5) was used as the supporting
electrolyte. Each sample solution of 10 L was diluted in ac-
etate buffer. The data obtained were processed by the PSTAT
software 1.0 (Metrohm). The experiments were carried out at
20°C.

2.8 Fluorescence measurement

Fluorescence spectra were acquired by a multifunctional
microplate reader called Tecan Infinite 200 PRO (TECAN,
Minnedorf, Switzerland). The excitation wavelength was set
at350 nm and the fluorescence scan was measured every 5 nm
within a 400 to 850 nm wavelength range. Each intensity value
was based on an average of five repeated measurements. The
detector gain was set at 100. The sample (50 pL) was placed
in a transparent 96-well microplate with a flat bottom (Nunc).
Fluorescence monitoring was performed using In vivo
Xtreme system by Carestream (Rochester, NY, USA). This
instrument was equipped with a 400 W xenon light source
and 28 excitation filters (410-760 nm). The emitted light is
captured by a 4MP CCD camera. The excitation wavelength
was set at 410 nm and the emission was measured at 700 nm.
The exposition time was 4.5 s. Sample volumes of 25 L
were placed in microtitrate plates (Eppendorf).

2.9 Robotic pippeting station

Computer controlled automated pipetting station, Ep-Motion
5075 (Eppendorf) was used for automated sample han-
dling prior to electrochemical analysis. Positions C1 and C4
were thermostated (Epthermoadapter PCR96). At position
B1, module reservoir for washing solutions and waste were
placed. Tips were placed in positions A4 (ePtips 50), A3 (eP-
tips 300), and A2 (ePtips 1000). Transfer was ensured by a
robotic arm with pipetting adaptors (TS50, TS300, TS1000—
numeric labeling refers to maximal pipetting volume in pL)
and a gripper for platform transport (TG-T). The program se-
quence was edited and the station was controlled in pEditor
4.0. For sample preparation, two platforms were used. A ther-
morack for 24 x 1.5-2 mL microtubes (Position C3) was used
to store working solutions and a 96-well DPW (low binding
DNA) thermostated plate with a well volume of 200 wL (Po-
sition C1) was also available. After separation, the magnetic
particles were forced apart using a Promega magnetic pad
(Promega, Madison, WI, USA) (position B4). The solutions
were then transferred to a new DPW plate.

2.10 Descriptive statistics

Data were processed using MICROSOFT EXCEL (Microsoft,
Redmond, WA, USA) and STATISTICA.CZ Version 8.0 (Stat-
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Soft CR, Prague, Czech Republic). The results are expressed
as mean £SD unless otherwise noted. The detection limits
(3 S/N) were calculated according to Long and Winefordner
[15], whereas N was expressed as a standard deviation of noise
determined in the signal domain unless otherwise stated.

3 Results and discussion

At the beginning of 2009, the influenza A (HIN1) virus
emerged and spread to most parts of the world. WHO consid-
ered this virus a potentially dangerous strain that could lead
to a pandemic with high mortality. Transmission of swine
HIN1 virus into the human population probably occurred
due to changes in HA and their sialyl glycan-based recep-
tors. Other contributing factors include its distribution in
tissues of different species, host range, and tissue tropism
and its capacity to initiate a human pandemic. Based on pre-
vious studies, H5N1 consists of homology-based HA-glycan
structural complexes with human-type oligosaccharide recep-
tors (N-acetylneuraminic acid a2-6-linked to galactose) and
avian-type (N-acetylneuraminic acid a2-3-linked to galactose)
[16-21]. However, these receptors and interactions can also
be used as tools for successful isolation of various types of
influenza viruses [22]. Current studies attempted to design
a biosensor, which consists of paramagnetic particles-based
isolation of viral proteins modified with QDs and subsequent
electrochemical detection of both protein and QDs as a new
type of labeling.

3.1 Characterization of QD labeling

Aqueous CdS QDs displayed long lifetimes accompanied by
excellent stability [14]. The current study affirmed the stability
of synthesized CdS QDs longer than 1 month. The emission
spectrum of CdS QDs is shown (green line) in Fig. 2A with
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Figure 2. (A) Fluorescence intensity of CdS QD (green line) and
complex H5N1-CdS (red line), excitation wavelength was 350 nm.
(B) Picture of CdS QDs fluorescence (orange rings) and complex
H5N1-CdS (yellow rings) measured on In vivo Xtreme system.
Presented position creates concentration line in half part dilution.
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an emission maximum at 710 nm. Moreover, it was found
that the interaction of CdS QDs with H5N1 (red line) caused
significant fluorescence quenching within the 560-850 nm
range. In vivo imaging was utilized to confirm increasing
concentrations of CdS QDs, which resulted in higher fluo-
rescence intensity (Fig. 2B). The increasing fluorescence in-
tensity of CdS QDs with corresponding increasing QDs con-
centrations (1.2-10 wM) are shown in Fig. 2B. The relative
intensity scale is added designating the white color as of high-
est intensity. Fluorescence quenching after QDs interaction
with H5N1 was observed. No fluorescence was detected after
the interaction (H5N1-CdS, Fig. 2B). The results of gradual
fluorescence quenching suggest there is a very strong interac-
tion between CdS QDs and viral proteins apparently through
disulfide bonds with free protein sulfhydryl groups (CdS-S-
viral protein) and/or via binding of cadmium(II) atoms with
cysteine, histidine, or lysine. Observed effects conclude the
CdS quantum dot—protein interaction is strong and signifi-
cant enough to be further used for other processes and appli-
cations.

3.2 Determination of cadmium(ll) ions at mercury
and glassy carbon electrode (GCE)

For quantification purposes, the determination of the pres-
ence of formed CdS QDs and proteins complexes by electro-
chemical quantification of cadmium(II) ions is advantageous
in that electro-analysis of metal ions is a sensitive and robust
technique routinely used for various types of real sample
analysis [23, 24]. Differential pulse voltammetry was used in
cadmium(II) ion detection. Two types of working electrodes
were tested. HMDE was used for standard purposes. The ob-
tained dependence was linear within a 0.1-100 wM range as
follows: y = 1.6958x; R> = 0.9911, n = 5, RSD = 4.8. An
automated FIA system in combination with electrochemical
detection and miniaturized micropotentiostat for detection
of cadmium(II) ions [25] was suggested. Cadmium(II) ions
within the same concentration interval as HMDE were de-
tected at a GCE in the presence of acetate buffer (pH 5.0).
When cadmium(II) ions were detected using FIA technique
coupled with GCE (FIA-GCE), well repeatable responses were
obtained with the following calibration equation y = 0.7710x
-0.2621, R* = 0.9982, n = 5, RSD = 6.3. Both working elec-
trodes were tested and cadmium(II) ions were quantified at
the synthesized QDs. The obtained signals of cadmium(II)
ions were recalculated to a concentration according to the
calibration dependences mentioned above. HMDE calibra-
tion dependence was strictly linear within the whole tested
concentration range up to 100 wM; however, GCE depen-
dence was of quadratic course. Thus, the correlation of both
dependences within the concentration interval 0.25 pM to
30 uM of cadmium(II) ions was tested. The correlation of
both methods was favorable with R? exceeding 0.99; how-
ever, the sensitivity of GCE to cadmium(II) ions was 30%
lower than HMDE.
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Based on our findings, both HMDE and GCE can be uti-
lized for QDs quantification. Therefore, interest in whether
these electrodes could be utilized for quantification of CdS
QDs-viral protein complexes was further examined. Viral
proteins (A/H5N1/Vietnam/1203/2004; 100 pg/mlL) were
incubated in the presence of CdS (for other experimental
conditions, see Section 2). The modified protein was pu-
rified and the unbound CdS was removed. Based on fluo-
rimetric analysis, which confirmed QDs-viral protein com-
plexes (Fig. 2), studies were attempted to determine the
complexes through cadmium(II) ions content using differ-
ential pulse voltammetry at HMDE and GCE. The follow-
ing protein concentrations (from 0.5 to 45 pg/mlL) were
applied to CdS QDs. Typical dependence of cadmium(II)
concentration on protein concentration incubated with CdS
QDs and measured at HMDE and/or GCE are shown in
Fig. 3A and B, respectively. Dependence measured at HMDE
had strictly linear characteristics (y = 0.2871x, R* = 0.9973,
n =5, RSD 2.1%). The observed voltammetric signals were
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Figure 3. Dependences of cadmium ions concentration (related
to protein amount) on various concentrations of complex H5N1-
CdS (1: 100; 2: 50; 3: 25; 4: 12.5; 5: 6.2; 6: 3.1 7: 1.0 .M measured
at (A) HMDE and (B) and FIA-GCE.
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well developed and distinguishable at potential —0.6 V. More-
over, ratio of cadmium content in the formed complexes
was calculated. There were approximately 20 cadmium(II)
ions per complex. The ability to detect cadmium based on
an indirect approach of detecting QDs-protein complexes
shows great promise and pertinence. Based on obtained
results, the detection limit for viral protein (3 S/N) was
estimated as 0.1 pg/mL. The FIA-GCE exhibited nonlin-
ear dependence. A mathematical approach in the form of
a quadratic function (RSD 4.8%) determined protein con-
centration. In spite of the nonlinear dependence, the ra-
tio of cadmium content in QDs-protein complexes demon-
strated a repeated value of 20:1. The detection limit (3 S/N)
of viral protein was estimated as 1 pg/mL. Both estimated
detection limits pertain to real concentrations of cadmium
ions that could be detected when analyzing protein-modified

QDs.
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3.3 Analysis of CdS QDs viral proteins complex

In addition to detecting cadmium(II) ions, this study investi-
gated the presence of complexes in relation to viral proteins.
Differential pulse voltammetry Brdicka reaction, a highly sen-
sitive technique, was utilized to detect Cd QDs-protein com-
plexes [26, 27]. The reaction’s mechanism is based on the
catalytic evolution of hydrogen on mercury electrodes from
protein solutions containing SH groups in ammonia buffer
and hexaamminecobalt chloride complexes (Co(NH3)sCls)
[28]. The mechanism of the reaction is annotated in detail,
but it is believed that the cobalt(II) protein, peptide, and basic
nitro compounds play important roles in the catalytic pro-
cess. This method is highly recommended for sensitive anal-
ysis of peptides and proteins [29]. Communication between
cobalt(II) ions and protein causes a decrease in cobalt peak
and the occurrence of two new voltammetric peaks between
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Figure 4. (A) Typical differential pulse Brdicka voltammogram of H5N1-CdS (10 wg/mL protein). Dependences of heights of (B) RS2Co,
(C) signal X and (D) signal Y on concentration of HGN1-CdS QDs complex. (E) Dependences of Cat2 peak height on concentration of
H5N1-CdS QDs complex; in inset: typical catalytic signal Cat2. 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, modulation amplitude —250 mV,

Eaqs = 0V, volume of sample: 5 pL.
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—1.2and —1.5 V. The reduction of complex R(SH), and Co(II)
at potential —1.35 V corresponds to the first catalytic signal
(RS3Co). Catl and Cat2 signals correspond to the reduction
of hydrogen at the mercury electrode. These two signals can
be used to quantify complexes because height is proportional
to the concentration of protein. In addition, the signal, Col,
could occasionally result from the reduction of [Co(H,0)s)*"
[30]. Under current conditions, formation of catalytic signals
was present between —1.0 and —1.1 V for first catalytic sig-
nal (RS,Co) and —1.2 and —1.5 V for Catl and Cat2 signals,
respectively (Fig. 4A). Varied strength of signal Col was ob-
served at potential —0.8V. Dependence of the RS,Co peak
height on viral protein concentration is shown in Fig. 4B.
Results clearly show peak height decreased with the increas-
ing concentrations of viral protein. This phenomenon is the
best explained with the formation of a complex between an
SH group, Brdicka solution (cobaltions), and CdS QD. Along
with standard Brdicka peaks, two new peaks labeled X and Y
were present owing to the complex formation between CdS
QDs and viral protein’s -SH groups. This was apparent from
the obtained dependences on the concentration of protein,
which are shown in Fig. 4C and D. From an analytical point
of view, Cat2 is the most important detected signal. The signal
increased with increasing concentrations of protein, which is
shown in Fig. 4E. The detection limit (3 S/N) of viral protein

Microfluidics and Miniaturization 3201

was estimated as 100 ng/mL (more details will be published
elsewhere).

