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1 Uvod

Vysoké naroky spolecnosti na bezpecnost potravin a kvalitu Zivotniho prostredi,
intenzivni kontrola zdravotniho stavu populace, vefejné a narodni zajmy, to jsou hlavni
Cinitelé stimulujici vyvoj novych a rychlych technik pro detekci rozmanitych analyt. Jednim
typem takovych technik jsou imunochemické metody, které se z pvodni role doplnujiciho
nastroje biochemického vyzkumu béhem nékolika minulych desetileti etablovaly jako jedna
z alternativ tradi¢nich metod chemické analytiky. Jejich prednostmi jsou zejména rychlost,
jednoduchost a nizka cena. Pro rychlou detekci velkych i malych molekul se nejprve rozsifila
imunochemicka metoda s imunoreagenciemi znacenymi enzymy probihajici na pevné fazi
(ELISA — z angl. Enzyme Linked ImmunoSorbent Assay). V poslednim obdobi spéje vyvoj
technickych usporadani imunochemickych analyz pro analytickou praxi k vytvoreni
alternativniho semikvantitativniho formatu, ktery by byl jednodussi neZ klasické usporadani
enzymoveé imunoanalyzy (ELISA) ve zkumavkach ¢i mikrotitracnich destickach a tim i snadno
byl snadno proveditelny, rychlejsi, aplikovatelny v misté odbéru vzorku (eventualné by
nevyzadoval pouziti prFistroje ani uZivatele odbornika specialistu) a umoznil tzv. POC testovani
(,Point of care").

Jako vhodny format se pro fadu aplikaci ukazala imunochromatograficka technika
vyuzivajici podélné migrace reagencii membranou. Pouziva prouzek porézni membrany se
zakotvenymi imunoreagenciemi v detekéni zoné. Analyzovany vzorek migruje pomoci
kapilarnich sil podéiné membranou a analyt je specificky zachycen v detekéni zoné. Detekce
je umoznéna soucasnou aplikaci reaktantu znaceného signaini latkou. Z dlvodu urychleni
detekce se pouziva predevsim znacka, ktera nevyzaduje k produkci signdlu dodatecné reakce
napf. nanocastice koloidnich kovl i barvené koloidni Castice plastu. Metoda je velice
oblibend v klinické analyze a pfi kontrole bezpecnosti potravin a Zivotniho prostredi.

Predkladana prace se vénuje imunochromatografickym testlim, jsou popsany jejich
jednotlivé soucasti, problémy spojené s jejich vyvojem a mozné aplikace. V zavéru textu jsou
uvedeny konkrétni ukazky testl vyvinutych v nasi laboratofi pro detekci vybranych analytl

kontaminantd potravin a Zivotniho prostiedi.



2 Imunochromatografické analytické metody

Imunochromatografické testy se objevily v 60. letech 20. stoleti, kdy byly pouzivany
pro stanoveni sérovych proteinl. V sedmdesatych letech byl uveden na trh jednoduchy
domaci test k detekci choriového gonadotropinu v moci pro prokazani raného téhotenstvi;
v diagnostice téhotenstvi, ale byl tim odstartovan i obrovsky rozvoj imunochromatografickych
testl. V soucasné dobé je tento typ testl vyvijen pro pestrobarevnou $kalu rdznych analytd,
napt. nadorové markery, mikroorganizmy, mykotoxiny, tézké kovy, pesticidy Ci alergeny. Za
Uspéchem testd stoji jejich rychlost, jednoduchost, moznost provedeni testu kdekoli, bez
nutného vybaveni Ci zkusSenosti hodnotitele. VétSinou jsou tyto testy urceny ke kvalitativni
nebo semikvantitativni detekci.

Imunochromatografické testy jsou oznaCovany celou fadou nazvl a zkratek, pro
zajimavost napr. LFA (z angl. Lateral Flow Assay), LFD (Lateral Flow Device), LFIA (Lateral
Flow Immunoassay), ICT (Immunochromatographic test), LFICS (Lateral Flow
Immunochromatographic Strip), strip test (Strip Test).

Podstatou imunochromatografie je kombinace chromatografie, kdy se slozky vzorku
separuji podle rozdilu v pohyblivosti stacionarni fazi, a specifické imunochemické detekce.
Terminem imunochromatografie je Casto také oznacovana separacné izolacni metoda, pfi
které se separuji a koncentruji vzorky (imunoafinitni chromatografie). Nicméné tato prace je

vénovana imunochromatografickym testéim uréenym k detekci latek.

2.1 Princip metody

Podstatou detekce u imunochromatografickych testll je specifickd nekovalentni
interakce protilatky s antigenem, pricemz cely test probihd na membrané.

Jednotlivé imunoreagencie jsou imobilizovany v testovacich zénach na membrané
a/nebo ve speciadlni podlozce na zacatku testu, kde je uloZena i detekéni molekula. Vzorek je
po smichani s reakénim pufrem aplikovan na membranu, putuje membranou a dostava se do
kontaktu s jednotlivymi imunoreaktivnimi partnery. V pribéhu toku spolu latky interaguji
avtestovaci zéné jsou zachycovany. Vzniklé imunokomplexy jsou vizualizovany
prostrednictvim znacenych imunoreagencii, napt. protildtkami znaCenymi Casticemi zlata.
Soucasti celého testu je kontrolni zéna, ktera ovéruje spravné provedeni testu a jeho

funkcnost.



2.2 Soucasti testu

Standartni imunochromatograficky test obsahuje Ctyfi zakladni Casti, které jsou

uloZeny v plastové krabicce (Obr. 1).

Obr. 1: Schematické znazornéni jednotlivych soucasti testu (vlevo), fotografie testu (vpravo): a)
plastova krabicka, b) podlozka pro vzorek, c) podlozka pro konjugat, d) membrana, e) absorpcni
podloZka, f) testovaci zona, g) kontrolni zona

Na zacatku testu je umisténa podlozka pro vzorek (Obr. 1b), ktera slouzi k aplikaci

celého objemu vzorku a jeho naslednému homogennimu a plynulému prenosu do systému.
Je vyrabéna z celuldézy nebo sklenénych vlaken (Obr. 2, Tab. 1), nebot’ tyto materidly maji
minimalni afinitu vAci proteindm (Technical note - Bangs Laboratories, 2013). DalSimi
dllezitymi vlastnostmi podlozky pro vzorek (i ostatnich podlozek, viz dale) je tloustka
a objem loze", které ovlivni, kolik vzorku méZe byt pouZito ¢ jaké mnoZstvi imunoreagencii
mdZe byt aplikovano na podlozku. Specidlni materidly pro vyrobu podloZzek jsou vyvijeny
s cilem co nejlépe eliminovat vliv plvodni matrice vzorku, napf. druh analyzované potraviny,
krev ¢ moc. ROzna velikost pérd v podélném priifezu podlozkou umozniuje predevsim
odstranéni pripadného znecisténi (napf. pevnych ¢astic) (Technical note - GE Healthcare Life
Sciences, 2017). Podlozky mohou byt chemicky upraveny proteiny, solemi nebo detergenty
pro omezeni variability vzorku a vlivu interferujicich slozek, dale latkami ovliviujicimi
viskozitu a pH vzorku (Technical note - Millipore, 2013).

Na podlozku pro konjugat (Obr. 1c) se umistuje detekéni molekula s navazanou

znackou. Podlozka se vyrabi prevazné ze sklenénych vldken, ale pouziva se i celuléza nebo
polyestery(Obr. 2, Tab. 1). Pouzity material musi zajistit stabilitu detekcni molekuly
a umoznit jeji rychlé, rovnomérné a kvantitativni uvolnéni z podlozky na testovaci membranu
(Obr. 1d).

Obr. 2: Ukazky material@ pro podlozky a membrany (Millipore): a) sklenéna vlakna, b) celuléza a c)
nitrocelulé6zova membrana (prevzato z www.merckmillipore.com/diagnostics, 111/2017)

*Objem loZe je definovan jako mnoZstvi vzduchu v pérech podlozky vztaZzeny na jednotku jeji plochy
(napf. pL-cm™).
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Tab. 1: Piehled materiald pro podlozky imunochromatografickych testii od vyrobci
Millipore (nahofre) a GE Healthcare Life Sciences (dole)

oznaCeni plosna hustota tloustka tok material typ podlozky
[gm™] [mm] [mL-min™]

G027 50 0,27 sklenéna vlakna pro konjugat
GFDX 75 0,41 sklenéna vlakna pro konjugat
C048 179 0,48 360 celuldza pro vzorek/ absorpcni
C068 186 0,68 260 celuléza pro vzorek/ absorpcni
C083 291 0,83 196 celuléza pro vzorek/ absorpéni
C248 702 2,48 220 celuléza pro vzorek/ absorpcni

doba kapilarniho

oznaCeni absorpce vody tloustka material typ podlozky
(mgcm?] " [mm] P
[s-:(4 cm) ]
CF1 18,7 0,176 207,3 bavina pro vzorek
CF3 34,6 0,322 174,3 bavina pro vzorek
CF4 49,9 0,482 67,3 bavina pro vzorek/ absorpéni
CF5 99,2 0,954 63,3 bavina absorpCni
CF6 136,3 1,45 65 bavina absorpCni
CF7 252,3 1,873 35 bavina absorpcni
Fusion 5 40 0,370 38 neni k dispozici kompletni test
St 14 50,9 0,355 23,1 sklenéna vlakna pro konjugat
St 17 44,9 0,370 34,5 sklenéna vlakna pro konjugat

Kritickou soucasti urcujici kvalitu testu je pouzitd membrana, ktera tvori reakéni zonu
celého systému (Obr. 1d). V prvni fadé musi umoznit dobrou vazbu jednotlivych
imunoreagencii na testovaci a kontrolni zény pfi pripravé samotného testu (Obr. 1f, Obr. 1g).
Kromé toho membrana ovliviiuje rychlost prdtoku reakéni smési testem a tedy dobu
interakce detek¢niho cinidla a analytu, dale pak vazbu vzniklého imunokomplexu nebo
volnych imunoreagencii na testovaci ¢i kontrolni zénu (Mansfield a kol., 2005, Technical note
- Millipore, 2013). Konstruktér testu musi brat v Gvahu velikost pord dané membrany
a rychlost pritoku kapaliny membranovymi kapildrami v cm-s, deklarované vyrobcem
(Henderson a kol., 2002). Rychlost pritoku kapaliny je vyrobci membran castéji nahrazovana
neprimo Umérnym parametrem doba kapildarniho toku (capillary flow time), ktery je udavan
vs(4 cm)! (Mansfield a kol., 2005). Tloustka membrany (100 - 150 um) ma vliv na
mnozstvi molekul, které se vazou v detekénich zonach a tedy na mnozstvi molekul
podilejicich se na interakci. Dale ovliviiuje vizudlni kvalitu vysledku - Sitku a ostrost
detekcnich linii.

V soucasné dobé je na trhu dostupna cela skala rliznych membran (Tab. 2). Prevazuiji
membrany vyrabéné z nitroceluldzy (Obr. 2) (Bahadir a kol., 2016). Podle nékterych autor(

(Postuma-Trumpie a kol., 2009, Mansfield a kol., 2005) jsou vyuzivany i jiné polymerni



Tab. 2: Priklady membran pro imunochromatografické testy

Doba kapilarniho

Oznaceni toku Tloustka Material Vyrobce
[sx4cm™] [um]

HF180 180 + 45 135/185/235 nitroceluléza Millipore

HF135 135 + 34 185/236 nitroceluléza Millipore

HF120 120 + 30 185/237  nitroceluléza Millipore

HF090 90 + 23 185/238  nitroceluléza Millipore

HF075 75+ 19 185/239 nitroceluléza Millipore

AE99 120 - 160 - nitroceluléza GE Healthcare Life Sciences
AE100 90 - 120 120 nitroceluléza GE Healthcare Life Sciences
FF120HP 90-150 100 nitroceluléza GE Healthcare Life Sciences
FF170HP 140-200 100 nitroceluléza GE Healthcare Life Sciences
FF80HP 60-100 100 nitroceluléza GE Healthcare Life Sciences
Immunopore FP 190-280 100 nitrocelul6za GE Healthcare Life Sciences
Immunopore SP 90-150 100 nitroceluléza GE Healthcare Life Sciences
Immunopore RP 140-200 100 nitroceluléza GE Healthcare Life Sciences
UniSart® CN140 110-165 125-155  nitrocelulédza Sartorius AG

UniSart® CN95 90-135 140-170 nitroceluléza Sartorius AG

materialy, napf. nylon, polyethylen, polyethersulfon, nicméné konkrétni aplikace nebyly
publikovany.

Proudéni vzorku membranou je usnadnovano absorpcni podlozkou (Obr. 1e), ktera

zaroven zabranuje zpétnému toku, ktery by mohl negativné ovlivnit vysledek Ci kvalitu jeho
odecteni (znecisténi testu prebytecnymi barevnymi Casticemi, rozmazani testovacich linii).
Jeji hlavni Ulohou je pojmout veskerou kapalinu vzorku. Spolu s podlozkou pro vzorek je
absorpcni podlozka limitujicim faktorem pro pouzity objem vzorku. Zpravidla byva vyrobena
z celuldzy (Obr. 2, Tab. 1).

VSechny soucasti testu jsou pospojovany lepici plastovou folii a vétsSinou ulozeny

v plastové krabi¢ce (Obr. 1a). Kryt krabicky pomaha uzivateli orientovat se v testu — je na

ném vyznaceno, kam aplikovat vzorek, kde odelist vysledek a kontrolu. Déale zabraruje
kontaminaci testu a jeho pripadnému poskozeni. Hovorime o tzv. uzavieném formatu testu
(Obr. 3). Pro nékteré analyty vSak byly publikovany i tzv. oteviené formaty, které obsahuiji

pouze membranu, zénu pro aplikaci vzorku a absorpcni podlozku.
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Obr. 3: Ukazka imunochromatografickych testd v a) uzavieném a b) otevieném formatu (pievzato z

http://foodsafety.neogen.com/en/reveal#allergens, 11/2017)
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2.3 Pouzivani protilatek

Vhodné zvolené soucasti a spravné sestaveni testu jsou dllezité pro kvalitu testu
a jsou hlavnim predmétem optimalizace testu, specifita i citlivost testu je vSak primarné
ovlivnéna pouzitymi protilatkami.

Protilatky jsou glykoproteiny produkované bilymi krvinkami obratlovcl jako soucast
komplexni reakce proti invazivnimu Ciniteli, tzv. antigenu. Protilatka specificky rozpoznava
konkrétni misto na antigenu, tzv. epitop, se kterym interaguje prostrednictvim dvou
vazebnych mist, tzv. paratopl. Antigen, ktery je v organismu schopen vyprovokovat produkci
protildtek je nazyvan imunogen. Existuji vSak antigeny s nizkou molekulovou hmotnosti
a/nebo s jedinym epitopem, které sice jsou schopny s protilatkami interagovat, nicméné
nevyvolavaji jejich produkci. Molekuly s takovymi vlastnostmi se nazyvaji hapteny (Stejskal
a kol., 2011).

K laboratorni pripravé protilatek slouzi prevazné mysi, kralici a pro vétSi objemy
potom kozy, prasata a koné. Podle zplsobu pfipravy rozeznavame monoklonalni
a polyklonalni protilatky. V pripadé€, Ze invazivni Cinitel (antigen) je mikroorganizmus nebo
velka molekula, napf. protein, obsahuje vétsi mnozstvi epitopl. Proto se proti nému tvori
smés protilatek, které jsou sice specifické v0c¢i svému epitopu, ale jako smés reaguiji
s mnozstvim antigend a proto je nazyvame polyklondlnimi protildtkami. Smés protilatek

izolovana z imunizovanych zvifat mlze pfi pouziti zplsobovat navySeni nalezu vazbou
necilovych analytl. Nizka specifita ale mlze byt i vyhodou, jestlize sledujeme celou skupinu
podobnych analytl a nevyzadujeme kvantifikaci jednotlivych individui. Naopak monoklonalni
protildtky se pfipravuji proti jedinému epitopu na kultufe hybridoml bilych krvinek
a rakovinnych bunék. Ziskaji se vysoce specifické protilatky. Protilatka proti haptenu se
pripravuje prostrednictvim konjugatu haptenu s bilkovinnym nosicem. Hapten na povrchu
bilkovinného nosi¢e tvori samostatny epitop indukujici tvorbu protilatky. Takto vzniklé
protilatky maji potom schopnost vazat hapteny i bez bilkovinného nosice.

V praxi se pouZivaji oba typy, nicméné preferovany jsou protilatky monoklonaini kvdli
své specifité a konstantni kvalité.

Protilatky je mozné pripravit proti Siroké sSkale rlznych struktur, nicméné pfi
rozhodovani o vyvoji testu je nutné peclivé posoudit vlastnosti protilatek. V prvni fadé je

nutné zvazit afinitu” protildtky a tomu odpovidajici koncentraéni rozsah stanovovaného

* Afinita vyjadiuje energii vazby mezi jednim vazebnym mistem na protilatce a pfislusnym epitopem
na antigenu.



analytu” (Sajid a kol., 2015), a dale kiizovou reaktivitu protilatky se strukturnimi analogy
analytu. Na rozdil od vétSiny ostatnich imunochemickych metod se v pripadé
imunochromatografickych testll nejedna o rovnovazny systém (typicky napf. pro enzymové
imunoanalyzy na mikrotitraCnich destickach); k interakci antigen — protilatka musi dojit
b&hem toku vzorku membranou a tedy velice rychle’ (Mansfield a kol., 2005), coz zvySuje
naroky na kvalitu protilatek. Kvalita protilatky navic mdze byt ovlivnéna imobilizaci na
membranu ¢ na znacku. Byly publikovany pfipady smérované imobilizace protilatky
prostfednictvim Fc fragmentu, zajiStujici dostupnost obou paratopl pro imunochemickou
interakci (Presnova a kol., 2016).

Protilatky maji v ramci imunochromatografickych testl nékolik funkci. Protilatky
oznacované jako primarni jsou pouzivany pro specifické rozpoznani analytu; mohou byt
konjugovany s detekéni Castici a zprostfedkovavaji tak vizualizaci testu. Protilatky
sekundarni jsou imobilizovany na membrané a slouzi ke kontrole funkcnosti testu.
V pripadé komplikovanéjsich formatl maji sekundarni protilatky navazanou znacku a tvori
tedy detekéni molekulu a terciarni protilatky slouzi ke kontrole funkénosti testu. Zapojeni
sekundarni protilatky s navazanou znackou do analyzy je v ndzvu metody indikovano jako
,neprimé usporadani®. V tomto typu usporadani je tedy misto primarni protilatky znacena
protilatka sekundarni. Diky tomu neni spotfebovavana cenna specificka protilatka a navic je
mozné pripravovany test daleko |épe optimalizovat — vybrat koncentraci specifické protilatky
tak, aby byla metoda co nejcitlivéjSi a nedochazelo k tomu na Ukor ziskaného signalu (tyka

se kompetitivniho usporadani metody, viz dale).

2.4 Detekcni metody

Dalsim klicovym krokem imunochromatografickych metod je detekce vysledku testu.
K tomuto Ucelu je vyuzivana celd fada rlznych typl znacek, napf. barevné nanocastice,
luminiscencni nanocCastice (Beloglazova a kol., 2014), magnetické castice (Wang a kol.,
2013), enzymy (Samsonova a kol., 2015) a liposomy (Akbarzadeh a kol., 2013). Kazda
metoda ma svoje specifika a i znacka musi byt pFizplisobena konkrétni analytické metodé.
Univerzalné idealni znacka tedy neexistuje, nicméné kazda znacka by méla splfiovat

nasledujici pozadavky. V prvni rfadé by méla byt detekovatelnd ve velmi nizkych

* Vazebna konstanta protilatek se svymi antigeny se pohybuje v rozsahu 107 — 10%°, detekovatelné
koncentrace latek jsou v fadech 10 mol-dm™, v nékterych pfipadech umoziuji protilatky stanovit
koncentrace 10" mol-dm™>.

" Pokud bereme v Gvahu $itku testovaci linky 0,5 — 1,0 mm a rychlost toku vzorku 0,16 — 0,66 mm-s’!
(v zavislosti na typu membrany), stravi antigen v testovaci zéné 1-6 s. (Technical Note — Millipore,
2013).



koncentracich. Méla by byt snadno konjugovatelna s detekéni molekulou a poskytovat
pokazdé stejné kvalitni konjugat. Neméla by béhem konjugace ménit své vlastnosti, ani
vlastnosti detekéni molekuly a vznikly konjugat by mél byt dlouhodobé stabilni. Znacka by
neméla nespecificky interagovat sjinymi latkami nez s analytem ani s membranou.
Vyznamnym bonusem znacky je snadnd dostupnost a nizka cena. Nékteré ze znacek
poskytuji odezvu okamzité (napf. barevné Castice), zatimco u jinych je k produkci signalu
nutny dalsi krok (napf. u enzym{). U celé fady testl je vysledek odecitan pfimo — vizualng, v
jinych pfipadech je nutné detekcni zafizeni. Vzhledem k charakteru testl - jejich
jednoduchosti a snadné aplikovatelnosti — jsou preferovany znacky s okamzitou vizudlni
deteki.

Nejvétsi pozornost pritahuji nanocastice, zejména zlaté (Bahadir a kol., 2016, Obr.
4a), stfibrné (Yen a kol., 2015, Obr. 4b) a uhlikové (Blazkova a kol., 2009 ), ale pouzivaji se i
Castice kifemiku (Huang a kol., 2013), selenu (Wang a kol., 2014), platiny a latex (Bahadir a
kol., 2016).

2nm 50nm 1000 2000m 20am 40nm S0nm 80nm

Obr. 4: Ukazka rozdilnych optickych vlastnosti nanocastic a) zlata a b) stfibra v zavislosti na jejich
velikosti (prevzato z https://www.tedpella.com/gold html/goldsols.htm, I11/2017)

Nejcasté&ji pouzivanou znackou u imunochromatografickych testld jsou zlaté
nanocastice. Jedna se o sférické Castice zlata s vysokou afinitou v{ic¢i biomolekuldm. Na
biomolekuly se vazi prostrednictvim nekovalentnich interakci, aniz by byla ovlivnéna funkce
biomolekuly (proteind potazmo protilatek). K dalSim vyhodam zlatych Castic patfi zejména
snadna priprava samotnych castic a funkénich konjugatll, stabilita Castic i pripravenych
konjugatt, barevna skala od Cervené az po modrou” (Goudarzi a kol., 2015, Obr. 4).

Velmi podobné vlastnosti maji i ¢astice pripravené z uhliku (Posthuma-Trumpie a kol.,
2012). Vizualni vlastnosti ma uhlik lepsi nez zlato, vysoky kontrast Cernych castic na bilé
membrané zajistuje vyborné detekcni limity (Amerongen a kol., 1993). I cena je priznivéjsi.
Nevyhodou mdze byt nizsi stabilita uhlikaté suspenze a byva tedy nutno pridat stabilizacni
cCinidlo. Dale se v suspenzi mohou vyskytovat Castice s rliznou velikosti i nepravidelnych

tvarll, a proto je pfi praci s uhlikem, nutné volit membranu s vétSimi péry. Nicméné rozsah

" Optické vlastnosti jsou zavislé na velikosti &astice.


https://www.tedpella.com/gold_html/goldsols.htm

velikosti ¢astic mlze slouzit jako prevence tzv. hook efektu, ktery vyrazné zkresluje
vysledky, zejména pak jejich presnost. Na rozdil od zlata ma uhlik stalou barvu. Pres

nesporné vyhody neni uhlik dosud intenzivné komercné vyuzivan.

2.5 Usporadani testu

Pro imunochemické metody je typicka variabilita moznych formatd, pfiemz ani
imunochromatografické metody nejsou vyjimkou. Rozdily mohou byt ve formatu testd,
zplsobu znaceni a mnoZstvi pouzitych imunoreagencii.

Pouzity format detekce se voli podle typu analytu. Nizkomolekularni latky, které maji
jedno vazebné misto (jeden epitop) pro protilatku, se mohou detegovat pouze v tzv.
kompetitivnim formatu (Blazkova a kol., 2010, Guillén a kol., 2011). Vysokomolekularni latky,
které maji vice nez jeden epitop, se deteguji v tzv. sendviCovém formatu (Javlrkova a kol.,
2012). Pro nukleové kyseliny se pouziva test nazyvany NALFIA (z angl. Nucleic Acid Lateral
FLow ImmunoAssay) (Blazkova a kol., 2011, Seidel a kol., 2016).

2.5.1 Sendvicovy format

Pro analyzu molekul, které obsahuji minimalné dva epitopy pro vazbu protilatky, je
pouzivan sendviCovy format. Prvni primarni protilatka je imobilizovana na membrané
v testovaci zéné, druha primarni protildtka je znacena a je nakapnuta na podlozku pro
konjugat (Obr. 5a). Pridany vzorek rozpusti a vymyje znaCenou primarni protilatku
z podlozky. Spole¢né putuji membranou a interaguji (Obr. 5b). Pri prechodu pres testovaci
zonu je vznikly imunokomplex zachycen a objevuje se zde linie. PrebyteCné imunoreagencie
postupuji dale membranou a znacené primarni protilatky jsou vyuzity ke kontrole funkénosti
testu, kdyz jsou v kontrolni zoné zachyceny imobilizovanou sekundarni protilatkou (druhové
specifickd protildtka proti primarni znacené protildtce, Obr. 5c). Cim vice je analytu ve
vzorku, tim silnéjsi je odezva (Obr. 5d).

U tohoto typu testu jsou voleny koncentrace imunoreagencii v mirném nadbytku,
CimZ se zlepsuje detekcni limit. ZvySena koncentrace imunoreagencii vSak musi byt volena

opatrné kvdli jiz zminénému Ahook efektu.

* Jedna se o nelinearni priibéh zavislosti signdlu na koncentraci analytu ve vysokych koncentracich
pouzitych imunoreagencii.



Y primarni protilatka sekundarni protilatka

- analyt )'*( konjugat primarni protilatky se zlatou Castici

Obr. 5: Schéma sendvic¢ového usporadani chromatografického testu: a) pripravena membrana a
naneseni vzorku, b) tok vzorku reakcni zénou, c) pirechod reakcéni smési pies testovaci a kontrolni
linii, d) vizualni podoba vysledku testu, negativni vzorek (vlevo), pozitivni vzorek (vpravo)

2.5.2 Kompetitivni format

Kompetitivni format se vyuzivd zejména pro analyzu haptenll, které se nemohou
soucasné vazat ke dvéma protilatkdm, a proto neni mozné detekovat je prostrednictvim
sendviCového formatu. Pro sestaveni imunochemické metody urcené k detekci haptenl se
vyuziva konjugatl haptenu s bilkovinnym nosicem (viz oddil 2.3). Déle jsou konjugaty
pouzivany primo pfi sestavovani testll, nebot’ funguiji jako soutézici partnefi pro analyzovany
hapten a je mozné je navic snadno imobilizovat na membranu. Pouzivany jsou dva hlavni
typy kompetitivniho formatu.

V prvnim pripadé (Obr. 6) je primarni protildtka nanesena na testovaci linii
a sekundarni protilatka na kontrolni linii. Vzorek obsahujici analyt je aplikovan na podlozku
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pro vzorek, znaceny analyt na podlozku pro konjugat (Obr. 6a). Po prlichodu vzorku
podloZkou pro konjugat spolu oba typy analytd migruji membranou a pfi toku pres testovaci
linii soutézi o vazebné misto na imobilizované protilatce, prebytecny analyt je zachycen
v kontrolni zéné (Obr. 6b). (Kato a kol., 2016).

R4 !
& Y N & Y
Y Y v
Mo Y b vy Y Y
3

»
b : 1
; ";
c N / ' 7 2 7
5/ strukturni analog analytu/haptenu W analyt/hapten
primarni protilatka VoV znaceny analog analytu/haptenu

Obr. 6: Schéma kompetitivniho usporadani chromatografického testu: a) pripravena membrana a
naneseni vzorku, b) prechod reakcni smési pres testovaci a kontrolni linii, c) vizualni podoba
vysledku testu, negativni vzorek (vlevo), pozitivni vzorek (vpravo)

Ve druhém pripadé (Obr. 7) je na testovaci zonu nanesen konjugat hapten-bilkovinny

nosic a terciarni protilatka na kontrolni zénu. Na podloZku pro konjugat je nanesena primarni

protilatka a znaCenda sekundarni protilatka (detekéni molekula) (Obr. 7a). Analyt je aplikovan

na podloZzku pro vzorek a podélnou migraci se dostava do kontaktu s imunoreagenciemi

z podlozky pro konjugat. Béhem toku reakcni smési membranou dochazi k interakci analytu

s primarni protilatkou a oznaceni primarni protilatky prostfednictvim sekundarni protilatky

znacné zlatymi Casticemi (Obr. 7b). Primarni protilatky, které nevytvorily imunokomplex

s analytem, jsou pfi prlichodu testovaci zonou zachyceny vhodnym kompetitorem (hapten-

bilkovinny nosic), sekundarni protilatky znacené zlatem jsou zachyceny v kontrolni zéné a

ostatni (neiteragujici ¢i prebytecné) molekuly pretecou na konec membrany (Obr. 7c¢).
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S/ strukturni analog analytu/haptenu W analyt/hapten
A specificka protilatka proti analytu/haptenu Y terciarni protilatka

Bkonjugét proteinového nosice s haptenem )*( konjugat sekundarni protilatky se zlatou ¢astici

Obr. 7: Schéma neprimého kompetitivhiho uspofadani chromatografického testu: a) pripravena
membrana a naneseni vzorku, b) tok vzorku reakcni zénou, c) prechod reakcni smési pres testovaci

a kontrolni linii, d) vizualni podoba vysledku testu, negativni vzorek (vlevo), pozitivni vzorek
(vpravo)

V obou zminénych pripadech kompetitivniho usporadani je intenzita odezvy testovaci

jednotlivych imunoreagencii za Ucelem zlepSeni detekéniho limitu. Nizka koncentrace

imunoreagenci vSak nesmi byt na ukor signalu.
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253 NALFIA - imunochromatograficka detekce nukleovych kyselin

NALFIA je imunochromatograficky testu, ktery se pouziva k detekci nukleovych
kyselin. Vyuziva se napriklad pro stanoveni bakterialni kontaminace. Nejprve je nutné
izolovat DNA (Obr. 8a) ze vzorku a amplifikovat vybranou ¢ast DNA pomoci PCR (Obr. 8b).
Béhem tohoto procesu se zaroven navazi dvé znacky na kazdy amplikon prostrednictvim
znacenych primer{. Nejcastéji se pouZivaji digoxigenin nebo fluorescein, nicméné pokazdé je
jednou ze znacek biotin, ktery se vyuziva pro biospecifickou interakci s avidinem. Takto
pripravena DNA obsahujici dvé znacky je aplikovana na imunochromatograficky test (Obr.
8¢).

o 8 %
- — 4 ¢ » ® L] > I
_l ‘s + & » &
* .~ r- 6 ® )
a b C
WM izolovana DNA P hakterialni bufika
e ¥ znacené primery o 11®pcR produkt se dvéma znackami

Obr. 8: Pfiprava vzorku pro imunochromatograficky test nukleovych kyselin: a) izolace DNA, b)
amplifikace cilového Giseku DNA a jeho oznaceni, c) aplikace PCR produktu na test

Pripraveny imunochromatograficky test obsahuje v podlozce pro konjugat avidin
s navazanou Castici (Obr. 9a). Na testovaci zoné je imobilizovana protilatka proti znacce 2
pouzité u PCR produktu (Obr. 9a), kontrolni zéna obsahuje imobilizovanou znacku 1. Po
aplikaci znaceného PCR produktu na membranu dojde ke vzniku komplexu znaceného PCR
produktu a avidinu vazaného na castice (Obr. 9b). Komplex je zadrzen v testovaci zéné,
prebytek detekénich molekul je zachycen v kontrolni zéné (Obr. 9c). Jedna se o variantu
sendvi¢ového usporadani a pozitivni vzorek se projevi vznikem dvou linii (Obr. 9d) (viz napf.
Blazkova a kol., 2009, Blazkova a kol., 2011, Seidel a kol., 2016).
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konjugat avidinu s uhlikatou ¢astici é konjugat biotinu s nosi¢ovym proteinem

®  znatka 1 (biotin) e pcr produkt se dvéma znackami

® znacka 2 (napt. digoxigenin) Yprotilétka proti znacce 2 (napf. digoxigeninu)

Obr. 9: Schéma chromatografického testu pro detekci nukleovych kyselin: a) pfipravena membrana
a naneseni vzorku, b) tok vzorku reakcni zénou, c) pirechod reakcni smési pres testovaci a kontrolni
linii, d) vizualni podoba vysledku testu, negativni vzorek (vlevo), pozitivni vzorek (vpravo).

2.5.4 Multianalytova detekce (multiplex)

Nékdy je vyhodné analyzovat nékolik analytll soucasné. Za timto Ucelem jsou
sestavovany tzv. detekéni multiplexy (Sajid a kol., 2015, Yen a kol., 2015). Jeden testovaci
prouzek obsahuje tolik testovacich linii, kolik analytl je detekovano (Obr. 10a). DlleZitym
predpokladem pro Uspésnost testu je vysoka specifita protilatek. Testy se zpravidla pouzivji
pro detekci 2-3 analytl (Blazkova a kol., 2009, Ediage a kol., 2012), ale objevily se i
soupravy s 5 testovacimi liniemi (detekce toxin{, Lattanzio a kol., 2012). Zajimavym trikem
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je vyuziti rGzné barevnych znacek (napf. u ROTA-ADENO Virus Combo Test Device, Obr.
10b). Na jednom prouzku je testovano také nékolik analytl, ale pro kazdy je pouzita jina
znacka, coz pomaha prehlednosti vysledku analyzy. Imunochromatograficky test je
prostorové limitovan, a proto je velice obtizné sestavit Uspésny test s vice nez péti liniemi na
jednom prouzku membrany. Alternativnim feSenim je pouZziti spojenych prouzk{ (Obr. 10c)
nebo bodové usporadani testovacich zén (Obr. 10d, Dzantiev a kol., 2014).

KL . KL KL KL || KL f[ KL see
TL4 > TL 4 > cee
TL3 : TL3 N TLL)TL2||TL3||TL4
Thd—> TL2 :
TL1 TL1
ST XA v Ve [ ..‘s-' Wi e DR ST A
i I I s o ST g
LON 1l 3 B AN, .0
a b C d

Obr. 10: Schematické znazornéni imunochromatografického testu v multiplexu. Rizné typy
provedeni pro testovani 4 analytii: a) 4 testovaci linky na jedné membrané, b) 4 testovaci linky na
jedné membrané, pro kazdy analyt pouzita jina znacka, c) kazdy analyt je testovan na jiné
membrané, ale aplikuje se jeden vzorek, d) multiplex, TL — testovaci linie, KL — kontrolni linie..

2.5.5 Microarray
Microarray je vyvojovym stupném multiplexd. Podstatou testu je prouzek s bodové
usporadanymi testovacimi zénami (Li a Macdonald, 2016, Obr. 10d). Imunoreagencie uréené
k imobilizaci jsou na membranu naneseny pomoci davkovaci hlavice s jehlickami a testovaci
zbny jsou usporadany v bodech misto v liniich.
Format se osvédCil napriklad pro detekci nukleovych kyselin (Amerongen a kol.,
2012), alergenl (Chinnasamy a kol., 2013) a antibiotik (Wang a kol., 2017). Do budoucna

ma tento format velky potencial.

2.6 Sestaveni testu

Pri vyvoji kvalitniho imunochromatografického testu je nezbytné disponovat dobrymi
imunoreagenciemi (protilatkami, strukturné podobnymi analogy antigenu, konjugaty hapten(
s bilkovinnym nosi¢em) pro detekci cilového analytu. Zasadni pro Uspésnost pripravovaného
testu je také volba vhodného formatu. Konstruktér testu musi dale vybrat vhodné soucasti
testu — podloZzky a membrany. Nasleduje série testl, pfi kterych jsou hodnoceny jednotlivé
soucasti testu, jsou voleny vhodné koncentrace a kombinace jednotlivych imunoreagencii,

slozeni reakcnich a skladovacich pufrll, je vybirdan vhodny nastfik na membranu a také
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vzdalenost testovaci linie od zac¢atku membrany. VSechny parametry jsou posuzovany ve

vzajemnych souvislostech a optimalizovany.

o |
= Tt T
i

f

Obr. 11: Sestaveni imunochromatografického testu: a) adhezivni podlozka, b) nalepeni membrany
na adhezivni podlozku, c) umisténi podlozek na membranu a adhezivni podlozku, d) aplikace
imunoreagencii na membranu, e) nafezané prouzky - testy (pohled shora), f) naFezany prouzek
(pohled z boku)

Pfi sestavovani testu je potfeba vybrané komponenty testu vhodné usporadat
a prilozit na sebe (Obr. 11). Jednotlivé podloZzky a membrana se vzajemné musi prekryvat
(Obr. 11c), aby mohla reakéni smés plynule protékat celym testem. VSe je spojeno silné
adhezivni plastovou félii (vyrabénou prevazné z polystyrenu, Obr. 11a); tyto fdlie zaroven
slouzi jako ochrana velmi kiehkych testovacich membran (Obr. 11b). PodloZky pro vzorek

a konjugat se namadi v prislusném pufru s naslednym susenim.

Tab. 3: Piehled davkovacich pristrojii pro vyrobu imunochromatografickych testd

1 2 3° 4
Sitka linky neni uréeno 0,1-0,5 mm 0,25-0,5 mm  neni uréeno
kvantifikovatelnost® ne ano ano ano
kontakt s
membranou ano ne ne ne
davkovani Spicka ink jet* stfikacka strikacka
proud kapka aerosol aerosol
, . hydraulicka v
pohon krokovy motor solenoid pumpa stlaceny plyn
wrobci Front Line BioJet Quanti AirJet Qianti Linomat
y (BioDot) (BioDot) (BioDot) (Camag)
Twain Harte
Zeta (Zeta (Kinematics
Corporation) Automation)

# kvantifikovatelnost objemu na délku linky
® tento typ davkovace je mozné pouZit i na pFipravu podlozek
“funguje na principu inkoustové tiskarny
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Pro kvalitni a pritom kvantitativni pridavek imunoreagencii na membranu (Obr. 11d)
bylo nutné vyvinout velmi presné pristroje s vybornou opakovatelnosti. Nejcastéji pouzivané
typy (viz Tab. 3) pro nanaseni na membranu jsou pneumaticky pohanéné fixirky/stfikacky
(1), pneumaticky ovladané solenoidy (2) a objemova Cerpadla s kontaktnimi nebo témér
kontaktnimi hroty/stfikackami (3). Jejich vlastnosti jsou uvedeny v Tab. 3, v soucasnosti jsou
nejvice vyuzivany objemové systémy privadéjici tekutiny pres trysku — stfikacku. K aplikaci se
daji vyuzit i davkovace pouzivané naptiklad pro pripravu tenkovrstvé chromatografie (4).

K maximalni adsorpci protilatek a ostatnich proteinli na nitrocelulézovou membranu
by mély byt pouZity pufry s nizkou iontovou silou, povrchové aktivnich latek a sacharidd.
Naopak na podlozku pro konjugat a pro vzorek se aplikuji pufry rdzného slozeni, které
zajist'uji kvantitativni vyplaveni imunoreagencii, snizuji viskozitu vzorku a usnadfuji interakci
mezi antigenem a protilatkou.

Pripravené membrany spolu s podlozkami jsou nasledné nasekany (Obr. 11e) na
jednotlivé prouzky a umistény do plastové krabicky, pficemz se nesmi porusit okraje
membrany. Pfi vyvoji testd mohou byt pouzity ostré nlizky, nicméné pro komercni produkci
testovacich prouzku je nutné pouzit specializovany pfistroj, napf. CM5000 Guillotine Cutter
a SRR500 od firmy BioDot (Obr. 12a, Obr. 12b), ZQ4000 od firmy Shanghai Kinbio Tech. Co.
Ltd (viz Obr. 12c).

Obr. 12: Ukazky sekacek prouzké: a) CM5000 Guillotine Cutter od firmy BioDot, b) automaticka
sekacka SRR5000 od firmy BioDot, c) ZQ4000 od firmy Shanghai Kinbio Tech.Co.Ltd.

Sitka podlozky pro vzorek i detekéni molekulu a membrana jsou stejné Siroké,
absorpéni podlozka je bud’ stejnd Sirokd, nebo $irsi. Sitka podlozek a membrany je
z ekonomickych ddvod{ volena co nejmensi (nizka spotfeba materidld a chemikalii), nicméné
je nutné vzit v Uvahu nasledujici okolnosti. V prvni radé je pfiliS malou Sitkou membrany
zhorseno odecteni linek. Okraje membrany v Sifce asi 0,5 mm zpravidla mirné ovliviiuje tok

kapaliny, coz se projevi jinou kvalitou linky*. Problémem mdZe byt i zmenSeni kontrastni

"V pfipadg, Ze je prouzek Siroky 3 mm, tvofi okraje (0,5 mm) 33 % odecitaného plochy vysledku,
v pripadé, Ze je prouzek Siroky 6 mm, tvofi plocha 16 %.
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plochy, coz zhorSuje odecitani zejména slabé viditelné linie. Druhym limitujicim faktorem je
plocha jednotlivych podlozek, prostrednictvim které priléhaji k adhezivni podlozce, nebot’
v pripadé prilis Uzkych prouzkl je ohrozena soudrznost testu.

V souvislosti s komercionalizaci imunochromatografickych testl a s jejich rostouci
produkci jsou vyvijeny automatické vyrobni linky, které jsou schopny sestavit cely test od
nastriku imunoreagencii, jejich suseni, podlepeni membrany az po slozeni celého testu (Obr.
13).

Obr. 13: Ukazky priimyslové vyroby imunochromatografickych testii: a) RR120 (BioDot), b) Matrix
7100 (Kinematic Automation). Prevzato z www.biodot.com/ portfolio/rr120-web-handling-platform/ a
www.kinematic.com/pdf/StandardProducts/7100/ Matrix%207100%?20E.pdf

2.7 Vyuziti metody

Imunochromatografické testy jsou jednoduché, rychlé, levné a umoznuji detekci
témér kdekoli v terénu. Jejich nesporné vyhody je katapultovaly z vyzkumnych laboratori
pfimo do komercni sféry a jsou dnes komercné produkovany pro detekci rozmanitych
analytd.

Nejdrive doslo k jejich masovému rozsifeni v klinické diagnostice. Pouzivaji se pro
stanoveni marker nadorovych a srdecnich chorob, metabolickych poruch, infekénich agens,
krevnich skupin a drog. Patfi sem i nejlépe znamy test pro urceni raného stadia téhotenstvi
detekci choriového gonadotropinu v moci. Velky vyznam maji rychlé, jednorazové, dobre
skladovatelné a jednoduse hodnotitelné medicinské testy v zemich tretiho svéta, kde
lékarské ordinace mnohdy nejsou vybaveny ani nejnutnéjSim vybavenim (napr. lednici).

V poslednich letech se intenzivné rozviji studium bezpecnosti potravin a kontroly
jejich  kvality, kde mohou imunochromatografické testy konkurovat ostatnim
imunochemickym formatlm a byt vhodnym dopliikem tradi¢nich analytickych metod. Velkou
vyhodou je jejich pouzitelnost kdekoli (POC), coz umoziuje kontrolovat vzorky v prlibéhu
celého zpracovatelského fetézce tzv. ,od farmy az na stll". Podle zprav RASFF (Systém

rychlého varovani pro potraviny a krmiva, z angl. Rapid Alert System for Food and Feed)
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patfi k nejrizikovéjsim ciniteldm mykotoxiny, patogenni mikroorganizmy a pesticidy, na néz
bylo zaméfeno nejvice pozornosti, nasleduji soupravy pro detekci antibiotik, toxinl a
alergend. Nejvice sledovanymi potravinami jsou produkty z obili a fazoli, nasleduji masné a
mlécné vyrobky a produkty ze zeleniny a ovoce. Nedostatecné je zatim pokryto testovani ryb
a morskych plodd.

V neposledni fadé nachazeji imunochromatografické testy uplatnéni v detekci
kontaminantd Zivotniho prostiedi, i kdyZz zejména v této oblasti neni potreba testl zdaleka
nasycena.

Imunochromatografické testy jsou vyvijeny pro zjednoduseni a zefektivnéni prace
bezpecnostnich slozek. Uplatnuji se ve forenznich védach (Old a kol., 2009, Schweers a kol.,
2008), pri kontrole prechovavani a zneuziti zakazanych latek. Pro ochranu verejné
bezpecnosti byl vyvinut multidetekéni imunochromatograficky systém IMASS od firmy BBI

Detection (Integrated Multiplex Assay and Sampling System, Obr. 14) pro odhaleni
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pritomnosti biologické hrozby™ a vybusnin'.
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T eyt of Bpematass ATROPY

o 444 1 S

Obr. 14: a) IMASS pro odhaleni pritomnosti biologické hrozby, b) souprava pro detekci
narkotik (vpravo). Pfevzato z http://www.bbidetection.com/products/, I11/2017

* Test detekuje Bacillus anthracis, ricin, botulotoxin, Francisella tularensis, Yersina pestis, Brucella spp.,
Burkholderia mallei, Staphylococcal Enterotoxin B.

t 2,4,6-trinitrotoluen, 1,3,5-trinitro-1,3,5-triazacyklohexan, pentaerythritol tetranitrdt, amonné ionty, nitrat,
sachardza.
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2.8 Nevyhody imunochromatografickych testt

Jednoduchost imunochromatografickych testl je jejich obrovskym plusem. Sestaveni
kvalitniho testu vSak v sobé skryva mnoha uskali.

Imunochromatografické testy jsou primarné uréeny pro kvalitativni analyzu. Pokud je
pozadovano kvantitativni hodnoceni, je nutné zapojit méfici zarizeni (Obr. 15), coz
prodluzuje, komplikuje i prodrazuje analyzu a celkové to plsobi proti filozofii rychlych testd.
Nicméné komercni producenti se v poslednich letech na vyvoj Ctecich zarfizeni zaméruji
(Petryayeva a Algar, 2015). Vysledky vizualné odecitanych testl je mozné prevést do
Ciselnych hodnot a nasledné data standardné zpracovat i prostfednictvim skenovani
a vyhodnocovaciho softwaru (napf. TotalLab, Bionumerics) (Blazkova a kol., 2009).

a

-

Obr. 15: Ukazky ctecek imunochromatografickych testi. a) Qiagen (ESE Quant), b) Scannex,
c) iDetect, d) DCN Diagnostics, and e) Shanghai KinbioTech (DT1030) (prevzato z Petryayeva a Russ
Algar , 2015).

U jednoduchych testl se oCekava absence sloZité pripravy vzorku pred analyzou.
Nicméné nékdy neni mozné se Upravé vzorku Uplné vyhnout. K nékterym nutnym Upravam
vzorku postaci modifikace podlozky pro vzorek (specidlni materidly pro krevni vzorky,
koncentrovani vzorku, blokovani interferujicich slozek, oddil 2.2). Analyzovany vzorek musi
byt v kapalném stavu. Velice viskdzni vzorky ¢i kapalné vzorky s komplikovanou matrici
(napf. potraviny) musi byt pred testem naredény (Blazkova a kol., 2010), analyty z pevnych
vzork{ musi byt extrahovany.

Na rozdil od jamky v mikrotitracni desticce pfi klasickych ELISA neni mozné oSetfit
membranu rdznymi Cinidly a zabranit tim nespecifickym interakcim interferujicich latek, aniz
by se poruSila stabilita a funkénost membrany. DalSim omezenim je maly objem
aplikovaného vzorku (cca 100 pl), vétsi objemy zpomaluji testy, zvétSuiji finalni podobu testu
a zhorsuiji kvalitu linek. Uvedené okolnosti vyrazné zvysuji naroky na kvalitu imunoreagencii.

Nejvétsim problémem imunochromatografickych testl je relativné nizsi citlivost.
Napriklad v porovnani s ELISA se jedna o zvySeni detekéniho limitu zhruba o jeden fad
(Blazkova a kol., 2009, Holubova a kol., 2010, Blazkova a kol., 2010, Hua a kol., 2012). Bylo
publikovano nékolik rliznych vice ¢i méné Uspésnych zplsobl vedoucich k zesileni signalu,
napf. zarazeni enzymové reakce (Parolo a kol., 2016), elektrochemické (Lai a kol., 2012),
chemiluminiscencni nebo fluorescenéni koncovky, méreni povrchové plazmové resonance
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zlatych castic (Huang a kol., 2005), Ramanova spektroskopie (Timmermans a kol., 2016,
SERS), zvyraznéni odezvy zlatych ¢astic pomoci stfibra (Anfossi a kol., 2013), atd. Ve vétSiné
pripadl se jedna o velmi zajimavé a inovativni pfistupy, nicméné zesileni se uskuteciiuje na
ukor jednoduchosti, délky ¢i ceny testu.

Imunochromatografické testy jsou koncipovany tak, aby je mohl pouzit i neodborny

uzivatel. Jeho neodborna manipulace mdze mit vliv na provedeni a spolehlivost testu.
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3 Prehled reSené problematiky

V nasledujicim textu jsou predstaveny vybrané detekcni systémy, které byly vyvinuty
v nadi laboratofi. ReSend problematika se tyké dvou rozdilnych oblasti. V prvnim pfipadé se
jedna o vyvoj metod pro detekci patogennich mikroorganizm@ Listeria monocytogenes a rodu
Cronobacter v potravinovych vzorcich. Dale je popsan vyvoj imunochromatografickych testd
pro rychlé stanoveni pesticidd v potravinach a v environmentalnich vzorcich. Pro vybrané
pesticidy byly pfipraveny ve spolupraci s firmou Vidia, spol. s.r.o. funkcni prototypy pro

testovani v terénu.

3.1 Detekce patogennich bakterii v potravinach

Kvalita potravin z hlediska mikrobiologické bezpecnosti je jednim z ddleZitych
diskuznich témat soucasnosti. Ve svété je kazdorocné hlasena celd fada pfipadd onemocnéni
zplsobenych konzumaci potravin kontaminovanych patogennimi mikroorganizmy. Mezi
nejCastéjSi plvodce alimentarnich onemocnéni patii bakterie z rodG Salmonella
a Campylobacter. V nasi laboratofi se vénujeme bakteriim rodu Listeria a Cronobacter.
Nejsou to vyznamné patogeny z hlediska incidence, nicméné oba zplsobuji velmi vazna

onemocnéni u specifickych skupin obyvatel.

3.1.1 Detekce bakterii Listeria monocytogenes a rodu Listeria v potravinovych
vzorcich
Listeria monocytogenes je prisné sledovanym patogenem kvlli tézkému pribéhu
onemocnéni, které vyvolava. Listeriéza se radi k bakterialnim infekcim s nejvySSim
procentem mortality. Z rodu Listeria je pro Clovéka patogenni pouze jiz zminéna Listeria
monocytogenes, avsak pritomnost ostatnich Listeria spp. mlze upozornit na snizenou kvalitu
potraviny a chyby ve vyrobnim procesu. Pro detekci Listeria monocytogenes v potravinach je
predepsany postup podle CSN EN ISO 11290 zaloZzeny na klasickych mikrobiologickych
principech. Izolace s naslednou identifikaci bakterie je sice spolehliva, ale trva nékolik dni.
Vzhledem k charakteru potravin, které jsou s Listeria monocytogenes spojovany, je vytvaren
znacny tlak na vyvoj novych rychlejSich metod. Kromé modernich mikrobiologickych metod
vyuzivajicich chromogenni substraty jsou pro detekci bakterii nejvice rozvijeny metody
imunochemické a molekularné biologické. Imunochemické techniky jsou rychlé a pomérné
jednoduché, zatimco vyhodou molekularné biologickych postupl je jejich vyssi specifita
(priloha 1).
Limity bakterii rodu Listeria v détské vyzivé jsou specifikovany v regulacnim opatfeni

v

Komise ES C. 1441/2007 vydaném v prosinci 2007, upravujici nafizeni ¢. 2073/2005
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o mikrobiologickych kritériich potravin. Potraviny, ve kterych by méla byt sledovana
pritomnost Listeria monocytogenes, patii do tfi rlznych kategorii. V prvni fadé se jedna
o potraviny uréené k pfimé spotfebé pro kojence a pro zvlastni léCebné ucely; vyhovuiici je
potravina tehdy, pokud vSechny zjisténé hodnoty poukazuji na nepfitomnost této bakterie.
Druhou skupinou jsou potraviny uréené k pfimé spotiebé, jiné nez pro kojence a pro zvlastni
léCebné Ucely, jez podporuji rlst L. monocytogenes, pred tim neZ takova potravina opusti
bezprostredni kontrolu vyrobce, nesmi byt zadna L. monocytogenes pritomna; po uvedeni na
trh vyrobek nesmi prekrocit limit 100 KTJ na g potraviny po celou dobu Udrznosti. Posledni
skupina potravin je urena k pfimé spotiebé a nepodporuje rlst listerii; v nich nesmi byt
prekrocen limit 100 KTJ na g potraviny.

Pro detekci Listeria monocytogenes bylo publikovano nékolik imunochemickych metod
vyuzivajicich protilatky pfipravené proti vybranym virulentnim proteinlm. V nasi laboratofi
byly v predchozim obdobi vyvinuty dva testy svyuzitim polyklondlnich protilatek
pfipravenych proti internalinu B, jenz je vyznamnym proteinem podilejicim se na Sifeni
bakterie v téle hostitele. V prvnim pripadé se jednalo o enzymovou imunoanalyzu na
mikrotitraéni desti¢ce (pfiloha 2), ve druhém pfipadé na dipsticich® (pFiloha 3). Stejné
chemikalie byly pouzity i pro sestaveni imunochromatografického testu pro detekci Listeria
monocytogenes (odstavec 2.5.1). Primarni protilatky proti internalinu B byly imobilizovany
na membranu (testovaci zéna) a na koloidni uhlik (detekéni molekula), na membrané byla
dale imobilizovana sekundarni protilatka (praseci protilatka proti krali¢imu imunoglobulinu,
SWAR, kontrolni zédna). Na membranu byl aplikovan 2x redény vzorek bakterialni kultury
spolu s detekéni molekulou. V pripadé pozitivniho vzorku se zobrazila testovaci i kontrolni
linie, v pfipadé negativniho vzorku pouze kontrolni linie (Obr. 16). Po 24 hodinové kultivaci

bylo mozné detekovat méné nez 10 KTJ.

Obr. 16: Imunochromatograficky test pro detekci Listeria monocytogenes: a) schema testu,
b) otevieny format testu (1- L. monocytogenes NCTC 13273, 2 - L. monocytogenes NCTC 4886, 3 -
L. monocytogenes NCTC 4885, 4 - L. jvanovii PHLS, 5 - Bacillus cereus), c) uzavieny format testu
(+ pozitivni vzorek, - negativni vzorek).

* dipstik — plastova ty¢inka nahrazujici jamku mikrotitracni desti¢ky
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Pro paralelni detekci rodu Listeria a Listeria monocytogenes byl v roce 2009
publikovan imunochromatograficky test (pfiloha 4) pro detekci jejich nukleovych kyselin
(odstavec 2.5.3). Ze vzorku bakterii je izolovana DNA. Jeji specifické Useky jsou namnozeny
pomoci PCR. V tomto pfipadé se jedna o tzv. duplex PCR, kdy vznikaji dva druhy amplikon(
umoziujicich odliSeni L. monocytogenes od ostatnich Listeria spp. (reakce se Ucastni dva
pary primer(). BEhem PCR se navazuji specifické znacky na jednotlivé PCR produkty pomoci
znacenych primer(. Par pro detekci rodu Listeria obsahoval znacky fluorescein/biotin, par pro
detekci Listeria monocytogenes digoxigenin/biotin. Ziskané PCR produkty se aplikuji na
nitrocelul6zovou membranu, na které byly imobilizovany protilatky proti fluoresceinu
a digoxigeninu. K vizualizaci testu se pouziva neutravidin s ¢asticemi koloidniho uhliku.
Kontrolni linku tvorila protilatka s navazanym biotinem. V pripad€, Zze byl analyzovan vzorek
obsahujici Listeria monocytogenes, na testu se objevi tfi linie, u ostatnich zastupcl z rodu
dvé linie a u negativnich vzork( jedna linka. Srovnani vyvinutych metod je uvedeno v Tab. 4.

