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1 Uvod

Na pocatku 20. stoleti se predpokladalo, Ze se protilatky v organismu mohou tvorit
pouze proti latkdm povaZzovanym za patogenni, které se vyskytuji v nasem Zivotnim prostredi.
Tuto teorii opravil Karl Landsteiner na zakladé svych experimentl publikovanych ve dvacatych
a tficatych letech minulého stoleti. Tento vyznamny imunolog a drzitel Nobelovy ceny prokazal,
Ze protilatky mohou byt produkovany i proti nizkomolekuldrnim latkam, které se dokonce ani
nemusi v prirodé vyskytovat. Tvorbu protilatek vSak pozoroval pouze v pfipad€, kdy byly tyto
latky kovalentné spojeny (,upevnény") na makromolekuly. Landsteiner nazval malé molekuly,
které samy o sobé nestimuluji imunitni odpovéd’, hapteny (z feckého haptien = upeviovat).
Landsteinerovy experimenty se staly zakladem vyzkumu pfirodnich i syntetickych haptend,
ze kterého vychazel i vyvoj imunochemickych metod pro jejich detekci.

Imunochemické metody se béhem uplynulych desetileti vyvinuly z plvodni role
dopliikového nastroje pfi analyze vzorkd na jednu z alternativ konvencnich metod. Jejich
rychlost, jednoduchost a nizkd cena se staly prednosti pro detekci nejrliznéjsich
vysokomolekularnich i nizkomolekularnich latek. Vybér vhodného formatu imunochemické
metody zavisi na fadé faktor(: ucel analyzy, typ cilového analytu, znalost plivodu vzorku atd.
Pokud je cilem stanovit nizkomolekularni latku (hapten), je pri vyvoji metody kritickym krokem
priprava imunizacniho konjugatu, ktery bude pouzit pro pripravu protilatky, ktera odpovida
za pozadovanou specificitu a citlivost k cilové nizkomolekularni latce. Konecny vysledek analyzy
ovlivni také vybrany princip imunochemické metody. Mezi nejcastéji pouzivané metody pro
detekci nizkomolekularnich latek patfi kompetitivni format ELISA (z angl. Enzyme Linked
Immunosorbent Assay) nebo LFIA (z angl. Lateral Flow Assay). Diky stale se zvysSujicim
pozadavklim na rychlejsi a spolehlivéjsi detekci haptenl se objevuji i dalsi imunochemické
metody detekce zaloZzené napf. na nekompetitivnich principech nebo kombinujici principy
imunoanalyzy na pevné fazi s fyzikalné-chemickym prevodnikem (imunochemicky biosenzor).

Predkladana prace se vénuje problematice vybéru vhodné struktury imunizacniho
konjugatu a podava prehled imunochemickych metod pouzivanych k detekci
nizkomolekularnich latek predevsim v potravinach a Zivotnim prostredi. V praktické ¢asti jsou
uvedeny konkrétni imunochemické metody, které byly vyvinuty v nasi laboratofi pro detekci
vybranych kontaminantd (pesticidd, anabolickych androgennich steroidd a novych

psychoaktivnich latek).



2 Imunochemicka detekce molekul typu haptenu

Imunochemické metody vyuZivaji k dlkazu, stanoveni nebo separaci analytu
biospecifické interakce s protilatkami. Zn vitro se pfi nich vyuziva produkt imunitniho systému
obratlovcli zaméreny plvodné na specifické rozliSeni a zneSkodnéni cizorodého agens
(antigenu) /n vivo. Tento produkt (specifické protilatky) umoziiuje pomérné citlivé a specifické
rozpoznani analytu v komplexnich smésich biologickych vzork. Podstatou vsech
imunochemickych metod je tedy nekovalentni interakce protilatky s antigenem.

Antigen, ktery neni sam o sobé imunogenni, ale mlze se vazat na protilatky
s prislusnou specificitou, se nazyva hapten. VétSina haptenl jsou nizkomolekularni latky
(< 3 kDa) (Flaherty, 2012a; Greg, 2013), které mlzeme nalézt napf. v Zivotnim prostredi
(pesticidy), zdravotnictvi (Iéky a jejich metabolity, antibiotika), kriminalistice (drogy,
anabolické steroidy), aj. V nékterych pripadech mohou byt jako hapteny oznaceny i nékteré
makromolekuly; jejich vazba na imunogenni nosi¢ pomaha T-burikdm pfi tvorbé protilatek proti
nim.

Pred zacatkem vyvoje imunochemické metody pro detekci nizkomolekularni latky je
potreba zvolit typ imunizacniho konjugatu, typ protilatky, format metody, popf. zplsob znaceni
imunoreagencii. Vybér typu metody ovlivni konecny vysledek analyzy, tzn., zda metoda bude
specificka pro jeden analyt nebo skupinoveé specificka. Potfebna specifita metody je ovlivnéna
také vybérem haptenu pro pfipravu imunizac¢niho konjugatu. Hapten s vyraznym strukturnim
rysem je vhodny k vyvoiji specifické metody. Naopak pro skupinovou analyzu je pottreba zvolit
hapten s takovym strukturnim rysem, ktery je spolecny vSem strukturam v cilové skupiné.
Vybrana technika navazani haptenu na nosi¢ by neméla ovlivnit misto pro specifickou vazbu
protilatky. V nékterych pripadech také vybér typu protilatky (monoklonalni, polyklonaini,
rekombinantni) mlze umoznit vyvoj rlznych pristupl k analyze nizkomolekularnich latek
(Kudlak a Namiesnik, 2011, Spinks, 2000).

2.1 Hapten a jeho konjugace s nosicem

Hapten se mdze stat imunogennim, kdyz je navazan na vysokomolekularni nosi¢
(Obr. 1). V této souvislosti je tfeba zminit, ze pojem ,antigenni® je nékdy nespravné
pouzivam jako synonymum pro ,imunogenni®. Pro volny hapten totiz plati, Ze je ,,antigenni*
ale ne ,imunogenni®. Po spojeni s nosiem se maly hapten mize stat antigennim epitopem
(determinantou). Jako epitop vSak bohuzel mlze slouzit i sousedni oblast nosice nebo

spojovaci raménko s nosicem (Flaherty, 2012a, Greg, 2013, Seppalé a kol., 1998).
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Obr. 1: Priprava specifickych protilatek proti malym molekulam haptenii. Pfevzato a upraveno

z https://www.abcam.com/primary-antibodies/developing-custom-rabbit-monoclonal-antibodies-against-small-
molecule-haptens, VIII/2018.

Nejcastéji pouZivané kovalentni nosi¢e haptend jsou imunogenni velké molekuly,
zejména proteiny (Tab. 1); mohou se pouzivat i liposomy, syntetické nebo pfirodni polymery
(dextran, agarosa) nebo synteticky navrzené organické molekuly (dendriny), které vsSak
nebyvaji tak imunogenni jako proteiny (Greg, 2013). Pfi vybéru vhodného nosice je
postupovano podle téchto kritérii: 1) potencidl pro poskytnuti imunogennich vlastnosti;
2) prfitomnost vhodnych funkénich skupin  pro konjugaci; 3) vhodna rozpustnost;
4) netoxicnost in vivo. Pripravené konjugaty haptenu s nosiéem nemusi slouzit jen k imunizaci,
ale pouzivaji se i béhem imunochemickych analyz jako jeden z imunoreaktantd.

Jak jiz bylo uvedeno, aby hapteny v organismu vyprovokovaly imunitni systém
k produkci protilatek, je nutné je nejprve navazat na vysokomolekuldrni nosi¢. V ramci
experimentl bylo ovéreno, Zze ¢im vice haptenll je navazano na nosi¢, tim vice roste titr
protilatek. OvSem opacny efekt byl pozorovan v souvislosti s afinitou protilatek; ¢im nizsi byl
pomér hapten-nosic, tim vyssi afinity dosahovaly produkované protilatky. Navic bylo zjiSténo,
Ze vazba haptenu s nosi¢em pres centralni aminokyselinovy zbytek zplsobuje vyssi titry
protilatek nez pfi pouziti koncového aminokyselinového zbytku nosice. Aby bylo dosazeno
vhodné hladiny a afinity produkovanych protildtek, je tedy pro pripravu konkrétniho
imunogenniho konjugatu potfeba provéfit rizné poméry hapten-nosi¢ a zplsoby konjugace
(Greg, 2013).
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Tab. 1: Pfehled pouzivanych nosicd pro hapteny

Nazev nosice MW Priklad hapteni Reference
(kDa)
Hovézy sérovy albumin 67 Pesticidy, steroidy, drogy, Kato a kol., 2016;
(Bovine serum albumin;, BSA) hormony, toxiny Kim a kol., 2007; Al-
Dujaili, 2006; Naar a
kol., 2002;
Hemocyanin z dérnatky obrovské 450~ Pesticidy, pfiprava vakcin Aarntzen a kol.,
(Keyhole limpet hemocyanin; KLH) 1,3.10* pro Iécbu rakoviny 2012; Curigliano a

kol., 2006; Miles a
kol., 2011; Kim a

kol., 2002
Thyreoglobulin 660 Peptidy, fullereny Chen a kol., 1998
Ovalbumin 43 Hormony, peptidy Goda a kol., 2000;
Maiken a kol., 2006
Tetanicky toxoid 150 Pfiprava vakcin proti Paolletti a kol., 1994;
Streptococcus agalactiae, Dhillon a kol., 2017;
Neisseria meningitidis, McCormick, 2012;
Haemophilus influenzae
Toxoid zaskrtu 63 Priprava vakcin proti McCormick, 2012
Haemophilus influenzae
Myoglobin 18 Organické polutanty Karsten a kol., 2002
Kralici sérovy albumin 69 Drogy, pesticidy, fullereny,  Chen a kol., 1998;
(Rabbit serum albumin; RSA) pfiprava vakcin Dunbar a kol., 1990;
Aoki a kol., 1996
Syntetické polypeptidové retézce 15— 30 Hormony, peptidy, pfiprava Romestand a kol.,
(poly-L-lysin; poly-L-glutamova vakcin pro |écbu rakoviny 2010; Posnett a kol.,
kyselina) 1998; Li, 2002

MW...molekulova hmotnost

Hapten Ize na nosic kovalentné navazat pres jeden nebo i vice reaktivnich atom0 v jeho
molekule. Pritom vybér vazebného mista na molekule haptenu vyznamné ovlivni specifitu
produkovanych protilatek. Lze tak cilené pripravit bud’ Uzce specifické protilatky, které budou
interagovat pouze s jedinym vybranym zastupcem ze skupiny strukturné podobnych haptend,
anebo Siroce specifické protilatky, reagujici se vSemi Cleny haptenové skupiny. Pri volbé
zplsobu pripravy konjugatu nosice s haptenem se Ize fidit empirickymi doporucenimi, které
vyplyvaji z mnoha dosud provedenych experimentl (Mickova a kol., 2004; Fukal a Holubova,
2007):

a) Hapten by mél pomoci kratkého spojovaciho raménka (tfi — Sest atom() mirné vycnivat
z molekuly nosice, aby epitopové charakteristické atomy jeho molekuly nebyly stinény.
b) Misto vazby s nosi¢em by mélo byt co nejvice vzdaleno od té casti haptenové molekuly,

proti které chceme vytvorit specifické protilatky.



¢) Neni vhodné konjugovat hapten pres heteroatom (jiny atom nez uhlik) v jeho molekule;
tento zplsob by mohl vést ke zméné polarity a tim i ke zméné charakteru epitopu.

d) Vhodné pro konjugaci je alifatické raménko (bez heteroatoml), které by nemélo byt
vyraznéjSim epitopem nez molekula haptenu.

e) DelSi raménko mUZe zvyraznit imunitni odpovéd’ na hapten.

Pro konjugaci s nejcasté&ji pouzivanym nosi¢em — proteinem — se velmi Casto vyuziva
metoda smiSeného anhydridu nebo metoda aktivniho esteru. Tyto metody Ize pouzit v pfipadé
pritomnosti reaktivni karboxylové skupiny v molekule haptenu a aminoskupiny lysinu
na proteinovém nosici. Vytéznost uvedenych technik je obvykle 10-40 %. Po konjugaci je
nutné vznikly konjugat z reakéni smési izolovat a precistit (Oubifia a kol., 1999, Fukal
a Holubova, 2007).

2.2 Prehled imunochemickych metod pro detekci nizkomolekularnich
latek

Nizkomolekularni latky neprecipituji s protilatkami, a proto se jejich stanoveni provadi
neprecipitacnimi imunochemickymi metodami. K zesileni a zviditelnéni vzniku imunokomplexu
se mlze vyuzit vhodna znacka (odd. 2.2.1), kterd se navaze na jeden z imunoreaktantd,
a vyrazné tim zvysi citlivost imunochemického stanoveni. Podle pouzité znacky jsou jednotlivé
imunochemické metody pojmenovany, napf. radioimunoanalyza (RIA; radioizotopy: **C, 3H,
32p, 1251 57Co), fluoroimunoanalyza (FPIA; fluorofory: fluorescein, umbeliferon, rhodamin),
luminiscencni imunoanalyza (luminol a jeho derivaty), enzymova imunoanalyza (ELISA, EMIT;
enzym) (Sharma a kol., 2014). V praxi se pro detekci nizkomolekularnich latek nejvice rozsifilo
znaceni enzymem. V soucasné dobé je jednim z cild pfi vyvoji imunochemickych metod sestavit
co nejjednodussi systém, kterym by bylo mozné pouhou aplikaci kapalného vzorku ziskat
vysledek v nékolika minutach. Vyvijené metody jsou zalozeny na principu detekce
na membrané a vSeobecné znamym prikladem je domaci téhotensky test. Neprecipitacni
imunochemické metody vyuzivajici znacku nejcastéji délime na kompetitivni (odd. 2.2.1.1)
a nekompetitivni (odd. 2.2.1.2). Z neprecipitacnich technik, které nevyuZivaji znacek, se

v oblasti detekce nizkomolekularnich latek uplatnil predevsim imunosenzor (odd. 2.2.2).

2.2.1 Metody vyuzivajici znaceni imunokomplexu
2.2.1.1 Kompetitivni imunochemické metody

ELISA (z angl. Enzyme Linked ImmunoSorbent Assay) patfi do skupiny
imunoanalytickych metod, které ve fazi detekce nebo kvantifikace pouzivaji enzymovou reakci.

Pro stanoveni nizkomolekularnich latek se pouziva predevsim kompetitivni format ve dvou

5



usporadanich: a) na pevné fazi imobilizovana protiltka (znaceny hapten a hapten ze vzorku
soutézi o vazebna mista omezeného mnozstvi molekul protilatek; Obr. 2); b) na pevné fazi
imobilizovan hapten (imobilizovany hapten soutézi s haptenem ve vzorku o vazebna mista
omezeného mnozstvi molekul protilatek, které jsou také volné v roztoku). Format, ve kterém
se soutézi o vazebna mista enzymem znacené specifické protilatky, je oznacovan jako prima
metoda. V nepfimé metodé, ktera se pouziva Castéji, je protilatka navazana na imobilizovany
hapten kvantifikovana pridavkem protilatky proti protilatce (tzv. druha protilatka), ktera byla
predem oznacena enzymem (Obr. 3). Standardni kfivka (hodnoty enzymové aktivity, resp.
absorbance reak¢niho roztoku proti logaritmu koncentrace standardu analytu) ma ve vSech
pripadech sigmoidni tvar se strmou linearni oblasti kolem inflexniho bodu (= bod 50% inhibice,
Isp) (Mickova a kol., 2004).

F—F—E—F
— L, — R
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Obr. 2: Schéma metody ELISA v kompetitivhim usporadani — protilatka imobilizovana na
pevnou fazi.
a — imobilizace specifické protilatky proti haptenu A, b — aplikace volného haptenu ve vzorku

a haptenu znaceného enzymem *, ¢ — ustanoveni rovnovahy, d — aplikace substratu pro enzym

a zastaveni enzymové reakce
‘ .
C

¢
- BB

Obr. 3: Schéma metody ELISA v nepiimém kompetitivnim usporadani — hapten vazany
na pevnou fazi. (Horakova, 2015)

a — imobilizace konjugatu haptenu s nosicem @, b — aplikace volného haptenu ve vzorku ®, c —
kompetice 0 omezené mnozstvi vazebnych mist na specifické protilatce A, d — aplikace sekundarni
znacené protilatky enzymem X, e — aplikace substratu pro enzym , f — zastaveni enzymové reakce

Jako pevnou fazi pro ELISA Ize pouzit mikrotitracni desticky, zkumavky, plastové tycinky
(dipstiky) nebo magnetické Castice. Vybér se provadi podle Ucelu a rozsahu provadénych
stanoveni. Napfiklad pro screening vétSiho poctu vzorkd v kontrolnich, klinickych nebo



vyzkumnych laboratofich je vhodné pouzit mikrotitracni desticku, kterd obsahuje vice malych
reakcnich prostorll. Tento format desticky je vhodny pro aplikaci automatizacnich prvk( pfi
pipetovani reagencii shodnych pro vSechny reak¢ni prostory, pro promyvani téchto prostord
po jednotlivych inkubacich i pfi finalni kvantifikaci absorbance. Ve zkumavkach se analyzuji
mald mnozstvi vzorkd. Jako nerozpustny nosi¢ pro imobilizaci jednoho z imunoreaktantd
v obou pripadech tedy slouzi stény plastovych zkumavek nebo jamek mikrotitracnich desticek.
DalSi moznosti jsou Castice s ferromagnetickym jadrem, které Ize separovat od roztoku vnéjsim
magnetem. Kvantitativni analyza vyzaduje u vSech variant spektrofotometr. Semikvantitativni
hodnoceni analyz vystadi se subjektivnim porovnanim zbarveni reak¢nich roztokd pfi enzymové
pfeméné pridaného substratu. Pro uzivatele je nejjednodussi semikvantitativni provedeni
ELISA v podobé tycinek nebo Kkarticek s aktivnimi zénami; po aplikaci imunorektant
a testovaného vzorku je porovnavan odstin zbarveni aktivni zény se standardni stupnici.
(Mickova a kol., 2004)

Do dnesni doby bylo publikovano velké mnozstvi formatl ELISA pro detekci
nizkomolekularnich latek v matricich z rlznorodych oblasti. Pfikladem mize byt detekce
herbicidd v pldé nebo vodé (Shankle a kol., 2001, Yazynina a kol., 2002), insekticidC
v potravinach (Hemalatha a kol., 2001, Malarkodi a kol.,, 2017), hormonl ve vodé
(Farre"a kol., 2006, Farre "a kol., 2007a), hormond v biologickych matricich (Nara a kol., 2008,
Shrivastav a kol., 2011), farmaceutik v mléku nebo medu (Pastor-Navarro a kol., 2007,
Samsonova a kol., 2005), fenol& v modci (Nichkova a kol., 2002), drog v télnich tekutinach
(Fojtikova a kol., 2018) nebo anabolickych steroidd v potravinovych doplricich (Fojtikova a kol.,
2016, Sykorova a kol., 2018). Detekéni limity zminénych metod se vétsinou pohybuji v pg.ml-
1 —ng.ml! v zavislosti na kvalité protilatky. Velkou vyhodou v dnesni dobé pro bézné uZivatele
i odbornou vefejnost je moznost zakoupit komercni kity ELISA pro detekci rlznych
nizkomolekularnich latek v potravinach, biologickych vzorcich, vzorcich z Zivotniho prostredi
atd.

V poslednich letech byl standardni format imunoanalyzy modifikovan na tzv.
multianalytovou enzymovou imunoanalyzu. Vyhodou této metody je moznost soucasné
detekce vice analytl v testovaném vzorku. PFi vyvoji imunochemickych multianalytovych
metod se vyuziva nékolika strategii. Prvni moznosti je priprava nékolika protilatek, které jsou
specifické pro jednotlivé cilové analyty v rdmci jednoho testu. V této strategii je moznost pouzit
stejny nebo separatni systém znaceni imunoreagencii (Jiang a kol., 2012, Li a kol., 2017).
Prikladem mze byt simultanni detekce pesticidd v mléce (Zhu a kol., 2011). Ekonomicky
vyhodnéjSi moznosti je pripravit jednu protilatku, ktera bude specificka pro vice cilovych
analytl. Ta se pak oznacuje jako Siroce specifickd nebo skupinové specificka. Lze ji pFipravit



imunizaci haptenem s typickou strukturni doménou pro cilovou skupinu analytd nebo
konjugatem nosice s vice navazanymi typy haptend. PFinos v této oblasti zaznamenala vyroba
anti-idiotypovych protilatek a techniky molekulového modelovani (Jiang a kol., 2012, Sharma
a kol., 2014). Velky vyznam ma v oblasti multianalytové detekce nizkomolekularnich latek
i modifikace ELISA na miniaturni format ,,microarray". Metoda sice vyuziva stejny protokol jako
konven¢ni multianalytova ELISA, ale vyrazné pritom redukuje spotfebu reagencii a vzorkd.
Tento format nasel své uplatnéni napr. v detekci toxinl v mléce, pitné vodé nebo obilnych
vyrobcich, v detekci pesticidd v pitné vodé nebo détskych presnidavkach, v detekci klasickych
drog v krevnim séru (Jenko a kol., 2014, Seidel a Niessner, 2008, Schumacher a Seitz, 2016).

Imunochromatografickd metoda (nékdy oznacovana jako ,lateral flow
immunoassay"; LFIA) je nejrozSitenéjsi jednoduchd a rychla imunochemicka technika.
Principem je kombinace chromatografie a imunoafinitnich interakci. Zachyceni analytu je
umoznéno diky horizontalnimu (nebo vertikalnimu) toku znaceného partnera reakce
s analytem ze vzorku membranou pres zénu se zakotvenym druhym imunoreaktantem.
Detekce analytu je provadéna predevsSim vizualné. K urychleni detekce se jako znacka
nepouziva enzym, ale napf. nanocastice koloidnich kovd; k produkci signalu tak neni nutna
dodatecCna, casové narocna chemické reakce. LFIA neni naroCna na pristrojové vybaveni
a umoznuje ve srovnani s metodou ELISA podstatné snizeni doby analyzy (Géselova a kol.,
2014).

Obecné schéma imunochromatografického testu je na Obr. 4. Tenka a krehka
membrana je vyztuZzena plastovou podlozkou. Nejcastéji pouzivanym materidlem
pro membranu je nitrocelulosa. Na levé strané membrany (zacatek testu) je vétSinou umisténa
podloZka pro vzorek a podlozka pro konjugat. Tyto podlozky slouZi k aplikaci vzorku nebo
dalSich imunoreagencii. Na membrané jsou pak minimalné dvé zény — kontrolni a testovaci
linky, na kterych jsou v podobé Uzkych pricnych linek imobilizovany protilatky nebo konjugaty
hapten-protein. Na pravé strané membrany (konec testu) je absorpcni podlozka, ktera
urychluje tok (Goselova a kol., 2014). Takto pripraveny test oznacujeme jako otevreny systém.
Pokud je cely test uloZen do plastového krytu, oznacuje se jako uzavreny.