3.4 Magnetic particles for viral isolation

The isolation procedure utilized a microfluidic instrument to
perform paramagnetic particle detection. Similar approaches
have implemented microfluidic platforms that can detect
pathogenic avian influenza virus H5N1 in a throat swab sam-
ple. The technique coupled with polymerase chain reaction
uses magnetic forces to manipulate a free droplet contain-
ing superparamagnetic particles [31-33]. These approaches
are so sensitive, as Mizutani et al. showed, that they were
able to isolate five particles from the influenza virus [34].
Magnetic particles can also be used for viral infection charac-
terization. Virion immunosorting with magnetic nanobeads
is direct, efficient, and adaptable to viral characterization at
a nanometric resolution [35]. Another approach involved an
immunomagnetic bead-based microfluidic system. By per-
forming a simple two-step diagnostic process that includes a
magnetic bead-based fluorescent immunoassay and an end-
point optical analysis the technique allows rapid detection
of influenza A virus. Influenza A was targeted with mag-
netic particles and then labeled with a fluorescent signal
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using mAb with R-phycoerythrin [36]. Taking advantage of
the large surface area-to-volume ratio, antibody-conjugated
magnetic nanoparticles can act as an effective probe to ex-
tractinfluenza virus for gel electrophoresis and on-bead mass
spectrometric analysis [37]. An approach describing sandwich
design hybridization probes consisting of magnetic particles
and quantum dots with target DNA, and their application in
the detection of avian influenza virus (H5N1) sequences were
also published [38]. Based on the previously published results,
a combination of several approaches was integrated to sensi-
tively select and determine H5NT1 viral protein. Streptavidin-
modified paramagnetic particles were mixed with biotiny-
lated selective glycan. Glycan-binding proteins are often ex-
pressed by viruses, bacteria, and protozoa on their surfaces
to facilitate their attachment to host cells and establish col-
onization and infection. The first key step in the process of
infection, transmission, and virulence of influenza viruses
involves HA, a trimeric glycoprotein expressed on the in-
fluenza virus membrane [5], which binds to a host cell’s sur-
face glycans via a terminal sialic acid (Sia) with «2-3 and a2—6
linkages [39, 40]. A fully automated setup was developed us-
ing a pipetting robot as described in Fig. 5. (PCR 96) 10 pL
of Dynabeads M-270 Streptavidin were pipetted (Fig. SA) out
of each well of a plate. The plate was then transferred to a
magnet plate where the stored solution was extracted from
the beads. Beads were washed three times with 100 L of
phosphate buffer (0.3 M; pH 7.4) followed by the addition
of 20 L biotinylated glycan to each well. In the following
step, 20 pL of H5N1-Cd-labeled protein was added proceeded
by incubation (30 min, 25°C, 400 rpm) and washing with
100 pL of phosphate buffer (0.3 M; pH 7.4) (Fig. 5C). Sam-
ples were treated with ultrasound needle (2 min.) (Fig. 5D).
The plate was transferred to a magnet, and the product from
each well was analyzed using electrochemical analysis. Cad-
mium was detected by differential pulse voltammetry and
H5N1 protein was confirmed present using Brdicka reaction
(Fig. 5).

3.5 Optimization of biosensing system parameters

Selected components and their effect were tested to design
a biosensor. The influence of varying concentrations of gly-
can on the amount of isolated H5N1 CdS QDs-viral protein
complex was investigated. Changes in cadmium(II) ions peak
height showed increasing dependency on the concentration
of biotinylated glycan. Thirty-minute treatments with viral
protein (5 wg/mL) at 25°C and 400 rpm showed a maximum
response with 250 wg/mL of glycan (Fig. 6A). Maximum
capacity of particles was not achieved until concentrations
reached 1 mg/mL, but this in some biosensing applications
is economically disadvantageous. Increasing the surface cov-
erage of coated paramagnetic particles can also be achieved
by imposing longer interaction time. Thirty to sixty minutes
of incubation treatments (up to 60%), show a dramatic in-
crease in signal as shown in Fig. 6B. The cadmium peaks are
shown in Fig. 6B. Treatments lasting 120 min augment the

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 6. Isolation of complex H5N1-CdS (5 png/mL) on param-
agnetic particles in connection with glycan binding. Influence of
(A) glycan concentration and (B) time of interaction on measured
cadmium signal; inset: cadmium peaks. For other experimental
conditions, see Section 2.

cadmium(II) ion signal by more than 30%. Protein concen-
trations were also determined using Brdicka reaction. The
obtained voltammograms are shown in inset of Fig. 7. Cat2
peak height increased with increasing viral protein concen-
tration (Fig. 7). The greater intercept value of the curve is
associated with streptavidin release from paramagnetic par-
ticles” surface during ultrasound needle.

3.6 Calibration of the assay

The effects of viral protein concentrations on H5N1 fully auto-
mated isolation procedure were monitored. Under optimized
conditions (250 wg/mL of glycan, 30-min long interaction,
25°C and 400 rpm), the typical dependence of the cadmium
content per mg H5N1 viral protein is shown in Fig. 8. Indi-
vidual signals of applied varying concentrations (0.625, 1.25,
2.5,3.75, and 5 pg/mL H5N1-CdS QDs) measured at HMDE
(blue rhombus) and GCE (red square) exhibited good linear-
ity, y = 0.0284x + 0.0054, with R* = 0.9904 for HMDE and,
y = 0.024x + 0.0017, with R? = 0.9923 for FIA GCE. De-
tectable amounts of cadmium in the protein were 10 ng per
mg, which meant submicrograms quantities of viral protein
could be identified.
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Figure 7. Dependence of Cat2 viral protein HGN1-CdS peak on
applied concentration of H5N1 protein; inset: typical voltammo-
grams of Cat2 peal measured at —1.55 V. Volume of measured
sample was 3 pL. For other experimental conditions, see Fig. 4.

4 Conclusions

Most cases of human infection due to avian influenza viruses
have involved close contact with infected poultry, particularly
ill or dying chickens. During the 1997 outbreak in Hong
Kong, one case-control study found exposure to live poultry
within a week before the onset of illness was associated with
human disease, but no significant risk was related to travel-
ing, eating, or preparing poultry products or being exposed
to people infected by the H5N1 virus [41]. Effective routine
surveillance may be impossible in countries lacking basic
public health resources. For a global containment strategy
to be successful, low-cost, easy-to-use handheld units that
permit decentralized testing are vital. Moreover, a protocol
that allows rapid detection of the virus is critical to prevent
pandemic spread [42]. A rapid detection method using an au-
tomated FIA and particle-based technology in micro-analysis
systems may provide laboratories with solutions that enhance
laboratory system productivity and test accuracy for the detec-
tion of a broad range of disease markers. Techniques using
micro- and nanotechnology are used to fabricate lab-on-a-chip
devices [43-47]. The paramagnetic particles are modified us-
ing biotechnology to make separation and electrochemical
detection of viral nucleic acids and proteins easier to measure.
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Paramagnetické castice (MPs) jsou vynikajicim nastrojem pro izolaci s mnoha
unikatnimi vlastnostmi, jako je snadnd manipulace a separace pomoci magnetického
pole (van Reenen, a kol., 2014). Dalsi vyhodou je jejich velky aktivni povrch (vzhledem
k malym rozmérim), ktery mize byt snadno modifikovan (Gooding, 2002). Vzhledem
k vyse uvedenym vlastnostem maji MPs vyuziti v fad¢ detekénich systémd, jelikoz
zvysuji jejich selektivitu, citlivost a rychlost (Kim a Poudel, 2013, Liu, a kol., 2011,
Ramadan a Gijs, 2012). Kombinace pokrocilych metod detekce biomolekul (detekce
nukleovych kyselin, imunologické metody) s mikrofluidnimi a imunomagnetickymi
separacnimi technikami, které vyuzivaji modifikovanych MPs, ma obrovsky potencial
pro realizaci integrovaného systému pro detekci patogent (Ramadan a Gijs, 2012, Sin,
a kol., 2014).

V této studii byl popsén detekéni systém zalozeny na magnetické izolaci HA,
znac¢en¢ho QDs (CdTe) a elektrochemické detekci izolovaného HA-QDs komplexu.
Cilovou molekulou byl chiipkovy antigen (HA). Jako vzorek byla pouzita vakcina proti
chiipce, obsahujici tfi chiipkové viry (a tudiz tfi typy HA). Nejprve byly vakcinaéni HA
(vaxi HA) konjugovany skademnatymi QDs (CdTe), tento komplex byl
charakterizovén elektrochemicky a pomoci gelové elektroforézy. Nasledn€ byl komplex
izolovan pomoci glykanem modifikovanych MPs, pfi¢emz cely proces izolace byl
optimalizovdn a automatizovan. Optimalizovanymi podminkami byla koncentrace
glykanu, teplota a Cas izola¢ni reakce. Produkt izolace byl detekovéan elektrochemicky,
dvéma voltametrickymi metodami. Kovova ¢ast QDs (Cd(II)) byla detekovana pomoci
anodické rozpoustéci diferencni pulzni voltametrie (DPASV) v prostfedi acetdtového
pufru. Signal kademnatého iontu z QDs (Cd pik) byl detekovan pii potencidlu -0.66 V.
HA byl detekovan pomoci diferencni pulzni voltametrie spojené s prenosovou
adsorptivni techikou (AdTS DPV) v prostiedi amonného pufru, pii potencialu -1.5 V.