Tab. 4: Srovnani vyvinutych metod pro detekci listerii

ELISA DIPSTIK ICT® NALFIA
, o analyza velkého paralelni detekce
vyhody pouziti poctu vzork snadnost snadnost Lm® + gL°
rinci molekularné
P P imunochemicky  imunochemicky  imunochemicky biologicky,
detekce . !,
imunochemicky
vizualizace enzymova reakce enzymova reakce uhlikaté Castice  uhlikaté Castice
doba kultivace 48 h 48 h 48 h 24 h
doba analyzy 320 min 265 min 15-20 min 305 min
0]
specifita 98% 98% 92 %, nebyly 100%
stanoveny 2 Lm
- KEi¥ové reakce Staphylococcus  Staphylococcus  Staphylococcus )
aureus aureus aureus
detekéni limit gL 10° KTIml?! 10°KTI-ml? 10° KTIml* 10° KTI-ml™?
Lm  10°KTImi? 107 KTI-ml™* 10’ KT)-ml™* 10° KTI-mI*
narocné kroky pipetovani, . - ) izolace DNA,
metody promyvani Pipetovan PCR
potrebné ELISA reader, ) ) termocyklér
vybaveni promyvacka
problématické pfiprava pfiprava pfiprava i
kroky vyvoje protilatek protilatek protilatek
znaceni protilatek znaceni protilatek znaceni protilatek -
publikace priloha 2 priloha 3 priloha 4
uzitny vzor priloha 5

2 ICT — imunochromatograficky test, ® Lm — Listeria monocytogenes, * gL — rod Listeria
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Znacené amplikony byly pouzity i pro vyvoj zkusSebni verze mikroarray (odstavec
2.5.5) pro detekci rliznych DNA — Bacillus cereus, L. monocytogenes, genus Listeria, geny

pro tetracyklinovou, streptomycinovou a B-laktamovou rezistenci (priloha 6).

Vsechny vyvinuté metody (kromé posledné zminéné) byly pouzity na testovani série
redlnych vzorkd. Celkem byly testovany 3 rizné skupiny realnych vzork{: vzorky potravin
dostupné u obchodnich fetézcl s potravinami, vzorky z biofarmy a vzorky testované v ramci
kruhovych testl. Do prvni skupiny byly zahrnuty vzorky kojenecké vyZivy, naklicenych
semen, mrazené zeleniny, lahtdkovych salatl a mlécné vyrobky (mléko, jogurt, olomoucké
syrecky, romadur a zmrzlina). Dale bylo testovano pizzy 7 druhl pizzy dodané producentem
a jednotlivé prisady. V ramci Narodniho programu vyzkumu II ¢. 2B06048 (Mikrobiologicka
rizika v mlékarenskych vyrobach — detekce a preventivni opatreni) byly odebrany vzorky
v blize nespecifikované biofarmé. Jednotlivé vzorky byly mikrobiologicky zpracovany
ve spolupraci se Zkusebni laboratofi Ustavu biochemie a mikrobiologie na VSCHT v Praze
(podle CSN EN ISO 11290-1). Jednalo se o vzorky syrového mléka, vody na oplach vemen,
krmné smési, sena, vykall a stérll ze strukové navlecky, struk samotnych a podlah. V letech
2005, 2006 a 2007 jsme se zapojili do kruhového testu mezilaboratorniho testovani
zpUsobilosti laboratofi (MTZL), série VIII, kolo 14, 15 a 16, poradané Statni zemédélskou
a potravinarskou inspekci. Celkem bylo testovano 8 rliznych vzorkd. Jednalo se o dva vzorky
rozemletych téstovin, 3 vzorky suSené milécné kojenecké vyZzivy a 3 vzorky instantniho
Cokoladového napoje. Jednotlivé vzorky byly opét mikrobiologicky zpracovany ve spolupraci
se ZkuSebni laboratofi Ustavu biochemie a mikrobiologie VSCHT v Praze. Listeria
monocytogenes byla odhalena v 5 vzorcich mrazené pizzy, ve 2 prisadach do pizzy
(brokolice, Zampiony), v mrazené brokolici a v syru romadur. V nékterych vzorcich z biofarmy
byla stanovena pritomnost bakterii rodu Listeria, nicméné L. monocytogenes pritomna
nebyla. V ramci kruhového testu byly spravné uréeny vSechny analyzované vzorky (Blazkova,
2006).
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3.1.2  Detekce bakterii Cronobacter

Bakterie rodu Cronobacter jsou gram-negativni bakterie z Celedi Enterobacteriaceae.
Rod byl klasifikovan az vroce 2008. Zastupci tohoto rodu patfi mezi patogenni
mikroorganizmy zpUsobujici zavazna onemocnéni novorozencl s vysokou Umrtnosti. Hlavnim
zdrojem infekce je kojeneckda vyziva. Cronobacter (jesté pod plvodnim taxonomickym
oznacenim Enterobacter sakazakii) byl mezi rizikové mikroorganizmy détské vyzivy zahrnut
vroce 2004. V soucasnosti upravuje limity bakterii rodu Cronobacter v détské vyzivé
regulacni opatfeni Komise ES ¢. 1441/2007 vydané v prosinci 2007, které vyzaduje
nepritomnost bakterii rodu Cronobacter v 10 g vzorku susené pocatecni kojenecké vyzivy
a susenych dietnich potravin pro zvlastni IéCebné UGcely pro kojence do Sesti mésicd véku.
Jako referenc¢ni analytickd metoda se pouziva klasicka kultivacni mikrobiologickda metoda
ISO/TS 22964 (2006).

Pro imunochemickou detekci bunék bakterii rodu Cronobacter byly nejprve pfipraveny
polyklonalni protilatky; imunizovano bylo tepelné osetfenymi burikami vybraného zastupce
rodu Cronobacter (C. sakazakii ATCC 29544). Pripravené protilatky byly testovany
prostrednictvim tradiéni enzymové imunoanalyzy na mikrotitracnich destickach, nasledoval
vyvoj imunochromatografické detekce (pfiloha 7). Bylo vybrano pfimé nekompetitivni
usporadani metody (odstavec 2.5.1). Metoda vSak detekovala pouze nékteré zastupce rodu
Cronobacter.

Nasledoval vyvoj imunochromatografického testu pro detekci nukleovych kyselin rodu
Cronobacter (odstavec 2.5.3). Pro vyvoj imunochromatografického testu byly vybrany
primery zamérené na 16S rRNA, které byly pro amplifikaci znaceny digoxigeninem
a biotinem. Béhem polymerazové retézové reakce doslo v pripadé pritomnosti DNA z bakterie
rodu Cronobacter ke vzniku amplikonu s digoxigeninem na jedné strané a biotinem na druhé
strané. Pripraveny amplikon byl aplikovan na nitrocelulézovou membranu s imobilizovanou
protilatkou proti digoxigeninu na testovaci zéné a biotinu vazaného pres protilatku v kontrolni
z6né. Detekéni molekulu tvorily uhlikaté castice s navazanym neutravidinem. V pripadé
pozitivniho vzorku doslo k vybarveni testovaci i kontrolni linie, v pripadé negativniho vzorku
se zbarvila pouze kontrolni linie (pfiloha 8 — obr. 1). Metoda umoziuje detekci méné nez 10
KTJ rodu Cronobacter (priloha 8). Vyvinuta metoda byla aplikovana na sérii vzorkl pocatecni
kojenecké vyzivy, které byly soucasné analyzovany oficidlni ISO metodou a hmotnostni
spektrometrii MALDI-TOF. VSechny testované vzorky byly spravné urceny (priloha 9).
Srovnani vyvinutych metod je uvedeno v Tab. 5.
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Tab. 5: Srovnani vyvinutych metod pro detekci rodu Cronobacter a jejich srovnani s jinymi

metodami

ELISA ICT? NALFIA ISO 22964 MAL::IS-TOF
, -y apaly'/zav neni nutna standardizovana an aly'/zav
vyhody pouziti velkého poctu  jednoduchost wi s velkého poctu
o Cista kultura metoda o
vzorkd vzorkd
rinci molekularné morfologie pfitomnost
5 P imunochemicky imunochemicky  biologicky, g€ specifickych
etekce . Y fenotyp . o
imunochemicky protein
vizualizace er;zey;rECoeva uhlikaté castice uhlikaté Castice uhlikaté ¢astice uhlikaté castice
doba kultivace 48 h 48 h 20 h 116 h 44 h
doba analyzy 300 min 15-20 min 120 min - 120 min
detekéni limit < 10 KTIml' < 10 KTIml? < 10 KTI-ml? <10 KTImI* < 10 KTIml*!
narocné kroky pipetovani, izolace DNA, kutlivace, o
AR - hodnoceni priprava vzorku
metody promyvani PCR ,
vysledku
potiebné ELISA reader, , hmotnostni
p ;o - termocyklér -
vybaveni promyvacka spektrometr
problématické pfiprava pfiprava biochemicka kvalita -
kroky vyvoje protilatek protilatek ) diverzita rodu a zpracovani
spekter
znaceni znaceni znaceni i
protilatek protilatek protilatek
cena za 100
testt (K&) 1000 1000 6750 35000 11000
publikace priloha 7 priloha 7 priloha 8 priloha 9 priloha 9
priloha 9
uzitny vzor priloha 5

2 ICT — imunochromatograficky test
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3.2 Detekce pesticidil v potravinach a Zivotnim prostiredi

Pesticidy jsou chemické slouceniny pouzivané pro preventivni zniceni, odpuzovani
nebo zmirnovani Gc¢inkG Skodlivych Zivocichd, pleveld a parazitujicich hub, které ohrozuji
zemédélské, zahradni a lesni rostliny, zasoby potravin a zemédélskych produktd, primyslové
materialy b&éhem produkce, skladovani, transportu, distribuce a rovnéz zpracovani potravin,
zemeédélskych komodit a krmiv. Jejich pouziti pfinasi vyhodu ve formé vysoce kvalitni sklizné,
nicméné aplikace zplsobuije jejich pretrvani v prostiedi a na zemédélskych produktech, coZ
predstavuije riziko pro lidské zdravi.

Vzhledem kvaznym ekologickym problém@m, které zplsobily predevsim
organochlorové pesticidy, zacal chemicky prlimysl vyvijet nové typy pesticid. Diky své nizké
toxicité pro savce, snadné degradovatelnosti a zachovanému Sirokému spektru Ucinku ziskaly
na vyznamu karbamatové pesticidy, napt. karbaryl, karbofuran ¢i methiokarb (Stejskal a kol.,
2011). Pouzivaji se predevsim pro omezovani hmyzich skldcl v zemédélstvi a zahradnictvi.
Pfesto ani jejich pouzivani neni zcela bezpecné. Vstupem karbamatovych pesticidd do
organizmu dojde k inhibici acetylcholinesterasy, ktera zajiStuje konecnou fazi prenosu
signalu mezi synaptickymi burikami — uvolnéni mediatoru acetylcholinu z receptoru.

Thiabendazol je zastupce benzimidazolovych pesticidli. Tento fungicid se pouziva
zejména pri ochrané rlznych druhd plodin (napf. citrusy, avokada, jablka, mrkev, brambory,
hrach, sdja, pSenice atd.) pred plisnémi, skvrnitosti a hnilobé. Thiabendazol je v prostredi
staly, je odolny hydrolyze, v pldé nepodléhd rozkladu za aerobnich ani za anaerobnich
podminek. Vykazuje nizkou akutni toxicitu pfi oralnim a dermalnim podani, mlze zplsobovat
zavraté, nevolnost, zvraceni, prljem, horecku, navaly horka, zimnici, vyrazku a bolesti hlavy.
Je toxicky pro sladkovodni ryby a morské bezobratlé (Fishel, 2014).

Toxicita a perzistence zminovanych pesticiddi vyzaduje kontrolu jejich vyskytu
v Zivotnim prostredi i v potravinach. Kvlli ochrané spottebitelll jsou legislativou Evropské
unie stanoveny maximalni limity rezidui (MRL — maximalni rezidualni limity) pro ovoce
a zeleninu (narizeni €. EC 149/2008). Vyznamnym nastrojem pro detekci jsou multireziduaini
metody (Dzuman a kol.,, 2015). Analyzovany jsou prevazné precisténé extrakty
prostrednictvim plynové ¢i kapalinové chromatografie s vhodnym detektorem (Hajslova
a kol.,, 1998). Pro detekci karbamatovych pesticidd byly vyvinuty metody kapalinové
chromatografie a jeji varianty vysoce Uc¢inné kapalinové chromatografie nejcastéji s vyuzitim
hmotnostnich detektorli (Mickova a kol., 2003). Thiabendazol se stanovuje v extraktech
vzorkl prostfednictvim plynové a kapalinové chromatografie s hmotnostni detekci (Zheng a
kol., 2015). Detekéni limity pro tyto metody se pro potravinové vzorky pohybuji v rozmezi
5-50 ng-mL™.
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Uvedené tradi¢ni metody jsou velice presné a citlivé, avSak ne vSechny laboratore
disponuji nakladnym zarizenim pro jejich provedeni. Navic nékdy je nutné analyzovat vzorek
mimo laboratof. Zde nachazeji své uplatnéni imunochromatografické testy.

V nasi laboratofi byly vyvijeny metody pro thiabendazol (pfiloha 10), methiokarb
(priloha 11) a karbaryl (pfiloha 12). VSechny uvedené pesticidy jsou hapteny, a proto byl pro
jejich detekci zvolen neprimy kompetitivni format metody (odstavec 2.5.2). Imunoreagencie
byly ziskany od spolupracuijiciho pracovisté Polytechnické univerzity ve Valencii (Universidad
Politécnica de Valencia, Spain). Jednalo se o mysi monoklonalni protilatky a konjugaty
haptenll s ovalbuminem a BSA. Detekéni molekula byla tvorena sekundarni protilatkou
(SWAM, prasedi protilatka pfipravena proti mysim imunoglobulinlim) s navazanymi uhlikatymi
Casticemi. Na testovaci linii byl imobilizovan konjugat haptend s ovalbuminem a na kontrolni
linii terciarni protilatka (RASw, krali¢i protilatka pfipravena proti prasecim imunoglobulinGm).
Vzorek byl aplikovan spolu s primarni protilatkou a detekéni molekulou. V pfipadé pozitivniho
vzorku interagovala primarni protilatka s analytem. Vznikly imunokomplex presel pres
testovaci linii bez zadrzeni. Vysledkem testu byla pouze jedna vybarvena linie — kontrolni, na
které interagovala terciarni protildtka se sekundarni protilatkou znacenou casticemi uhliku.
V pripadé negativniho vzorku neméla primarni protildtka s ¢im interagovat a jeji vazebna
mista tedy zUstala volna pro interakci s konjugatem haptenu s ovalbuminem imobilizovanym
na testovaci linii. Vysledek se projevil vybarvenim dvou linii. PodrobnéjSi charakteristiky
pfipravenych souprav jsou uvedeny v Tab. 6. Testy byly vyvijeny pro detekci zminénych
pesticidd v dzusech a bylo tedy nutné testovat vliv matrice dzusl na prlbéh a vysledek
metod. Vzorky dzusl bylo nutné fedit 10krat nebo 100krdt a ziskané detekéni limity se
pohybovaly v rozmezi 10 — 50 ng-mL™. Metody jsou schopné Uspésné detekce thiabendazolu,
karbarylu a methiokarbu v koncentracich povolenych platnou legislativou.

Pro detekci thiabendazolu v dZusech byla publikovana i varianta metody s vyuzitim
zlatych nanocastic (priloha 13) a sestaven funkcni prototyp (pfiloha 14). Souprava byla
pripravena v uzavieném formatu, tzn. ze vSe je ulozené v plastové krabicce a uZzivatel pouze
prida redény vzorek.

V nasi laboratofi byly na stejném principu sestaveny dalSi funk¢ni prototypy; pro
detekci karbofuranu (pfiloha 15) a atrazinu (pfiloha 16 a priloha 17) ve vodnich vzorcich

z zivotniho prostredi.
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Tab. 6: Vyvinuté imunochromatografické testy pro vybrané pesticidy

thiabendazol methiokarb karbaryl
s 2-(thiazol-4-yl) methylthio-3,5-xylyl-N-methyl 1-naftylmethyl
systematicky nazev benzimidazol karbamat karbamat
X
_CH; &
N o N Ha
K | [ Mxﬂ & O'J\HXC'
struktura analytu
HyC CHs ‘&;,l//
SCH,
@] 0
e N 58 "LL* < {CH)s=COOH O"'.L\'N (CH,),~COOH
T3 & G000
struktura haptenu N N= R >

!

CHy-CH,-COO! .67 7 “ch,

imobilizacni thiabendazol-OVA? methiokarb-OVA carbaryl-OVA
konjugat [ng/test] 12,5 100 100
usporadani nepfimé kompetitivni nepfimé kompetitivni nepfimé kompetitivni
primarni protilatka

[ng/test] 3 6,25 12,5
sekundarni SWAM® SWAM SWAM
protilatka

terciarni protilatka RASW® RASw RASw

uhlikaté Castice

vizualizace VPR uhlikaté Castice uhlikaté Castice
zlaté Castice

doba analyzy 10 min 10 min 10 min

specifita 100% 100% 100%

detekéni limit 19

Ing-mL] 10 (0,25) 10 (0,5) 50 (5)

detekéni limit 2¢

[ng-mL?] 0,08 £ 0,03 0,14 £ 0,03 1,58 + 0,22

linearni pracovni 0,11 -4,13 0,31 -3,38 25-11,6

rozsah [ng-mL™]

ICso + SDf [ng-mL™] 0,60 + 0,08 1,01 + 0,13 5,12 + 0,40

analyzované vzorky

ovocné dzusy povrchova voda

ovocné dzusy

redéni vzorku 100x - 10x
publikace B;}:gﬂg 12 priloha 11 priloha 12
prototyp priloha 14

2 OVA - ovalbumin, ® SWAM — IgG frakce z praseciho séra proti mysim imunoglobulinfim (z angl. Swine
AntiMouse 1IgG), © RASw — IgG frakce z kraliciho séra proti praseim imunoglobulinlim (z angl. Rabbit
AntiSwine IgG), ¢ detekéni limit 1 — vizuaIni detekéni limit (v zavorce uvedena &islo pro koncentrace,
pfi kterych byla jasné odliSena intenzita testovaci linky od negativni kontroly), € detekéni limit 2 —
detekéni limit metody poéitany z kalibraéni kfivky, * SD — smérodatna odchylka.
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4 Zavér

V prvni Casti predkladané prace jsem shrnula problematiku imunochromatografickych
testll, zejména proces jejich vyvoje a produkce, rozdilné pfistupy pfi jejich feseni, vyhody
i nevyhody a oblasti mozného vyuziti. Ve druhé Casti jsem se zaméfila na konkrétni aplikaci
imunochromatografické metody pro detekci analytd z oblasti kontroly bezpecnosti potravin a
Zivotniho prostredi.

Nase laborator se zabyva vyvojem imunochemickych test(l jiz 30 let a ja mohla pfi
svém vyzkumu Cerpat z bohatych zkuSenosti svych kolegl. Podafilo se mi zavést metodiku
pripravy  imunochromatografickych testd a rozSifit tak naSe portfolio rychlych
imunochemickych metod. Uvadim zde konkrétni priklady detekénich souprav, které se nam
podafilo Uspésné vyvinout. Zejména bych chtéla vyzdvihnout testy uréené k detekci bakterii
Listeria monocytogenes (priloha 4, 5) a bakterii rodu Cronobacter (ptiloha 7, 8, 9). Metodika
detekce nukleovych kyselin patogennich mikroorganizm byla zapsana na Ufadu
prlimyslového vlastnictvi jako uzitny vzor CZ 22776 U1 (pfiloha 5). Dale byly publikovany
nase testy pro detekci pesticidi v ovocnych dzusech a détskych vyZivach (priloha 10, 12)
a v zivotnim prostredi (pfiloha 11). Soupravy urcené pro rychlou detekci thiabendazolu,
karbofuranu a atrazinu byly zapsany jako funkcni prototypy (priloha 14, priloha 15, 16, 17).

A jaké jsou hlavni cile pro blizkou budoucnost imunochromatografickych testd? Hlavni
vyzvy, které jsou predkladany tvlrcdm imunochromatografickych testd, jsou spojeny
s mimolaboratorni aplikaci. V soucasnosti je dostupna cela fada testli pro domaci testovani,
testovani zneuziti drog, pritomnost patogennich bakterii v surovinach, forenzni aplikace
a situace vSeobecného ohroZeni; dalSi velky potencidl vSak v sobé skryvaji ordinace Iékard
a prvni pomoci. Vyznamnou oblasti sou¢asného i budouciho vyvoje jsou materidly pouzivané
pro pripravu testll, at' uz se jedna o jednotlivé podlozky, membranu ¢i detekéni molekuly
a Castice. Cilem je ziskat materialy, které umozni Upravu vzorku a zlepSi citlivost
a opakovatelnost jednotlivych metod. V neposledni fadé bude nepochybné vyvijen tlak
na kvantitativni hodnoceni testd a s tim spojeny vyvoj levné a citlivé Ctecky testovacich
prouzkll, aniz by byla narusena zakladni myslenka imunochromatografickych testl —
jednoduchost.
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5 Seznam zkratek

ATCC
ELISA
ES

gL
ICT
KTJ
LFA
LFD
LFIA
LFICS

Lm
MALDI-TOF
MS

NALFIA
OVA

POC

RASFF

RASw

SWAM

SwWAR

sbirka tkanovych a bunécnych kultur (z angl. American Type Culture Collection)
enzymova imunoanalyza na pevné fazi (z angl. Enzyme Linked ImmunoSorbent Assay)
Evropské spolecenstvi

rod Listeria

oznaceni pro imunochromatograficky test (z angl. Im unochromatographic test

kolonii tvorici jednotka

oznaceni pro imunochromatograficky test (z angl. Lateral Flow Assay)

oznaceni pro imunochromatograficky test (z angl. Lateral Flow Device)

oznaceni pro imunochromatograficky test (z angl. Lateral Flow Immunoassay)
oznaceni pro imunochromatograficky test (z angl. Lateral Flow
Immunochromatographic Strip)

Listeria monocytogenes

z angl. Matrix Assisted Laser Desorption Ionization - Time of Flight

z angl. Mass Spectrometry

z angl. Nucleic Acid Lateral Flow Immunoassay

ovalbumin

z angl. point of care

Systém rychlého varovani pro potraviny a krmiva (z angl. Rapid Alert System for Food
and Feed)

1gG frakce z krali¢iho séra proti prase¢im imunoglobulindim

(z angl. Rabbit AntiSwine IgG)

1gG frakce z praseciho séra pfipravena proti mySim imunoglobulintim

(z angl. Swine AntiMouse IgG)

IgG frakce z praseciho séra pfipravena proti krali¢éimu imunoglobulinu

(z angl. Swine AntiRabbit IgG)
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1. Uvod

Listeria monocytogenes je obavanym patogennim
mikroorganismem vyskytujicim se v potravinach. Nejcas-
t&ji kontaminuje mlékarenské a masné vyrobky. Onemoc-
néni vyvoland touto bakterii, tzv. listeridzy, jsou velmi
zavazna a zasahuji specifické skupiny populace: staré lidi,
deéti, t€hotné Zeny a osoby s oslabenou imunitou. Zptisobu-
ji zanéty mozkovych blan, septikémie a potraty. Listeria
monocytogenes je jako ptivodce alimentarnich onemocnéni
(souvisejicich s pfijmem potravy) zndma teprve od roku
1980. Odhaduje se, Ze je pficinou pfiblizné 0,5-1 % vSech
hromadnych alimentdrnich onemocnéni. Mezi témito ne-
mocemi ma vSak zcela nesporné prvenstvi v procentu mor-
tality, které dosahuje az 33 % z celkového poctu onemoc-
néni. Alimentarni listeridze podlehne vice pacientli nez
salmoneldze. Zajem o listerie a zejména o jejich rychlou
detekci v poslednich letech velmi vzrostl. Pfi¢inou jsou
epidemie, které se objevuji od osmdesatych let stale casté-

ji.
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2. Charakteristika Listeria monocytogenes

Rod Listeria zahrnuje v soucasné dobé 6 riiznych
druhd! — L. monocytogenes, L. ivanovii, L. innocua, L.
welshimeri, L. seeligeri a L. grayi. L. monocytogenes je
podminénym patogenem lidi i zvifat, L. ivanovii vyvolava
onemocnéni zejména u ovci a skotu” a jen velmi vyjimeé-
n& u lidi**. Ostatni druhy jsou povazovany za nepatogen-
ni’.

Listerie jsou grampozitivni bakterie, které jsou uzce
ptibuzné s rody Bacillus, Clostridium, Enterococcus,
Streptococcus a Staphyloccocus'. Buiiky maji tvar krat-
kych az kokoidnich ty€inek o velikosti 0,4—1,5 um. Liste-
rie nejsou acidorezistentni a nevytvateji pouzdra ani spory.
Jsou aerobni nebo fakultativng anaerobni®’.

Bakterie rodu Listeria produkuji enzym katalasu,
netvofi oxidasu ani ureasu, hydrolyzuji eskulin a hippurat
sodny, ale mocovinu, kasein &i Zelatinu nehydrolyzuji®.
Listerie jsou aktivné sacharolytické mikroorganismy
a pro jejich riist je esencidlni D-glukosa. Na zaklad¢ schop-
nosti fermentovat rizné sacharidy (D-xylosa, L-thamnosa,
o-methyl-D-mannosid a D-mannitol, D-arabitol, methyl-D-
-glukosid, ribosa, glukosa-1-fosfat, D-tagatosa) jsou rozli-
Sovéany jednotlivé druhy listerii. DalSi vyznamnou vlast-
nosti nékterych listerii, jez pfispiva k potvrzeni druhu, je
jejich hemolytickd aktivita. L. monocytogenes tvoti, po-
dobné jako L. seeligeri, diskrétni zonu hemolyzy. Vyraz-
nou zoénu tvoii pouze L. ivanovii, zbylé druhy listerii he-
molytickou aktivitu nemaji.

Kultivacné nejsou listerie naro¢né a jsou znacné re-
zistentni ke zménam vnéjsiho prostiedi. Rostou dobie na
b&znych kultivatnich pidach (Zivny agar, krevni agar)’
a v §irokém teplotnim rozmezi (1 az 45 °C). Optimalni
teplota ristu se pohybuje okolo 37 °C (cit.'’). Teplota vel-
mi ovliviiuje patogenni vlastnosti bakterie. VEtSina kmend
se pomnozuje vrozmezi pH 5,6-9,6, pficemz optimalni
pH pro rist je 7,0 az 7,5 (cit.'"). Listerie se dobfe mnozi
ipii vysokych koncentracich soli (10% NaCl)’, jsou
schopné prezit i v 25% NaCl, 20 dni v suchém prostiedi
a 6 dni v destilované vodg''.

Bunééna sténa a cytoplazmatickd membrana Listeria
monocytogenes obsahuji, kromé¢ riznych latek lipidového
charakteru, fadu proteind, které ji umoznuji proniknout
do bunék hostitelského organismu, pfezit v nich a dale se
Sifit. Takové proteiny, které jsou pro preZziti a rozSifovani
bakterie v hostitelském organismu nepostradatelné, ozna-
cujeme jako virulentni.

3. Listerioza

Vsechny druhy listerii, véetné L. monocytogenes, jsou
v pfirodé hojné rozsifeny. Mohou se vyskytovat ve vode,
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v pidé, na rostlinach, ale také ve stfevnim traktu volné
zijicich zvifat. V souvislosti s pouzivanim nekvalitnich
krmiv, obsahujicich velké mnozstvi listerii, 1ze pozorovat
vyskyt L. monocytogenes i u hospodaiskych zvitat. One-
mocnéni byvaji zpravidla bezptiznakova, a tedy nelécena.
To v koneéném disledku mize vést az ke kontaminaci
masa pii porazce zvirete. Primarné kontaminované muze
byt rovnéz mléko a syrova zelenina (hnojend fekaliemi
infikovanych zvitat). Potravinaiské suroviny obsahujici
listerie mohou mit za nasledek znecisténi prostiedi potravi-
natskych zavoda v prib&hu zpracovatelského procesu, coz
miZze zpusobit sekundarni kontaminaci potravin.

Hlavnim zpiisobem ptenosu na ¢lovéka je konzumace
kontaminovanych potravin. Mezi potraviny s nejvy$$im
rizikem patfi maso a tepelné neopracované masné vyrob-
ky, syrové mléko a mlécné vyrobky (mekké a plisnové
syry), zelenina. K dal§i kontaminaci a pomnoZzeni listerii
muze dojit v prubchu pfipravy pokrmui a uchovavani hoto-
vych jidel pii pokojové teploté'®. Velmi nebezpetna je
neonatalni infekce, kde je zdrojem nakazy matefsky orga-
nismus (listerie pronikaji placentou a infikuji plodovou
vodu). V nemocnicich hrozi nozokomialni infekce, pfi
hospitalizaci nemocnych pacientl je tfeba dbat na protiepi-
demicka opatieni. Je zaznamenano nékolik piipadl profe-
sionalniho onemocnéni u veterinail, oSetfovateli a fezni-
ki1, kteti byli v pfimém styku s nakazenymi zvifaty”'?.

4. Virulentni proteiny Listeria monocytogenes

Listerioza ma vétSinou velmi progresivni a tézky pru-
béh. Hlavni pficinou jsou ucinné mechanismy, kterymi
Listeria monocytogenes infikuje savéiho hostitele. Je
schopna pronikat pfes rtizné té€lni bariéry (intestinalni,
hematoencefalitickou, placentarni) a rychle se rozsituje po
celém téle. K tomuto zpisobu Zivota je dobfe vybavena
celou fadou virulentnich proteind. Cely proces lze rozdélit
do nékolika fazi, z nichz nékteré jsou jiz znamé, ale nékte-

Infekce hostitelské buiiky je zahajena internalizaci
bakterie. Pro vstup listerii do nefagocytujicich hostitel-
skych bunék je nezbytna pfitomnost specidlnich proteint,
které jsou schopné fagocytosu indukovat. Jde predevsim
o povrchové proteiny tzv. internaliny — internalin A (InlA,
800 aminokyselin, 88 kDa) a internalin B (InlB, 630 ami-
nokyselin, 65 kDa). Dal§im vyznamnym proteinem podile-
jicim se na internalizaci bakterie je p60 (484 aminokyselin,
60 kDa), ktery je dominantnim extracelularnim proteinem
listerii a je Casto vyuzivan k diagnostice Listeria monocy-
togenes.

Poté, co je bakterie pohlcena, musi rychle uniknout
z fagocytické vakuoly (fagosomu), ktera ji obklopuje, aby
se mohla dale mnozit. Na uvolnéni z vakuoly se podili
virulentni protein zvany listeriolysin O (LLO, 529 amino-
kyselin, 58 kDa), ktery je schopen tvofit v membrané fago-
somu pory. Celého dé€je se v nékterych typech hostitel-
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skych bunék ucastni jesté¢ fosfolipasa C specificka pro
fosfatidylinositol (PI-PLC, 317 aminokyselin, 35 kDa, EC
4.6.1.13). Po uniku z fagosomu se bakterie v hostitelské
butice mnozi. Aby mohly bakterie po pomnoZeni z buiiky
uniknout, musi se premistit k jeji cytoplazmatické mem-
brané. Jejich pohyb je zprostiedkovan proteinem ActA
(actin assembly protein, 639 aminokyselin, 97 kDa). Tento
protein polymerizuje bunécny aktin a vytvaii za bakterii
jakysi chvost. Tim, jak se tato struktura prodluzuje, je bak-
terie pfemistovana az k membrané. Vysledné se vytvori
vycénélek, ktery interaguje se sousedni buiikou a je ji na-
sledn¢ pohlcen. V nové hostitelské bunce je tedy bakterie
obalena fagosomem se dvéma membranami, k jehoz rozru-
Seni bakterie pouziva své dva dalsi virulentni proteiny —
lecitinasu (PlcB, 264 aminokyselin, 29 kDa) a metalopro-
teasu (Mpl, 510 aminokyselin, 57 kDa). Po uvolnéni
do cytosolu se bakterie za¢ina mnozit a vySe popsané déje
se opakuji.

5. Metody detekce Listeria monocytogenes
v potravinach

Stale nejéastéjSim zpisobem stanoveni Listeria mono-
cytogenes v potravinach je pouziti klasickych kultivac¢nich
metod. Na jejich zakladé je zaloZena i metoda popsana
v CSN EN ISO 11290-1:1999 (cit." ). Jelikoz jde viak
o metody znacné ¢asové narocné (5—8 dnti) a v€asna dia-
gnostika je vzhledem k progresivnimu prib&hu onemocné-
ni listeri6zou velmi dilezita, je v poslednich letech vyvijen
znaény tlak na vyvoj novych, rychlych metod. Tyto meto-
dy je mozno rozdélit podle principu stanoveni na moderni
kultivaéni techniky, metody molekularné-genetické a tech-
niky imunochemické.

5.1.Klasické kultivac¢ni metody
CSN ISO 11290-1:1999
Prvnim krokem je primarni pomnozeni listerii

v selektivnim médiu Fraser se snizenou koncentraci antibi-
otik. Toto pomnozeni ¢astecné inhibuje rust doprovodné
mikroflory asouCasné¢ umoziiuje oziveni poskozenych
bunék listerii. Potom nasleduje selektivni sekundarni po-
mnoZeni bunék v médiu Fraser s plnou koncentraci antibi-
otik. Vysledné pomnozena kultura je vzdy naockovéana na
dvé selektivné-diagnosticka agarova média (Oxford
a PALCAM). Po inkubaci pfi teploté 30, 35 nebo 37 °C se
po 24 h (popt. 48 h) zjisStuje pritomnost kolonii Listeria
monocytogenes. Kazda z vybranych kolonii se ockuje na
povrch neselektivniho tuhého média TSYEA. Nasleduje
kultivace 1824 h pti 35 nebo 37 °C. Potvrzeni identity se
provadi vhodnymi morfologickymi, fyziologickymi a bio-
chemickymi testy (hemolyza, fermentace sacharidt). Cel-
kovéa doba stanoveni se pohybuje mezi 5—8 dny a vzhle-
dem k vyhledavani suspektnich kolonii po sekundarnim
pomnozeni vyZaduje zkusené pracovniky.
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5.2.Moderni kultivaé¢ni metody

Nasledujici testy vyuzivaji k potvrzeni piislusnosti
k jednotlivym druhtim listerii jejich biochemické vlastnos-
ti. Jsou vétSinou zalozeny na prukazu charakteristického
enzymu zpusobujiciho pfeménu substratu, kterd je pfimo
¢i nepfimo doprovazena zménou zabarveni média. Sub-
straty jsou bud obsazeny v sérii tekutych kultivacnich
médii (API Listeria test) nebo jsou soucasti specialnich
tuhych pid (Rapid L. mono test, ALOA™ a COMPASS
L. mono agar).

API Listeria test'

Tento test firmy bioMérieux rozliSuje vSechny druhy
listerii béznymi biochemickymi testy. Soucasti komercné
dodavané sady je 10 mikrozkumavek. Kazda obsahuje
dehydratovany chromogenni substrat pro testovani enzy-
movych reakci nebo fermentace sacharidi, které jsou cha-
rakteristické pro jednotlivé druhy listerii.

Jednotlivé testy sleduji bud pfitomnost enzymi
(arylamidasy, mannosidasy, glukosidasy), nebo fermentaci
nasledujicich sacharidi: D-arabitolu, D-xylosy, rhamnosy,
a-methyl-D-glukosidu, ribosy, glukosa-1-fosfatu, D-tagato-
sy.

Ockuje se Cista bakterialni kultura, jeZ se nechd 18 az
24 h kultivovat pti 37 °C. Vyhodnoceni se provadi vizual-
né, porovninim barev v jednotlivych mikrozkumavkach
s interpretacni tabulkou, ktera je k testu prilozena. Listerie
se nakonec identifikuji s pomoci ,,seznamu profilti“, nebo
s identifika¢nim softwarem.

RAPID L. mono test

Princip detekce na médiu Rapid L. mono (Sanofi
Diagnostics Pasteur) je zalozeny na specifickém prukazu
aktivity enzymu fosfolipasy (projevujici se modrym zbar-
venim kolonii) a na schopnosti vyuzivat xylosu, coz se
pozna tak, Ze se okolo bakteridlnich kolonii vytvoii patrna
zluta zdna. SloZeni selektivniho média inhibuje rust veétsi-
ny interferujici mikroflory (G, G~ bakterie, kvasinky
i plisn€). L. monocytogenes vykazuje fosfolipasovou akti-
vitu a neni schopné vyuzivat xylosu, jeji kolonie maji pro-
to ¢isté modrou barvu bez doprovodné ,halo“ zony. Diky
fosfolipasové aktivit¢ a schopnosti vyuzivat xylosu tvoii
bunky L. ivanovii modrozelené kolonie se zlutou ,halo*
zonou. Kolonie jinych druhil rodu Listeria maji barvu bi-
lou; L. seeligeri a L. welshimeri s ,,halo* zonou, L. innocua
a L. grayi ,,halo* zénu netvori.

ALOA a COMPASS L. mono Agar

ALOA (AES Laboratoire) a COMPASS L. mono
Agar (Solabia) jsou diagnostickd chromogenni média pro
izolaci Listeria spp. a identifikaci Listeria monocytogenes.
Jsou zalozeny na prikazu B-glukosidasy, obsazené
v bunkach vsech druhti rodu Listeria a zpusobujici modré
az modrozelené zabarveni kolonii. Listeria monocytogenes
a Listeria ivanovii navic tvoii pusobenim fosfolipasy C
specifické pro fosfatidylinositol (PI-PLC) kolem kolonii
zlutou ,,halo“ zénu. Soucasti obou agaril je i inhibi¢ni sys-
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tém, ktery znemoziuje v prvnich 24 hodinach inkubace
rast jinych bakterii (napf. Bacillus) a specificky i L. ivano-
vii. Po 24 h kultivaci pti 37 °C jsou typické kolonie
(modré se Zlutou ,.halo* zénou) urCeny jako Listeria mo-
nocytogenes. Pii jejich absenci kultivace pii 37 °C pokra-
Cuje dalSich 12-24 h, kdy tvoii typické kolonie také
L. ivanovii. Pti objeveni téchto kolonii je pro rozliSeni
obou druhii nutno pouzit L. Monodisk test (AES Laborato-
rie, Francie). V ném se L. ivanovii, na rozdil od L. mono-
cytogenes, projevi zlutym zabarvenim.

5.3.Molekuldrné-genetické
metody

Molekularné-genetické metody umoznuji urcit mikro-
organismus na zéklad¢é jeho genetické informace. K tomu
jsou vyuzivany ruzné molekularné-genetické techniky,
fetézova reakce (PCR). Tyto metody jsou zaloZeny na
specifické komplementaci (hybridizaci) mezi hledanym
usekem jednovldknové nukleové kyseliny z lyzovanych
bun€k bakterie a sondou. Sondou rozumime synteticky
pripravenou kratkou sekvenci nukleotid komplementarni
k hledanému useku. Tyto metody vyuzivaji pro specific-
kou detekci L. monocytogenes charakteristické sekvence
jejiho genomu. Nalez takové sekvence ve zkoumaném
materidlu indikuje ptitomnost L. monocytogenes.

Molekularné-genetické metody jsou vysoce citlivé
v ptipadé pouziti Cistych bakteridlnich kultur, ale pfi stano-
veni ve slozitych matricich (napf. v nékterych potravinach)
se citlivost vyrazné sniZuje. Proto je ¢asto nezbytné mikro-
organismy pred vlastni analyzou separovat. Lze pii tom
vyuzit jak metody fyzikdlné-chemické (napf. filtrace, ex-
trakce), tak metody bioafinitni (napf. imunochemické).

Hybridizace

Jak jiz bylo uvedeno, zdkladem metody je hybridizace
mezi hledanym tsekem jednovlaknové nukleové kyseliny
(DNA nebo RNA) a sondou. Sonda, komplementarni
k hledanému useku, byva znafena napf. chemiluminis-
cen¢ni znackou, jezZ umozni finalni detekci. Po hybridizaci
je ptidano selekéni Cinidlo, které slouzi k rozliseni hybridi-
zované a volné sondy, pfipadné mize byt nenavazana son-
da separovana'’.

Polymerasova retézova reakce (PCR)

Polymerasova fetézova reakce (z angl. polymerase
chain reaction — PCR) je enzymova metoda umoziujici
namnozeni definovaného useku DNA in vitro. Vlastni
PCR ptedchazi izolace bakterie ze zkoumaného vzorku
(matrice miize sniZovat citlivost stanoveni), jeji pomnozeni
v tekutém médiu a lyza. Lyzované buiniky (popt. DNA
izolovana z téchto bunék) jsou pak analyzovany PCR.
Prvnim krokem metody je oddé€leni vldkna dvouSroubovi-
ce DNA teplotni denaturaci (pfi teploté ptresahujici 90 °C).
Nasleduje hybridizace primeru (kratk4 sekvence nukleoti-
di) ke komplementarnimu tiseku DNA (45-65 °C) a ex-
tense pfipojené¢ho primeru termostabilni DNA polymera-
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sou (vétsinou pii 72 °C), kdy probihd syntéza druhého
fetdzce DNA (cit.'®).

Produkty PCR byvaji nejcastéji detegovany elektrofo-
rézou v agarosovém gelu v horizontalnim usporadani
v pritomnosti ethidiumbromidu. Po rozdéleni je elektrofo-
reogram vyvolan UV svétlem. Lze také pouzit radioaktiv-
né nebo fluorescencné znacené primery a po elektrofore-
tickém déleni 1ze vysledek PCR detegovat autoradiografic-
ky, nebo métenim fluorescence. Dalsi moznosti je pouziti
hybridiza¢nich sond, znacenych na konci 5° kfenovou
peroxidasou.

Amplifikace specifickych usekit RNA

Tato metoda (angl. nucleic acid sequence-based am-
plification — NASBA) vyuziva k amplifikaci specificky
usek bakteridlni RNA. Tento Gsek RNA je v prvnim kroku
prepsan do komplementarni DNA (cDNA) reverzni trans-
kriptasou. Ribonukleasa H z Escherichia coli (RNAasa H)
uvolni cDNA z hybridu DNA-RNA. Po syntéze komple-
mentarniho fetézce je cDNA DNA-dependentni RNA-
polymerasou prepsana zpét do molekul RNA. Nékolikana-
sobnym opakovanim téchto krokd dochazi k namnozeni
cilového useku. Jako sondy jsou vyuzivany kratké oligo-
nukleotidové sekvence komplementarni ke specifickym sek-
vencim bakteridlni RNA. PouZivaji se dva typy primert —
prvni obsahuje ,,zachytnou“ sekvenci komplementarni
k RNA a sekvenci promotoru pro polymerasu RNA, druhy
pak obsahuje pouze ,,zachytnou“ sekvenci. Detekce se
provadi napf. elektroforézou v agarosovém gelu'”.

Ligasova retézova reakce (LCR)

Tato metoda je zalozena na podobném principu jako
PCR. Hlavni rozdil spo¢iva ve vyuziti dvou parti primert
(PCR vyuziva dvou primeri). Primery, které tvoii par, jsou
komplementarni ke dvéma sousednim oblastem stejného
vlakna DNA. Dvojice primert nepiekryva cely hledany
usek DNA, na jejich styku je ponechdna mezera, kterd je
termostabilni polymerasou DNA doplnéna. Po tomto kro-
ku nasleduje spojeni obou usekll termostabilni ligasou.
Mnohonasobnym opakovanim tohoto postupu se mnozstvi
hledaného useku DNA ve vzorku zvétiuje'®.

5.4. Imunochemické techniky

Mezi nejveétsi prednosti imunochemickych stanoveni
patii rychlost, jednoduchost provedeni, moznost stanoveni
velkého poctu vzorkll soucasné a predevS§im mozZnost de-
tekce ve slozitych matricich. Rozsiteni téchto technik pod-
poruje také nendaroCnost na laboratorni vybaveni
a relativné nizka cena. Zakladem vSech imunochemickych
metod je interakce protilatek s antigenem. Pfi t€chto meto-
dach jsou pouzivany in vitro polyklonalni, monoklonalni
nebo rekombinantni protilatky vytvorené proti antigennim
strukturam, které jsou charakteristické pouze pro bakterie
rodu Listeria". Pied vlastni imunodetekci je nutné bakte-
rie namnoZit ve vzorcich potravin béZnymi kultiva¢nimi
metodami.
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Enzymova imunoanalyza

P1i této metod€ (angl. Enzyme linked immunosorbent
assay — ELISA) je jeden z imunoreaktantti vazan na tuhou
fazi a druhy je znaCeny enzymem. Detekce je provadéna
prostiednictvim enzymové reakce.

V souCasné dobé je pro detekci bakterii nejcastéji
vyuzivan piimy nekompetitivni (tzv. sendvi¢ovy) postup®’.
Ten se sklada z n¢kolika po sob€ jdoucich krokfi:

V prvnim kroku jsou na tuhou fazi (nejéastéji sténu
jamky v mikrotitracni desti¢ce) imobilizovany protilatky.
Poté je ptidan vzorek obsahujici bakterie. Bunky Listeria
monocytogenes interaguji s protilatkou. Po odstranéni ne-
navazanych slozek nasleduje aplikace protilatky znacené
enzymem. K detekci je vyuzita enzymova reakce, kdy je
bezbarvy substrat pfeménén na barevny produkt.

Imunochromatografickad technika na membrané

Tato metoda (angl. lateral flow immunoassay) je vel-
mi oblibena pro svoji rychlost a technickou jednoduchost
provedeni®’.

Nejcastéji je opét vyuzivano sendvi¢ové uspofadani.
Prvni typ protilatky je imobilizovan na povrch membrany,
druha protilatka je konjugovana s barevnymi latexovymi
Casticemi a je nanesena spolu se vzorkem na pocatek
membrany. Tato smés se pohybuje membranou ptisobenim
kapilarnich sil. Pokud je ve vzorku pfitomen antigen, spe-
cificky interaguje s oznacenou protilatkou. Vznikly imuno-
komplex se nasledné navaze na imobilizovanou protilatku,
coz se projevi vznikem barevné linky v testovaci oblasti.

Imunosenzor

V poslednich letech se objevuji snahy o vyuziti imu-
nochemickych biosenzord (imunosenzort). Jde o rozmani-
ta bioelektronicka zafizeni umoziujici sledovat piimo ¢i
nepfimo interakce mezi specifickymi protilatkami a anti-
genem. Jeden z imunoreaktantll je imobilizovan na po-
vrchu vhodného nosi¢e a néasledné¢ jsou monitorovany
zmény jeho elektrickych, optickych ¢i piezoelektrickych
vlastnosti v zavislosti na pribéhu imunochemického déje.
Prestoze jiz n€kolik imunosenzori naslo v praxi uplatnéni
pfi stanoveni riznych latek, vzhledem k problémiim pii
vyvoji a pouziti imunosenzorll pro detekci bakterii jsou
tyto techniky stale spise otdzkou budoucnosti®'.

5.5. Komerc¢ni
listerii

testy pro detekci
v potravinach

Na zakladé vyse uvedenych rychlych metod detekce
byly sestaveny komercni soupravy pro stanoveni listerii
v potravinach. Soupravy dostupné v souc¢asné dob¢ na trhu
jsou uvedeny v tab. I. Jsou rozd€leny podle principu stano-
veni na molekularné-genetické a imunochemické. U kaz-
dého testu je uvedeno, zda slouzi k prikazu celého rodu
Listeria, nebo zda lze specificky odliSit Listeria monocyto-
genes od ostatnich, nepatogennich druhu listerii.

Dalsim dulezitym parametrem pii vybéru metody je
jeji celkova casova naro¢nost. Mezinarodné uznavanym
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Tabulka I
Piehled komer¢né dostupnych diagnostickych souprav k detekci Listeria monocytogenes
Test Princip Doba Specifita Vyrobce
stanoveni detekce®
molekuliarné-geneticky
AccuProbe Listeria mono-  hybridizace a chemiluminiscenéni 37 h L. mono- GeneProbe, Inc
cytogenes detekce cytogenes
BAX for L. monocytogenes  PCR 45h L. mono- Qualicon, Inc.
cytogenes
Gene-Trak Listeria Assay°  hybridizace a spektrofotometrickd  42-50 h Listeria Neogen Corp.
detekce
Gene-Trak Listeria mono-  hybridizace a spektrofotometricka 48 h L. mono- Neogen Corp.
cytogenes Assay® detekce cytogenes
Probelia PCR System PCR a spektrofotometricka detekce 28 h L. mono- Sanofi Diagnostics Pasteur
cytogenes
imunochemicky
Assurance Listeria EIA nepiima sendvicova ELISA 50h Listeria BioControl Systems, Inc.
EIA-Foss for Listeria imunomagneticka separace a pifimd 50 h Listeria Foss North America, Inc.
sendvicova ELISA
Listeria Rapid Test® imunochromatograficka detekce 43 h Listeria OXOID, Inc.
Listeria-Tek® pfima sendvicova ELISA 50h Listeria Organon Teknika Corp.
ListerTest® imunomagneticka separace a pfima 24 h Listeria Vicam
sendvicova ELISA
Pathalert Listeria mono- nepiima sendvicova ELISA 42-52h Listeria Diagnostica, Merck
cytogenes
Reveal for Listeria imunochromatograficka detekce 43 h Listeria Neogen Corp.
Singlepath Listeria imunochromatograficka detekce 37-49 h Listeria Merck
Transia Plate Listeria pfima sendvi¢ova ELISA 46 h Listeria Diffchamb
Transia Plate Listeria mo-  ptima sendviova 46 h L. mono- Diffchamb
nocytogenes ELISA cytogenes
TECRA Listeria Visual Im-  pfima sendvicova 48-50 h Listeria Tecra Diagnostic
muno Assayb ELISA
TECRA Unique Listeria dipstick 32h Listeria Tecra Diagnostic
Vidas LIS pfima sendvicova 50-54 h Listeria BioMérieux Vitek
ELISA
Vidas LMO" pfima sendvicova 50-54 h L. mono- BioM¢érieux Vitek
ELISA cytogenes
Visual immunoprecipitate  imunochromatografické detekce 48 h BioControl Systems, Inc.
(VIP) for Listeria®
ostatni
Dynabeads anti-Listeria imunomagneticka separace a kulti- 24 h Listeria Dynal Biotech ASA

vace a standardni ovéfeni

“ Doba detekce zahrnuje i pomnozeni mikroorganismi pied vlastni detekei, ° metody schvalené AOAC (Asociace analytic-

kych chemik)

standardem pro patogeny (zallenénym i v CSN ISO
10560:1996 — Mléko a mlécné vyrobky) je prukaz jediné
butiky Listeria monocytogenes ve 25 g (popf. 25 ml) vzor-
ku potravin. JelikoZ je velmi obtizné zachytit jedinou bun-
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ku v tak velkém objemu vzorku, pfedchazi obvykle kazdé-
mu stanoveni selektivni pomnoZeni bun¢k na Groven, ktera
umozni jednoduss$i detekci. Tento postup je zahrnut ve

veétsing€ uvadénych souprav.
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Zde se prednostné soustiedime na metody, u kterych
bylo uvedeno, Ze jsou ovéfeny organizaci Association of
Analytical Chemists (AOAC).

Souprav ke specifické detekci L. monocytogenes bylo
az dosud vyvinuto est. Ctyfi jsou zaloZzeny na molekular-
né-genetickém principu. AccuProbe Listeria monocytoge-
nes (GeneProbe) a Gene-Track Listeria monocytogenes
Assay (Neogene) vyuzivaji hybridizace s chemilumi-
niscenc¢ni ¢i spektrofotometrickou koncovou detekci. BAX
assay (Qualicon) a Probelia PCR System (Sanofi Diagnos-
tics Pasteur ) jsou metody zalozené na PCR. Dalsi dvé
soupravy vyuzivaji imunochemické detekce. VIDAS LMO
vyuzivajici protilatky je soucasti poloautomatizovanych imu-
nochemickych stanoveni série VITEK firmy BioMeriéux.
Testovany vzorek je nejprve pomnoZzen v tekutém médiu
a vzorek tohoto média je poté aplikovan na reagencni
prouzek s imobilizovanou protilatkou. Analyza je automa-
tizovana pomoci piistroje VITEK s fluorescencni konco-
vou detekci. Druhou je souprava Transia Plate Listeria
monocytogenes (Diffchamb), kterd je zaloZend na piimé
metodé sendvicové ELISA s protilatkami proti specific-
kym peptidovym sekvencim extracelularniho proteinu p60.
Protilatky tedy neinteraguji pifimo s builkou, ale s protei-
nem piitomnym v roztoku.

Soupravy, které umoziiuji detegovat cely rod Listeria
jsou mnohem pocetnéjsi. Dvé z nich, Gene-Track Listeria
Assay (Neogene) a Probelia PCR system (Sanofi Diagnos-
tics Pasteur) jsou zalozeny na molekularné-genetickych
metodach. Ostatni soupravy vyuZivaji imunochemicky
princip. VIDAS pro cely rod Listeria (VIDAS LIS) je rov-
néz dostupny pro piistroj VITEK, zalozeny na stejném
principu jako vyse uvedeny specificky test na L. monocy-
togenes. Ten v8ak ziskal od AOAC osvédceni PTM
(performance tested method, Cislo licence 981202). Jiny
automatizovany imunodiagnosticky systém, EIAFoss od
Foss Electric, ma modul pro detekci Listeria monocytoge-
nes a je od AOAC certifikovany pro maso a mléko pod
oznacenim PTM 980801. Ostatni, neautomatizované testy
1ze rozdélit mezi ELISA testy (s vizualni nebo pfistrojovou
koncovkou) a ostatni formaty, jako jsou magnetické casti-
ce a tyCinky ze syntetickych polymera (dipsticks). Tecra
Listeria Visual Immunoassay (Tecra Diagnostics) je upra-
vena jako ELISA v mikrotitracnich  destickach
(rozdélenych na jednotlivé fadky), zalozena na polyklonal-
nich protilatkdch s vizudlni nebo spektrofotometrickou
detekci. Tato souprava ziskala od AOAC osvédéeni OM
(official method) pro detekci rodu Listeria v potravinach
s Cislem licence 995.02. Assurance EIA (BioControl) je
podobna metoda, ktera je AOAC certifikovana jako OM
995.02. Listeria-Tek (Organon-Teknika) je zaloZena na
ELISA v mikrotitracnich destickach s monoklonalnimi
protilatkami, opét s fotometrickou detekci. M4 licenci
AOAC (OM 994.03) pro pouziti pfi analyze mlécnych,
mofskych a masnych produkti. Komeréné dostupné jsou
i dalsi testy, nez je ELISA. Napf. v testu Unique (Tecra) se
pouzivaji plastikové tyCinky ze syntetickych polymert
s imobilizovanymi protilatkami, které jsou schopny zachy-
tit antigen z média obsahujiciho namnoZené butiky listerii.
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Barevné linky na povrchu téchto ty¢inek znamenaji prikaz
listerii v analyzovaném vzorku. Pfikladem imunochroma-
tografického testu jsou Listeria Rapid Test od firmy Oxoid
a Visual Immunoprecipitate Assay (BioControl). Oba maji
AOAC licenci: Oxoid PTM 960701 a BioControl
OM 997.03.

Na zavér je nutno zminit ListerTest (Vicam) a Dyna-
beads anti-Listeria (Dynal Biotech ASA) pracujici na od-
lisném principu: protilatky imobilizované na magnetickych
Casticich zachyti buniky listerii z upraveného potravinové-
ho vzorku (princip imunomagnetické separace — IMS).
Magnetické castice se zachycenymi buiikami jsou poté
pfeneseny na povrch pevné pudy. Pii pouziti ListerTest
nasleduje po inkubaci imunochemické detekce. U Dynabe-
ads anti-Listeria jsou po inkubaci vyhledavany kolonie
charakteristické pro listerie, které jsou ovéfovany stan-
dardnimi biochemickymi a serologickymi metodami. Tyto
testy jsou dobrou ukdzkou flexibility vyuziti protilatek
v rychlych mikrobiologickych testech.