Volba pouzitého formatu detekce se voli podle typu analytu. Pro nizkomolekularni latky
se pouzivaji dvé usporadani tohoto testu: a) Specificka protildtka je nanesena na testovaci linii.
Smés analytu pritomného ve vzorku je aplikovana na podlozku pro vzorek, znaceny analyt
na podlozku pro konjugat a oba typy analytd soutéZi pfi toku pres testovaci linii o vazebné
misto na specifické imobilizované protilatce. b) Na testovaci linii je nanesen konjugat hapten-
protein. Analyt je aplikovan na podlozku pro vzorek a znacena specificka protilatka na podlozku



pro konjugat. V tomto usporadani pfi migraci imunoreagencii membranou soutézi o vazbu

na znacenou protilatku konjugat hapten-protein vazany na testovaci linii s analytem vzorku.

Obr. 4: Schéma imunochromatografického testu (prevzato z Fojtikova a kol., 2018).
1 — podlozka pro vzorek; 2 — podlozka pro konjugat; 3 — testovaci linka; 4 — kontrolni linka; 5 —
absorpcni podlozka; 6 — plastova podlozka; 7 — nitrocelulosova membrana

V obou pfipadech plati, ze ¢im vice je analytu ve vzorku, tim je zbarveni testovaci linie
slabsi. Neobsahuje-li vzorek analyt, nedojde k zeslabeni zabarveni testovaci linie. Zbarveni
kontrolni linky v obou formatech dokazuje spravny priibéh detekce. Vizualni hodnoceni zachytu
umoznuje pouziti barevnych znacek ve formé nanocastic. Nejcastéji se jako znacka pouziva
koloidni zlato, nanocastice uhliku, barevné latexové nanocastice, liposomy s fluorescenéni nebo
bioluminiscen¢ni znackou, nanocastice selenu, silikatové nanocastice s chelatem europia, aj.
Vysledek ziskany pomoci LFIA je mozné vyhodnocovat nejen vizualné (kvalitativné), ale
i kvantitativné. Pro kvantitativni hodnoceni se detekéni prouzek skenuje ve stupnich intenzity
zabarveni, a nasledné jsou zmérené hodnoty zpracovany. Napriklad program TotalLab 224
TL100 software (Nonlinear USA Inc., NC, USA) umoziuje sytost zbarveni v oblasti kontrolni
a testovaci linie prevést na Ciselné hodnoty, které jsou dale zpracovany v programu MS Excel.
Pro provedeni LFIA testu i mimo laboratore jsou komercné dodavany ctecky
imunochromatografickych testt (Obr. 5) (Dzantiev a kol, 2014, Goselova a kol., 2014).

Obr. 5: Priklady c¢tecek imunochromatografickych testii.

A — VEDALAB EASY READER (pfevzato z http://www.baghaffar.com/rapid.html, VIII/2018); B —
BD VERIKTOR SYSTEM (pievzato z https://www.amdnext.com/stainless-steel-blade-sterile-size-21-
50-bx-3-bx-cs-not-available-for-sale-in-canada.html#.W3_4qc4za70, VIII/2018); C — TSR-200 Test
Strip Reader (prevzato z http://www.allsheng.com/Products/TSR200.html, VIII/2018)

Do dnesni doby bylo publikovano velké mnozstvi plvodnich sdéleni o detekci

nizkomolekularnich latek pomoci imunochromatografického testu v jednoanalytovém
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i multianalytovém usporadani. Pro nékteré latky jsou testy vyrabény i komeréné. Na internetu
jsou dostupné predevsim komercni soupravy na detekci klasickych drog v rliznych biologickych
matricich (Obr. 6).

Obr. 6: Priklady komercné dostupnych imunochromatografickych testtli pro detekci drog
v riiznych biologickych matricich.

A — Test na detekci marihuany z moci (otevieny format); B — Multianalytovy test na 10 drog z moci
(uzavieny format); C — Multidrogovy test ze slin na 3 drogy (uzavieny format); D — Drogovy test
Dipro Wipe ze slin, potu a pevnych latek na 5 drog (uzavieny format) (prevzato
zZ https://www.drogovy-test.cz/2-drogove-testy, VIII/2018)

Prikladem jednoanalytovych testdl miZe byt detekce organofosforovych pesticidl
v potravinach (Malarkodi a kol., 2017), detekce anabolickych steroidd v potravinovych
doplncich (Fojtikova a kol., 2016; Sykorova a kol., 2018), detekce glykosidu leptosperinu
v medu (Kato a kol., 2016), detekce benzimidazold v mléce (Guo a kol., 2018) nebo detekce
novych syntetickych drog v télnich tekutinach (Fojtikova a kol., 2018).

Multianalytové testy jsou sestavovany pro analyzu nékolika analytli soucasné. Na rozdil
od jednoanalytovych testd obsahuje prouzek membrany vice testovacich linii (dvé az pét linii)
(Blazkova, 2017, Dzantiev a kol., 2014). Vzhledem k rozmérlim prouzku je sloZité sestavit test
s vice nez péti liniemi. Tento problém je mozné obejit pouzitim spojenych prouzkl (Obr. 6).
V multianalytové detekci se vyuziva také moznost rlizné barevné znacit jednotlivé analyty a tim
zprehlednit vysledek analyzy. Velky potencidl do budoucna ma i test ve formé bodové
usporadanych testovacich zén — tzv. ,microarray", kdy jsou imunoreagencie imobilizovany
na membranu pomoci davkovaci hlavice s jehlickami (Blazkova, 2017). Multianalytovy test byl
vyvinut napriklad pro detekci antibiotik (Wang a kol., 2017).

2.3.1.2 Nekompetitivni imunochemické metody
DalSi vyznamnou skupinou neprecipitacnich imunochemickych technik jsou
nekompetitivni metody. Podle publikovanych informaci vykazuje tento typ metod oproti

kompetitivnim technikam nizsi krizové interakce, vyssi citlivost, presnost a Sirsi oblast linearity
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(Anfossi a kol., 2002, Liu a kol., 2012). Presto u latek s nizkou molekulovou hmotnosti s pouze

jednim dostupnym epitopem je dominantni pouziti kompetitivnich imunoanalyz.

Bézné pouzivany nekompetitivni (tzv. sendvicovy) format stanovi pouze analyt, ktery
ma alespon dva pristupné epitopy, a je tedy pro nizkomolekularni latky nevhodny. V uplynulych
letech vSak bylo navrzeno nékolik typl nekompetitivnich imunoanalyz, kterymi Ize tyto latky
detegovat. Mezi pouzivané formaty patfi napf. oteviend sendviCova imunoanalyza (a),
imunoanalyza zaloZzend na ,anti-metatypovych" protilatkach (b), idiometrickh metoda
vyuzivajici anti-idiotypové protilatky (c), Giraudiho metoda (d), pfimy nekompetitivni
imunosenzor (odd. 2.2.2) (Liu a kol., 2018).

a) Otevrena sendvicova imunoanalyza (OS-ELISA) byla poprvé navrzena v roce 1996
pracovni skupinou Ueda a kol. Vyuziva jevu, pfi kterém se v pfitomnosti analytu zvysuje
asociace mezi variabilni oblasti tézkého retézce Vy a variabilni oblasti lehkého Fetézce V..
Fragment Vi nebo V. je imobilizovan do jamek mikrotitracni desticky a poté je pfidan Vu
nebo V. znaceny enzymem. Nasleduje enzymova reakce a detekce signalu. Stejné jako
u tradicnich sendviCovych imunoanalyz je detekovany signal Umérny obsahu analytu.
Na Obr. 7 je zobrazeno schéma OS-ELISA s proteinem vazajicim maltosu jako imobiliza¢nim
ligandem a alkalickou fosfatasou jako znackou (Liu a kol., 2018).

PAEAS

V, -alkalicka fosfatasa
detekce

. hapten

imobilizovany V4

Obr. 7: Schéma oteviené sendvicové imunoanalyzy (OS-ELISA) s proteinem vazajicim
maltosu jako imobilizacnim ligandem a alkalickou fosfatasou jako znackou (prevzato
a upraveno Liu a kol., 2018).

V plvodnich experimentech byla sila interakce Vu-V. po pfidani analytu zjiStovana az pri
vlastnim méreni a tato skuteCnost predstavovala vyrazné omezeni. Tato nevyhoda byla
odstranéna diky navrzeni metody s pouzitim Vi (Vi) gend klonovanych z hybridom0 (Liu
a kol., 2018). Systém je Siroce vyuzivan, protoze zkracuje ve srovnani s tradicnim
usporadanim inkubacni dobu a usnadriuje detekéni proces. Oproti korespondujicimu
kompetitivnimu formatu mlze nekompetitivné detekovat mnoho typt haptenti a dosahnout
nizSiho limitu detekce (Liu a kol., 2012). Na zakladé dosud publikovanych studii Ize fici, ze

OS-ELISA mize najit uplatnéni v detekci haptenl v potravinach, krmivech, zemédélskych
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produktech nebo v klinické oblasti (toxin gonyautoxin z mékkyst (Hara a kol., 2013);
estradiol (Liu a kol, 2012); benzaldehyd v broskvovych napojich (Shirasu a kol., 2009);
biomarker osteokalcin (Chung a kol., 2017)).

b) Dalsi nekompetitivhi metodou je imunoanalyza zaloZena na , anti-metatypovych"
protilatkach. ,Anti-metatypova" protilatka je konformacné specificka protilatka vazici se
na komplex antigen-protilatka a nereagujici samostatné s antigenem ani protilatkou. Lze ji
tedy pouzit az po vytvoreni imunokomplexu analytu s jeho protilatkou. Zjistény signal je
Uumérny obsahu analytu ve vzorku (schéma metody na Obr. 8) (Liu a kol., 2018).

sekundarni protilatka i\\i

znacena enzymem

anti-metatypova® i\? »
hapten protilatka
u ®
_— _—

imobilizovana imunokomplex detekce
protilatka proti
haptenu

Obr. 8: Schéma nekompetitivnhi imunoanalyzy zaloZzené na ,anti-metatypovych"
protilatkach (prevzato a upraveno Liu a kol., 2018).

LAnti-metatypové" protilatky byly nejprve ziskavany imunizaci komplexem protilatka-
hapten. Tento zplsob pfipravy je vSak velmi obtizny, protoZe je zavisly na stabilité tohoto
komplexu. Béhem imunizace m{ze dojit k disociaci imunokomplexu nebo molekuly haptenu
mohou byt témér Uplné zahaleny v paratopech protilatek a tim omezit moznost ziskat
imunoreagencie schopné rozliSit mezi navazanymi a nevazanymi protilatkami. V soucasné
dobé se pro pripravu vyuzivaji knihovny protilatek. Nicméné zminované faktory (disociace
komplexu, maskovani haptenu) jsou stale limitujici pro tuto metodu (Liu a kol., 2018).
Do dnesni doby byly vytvoreny ,anti-metatypové" protilatky napf. pro detekci toxind
(mikrocystin (Nagata a kol., 1999); mykotoxin (Arola a kol., 2016)).

c) Idiometricka metoda byla vyvinuta na zakladé teorie, v které je imunitni systém
pfirovnan k siti interaktivnich idiotypl, které se podileji na regulaci imunitnich odpovédi.
Teorie vychazi z predpokladu, ze jedinecna aminokyselinova sekvence variabilnich domén
tézkého a lehkého fetézce dané protildtky mlze fungovat nejen jako misto pro vazbu
antigenu, ale také jako soubor antigennich determinant. Kazda individualni antigenni
determinanta variabilni oblasti je oznacovana jako idiotop. V nékterych pripadech mlze byt
idiotop soucasti mista, které vaze antigen, a v nékterych pripadech idiotop mlze obsahovat
sekvence variabilni oblasti mimo misto vazby s antigenem. Kazda protilatka obsahuje vice
idiotopl; soucet jednotlivych idiotopl se nazyva idiotyp protilatky.
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Anti-idiotypové protilatky (Ab2) mohou byt vytvoreny po imunizaci idiotypovymi protilatkami
(Ab1). Obecné Ize Ab2 klasifikovat do Ab2a, Ab2pB, Ab2y a Ab2e, mezi kterymi se Ab2B vaze
pfimo na idiotop v ramci paratopu Ab1. Ab2a rozpoznava idiotopy, které jsou mimo vazebné
misto haptenu, ale kv(li stérické prekazce se nevaze na komplex Ab2B-Abl. Preferencné se
tedy vaze na Ab1, které jsou obsazeny haptenem. Signal generovany vazanym Ab2a je tedy
umérny obsahu haptenu. Na Obr. 9 je schéma prvni publikované metody vyuzivajici anti-
idiotypové protilatky pro detekci estradiolu v krevnim séru (Barnard a Kohen, 1990).
Nejprve byly do mikrotitracnich jamek imobilizovany monoklonalni protilatky proti
estradiolu, poté byl jimi zachycen estradiol ze vzorku a neobsazené imobilizované protilatky
byly blokovany nadbytkem Ab2B. Nakonec bylo mnozstvi zachyceného estradiolu stanoveno
fluorometricky pridanim nadbytku Ab2a znaceného europiem. Vzhledem k ¢asové narocné
a velmi obtizné pripravé a identifikaci Ab2a a Ab2p neni tato metoda prilis rozsirena v oblasti
detekce nizkomolekularnich latek (He a kol., 2010, Liu a kol., 2018).

obsazeni haptenem ,
obsazeni Ab2| obsazeni Ab
-

Ab26

obsazeni haptenem obsazeni haptenem L
hapten {
m ° m
—_— > _— _—
imobilizovana imunokomplex a nadbytek Ab2a znacena detekce
protilatka proti imobilizované protilatky europiem

haptenu (Ab1)

Obr. 9: Schéma idiometrické metody vyuzivajici anti-idiotypové protilatky (Ab2a, Ab2B)
(prevzato a upraveno Liu a kol., 2018).

d) Giraudiho metoda je zalozena na interakci analytu ze vzorku s imobilizovanou specifickou
protilatkou a nasledném blokovani volnych mist této protilatky blokujicim ¢inidlem (hapten
navazany na vysokomolekularni latce). V prvnim kroku této metody dochazi ke vzniku
komplexu analytu s imobilizovanou protilatkou, po némZ nasleduje blokovani volnych
vazebnych mist protilatky Cinidlem. Vazba Cinidla s protildtkou je vyrazné silné€jsi nez vazba
analyt-protilatka. V druhém kroku je promytim pufrem odstranén pouze analyt z komplexu.
Nasledné pfidany enzymové znaceny analyt se pak miZe vazat pouze na mista, které byly
drive obsazené analytem ze vzorku. Méreny signal pak linearné koreluje s koncentraci
analytu. Metoda byla aplikovana pro detekci kortizolu ve slinach (Anfossi a kol., 2002) nebo
pro detekci celkovych aflatoxind v plodinach (Acharya a Dhar, 2008). VyufZiti této techniky
pro detekci jinych kontaminantl s nizkou molekulovou hmotnosti znesnadruje navrzeni
vhodného blokujiciho Cinidla. Pristup je vSak atraktivni, protoZe nevyzaduje vyrobu dalSich

protilatek, jako jsou napt. Vi a Vi nebo protilatky proti imunokomplexu.
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2.2.2 Metody nevyuzivajici znaceni imunokomplexu

Z metod zalozenych na interakci antigen-protilatka, které nevyuzivaji znacku k detekci
vzniklého imunokomplexu, se v oblasti detekce nizkomolekuldrnich latek pouziva predevsim
imunochemicky biosenzor. Jeho vyhodou oproti jinym imunochemickym screeningovym
metodam je jednoduchost a rychlost analyzy, analyza v redlném c¢ase a moznost automatizace.
Cilem je vyrobit malé prenosné systémy pouzitelné pfimo v misté odbéru vzorku (McGrath
a kol., 2012, Mickova a kol., 2004).

Imunochemicky biosenzor patfi mezi afinitni biosenzory a kombinuje principy
imunoanalyzy na pevné fazi s fyzikalné-chemickym prevodnikem. Sklada se z biologického
prvku (imobilizovany antigen nebo imobilizovana protilatka), prevodniku preménujiciho
biochemicky nebo biofyzikalni dé&j na elektricky signal a elektronické ¢asti. Pro jednoanalytové
i multianalytové stanoveni haptenll se prevazné pouzivaji kompetitivni formaty imunosenzoru
na bazi optickych, elektrochemickych a piezoelektrickych senzorl (Farre’a kol., 2007b,
McGrath a kol., 2012).

Alternativni moznosti pro detekci haptend je pfimé nekompetitivni usporadani
imunosenzoru. Stejné jako kompetitivni imunosenzor se sklada z imunoreceptoru, prevodniku,
zarizeni pro zaznam dat a detektoru méficiho zmény v optickém, elektrochemickém nebo
jiném signalu (Obr. 10) (Liu a kol., 2018). Své uplatnéni nasel napriklad v oblasti detekce
kontaminantd v potravinach nebo zemédélskych produktech (Funari a kol., 2013; Dia a kol.,
2017). PrestoZe dosud vyvinuté nekompetitivni senzory jsou jednoduché, citlivé a vyuzivaji
primou detekci analytu, jejich zafizeni jsou velmi draha, imobilizované molekuly jsou nestabilni

a Casto dochazi k interferenci s jinymi slouceninami (Liu a kol., 2018).

imobilizovana
protilatka proti
haptenu

. signal vytvofeny v poméru ke

koncentraci haptenu
hapten

prevodnik prevodnik

Obr. 10: Schéma metody zalozené na pfimém nekompetitivhim imunosenzoru (prevzato
a upraveno Liu a kol., 2018).

Mezi metody nevyuzivajici znacku k detekci vzniklého imunokomplexu Ize zaradit
i imunoafinitni chromatografii. Tato technika vyuziva vratné nekovalentni vazby mezi
protilatkou a antigenem pro selektivni extrakci analytu ze sloZitych environmentalnich matric.
Je obzvlasté vhodna pro polarni organické analyty. Imunoafinitni sorbenty se pouzivaji

k predkoncentrovani strukturné pribuznych sloucenin, které se pozdéji eluuji, separuji
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a analyzuji konvencnimi metodami (HPLC, GC). Chromatografie mize byt provedena dvéma
zplsoby podle toho, zda je na nerozpustny nosi¢ kovalentné imobilizovan antigen nebo
protildtka. Kolona s navazanym antigenem se pouziva pri Cisténi polyklonalniho antiséra
pro ziskani jeho vyssi specifity. Kolonu s imobilizovanou protilatkou Ize pouzit ke specifickému
zachyceni analytu ze vzorku (Farre“a kol., 2007b, Mickova a kol., 2004).

2.3 Trendy vimunochemickych metodach pro detekci nizkomolekularnich
latek

Hlavni Usili ve vyvoji novych imunochemickych metod se dnes soustfed'uje na snizeni
doby analyzy, moznost provedeni analyzy v polnich podminkach, snizeni nakladd na analyzu,
miniaturizace, automatizace stanoveni a soucasné stanoveni nékolika analytl (Morozova
a kol., 2005, Vashist a Luong, 2018). Podarilo se tak napriklad automatizovat ELISA format,
ktery slouzi jako zlaty standard pro analyzu mnozstvi analytli. Vzorky se pak analyzuji pomoci
robotickych pracovnich stanic, které mohou vyuZit i vicejamkové mikrotitracni desticky nez
konvenéni 96 jamkové. Vykon ELISA se také vyrazné zlepSil diky novym pristuplim pfi
imobilizaci imunoreagencii, vyvoji ultra senzitivnich enzymovych substratl, pouziti
rekombinantnich protilatek, pouZiti nekompetitivniho usporadani a pouZziti strategii pro zvyseni
signalu na bazi mikromateriall nebo nanomateriald. (Jiang a kol., 2012, Li a kol., 2017, Topkas
a kol., 2012, Vashist a Luong, 2018, Waller a kol., 2010).

Trendem v soucasné dobé je i vyvoj multianalytovych imunochemickych technik, které
umozni soucasné stanoveni nékolika analytd. Kritickym krokem této strategie je stale vybér
vhodného imunizacniho konjugatu. Tradi¢né se tento vybér déla metodou pokus/omyl. Tento
postup je Casové narocny a v nékterych pripadech ziskané protilatky postradaji pozadované
vlastnosti pro vyvoj multianalytové techniky. Jako dobra alternativa se v této oblasti jevi
pocitacové molekulové modelovani. Tato metoda se stava uziteCnym nastrojem pro pripravu
imunizacniho konjugatu, protoze mlze poskytnout predstavu o vztahu jeho molekulové
struktury a biologické aktivity, kterou je obtizné nebo pfimo nemozné jinak ziskat (Farre “a kol.,
2007b; Jiang a kol., 2012; Li a kol., 2017; Vashist a Luong, 2018).

Nejrozsirenéjsim formatem rychlé imunochemické metody, ktera je vhodna pro analyzu
v polnich podminkach, je imunochromatograficky test (LFIA). Jednim z cilG v oblasti vyvoje
téchto testl je pfiprava tzv. multiparametrovych imunochromatografickych testd. Principem je
kombinace prouzkl a Cipovych technologii (vytvareni testovacich zén na prouzku jako
»mikrodotd" a nasledny instrumentalni zaznam vysledk). Technika tak umozni rychle

a soucasné analyzovat velké mnozstvi sloucenin.
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VétSina dosud vyvinutych LFIA je vyhodnocovano vizualné (kvalitativné). V poslednich
letech je mozné i jejich kvantitativni vyuZiti. Velky potencidl v této oblasti ma vyhodnocovani
pomoci inteligentnich telefond (Obr. 11). Vyvoj formatl a zafizeni zalozenych na inteligentnich
telefonech je vyznamnym trendem v celé oblasti imunochemickych technik. Pouziti
inteligentniho telefonu zlepSuje moznosti diagnostiky nemoci, umoziuje analyzu ze vzdalenych
mist nebo zjednodusuje pozadavky na persondl. Odectené vysledky analyzy soucasné
s informaci o Case, datu a misté analyzy mohou byt bezpecné ulozZeny v telefonu a nasledné
bezdratové nebo pomoci internetu preneseny do centralni laboratore. Vysledky mohou byt
vyhodnoceny pomoci programu pfimo v telefonu nebo po prenosu dat v centralni laboratofri,
odkud se mohou informace zpét odeslat uzivateli (Dzantiev a kol., 2014, Vashist a Luong,
2018).

Obr. 11: Ukazka mobilnich ¢tecek rychlych imunochromatografickych testii.
A — prevzato z https://angel.co/projects/261153-mobile-diagnostic-rapid-test-reader-mreader,
VIII/2018; B — prevzato z http://ngbiotech.com/about-us/, VIII/2018
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3  Prehled resené problematiky

V této kapitole budou popsany pristupy k pripravé imunizacnich a imobilizacnich
konjugatd haptenu s nosicem a jejich nasledné vyuZiti v nasi laboratofi pFi vyvoiji
jednoanalytovych a multianalytovych imunochemickych metod pro detekci vybranych
nizkomolekularnich latek. Re$end problematika je rozdélena do tii ¢asti. Prvni ¢ast je zaméFena
na problematiku detekce pesticidi v Zivotnim prostfedi nebo v potravinach. V druhé Casti je
popsan postup pripravy konjugatd nosice s anabolickym androgennim steroidem. Novy zplisob
pripravy derivatd novych psychoaktivnich latek pouzity pro pripravu konjugatd je uveden
ve treti Casti této kapitoly. NavrZzené imunoanalytické postupy byly v pfipadé nékterych analytd
dovedeny do faze pripravy funkcnich vzorkd analytickych souprav (rychlé testy ELISA a LFIA
pro detekci anabolickych steroidd v potravinovych vzorcich; ELISA kit pro detekci vybraného
pesticidu ve spolupraci s firmou Immunotech, s.r.o.; rychlé testy LFIA pro detekci drog

v biologickych matricich ve spolupraci s firmou Dynex).