Nejvétsiho vytézku bylo dosazeno pii téchto izolacnich podminkéch: koncentrace

141



glykanu 100 pg/ml, teplota izola¢ni reakce 45°C, doba izolace 20 min. Pii
optimalizovanych podminkach byl sledovan vliv koncentrace vakcinacniho HA
v komplexu HA-CdTe na vysku Cd a HA piku. Naméfené hodnoty obou pikll byly
vzajeme korelovany. V této studii jsme popsali metodu pro rychlou a automatiozovanou
izolaci cilového HA-QDs komplexu, propojenou s elektrochemickou detekci HA a QDs

Casti.
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Abstract: In this study we describe a beads-based assay for rapid, sensitive and specific
isolation and detection of influenza vaccine hemagglutinin (HA). Amplification of the
hemagglutinin signal resulted from binding of an electrochemical label as quantum dots
(QDs). For detection of the metal and protein part of the resulting HA-CdTe complex, two
differential pulse voltammetric methods were used. The procedure includes automated
robotic isolation and electrochemical analysis of the isolated product. The isolation
procedure was based on the binding of paramagnetic particles (MPs) with glycan (Gly),
where glycan was used as the specific receptor for linkage of the QD-labeled hemagglutinin.

Keywords: influenza hemagglutinin; electrochemical detection; paramagnetic particles;
glycan; quantum dot labeling

1. Introduction

These days are characterized by rapid population growth, international trade and globalization, and
for this reason the risk of influenza pandemics looms larger and larger [1]. Influenza is one of the most
frequently occurring respiratory diseases, which causes approximately 500,000 deaths every year. The
influenza virus is subject to genetic mutations, mainly due to the lack of proof-reading activity of its
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polymerase [2]. Influenza infections mostly occur as seasonal epidemics or less frequently, as
influenza pandemics. During twentieth century there were three, with shortening delays between them:
Spanish flu in 1918, Asian flu in 1957 and Hong-Kong flu in 1968. The twenty first century has also
been marked by a few cases of pandemics (swine and avian influenza) with a small number of victims,
but with much larger economic impact.

Antigenic drift results from an accumulation of point mutations leading to minor antigenic changes,
while antigenic shift involves major antigenic changes by introduction of new hemagglutinin (HA)
and/or neuraminidase (NA) subtypes into the human population [2]. Combinations of HA (1-17) and
NA (1-9) subtypes affect the biological properties of influenza viruses, especially their host range and
virulence. HA is responsible for the initiation of the infection and it binds sialic acid on the host cell
surface. NA removes sialic acid from the host receptor and thus enables the release of the replicated
virion [3,4]. Sialic acids (SAs) are located on the terminal positions of glycans on the host cell surface,
which is important for the spread of pathogens [5,6].

Vaccination is the most effective way of preventing influenza epidemics and the emergence of
pandemics [7-9], however, influenza vaccines are only effective one year, because the limiting factors are
the antigens’ mutational changes, which mean that reuse of the previous year’s vaccine would not be
effective [10]. In 2006, World Health Organization (WHO) published an action plan to increase the
current supplies of influenza vaccines. Inactivated vaccines induce protective levels of serum
antibodies to influenza HA surface proteins [9] and are regarded as the most effective prophylactic
method. Before the presentation of the influenza vaccine on the pharmaceutical market rapid and
sensitive analysis of vaccination antigens is necessary, especially for human immunization. As a
detection system, electrochemical biosensors and bioassays have attracted considerable interest due to
their high performance, miniaturized construction, and low costs [11-15]. In spite of the fact that
quantum dots (QDs) and magnetic nanoparticles (MPs) are currently utilized, especially for in vivo and
in vitro imaging, their application in the field of biosensing devices for influenza viruses could be also
considered [16—18].

The aim of this study was to design and to test a method for indirect detection of hemagglutinin for
the purposes of quantification of vaccine antigen or for the detection of influenza virus. We suggest a
method based on the isolation of QD-labeled HA by glycan-modified MPs and on electrochemical
detection of the MPs-HA-glycan-QDs complex, which is formed due to the specific and selective
binding between glycans and HA.

2. Results and Discussion

Influenza type A can be subtyped by different variants of NA (1-9) and HA (1-17), which differ
from each other in virulence, host specificity and binding of HAs subtypes on human and/or avian
glycan receptors [19-24]. Specific HA-glycan affinity has been exploited as the basis for isolation of
various types of influenza viruses [25]. In our previous study we described a MPs-based isolation
method for standard viral proteins labeled with CdS [26]. The current study was moved forward by the
isolation of real samples (influenza vaccines) instead of the HA standard. Labeling of HA with CdTe
QDs was used because of their better electrochemical properties.

144


LMAN-OLGA
Typewritten Text
144


Molecules 2013, 18 15575

2.1. Characterization of vaxi HA, CdTe and HA-CdTe Complex by Gel Electrophoresis

The beads-based isolation of HA-CdS complex is the cornerstone of the proposed procedure.
Glycan-conjugated (modified) beads bind vaccine HAs, which could be recognized specifically and
linked onto the surface of the glycan-modified MPs. This design is based on the hemagglutinin as the
basic element. Therefore the protein characterization of influenza vaccine by gel electrophoresis is
very important. The complexity of work with such sample is due to the many proteins present in
samples. The interpretation of the gel electropherogram (Figure 1A) is based on the results presented
in literature [27-29]. The proportions of several influenza proteins have been found to be similar for
various strains of the virus [28]. One band at 28 kDa corresponds to the matrix protein 1 (M1). The band
at 38 kDa represents the hemagglutinin fragment from influenza B virus. The band at 48 kDa was
assigned to the glycosylated HA [30]. The band at 56 kDa is connected with the presence of
nucleocapsid protein (NP). The predicted molecular mass of HA is approximately 63 kDa, however,
the band pattern of HA is affected by glycosylation and proteolytic cleavage under in vivo conditions [31].

2.2. Characterization of CdTe by Electrochemical Analysis

Further, we aimed our attention at determination of the metal part of the label used in this study to
mark the virus. Cd in CdTe and HA-CdTe complex was determined by differential pulse anodic
stripping voltammetry (DPASV) at the potential —0.66 £ 0.005 V (bottom inset in Figure 1B).
Optimization of the electrochemical procedure was done due to the testing of accumulation time
(upper inset in Figure 1B). Dependence of relative Cd peak height (%) on time of accumulation is
linear within the whole testing interval from 0 to 600 s. As the optimum time, 360 s was selected (due
to the time consuming nature of measurements with longer accumulation times). The dependence of
the peak height on concentration of CdTe had a sigmoidal shape with the following regression curve:
Cd in CdTe y = —0.0008x" + 0.724x + 3.8864, R = 0.9953, n = 4 (Figure 1B).

2.3. Characterization of Influenza Vaccine by the Brdicka Reaction

Proteins from influenza vaccine were characterized by differential pulse voltammetry (AdT DPV)
measured in the Brdicka solution and coupled with the adsorptive transfer technique. As the targer
peak the so called Cat2 peak at potential —1.56 + 0.005 V was choosen (bottom inset in Figure 1C).
Apply the same concept as above, we also optimized the time of accumulation. From the obtained
dependence of relative detected peak height (%) on time of accumulation, 120 s was selected (upper
inset in Figure 1C) as the optimum. The calibration curve of the obtained concentration dependence
was as follows: y =215.18x + 10.747, R = 0.9943, n = 4 (Figure 1C).

2.4. Electrochemical Characterization of HA-CdTe Complex

HA-CdTe complex formed due to the specific and selective binding between glycan and HA was
characterized by two electrochemical methods. Each method serves for the detection of one part of the
complex. Characterization of the metal part of the complex, namely the cadmium ions, was done by
the DPASV method. The cadmium peak was detected at the potential —0.66 V. For this purpose the

method was optimized through determination of the optimal accumulation time (Figure 2A). As it was
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mentioned above, the value of 360 s was confirmed. Concentration dependence was as follows:
y=-0.04x> + 0.637x + 0.0419, R? = 0.9983, n = 4 (Figure 2B).

Figure 1. Characterization of QDs and hemagglutinin by gel electrophoresis and
electrochemical analysis. (A) Characterization of vaxi HA, CdTe and vaxi HA-CdTe by gel
electrophoresis (SDS PAGE). Concentration of labeled and non-labeled vaxi HA was
22.5 pg/mL, concentration of CdTe was 500 uM; (B) Electrochemical detection of
individual parts of HA-CdTe complex. Dependence of Cd peak height on Cd (CdTe)
concentration. Inset: dependence of relative Cd peak height (related to the maximum value)
on time of accumulation. Cd was determined by DPASV with parameters as it follows:
initial potential —0.8 V; end potential -0.5 V; deposition potential -0.8 V; equilibration time
5 s; modulation time 0.06 s; time interval 0.2 s; potential step 0.002 V; modulation
amplitude 0.025 V. Time of accumulation was optimized (a — k): a 30 s, 60s, ¢ 120 s, d
180s,e240s,f300s,g360s,h420s,i480s,;540 s, and k£ 600 s; (C) Dependence of HA
peak height on HA (vaxi HA) concentration. Inset: dependence of relative HA peak height
(related to the maximum value) on time of accumulation. For measurement AdT DPV
Brdicka reaction was used under following parameters: purge time 30 s; initial potential
—0.7 V; end potential —1.8 V; potential step 0.002 V; amplitude 0.025 V. Time of
accumulation was optimized (a > g): @ 0s,b305s,c60s,d90s,e120s,f240s,and g
360 s. Concentration of vaxi HA was 2.25 pug/mL, initial concentration of CdTe was 500 uM.
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Characterization of HA part of the complex was done by the AdT DPV method connected with the
Brdicka reaction. The detected peak was recorded at a potential near —1.56 V. The method
optimization included the optimal accumulation time determination too (Figure 2C). As it was
mentioned above, the value of 120 s was confirmed. The calibration curve of the obtained
concentration dependence was as follows: y = 122.97x + 3.3705, R? = 0.9979, n = 4 (Figure 2D).

2.5. Optimization of the Automated Isolation Procedure

The isolation procedure was done according to the previously published paper [26]. The isolation
procedure scheme is shown in Figure 3. Briefly, streptavidin-modified MPs bind biotinyled glycan and
in the other step the hemagglutinin binds quantum dots. In the next step the final complex is created
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from all four parts. This complex is subsequently disordered by sonication and the individual parts

are detected.