6. Zavér

Mikroorganismy jsou stalym a trvalym nebezpec¢im
ohroZujicim zdravi obyvatelstva a patii dle kaZzdorocnich
zprav. WHO k nejrizikovéjsim faktorim i ve srovnani
s takovymi civiliza¢cnimi chorobami jako je rakovina
a AIDS. Zavedeni systému kritickych kontrolnich bodd
(angl. hazardous analysis critical control points — HACCP)
systému) do potravinatskych technologii (v CR pro vyrobu
povinné od 1.1.2000) vyvolalo tlak na urychleny vyvoj
metod pro rychlé a specifické stanoveni sledovanych para-
metrl. V oblasti mikrobiologie se pozornost soustiedila na
potravni patogeny, jejichz stanoveni klasickymi kultivac-
nimi normovanymi metodami trva bézné¢ 5-8 dni (dle na-
ro¢nosti vySetfeni). Z modernich metod, které mohou vy-
razné snizit dobu stanoveni, jsou perspektivni imunoche-
mické a molekularné-genetické metody, které maji vyso-
kou specificitu. Jejich vyuzivani bylo ovéfeno v fadé¢ labo-
ratofi a v souCasné dobé jsou ve fazi konecné piipravy
navrhy norem zaloZenych na téchto stanovenich. Pro snad-
né a pohodIné pouzivani téchto metod ptimo ve vyrobnich
zavodech se firmy zabyvajici mikrobidlni detekci soustie-
dily na ptipravu komer¢nich souprav na principu moleku-
larné-genetickém nebo imunochemickém a déle na vyrobu
selektivnich specifickych chromogennich medii. Vyvoj
mikrobiologické diagnostiky jde jednoznaéné touto cestou.

Prace vznikla s podporou GA CR (Cislo grantu
525/03/0350) a grantem MSMT (MSM 6046137305).
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We have developed a new enzyme-linked immunosorbent assay (ELISA) that is specific to the
foodborne pathogenic micro-organism Listeria monocytogenes. It is based on an antibody raised
against an L. monocytogenes cell preparation optimized for extraction of internalin B. Only in a
sandwich ELISA format was the protein A-purified antibody specific to L. monocytogenes. In a
competitive ELISA format, the antibody recognizes other Listeria species. The sandwich
ELISA shows no recognition of L. innocua, L. ivanovii, L. welshimeri, L. seeligeri, or L. grayii.
It has a minimum detectable level for L. monocytogenes of log;y 6.37 cfu ml—" in pure culture,
is reproducible, and is unaffected by the presence of high numbers (approximately log ;o 8.0 cfu
ml~") of the other Listeria species. Possible reasons for the format-dependent specificity are
discussed. When the ELISA was applied to milk samples inoculated with L. monocytogenes
reference material (5 cfu ml~"), there was a strong response to the enrichment cultures. The

new assay may prove useful in detection of L. monocytogenes in enrichment cultures of food
samples.
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INTRODUCTION

The genus Listeria contains only one species, L. monocytogenes, which is a confirmed
pathogen of man, causing the syndrome generally known as listeriosis (for a review, see
Farber & Peterkin, 2000). The other Listeria species can be regarded as non-pathogenic,
except in occasional, rare circumstances. However, there is a very close relationship between
L. monocytogenes and the non-pathogenic L. innocua (McLauchlin & Jones, 1998; Glaser et
al., 2001), and the other Listeria species were only separated from the grouping originally
named L. monocytogenes as a result of similar studies. Further, members of the genus are
very similar phenotypically (McLauchlin & Jones, 1998) and can only be distinguished by
biochemical profiling; even then, strain variation is seen. Thus, rapid diagnostic tests to
discriminate the pathogenic L. monocytogenes from non-pathogenic Listeria are of great
interest.

L. monocytogenes is known to be foodborne and is found in dairy products, meat
(including poultry and fish) and, to a lesser extent, vegetables; refrigerated ready-to-eat meals
are a special concern because the organism can grow at low temperatures. It is a normal
resident of the intestinal tract in humans and animals, and is endogenous to the farm
environment (Farber & Peterkin, 2000). Control measures principally revolve around quality
assurance and hazard analysis critical control point (HACCP) methods. Central to control of
L. monocytogenes in a HACCP system is extensive environmental and in-line sampling
(Farber & Peterkin, 2000). Here, rapid diagnostic tests as a replacement for, or as an adjunct
to, the lengthy traditional culture methods could have a major impact in L. monocytogenes
control by simplifying test procedures and thus allowing increased frequency of sampling. To
be useful, of course, such tests must be specific for L. monocytogenes and should not react
with non-pathogenic Listeria species.

L. monocytogenes has a complex pathogenicity mechanism, with several virulence factors
that allow infection to spread by direct cell-to-cell transmission. Entry to host cells is
mediated by an internalin protein (InlB; Braun & Cossart, 2000) which is found only in
L. monocytogenes. Thus, this protein offers a potential target for L. monocytogenes-specific
diagnostic methods. In this paper, we describe an enzyme-linked immunosorbent assay
(ELISA) that uses polyclonal antibodies raised to a L. monocytogenes cell preparation
optimised for extraction of internalin B protein. This sandwich ELISA is specific to
L. monocytogenes.

MATERIALS AND METHODS

Bacteria
Strains used in the experiments are shown in Table 1.

Cell Extract

The method used was that of Muller et al. (1998), which is optimized for the extraction of
internalin B. A L. monocytogenes clone engineered to over-produce internalin B (EGD
pERL3 50-1, kindly donated by Dr T. Chakraborty, Giessen, Germany; Lingnau et al., 1995)
was cultivated in 2 L Brain-Heart Infusion Broth (BHI; Oxoid Ltd, Basingstoke, UK)
containing erythromycin (5 pug ml~—') overnight at 37°C, with shaking. The culture was
centrifuged and the supernatant discarded. The pellet was washed with phosphate-buffered
saline (PBS; 0.14 M NacCl, 0.0015 M KH,POy,, 0.008 M Na,HPO,, 0.0027 M KCI; pH 7.4)
and re-suspended in 50 ml Tris-HCIl buffer (1 M, pH 7.5). After incubating for 1 h on ice, the
sample was centrifuged and the supernatant (cell extract) filter-sterilized, dialysed at +2°C
against 3 changes of aqueous (NH4),COj5 solution (25 mM) and lyophilized.
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TABLE 1. Strains of bacteria used

Species/strain number Serotype Origin

L. monocytogenes

86/12 4a NCTC 5214
88/1 not tested cheese at [IFR
88/13 not tested milk at IFR
88/49 1/2a NCTC 4886
89/9 4b NCTC 10527
89/3 not tested ready meal at IFR
88/51 1/2¢ NCTC 5348
87/17 not tested chicken at IFR
L. innocua
86/26 6a NCTC 11288
87/58 not tested cheese at IFR
88/25 not tested salad at IFR
88/54 6b NCTC 11289
L. grayi ssp. grayi
88/44 NCTC 10815
L. ivanovii
88/39 not tested donated by PHLS
88/40 not tested donated by PHLS
L. seeligeri
89/17 1/2b ATCC 35967
89/21 not tested industrial sample at IFR
L. welshimeri
88/43 6a NCTC 11857
Enterococcus faecium CCM 2308
Enterobacter aerogenes CCM 2531
Bacillus cereus 99/G not tested milk at STU
Lactobacillus plantarum 92/H not tested cabbage at STU

Notes: NCTC, UK National Collection of Type Cultures; ATCC, American Type Culture Collection;
CCM, Czech Collection of Micro-organisms, Brno, Czech Republic; IFR, Institute of Food Research,
Norwich, UK; PHLS, UK Public Health Laboratory Service; STU, Slovak Technical University, Bratislava,
Slovakia.

Gel Electrophoresis of Cell Extract

One-dimensional SDS polyacrylamide gel electrophoresis (SDS-PAGE) was carried out on
the extracts, using a 3% stacking gel and a 12% separating gel. The running buffer was:
glycine 0.192 M, Tris 0.025 M, pH 8.3, SDS 1 g L™, and the separating conditions were
250 V at 30 mA.

Production of Antibodies

Male and female white New Zealand rabbits (weighing 2.5 kg) were immunized with the cell
extract according to the scheme in Table 2. Animals were kept singly in experimental cages
53 x40 x 35 cm and fed a standard pellet diet, KKK/L (Ondra, Kralovany, Czech Republic),
120—150 g per day and tap water ad [libitum; room temperature was 20-24°C, relative
humidity 30—80%, and automatic ventillation 8—12 exchanges of air per hour. Blood was
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TABLE 2. Immunization scheme

Dose
Immunization Day (mg cell extract) Adjuvant Applied
1 0 0.11 CFA Im
2 28 0.11 1IFA Im
3 56 0.11 IFA Im
4 84 0.11 IFA Im
5 112 0.125 IFA Sc
6 140 0.11 IFA Im
156 collection of blood

Notes: Im, intramuscular, applied to legs; CFA, complete Freunds adjuvant; Sc, subcutaneous, applied to
back; IFA, incomplete Freunds adjuvant.

centrifuged (1000 g, 10 min, laboratory temperature), the serum separated and aminoca-
pronic acid (0.3 g L™ ") and sodium azide (1 g L™ ") were added. Sera were stored at 5°C.

Purification of Antibodies

IgG was purified from the serum with an affinity column of protein A immobilized on a glass
carrier (Prosep A; Bioprocessing Ltd., Durham, UK), using binding buffer (0.01 M
phosphate buffer, containing NaCl 8 g L~ !, pH 7.4), elution buffer (0.1 M citrate buffer,
pH 5.8) and trapping buffer (1 M Tris-HCI buffer, pH 7.4). All solutions and antisera were
sterilized by membrane filtration. IgG fractions were lyophilized.

Labelling
The purified IgG was labelled with horseradish peroxidase using the Linx HRP Rapid
Protein Conjugation Kit (Invitrogen BV, Groningen, The Netherlands).

Titration of Purified IgG

Listeria strains were grown in trypticase soy broth (TSB; Oxoid Ltd., Basingstoke, UK) for
18 h at 37°C. Microplates (MaxiSorp; Nunc, Denmark) were coated (200 pl per well) for 2 h
at 37°C with washed Listeria cells (~107 cells ml~' in 0.05 M carbonate buffer, pH 9.6).
Coated microplates were washed 5 times (250 pl per well) with PBS containing Tween 20
(0.5 ml L™, pH 7.4 (PBST). Aliquots (200 pl) of a ten-fold dilution series of lyophilised
IgG, dissolved in PBST containing 50 g L' dried non-fat milk (PBSTM), were added to the
wells and incubated for 2 h at 37°C. After further washing, goat anti-rabbit horseradish
peroxidase conjugate (Sigma A6154; diluted 1:1000 v/v in PBSTM) was added (200 pl per
well) and plates incubated for 1 h at 37°C. After final washing, the assay was developed with
tetramethyl benzidine (TMB)-based substrate (200 pl per well; Vetoquinol, Bicester, UK),
stopped with 2 M H,SOy4 (50 pl per well), and absorbance measured at 450 nm.

Indirect Competitive ELISA

Microplates (COSTAR 9018; Corning, USA) were coated (as above) with L. monocytogenes
88/49 cells (107 cells ml~'; 200 pl per well). For the assay, standards or samples were
first added to the plate (50 pl per well). A solution of the purified IgG (10 pg ml~! in
PBST+10 g L~ ! bovine serum albumin; PBSTBSA) was then added (50 pl per well), and
plates incubated for 1.5 h at 37°C. Standards were L. monocytogenes cells diluted in
PBSTBSA using ten-fold dilution steps from 10% cells ml~! to 10* cells ml~!; blanks
(PBSTBSA only) were also added.
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After washing 4 times with PBST as above, swine goat anti-rabbit peroxidase conjugate
(SWAR-Px, SEVAC, Czech Republic; diluted 1:4000 in PBST) was added (100 pl per well),
and plates incubated for 1 h at 37°C. After again washing, TMB substrate (prepared by
dissolving 1 mg TMB dissolved in 1 ml of dimethyl sulphoxide, 9 ml 0.05M citrate-phosphate
buffer pH 5.0 and 2 pul 30% v/v H,O,) was added (100 pul per well). Plates were incubated for
10 minutes at 37°C. The reaction was stopped and absorbance measured as described above.

Direct Sandwich ELISA

Microplates (MaxiSorp; Nunc, Denmark) were coated (100 pl per well) with purified I1gG
(10 pg ml~ " in 0.05 M carbonate buffer, pH 9.6) for 2 h at 37°C. Plates were washed 4 times
with PBST. Listeria strains (18 h cultures in Fraser broth; Merck, Darmstadt, Germany;
37°C) were diluted in PBSTM; other species (18 h cultures, 37°C, in Fraser broth) were
diluted in a similar way. Diluted cultures were added to the plate (100 pl per well) and plates
incubated for 2 h at 37°C before washing 5 times with PBST (250 pl per well). The
peroxidase-labelled IgG conjugate (diluted 1:250 in PBSTM) was then added (100 pl per
well) and plates incubated for 1 h at 37°C. Plates were washed again and substrate added as
above. After incubation for 10 minutes at 37°C, the reaction was stopped and absorbance
was measured as above.

ELISA Specificity and Sensitivity

The sensitivity (minimum detectable level of L. monocytogenes) and specificity (recognition
of L. monocytogenes only) of the sandwich ELISA with pure cultures, and in the presence of
other Listeria species, were determined. First, from a stock suspension of L. monocytogenes
88/49 (grown as before), a dilution series was made in PBSTM, and assayed five times as
above (triplicate wells per dilution point) on one microplate. Second, five separate dilution
series were made from the same stock solution, and assayed in the same way.
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FIG. 1. SDS-PAGE of cell extract from L. monocytogenes clone EGD pERL3 50-1 (S1 =5 pl extract; S2 =
10 pl extract; M =molecular weight markers, with sizes shown in kDa). Arrow indicates position of
putative internalin B. This extract was used for immunization.
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The assay limit of detection (c) was calculated from the following equation (Karpinski,
1990):

c=10"((((In (D-U/(U—-0)))/(=2) —)/B)
where:

C =level of the bottom asymptote

D =level of the top asymptote

o =curve characteristic of the position of linear non-asymptote part from the
view of antigen concentration coordinates

B =curve characteristic of the slope of the linear non-asymptote part

U =blank +(3 x SD) [the blank is the average value of absorbance for solution
with zero concentration of antigen, calculated from 6 values, and SD is the
standard deviation of these values]

The signal coefficients of variation (CV) for each cell concentration for both sets of data
were calculated from the following equation -

CV (%) =100 x (SD/mean)

Third, from the stock suspension of L. monocytogenes 88/49, parallel dilution series were
made using PBSTM suspensions of other Listeria species (at a fixed concentration of about
logo 8.0 cfu ml ') as the diluents. The dilution series was then assayed as above (duplicate
wells per dilution point).

Response of the ELISA to Heated Cells
L. monocytogenes strains were cultured in Fraser broth (18 h at 37°C), and aliquots heat-
treated (76°C, 7 min) before testing in the sandwich ELISA.

Application of the Sandwich ELISA

For an initial evaluation of the sandwich ELISA, reference capsules (L. monocytogenes 5
ALM 92; RIVM, SVM, Bilthoven, The Netherlands) were used to inoculate milk samples,
and listeriae cultivated by an extended version of the Fraser broth two-step enrichment
method (ISO, 1996). Five separate aliquots (25 ml) of sterile milk (UHT commercially-
produced milk, sterilized at 110°C, 10 min, before use) were each inoculated with one gelatin
reference capsule, containing approximately 5 cfu L. monocytogenes LM 5 (In’t Veld et al.,
1995). After dissolution of the capsules, the milk aliquots were transferred to half-Fraser
broth (225 ml) and incubated for 24 h at 37°C. Aliquots (1 ml and 0.1 ml) of these cultures
were transferred to full Fraser broth (9 ml and 9.9 ml, respectively) and incubated for a
further 18 h at 37°C. Samples were withdrawn from the half-Fraser enrichment cultures for
testing in the ELISA after 42 h incubation, and from the full Fraser transfer cultures after
18 h incubation (i.e. 42 h after initiation of the procedure). Viable counts were also
performed on the full Fraser cultures at the same time by plating a dilution series to Oxford
agar (Merck, Darmstadt, Germany).

RESULTS

Cell Extract

Extraction from 2 L of L. monocytogenes culture by the method of Muller et al. (1998)
yielded about 15 mg lyophilized product, containing about 52% protein. SDS-PAGE of this
extract showed (Figure 1) a major band close to the expected molecular weight (65 kDa) of
internalin B. The pattern obtained was almost identical to that in the original publication
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(Figure 1, track 5; Muller et al., 1998). In that study, N-terminal sequencing showed the
65 KDa band to be internalin B. Additional minor bands are also visible, which may be
degradation products of this protein (Lingnau et al., 1995).
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FIG. 4. Direct sandwich ELISA for Listeria: response of L. monocytogenes strains.

ELISA Development
When titrated against immobilized cells of L. monocytogenes and, as a control, L. innocua
(Figure 2), the protein A-purified IgG recognized both species. Similarly, in the indirect
competitive ELISA format, L. monocytogenes and other species of Listeria were recognized
almost equally (Figure 3).

However, the direct sandwich ELISA format proved to be specific for L. monocytogenes.
All L. monocytogenes strains tested interacted (with some strain-to-strain variation) with the
antibody in this format (Figure 4a, b). The assay was reproducible (Figure 5a, b), with CVs
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FIG. 5. Reproducibility of the standard curve for the direct sandwich ELISA: (a) five replicates of one dilution
series of L. monocytogenes 88/49 (means of triplicate values; see Table 3 for coefficients of variation).
(b) five independent dilution series of L. monocytogenes 88/49 (means of triplicate values; see Table 3
for coefficients of variation).

only marginally exceeding 10% at the lowest cell concentrations (Table 3). The sensitivity
(minimum detectable level) of the assay for L. monocytogenes was found to be log; 6.37 cfu
ml~! (Figure 6a) when tested in pure culture. No difference was seen in the shape of the
curve when L. monocytogenes was assayed in the presence of high numbers of five other
Listeria species (innocua, seeligeri, grayi, ivanovii, welshimeri; Figure 6b). These other
Listeria species, including L. innocua, showed no reactivity in the assay, even at high cell
concentrations (Figure 7), nor did other organisms likely to be present in food samples
(Figure 8).

To simplify further the work of a routine laboratory, it would be helpful if it were possible
to use heat-treated samples. Two L. monocytogenes strains were cultured in Fraser broth
(18 h at 37°C) as the selected enrichment medium, and samples heat-treated (76°C, 7 min)
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FIG. 6. Sensitivity of the direct sandwich ELISA: (a) L. monocytogenes 88/49 in pure culture, diluted in buffer
(means of duplicate values). (b) L. monocytogenes 88/49, diluted in suspensions of other Listeria
species held at a fixed concentration of approx. log;y 8.0 (means of duplicate values).

before testing in the sandwich ELISA. Figure 9 shows that cells heat-treated in these
conditions are not recognized in the L. monocytogenes-specific ELISA, and thus it is
necessary to work with unheated samples.

Application of the Assay to Milk Samples

When the sandwich ELISA was applied to milk samples inoculated with L. monocytogenes
reference material, there was a strong response to the half-Fraser enrichment cultures
(Figure 10). When aliquots of the enrichment cultures were transferred to full Fraser broth,



ELISA SPECIFIC FOR L. MONOCYTOGENES 177

TABLE 3. Signal coefficient of variation for the sandwich ELISA: standard curves for L. monocytogenes
88/49 in buffer

Coefficient of variation (%)’

Log; cell concentration Five replicates of one Five independent
(cfuml™) dilution series dilution series
8.82 4.29 4.86

8.52 2.59 4.46

8.05 4.74 4.76

7.57 9.32 9.77

7.09 10.52 10.36

6.61 9.37 9.34

only one of ten cultures (derived from five replicate inoculations) was not subsequently
detectable by the ELISA (Figure 10); the viable count in this culture (sample GS5; Table 4)
was below the expected detection limit of the assay.

DISCUSSION

We report here the development of a L. monocytogenes-specific microplate ELISA. The
assay clearly distinguishes the pathogenic L. monocytogenes species from the closely-related
non-pathogenic species L. innocua, and from the other Listeria species. It was developed by
using an antibody raised to a cell extract prepared with a method (Muller et al., 1998)
designed to extract internalin B, a protein associated with the virulence of L. monocytogenes.

Other workers have raised antibodies to Listeria but, in general, these have been either
genus- or non-L. monocytogenes-specific (Farber & Speirs, 1987; Loiseau et al., 1995;
Butman et al., 1998; Wieckowska-Szakiel ez al., 2002; Bhilegaonkar et al., 2003), specific to
a sub-group of L. monocytogenes (Kathariou et al., 1994; Nannapaneni et al., 1998a,b;
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FIG. 7. Direct sandwich ELISA for Listeria: response of other Listeria species.
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FIG. 8. Cross reactivity of the L. monocytogenes-specific sandwich ELISA against non-listeria species.

Erdenlig er al., 1999), or recognize soluble but not cell-associated antigens (Bubert et al.,

1994).

A number of antibodies to Listeria have been incorporated in commercially-available test
kits, but these have either been designed to detect the genus Listeria as a whole, or have
proved not to be specific to, or detect all strains of, L. monocytogenes when validation trials
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FIG. 9. Effect of heat-treatment on reactivity of L. monocytogenes in the sandwich ELISA.
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FIG. 10. Sandwich ELISA response to growth of L. monocytogenes from milk inoculated with
reference capsules (half-Fraser enrichment culture; full Fraser transfer cultures).

have been carried out (e.g. Knight ef al., 1996; Kerdahi & Istafanos, 1997; Cantoni et al.,
1998; Vaz-Velho et al., 2000; Capita et al., 2001).

With our new antibody, a competitive ELISA format did not demonstrate specificity for
L. monocytogenes (Figure 3), but the sandwich assay format was quite different, exhibiting a
marked specificity for this species, with no recognition of other Listeria species or the other
genera tested (Figures 4, 6—8). The reason for the difference in specificity between the two
formats is not clear, but may be connected to changes in antigen presentation when the
Listeria cells are immobilized (in the competitive format) compared to free cells (in the
sandwich format). Alternatively, the different antibody binding kinetics in the two formats
may influence specificity. We also found previously, in the case of haptens, that the specificity
of an ELISA can be affected markedly by the format, especially by the nature of the

TABLE 4. Viable counts (Oxford agar) of L. monocytogenes in Fraser broth 18 h after transfer from
enrichment culture of reference capsules in milk

Sample number cfu ml—!
G1 (1 ml transfer) 7.25 x 102
G1 (0.1 ml transfer) 6.75 x 10
G2 (1 ml transfer) 8.5 x 102
G2 (0.1 ml transfer) 1.01 x 10
G3 (1 ml transfer) 9.42 x 102
G3 (0.1 ml transfer) 6.94 x 10
G4 (1 ml transfer) 8.2 x 102
G4 (0.1 ml transfer) 7.06 x 10
G5 (1 ml transfer) 5.81 x10®

G5 (0.1 ml transfer) 5.0 x 10*
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solid-phase (Spinks et al., 2002). We have not, however, previously noticed this phenomenon
with large analytes, such as bacterial cells.

The minimum detectable level of the sandwich ELISA for L. monocytogenes was about
logyo 6.37 cfu ml ' (Figure 6a). Although it is clear that better sensitivity would be useful, it
is not currently envisaged that this assay (nor any similar rapid method) would be used
directly on food samples. It is likely that the common requirement to detect one cell in 25 g of
food will always need an enrichment culture before the end-point detection test is applied.
However, if the assay sensitivity could be improved, this might allow a reduction in
incubation time for the enrichment. Remarkably, the specificity and sensitivity of the
sandwich ELISA was maintained when tested in the presence of high numbers of the other
Listeria species, including the closely related L. innocua (Figure 6b).

Strain-to-strain variation in the extent of binding of L. monocytogenes in the sandwich
ELISA was noted, presumably due to variation in expression of the surface protein(s)
recognized by the antibody. Investigation of the media and culture conditions necessary to
reduce this variation, and produce a more even ELISA response, is underway.

If the new antibody is binding to internalin B, then it is a little surprising that the sandwich
assay does not seem to recognise L. ivanovii, which possesses the related virulence-associated
internalins, i-InlE and i-InlF (Engelbrecht er al., 1998). Although homology between
internalin B and the i-internalins of L. ivanovii is not high, nevertheless there are areas of
overlap to which a polyclonal antibody raised to an extract containing internalin B from
L. monocytogenes might be expected to bind. However, the band of approximately 65 kDa
found in L. monocytogenes (Figure 1), which is presumed to be internalin B, did not appear
in the L. ivanovii strains tested here (data not shown). It seems that internalin B production
may be variable in L. ivanovii, or that our strains have become attenuated. A definitive study
of the binding of our new antibody to proteins found in Listeria species will be published
elsewhere.

As an initial validation of the new assay with food samples, it was applied to the separate
stages of (an extended version of) the ISO two-step Fraser broth enrichment method. The
half-Fraser broth primary enrichment cultures of milk samples (artificially-inoculated
at about 0.2 cfu ml~ ! using reference capsules) were examined directly in the ELISA and
all showed good responses after 42 h incubation (Figure 10). It is possible, therefore, that
half-Fraser broth may be useful as a sole cultural stage in this detection procedure. Although
in some preliminary experiments with L. monocytogenes 88/49 (data not shown) we had
found that the first significant ELISA signal occurred in half-Fraser broth after 24 h, it was
decided to continue incubation until 42 h to ensure that more weakly-responsive L.
monocytogenes strains would be detectable; the strength of the ELISA response for the half-
Fraser broths may, after further investigation, enable this incubation time to be reduced.

Use of the secondary (full Fraser broth) stage in the two-step enrichment system was, in
fact, of no advantage with these milk samples, and one of the ten full-Fraser cultures (which
were transferred from the half-Fraser broths at two different dilution ratios after 24 h
incubation) was actually negative by the ELISA (Figure 10), despite its ‘parent’ half-Fraser
culture being positive. Therefore, in the situation described here, primary enrichment of the
milk samples was sufficient alone to provide an ELISA-positive sample; of course, with
samples containing a background flora, the secondary enrichment stage may be still be
necessary.

Our ELISA may prove useful as a rapid diagnostic for L. monocytogenes in food. The next
stage is to validate it with other relevant food samples. Currently, we are developing a
dipstick version of the microplate sandwich ELISA, and this will be reported separately.
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Abstract We have developed two types of new paddle-
style dipstick dye immunoassays. The first is genus Lis-
teria specific and the second is specific to Listeria mono-
cytogenes. They are based respectively, on antisera raised
against heat-killed L. monocytogenes cells and against in-
ternalin B crude extract, a virulence protein found only
in the pathogenic L. monocytogenes. The minimum de-
tectable level for L. monocytogenes is 2 x 10’ CFU ml~!
for strain number 88/049 in pure culture. Detection is un-
affected by the presence of high numbers (approximately
log 8.0 CFU/ml) of the other microorganisms tested. When
the dipsticks were applied to milk samples inoculated with
L. monocytogenes reference material (ALM92), there was
a strong response to the enrichment cultures. The new as-
say may prove useful in detection of L. monocytogenes in
enrichment cultures of milk and ice cream food samples.

Keywords Dipstick immunoassay - Listeria
monocytogenes - Milk - Ice cream

Introduction

Listeria monocytogenes is a food-borne pathogen found
in dairy products, meat (including poultry and fish) and,
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to a lesser extent, in vegetables (for a review, see [1]).
Chilled ready-to-eat foods are a particular concern because
the organism can grow at refrigeration temperatures. The
principal control measure is an effective quality assurance
system, nowadays usually involving hazard analysis critical
control point (HACCP) methods. For such a system to be
successful, environmental and production line sampling is
needed [1]. However, traditional microbiological methods
are time consuming and expensive and thus discourage
extensive sampling. Rapid diagnostic tests can simplify
test procedures and make increased sampling a realistic
possibility. However, if false-positive test results are to be
avoided, the methods must be specific for L. monocytogenes
and should not react either with non-pathogenic Listeria
species or with other unrelated bacteria. This is essential
if the confidence of the food industry and the regulatory
bodies in rapid diagnostic methods is to be achieved.

The most user friendly rapid methods are those based
on antibodies, and such tests can be formatted in many
ways, the most common being methods based on 96-well
microplate technology. This format is excellent when mul-
tiple samples are to be tested at the same time, and the
test can take place in a laboratory, but there are occasions
when a ‘one-off’ test is required, possibly in a situation
outside the laboratory. Thus, a simple test that requires
no laboratory-based equipment might prove very useful in
such situations.

L. monocytogenes has a complex pathogenicity mecha-
nism, with several virulence factors that allow infection to
spread by direct cell-to-cell transmission. Although some L.
monocytogenes virulence proteins have homologs in many
other Listeria species, the internalin protein family (which
mediates entry to host cells) is found only in L. monocyto-
genes and the animal pathogen L. ivanovii. Thus, these pro-
teins offer a potential target for L. monocytogenes-specific
diagnostic methods.

Previously [2], we reported the development of a
microplate-based ELISA that is specific for L. monocyto-
genes, based on a polyclonal antibody raised to an extract
of internalin. In this paper, we describe the development of
dye immunoassays for listeriae based on dipsticks which,
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for some analytical purposes, may offer a more convenient
assay format than microplates. The dipsticks use either
the polyclonal antibodies reported in the previous work or
another anti-Listeria antibody with a different specificity
range.

Materials and methods
Cultures

Bacteria strains used in the experiments are shown in
Table 1. Cultures were maintained on Petri plates of
Oxford agar (Oxoid) at 4 °C.

Enrichment procedure

For preparation of calibration curves and cross reactivity
experiments, cultures were grown in 10 ml Fraser Broth
Base (Oxoid) when antibody against virulence protein in-
ternalin B was used, and Listeria Enrichment Broth Base
(LEB Oxoid) when antibody against dead L. monocyto-
genes cells was used, respectively at 37 °C for 18 h.

For an initial evaluation of the dipstick immunoassay,
reference capsules [3] were used to inoculate milk sam-
ples (UHT commercially produced milk). Three separate
aliquots (25 ml) of sterile milk were each inoculated with

Table 1 Strains of bacteria used

Species Strain number  Origin

Listeria monocytogenes ALM 92 Reference material
Listeria monocytogenes 88/049 NCTC 4886
Listeria monocytogenes 86/010 NCTC 4885
Listeria monocytogenes 88/013 Milk from IFR
Listeria innocua 88/025 Salad from IFR
Listeria ivanovii 88/039 PHLS

Listeria welshimeri 88/043 NCTC 11857
Listeria seeligeri 89/017 ATCC 35967
Listeria grayi 88/049 NCTC 10815
Bacillus cereus 99/G Milk at STU
Enterobacter cloacae 92/H Cabbage at STU
Enterococcus faecalis CCM 2308
Lactobacillus plantarum CCM 7039

one gelatin reference capsule, containing approximately
5 CFU L. monocytogenes ALM 92 [3]. After dissolution
of the capsules, the milk aliquots were transferred to half
Fraser broth (225 ml) and incubated for 24 h at 37 °C.
Aliquots (1 ml) of these cultures were transferred to full
Fraser broth (9 ml) for use with dipsticks prepared with an-
tibody against virulence protein internalin B, and to full Lis-
teria Enrichment Broth Base (9 ml) for use with dipsticks
prepared with antibody against dead L. monocytogenes
cells, and incubated for a further 18 h at 37 °C. Samples

Fig. 1 a Semi-quantitative range for dipstick technology with an-
tibody against Listeria monocytogenes dead cells (Ab/Lm).Two-
fold dilution: cpm =1.8x10% CFU ml™, cpm=9x 107
CFU ml™!, ¢ 3 =4.5x10’CFU ml™!, ¢ mu=2.3x10" CFU
ml™", cims =1.1 x 10" CFU ml™', c1mg=5.6 x 10° CFU ml™!,
L7 =2.8%10° CFU ml™!, cims=14x10° CFU ml™'. b
Semi-quatitative range for dipstick technology with antibody

against internalin B (Ab/InlB).Two-fold dilution: ¢, =6.3 x 108
CFU ml™!', ¢ =3.1x10® CFU ml™!, ¢ m3=1.6 x 108 CFU
ml™!, ce=78x10"7 CFU ml™!, ¢ ns=39x%x10"7 CFU
ml™", cLme=2x10" CFU ml™!, ¢ =9.8x10° CFU ml™ !,
CLmg =4.9 x 10° CFU ml~!. Lm, Listeria monocytogenes 88/049;
NC, negative control (medium Fraser)



Fig. 2 a, b The evidence of genus Listeria dipstick specificity
(Ab/Lm). ¢, d The evidence of Listeria monocytogenes dipstick speci-
ficity (Ab/InlB). Lm, Listeria monocytogenes; Ln, Listeria innocua;
Lv, Listeria ivanovii; Lw, Listeria welshimeri; Ls, Listeria seeligeri;
Lg, Listeria grayi; Bc, Bacillus cereus; Eb, Enterobacter cloacae;
Ec, Enterococcus faecalis; Lb, Lactobacillus plantarum; NC, nega-
tive control (medium Fraser)

were withdrawn from the full Fraser and LEB transfer cul-
tures after an 18 h incubation (i.e. 42 h after initiation of
this procedure). Viable counts were performed on the full
Fraser cultures at the same time by plating a dilution series
on Brain Heart Agar (Oxoid).

Sample preparation

Flasks containing 45 ml of half Fraser and 5 ml of pas-
teurized milk and 5 g of chocolate ice cream, respectively,
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were artificially contaminated with cells by adding 1 ml
volumes of dilutions of overnight cultures in 0.9% (w/w)
NaCl to obtain inoculum levels of 10> CFU ml~!. After an
overnight cultivation 1 ml aliquots of these cultures were
transferred to 9 ml full Fraser broth, when antibody against
virulence protein internalin B was used and to 9 ml LEB
when antibody against dead L. monocytogenes cells was
used. The exact inoculum level was controlled by plating on
Brain Heart Agar (Oxoid) in duplicate. Prepared samples
were incubated for 18 h at 37 °C and were then analysed
by both types of dipstick (prepared with Lm antibody and
InIB antibody, see later sections for definitions of these
antibodies).

Immunoreagents
Preparation of antibodies

The preparation of internalin B, and the production, purifi-
cation and labelling of the antibodies was described previ-
ously by Karamonova et al. [2]. The method of internalin B
preparation was adapted from that of Muller et al. [4] using
an over-producing L. monocytogenes clone (EGD pERL3
50-1, kindly donated by Dr. T. Chakraborty, Giessen, Ger-
many [5]). Rabbits were immunised with either the InlB ex-
tract or dead cells of L. monocytogenes 88/013. Dead cells
were prepared as follows. Cells were cultivated in Brain-
Heart Infusion Broth (BHI; Oxoid) for 24 h at 37 °C. The
culture was centrifuged and the supernatant discarded. The
pellet was re-suspended in phosphate-buffered saline (PBS;
0.14 M NaCl, 0.0015 M KH,POy4, 0.008 M NaHPO.,
0.0027 M KCI; pH 7.4) and pasteurized for 7 min at 72 °C.

IgG was purified from serum with an affinity column
of protein A. All solutions and antisera were sterilized by
membrane filtration. IgG fractions were lyophilised.

The IgG fraction of the serum raised against internalin
B extract is subsequently referred to in this paper as “InlB
antibody” and that one against dead L. monocytogenes
cells as “Lm antibody”. Both IgG fractions were labelled
with horseradish peroxidase using the Linx HRP Rapid
Protein Conjugation Kit (Invitrogen BV, Groningen, The
Netherlands).

Preparation of dipsticks

Dipsticks (Nunc-Immuno™ Stick, Maxisorp, Nunc™)
were coated (100 pl per tube) with antibody (Lm or InIB)
in 0.05 M carbonate/bicarbonate buffer, pH 9.6, diluted
to 1:200 (50 pg/ml) and incubated for 2 h at 37 °C.
The dipsticks were washed four times in PBST (0.01 M
phosphate buffer, containing NaCl 8 g 17!, 0.05% (v/v)
Tween 20, pH 7.4).

Mode of use

Milk and/or ice cream samples containing microorgan-
isms, two times diluted in PBST + 5% (w/v) dried milk
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Table 2 Detection of Listeria
monocytogenes resp. genus
Listeria by using specific
dipstick in milk and chocolate
ice cream contaminated by
different microorganisms

Sample number Bacteria strain Results
Milk Chocolate ice Milk Chocolate ice
cream cream
Ab/InlB
A01 BO1 Listeria monocytogenes ALM 92 + + +
A02 B0O2 Listeria monocytogenes 88/049 + + +
A03 BO3 Listeria monocytogenes 86/010 + +
A04 B0O4 Listeria monocytogenes 88/013 + + +
A05 BO5 Listeria monocytogenes ALM 92 +/— +
Listeria innocua 88/025
A06 BO6 Listeria monocytogenes ALM 92 + + +
Listeria ivanovii 88/039
A07 BO7 Listeria monocytogenes ALM 92 + +
Listeria welshimeri 88/043
A08 BOS8 Listeria monocytogenes ALM 92 + + +
Listeria seeligeri 89/017
A09 B09 Listeria monocytogenes ALM 92 + + +
Listeria grayi 88/049
Al0 B10 Listeria monocytogenes ALM 92 + + + +
Bacillus cereus
All B11 Listeria monocytogenes ALM 92 + +
Enterobacter cloacae
Al2 B12 Listeria monocytogenes ALM 92 + +
Enterococcus faecalis
Al3 B13 Listeria monocytogenes ALM 92 + + +
Lactobacillus plantarum
Al4 B14 Listeria monocytogenes ALM 92 +/— + +
Listeria innocua 88/025
Bacillus cereus
Al5 B15 Listeria monocytogenes ALM 92 + +
Listeria ivanovii 88/039
Enterococcus faecalis
Al6 B16 Listeria monocytogenes ALM 92 + +/-
Enterobacter cloacae
Enterococcus faecalis
Lactobacillus plantarum
Al7 B17 Listeria monocytogenes ALM 92 + +/—
Listeria innocua 88/025
Listeria ivanovii 88/039
Listeria welshimeri 88/043
Listeria seeligeri 89/017
Listeria grayi 88/049
AlS8 B18 Negative control — —
Bacillus cereus
Enterobacter cloacae
Enterococcus faecalis
Lactobacillus plantarum
Listeria innocua 88/025
Listeria ivanovii 88/039
Listeria welshimeri 88/043
Listeria seeligeri 89/017
Listeria grayi 88/049
Ab/Lm
A19 B19 Listeria monocytogenes ALM 92 + + + +
A20 B20 Listeria monocytogenes 88/049 + + +
A21 B21 Listeria monocytogenes 86/010 + + +/—
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Table 2 Continued

Sample number Bacteria strain Results
Milk Chocolate ice Milk Chocolate ice
cream cream

A22 B22 Listeria monocytogenes 88/013 + + +

A23 B23 Listeria monocytogenes ALM 92 + + +
Listeria innocua 88/025

A24 B24 Listeria monocytogenes ALM 92 + + + +
Listeria ivanovii 88/039

A25 B25 Listeria monocytogenes ALM 92 + + +
Listeria welshimeri 88/043

A26 B26 Listeria monocytogenes ALM 92 + + +
Listeria seeligeri 89/017

A27 B27 Listeria monocytogenes ALM 92 + + +
Listeria grayi 88/049

A28 B28 Listeria monocytogenes ALM 92 + + + +
Bacillus cereus

A29 B29 Listeria monocytogenes ALM 92 + + + +
Enterobacter cloacae

A30 B30 Listeria monocytogenes ALM 92 + +
Enterococcus faecalis

A3l B31 Listeria monocytogenes ALM 92 + + +
Lactobacillus plantarum

A32 B32 Listeria monocytogenes ALM 92 + + + +
Listeria innocua 88/025
Bacillus cereus

A33 B33 Listeria monocytogenes ALM 92 +/- +
Listeria ivanovii 88/039
Enterococcus faecalis

A34 B34 Listeria monocytogenes ALM 92 +/— +
Enterobacter cloacae
Enterococcus faecalis
Lactobacillus plantarum

A35 B35 Listeria monocytogenes ALM 92 + + + +
Listeria innocua 88/025
Listeria ivanovii 88/039
Listeria welshimeri 88/043
Listeria seeligeri 89/017
Listeria grayi 88/049

A36 B36 Negative control - —

Bacillus cereus
Enterobacter cloacae
Enterococcus faecalis
Lactobacillus plantarum

(100 p1/tube), were added to the tubes containing the coated
dipsticks and these were then incubated for 2 h at 37 °C.
After the incubation, dipsticks were washed four times with
PBST. Lm antibody-horseradish peroxidase conjugate, or
InIB antibody-horseradish peroxidase conjugate, respec-
tively, diluted 1:20 in PBST + 5% dried milk was added
(100 wl/tube) and the tubes were then incubated for 2 h
at 37 °C. After further washing with PBST (four times),
100 pl of freshly prepared AEC substrate (Sigma AEC-
101) was added to each dipstick tube and incubated for
15 min at 37 °C. The reaction was stopped by washing the
dipstick with distilled water.

Results
Dipstick dye technique development

A new direct sandwich dipstick format for detection of
listeriae in foods has been developed using either Lm
antibody or InlB antibody as capture antibody. The same
antibodies were used for the preparation of conjugate with
horseradish peroxidase (InlB or Lm antibody horseradish
peroxidase) and served as a detector molecule. The
semi-quantitative range for the dipstick technology is
shown in Fig. 1a and b. The detection limit for dipsticks



Fig. 3 a Genus Listeria dipsticks responses on reference material
ALM 92, detection of 10° cells in 25 ml of milk (Ab/Lm). b Specific
Listeria monocytogenes dipsticks responses on reference material
ALM 92, detection of 10° cells in 25 ml of milk (Ab/InIB). PC,
positive control (milk contaminated with 10% cells ALM 92 and
cultivated the same way as samples); 1-3, sample numbers; NC,
negative control (milk without contamination cultivated the same
way as samples)

prepared with InlB antibody is 2 x 107 CFU ml~' and for
those prepared with Lm antibody is 3 x 10° CFU ml~!,
for strain number 88/049 in pure culture.

The described dipstick has been tested for confirmation
of a range of Listeria strains (Fig. 2a—d). By using the InIB
antibody only L. monocytogenes positively interacts with
the dipstick, showing the specificity of the assay. Figure
2c¢ and d shows that the dipstick formats give a satisfacto-
rily specific assay of L. monocytogenes cells with respect
to other microorganisms tested. The InlB antibody was
found to be specific to L. monocytogenes and did not bind
possible food contaminating microflora. The representative
microorganisms were collected from gram-positive, gram-
negative, coccus and rods: Enterococcus faecalis, Bacillus
cereus, Lactobacillus plantarum, Enterobacter aerogenes.

The dipstick prepared with Lm antibody interacts with
all Listeria strains but not with other bacteria tested and
thus was recognised as genus specific (Fig. 2a and b).

Fig.4 Several examples of dipsticks illustrating Table 2. Examples
of application of InIB antibody dipstick technique to milk (a) and ice
cream (b) model samples contaminated by L. monocytogenes. Ex-
amples of application of Lm antibody dipstick technique to milk (c)
and ice cream (d) model samples contaminated by L. monocytogenes



Application of the dipstick assay to milk samples
contaminated with reference material (ALM92)

The developed dipstick techniques were finally verified
by detection of L. monocytogenes in sterilised milk, con-
taminated with reference material ALM92, which contains
approximately five cells of this microorganism. Three milk
samples were cultivated in half Fraser medium. When the
dipstick dye technology was applied to milk samples pre-
pared by this procedure, there was a strong response to the
enrichment cultures (Fig. 3a and b).

Application of dipstick technique to milk and ice
cream model samples contaminated by L.
monocytogenes

The results are summarised in Table 2 and some of them
are also illustrated in Fig. 4a—d. L. monocytogenes was
inoculated in the presence of other microorganisms and
assayed by the developed dipstick method.

Table 2 and Fig. 4 also show that the dipstick format gives
a satisfactorily specific assay of L. monocytogenes cells
with respect to other microorganisms tested, when InlB
antibody is used. The InIB antibody was thus found to be
specific to L. monocytogenes and did not bind possible food
contaminating microflora. The representative microorgan-
isms were collected from gram-positive, gram-negative,
coccus and rods: Enterococcus faecalis, Bacillus cereus,
Lactobacillus plantarum, Enterobacter aerogenes.

Discussion

We report here the development of a L. monocytogenes-
specific paddle-style dipstick dye immunoassay technique
(see Fig. 2c and d) using polyclonal antibodies raised to
L. monocytogenes cell preparation optimised for extrac-
tion of internalin B protein (InlB antibody). The assay,
which clearly distinguishes the pathogenic L. monocy-
togenes species from the closely related non-pathogenic
species L. innocua and from the other Listeria species,
was developed only by targeting antibody production to
internalin B, a protein associated with the virulence of L.
monocytogenes (Fig. 2¢c and d).

Dipsticks prepared with Lm antibody recognised all
tested strains of the genus Listeria (Fig. 2a and b) and
are thus not specific for L. monocytogenes but can be used
generally for the detection of genus Listeria.

It was confirmed that the dipstick techniques developed
are applicable for L. monocytogenes determination in 25 ml
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of milk test samples, contaminated with low numbers of
cells (approximately five) of a L. monocytogenes strain,
even though the conditions of preparation and maintenance
of samples for inoculation were less optimal (freeze-dried
cells in capsules versus fresh culture in culture medium
used in previous experiments). In all, six capsules gave
positive reactions for the presence of L. monocytogenes by
dipsticks (Fig. 3b). The adopted method, with inoculation
of 1 ml sample (in half Fraser) to 9 ml of Full Fraser, is
applicable for detection of L. monocytogenes at concentra-
tions of 10° per tested sample.

It is not currently envisaged that immunoassay (not any
similar rapid method) would be used directly on food sam-
ples; it is likely that the common requirement to detect
one cell in 25 g of food will always need an enrichment
culture before the end-point detection test is applied. How-
ever, if the assay sensitivity could be improved, this might
allow areduction in incubation time for the enrichment. Re-
markably, the specificity and sensitivity of the developed
L. monocytogenes-specific dipstick was maintained when
tested in the presence of high numbers of other Listeria
species, including the closely related L. innocua and other
possible microbial food contaminants (Table 2 and Fig. 4).

Strain-to-strain variation in the extent of binding of L.
monocytogenes in the dipstick detection was noted, pre-
sumably due to variation in surface protein expression, but
this feature does not influence the detection of L. monocy-
togenes in tested samples.

Our dipsticks may thus prove useful as a rapid diagnostic
for L. monocytogenes in milk and ice cream samples; the
next stage is to validate it with other relevant food samples.
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Abstract We present a new nucleic acid lateral flow
immunoassay (NALFIA) for the assessment of listeria
contamination. The detection procedure starts with
enrichment of sample in Half Fraser broth (24 h). Fol-
lowing isolation of DNA, a duplex PCR is performed with
two labelled primer sets, one generic and directed to a
specific sequence of the gene encoding 16S rRNA from
Listeria spp. and the other specific and directed to a part of
the prfA gene encoding the central virulence gene regulator
from the food pathogen Listeria monocytogenes (3.5 h).
The PCR solution is directly added to the one-step assay
device and the appearance of a grey/black line is indicative
of the presence of specific amplicons (max 15 min). In all
tests performed, the method correctly identified L. mono-
cytogenes and strains of Listeria spp. PCR material of over
20 food samples was tested by NALFIA. The method
proved to be useful for the detection of L. monocytogenes
in different kinds of food samples.
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Introduction

Each year, millions of people become ill from food-borne
diseases caused by Salmonella, Listeria, and Campylo-
bacter [1]. For example, only in EU in 2005, it was
reported in nearly 400,000 cases [2]. The effective control
of food safety can be improved by the detection of path-
ogenic microorganisms with rapid methods. These should
be simple, cost effective, easy to interpret, and with suffi-
cient sensitivity and specificity.

The genus Listeria comprises six recognized species: L.
monocytogenes, L. ivanovii ssp. ivanovii and londoniensis,
L. innocua, L. welshimeri, L. seeligeri, and L. grayi. Lis-
teria can survive and grow over a wide range of environ-
mental conditions [3]. This allows the listeria to overcome
food preservation and safety barriers [4]. Although occur-
rence of Listeria strains in food may indicate errors in good
hygienic and manufacturing practice, only L. monocytog-
enes is a significant human and animal pathogen, which is
responsible for severe invasive disease, listeriosis [5, 6].

Outbreaks caused by L. monocytogenes have been
associated with ingestion of a variety of contaminated foods
and were reported from many countries, including Austra-
lia, Switzerland, France, and the United States [7—10].

The minimum infective dose of L. monocytogenes has
not been established. According to the Commission Reg-
ulation No 1444/2007, the food law of European Union
insists on the absence of L. monocytogenes (not detectable
in 25 g of food product) in ready-to-eat foods intended for
infants and for special medical purposes. The ready-to-eat
foods, other than those mentioned before, may contain
<100 cfu/g during their shelf life [11]. The standard iso-
lation method for L. monocytogenes from food samples is
described in ISO 11290-1 and 11290-2 [12]. Despite recent
changes in ISO procedure, when application of modern
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chromogenic medium (Agar Listeria Ottavani & Agosti)
was included [12, 13], the total procedure takes 5-7 days,
which is not optimal for testing foods with short shelf lives.

With the goal to overcome problems associated with
traditional microbiological methods such as being time
consuming and labour intensive many new modern tech-
niques have been developed. They are based on either
chromogenic media [14—-16], antibodies [17-19], or nucleic
acid-based techniques [20, 21]. Identification of Listeria
spp. and L. monocytogenes using nucleic acid testing is
becoming increasingly popular. The major advantage of
these nucleic acid-based techniques is the fact that speci-
ficity is based on genomic sequences and does not rely on
the expression of particular antigens or enzymes. In addi-
tion, nucleic acid-based methods can be extremely sensi-
tive and specific. A number of test kits for Listeria are
commercially available [22, 23].

The aim of this study was to develop a rapid and sen-
sitive nucleic acid method for detection of L. monocytog-
enes in particular and the genus Listeria in general, with a
substantially reduced pre-enrichment phase. For the
detection of amplicons, we used a one-step nucleic acid
lateral flow immunoassay (NALFIA) [24]. In this method,
a small volume of the final PCR solution is directly added
to the one-step assay device and the appearance of a grey/
black line is indicative of the presence of the specific
amplicon. The visualization is mediated by using carbon
nanoparticles. In the past years, nanoparticles were intro-
duced as a detection tool in bioanalytics [25], which gives
an alternative to conventional enzymatic or fluorescent
labels, and enables easy and clear interpretation.

Materials and methods
Cultures

Strains of microorganisms used in the experiments are
shown in Table 1. Cultures of Listeria and other bacteria
were maintained on Petri plates of Oxford agar (Oxoid) or
Brain Hearth Infusion Agar (Oxoid), respectively at 4 °C.
Prior to experiments, cultures were grown in 5 ml Fraser
Broth Base (Oxoid) at 37 °C for 18 h.

Sample preparation

Model milk samples for verification of NALFIA were
artificially contaminated with four different strains of L.
monocytogenes (microbiological reference strain ALM 92
was tested in triplicate, L. monocytogenes NCTC 4886, L.
monocytogenes NCTC 4885, and L. monocytogenes iso-
lated from milk in the Institute of Food Research, Norwich,
UK), two other Listeria subspecies (L. innocua, L.
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ivanovii), and Enterococcus faecalis. Decimal dilutions of
overnight cultures of all tested bacterial strains were pre-
pared. One ml aliquots of the cultures containing less than
10 cells were inoculated into flasks containing 25 ml of
sterilized milk. One non-contaminated milk sample was
cultivated in the same way as a negative control.

The developed NALFIA was applied on real food
samples which were prepared by the following procedure.
Twelve food samples were collected from two supermarket
chains, seven samples were obtained from one milk-pro-
ducing biofarm in the Czech Republic, and five samples
were part of internal lab trials.

All samples were cultivated according to the present
standard isolation method for L. monocytogenes from food
samples [12]. Flasks containing 225 ml of Half Fraser
broth (Oxoid) were mixed with 25 ml or 25 g of food and
incubated for 24 h at 37 °C whilst shaking. After this
procedure, samples (1 ml) were used for DNA isolation.
The results were confirmed by the standard isolation
microbiological method with confirmation on chromogenic
agar ALOA (Agar Listeria according to Ottaviani and
Agosti, Bio-rad). Total bacterial counts in solutions used in
this study were determined by plating on BHI agar (Oxoid).
The plates were incubated at 37 °C for 48 h.

DNA extraction

The DNA extractions from enriched samples were per-
formed using a GenElute Bacterial Genomic DNA kit
(Sigma), with the Gram-positive bacterial protocol.

Amplification of genetic material

A specific sequence (1,003 bp) of the gene encoding 16S
rRNA from Listeria spp. was amplified by PCR using 5'-
end labelled specific primers [26]. One was labelled with
biotin (B, primer C: 5-AGG TTG ACC CTA CCG ACT
TC-3') and the other with fluorescein (FL, primer D: 5'-
CAA GGA TAA GAG TAA CTG C-3). A set of primers
[27] specific for L. monocytogenes was used to amplify a
part (274 bp) of the prfA gene encoding the central viru-
lence gene regulator from this food pathogen. One of these
primers was labelled with digoxigenin (DIG, primer LIP2:
5'-GTG TAA TCT TGA TGC CAT CAG G-3') and the
other with biotin (primer LIP1: 5'-GAT ACA GAA ACA
TCG GTT GGC-3'). The optimized composition of the
reaction mixture was 2.5 pl of FastStart Tag DNA Poly-
merase buffer (500 mM Tris/HCI, 100 mM KCI1, 50 mM
(NH4),S04, pH 8.3), 2.5 mM MgCl,, 0.15 mM of dNTP,
2 U of FastStart Tag DNA Polymerase (all from Roche),
0.1 uM of primers LIP1 and LIP2, 0.2 uM of primers C
and D, and 2 pl of prepared template DNA. The final
volume was adjusted to 25 pl with distilled water. The
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Table 1 Strains of bacteria used in this study

Species/strain (serotype) Origin Species/strain Origin

L. monocytogenes Ref. material ALM 92, NCTC 13273 Bacillus cereus AFSG

L. monocytogenes (1/2a) NCTC 4886 Enterobacter cloacae Cabbage at STU
L. monocytogenes (4b) NCTC 4885 Enterococcus faecalis CCM 2308

L. monocytogenes Milk from IFR Lactobacillus plantarum CCM 7039

L. monocytogenes (1/2c) NCTC 5348 Enterobacter sakazakii ATCC 29544

L. monocytogenes (4a) NCTC 5214 E. sakazakii CCM 3460

L. monocytogenes (4b) NCTC 10527 Staphylococcus epidermidis ATCC 12228

L. monocytogenes NCTC 10888 Staphylococcus aureus ssp. aureus ATCC 25923

L. monocytogenes Chicken from IFR Proteus sp. CCM 1799

L. innocua Salad from IFR Escherichia coli ATCC 8739

L. ivanovii PHLS Salmonella enterica ssp. enterica, enteritidis ATCC 13076

L. seeligeri ATCC 35967 S. enterica ssp. enterica, typhimurium ATCC 14028

L. grayi ATCC 19120 Serratia marcescens ssp. marcescens ATCC 13880

L. welshimeri NCTC 11857 Pseudomonas aeruginosa ATCC 27853

NCTC UK National Collection of Type Cultures, ATCC American Type Culture Collection, PHLS UK Public Health Laboratory Service, IFR
Institute of Food Research, Norwich, CCM Czech Collection of Microorganisms, AFSG Agrotechnology & Food Sciences Group, The Neth-

erlands, STU Slovak University of Technology, Slovak Republic

PCR was performed in the GeneAmp 9700 96-well thermal
cycler (Applied Biosystems) with the following steps: an
initial denaturation at 95 °C for 4 min, 25 cycles each
having a denaturation at 94 °C for 30 s, annealing at 55 °C
for 30 s, and elongation at 74 °C for 1 min with a final
extension at 74 °C for 5 min.