3.1 Detekce pesticidli a jejich degradacnich produktii

Otazka rezidui pesticidd je jednim z nejrozSitenéjSich problém0 tykajicich
se bezpecnosti potravin a Zivotniho prostredi na celém svété. Vyznamnym nastrojem pro rychly
screening téchto kontaminantd jsou imunochemické metody (PFiloha 1). Nase laborator se
nékolik let zabyvala vyvojem jednoanalytovych nebo multianalytovych imunochemickych
metod pro detekci organochlorovych insekticidd (DDT, endosulfan) a jejich nastupcl
karbamatovych pesticidd (karbaryl, karbofuran, methiokarb). Vzhledem k tomu, Ze v redlnych
situacich nedochazi ke kontaminaci pouze jednou slouceninou, bylo nasim Ukolem vyvinout

predevsim multianalytové metody pro detekci vybranych pesticidd.

3.1.1 Organochlorové pesticidy

Pesticid DDT (1,1,1-trichlor-2,2-bis(4-chlorfenyl)ethan) a jeho analoga predstavuji
vyznamnou skupinu organochlorovych insekticidd. Jeho rozsahlé pouzivani vyvolalo diky jeho
stabilité a perzistenci insekticidniho Gc¢inku vazné ekologické problémy, a proto bylo stejné jako
pouzivani jinych chlorovanych uhlovodikli v mnoha zemich silné omezeno, popf. pfimo
zakazano. Prestoze DDT existuje ve dvou isomernich formach (p,p*DDT a o,p-DDT), pouze
prvné jmenovany isomer ma insekticidni vlastnosti. Jeho hlavni metabolity DDE (1,1-dichlor-
2,2-bis(4-chlorfenyl)ethen) a DDA (2,2-bis(4-chlorfenyl) octova kyselina) jsou také lipofilni
a dokonce se pomaleji degraduji nez DDT. Endosulfan je vyznamnym zastupcem
cyklodienovych pesticidd, mezi které patii i dalsi nebezpecné latky (aldrin, dieldrin, aj.).
VSechny zminované latky jsou pod dohledem statnich instituci i EU a jsou pro né stanoveny
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prisné maximalni rezidudlni limity. Vyhodnéjsi by tedy bylo vyvinout metody, které by
detekovaly nejen DDT nebo endosulfan, ale i jejich metabolity a pribuzné slouceniny.

Pro pfipravu multianalytovych metod byla vybrana strategie pfipravy skupinové
specifické protilatky s pouzitim jednoho typu haptenu navazaného na nosici. VétSina
imunoreagencii pro vyvoj metod byla ziskana od spolupracujici védecké skupiny
z Polytechnické univerzity ve Valencii (Universidad Politéccnica de Valencia, Spain). Tato
védecka skupina publikovala studii o vlivu struktury imunizacnich konjugatl na specifitu
monoklonalnich protilatek v metodé ELISA ke stanoveni DDT a jeho derivatii (Abad a kol.,
1997a). V této praci byl haptenlim zabudovan alifaticky Fetézec jako spojovaci raménko
s koncovou karboxylovou skupinou — bud’ na centralni uhlikovy atom (Obr. 12A — hapten 1)
nebo na benzenovy kruh struktury DDT (Obr. 12A - hapten 2). Poté byly pripojeny metodou
aktivovaného esteru k proteinu a vzniklé konjugaty byly pouzity pro imunizaci.

A B

Rl

o</ N )R

RZ
Nazev R! R? R3
slouceniny \
DDT CCls H Cl
Hapten 1 OH (CH2)3COOH I
Hapten 2 CCz H (CH2)3COOH
(DDT5)

Obr. 12: ELISA pro stanoveni DDT a jeho derivatd.

A — Chemicka struktura DDT a hapten{ pouZitych pro pripravu imunizacnich konjugatd v praci Abad
a kol., 1997a; B — Sestavend ELISA souprava (vyuzivajici hapten 2) pro kvantitativni stanoveni DDT
ve spolupraci s firmou Immunotech s.r.o0., Praha, CR.

Pripravené monoklonalni protilatky byly charakterizovany z hlediska afinity a specifity
k p,p -DDT metodou ELISA. VSech sedm protilatek, které byly odvozeny od haptenu 2
(Iso v rozmezi 2,1 — 6,5 nM), vykazovalo vyssi afinitu k p,p "-DDT nez protildtka odvozena
od haptenu 1 (/sp= 11,1 nM). Protildtka odvozena od haptenu 1 vykazovala nizké kfizové
interakce (CR) s DDT a jeho analogy. Ctyfi protilatky odvozené od haptenu 2 vykazovaly silné
kfizové interakce se slouceninami ze tfidy DDT a byly oznaceny jako vhodné skupinové
specifické protilatky pro multianalytové imunochemické stanoveni DDT. Zbylé protilatky
odvozené od haptenu 2 byly specifické pro DDT, protoze rozeznavaly pouze p,p -DDT nebo
o,p -DDT, a byly tedy oznaceny jako vhodné pro jednoalytové imunochemické stanoveni DDT.
My jsme v nasi praci vyuzili hapten 2 (oznaceny DDT5) a jeho konjugaty s proteiny, skupinové
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specifickou protilatku (oznacena LIB-DDT5.25) a DDT-specifickou protilatku (oznacena LIB-
DDT5.52). Jejich vyznamné charakteristiky jsou uvedeny v Tab. 2.

Tab. 2: Prehled vyznamnych charakteristik pouzitych imunoreagencii pro imunochemické
stanoveni vybranych organochlorovych a AM-methylkarbamatovych pesticidd (Holubova,

2005).

Analyt Reagens Nazev Konjugacni  Molarni pomér Reference
metoda hapten/protein

DDT Imunizacni BSA-DDTS DCC-NHS © 23 Abad a kol.,
konjugat 1997a
Monoklonalni  LIB-DDT5.25 .
protilatka LIB-DDT5.52
Imobilizacnl Gya.ppTs  crLTBA® 9
konjugat

Endosulfan Imu_nlzgcm BSA-CCD2 DCC-NHS © 21 Priloha 3
konjugat
Monoklonalni  LIB-CCD2.2 .
protilatka LIB-CCD2.3
mobilzacn’  ovA-CCD2  DCCNHS @ 8

onjugat

Karbaryl Imunizacni ) TRA @ Abad a kol.,
konjugét BSA-CNH CFI-TBA 36 1997b
Monoklonalni | 1 onpas -
protilatka
Imobilizacnl GyaoNAH  CFITBA® 6
konjugat

Karbofuran Imunizacni BSA-BFNB DCC-NHS () 17 Abad a kol.,
konjugat 1999
Monoklonalni | 1 geNpe7 -
protilatka
Imobilizacnl— yageNH  CFITBA® 5
konjugat

Methiokarb Imunizacni BSA-MXNB DCC-NHS @ 10 Abad a kol.,
konjugat 1998
Monoklonalni | 15 vxNB31 -
protilatka
Imobilizachl oya ppNH  CFI-TBA® 8
konjugat

(1) DCC-NHS: metoda aktivovaného esteru
(@ CFI-TBA: smiSena anhydridova metoda

Ziskané imunoreagencie jsme pouzili k vyvoji neprimé kompetitivni ELISA se

spektrofotometrickou detekci. Zaroven se podarilo zavést v nasi laboratori i ELISA
s chemiluminiscencni detekci (CL-ELISA). CL-ELISA méla Ctyrikrat nizsi detek¢ni limit nez
plvodni spektrofotometricky format ELISA a byla Uspésné aplikovana v analyze potravinovych
(ryba) a environmentdlnich vzorkl (voda, plda) (Priloha 2). Ziskané vysledky z analyzy
vzorkl byly srovnatelné s hodnotami namérenymi GC-ECD jako referencni metodou (Holubova,
2005). V dobé své publikace byla nase ELISA s chemiluminiscencni detekci jedina s touto

koncovkou a jeji detekeni limit (0,06 ng.ml? s pouzitim LIB-DDT5.52; 0,04 ng.ml* s pouzitim
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LIB-DDT5.25) byl srovnatelny nebo lepsi nez do té doby prezentované ELISA nebo komercni
soupravy pro detekci DDT a pribuznych sloucenin (PFiloha 1).

Ve spolupraci s firmou Immunotech a.s., Praha byl podle vyvinutého protokolu vytvoren
funkéni vzorek ELISA soupravy pro kvantitativni stanoveni DDT pomoci skupinové specifické
monoklonalni protilatky LIB-DDT5.25 (Obr. 12B) a Uspésné aplikovan pfi analyze vzorkd
potravin, vody a pdy (Holubova, 2005).

Vliv struktury imunizacniho konjugatu na specifitu monoklonalnich protildtek v metodé
ELISA ke stanoveni cyklodienijjsme publikovali v ¢lanku Manclus a kol., 2004 (PFiloha 3).
Cilem této prace bylo vytvorit multianalytovou ELISA s pouZitim skupinové specifické
monoklonalni protilatky. Byly pfipraveny ctyfi rlizné konjugaty hapten-protein (CCD1-4), které
obsahovaly charakteristickou strukturu (hexachlorobicyklicka struktura) a liSily se strukturou
vazby na nosiCovy protein. Z mysi imunizovanych témito konjugdty se ziskalo nékolik
monoklonalnich protilatek se schopnosti vazat testované cyklodieny. NejvhodnéjsSi pro vyvoj
ELISA byly zvoleny monoklonalni protilatky ziskané imunizaci pomoci haptenu CCD2 -
protilatky LIB-CCD2.2 a LIB-CCD2.3. Vyznamné charakteristiky pouzitych imunoreagencii jsou
uvedeny v Tab. 2. Obé skupinové specifické protilatky jsme pouzili k vyvoji ELISA
se spektrofotometrickou detekci a Uspésné aplikovali v analyze vzork( potravin, vody a pddy.
Ziskané vysledky ELISA opét korelovaly s hodnotami namérenymi GC-ECD (Holubova, 2005).

3.1.2 AMMethylkarbamatové pesticidy

Vzhledem k vaznym ekologickym problémdm, na kterych se podilely také
organochlorové pesticidy, zacal chemicky prlimysl vyvijet nové typy insekticidd. Diky své nizké
toxicité pro savce, snadné degradovatelnosti a zachovanému Sirokému spektru Ucinku ziskaly
na vyznamu karbamatové insekticidy. Presto ani jejich pouZzivani neni zcela bezpecné. I pro
tyto pesticidy jsou stanoveny velmi pfisné maximalni rezidualni limity. Vétsina karbamatd se
preménuje ve velmi kratké dobé na své metabolity, které jsou Casto stejné nebo dokonce vice
Skodlivé nez plvodni sloucenina. Vyhodné by tedy byly imunochemické metody, které by byly
schopné detegovat nejen plvodni molekulu pesticidu, ale také jeho degradacni produkty.

Pri vyvoji imunoanalyz pro karbamaty bylo stejné jako pro organochlorové pesticidy
ddlezitym krokem navrzeni a pfiprava imunizacniho a imobilizacniho konjugatu. I v tomto
pripadé byly spolupracujici védeckou skupinou z Polytechnické univerzity (Valencie)
pro pripravu monoklonalnich protilatek pouzity konjugaty jednoho typu haptenu navazaného
na nosiCi. Imobilizacni konjugaty byly navrzeny pro heterologni format imunochemické
metody. PouZiti tohoto formatu je jednim z pristupl, jak zlepsit citlivost imunochemickych
testd. Sedm navrzenych haptenl pro imunoanalyzu karbarylu (Obr. 13) mélo stejné

20



rozloZeni aromatickych kruhl jako karbaryl a obsahovaly karboxylovou skupinu pro pfipojeni
na bilkovinu. Pfi vybéru nejvhodnéjsich haptend pro pripravu monoklonalnich protilatek byly
vlastnosti pfipravenych imunogend nejprve testovany pfi tvorbé polyklonalnich protilatek.
NejlepSich vysledkd bylo dosaZzeno v ELISA pro hapteny CNH a CNA, a proto byly pouZity
pro pripravu monoklonalnich protilatek. Spojovaci raménko je k CNH a CNA pripojeno
pres methylovou skupinu analytu, a tak je zachovana charakteristickd skupina pro tyto
pesticidy (Abad a kol., 1997b). Béhem testovani specificity protilatek bylo zjisténo, ze M
methylkarbamatova skupina je velmi ddleZitou antigenni determinantou, protoze zadny
z testovanych metabolitd ani pesticidi nebyl vyznamné rozpoznan (CR <0,1 %). Pro sestaveni
imunoanalyzy v nasi laboratofi byla vybrana monoklonalini protilatka ziskana pomoci haptenu
CNH a imobilizacni konjugat ovalbuminu s navazanym haptenem 2NAH. Hapteny se od sebe

liSi pouze polohou funkéni skupiny na aromatickém kruhu, ke které byl poté pripojen protein.

KARBARYL NAVRZENE HAPTENY
QCONHCH 3 R1
2

= SR

= o
Nazev slouceniny R! R2
CNH OCONH(CH2)sCOOH H
CNA OCONH(CH2)COOH H
CPNU NHCONH(CH2)sCOOH H
INAH CONH(CH2)sCOOH H
2NAH H CONH(CH2)sCOOH
1NA OCH>COOH H
2NA H OCH>COOH

Obr. 13: Chemicka struktura karbarylu a navrzenych haptenii pouzitych v praci Abad
a kol., 1997b.

Pro imunoanalyzu karbofuranu byly navrzeny Ctyfi hapteny s rlznou délkou
alkylového spojovaciho raménka (Obr. 14), kterd jsou pripojena pres charakteristickou
karbamatovou skupinu pesticidu. Pro pripravu monoklondlnich protilatek pak byly pouzity
imunizacni konjugaty s hapteny BFNP, BFNB a BFNH. Studie specifity protilatek ukazala, ze
kromé karbofuranu jsou krizovymi reaktanty strukturné podobné a také nebezpecné latky jako
bendiokarb, karbosulfan, furathiokarb a benfurakarb; tyto protilatky jsou proto vhodné pro
pripravu testu s Sirokou skupinovou specifitou. Nase laborator vyvijela imunochemické metody
s pouzitim monoklonalni protilatky ziskané pomoci haptenu BFNB a imobilizacniho konjugatu
ovalbumin-BFNH — tato kombinace byla podle dosazenych vysledkl nejvhodné&jsi pro vyvoj
metody (Abad a kol., 1999).
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KARBOFURAN NAVRZENE HAPTENY

OCONHCH,, ]

]
O—C—NH—(CH.,). —COOH
o 0 CH3 2n
o ©

Sl CH,
R

Nazev slouceniny n R
BFNP 2 CH>
BFNB 3 CH>
BFNH 5 CH2
BDNH 5 0

Obr. 14: Chemicka struktura karbofuranu a navrzenych haptend pouzitych v praci Abad
a kol., 1999.

Imunizacni konjugaty pro imunoanalyzu methiokarbu byly pripraveny stejnou
strategii jako karbarylové a karbofuranové konjugaty (Obr. 15). Pro imunizaci byly vybrany
hapteny MXNP, MXNB a MXNH. Navzdory velké strukturalni podobnosti mezi methiokarbem
a jeho metabolity byly vSechny monoklonalini protilatky mimoradné specifické pro methiokarb.
Ostatni pfipravené hapteny, které se liSily od imunizacnich haptent po¢tem substituentd kruhu,
byly pouzity k pfipravé imobilizacnich konjugatll. Z téchto imunoreagencii pak byla vybrana
vhodna kombinace pro sestaveni heterologni metody. Nase laboratof k vyvoji
imunochemickych metod vyuzila monoklondlni protildtku ziskanou pomoci haptenu MXNB
a imobilizacni  konjugat ovalbumin-DPNH. Vyznamné charakteristiky vSech pouzitych
imunoreagencii pro vyvoj imunochemickych metod karbamatovych pesticidd jsou uvedeny
v Tab. 2.

Vzhledem ke specifité pouzitych monoklondlnich protilatek byly v nasi laboratofi
vyvinuty predevsim jednoanalytové imunochemické metody. S vybranymi imunoreagenciemi
byly pro karbaryl, karbofuran nebo methiokarb sestaveny heterologni formaty ELISA se
spektrofotometrickou koncovkou, které umoznovaly detekovat nizsi koncentrace cilovych
pesticidd, nez jsou maximalni rezidudlni limity uréené Evropskou legislativou (PFiloha 4).
Detek¢ni limit téchto metod byl poté snizen diky zavedeni chemiluminiscencni detekce
(Priloha 5). Béhem validace metod byly provedeny korelacni studie s HPLC/ESI/MS/MS
pro ovocné dzusy a détské presnidavky (R? = 0,991).
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METHIOKARB NAVRZENE HAPTENY

OCONHCH , 0
o~ o C“NH—{CHZ}H—COOH
H,C™ N CH, [
SCH, R R
RB

Nazev slouceniny n R! R2 R3
MXNP 2 CHs CHs SCHs
MXNB 3 CHs CHs SCHs
MXNH 5 CHs CHs SCH;s
MCNP 2 H CHs SCH;s
MCNB 3 H CHs SCHs
MCNH 5 H CHs SCHs
DPNP 2 CHs CHs H
DPNB 3 CHs CHs H
DPNH 5 CHs CHs H
MPNP 2 H H SCHs
MPNB 3 H H SCH;s
MPNH 5 H H SCH;s
PNP 2 H H H
PNB 3 H H H
PNH 5 H H H

Obr. 15: Chemicka struktura methiokarbu a navrzenych hapteni pouzitych v praci Abad
a kol., 1998.

Zaroven byly vyvinuty rychlé imunochromatografické testy (LFIA) v kompetitivnim
formatu. Na testovaci linii byl imobilizovan konjugat haptenu s ovalbuminem a na kontrolni linii
terciarni protilatka. Vzorek byl aplikovan na podlozku pro vzorek spolu s primarni protilatkou
a detekéni molekulou (nanocastice s navazanymi sekundarnimi protilatkami). Vysledkem
pozitivniho testu byla pouze jedna barvena linie — kontrolni, na které interagovala terciarni
protilatka se sekundarni protildtkou ukotvenou na nanocasticich (Obr. 16A). V pripadé
nepritomnosti analytu ve vzorku nemél imobilizovany konjugat s ¢im soutézit a vysledek se
projevil vybarvenim dvou linii (Obr. 16B).

Jako detekéni molekulu jsme pouzili uhlikaté nanocastice s navazanymi sekundarnimi
protilatkami. Vyhodou této detekcni molekuly je jeji univerzalnost. Vzhledem k tomu, Ze pro
jeji pripravu neni potreba specificka protilatka, Ize ji vyuZit ve vSech nami pripravenych testech.
Publikovan byl vyvoj a aplikace testu pro detekci methiokarbu ve vzorcich vody (Priloha 6)
a karbarylu ve vzorcich ovocnych dzust (PFiloha 7). Ve spolupraci s firmou VIDIA s.r.o. byl
sestaven funkéni prototyp rychlého imunoanalytického testu pro detekci karbofuranu (Rapid-
VIDITEST karbofuran) (Blazkova, 2017).
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Obr. 16: Schéma imunochromatografického testu pro detekci hapteni (Tajnaiova, 2015).
A- pozitivni vzorek; B — negativni vzorek

“r — imobilizaéni konjugéat hapten-protein, Y — primarni (specifickd) protildtka, ** — nanocastice
s navazanymi sekundarnimi protilatkami, Y — tercidrni protilatka proti sekundarni protildtce, ® —
hapten, O — nitrocelulosova membrana, I — podloZka pro vzorek, m — absorpcni podlozka, TL —

testovaci linka, KL — kontrolni linka

3.2 Detekce anabolickych androgennich steroidii

Dalsi oblasti, které se vénuje nase laboratofr, je vyvoj rychlych imunochemickych metod
pro detekci anabolickych androgennich steroidii (AAS) ve vzorcich potravin. AAS jsou
syntetické derivaty testosteronu. V dnesni dobé jsou vyuzivany nejen v lékarstvi na podporu
léCebnych postupl, ale i ve sportu jako nepovoleny doping na podporu rychlého narlstu
svalové hmoty a celkového zesileni organismu. Volny prodej téchto latek je zakdzany, presto
se mohou nelegalné dostat do prodeje naptiklad ve formé doplikd stravy, aniz je to uvedeno
na etiketé obalu. Toto jednani ohrozuje predevsim zakazniky, ktefi kupuji produkt
bez deklarovaného obsahu anabolik, a tudiz tyto latky uzivaji nevédomky. Z téchto dtivodl by
bylo vyhodné, aby byly k dispozici metody, jez by umoznily AAS v doplricich stravy spolehlivé
odhalit. Vzhledem k vzristajicimu trendu mezi uzivateli AAS (uzivani vice druhd AAS v mensich
mnozstvich) se jevi jako vhodnd multianalytovda metoda. Detekce steroidl v rliznych
biologickych matricich se bézné provadi pomoci plynové chromatografie (GC) nebo kapalinové
chromatografie (LC). V Ceské republice je pfi kontrole potravin na priikaz anabolickych
steroiddi vyuzivana laboratofi Statni zemédélské a potravinarské inspekce metoda
dvojrozmérné plynové chromatografie (Priloha 8). Alternativou ke stavajicim metodam
by mohla byt imunochemicka technika, pomoci které by se proved! jednoduchy, rychly a levny
screening AAS v testovanych vzorcich.

Strategii pro pripravu polyklondlnich protilatek byla opét priprava imunizacniho
konjugatu jednoho typu haptenu navazaného na nosici. Vzhledem k tomu, Ze vSechny AAS
jsou odvozeny od testosteronu, maji stejnou charakteristickou strukturu — tetracyklicky skelet
nazyvany gonan. V ramci projektu byly tedy ve spolupraci s Ustavem pfirodnich latek

pripraveny imunizacni a imobilizacni konjugaty, v kterych byly hapteny na molekulu proteinu
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pripojeny alifatickym raménkem navazanym v poloze C17 nebo C3 (Obr. 17). Konjugace

s nosi¢em probihala metodou aktivovaného esteru.

Obr. 17: Charakteristicka struktura anabolickych androgennich steroidli (gonan)
s vyznacenymi polohami, pfes které byly pomoci alifatického spojovaciho miistku
pFipojeny nosice.