Figure 2. Electrochemical characterization of HA-QDs complex. Optimization and
detection of the metal part of HA-CdTe complex. (A) Dependence of relative Cd peak
height (related to the maximum value) on time of accumulation; (B) Dependence of Cd
peak height on concentration of CdTe. For Cd determination DPASV was used under the
following parameters: initial potential —0.8 V; end potential —0.5 V; deposition potential
—0.8 V; equilibration time 5 s; modulation time 0.06 s; time interval 0.2 s; potential step
0.002 V; modulation amplitude 0.025 V. Time of accumulation was optimized (a — g): a
30s,b60s,c120s,d 240 s, e 360 s, 480 s, and g 600 s. Optimization and detection of
HA (protein part of the HA-QDs complex); (C) Dependence of relative HA peak height
(related to the maximum value) on time of accumulation; (D) Dependence of HA peak
height on HA(HA-QDs) concentration. For HA determination AdT DPV Brdicka reaction
—0.7 V; end
potential —1.8 V; potential step 0.002 V; amplitude 0.025 V. Time of accumulation was
optimized (a— g): a05s,b30s,c60s,d90s,e120s, 240 s, and g 360 s.

was used under the following parameters: purge time 30 s, initial potential
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Figure 3. Scheme of isolation (A+B+C) and electrochemical detection (D) of vaccine
hemagglutinin (vaxi HA) labeled with CdTe quantum dots (QDs); (A) Biotinyled glycan
binding on streptavidin modified paramagnetic particles (MPs) based on biotin-streptavidin
affinity, (B) HA labelling by CdTe, (C) magnetic isolation of HA-CdTe complex (based on
glycan-HA affinity), followed by sonication and (D) electrochemical detection of HA and
QDs parts. HA was detected by differential pulse voltammetry (DPV) connected with
adsorptive transfer technique (AdT DPV) Brdicka reaction. QDs (Cd respectively) were
detected by DPASV. Other experimental conditions see in Figure 2.
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This procedure was optimized to increase the HA-CdTe yield. The effect of different conditions
such as the amount of glycan, time and temperature of isolation was tested using an automatic isolation
procedure performed by an epMotion 5075 device. The influence of different conditions was
investigated by the optimized electrochemical detection. The effect of glycan amount was investigated
first. Figure 4A shows the increasing dependency of HA and Cd relative peak height on the glycan
amount, but only up to a concentration of 50 pg/mL (this concentration was established as the best).
Blue columns show the dependence of Cd relative peak height on glycan concentration, and red
rhombi show the dependence of HA relative peak height on glycan concentration. The other two
conditions optimized directly included the labeled HA isolation reaction. Tested conditions included
six temperatures (5, 25, 35, 45, 55 and 65 °C) and reaction times (5, 10, 15, 20, 30, 45 and 60 min).
From the results it follows that best signals were obtained at temperatures higher than 35 °C and the
temperature of 45 °C was established as the best, based on the Cd peak results (blue columns in Figure 4B)
and HA peak (red rhombi in Figure 4B), which correspond to the range of body temperatures of
humans and small animals, especially birds, which serve as influenza reservoirs [32]. The highest
effect of reaction time was observed based on the Cd peak (blue columns in Figure 4C) and HA peak
(blue columns in Figure 4C) after 45 min of incubation of glycan-modified MPs with HA-Cd-Te. If we
summarize the results of the optimization, the best conditions was glycan concentration 50 pg/mL,
reaction time of 45 min., and the reaction temperature 45 °C. The observed distinct temperature
dependence of HA-Cd-Te interaction is in accordance with previously published data on the

thermostability of hemagglutinin, whereby at temperatures higher than 60 °C the loss of HA secondary
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structure occurs and at temperatures below 30 °C HA conformational changes affecting the
functionality of the virion are observed [28,33,34].

Figure 4. Optimization of isolation procedure. (A) Dependence of relative Cd peak height
(related to the maximum value) on optimized condition (blue column). Dependence of
relative HA peak height (related to the maximum value) on optimized condition (red thomb).
Dependence of relative Cd/HA peak height on concentration of glycan; (B) Dependence of
relative Cd/HA peak height on temperature of reaction between HA-CdTe and glycan
modified MPs; (C) Dependence of relative Cd/HA peak height on time of reaction
(HA-CdTe and glycan-MPs). Other experimental conditions see in Figure 2.
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2.6. Hemagglutinin Detection from the Influenza Vaccine

Usage of influenza vaccine as a source of hemagglutinin for the proof of the suggested concept was
tested. The whole isolation procedure was done according to the optimized conditions and as the next step
the HA-CdTe complex was detected. Electrochemical detection was applied to both parts of the complex.
The dependencies of the individually detected electrochemical signals on the concentration of HA-CdTe
complex are shown in Figure 5. For electrochemical determination two different electrochemical methods
were utilized, individually focused on the Cd and HA part of the complex. Both dependencies have
polynomial character. The CdTe part had dependence as follows: y = 0.005x> + 1.634x + 15.60,

= 0.986, n = 4. The HA part had a dependence as follows: y = 0.039x> — 0.328x + 35.09,
R? =0.999, n = 4. The lowest concentration of HA in the vaccine (10 pg/mL) refers to 0.2 pmol/L HA.
When electrochemical detection of HA-CdTe was tested, the lowest detectable concentration was
62.5 pmol/L. The obtained results are comparable with other nanoparticle-based influenza (immuno)sensors
with terminal HA quantification [15], such as an electrically active magnetic nanoparticle-based
biosensor for the detection of pandemic influenza with a detection limit of 1.4 pmol/L [35] or the
detection of the hemagglutinin molecules of influenza virus by combining an electrochemiluminescence
sensor with an immunoliposome encapsulating a Ru complex with a detection limit on the order of
atomoles per 50 pL of sample volume, which corresponds to 120 pmol/L [36]. The vaccine is prepared
by splitting and inactivating influenza virions. If the vaccine HA is able to immunize humans, the
structure of the HA would not be significantly changed, and it will be possible to also apply this
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method for the isolation and detection of influenza virions. For this reason this method should be
applicable both for isolation and detection of vaccine antigen—hemagglutinin as well as influenza
virus—because hemagglutinin is found on the surface of the influenza virion [37]. Some other authors
also described the importance of methods for quantification of vaccine hemagglutinin. Legastelois et al.
described ELISA assays, where HA detection was 1.9 pg/mL, as opposed to the 5 pg/mL quantitation
limit generally accepted for the standard single-radial-immunodiffusion (SRID) assay, the approved
technique for quantifying HA content in influenza vaccines [38]. Bousse et al. described a method
which was applied to quantitate type A influenza viruses in solution, and focused on two early steps of
vaccine preparation, firstly, detection and quantitation of virus harvested from eggs and cell cultures

and, secondly, virus quantitation following inactivation [39].

Figure 5. Detection of isolated HA-CdTe complex by electrochemical analysis.
Dependence of relative peak height (related to the maximum value, Cd peak - blue colour,
HA peak - red colour) on concentration of isolated HA-CdTe complex. Other experimental

conditions see in Figure 2.
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3. Experimental
3.1. Chemicals

Tris(2-carboxyethyl)phosphine (TCEP) was supplied by Molecular Probes (Eugene, OR, USA).
Co(NH;3)6Cls and other chemicals were supplied by Sigma Aldrich (St. Louis, MO, USA) unless
indicated otherwise. Deionised water passed demineralization by reverse osmosis using Aqua Osmotic
02 (Aqua Osmotic, Tisnov, Czech Republic) and further it was purified using Millipore RG (MiliQ
water, 18 MQ, Millipore Corp., Billerica, MA USA). Deionized water was used to rinse, wash and
prepare buffers. Stock solutions were prepared with water of ACS purity.
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3.2. Hemagglutinin

The vaccine Vaxigrip® (Sanofi Pasteur, Lyon, France) was used as the sample of influenza
hemagglutinin. Vaxigrip® is inactivated trivalent influenza vaccine. Sterile suspension contain three
influenza strains (A/California/7/2009 (HIN1), A/Victoria/361/2011 (H3N2) and B/Wisconsin/1/2010),
cultivated on fertilised eggs, concentrated, purified by zone centrifugation in a sucrose gradient, split,
inactivated and diluted in phosphate buffered saline solution. Vaxigrip® contains 15 micrograms of all
three HAs per 0.5 mL (90 ug/mL HA).

3.3. Preparation of QDs (CdTe)

CdTe QDs were prepared according to a slight modification of the method published by Duan et al. [40].
Briefly, cadmium acetate dihydrate (Cd(OAc),-:2H,0, 0.0267 g) was dissolved in ACS water (44 mL)
and trisodium citrate dihydrate (100 mg) was added with stirring. A solution of Na;TeO;3 (0.0055 g) in
water (1.25 mL) was poured into the first solution, followed by 3-mercaptopropionic acid (100 puL,
1.14 mM). Afterwards, solid NaBH, (50 mg) was added with vigorous stirring and hydrogen evolution
was observed, followed by a color change of the solution to slightly yellow. After 30 min of stirring,
an aliquot of solution (2 mL) was heated in a glass vial in a Multiwave 3000 Microwave Reaction
System (Anton Paar, Graz, Austria) using a 64MGS5 rotor. Reaction conditions were as follows: power
300 W, temperature 120 °C and time 18 min. Obtained CdTe QDs were stored in the dark at 4 °C.

3.4. Labelling of Vaxigrip® HA by CdTe ODs

Vaxigrip® (500 pL containing 45 pug of HA) was reduced and washed with water (5 x 400 uL) on
an Amicon 3k centrifugal filter device (Millipore) and mixed with a solution of prepared QDs (500 pL).
This mixture was shaken for 24 h at room temperature (Biosan Orbital Shaker OS-10, Biosan Ltd.
Riga, Latvia). The volume of solution was reduced to 100 pL on an Amicon Ultra 3k centrifugal filter,
diluted with water and washed five times using a 5417R centrifuge (Eppendorf, Hamburg, Germany).
The washed sample was diluted to 1 mL with ACS water and used for measurements.

3.5. Characterization of vaxi HA and HA-CdTe Complex by Gel Electrophoresis

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) was performed using a
Mini Protean Tetra apparatus with gel dimensions of 8.3 x 7.3 cm (Bio-Rad, Hercules, CA, USA).
First 12.5% (m/V) running, then 5% (m/V) stacking gel was poured. The gel was prepared from 30%
(m/V) acrylamide stock solution with 1% (m/V) bisacrylamide. The polymerization of the running or
stacking gels was performed at room temperature for 30 min. 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 “Precision plus Protein
Standards” protein ladder from Bio-Rad was used. The electrophoresis was run at 150 V for 1 h at
laboratory temperature (23 °C) (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 Coomassie-blue. The rapid
Coomassie-blue staining procedure was adopted from Wong et al. [41].
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3.6. Isolation of HA-QDs by Glycan Modified MPs Using a Robotic Pipetting Station
3.6.1. Robotic Pipetting Station

An epMotion 5075 (Eppendorf, Hamburg, Germany) automated pipetting station, was used for
CdTe labeled HA isolation prior to electrochemical analysis. The isolation process was computer
controlled. The program sequence was edited and the station was supervised by pEditor 4.0. Transfer
of species was provided by a robotic arm with pipetting adaptors (TS50, TS300 — numeric labeling
refers to the maximal pipetting volume in pL) and a gripper for microplate transport (TG-T), was
placed at the Al position. Tips were placed in positions A3 (300 pL tips) and A2 (50 pL tips). At
position A4 a Thermo mixer was located. At position B1, a module reservoir for washing solutions and
waste were placed. Position C1 was thermostated (PCR 96 thermoadapter). A thermorack for 24 x 1.5—
2 mL microtubes (Position B3) was used to store working solutions (buffers). For sample preparation
96-well PCR plates (microplates) with a maximal well volume of 200 puL were used. The principal
position of the microplate was C1. During washing and at the end of isolation, the MPs were forced to
the well bottoms using a magnetic adapter (Promega, Madison, WI, USA) (position C4).