Following PCR, two types of double-labelled amplicons
could be obtained: amplicons labelled with digoxigenin on
one side and biotin on the other side (DIG-labelled) if
Listeria monocytogenes template DNA was present and
amplicons labelled with fluorescein and biotin (FL-label-
led) if Listeria spp. DNA was present.

Immune reagents

NeutrAvidin Biotin-Binding Protein was from Pierce Bio-
technology (Rockford, IL, USA) and Biotin-SP-conjugated
AffiniPure Goat Anti-Mouse IgG (Biotin, 2000 ng IgG/
5 mm) was from Jackson ImmunoResearch (Suffolk, UK).
Affinity-purified goat anti-fluorescein antibody (anti-FL,
500 ng/5 mm) was obtained from Biomeda (Foster City,
CA, USA) and polyclonal anti-digoxigenin antibody (anti-
DIG, 200 ng/5 mm) was from Roche Diagnostics (Basel,
Switzerland).

Nucleic acid lateral flow immunoassay

As an assay format for preliminary characterization, an
experimental setup using the wells of a microtitrate plate
was used. A tube format [28] was applied for final evalu-
ation of the assay with food samples (Fig. 1).

Antibodies were immobilized on nitrocellulose mem-
branes by spraying using a Linomat V (CAMAG, Muttenz,
Switzerland). A control line (CL) was added by spraying
Biotin-conjugated AffiniPure Goat Anti-Mouse IgG, a test
line specific to all species from the genus Listeria (TL1) by
spraying anti-FL, and a test line specific to Listeria mon-
ocytogenes (TL2) by spraying anti-DIG.

Following PCR, 3 pl of the reaction mixture containing
the specific amplicons was mixed with 1 pl of carbon
nanoparticles—NeutrAvidin conjugate, able to interact with
the biotin-labelled amplicons, and running buffer (100 mM
borate buffer, pH 8.8, 1% (w/v) BSA, 0.05% (v/v) Tween
20, 0.02% (w/v) NaNj3) to a total volume of 100 pl. The
mixture was run through nitrocellulose membranes and the
result was read after maximally 15 min. Typical NALFIA
results are shown in Fig. 2, together with electrophoresis.
Labelled amplicons from samples containing L. monocyt-
ogenes (Fl- and DIG-labelled) were demonstrated by the
appearance of three grey/black lines. Samples with the
Listeria spp. but not L. monocyotogenes contained FL-
labelled amplicons and were indicated by the appearance of
two grey/black lines. PCR product prepared from samples
without listeria template DNA showed only one grey/black
line (control line).

Sensitivity analysis of NALFIA
Dilution ranges of DIG- and FL-labelled amplicons were
prepared and tested in NALFIA. Amplicon concentrations

were determined by the spectrophotometer NanoDrop (ND
1000, NanoDrop Technologies). Test lines were scanned

@ Springer



870

Eur Food Res Technol (2009) 229:867-874

<—— absorption pad

< TL1

TL2

< test strip

\ [ <— sample pad
U <— carbon-neutravidine conjugate

Fig. 1 A schematic drawing of a one-step tube assay [28]. Carbon—
NeutrAvidin conjugate is dried on the bottom of the tube. Sample is
applied on top of the conjugate and the strip is placed into the tube. If
L. monocytogenes is present three grey/black lines will appear, if
other Listeria species are present two lines will appear, and if the
sample is negative only one control line will appear. CL control line
formed by Biotin-conjugated AffiniPure Goat Anti-Mouse IgG, TLI
test line specific to all species from the genus Listeria formed by o-
FL, TL2 test line specific to Listeria monocytogenes formed by a-DIG

with a flatbed scanner (Epson Perfection V700 Photo) and
the line intensities were converted to pixel grey volumes
with TotalLab (Nonlinear Dynamics, Ltd.). Curve fitting
was done with Excel (Microsoft Office).

Fig. 2 Typical results of simultaneous detection of L. monocytogenes
and generic Listeria spp. amplicons by agarose gel electrophoresis (a)
and NALFIA (b) after duplex PCR. For both a and b, chromosomal
DNA of L. monocytogenes (lane 1), L. innocua (lane 2), and
Enterobacter cloacae (lane 3) was used for duplex PCR. The negative
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Results and discussion
Development of NALFIA for Listeria detection

We present a rapid, reliable, and specific immunochro-
matographic tube assay for simultaneous nucleic acid
detection of Listeria spp. and L. monocytogenes.

The developed procedure consists of an enrichment
step (24 h), isolation of template DNA and a PCR
amplification step of specific sequences (3.5 h), and an
immunochromatographic detection of amplified product
by NALFIA (5-15 min). To our knowledge, this is the
first time that this combination of PCR and immuno-
chromatographic one-step detection is described for Lis-
teria. The combination of both techniques into an assay
for rapid detection of specific nucleic acid targets was
already described for detection of the mecA gene from
methicillin-resistant Staphylococcus aureus (MRSA) cul-
tures [29], for direct diagnosis of Porphyromonas gingi-
valis [30], and for the identification of Mycobacterium
tuberculosis [31].

For an optimal NALFIA result, the duplex PCR based
on published results [26, 27] was slightly adjusted. In
addition, FastStart Tag DNA polymerase was used for all
experiments. Primers and polymerase concentrations were
chosen to reach comparable intensities of the test lines:
the L. monocytogenes specific line and the generic Lis-
teria spp. line. By using the adapted protocol (see
“Materials and methods”), the results appeared to be very
reproducible. The performance of NALFIA was optimized
in experiments in which the amounts of the carbon—
NeutrAvidin conjugate, the concentration of immobilized
capture antibody, and/or the volume of the PCR product
varied.

B
CL —
TL1 —

control (lane 4) is a primer control (PCR without template DNA). Mr
DNA size marker, 7L/ test line specific to all species from genus
Listeria (line of o-FL), TL2 test line specific to L. monocytogenes
(line of «-DIG), CL control line (IgG-biotin)
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The specificity and sensitivity of the developed
NALFIA

The specificity of the described NALFIA was studied by
testing a range of Listeria strains and other food-relevant
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Fig. 3 Limit of detection of Listeria-NALFIA. Dilution series of
amplified material of L. monocytogenes were tested by NALFIA. For
generic Listeria detection, primers C, D (FL-labelled) were used in PCR,
and for specific detection of L. monocytogenes, primers LIP1 and LIP2
were used (DIG-labelled). The upper panel shows scanned results
obtained by NALFIA. The dilution range included O ng (lane I),0.01 ng
(lane 2),0.04 ng (lane 3), 0.08 ng (lane 4), 0.156 ng (lane 5), 0.313 ng
(lane 6), 0.625 ng (lane 7), 1.25 ng (lane 8), 2.5 ng (lane 9), 5 ng (lane
10), 10 ng (lane 11), and 20 ng (lane 12). The lower panel shows the
calculated pixel grey volumes after flatbed scanning and image analysis.
Each point represents the mean of 3 values £ standard deviation.
Results achieved with PCR material amplified with primers C, D
(FL-labelled) is marked with open symbol, and PCR material amplified
with primers LIP1 and LIP2 (DIG-labelled) with closed symbol

microorganisms (Table 1). PCR products of nine tested L.
monocytogenes strains bound with both capture lines (the
anti-DIG and the anti-FL line) and control line (CL); PCR
products of all (5) other non-pathogenic Listeria only bound
to the anti-FL line and control line. PCR products from 14
food-related, non-listerial microorganisms, the primers
control (PCR without template DNA), and the buffer con-
trol (running buffer without PCR material) were negative
and bound only to the control line (data not shown).

The sensitivity of NALFIA was set as the minimal
concentrations of PCR amplicons that resulted in specific
lines on the test membrane. Results are presented in Fig. 3
and show the dynamic range of NALFIA being 2.5-3 orders
of magnitude for the DIG and FL assays. The lowest visu-
ally detectable amount was 0.1 ng of labelled amplicon.

With the optimized procedure, the lowest detectable
amount of template DNA used for PCR was 50 pg of
L. monocytogenes template DNA (Fig. 4), correlating with
approximately 10° cells (Fig. 5), assuming a DNA content
of 107° ng per cell [32]. These results corresponded to data
received from experiments without pre-cultivation in which
we were able to detect 10° cells in 1 ml of sample (Fig. 5).

Comparative costs and safety

The comparative costs and safety of electrophoresis and the
typical NALFIA results are shown in Table 2. Electro-
phoresis is slightly cheaper in comparison with NALFIA,
mainly due to the costs of labelled primers and components
of immunochromatographic test (antibodies). On the other
hand, NALFIA is user friendly, more rapid, less laborious
(costs saving in personnel), and without any biological
hazard.

Application of NALFIA to model milk samples

The Listeria-NALFIA technique was adapted to a tube
format (see Fig. 1, [28]) to enable easy handling whilst

Table 2 Comparative costs and safety of NALFIA and electrophoresis including preparation of the sample

NALFIA Electrophoresis
Assessed price per 100 tests (in €)
Cultivation, DNA isolation, PCR (without primers) 250 250
Primers 4 (labelled) <1
Visualization 13 (antibodies, carbon) 5 (ethidium bromide)

Test components

Total price per 100 tests (in €) 271
Time for visualization of results 10 min
Required laboratory equipment None
Labour costs (electrophoresis = 100%) 80%
Biological hazard None

4 (membranes, pads)

8 (agarose/gels)

264

30-60 min

Electrophoresis station, UV transluminator, Photosystem
100%

Ethidium bromide
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Fig. 4 Detection limit of duplex PCR-NALFIA. The detection limit
of the assay was evaluated by using a diluted DNA of L.
monocytogenes (a) and L. innocua (b). Dilution range included
10 ng (lane 1), 5 ng (lane 2), 2.5 ng (lane 3), 0.5 ng (lane 4), 0.25 ng
(lane 5), 0.05 ng (lane 6), 0.01 ng (lane 7), and 0.005 ng (lane 8).
Amplified DNA products were detected by NALFIA

Fig. 5 Detection of cells dilutions. Multi-analyte NALFIA detection
of PCR material that was prepared with DNA isolated from a dilution
series of overnight cultures L. monocytogenes (a) and L. innocua (b).
1 10® cells, 2 107 cells, 3 10° cells, 4 10° cells, 5 10, and 6 107 cells
used for isolation

reducing the overall costs of the assay. The method was
finally verified by testing samples of sterilized milk that
had been artificially contaminated with low amounts of

Fig. 6 Listeria-NALFIA in

tube format. PCR material was

derived from milk samples that 1
were incurred with various

bacterial (sub)species: / L.

monocytogenes (ALM 92, nr. 1

of triplicate), 2 L.

monocytogenes (ALM 92, nr.2 m
of triplicate), 3 L.
monocytogenes (ALM 92, nr.3 -
of triplicate), 4 L. Listeria spp.——| =
monocytogenes (NCTC 4886), 5 L. monocytogenes” |
L. monocytogenes (NCTC )
4885), 6 L. monocytogenes N

control line ——

(milk from IFR), 7 L. innocua, 8 fi *
L. ivanovii, 9 Enterococcus -
faecalis, and 10 negative milk -
control
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different bacteria, including four different strains of L.
monocytogenes, two strains of non-pathogenic Listeria, and
E. faecalis. With the developed Listeria—-NALFIA, less
than 10 cells of L. monocytogenes/Listeria spp. were
detected in 25 ml of milk within 28 h (24 h for cultivation,
4 h for PCR and NALFIA). No non-specific signals were
visible when control samples (E. faecalis in milk, clear
milk) were run (Fig. 6). The commercially available tests
for specific detection of L. monocytogenes allow detecting
L. monocytogenes within 37-54 h, whereas the current
reference method for the detection of L. monocytogenes as
proposed by ISO [12] allows the recovery of this pathogen
in 5-7 days. The developed NALFIA procedure consider-
ably reduces the total analysis time since the results can be
obtained within 28 h from sample receipt. The application
of NALFIA after cultural enrichment guarantees that target
DNA is obtained from viable cells; damaged cells cannot
result in false-positive lines.

Application of NALFIA to real food-related samples

The verified NALFIA was applied to a total of 24 real sam-
ples prepared from different types of food or food-related
samples. The results are summarized in Table 3. Of the 24
tested samples, 15 contained Listeria spp. and 5 were posi-
tive for L. monocytogenes. All samples were also tested by
the microbiological standard method and identical results as
with NALFIA were obtained. Our results indicate that
NALFIA can be a helpful tool for easier incorporation of
molecular-biological methods as a routine diagnostic pro-
cedure for the identification of food-borne pathogens.

Conclusion

A rapid, specific, and user-friendly test for detection of L.
monocytogenes is urgently needed by the food industry. In
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Table 3 Results of the detection tests for listeria presence in food
and biofarm samples

Food Results

NALFIA Microbiological

method

Diary products
Milk neg neg
Ice cream neg neg
Soft-dried cream cheese Lm Lm
Vegetable
Broccoli Lm Lm
Spinach gL gL
Ready-to-eat salad
Potato salad [ul gl
Delicacy salad neg neg
Sprouted seeds
Snail-clover/alfalfa neg neg
Mongoose neg neg
Nutrition for children
Vegetables with turkey neg neg
Bilberries neg neg
Frozen bilberries Lm Lm
Biofarm samples
Raw milk gL gL
Water neg neg
Silage gL gL
Hay gL gL
Faeces [ub gL
Surface sample—nipple neg neg
Surface sample—floor [yl gl
Inter-lab trials
Pasta A gL gL
Pasta B Lm Lm
Dried milk A Lm Lm
Dried milk B gL gL
Dried milk C gL gL

neg negative result, Lm presence of L. monocytogenes detected, gL
presence of bacteria from genus Listeria detected

a procedure in which the Listeria—-NALFIA was applied,
we have shown that the approach of using the combination
of nucleic acid amplification and an immunochemical-
based detection principle offers favourable advantages in
terms of sensitivity, specificity, costs, and especially speed.
Furthermore, since the Listeria—-NALFIA simultaneously
detects Listeria spp. and L. monocytogenes, this method
will help to improve the microbiological standards of
foodstuffs. This method not only helps to point at the
hygienically errors in food production indicated by the
Listeria spp. presence but it also reveals dangerous con-
tamination by the human pathogen L. monocytogenes.
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Diagnostickd souprava na detekci patogennich mikroorganismi ve vzorcich biologického
pivodu

Oblast techniky

Reseni se tyka diagnostické soupravy na detekci patogennich mikroorganismi, respektive pato-
gennich mikroorganismi ve vzorcich biologického pivodu, zejména v potravinach.

Dosavadni stav techniky

Patogenni mikroorganismy jsou stilym a trvalym nebezpe&im ohroZujicim zdravi obyvatelstva a
patfi, podle kazdoro€nich zprav Svétové zdravotnické organizace (WHO), k nejrizikovéj$im
faktorim i ve srovnani s takovymi civiliza¢nimi chorobami jako je rakovina a AIDS. Zavedeni
»Systému kritickych boda“ (HACCP), které je v CR pro vyrobu potravin povinné od 1. 1. 2000,
vyvolalo tlak na urychleny vyvoj metod pro rychlé a specifické stanoveni sledovanych paramet-
rd. V roce 2005 pfijala Evropskd komise regulatni opatfeni & 2073/2005, kterym se stanovuji
mikrobiologickd kritéria pro potraviny. Opatfeni bylo modifikovano v roce 2007, &. 1441/2007.
Toto regulatni opatfeni vyZaduje nepfitomnost patogennich mikroorganismd (napf.: salmonely,
listerie, enterobaktera, aj.), ve 25/10 g vzorku potravin. Detekce patogennich mikroorganisma
klasickymi kultivaénimi normovanymi metodami trvd bézné 5 aZ 8 dni. Ani biochemické testy
nebo vyuZiti chromogennich a fluorescenénich substrati vyznamné nezkracuje dobu potfebnou k
ziskdni vysledku. Modemni molekuldmeé-biologické techniky jsou sice rychlejdi, ale vyZaduji
pouZivéani ndkladnych piistrojli, postupit a vysoce kvalifikované pracovniky.

Podstata technického Feeni

Vyse uvedené nevyhody odstrafiuje diagnosticka souprava na detekei patogennich mikroorga-
nismil, kterd podle technického feSeni sestava z diagnostického prouZku z nitrocelulézové mem-
brany fixované na plastové vyztui, diagnosticky prouZek je na zadatku, v misté startu v kontaktu
s prvni podloZkou pro vzorek amplikonu, coZ je produkt polymerazové Fetézové reakce (PCR), tj.
¢asti DNA ziskané ze zkoumaného vzorku obsahujiciho patogenni mikroorganismy. Béhem této
reakce vznika znadeny amplikon specificky pro hledany patogenni mikroorganismus. Prvni pod-
lozka je nasycena prvnim blokaénim pufrem &. 1. Zadatek diagnostického prouzku je dale v
kontaktu s druhou podlozkou nasycenou druhym blokaénim pufrem &. 2 a nasledné konjugatem
nano¢astic uhliku s avidinem. Déle je na diagnostickém prouZku v p¥inych linkidch nanesena
nejméné jedna specifickd protilétka o koncentraci 10 az 500 ng/pl, a to podle podtu detegova-
nych patogennich mikroorganismi. Pro kazdy patogenni mikroorganismus je jedna linka proti-
latky, a dale je na diagnostickém prouZku nanesena posledni kontrolni linka, na kterou je imobi-
lizovan biotin vazany pies imunoglobuliny tfidy IgG o koncentraci 1 az 100 ng/ul, konec diag-
nostického prouzku je v kontaktu s absorpéni podlozkou a vie je zakryto plastovym krytem,
ktery se dotyka plastové vyztuZe. Kryt je opatien otvorem nad prvni podloZkou, a priizorem nad
detekéni Casti diagnostického prouzku. Soucasti diagnostické soupravy je déle lahvicka s rozto-
kem reakéniho pufru.

Reakéni pufr obsahuje 0,1M boratovy pufr, pH 8,8, 1% (w/v) hovézi sérovy albumin (BSA),
0,02% (w/v) NaNs, 0,05% (v/v) neionogenni tenzid.

Prvni blokaéni pufr €. 1 obsahuje 0,1M boratovy pufr, 1% (w/v) hovézi sérovy albumin (BSA),
0,02% (w/v) NaN; a 0,01 % (w/v) sacharozy.

Druhy bloka¢ni pufr €. 2 obsahuje 0,1M boratovy pufr, 1% (w/v) BSA, 0,02% (obj./obj) NaNj,,
0,1% (v/v) neionogenni tenzid a 0,01 % (w/v) sachardzy.

Prvni podloZka ma velikost péri 3 aZ 12 um, kapilarni vzlinavost vody 20 a% 250 s na 4 cm.

Druh4 podloZka ma velikost pori 5 az 25 pum, kapilami vzlinavost vody 30 az 180 s na 4 ¢m.
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Absorpéni podloZka je tvofena materidlem s velikosti pdrd 2 az 14 pum.

Diagnosticky prouZek nitrocelulézové membrany o rozmérech 2,5 az Scm % 0,4 a7 0,8 cm je
tvofen z materialll vyznacujicich se velikosti péril 4 aZz 10 pm, kapilarni vziinavosti vody 40 az
200 s na4 cm.

Plastovd vyztuz diagnostického prouzku o rozmeérech 3 az 6 cm x 0,5 cm *x 1 cm a kryt jsou vy-
tvofeny z plastd na bazi vinyld, polyamidi, polyestert a fluoroplasta.

Na diagnostickém prouzku je ve vzdalenosti 1,5 aZ 4,0 cm od zagatku diagnostického prouzku v
pficéné lince imobilizovana protilidtka o koncentraci 30 aZz 300 ng.ul, schopna imunochemické
interakce se znac¢kovaci latkou obsaZzenou v amplikonu, ¢imZ se prokaZe pritomnost patogenniho
mikroorganismu X. Ve vzdalenosti 2,0 aZ 5,0 cm od zadatku diagnostického prouzku je v daldi
pricné lince imobilizovana protildtka o koncentraci 40 aZ 400 ng.ul"', schopna imunochemické
interakce se znatkovaci latkou obsaZenou v amplikonu, ktery prokazuje pfitomnost patogenniho
mikroorganismu Y. Znac¢kovaci latka je vybréna ze skupiny tvofené fluoresceinem, rhodaminem,
texaskou ¢erveni digoxigeninem. Ve vzdalenosti 2,8 aZ 5,5 cm od okraje je imobilizovan biotin,
ktery interaguje s konjugatem nanocastic uhliku s avidinem.

S vyhodou je na diagnostickém prouzku ve vzdalenosti 2,0 aZ 3,0 cm od zadatku diagnostického
prouzku imobilizovana protilatka o koncentraci 100 az 200 ng.ul” interagujici s digoxigeninem,
tj. testovaci linie pro patogenni mikroorganismus X, ve vzdalenosti 2,4 aZ 4,0 cm od okraje diag-
nostického prouzku je imobilizovana protilatka o koncentraci 200 az 500 ng.ul” interagujici s
fluoresceinem, tj. testovaci linie pro detekei patogenniho mikroorganismu Y, a ve vzdéalenosti
2,8 az 5,0 cm od okraje diagnostického prouzku je imobilizovan biotin vazany na imunoglobulin
tiidy lgG, to je kontrolni linie.

Diagnostické prouzky pro diagnostickou soupravu podle technického feSeni jsou pripravene a
skladované v suchu ve vakuovanych saceich pfi teploté kolem 20 °C. Expiraéni doba je nejméné
jeden rok.

Detekce patogennich mikroorganisma diagnostickou soupravou podle technického fedeni je za-
loZena na imunochemické interakci amplikonu se specifickymi protilatkami imobilizovanymi na
diagnostickém prouzku. Amplikon je produkt polymerdzové fetézové reakce (PCR), tj. Casti
DNA ziskané ze zkoumaného vzorku obsahujiciho patogenni mikroorganismy. Béhem této reak-
ce vznika amplikon znaéeny znackovaci latkou vybranou napiiklad ze skupiny: biotin fluo-
rescein, rhodamine, texaskd Cerverni, nebo digoxigenin. Amplikon obsahuje téZ biotin a proto
amplikon aplikovany na prvni podlozku pro vzorek amplikonu interaguje s konjugatem nanocés-
tic uhliku s avidinem, ktery je zakotven na startu v druhé podloZce a postupné spolu postupuji,
diky kapildimim silam, diagnostickym prouzkem k liniim s imobilizovanymi protildtkami. Pfi
priichodu pfes zény obsahujicimi protilatky proti znackovacim latkim amplikonii jsou prostied-
nictvim imunochemické interakce postupné zachytavany amplikony obsahujici ¢asti DNA speci-
fické pro jednotlivé patogenni mikroorganismy. P¥ebytek konjugatu nanofastic uhliku s avidi-
nem postupuje dale diagnostickym prouzkem a interaguje s kontrolni linif obsahujici biotin. Na-
nodastice uhliku umoZni vizualni prikaz vysledku testu.

Schematicky nakres diagnostické soupravy podle technického feeni je na Obr. 1 ana Obr. 2a, b,
¢ je pudorys diagnostické soupravy s vysledky testu. Pfi aplikaci pozitivniho vzorku (vzorek
obsahujici hledané patogenni mikroorganismy) dojde ke vzniku celkem dvow/tii (podle poltu
detegovanych patogennich mikroorganismi) ¢ernych linek - testovaci (jedna/dvé) a kontrolni
linky (jedna). Pokud se zbarvi pouze kontrolni linka, byl vzorek negativni a Zadny patogenni
mikroorganismus nebyl pfitomen. V pfipadé, Ze nedojde ke vzniku Zadné barevné linky, svéd¢i
10 0 nespravném provedeni testu.

Detekce pomoci diagnostické soupravy pro detekei patogennich mikroorganismii v biologickych
vzorcich podie technického Fedeni je velmi spolehliva, pfesnd, rychla a specificka. Prace s diag-
nostickym prouzkem je velmi jednoducha.
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Prehled obrazki

Obr. 1: schematicky nakres diagnostické soupravy a vysvétlujici znacky.

Obr. 2: znazorfiuje pldorys diagnostické soupravy v&etné krytu s otvorem nad prvni podlozkou a
prizorem v krytu nad detekéni ¢asti diagnostického prouzku se zvyraznénim jednotli-
vych linii na diagnostickém prouzku po provedeni testu;

a) s pozitivnim testem pro dva patogenni mikroorganismy ptitomaé ve vzorku,
b) s pozitivnim testem pouze pro jeden patogenni mikroorganismus ve vzorku,
¢) vzorek bez patogennich mikroorganismi.

Nasledujici priklady diagnostické soupravy na detekei mikrobialnich patogennich mikroorganis-
mil v biologickych vzorcich, naptiklad v potravinach, diagnostickym prouzkem membrany podle
technického feseni pouze dokladaji mozna provedeni a vyuZiti, aniz by toto fedeni jakkoliv ome-
zovaly.

Piiklady provedeni
Piiklad 1

Zatizeni pro diagnostickou soupravu na detekci mikrobidlnich patogennich mikroorganismi v
biologickych vzorcich, podle technického Feeni, je znazoméno na obr. 1 a sklad4 se z nasleduji-
cich dilit: z plastového krytu a a plastové vyztuZe f, na niZ je fixovén diagnosticky prouzek d.
Zatatek diagnostického prouzku d je v kontaktu s prvni podlozkou b pro vzorek amplikonu, ktera
Je nasycena prvnim bloka¢nim pufrem &. 1 a druhou podlozkou ¢ pro konjugat nano&4stic uhliku
s avidinem, kterd je nasycena druhym blokaénim pufrem &. 2. Na obr. 1 je prvni podiozka b
umisténa pfed diagnostickym prouzkem d a druhd podloZka ¢ je umisténa v misté startu na diag-
nostickem prouzku d. Dale je na diagnostickém prouzku d nanesena ve vzdalenosti 2,1 cm od
zaCatku diagnostického prouzku d prvni pfi&na linka 1.1 obsahujici specifickou protilatku X a
dale je na diagnostickém prouzku d nanesena ve vzdalenosti 2,4 cm od zadatku diagnostického
prouzku d druha pfi¢né linka 1.2 obsahujici specifickou protiltku Y a posledni pfi¢na kontrolni
linka 2 obsahujici biotin vazany pfes imunoglobuliny tfidy IgG je nanesena ve vzdalenosti
2,8 cm od zaCatku diagnostického prouzku d. Konec diagnostického prouzku d je v kontaktu s
absorp&ni podloZkou ¢, v tomto pfipadé je umisténa na diagnostickém prouZku d a vie je zakryto
plastovym krytem a, ktery se dotyka plastové vyztuze f. Plastovy kryt a je opatfen otvorem 4 a
pokud kryt a neni prithledny, tak déle priizorem 5, ktery je pouhym otvorem nebo je tvofen pri-
hlednym plastem a umoZiiuje pohled na detekéni ¢ast diagnostického prouzku d. Kryt a je na
obr. 2 spojen s plastovou vyztuZi f prunymi plastovymi panty. Soucasti je lahvi¢ka s roztokem
reakénfho pufru.

Diagnostické prouzky d po naneseni pfiénych linek 1.1 aZ L.n protildtek a kontrolni linky 2
véetné pouZitych blokacnich pufri v prvni podloZce b a druhé podloZce ¢ jsou zasuseny proudem
vzduchu o teplot& 20 °C.

Diagnostické prouzky membrén d se po zasuSeni skladuji v suchu ve vakuovanych sadcich pii
teploté kolem 20 °C,

Soudasti soupravy je lahvicka s roztokem reakéniho pufru 3 (0,1M boratovy pufr, pH 8,8, obsa-
hujici 1% (w/v) hovézi sérovy albumin, 0,05% w/v) Tween 20, 0,02% (w/v) NaNs.

Na obr. 2 je znazornén 3x piidorys diagnostické soupravy s prouzkem membrany d:

a) Znazorttuje otvor 4 v plastoveém krytu a pro vképnuti vzorku amplikonu s reakénim pufrem 3
na podlozku b a diagnosticky prouZek d s tfemi zfetelnymi pozitivnimi linkami 1.1, 1.2 a 2 po
prostoupeni vzorku amplikonu diagnostickym prouzkem d aZ za kontrolni linku 2. Vzorek ob-
sahuje patogenni mikroorganismy X a Y.

b) Znéazoriuje otvor 4 v plastovém krytu a pro vkapnuti vzorku amplikonu s reakénim pufrem 3
na podiozku b a membranu d se zfetelnou pozitivni linkou 1.2 po prostoupeni vzorku ampli-
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konu diagnostickym prouZkem d aZ za kontrolni linku 2. Vzorek obsahuje pouze patogenni
mikroorganismus Y.

c) Znazorfiuje otvor 4 v plastovém krytu a pro vkapnuti vzorku amplikonu s reakénim pufrem 3
na podlozku b a diagnosticky prouZek d se zietelnou pozitivni linkou 2 po prostoupeni vzorku
amplikonu diagnostickym prouzkem d aZ za kontrolni linku 2. Vzorek neobsahuje patogenni
mikroorganismy.

Piiklad 2

Ptiprava potravinového/biologického vzorku pro detekei probiha stejné jako u viech dosud po-
uzivanych metod detekce patogennich mikroorganisma:

Vzorek 10 g instantni détské vyZivy se homogenizuje ve 100 ml kultivaéniho média vhodného
pro detegovany patogenni mikroorganismus (napf.: modifikovana laurylsulfatova trypticka Zivna
plda). Kultivace probiha pfes noc, obvykle 12 h piti 37 °C. Z takto ziskaného vzorku s nabohace-
nym obsahem patogennich mikroorganismi se extrahuje mikrobialni DNA nékterou bé€in¢ po-
uZivanou a komeréné dostupnou soupravou. Ziskana DNA se amplifikuje metodou polymerazové
fetézové reakce, a ziska se amplikon znadeny digoxigeninem a biotinem, specificky pro hledany
patogenni mikroorganismus. Specifickd protilatka proti digoxigeninu nanesend na lince 1.1 na
diagnosticky prouZek d zachyti amplikon znadeny digoxigeninem a biotinem spoletné s navaza-
nym konjugatem nanoéastic s avidinem, ktery umoZni vizualni detekci pfitomného patogenniho
mikroorganismu.

Postup detekce jednoho patogenniho mikroorganismu:

Pouzije se prouZek membrany d s jednou testovaci linkou 1.1, na které je nanesena specificka
protilatka proti digoxigeninu a kontrolni linka 2. Na startovaci misto na prvni podloZku b se na-
nese 5l vzorku amplikonu smichaného se 100 pl roztoku reakéniho pufru {0,1M boratovy putr,
pH 8,8, obsahujici 1% (w/v) hovézi sérovy albumin, 0,05% (v/v) neionogenni tenzid, 0,02%
(w/v) NaN;). Do 10 minut po aplikaci vzorku amplikonu se na dignostickém prouzku d odecte
pozitivni (dvé linky - obr. 2b) nebo negativni vysledek (jedna linka - obr. 2¢), tedy pfitomnost
nebo nepfitomnost patogenniho mikroorganismu ve vzorku.

Piiklad 3
Postup detekce dvou patogennich mikroorganismi:

PouZije se prouZek membrany d se dvéma testovacimi linkami 1.1 a 1.2 obsahujicimi dvé rizné
protilatky, specifické pro dva rizné patogenni mikroorganismy. Na startovaci misto na prvni
podlozku b se nanese po 5 pl vzorku obsahujiciho amplikon znaceny digoxigeninem a biotinem a
amplikon znaleny fluoresceinem a biotinem smichanych se 100 pi roztoku reakéniho pufru. Do
10 minut po aplikaci vzorku na dignosticky prouZek odedteme pozitivni nebo negativni vysledek,
tedy piitomnost nebo nepfitomnost patogenniho mikroorganismu ve vzorku. Na obr. 2a je zna-
zornén pozitivni vysledek identifikujici 2 patogenni mikroorganismy.

Pritmyslova vyuZitelnost

Zaf{zeni pro diagnostickou soupravu na detekci patogennich mikroorganismii ve vzorcich biolo-
gického pavodu, zejména v potravinich, je vyuZitelné v kontrolnich laboratofich potravinaiského
prumyslu.




25

30

35

CZ 22776 Ul

NAROKY NA OCHRANU

1. Diagnostickd souprava na detekci patogennich mikroorganismé ve vzorcich biologického
pivodu, zejména v potravinach, vyznaéujici se tim, Ze Je tvofena diagnostickym
prouzkem (d) z nitrocelulézové membrany fixovanym na plastové vyztuZi (f), diagnosticky prou-
z¢k (d) je na za€atku, na misté startu v kontaktu s prvni podloZkou (b) pro vzorek amplikonu,
kterd je nasycena prvnim blokaénim pufrem ¢. 1 a po té s druhou podlozkou (c) pro konjugat
nano¢astic uhliku s avidinem, ktera je nasycena druhym blokaénim pufrem &. 2, a }e umisténa na
diagnostickém prouzku (d), dale je na diagnostickém prouzku (d) nanesena minimalné jedna
pficnd linka (1.1, 1.2 aZ 1.n) obsahujici specifickou protilatku o koncentraci 10 az 500 ng/ul, a
ddle je na membrinu nanesena posledni pti¢na kontrolni linka (2) obsahujici biotin vazany pies
inunoglobuliny tHdy IgG o koncentraci 1 az 100 ng/pl, pfi¢em2 konec diagnostického prouzku
(d) je v kontaktu s absorpéni podlozkou (e) a vie je zakryto plastovym krytem (a), s otvorem (4)
nad prvni podlozkou (b), a priizorem (5) nad detekéni &asti diagnostického prouzku (d), kieryito
kryt (a) se dotyka plastové vyztuZe (f) a dale souprava obsahuje lahvi¢ku s roztokem reakéniho
pufru.

2.  Diagnosticka souprava podle naroku 1, vyzmaéujici se tim, e prvni biokaéni
pufr €. 1 obsahuje 0,1M bordtovy pufr, 1 % (w/v) hovéziho sérového albuminu, 0,02% (w/v)
NaNjs, a 0,01 % (w/v) sachardzy.

3.  Diagnosticka souprava podle naroku 1, vyznaéujici se tim, ze druhy blokaéni
pufr &. 2 obsahuje 0,1M boratovy puft, 1 % (w/v) hovéziho sérového albuminu, 0,02% (w/v)
NaNj3, 0,1% (v/v) neionogenni tenzid, a 0,01 % (w/v) sachardzy.

4.  Diagnosticka souprava podle néroku 1, vyzmaéujici se tim, Ze reakéni puir
obsahuje 0,1M boratovy pufr, pH 8,8, 1 % (w/v) hovéziho sérového albuminu, 0,02% (w/v)
NaN;, a 0,05% (v/v) neionogenni tenzid.

5. Diagnosticka souprava podle néroku 1, vyznadujici se tim, e prvni podlozka
(b) pro vzorek amplikonu ma velikost porti 3 aZ 12 pm, a kapilarni vzlinavost vody 20 az 250 s
na 4 cm.

6.  Diagnostickd souprava podle naroku 1, vyzmaéujici se tim, e druha podlozka
(c) pro konjugat ma velikost pori 5 aZ 25 um, kapilarni vzlinavost vody 30 az 180 s na 4 cm a je
nasycena blokatnim pufrem &. 2, k nému? je nasledné aplikovén konjugét nanoéastic uhliku s
avidinem.

7. Diagnostickéd souprava podle nroku 1, vyznadujici se tim, ze absorpéni pod-
lozka () je tvofena materidlem s velikosti portt 2 aZ 14 pm.

8.  Diagnosticka souprava podle niroku I, vyzmnadujici se tim, ze diagnosticky
prouZek (d) o rozmérech 2,5 az 5 cm x 0,4 aZ 0,8 cm je tvofen nitrocelulézovou membrinou s
velikosti pord 4 a% 10 um a kapilarni vzlinavosti vody 40 aZ 200 s na 4 cm.

9. Diagnostick4 souprava podle naroku 1, vyznaéujici se tim, e plastova vyztuz
(f) membrany (d) o rozmérech 3 az 6 cm x 0,5 cm x 1 cm je vytvofena z plastG vybranych ze
skupiny na bézi vinyld, polyamidi, polyesterii nebo fluoroplasti.
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10.  Diagnosticka souprava podle naroku 1, vyzna&ujici se tim, Ze na diagnostic-
kém prouzku (d) je ve vzdalenosti 1,5 aZ 4,0 cm od zacétku diagnostického prouzku (d) imobili-
zovana prvni linka (1.1) protilatky X o koncentraci 30 az 300 ng.ul™, kterd je schopna imuno-
chemické interakce se znackovaci latkou vdzanou na vzorek amplikonu, ve vzdalenosti 2,0 aZ
5,0 cm od zadatku diagnostického prouzku (d) je imobilizovana druha linka (1.2) protilatky Y o
koncentraci 40 aZ 400 ng.ul’, kterd je schopn4 imunochemické interakce se znatkovaci latkou
vazanou na vzorek amplikonu, a ve vzdalenosti 2,8 aZ 5,5 cm od zalatku diagnostického prouzku
(d) je imobilizovana posledni kontrolni linka (2) obsahujic biotin o koncentraci 1 aZ 100 ng/pl,
ktery interaguje s konjugatem nanoéastic uhliku s avidinem.

11. Diagnostickd souprava podle niroku 1, vyznaéujici se tim, Zc znackovaci
latka je vybrana ze skupiny tvofené biotinem, fluoresceinem, rhodaminem, texaskou Cerveni
nebo digoxigeninem.

12.  Diagnosticka souprava podle niroku |, vyznadujici se tim, Ze na diagnostic-
kém prouzku (d) je ve vzdalenosti 2,0 az 3,0 cm od za¢atku diagnostického prouzku (d) imobili-
zovana prvni linka (1.1} protitatky X o koncentraci 100 az 200 ng. pi™! schopnd imunochemické
interakce s digoxigeninem, a ve vzdalenosti 2,4 aZ 4,0 cm od zagatku diagnostického prouZku (d)
je imobilizovana druha4 linka (1.2) protilatky Y o koncentraci 200 az 500 ng.ul, ktera je schopna
imunochemické interakce se fluoresceinem obsazenym ve vzorku amplikonu a ve vzdalenosti 2,8
a7 5,0 cm od zadatku diagnostického prouzku (d) je imobilizovana posledni kontrolni linka (2)
obsahujici biotin.

1 vikres
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1. Introduction

The presence of harmful pathogenic microorganisms is a growing problem in healthcare,
food, feed and the environment. In addition, the increasing appearance of antibiotic resistant
microorganisms adversely affects this situation. In the current standard detection methods
time-consuming and expensive enrichment protocols are being used. Generally, these
methods need to be performed in highly equipped laboratories by trained personnel. Often
the time needed to confirm the presence of a particular pathogen using standard methods
averages 2 to 7 days, which is too long to timely take actions. In human health for example
this lack of speed can result in lost working hours, hospitalization or even death. The recent
outbreak of food-borne Escherichia coli in Germany and other European countries (May 2011)
has shown the dramatic consequences of pathogen contaminated food (Askar et al. 2011;
Frank et al. 2011). Apart from E. coli there are several other pathogenic microorganisms that
have to be monitored intensively in the food chain. Amongst those are Bacillus cereus, Listeria
monocytogenes and Salmonella typhimurium. As different strains of these species may have
various degrees of pathogenicity it is very informative to be able to discriminate between
harmless and harmful strains. In food production good manufacturing programs were set
up to ensure food safety. To comply with these safety rules it would be advantageous to
have a versatile, fast, low-cost and on-site assay format available for (on-line) monitoring of
food-borne pathogens with a suitable number of target organisms. In the majority of
diagnostic questions this number is 5 to maximally 10.

Many efforts have been made to speed up the detection of harmful microorganisms, the
focus of these developments being on faster, more sensitive and more convenient methods
(Mandal et al. 2011). Especially when handling large amounts of samples it is a great asset if
a detection method allows for medium- to high-throughput screening. In these cases it is
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also valuable if the steps from sample processing to read-out of the results have been
maximally automated.

In drug discovery and life sciences research both DNA and, increasingly, protein
microarrays are crucial tools (Timlin 2006), whereas the application of microarrays as
diagnostics is very promising (Venkatasubbarao 2004). Pathogen detection in food by DNA
microarrays has been reported by various groups (D'Agostino et al. 2004; Glynn et al. 2006;
Kostrzynska & Bachand 2006; Volokhov et al. 2002). However, despite its high potential the
microarray platform is still not an emerging tool in the regular diagnostic field, especially in
the case of protein microarrays (Dieterle & Marrer 2008). Several reasons may be responsible
for this limited presence of protein microarrays such as the lack of sufficient biological
recognition elements (e.g., antibodies) and/or their sensitivity and specificity and the
inferior conformational stability that some proteins may have. Many problems have still to
be overcome for validated in vitro diagnostics using protein microarrays (Hartmann et al.
2009).

To increase the applicability and to reduce the costs of protein microarrays we investigated
the use of carbon nanoparticles as signal labels and a conventional flatbed scanner to
digitize the image. A nucleic acid detection format was used employing double-tagged
amplicons that can be sandwiched between array-immobilised anti-tag antibodies and
neutravidin coated carbon nanoparticles. The image was processed using image analysis
software to produce the pixel grey volume of the spots generated by the label. As an
alternative label to gold and latex, carbon nanoparticles have been used to develop lateral
flow immunoassays (LFIA) for over 15 years (Aldus et al. 2003; Capps et al. 2004; Kalogianni
et al. 2011; Koets et al. 2006; Koets et al. 2011; Lonnberg et al. 2008; Noguera et al. 2011;
Posthuma-Trumpie et al. 2008; van Amerongen et al. 1993; van Amerongen & Koets 2005;
van Dam et al. 2004). The possibility to use the pixel grey volume of the carbon particles in
data processing following digitization by a CCD camera and image analysis was already
shown in 1994 in a comparison between a simple one-step lateral flow immunoassay and a
radioimmunoassay specific for the human choriogonadotropin hormone (van Amerongen et
al. 1994). Excellent agreement was achieved among these two techniques with a correlation
coefficient of 0.999. The use of a conventional flatbed scanner to digitize carbon lines was
described (Lonnberg & Carlsson 2001), which by that time was 300 times more sensitive
than the CCD camera used in 1994 (van Amerongen et al. 1994). In a recent PubMed
literature survey conducted by FIND Diagnostics and published in Clinical Chemistry on
the sensitivity of lateral flow immunoassays (Gordon & Michel 2008) the sensitivity of the
carbon label was calculated to be in the low picomolar range for LFIAs specific for a
Schistosomiasis carbohydrate antigen and fungal alpha-amylase, respectively, even when the
assays were judged by visual inspection (Koets et al. 2006; van Dam et al. 2004). The position
occupied by carbon nanoparticles in the sensitivity ranking list of nanoparticles (Gordon &
Michel 2008) holds great promise for the application of these particles as signal labels in
microarrays too. Recently, a review about the carbon label in diagnostics has been published
(Posthuma-Trumpie et al. 2012).

In this chapter we describe the multi-analyte detection of amplified DNA using an antibody
microarray. The nucleic acid detection is based on the use of tagged primers in a PCR
resulting in double-tagged amplicons that can be sandwiched between immobilised anti-tag
antibodies and neutravidin. Reverse primers were tagged by using biotin and forward
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primers by discriminating tags such as digoxigenin (DIG), dinitrophenol (DNP), fluorescein
(FL), and Texas Red (TxR). In this one-step format, the labelled amplicons were mixed with
the conjugate of neutravidin and carbon nanoparticles in incubation buffer, immediately
applied and detected after one to several hours. Such mixed immuno-DNA formats have
been used in lateral flow and microfluidic detection assays (Baeumner 2004; Blazkova et al.
2009; Blazkova et al. 2011; Corstjens et al. 2001; Koets et al. 2009; Kozwich et al. 2000; Mens
et al. 2008; Noguera et al. 2011; van Amerongen & Koets 2005, Wang et al. 2006). To get
proof of concept for the use of carbon nanoparticles as signal labels in antibody microarrays
we studied two applications in which the antigens consisted of double-tagged DNA
amplicons: the detection of L. monocytogenes and the detection of three antibiotic resistance
genes from Salmonella spp. (D' Agostino et al. 2004; van Hoek et al. 2005).

2. Materials and methods
2.1 Chemicals

NeutrAvidin Biotin-Binding Protein (neutravidin) and biotin-labelled bovine serum
albumin were from Pierce Biotechnology (Perbio Science Nederland BV, Etten-Leur, The
Netherlands); anti-digoxigenin antibody (a-DIG) and MgCl, were from Roche (Almere, The
Netherlands); anti-texas red antibody (a-TxR) and goat anti-human immunoglobulin G (a-
hIgG) were from Molecular Probes (Paisly, UK); anti-fluorescein antibody (a-FL) was
obtained from Biomeda (Foster City, California, USA) and anti-dinitrophenol antibody
(a-DNP) was from USBiological (Swampscott, USA). Human IgG, mouse IgG, Bovine serum
albumin (BSA), essentially IgG free, and fluorescein isothiocyanate were from Sigma
(Sigma-Aldrich Chemie B.V., Zwijndrecht, The Netherlands). Primers were from Eurogentec
(Eurogentec Nederland bv, Maastricht, The Netherlands); dNTPs were from Pharmacia
Biotech (GE Healthcare Europe GMBH, Branch office Benelux, Diegem, Belgium). Other
chemicals were of the highest purity available and purchased from Merck (Amsterdam, The
Netherlands).

2.2 Polymerase Chain Reaction

All PCRs were performed in the GeneAmp 9700 96 well thermal cycler (Applied Biosystems,
Foster City, CA, USA). The resulting PCR products were analysed with an Agilent 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) using the DNA 1000 kit.

Bacillus cereus: A set of primers was used to amplify part of the gyrB1 gene sequence. The
reverse primer was 5-tagged with DIG and the forward primer with biotin. Primer
sequences are shown in Table 1. The reaction mixture consisted of 1 pL B. cereus genomic
DNA, 25 pL redTaq mastermix (Sigma), 10 pmol Rprimer, 10 pmol Fprimer, in a final
reaction volume of 50 pL. The amplification reaction consisted of an initial denaturation step
of 5 min at 94 °C, and 30 cycles of each 30 s 94 °C, 30 s 55 °C and 1 min 72 °C, followed by the
final polymerisation at 74 °C for 5 min. In Fig. 1 a scheme of the technique is depicted.

Listeria spp.: A set of primers specific for L. monocytogenes was used to amplify a part
(274 bp) of the prfA gene encoding the central virulence gene regulator as described
(Blazkova et al. 2009). One of these primers was 5'-tagged with DIG and the other with
biotin. To detect all Listeria species, a generic primer set for amplification of Listeria spp. has
been selected (Herman et al. 1995), this primer set has been labelled with fluorescein/biotin.
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Primer Sequences Tag Specificity Ref.
gyrBBcl | 5-ATTGGTGACACCGATCAAACA-3 Biotin | B. cereus (Chen &
Tsen 2002)
gyrB Bc2r |5-TCATACGTATGGATGTTATTC-3 DIG B. cereus (Chen &
Tsen 2002)
prfALIP1 |5-GAT ACA GAA ACA TCG GTT GGC-3’ Biotin | L. monocytogenes | (D'Agostino
et al. 2004)
prfA LIP2 |5-GTG TAA TCT TGA TGC CAT CAG G-3' DIG L. monocytogenes | (D' Agostino
et al. 2004)
16S rRNA | 5-AGG TTG ACC CTA CCG ACTTC-3 Biotin | Listeria spp. (Herman et
C al. 1995)
16S rRNA | 5-CAA GGA TAA GAG TAA CTG C-3’ FL Listeria spp. (Herman et
D al. 1995)
tet(G)-F 5-AAA GCC GGT TCG CAT CAA AC-¥ DNP tetracycline Van Hoek,
resistance gene | pers. comm.
tet(G)-R | 5-GGA AGA TCG CAT GTG TTG CC-3’ Biotin | tetracycline Van Hoek,
resistance gene | pers. comm.
aadA2-F | 5-GCA GCG CAA TGA CAT TCT TG-3 TxR streptomycin (van Hoek
resistance gene | et al. 2005)
aadA2-R | 5-CAT CCT TCG GCG CGA TTT TG-3’ Biotin | streptomycin (van Hoek
resistance gene | et al. 2005)
blarsea-F | 5-CGC TAT CTG AAA TGA ACC AG-3’ DIG B-lactam (van Hoek
resistance gene | et al. 2005)
blarse1-R | 5’-TTT CGC TCT GCC ATT GAA GC-3 Biotin | -lactam (van Hoek
resistance gene | et al. 2005)

Table 1. Primer sequences used to amplify target microorganisms

S. typhimurium antibiotic resistance genes: The three resistance gene specific forward primers
were 5'-tagged with a distinguishing tag: tetracycline with a DNP-tag, streptomycin with a
TxR-tag and f-lactam with a DIG-tag. The reverse primers were labelled with a common
biotin tag (Table 1). The amplification was performed using the Accu Prime PCR reaction kit
(Invitrogen, Breda, The Netherlands). The reaction mixture consisted of 5 pL 10x Accu Prime
PCR buffer II, 10 pmol primer for the single analyte assay, 20 pmol primers for the multiplexed
assay, 2.5 U Accu Prime Taq polymerase, 40 ng genomic DNA in a final volume of 50 puL.
Amplification was performed as follows: 30 s at 94 °C, 30 cycles of 30 s at 94 °C, 30 s at 55.8 °C
and 1 min at 68 °C. After 30 cycles, the mixture was kept at 72 °C for 7 min.

tag1 primer1

‘— amplification with double-strand

n—> template DNA n—> double-tagged

_’ (e.g. PCR) amplicon

primer 2 tag 2

Fig. 1. Scheme of the amplification technique incorporating tags during amplification and a
photograph of a low-cost and fast thermocycler to perform the amplification.
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Primer sequences are shown in Table 1. The reaction mixture consisted of 2.5 mM MgCl,,
0.15 mM dNTP, 0.1 uM primers LIP1 and LIP2, 0.2 uM of primers C and D, 2 U FastStart Taq
DNA Polymerase (Roche, Almere, The Netherlands), 2 uL. genomic DNA in a final volume
of 25 uL. The amplification program consisted of an initial denaturation step at 95 °C for
4 min, 25 cycles each having a denaturation step at 94 °C for 30 s, annealing at 55 °C for 30 s
and polymerisation at 74 °C for 1 min, followed by the final polymerisation at 74 °C for
5 min.

2.3 Preparation of carbon nanoparticles — NeutrAvidin conjugate

Neutravidin was conjugated to colloidal nanoparticles as described in several patents by
van Doorn et al. (van Doorn et al. 1987, 1996, 1997). Briefly, a colloidal carbon suspension
(Spezial Schwartz 4, Evonik Degussa Industries AG, Essen Germany) was prepared as a
stock at 1% (w/v) in demineralised water. The suspension was sonicated for 5-10 min on ice
using a Branson model 250 sonifier (output control 3~27 W, 20 KHz). This carbon
suspension was diluted five times with 5 mM borate buffer pH 8.8 to give a carbon
concentration of 0.2% (w/v), and sonicated for a second time as above. Neutravidin
dissolved in 5 mM borate buffer pH 8.8 was added to the diluted colloidal carbon
suspension at a concentration of 350 pg of protein per mL of suspension. The pH was
readjusted to pH 8.8 and the mixture was incubated overnight by end-over-end mixing at
4 °C. Neutravidin-carbon conjugate was washed two times in a 5 mM borate buffer, pH 8.8,
containing 1% (w/v) BSA, and re-suspended and stored in a 100 mM borate buffer, pH 8.8,
containing 1% (w/v) BSA, 0.02% (w/v) NaN3 as a 0.2% (w/v) carbon suspension.

2.4 Preparation of microarrays

Antibodies and other proteins were spotted on microscope glass slides by means of a
TopSpot device (BioFluidix GmbH, Freiburg, Germany) (de Heij et al. 2004), which is a non-
contact printing method. A 24-channel print head was employed for delivering ~1 nL
droplets onto a substrate from which immobilisation of anti-tag antibody and other proteins
was allowed to take place (Fig. 2). This resulted in an array of 4x6 protein spots with a pitch
of 500 um. Spot diameters are variable and depend on the type of protein, type of substrate,
and printing buffer composition and viscosity. In between printing runs the print head was
cleaned by ultrasonic treatment for 10 minutes in a 0.12 M NaOH/1% (v/v) Triton X-100
cleaning solution.

Fig. 2. The Topspot/E (left) and the formation of droplets from the print head (right).
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Three different, commercially obtained, types of glass substrates were used. Antibody arrays
of a-DIG, a-FL, a-TxR, and a-DNP were prepared on these very types of substrate as follows:

1. UltraStick slides (Ted Pella Inc., Redding, CA, USA): 3-aminopropyl-triethoxysilane
(APTES)-modified glass consisting of a monolayer functionalized with primary amino
groups useful for adsorption of proteins. Printing was performed using different
concentrations of human IgG, anti-DIG antibody and FL-labelled mouse IgG in PBS.
Immediately after arraying, the slides were placed in a humidity chamber and incubated
at room temperature for 30 min in order to allow protein adsorption to proceed. Care was
taken to prevent any drying of the spotted droplets. After incubation, the slides were
flushed extensively with washing solution (10% (w/v) BSA in Phosphate Buffered Saline
(PBS)) and arrays were kept covered with fresh washing solution for 10 minutes. Usage of
this high protein containing washing solution is essential in order to prevent the smearing
of the surplus IgG that had not adsorbed in the first step. Slides containing human IgG
spots were incubated with FL-labelled anti-human IgG. Finally, the slides were rinsed
quickly with PBS and MilliQ before being dried under a gentle stream of nitrogen gas.
After completion of the procedure, the arrays containing the FL-labelled IgGs were
observed by fluorescence microscopy employing an inverted Olympus IX51 microscope
equipped with a mercury arc in combination with an Olympus U-MWB2 filter. Images
were taken with a digital ColorViewll CCD camera (Soft Imaging Systems, Miinster,
Germany).

2. SL HCX slides (XanTec bioanalytics GmbH, Diisseldorf, Germany): contain an attached
layer of N-hydroxysuccinimide-activated carboxylated hydrogel (<5 um thick), attached
to borosilicate glass, that can be used for covalent coupling of proteins. Printing was
done with different concentrations of anti-DIG and anti-FL antibody in PBS. Directly
after printing the array was incubated for 4 h in a humidity chamber at room
temperature. After immobilization, any residual activated groups on the slide surface
were quenched by reaction for 10 min with ethanolamine (1 M, pH 8.0) at room
temperature. After quenching, the slides were rinsed quickly with MilliQ and, finally,
the slides were dried by applying a gentle stream of nitrogen gas.

3. FAST™ 16 slides (Whatman Nederland BV, 's-Hertogenbosch, The Netherlands): on a
standard microscope slide are positioned two rows of eight pads (5x5 mm) of an 11 um
thick microporous (0.2 pm pore size) nitrocellulose film for irreversible adsorption of
proteins. Arrays of different concentrations and combinations of anti-DIG, anti-FL, anti-
TxR, and anti-DNP antibodies were spotted on FAST16 slides. Printing buffer was
5 mM borate buffer, pH 8.8. Immediately after printing the slides were put in an
incubator at 37 °C for 3 hours. No blocking step was used.

2.5 Amplicon detection assay

Incubations were performed in a dedicated slide holder with varying amounts (0.5-2 uL)
(0.2% w/v) of colloidal carbon nanoparticles with immobilised neutravidin (Fig. 3a) and
varying amounts (25, 50 or 75 pL) of incubation buffer (100 mM borate, 1% (w/v) BSA,
0.05% (v/v) Tween20, 0.02% (w/v) NaNs, pH 8.8). Following the incubation, positive spots
could be easily detected (Fig. 3b) when amplicons were sandwiched between anti-tag
antibodies and (black) carbon-neutravidin particles as shown Fig. 3b,c. Control spots (no
antibody printed) were used as negative controls. Arrays were recorded by conventional
flatbed scanning using an Epson 3200 Photo scanner (Seiko Epson, Nagano, Japan). The
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Pixel Grey Volume of positive spots were obtained using image analysis software (TotalLab,
Nonlinear Dynamics, Newcastle upon Tyne, UK). Microsoft Excel and SigmaPlot 11 (Systat
Software, Inc., San Jose, CA, USA) were used for subsequent data analysis and visualisation
of the results.