Polyklonalni protilatky ziskané pomoci imunizacnich konjugatt a pfipravené imobilizacni
konjugaty byly v nasi laboratofi pouzity k vyvoji neprimych kompetitivnich ELISA pro screening
vétSiho poctu vzorkl. Zaroven byly vyvinuty i rychlé imunochromatografické testy pro pouziti
v polnich podminkach (Obr. 16). Specifita vyvinutych metod byla ovérena pomoci kfizovych
interakci s vice nez 60 AAS. Jako vhodné pro multianalytové stanoveni AAS byly vybrany
metody, které pouzivaly protilatky ziskané pomoci haptend navazanych na protein pfes polohu
C17 (P¥iloha 9, 10). Protilatky pfipravené pomoci haptend navazanych pres polohu C3 byly
vysoce specifické pro cilovy AAS (Priloha 11, 12). Vyvinuté metody byly pouzity k analyze
vzorkl doplik( stravy a ziskané vysledky vykazovaly vysokou shodu s vysledky z UHPLC-
MS/MS. Skupinové specifickd protilatka pripravena pomoci imunizacniho konjugatu
odvozeného od stanazololu byla v nasi laboratofi pouzita pro sestaveni funkéniho vzorku
imunoanalytické soupravy (Obr. 18). Vzorky byly predvedeny napt. zastupclim vézenské sluzby
nebo nabidnuty majiteldm fitness center. Vysledky z projektu byly vyuZzity firmou SEDIUM R&D
k sestaveni funkénich vzorkd analytickych souprav na bazi ELISA pro detekci anabolickych
steroid{ v potravinach (Obr. 18).

Obr. 18: Soupravy vyuzivajici imunochemickych metod pro detekci anabolickych
androgennich steroid{i nebo novych psychoaktivnich latek.

A — STANAZOLOL IMUNOSTRIP; B — ELISA kit pro detekci anabolickych androgennich steroidd; C —
Diagnosticka souprava pro rychlé stanoveni novych syntetickych drog (5-MeO-DMT test na sliny)
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3.3 Detekce novych psychoaktivnich latek

Nové psychoaktivni latky (NPS, z angl. New Psychoactive Substances) nebo také
nové syntetické drogy, ,legal highs", ,designer drugs", pripadné ,research chemicals" jsou
syntetizovany jako strukturni analoga nebo chemické derivaty jiz zdkonem kontrolovanych
latek. Drobné strukturni zmény v molekulach zpisobi, Ze dostupné imunochemické techniky
zamérené na klasické drogy (kokain, opiaty, benzodiazepiny, THC) je nejsou schopny stanovit.
Kromé tradicnich instrumentalnich metod jako je LC/MS nebo GC/MS bylo vyvinuto i nékolik
uzivatelsky nenarocnych imunochemickych metod (ELISA, LFIA), které jsou schopny detegovat
alespon nékteré zastupce NPS v rlznych matricich (sliny, mo¢, sérum, plazma, vlasy nebo
bylinné smési). Velkym problémem nékterych z téchto metod je mald skupinova specifita.
Vysledky studie zamérené na testovani specifity komercnich ELISA souprav pro detekci NPS
(16 typd) odhalily, Ze valna vétsSina kitl je vysoce specificka pouze na urcity strukturni typ,
prestoze vyrobce uvadi skupinovou specifitu pouzitych protilatek (PFiloha 13).

Nase laboratof se v ramci projektu zaméfila na vyvoj imunochemickych metod
pro detekci NPS v biologickych tekutinach. Jednim z cild bylo sestavit multianalytovou metodu
pro detekci syntetickych kanabinoidd. Vlyvoj takové metody je velmi aktualni i vzhledem
k prvnimu dolozenému Umrti na nasem Uzemi (zafi 2018) v dlsledku poZiti syntetického
kanabinoidu v kombinaci s alkoholem. Pro imunizacni a imobilizacni konjugaty byl pouzit novy
zplsob pripravy derivatl syntetickych kanabinoidd, jejichZ soucasti je kratky spojovaci mdlstek
nesouci karboxylovou funkéni skupinu. Tento zplsob byl patentovan (PFiloha 14). Hapten je
pak pripojen knosi¢éi metodou aktivovaného esteru. Publikovana byla ELISA
a imunochromatograficky test pro detekci syntetickych kanabinoid ve slinach. Soucasti prace
byla i korelacni studie s UHPLC-MS/MS (R%usa = 0,99, R%ra = 0,99) (Pfiloha 15). Novy
zplsob pripravy hapten( byl pouzit i pro imunizacni a imobilizacni konjugaty, které byly vyuzity
pro vyvoj metod detekujicich dalSi skupinu NPS — tryptamind. 1v tomto postupu byly
haptenové struktury modifikovany pripojenim kratkého spojovaciho raménka s karboxylovou
skupinou a s nosi¢em spojeny metodou aktivovaného esteru. Skupinova specifita pfipravené
protilatky k syntetickym tryptaminlm byla ovéfena metodou ELISA (P¥iloha 16).
Ve spolupraci s firmou DYNEX byly sestaveny funkéni vzorky pro detekci vybranych NPS v moci
nebo slinach (Obr. 18).
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4  Zaveér

Predkladana prace, zabyvajici se imunochemickym stanovenim nizkomolekularnich
latek, byla v prvni ¢asti zamérena na problematiku vybéru vhodného imunizacniho konjugatu,
ktery Ize pouzit pro pripravu protilatky s pozadovanymi vlastnostmi. Na tuto ¢ast navazal
prehled imunochemickych metod pouzivanych k detekci nizkomolekularnich latek predevsim
v potravinach a zivotnim prostredi. V prehledu byly uvedeny nejen bézné pouzivané metody
(kompetitivni ELISA, LFIA), ale i netradi¢ni metody, které by mohly pozitivné ovlivnit rychlost,
specifitu nebo citlivost detekce téchto latek.

V druhé Casti jsou popsany konkrétni pFistupy pro pripravu konjugatl s navazanym
haptenem a jejich aplikace ve vyvoji rliznych formatl imunochemickych metod. V nasi
laboratofi se podafilo vyvinout imunochemické metody pro detekci vyznamnych kontaminantl
Zivotniho prostredi (organochlorové a N-methylkarbamatoveé pesticidy, anabolické androgenni
steroidy a nové psychoaktivni latky). Podafilo se patentovat novy zplsob pfipravy derivatd
jedné ze skupin drog (syntetické kanabinoidy), ktery lze vyuzit pfi pfipravé imunizacnich
konjugatd. Navrzené imunoanalytické postupy byly v pfipadé nékterych analytl dovedeny az
do faze pripravy funkcnich vzork analytickych souprav. Oteviela se tak moznost jejich
komercniho vyuZiti v oblasti detekce pesticidd v Zivotnim prostiedi, steroidl v potravinach

nebo drog v biologickych vzorcich.
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5 Seznam zkratek

AAS
CFI-TBA
CL-ELISA
CR
DCC-NHS
DDT

DDE

DDA

ECD
ELISA

ESI
GC
HPLC
HRP

Iso

Ig

KL

LC
LFIA
MDPV
MS
NPS
OS-ELISA
THC
TL
TMB
UHPLC
Vi

Vi

anabolické androgenni steroidy

smisena anhydridova metoda

ELISA s chemiluminiscencni detekci

kfizové interakce

metoda aktivovaného esteru
1,1,1-trichlor-2,2-bis(4-chlorfenyl)ethan
1,1-dichlor-2,2-bis(4-chlorfenyl)ethen
2,2-bis(4-chlorfenyl) octova kyselina

detektor elektronového zachytu

enzyme linked immunosorbent assay (enzymova imunoanalyza na pevné
fazi)

elektrosprejova ionizace

plynova chromatografie

vysokotlaka kapalinova chromatografie

kfenova peroxidasa

koncentrace analytu, ktera zplsobuje 50% inhibici navazani protilatky
s imobilizovanym haptenem pfi kompetitivni ELISA
imunoglobulin

kontrolni linka

kapalinova chromatografie

lateral flow immunoassay
methylenedioxypyrovaleron

hmotnostné spektrometricka detekce

nové psychoaktivni latky

otevrena sendvicova imunoanalyza
tetrahydrokanabinol

testovaci linka

3,3°,5,5 -tetramethylbenzidin

extrémné vysokotlaka kapalinova chromatografie
variabilni ¢ast tézkého retézce protilatky
variabilni ¢ast lehkého retézce protilatky
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1. Uvod

Pesticidy jsou chemické slouCeniny pouzivané pro
preventivni zniceni, odpuzovani nebo zmirfiovani G¢inkl
Skodlivych zivocichd, plevelt a parazitujicich hub, které
ohrozuji zeméd¢lské, zahradni a lesni rostliny, zasoby
potravin a zemédélskych produktil, primyslové materialy,
hospodarska zvitata i samotného cloveéka. Tuto velkou
skupinu latek 1ze rozdé¢lit do riznych tfid, napt. podle cilo-
vého organismu nebo podle zpisobu ucinku. Zakladni
tfidéni deéli chemické pesticidy do téchto hlavnich skupin:
insekticidy (k hubeni hmyzu), herbicidy (k hubeni pleve-
10), fungicidy (proti parazitujicim houbam a plisnim), aka-
ricidy (proti pavoukim), moluskocidy (proti mékkysim),
rodenticidy (proti hlodaveim) a regulatory rdstu rostlin.

Podle chemické struktury l1ze pesticidy déle €lenit do
skupin na organofosfatové, karbamatové, pyrethroidni
a organochlorové pesticidy. V tomto ptehledu se zaméfime
na stanoveni téch zastupct, ktefi nejvyznamnéji ovliviuji
zivotni prostfedi kolem nés, tj. pfedstavitele organochloro-
vych insekticidl a zastupce karbamatovych pesticidu.

970

Organochlorové pesticidy jsou velkou a riznorodou
skupinou, ktera zptisobuje velké problémy v zivotnim pro-
stfedi. V dobé zavedeni téchto pesticidii se jako nejvétsi
vyhoda uvadéla jejich stabilita, perzistence insekticidniho
ucinku, levnost vyroby, mala toxicita pro savce a Siroké
spektrum insekticidni uginnosti'. Jejich rozsahlé pouzivani
vSak vyvolalo diky témto vlastnostem vazné ekologické
problémy, a proto bylo stejné jako pouzivani jinych chlo-
rovanych uhlovodikd v mnoha zemich siln¢ omezeno,
popt. ptimo zakazano. Rozd€luji se do tii hlavnich skupin:
DDT a jeho analogy, hexachlorcyklohexan (HCH) a cyk-
lodieny (napt. endosulfan, aldrin, dieldrin). Asi nejznaméj-
$imi a nejdéle pouzivanymi insekticidy jsou DDT a endo-
sulfan.

Vzhledem k vadznym ekologickym problémiim, které
zpusobily predev§im organochlorové pesticidy, zacal che-
micky primysl vyvijet nové typy insekticidi. Diky své
nizké toxicité pro savce, snadné degradovatelnosti a za-
chovanému Sirokému spektru U€inku ziskaly na vyznamu
karbamatové insekticidy (napt. karbaryl, karbofuran nebo
methiokarb). Pouzivaji se predev§$im k omezovani hmy-
zich sktdcd v zemédélstvi a zahradnictvi. Pfesto ani jejich
pouzivani neni zcela bezpecné. Vstupem karbamatovych
pesticidi do organismu dojde k inhibici acetylcholinestera-
sy, ktera zajistuje konec¢nou fazi pti pfenosu signalu mezi
synaptickymi buttkami — uvolnéni medidtoru acetylcholinu
z receptoruz.

Toxicita a perzistence zmifiovanych pesticidil si vyZa-
duje kontrolu jejich vyskytu v Zivotnim prostiedi
a v potravinach. Volba vhodné analytické metody pro sta-
noveni pesticidu ve vzorku zavisi na tfad¢ faktord: ucel
analyzy (napf. kontrola hygienické nezavadnosti, orientac-
ni screening), povaha cilového analytu (ptivodni slouceni-
na, jeji metabolit nebo degradacni produkt) nebo znalost
Jhistorie* vzorku®. Diky vyrob& novych pesticidi, snizo-
vani hodnot hygienickych limitd a zdokonalovani instru-
mentace je tieba dale optimalizovat pouzivané metody
(pfedevsim multirezidualni metody) a zavadét nové analy-
tické postupy (napf. imunochemické metody).

Vyznamnym nastrojem pfi kontrole dopadu pouZzivani
pesticidl na zivotni prostfedi jsou multirezidualni metody,
které jsou schopné beéhem jedné analyzy soucasné¢ stanovit
velké mnozstvi téchto latek. Identifikace a kvantifikace
analytu se velmi Casto provadi pomoci plynové nebo kapa-
linové chromatografie spojené s vhodnym detektorem.

Hlavni roli v oblasti analyzy organickych kontami-
nantl hraje plynova chromatografie. ProtoZe v analyzova-
nych vzorcich jsou pouze stopovd mnozstvi analytl, je
nutné pracovat s prisluSnymi selektivnimi detektory. Pro
latky s vysokym zastoupenim elektronegativnich skupin
nebo s vyraznym podilem dvojnych vazeb ¢i aromatickych
kruhti (jako jsou organochlorové pesticidy) slouzi detektor
elektronového zachytu (ECD, cit.*”). Zvyseni selektivity
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detekce nabizi hmotnostni detektor®. Hmotnostni detektor
s iontovou pasti (ITD) deteguje tyto pesticidy na hladinach
ppt-ppb (cit.'"?).

Pro karbamatové pesticidy, které nelze pro jejich fyzi-
kalné-chemické vlastnosti (polarita, termolabilita) stanovit
metodou GC, byly vyvinuty metody kapalinové chromato-
grafie (LC) a jeji varianty vysoce ucinné kapalinové chro-
matografie (HPLC). B&zné pouZivané ultrafialové detekto-
ry (UV) vétSinou nejsou schopné dostate¢né splnit poza-
davky, které jsou kladeny na detekéni limity metody,
a proto se Castéji pouzivaji detektory MS s riznymi techni-
kami ionizace: chemicka ionizace za normalniho tlaku
(APCIL, cit."®), elektrosprayova ionizace (ESI, cit.'*'%),
termosprayova ionizace (TSI, cit.'®) nebo ionizace pomoci
Casticového zatice (PBI). Detekéni limity pro LC/MS nebo
HPLC/MS se pohybuji pro potravinové vzorky v rozmezi
5-50 ppb (ng.ml™), cit."”.

Zminéné konvencni chromatografické techniky ve
spojeni s citlivym detekénim systémem jsou Siroce pouzi-
vany kontrolnimi laboratofemi. Tyto metody vyZzaduji
velice nakladné pristrojové zatizeni a ¢asov€ naro¢né mno-
hastupiiové Cisténi extraktii vzorkil pred vlastni analyzou.
V poslednich dvaceti letech lze pozorovat zvysSené usili pii
snahach o vypracovani imunochemickych metod ke stano-
veni pesticidl jako uréité alternativy ke stavajicim meto-
dam'?°. Imunochemické techniky piedstavuji jednodu-
ché, rychlé a levné metody, které se stdvaji populdrnim
nastrojem pro rychly screening organickych sloucenin v
Zivotnim prostiedi®'.

V tomto ¢lanku podavame ptehled dosud vyvinutych
imunochemickych metod a aplikaci ke stanoveni orga-
nochlorovych a karbamatovych pesticidu.

2. Princip imunochemickych metod

Imunochemické metody vyuzivaji k diikazu, stanove-
ni nebo separaci analytu biospecifické interakce s protilat-
kami. In vitro se pti nich vyuziva produkt imunitniho sys-
tému obratlovcd zaméfeny ptivodné na specifické rozliseni
a zneSkodnéni cizorodého agens (antigenu) in vivo. Tento
produkt (specifické protilatky) umoziuje pomérné citlivé
a specifické rozpoznani analytu v komplexnich smésich
biologickych vzorki. Podstatou vSech imunochemickych
metod je tedy nekovalentni interakce protilatky s antige-
nem. StéZejnim analytickym néstrojem je specifickd proti-
latka. Nejjednodussi zptsob jeji pfipravy predstavuje in-
jekeni aplikaci antigenu (analytu) do organismu zvoleného
zvitete a po urcité dob¢ izolaci krevniho séra.

Pesticidy ale maji vlastnosti tzv. haptend — jejich mo-
lekuly jsou pomérné malé (< 2000 Da), a proto samy
0 sobé v organismu neprovokuji imunitni systém k pro-
dukci protilatek. Pro tyto Gcely se musi hapten nejprve
navazat na vysokomolekuldrni nosi¢ (nejcastéji protein).
Pritom by nem¢lo jit pouze o vytvoreni kovalentni vazby
mezi dvéma atomy, ale hapten by mél pomoci kratkého
spojovaciho raménka (3—6 atomll) mirn¢ vycnivat z mole-
kuly bilkoviny, aby epitopové charakteristické atomy jeho
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molekuly nebyly stinény prostorovou ¢lenitosti bilkovinné
struktury.

Pesticid Ize obvykle navazat na bilkovinu alternativné
pfes vice nez jeden reaktivni atom v jeho molekule. Pfitom
vybér mista na molekule pesticidu pro kovalentni vazbu
s proteinem velice ovlivni specifitu produkovanych proti-
latek. Nabizi se moznost pripravit fadu riznych konjugata
(budou se liSit umisténim kovalentni vazby na molekule
haptenu, event. typem a délkou spojovaciho raménka) a ze
ziskanych protilatek pak vybrat ty, které nejvice vyhovuji
nasim potfebam. A nebo se miZzeme pii volbé piipravy
mens$iho poctu konjugati fidit nasledujicimi doporuceni-
mi, kterd vyplyvaji z mnoha dosud provedenych experi-
menti:

a) Misto v molekule haptenu, na kterém se vytvaii vazba
s proteinem, by mélo byt co nejvice vzdaleno od té
¢asti haptenové molekuly, proti které chceme vytvorit
specifické protilatky (od charakteristického seskupeni
atomd v molekule haptenu). Tim se docili toho, ze
epitopoveé vyznamné skupiny atomtil nejsou pozmené-
ny ani prostorové stinény nosiCem ani spojovacim
raménkem.

Pokud je to moZné, konjugovat hapten pies atom uhli-
ku v jeho molekule, a ne pfes heteroatom, coz by
mohlo vést ke zméné& polarity, a tim i ke zméné cha-
rakteru epitopu a odezvy imunitniho systému.
Spojovaci raménko vzniklé konjugaci haptenu s pro-
teinem by nemélo byt vyraznéj$im epitopem nez mo-
lekula haptenu. Na druhou stranu del§i raménko muize
zvyraznit imunitni odpovéd’ na hapten. Je ale vhodnéj-
§i, je-li raménko alifatické a bez heteroatomtl.

Vybér epitopové vyznamné skupiny atomt v moleku-
le pesticidu, kterd mé4 byt v molekule konjugétu zvyrazné-
na (viz vySe ad a) miize vyrazné ovlivnit dal§i pouzitelnost
protilatky. Zohlednénim vySe uvedenych zéisad lze totiz
cilené pripravit bud’ uzce specifické protilatky, které bu-
dou interagovat pouze s jedinym vybranym zastupcem ze
skupiny strukturné podobnych pesticidd, anebo Siroce
specifické protilatky, reagujici se v§emi Cleny pesticidové
skupiny?* 2.

b)

3. Metody pro imunochemické stanoveni
pesticidi

Pesticidy jako hapteny spontanné neprecipituji
s protilatkami. Proto se jejich stanoveni provadi predevsim
neprecipitaénimi imunochemickymi metodami, které vyu-
zivaji vhodnou znacku k zesileni a zviditelnéni primarni
reakce hapten-protilatka. Oznacenim jednoho z partneri
této interakce se znac¢né zvysi citlivost imunochemického
stanoveni. Prestoze jako znaCky prichazeji v tivahu radio-
nuklidy, fluorescenéni a chemiluminiscenc¢ni latky, ferri-
tin, liposomy aj., v praxi se nejvice rozsifilo znaceni enzy-
mem.
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3.1. Metoda ELISA

Pfi stanoveni pesticidii enzymovou imunoanalyzou se
téméf vyhradn€ pouZiva kompetitivni uspofadani hetero-
genni analyzy, kdy je bud’ protilatka nebo pesticid zakot-
ven na pevnou fazi (ELISA — Enzyme Linked Immuno-
Sorbent Assay).

Tzv. ptimad ELISA spociva v soutéZzi znaceného pesti-
cidu a pesticidu-analytu o vazebna mista omezeného
mnozstvi molekul protilatek, které jsou navazany na ne-
rozpustny nosi¢. Po ustaveni rovnovahy je odstranén re-
akéni roztok a kvantifikovan enzym (enzymova aktivita),
ktery je zprostiedkovang navazan na pevnou fazi>>.

V nepfimém uspofddani ELISA je na pevnou fazi
navazan pesticid. Ten soutézi s rozpustnym pesticidem-
analytem o vazebna mista omezeného mnozstvi molekul
protilatek, které jsou také volné v roztoku. Po ustaveni
rovnovahy je odstranén reakeni roztok s rozpustnymi reak-
tanty a protilatka navazana na imobilizovany pesticid je
kvantifikovana pfidavkem protilatky proti protilatce (tzv.
druha protilatka), ktera byla pfedem oznacena enzymem.
Po dal$im ustaveni rovnovahy a odstranéni reakéniho roz-
toku je méfena enzymova aktivita zachycena na pevné
fazi®.

Obé popsané varianty ELISA umoZiuji stanoveni
pesticidii az do koncentrace 1 ng — 1 pg.ml™" v zavislosti
na kvalité protilatky. Standardni kfivka (hodnoty enzymo-
vé aktivity resp. absorbance reak¢éniho roztoku proti loga-
ritmu koncentrace standardu analytu) ma v obou ptipadech
sigmoidni tvar se strmou linearni oblasti kolem inflexniho
bodu (bod 50% inhibice, ).

Technické uspotadani ELISA se lisi podle ucelu
a rozsahu provadénych stanoveni.

a) Ve velké sérii malych reakénich prostord mikrotitrac-
ni desticky se takova stanoveni provadéji pfi screenin-
gu vétsiho poctu vzorkl v kontrolnich a vyzkumnych
laboratofich. Format desticky je vhodny pro aplikaci
automatizacnich prvkd, a to jak pii pipetovani reagen-
cii shodnych pro vSechny reakcni prostory, tak pro
promyvani téchto prostord po jednotlivych inkuba-
cich, i pfi finalni kvantifikaci absorbance.

V jednotlivych zkumavkach se realizuji pti analyzach
nekolika malo vzorkl. Jako nerozpustny nosi¢ pro
imobilizaci jednoho z imunoreaktanti mohou v obou
pfipadech slouzit stény plastovych zkumavek nebo
jamek  mikrotitranich  desticek, popf. Castice
s ferromagnetickym jadrem, které lze separovat od
roztoku vn&jSim magnetem. Kvantitativni analyza
vyzaduje u obou variant fotometr. Semikvantitativni
hodnoceni analyz vystaci se subjektivnim porovnanim
zbarveni reak¢nich roztokl pfi enzymové preméné
pridaného substratu.