3.6.2. The Automated Isolation Procedure

The first step of the automatic isolation involved pipetting of Dynabeads® M-270 Streptavidin (10 pL),
supplied by Life Technologies (Carlsbad, CA, USA), into microplate wells (PCR 96, Eppendorf). Then
the plate was subsequently transferred to a magnet. Stored solution was aspirated out of the MPs and
the MPs were washed three times with phosphate buffer (PB, 0.3 M, pH 7.4, made from NaH,PO, and
Na2HPO4, 100 pL). After that biotinyled multivalent-glycan (01-039a [NeuSAca2-6Galf1-
4GIcNAcB1-PAA-biotin], 20 pL) which was used according to Suenaga at al. [25], supplied by
GlycoTech (Gaithersburg, MD, USA), were added to each of the wells and incubated (30 min, 25 °C,
400 rpm). In the next step each well was washed three times with PB (100 puL and sample (vaccine HA
labeled by CdTe, 20 puL) was added. The mixture in each well was further incubated (400 rpm,
optimized conditions) and washed three-times with PB (100 pL). In the last step PB (35 puL) was added
followed by ultrasound needle treatment (2 min). The plate was transferred to the magnet, where the
supernatant was pipetted out of MPs into the new wells and electrochemically analyzed.

3.7. Electrochemical Detection of CdTe and HA-CdTe Complex

Cd (CdTe) itself and Cd from HA-CdTe complex was detected by differential pulse anodic
stripping voltammetry (DPASV). Measurements were carried on a 663 VA Stand (Metrohm, Herisau,
Switzerland) with an electrochemical cell with a three electrode set-up. A hanging mercury drop
electrode (HMDE) with a drop area of 0.4 mm” was used as the working electrode, an Ag/AgCl/3M
KClI as a reference electrode and a platinum electrode was the auxiliary electrode. Samples were
deoxygenated prior to each measurement by purging with argon (99.999%). Acetate buffer (0.2 M
CH3COONa + CH3COOH, pH 5.0) was used as a background electrolyte and was replaced after each
measurement. The parameters of the measurement were as it follows: purging time 100 s; deposition
potential —0.85 V; equilibration time 2 s; modulation time 0.057 s; interval time 0.2 s; initial potential
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—0.85 V; end potential —0.4 V; step potential 0.005 V; modulation amplitude 0.0250 V; volume of
measurement cell: 1 mL (5 pL sample; 995 pL acetate buffer). GPES 4.9 software was used for
data processing.

3.8. Electrochemical Detection of vaxi HA and HA-CdTe Complex

HA itself and HA from HA-CdTe complex were detected by the adsorptive transfer technique
connected with a differential pulse voltammetric method (AdT DPV) Brdicka reaction [42].
All measurements were performed with a 663 VA Stand instrument (Metrohm) with a cooled
electrochemical cell, equipped with a three electrode set-up. The temperature of the measurement cell was
controlled at 4 °C by a Julabo F25 instrument (JulaboDE, Seelbach, Germany). The three-electrode
setup was composed of a hanging mercury drop electrode (HMDE) with a drop area of 0.4 mm? as the
working electrode, an Ag/AgCl/3M KCI reference electrode and a platinum electrode as the auxiliary
one. Prior to measurements the analysed samples were deoxygenated by purging with argon (99.999%)
for 120 s. The Brdicka supporting electrolyte contained 1 mM Co(NHj3)sCl; and 1 M ammonia buffer
(NHs(aq) and NH4Cl, pH = 9.6) and was changed after each analysis. The parameters of the
measurement were as it follows: initial potential —0.7 V; end potential —1.75 V; modulation time 0.057 s;
time interval 0.2 s; step potential 0.002 V; modulation amplitude 0.025 V; sample volume 5 pL; buffer
volume 1500 pL. Software GPES 4.9 was used for data analysis.

3.9. Descriptive Statistics

Data were processed using MICROSOFT EXCELs (Microsoft Corp., Redmond, WA, USA) and
STATISTICA.CZ Version 8.0 (StatSoft, Prague, Czech Republic). The results are expressed as
mean = SD unless noted otherwise. The detection limits (3 signal/noise, S/N) were calculated
according to Long and Winefordner [43], where N was expressed as a standard deviation of noise
determined in the signal domain, unless stated otherwise.

4. Conclusions

In this study we designed and optimized method for automated isolation and detection of
vaccine influenza hemagglutinin labeled with CdTe quantum dots. For the detection of HA-CdTe
complex two voltammetric methods were used. The effect of various conditions (glycan concentration,
time and temperature of glycan and HA-CdTe mixing on the detected HA and Cd signals were
investigated. These results demonstrate that the automatic isolation procedure coupled with the usage
of quantum dots as an electrochemical label is suitable for vaccine influenza detection. Our platform
may be applied for analysis of other pathogens, based on specific receptor binding and magnetic
isolation processes.
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5.4 Vyuziti 3D technologie pro tvorbu ¢iptu
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Pomoci 3D tisku miize byt vyrobeno téméf cokoliv, ztoho divodu nalezla
technologie 3D tisku vyuziti téméf ve vSech odvétvich zahrnujici primysl (Bonyar, a
kol., 2014), zdravotnictvi (Dorey, 2014, Lee, a kol., 2014), dopravu (Moon, a kol., 2014)
a znacnou budoucnost ma i jeji aplikace v oblasti vyzkumu (Dorey, 2014), vetné
vyuziti 3D tisku pfi vyrobé mikrofluidnich zafizeni pro rizné detekcni systémy (Kitson,
a kol., 2012). Mezi vyhody 3D techologie tisku patii extrémé rychlé zhotoveni, cenové
dostupné materidly a v neposledni fadé také moznost vyroby piesnych a preciznich
prototypt (Bonyar, a kol., 2014). Cilem publikace byl navrh a aplikace trojrozmérného
(3D) ¢ipu, vyvinutého pro rychlou, citlivou a specifickou detekci chiipkového
hemaglutininu, zna¢en¢ho CdS QDs. Princip stanoveni byl zaloZzen na bazi
mikrofluidniho €ipu, ve kterém probihla jak izolace pomoci paramagnetickych castic,
tak vlastni elektrochemicka detekce. Jako platforma pro izolaci byly pouzity
streptavidinem modifikované MPs, na které¢ byl nejprve navazan biotinylovany glykan a
nasledné¢ komplex HA-QDs. Pro modifikaci povrchu MPs byl vybran glykan
predstavujici synteticky analog silové kyseliny, kterd se bézné vyskytuje na povrchu
hostitelskych bunek a ktery slouzi pro ptichyceni chiipkového virionu prostfednicvim
HA. Jako vzorek HA byla pouzita vakcina proti chiipce obsahujici tii chiipkové viry
(HIN12, H3N2 a chiipku typu B). Vakcinaéni HA byly nejprve zna¢eny CdS QDs. HA-
QDs komplexy byly specificky izolovany diky vazbé na povrch MPs modifikovanych
glykanem. Pro detekci produktu izolace (komplexu HA-QDs) byla vybrana skelna
uhlikova elektroda, ktera byla zapojena jako pracovni elektroda. Popsany proces izolace
a detekce probihal cely v ¢ipu vytvofeném pomoci 3D tiskarny. Pouziti 3D technologii

ma v oblasti vyvoje senzorti a biosenzori zna¢nou budoucnost. Navrzeny detekéni
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systém muze byt pouzit pro detekci dalSich specifickych latek, které jsou dualezité pro

prevenci, diagnozu nebo 1é¢bu infekénich chorob.
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In this study, we report a new three-dimensional (3D), bead-based microfluidic chip developed for rapid,
sensitive and specific detection of influenza hemagglutinin. The principle of microfluidic chip is based on
implementation of two-step procedure that includes isolation based on paramagnetic beads and
electrochemical detection. As a platform for isolation process, streptavidin-modified MPs, which were
conjugated via biotinylated glycan (through streptavidin-biotin affinity) followed by linkage of
hemagglutinin to glycan, were used. Vaccine hemagglutinin (HA vaxi) was labeled with CdS quantum
dots (QDs) at first. Detection of the isolation product by voltammetry was the end point of the procedure.
The suggested and developed method can be used also for detection of other specific substances that are
important for control, diagnosis or therapy of infectious diseases.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Influenza is likely the most powerful member of the group of
potential pandemic agents (Krasnoselsky and Katze, 2012),
because of the continuous mutational changes in its surface
antigens, hemagglutinin (HA) and neuraminidase (NA), which play
the main role in the mechanism of their interaction with sialic acid
(SA) receptors on a host cell (Chen et al., 2013).

Numerous analytical methods are used to detect influenza
viruses including methods based on the direct isolation of viruses
(Bui et al., 2013) followed by real time-polymerase chain reaction
(RT-PCR) (Tong et al., 2012), or immunology tests (Hemmatzadeh
et al., 2013; Shembekar et al., 2013). Most of them have some
disadvantages (an isolation of virus is time consuming; RT-PCR
requires appropriate equipment and well-trained staff). For this
reason, new sensors and biosensors based on magnetic beads
separation are coming to the forefront (Kamikawa et al., 2010; Lien
et al., 2011). Its sensitivity, specificity, speed, and the ability to
recognize a very low concentration of target molecules belong to
the most important features of a biosensor (Xu and Wang, 2012).
For this reason, wide range of methods, materials and substances
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and Biochemistry, Faculty of Agronomy, Zemedelska 1, 613 00 Brno, Czech Republic.
Tel.: +420 5 4513 3350; fax: +420 5 4521 2044.
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0956-5663/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
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to optimize developing biosensing instrument has been tested
(Kim et al., 2013). Paramagnetic particles (MPs) are the excellent
tool with many advantageous features, such as easy handling and
possibility to be separated by the magnetic field (Gijs, 2004,
Ramadan and Gijs, 2012). Currently, various bead-based assays
implemented to microfluidic systems have been reported for
biomedical applications (Lien et al, 2011; Tsai et al, 2013).
Combination of advanced biological detection methods with
microfluidic and immunomagnetic separation techniques exploit-
ing functionalized magnetic particles has tremendous potential for
realization of an integrated system for detection of pathogens
(Casavant et al., 2013; Ramadan and Gijs, 2012).

In this study, the microfluidic assay based on MPs based isolation
of HA was followed with the indirect detection of the isolated
compound with QDs labels. Microfluidic device for isolation and
detection of HA-QDs was fabricated using three-dimensional (3D)
printing, which is an example of additive manufacturing or solid
freeform fabrication technology (Polzin et al., 2013).