Fig. 3. Overview of antibody microarray tools and the test layout: a) holder for 4 slides with
incubation chamber set-up (16 per slide); b) example of six membranes with 24 spot arrays;
c) drawing of part of the nitrocellulose membrane with anti-tag antibody, 2-tagged amplicon
and neutravidin-coated carbon nanoparticle (not to scale).

3. Results and discussion
3.1 Antibody microarray printing and quality

One of the advantages of non-contact as compared to contact (pin based and other) printing
methods is the inherently lower risk of damaging the substrate surface, which is especially
relevant in the case of more fragile structures. This added property is expected to benefit the
quality, functionality and reproducibility of the fabricated microarrays.

Fig. 4. Droplet microarray obtained after printing of 40% (v/v) glycerol/water onto bare
unmodified glass as observed by light microscopy.
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Unmodified, clean glass has a very hydrophilic nature leading to a tendency for droplets to
spread out on the surface and, as a result, to touch each other and to coalesce. This can be
overcome by using higher viscosity printing media, for example, 40% (v/v) glycerol in
water. Printing of this solution onto bare glass delivers a nice regular droplet array as shown
by the light microscopic image of Fig. 4.

UltraStick slides, on the other hand, are useful substrates for printing of low viscosity
solutions, even pure water, with no drop coalescence occurring and thereby yielding a
proper array structure. The same is valid, to some lesser degree, for the SL HCX slides.

Interestingly, IgG, BSA and other proteins (e.g., fosforylase B, cytochrome C, streptavidin
and neutravidin) tend to adsorb spontaneously onto the UltraStick slide surface. This
adsorption is rather strong stemming from the observation that ultrasonic treatment (for
20 min) and long soaking (for up to 2 days) in detergent solution (5% Tween-20 in PBS) did
not lead to a significant extent of protein desorption.

Mouse IgG (ug/mL) Human IgG (pg/mL)

£
dextran Q

HSA :" *

600 c . ‘ . _.
00 ..

Fig. 5. Fluorescence micrographs of antibody microarrays obtained after printing (in
triplicate) of different antibody concentrations on UltraStick slides. Left panel:
fluorescein-labelled Mouse IgG; Right panel: array obtained after printing with human IgG
and consecutive incubation of the printed array with fluorescein-labelled goat anti-human
IgG. Fluorescein-labelled HSA, BSA and dextran were used as references.

The fluorescence images obtained with arrays of fluorescein-labelled mouse IgG are shown
in Fig. 5, left panel. Spot fluorescence intensity increased with increasing printing
concentration, in the range from 20 to 300 pg/mL.

However, immobilised protein already appeared to be present after printing and incubation
at much lower printing concentrations (down to 1 pg/mL). This was deduced from an
amplified detection test in which mouse IgG arrays were incubated with fluorescein-labelled
detecting antibody (anti-mouse IgG) (Fig. 5, right panel).

The reproducibility of printing on the UltraStick slides, as judged by fluorescence
microscopy on a large number of arrays, seemed to be low. A lot of variation was seen in
brightness and brightness pattern when comparing spots.
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3.2 Amplicon detection assay
3.2.1 Introduction

A series of experiments was performed with Bacillus cereus amplicons to evaluate the signal
on three types of microscope slides: UltraStick slides, SL HCX slides and nitrocellulose-
coated FAST16 slides.

On nitrocellulose FAST16 slides the detection of Listeria monocytogenes and Listeria 165 TRNA
amplicons was optimised for critical parameters such as stirring speed, incubation volume
and time, amount of carbon suspension, amount of antibody printed and amount of PCR
product added. On the same slides incubations were performed to detect several antibiotic
resistance genes from Salmonella spp. The specific amplicons were discriminated by using
various tags and the antibodies to those tags were spotted in a distinguishing pattern.

3.2.2 Choice of target substrate

A comparison was made between the final yields obtained with UltraStick slides (APTES
surface), XanTec slides (pre-activated hydrogel coating) and Whatman FAST16 slides
(coated with nitrocellulose). Different amounts of tagged amplicons of B. cereus were mixed
with various volumes of 0.2% (w/v) colloidal carbon nanoparticles-neutravidin conjugate in
a total volume of 70 pL and incubated at room temperature for 7.5 min to several hours.
Initial results indicated that approximately 0.5 to 2pL of PCR material, 1 puL carbon
conjugate and incubation for 15 min to 1 hour is sufficient to obtain significant results by
flatbed scanning and image analysis (Fig. 6). Although these results with UltraStick seemed
fine in first instance, they were not very reproducible and the response faded very soon after
incubation.

Detection of B.cereus PCR product Detection of B.cereus PCR product
1,5E+05 156205
o
o
¢ :
‘e 1,06+05 2 108405
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¢ & 50E404
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0,0E+00 T
0,0E+00 1 s 10 20 30 50 70 100
2 = = == 2 =0 0~ 190 ab anti-Dig spotted (ug/mL)
ab anti-Dig spotted (ug/mL)
m 1 plPCRproduct ® 5 ulPCR product M 0.5 hour B 1hour #2hours B 4 hours

Fig. 6. Antibody microarray with serial dilutions of printed antibodies on UltraStick target.
Left panel: influence of amount of amplicon added and antibody concentration, 1 uL carbon
conjugate, 4 hours incubation time; Right panel influence of antibody concentration and
incubation time, 1 pL of carbon conjugate and 1 pL of amplicon.

The SL HCX hydrogel slides did not deliver much signal in the amplicon detection assay
even when larger printing concentrations of IgG (up to 4000 pg/mL) were applied during
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the preliminary step of array fabrication. Spots became increasingly visible in the
concentration range of 400 up to 3000 pg/mL, but even then the response remained modest.

The results with the activated hydrogel SL HCX slides were very disappointing, since it was
expected that due to its larger loading capacity and presumed lower non-specific binding,
the use of such a gel layer could be advantageous compared to a planar sensor surface.
Unfortunately, it was not possible to assess the level of porosity of the gel layer and,
therefore, it cannot be excluded that it may have limited accessibility for carbon
nanoparticles (& 100-200 nm). This is supported by our report of a restricted accessibility of
sensor hydrogel surfaces toward latex beads (Besselink et al. 2004) that have a size
comparable to that of the carbon nanoparticles used in the present study.

Results with Whatman FAST16 slides were promising (Fig. 3b). This was a little bit
unexpected considering its behaviour during antibody printing. The hydrophilic coating on
the FAST16 slides showed very fast absorption and migration of the liquid from spotted
droplets always leading to an extensive overlap of fluid area between neighbouring spots.
Nevertheless, in the end, well defined spots were obtained with the colloidal
carbon/amplicon test. Apparently, adsorption of antibody (proteins) to the nitrocellulose
substrate is an instantaneous process. FAST16 slides were used in all further experiments.

3.2.3 Single - analyte detection using the antibody microarray

Increasing the stirring speed from 100 to 500 min-! revealed that the influence of stirring
speed on the final signal is only marginal, at least for the speeds applied (Fig. 7). The stirring
speed of 300 min! was used in all further experiments. It is shown here that the response is
increasing with increasing antibody concentration up to a concentration of 333 pg/mL.

Response on stirring speed of Listeria tagged amplicons
in antibody microarrays

2,5E+05

2,0E+05

1,5E+05

Pixel Grey Yolume

1,0E+05

5,0E+04

0,0E+00 -

[ab] (ug/mL)

=100 rpm =300 rpm =500 rpm

Fig. 7. Influence of stirring speed on pixel grey level, shown for different antibody
concentrations, 1 pL of carbon-neutravidin conjugate, 1 pL of DIG-tagged Listeria amplicons,
25 uL total incubation volume and 30 min incubation time.

A series of incubation times of 7.5 to 60 min revealed that 30 min was sufficient to
statistically discriminate between different spots if 1 uL. of amplicon was added (Fig. 8). As
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measured with the Bioanalyzer this volume corresponded to 31.5 ng DNA in the Listeria
monocytogenes amplicon solution and to 41 ng in the Listeria spp. amplicon solution.

In another experiment the incubation buffer amount varied from 25, 50 to 75 pL, which
revealed that 25 uL is enough for a good and reproducible response, although 75 uL is
advised by the supplier and, indeed, more convenient. In addition, nitrocellulose pads were
better wetted with 75 pL as compared to 25 pL total volume.

50 pg/mL anti-Dig borate 200 pg/mL anti-Dig borate
m0.25plPCR m05pIPCR ®10pIPCR m2.0 pl PCR ®0.25uIPCR m0.5pIPCR = 1.0pIPCR m20pl PCR
1,0E+05 1,0E+05
< o
H =
g 2
2 5.0E+04 3 5,0E+04 -
B 5
° ]
= =
e ‘a
[Jl ‘J.'» T
0,0E+00 - — 0,0E+00
75 15 30 50 75 15 30 60
time (minutes) time (minutes)
200 pg/mL anti-FL PBS 1000 pg/mL anti-FL PBS
#025pIPCR m05uIPCR =10uPCR ®2.0pPCR m025UIPCR mO0.5pIPCR m10uPCR m20uIPCR
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Fig. 8. Influence of incubation time and amount of added amplicon Listeria monocytogenes
with DIG as label and Listeria spp. with FL as label. Two concentrations of antibody were
spotted with two different printing buffers.

The amount of amplicon added varied from 0.5, 1 to 2 pL, where 1 pL was sufficient to give
a good signal, corresponding to an amount of 20-300 fmol sample DNA with similar
concentrations of DNA in both samples (31.5 vs. 41 ng DNA/uL for Listeria monocytogenes
amplicon solution and the Listeria spp., respectively). Increasing the concentration of the
printed antibody showed an optimum for 333 pg/mL for this combination of labelled
amplicon and antibody.

A summary of the influence of buffer volume, antibody concentration and incubation time is
shown in Fig. 9 for digoxigenin and in Fig. 10 for fluorescein as a tag. In the case of the anti-
DIG antibody signal intensity increased upon printing more antibody molecules per spot up
to a concentration of 333 pg/mL. For the influence of the anti-FL antibody concentration no
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clear conclusions could be drawn. In addition, the total incubation volume was not of much
influence, which was similar in the anti-DIG incubations. Whereas in the incubations with
the anti-DIG antibody the signal intensity was higher in the 30 minutes as compared to the
10 minutes incubation, no differences could be seen in the case of the anti-FL antibody.

p of different p s on pixel grey volume (DIG-labelled amplicon and a-DIG antibody)
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0
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Amount of incubation buffer (uL)
Incubation time (min)

Fig. 9. Influence of the a-DIG antibody concentration (37, 111, 333, or 1000 ug mL-1),
incubation time (10 or 30 min) and volume (25, 50 or 75 pL from left to right) using 1 uL of
the amplicon of L. monocytogenes labelled with biotin and DIG, 1 pL of carbon-neutravidin
conjugate, a stirring speed of 300 min-1, and two incubation times: 10 min or 30 min.

y)
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Fig. 10. Influence of the a-FL antibody concentration (37, 111, 333, or 1000 pg mL-1);
conditions as described under Figure 9 except for the amplicon: 1 pL of the amplicon of
Listeria 165 RNA labelled with biotin and fluorescein.
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Obviously, optimisation of a microarray immunoassay is dependent on the particular
antibodies used and, hence, should be a compromise to enable acceptable sensitivity of all
targets involved.

In addition, only PBS was used as a printing buffer, since from the preceding and other (not
shown) experiments it was concluded that the results in PBS and in 100 mM borate pHS8.8
were very similar. Since commercial antibodies are often shipped in or lyophilized from PBS
it was decided to use this buffer in all further experiments.

Reproducibility of 14 microarrays
2,5E+05 -

mBlank m=mBSA-Biotin = anti-Dig (125 pg/mL) = anti-Dig (500 pg/mL)

2,0E+05 -

1,5E+05 -

1,0E+05 -

5,0E+04 -

Average Pixel Grey Volumes

0,0E+00

Fig. 11. Reproducibility of a FAST16 slide microarray with 1 uL of a L. monocytogenes
amplicon using biotin and DIG as the tags, 14 arrays with 9 spots each of BSA-biotin, a-DIG
125 pg mL-1, a-DIG 500 pg mL-1and 1 pL of carbon conjugate. The total volume was 25 pL
and samples were incubated for 30 min at a stirring speed of 300 min-1.

The reproducibility of the assay using the above-mentioned optimized parameters was
evaluated using 14 individual microarrays with nine spots each of BSA-biotin (500 pg mL1),
a-DIG (125 pgmL?) and a-DIG (500 pg mL-1). Amplicons used were 1 uL of the DIG-
labelled L. monocytogenes type, 1 uL of the carbon-conjugate suspension in a total volume of
25 pL. Incubation time was 30 min. Blanks were evaluated using empty spots. Results are
shown in Fig. 11. An intra-assay standard error of less than 10% was achieved and an inter-
assay standard error of less than 20% was calculated. These results clearly show the
reproducibility of the test.

Optimisation of several parameters in the three-analyte approach was performed using the
amplified products of S. typhimurium antibiotic resistance genes (Table 1). Serial dilutions of
a-TxR, a-DIG or a-DNP antibody (1000, 500, 250, 125, 62.5 or 31.25 ug mL!) were printed.
Judged from a fixed amount of carbon-neutravidin conjugate (1 pL) and serial dilutions of
amplicon (0.125, 0.5, 1, or 2 uL), 1 uL of each of the amplicons proved to be optimal for a
good response (Fig. 12), although 0.125 pL could be positively scored in all cases as well.
Based on a fixed amount of amplicon (i.e., 1 pL) and serial dilutions of carbon-neutravidin
conjugate (0.5, 1, 2, 4pL) the optimal amount of the carbon-neutravidin conjugate
suspension was 1-2 uL at antibody concentrations of 125-250 pg mL- (Fig 12).
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anti - Texas Red antibody (250 pg/mL) anti - DNP antibody (250 pg/mL)

Pixel Grey Volume
Pixel Grey Volume

anti - Digoxigenin antibody (250 pg/mL)

Pixel Grey Volume

Fig. 12. Contour plots of the influence of addition of amount of amplicon and carbon-
neutravidin conjugate. Initial results of individual additions of the tagged amplicons of
some of the Salmonella antibiotic resistance genes. Shown here are the products tagged with

texas red (left upper panel), dinitrophenol (right upper panel) and digoxigenin (lower
panel).

3.2.4 Three - analyte detection using the antibody microarray

The response of the addition of a mixture of the individually amplified and labelled
antibiotic resistance genes is shown in Fig. 13. No quantification of the DNA content of the
amplicons was made, and 0.5 pL of each amplicon was added to each well. Serial dilutions
of antibodies printed showed a concentration-dependent response for every amplicon-
antibody pair. The total volume was 25 uL and the samples were incubated for 30 min,
however, in this case 2 pL of the carbon conjugate suspension was used.

Signals with the anti-DNP antibodies were twice as high as those with the other anti-tag
antibodies and the optimal antibody concentration appeared to be 125 to 250 pg/mL.
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Response of the antibody-amplicon combinations
in the multi-analyte format
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Fig. 13. Response of the multi-analyte format when serial dilutions of the three antibodies
were spotted. Incubation was done with addition of 0.5 uL of each of the Salmonella
amplicons of the antibiotic resistance genes, 2 pL of carbon conjugate suspension in 25 pL of
incubation volume. Incubation time was 30 min.

Tagged amplicons added Pixel Grey Volume

Dig DNP TxR a-Dig a-DNP a-TxR

- - - 0 0 0
+ + 1.3x105 2.5x105 1.1x105

- - 1.6x10° 0 0

- + - 0 3.4x10° 0
- - + 0 0 1.5x105

+ - 1.7x10° 3.0x105 0
- 1.6x10° 0 1.5x105
- + 0 3.2x105 1.1x105

Table 2. Specificity in the three-analyte test (PGV average of 2 tests).

To study whether the simultaneous presence of various targets could be detected in the
microarray an experiment was done in which the amplicons, each having a specific DNP,
DIG, or TxR tag, were incubated in different combinations. Fixed amounts of anti-tag
antibodies were used (125 pg/mL for each of the antibodies). The results are presented in
Table 2. In all cases the presence of a particular amplicon resulted in a high-intensity spot
with PGV > 1x105. In the absence of a particular amplicon no PGV was detected. Hence, all
scores correctly indicated the composition of the various samples.

The most optimal parameters in this format are summarised in Table 3. With minimal
volume of 1 uL of amplicon (containing 20 to 30 fmol DNA after amplification), a printing
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volume of 1 nL containing 125-250 pg of antibody (absolute amount) and low-cost resources
it is possible to discriminate between three antibiotic resistance genes from Salmonella spp.

Stirring speed 300 min-!
Incubation time 30 min

Volume 25to 50 uL
Antibody spotted 125-250 pg mL-1
Carbon nanoparticles 2 uL

PCR amplicon (20 to 30 fmol; 20 to 300 nmol L) 1pL

Table 3. Most optimal parameters in the 3-analyte format.

3.3 Costs

Assuming the end-user obtains printed antibody microarrays several costs have to be taken
into account. Kits for DNA extraction should be purchased, although recent advances allow
for direct PCR on samples if very robust polymerases are being used. Furthermore, some
hard- and software is obligatory. These consist of a thermocycler, a personal computer with
flatbed scanner or CCD camera and image analysis software. The price of the chemicals
(conjugate, PCR reagents) is less than 1 euro per slide. However, one should realize that
applications as outlined above, when applied in resource-poor settings, at least need the
availability of electricity.

4. Conclusions and future research

Carbon nanoparticles with adsorbed neutravidin are suitable as label in nitrocellulose-based
antibody microarrays. The versatility has been shown using different types of
microorganisms. The format is generic; the only discriminating factor is the sequence of the
primers used in the amplification step and the use of the discriminating tag/antibody
combination. Although much more space is available on the nitrocellulose pads (5x5 mm)
we used 4x6 arrays with spots of about 200 pm in diameter to study the applicability of the
carbon nanoparticles. Unfortunately, there is a paucity in tags and/or their corresponding
antibodies that can be used to discriminate between all kinds of food pathogens. Increasing
the availability of label/antibody combinations will be a significant improvement in the
multi-analyte character of the microarray test procedure as described here.

The best surface for the microarrays as developed in this study is the FAST16 slide with 16
nitrocellulose membranes. We did not have to block the membranes in advance, as is
generally done (Jonkheijm et al. 2008). Nevertheless, this one-step procedure resulted in a
complete absence of background signal (Fig. 11).

The sensitivity of the proposed microarray procedure with carbon nanoparticles can be
improved when a fusion product of neutravidin and enzyme is adsorbed onto the
nanoparticles. To this end, neutravidin - alkaline phosphatase and - horseradish peroxidase
products are commercially available. Carbon nanoparticles can be labelled with these
protein fusion products and specific interaction of these conjugates with biotin-labelled
targets results in the presence of a large number of enzyme molecules at the spot. A short,
additional incubation step with a precipitating substrate (10 min) substantially increases the
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signal due to the formation of a precipitable dye on the spot. Preliminary experiments in our
laboratory indicate that the sensitivity (PGV) can be increased by a factor 5 to 10.

Nowadays, various nanoparticles are used in diagnostics, i.e. quantum dots, dye-doped
silica, noble metals, and magnetic particles as reviewed (Gomez-Hens et al. 2008). Lonnberg
and Carlsson were the first to combine carbon nanoparticles with flatbed scanning
(Lonnberg & Carlsson 2001). Some other authors also mentioned the use of flatbed scanning
using gold nanoparticles (Han et al. 2003; Sun et al. 2007; Taton et al. 2000) or enzyme
(Petersen et al. 2007). Inexpensive flatbed scanners and CCD-based detectors open new
opportunities to develop microarray applications, even for low-facility laboratories and
under field conditions (Rasooly & Herold 2008). Even a visual read-out of the signal is
possible when coloured nanoparticles are being used as is valid for the carbon nanoparticles
in this study. On the other hand, battery-powered hand-held microarray readers for
evaluation of the signal are readily available as well. Since shaking can even be omitted
(results not shown) the method can easily be made available to resource-poor settings.

Antibody microarrays are especially applicable when intermediate numbers of samples
have to be assayed, application at point of care/need is required, when costs play an
important role and highly trained personnel is not available. The presented procedure with
signal generation by carbon nanoparticles meets these characteristics.
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Uvod

Patogenni  mikroorganismy rodu  Cronobacter
(kronobakter) pfedstavuji velké zdravotni riziko, zvlaste
pro kojence a seniory. Mikrobiologicky ptehled této pro-
blematiky piehledné zpracovaly Demnerové a Pazlarova'.

Vzhledem k nebezpecnosti kronobakterti je nezbytné
mit k dispozici vhodné metody jejich detekce”. Vedle kla-
sickych kultivaénich technik*™ se postupné prosazuji rych-
1¢ metody zaloZené na biochemickych a molekuldrné-
biologickych principech®™.

Biochemické detek¢ni postupy vyuzivaji nejcastéji
enzymové metody zalozené na pouziti chromogennich
a fluorescencnich substratl. Mezi chromogenni substraty
patfi napf. 5-bromo-4-chloro-3-indolyl-a.-D-glukopyrano-
sid® a piedstavitelem fluorescen¢nich substratil jsou napf.
5-bromo-4-chloro-3-indolyl-a-D-glukopyranosid’ ™' nebo me-
thylumbelliferyl-a-D-glukosid'2. Enzymové metody vyuZi-
vajici uvedené substraty byly ovéfeny v rozsdhlé studii'.
Hledani novych moznosti v této oblasti pokracuje'*.

Molekularné biologickych principt vyuzivaji modifi-
kované metody polymerazové fetézové reakce'> ', které
se posledni dobou uplatiiuji stale Castéji. Vyznamnou roli
hraje pulsni gelové elektroforéza (PFGE, pulsed field gel
electrophoresis), ktera umoziuje analyzu velkého mnoz-
stvi DNA fragmentll z celého bakteridlniho genomu.
PFGE analyza je ponékud zdlouhava, trva 2-3 dny, ale je
povazovéna za vysoky standard v subtypizaci bakterii'® %

Avsak ani pouzitim rychlych metod se nevyhneme
kultiva¢nimu kroku, ktery musi umoznit pomnoZzeni tieba
jediné bunky mikroorganismu v analyzovaném vzorku
o n&kolik rade™>*,

Cilem této prace bylo pokusit se vypracovat rychlé
a specifické detekeni postupy zalozené na imunochemic-
kém principu. Imunochemické testy jsou velmi oblibené.
Jedna se o pomérné jednoduché postupy detekce, které
nevyzaduji témét zadné zkuSenosti pracovnika. Elegant-

193

Laboratorni pfistroje a postupy

nim a jednoduchym piikladem je pouziti techniky tzv.
dipstiku, plastové ty¢inky, na jejimz povrchu je imobilizo-
véna protilatka®. Vyhodou imunometod je rychlost detek-
ce a nizka cena analyzy. Vyvinuli jsme metody enzymové
imunoanalyzy a imunochromatografické detekce krono-
bakterd.

Experimentalni ¢ast
Material

Sigma-Aldrich, St. Louis, USA dodala citrat-
fosfatovy pufr, dimethylsulfoxid, denaturovany ethanol,
hovézi sérovy albumin a 3,3’,5,5’-tetramethylbenzidin.
Lachema Brno, CR poskytla ostatni b&Zné chemikélie,
Penta Chrudim chlorid draselny, chlorid sodny a peroxid
vodiku, Fluka Chemie AG, gV}'/carsko dodala Triton Tx-
100 a Tween-20, Oxoid, CR poskytl Trypton soya broth.

Nano¢astice uhliku?®, Spezial Schwartz 4, o velikosti
40 nm dodala Degussa AG, SRN.

Krali¢i polyklonalni protilatky (AbCS) proti mrtvym
bunkam Cronobacter sakazakii Cb03 (ATCC 29544)
a praseCi polyklonalni protilatky proti kralicim znacené
peroxidasou (SwAR-Px) pripravila fa Sevapharma a.s.,
CR. Neznadené praseéi polyklonalni protilatky proti krali-
¢im dodala fa Nordic Immunology, Nizozemi.

Mikrotitraéni desticky — MaxiSorp (Nunc-Immuno™
Plates) dodal Nunc, Thermo Fisher Scientific, Inc., Dansko.

Souprava pro znageni protilatek peroxidasou EZ-Link™
Plus Activated Peroxidase Kit (Pierce).

Metody

Priprava vzorkii

Pro experimenty byly pouzity sbirkové bakterialni
kmeny rodu Cronobacter, jejichz identita byla ovétena
klasickymi mikrobiologickymi metodami detekce krono-
baktera?’. Bakterie byly kultivovany 18 h pfi teplot& 37 °C
v kultivaénim médiu Trypton soya broth. Ziskané bakteri-
alni suspenze byla tésné pred jednotlivymi experimenty
fedéna v poméru 1:1 pfislusnym pufrem.

Enzymova imunoanalyza

Ptiprava konjugatu protilatky s peroxidasou

Konjugat (AbCS-HRP) protilatky AbCS s peroxida-
sou (HRP) byl pfipraven pomoci komercni soupravy
EZ-Link™ Plus Activated Peroxidase Kit. Protilatka Ab-
CS (1 mg) reagovala s aktivovanou peroxidasou (1 mg
HRP, ktera je dodana s komer¢ni soupravou) v prostiedi
0,2M karbonat-bikarbonatového pufru pH 9,4. Po hodino-
vé inkubaci pfi laboratorni teploté bylo ptidano 10 ul re-
dukéniho roztoku SM NaCNBH; pro stabilizaci kovalentni
vazby. Po 15 min inkubaci pii laboratorni teploté byla
nezreagovana peroxidasa inhibovana 20 pl 3M ethanol-
aminu (pH 9,0). Pfipraveny konjugat (AbCS-HRP) byl
uskladnén v lednici pii teploté 4 °C.
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Postup ELISA

Do jamek mikrotitracni desticky bylo imobilizovano
po 100 pl specifické protilatky AbCS o rizné koncentraci
(0, 1,2, 4, 6,8 pg ml™"). K fedéni byl pouzit 0,05M karbo-
nat-bikarbonatovy pufr, pH 9,6. Imobilizace probihala ptes
noc pii teploté 4 °C v lednici. Nenavazana protilatka byla
vymyta pomoci automatické promyvacky 4krat 300 pl
0,01M roztoku PBS, pH 7,4 obsahujicim 0,05 % Tween
(PBST). Nasledné¢ byla do jamek aplikovana suspenze
buné¢k (100 pl/jamku) fedéna v poméru 1:1 v 0,01M PBST
s 2% pridavkem zelatiny. Inkubace, pii které dochazelo
k interakci mezi vzorkem a imobilizovanymi protilatkami,
probihala pii 37 °C, po dobu 1,5 h. Nezreagované imuno-
reaktanty byly vymyty 4krat 300 pl 0,01M PBST. Poté byl
aplikovan konjugat (100 pl/jamku) specifické protilatky
s peroxidasou (AbCS-HRP) tedény (200x, 400x, 600x
a 1200x) v 0,01M roztoku PBST s 2% ptidavkem suSeného
mléka. Reakce probihala 2 h pfi 37 °C a nenavédzany kon-
jugat byl vymyt Skrat 300 ul 0,01M PBST. Poté bylo pfi-
dano do kazdé jamky 100 pl substratu 3,3°,5,5’-tetra-
methylbenzidinu (TMB, 0,1 mg) a enzymova reakce probi-
hala 10 min pfi laboratorni teploté. K zastaveni reakce
bylo pouzito 50 pl 2M kyseliny sirové. Absorbance vznik-
1ého zlutého zbarveni byla méfena pii 450 nm.

Vyhodnoceni metody ELISA

Primérné hodnoty naméfenych absorbanci byly vyne-
seny do grafu proti dekadickému logaritmu poc¢tu bunék na
1 ml (KTJ ml™"). Témito body byla proloZena sigmoidni
ktivka, kterou lze popsat Ctyiparametrovou funkeci:

A = CHD-C)/(1+e 2 Fx))
kde A je absorbance pii 450 nm, C spodni asymptota kiiv-
ky, D horni asymptota kfivky, o posun linedrni ¢asti kiiv-
ky v systému soutadnic, f smérnice linearni ¢asti kiivky, x
dekadicky logaritmus KTJ ml™".

Parametry této regresni funkce byly vypocitavany
pomoci aplikace Resitel v programu Excel.

Imunochromatograficka detekce kronobakterii

Ptiprava nitrocelulosové membrany

Nitrocelulozova membrana (AE 100, Whatman)
o rozmérech 10,5 x 5 cm byla vyztuZena podloZkou vyro-
benou z polyesteru (ARcare® 7823, Adhesives Research,
Irsk4 republika). Pomoci piistroje Linomat 5 (Camag,
Svycarsko) byly na membranu aplikovany imunoreaktanty
v uzkych linkdch v pfesné urcenych vzdalenostech
od pocatku membrany. Ve vzdalenosti 2,7 cm od zacatku
membrany byla na testovaci linii imobilizovana protilatka
ADbCS (1 ng pl™). Ve vzdalenosti 3 cm od okraje bylo na
kontrolni linii imobilizovano 0,5 ng pl™" praseéi proti kra-
li¢i protilatky (SWAR). Pro imobilizaci byly vSechny imu-
noreagencie fedény v SmM boratovém pufru. Nasledovala
inkubace ptes noc pii 37 °C. Membrana byla nastfihana na
prouzky (Sifka 5 mm) a uchovavana v suchu a temnu pfi
laboratorni teploté.
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Ptiprava konjugatu protilatka-uhlikové nanocastice

Protilatka AbCS byla rozpusténa v SmM boratovém
pufru, pH 8,6. AbCS (350 ng) bylo po malych davkach
a za stalého michani smichano s 1 ml 0,2% suspenze ko-
loidnich nanocastic uhliku (o rozmérech 40 nm), ktera byla
pted pouzitim 15 min homogenizovéna ultrazvukem. Rea-
gencie byly inkubovany pies noc za stalého michani pii 4 °C.
Takto pfipraveny konjugat byl tiikrdit promyt
v promyvacim pufru (SmM boratovy pufr, 1% BSA,
0,02% NaNs, pH 8,6). Béhem kazdého promyti byl konju-
gat nejprve 10 s homogenizovan. Nasledovala centrifugace
pti 13 500 g, pii 10 °C po dobu 15 min. Ziskany superna-
tant byl rozmichdn v 1 ml promyvaciho pufru. Na zavér
byl konjugat resuspendovan ve skladovacim pufru (0,1M
boratovy pufr, 1% (w/v) BSA, 0,02% (v/v)NaNs3, pH 8,6).
Pripraveny konjugat uhliku s AbCS (AbCS-C) byl uchova-
van v tmavé nadobé pii 4 °C.

Sestaveni testu

50 pl reakéniho pufru (0,2M boratovy puftr, 1% (w/v)
susené mléko, 0,04% (v/v) NaNs, pH 8,6), 50 ul bunécné
kultury a 3 pl konjugatu uhlikatych castic s protilatkou
ADbCS bylo smichano a aplikovdno na spodni okraj mem-
brany. Membrany byly pouze pfilepeny ke stojanku a vzli-
nani bylo urychlovano pomoci filtraéniho papiru®. Do
15 min byl odecten vysledek.

Vysledky a diskuse

K sestaveni novych imunochemickych metod byl
pouzivan kmen Cronobacter sakazakii (Cb44) a nikoliv
kmen, kterym bylo imunizovano. K ovéfeni interakce
s jinymi bakteriemi byl pouzivan zéastupce rodu Entero-
bacter kmen Enterobacter cloacae (Eb 22).

Enzymova imunoanalyza

Ackoliv enzymova imunoanalyza je rozsifenou meto-
dou detekce patogennich mikroorganismi, je zajimavé, ze
az dosud byla pro kronobaktery popsana pouze ve formatu
nepiimé kompetitivni detekce™. V nasi praci se nam nejvi-
ce osveédcil format nekompetitivni enzymové imunoanaly-
zy (ELISA) (cit.™).

Nejprve byly stanoveny optimalni podminky pro me-
todu ELISA. Bylo tfeba zjistit optiméalni koncentraci imo-
bilizované protilatky, koncentraci konjugatu, inkubacni
doby, teploty a slozeni pufri potiebnych k fedéni bunck
a konjugatu.

Na mikrotitracni desticku byla imobilizovana protilat-
ka ADbCS. Byly testovany rizné kombinace koncentraci
této protilatky (0-8 ug ml™) a rizného fedéni konjugatu
AbCS-HRP (200x, 400x, 600x, a 1200x). Byla métena
absorbance vzniklého zlutého produktu pfi 450 nm.
Z naméfenych hodnot absorbance byly urCeny optimalni
koncentrace potahu protilatky a konjugatu pro dal§i méfe-
ni. K fedéni bunek kronobakterti byly pouzity pufry 0,01M
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Obr. 1. Zavislost absorbance na koncentraci mikroorganismu
(kolonie tvoficich jednotek, KTJ), @ Cronobacter sakazakii
(Cb44), & Cronobacter malonaticus (Cb02), A Enterobacter
aerogenes (Eb21)

PBST a 0,01M PBS s 0,1% Tritonem s riznymi pridavky
zelatiny, suSeného mléka a hovéziho sérového albuminu
(2%, 1% a 0,5%). Jako nejvhodnéjsi se ukazal pufr 0,01M
PBST s 1% pridavkem Zelatiny.

Pti vybéru vhodného slozeni pufru pro interakci kon-
jugatu byly testovany stejné pufry jako pro fedéni bunék.
Byl vybran 0,01M PBST s 1% pfidavkem Zelatiny, protoze

Tabulka I
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v porovnani s ptidavky hovéziho sérového albuminu
a susen¢ho mléka byla zméfena vyssi vysledna absorban-
ce. Vyrazné¢ se zlepSila absorbance kmene Cb44
(Cronobacter sakazakii) a snizila interakce s enterobaktery
(Eb 22, Enterobacter cloacae). Se vzrustajici dobou inku-
bace (30 min, 60 min, 90 min a 120 min) byl pozorovan
mirny nardst absorbance. Pro dal$i experimenty byla zvo-
lena délka inkubace 2 h.

Teplota méla vyrazny vliv na inkubaci bun€k. Byly
testovany teploty 37 °C, 30 °C a laboratorni teplota. Pfi
teploté 37 °C byla namétena nejvyssi absorbance, a proto
byla tato teplota pouzivana v dalSich experimentech. Ob-
dobné byla teplota 37 °C zvolena jako optimalni pro inku-
baci konjugatu AbCS-HRP.

V tab. I jsou shrnuty optimalni koncentrace reaktanti
pouzivané pro detekci kronobakterti. Pro testovani specifi-
ty protilatky byly pfipraveny z naméfenych dat pro jednot-
livé kmeny kronobakterti a enterobakterti kalibracni kiiv-
ky. Jako ptiklad jsou uvedeny na obr. 1. tyto zavislosti pro
Cronobacter sakazakii (Cb44), Cronobacter malonaticus
(Cb02) a Enterobacter aerogenes (Eb21). Protilatka AbCS
nejlépe interagovala s kmeny kronobakterii, proti nimz
byla piipravena (Cronobacter sakazakii ATCC 29544,
Cb03). Ostatni druhy kronobakteri interagovaly
s protilatkou rovnéz velmi dobfe. Kmeny enterobakterd
interagovaly vyznamné mén¢ nez kronobaktery a jsou tedy
od kronobakterti odliSitelné (viz tab. II).

Imunochromatograficka detekce

Pro imunochromatografickou detekci (ID) byl vybran
piimy nekompetitivni format. Byly pouzity krali¢i protilat-

Vybrané (optimalni) podminky pro enzymovou imunoanalyzu (ELISA)

Parametr

Vybrané podminky

Typ mikrotitra¢ni desticky

MaxiSorp Nunc-Immuno™ Plates (Thermo Fisher Scientific,

Inc., Dansko)

Koncentrace imobilizovanych protilatek

Redéni konjugaty

Slozeni pufra

Podminky inkubace
Teplota inkubace 37°C
Doba inkubace 1,5h

pro fedéni bunék
0,01M PBS
0,05%Tw

1% zelatina

1I. inkubace *

2 ug ml™
400x

pro fedéni konjugatu protilatky s HRP
0,01M PBS

0,05%Tw

0,5% zZelatina

I1I. inkubace °
37°C
2h

“]1. inkubace — interakce bakterialnich bun&k s imobilizovanou protilatkou, °III. inkubace — interakce konjugatu protilatky

s kienovou peroxidasou s bakterialnimi bunikami
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Tabulka II
Primérné hodnoty maximalnich absorbanci dosazené me-
todou ELISA pro riizné mikroorganismy

Analyzovana bakterie * Absorbance
Cronobacter sakazakii,n =6 2,89 +0,24
Ostatni druhy Cronobacter, n =9 2,62 +0,38
Enterobacteriacae, n =10 0,62 +0,14

*n — poCet testovanych kmeni

Tabulka III

Laboratorni pfistroje a postupy

ky pfipravené proti Cronobacter sakazakii (AbCS) a kon-
jugaty uhlikovych castic se specifickymi protilatkami
(AbCS-C). Vzorek kronobakterd byl aplikovan na nitroce-
lulosovou membranu s imobilizovanymi protildtkami Ab-
CS (testovaci linie). Spolu se vzorkem se na membranu
dostava konjugat specifickych protilatek s koloidnimi uhli-
katymi ¢asticemi (AbCS-C). Na kontrolni linii je nanesena
prase¢i protilatka pfipravena proti kralici protilatce
(SwAR). Béhem vzlinani vzorku membranou dochazi
k interakci bunék kronobakterti s protilatkou konjugova-
nou k wuhlikové &astici. P prichodu pfes zoénu
s imobilizovanou protilatkou je cely imunokomplex zachy-
cen a dochdzi ke vzniku ,,sendvice®. Piebyte¢ny konjugat
AbCS-C postupuje dale membranou az ke kontrolni linii.
Uhlikové céstice umoZzni vizualizaci vysledku testu. Pfi

Vysledky vypracovanych metod enzymové imunoanalyzy (ELISA) a imunochromatografické detekce (ID) pii testovani

sbirkovych kmeni (n = 6) ¢

Sbirkovy kmen ELISA * ID®
CB 02 Cronobacter malonaticus + +
CB 03 Cronobacter sakazakii +
CB 21 Cronobacter sakazakii + _
CB 22 Cronobacter sakazakii + +
CB 31 Cronobacter sakazakii + +/—
CB 39 Cronobacter sakazakii + +
CB 44 Cronobacter sakazakii + +
CB 49 Cronobacter malonaticus + -
CB 53 Cronobacter turicensis + +/—
CB 54 Cronobacter muytjensii + +/—
CB 55 Cronobacter muytjensii + +
CB 56 Cronobacter dublinensis + -
CB 57 Cronobacter dublinensis + +
CB 58 Cronobacter dublinensis + +/—
CB 59 Cronobacter genomospecies 1 + +
EB 20 Enterobacter cloacae - -
EB 21 Enterobacter aerogenes - -
EB 22 Enterobacter cloacae - —/+
EB 23 Enterobacter gergoviae - —/+
EB 24 Enterobacter cowanii - -
EB 26 Enterobacter cancerogenus - —/+
EB 32 Enterobacter helveticus - -
EB 36 Enterobacter hormaecheii — _
EB 38 Enterobacter pulveris - —/+
EB 45 Enterobacter turicensis - -

YELISA: + absorbance > 1,5; — absorbance < 0,8; °ID: + silna linka v testovaci zong;

— 74dna linka v testovaci zoné. n — poCet testovanych vzorkl
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cma~ -

Obr. 2. Specifita vyvinuté imunochromatografické detekce
(D). 1 — Cronobacter sakazakii ATCC 29544 (Cb03), 2 —
Cronobacter malonaticus (Cb02), 3 — Cronobacter sakazakii
(Cb44), 4 — Enterobacter cloacae (Eb20), 5 — Bacillus cereus,
KL — kontrolni linie, TL — testovaci linie

aplikaci pozitivniho vzorku (vzorek obsahujici buriky kro-
nobakter(l) dojde ke vzniku dvou Cernych linek — testovaci
i kontrolni linie, pokud byl vzorek negativni, zbarvi se pouze
kontrolni linie (obr. 2). Pokud nedojde ke vzniku zadné ba-
revné linky, svéd¢i to o nespravném provedeni detekce.

Vybér vhodnych podminek detekce

Byly testovany rizné podminky pro sestaveni a pro-
vedeni testu. V prvni fad¢ byl hledan vhodny typ membra-
ny a vyztuzovaci podlozky. Pro aplikace se nejlépe osvéd-
¢ila nitrocelulosova membrana firmy Whatman, typ AE
100 (velikost pord 10 pm). Optimalni tlak pro néstfik imu-
noreagencii na membranu byl 400 kPa a nejvhodnégjsi
vzdalenost linii imobilizovanych imunoreagencii byla 2,7
(testovaci linie) a 3 cm od pocatku membrany (kontrolni
linie).

Bylo optimalizovano slozeni reak¢niho pufru. Byl
sledovéan vliv pH pufru, byly testovany pfidavky réiznych
latek, napt. ethanol, glukosa, suSené mléko, methanol,
sacharosa, Triton Tx-100, Tween 20, BSA, PEG a zelatina.
Byly sledovany i rizné velké piidavky jednotlivych Cini-
del; jako nejvhodnéjsi byl pro dalSi experimenty vybran
0,2M boratovy pufr s 1% piidavkem suseného mléka. Toto
slozeni dobfe sniZzovalo nespecifické interakce, i kdyz
rychlost vzlinani reagencii membranou byla niZsi.

Na pfipravené membrany byly aplikovany vSechny
testované kmeny, viz tab. III. Metodou ID bylo uréeno
z 15 vzorkl kronobakterd pouze 8 jednoznacné pozitivne,
ve Ctyfech pripadech byla odezva slabé pozitivni a ve tfech
ptipadech byl vysledek negativni. Z 10 vzorkd enterobak-
terd 4 poskytovaly slabé pozitivni vysledek. Je ziejmé, ze
kvalita/avidita pouzité protilatky neni pro tento format
postacujici.

Imunodetekce vybranych sbirkovych kmeni

Vyvinuté metody detekce kronobakterti, zaloZzené na
pouziti protilatky AbCS byly ovéfovany na vzorcich ostat-
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nich kronobakterti a enterobakterd (tab. III). Z vysledka
uvedenych v tab. III je zfejmé, ze vSechny testované vzor-
ky byly spravné uréeny metodou ELISA. Metoda ID
v nekterych piipadech nebyla schopna spolehlivé urcit ani
kronobaktery, ani enterobaktery. Je to pravdépodobné
zpusobeno nedostateCnou specifitou protilatky, kterd se
neprojevi pii odlisSném uspotadani reakéniho formatu
v technice ELISA.

Zavér

Byly vypracovany dvé rychlé metody detekce krono-
bakterti, techniky ELISA a ID. Ob&é metody vyuzivaji po-
lyklonalni protilatky AbCS. Jako vhodnéjsi format se uka-
zala metoda ELISA, ktera umoziuje dobré odliSeni krono-
bakterti od enterobakterd. Metoda ID je jednodussi a fado-
v¢ rychlejsi nez ELISA. S pouzitou protilatkou vSak po-
skytovala u né€kterych kment kronobakterti falesné nega-
tivni a u enterobaktert falesné pozitivni vysledky.

Autori dékuji Sandre Géselové za technickou asisten-
ci a za financni podporu Grantové agentuie CR projekt
525/09/1075, Narodnimu vyzkumnému centru projekt
2B06048, Vyzkumnému zameéru MSM 6046137305 a prace
byla také financovina z ucelové podpory na specificky
vysokoSkolsky vyzkum MSMT (Rozhodnuti ¢. 21/2011).
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ABSTRACT

Members of the genus Cronobacter are opportunistic pathogens formerly known as Enterobacter sakazakii,
which induce severe meningitis and sepsis in neonates and infants, with a high fatality rate. In this work,
a simple and rapid immunochromatographic strip test for the detection of this pathogen was developed.
Following the shortened bacteria cultivation and isolation of DNA, a specific gene sequence targeting 16S
rRNA from Cronobacter spp. was amplified by PCR using 5'-end labelled specific primers. The PCR product,
amplicon labelled with digoxigenin on one side and biotin on the other side, was directly added to the
immunochromatographic strip test, composed of nitrocellulose membrane with bound antibody against
digoxigenin in the test line. The visualization was mediated by colloidal carbon conjugated to neutra-
vidin, and the appearance of grey/black line was indicative of the presence of specific amplicon. Colour
intensity of the test line in pathogen-positive assay was visually distinguishable from that of negative
sample within 10 min. The visual detection limit of PCR product was 8 ng. The specificity of the devel-
oped method was confirmed by standard microbiological techniques. Whole detection procedure with
the incorporated immunostrip was applied to analysis of infant formulae samples, contaminated with
less than 10 cells of Cronobacter spp. per 10 g. The results from immunochromatographic test indicated
the absolute agreement with those from standard microbiological methods. Moreover, the developed
procedure considerably reduced the total analysis time to 16 h whereas the reference microbiological

method needs 6-7 days.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Detection of pathogens is of great importance for health and
safety reasons. The food industry and clinical, water, and envi-
ronmental areas are of principle interest in pathogen detection
(Heyduk and Heyduk, 2010; Lazcka et al., 2007). The development
of new methods for rapid, simple and inexpensive detection, suit-
able mainly for small laboratory or for field testing, has progressed
greatly in recent years (Litos et al., 2009; Skottrup et al., 2008;
Torres-Chavolla and Alocilja, 2009). The goal of reducing the time
of the detection has been a major driving force behind the devel-
opment of a variety of biosensors for detecting pathogens (Lazcka
et al,, 2007; Nayak et al., 2009). Currently, the most commonly
used methods for pathogen detection involve, instead of traditional
methods, different newly developed biosensors based on: elec-
trochemical impedance spectroscopy (Nandakumar et al., 2008),
fluorescent bio-barcode DNA assay (D. Zhang et al., 2009), gold
nanoparticles-based chemiluminescent system (Qi et al., 2009),
electrochemical detection (Miranda-Castro et al., 2009; P6hlman
et al.,, 2009), surface plasmon resonance (Piliarik et al., 2009),
immunomagnetic-resistance sensor (Koets et al., 2009), nanopar-

* Corresponding author. Tel.: +420 220443076; fax: +420 220445167.
E-mail addresses: pavel.rauch@vscht.cz, rauchp@vscht.cz (P. Rauch).

0956-5663/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.bios.2010.10.001

ticle based sensor (Sanvicens et al., 2009), matrix-assisted laser
desorption ionization time-of-flight mass spectrometry (Liu et al.,
2008), quartz crystal microbalance (Poitras and Tufenkji, 2009),
electrochemical immunoassay (X. Zhang et al., 2009), light scat-
tering sensor (Banada et al., 2007), aptamers technology (Lee et al.,
2009), and rarely simple biosensors with visual detection of DNA
(Litos et al., 2009), or whole microorganisms (Gas et al.,2010; Won-
Bo et al., 2007).

Cronobacter is a recently proposed genus consisting of six
genomospecies that encompass the organisms previously iden-
tified as Enterobacter sakazakii (Iversen et al, 2008). This
opportunistic pathogen is known to cause serious infections
in infants, particularly neonates. Although food-borne infections
caused by this pathogen are not common, this pathogen has a
40-80% mortality rate in infected infants (Lampel and Chen, 2009).
For this reason, international risk management measures were
taken such as the revision of a Codex Alimentarius guideline and
the implementation of specific food-safety criteria in the European
Community (Anonymous, 2007). The need for rapid, sensitive and
specific methods for detection of Cronobacter spp. is evident.

The traditional microbiological cultivation techniques for
identification of Cronobacter (E. sakazakii) are laborious and
time-consuming; it generally require steps of enrichment and con-
firmation that take 6-7 days to complete (Anonymous, 2006; Seo
and Brackett, 2005). Recently, a number of biosensor techniques
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for rapid detection of this pathogen have been reported, including
fluorescence in situ hybridization (Almeida et al., 2009), infrared
spectroscopy (Lin et al., 2009), DNA microarray (Wang et al., 2009),
and multiplexed bead-based mesofluidic system (Jin et al., 2009).

These techniques require sophisticated equipment and highly
trained personnel, hence increasing the analysis cost. Rapid
detection techniques should provide reliable, user-friendly, and
inexpensive detection with improved or equivalent sensitivity and
reproducibility of culture-based tests (Torres-Chavolla and Alocilja,
20009).

With the demand for overall speed and simplicity, nucleic acid
detection by using immunochromatographic strip test (named
also “lateral flow device”) could be a more suitable technique
(Posthuma-Trumpie et al., 2009). This technology was first intro-
duced in the 1980s. Its success has been based on a combination
of low cost and simplicity that allows untrained personnel
to undertake immunoassay in extra-laboratory environments
without additional equipment. It combines thin-layer chromatog-
raphy with conventional bioaffinity interaction (antigen-antibody,
avidin-biotin, complementary parts of two oligonucleotides) using
bioreactant-functionalized coloured particles as a detector and
other bioaffinity partner immobilized as a capture probe in a test
zone of the strip. The assay avoids the multiple incubation and
washing steps performed in most immunoassays. With a very
user-friendly format including short testing-times and long-term
stability, these tests are anticipated for use in on-site testing by
untrained personnel. Although qualitative tests are realized by
visually observing the colour change of the test zone, quantitative
data may be obtained by recording the optical responses with a
portable strip reader. Design of immunochromatographic strip test
is currently used for a broad range of applications where rapid anti-
gen detection is required, especially for some analytes in clinical
medicine, drugs of abuse, hapten contaminants of food and envi-
ronment, and microbial contaminants (Posthuma-Trumpie et al.,
2009). Expanding the domain of this technology to pathogens’
nucleic acid detection, several recent reports have described detec-
tion of PCR amplicon or product of isothermal amplification in flow
with functionalized nanoparticles on the strip. In the design of these
strip tests, a variety of capture and detection schemes were used
(Andrade and Lightner, 2009; Blazkova et al., 2009a; Dineva et al.,
2005; Fong et al., 2000; Kozwich et al., 2000; Mao et al., 2009; Mens
etal., 2008; Soo et al., 2006). To our best knowledge, any use of this
technique for Cronobacter spp. (E. sakazakii) detection has not been
published up to now.

The main objective of this study was to develop a rapid and spe-
cific nucleic acid test for detection of Cronobacter spp. The designed
assay was based on immunochromatographic test (ICT) of PCR
product on a membrane strip. Performance of the optimized PCR-
ICT procedure was compared with conventional PCR combined
with gel electrophoresis and currently used microbiological cul-
tivation methods.

2. Materials and methods
2.1. Materials and reagents

Various types of nitrocellulose membranes were supplied by
Whatman GmbH, Germany (AE 100, AE 98, Immunopore FP,
Immunopore RP), by Millipore Ltd., Czech Republic (HiFlow Plus
HF 135, HiFlow Plus HFB180, HiFlow Plus 090), and by Sartorius
Stedim Biotech S.A., France (Unisart 140). Vinyl backing ARcare®
7823 was from Adhesives Research Inc. (USA), sample pad GFCP
and the absorbent pad CFSP from Millipore Corp. (USA).

NeutrAvidin Biotin-Binding Protein (neutravidin) was pur-
chased from Pierce Biotechnology (USA) and Biotin-SP-conjugated

AffiniPure Goat Anti-Mouse IgG (biotin-protein) from Jackson
ImmunoResearch (UK). Polyclonal anti-digoxigenin antibody was
obtained from Roche Applied Science (Germany). Specific primers
Esakf: 5'-GCT YTG CTG ACG AGT GGC GG-3' and Esakr: 5-ATC TCT
GCA GGA TTC TCT GG-3’ according to Lehner et al. (2004) were
synthesized and labelled on 5'-end with biotin and digoxigenin,
respectively, by HVD Biotech Vertriebs GmbH (Vienna, Austria).
FastStart Taqg DNA Polymerase was from Roche Applied Science,
Germany, and Taq Polymerase from Promega, UK. Nucleotide mix
(dNTP) was purchased from HVD Biotech Vertriebs GmbH (Vienna,
Austria).

Bovine serum albumin (BSA), Tween 20, and other common
chemicals were of the highest purity available and purchased from
Sigma-Aldrich Inc. (USA). Carbon nanoparticles (Spezial Schwartz
4, Degussa AG, Germany) were kindly provided by the Agrotechnol-
ogy & Food Sciences Group (Wageningen University and Research
Centre, The Netherlands) as a dry powder (particles of amorphous
shape with average size of 120 nm).

2.2. Preparation of carbon-neutravidin conjugate

As detection reagent for strip test, we used carbon nanoparticles
functionalized with neutravidin. The procedure, based on physi-
cal adsorption of protein on particle surface, was carried out as
described previously (Blazkova et al., 2009b) with minor modifi-
cations. A colloidal carbon suspension was prepared as a stock at
1% (w/v) in demineralised water. The colloidal carbon stock sus-
pension was diluted five times with coupling buffer (5 mM borate
buffer, pH 8.8) to give a concentration of 0.2% (w/v). The suspension
was sonicated for 10 min on ice using a Sonic 1 (Polsonic, Poland).

Subsequently, the neutravidin dissolved in the coupling buffer
was added, with a simultaneous gentle stirring, to the diluted col-
loidal carbon suspension to a concentration of 350 g of protein
per mL. The pH was readjusted to pH 8.8 and the suspension was
incubated by end-over-end mixing at 4°C overnight. Particles of
carbon-neutravidin conjugate were washed three times using cen-
trifugation at 13,500 x g for 15 min in a 5 mM borate buffer, pH 8.8,
containing 1% (w/v) bovine serum albumin (BSA) and 0.02% (w/v)
NaN3. Conjugate was stored in a 100 mM borate buffer, pH 8.8 (con-
taining 1% (w/v) BSA and 0.02% (w/v) NaN3) as a 0.2% (w/v) carbon
suspension at 4 °C in the dark.

2.3. Microbial cultures and cultivation conditions

Control strains of microorganisms were obtained from the Czech
Collection of Microorganisms (CCM) and Czech National Collec-
tion of Type Cultures (CNCTC): Cronobacter sakazakii ATCC 29544
(CNCTC 5739), C. sakazakii ATCC 12868 (CCM 1902), Enterobacter
cloacae ATCC 10699 (CCM 1903).

Most isolates of Cronobacter spp. and other Enterobacteriaceae
used for determination of reliability of developed method were
kindly donated by Dr. Carol Iversen (University College Dublin), and
otherisolates were originally prepared from different retail sources
in the Czech Republic.

Cultures of Cronobacter and other bacteria were maintained on
Petri plates of Brain Hearth Infusion Agar (Oxoid, UK) at 4 °C. Prior
to experiments cultures were grown in Lauryl Sulfate Broth (Oxoid,
UK) at 37°Cfor 12 h.

2.4. Identification of bacterial strains

Allisolates were identified based on colony morphology, typical
growth on TSA agar (Trypticase Soy Agar, Oxoid, UK) and ESIA agar
(E. sakazakii isolation agar, AES Laboratoire, France) according to
ISO/TS 22964:2006 (Anonymous, 2006), as well as by biochemical
characterization using ID 32E test system (bioMérieux, France).
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2.5. Preparation of contaminated samples

The following five different kinds of dried infant formula, free of
Cronobacter spp., were obtained from drugstores in Czech Republic,
two samples of different production batches from each kind of for-
mula: BEBA 1 Premium (Nestlé, Czech Republic), HIPP 1 BIO (Hipp,
Austria), Nutrilon 1 (Nutricia, Czech Republic), Humana 1 (Humana
GmbH, Germany), Sunar complex 1 (HERO, Czech Republic).