NejpohodInéjsi je semikvantitativni provedeni ELISA
v podobé tyc¢inek (dipstiki) nebo karticek s aktivnimi
zonami. Po aplikaci imunoreaktantli a testovaného
vzorku je porovnavan odstin zbarveni aktivni zony se
standardni stupnici.

b)

<)
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3.2. Imunoafinitni

chromatografie

Principy imunochemické reakce jsou pouzity také
v jinych technikéch, napt. imunoafinitni chromatografie
nebo imunosenzor. Imunoafinitni chromatografie mize byt
provedena dvéma zptsoby podle toho, zda je na nerozpust-
ny nosi¢ kovalentn¢ imobilizovan antigen nebo protilatka.
Kolona s navazanym antigenem se pouziva pii €isténi po-
lyklonalniho antiséra pro ziskani jeho vyssi specifity. Ko-
lonu s imobilizovanou protilatkou Ize pouzit ke specifické-
mu zachyceni analytu ze vzorku. V posledni dob¢ se pfi
stanoveni pesticidii rozSifuje zafazeni této imunoafinitni
techniky pted konvenéni HPLC nebo GC (cit.”%). Uge-
lem je bud’ nakoncentrovani analytu nebo Cisténi extraktu
od interferujicich latek z matrice vzorku, tzv. imunoextrak-
ce.

Mezi imunochromatografie fadime i metodu LFIA
(lateral flow immunoassay). Tato metoda je vyvijena pro
stanoveni nejruznéjSich analyti a jako atraktivni se jevi
ivanalyze pesticidd®'™*. LFIA je v podstat® navrZena
jako semikvantitativni, robustni, snadno proveditelna imu-
nochemicka metoda, ktera je vhodna pro specifickou se-
mikvantitativni detekci analytd. Vyzaduje pouze levné
pfistrojové vybaveni a umoZziiuje ve srovnani s metodou
ELISA na mikrotitracnich destickach podstatné snizeni
doby analyzy. Specifické protilatky imobilizované na ko-
loidni castice jsou smichany s analytem (extrakt vzorku)
v aplika¢ni komirce. VSechny slozky takového roztoku
potom kapilarnimi silami migruji vrchni porézni vrstvou
desticky (viz obr. 1). V tzv. zén¢ zachytu je na desticku
pfedem imobilizovan ekvivalent analytu, na néjz jsou pfi
migraci destickou poutany volné protilatky, které se nena-
vazaly na analyt ze vzorku. Cim vice je analytu
v aplikovaném vzorku, tim méné protilatek je zachyceno
na zminéné zoné. Semikvantitativni vizudlni hodnoceni
zachytu umozZiuji koloidni ¢astice. Pokud vzorek neobsa-
huje stanovovany analyt, v zon¢ zachytu se v dasledku
pfitomnosti volnych koloidnich protilatek objevi vyrazny
barevny prouzek. Pokud vzorek obsahuje sledovany ana-
lyt, v zoné zachytu se objevi slabsi nebo zadny barevny
prouzek®>®.

3.3. Imunosenzor

Imunochemické biosenzory patii mezi afinitni biosen-

zory, které vyuzivaji specifickou interakci mezi komple-

Smér proudéni
—=

- 4

Zomazachytus Absorpéni
imobilizovanym antigenem podiazka

y

Komirka na Podlozka
vzorek a protilatku  na vzorek

Obr. 1. Schéma metody LFIA
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Povrch potazeny protilatkami

D -
o O

Obr. 2. Zakladni princip imunosenzoru™

mentarnimi oblastmi biomolekul (antigen-protilatka) ve-
douci ke vzniku komplexnich struktur. Cilem integrace
imunochemickych stanoveni s technologii biosenzorl je
snaha zrychlit, zjednodusit jejich pouziti a vyvinout malé
pfenosné systémy pouZitelné p¥imo v mist¢ odbéru vzor-
ku?’.

Imunosenzory se skléddaji ze tfi ¢asti: (i) biologicky
prvek (protilatka, kterd je imobilizovana na prevodnik
a interaguje se stanovovanym analytem), (i) pievodnik,
ktery pfeménuje biochemicky nebo biofyzikalni d¢j (vazba
analytu) na elektricky signal a (iii) elektronicka ¢ast. Tyto
senzory jsou klasifikovany na =zéklad¢ fyzikalné-
pfevodnich mechanismi: elektrochemické, optické, teplot-
ni nebo piezoelektrické (obr. 2, cit.*®). Pro stanoveni pesti-
cidii se prevazné pouzivaji imunosenzory na bazi optic-
kych, elektrochemickych a piezoelektrickych senzorg.

Optické imunosenzory jsou zalozeny na spektrofoto-
metrické, spektrofluorimetrické, chemiluminometrické ¢i
reflektometrické detekci optického signalu. Mohou dete-
govat pfimo vznik imunokomplexu (bez znaceni), znace-
nou latku a nebo produkt enzymové reakce (fluorofor ¢i
luminofor). Pro detekci haptend bez znaceni se pouziva
jejich imobilizace na pfevodnik. Zmény zplsobené in-
terakci mezi imobilizovanym haptenem a protilatkou jsou
nepfimo umérné koncentraci volného haptenu v reakénim
mediu®.

Elektrochemické pievodniky jsou zalozeny na znace-
ni protilatky ¢i stanovovaného analytu enzymem, ktery
katalyzuje produkci elektroaktivniho produktu®. Oproti
optickym imunosenzoriim jsou citlivéjsi a nevyzaduji spe-
cialni optické vlastnosti reakéni smési.

Piezoelektricky imunosenzor méfi zmény hmotnosti
zpusobené vznikem komplexu antigen-protilatka pomoci
piezoelektrického krystalu®'. K sledovéani téchto zmén se
vyuziva pfirozena rezonanc¢ni frekvence tohoto senzoru.
Jeji hodnota je nepfimo imé&rna hmotnosti piezoelektrické-
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Pievodnik

Elektrochemicky aktivni 1
latky == Elektrody )

Teplo => Termist
eplo ermistor Elektricky

|, signal
)
!
Svetlo == Impulsy
fotonii |

Zména hmotnosti =>
Piezoelektricka zafizeni

ho senzoru. Navazani haptenu na imobilizovanou protilat-
ku vSak nezpisobuje dostatecné velkou zménu hmotnosti.
Proto pfi pouziti tohoto imunosenzoru je vyuZzivan konju-
gat haptenu s proteinem a kompetitivni schéma stanoveni.

4. Imunochemické stanoveni vybranych orga-
nochlorovych pesticidi

Klicovym krokem ve vyvoji imunoanalyzy pro hapte-
ny je navrzeni a priprava imunogenu. Napi. pro DDT,
ktery se vyskytuje ve dvou izomernich formach p,p’-DDT
a 0,p’-DDT, a piibuzné slouceniny bylo provedeno mno-
ho pokust s riiznymi typy imunogent pro ziskani specific-
kych protilatek. Prvni prace pouzivajici jako imunogen
konjugat protein-DDA (DDA - 2,2-bis(4-chlorfenyl)octova
kyselina) poskytovaly nizkoafinitni antiséra, ktera hlavné
rozpoznavala DDA, hlavni metabolit DDT vyskytujici se
v mo¢i***. Dalsi prace (Burgisser a spol.**) pouzila jako
imunogen pro piipravu monoklondlnich protilatek
v kompetitivni radioimunoanalyze dicofol (2,2,2-trichlor-
-1,1-bis(4-chlorfenyl)ethanol), ktery je strukturné podobny
DDT. Tato metoda nenasla uplatnéni v praxi, protoze je
malo citliva (Is5,=100 nM) a pouziva radioaktivni znacku.
Stejné tak jako radioimunoanalyzy pro endosulfan a jiné
cyklodieny (aldrin, endrin, dieldrin aj.) byla tato metoda
pro vétsi bezpecnost a snazsi manipulaci nahrazena enzy-
movymi imunoanalyzami.

Vliv struktury haptend pro pfipravu imunogenu na
specifitu monoklonélnich protilatek pfi metodé ELISA
ke stanoveni DDT a jeho derivatd byl zhodnocen
v publikované praci Abada a spol.”’. Hapteny byly pfi-
praveny zabudovanim alifatického fetézce jako spojova-
ciho raménka s koncovou karboxylovou skupinou — bud’
na centralni uhlikovy atom (hapten 1, obr. 3) nebo na
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R1

RZ
Nazev slouéeniny‘ R' R’ R’
DDT CCl, H Cl
DDA COOH H Cl
Hapten 1 OH (CH,);COOH (1
Hapten 2 CCl; H (CH,);COOH

Obr. 3. Chemicka struktura DDT a haptent pouZitych v praci
Abad a spol.45

benzenovy kruh struktury DDT (hapten 2, obr. 3). Pripra-
vené monoklonalni protilatky byly charakterizovany
z hlediska afinity a specifity k p,p’-DDT metodou ELISA.
Vsech sedm protilatek, které byly odvozeny od haptenu 2
(Isp vrozmezi 2,1-6,5 nM), vykazovalo vys$si afinitu
k p,p’-DDT nez protilatka odvozena od haptenu 1 (I5p =
11,1 nM). Specifita protilatek, schopnost interagovat
i s analogy DDT, byla provéiena pomoci hodnot kiizovych
interakci. Protilatky byly na jejich zéklad¢€ rozdéleny do tii
skupin. Prvni skupina zahrnuje Ctyfi protilatky odvozené
od haptenu 2, které vykazovaly silné kiizové interakce se
slouceninami ze tfidy DDT. Tyto protilatky jsou tedy sku-
pinové specifické. Druha skupina protilatek, kam byly
zatazeny ostatni protilatky odvozené od haptenu 2, jsou
specifické pro DDT, protoZe rozeznava pouze p,p’-DDT
nebo o,p’-DDT. Protilatka odvozena od haptenu 1 vykazo-
vala rozdilné kiizové interakce s analogy DDT, a proto
byla zafazena do tfeti skupiny. Vzhledem k témto vysled-

Tabulka I
Prehled publikovanych metod ELISA pro stanoveni DDT
a jeho degradac¢nich produkti

Referaty

kim byly pro imunochemicka stanoveni DDT doporuceny
protilatky odvozené od haptenu 2.

Do dnesni doby byly publikovany enzymové imunoa-
nalyzy pro stanoveni chlorovanych bifenyld**’, DDT,
endosulfanu, hexachlorcyklohexanu48, dieldrinu®, pen-
tachlorfenolu, pikloramu nebo kaptanu™. Dostupné publi-
kované metody ELISA s fotometrickou nebo chemilumi-
niscenc¢ni detekci pro DDT, endosulfan a jejich degradac-
ni produkty jsou shrnuty s vybranymi charakteristikami
v tabulce [ a II.

Pro detekci a kvantifikaci cyklodiend (dieldrin, aldrin,
heptachlor, chlorden, endrin a endosulfan) byl vyvinut
opticky imunosenzor vyuzivajici spektrofluorometrickou
detekcei optického signalu. Na prevodnik byly imobilizova-
ny polyklonalni protilatky proti chlorované kapronové
kyseliné. Imunosenzor detegoval cyklodieny na hladiné
ppb a  vykazoval nizkou kiizovou interakci
s hexachlorcyklohexanem®'.

5. Imunochemické stanoveni vybranych
karbamatovych pesticidi

Mezi nejznaméjsi karbamatové pesticidy patii karba-
ryl, karbofuran, aldikarb, methonyl, oxamyl nebo methio-
karb. VétSina téchto latek se preménuje ve velmi kratké
dobé na své metabolity, které jsou Casto stejné nebo dokon-
ce vice aktivni nez ptivodni sloucenina. Napf. aldikarbsulfat
je silngj3im inhibitorem cholinesterasy neZ aldikarb™. Imu-
nochemické metody jsou vyvijeny tak, aby protilatka rozpo-
zndvala nejen plvodni molekulu pesticidu, ale také jeho
degradacni produkty.

Pti vyvoji imunoanalyzy pro karbaméty je stejné jako
pro organochlorové pesticidy dilezitym krokem navrzeni
a pfiprava imunogenu. Hodnoceni vlivu haptenové struk-
tury na afinitu protilatek byla publikovana Abadem a spol.
pro N-methylkarbamatovy pesticid karbaryl”'. Navrzené
hapteny (obr. 4) mély stejné rozlozeni aromatickych kruht
jako karbaryl a obsahovaly karboxylovou skupinu pro

Usporadani PL Detekéni limit Iso Matrice vzorku Lit.

metody” [ng.ml™"] [ng.ml™]

ELISA 1I mPL N 0,3-2,8 pufr 52

ELISA II pPL 0,12 2,5 odpadni voda 53,54

ELISA T pPL N 13 rajcatovy protlak, zemina, 55-59
voda, rozinky, mléko

ELISA 11 pPL N 120 pufr 60,61

ELISA 11 mPL 0,006/ 0,04 0,6/0,2 voda, zemina, hlavkovy 45,62,63
salét, jahody

ELISA VII mPL 0,4/04 21/8 voda, zemina, hlavkovy 45,62,63

salét, jahody

*N — neuvedeno; pPL — polyklonalni protilatka; mPL — monoklonalni protilatka; ELISA I — ptima kompetitivni ELISA, na
mikrotitracni desticky vazana protilatka; ELISA II — nepiima kompetitivni ELISA, na mikrotitra¢ni desticky vazan antigen;

ELISA VII — priitokova ELISA
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Tabulka IT

Ptehled publikovanych metod ELISA pro stanoveni endosulfanu a jeho degrada¢nich produktii

Usporadani PL Detekéni limit Isy Matrice vzorku Lit.

metody® [ng.ml™] [ng.ml™]

ELISA1/ELISAV pPL 0,2/0,2 25-50/N  voda, zemina, zrnka vina, zeli, 56,
kvetak, Spenat, rajcata, ryze 64—66

ELISAI/ELISAII pPL 3/5 N pufr 67

ELISA T pPL 3 N pufr 68

ELISA pPL 10-30 6-100  jablko, rajcata, hlavkovy salat 69

(komeréni souprava)

*N — neuvedeno; pPL — polyklonalni protilatka; mPL— monoklonalni protilatka; ELISA I — piima kompetitivni ELISA, na
mikrotitracni desticky vazéana protilatka; ELISA II — nepfima kompetitivni ELISA, na mikrotitra¢ni desticky vazéan antigen;
ELISA V — piima kompetitivni ELISA, na sténach zkumavky vazana protilatka

R1
qon
Sloucenina R! R?
Karbaryl OCONHCH; H
Hapten A OCONH(CH,)sCOOH H
Hapten B OCONH(CH,),COOH H
Hapten C NHCONH(CH,)sCOOH H
Hapten D CONH(CH,)sCOOH H
Hapten E H CONH(CH,)sCOOH

Obr. 4. Chemicka struktura karbarylu a haptenii pouZzitych
v praci Abad a spol.”

pripojeni na bilkovinu. Teoreticky jsou za nejlep$i hapteny
povazovany hapteny A a B. V jejich molekulach je spojo-
vaci raménko pfipojeno pies methylovou skupinu analytu,
a tak je zachovana charakteristicka skupina pro tyto pesti-
cidy. V haptenech C a D je raménko pfipojeno stejnym
zpusobem, ale chybi karbamatova skupina. Hapten E se od
haptenu D li8i pouze polohou funkéni skupiny na aroma-
tickém kruhu. Pfi vybéru nejvhodnéjSich haptenti pro pii-
pravu monoklonalnich protilatek byly pfipravené imuno-
geny pouzity nejprve pro imunizaci kraliki. Ziskané poly-
klonalni protilatky byly charakterizovany metodou ELISA.
Podle ocekavani se jako nejlepsi potvrdily hapteny A a B,
které poskytly vyrazné nizsi /sy nez ostatni hapteny. Proto
byly pouzity pro pfipravu monoklonalnich protilatek.

Pro analyzu N-methylkarbamatu je k dispozici néko-
lik komer¢nich souprav ELISA pouzivajicich mikrotit-
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racni desticky nebo magnetické Castice s fotometrickou
detekci. Takovato souprava byla pouzita napt. ke stano-
veni karbofuranu a aldikarbsulfatu v mase, jatrech, krvi
nebo moci”. ELISA zalozena na vyuziti magnetickych
Castic byla vyvinuta pro rychlé stanoveni karbarylu ve
vodnych vzorcich” nebo pro karbofuran ve vodé
a v padé’. Publikovana byla jednostupiiova kompetitivni
ELISA pouzivajici monoklonalni protilatky proti pestici-
du propoxur (/59 v rozmezi 6,5-17,9 nM) bez kiizovych
interakci s vyznamnymi N-methylkarbamatovymi pestici-
dy”. Dostupné publikované metody ELISA pro karbaryl,
karbofuran a methiokarb jsou shrnuty s vybranymi charak-
teristikami v tabulce II1.

Protilatky, které byly ptipraveny Abadem a spol.”’,
byly pouzity pfi vyvoji imunosenzoru pro detekci karbary-
1u"®”". Senzor je zalozen na principu heterogenni kompeti-
tivni enzymové imunoanalyzy, kterd pouZziva protilatky
v roztoku (nepfimé provedeni) nebo imobilizované proti-
latky (pfimé provedeni). V obou ptfipadech byla pouZita
enzymova znacka (kfenova peroxidasa) a fluorimetricka
detekce. Jedna imunoanalyza pro pfimé provedeni trva asi
11 min s detekénim limitem 26 ng.ml™, pro nepiimy asi
17 min s detekénim limitem 284 ng.ml™'. Metoda byla
aplikovana na analyzu vzorku pitné vody a dzusu a ziskané
vysledky byly porovnany s ELISA jako referen¢ni meto-
dou. Vyvinuty imunosenzor byl pouzit také pro analyzu
vzorkll zeleniny a ziskané vysledky byly porovnany
s HPLC jako referenéni metodou’®. Pro vzorky vody byl
sestaven imunosenzor pro soucasné stanoveni vice pestici-
di (karbaryl, atrazin a irgarol 1051). Detekéni limit byl pro
viechny pesticidy nizsi nez 0,1 ug.ml™, cit.”. Stejny typ
imunosenzoru jako pro karbaryl byl pouzit i pro jeho hlav-
ni degradacni metabolit 1-naftol s detekénim limitem ve
vodném prostiedi 16,2 pg.17, cit.®.
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Tabulka III
Piehled publikovanych metod ELISA pro N-methylkarbamatové pesticidy karbaryl, karbofuran a methiokarb

Usporadani PL Detekéni limit Iso Matrice vzorku Lit.

metody” [ng.ml™'] [ng.ml™]

Karbaryl

ELISA IV pPL 0,25 N voda 73

ELISA III pPL 200 92,8 zelenina 81

ELISA 1 pPL 1000 N obili 82

ELISA II pPL N 1,48 pomerance, broskve, banany, mrkev, 83
fazole, brambory

ELISA1/ELISAII pPL 50/200 400 /2000-5000 voda 84,85

ELISAI/ELISAII mPL N/0,01 0,13/0,058 jablka, rajcata, jablkovy a grepovy dzus, 15,71,

voda, okurky, jahody, brambory, pome-  86-90
rance, papriky, détska vyziva

Methiokarb
ELISA 1 mPL N 0,044 détska vyziva, okurky, jahody 15,
89,91

ELISAII/ mPL N/N 0,12/0,16 détska vyziva, okurky, jahody 15,

ELISA VI 89,91

Karbofuran

ELISAT/ELISAII mPL N/0,2 0,7/1,8 jablka, rajcata, jablkovy a grepovy dzus, 89,92,
voda, okurky, jahody, brambory, pome- 93
rance, papriky, détska vyziva

ELISA IV pPL 0,056/5,6 N voda / zemina 74

komercni souprava

ELISA IV pPL N N hovézi jatra 94
komer¢ni souprava

ELISAV pPL N N mleté maso a jatra 72
komer¢ni souprava

*N — neuvedeno; pPL — polyklonalni protilatka; mPL — monoklonalni protilatka; ELISA T — ptima kompetitivni ELISA, na
mikrotitracni desticky vazana protilatka; ELISA II — neptima kompetitivni ELISA, na mikrotitra¢nidesti¢ky vazan antigen;
ELISA IIT — dipstik; ELISA IV — pfimé kompetitivni ELISA, na magnetickych ¢ésticich navézana protilatka; ELISA V —
pfima kompetitivni ELISA, na sténach zkumavky vazana protilatka; ELISA VI — pfima kompetitivni ELISA, na mikrotit-
racni desticky vazan antigen
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Tabulka IV

Referaty

Ptfehled hlavnich charakteristik komerénich souprav ELISA pro analyzu organochlorovych a karbamatovych pesticidtl
uvedenych v riznych dokumentech firem Strategic Diagnostics, Inc., Abraxis a EnviroLogix

Pesticid Format® Rozmezi kvantifikace Matrice vzorku
[ug.ml™]

Aldikarb I 1-100 vzorky vody, pudy, potravin

Kaptan I 0,08-3 vzorky vody

Karbaryl I 0,4-5 vzorky vody, pudy, potravin

Karbofuran I 0,1-5 vzorky vody, ptdy, potravin

Cyklodieny I 0,6-26,6 vzorky vody

Aldikarb 1I 5-100 vzorky vody

Chlordan 1I 20-600 vzorky pidy

Cyklodieny 11 10-100 vzorky vody

DDT 11 0,2-10 vzorky pidy

Lindan 11 0,4-40 vzorky pady

Aldikarb I 1-20 vzorky vody

Cyklodieny I 1-100 vzorky vody
1II 5-100 vzorky vody

DDT III 1,25-75 vzorky vody, pidy, sediment, rybi plazma
I 0,025-0,875 vzorky pudy

Endosulfan I 0,25-25 vzorky vody, pudy, sediment, rybi plazma
111 0,075-1 vzorky vody

*Format: I — protilatky navazané na magnetické astice, IT — protilatky navazané na stény zkumavek, III — protilatky nava-

zané na mikrotitracnich destickach s 96 jamkami

6. Validace imunoanalyz

Na desitkach pesticidit bylo ukazéano, ze imunoanaly-
zy jsou dobrou alternativou ke konven¢nim metodam pro
svou vysokou specifitu a citlivost a pro nizsi naklady na
stanoveni. Validace imunoanalyzy by méla byt integralni
soucasti vyvoje metody. Pfi analyzach urcitych typt vzor-
ki bylo dosazeno vysoké korelace mezi vysledky imunoa-
nalyzy a konvenéni metody” ™. Rada statnich i profesnich
organizaci (pfedevsim v USA a v Evrop€) z oblasti kontro-
ly potravin a Zivotniho prostfedi a z oblasti analytické
chemie (EPA, AOAC, FSIS, UK ESCA, GISG) dava za-
vazna pisemna doporuceni pro evaluaci imunoanalyz
a kontroluje valida¢ni protokoly u komer¢nich souprav. Na
seznamu validovanych oficialnich metod podle EPA
a AOAC pro stanoveni urcitych pesticidli v ur¢itém typu
vzorku je jiz imunoanalyza uvedena ve vice nez dvaceti
pfipadech (vEetné DDT, pentachlorfenolu, chlordanu).

Imunoanalyzu analytu je nutno ovéfit pro kazdy typ
vzorku zv1ast, aby se pfedeSlo neZzddoucim nespecifickym
interakcim slozek matrice vzorku s protilatkami, které by
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mohly ovliviiovat ziskané vysledky stanoveni (napf. zpu-
sobovat faleSné¢ pozitivni ¢i fale$né negativni hodnoceni
kontaminace sledované komodity)***®. Piedpokladat bez
ovéteni, ze selektivita protilatek je natolik vysokd, Ze ne-
dovoli zminény projev matrice, je nekorektni. Ostatné
takovy vliv matrice je nutné eliminovat i u konvencnich
metod”.