2. Experimental section
2.1. Chemicals

Streptavidin Dynabeads M-270 was purchased from Life Tech-
nologies (Norway), uniform and superparamagnetic beads are
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2.8 pm in diameter, with a monolayer of recombinant streptavidin
covalently coupled to the surface. Biotinylated multivalent-glycan
(01-039a  [Neu5Aco2-6 Galp1-4GlcNAcf1-PAA-biotin])  from
GlycoTech (USA), Vaxigrip® (HA) from Sanofi Pasteur (France), and
tris(2-carboxyethyl)phosphine (TCEP) from Molecular Probes (USA).
Sample of inactivated influenza H5N1 was donated by University of
Veterinary and Pharmaceutical Sciences Brno. Co(NH3)sCl; and other
chemicals were purchased from Sigma Aldrich (USA) in ACS purity
unless indicated otherwise. Stock solutions were prepared with ACS
water. pH value was measured using an instrument inoLab Level 3
(Wissenschaftlich-Technische Werkstatten GmbH; Germany). Deio-
nised water underwent demineralization by reverse osmosis using
an apparatus Aqua Osmotic 02 (Aqua Osmotic, Czech Republic) and
was subsequently purified using Millipore RG (Millipore Corp., USA).
Deionised water was used for rinsing, washing, and preparation of
buffers.

2.2. Hemagglutinin

Influenza vaccine Vaxigrip®, which contains inactivated and split
influenza virions of the following strands: A/California/7/2009
(HIN1), A/Victoria/361/2011 (H3N2) and B/Wisconsin/1/2010,
was used as the sample of Influenza A and B hemagglutinin.
Vaxigrip contains 15 micrograms of all three HA per 0.5 mL
(together 90 pg/mL HA).

2.3. Preparation of QDs (CdS)

CdS quantum dots were prepared according to modified pre-
viously published protocol (Li et al., 2007). Briefly, cadmium
nitrate tetrahydrate Cd(NOs),-4H,0 (0.1 mM) was dissolved in
ACS water (25 ml). 3-mercaptopropionic acid (35 pL, 0.4 mM) was
slowly added to the stirred solution. Afterwards, the pH was
adjusted to 9.11 with 1 M NH3 (1.5 mL). Sodium sulfide nonahy-
drate Na,S-9H,0 (0.1 mM) in ACS water was poured into the
solution under vigorous stirring. The acquired yellow solution was
stirred for 1 h. Prepared CdS quantum dots were stored in the dark
at 4 °C and were used for labeling of HA.

2.4. Labeling of HA from Vaxigrip by QDs (CdS)

Two preparation procedures of HA-CAS complex were
designed. The effect of complex fabrication was tested using an
automatic isolation procedure (described in Section 2.6) with
subsequent electrochemical detection using hanging mercury drop
electrode (described in Section 2.7).

Procedure No. 1: Vaxigrip® (0.5 mL, containing 15 pg of HINT1,
H3N2 and Brisbane virions) was mixed with QDs (0.5 mL) and
shaken for 16 h in dark at room temperature on a Biosan 0S-10
Orbital Shaker (Biosan Ltd., Latvia). Dialysis of the sample was
performed on a Millipore filter 0.025 pm VSWP against 2 L of
miliQ water at 4 °C. During dialysis volume of sample increased to
45 mL. Volume was reduced to 1mL on an Amicon 3k on
centrifuge 5417R (Eppendorf, Germany) at 6000 rpm for 15 min
at 20 °C. Concentrations of HA and QDs (expressed as Cd content)
were as it follows: 3 x 15 pg HA and 115 pg Cd/mL.

Procedure No. 2: Vaxigrip (500 pL) was reduced and washed
with water (5 x 400 uL) on an Amicon 3k centrifugal filter device
(Millipore, USA) and mixed with a solution of prepared QDs
(500 pL). This mixture was shaken for 24 h at room temperature
on a Biosan Orbital Shaker OS-10. The volume of solution was
reduced to 100 pL on an Amicon Ultra 3k, diluted with water and
washed 5 times using centrifuge 5417R. The washed sample was
diluted to 1 mL and used for succeeding measurements. Concentra-
tions of HA and QDs were the same as in the case of Procedure no. 1.

2.5. Characterization of vaxi HA, CdS and HA-CdS isolated by MPs

Characterization of vaxi HA, CdS and HA-CdS complex were
provided by matrix-assisted laser desorption/ionization time of
flight mass spectrometry (MALDI-TOF MS), gel electrophoresis and
spectral analysis. MPs and HA-CdS complex isolated by MPs were
characterized also by scanning electrochemical microscope
(SCEM).

2.5.1. Characterization of vaxi HA, CdS and HA-CdS complex
by spectral analysis

Fluorescence and/or absorption spectra of vaxi HA, CdS and
HA-CdS were acquired by a multifunctional microplate reader
Tecan Infinite 200 PRO (TECAN, Switzerland). 230, 320, 430, 450
and 550 nm were used as excitation wavelengths and the fluores-
cence scan was measured within the range from 290 to 850 nm
per 5 nm steps. The detector gain was set to 100. Absorption scan
was measured within the range from 230 to 630 nm. Samples
(50 pL) were placed in UV-transparent 96 well microplate with flat
bottom by CoStar (Corning, USA). All measurements were per-
formed at 30 °C and controlled by a Tecan Infinite 200 PRO.

2.5.2. Characterization of vaxi HA by MALDI-TOF MS

The mass spectrometry characterization was performed by
MALDI-TOF/TOF mass spectrometer Bruker Ultraflextreme (Bruker
Daltonik GmbH, Germany) equipped with a laser operating with
wavelength of 355 nm according to Nejdl et al. (in press).

2.5.3. Characterization of vaxi HA by gel electrophoresis

Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) was performed using a Mini Protean Tetra apparatus
with gel dimension of 8.3 x 7.3 cm? (Bio-Rad, USA) according to
Vyslouzilova et al. (2013).

2.5.4. Characterization of MPs and MPs-glycan-HA-CdS by SECM

Characterization of MPs and MPs-glycan-HA-CdS was provided
by SECM at CH Instruments Scanning electrochemical microscope
920C (Metrohm, Switzerland) in Amperometric mode. Working
electrode was a disk shaped microelectrode with radius of the
conductive core 10 um. The dimensionless parameter RG defined as
ratio of radii of conductive and isolated cores was 5.4. The following
parameters were used for working and substrate electrode: WE
(working electrode, Pt); applied potential: 0.3V, SA (substrate elec-
trode, Au): applied potential —0.4 V Ferrocenemethanol concentra-
tion 1 mM was used as an electrochemical mediator. All the
experiments were done at the same distance between tip and
substrate (d=30 pm).

The electrochemical cell was cleaned ultrasonically (in the
mixture of acetone and ethanol in the same ratio) and furthermore
was purified with hydrogen peroxide and sulfuric acid (also in the
same ratio). The purification step took five minutes on the surface
of electrode to purify it. The tip was cleaned ultrasonically only in
ethanol. Afterwards the chemical cleaning was finished, when the
cyclic voltammetry (CV) was started in the presence of 30% (v/v)
sulfuric acid. Finally, all the above-mentioned parts were rinsed
with double distilled water and dried with nitrogen. This proce-
dure was repeated after each measurement. Firstly, electrochemi-
cal mediator (ferrocenemethanol with KCl in ratio 1:1) was
identified. CV was initiated to determine what potential is respon-
sible for reversible redox reaction of mediator. These potentials
were applied to reach approach curves- determination of optimal
tip-substrate distance (30 um). The bare substrate electrode was
scanned and after it MPs and MPs-HA-CdS were scanned too.
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2.6. Isolation of HA-QDs by MPs modified with glycan using robotic
pipetting station

A computer-controlled automated pipetting station, ep-Motion
5075 (Eppendorf) was used for automated sample handling prior
to electrochemical analysis. Position C1 was thermostated (Epther-
moadapter PCR96). After the separation, MPs were forced apart
using a Promega magnetic pad (Promega, USA) at position C4. The
program sequence was edited and the station was controlled with
pEditor 4.0. Pipetting of 10 pL of streptavidin Dynabeads M-270 to
microplates (PCR 96, Eppendorf) was the first step of isolation
process. Subsequently, plate was transferred to magnet. Stored
solution was aspirated from the MPs and MPs were washed three
times with 100 pL of phosphate buffer (PB) (0.3 M, pH 7.4, made
from NaH,PO, and NayHPO,). Thereafter volume of 20 pL of
biotinylated glycan was added to each of the wells and incubated
(30 min, 25 °C, 400 rpm). After the incubation, the sample was
washed three times with PB (0.3 M, pH 7.4). Subsequently 20 pL of
HA-QDs was added. Mixture in each well was further incubated
(400 rpm, time and temperature was optimized) and washed
three-times with 100 pL of PB (0.3 M, pH 7.4). In the last step,
35 pL of PB (0.3 M, pH 7.4) was added. This step was followed by
the treatment of a sample using ultrasound needle (2 min). The
plate was transferred to the magnet and the supernatant was
analyzed using voltammetry. The detected substance was identi-
fied as cadmium (CdS QDs) and protein (HA from Vaxigrip).

2.7. Electrochemical analysis of HA-CdS isolated by robotic
pipetting station

For electrochemical analysis of both parts of isolated HA-CdS
complex two different techniques and supporting electrolytes
were applied.

2.7.1. Determination of vaxi HA from HA-CdS complex
by Brdicka reaction

Adsorptive transfer technique differential pulse voltammetric
measurements (AdT DPV) were performed with a 663 VA Stand
instrument (Metrohm, Switzerland) according to experimental
conditions indicated by Sochor et al. (2012).

2.7.2. Determination of cadmium from HA-QDs complex
in acetate buffer

Determination of cadmium by differential pulse anodic strip-
ping voltammetry (DPASV) was performed using a 663 VA Stand
(Metrohm, Switzerland) and a standard cell with three electrodes
according to experimental conditions indicated by Krejcova et al.
(2012).

2.8. Fabrication of 3D microfluidic chip and its application

The first step in fabrication of microfluidic chip was its 3D
processing in the modeling program Blender 2.65 (available on the
http://www.blender.org/community/get-involved). Product of this
software was exported in STL format and further edited in netFabb
program (Parsberg, Germany), which allows elimination of cranny
or wrongly oriented triangles. The corrected model (in STL format)
was opened in the program G3DMAKER (DO-IT, Czech Republic)
and 3D printing was controlled by EASY 3D MAKER (DO-IT). After
the above-mentioned corrections, the model was ready for print-
ing. Chip of the size [x, y and z] 42.64/14.95 and 4.87 mm was
printed with an accuracy of [x, y and z] 0.1/0.1 and 0.08 mm for
94 min. As material polylactide (PLA) from DO-IT, which was
applied by extrusion (melting head) at temperature 210 °C on a
heated surface (40 °C), was used. Each printed chip was machined

from minor impurities, fitted with tubes with a diameter of
2.1 mm and with three electrodes (working glassy carbon micro-
electrode, reference graphite electrode and auxiliary platinum
wire) for detail description see Section 2.8.2. Attachment the
plastic film (thickness 0.7 mm) at top of chip was the last step of
procedure.