Artificially contaminated samples were prepared by the fol-
lowing procedure. The sample (10g) was mixed with 90 mL of
cultivation medium Lauryl Sulfate Broth (Oxoid, UK) and was cul-
tivated for 12 h at 37 °C while shaking. Each sample was cultivated
four times in parallel; two of them were artificially contaminated
with less than 10 cells of C. sakazakii ATCC 29544 (CNCTC 5739),
before the start of cultivation. As a control, each prepared sample
was cultivated and confirmed in accordance to official microbio-
logical method (Anonymous, 2006).

2.6. DNA extraction

The DNA extraction from all samples of interest was performed
by a GenElute Bacterial Genomic DNA kit (Sigma-Aldrich, USA),
using the gram negative bacterial protocol.

2.7. Amplification of genetic material

A specific sequence (929 bp) targeting 16S rRNA gene from E.
sakazakii (Cronobacter spp.) was amplified by PCR using 5'-end
labelled specific primers: Esakf labelled with biotin, Esakr with
digoxigenin. The reaction mixture contained 2.5 L of FastStart Taq
DNA Polymerase buffer (500 mM Tris-HCI, 100 mM KCl, 50 mM
(NH4)2S04, pH 8.3), 1.25 L of MgCl, (50mM), 0.5 wL of dNTP
(nucleotide mix, each at a concentration of 10 mM), 1.25 L of for-
ward primer (Esakf, 1 M), 1.25 L of reverse primer (Esakr, 1 wM),
0.2 WL (5U per L) of FastStart Taq DNA Polymerase, 2 jLL of sample
DNA and nuclease free water (Fermentas International Inc., Canada)
to a final reaction volume of 25 pL. The PCR was performed in the
TGradient Thermocycler (Biometra, Germany) with the following
steps: an initial denaturation at 95 °C for 4 min, 30 cycles each hav-
ing a denaturation at 94 °C for 30s, annealing at 66 °C for 60s and
elongation at 72 °C for 90 s with a final extension at 72 °C for 5 min.
The product (ds-amplicon containing one end labelled with biotin
and the other end labelled with digoxigenin) is produced only if
corresponding template sequence of Cronobacter spp. is present in
DNA sample.

2.8. Agarose gel electrophoresis

The products of PCR (3 L aliquot) were mixed with 2 L load-
ing dye solution (Fermentas International Inc., Canada) and were
analyzed by electrophoresis in 2% (w/v) agarose gel (containing
ethidium bromide 0.1 mgmL~1!) in TBE buffer (0.45 M Tris-Borate,
0.01 M EDTA, pH 8.3). After 90 min, DNA bands were visualized by
UV light and their size was compared to a known GeneRuler DNA
Ladder Mix 100-10,000 bp (Fermentas International Inc., Canada)
to determine the approximate number of base pairs of the ampli-
con.

2.9. Preparation of immunochromatographic strip test (ICT)

The strips were constructed as follows: firstly, nitrocellulose
membrane sheet was cut to the desired size (20cm x 2.5cm) and
pasted to a vinyl backing. Immunoreagents were diluted in 5 mM
borate buffer, pH 8.8, and immobilized on nitrocellulose mem-
branes by spraying (1 L per strip) using a Linomat V (CAMAG,
Switzerland). As a test line, anti-digoxigenin antibody (50 ng wL—1)

was applied, and as a control line, the biotin-protein conjugate
(5ng wL~1)was jetted on each membrane. Subsequently, the mem-
brane sheet was dried at 37°C for 2h and cut into test strips
(0.5cm x 2.5 cm) using a programmable strip cutter (Economic Cut-
ter ZQ2000, Shanghai Kinbio Tech Co., China). A sample pad was cut
in sections of 1 cm x 0.5 cm and pasted to the beginning of the strip
and an absorbent pad was cut in sections of 1 cm x 2 cm and pasted
to the far end of the strip. Immunochromatographic strip tests pre-
pared in such way were stored in sealed bags under dry conditions
at laboratory temperature until used.

2.10. Detection of genetic material by ICT

The ICT was dipped into the reaction mixture containing 3 L of
the PCR product, 1 pL of carbon-neutravidin conjugate, and 96 pL
of the running buffer (0.1 M borate buffer, pH 8.8, 1% (w/v) BSA,
0.05% (v/v) Tween 20, 0.02% (w/v) NaN3). After 10 min the results
were evaluated visually. Three repetitions were performed for each
experiment.

2.11. The influence of the concentration of PCR product on test
line intensity

DNA was extracted from the control strain of microorganism
C. sakazakii ATCC 29544 after its cultivation for 12h. Follow-
ing amplification, PCR product was purified using PureLink
Quick Gel Extraction and PCR Purification Combo Kit (Invitrogen
Corp., Canada) according to the manufacturer’s “PCR purifica-
tion protocol”. Purified PCR product was quantified by measuring
absorbances in UV wavelengths using Nanophotometer (Implen
GmbH, Germany). Series of the diluted purified PCR products, rang-
ing from 0.125 to 120 ng per 3 L, were analyzed by the optimized
immunostrip. The test line intensity was evaluated visually. Addi-
tionally, the test line colour intensity was quantified using grey
scale densitometry after the strip was fully air-dried. Greyscale dig-
ital scanned images of the strips were recorded using the Epson
Perfection V700 Photo Scanner (Seiko Epson Corporation, Nagano,
Japan), and the intensity of the test lines was quantified using the
TotalLab TL100 software (Nonlinear USA Inc., NC, USA). Mean val-
ues of pixel grey volumes were plotted against the logarithm of
amount of PCR product through a four-parameter logistic equation
(Rodbard, 1974).

3. Results and discussion

The complete detection procedure described here for Cronobac-
ter spp. includes the bacteria enrichment and detection of DNA.
Assays of nucleic acid testing usually consist of three basic steps:
extraction of nucleic acids, amplification mediated by PCR, and
amplicon detection. Typical PCR results are detected by gel elec-
trophoresis alone or in combination with blotting and probing. One
objective of this study was to eliminate the use of electrophoresis
in PCR product analysis and replace it with an immunochromato-
graphic strip test (ICT) which could offer a more rapid, simple and
cost-effective alternative to this highly complex and instrument-
dependent method. The detection platform that we used in ICT
design has been modified from some variations of published lateral
flow devices to allow detecting specific gene sequence of Cronobac-
ter spp.

3.1. Detection principle of ICT

A nucleic acid isolated from analyzed pathogenic bacteria was
amplified using PCR with two tagged primers specific to Cronobac-
ter; forward primer was labelled with biotin, reverse primer with
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Fig. 1. Schematic diagram of immunochromatographic strip test (ICT). Panel A: schematic side view of ICT and its detection principle. Panel B: schematic front view of ICT;
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digoxigenin. The presence of target sequence allows annealing of
the primers to the (single-stranded) DNA template. The polymerase
binds to the primer-template hybrid and elongation step begins. At
this step, the DNA polymerase synthesizes a new DNA strand com-
plementary to the DNA template strand limited/defined by both
tagged primers at the ends. Thus, the prepared part of DNA (ds-
amplicon) contained one end labelled with biotin and the other
end labelled with digoxigenin. To detect this amplicon, the PCR
product was applied on the ICT in the mixture with the neu-
travidin labelled by carbon particles. In the test procedure, this
mixture moved along the membrane strip. One side of amplicon
labelled with biotin interacted with the carbon-neutravidin con-
jugate. The opposite side of amplicon (labelled by digoxigenin)
was captured in the test zone of the strip by anti-digoxigenin
antibody, resulting in the visible black/grey line (test line). The
response is directly proportional to the amount of analyte (PCR
product). The excess of carbon-neutravidin conjugate is captured
in the control zone forming a visible line. The schematic view of the
developed test is shown in Fig. 1. PCR product from samples con-
taining Cronobacter was demonstrated by the appearance of two
grey/black lines. The PCR product prepared from samples without
Cronobacter template DNA showed only one grey/blackline (control
line).

3.2. Optimization of ICT conditions

Most of the components necessary for the ICT construction as
well as the experimental conditions have a key influence on both
the performance and final sensitivity of the test.

Firstly, the proper type of a used membrane was selected. The
material (its physical and chemical attributes), the membrane is
made from, has significant influence on its capillary flow proper-
ties. The capillary flow properties in turn affect assay sensitivity,
assay specificity, and test line consistency. With respect to our pre-
vious experiences (Blazkova et al., 2009a), 8 types of nitrocellulose
membranes obtained from three producers were tested. Very good
results were achieved using membranes AE 98, AE100, Immuno-
pore FP, and HiFlow Plus HF 135. The best shape and the highest

intensity of lines were shown in AE 98 and this membrane was used
for further experiments.

Secondly, the composition of the assay buffer was deter-
mined. Phosphate buffer and borate buffer were tested. Blocking
agents such as BSA (0.1-5%), gelatine (0.1-1%), polyethylene gly-
col (0.01-2%), and their combinations, with and without surfactant
Tween 20 (0.01-0.5%) and Triton X-100 (0.1-5%) were tested to
avoid non-specific interaction and to further improve the test per-
formance. These factors affected mainly the character of reactant
flow, level of background colour, sharpness, and intensity of the
test line.

Thirdly, checkerboard titration experiments were carried out.
Several amounts of anti-digoxigenin antibody immobilized on the
membrane (25-200 ng per strip) against different amounts of the
carbon-neutravidin conjugate (0.5-5 L per strip) were investi-
gated in assays of solutions containing PCR product prepared from
control strain. As a negative control, assay buffer and no template
PCR mixture were run. From these preliminary development stud-
ies, the optimized conditions for the ICT were chosen by visual
evaluation of strips as a compromise among a good colour per-
ception of lines, good test detectability, minimum immunoreagent
consumption, and rapid test performance. The complete specifi-
cations of optimized conditions for the assay are included in the
procedure description presented in Sections 2.9 and 2.10.

To validate the specificity of the ICT, the PCR product from
standard microbial cultures was analyzed using the ICT and the
agarose gel electrophoresis, separately. The results of both meth-
ods were compared. Fig. 2 demonstrates interpretation of ICT and
electrophoresis results in the recognition of C. sakazakii and E. cloa-
cae from the model microbial samples. It is clearly visible that PCR
product detected by the ICT corresponds with its bp number to the
specific gene sequence targeting 16S rRNA. Moreover, the ICT pro-
cedure is more rapid and did not use any device and dangerous
compounds.

The stability of the ICT was examined after 6 months storage
in vacuum-sealed bag at room temperature. The performance of
the ICT proved stable over that period (see Table S1 in Supplemen-
tary Material).
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Fig. 2. Typical results of PCR product detection by immunochromatographic strip
test (panel A) and agarose gel electrophoresis (panel B). PCR products of Cronobac-
ter sakazakii ATCC 29544 (lane 1), Cronobacter sakazakii ATCC 12868 (lane 2), and
Enterobacter cloacae ATCC 10699 (lane 3). The negative control (lane 4) was a primer
control (PCR product without template DNA). DNA size standard mix 100-10,000 bp
(lane 5). TL, test line specific to all species from genus Cronobacter. CL, control line.

7 8 910 11 12 13

«—HHHHHHHHH

70000 7

60000 A

50000 A

pixel grey volumes

40000 A
30000 -

20000 A1

10000 A 4

i

10 100 10° 102
ng of PCR product
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volumes after flatbed scanning and image analysis. Each point represents the mean
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3.3. The detectability of the developed ICT

The relationship between the amount of the target amplicon
and the test line intensity was investigated visually. Under the
optimized experimental conditions, a series of diluted PCR prod-
uct were applied to the developed test (the range 0.125-120 ng per
strip). For direct comparison of detectability, 3 L aliquots of the
same PCR product samples were analyzed by gel electrophoresis.
As low as 8 ng of target DNA was visually detectable with the strip
(Fig. 3, upper part) whereas 24 ng was detected by electrophoresis
(Table 1).

Table 1
Comparison of some parameters of methods used for detection of Cronobacter spp.

In order to investigate instrumentally the dependence of the
test line intensity on the PCR product amount and verify the visual
detectability, intensities of the strip test line were analyzed by
flatbed scanning, and pixel grey volumes were calculated with
TotalLab image analysis software. The intensity value was plot-
ted as a function of the amount of PCR product (Fig. 3, the lower
panel). The dependence was very well fitted as a sigmoid curve.
The upper plateau was reached at about 120 ng of PCR product. The
50% intercept related to the midpoint of the curve was 10.2 + 1.4 ng.
However, in the ICT approach, the sensitivity is not the major con-
cern, because all the samples have to be precultivated and amplified
by PCR. The bacteria enrichment duration and the PCR procedure
used in this study provided production of more than 120 ng of PCR
product per 3 L in all experiments with positive results, presented
in Sections 3.5 and 3.6.

To determine the reproducibility of the strip test, samples of 8
and 24 ng of PCR product were assayed each on six strips. Den-
sitometric analysis of the test lines gave CVs of 9.7% and 7.3%,
respectively, for the colour intensity values.

3.4. Comparison of ITC and gel electrophoresis

From performed experiments (Sections 3.2 and 3.3) and pro-
cedure parameters of both detection techniques it can be assumed
that the ICT provides following advantages over gel electrophoresis
in detection of PCR product: (i) the test takes only 10 min com-
pared to hours required for electrophoresis, (ii) it does not require
instrumentation, (iii) it does not require well skilled technician in
performing the test and interpreting the results, (iv) it uses no
dangerous compounds, while ethidium bromide is used in elec-
trophoresis, (v) the strip test has three times better detectability,
(vi) it allows also confirmation of the correct amplicon by two
different bioreceptors binding specifically both labels occurring
exclusively in correct amplicon, as opposed to electrophoresis that
only recognized the approximate size of amplicon. Moreover, it is
necessary to validate the ICT in additional experiment as shown
below.

3.5. Validation of ITC by testing microbial strains

The PCR primers used in this assay were selected for being very
specific for Cronobacter spp. (Cawthorn et al., 2008; Lehner et al.,
2004). Nevertheless, we evaluated the developed ICT specificity by
testing a range of PCR products obtained from a variety of verified
bacterial strains which include Cronobacter spp. and other food rel-
evant microorganisms. Considering above mentioned facts about
the ICT detectability the enrichment phase of bacteria detection
including immunostrip was shortened to 12 h in all next experi-
ments. As presented in Table 2, all of tested strains were identified
in accordance with the results of standard microbiological meth-
ods (plating the strains on the chromogenic agar ESIA, and by
the biochemical test ID 32E). All Cronobacter strains gave posi-
tive results. No detectable reactivity occurred with any of other
(non-Cronobacter) members from the family of Enterobacteriaceae.

Method Time needed for detection of Demands for instrumentation Potential for semiquantitative
<10 cells of Cronobacter spp. assay of specific DNA sequence
Cultivation + PCR +ICT 16 h? Low Yes
LODP =8 ng
Cultivation + PCR +electrophoresis 18h? Higher Yes
LOD" =24 ng
Reference microbiological method® 6-7 days Very low No

2 Sum of duration for bacteria cultivation, DNA extraction, amplification and detection.

b Visual limit of detection.
¢ ISO/TS 22964:2006.
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The results obtained from immunochromatographic strip test and conventional microbiological methods for the identification of Cronobacter spp. and their differentiation

from some other members of Enterobacteriacae.

No. Strain Identification Results No. Strain Identification Results

ICT B E ICT B E
CB 01 C. sakazakii + + + CB 46 C. turicensis + + +
CB 02 Cronobacter sp. + + + CB 47 C. muytjensii CDC 3523-75 + + +
CB 03 C. sakazakii ATCC 29544 + + + CB 48 C. muytjensii ATCC 51329 + + +
CB 04 C. sakazakii CCM 1902 + + + CB 49 C. dublinensis + + +1
CB 05 Cronobacter sp. CCM 3460 + + + CB 50 C. dublinensis + + +
CB 06 Cronobacter sp. CCM 3479 + + + CB 51 C. genomosp.1 NCTC 9529 + + +
CB 30 C. sakazakii ATCC 12868 + + + EB 20 E. cloacae ATCC 10699 — - -
CB 31 C. sakazakii + + + EB 21 E. aerogenes CCM 2531 - - -
CB 32 C. sakazakii + + + EB 22 E. cloacae CCM 2320 - - -
CB33 C. sakazakii + + + EB 23 E. gergoviae CCM 3459 — - —
CB 34 C. sakazakii + + + EB 24 E. cowanii CCM 7015 - - -
CB 35 C. sakazakii CDC 996-77 + + + EB 25 E. amnigenus ATCC 33072 - - -
CB 36 C. sakazakii CDC 9369-75 + + + EB 26 E. cancerogenus ATCC 33241 - - -
CB 37 C. sakazakii + + + EB 30 E. cloacae - - -
CB 38 C. sakazakii + + + EB 31 E. helveticus - - -
CB 39 C. sakazakii + + + EB 32 E. helveticus - - -
CB 40 C. sakazakii CDC 3128-77 + + + EB 33 E. hormaechei — - —
CB 41 C. sakazakii + + + EB 34 E. hormaechei - - -
CB 42 C. malonaticus + + + EB 35 E. pulveris - - —[+2
CB43 C. malonaticus + + + EB 36 E. pulveris - - -
CB 44 C. malonaticus CDC 1058-77 + + + EB 37 E. turicensis - - —[+2
CB 45 C. malonaticus + + + EB 38 Enterobacter sp. - - -

ATCC - American Type Culture Collection. NCTC - UK National Collection of Type Cultures. CCM - Czech Collection of Microorganisms. CDC - Centers for Disease Control and
Prevention (USA). CB 01-CB 06, EB 20-EB 26: strains from Czech Collection of Microorganisms (CCM). CB 30-CB 51, EB 30-EB 38: strains kindly donated by Dr. Carol Iversen
(University College Dublin). ICT - results obtained by immunochromatographic strip: (+) positive result; (—) negative result. B — results obtained by biochemical test ID 32E:
(+) positive result (strain was identified as Enterobacter sakazakii); (—) negative result (strain was identified as other member of Enterobacteriaceae family). E — growth on
chromogenic agar ESIA: (+) positive result (blue coloured colonies); (—) negative result (white colonies); (+!) different characteristics of colonies, but blue coloured; (—/+2)

presence of both, blue- and white- coloured colonies on ESIA.

3.6. Detection of genus Cronobacter in spiked samples

Generally, there is the lack of studies where natural pathogen
samples are detected by biosensors. The aim of our work was to
develop the prototype of an ICT utilizable for testing spiked food
samples. According to the zero tolerance limits of Cronobacter cells
given by Commission Regulation No. 1441/2007 (Anonymous,
2007), the important significance has the ability of the test to
detect less than 10 Cronobacter cells in 10g of powdered infant
milk formulae.

To verify the possibility of the application of the developed ICT,
we prepared 10 samples, artificially contaminated with less than
10 cells of Cronobacter spp. The prepared samples were analyzed
by the integrated enrichment-extraction—amplification-detection
procedure including ICT and by the reference microbiological anal-
ysis according to ISO/TS 22964:2006 including ID 32E confirmation.
Both methods showed the same results (data not shown); all arti-
ficially contaminated samples were determined as positive. The
possible influence of different kinds of samples on bacterial growth
conditions and for the DNA extraction extent was not observed. The
negative controls (samples of infant formulas without inoculation)
did not provide any false positive results.

Using the developed ICT less than 10 cells of Cronobacter spp.
were detected within 16h (12 h for cultivation and 4 h for DNA
isolation, PCR and ICT). On the other hand, the detection and con-
firmation of this pathogen by ISO/TS 22964:2006 takes 6-7 days
(Table 1).

4. Conclusions

We have successfully demonstrated that the approach of
using the combination of nucleic acid amplification and an
immunochromatographic based detection principle can offer dis-
tinct advantages in terms of sensitivity, specificity, and speed for
genus Cronobacter detection. After enrichment of bacterial sample,
the developed procedure consists of an isolation of template DNA,

a PCR amplification step of specific sequences and the detection
of amplified product by the developed ICT. The ICT, with immo-
bilized antibody against digoxigenin on nitrocellulose membrane,
bound amplified product labelled by digoxigenin, if Cronobacter
was present in sample. Colloidal carbon nanoparticles as a tracer
provide visual evidence of the presence of genus Cronobacter within
10min. The ICT is simple, easy to perform, allowing for non-
specialized personnel application in the final detection of bacteria
presence without requirement for intensive labour and any device.
The developed procedure allows detection of less than 10 bacterial
cells in samples of dried infant formula. Moreover, the incorpora-
tion of the ICT into whole detection procedure resulted into the
shortest known method of the Cronobacter detection in food sam-
ples. Although further improvement might be required (mainly
concerning shorter duration of bacteria enrichment), and more
extensive validation of ICT might be asked, the results demon-
strated that the analysis of PCR product using ICT has a potential
to be a useful tool for a rapid and easy-to-use detection of genus
Cronobacter.
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Abstract Rapid and specific detection of Cronobacter
spp. in powdered infant formula milk (IFM) is of great
importance for health and safety reasons. In the present
study, two rapid and specific methods, the immunochro-
matographic strip (ICT) and the matrix-assisted laser
desorption ionization-time of flight mass spectrometry
(MALDI-TOF MS), were tested for the detection of
Cronobacter spp. in IFM. IFM samples spiked by
Cronobacter spp. were correctly detected as positive by
both methods. These results were verified by the classical
cultivation microbiological method (ISO/TS 22964:2006).
All three methods were used for the analyses of 13 IMF
samples from a local market with identical results. Only
one IFM sample was found to be positive. Both tested
methods considerably reduced the total detection time, to
24 h (ICT) and 46 h (MALDI-TOF MS), whereas the ref-
erence ISO/TS 22964:2006 method needs 140 h.

Keywords Cronobacter - Food-borne pathogen - Milk -
Rapid detection - MALDI-TOF MS - Immunostrip

Introduction

Cronobacter is a recently proposed genus consisting of
seven genomospecies and three subspecies that encompass
the organisms formerly referred as Enterobacter sakazakii
[1, 2]. Cronobacter spp. are considered emerging food-
borne pathogens that have been known to cause serious
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infections in infants, mainly neonates. Although the food-
borne infections caused by these pathogens are not com-
mon, these pathogens have a 40-80% fatality rate in
infected infants [3, 4].

Cronobacter is ubiquitous in nature and has been iso-
lated from various food sources [5—7]. Its primary reservoir
is still unknown, but plant material is believed to be the
likely source [8]. The organism has been isolated from
powdered milk, cheese products, and in dairy plants, this
suggests that Cronobacter is a robust contaminant of milk
[9, 10]. Cronobacter spp. have been found mainly in
powdered infant milk formula (IFM), which is the most
dangerous, with respect to neonates [11]. This is a reason
why a Codex Alimentarius guideline was revised and zero
tolerance limits for genus Cronobacter in powder infant
formula was established [12].

The traditional microbiological detection of Cronob-
acter cells needs one week to complete [13, 14]. Thus, it is
necessary to look for rapid, simple and reliable methods for
detection of this pathogen. Several rapid techniques were
developed [3], including mass spectrometry [15], and
immunoassay [16]. The newly developed procedures seem
to fulfil the criteria, but still have various shortcomings.

The objective of this study was to test the suitability of
immunochromatographic strip (ICT) and matrix-assisted
laser desorption ionization-time of flight mass spectrome-
try (MALDI-TOF MS) for these purposes.

Materials and methods
IFM samples used in this study

Samples of IFM were collected from supermarket chains in
the Czech Republic.
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Spiked samples were prepared as follows:

1. One sample free of added Cronobacter spp. was
divided into several aliquots. Each one was spiked
with different Cronobacter spp. Decimal dilutions of
overnight cultures (12 h) of different Cronobacter spp.
were prepared. Aliquots (1 mL) of the -cultures
containing <10 cells were inoculated into flasks
containing 10 g of IFM with 90 mL of peptone water
(BPW, Sigma-Aldrich, Germany).

2. Different samples of IFM were spiked only by
Cronobacter sakazakii ATCC 29544. Decimal dilu-
tions of an overnight culture Cronobacter sakazakii
ATCC 29544 were prepared. Aliquots (1 mL) of the
cultures containing 107 cells (positive control 1, PC1)
and <10 cells (positive control 2, PC2) were inocu-
lated into flasks containing 10 g of IFM with 90 mL of
peptone water.

Cronobacter detection in the IFM samples according
to the standard ISO/TS 22964:2006

IFM samples were analysed according to ISO/TS
22964:2006 [13], see Table 1. The pre-enrichment med-
ium, 90 mL of buffered peptone water was inoculated with
10 g of the IFM and incubated at 37 °C for 20 h. The
culture (100 pL) obtained by the pre-enrichment was
inoculated to 10 mL of selective enrichment medium
modified Lauryl Sulphate Tryptose Broth (mLST, Oxoid
LTD., Basingstoke, UK) and was incubated at 44 °C for
24 h. Suspect colonies were inoculated to a chromogenic
agar Enterobacter sakazakii isolation agar (ESIATM, AES
Laboratoire CHEMUNEX, Ker Lann, France) and incu-
bated at 44 °C for 24 h. Typical colonies were selected
from the chromogenic agar and plated to the Tryptone Soya
Agar (TSA, Oxoid LTD., Basingstoke,UK) at 25 °C for
48 h. Isolates producing a yellow pigment were biochem-
ically characterized (24 h) using the identification system
ID 32 E (bioMérieux sa, Marcy 1’Etoile, France).

Cronobacter detection in the IFM samples
by the immunochromatographic test

A sample of IFM (10 g) was mixed with mLST (90 mL)
and cultivated at 37 °C for 20 h, see Table 1. An aliquot
(1 mL) of the prepared suspension was used for DNA
isolation performed by a GenElute Bacterial Genomic
DNA kit (Sigma-Aldrich Corp., St. Louis, MO, USA),
using the Gram-negative bacterial protocol. The isolated
DNA was used for genus Cronobacter-specific PCR with
labelled primers. The obtained amplicons (part of original
Cronobacter DNA) were applied on the ICT in the mixture
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with the carbon—neutravidin conjugate. In the test proce-
dure, this mixture moved along the ICT strip. Presence of
amplicon, that is, Cronobacter DNA, in the sample has
been visible as a black line on the ICT strip [16]. The
results were obtained for each sample in three separate
analyses. The visual detection limit of amplicon was 8 ng.

Cronobacter detection in the food samples
by the MALDI-TOF MS

A sample of IFM (10 g) was mixed with mLST (90 mL)
and cultivated at 37 °C for 20 h, see Table 1. One loop full
of prepared culture was streaked on ESIA™ plates (AES
Laboratoire, France) and incubated 24 h at 44 °C. A small
amount of bacteria obtained from this culture was depos-
ited on MTP 384 (Bruker Daltonics) target polished steel in
duplicate and allowed to dry at room temperature. The
dried sample was overlaid with 1 pL of matrix consisting
of a saturated solution of a-cyano-4-hydroxycinnamic acid
in 50% acetonitrile and 2.5% trifluoroacetic acid, and
allowed to co-crystallize with each sample [17]. The data
were obtained for each sample in three separate analyses.

MALDI-TOF MS analysis was performed on Biflex IV
MALDI-TOF mass spectrometer (Bruker Daltonics GmbH,
Bremen, Germany). Spectra were recorded by Flex Control
software (Bruker Daltonics) in linear positive mode at an
accelerated voltage of 19 kV in the range from 2,000 to
20,000 Da. Ribosomal proteins are detected under these
conditions [15]. Bruker Bacterial Test Standard (E. coli
DH5alpha peptide and protein profile plus additional pro-
teins) was used for external calibration. For the identifi-
cation, MALDI BioTyperTM system (Bruker Daltonics)
software was used. Biotyper with its software is very useful
accessory for MALDI-TOF. Thus, it is possible to use
database containing peaks for identification of many micro-
organisms that are included, or create own superspectra and
add to the Biotyper database.

Results and discussion

A specific food-safety criterion in the European Commu-
nity is the zero tolerance limit for Cronobacter cells in IFM
[12]. To fulfil this demand, it is necessary to start the
detection procedure by using the pre-enrichment step.
Then, all scientific effort is focused on the time of detection
[14]. In this work, we compared the official microbiolog-
ical ISO/TS method with ICT and MALDI-TOF MS.
While the microbiological method is based on a series of
biochemical tests, the ICT technique assessed the specific
part of DNA and the MALDI-TOF detected specific ribo-
somal proteins of Cronobacter spp.
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Table 1 ISO procedure, immunochromatographic test and MALDI-TOF mass spectrometry protocols used for the detection of Cronobacter spp.

in the samples of infant formula milk

ISO? procedure ICT" MALDI-TOF*
10 g IFM? 10 g IFM* 10 g IFM¢
90 mL BPW* 90 mL mLST' 90 mL mLST"
lzo h, 37 °C lzo h, 37 °C 20 h, 37 °C
100 pL culture 1mL ESIA®
10 mL mLST" isolati
DNA isolation 24 h. 44 °C
2h
124 h, 44 °C DNA colony
PCR", ICT" MS¢
ESIA® 2h 2h
l 24 h, 44 °C results results
TSA!
148 h, 25 °C
colony

biochemical characterization
24 h

results

* ISO ISO/TS 22964:2006

® JCT immunochromatographic test

¢ MALDI-TOF matrix-assisted laser desorption ionization-time of flight mass spectrometry

4 JFM infant formula milk

¢ BPW buffered peptone water

f mLST modified lauryl sulphate tryptose broth

& ESIA chromogenic agar Enterobacter sakazakii isolation agar
" PCR polymerase chain reaction

L 754 tryptone soya agar

Detection of Cronobacter spp. in spiked IFM samples

To compare specificity and limit of detection of the
detection methods used, we prepared samples of IFM
spiked with low concentrations (<10 cells) of all cur-
rently known members of genus Cronobacter (Table 2).
This series of experiments was set up to demonstrate the
ability of the methods used (ISO, ICT and MS) to detect
small amounts of Cronobacter cells in IFM samples, to
verify the specificity of the methods, and their capability
to reveal the presence of all Cronobacter species. Nine
parallels of IFM were prepared. Seven parallels were
inoculated each with one member of genus Cronobacter:
C. sakazakii, C. malonaticus, C. turicensis C. dublinensis,

C. universalis, C. condiment and C. muytjensii; one par-
allel by Enterobacter cloacae, and one was processed
without artificial inoculation. A non-spiked IFM sample
and a sample spiked by E. cloacae served as controls.
All prepared IFM samples were analysed by official ISO/
TS 22964:2006 method, ICT method, and MALDI-TOF
MS. Cronobacter spp. were correctly detected in all
analysed spiked IFM samples (Table 2). That means that
all methods tested can detected all 7 till now known
species of Cronobacter. Those species have different
biochemical behaviour with possible different following
health impacts [2].

The time schedule and duration of the detection proce-
dures used are shown in Table 1.
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Table 2 Analysis of infant
formula milk samples spiked
with <10 cells of Cronobacter
spp. tested by ISO procedure,

Strain used for inoculation

Results

ISO* MALDI-TOF*

Without inoculation

. sakazakii ATCC 29544

. malonaticus CDC 1058-77
. muytjensii ATCC 51329

. turicensis DSM 18703

. dublinensis lactaridi

. universalis NCTC 9529

. condimenti NTU 1330

Enterobacter cloacae

immunochromatographic test
and MALDI-TOF mass
spectrometry

* ISO ISO/TS 22964:2006
b jcr immunochromatographic
test

¢ MALDI-TOF matrix-assisted
laser desorption ionization-time
of flight mass spectrometry

OO0 00N

o+ o+ o+t

L+ ++++++ A
=

o+t

Table 3 Detection of genus Cronobacter in real samples of infant formula milk including artificially contaminated parallels with Cronobacter

sakazakii ATCC 29544

No. Real samples’ Real samples spiked by
IS0 ICT MT* pC1¢ PC2¢
ICT’ MT* ICT" MT*

1 - - - + + + +
2 - - - + + + +
3 + + + + + + +
4 - - - + + + +
5 - - - + + + +
6 - - - + + + +
7 - - - + + + +
8 - - - + + + +
9 - - - + + + +
10 - - - + + + +
11 - - - + + + +
12 - - - + + + +
13 - - - + + + +

* ISO ISO/TS 22964:2006
® JCT immunochromatographic test

¢ MT matrix-assisted laser desorption ionization-time of flight mass spectrometry

4 pCI sample containing 107 cfu (positive control 1)
¢ PC2 sample containing <10 cfu (positive control 2)

' Real sample without inoculation
Detection of genus Cronobacter in real IFM samples

Successful detection of all spiked samples of IFM
allowed us to analyse samples of IFM from the local
market (Table 3). In this study, a total of 13 samples
were assessed for the content of Cronobacter spp. by
official microbiological method ISO/TS, ICT and
MALDI-TOF MS. Contamination by Cronobacter spp.
was found and declared only in one sample. A positive
response was obtained by all three methods used. All
IFM samples with negative results were furthermore
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spiked with two different concentrations (PC1, 107 cell
and PC2, <10 cells) of Cronobacter sakazakii ATCC
29544. The higher number of cells (PC1) serves as a
control that all methods are working by right way. The
methods tested must be able to detect the lower number
of cells (PC2). All samples spiked by this way were
correctly detected by all three methods.

The results we obtained fit the findings made by other
authors. The occurrence of Cronobacter spp. in milk and
milk products is rare [18-21], but with respect to danger-
ousness of this pathogen is necessary to monitor it.
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Table 4 Comparison of ISO procedure, immunochromatographic test and MALDI-TOF mass spectrometry

Items ISO* ICT® MALDI-TOF®

Duration of micro-organism cultivation (h) 116 20 44

Total time of detection (h) 140 24 46

LoD <10 cells <10 cells <10 cells

Requirement of pure culture Yes No Yes

Specificity Genus Cronobacter Genus Cronobacter Genus Cronobacter

Required laboratory equipment None Thermocycler MALDI-TOF MS, MALDI BioTyperTM system
Requirement of well trained personnel Important Less important Less important

Labour costs per 100 tests (in €) 1,500 270 450

* ISO ISO/TS 22964:2006
° JCT immunochromatographic test

¢ MALDI-TOF matrix-assisted laser desorption ionization-time of flight mass spectrometry

4 LOD limit of detection
Evaluation of methods for Cronobacter detection

Rapid, sensitive, specific, and low cost detection of
pathogens in food samples is of great interest [22, 23].
Therefore, we compared all parameters of methods used for
genus Cronobacter detection (Table 4).

The initial cultivation of micro-organisms takes, in the
case of ISO/TS, ICT and MALDI-TOF MS, 20 h (Table 1).
Then, the ISO/TS identification needs further cultivations,
and the results are obtained within 140 h. Also the
MALDI-TOF MS technique needs another 24 h cultivation
step and then the results are obtained within 2 h. The ICT
procedure is the most rapid and it is finished, after DNA
isolation and PCR, in 4 h. Table 4 shows that both tested
methods, ICT and MALDI-TOF MS, reduced the total
analysis time of the analysis in comparison with microbi-
ological ISO/TS detection. While the official method ISO/
TS needs 140 h to finish detection, evaluation of Cronob-
acter by ICT only 24 h and by MALDI-TOF MS takes
46 h.

All tested method must be able to detect <10 Cronob-
acter cells in the analysed IFM sample (Table 4).

The specificity of Cronobacter detection is illustrated in
Table 2. Both tested methods, ICT and MALDI-TOF MS
gave the same results as the official ISO/TS method.

The results shown in Table 4 suggest that the ICT is the
simplest, easy to perform, allowing non-specialized per-
sonnel to use the application without a requirement for
intensive labour and it needs as a device only thermocycler.
The final detection is simple due to visual estimation.

Conclusions

We have successfully demonstrated the use of two meth-
ods, ICT and MALDI-TOF MS, for the rapid and specific

detection of genus Cronobacter in IFM. The most rapid
and simple detection was achieved by the ICT technique.
The total duration of the assay is 24 h, even though the
procedure is accompanied by a DNA isolation step.
MALDI-TOF MS detection takes more time (46 h), due to
the necessity to perform two cultivation steps of IFM
sample. Thus, both methods considerably reduced the total
analysis time, fulfil the demands on microbiological crite-
ria for IFM samples and have a potential to be a rapid and

inexpensive detection of genus Cronobacter in the
laboratory.
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There is increased interest in the investigation and implementation of rapid screening methods for detec-
tion of pesticide residues. This study reports development of an immunostrip test for thiabendazole
detection based on indirect competitive principle using carbon particles as a label. Nitrocellulose mem-
brane strip was coated with a thiabendazole-protein conjugate in the defined test zone. In flow of an
antibody-carbon complex and thiabendazole along the strip, the intensity of black colour formed in
the test line reflected the thiabendazole concentration and semi-quantitative estimation could be car-
ried out visually. The optimized test was accomplished within 10 min and the visual detection limit
was achieved 0.25ngmL-! of standard sample. Moreover, immunostrip was evaluated quantitatively
using scanning densitometry. Based on standard curve, the detection limit of the proposed test was
as low as 0.08 £0.03 ngmL-! with an ICsg value of 0.60+0.08 ngmL~! and a linear working range of
0.11-4.13ngmL"". Results of testing precision, stability, and specificity demonstrated that the assay
provided a reliable performance.

This immunostrip was applied to analysis of spiked fruit juices in range of 0.05-5 mgL~!. Matrix inter-
ferences were avoided by simple dilution of samples. Both visual and instrumental evaluations indicated
a good agreement with results obtained by ELISA. Recoveries from juices were from 81.9 to 123.6% and
relative standard deviations ranged from 9.9 to 19.3%. The developed strip offers potential as a useful
rapid and simple method for screening of thiabendazole in fruit juices at levels far below the maximum

Keywords:
Immunostrip test
Thiabendazole
Carbon particle
Fruit juice

Food analysis

residue limits.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The use of pesticides provides benefits in providing a supply
of high-quality crops, but their incorrect application can leave
harmful residues, which involve a potential risk for human health.
Thiabendazole (2-(4’-thiazolyl)benzimidazole) is one of the most
commonly used fungicides to control postharvest decay caused
by fungi in various fruits and vegetables. The persistence of thi-
abendazole residues in agricultural products destined to human
consumption is important problem. Several studies have been
performed to demonstrate residues in edible parts of raw fruits
(Garcia-Reyes et al., 2006; Ito et al., 2003; Veneziano et al., 2004;
Zamora et al., 2004) and in fruit juices (Gilbert-Lépez et al., 2007;
Romero-Gonzdles et al., 2008; Tadeo et al., 2004; Young et al.,
2001b). To protect consumers from risks related to thiabendazole in
food, European Union legislation has established maximum residue
limits (MRLs) for raw fruit and vegetables. The MRLs range from
0.05 to 15 mgkg~!, depending on the crop (Anonymous, 2008). For
fruits like oranges, apples, pears and bananas, the MRLis 5 mg kg~1.
Due to the absence of legal threshold values for processed products

* Corresponding author. Tel.: +420 220445137; fax: +420 220445167.
E-mail address: fukall@vscht.cz (L. Fukal).

0956-5663/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.bi0s.2010.02.011

such as juices, they have been normally considered as the MRLs
stated for raw fruits.

The most frequently used method for thiabendazole analysis
is high performance liquid chromatography (HPLC) with UV, flu-
orescence or mass spectrometric detection (Albero et al., 2004;
Gilbert-Lépez et al., 2007; Wu et al., 2009; Young et al., 2001a).
Although highly sensitive and reliable, they require well-equipped
laboratories, trained personnel, and involve time-consuming sam-
ple preparation steps. In this context, there has been increased
interest in the development and implementation of rapid screen-
ing methods, including immunoassays, for detection of pesticide
residues. Several authors (Abad et al, 2001; Bushway, 1996)
have reported monitoring of thiabendazole in fruit juices using
an enzyme-linked immunosorbent assay (ELISA). However, for
non-specialized laboratories, it can be difficult to perform labour
intensive operations including repeated incubation and washing,
and enzyme reaction for final signal generation in ELISA. Mem-
brane strip-based immunoassays have also become increasingly
practical tools in contaminant monitoring. Immunostrip perfor-
mance relies on the migration of sample and antibody-particle
conjugate along reagent-coated membrane strip where the cor-
responding affinity interactions take place. This technology can
be considered as a miniaturized affinity chromatography with an
antibody included in the flow matrix. The enhanced interaction
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rate between reactants, the capturing of labelled antibody in a few
tenths of a millimetre on the membrane and the easy-to-use test
performance are features of the strip tests that make them valuable
and even more competitive than the ELISA techniques. Unlike flu-
orescence or enzyme-detection systems, particle probes are more
stable and easy to use. There are no needs for fussy operations as
incubation, washing and enzymatic reactions during signal gener-
ation, which distinctly shorten the detection time. Especially, the
results can be read directly by naked eyes, which ensure the con-
venience of assays (Posthuma-Trumpie et al., 2009). Recently, the
application of strip tests has been shown to be useful technique for
an assessment of pesticides and other low-molecular weight con-
taminants in food (Chen et al., 2008; Kolosova et al., 2008; Li et al.,
2009; Lisa et al., 2009; Shi et al., 2008; Tang et al., 2009; Wang et al.,
2007; Zhou et al., 2009). However, a reliable strip test for screening
of thiabendazole has not been described.

The aim of this work was to develop a rapid and easy strip
method for the detection of thiabendazole based on competi-
tive immunoassay using colloidal carbon particles. Conditions of a
designed strip procedure were optimized, and the characteristics of
the proposed system were investigated. The application feasibility
was tested in analyses of spiked juice samples. Semi-quantitative
and quantitative strip results were compared with those obtained
by ELISA. The several distinct advantages, such as simplicity and
speed of performance, as well as sufficient sensitivity and accept-
able reliability make it a potentially useful tool for screening of
thiabendazole contamination in fruit juices.

2. Experimental
2.1. Immunoreagents, chemicals and materials

The rabbit anti-swine IgG antibody (RASw) as well as the
swine anti-mouse IgG antibody (SWAM) was supplied from Nordic
Immunological Laboratories (Tilburg, The Netherlands). The mouse
anti-thiabendazole monoclonal antibody as well as the thiaben-
dazole hapten-ovalbumin conjugate (thiabendazole-OVA) was
purchased from Centro de Apoyo a la Innovacién, la Investi-
gacién y la Transferencia de Tecnologia (Universidad Politécnica
de Valencia, Spain). Producer indicated these immunoreagents
as LIB-TN3C13 and OVA-TN3C, respectively (Abad et al., 2001).
Horseradish peroxidase (HRP)-labelled swine anti-mouse IgG
(SWAM, HRP/SwlgG=1.81, concentration 8.9 mgmL-1) was sup-
plied by Seva Pharma (Prague, Czech Republic).

Standards of thiabendazole (98.5%, HPLC/DAD), 5-hydroxy-
thiabendazole (99.5%, HPLC/DAD), albendazole (99%, HPLC/DAD),
benzimidazole (99.5%, HPLC/DAD), fenbendazole (99.3%,
HPLC/DAD), flubendazole (98.0%, HPLC/DAD), mebendazole
(97.0%, HPLC/DAD), oxibendazole (98.5%, HPLC/DAD) were from
Dr. Ehrenstorfer GmbH (Augsburg, Germany). Individual stock
standard solutions containing 10 mg mL~! of each compound were
prepared by dissolving accurately weighted amounts in ethanol
and stored in darkness at 4°C. Working standard solutions were
freshly prepared by serial dilution in an assay buffer. Carbon
nanoparticles (Spezial Schwartz 4, Degussa AG, Germany) were
kindly provided from Agrotechnology & Food Sciences Group
(Wageningen University and Research Centre, The Netherlands)
as a dry powder (particles of amorphous shape with average size
of 120 nm). Tween 20, o-phenylenediamine (OPD), bovine serum
albumin (BSA), and other common chemicals (of the highest purity
available) were purchased from Sigma-Aldrich Inc. (St. Louis, USA).

In optimization experiments aimed for selection of strip design,
13 types of nitrocellulose membrane obtained from three produc-
ers were tested. PRIMA 85, PRIMA 125, AE 98 FAST, AE 98, AE
99, Protran BA 83, Protran BA 85, Immunopore FP, and Immuno-

Absorption
pad

Nitrocellulose
membrane

control line -
(reactant E) ™~}

test line T o0y
(reactant D)
Reaction mixture:
Y reactant A
.Y & - ¢ reactant B
v % N A v reactantC

A

v

Fig. 1. Schematic illustration of the strip test design. Reactant A, mouse anti-
thiabendazole antibody; reactant B, the conjugate of carbon particle with swine
anti-mouse IgG antibody; reactant C, thiabendazole; reactant D, the thiabendazole-
ovalbumin conjugate; reactant E, rabbit anti-swine IgG antibody.

pore RP were supplied from Whatman GmbH (Dassel, Germany);
HiFlow Plus HF 135, HiFlow Plus HFB180, and HiFlow Plus 090 were
from Millipore spol. s r.o. (Prague, Czech Republic); Unisart 140 was
from Sartorius Stedim Biotech S.A. (Aubagne Cedex, France). Vinyl
backing ARcare® 7823 was purchased from Adhesives Research Inc.
(USA), and the absorbent pad CFSP from Millipore Corp. (USA).

2.2. Preparation of the antibody-carbon conjugate

The conjugate was prepared as described previously (Blazkova
et al., 2009) with gentle modification. Carbon nanoparticles were
dispersed in 5mM borate buffer (pH 8.8) by sonication for 20 min
on the ice-water bath to obtain stabile suspension (2 mgmL-1). For
conjugation, the swine anti-mouse IgG antibody (SwAM) diluted in
5 mM borate buffer (pH 8.8), was added slowly with gentle stirring
to achieve a final protein concentration of 350 wg mL~!. This mix-
ture was stirred gently at 4 °C overnight. In the end, the suspension
was washed three times by repeated centrifugation (20,000 x g) at
10°C for 30 min with 5mM borate buffer, pH 8.8 (containing 1%
BSA and 0.02% NaNj3), and a final sediment was resuspended to the
initial volume in washing buffer. Prepared stock suspension of the
SwAM-carbon conjugate was stored at 4 °C. Just before the use of
stock suspension in the assay, it was diluted 10-fold with running
buffer (0.1 M borate buffer, pH 8.8, containing 1% BSA, 0.05% Tween
20, and 0.02% NaN3).

2.3. Immobilization of reagents on the strips

Linomat V (Camag AG, Switzerland) was used to dispense two
lines on a nitrocellulose membrane sheet pasted to a vinyl back-
ing (20cm x 2.5cm). For the control line, rabbit anti-swine IgG
antibody (RASw) at a concentration of 1mgmL~! (5mM borate
buffer, pH 8.8) was dispensed (0.1 nL per 1mm line). For the
test line, a solution of thiabendazole-OVA at a concentration of
25ugmL-! (5mM borate buffer, pH 8.8) was dispensed (0.1 L
per 1 mm). After drying for 1h at 37°C, the nitrocellulose mem-
brane sheet was blocked with 1% BSA by incubation for 30 min,
washed three times (5 mM borate buffer, pH 8.8), and then dried
again at 37 °C for 3 h. Subsequently, the membrane sheet was cut
into test strips (25 mm x 5 mm) using a strip cutter (Economic Cut-
ter ZQ2000, Shanghai Kinbio Tech Co. Ltd., Shanghai, China). Finally,
an absorbent pad was cut in sections of 10 mm x 20 mm and pasted
to the far end of the strip (Fig. 1). Strips prepared in such way were
stored in sealed bags under dry conditions at laboratory tempera-
ture until used.
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2.4. Strip assay

In a low-binding microplate well, 50 L of thiabendazole stan-
dard solution diluted in 0.1 M borate buffer, pH 8.8 (or diluted
sample) were mixed with 30 L of the running buffer (0.1 M borate
buffer, pH 8.8, containing 1% BSA, 0.05% Tween 20 and 0.02% NaN3),
10 p.L of SWAM-carbon conjugate, and 10 wL of anti-thiabendazole
antibody diluted in the running buffer (0.3 wg mL~!). The mixture
was incubated for 30 s at room temperature. Then, the strip was put
into the bottom of the microwell vertically and was taken out after
10 min. The assay results were interpreted as follows. The colour
intensity of the test line was qualitatively estimated visually or
quantitatively measured using scanning densitometry. In the visual
assessment, samples producing the test line appearance of the same
intensity as a negative control were considered to be negative (—).
If the colour intensity of the test line was weaker than that of the
negative control, the result was evaluated as weakly positive ().
When there was no band at the test line, the sample was positive
(+). The control line is always visible above the test line assuring
the assay was performed properly.

To obtain quantitative results, the dried test strips were scanned
using an Epson Perfection V700 Photo Scanner (Seiko Epson Corpo-
ration, Nagano, Japan), and the test line intensities were converted
to pixel grey volumes with a TotalLab TL100 software (Nonlinear
USA Inc., NC, USA). A sigmoid standard curve was obtained by plot-
ting the mean value of pixel grey volumes against the logarithm
of thiabendazole concentrations through a four-parameter logistic
equation:

v A-D
1+ (x/C)
where A is the y-value of the upper asymptote; B is the curve slope
at the inflection point; C is the analyte concentration giving 50%
inhibition of the asymptotic maximum (ICsg); and D is the y-value

of lower asymptote (Rodbard, 1974).
Cross-reactivities (%CR) were calculated as follows:

+D (1)

_ ICsp(thiabendazole) ,
" ICsg(cross-reactant)

%CR 100 (2)

2.5. Enzyme-linked immunosorbent assay (ELISA)

ELISA was performed according to the method of Abad et
al. (2001), which was modified in following details. The anti-
thiabendazole antibody was diluted in 0.1 M PBS, pH 7.4, containing
0.1% BSA; peroxidase-labelled anti-mouse immunoglobulins were
from swine (SWAM-HRP); 96-well polystyrene microtitre plates
Costar were from Corning Inc, USA (Cat. No. 9018); the
used microplate washer was Columbus Pro (Tecan Group Ltd.,
Mannedorf, Switzerland); absorbance was measured with the
microplate reader pQuant Microplate Spectrophotometer (BioTek
Instruments, Inc., Winooski, USA). Standards and samples were run
in triplicate wells, and the mean absorbance values were processed.
The data were mathematically fitted to a four-parameter logis-
tic equation in the same way as in the strip test. Standard curve
obtained was characterised by following parameters: the ICs5g value
of 0.4ngmL-1, the limit of detection (LOD) was 0.08 ngmL~!, and
the linear working range was from 0.2 to 9.7 ngmL~.

2.6. Juice samples

Fruit juices were commercial samples obtained from local
supermarkets. For matrix effects and recovery studies, samples
were used without any pretreatment. Juice samples containing
thiabendazole (concentration range of 0.01-10,000 ng mL~1) were
prepared as follows: Thiabendazole-free samples were spiked with

a known amount of thiabendazole derived from stock solution.
Juice samples were diluted with an appropriate assay buffer (0.1 M
borate buffer, pH 8.8, or 0.1 M PBS, pH 7.4) before assaying in the
strip test and ELISA, respectively. The pH value of diluted samples
was checked and corrected if necessary.

3. Results and discussion
3.1. Principles of assay

An illustration of the immunostrip format is shown in Fig. 1.
In designing the assay strip, the indirect competitive procedure
was used. The secondary antibody was labelled with nanoparti-
cles. Compared with the usual immunostrip technology based on
the use of directly labelled primary antibody, this procedure has
some advantages. It makes it possible to optimize a concentration
of primary antibody in the assay more conveniently and minimize
a consumption of this most expensive compound in the strip test.

Carbon particles were used as a label. Our preliminary results
(Smidova et al., 2009) indicated that these particles provided higher
colour intensity on membrane, compared with colloidal gold parti-
cles. In the last years, the successful application of colloidal carbon
in immunostrip construction has been described for analysis in
medical, microbiological, and environmental area (BlaZkova et al.,
2009; Koets et al., 2006; Lonnberg et al., 2008; Nauta et al., 2009;
Rayev and Shmagel, 2008; Van Dam et al., 2004).

Performance of a strip-based assay relies on the migration of
sample and an antibody-particle conjugate along a reagent-coated
membrane strip where the corresponding affinity interactions take
place. When mixed in a reaction mixture, the carbon-labelled sec-
ondary antibody binds the anti-thiabendazole antibody forming
a detection complex. Dipping the strip into the reaction mixture
causes the liquid moves upward by capillary action. If no thiaben-
dazole is present in the sample, the detection complex binds to
thiabendazole-OVA sprayed in the test line producing a black-
colour line of maximal intensity. In contrast, if the sample contains
thiabendazole, anti-thiabendazole antibodies in detection com-
plex are neutralized proportionally to the concentration ratio of
these two reagents. Consequently, the intensity of the black colour
observed is reduced. Thus, the colour intensity of the test line
inversely correlates with thiabendazole concentration in the sam-
ple. In the control line, a black colour appears independently on
the presence of thiabendazole since the amount of the second
antibody-carbon conjugate in assay is in excess. It is designed to
monitor whether the antibody-carbon conjugate was passed over
the test line and the result can be interpreted.

3.2. Optimization of immunostrip assay

The concentrations of immunoreagents and the type and com-
position of buffers were optimized to achieve a good sensitivity
and reliability of the test. For this purpose, experiments similar
to “checkerboard titration” were performed. The amount of anti-
thiabendazole antibody and thiabendazole-OVA should be kept low
enough to achieve good sensitivity, but must be sufficient to pro-
vide an acceptable signal. For further investigation of the assay the
following value were chosen: concentration of anti-thiabendazole
antibody in the reaction mixture was 30 ng mL~! and amount of the
thiabendazole-OVA conjugate dispensed per one strip was 25 ng.
The complete specifications of optimized conditions for the assay
are included in the procedure description presented in Sections 2.3
and 2.4. The type of nitrocellulose membrane was also selected to
achieve a short time of the test without lowering sensitivity. The
important criterion for membrane selection was also low level of
their background colour intensity in assays of fruit juices. The most
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Fig. 2. Typical strip tests after assay procedure of standard solutions with different thiabendazole concentration. Thiabendazole standard solutions assayed were prepared

in assay buffer (A); in assay buffer containing 1% orange juice (B). NC = negative control.

suitable membrane type for the thiabendazole test was found to be
AE 98.

3.3. Visual assessment of assay sensitivity

Ten standard samples with thiabendazole concentrations in
the range of 0.01-1000ngmL~! and the negative control sample
were assayed in triplicates by the optimized strip test (Fig. 2(A)).
The black-colour intensity of the test line was interpreted visu-
ally by naked eyes. The visual limit of detection (LOD) of the
assay was defined here as the minimum thiabendazole concen-
tration forming the colour density of the test line significantly
weaker than that in the assay of the negative control sample
(it means the 100% agreement between result assessments of
three repetitions of the same test by five observers). As shown in
Fig. 2(A), the thiabendazole concentration of 0.25ngmL~! caused
a slight but visually distinguishable difference in the test line
intensity compared to the negative control. Thus, 0.25ng mL~!
of thiabendazole was considered to be the visual LOD for the
strip test. At concentrations of thiabendazole >10ngmL~1, the test
line was invisible. It indicated this immunostrip allows to distin-
guish semi-quantitatively between three concentration intervals:
<0.25ngmL"1; 0.25-10ngmL~!; and >10ngmL-1. The ability of
the developed strip test to detect lower thiabendazole concen-
trations than the values of MRL for various kinds of fruits and
vegetables, illustrated the potential of this technology for food anal-
yses.

3.4. Standard curve

To obtain quantitative results and verify the visual LOD, colour
intensities of the test lines from the assay of standard samples
(Fig. 2(A)) were evaluated instrumentally by processing data of
optical density from a scanner. The mean signal values were fitted
to a sigmoid equation and displayed as the standard curve (Fig. 3).
To express the assay sensitivity, the 50% inhibition (ICsq) value of
0.60 4+ 0.08 ng mL~! was calculated and the linear working range of
0.11-4.13ngmL~! was determined as the concentrations causing
20-80% inhibition of the maximal assay signal. The LOD calculated

using three times standard deviation of the mean blank signal was
0.08 £0.03ngmL-!. It can be summarized that sensitivity of the
quantitative evaluation in the developed test is comparable with
the ELISA used in this study.