7. Budoucnost imunoanalyzy pesticidi

Popularita imunochemickych metod pii stanoveni
pesticidu se zvysuje, jak se tyto metody stale vice pfemé-
fuji z vyzkumného nastroje v rutinni techniku, a jak jsou
komer¢nimi vyrobcei nabizeny v §irSi Skale kompletni ana-
Iytické soupravy. (Pfehled souprav ke stanoveni orga-
nochlorovych a karbamatovych pesticidi je uveden
v tabulce IV).

Zatimco mezi souCasnymi aplikacemi imunoanalyz
pfi stanoveni pesticidi naprosto prevazuje ELISA, lze
v budoucnu ocekavat ¢etnéjsi aplikace imunoafinitni chro-
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matografie, at’ jiz v podobé LFIA nebo kolonek pro imu-
noextrakci pfi kombinovaném pouziti konvenc¢nich analy-
tickych postupii a imunosorbentu.

Vzhledem k zna¢nému usili vynalozeném na vyvoj
imunosenzorl roste i pocet publikaci o multianalytovych
imunosenzorech’, at’ jiz v provedeni ty&inek™, protilatko-
vy mikroarray'®'! svazku kapilar'® nebo dokonce ko-
meréniho piistroje''*. Zavedeni takovych zafizeni do
analytické praxe by bylo z hlediska efektivity vykonu la-
boratofe velice prospesné.

Vedle jiz naprosto bézné¢ pouzivanych monoklonal-
nich protilatek urcité pfi imunoanalyze pesticidii naleznou
§irsi uplatndni rekombinantni protilatky'®>'%. P¥i jejich
pfipravé lze genovymi manipulacemi sndze ovliviiovat
specifitu protilatek nez zménou struktury imunogend pfi
pfipravé polyklonalnich protilatek ¢i selekci hybridomt
u monoklonalnich protilatek.
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Seznam zKkratek

DDA 2,2-bis(4-chlorfenyl)octova kyselina
DDT 1,1,1-trichlor-2,2-bis(4-chlorfenyl)ethan
ELISA enzyme linked immunosorbent assay
LFIA lateral flow immunoassay

Iso bod 50% inhibice

Referaty

B. Mickova, P. Rauch, and L. Fukal (Department
od Biochemistry and Microbiology, Institute of Chemical
Technology, Prague): Possibilities of Immunochemical
Determination of Organochlorine and Carbamate Pest-
icides

Immunoassay is recognized as a promising method
for screening environmental contaminants. The article
deals with principles and practical applications of immu-
nochemical methods in pesticide analysis. An overview is
given of organochlorine and carbamate pesticides for
which immunoassays, in particular the ELISA test, were
developed, including commercially available kits. In addi-
tion, a survey is given on further developments of existing
or new immunoassays and on the application of immuno-
chemistry in other fields (immunoafinity chromatography,
Immunosensors).
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Abstract

Two enzyme-linked immunosorbent assays (ELISA) with chemiluminescent (CL) detection for the insecticide DDT and the
group of DDT-related compounds have been optimized and characterized. Both conjugate-coated ELISAs are based on
monoclonal antibodies (MAbs) of different specificity and homologous protein conjugates. Effects of several physicochemical
factors (ionic strength, pH, Tween-20 and Bovine serum albumin (BSA) concentrations) and solvents (methanol, ethanol,
acetone and N,N'-dimethylformamide) on the performance of the assays were studied and optimized. For the DDT-selective
assay, the sensitivity, estimated as the /5, value, was 0.6 pg/l, with a linear working range between 0.1 and 2 pg/l and a limit of
detection of 0.06 pg/l. For the DDT group-selective assay, the sensitivity was 0.2 pg/l, with a linear working range between 0.07
and 1 pg/l and a limit of detection of 0.04 pg/l. CL-ELISAs were four times more sensitive compared to colorimetric ELISAs.
Finally, both immunoassays were applied to the detection of DDT and group of DDT-related compounds in spiked real water,
soil and food samples.
© 2003 Elsevier B.V. All rights reserved.

Keywords: DDT; Monoclonal ELISA; Enhanced chemiluminescence reaction; Environmental samples; Food
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1. Introduction

Immunochemical techniques have gained an in-
creasing importance for screening and quantification
of pesticides due to their sensitivity, speed, simplicity
and low cost (Hennion and Barcelo, 1998; Knopp,
1995; Dankwardt, 2001). Since the European Union
(EU) has limited the maximal level for a single
pesticide to 0.1 pg/l and for the total of all pesticides
to 0.5 pg/l in drinking water (EC Drinking water
quality directive, 1980, 1998), a need exists for
methods with very high sensitivity.

The sensitivity of an immunoassay strongly
depends on the affinity of specific antibodies and on
the sensitivity of the detection method. The enhanced
chemiluminescence (ECL) reaction offers the possi-
bility of improving the sensitivity of immunoassays to
at least 2—3 orders of magnitude compared to con-
ventional colorimetric detection (Dzgoev et al., 1999;
Rubtsova and Wittman, 1997). The light intensity of
ECL reaches a maximum 1-2 min after the start of
the reaction, thus providing a rapid detection of the
analytical signal (Arefyev et al., 1990). These advan-
tages of chemiluminescent (CL) techniques make
them useful detection systems for ecotoxicological
analysis (Danielsson et al., 2001; Navaz and Jimenez,
1996).

Among the several kinds of pesticides employed in
agriculture and vector control applications, DDT dis-
plays a recognized toxicity (ATSDR, 2000) and a long
persistence in the environment. Although its use was
banned in developed nations after 1970, there is still
an important presence in the food chain. In addition,
DDE and DDD, the two major metabolites of DDT,
and other DDT-related compounds are usually present
together with the parent compound in DDT-contami-
nated environmental matrices. Several groups have
developed immunoassays for DDT and related com-
pounds (Banerjee, 1987; Banerjee et al., 1996; Beas-
ley et al., 1998; Burgisser et al., 1990). Commercial
enzyme-linked immunosorbent assay (ELISA) kits for
detecting residues of DDT, available from Strategic
Diagnostics (Newark, DE, USA) and EnviroLogix
(Westbrook, MA, USA), are based on the use of
polyclonal antibodies.

Recently, we reported on the development of flow
immunoassays for DDT and related compounds with
ECL as a detection system (Botchkareva et al., 2002).

These chemiluminescent assays were based on mono-
clonal antibodies (MADbs) against DDT with different
patterns of cross-reactivity to DDT-related compounds
(DDT-selective and class-selective) (Abad et al.,
1997). Although the resulting flow assays had LODs
of 1.1 and 0.4 pg/l with DDT-selective and class-
selective MADs, respectively, their application for the
quantification of DDT in real samples was limited by
a short life-time of flow immunosupport. In the
present study, we adapted the ECL detection to the
development and optimization of sensitive ELISAs
based on the same monoclonal antibodies (MAbs).
We also describe the application of the developed CL-
ELISAs to the analysis of residues in water, soil and
food samples.

2. Materials and methods
2.1. Reagents and instruments

Pesticide standards (Pestanal grade) were pur-
chased from Riedel-de-Haen (Seelze, Germany).
Stock solutions were prepared in methanol (1 g/l)
and stored in the dark at 4 °C. Working standard
solutions (0.001-200 pg/l) were prepared daily in
double-distilled water from medium stock solution in
methanol (1 mg/l) in borosilicate glass tubes and used
within 1 h to avoid pesticide loss through adhesion to
glass surfaces.

The preparation of the hapten—protein conjugate
(OVA-DDTS, hapten-to-protein molar ratio 11:1) and
the production of LIB-DDT5-25 and LIB-DDT5-52
monoclonal antibodies against DDT were previously
described (Abad et al., 1997). The chemical structure
of hapten DDTS is shown in Fig. 1. Coating conjugate
solutions were kept frozen in PBS at —20 °C, and
concentrated MADb solutions (1 g/l) were kept precip-
itated with 1 volume of saturated ammonium sulphate

p.,p'-DDT c1@ CH @ cl
|
CCl
Hapten DDT5  HOOC — (CHZ))—@ CH @ cl
|
CCls

Fig. 1. Structure of p,p-DDT and hapten DDTS.
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solution at 4 °C, from which intermediate solutions in
PBS were prepared and kept at 4 °C.

Peroxidase-labeled rabbit anti-mouse immunoglo-
bulins were from Dako (Glostrup, Denmark). Bovine
serum albumin (BSA), Tween-20, luminol, and p-
iodophenol were from Sigma (USA). All other chem-
icals and organic solvents were of reagent grade. All
solutions were prepared with water purified with a
Milli-Q system (Millipore, USA). Opaque high bind-
ing plates for chemiluminescent measurements were
from Costar (Cambridge, USA). Pyrex borosilicate
glass tubes were from Corning (Corning, USA). Plates
were washed in a WellWash 4 from Labsystems
(Sweden) and chemiluminescent intensity was mea-
sured with a Victor reader (Wallac, Finland).

2.2. ELISA

Two ELISAs with antibodies LIB-DDT5-25 and
LIB-DDT5-52 were chosen for optimization. Both of
them were based on the conjugate-coated format with
OVA-DDTS5 as coating conjugate. Optimum concen-
trations were determined by checkerboard titration
before the optimization of the physicochemical assay
parameters. The optimum reagent concentrations were
defined as those which gave the maximum intensity of
chemiluminescence with minimum reagent expense.
A final volume of 100 pl/well was used in all steps; all
incubations were performed at room temperature.
Plates were washed four times between steps with
PBST [PBS (10 mM phosphate, 150 mM NacCl, pH
7.4) containing 0.05% Tween-20].

2.3. Procedure

Plates were coated overnight with 0.5 mg/l of the
OVA-DDT5 conjugate in coating buffer (10 mM
sodium carbonate/bicarbonate, pH 9.6). The plates
were washed as described above, and 50 pl/well of
standard in double-distilled water or sample solution,
followed by 50 pl/well of LIB-DDT5-25 (assay 1) or
LIB-DDTS5-52 (assay 2) MAbs at 60 pg/l, were added.
MADb solutions were prepared in different buffers
depending upon the experiments. Inhibition standard
curves were prepared by serial dilutions from 200 to
0.001 pg/l with a dilution factor of 5. The competitive
reaction was allowed to take place for 2 h. After
washing, a 1/2000 dilution of peroxidase-labeled

rabbit anti-mouse immunoglobulins in PBST was
added, and plates were incubated for 1 h. Plates were
then washed and finally peroxidase activity was
revealed by adding 100 ul/well of a freshly prepared
substrate mixture (1 mM luminol, 0.5 mM p-iodophe-
nol, 1 mM H,0, in 0.2 M borate buffer, pH 8.5).
Chemiluminescence emission was measured immedi-
ately after the addition of the substrate (1 s/well). Each
microplate was read five times.

2.4. Data analysis

Standards and samples were run in quadruplicate
wells, and mean chemiluminescence intensity values
were processed. Standard curves were obtained by
plotting chemiluminescence intensity against the log-
arithm of analyte concentration and fitted to a four-
parameter logistic equation using either Origin
(Microcal, USA) or Sigmaplot (Jandel Scientific,
Germany) software packages

y={A-D)/[1+ /C)"l} +D

where 4 is the asymptotic maximum (chemilumines-
cence intensity in the absence of analyte, RLU,,.,), B
is the curve slope at the inflection point, C is the x
value at the inflection point (corresponding to the
analyte concentration that reduces RLU.x to 50%),
and D is the asymptotic minimum (background
signal).

2.5. Cross-reactivity studies

Inhibition curves with a set of pesticides or related
compounds were executed in both optimized ELISAs
and their /5, values were compared to those from a
standard curve for DDT run in the same plate. Cross-
reactivity (CR) was calculated as follows:

CR =100 x Iso(p, p'—DDT)/I5(cross — reactant)

2.6. Physicochemical parameter influence and opti-
mization

Several physicochemical factors influencing im-
munoassay performance were studied in both ELI-
SAs. Modifications of RLU,,,x and /5, parameters of
the standard curves were evaluated under different
conditions.
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2.6.1. Tween-20 and BSA concentrations

Competitive assays were performed using different
concentrations of Tween-20 and BSA separately.
Briefly, standard analyte curves were prepared in
double-distilled water while MAbs were added to
serial dilutions of BSA (from 0.8% to 0%, w/v) or
Tween-20 (from 0.1% to 0%, v/v) in PBS. Thereafter,
assays were executed as described above.

2.6.2. Buffer ionic strength and pH

Competitive curves were performed with buffers of
different ionic strength but at constant pH (7.4).
Standard analyte curves were prepared in double-
distilled water, and a constant concentration of MAbs
was added to serial dilutions (from 10 X PBS to 0) of
a concentrated buffer in double-distilled water. There-
after, assays were executed as described above. To
evaluate the influence of pH, competitive analyte
curves were prepared in double-distilled water and a
constant concentration of MAbs in 1 X PBS at
different pH values covering the range 4.7—10.5
was added.

2.6.3. Studies of solvent effects

The assays tolerance to methanol, ethanol, acetone,
and DMF was evaluated between 0% and 60% solvent
concentration (v/v). Standards curves of DDT were
prepared in double-distilled water, and MAbs were
dissolved in PBS containing different amounts of
solvent.

2.6.4. Spiked water sample analysis

Water samples were fortified with DDT to evaluate
potential matrix effects on ELISA. Mean chemilumi-
nescence intensity values obtained from quadruplicate
wells were interpolated in a standard curve run in the
same plate. The water samples tested were the Bolo-
gna tap water, a commercial bottled water, and waste-
water collected in Emilia—Romagna region, Italy.
Turbid water samples were filtered prior to use.
Samples were spiked to 0, 0.1, 0.5 and 1.0 pg/l from
I mg/ml DDT stock solution.

2.6.5. Spiked soil and food analysis

Samples kindly provided by ARPA (Regional
Agency for Environment and Prevention, Bologna,
Italy) were used: food extracts in methanol and lyoph-
ilized samples of fish (commercially available baby’s

food) and soil. Samples were fortified in ARPA with
different amounts of p,p’-DDT, o,p’-DDT, p,p’-DDE,
p,P'-DDD and other organochlorine pesticides (a- and
p-endosulfan, endosulfan ether, endosulfan sulphate,
heptachlor, aldrin, dieldrin, endrin, lindane, hexachlor-
ane, a- and P-hexachlorocyclohexane). Five hundred
grams of vegetables samples (strawberry, salad, beet
root) were homogenized with a mixer (5 min) and
added with 5 ml of acetone containing the listed
pesticides to obtain concentrations ranging from 0.03
to 2.53 mg/kg. Samples were left with agitation for 30
min and finally lyophilized and stored at 4 °C. Ten
grams of soil and fish lyophilized samples were added
with 50 ml of acetone and subjected to agitation for 30
min while adding acetone containing the listed pesti-
cides (0.03-2.53 mg/kg). Samples were then lyophi-
lized and kept at 4 °C.

Lyophilized samples were extracted with methanol
according to the following procedure. Fortified sam-
ples (0.1 g) were suspended in 1 ml of methanol and
shaken for 30 min. The extracts were left to settle for
16 h. The organic layer was isolated by centrifugation
for 5 min at 2056 X g. Finally, extracts were dissolved
with double-distilled water (1:100, v/v) prior to use in
the immunoassays.

2.6.6. Fish meat analysis

Barbel fish (Barbus barbus) from the Elbe river
(Czech Republic) was analyzed by both immunoassay
and chromatographic methods. Thirty five grams of
homogenized tissue (anhydrous sodium sulphate
added for desiccation) were extracted for 8§ h in a
Soxhlet apparatus using 340 ml of a hexane—dichloro-
methane mixture (1:1, v/v). After solvent evaporation,
approx. 300 mg of isolated lipids were dissolved in 4
ml of chloroform. A 2-ml aliquot was then purified by
gel permeation chromatography (GPC) employing a
Bio Bead SX-3 column (500 x 8 mm) and chloroform
as a mobile phase (flow rate 1 ml/min). Fractions
corresponding to the elution volume 13—33 ml were
collected. Chloroform was evaporated under vacuum
and the residue was dissolved in methanol prior to
dilution (1:4 with dilution buffer). Purified extracts
were then analyzed.

2.6.6.1. Analysis of fish meat samples by gas
chromatography (GC-ECD). Using the procedure
of Hajslova et al. (1993), a HP 5890 series II gas
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chromatograph (Agilent, Waldbronn, Germany)
equipped with two parallel capillary columns (DB-5
and DB-17, 5% and 50% fenyl-methylpolysilicon,
respectively, both 60-m column length, 0.25 mm
I.D., J&W Scientific, USA) and 63 Ni-electron-cap-
ture detectors (ECD) (Hewlett-Packard, USA) was
used for the analysis of chloroform extracts obtained
as above. Samples (1 pl) were injected splitless
(splitless time 2.5 min). Helium was used as carrier
gas (30 cm/s). The following temperature program
was applied: 60 °C (hold time 2 min), then at 30 °C/
min to 220 °C, at 0.5 °C/min to 240 °C, and at 2.5
°C/min to the final temperature 280 °C (hold time 10
min). The detector was operated at 300 °C with
nitrogen (50 ml/min) as make-up gas.

For results comparison, the values obtained by GC-
ECD were recalculated on the basis of CR values of
DDT isomers and metabolites as follows:

GC — ECD recalculated (mg/kg)
= M(p,p — DDT) x CR(p,p — DDT)

+ M(o,p — DDT) x CR(o,p — DDT)
+ M(p,p — DDE) x CR(p,p — DDE)
+ M(o,p — DDE) x CR(o,p — DDE)

+ M(p,p — DDD) x CR(p, p — DDD)

+ M(o0,p — DDD) x CR(0,p — DDD)

where M (analyte) is the value obtained by GC-ECD

(mg/kg) and CR (analyte) is relevant cross-reactivity
(in %/100).

3. Results and discussion

In a previous paper (Abad et al., 1997), the
synthesis of haptens and the production of high-
affinity monoclonal antibodies for DDT and related
compounds were described. In order to improve the
sensitivity of the colorimetric ELISAs based on these
reagents, the enhanced luminescence reaction (ECL)
was adapted as an end-point detection system.

The introduction of chemiluminescent detection in
ELISA leads to the utilization of nontransparent plates.
Since the adsorption capacities of different plates may
be different, the reagent concentrations should be read-
justed to achieve the best immunoassay performance.

Using a checkerboard titration, the optimum concen-
trations of the immobilized conjugate and monoclonal
antibodies that gave the highest sensitivity (lower /s,
value) toward p,p’-DDT were found. The ability of the
chemiluminescent technique to detect lower concentra-
tions of HRP allowed the optimal antibody (30 pg/l for
both LIB-DDT5-25 and LIB-DDT5-52) and conjugate
(0.5 mg/1) concentrations to be decreased, compared to
colorimetric ELISA for DDT (1 mg/l of OVA-DDTS5;
100 and 200 pg/l for LIB-DDTS5-25 and LIB-DDTS5-
52, respectively) (Abad et al., 1997). These concen-
trations were used in subsequent experiments.

3.1. Physicochemical parameter optimization

The application of ELISA to environmental sam-
ples requires consideration to be given to several
experimental factors such as salt concentration, pH,
and the presence of surfactants and solvents affecting
the performance of the immunoassay (Manclus and
Montoya, 1996). The RLU,,/Iso ratio has been
shown to be a useful parameter with which to estimate
the effect of a certain factor on the ELISA perfor-
mance, the highest ratio indicating the highest sensi-
tivity (Mercader and Montoya, 1999).

3.1.1. Effect of Tween-20 and BSA concentrations

Because inert proteins (such as BSA) and surfac-
tants (such as Tween-20) are commonly used in ELISA
to reduce nonspecific interactions, their influence on
assay performance (/sg, RLU,x, and RLU ,../I50) was
examined in both CL-ELISAs. Tween-20 concentra-
tions higher than 0.05% reduced RLU,,,, whereas /5,
increased with lower Tween-20 concentrations
(0.005%). RLU,,,,x was considerably reduced with
low concentrations of BSA. Under these conditions,
50 values did not change significantly. Fig. 2A shows
the variation of the RLU,,,,.//s ratio as a function of the
concentration of additive. It was observed that Tween-
20 and BSA had similar effects on both ELISAs: the
RLU,ax/150 ratio values were higher at the lower
concentrations of additive. Therefore, the use of
Tween-20 as well as BSA should be limited to a
minimum in these ELISAs.

3.1.2. Effect of buffer ionic strength and pH
Both ion concentration and pH may affect ELISA
performance. Because antigen-antibody binding is
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Fig. 2. Representation of the influence of (A) Tween-20 and BSA and (B) salt concentration and pH on the RLU,,,,,/I50 ratio for each ELISA:
(m) LIB-DDT5-25 MAD; (@) LIB-DDT5-52 MAb. Data were obtained from standard curves performed in triplicate.

characterized by weak intermolecular bonds, a change
in either ionic strength or pH could affect this inter-
action (Schneider et al., 1995), especially in the case
of monoclonal antibodies with isoelectric points (p/)
between 5 and 7 (Selby, 1999). It was observed that
salt concentration had a similar effect on both ELI-
SAs. By increasing the ionic strength, the recognition
of the conjugated hapten (RLU,,) diminished, while
the recognition of p,p’-DDT (/59) was improved. As
shown in Fig. 2B, the RLU . /I5( ratio increased with

salt concentrations up to 1 X PBS. This salt concen-
tration was selected for the buffer of the competition
step in both ELISAs. The effect of ionic strength on
both ELISAs can be related to the high hydrophobic-
ity of p,p/-DDT. Similar effects have been observed
for other hydrophobic pesticides (Mercader and Mon-
toya, 1999; Abad et al., 1999).

Changes in pH had different effects on the Isq
values and RLU,,,, of the ELISAs. The I, value of
the DDT-selective assay (with LIB-DDT5 52 MAD)
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did not change markedly up to pH 9.0, whereas an
increase of /5o was found in the class-selective ELISA
(LIB-DDT5-25 MAD). RLU,,,,« values also showed a
maximum over different pH ranges: 7.5-9.5 and 6.5—
7.5 for LIB-DDT5-52 and LIB-DDTS5-25, respective-
ly. Fig. 2B shows the dependence of the RLU,,.x//50
ratio on pH. This ratio reached a maximum at pH
6.5—7.5 for LIB-DDT5-25 and 7.5 for LIB-DDT5-52.
Finally, for both ELISAs, a pH of 7.5 was chosen as
optimum. Differences in the p/ values of the MAbs
could explain the observed behavior.

3.2. Organic solvent tolerance

The preparation of environmental samples for
pesticide analysis often includes an extraction step
with organic solvents. Four organic solvents were
included in competitive assays of both optimized
ELISAs to evaluate their tolerance from 5% to 60%
solvent contents. RLU,,.x and /5o changes were in-
vestigated, and the results are shown in Fig. 3A and
B. DMF up to 10% was the best tolerated solvent in
both cases, although it caused some decrease of the
RLUjax. In contrast, RLU .« was not markedly
affected by methanol over the range 5—-20%, but the
loss of sensitivity was significant, especially in the
case of LIB-DDT5-25 MAb (Fig. 3A). Ethanol and
acetone were the worst tolerated solvents in both
cases. In general, the DDT-selective assay (LIB-
DDT5-52 MADb; Fig. 3B) was more tolerant to the
presence of solvents than the class-selective assay
(LIB-DDT5-25 MADb).