2.8.1. Microfluidic analysis

A microfluidic analysis system (3D chip) equipped with devices
for electrochemical detection was suggested and constructed.
Procedure included two basic steps: isolation and electrochemical
detection. Isolation procedure was based on glycan conjugated
MPs, which was used for binding of HA (vaccination or real
sample) labeled by QDs (Fig. S2, Part 1). The isolation procedure
was done as it follows: 10 pL of MPs was dosed by a peristaltic
pump (Pump Amersham Biosciences, Sweden). Using an external
magnet it was anchored on the reaction chamber, stored solution
from the MPs was aspirated and MPs were washed with 1500 pL of
PB. Thereafter, MPs were modified with 20 pL of biotinyled Glycan
(50 pg/mL). This step was followed by washing with 1500 pl of PB.
The last part of the isolation was binding of HA-CdS (20 uL,
concentration 45 pg/mL) onto glycan-modified MPs, again fol-
lowed by a washing with 1500 pL of PB. After it, chip with MPs-
glycan-HA-CdS was immersed in an ultrasonic bath and MPs-
glycan-HA-CdS complex was fractionated. Isolated HA was
detected indirectly due to electroactivity of Cd(Il), respectively
CdS in the isolated HA-CdS complex.

2.8.2. Electrochemical detection of the isolated HA-CdS complex
by glassy carbon microelectrode

Measurements were carried out using three-electrode set up.
As the working electrode a glassy carbon microelectrode (GCm)
was used, as the quasi-reference electrode a graphite lead was
used and as the auxiliary electrode a platinum electrode with
diameter 0.5 mm (CH Instruments, USA) was used. GCm was
purchased from (Sensolytics, Germany). The pencil leads (diame-
ter=>500 pm, length=60 mm) were purchased from Koh-I-Noor
(Czech Republic). Immersing 3 mm of the pencil lead into a
solution resulted in an active electrode area of 4.91 mm?. The
electrodes were used without any pre-treatments except GCm,
which was polished by 0.3 m polishing paper.

The differential pulse voltammetry (DPV) was used as the
measuring method for detection of cadmium part of the complex
under the following parameters: initial potential —1.3V, end
potential —0.1V, deposition potential —1.3V, deposition time
85 s, modulation amplitude 0.1 V, step potential 0.005 V, scan rate
0.05 V/s. Acetate buffer (0.2 M, pH 5) was used as the supporting
electrolyte. The experiments were carried out at 20 °C. The
electrochemical signal was detected by PGSTAT101 Autolab poten-
tiostat (Metrohm, The Netherlands) and the results were evaluated
by the Software NOVA 1.8 (Metrohm). The cadmium signal was
detected at potential —0.9 V.

2.9. Descriptive statistics

Data were processed using MICROSOFT EXCELs (USA) and
STATISTICA.CZ Version 8.0 (Czech Republic). The results are
expressed as mean 4+ SD unless noted otherwise. The detection
limits (3 signal/noise, S/N) were calculated according to Long and
Winefordner (1983).

3. Results and discussion

Influenza A surface antigen, hemagglutinin, occurs in different
host specific subtypes, which binds human and/or avian type
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receptors with high specificity (Stevens et al., 2006). Those highly
specific affinities of HA-receptors were utilized as a basic pattern
for isolation of various types of influenza viruses (Suenaga et al.,
2012). In our previous study a biosensor for influenza detection
was designed. It consists from automatic MPs-based isolation
process of standard viral protein modified with CdS QDs with
subsequent electrochemical detection of HA (direct detection of
virus) and QDs (indirect detection of virus) (Krejcova et al., 2012).
This study is based on the previously published concept, but the
main idea was to develop 3D fabricated microfluidic chip and
applied it for analysis of a real sample (vaxi HA). Primarily, we
focused on the designing and implementation of the method for
isolation and detection of HA-CdS by magnetic field controllable
microfluidic 3D chip. The isolation was stable due to the continual
washing process at a flow rate of 480 pL/min. The flow was
discontinued in two isolation steps: (i) conjugation of glycan on
MPs surface and (ii) conjugation of HA-CdS on surface of glycan-
modified MPs. Under these conditions, the isolation process was
very specific because non-specifically bounded substances were
eliminated by the washing process compared to stationary mea-
surements. The beads-based isolation of HA-CdS complex was the
cornerstone of the procedure. Glycan-conjugated (modified) beads
bound vaccine HAs, which could be recognized specifically and
linked onto the surface of the glycan-modified MPs.

In the first step, different method for characterization of
reactants (spectral analysis, matrix-assisted laser desorption/ioni-
zation time of flight mass spectrometry, gel electrophoresis,
scanning electrochemical microscope) were used.

3.1. Characterization of reactant by different method

3.1.1. Spectral characterization of vaxi HA, CdS, and HA-CdS complex

In this section, we focused on UV/VIS and fluorescence spectro-
metric characterization of HA-CdS complex. Spectral characteris-
tics of nanoparticles hold a special place among properties of these
materials. Differences (sometimes very considerable) between
compact semiconductor materials and the corresponding nano-
particles are the most distinct in this context, and a theoretical
basis was created to interpret many of the observed effects
(Shalyapina et al., 2013). The first recorded absorption scan of
CdS showed the absorption maximum at A=450 nm (Fig. S1A and
a). Formation of the HA-CdS complex resulted in a change in
absorption spectrum and in a decrease of the absorption max-
imum, as shown in Fig. S1A and b. The absorption maximum was
not observed in the case of HA (Fig. S1A and c). Furthermore, the
fluorescence intensities of CdS (Fig. S1B) and HA-CdS (Fig. S1C)
complexes were compared, whereas different excitation wave-
length were tested (1=230, 320, 430, 450, and 550 nm). The
highest intensity of fluorescence was observed at 1=430 nm (Fig.
S1B and e). Formation of HA-CdS complex was reflected by a
decrease in fluorescence by 25 % on the average (Fig. S1C and e).
Differences between water, CdS, and HA-CdS complex were also
visualized by UV and are shown in Fig. S1D.

3.1.2. Characterization of influenza vaccine by matrix-assisted laser
desorption/ionization time of flight mass spectrometry and gel
electrophoresis

After that we characterized the spectral properties of the
complexes used in this study, we followed with their further
characterization, mainly, with characterization of isolation design.
The beads-based isolation of HA-CdS complex was the corner-
stone of the procedure. Glycan-conjugated (modified) beads
bound vaccine HAs, which could be recognized specifically and
linked onto the surface of the glycan-modified MPs (Fig. S2/Part 1).
This design is based on the hemagglutinin as the basic element.

Therefore, the protein characterization of influenza vaccine by
MALDI-TOF MS and gel electrophoresis was the further key step.

MALDI-TOF MS was used to characterize vaccine (Vaxigrip) mass
spectra. Vaccine consists of three influenza's HAs (A/California/7/
2009 (H1N1), A/Victoria/361/2011 (H3N2) and B/Wisconsin/1/2010),
which were cultivated on embryonated eggs, concentrated, purified
by zone centrifugation in a sucrose gradient, split, inactivated, and
then diluted in phosphate buffered saline solution. The MALDI-TOF
spectra showed three distinct peaks corresponding to vaccine HAs as
indicated by the manufacturer. Fig. S2/Part 2 shows the detected
proteins in the spectra of vaccine represented by three peaks (28
000 m/z, 48 000 m/z and 56 000 m/z). These results were compared
with the SDS-PAGE gel (showed in insert in Fig. S2/Part 2) and the
comparison brings the identical results, which is in good agreement
with the published data (Epand and Epand, 2002; Garcia-Canas et al.,
2010; Schwarzer et al,, 2009). The proportions of several influenza
proteins were found to be similar for various strains of the virus
(Epand and Epand, 2002). One peak at 28 kDa corresponds to the
matrix protein 1 (M1). The peak at 38 kDa represents the hemagglu-
tinin fragment from influenza B virus. The peak at 48 kDa was
assigned to the glycosylated HA (Chou et al., 2011). The highest peak
in MALDI-TOF record at 56 kDa is connected with the presence of
nucleocapsid protein (NP). The HA peak is necessary to search for at
63 kDa. This peak was also detected as expected (Fig. S2/Part 2).

3.1.3. Characterization of MPs—-HA-CdS complex by scanning
electrochemical microscope

It clearly follows from the obtained results that we successfully
characterized all materials need for construction of beads-based
isolation of virus. As further step, verification of MPs binding to
HA-CdS was performed. SECM was used to characterize the MPs
itself and HA-CdS complex bounded to MPs modified by glycan.
Scan of the structure of the sample is performed in the SECM
conventional feedback mode. Fig. S2/Part 3A shows the SECM
images of MPs itself and Fig. S2/Part 2B shows MPs-glycan-HA-
CdS complex formed during the isolation procedure. Current level
of MPs itself was —0.6 nA, current level of the MPs-glycan-HA-
CdS complex was —0.45 nA. Differences between current levels of
both samples are caused by the formation of MPs-HA-CdS com-
plex, because the presence of cadmium(Il) enables to increase the
level of current.

3.2. Optimization of the isolation procedure in stationary design
connected with HMDE detection

Various conditions of isolation procedure were tested by
automatic isolation procedure by ep Motion 5075 coupled with
electrochemically detection at HMDE electrode to apply this
procedure for the 3D chip microfluidic setup. The influence of
four parameters (the way of HA-CdS complex preparation, con-
centration of glycan, interaction temperature and time of binding
between glycan and HA-CdS) on the yield of the isolated CdS
labeled viral protein was investigated.

Firstly, the influence of two preparation ways differing in the
specific parameters (Section 2.4) on the isolation of HA-CdS
complex was tested. Better way of preparation was confirmed
for HA-CdS complex prepared by the second procedure, according
to the result based on the detection of HA peak (Fig. 1A, blue color)
as well as Cd peak (Fig. 1A, violet color).

Further, we aimed our attention at the optimization of the
concentration of the glycan. Fig. 1B, blue color shows the depen-
dence of Cd relative peak height on glycan concentration, and
Fig. 1B, violet color shows the dependence of HA peak on the
concentration of glycan. Changes in cadmium peak height showed
the increasing dependence on the concentration of biotinylated
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Fig. 1. Optimization of isolation procedure of HA-CdS complex by epMotion 5075 detected by electrochemical analysis of HA and Cd part of isolated HA-CdS complex.
Cd peak was measured by DPASV. HA peak was measured by AdT DPV (for methods parameters see Section 2). Cd signal was described by columns and/or straight line and
HA signal by points and/or dashed line. (A) Influence of the preparation way on detected signal of Cd and HA. (B) Influence of glycan concentration on detected signal of Cd
and HA. (C) Influence of temperature on the linkage between glycan and HA-CdS. (D) Influence of reaction time on the linkage between glycan and HA-CdS. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

glycan, but only up to concentration of 50 ug/mL and this con-
centration was found as the optimal.