3.5. Precision, specificity, and stability of the strip test

To evaluate the precision of the strip test, four standard samples
with thiabendazole concentrations in the range of 0.1-3ngmL!
were assayed. For the intra-day precision study, one run of analyses
(n=6) was performed with each sample in the same day. Similarly,
one run of analyses (n=6) was carried out with each sample daily
in 5 consecutive days for the inter-day precision study. The intra-
and inter-day relative standard deviations (R.S.D.) were calculated

160000 -+

120000 A

80000 A

pixel grey level

40000

104 102 101 100 10" 102 100
thiabendazole (ng mL-)

Fig.3. Standard curves for thiabendazole in the optimized strip test. Standard curves
obtained in assay buffer (¢), in orange juice 100-fold diluted (A), in orange juice 20-
fold diluted (O), and in orange juice 10-fold diluted (O). The error bars correspond
to the standard deviations of the data points (n=3). The relative standard deviation
of the blank sample signal was 4.2 % in the curve measured in assay buffer.
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Table 1
Intra- and inter-assay variations in the strip test.

Standard sample (ngmL-") Relative standard deviation (%)

Intra-day? Inter-day®
0.1 10.7 15.4
0.25 8.0 103
1.0 8.4 9.1
3.0 9.8 14.0

2 The run of analyses (n=6) was performed with each sample in the same day.
b The run of analyses (n=6) was carried out daily in 5 consecutive days.

in the range of 8.0-10.7% and 9.1-15.4%, respectively (Table 1),
indicating the acceptable variation.

To determine the selectivity of the developed strip test
for thiabendazole, a study of cross-reactivity was carried out
under the optimized conditions. Cross-reactants tested were
5-hydroxy-thiabendazole, benzimidazole and following pesti-
cides: albendazole, fenbendazole, flubendazole, mebendazole, and
oxibendazole. Standard solution of each compound at concentra-
tion of 0.1 and 1 wg mL~! was applied into reactant mixture of the
test procedure instead of thiabendazole, respectively. In all exper-
iments with one of mentioned compounds, the intensity of black
colour at the test line was nearly identical to that observed in the
test with the negative control sample. It indicated that the pres-
ence of these pesticides in a test sample will not interfere with the
detection of thiabendazole (cross-reactions were <0.1%). Thus, the
developed assay posses of high specificity for thiabendazole.

The stability of the strip test was studied using the thiaben-
dazole standard solution of 0.5ngmL~! and blank sample. Strip
tests from the same batch, the running buffer, and immunoreac-
tant solutions for reaction mixture were stored at 4 °C (strips under
desiccated conditions). In the assay, the colour intensity of the test
line retained its value after 60 days without a significant change. It
demonstrated that the strip test was stable for at least 2 months.

The results of testing precision, stability, and specificity
demonstrated that the developed strip assay provides a reliable
performance comparable with other well-known immunoassays.

3.6. Evaluation of matrix effects

The possibility of analysing liquid samples or solid sample
extracts without any clean-up is one of the most outstanding
advantages of immunoassays over common used instrumental
methods. However, immunochemical interactions are not com-
pletely free from interferences caused by unidentified compounds
of the food matrices. Moreover, fruit juice matrix can be the cause
of an intensive background colour generated on membrane during
a strip test procedure. Consequently, it could interfere in results
interpretation. Therefore, the influence of the selected juices on
proposed assay should be determined prior to the application of
the method to samples spiked with thiabendazole.

Accordingly, the influence of the juices of interest on the strip
test performance was tested by comparing standard curves cre-

Table 2
Parameters of thiabendazole standard curves created in different matrixes (n=3).

ated with thiabendazole in assay buffer and in juices diluted in
assay buffer, respectively. Juices from oranges, apples, bananas, and
pears were chosen as test samples. In experiments, the matrix of
orange juice was shown as the most problematic. As demonstrated
in Fig. 3, the maximum colour intensity of the test line was strongly
reduced by orange juice diluted 10-fold or 20-fold. On the other
side, 100-fold dilution provided a closely similar standard curve as
measured in assay buffer, and assay strips are without intensive
background colouring (Fig. 2(B)). Furthermore, analytical param-
eters were calculated for the standard curves measured in assay
buffer and in individual juices after their 100-fold dilution, respec-
tively. The data collected in Table 2 illustrated the fact the obtained
curves are nearly identical. These results suggested that thiabenda-
zole could be analyzed in 100-fold diluted juices directly without a
need of clean-up.

3.7. Analysis of spiked samples

The recovery study of spiked juice samples was performed,
to analyse the strip test accuracy and reproducibility and to
compare results of the developed assay with ELISA (Table 3).
Thiabendazole-free samples of the 100% fruit juices were spiked
with thiabendazole at concentration range of 10-5000ngmL~!,
and assayed by the strip test and ELISA after being 100-fold diluted
in assay buffer. The highest spiking level represented the MRLs
for thiabendazole in crops of interest. As the 100-fold dilution of
juice samples reduced enough the matrix interferences (Table 2),
a quantitative evaluations were performed using standard curve
constructed in assay buffer.

In the visually assessed strip test, negative results (—) were
obtained for non-spiked samples and for all juices spiked at level
of 10ngmL-!. Weakly positive results (+) were obtained for
samples spiked at concentrations of 50 and 500 ngmL~!, while
samples spiked at levels of 5000ngmL~! were evaluated as pos-
itive (+). All ELISA results were very close to the spiked levels.
These experiments demonstrated the high correlation between
visually assessed immunostrips and ELISA. Nevertheless, it is clear
that some thiabendazole levels below MRL (between 1000 and
5000 ng mL~1) might also be recognized as presumptively positive
(+), in the first analysis of unknown sample by the visual evalua-
tion. Then, the further testing of additionally diluted sample should
provide the accurate assessment.

In the first quantitative analysis, samples with a high spiked con-
centration were recognized as requiring an additional dilution for
repeated analysis (to fall in the linear working range of the standard
curves in the strip assay or ELISA). In strip assays, the recovery of the
spiked concentrations was satisfactory with all juice samples, as all
data fell into the range of 81.9-123.6%. Method reproducibility was
also acceptable, as relative standard deviation (R.S.D.) ranged from
9.9 to 19.3%, with exception of the lowest spiked level of 10 ng mL~!
(in orange and apple juices the response of this concentration was
measured as <LOD). The comparison of experimental data from
the quantitatively evaluated immunostrip and from the ELISA indi-

Type of matrix ICs0 +S.D.2P (ngmL-1)

Linear working range® (ng mL~1)

Limit of detectiond +S.D.> (ngmL-1)

Assay buffer 0.60 + 0.08 0.11-4.13 0.08 + 0.03
1% orange juice 0.61 £ 0.14 0.13-3.42 0.10 + 0.05
1% apple juice 0.56 + 0.15 0.12-3.59 0.09 + 0.04
1% banana juice 0.42 + 0.15 0.06-3.88 0.07 £ 0.04
1% pears juice 0.53 £ 0.12 0.10-3.70 0.07 + 0.03

2 1Csp, the 50% intercept value of sigmoid curve.
b S.D., standard deviation.

¢ Expressed as the concentration range causing 20-80% inhibition of the asymptotic maximum.
d The analyte concentration corresponding to the mean value of blank signal reduced by 3 S.D.
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Table 3
Comparison of the immunostrip assay and ELISA in analysis of juice samples spiked by thiabendazole (n=5).2.
Juice samples Spiked concentration Immunostrip results ELISA results®
(ngmL-1)
Visual detection® Mean?:? Recoveryd (%) RS.D.4€(%)  Mean Recovery (%)  R.S.D.¢ (%)
(ngmL-1) (ngmL-1)
Orange 0 - - - - - <Lopf = = <LODf = =
10 - — — — — <LODf - - 17 171.4 221
50 + +£ + + £ 56 1129 19.2 47 94.2 183
500 + + £ + £ 615 123.6 18.0 426 85.2 17.0
5000 + + + + + 5450 109.1 14.4 4380 87.5 10.4
Apple 1] - - - - - <LODf - - <LODf - -
10 - - - - - <LODf - - 13 1304 16.4
50 + + £ £ £+ 44 88.2 19.3 53 106.7 19.7
500 + +£ +£ £ £ 498 99.5 104 464 92.8 14.1
5000 + + + + + 4570 91.3 14.1 5590 111.8 14.8
Banana 0 - - - - - <Lopf = = <LODf = =
10 - - - - - 8.2 81.9 26.9 11 112.1 9.1
50 + + £ £ £ 61 121.0 10.6 55 110.2 71
500 + + £ £ £ 470 94.4 15.9 408 81.5 11.2
5000 + + + + + 5640 112.7 183 4750 95.1 7.6
Pear 0 - - - - - <LODf - - <LoDf - -
10 - - - - - 11 1114 25.7 9.7 97.0 16.9
50 + + £ +£ £ 55 110.6 9.9 50 99.9 5.8
500 + + £ £ £ 59 118.1 9.9 529 105.8 9.8
5000 + + + + + 5360 107.2 16.7 5560 111.1 83

2 Before an assay, all spiked samples were diluted 100-fold with assay buffer.

b In the first quantitative analysis, samples with a high spiked concentration were recognized as requiring an additional dilution for repeated analysis (to fall in the linear

working range of the standard curves in the strip assay or ELISA).

¢ Visual assessment of the test line. The concentration intervals of semi-quantitative recognition are the 100-fold of the levels described in Section 3.3: (—) negative result
(concentration <25 ngmL~'); (+) positive result (concentration >1000 ng mL~'); (&) weakly positive result (concentration in the range of 25-1000 ng mL~1).

4 Quantitative assessment of strip assay using scanning densitometry.
¢ R.S.D,, relative standard deviation.
f LOD, limit of detection.

cated that good agreement was achieved between results of both
methods.

The possibility of determining 50 ng mL~! of thiabendazole with
acceptable accuracy and reproducibility in all juices tested demon-
strated a good potential of the strip test for routine analysis.

4. Conclusions

This study successfully demonstrated the potential of using
the colloidal carbon-based strip assay for the detection of thi-
abendazole in food analysis. Semi-quantitative visual evaluation
of the developed immunostrip provided the detection limit of
0.25ngmL~! in analysis of standard sample. The linear working
range of standard curve for quantitative evaluation based on scan-
ning densitometry was 0.11-4.13ngmL~!. When applied to the
analysis of spiked fruit juices by the direct dilution method, with-
out sample extraction or clean-up, the developed strip assay is
able to determine thiabendazole concentration of 50 ng mL~! with
acceptable accuracy and reproducibility. This concentration is far
below the MRLs for thiabendazole in fruits of interest (5 mgkg=1).
The results of the strip performance investigation indicated that
the method has advantages of high simplicity and speed of per-
formance, as well as good sensitivity, selectivity and acceptable
reliability. These characteristics make it a potentially useful tool
for screening of thiabendazole in fruit juices rapidly by semi-
quantitative or quantitative assay. Additional investigations would
be needed to thoroughly evaluate this assay as fit-for-purpose. One
such aspect is validation of the test using HPLC.
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A simple and rapid immunochromatographic assay for a sensitive and inexpensive monitoring of methio-
carb in surface water was developed using a binding inhibition format on a membrane strip. In the assay,
detection reagent consisted of anti-methiocarb antibody and colloidal carbon-labelled secondary anti-
body. Methiocarb-ovalbumin conjugate was immobilized in a test line of the strip as a capture reagent.
Colour intensity of the test line in methiocarb-positive assay was visually distinguishable from that of
negative sample within 10 min. The optimized semi-quantitative method provided a visual detection
limit of 0.5 ng mL-!. Cross-reactions with other carbamate pesticides were not found (<1%). Only a neg-
ligible matrix effect of surface water was recognized. In parallel analyses of spiked water samples, the
assay results were in a good agreement with those of ELISA. The stability test indicated the strips could be
used at least 2 months without change in performance. All characteristics of the visually evaluated assay
mentioned above were verified by instrumental quantification of colour intensity in test lines. The devel-
oped immunochromatographic assay offers potential as a useful on-site screening tool for environmental
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1. Introduction

Although the use of pesticides has had a range of benefits, these
compounds also can cause adverse environmental effects, includ-
ing degradation of water quality. Monitoring the concentration of
pesticides in surface water is important for maintaining aquatic
health and eventually ensuring safe drinking water supplies.

Methiocarb [3,5-dimethyl-4-(methylthio) phenyl methylcarba-
mate] belongs to chemical class of N-methylcarbamate pesticides.
As a broad-spectrum insecticide, molluscicide, acaricide, and bird
repellent, it is commonly used in agriculture and household prac-
tice throughout the world. Therefore, contamination of water
and agricultural products becomes imminent, and consequently,
adverse health effects are possible in humans and animals. Due to
its action as a potent acetylcholinesterase inhibitor and other toxic
activity, methiocarb is considered to be highly hazardous accord-
ing to WHO classification. Nevertheless, a more pressing concern
is the toxicity to aquatic organisms. For some kinds of aquatic
invertebrates, commonly used as bioindicators of water contam-
ination in environment, values of LCsg or ECs¢ (acute) were found
extremely low, in the range of 1.6-19 wgL~! (Munn et al., 2006;
Péry et al., 2004). U.S. Environmental Protection Agency declared

* Corresponding author. Tel.: +420 220445137; fax: +420 220445167.
E-mail address: fukall@vscht.cz (L. Fukal).

0956-5663/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.bios.2009.08.023

that the methiocarb value of an acute aquatic life benchmark for
invertebrates is 3.5 wg L~ (Anonymous, 2007).

The use of methiocarb, as well as all pesticides, has been reg-
ulated for a long time in many countries. However, unwanted
amounts of certain pesticides still are found in environmental
media and residues exceeding regulatory limits still sometimes
occur in agricultural produce. Until now, European Union legisla-
tion has established maximum residue levels for food (Commission
Regulations (EC) No. 149/2008) and drinking water (Council
Directive 98/83/EC) but not for surface water. However, the Euro-
pean Commission introduced the Water Framework Directive
(2000/60/EC) as an instrument to sustain and improve quality of
environmental waters. The directive aims to achieve good chemi-
cal and ecological status for all waters by 2015. The backbone of the
directive implementation is monitoring of chemical substances and
values of LCsg or the acute life benchmark for aquatic invertebrates
are important reference concentrations for assessing good ecologi-
cal status of surface water. Although the total volume of methiocarb
used is low relative to some other pesticides, it could have major
impacts in localized areas if there is concentrated outdoor use.
Then, pesticide concentration in runoff may approach or exceed
LCs¢ value for aquatic organisms (Primus et al., 2001; Schdfer et
al., 2007; Vecchia et al., 2008; Wilson et al., 2005). Despite recom-
mendations for pesticide application in good agriculture practices,
contamination of fruit food (Blasco et al., 2005; Schulze et al., 2002)
and surface water with methiocarb has been reported in the last
years (Anonymous, 2005; Borkovcova et al., 2004; Fytianos et al.,
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2006; Garcia de Llasera and Bernal-Gonzales, 2001; Primus et al.,
2001). Therefore, developments of analytical methods that are fast,
inexpensive and may be used on-site are needed.

Current methods applied to analyze pesticides in water sam-
ples are mainly based on high-performance liquid chromatography
or gas chromatography coupled to various selective detectors.
Such procedures are also described for methiocarb (Huertas-Pérez
and Garcia-Campana, 2008; Rodrigues et al., 2007; Saraji and
Esteki, 2008). Although highly sensitive and reliable, they are
time-consuming, involve multiple steps in sample preparation and
analysis, and require expensive equipment and skilled analysts.

Nowadays, with increasing development of immunoassays,
these methods have been shown to be useful alternative for analysis
of pesticides in environmental samples (Anand et al., 2007; Jiang
et al,, 2008; Krdamer et al., 2007; Mauriz et al., 2007). Currently,
enzyme-linked immunosorbent assay (ELISA) carried out in a
microtitre plate is the most common technique used forimmunoas-
says. This technique has been successfully applied for the analysis of
methiocarb (Abad etal., 1999; Mickova et al., 2003, 2005). However,
for non-specialized laboratories and for field-use, it can be difficult
to perform labour intensive operations including repeated incuba-
tion and washing, and enzyme reaction for final signal generation
in ELISA. Immunosensors have also become increasingly practical
tools in environmental monitoring (Marchesini et al., 2007). With
the aim of real-time output, various kinds of immunosensors have
been developed for pesticide analysis (Kim et al., 2007; Long et al.,
2008; Zacco et al., 2007). In terms of field-use, these methods are
often considered to be requiring expensive equipment and special-
ized personnel. With the demand for overall speed and simplicity, a
lateral-flow immunochromatographic assay (ICA) could be a more
suitable alternative (Posthuma-Trumpie et al., 2009). It combines
several benefits including a user-friendly format, short assay time,
and cost-effectiveness. These characteristics make it well suited
for on-site screening. In the last years, several research groups have
performed an ICA for some of pesticides (Gui et al., 2008; Kaur et al.,
2007; Shi et al., 2008; Shim et al., 2006; Wang et al., 2005; Zhou et
al., 2004; Zhu et al., 2008) and other environmental contaminants
(Li et al., 2009; Zhou et al., 2009). In these works, the detection
reagent was typically colloidal gold-labelled antibody. To our best
knowledge, any use of ICA principles for methiocarb detection has
not been published up to now.

In our previous studies, we described validation of the ELISA for
control of methiocarb residues in some food samples (Mickova et
al., 2003, 2005). Here we reported a development of ICA test for
this pesticide using colloidal carbon nanoparticles as a label. The
optimized test has been compared with ELISA results in analysis of
spiked surface water samples.

2. Experimental

2.1. Reagents and materials

Standards of methiocarb (98.5%, HPLC/DAD), carbaryl (99%,
HPLC/DAD), carbofuran (99.5%, HPLC/DAD), were from Dr. Ehren-
storfer GmbH, Augsburg, Germany. Aldicarb (99.9%, HPLC, Fluka),
bendiocarb (99.5%, HPLC, Riedel-de Haén), ethiofencarb (99.0%,
HPLC, Riedel-de Haén), fenoxycarb (99.6%, HPLC, Fluka), and
methomyl (99.9%, HPLC, Fluka) were supplied by Sigma-Aldrich
Inc. (St. Louis, USA). Individual stock standard solutions contain-
ing 10mgmL-! of each compound were prepared by dissolving
accurately weighted amounts in ethanol and stored in darkness
at 4 °C. Working standard solutions were freshly prepared by serial
dilution in deionised water.

The mouse anti-methiocarb monoclonal antibody as well as
the methiocarb hapten-ovalbumin conjugate (methiocarb-OVA)
was purchased from Centro de Apoyo a la Innovacién, la Inves-

tigacion y la Transferencia de Tecnologia (CTT), Universidad
Politécnica de Valencia, Spain. Producer indicated these immunore-
agents as LIB-MXNB31 and OVA-DPNH, respectively (Abad et
al,, 1998). Rabbit anti-swine antibody (RASw) as well as the
swine anti-mouse antibody (SWAM) was obtained from Nordic
Immunological Laboratories, Tilburg, The Netherlands (product
codes RASw/IgG(H +L)/7S and SWAM/IgG(H +L)/7S). Both antibod-
ies were supplied as purified IgG fraction of polyclonal antiserum.

Carbon nanoparticles (Spezial Schwartz 4, Degussa AG, Ger-
many) were kindly provided from Agrotechnology & Food Sciences
Group (Wageningen University and Research Centre, The Nether-
lands) as a dry powder (particles of amorphous shape with
average size of 120 nm). Bovine serum albumin (BSA), Tween 20,
polyethylene glycol (PEG, MW 3350) and o-phenylenediamine
(OPD) were purchased from Sigma-Aldrich Inc. (St. Louis,
USA). Horseradish peroxidase (HRP)-labelled swine anti-mouse
IgG (SWAM, HRP/SwlgG=1.81, concentration 8.9mgmL-1) was
obtained from Seva Pharma, Czech Republic.

Other common chemicals were of the highest purity available
and purchased from Sigma-Aldrich. Deionised water for stan-
dards and buffer solutions was prepared on apparatus RO-TFM-5SV
(Fresh Water Systems, Inc., Greenville, USA).

Whatman GmbH (Dassel, Germany) supplied various types of
nitrocellulose membranes (PRIMA 80, PRIMA 125, AE 98 FAST, AE
98, AE 99, AE 100, FT 020, FT 060, Protran BA 79, Protran BA 83, and
Protran BA 85) tested in strip assay. Vinyl backing ARcare® 7823
was from Adhesives Research Inc. (USA), and the absorbent pad
CFSP from Millipore Corp. (USA). Ninety-six-well ELISA polystyrene
microtitre plates Costar (catalogue no. 9018) were obtained from
Corning Inc. (USA).

2.2. Water samples

Samples of surface water were collected from streams in low-
land agricultural area of central part of Czech Republic. Freshly
collected samples were filtered through nylon filter to remove sus-
pended particulate matter and than stored in darkness at 4 °C until
analysis.

Water samples containing methiocarb (concentration range of
0.01-1000ng mL~!) were prepared as follows: methiocarb-free
samples, as verified by LC/MS analysis, were spiked with a known
amount of methiocarb derived from stock solution and used imme-
diately for analysis.

2.3. Labelling of swine anti-mouse antibody with carbon
nanoparticles

Carbon nanoparticles bind proteins non-covalently without
changing their bioactivity (Van Amerongen et al., 1993). The swine
anti-mouse antibody was labelled with colloidal carbon nanoparti-
cles according to the O’Keeffe et al. (2003) with gentle modification.
A colloidal carbon suspension (carbon nanoparticles 2mgmL-1 of
5 mM borate buffer, pH 8.8) was sonicated for 10 min on ice using
a Sonic 1 (Polsonic, Poland). Subsequently, with a simultaneous
gentle stirring the SWAM was added to give a final protein con-
centration of 350 wg mL~!. Then, this mixture was stirred gently at
4°C overnight. In the end, the suspension was washed three times
ina 5 mM borate buffer, pH 8.8 (containing 1% BSA and 0.02% NaN3)
using centrifugation (10000 g, 15 min, 10°C). Final sediment was
resuspended to the initial volume. Prepared stock suspension of the
SwAM-carbon conjugate was stored at 4°C in the dark.

2.4. Preparation of immunochromatographic test strips

Each strip contained methiocarb-ovalbumin conjugate
(methiocarb-OVA) and a rabbit anti-swine antibody immobi-
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Fig. 1. Schematic diagram of the immunochromatographic strip test. Details are
described in the text.

lized in a narrow lower zone and upper zone, respectively. A
schematic representation is shown in Fig. 1. The strips were pre-
pared as follows: firstly, nitrocellulose membrane sheet was cut
to the desired size (20 cm x 2.5 cm) and pasted to a vinyl backing.
Using the Linomat V (Camag AG, Switzerland) methiocarb-OVA
and RASw solutions (5 mM borate buffer, pH 8.8) were separately
dispensed (1 wL per 5mm) as the test and control lines (20 cm
long) on this plastic-backed membrane. Subsequently, the mem-
brane sheet was dried at 37°C for 2h and cut into test strips
(25mm x 5mm) using a programmable strip cutter (Economic
Cutter ZQ2000, Shanghai Kinbio Tech Co., Ltd., Shanghai, China).
An absorbent pad was cut in sections of 10mm x 20mm and
pasted to the far end of the strip (Fig. 1). Strips prepared in such
way were stored in sealed bags under dry conditions at laboratory
temperature until used.

2.5. Procedure of immunochromatographic assay (ICA)

In a well of an ELISA microplate, 50 p.L of methiocarb standard
solution in deionised water (or water sample) was mixed with
30 L of the running buffer, 10 wL of SwAM-carbon conjugate (stock
suspension diluted with the running buffer), and 10 nL of anti-
methiocarb antibody (diluted in the running buffer). Subsequently,
the membrane strip was dipped into this reactant mixture vertically
(Fig. 1). After 10 min, test results were observed.

2.6. Detection and quantification using ICA

The colour intensity of test line could be assessed visually by
naked eyes. Samples producing the test line appearance of the same
intensity as a negative control were considered to be negative ().
If the colour intensity of the test line was weaker than that of the
negative control, the result was evaluated as weakly positive (+).
When there was no band at the test line, the sample was positive
(+). For quantification of the colour intensity, greyscale densitom-
etry was used after the strip was fully air-dried. Greyscale digital
scanned images of the strips were recorded using the Epson Perfec-
tion V700 Photo Scanner (Seiko Epson Corporation, Nagano, Japan),
and the intensity of the test lines quantified using the TotalLab
TL100 software (Nonlinear USA Inc., NC, USA). Average values were
calculated from quadruplicate runs for each methiocarb concentra-
tion using three measurements for each strip. Standard curves were
obtained by plotting the mean intensity value against the logarithm
of methiocarb concentration. Experimental points were fitted to
a four-parameter logistic equation using the Microsoft Excel soft-
ware (Microsoft Corp., USA).

2.7. Enzyme-linked immunosorbent assay (ELISA)
ELISA was performed as we described previously (Mickova

et al., 2003). Briefly, the methiocarb-OVA conjugate solution in
0.05 M carbonate-hydrogen carbonate buffer, pH 9.6 (0.5 pg mL~1,

100 p.L per well) was pipetted into wells of polystyrene microplate
and left to incubate overnight at 4°C. Then microplates were
washed four times with 0.01 M PBS (phosphate-buffered saline),
pH 7.4, and containing 0.05% Tween 20, by the use of a microplate
washer (Columbus Pro, Tecan Group Ltd., Mdnnedorf, Switzer-
land). The aliquots (50 wL per well) of methiocarb standard in
deionised water or samples, and the anti-methiocarb antibody
(0.06 pwg mL~1), diluted in 0.02 M PBS, pH 7.4, containing 0.1% BSA
(50 L per well) were pipetted to the microplate wells coated with
the conjugate. Microplates were incubated for 2h at laboratory
temperature and then washed as described above. The second anti-
body conjugated with peroxidase (SWAM-HRP), diluted 1:2000 in
0.01 M PBS containing 0.05% Tween 20, was added, left to incu-
bate for 1h at laboratory temperature, and washed as described
above. Then, the peroxidase substrate in reaction buffer (4.6 mM
OPD in 0.1 M phosphate-citrate buffer, pH 5.0, containing 0.1%
of 30% H,0,) was added to each well (100 wL per well). The
enzyme reaction was stopped after 10 min by adding 2.5M sul-
phuric acid (50 pL per well), and the absorbance was measured
with a microplate reader (Quant Microplate Spectrophotometer,
BioTek Instruments, Inc., Winooski, USA). Data from ELISA were
processed using the Microsoft Excel software (Microsoft Corp.,
USA). Absorbance values from standards were mathematically fit-
ted to a four-parameter logistic equation. Parameters of standard
curve were the same as we described previously (Mickova et al.,
2005): limit of detection (LOD) was 0.016 ngmL~!, the working
range of immunoassay was from 0.02 to 0.56 ngmL~!, and the ICsq
value was 0.08 ngmL~1.

3. Results and discussion
3.1. Development of ICA

A schematic description of the strip format is illustrated in Fig. 1.
The assay was based on two coexistent phenomena: (1) capillary
migration of reactants through a nitrocellulose strip followed by
affinity capturing; (2) inhibition of immunochemical interaction
between methiocarb immobilized in a test line and specific anti-
body, which was a part of a moving detection complex, by free
methiocarb in a sample.

In designing the assay strip, three types of antibody (Ab) which
differed in their specificity were used: primary Ab, the mouse
anti-methiocarb antibody; secondary Ab, the swine anti-mouse
antibody, which was labelled with colloidal carbon nanoparticles
(SWAM-carbon conjugate); and tertiary Ab, the rabbit anti-swine
Ab, which was immobilized in the control line of the strip. In
arrangement of ICA, an unusual procedure was applied, which con-
sisted in the indirect labelling of primary Ab with the aid of the
labelled secondary Ab, instead of the use of directly labelled pri-
mary Ab. It made it possible to optimize a concentration of primary
Ab more conveniently and minimize a consumption of primary Ab
in the assay.

When mixed in a reaction mixture, the carbon-labelled sec-
ondary Ab bound the primary Ab forming the detection complex.
In the assay, the reaction mixture migrated from the well through
the strip into the absorbent pad. In the absence of methiocarb in
the sample, the solution of the detection complex and the excess
of labelled Ab moved upward across the strip. In the test line,
detection complex was captured by immobilized methiocarb-OVA
conjugate to form a visible black-colour line. However, in the pres-
ence of methiocarb in the sample, free methiocarb molecules bound
to primary Ab, thereby inhibiting the interaction of the detec-
tion complex with the immobilized methiocarb. Thus, the colour
intensity of the test line inversely correlated with methiocarb con-
centration in the sample.
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The control line acted as a positive control to assure that the
labelled secondary Ab migrated throughout the system. In the con-
trol zone, it was captured by immobilized tertiary Ab to form the
visible control line. If intensive colour was not present in the line,
the assay was considered as invalid.

3.2. Preliminary optimization of immunoreagent concentrations

Most of components necessary for the immunostrip construc-
tion as well as the experimental conditions have a key influence on
both the performance and final sensitivity.

Firstly, in this experimental study the concentrations of reagents
were preliminary optimized to satisfy the following assay crite-
ria: good sensitivity, minimum immunoreagent consumption, and
appearance of the test line with good colour intensity and sharpness
(for negative sample).

Therefore, checkerboard titration experiments were carried out.
Several amounts of methiocarb-OVA conjugate immobilized on
the membrane (10-500 ng per strip) against different amounts of
primary Ab (1-100 ng per strip) were investigated in assays of stan-
dard solutions containing methiocarb at concentrations of 0, 1.0,
10, and 100 ng mL~'. The same experiments were performed for
different concentrations of carbon-labelled secondary Ab.

Preliminary optimized concentrations of reagents were finally
specified after the following optimization of other assay conditions.

3.3. Optimization of assay conditions

Subsequently, some other factors affecting strip test perfor-
mance were also evaluated: the type of membrane, the type of
running buffer, and the incubation time of reactant mixture before
the strip is dipped inside.

Firstly, we tested eleven various types of nitrocellulose mem-
brane. The type of membrane influenced flow time and sharpness of
detection lines. Faster-flowing membranes reached endpoint more
quickly but required higher reagent concentrations and provided
lower sensitivity. Secondly, the composition of the running buffer
markedly influenced flow rate, line intensity, and test sensitiv-
ity. Phosphate buffer and borate buffer of various pH values and
ion concentrations were tested. Moreover, additives such as BSA
(0.1-5%), gelatine (0.1-1%), polyethylene glycol (0.01-2%), sucrose
(0.5-5%), and their combinations, with and without surfactant
Tween 20 (0.01-0.5%) were tested to further improve the test per-
formance. These factors affected mainly the character of reactant
flow, level of background colour, sharpness, and intensity of the test
line. Thirdly, various intervals of incubation time (0, 5, and 30 min)
of methiocarb analyte with primary Ab and labelled secondary Ab
were tested. Using methiocarb concentrations in standard samples
of 0, 2, and 10ngmL-1, the test line intensities were not signifi-
cantly influenced by incubation time.

Optimized conditions for ICA test were chosen by visual evalu-
ation of strips as a compromise among a good colour perception of
lines, good test sensitivity, minimum immunoreagent consumption
and rapid test performance. They are collected in Table 1.

3.4. Sensitivity of ICA

The sensitivity of the ICA strip was determined by testing the
methiocarb standard samples in the concentration range from zero
to 1000ngmL-! (Fig. 2). The visual limit of detection of the assay
was defined here as the minimum methiocarb concentration pro-
ducing the colour density of the test line significantly weaker
than that at zero concentration (it means absolute agreement
between result assessments of six observers for five repetitions of
the same test). As shown in Fig. 2, the methiocarb concentration
of 0.5ngmL~! caused a slight but visually distinguishable differ-

Table 1
Optimized parameters of immunochromatographic assay.

Parameter Chosen as optimal

AE 98 (Whatman)?

Type of nitrocellulose membrane

Amount of methiocarb-OVA 100 ng
conjugate per strip

Amount of primary antibody in 6.25ng
assay

Dilution of stock suspension of 10-times

SwAM-carbon conjugate prior
addition into assay
Composition of running buffer 0.2 M borate buffer, pH 8.8
(containing 2% BSA, 0.1% Tween 20,
1% polyethylene glycol, and 0.02%
NaNs; )
Incubation time of reaction 0min

mixture

2 Pore-size 5 m, capillary rise in water 160-210s per 4 cm.

ence in the test line intensity compared to the negative control.
Thus, 0.5ngmL~! of methiocarb was considered to be the visual
detection limit for the ICA test. At concentrations of methiocarb
>5ngmL-1, the test line was invisible.

The ability of the developed ICA strip to detect lower methiocarb
concentrations than the value of an acute aquatic life benchmark
for invertebrates illustrated the potential of this technology for
environmental analyses. The value of visual LOD observed in our
work is comparable with several published ICA tests for other low-
molecular-weight contaminants, which used a colloidal gold label
(Kaur et al., 2007; Shi et al., 2008; Shim et al., 2006). Furthermore,
the developed ICA test is 5-100 times more sensitive than those
described for pesticide detection by many other authors (Gui et
al,, 2008; Wang et al., 2005; Weetall and Rogers, 2002; Zhou et al.,
2004; Zhu et al., 2008). However, Li et al. (2009) presented the LOD
value of ICA with gold label for indomethacin detection in water as
low as 0.1ngmL-1.

Finally, to obtain qualitative results and verify the visual LOD,
colour intensities of the test lines were evaluated using scanning
densitometry. The mean signal values were fitted to a sigmoid
equation and displayed as the standard curve (Fig. 3). To express the
assay sensitivity, the LOD of 0.14 + 0.03 ng mL~! was estimated as
the analyte concentration providing a 10% decrease of the blank sig-
nal. Subsequently, the linear working range of 0.31-3.38 ng mL~!
was determined as the concentrations causing 20-80% inhibition
of the maximal assay signal, and the 50% inhibition (ICsq) value
of 1.01+0.13ngmL~! related to the midpoint of the curve was
calculated.

3.5. Specificity of ICA

To determine the selectivity of the developed ICA test for
methiocarb, a study of cross-reactivity was carried out under the

NC 0001 001 01 025 05 1 25

methiocarb (ng mL")

5 10 100 1000

Fig. 2. Concentration range of methiocarb standard assayed by the immunochro-
matographic strip tests. NC, negative control. Compared to the negative control
the concentration of 0.5ngmL~! caused a considerable weak test line still visually
distinguishable.
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Table 2

Characteristics of methiocarb standard curves for immunochromatographic assay in different water matrixes?®.

Water matrix Linear working range® (ngmL-1)

Limit of detection # SD¢ (ng mL~') ICs0 4+ SD¢ (ng mL~1)

Deionised water
Surface water

0.31-3.38
0.28-4.35

0.14+0.03
0.14+0.04

1.01+0.13
1.15+0.11

2 Values were extracted from the four-parameter equations used to fit the standard curves.
b Expressed as the concentration range causing 20-80% inhibition of the maximal assay signal.

¢ Standard deviation.
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Fig. 3. Standard curve of methiocarb in optimized immunochromatographic assay
coupled with densitometry. (—) Four-parameter logistic fit. The error bars corre-
spond to the standard deviations of the data points (n=4).

optimized conditions. Cross-reactants tested were the following
carbamate pesticides: carbaryl, carbofuran, aldicarb, bendiocarb,
ethiofencarb, fenoxycarb, and methomyl. Standard solutions of
each compound in concentrations of 10 and 100ngmL-! were
applied into reactant mixture of ICA test instead of methiocarb.
No significant inhibition of the test line intensity was found.
These results indicated that the cross-reactions of mentioned pes-
ticides were <1%. Similarly, Abad et al. (1998) and Mickova et al.
(2005) described only negligible cross-reactions of some struc-
turally related compounds in ELISA for methiocarb using the same
monoclonal anti-methiocarb antibody and methiocarb-OVA conju-
gate as used in this work.

3.6. Matrix effects

Water samples can usually be used directly for immunochem-
ical analysis without prior cleanup. However, immunochemical

Table 3

Comparison of ICA and ELISA in analysis of water samples spiked by methiocarb (n=5).

interaction is not completely free from interferences caused by
unidentified compounds of the sample matrix. Therefore, it is
advisable to determine the importance of these matrix effects
before the application of immunoassay to real samples. To
investigate the potential effect of sample matrix on strip test,
we compared standard curves performed with methiocarb in
deionised water and surface water, respectively. The obtained
curves were nearly identical as can be seen from their ana-
lytical features shown in Table 2. Accordingly, the developed
ICA test seemed to be directly applicable to the surface water
screening without any sample treatment, as matrix effects were
minimal.

3.7. Comparison of ICA with ELISA in analysis of water samples

Methiocarb-free samples of surface water were used for spiking
study. Samples were spiked at methiocarb levels of 0.5, 2.5 and
10ngmL-! and assayed by ICA and validated ELISA (Table 3).

In the visually assessed ICA, negative results (—) were obtained
for non-spiked samples. Weakly positive results (&) were obtained
for samples spiked at concentrations of 0.5 and 2.5 ng mL~!, while
samples spiked at level of 10ngmL~! were assessed as positive
(+). All ELISA results were very close to the spiked levels. These
experiments demonstrated the high correlation between visually
assessed ICA and ELISA.

Using the quantitative ICA, the accuracy and repeatability of the
assay were evaluated through recovery study. In the first quan-
titative analysis, samples with a high spiked concentration were
recognized as requiring dilution with deionised water for repeated
analysis (they fell out of the working range of the standard curves in
ICA or ELISA). In ICA, the recovery of the spiked concentrations was
satisfactory with all water samples, as all data fell into the range of
90-106%. In ELISA, recoveries ranged from 91 to 117%. Moreover,
method reproducibility was also very similar for both analytical
systems, with relative standard deviation (RSD) ranging from 8.2
to 16.5% for the ICA and from 5.3 to 16.9% for the ELISA. The results
showed the high correlation of the quantitatively evaluated ICA
with ELISA.

Type of water Spiked concentration (ngmL-')  ICA results ELISA results
Visual detection® Mean® (ngmL-!) Recovery® (%) RSDP¢ (%) Mean(ngmL-!) Recovery (%) RSDC (%)
Surface water I o m==== <LOD4 - - <LODd - -
0.5 ++++4+ 0.51 102.0 11.8 0.54 108.0 12.9
2.5 +++++ 2.58 103.2 12.0 2.62 104.8 8.4
10.0 +++++ 10.30 106.0 15.1 11.70 117.0 16.9
Surface water II © ===== <LOD¢ = = <LOD¢ = =
0.5 +++++ 0.49 98.0 8.2 0.55 110.0 14.6
2.5 ++++4 2.25 90.0 10.2 2.28 91.2 53
10.0 +4++4+ 10.28 102.8 16.5 11.24 1124 8.5

2 Visual assessment of the test line; (—) negative result (concentration <0.5 ng mL~'); (+) positive result (concentration >5 ng mL~1); (+) weakly positive result (concentration

in the range of 0.5-5.0ngmL-1.
b Quantitative assessment of ICA using densitometry.
¢ RSD, relative standard deviation.
4 LOD, limit of detection.
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3.8. Stability of ICA test

The stability of ICA tests was studied using methiocarb standard
solution of 2.0ngmL-'and blank solution. Strips were stored at
laboratory temperature under desiccated conditions. The running
buffer, diluted stock suspension of SwWAM-carbon conjugate, and
anti-methiocarb antibody solution were stored at 4 °C. Three assays
were performed once a week during the period of 2 months. Based
on the visual assessment of ICA strips, no significant differences in
the test line intensity were recognized. Quantitative values of the
assay stability were expressed as percentage of the test line inten-
sity at the day zero. All these values were in the range of 88-122%
without any notable trend in time. It could be assumed that ICA
tests were stable for at least 2 months.

4. Conclusions

We have successfully demonstrated an approach to carbon
particle-based ICA for rapid and sensitive monitoring of methiocarb
in surface water. The methiocarb immunostrip test was developed,
which used colloidal carbon nanoparticles as a tracer to provide
visual evidence of the presence of methiocarb at environmentally
relevant levels within 10 min. This semi-quantitative assay is easy
to perform, allowing for non-specialized personnel on-site appli-
cation without requirement for intensive labour and any device for
sample analysis. This characteristic makes it useful for incorpora-
tion into environmental monitoring programmes. Moreover, by the
use of a scanner for quantitative strip evaluation, the ICA allowed
the analysis of surface water with acceptable accuracy. It showed
a potential to be a rapid and inexpensive quantitative method for
methiocarb assay in laboratory. Research is currently focused on
the on-site application of the ICA test and on the use of ICA for
detection of methiocarb in fruit juices and baby-food.
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Abstract A simple immunochromatographic assay for
sensitive detection of insecticide carbaryl in fruit juices was
developed. The test is based on inhibition format on a nitro-
cellulose membrane strip. The strip was separately coated
with rabbit anti-swine antibody (control line) and carbaryl
hapten-OVA conjugate (test line). Colour intensity on the
test line was possible to recognize visually from that of
negative sample within 10 min, with the detection limit of
5ngmL~!. All characteristics of the visually evaluated
strips were also measured quantitatively, and then the
detection limit was 1.5 ng mL~!. Cross-reactions with other
carbamate pesticides were not found (<1%). No matrix
effects were observed when fruit juices (orange, apple, pear,
banana) were diluted tenfold times before analyses. The
results from immunochromatographical assay were in a
good agreement with those obtained by enzyme-linked
immunosorbent assay as reference method. All these facts
indicate the potential of the immunochromatographic strip
for the quality control of fruit juices.

Keywords Carbaryl - Immunochromatographic assay -
Colloidal carbon-based immunoassay - Fruit juice
Introduction

The extensive use of pesticides formulations in agriculture,

together with the increasingly rigorous regulations of the pres-
ence of contaminants in the environment, crop protection, and
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food products, has brought about the need to develop sensi-
tive and accurate methods for the detection and determina-
tion of pesticide residues [1].

Carbaryl (1-naphthyl N-methylcarbamate) is one of the
most frequently detected pesticide residues in food analyses
worldwide. The presence of traces of carbaryl in fruits and
vegetables poses a potential hazard for consumers [2].
European Union legislation has established maximum resi-
due level for food (Commission Regulations (EC) No. 149/
2008) [3]. In the case of carbaryl, the maximum residue
limit (MRL) is 0.05 mg kg~ ..

Numerous analytical procedures have been developed
for the determination of carbaryl and its metabolites in var-
ious matrices, including water, soil, fruits, vegetables, and
other crops. The preferred analytical technique for this pes-
ticide is high-performance liquid chromatography, using
ultraviolet [4], diode array [5], fluorescence [6], chemilumi-
nescence [7], or mass spectrometric detection [8]. These
chromatographic techniques are highly sensitive and reli-
able. However, they involve multiple steps in the sample
preparation and analysis, they require specialized instru-
mentation, and they are expensive and time-consuming.

With an increasing importance of the immunochemical
methods for pesticide screening and quantification, several
formats of enzyme-linked immunosorbent assays (ELISA)
were developed for monitoring carbaryl in water [9], fruits,
or vegetables [10, 11].

Nowadays, the instrumental techniques combined with
an immunochemical approach for the carbaryl detection
were described: disc-based immunoassay microarrays [12],
a piezoelectric immunosensor [13], plasmon resonance
flow-through immunosensor [14], portable optical immuno-
sensor [15], and capillary electrophoresis-base immunoassay
with laser-induced fluorescence [16]. The last technique has
extremely low detection limit for carbaryl (0.05 ng mL™1).
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The described methods for carbaryl detection also require
skilled personnel, and their application is usually restricted
to the well-equipped laboratories. Recently, various immu-
nochromatographic techniques have given rise to some
very popular commercially available tools mainly in the
diagnostic [17-20] and have proved to be cheap, robust and
user-friendly and thus could be incorporated into the food
inspection, surveillance, and monitoring programmes of
regulatory agencies [21, 22]. Such immunochromato-
graphic techniques were developed also for the carbaryl
detection in agricultural products and biological samples
[23-25]. In these techniques, the authors based their experi-
ments on the polyclonal antibodies and as a marker they
used colloidal gold nanoparticles.

Our previous studies described validation of ELISA for
control of carbaryl residues in some food samples [26, 27].
Here, we reported a development of the sensitive immuno-
chromatographic strip test for the carbaryl detection using
monoclonal antibodies and colloidal carbon nanoparticles
as a label. The optimized test has been compared with
ELISA results in the analysis of spiked fruit juice samples.

Materials and methods
Reagents and materials

Standards of carbaryl (99%, HPLC/DAD), carbofuran
(99.5%, HPLC/DAD), methiocarb (98.5%, HPLC/DAD)
were from Dr. Ehrenstorfer GmbH, Augsburg, Germany.
Aldicarb (99.9%, HPLC, Fluka), bendiocarb (99.5%,
HPLC, Riedel-de Haén), ethiofencarb (99.0%, HPLC,
Riedel-de Haén), fenoxycarb (99.6%, HPLC, Fluka), and
methomyl (99.9%, HPLC, Fluka) were supplied by Sigma—
Aldrich Inc. (St. Louis, USA). Individual stock standard
solutions containing 1 mg mL~' of each compound were
prepared by dissolving accurately weighted amounts in eth-
anol and stored in darkness at 4 °C. Working standard solu-
tions were freshly prepared by serial dilution in the running
buffer (0.2 M borate buffer, pH 8.8, containing 2% BSA,
0.2% Triton).

The mouse anti-carbaryl monoclonal antibody as well as
the carbaryl hapten-ovalbumin conjugate (carbaryl-OVA)
was purchased from Centro de Apoyo a la Innovacién, la
Investigacién y la Transferencia de Tecnologia (CTT), Uni-
versidad Politécnica de Valencia, Spain. Producer indicated
these immunoreagents as MAb/LIB-CNH45 and OVA-
2NAH, respectively [27]. Rabbit anti-swine antibody
(RASw) as well as the swine anti-mouse antibody (SWAM)
was obtained from Nordic Immunological Laboratories,
Tilburg, the Netherlands (product codes RASw/IgG(H+L)/
7S and SWAM/IgG(H+L)/7S). Both antibodies were sup-
plied as purified IgG fraction of polyclonal antiserum.

@ Springer

Carbon nanoparticles (Spezial Schwartz 4, Degussa AG,
Germany) were kindly provided from Agrotechnology &
Food Sciences Group (Wageningen University and
Research Centre, the Netherlands) as a dry powder (parti-
cles of amorphous shape with average size of 120 nm).

Bovine serum albumin (BSA), Tween 20, polyethylene
glycol (PEG, MW 3350), and o-phenylenediamine (OPD)
were purchased from Sigma—Aldrich Inc. (St. Louis, USA).
Horseradish peroxidase (HRP)-labelled swine anti-
mouse IgG (SwAM, HRP/SwigG = 1.81, concentration
8.9 mg mL_l) was obtained from Seva Pharma, Czech
Republic.

Other common chemicals were of the highest purity
available and purchased from Sigma—Aldrich.

Deionized water for standards and buffer solutions was
prepared on apparatus RO-TFM-5SV (Fresh Water Sys-
tems, Inc., Greenville, USA).

Various types of nitrocellulose membranes were sup-
plied by Whatman GmbH, Dassel, Germany (PRIMA 80,
PRIMA 125, AE 98 FAST, AE 98, Protran BA 79, Protran
BA 83, Protran BA 85), by Millipore Ltd., Praha, Czech
Republic Immunopore FP, Immunopore RP, HiFlow Plus
HF 135, HiFlow Plus HFB180, HiFlow Plus 090), by Sar-
torius Stedim Biotech S.A., Aubagne Cedex, France (Unis-
art 140), and tested in strip assay. Vinyl backing ARcare®
7823 was from Adhesives Research Inc. (USA), and the
absorbent pad CFSP was from Millipore Corp. (USA).
Ninety-six well ELISA polystyrene microtitre plates Costar
(catalogue no. 9018) were obtained from Corning Inc.
(USA).

Fruit juices samples

Samples of fruit juices were from a retail market. Carbaryl-
free fruit juices, as verified by ELISA and by LC/MS analy-
sis [26], were used without any sample treatment.

Spiked juice samples containing carbaryl were prepared
as follows: carbaryl-free samples were spiked with a known
amount of carbaryl derived from stock solution (1 mg
mL ! in ethanol) and used immediately for the matrix effect
experiments and recovery studies. The concentration of
ethanol in the analysed sample was very low and had no
negative effect on nitrocellulose membrane.

Labelling of swine anti-mouse antibody with carbon
nanoparticles

Carbon nanoparticles bind proteins non-covalently without
changing their bioactivity [28]. The swine anti-mouse anti-
body (SWAM) was labelled with colloidal carbon nanopar-
ticles, as described elsewhere [29]. The procedure was
slightly modified as follows: a colloidal carbon suspension
(carbon nanoparticles 2 mg mL~' of 5 mM borate buffer,
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pH 8.8) was sonicated for 10 min on ice using a Sonic 1
(Polsonic, Poland). Subsequently, with a simultaneous gen-
tle stirring, the SWAM was added to give a final protein
concentration of 350 pg mL~'. Then, this mixture was
stirred gently at 4 °C overnight. In the end, the suspension
was washed three times in a 5 mM borate buffer, pH 8.8
(containing 1% BSA and 0.02% NaN,) using centrifugation
(10,000g, 15 min, 10 °C). Final sediment was resuspended
to the initial volume. Prepared stock suspension of the
SwAM-carbon conjugate was stored at 4 °C in the dark
until used.

Preparation of immunochromatographic test strips

The carbaryl-ovalbumin conjugate (carbaryl-OVA) and
rabbit anti-swine antibody (RASw) were used as immobi-
lized capture reagents. The strips were constructed as fol-
lows: First, nitrocellulose membrane sheet was cut to the
desired size (20 cm x 2.5 cm) and pasted to a vinyl back-
ing. Then, using the Linomat V (Camag AG, Switzerland),
carbaryl-OVA and RASw solutions (5 mM borate buffer,
pH 8.8) were separately dispensed (1 pL per 5 mm) as the
test and control lines (20 cm long) on this plastic-backed
membrane. Subsequently, the membrane sheet was dried at
37 °C for 2 h and cut into test strips (25 x 5 mm) using a
programmable strip cutter (Economic Cutter ZQ2000,
Shanghai Kinbio Tech Co., Ltd., Shanghai, China). An
absorbent pad was cut in sections of 10 x 20 mm and
pasted to the far end of the strip (Fig. 1). Strips prepared in
such way were stored in sealed bags under dry conditions at
laboratory temperature until used.

Procedure of immunochromatographic strip

In a well of an ELISA microplate, 30 pL. of the running
buffer (0.2 M borate buffer, pH 8.8 (containing 2% BSA,
0.2% Triton) was mixed with 10 pL. of SwWAM-carbon con-
jugate (stock suspension diluted with the running buffer),
10 uL of anti-carbaryl antibody (diluted in the running
buffer), and 50 pL. of carbaryl standard solutions or fruit

absorption
pad
_ +—— control line
_contrpl Im_e — brrreny “— testline
(rabbit anti-swine IgG)
testline __ _ lassss _~- reaction
(carbaryl-OVA) |—] |—] mixture

|

negative positive
sample sample

nitrocellulose
membrane LY

Fig. 1 Schematic diagram of the immunochromatographic strip test.
Details are described in the text

juice samples (tenfold diluted in running buffer). Subse-
quently, the membrane strip was dipped into this reactant
mixture vertically (Fig. 1). After 10 min, test result was
observed.

Detection and quantification using
immunochromatographic strip

The colour intensity of test line could be assessed visually
by naked eyes. For quantification of the colour intensity,
greyscale densitometry was used after the strip was fully
air-dried. Greyscale digital scanned images of the strips
were recorded using the Epson Perfection V700 Photo
Scanner (Seiko Epson Corporation, Nagano, Japan), and
the intensity of the test lines quantified using the TotalLab
TL100 software (Nonlinear USA Inc., NC, USA). Average
values were calculated from five parallel runs for each car-
baryl concentration using three measurements for each
strip. Standard curves were obtained by plotting the mean
intensity value against the logarithm of carbaryl concentra-
tion. Experimental points were fitted to a four-parameter
logistic equation using the Microsoft Excel software
(Microsoft Corp., USA).

Enzyme-linked immunosorbent assay (ELISA)

ELISA, validated by LCMS analysis, was performed as we
described previously [27].

Results and discussion
Description of the immunochromatographic strip

The scheme of the immunochromatographic strip is shown
in Fig. 1. The rabbit anti-swine antibody is immobilized
onto control line and conjugate carbaryl-ovalbumin on the
test line. The indirect format was used in the detection pro-
cedure. Each analysed sample contains, besides carbaryl
standard, or fruit juice diluted by buffer, the primary mouse
anti-carbaryl antibody and the secondary swine anti-mouse
antibody labelled by carbon nanoparticles. Both antibodies
form detection complex. In the assay, the detection com-
plex in the reaction mixture migrated from the well through
the strip into the absorbent pad. In the absence of carbaryl
in the sample, the solution of the detection complex and the
excess of labelled Ab moved upward across the strip. In the
test line, detection complex was captured by immobilized
carbaryl-OVA conjugate to form a visible black colour line.
However, in the presence of carbaryl in the sample, free
carbaryl molecules bound to primary Ab, thereby inhibiting
the interaction of the detection complex with the immobi-
lized carbaryl hapten. Thus, the colour intensity of the test
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line inversely correlated with carbaryl concentration in the
sample.

The control line acted as a control to assure that the
labelled secondary Ab migrated throughout the system.
Here, it was captured by immobilized rabbit anti-swine
antibody to form a visible line. If intensive colour was not
present in the line, the assay was considered as invalid.

The stability of immunochromatographic strip tests was
studied using carbaryl standard solution of 5 ng mL~! and
blank solution. Strips were stored at laboratory temperature
under desiccated conditions. The running buffer, diluted
stock suspension of SwAM-carbon conjugate, and anti-
carbaryl antibody solution were stored at 4 °C. Three
assays were performed once a week during the period of
2 months. Stability values were expressed as percentage of
the test line intensity at the day zero. All these values were
in the range of 82—-121% without any notable trend in time.
It could be assumed that immunochromatographic strip test
were stable for at least 2 months.

Selection of immunoreagent concentrations

Most of components necessary for the immunochromato-
graphic strip construction as well as the experimental con-
ditions have a key influence on both the performance and
final sensitivity.

First, in this experimental study, the concentrations of
reagents were preliminary optimized to satisfy the follow-
ing assay criteria: good sensitivity, minimum immunore-
agent consumption, and appearance of the test line with
good colour intensity and sharpness (for negative sample).
Therefore, checkerboard titration experiments were carried
out. Several amounts of carbaryl-OVA conjugate immobi-
lized on the membrane (10-500 ng per strip) against different
amounts of primary Ab (1-100 ng per strip) were investi-
gated in assays of standard solutions containing carbaryl at
concentrations of 0, 5, 10, and 50 ng mL™, respectively.
The same experiments were performed for different con-
centrations of carbon-labelled secondary Ab.

Subsequently, some other factors affecting strip test per-
formance were also evaluated as follows: the type of mem-
brane, the type of running buffer, and the incubation time of
reactant mixture before the strip is dipped inside. Thirteen
various types of nitrocellulose membrane were tested. The
type of membrane influenced flow time and sharpness of
detection lines. Faster-flowing membranes reached end-
point more quickly but required higher reagent concentra-
tions and provided lower sensitivity. Also, the composition
of the running buffer markedly influenced flow rate, line
intensity, and test sensitivity. Phosphate buffer and borate
buffer of various pH values and ion concentrations were
tested. Moreover, additives such as BSA (0.1-5%), gelatine
(0.1-1%), polyethylene glycol (0.01-2%), sucrose (0.5-5%),
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Table 1 Selected parameters of carbaryl immunochromatographic
strip test

Parameter Chosen as optimal

Type of nitrocellulose membrane AE 98, Whatman®

Amount of carbaryl-OVA conjugate 100 ng
per strip
Amount of primary antibody in assay 12.5ng
Dilution of stock suspension 10-times
of SwWAM-carbon conjugate
prior addition into assay
Composition of running buffer 0.2 M borate buffer,

pH 8.8 (containing
2% BSA, 0.2% Triton)

Incubation time of reaction mixture 0 min

 Pore size 5 um, capillary rise in water 160-210 s per 4 cm

and their combinations, with and without surfactants Tween
20 (0.01-0.5%) and Triton (0.01-0.5%), were tested to fur-
ther improve the test performance. These factors affected
mainly the character of reactant flow, level of background
colour, sharpness, and intensity of the test line.