3.3. Cross-reactivity studies

The specificity of the ELISAs was evaluated using
a wide range of compounds structurally related to
DDT and other organochlorine agrochemicals (Table
1). As previously shown using a colorimetric ELISA
(Abad et al., 1997), antibody LIB-DDT5-25 exhibited
high cross-reactivity values for almost all DDT-related
compounds, showing preferential recognition of p,p’-
isomers. Therefore, it can be considered to be a class-
selective antibody. On the other hand, LIB-DDT5-52
cross-reacted only with p,p’- and o,p’-DDT and me-
thoxychlor, all containing the —CCl; moiety and is
therefore a DDT-selective antibody. Dicofol and
DDA, sharing polar groups, were not detected by

any of the antibodies, thus suggesting that the chem-
ical nature of substituents at the central carbon plays
an important role in influencing antibody specificity.
The p-chloro groups appeared to be non-important in
analyte recognition in both ELISAs, because me-
thoxychlor, which is an analogue of p,p/-DDT with
o-methyl groups in place of the chlorine substituents
on the aromatic rings, was detected in each assay with
even greater sensitivity than p,p’-DDT itself. Per-
thane, which is identical to p,p’-DDD except for
two p-ethyl groups, was detected by the class-selec-
tive assay (LIB-DDT5-25) but not by the DDT-selec-
tive assay (LIB-DDTS5-52), indicating that the
retention of trichlorethane structure of p,p’-DDT is
critical for the binding with LIB-DDT5-52 MAb.
None of the assays detected 2,4-D, hexachlorocyclo-
hexane, cyclodiene insecticides and chlorosubstituted
phenylureas (CR <0.1%).

Results were also compared to those reported with
polyclonal antibodies (Beasley et al., 1998). Rabbit
polyclonal antibodies described in this work were
obtained against hapten 3-[4-{1-(4-chlorphenyl)-
2,2,2-trichlorethyl} benzoylamino] propanoic acid
(hapten VI), which is similar but not identical to
DDTS5. Similar to our results and to those reported
by Abad et al. (1997), these antibodies did not
recognize haptens that were substituted through the
central carbon atom and did not cross-react with
dicofol and p,p’-DDA. However, in contrast to our
findings, methoxychlor was not detected by these
antibodies, and the authors concluded that the p-
chloro group appeared to be very important in analyte
recognition. The fact that the selectivity data did not
agree at all was accounted for by the use of different
antibody production methods.

3.4. Analytical parameters of the optimized DDT
immunoassays

Final assay conditions are summarized in Table 2.
Sensitivities, estimated as Is5, values for p,p’-DDT,
were 0.2 and 0.6 pg/l with curve slopes 1.0 and 1.1 for
class-selective and DDT-selective ELISAs, respective-
ly. Typical competitive curves for p,p’-DDT in both
ELISAs are shown in Fig. 4. The linear working
ranges determined as the concentration causing 20—
80% inhibition of the maximal chemiluminescence
intensity were 0.07—1.1 and 0.1-2.2 pg/l for class-
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Table 1
Cross-reactivity (CR) of isomers and metabolites of DDT and
related compounds in class-selective and DDT-selective ELISAs®

Compound Class-selective ELISA  DDT-selective ELISA
(LIB-DDTS5-25 MAD) (LIB-DDT5-52 MAD)
[50, llg/l CR, % 150, }J.g/l CR, %
p,p-DDT 0.20 100 0.60 100
p,p-DDE 0.22 92 20 3
p,p-DDD 0.09 224 12 5
0,p-DDT 0.33 61 0.48 124
o,p-DDE 0.74 27 30 2
0,p-DDD 0.25 81 15 4
p,p-DDA 400 <0.1 600 <0.1
Dicofol 550 <0.1 780 <0.1
Methoxychlor 0.09 213 0.21 280
Perthane 0.12 166 550 <0.1

 Cross-reactivity values for 2,4-p, Endosulfan, o- and p-
HCCH, and chlorosubstituted phenylureas were <0.1.

and DDT-selective ELISAs, respectively. Assay pre-
cision was evaluated by spiking double-distilled water
with different concentrations of p,p’-DDT in the
10—90% inhibition range and determining the recov-

Table 2
Analytical characteristics of the ELISA procedures for DDT and
related compounds

Class-selective ELISA  DDT-selective ELISA
(LIB-DDT5-25 MAb)  (LIB-DDT5-52 MAD)

Characteristic

Immunoreagent concentrations
OVA-DDTS, ng/l 500
MAD, pg/l 30

Buffer conditions

%Tween-20 0.001

Salt concentration 5 mM phosphate, 150 mM NaCl

pH 7.4

Best tolerated N,N'-dimethylformamide (up to 10%)
solvent, %

Analytical parameters of standard curve

RLU pax 49400 38400

RLU pin 500 1200

Iso, pg/l 0.2 0.6
Slope 1.0 1.1
LODs

CV, % 6.7-17.0 4.6-11.5

Concentrations giving
20-80% inhibition, png/l 0.07-1.1 0.1-2.2
10 % inhibition, pg/l 0.04 0.06

1004

80

20

0 o 1 Tlo 100
DDT, pg/l

Fig. 4. Normalized standard curves for p, p-DDT obtained under the
optimized conditions with class-selective (B) and DDT-selective (®)
ELISA. Each plot represents the mean + S.D. of 10 independent
curves run in triplicate wells. Competitive curves were fitted to
experimental points by the four-parameter logistic equation.

ery in both assays on the same day (within assay) and
on different days (between assay). Within- and be-
tween-assay coefficients of variation varied from
4.6% to 17.0%. The highest CV values were observed
at the lowest concentrations of analyte.

Limits of detection (LODs) were experimentally
determined as the p,p/-DDT concentration giving a
10% inhibition of the maximal chemiluminescence
intensity. LODs for p, p’-DDT were established at 0.04

50000 ¢

40000

= 30000+

RL

20000+

10000+

0 T T T T T
0.01 0.1 1 10 100

DDT, ng/l

Fig. 5. Comparison of class-selective ELISA standard curves for
p,P-DDT obtained with spiked water samples: double-distilled
water (W), tap water (O), bottled water (®), and wastewater (A ).
Each plot represents the mean + S.D. of two independent curves run
in triplicate wells.
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Table 3
Recovery of DDT from Spiked Water Samples (class-selective
ELISA)

Water sample DDT DDT Recovery, CV, %
added, recovered, %
g/l pg/l

Bottled 0 - - -
0.1 0.07 73 17
0.5 0.38 75 9
1 0.89 89 10

Tap 0 - - -
0.1 0.12 115 8
0.5 0.7 139 5
1 1.11 111 13

Wastewater 0 - — -
0.1 0.1 100 15
0.5 0.4 70 11
1 0.9 88 13

 Data listed are the mean of the six independent determinations.

and 0.06 pg/l for class-selective and DDT-selective
assays, respectively. The sensitivity (/59) reached by
both immunoassays was higher by a factor of 4
compared to the values obtained for colorimetric
ELISAs (Abad et al., 1997). The decrease of the I
value for p,p’-DDT was probably a direct conse-
quence of the decrease in the immunoreagent con-
centrations and of the accurate optimization of assay
parameters.

3.5. Analysis of spiked water, soil, and food samples

The analytical performance of ELISAs is com-
monly assessed by spiking matrix samples with the

Table 4

target analyte. To study possible matrix interferences
from different water types (tap, mineral and waste-
water), standard curves were prepared in water
samples and in double-distilled water as a control.
As shown in Fig. 5 for the class-selective CL-
ELISA, parallel calibration curves were obtained
irrespective of the nature of the water sample.
Results of the analysis, expressed as a percentage
of recovery, are shown in Table 3. Added p,p’-DDT
was accurately recovered (73—89%) in bottled water.
For the wastewater sample, positive results were
obtained when a blank was assayed probably indi-
cating the presence of some interfering compounds
in the sample. Probably for the same reason, spiked
tap water samples gave rather high recovery values
(111-139%). All CVs were acceptable, never being
higher than 17%.

Both assays were next applied to the analysis of
soil and several food samples. Two kinds of samples
were used: fortified soil and food extracts in methanol
and pesticide-free and fortified lyophilized samples of
soil and fish. Lyophilized samples were extracted with
methanol prior to use as described in Materials and
methods. Initial examination of sample matrix effects
was performed with pesticide-free extracts of lyoph-
ilized samples. p,p’-DDT standard curves produced in
several dilutions of each sample extract (typically, 1/
20, 1/50, 1/100, 1/200 and 1/400 prepared in 0.5 x
PBS) showed that extracts diluted 1/100 and higher
did not affect the chemiluminescence intensity and the
sensitivity of the assays. Therefore, methanol extracts
of both kind of fortified samples were diluted 1/100

Recovery of DDT and related compounds from spiked food and soil samples

Sample Class-selective ELISA (LIB-DDTS5-25 MAb) DDT-selective ELISA (LIB-DDT5-52 MAD)

DDT added, DDT recovered, Recovery, % DDT added, DDT recovered, Recovery, %

mg/kg mg/kg® (CV, %) mg/kg mg/kg® (CV, %)
Soil 0.59 0.81 136 (14) 0.88 1.00 114 (15)
Soill® 0.03 0.02 81 (10) 0.04 0.04 119 (25)
Soil25¢ 0.98 0.85 87 (18) - - -
Strawberry 1.76 1.99 108 (14) 2.34 2.24 96 (18)
Saladl 0.09 0.11 125 (26) 0.11 0.16 144 (12)
Salad2 0.08 0.08 88 (14) 0.15 0.13 90 (16)
Beet root 1.52 1.52 100 (23) 2.53 2.68 106 (17)
Fish® 0.12 0.07 54 (14) 0.18 0.12 70 (17)

? Data listed are the mean of the six independent determinations.

® Extract of lyophilized samples.
¢ Only p, p-DDE.
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before analysis. Using class-selective and DDT-selec-
tive chemiluminescent ELISAs, recoveries between
54% and 136% and between 70% and 144%, respec-
tively, were obtained for samples spiked with mixtures
of DDT-related compounds and other organochlorine
pesticides (Table 4). These high recoveries for both
types of samples indicated that the extent of pesticide
removal did not depend upon the manners of fortifi-
cation. In both cases, the higher spiked concentrations
were closer to 100% recovery, with the lowest spiked
concentrations being overestimated as well as under-
estimated. It should be noted that the lowest recov-
eries were observed with fish sample due to its fat
content and high fat solubility of DDT-related
compounds.

Samples of barbel fish (B. barbus) from the Elbe
river were finally analyzed by both immunoassay
and chromatographic methods (Hajslova et al., 1993)
(see Table 5). The GC-ECD method allowed us to
obtain individual values for each of the DDT iso-
mers and metabolites present, while with immuno-
assay, only summa DDT was measured. In order to
compare the results obtained, the values obtained by
GC-ECD were recalculated on the basis of CR
values of DDT isomers and metabolites. In this
way, the results obtained by both methods were
found to be in good agreement, showing that the
chemiluminescent ELISA can detect, both qualita-
tively and quantitatively, the presence of these pes-
ticides in fish.

Table 5
Analysis of barbel fish samples by immunoassay and gas
chromatography-ECD methods

Sample GC-ECD Value obtained by ELISA® ELISA/

recalculated®, Average value,  CV, % GC-ECD¢,
me/kg mg/kg %

1 2.46 2.54 14 103

2 2.46 2.89 15 118

3 2.46 2.58 26 105

4 2.46 4.24 33 173

5 2.45 2.19 9 89

6 2.45 2.29 4 94

7 2.45 2.58 18 105

8 2.45 2.99 56 122

# Values obtained by GC-ECD (summa DDT) were recalculated
on the basis of CR values of DDT isomers and metabolites.

® ;n (number of analysis)=5.

¢ Value obtained by ELISA/GC-ECD recalculated.

4. Conclusions

A number of antibodies have been developed for
the analysis of p,p/-DDT and its derivatives and
metabolites (Abad et al., 1997; Banerjee et al., 1996;
Beasley et al., 1998; Giraudi et al., 1998). These have
been applied in different immunoassay techniques.
Competitive immunoassays were mainly developed
with colorimetric detection, and 0.12 ng/ml was the
lowest detection limit obtained (Giraudi et al., 1998).
More recently, two fluorescent polarization immuno-
assays were developed by Eremin et al. (2002), obtain-
ing limits of detection of 12 and 3 ng/ml for the DDT
specific and the DDT-class specific assay, respectively.

In European countries, very low residue limits are
set for pesticides in foods, from 50 to 10 pg/kg in
baby food (EC Pesticides MRLs in and on cereals,
foodstuffs of animal origin and certain products of
plant origin, including fruit and vegestables, 1976,
1986, 1990, 2000), and in water (EC Drinking water
quality directive, 1980, 1998). Therefore, sensitive
methods are needed. Chemiluminescent detection
appears to be an effective analytical technique for
use in ecotoxicological monitoring due to its high
sensitivity and ease of handling. No chemilumines-
cent ELISAs for DDT have been published till now. In
the current study, the sensitivity of the ELISAs was
improved and reagent concentrations were lowered
with respect to colorimetric detection (Abad et al.,
1997) by introducing an enhanced chemiluminescence
(ECL) reaction as the end-point detection system. We
have already reported on the development of ECL
immunoassays for DDT and related compounds, in
which a flow system was employed (Botchkareva et
al., 2002). Although the resulting flow assays had
LODs of 1.1 and 0.4 ng/ml with DDT-selective and
class-selective MADbs, respectively, its application for
the quantification of DDT in real samples was limited
by the short lifespan of the flow immunosupport. In
the present study, we adapted the ECL detection to the
development and optimization of sensitive ELISAs
based on the same monoclonal antibodies (MAbs).
For the DDT-selective assay, the sensitivity, estimated
as the /5o value, was 0.6 ng/ml, with a linear working
range between 0.1 and 2 ng/ml and a limit of detection
of 0.06 ng/ml. For the DDT group-selective assay, the
sensitivity was 0.2 ng/ml, with a linear working range
between 0.07 and 1 ng/ml and a limit of detection of
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0.04 ng/ml. CL-ELISAs were about four times more
sensitive compared to colorimetric ELISAs (Abad et
al., 1997).

Optimized CL-ELISAs were applied to different
sample matrices. DDT-related compound residues in
tap, mineral and wastewater could be quantitatively
analyzed directly without the need for sample clean-
up. Soil and food extracts proved to be difficult
matrices for analysis. However, a simple method
involving the dilution of sample extracts with the
assay buffer allowed soil and food samples to be
analyzed using standard curves prepared in double-
distilled water.

Luminescent detection proved to be quicker and to
possess lower detection limits than the colorimetric
one. Also, the consumption of immunoreagents was
lower, but black microplates are more expensive than
colorimetric ones. Therefore, the chemiluminescent
class-selective and DDT-selective ELISAs presented
here are very sensitive compared to the methods found
in the literature and they could be employed for the
analysis of DDT and related compounds in environ-
mental and food samples.
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Development of a Monoclonal Immunoassay Selective for
Chlorinated Cyclodiene Insecticides
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Organochlorine pesticides still generate public health concerns because of their unresolved health
impact and their persistence in living beings, which is demanding appropriate analytical techniques
for their monitoring. In this study, an enzyme-linked immunosorbent assay based on monoclonal
antibodies (MAbs) for the detection of an important group of organochlorine pesticides, the cyclodiene
group, has been developed. With this aim, several hapten—protein conjugates, characterized by
exposure of the common hexachlorinated bicyclic (norbornene) moiety and differing in the linking
structure to the carrier protein, were prepared. From mice immunized with these conjugates, several
MAbs with the ability to sensitively bind the majority of cyclodienes were obtained. Among them
CCD2.2 MADb displaying the broadest recognition to cyclodiene compounds (endosulfan, dieldrin,
endrin, chlordane, heptachlor, aldrin, toxaphene: Iso values in the 6—25 nM range) was selected for
the assay. Interestingly, this MAb showed certain stereospecificity toward other polychlorinated
cycloalkanes because the y-isomer of hexachlorocyclohexane (lindane) was also very well recognized
(Iso value of 22 nM). This immunoassay is potentially a very valuable analytical tool for the rapid and
sensitive determination of cyclodiene insecticides and related compounds, which in turn may contribute
to the understanding of the biological activities and of the overall environmental impact of these
persistent organic pollutants.

KEYWORDS: Organochlorine pesticides; cyclodiene insecticides; endosulfan; lindane; monoclonal
antibodies; immunoassay; ELISA

INTRODUCTION of these insecticides have been shown to have estrogenic activity
Beginning with their irruption in the 1940s, organochlorine (7: 8), Whereas synergistic estrogenic effects among them and
pesticides (OCPs) were widely used in agriculture and malarial With other environmentally relevant OCPs have also been
control programs with dramatic beneficial effects, but they have ©PServedg). In other studies, the estrogenic activity of CCDs
fallen into disuse because of their persistence in the environment1as not been demonstratetD), nor can a direct relationship
Chlorinated cyclodiene (CCD) insecticides are a group of OCPs P& established between environmental pesticide pollution,

that includes compounds such as endosulfan, heptachlor, chlo€Specially OCPs, and cancerlf. Due to their environmental
rdane, aldrin, endrin, and dieldrin. Their mode of action, 'Mpact, the use of CCDs on agriculture has been almost banned

toxicology, metabolism, and distribution have been extensively Since the 1970s, but their residues are continuously detected in
reviewed (, 2). Although to a different extent for each ~food andin the environmeni2-15). Endosulfan is one of the
compound, CCD residues and their metabolites are prone tofew organochlorine insecticides remaining in widespread use,

ment (L6) and with a high frequency of occurrence in foods

(15, 17). The ubiquitous presence of CCD residues in the
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96 3877093, faxt34 96 3877093; e-mail amontoya@eln.upv.es). environment and the controversy related to their health impact
¢ﬁlesg§L?od§eJnTv:csr§g%%m8 ng;’ac'“ en Bioingeniea. on humans and wildlife pointed out the need for an adequate
o Present address: Instituto de Agramioa y Tecnologa de Alimentos, methodology for their environmental monitoring, as a tool to

CSIC, Apartado 73, 46100 Burjassot, Valencia, Spain. complement the great effort in epidemiologic and biological
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matography 18, 19). Consequently, these methods are time- recognizing several of these insecticides have already been
consuming, labor-intensive, and costly in terms of solvent use obtained, although they showed moderate affinity to the target
and disposal and require sophisticated equipment available onlycompounds. Therefore, our main goal was to produce MAbs
in well-equipped centralized laboratories. Therefore, chromato- showing high affinity and selectivity to CCD insecticides. This
graphic techniques are not suitable for the analysis of the largework comprised the synthesis of several haptens sharing
number of samples required for comprehensive monitoring common structures of cyclodiene insecticides and differing in
studies. Immunochemical techniques have lately gained athe linker moiety to carrier proteins, the production and
position as alternative and/or complementary methods for the characterization of MAbs, and the evaluation and optimization
analysis of agrochemicals because of their simplicity, cost- of different assay formats and conditions.

effectiveness, and high sample throughput. Moreover, immu- \ATERIALS AND METHODS

noassays (IAs) are field-portable and do not require sophisticated Reagents and InstrumentsPesticide and metabolite standards were
instrumentation. All of these features make IAs very valuable from Riedel-de Hae (Seelze, Germany) and Dr. Ehrenstorfer GmbH
methods for large monitoring program®0¢-23). (Augsburg, Germany). Stock solutions were preparel,M-dimeth-

Immunoassay development requires the production of anti- ylformamide (DMF_, dried) and stor_ed at20_°C. Starting products
bodies to the analytes and their incorporation into adequate assa{fr hapten synthesis and hapteprotein coupling reagents were from
formats, usually enzyme-linked immunosorbent assays luka-Aldrich Qumica (Madrid, Spain). Analytical grade solvents and

. e . . CDCl; were from Scharlau (Barcelona, Spain). Preparative layer
(ELISASs). The successful generation of specific antibodies and chromatography was performed on 2 mm precoated silica geb&0 F

sensitive assays to a small molecule is greatly dependent upofom Merck (Darmstadt, Germany). Ovalbumin (OVA), Freund's

a proper design of immunizing and assay haptens. In this respectadjuvants, Sephadex G-25, amdphenylenediamine (OPD) were

it is still unpredictable how haptens are presented to the immuneobtained from Sigma Qmica (Madrid, Spain). Bovine serum albumin

system, making it advisable to examine several haptenic (BSA) fraction V, enzyme-immunoassay grade horseradish peroxidase

structures 24, 25). Particularly, detection of a group of (HRP), Hybridoma Fusion and Cloning Supplement (HFCS), and poly-

compounds of similar structure can be often accomplished by (éthylene glycol) (PEG) 1500 were from Roche Applied Science

judicious synthesis of hapteprotein immunogens to expose (Heldelbgrg, Germany). _PerOX|da_15e-IabeIed ra_bblt antl-mou_se immu-

common features to all of the members of the group to the noglobulins and goat anti-mouse lmmuno_globt_Jllns were obtained from
. . S . Dako (Glostrup, Denmark). Culture media (high-glucose Dulbecco’s

maximum while minimizing the presentation of structural

. . modified Eagle’s medium with Glutamax | and sodium pyruvate,
differences to the immune systen26( 27). Once analyte  py\Ewm), fetal calf serum (Myoclone Super Plus), and supplements were

immunogens are prepared, the debate arises whether polyclonakom Gibco (Paisley, Scotland). Culture plasticware was from Bibby
or monoclonal antibodies are obtained. If an unlimited supply Sterilin Ltd. (Stone, U.K.). Flat-bottom polystyrene ELISA plates (high-
of a single and homogeneous type of antibody is required, the binding plates, catalog no. 3590) were from Costar (Cambridge, MA).
choice is monoclonal technology. Additionally, standardized  *H and™C nuclear magnetic resonance (NMR) spectra were obtained
immunoreagents may facilitate acceptance of immunoassays inwith a Varian Gemini 330 spectrometer (Sunnyvale, CA), operating at

the analytical laboratory by ensuring a long-term supply of kits 300 and 75 MHz, respectively. Chemical shifts are given relative to
with a defined performance2t, 28) tetramethylsilane. Ultravioletvisible spectra were recorded on a UV-

. . . 160A Shimadzu spectrophotometer (Kyoto, Japan). ELISA plates were
Since the pioneering work of Langone and Van VunaR®,(  \ashed with a 96PW microplate washer from SLT Labinstruments
who designed a radio-immunoassay for dieldrin and aldrin, GmbH (Salzburg, Austria), and absorbances were read in dual-
several works have been published reporting on the immu- wavelength mode (496650 nm) with an Emax microplate reader from
nochemical detection of cyclodienes. Thus, using the aldrin Molecular Devices (Sunnyvale, CA). o
derivative hapten described by these authors, an ELISA based Hapten SynthesisMost of the compounds used in this study present
on rabb": polyc'ona' antiserum was deve'oped for detectlng Only.minor Safety Concerns. HOWeVer, it is advisable to work in aWe.”-
dieldrin/aldrin in dairy products30). Polyclonal antibodies were }’e"t;:‘f"ted f‘éme hogd qu”rljg_sﬁY”thesl's "T"r?rk];_CCD haptensfsﬁmhes'zed
also obtained from a haptenic structure of the endosulfan °F thiS study are depicted iRigure 1. The first reaction of hapten

tabolite endosulfan diol and used in an immunoassay with asynthe3|s was, in all of the cases, a Diefdder addition of hexachlo-
r_ne_ ] . ) rocyclopentadiene and a particular alkene for each hapten. For haptens
limit of detection for endosulfan of 3 ppb in environmental

. . ) ! CCD1 andCCD4, the alkene already contained a terminal carboxylic
samples&1). The first monoclonal antibodies (MAbs) recogniz-  group used for protein coupling, whereas for hap@@®2 andCCD3

ing cyclodienes with different specificities were produced using the carboxylic group was introduced by succinylation of intermediate

an ether derivative of aldrir3@) and were used in pharmaco-
logical studies 3). Stanker et al. 34) obtained two MAbs
derived from a hydroxytchlordene hapten, which bound all

hydroxyl compounds.
4,5,6,7,8,8-Hexachloro-3a,4,7,7a-tetrahydro-4,7-methanoindan-1-
yl Acetic Acid CCD1). Hexachlorocyclopentadiene (2.72 g, 0.01 mol)

CCDs tested. Later, enzyme immunoassays for endosulfan andd 2-cyclopentene-1-acetic acid (1.2 g, 0.01 mol) were placed in a

its metabolites based on rabbit polyclonal antibodies was
reported 85). These authors explored several haptens to obtain
appropriate antibodies and to develop immunoassays. Recently

round-bottom flask, heated to 13Q, and kept at this temperature for

5 h. The crude product was left to reach room temperature, whereby
white crystals appeared. They were filtered and recrystallized from
dichloromethane: mp 16%C; 'H NMR (CDCl) 6 3.32 (g, 1H), 3.6-

a fiber optic immunosensor, which detects cyclodiene insecti-  gg (dd, 1H), 2.67 (dd, 1H), 2.34 (dd, 1H), 2-2B.14 (m, 1H), 2.04
cides at the parts per billion level, has been described using1.88 (m, 2H), 1.56-1.34 (m, 2H);13C NMR ¢ 178.2, 131.7, 131.4,

rabbit polyclonal antibodies raised from a chlorendic caproic
acid hapten36). Several applications to food and environmental
samples of commercial ELISA kits for cyclodiene insecticides
have been reporte@(—39).