The further two optimized parameters (time and temperature of
reaction) were directly connected with binding of glycan with HA-
CdS. We tested six different values of temperature (5, 25, 35, 45, 55,
and 65 °C) and seven different times of reaction (5, 10, 15, 20, 30, 45,
and 60 min). Temperature of 45 °C was established as the best
according to the Cd peak height (Fig. 1C, blue color) and HA peak
(Fig. 1C, violet color). The highest effect of reaction time was observed
for Cd peak (Fig. 1D, blue color) and HA peak (Fig. 1D, violet color)
after 45 min of the incubation of glycan modified MPs with HA-CdS.
If we summarize the results of the optimization, the best conditions
were as it follows: concentration of glycan 50 ug/mL, preparation of
HA-CdS complex by the second procedure, reaction time 45 min, and
the reaction temperature 45 °C. These optimized conditions were
applied for the 3D microfludic chip procedure.

3.3. Microfluidic analysis

Microfluidic devices have many advantages compared to their
macro-scale counterparts, including a reduced reaction solution
and cell consumption, an improved analysis speed, a greater
portability, lower fabrication and operating costs, and the poten-
tial for parallel processing and integration with other miniaturized
devices (Rios et al., 2012; Young, 1996). In this study we suggested,
designed and fabricated the microfluidic device for the influenza
detection (Fig. 2A). Optimized conditions for virus isolation were
applied in the analysis process using 3D fabricated microfluidic
chip. However, some further optimization steps aimed at chip
detection parameters were done. The optimization of the electro-
chemical detection of Cd(Il) under microfluidic conditions was the
first step. Flow rate and time of accumulation were the optimized
parameters. Sample was dosed by peristaltic pump in the operat-
ing range from 0 to 1200 uL/min (determined according to a flow
number of peristaltic pump). With growing flow rate there was no
enhancement in the yield of the isolation product over 480 uL/min
(Fig. 2B). Between 134 and 480 uL/min there was the most efficient
shift towards products detection and therefore the highest change
of detected signal. The highest response of signal was achieved by
the flow rate 480 uL/min (Fig. 2B). Thus, this optimized parameter
was closely related to the next important parameter of electro-
chemical detection, time of accumulation. During the

accumulation time there is a reaction between Cd and the surface
of electrode, and due to the sensitivity of detection it was essential
to test the effect of time of the accumulation on Cd peak height.
Because the peak height did not markedly increase with higher
time of accumulation of Cd (II), as the optimum 65 s was selected
(Fig. 2C). Due to the fact that we obtained the optimal parameters
for microfluidic device, it was possible to determine the accuracy.
The system stability (including the isolation and detection process)
was monitored (Fig. 2D) and Cd peak height was determined for
five individual processes performed at five various chips. The
presented error bars represent measurement error in the detection
of the one specific isolation process. The accuracy of method was
higher than 80 %. The influence of HA-CdS concentration (Cd
concentration respectively) within the range from 0.06 to
0.5 mM on cadmium signal was investigated too. The increasing
dependence in this concentration interval has parameters as it
follows: y=158.9x, R*=0.9842, n=4 (Fig. 2E) with RSD 5.2 %.

3.4. Application of suggested device to the influenza vaccine
detection

Isolation and detection of influenza vaccine is introduced as a
model of real sample detection in microfluidic device. Inactivated
avian influenza viruses H5N1 labeled with CdS was isolated and
detected by above-mentioned optimized procedure using 3D chip
with three-electrode setup. For this experiment four equal
samples and two negative controls were used. Each sample was
used for the individual isolation and detection process. Electro-
chemical determination of the presence of formed HA-CdS com-
plex by electrochemical quantification of cadmium(Il) ions was
used. The obtained results are shown in Fig. 3, where it is obvious
the good accordance between samples and negative control,
which gives no signal.

4. Conclusions

3D microfluidic chip was tested using CdS quantum dots
labeled vaccine hemagglutinines. Our experiment demonstrated
that the electrochemical analysis of isolated hemagglutinin using
CdS quantum dots is very effective. Due to this fact, Cd signal has a
great potential to become an alternative option as a rapid,
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Fig. 3. Effect of isolation and detection procedure on the real sample detection. Real
sample is inactivated avian influenza virus H5N1(295/Turkey/Canada/6213/66) labeled
with CdS. The results were obtained through the electrochemical detection of Cd,
using 3D chip. s1-s4 are the same samples and k1 and k2 are the negative controls.

sensitive, and specific detection of influenza hemagglutinin or
influenza virus, and this 3D microfluidic system may be considered
as a promising and powerful platform for the rapid diagnosis of
influenza antigens and may be extended for diagnosis of other
pathogens. As a future perspective, using of QDs with magnetic
properties could be considered (Koole et al., 2009).
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6 ZAVER

Disertacni prace byla zamétena na konstrukei senzorti a biosenzora pro detekci ptaci
chiipky. Pro tento ucel byly zvoleny dvé cilové casti chiipkového virionu: nukleova
kyselina a povrchovy antigen. Tyto dvé molekuly byly v detekénich systémech
zastoupeny syntetickym hemaglutininem nebo vakcinou s obsahem hemaglutininti (v
piipad¢ detekce povrchového antigenu) a syntetickymi DNA oligonukleotidy,
odvozenymi od genomu chiipky (v pfipadé detekce nukleové kyseliny). Obé¢ cilové
molekuly byly modifikované pomoci kvantovych tecek (QDs), za ucelem citlivé a
specifické elektrochemické detekce. Veskeré detekéni systémy publikované
v ptilozenych textech byly zalozené na vyuziti magnetické izolace a elektrochemické
detekce cilovych molekul. Izolace byla zalozena na selektivit¢ modifikovanych
paramagnetickych ¢astic (MPs). Pro detekci izolovanych cilovych molekul byly pouzity
metody diferen¢ni pulzni voltametrie, square wave voltametrie a cyklické voltametrie.

V iivodni ¢asti prace je obecné popsana problematika chiipkovych onemocnéni.
Teoreticka Cast se zabyva podrobnym popisem chiipkovych virt, jejich zivotniho cyklu
a struktury chiipkového virionu. Dalsi kapitoly pojednavaji o muta¢nich zméndch a
jejich disledcich v podobé epidemii a pandemii. Déle je popisovana chiipka, jako
onemocnéni s podkapitolami vénovanymi klinickym ptiznaktim, komplikacim, prevenci
a terapii. Teoretickou Cast uzaviraji kapitoly popisujici standardné pouzivané metody
detekce chiipkovych virii a nové ptistupy v podobé€ senzort a biosenzort.

V metodické Casti prace jsou blize popsany piistroje a metody, poZzivané pii
experimentalni praci.

Vsechny vysledky této prace jsou shrnuty v kapitole vysledky a diskuze. Zakladem
této kapitoly je osm védeckych praci v ISI impaktovanych casopisech, ke kterym je
pfipojen shrnujici komentaf. Pojitkem vSech c¢lankti je pouziti elektrochemickych
detekénich metod k prokdzani pritomnosti chiipkového viru.

Cilem této prace bylo nalézt zptisoby pro izolaci a detekci dvou klicovych struktur
chiipkového virionu a to nukleové kyseliny a povrchového antigenu. Publikované prace
dokazuji, Ze spojeni nanomateriali s elektrochemickymi metodami, ma svoje misto v
oblasti diagnostiky. Popsané senzory zalozené na magnetické izolaci a nasledné
elektrochemické detekci jsou slibnym nastrojem pro detekci chfipky a ostatnich

patogenil. Posledni z publikovanych praci ptedstavuje vyuziti 3D tiskové technologie
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pro vyrobu mikrofluidnich ¢ipt a jejich aplikaci pro detekci dalSich specifickych latek,

které jsou kliCovymi v oblasti prevence, diagnostiky nebo 1écby infekénich chorob.
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8 SEZNAM OBRAZKU

Obrazek ¢. 1: Schématické znazornéni zZivotniho cyklu viru chiipky v hostitelské burce. (str.: 16)
Obrazek ¢. 2: Struktura chiipkového virionu, ¢ervené jsou zvyraznény antigeny. (str.: 19)

Obrazek ¢. 3: Seskupeni BP1, PB2 a PA podjednotek do virové polymerazy a schématické znazornéni

funkce komplexu virové polymerazy. Leva ¢ast pfevzata: Boivin, 2010, J. Bio. Chem.. (str.: 20)

Obrazek ¢. 4: Hemaglutinin (Influenza A virus (A/Hong Kong/483/1997(H5N1)), ilustracni obrazek,

sequence identity 44%, residue range: 16 to 519, zdroj: http://www.proteinmodelportal.org/. (str.: 21)

Obrazek ¢. 5: Nukleoprotein (Influenza A virus (Influenza A virus (A/Hong Kong/213/2003(H5NT1)),
ilustracni  obrdzek, sequence identity 96%, residue range: 22 to 496, zdroj:

http://www.proteinmodelportal.org/. (str.: 22)

Obrazek ¢. 6: Neuraminidaza (Influenza A virus (A/Hong Kong/483/1997(H5N1)), ilustracni obrazek,
sequence identity 94%, residue range: 64 to 448, zdroj: http://www.proteinmodelportal.org/. (str.: 24)

Obrazek ¢. 7: Automaticka pipetovaci stanice ep Motion, a) fidici pocitac, b) rameno pohyblivé v osach x,
y a z pro uchopeni pipetovacich nastavcti a drapaku pro pfenos mikrotitracnich desticek, c) optické ¢idlo,

d) vybaveni pracovni plochy (magnetické, termoregulacni podlozky, zasobniky pufrt a vzorkt). (str.: 40)
Obrazek ¢. 8: Automaticka pipetovaci stanice ep Motion, a) fidici pocitac, b) rameno pohyblivé v osach x,

y a z pro uchopeni pipetovacich nastavcl a drapaku pro pienos desti¢ek, ¢) optické ¢idlo, d) vybaveni

pracovni plochy (magnetické a termoregulacni podlozky, zasobniky pufrd a vzorku). (str.: 42)
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9 SEZNAM ZKRATEK

AdTS Adsorptivni pfenosova technika

AE Pomocna elektroda

cDNA Komplementarni DNA

Cv Cyklicka voltametrie

DNA Deoxyribonkleova kyselina

DPV Diferenc¢ni pulzni voltametrie

dsRNA Dvouretézcovd RNA

EC Elektrochemicka detekce

HA Hemaglutinin

HB Hybridiza¢ni pufr

HMDE Vysici kapkova rtut'ova elektroda

MPA Merkaptopropionova kyselina

MPs Magnetické Castice

mRNA Mediatorova RNA

NA Neuraminidaza

NK Nukleova kyselina

NP Nukleoprotein

NPs Nanocastice

ODN Oligonukleotid

PB Fosfatovy pufr

PCR Polymerazova fetézova reakce

PNA Peptidova nukleové kyselina

QDs Kvantové tecky

RE Referencni elektroda

RNA Ribonukleova kyselina

RNasa Ribonukleédza

RT-PCR Polymerazova fetézova reakce s reverzni transkripci

SDS-PAGE Elektroforéza v polyakrylamidovém gelu v pfitomnosti
dodecylsiranu sodného

SEM Skenovaci elektronova mikroskopie

ssRNA Jednovlaknova RNA

SWV Square wave voltametrie

Tris Tris(hydroxymethyl)aminomethan

vRNA Virova (genomova) RNA

WE Pracovni elektroda
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