Optimized conditions for immunochromatographic strip
test were chosen by visual evaluation of strips as a compro-
mise among a good colour perception of lines, good test
sensitivity, minimum immunoreagent consumption, and
rapid test performance. They are collected in Table 1.

Sensitivity of immunochromatographic strip test

The sensitivity of the immunochromatographic strip test
was determined by checking both the carbaryl standard
solutions and spiked fruit juice samples in the concentration
range from zero to 100 ng mL~! (Fig. 2). The visual limit
of detection of the assay was defined here as the minimum
carbaryl concentration producing the colour density of the
test line significantly weaker than that at zero concentration
(it means absolute agreement between result assessments of
four observers for five repetitions of the same test). As
shown in Fig. 2, the carbaryl concentration of 5 ng mL™!
caused a slight, but visually distinguishable, difference in
the test line intensity compared to the negative control.
Thus, 5ngmL~" of carbaryl was considered to be the
visual detection limit for the immunochromatographic strip
test. The test line was invisible at concentrations of carbaryl
>10 ng mL~".

Finally, to obtain semiquantitative results and verify the
visual limit of detection, greyscale densities of the test lines
were recorded using the Epson Perfection V700 Photo
Scanner (Seiko Epson Corporation, Nagano, Japan). The
mean signal values were fitted to a sigmoid equation and
displayed as the standard curve (Fig.3). To express the
assay sensitivity (Table 2), the limit of detection for
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Fig. 2 The concentration range of carbaryl standard (a) and carbaryl
in 10% orange juice (b) assayed by immunochromatographic strip
test. NC, negative control. The concentration 5 ng mL~! caused con-
siderably weak test line still visually distinguishable from the negative
control

100000 |

80000 -

60000 -

pixel gray scale

40000 -

20000 A

T USRS b < AR - ERERAH
108 102 107 100 10! 102 103 104

carbaryl (ng mL-")

Fig. 3 Standard curves of carbaryl in buffer (open diamond) and in
10% orange juice (closed circle). The optimized immunochromato-
graphic strip tests were measured by the Epson Perfection V700 Photo
Scanner and evaluated by four-parameter logistic fit. The error bars
correspond to the standard deviations of the data points (n = 5)

carbaryl in buffer (1.58 £ 0.22 ng mL~") was estimated as
the analyte concentration providing a 10% decrease in the
blank signal. Subsequently, the linear working range of
2.5-11.6 ngmL~! was determined as the concentrations
causing 20-80% inhibition of the maximum assay
signal, and the 50% inhibition (ICs)) value of 5.12 &
0.40 ng mL~! related to the inflection point of the curve
was calculated.

The ability of the developed immunochromatographic
strip to detect lower carbaryl concentrations than the levels
established by the European legislation as maximum

Table 2 The characteristics of carbaryl standard curves for immuno-
chromatographic strip in buffer and orange juice obtained using the
Epson Perfection V700 Photo Scanner

Sample Linear Limit of ICsy %+ SD°
working detection & SD® (ng mL™")
range® (ng mL™")

(ng mL™")
Buffer 2.5-11.6 1.58 £0.22 5.124+0.40
10% Orange juice  2.5-12.2 1.63 +£0.37 5.16 £ 0.96

Values were extracted from the four-parameter equations used to fit the
standard curves

# Expressed as the concentration range causing 20-80% inhibition of
the maximal assay signal

b Standard deviation

residue limit (MRL) 0.05 mg kg~' [3] illustrated the poten-
tial of this technology for the analysis of fruit juices. The
value of visual detection limit observed in our work is com-
parable or even lower than those described for carbaryl
immunochromatographic detection by the other authors
who used polyclonal antibodies and colloidal gold as a
label [23-25]. Our results are also comparable with the
sophisticated instrument immunoassays [13—15].

Specificity of immunochromatographic strip test

To determine the selectivity of the developed immunochro-
matographic strip test for carbaryl, a study of cross-reactivity
was carried out under the optimized conditions. Figure 4
shows that even two-order higher concentration of cross-
reacting pesticide (e.g. carbofuran) has no influence on the
result of the assay. Standard solution of carbofuran in con-
centration 10 pg mL~! was applied into reactant mixture of
immunochromatographic strip test together with carbaryl
(strip 2) and instead of carbaryl (strip 3). The similar results
(data not shown) were obtained with the following pesti-
cides: methiocarb, aldicarb, bendiocarb, ethiofencarb, fen-
oxycarb, methomyl. No inhibition of the test line intensity

Fig. 4 Cross-reactivity of carbofuran in the carbaryl assay. NC nega-
tive control, / carbaryl 0.1 pg mL ™', 2 carbaryl 0.1 pg mL~" and car-
bofuran 10 ug mL~}, 3 carbofuran 10 pg mL™!
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was found even at instrumental assessment of strips. These
results indicated that the cross-reactions of mentioned pes-
ticides were <1%. Similarly, other authors [9] described
only negligible cross-reactions of some structurally related
compounds in ELISA for carbaryl, using the same mono-
clonal anti-carbaryl antibody and carbaryl-OVA conjugate
as used in this work.

Matrix effects

Immunochemical methods for the detection of pesticides
have many advantages. On the other hand, these methods
are susceptible to the matrix interference of food samples
[24]. Therefore, it is advisable to determine the importance
of possible matrix effects before the application of immuno-
chromatographic strip test to real samples. The matrix
effect, in case of fruit juices, can be overcome by their sim-
ple dilution with buffer [27]. To investigate the potential
effect of sample matrix on strip test, we compared standard
curves performed with carbaryl in buffer and juices, respec-
tively. No matrix effect of orange juice was observed at ten-
fold dilution in borate buffer, pH 8.8. This result is
demonstrated on Fig. 3. The obtained curves were nearly

the same as can be seen from their analytical values shown
in Table 2. Accordingly, the developed immunochromato-
graphic strip test seemed to be directly applicable to the
fruit juices screening after tenfold dilution by buffer as
matrix effects were negligible. The same results were
obtained with the other tested fruit juices: pear, apple, and
banana (data not shown).

Comparison of immunochromatographic strip test
with ELISA in recovery study

The accuracy and repeatability of the optimized immuno-
chromatographic strip test were evaluated through recovery
studies with samples of fruit juices spiked at carbaryl levels
from 50 to 500 ng mL~". The spiked samples were tenfold
diluted before analysis. The immunochromatographic strip
test results (Table 3) found by naked eye and using quantifi-
cation by photo scanner were compared with those found by
ELISA validated by LCMS analysis [26]. By visual detec-
tion, all carbaryl-spiked samples were assessed as positive.
Using the quantitative immunochromatographic strip
test, the recovery of the spiked concentrations in the fruit
juices was satisfactory, as all data fell into the range of

Table 3 Overview of the results obtained by immunochromatographic strips (ICS) and enzyme immunoassay (ELISA) of juice samples spiked

by different carbaryl concentration (n = 5)

Type of Carbaryl ICS results ELISA results
sample concentration®
(ng mL™") Visual Found® Recovery RSD Found® Recovery RSD
detection® (ng mL™") (%) (%) (ng mL™") (%) (%)
Banana juice o === <LOD - - <LOD - -
5 +++++ 4.2 82.0 18.2 4.1 82.1 159
10 +++++ 8.1 81.0 16.7 8.8 88.0 18.4
50 +++++ 39.0 78.0 12.0 41.3 82.6 12.9
Pear juice O - —=—-—=— <LOD - - <LOD - -
+++++ 4.2 84.0 16.9 4.3 86.0 14.8
10 +++++ 9.2 92.0 15.6 9.5 95.1 16.4
50 +++++ 40.5 81.0 12.1 42.3 84.6 11.9
Apple juice O - —=—-—— <LOD - - <LOD - -
+++++ 4.4. 88.0 16.6 4.5 90.0 14.9
10 +++++ 8.9 89.0 12.1 9.0 90.0 13.7
50 +++++ 46.1 922 10.9 44.3 88.6 10.2
Orange juice o - ———=- <LOD - - <LOD - -
+++++ 4.1 82.0 15.2 4.5 90.0 14.3
10 +++++ 8.6 86.0 12.0 9.1 92.1 139
50 +++++ 425 90.0 9.6 45.0 90.0 9.6

# To avoid matrix effect, all analysed samples were tenfold diluted before analysis

b Visual assessment of the test line; (—) negative result (concentration <2.5 ng mL™Y); (4) positive result (concentration >10 ng mL™Y);
(&) weakly positive result (concentration in the working range 2.5-12.2 ng mL~")

¢ Quantitative assessment of ICS using densitometry
RSD Relative standard deviation
LOD Lmit of detection

@ Springer
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78.1-92.2%. In ELISA, the recoveries ranged from 82.1 to
95.1%. Moreover, the method reproducibility was also very
similar for both analytical systems, with relative standard
deviation (RSD) ranging from 9.6 to 18.2% for the immu-
nochromatographic strip test and from 9.6 to 18.4% for the
ELISA.

Conclusions

We have successfully demonstrated an approach to carbon
particle-based immunochromatographic strip test for the
rapid and sensitive monitoring of carbaryl in fruit juices.
The carbaryl test, which used colloidal carbon nanoparti-
cles as a tracer to provide visual evidence of the presence of
this insecticide in fruit juices within 10 min, was devel-
oped. This assay is simple, easy to perform, allowing for
non-specialized personnel on-site application without
requirement for intensive labour and any device for sample
analysis. These characteristics make the immunochromato-
graphic strip test useful for incorporation into food analy-
sis. Moreover, by the use of a scanner for quantitative strip
evaluation, the immunochromatographic strip test allowed
the analysis of fruit juices with acceptable accuracy. It
showed a potential to be a rapid and inexpensive method
for carbaryl assay in laboratory.
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Uvod

Z puvodni role dopliujiciho nastroje biochemického
vyzkumu se imunochemické metody v pribéhu nékolika
minulych desetileti etablovaly jako jedna z alternativ che-
mické analytiky v fad& obord' . Jejich nejvétsi rozsifeni je
vidét v klinické diagnostické praxi. V soucasnosti nartista
napfi¢ obory poptavka po tzv. rychlych testech — se-
mikvantitativnim formatu, ktery by byl jednodus$si nez
klasické usporadani enzymové imunoanalyzy (ELISA) ve
zkumavkach ¢i mikrotitranich destickéach, tzn. byl snad-
né&ji proveditelny, rychlejsi, aplikovatelny v misté odbéru
vzorku (event. nevyzadoval pouZiti piistroje ani uZivatele
odbornika specialistu). Pro rychlou detekci velkych mole-
kul (bilkovin) nebo bunék v jednom nebo nékolika malo
vzorcich bez pouziti fotometru je nejpohodingjsi sendvico-
vé provedeni ELISA v podobé ponofovacich tyCinek (na
aktivni zonu s imobilizovanym imunoreaktantem se po-
stupné aplikuji dalsi reaktanty ponofovanim tyCinky do
roztoku prislusného sloZeni, prebytky nezachycenych sub-
stanci se odstranuji oplachnutim) nebo karticek s aktivnimi
zbnami z porézniho materialu (vSechny slozky aplikova-
nych roztokl protékaji skrz tenkou porézni pevnou fézi
s imobilizovanym imunoreaktantem, zachyti se pouze imu-
nokompatibilni substance). Po aplikaci imunorektant
a testovaného vzorku je pridan substrat pro enzymovou
reakci a po piislusné inkubaci je vytvofeny odstin zbarveni
aktivni zony vizualné porovnavan se standardni stupnici.

Jako vhodnéjsi format se ukézala imunochromatogra-
ficka technika podélného toku reagencii prouzkem porézni
membrany (angl. Lateral Flow Immunoassay; zkr. LFIA),
kterd umozniuje konstruovat také kompetitivni format pro
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detekci malych molekul typu haptenu. Kombinace vhodné-
ho znaceni jednoho z partnert interakce a toku oznacené
latky spolecné s analytem pfes zo6nu se zakotvenym dru-
hym reaktantem umoziuje imunoafinitni zachyceni analy-
tu a jeho jednoduchou a rychlou detekci. Z divodu urych-
leni detekce se nepouziva jako znacka enzym, ale jiny
marker (nejéastéji nanocastice koloidnich kovi™®), ktery
nevyzaduje k produkci signalu dodateéné, casové narocné
chemické reakce. Vertikalni usporadani v podobé namace-
ciho prouzku obvykle neobsahuje vSechna ¢inidla predem
zasuSend na membrang’?, jako je tomu v horizontalni
LFIA, kde je membrana uloZena v kazeté, ktera ji chrani
pred poskozenim a zajist'uje jeji stabilni polohu pfi vlastni
detekci’. Pro nékteré analyty se LFIA testy komerén& vy-
rabéji. Nejzndméjsi se stala jejich aplikace vramci tzv.
téhotenského testu (detekce choriogonadotropinu). Vedle
rozsahlych diagnostickych aplikaci v klinické medicing se
LFIA testy za¢inaji uplatiiovat i pfi monitorovani potravi-
novych surovin a produktd, kde maji potencial ke snizeni
nakladl na provedeni analyzy i k omezeni vydaju na skla-
dovani neprovéteného materidlu ¢i minimalizaci prodlev
ve vyrobé nebo prodeji hotovych vyrobkii. Rychlé a dosta-
tecné presné testy by umoznily zvysit rozsah kontroly kva-
lity a zdravotni nezdvadnosti.

V této praci popisujeme sestaveni a optimalizaci
LFIA testu pro thiabendazol (zkr. TBZ; 2-(thiazol-4-yl)
benzimidazol) — Siroce pouzivany fungicid, jehoz rezidua
v potravinach jsou sledovéna kontrolnimi laboratofemi
av CR patii Getnosti pozitivnich nalezi v kontrolovaném
ovoci opakované¢ na pfedni mista mezi sledovanymi pesti-
cidy'’. Tradiéng se TBZ stanovuje v extraktech vzorki
sofistikovanymi postupy (GC/MS, LC/MS) po sérii purifi-
kacnich kroki'"'2. V literatufe jsou popsany i tfi rychlé
imunochemické postupy'*'°. Zadny z nich vsak nepredsta-
vuje nejjednodussi jednokrokovou detekci pouhou aplikaci
tekutého vzorku (surového extraktu) do analytického sys-
tému, tak jako LFIA. Jednoduchy LFIA test by mohl
umoziovat rychlé terénni pouZiti a byt tak GspéSnym kom-
plementarnim nastrojem ke stavajicim velmi nakladnym
instrumentalnim postuptim.

Experimentalni ¢ast

Material

Thiabendazol (TBZ) - 98,5%, HPLC/DAD,
5-hydroxy-thiabendazol (99,5%, HPLC/DAD), stejné jako
albendazol, benzimidazol, fenbendazol, flubendazol,

mebendazol, oxibendazol, 2-aminobenzimidazol a 1-naftol
(97,0-99,5 %, HPLC/DAD) byly koupeny od firmy
Dr. Ehrenstorfer GmbH (Augsburg, SRN). Mysi anti-
thiabendazolové monoklonalni protilatky (McAb), stejné
jako konjugat thiabendazolového haptenu s ovalbuminem
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(TBZ-OVA) dodala Universidad Politécnica de Valencia,
Spanglsko. Oznaduje je LIB-TN3Cl13 a OVA-TN3C ve
shodé& s publikaci, kde je podrobné charakterizuje'. IgG-
frakci z praseciho antiséra proti mySim IgG (SwAM),
1z krali¢iho proti prase¢im (RASw) dodala firma Nordic
Immunological Laboratories, Tilburg, Nizozemi. Koloidni
Castice zlata (40 nm, OD = 1) od firmy BBInternational
(Cardiff, UK), hovézi sérovy albumin (BSA), Tween 20,
Triton X100 a polyethylenglykol 20000 od Sigma-Aldrich
Co. (St. Louis, USA). Ostatni chemikalie ¢istoty p.a. byly
od Lachema, a.s., Brno, nebo Penta, a.s., Praha. Nitrocelu-
losova membrana AE 98 a celulosova podlozka pro vzorek
CF1 byly od Whatman GmbH, SRN; podlozka pro konju-
gat (ze sklenénych vlaken) GFCP 103000 a celulosova
absorp¢ni podlozka CF SP 223000 od Milllipore Corpora-
tion, USA. Plastovou vyztuZ membrany, ARcare® 8192,
dodala firma Adhesives Research, Limerick, Irsko.

Metody

Priprava konjugatu protilatek s casticemi zlata

K 4 ml suspenze zlatych nanocastic (absorbance = 1)
byl pfidan 0,1M K,CO,, aby hodnota pH byla 8,8. K této
suspenzi bylo za michani pfikapdno 100 pl protilatky
(roztok v SmM boratovém pufru, pH 8,8) o celkovém
mnozstvi 0,8-20 ug (McAb) nebo 50 ug (SWAM). Po 2 h
mirného michani pfidano 200 pl 5% BSA a suspenze mi-
chéna 30 min. Nasledovalo odstfedéni (13 000 rpm, 5 °C,
15 min), supernatant byl odstranén, pelety resuspendovany
v 8 ml SmM boratového pufru (s 0,1% BSA) a suspenze
opé€t 15 min odstfedéna. Toto bylo opakovano jest¢ dva-
krat, findlni resuspendace ve 2 ml 10mM boratového pufru
(s 1% BSA, 2% sacharosou, 0,02% NaNj3). Takto pfiprave-
ny konjugét (absorbance = 1,5) byl uchovavan v tmavé
lahvi pii 4 °C.

Priprava podlozky pro konjugat a podlozky pro vzorek

Podlozka pro konjugat byla namoc¢ena do 10mM PBS
pufru pH 7,4 (1% BSA, 0,25% Tween 20, 1% sacharosa,
0,02% NaNj3) a ususena pii 37 °C. (Podlozka pro vzorek
byla upravena stejnym zptsobem, ale bez pfidavku sacha-
rosy). Dale byl nanesen konjugat Au-protilatka (anti-TBZ
McAb nebo SWAM) fedény 1:2 s 10mM PBS pufrem
pH 7,4 (1% BSA, 1% sacharosa, 0,02% NaN3) v mnoZzstvi
30 ulem™, a ev. volnd McAb (3 ng na 1 test). Podlozka
ususena pii 37 °C.

Priprava nitrocelulosové membrany a kompletace
detekéniho prouzku

Nitrocelulosova membrana (2,5 x 20 cm) byla vyztu-
zena polyesterovou podlozkou (ARcare® 8192). Liniovym
davkovadem Linomat V (Camag AG, Svycarsko) byly na
membranu naneseny reagencie (1 pul cm™) do dvou deteké-
nich linek: roztok OVA-TN3C o koncentraci 50 pg ml™'
do vzdalenosti 15 mm od spodniho okraje, jako tzv. testo-
vaci linie (TL); roztok RASw (ev. SWAM) o koncentraci
200 pg ml™ jako tzv. kontrolni linie (KL) o 3 mm vy3e. Po
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suseni membrany 2 h pii 37 °C byla na spodni okraj mem-
brany pfilepena podlozka pro konjugat se zasuSenym kon-
jugatem Au-Ab a dale pfipravena podlozka pro vzorek.
Takto pfipravend membrana byla nastfihdna na jednotlivé
prouzky o Sifce 5 mm pomoci Economic Cutter ZQ2000
(Shanghai Kinbio Tech Co., Ltd., Cina). Vzijemné uspoia-
dani membran v LFIA testu ukazuje obr. 1. Po vlozeni
detekéniho prouzku do predlisovaného loze spodniho dilu
kazety byla na jeho horni konec nalepena absorp¢ni pod-
lozka a kazeta byla uzaviena hornim dilem (viz obr. 2).
Kazeta nesouci stacionarni fazi (multimembranovy prou-
zek) je opatfena portem na nandSeni vzorku a vyhodnoco-
vacim okénkem s testovaci a kontrolni zénou.

Provedent detekce LFIA testem

100 pl (pufrem fedény tekuty vzorek ¢i jeho extrakt,
ev. roztok standardu TBZ) je aplikovano na port. Po vsak-
nuti do podlozky pro vzorek se v laterdlnim toku pohybuje
smérem k absorb¢ni podlozce, pficemZz z podlozky pro
konjugat uvolni zde zasusené slozky testu. Po 10 min lze
vyhodnotit vysledek testu. Pro semikvantitativni posouzeni
obsahu TBZ se intenzita zbarveni TL a KL vyhodnocuje
vizualn€. Vzorky, pfi jejichZ analyze bylo dosazeno stejné

c d
P L
e
a b c g

Obr. 1. Schéma usporadani membran v LFIA testu (narys
a pudorys); a — podlozka pro vzorek, b — podlozka pro konjugat,
¢ — membrana s testovaci a kontrolni linkou v detekéni zoné, d —
absorpéni podlozka, e — plastova vyztuz membrany

- | e

Obr. 2. Ukazka membranového testu v kazeté; a — usporadani
membran v kazeté, b — vysledek testu standardniho roztoku bez
analytu a s vysokou koncentraci analytu
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intenzity TL jako v pfipad€ negativni kontroly, byly pova-
zovany za negativni (—) s obsahem TBZ niz§im nez de-
tekéni limit (LOD). V piipad¢, Ze intenzita barvy TL byla
slabsi nez u negativni kontroly, byl vysledek hodnocen
jako slabé€ pozitivni (+). V pfipadé€, ze se v testovaci zo6n¢
neobjevilo zbarveni, byl vzorek vyhodnocen jako silné
pozitivni (+). Pro kvantitativni vyhodnoceni byly skene-
rem zaznamenany digitdlni obrazy jednotlivych LFIA-
prouzkii a na nich byla intenzita zbarveni kvantifikovana
programem TotalLab TL100. Naméfené¢ hodnoty pro roz-
toky standardu byly vyneseny proti logaritmu koncentrace
a standardni kfivka sigmoidniho charakteru byla prolozena
pomoci Gtyfparametrové logistické funkce'®. LOD potom
odpovida primérné hodnoté signalu pfi nulové koncentraci
standardu minus 3 S,.

Ovéiovaci stanoveni TBZ v modelovych vzorcich
potravin bylo provedeno metodou ELISA dfive popsanym
postupem'” v mikrotitraénich desti¢kach. Standardni kiiv-
ka metody méla néasledujici charakteristiku: LOD
0,05 ng ml ™, L5 0,4 ng ml ™!, linearni oblast 0,2-9,7 ng ml ™.

Vysledky a diskuse

LFIA test je multimembranovy detekéni nastroj
(schéma viz obr. 1 a 2a). Princip detekce analytu spociva
ve dvou soucasné probihajicich jevech: (i) kapilarni migra-
ce reaktantd horizontdlné prouzkem membrany nasledova-
na imunoafinitnim zachytem v detekéni zoné; (i7) inhibice
imunochemické interakce mezi TBZ pfedem zakotvenym
v testovaci lince a migrujici primarni protilatkou prostied-
nictvim volného TBZ ze vzorku. Po aplikaci analyzované-
ho vzorku na podlozku pro vzorek zapoéne migrace vSech
slozek roztoku az do absorbéni podlozky na opaéném kon-
ci testu. Ptfi pruchodu podlozkou pro konjugat (Castice
zlata — protilatka) je tento roztokem uvolnén z podlozky
a dale unasen spole¢né s komponentami vzorku. Pti absen-
ci analytu ve vzorku migruje znacend protilatka pres de-
tekéni zonu, kde je zachycena imobilizovanym ekvivalen-
tem analytu (TBZ-OVA) v testovaci lince za vzniku vyraz-
né Cervené linie (zbarveni nanocéstic Au). V piitomnosti
analytu ve vzorku jeho volné molekuly v migraénim toku
interaguji se znacenou protilatkou a inhibuji jeji interakci

Tabulka I

Laboratorni pfistroje a postupy

s TBZ-OVA (viz obr.2b). Intenzita zbarveni testovaci
linky je tak nepfimo umérna koncentraci analytu (v urci-
tém rozmezi koncentraci). Vedle toho vznik zbarveni kon-
trolni linky neni ovliviiovan pfitomnosti analytu. Slouzi
jako pozitivni kontrola k ujisténi, Ze znaCend protilatka
migruje membranou ofekavanym zptisobem.

Konjugace protilatek (Ab) s nanocasticemi zlata
(AuNP)

Pro ziskani homogenniho konjugatu AuNP s Ab
a nasledné ostrych linek na membrané testu jsou nezbytné
sférické monodispersni ¢astice uniformni velikosti a tvaru.
To jejich dodavatel v naSem piipad€ deklaruje. Negativni
naboje obklopujici povrch ¢astic potlacuji jejich samovol-
nou agregaci. S rostouci velikosti jsou ale AuNP citlivéjsi
na piitomnost elektrolyti v prostiedi a nachylngjsi
k agregaci. Imunoglobuliny, stejn¢ jako ostatni makromo-
lekuly, se spontanné adsorbuji na povrch AuNP prostred-
nictvim elektrostatickych a hydrofébnich interakci'’, a tim
je vlastnd stabilizuji proti agregaci'®. Nejintenzivngjii
sorpce je dosaZeno pii hodnotach pH blizko jejich pl. Jeli-
koz IgG predstavuji izoelektricky heterogenni proteiny
(pI = 5,5-8,7), nemuze byt aplikovan na jejich konjugaci
s AuNP jednotny postup, ale pro konkrétni Ab a AuNP
(vliv naboje, tvaru povrchu) je nutné jej optimalizovat
predevsim z hlediska pH, doby inkubace a mnozstvi prida-
ného proteinu'®?’. P¥ili§ vysokd koncentrace vede
k vicevrstvé sorpci a eventudlnimu uvoliovani IgG
z konjugatu béhem skladovani***'. Citlivost imunometod
je do znacné miry dana afinitou Ab. U kompetitivnich
imunoanalyz lze velice zlepSit citlivost minimalizaci
mnozstvi Ab v reakci; u LFIA tedy mnozstvim Ab na jed-
nu Castici zlata a ev. nasledné mnozstvim konjugatu
AuNP-Ab. Vétsina autort®2® pro LFIA pouzivéa ke kon-
jugaci experimentalné zjisténé minimalni mnozstvi Ab
zajistujici stabilizaci solu zlata vici koagulaci pfi zvySené
koncentraci NaCl". Protoze jsme s konjugatem piprave-
nym timto zpisobem nedosahli nasledné pii LFIA poZado-
vané citlivosti, snizili jsme mnozstvi McAb piidavané do
konjugace (viz tab. I). Z velikosti molekuly IgG plyne, Ze
ipfi aplikaci 0,2 ug na 1 ml koloidu zlata pfipada na
1 ¢astici 9 molekul IgG. To je 5-30krat méné, nez uvadéji

Detekeni limity testd dosazené s konjugaty AuNP-McAD liSicimi se pfidavkem mnozstvi anti-thiabendazolové McAb do

solu zlata pfi ptipraveé konjugatu

Detekéni limit

Mnozstvi McAb na 1 ml AuNP

Spg lug 0.2 pg
,.Cut-off* (ng ml™")* 200 200 50
LOD pro kvantitativni hodnoceni (ng ml™)° 0,8+0,1 0,9+0,1 0,1+ 0,05

“Nejnizsi koncentrace thiabendazolu, pi které se ve vizualng hodnoceném testu neobjevila testovaci linka, ® detekéni limit
odecteny ze standardni kfivky, AuNP — nanocéstice zlata, McAb — monoklonalni protilatky
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zmifované prace® *°. Pokud je primérny primét molekuly
IgG do plochy 65 nm? (cit.”” "), potom je teoreticky potie-
ba na jednovrstvé pokryti povrchu castice maximalné
78 molekul IgG. Je otazka, zda takové mnozstvi neni pro
dany ucel kontraproduktivni: (i) spotiebuje se vétsi mnoz-
stvi cenného reaktantu; (i7) nedosahne se tim lepsi citlivos-
ti; (iii) pfi nizkych koncentracich Ab se tyto sorbuji na
povrch AuNP s vyrazn¢ vyssi UCinnosti ve srovnani
s vy$Simi koncentracemi (az 98 % po 15 min inkubace)
2030, (jy) koloidni stabilita solu zlata je kazdopadng
iv ptipadé pouziti menStho mnozstvi Ab pro konjugaci
zajisténa naslednym ptidavkem piebytku inertniho BSA.
Ztab.1 je zfejmé, Ze skonjugdtem piipravenym
ti LFTA. Intenzita zbarveni kontrolni linky ale byla slaba,
vizualné Spatné patrnd, coz nevyhovuje pozadavkim na
terénni test.

Proto bylo experimentalné provéteno nasledujici fese-
ni. AuNP byly konjugovany s vySSim mnozstvim tzv.
sekundarni protilatky (SWAM) a k ziskanému konjugatu
pfidavéano do LFIA malé mnozstvi anti-TBZ McAD.

Konstrukce a charakterizace LFIA testu

Pfi pouziti konjugatu AuNP se sekundarni Ab
(SwAM) byla na kontrolni linku membrany testu imobili-
zovana terciarni Ab (RASw, protilatka proti sekundérni
ADb). Po optimalizaci mnozstvi vSech reaktantii v testu byl
v tomto uspofadani zjistén vizualni LOD 2ngml’
(obr. 3). Také pii kvantitativnim vyhodnoceni testu LFIA
bylo dosazeno parametri (standardni ktivka viz obr. 4),
které vyhovuji pozadavkim na skriningovou detekci TBZ
v terénnich podminkach (LOD = 0,1+0,02 ng ml™?, I, =
2,2 ng ml™, line4rni Gast standardni kiivky 0,4-20 ng mlI ™).

Sestaveny a charakterizovany test byl provéten pfi
detekci TBZ v uméle kontaminovanych vzorcich potravin
— ovocnych dzusech (pomerancovy, bananovy, jable¢ny),
ovoci, détské vyzivé. Maximalni limity rezidui (MLR)
thiabendazolu jsou 5 mg kg™ v uvedeném ovoci (dzusech),
a 0,01 mgkg ' v détské vyzive, coz jsou koncentrace vy-
razné¢ nad LOD testu dosaZzenymi pro roztoky standardu

KL
TL

0 01

@3 1

5 10 25 50

Obr. 3. Testovaci prouzky po aplikaci Fedici Fady standard-
nich roztokii thiabendazolu (ng ml'); TL — testovaci linka,
KL — kontrolni linka
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Laboratorni pfistroje a postupy
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Obr. 4. Standardni kfivka testu pro thiabendazol; / — intenzita
zbarveni testovaci linky (arbitrarni jednotky), ¢ — koncentrace
thiabendazolu (pg ml 1), Sa=3,4-11,7 % (n=5)

TBZ v pufru. Moznost aplikace kapalnych vzorkd nebo
surovych extrakti pevnych vzorki do analyzy bez jakého-
koliv pfedchoziho ¢isténi je jednou z vyhod imunometod.
Rizné typy matrice vzorku vSak mohou s riznou intenzi-
tou v analyze interferovat. Nejjednodussi zpiisob odstrané-
ni takovych interferenci je nafedéni vzorku (filtratu
z homogenatu). V nasem pfipad¢ odstranéni vlivu matrice
na vysledky testu pfedstavovalo pro vSechny typy vzorkt
stonasobné nafedéni pufrem a nésledné nutnost prokazat
LFIA testem 100krat niz8i koncentrace nez uvedené hod-
noty MLR. Detekéni limity dosazené LFIA testem
v nafedénych matricich po pfepoctu na netedény vzorek
jsou uvedeny v tab. II. Je z nich patrné, Ze uvedeny LFIA
test je vhodny pro kontrolu obsahu rezidui TBZ v ovoci
a ovocnych dzusech. Variacni koeficienty (inter-assay) pro
koncentrace TBZ 5mgkg' byly mensi nez 16%
s praimérnou vytéznosti 91-112 %. V piipade détské vyzi-
vy jsou ale dosazené hodnoty LOD vyssi nez je MLR dany
hygienickymi piedpisy (tab. IT). Proto by bylo nutné pted
pouzitim LFIA testu pro tento typ vzorkl nejprve TBZ
v roztoku nakoncentrovat. Napft. vzorky jednoduse extra-
hovat v ethylacetatu, odparek organické faze rozpustit
v men$im objemu methanolového roztoku (methanol-voda

Tabulka IT
Detekéni limity LFIA testl dosaZzené v matricich fedénych
vzorkl (prepocteno na netedény vzorek)

Druh vzorku Detekéni limit (mg kg™)

vizualni kvantitativni
Ovocné dzusy 0,5 0,05
Ovoce 1,0 0,2
Détska vyziva 0,5 0,05
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3:7) atento surovy extrakt analyzovat LFIA (vysledky
nejsou uvedeny).

Zavér

Byl sestaven jednokrokovy imunochemicky membra-

novy test pro rychlou detekci thiabendazolu. Po optimali-
zaci konjugace protilatek s ¢asticemi zlata a mnoZzstvi jed-
notlivych reaktantli v testu bylo dosazeno dobrych analy-
tickych parametri pfi jeho aplikaci na roztok standardu
thiabendazolu. Aby i pro terénni aplikaci testu byl naplnén
pozadavek na jednoduchost a rychlost detekce, byla ovéte-
na moznost analyzovat vzorky potravin na bazi ovoce bez
predchozi extrakéni a Cistici procedury. Sestaveny test pfi
analyze modelové kontaminovanych vzorkii poskytl vy-
sledky, které ukazuji na jeho mozné pouziti k terénni skri-
ningové kontrole vzorki typu ovocnych dzust a homoge-
natd ovoce po jejich pouhém nafedéni.
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S. Goselova, B. Holubova, M. BlaZkova, and
L. Fukal (Department of Biochemistry and Microbiology,
Institute of Chemical Technology, Prague): Colloidal
Gold-Based Lateral Flow Assay for The One-Step
Rapid Detection of Thiabendazole

A rapid strip test for semiquantitative or quantitative
screening of thiabendazole in some fruit foods (fruits, fruit
juices, baby foods) was developed, which is based on la-
teral flow immunoassay (LFIA). Test parameters such as
membranes and buffers types, the amount and type of anti-
bodies for labeling with gold nanoparticles, and dilution of
gold-labeled antibodies and samples were optimized. The
strip contains all the necessary reagents dried on mem-
branes. The test can be accomplished within 10 min. The
visual limit of detection was 2 ng ml™'. For quantitative
assessment a standard curve of LFIA was produced with
detection limit of 0.1+£0.02 ng ml™, the ICs, value of
2.2 ngml™, and the linear working range of 0.4-20 ng ml ™.
In the test, spiked samples were analyzed. Samples of fruit
juices or fruit homogenate filtrates were diluted with
buffer and analysed directly without any purification. The
coefficients of inter—assay variation were below 16 %,
with recoveries ranging from 91 to 112 %. The proposed
LFIA test enables a sensitive, rapid, and facile on-site
screening of thiabendazole.
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RYCHLY IMUNOANALYTICKY TEST PRO DETEKCI THIABENDAZOLU (2011)

DETAIL VYSLEDKU

Identifikaéni kod

Ndazev v puvodnim jazyce
Ndzev v Eeském jazyce
Druh

Poddruh

Jazyk

Obor - skupina

Obor

Rok uplatnéni

Kéd duvérnosti udaju

Pocet vyskytu vysledku
Pocet tvircy celkem
Pocet domdcich tvircu

Vyéet viech uvedenych jednotlivych tvirco

Popis vysledku v puvodnim jazyce

Kli€ové slova oddélend stfednikem

RIV/60461373:22330/11:43892791

Rychly imunoanalyticky test pro detekci thiabendazolu
Rychly imunoanalyticky test pro detekci thiabendazolu

G - Technicky realizované vysledky (prototyp, funkéni vzorek)
G/A - Prototyp

cze - cestina

E - Bioveédy

El - Biotechnologie a bionika

2011

S - Neni predmétem statniho i obchodniho tajemstvi a data lze v souladu s pravnimi predpisy poskytnout do verejné
piistupnych informacnich systémud véetné mezindrodnich

1
7
4

Barbora Harikovd (statni piislusnost: CZ - Ceskd republika, domdéci tvirce: A, vedidk: 9689613)
Martina Blazkové (staini piislusnost: CZ - Ceskd republika, domdci tvirce: A, vedidk: 6725759)
Pavel Rauch (statni prislusnost: CZ - Ceskd republika, domaci tvirce: A, vedidk: 8065462)
Ladislav Fukal (statni prislusnost: CZ - Ceskd republika, domdci tvirce: A, vedidk: 4819640)
Alena Forejtovd (statni pislusnost: CZ - Ceskd republika)

Katefina Rehdkova (stétni piislusnost: CZ - Ceskd republika)

Heda Cernohorskd (stétni pisluinost: CZ - Ceskd republika)

Prototyp membrdnového testu pro detekci thiabendazolu pomoci kompetitivni imunoanalyzy za pouziti koloidniho
zlata. Test detekuje zvysené mnozstvi thiabendazolu ve vzorcich ovocnych dzusd. Pomoci testu Ize urcit vysledek
béhem 10 minut.

nanoparticles; immunochromatography; immunoassay; rapid detection; thiabendazole

UDAJE O VYSLEDKU V ZAVISLOSTI NA DRUHU VYSLEDKU

Interni identifikaéni kéd produktu piidéleny
tvircem

Ciselnd identifikace

Technické parametry

Ekonomické parametry

Kategorie aplikovaného vysledku podle
ndklady na jeho vytvofeni

IC vlastnika vysledku

Nazev vlastnika

Stat viastnika
Druh moznosti vyuZiti
Pozadavek na licenéni poplatek

Adresa www strdnky s vysledkem

Rapid-VIDITEST thiabendazol

Z&kladem testu je membrdna s nanesenymi imunoreagenciemi uzaviend v plastové kazeté. Systém je usporddan
jako tzv. nepiimy formdat. Na membrdné je v testovaci lince imobilizovéan konjugdt thiabendazolu s ovalbuminem. V
kontrolni lince potom krdli¢i protil&tka proti prase&im imunoglobulinim. V prvni Edsti membrdany je v podlozce
zasusen konjugdt prasecich anti-mysich protildtek s barevnymi nanocdsticemi zlata a také monoklondini (mysi) anti-
thiabendazolovd proftilatka. Pri aplikaci testu v analyze se piidd do okna kazety alikvot tekutého vzorku (extrakt),
ktery pfi ndsledném toku membrdnou rozpusti a undsi v podloZce zasusené reagencie. V toku Idtek dochdzi k
vzdjemnym inferakcim a interakcim s testovaci a kontrolni linii membrany. Uzaviena smiouva s VIDIAspol. sr.o., IC
16556267, 1.9.2009

Zvyseni zisku pomoci rozsifeni nabidky produktd.

A - niz§i nebo rovné 5 mil. K&

60461373

Vysokd skola chemicko-technologickd v Praze, Fakulta potravindiské a biochemické technologie, Praha 6 + VIDIA
spol. sr.0., Nad Safinou Il &. 345, Vestec, 252 42 Jesenice u Prahy, IC 16556267

C1 - Ceska republika
P - Nabyti licence je nutné v nékterych pripadech

7 - Pfi nabyti licence je poplatek vyzadovdn v nékterych piipadech

https://iwww.rvvi.cz/riv?s=jednoduche-vyhledavani&ss=detail &n=0&h=RIV%2F 60461373%3A22330%2F 11%3A43892791 1/2
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RYCHLY IMUNOANALYTICKY TEST PRO DETEKCI KARBOFURANU (2011)

DETAIL VYSLEDKU

Identifikaéni kod

Ndazev v puvodnim jazyce
Ndzev v Eeském jazyce
Druh

Poddruh

Jazyk

Obor - skupina

Obor

Rok uplatnéni

Kéd duvérnosti udaju

Pocet vyskytu vysledku
Pocet tvircy celkem
Pocet domdcich tvircu

Vyéet viech uvedenych jednotlivych tvirco

Popis vysledku v puvodnim jazyce

Kli€ové slova oddélend stfednikem

RIV/60461373:22330/11:43892694

Rychly imunoanalyticky test pro detekci karbofuranu

Rychly imunoanalyticky test pro detekci karbofuranu

G - Technicky realizované vysledky (prototyp, funkéni vzorek)
G/A - Prototyp

cze - cestina

E - Bioveédy

El - Biotechnologie a bionika

2011

S - Neni predmétem statniho i obchodniho tajemstvi a data lze v souladu s pravnimi predpisy poskytnout do verejné
piistupnych informacnich systémud véetné mezindrodnich

1
7
4

Martina Blazkové (staini piislusnost: CZ - Ceskd republika, doméci tvirce: A, vedidk: 6725759)
Barbora Harikovd (statni piislusnost: CZ - Ceskd republika, domdci tvirce: A, vedidk: 9689613)
Pavel Rauch (statni prislusnost: CZ - Ceskd republika, domaci tvirce: A, vedidk: 8065462)
Ladislav Fukal (statni prislusnost: CZ - Ceskd republika, domdci tvirce: A, vedidk: 4819640)
Juraj Labaj (statni prislusnost: CZ - Ceskd republikal)

Alena Forejtova (statni piislusnost: CZ - Ceskd republika)

Heda Cernohorskd (stétni pisluinost: CZ - Ceskd republika)

Prototyp membrdnového testu pro detekci karbofuranu pomoci kompetitivni imunoanalyzy za poufZiti koloidniho
zlata. Test detekuje zvysené mnozstvi karbofuranu ve vodnich vzorcich z Zivotniho prostfedi. Pomoci testu Ize urcit
vysledek béhem 10 minut.

nanoparticles; immunoassay; rapid detection; carbofuran

UDAJE O VYSLEDKU V ZAVISLOSTI NA DRUHU VYSLEDKU

Interni identifikaéni kéd produktu piidéleny
tvircem

Ciselnd identifikace

Technické parametry

Ekonomické parametry

Kategorie aplikovaného vysledku podle
ndklady na jeho vytvoreni

IC vlastnika vysledku

Ndzev vlastnika

Stat viastnika
Druh moznosti vyuZiti
Pozadavek na licenéni poplatek

Adresa www strdnky s vysledkem

Rapid-VIDITEST karbofuran

Z&kladem testu je membrdna s nanesenymi imunoreagenciemi uzaviend v plastové kazeté. Systém je usporddan
jako tzv. nepiimy formdat. Na membrdné je v testovaci lince imobilizovéan konjugdt karbofuranu s ovalbuminem. V
kontrolni lince potom krdli¢i protil&tka proti prase&im imunoglobulinim. V prvni Edsti membrdany je v podlozce
zasusen konjugdt prasecich anti-mysich protildtek s barevnymi nanocdsticemi zlata a také monoklondini (mysi) anti-
karbofuranovd protildtka. Pii aplikaci testu v analyze se pfidd do okna kazety alikvot tekutého vzorku (extrakt), ktery
pfi ndsledném toku membrdnou rozpusti a undsi v podloZce zasusené reagencie. V toku Iatek dochdzi k vzdjemnym
interakcim a interakcim s testovaci a kontrolni linii membrdany. Viastni provedeni analyzy trvé 10 minut. Vyhodnocuje
se findIni pfitomnost-nepfitomnost barevné linie v misté testovaci a kontrolni linky. Detek&ni limit testu 0,5 ng/ml (pufr,
voda). Uzaviena smlouva s VIDIA spol. s r.o., IC 16556267, 1.9.2009

Zvy3eni zisku pomoci rozsifeni nabidky produktt

A - niz§i nebo rovné 5 mil. K&

60461373

Vysokd skola chemicko-technologickd v Praze, Fakulta potravindiské a biochemické technologie + VIDIA spol. s r.o.,
Nad Safinou Il &. 365, Vestec, 252 42 Jesenice u Prahy, IC 16556267

CZ - Ceskd republika
P - Nabyti licence je nutné v nékterych pfipadech

7 - Pfi nabyti licence je poplatek vyZadovdn v nékterych pripadech

https://iwww.rvvi.cz/riv?s=jednoduche-vyhledavani&ss=detail &n=0&h=RIV%2F 60461373%3A22330%2F 11%3A43892694 1/2


https://www.rvvi.cz/riv?s=jednoduche-vyhledavani
https://www.rvvi.cz/riv?s=rozsirene-vyhledavani

30. 3. 2017 RIV - IS VaVval
INFORMACE O VSECH VYSKYTECH VYSLEDKU V RAMCI DETAILU VYSLEDKU

Doddno MPO v roce 2012 RIV/60461373:22330/11:43892694 v doddvce dat RIVI2-MPO-22330 01:1 predkladatelem Vysoka skola chemicko-

technologickd v Praze / Fakulta potravindiské a biochemické technologie

ODKAZY NA VYZKUMNE AKTIVITY, PRI JEJICHZ RESENi VYSLEDEK VZNIKL

Projekt podporovany MPO v programu FR FR-TI1/313 - Nové technologie pro diagnostiku vybranych polutantd v Zivotnim prostfedi (2009 - 2012)

https://iwww.rvvi.cz/riv?s=jednoduche-vyhledavani&ss=detail &n=0&h=RIV%2F 60461373%3A22330%2F 11%3A43892694
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https://www.rvvi.cz/riv?s=jednoduche-vyhledavani&ss=detail&h=RIV%2F60461373%3A22330%2F11%3A43892694%21RIV12-MPO-22330___
https://www.rvvi.cz/cep?s=jednoduche-vyhledavani&ss=detail&n=0&h=FR-TI1%2F313

30. 3. 2017

RIV - IS VaVal

INFORMACNI SYSTEM VYZKUMU, EXPERIMENTALNIHO VYVOJE A INOVACIH

REJSTRIK INFORMACI O VYSLEDCICH

A
Jednoduché vyhledavani Rozsifené vyhleddavani

Modul RIV je v testovacim provozu

RYCHLY IMUNOANALYTICKY TEST PRO DETEKCI ATRAZINU (2011)

DETAIL VYSLEDKU

Identifikaéni kod

Ndazev v puvodnim jazyce
Ndzev v Eeském jazyce
Druh

Poddruh

Jazyk

Obor - skupina

Obor

Rok uplatnéni

Kéd duvérnosti udaju

Pocet vyskytu vysledku
Pocet tvircy celkem
Pocet domdcich tvircu

Vyéet viech uvedenych jednotlivych tvirco

Popis vysledku v puvodnim jazyce

Kli€ové slova oddélend stfednikem

RIV/60461373:22330/11:43892794

Rychly imunoanalyticky test pro detekci atrazinu

Rychly imunoanalyticky test pro detekci atrazinu

G - Technicky realizované vysledky (prototyp, funkéni vzorek)
G/A - Prototyp

cze - cestina

E - Bioveédy

El - Biotechnologie a bionika

2011

S - Neni predmétem statniho i obchodniho tajemstvi a data lze v souladu s pravnimi predpisy poskytnout do verejné
piistupnych informacnich systémud véetné mezindrodnich

1
7
4

Barbora Harikovd (statni piislusnost: CZ - Ceskd republika, domdéci tvirce: A, vedidk: 9689613)
Martina Blazkové (staini piislusnost: CZ - Ceskd republika, domdci tvirce: A, vedidk: 6725759)
Pavel Rauch (statni prislusnost: CZ - Ceskd republika, domaci tvirce: A, vedidk: 8065462)
Ladislav Fukal (statni prislusnost: CZ - Ceskd republika, domdci tvirce: A, vedidk: 4819640)
Katefina Rehdkova (stétni piislusnost: CZ - Ceskd republika)

Alena Forejtova (statni piislusnost: CZ - Ceskd republika)

Heda Cernohorskd (stétni pisluinost: CZ - Ceskd republika)

Prototyp membrdnového testu pro detekci atrazinu pomoci kompetitivni imunoanalyzy za poufZiti koloidniho zlata.
Test detekuje zvy$ené mnozstvi atrazinu ve vodnich vzorcich z zivotniho prostfedi. Pomoci testu Ize urcit vysledek
béhem 10 minut.

nanoparticles; immunochromatography; immunoassay; rapid detection; atrazine

UDAJE O VYSLEDKU V ZAVISLOSTI NA DRUHU VYSLEDKU

Interni identifikaéni kéd produktu piidéleny
tvircem

Ciselnd identifikace

Technické parametry

Ekonomické parametry

Kategorie aplikovaného vysledku podle
ndklady na jeho vytvoreni

1€ vlastnika vysledku

Ndzev vlastnika

Stat viastnika
Druh moznosti vyuziti
Pozadavek na licenéni poplatek

Adresa www stranky s vysledkem

Rapid-VIDITEST atrazin

Z&kladem testu je membrdna s nanesenymi imunoreagenciemi uzaviend v plastové kazeté. Systém je usporddan
jako tzv. pfimy formdt. Na membrdné je v testovaci lince imobilizovan konjugdt atrazinu s hovézim sérovym
albuminem. V kontrolni lince potom kozi anti-krdlici protildtka. Na krdlici polyklondini anti-atrazinovou protildtku jsou
navdzdny barevné nanocdstice zlata a tento konjugdt je zasusen na podlozce v prvni Cdsti membrdny. Pii aplikaci
testu v analyze se pridd do okna kazety alikvot tekutého vzorku(extrakt), ktery pii ndsledném toku membrdnou
rozpusti a undsi v podloZce zasuiené reagencie. V toku Idtek dochdzi k vzdjemnym interakcim a interakcim s
testovaci a kontrolni linif membrany. Uzaviena smlouva s VIDIA spol. sr.o., IC 16556267, 1.9.2009

Zvyseni zisku pomoci rozsifeni nabidky produktd

A - nizsi nebo rovné 5 mil. K&

60461373

Vysokd skola chemicko-technologickd v Praze, Fakulta potravindiské a biochemické technologie, Praha 6 + VIDIA
spol. sr.0., Nad Safinou Il &. 345, Vestec, 252 42 Jesenice u Prahy, IC 16556267

C1 - Ceska republika
P - Nabyti licence je nutné v nékterych pripadech

7 - Pfi nabyti licence je poplatek vyzadovdn v nékterych piipadech

INFORMACE O VSECH VYSKYTECH VYSLEDKU V RAMCI DETAILU VYSLEDKU
https://iwww.rvvi.cz/riv?s=jednoduche-vyhledavani&ss=detail &n=0&h=RIV%2F 60461373%3A22330%2F 11%3A43892794 1/2


https://www.rvvi.cz/riv?s=jednoduche-vyhledavani
https://www.rvvi.cz/riv?s=rozsirene-vyhledavani

30. 3. 2017 RIV - IS VaVal

RIV/60461373:22330/11:43892794 v doddvce dat RIVI2-MPO-22330 01:1 predkladatelem Vysokd skola chemicko-
technologickd v Praze / Fakulta potravindiské a biochemické technologie

Doddno MPO v roce 2012

ODKAZY NA VYZKUMNE AKTIVITY, PRI JEJICHZ RESENi VYSLEDEK VZINIKL

FR-TI1/313 - Nové technologie pro diagnostiku vybranych polutantd v Zivotnim prostiedi (2009 - 2012)

Projekt podporovany MPO v programu FR

https://iwww.rvvi.cz/riv?s=jednoduche-vyhledavani&ss=detail &n=0&h=RIV%2F 60461373%3A22330%2F 11%3A43892794
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RIV - IS VaVal

INFORMACNI SYSTEM VYZKUMU, EXPERIMENTALNIHO VYVOJE A INOVACI

REJSTRIK INFORMACI O VYSLEDCICH

N
Jednoduché vyhledavani Rozsifené vyhledavani

LFIA SOUPRAVA PRO STANOVENI ATRAZINU VE VODNICH VZORCICH (2012)

DETAIL VYSLEDKU

Identifika¢ni kod

Nazev v piivodnim jazyce
Nazev v Ceském jazyce
Druh

Poddruh

Jazyk

Obor - skupina

Obor

Rok uplatnéni

Kod duvérnosti udaji

Pocet vyskytt vysledku
Pocet tvarca celkem
Pocet domécich tviircti

Vycet viech uvedenych jednotlivych tvirci

Popis vysledku v puvodnim jazyce

Kli¢ova slova oddélena stiednikem

RIV/16556267:____ /12:#0000143

LFIA souprava pro stanoveni atrazinu ve vodnich vzorcich
LFIA souprava pro stanoveni atrazinu ve vodnich vzorcich

G - Technicky realizované vysledky (prototyp, funkéni vzorek)
G/B - Funkéni vzorek

cze - Gedtina

D - Védy o zemi

DJ - Znecisténi a kontrola vody

2012

C - Pfedmét obchodniho tajemstvi podle par.17-20 obch.zakoniku, nazev, anotace, pfip. zhodnoceni vysledku feSeni dodané
do IS VaV jsou upraveny tak, aby byly zvefejnitelné

2
7
4

Alena Forejtova (statni prislusnost: CZ - Ceska republika, domaci tviirce: A, vedidk: 9576665)
Michaela Polakovi (statni prislusnost: CZ - Ceska republika, domaci tviirce: A, vedidk: 1020781)
Heda Cernohorska (statni pislusnost: CZ - Ceska republika, domaci tviirce: A, vedidk: 2750147)
Katefina Rehakova (statni pislusnost: CZ - Ceska republika, doméci tvarce: A, vedidk: 8292612)
Pavel Rauch (statni pfislusnost: CZ - Ceska republika)

Ladislav Fukal (statni pfislu$nost: CZ - Ceska republika)

Martina Blazkova (statni pFislugnost: CZ - Ceska republika)

Test se sklada z nékolika komponent. Obsahuje nitrocelulosovou membranu s nanesenymi imunoreagenciemi, podlozku pro
konjugat, celulosovou podloZku pro vzorek, absorpéni celulosovou podlozku a v$e je uzavieno v plastovém obalu.

atrazin

UDAJE O VYSLEDKU V ZAVISLOSTI NA DRUHU VYSLEDKU

Interni identifika¢ni kod produktu ptidéleny tviircem
Ciselné identifikace

Technické parametry

Ekonomické parametry

Kategorie aplikovan¢ho vysledku podle nakladii na jeho
vytvofeni

IC vlastnika vysledku

Nazev vlastnika

Stat vlastnika

Druh moznosti vyuziti
Pozadavek na licen¢ni poplatek

Adresa www stranky s vysledkem

LFIA-VIDITEST Atrazin

Detekéni limit soupravy je 0,1 ng/ml. souprava byla pfedana do vyroby ve spolecnosti VIDIA, podle interniho pfedpisu VP021;
osoba odpovédna: Ing. Michaela Polakova, VIDIA spol. s r.o., tel: 261090262, polakova@yvidia.cz

export, nové trhy

A - niz8inebo rovné 5 mil. K&

16556267
VIDIA spol. s r.o.
CZ - Ceska republika

N - Nabyti licence neni nutné (vysledek nenilicencovan)

INFORMACE O VSECH VYSKYTECH VYSLEDKU V RAMCI DETAILU VYSLEDKU

Dodéano MPO v roce 2013

Dodéano MPO v roce 2014

file:///C:/Martina/Prace/docentury/FINALE/14.htm|

RIV/16556267: /12:#0000143 v dodavce dat RIV13-MPO-16556267/01:1 pfedkladatelem VIDIA spol. s r.o.

RIV/60461373:22330/12:43896728 v dodavce dat RIV14-MPO-22330
technologicka v Praze / Fakulta potravinafské a biochemické technologie

/01:1 predkladatelem Vysoka $kola chemicko-

Modul RIV je v testovacim provozu
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https://www.rvvi.cz/riv?s=jednoduche-vyhledavani&ss=detail&h=RIV%2F16556267%3A_____%2F12%3A%230000143%21RIV13-MPO-16556267
https://www.rvvi.cz/riv?s=jednoduche-vyhledavani&ss=detail&h=RIV%2F60461373%3A22330%2F12%3A43896728%21RIV14-MPO-22330___
https://www.rvvi.cz/riv?s=jednoduche-vyhledavani
https://www.rvvi.cz/riv?s=rozsirene-vyhledavani

30. 3. 2017 RIV - IS VaVal
ODKAZY NA VYZKUMNE AKTIVITY, PRI JEJICHZ RESEN{ VYSLEDEK VZNIKL

Projekt podporovany MPO v programu FR ER-TI1/313 - Nové technologie pro diagnostiku vybranych polutantd v Zivotnim prostredi (2009 - 2012)

file:///C:/Martina/Prace/docentury/FINALE/14.htm|
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https://www.rvvi.cz/cep?s=jednoduche-vyhledavani&ss=detail&n=0&h=FR-TI1%2F313