In previous work carried out in our laboratory, IAs based on
MADbs for DDT and related compounds were develop£d).(
In the present study, the development of IAs to another
important persistent organochlorine pollutant group, CCD

105.1, 81.5, 81.3,58.3, 53.9, 39.2, 37.0, 34.2, 25.3; elemental analysis
for Ci2H10C1602: C, 36.13; H, 2.52; Cl, 53.32; found: C, 36.07; H,
2.56; Cl, 53.30.
4-(4,5,6,7,8,8-Hexachloro-3a,4,7,7a-tetrahydro-4,7-methano-1H-in-
denyl-1-oxy) 4-Oxobutanoic Aci€CD2). This hapten was synthesized
as described by Stanker et a@4j. Briefly, the adduct obtained after
Diels—Alder addition of hexachlorocyclopentadiene and cyclopenta-
diene was oxidized with SeQo render 1-hydroxychlordene, which
was converted into the hemisuccin@€D2 by reaction with succinic

insecticides, was undertaken. As mentioned above, MAbs anhydride.
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solution to 20% DMF. The initial hapten to protein molar ratios in the
mixture were 50:1 for immunogens and 20:1 for coating conjugates.
The mixture was stirred at room temperature for 2 h. Finally, conjugates
were separated from uncoupled haptens by gel filtration on Sephadex
G-25, using PBS (10 mM phosphate buffer, 137 mM NaCl, 2.7 mM
KCI, pH 7.4) as eluant. The degree of hapten conjugation to proteins,
that is, the number of amino groups substituted with haptens in carrier
molecules, was estimated by the determination of the number of free
amino groups before and after conjugation, using trinitrobenzenesulfonic
acid as the titration reagentl). Apparent molar ratios in the range of
14-21 and 5-8, for BSA and OVA conjugates, respectively, were
estimated.

Enzyme Conjugate$iRP was used to prepare the enzyme tracers.
Following the same procedure as before, haptens were first activated
and then conjugated to HRP (5 mg/mL) using a 20-molar excess of
activated hapten. Enzyme tracers were purified by gel filtration and
stored at 4°C in a 1:1 mixture of saturated ammonium sulfate and
PBS containing 0.1% BSA. HRP conjugate concentrations were
estimated spectrophotometrically.

Production of Monoclonal Antibodies. Immunization.BALB/c
female mice (810 weeks old) were immunized with BSACCD1,
—CCD2, —CCD3, and —CCD4 conjugates. The first dose consisted
of 100 ug of conjugate intraperitoneally injected as an emulsion of
PBS and complete Freund’s adjuvant. At 2 and 4 weeks after the initial
dose, mice received booster injections with the same amount of
immunogen emulsified in incomplete Freund’s adjuvant. One week after
the last injection, mice were tail-bled and sera tested for anti-hapten
antibody titer by indirect ELISA and for analyte recognition properties
by competitive indirect ELISA. After a resting period of at least 3 weeks
from the last injection in adjuvant, mice selected to be spleen donors
for hybridoma production received a final soluble intraperitoneal
injection of 100ug of conjugate in PBS, 4 days prior to cell fusion.

Cell Fusion. P3-X63/Ag 8.653 murine myeloma cells (ATCC,
Rockville, MD) were cultured in high-glucose DMEM supplemented
with 2 mM L-glutamine, 1 mM nonessential amino acids, &FmL
gentamicin, and 15% fetal bovine serum (referred to as s-DMEM). Cell
fusion procedures were carried out essentially as described by Nowinski
et al. @2). Mouse spleen lymphocytes were fused with myeloma cells
at a 5:1 ratio using PEG 1500 as the fusing agent. The fused cells
were distributed in 96-well culture plates at an approximate density of
2 x 10 cells/100uL of s-DMEM per well. Twenty-four hours after

4'(1,3,4,5,6,7,8,8'0Ctach|0r0'3a,4,7,7a'tetrahydr0'4,7'methan0inda' p|ating’ 100/’£L of HAT selection medium (S-DMEM supp|emented
nyl-2-oxy) 4-Oxobutanoic AcidOCD3. The synthetic procedure  with 100 M hypoxanthine, 0.4uM aminopterine, and 1M
reported by Lee et al3f) was followed. Briefly, the adduct 1-chlo-  thymidine) containing 2% HFCS (v/v) was added to each well. Half
rochlordene was converted into the Ch|0l‘0hydl’ln of 1-Ch|0r0Ch|0rdane, the medium of the wells was replaced by fresh HAT medium on days
which was succinylated. 4 and 7 postfusion. Cells were grown in HAT medium for 2 weeks,
1,2,3,4,7,7-Hexachloronorbornen-5-yl Nonanoic Aci@CD4). and then HAT was substituted by HT medium (HAT medium without
Hexachlorocyclopentadiene (2.72 g, 0.01 mol) and 10-undecylenic acid aminopterine).
(1.84 g, 0.01 mols) were placed in a round-bottom flask, heated to  Hybridoma Selection and Cloningight to 10 days after cell fusion,
130-140°C, and kept at this range of temperature for 5 h. The crude culture supernatants were screened for the presence of antibodies that
was purified on silica gel preparative chromatography plates, using recognized the analyte. The screening consisted of the simultaneous
dichloromethane as eluant. The adduct was obtained as afHdNMR performance of a noncompetitive and a competitive indirect ELISA,
(CDCl3) 6 11.51 (bs, 1H), 2.782.70 (m, 1H), 2.62 (dd, 1H), 2.34 (t,  to test the ability of antibodies to bind the OVA conjugate of the
2H), 1.78-1.58 (m, 4H), 1.28 (bs, 10H), 0.94 (bs, IH}C NMR 9 immunizing hapten and to recognize the analyte, respectively. Optimum
180.5, 131.3, 130.4, 102.5, 82.6, 78.7, 47.4, 40.7, 34.0, 30.4, 29.3, 29.1,conditions were pursued for the screenings. Thus, the coating conjugate
29.0, 28.9, 27.3, 24.5; elemental analysis fasHGoClsO,: C, 42.04; concentrations were those selected when the analyte recognition by
H, 4.40; Cl, 46.54; found: C, 42.24; H, 4.41; Cl, 47.0. mouse sera was evaluated, and culture supernatants were appropriately
Preparation of Protein—Hapten Conjugates.All haptens used in diluted to obtain ELISA absorbance below 2.0. Selected hybridomas
this study contained a free carboxylic group suitable to react with amine were cloned by limiting dilution using HT medium supplemented with
groups of proteins. Haptefprotein conjugations were carried out by 2% HFCS (v/v). Stable antibody-producing clones were expanded and
the N-hydroxysuccinimide (NHS)-active ester method of Langone and cryopreserved in liquid nitrogen.
Van Vunakis R9), with slight modifications. Purification of Monoclonal AntibodieddAbs, all being of IgG class,
Immunogenic and Coating ConjugatéeBypically, haptens {25 were purified on a small scale directly from late stationary phase culture
umol in the appropriate volume of DMF to bring the final concentration supernatants by saline precipitation with saturated ammonium sulfate
of hapten to 106200 mM) were activated durn2 h atroom followed by affinity chromatography on protein-&epharose 4 Fast
temperature with a 50% molar excess (molar ratio 1:1.5) of NHS and Flow (Amersham Biosciences, Barcelona, Spain). Purified MAbs were
N,N'-dicyclohexylcarbodiimide. Next, the mixture was centrifuged and stored at £C as ammonium sulfate precipitates.
the supernatant collected. To a solution of 10 mg/mL protein (BSA Enzyme-Linked Immunosorbent Assays.ELISA plates were
for immunogens, OVA for coating conjugates) in 0.2 M borate buffer, coated overnight with conjugate or antibody solutions in 50 mM
pH 9.0, was added, over 10 min and with vigorous stirring, the activated carbonate buffer, pH 9.6. A volume of 1Qf per well was used
ester mixture diluted in the volume of DMF necessary to bring the throughout all assay steps, and all incubations were carried out at room
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temperature. After each incubation, plates were washed four times with Tapje 1. Properties of the Sera of Mice Immunized with Cyclodiene
washing solution (0.15 M NaCl containing 0.05% Tween 20). TWO  Hantens
basic formats were used depending on the assay component immobilized

into the ELISA plates. In the conjugate-coated format, an indirect immunizing hapten?
ELISA was used to estimate mouse serum antlbo_d_y tlt_ers_ and for the ccpL ccD? ccp3 cCDa
screening of culture supernatants, and a competitive indirect ELISA — - ; "
was used for the study of antibody sensitivity and specificity to analytes, ~ Serum titer 1x10 5x10 1x10
endosulfan Iso® nid 0.7 uM ni

In the antibody-coated format, the specific antibody was coated directly

or by using a capture auxiliary antibody, and competitive ELISAs were

followed to evaluate the assay properties using different enzyme tracers. * Representative sera obtained 1 week after the third booster injection of the

For competition assays, the concentrations of antibodies, haptenrespective BSA-hapten conjugate. ° Serum dilution giving 3 times background

conjugates7 or enzyme tracers were optimized by checkerboard titration.absorbance in ELISA using homologous haptens. ¢ Data obtained from competitive

Competitive curves were obtained by plotting absorbance against theELISAs performed with optimum concentrations of homologous OVA-hapten

logarithm of analyte concentration. Sigmoidal curves were fitted to a conjugates and serum dilutions giving absorbances around 1.0. ¢ No inhibition up

four-parameter logistic equatioa3), using Molecular Devices (Sunny-  t0 10 «M endosulfan.

vale, CA) and Sigmaplot (Jandel Scientific, Weinheim, Germany)

software packages. common substructure of the compounds may constitute a
Preparation of Standardstrom a 100 mM stock in DMF, daily  valuable approach to class-specific antibody genera@ (

serial dilutions (factpr 5,10 dllutlo_ns_) from _2.5 mM in organic solvent Thus, a distinctive possibility was provided by hap@@D4,

were mgde. From.e|ght of these dilutions, eight standards were preparethiCh contains a more flexible, simple spacer arm consisting

by diluting 1/200 in PBS (6250, 250, 50, 10, 2, 0.4, 0.08, and 0.0032 of a long hydrocarbonate chainHCH,—]1). Theoretically,

nM in assay), using borosilicate glass tubes. Initially, 1,4-dioxane was . . f th h hould he ch
the organic solvent used, but after assay conditions were optimized, PrOt€in conjugates of these haptens should present the charac-
teristic norbornene structure to the immune system.

DMF was finally selected. i ) . >Y
Conjugate-Coated FormaPlates were coated with the selected ~ Production of Antibodies to CCD Insecticides. Mouse
concentrations of OVAhapten conjugates. Then, serum, culture Polyclonal Responsd.o examine the suitability of the synthe-
supernatant, or antibody dilutions in PBS were added and incubatedsized haptens to raise anti-CCD antibodies, mice were im-
for 1 h. Next, plates were incubatedrfd h with peroxidase-labeled munized with BSA conjugates of hapte@CD1, -2, -3, and
rabbit anti-mouse immunoglobulins diluted 1/2000 in PBST (PBS -4, After the third injection, mouse sera were characterized for
Corl‘ltai”ingdo-OE'%_TV‘éeE” 23&-_ Fi“?]”y' pSrOXidasela‘?ti"i‘éb‘)“/”dl_t(gg% the presence of antibodies recognizing the conjugated immuniz-
wells was determined by adding the substrate solution (2 mg/m ing haptens (serum titer) and for their ability to bind endosulfan
and 0.012% KO, in 25 mM citrate and 62 mM sodium phosphate, pH (a representative of the cyclodiene insecticide family), by

5.35). After 10 min, the reaction was stopped with 2.5 M sulfuric acid, timating theirl | R Its of the ch terizai
and the absorbance at 490 nm was read and recorded. For competitiv@S imating theirso value. ~esults ot the characterization are

assays, the procedure was the same except that after coating summarized irfable 1. Serum fiters (serum dilution giving 3
competition step was introduced by adding /80 of the competitor times the background absorbance) were estimated by indirect
followed by 50uL of the appropriate concentration of antibody (serum, ELISA using the homologous OVAhapten conjugates. Mouse
culture supernatant, or purified MAD). sera obtained from BSACCDJ, -2, and 3 showed high levels
Antibody-Coated Formatn this format, plates were coated with  of polyclonal antibodies recognizing each respective homolo-
antibodies at the selected concentrations. Next, the competition wasgous hapten conjugate, with titers ranging from #4001/10.
established fol h between analyte standards and the selected dilutions Surprisingly, the immunization with BSACCDA4 did not raise
of enzyme tracers (haptetRP conjugates). Peroxidase activity was  gn anti-hapten response. Next, the ability to recognize endosulfan
measgred as _above. _ ) i was evaluated by competitive indirect ELISA. Only sera from
Indirect Antibody-Coated quma‘l’.he dlﬁgrence with t'he previous mice immunized with BSA-CCD2 bound competitively en-
format was that plates_ were first coated with goat antl-m_ouse immu- dosulfan, with anlso of 0.7 «M, but curves showed shallow
noglobulins at 2«g/mL in carbonate buffer, followed by an incubation P . -
for 2 h with the specific antibodies at appropriate concentrations in slopes as well as no 90”.‘9'?‘8 inhibition of antibody binding
PBST. (data not shown). No inhibition was found for the rest of the
sera with endosulfan up to M.
Previous works to raise antibodies to members of the
cyclodiene family have been carried out using haptens contem-
Synthesis of CCD Haptensilt is well-known that antibodies  plated in this study. Lee et al.3%) obtained a high-titer
elicited to haptenic conjugates show a preferential recognition polyclonal response in rabbits, by immunizing with protein
to the part of the molecule that is furthest from the attachment conjugates of hapte3CD2 andCCD3. These antibodies were
site of the hapten to the carrier proteipd( 25, 44). As the capable of recognizing endosulfan with high affinity. Not
final goal of this study was the production of MAbs capable of surprisingly, considerable differences in the polyclonal response
recognizing the majority of the cyclodiene insecticides, a hapten to the same immunogen between rabbits and mice has been
design addressed to expose a structure common to thesereviously found45, 46). In terms of affinity, rabbit polyclonal
compounds was followed. In this sense, all of these organochlo-antibodies are undoubtedly superior to those of mice, but the
rine insecticides share a characteristic hexachlorobicyclic (nor- reason for immunizing mice is mostly for applying the mono-
bornene) moiety, which prompted us to synthesize a series ofclonal antibody technology, as in this work. On the other hand,
haptens bearing this bicyclic structure and differing in the spacer despite the fact that haptebCD4 appeared to be an ideal
arm, containing suitable reactive groups for covalent linking to candidate to obtain antibodies recognizing the cyclodiene
proteins. As can be seen iRigure 1, the linker moiety compounds because it contains just the common norbornene
introduced for haptensCCD1, CCD2, and CCD3 was a structure and a simple spacer arm, its protein conjugate was
cyclopentane ring with a carboxymethyl substituent (hapten not able to raise anti-hapten antibodies. As suggested by
CCD1), two chlorines and a hemisuccinate spacer arm (haptenFasciglione et al. 47), this haptenic structure may be not
CCD?2), or a double bond and a hemisuccinate group (hapten exposed but rather hidden in the three-dimensional structure of
CCD3). The design of a simple hapten corresponding to a the carrier protein.

RESULTS AND DISCUSSION
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Table 2. Summary of the Results of Cell Fusions and Hybridoma Table 3. lsp Values (Nanomolar) for Endosulfan Obtained with
Selection Different Haptens and Formats?
no. of wells conjugate-coated ELISA antibody-coated ELISA
immunizing positive  competitive®  no. of cloned (OVA-hapten) (HRP—hapten)
hapten fusion  seeded  (hapten) (analyte) hybridomas® MAb CCD1 CCD2 CCD3 CCD1 CCD2 CCD3
CCD1 1 192 5 1 CCch1.1 78 prb nre 84 81 nr
2 192 20 2 CCD1.2 250 244 pr 241 650 341
3 672 8 1 CCD1.3 72 122 pr 300 168 nr
4 672 24 7 3 Cccb2.1 16 18 pr pr 45 nr
CCD2 5 864 78 63 4 CCD2.2 9 10 nr nr nr nr
6 960 25 1 CCD2.3 11 9 12 nr nr nr
7 768 307 9 3 CCD24 11 13 14 pr 54 nr
CCD3 8 768 4 CCD2.5 10 8 nid 13 29 nr
9 768 18 CCD2.6 17 18 nr nr nr nr
10 768 15 CCD2.8 20 22 nr 133 46 pr
2 Wells with antibodies that recognized the OVA-hapten conjugates (homologous @ Competitive ELISAs were performed in optimum conditions, i.e., limiting
assays) by indirect ELISA (absorbance > 0.5). ® Wells with antibodies that concentrations of immunoreagents giving maximum absorbance around 1.0. CCD4
recognized free endosulfan (inhibition > 50% by 1 «M endosulfan for fusions 1-5 hapten conjugates were not recognized. ® Poor recognition. © No recognition. 4 No
and by 100 nM endosulfan for fusions 6-10). Homologous competitive ELISAS inhibition up to 0.4 uM endosulfan.
were carried out with the OVA-hapten concentrations previously selected for
evaluating mouse sera. Culture superatants giving absorbances out of range were (Table 3). All of the MAbs derived from hapterCCD2
diluted until absorbance < 2.0. ¢ Hybridomas secreting antibodies with the lowest displayed a higher affinity to endosulfan than those fl@@D1.
Iso for endosulfan were stabilized and cloned. Next, antibodies were assayed in heterologous assays using all

of the haptens synthesized in this study. Hapt€@D1 and

Production of MAbsFusions were undertaken from all mice CCD2 were appropriately recognized, although heterologous
that responded with an adequate level of anti-hapten antibodies,competitive assays gave similgp values rather than homolo-
that is, mice immunized with BSACCD1, -2, and 3. Screen- gous ones. In contrast, hapt&CD3 was poorly recognized,
ings of fusion cultures were performed using optimum coating and competitive curves were obtained only with half the MAbs
concentrations (homologous conjugate-coated ELISA format) derived from hapterCCD2. In any caselsp values of heter-
in simultaneous noncompetitive and competitive assays. En-ologous assays did not get any affinity improvement. As for
dosulfan was selected as competitor because it is still in use,CCD4, there was no antibody recognition at all, confirming
and therefore it has a particular environmental and food the folding-back of this haptenic structure in the carrier protein.
relevance. Results of hybridoma selection are summarized in  The competitive behavior of MAbs in the direct and indirect
Table 2. As shown, all of the fusions rendered wells with antibody-coated formats was also evaluated. As showialrie
antibodies recognizing the corresponding homologous conju- 3, the recognition pattern of immobilized antibodies (antibody-
gated haptens (positive wells), although with a wide range of coated format) is clearly different from that of antibodies in
yields, and a few of them were found to be competitive solution (conjugate-coated format) and is characterized by a
(inhibition > 50% by 1uM endosulfan). Thus, four fusions  much lower degree of HRPhapten recognition. Indeed, HRP
were needed to clone and stabilize competitive hybridomas from tracers of hapten€CD1 andCCD2 were recognized by all of
haptenCCD1. The first fusion from mice immunized with the CCD1 MAbs and by approximately half of those derived
haptenCCD2 rendered a high yield of competitive wells, from from CCD2, whereas HRPCCD3 and —CCD4 were almost
which four were selected on the basis of their highest recognition unrecognized. In all of the cases, competitive curves obtained
of endosulfan. Thereafter, the endosulfan concentration cutoff with immobilized antibodies provided highés, values (less
used to screen culture supernatants was lowered taNd.fo sensitive assays) than those in the conjugate-coated format.
look for higher affinity monoclonal antibodies. Finally, after Moreover, MAbs indirectly immobilized using goat anti-mouse
two additional fusions, three new cell lines were obtained that IgG precoated plates did not significantly modify either the

fulfilled the latter condition. With regard to hapt&CD3, no recognition pattern or the assay sensitivity (data not shown).
competitive well (cutoff, 0.1uM endosulfan) was found after Selectiity. MAbs showing the highest affinity for endosulfan
three fusions. (Isp around 10 nM, MAbs CCD2.2, -2.3, -2.4, and -2.5) were

With the hybridoma production and selection procedure further characterized by performing competitive curves using
performed from hapten€CD1, -2, and 3, best results were  other members of the cyclodiene insecticide family and other
obtained with haptei€CD2, which is in accordance with its  organochlorine compounds as competitors. Relative cross-
best polyclonal response. Using this hapten, one MAb with reactivity (CR) data for each compound are showiable 4.
moderate affinity was obtained by Stanker et a#)(after five With regard to endosulfan derivatives, all of the MAbs showed
independent fusions. stereospecificity towarg-endosulfan, and endosulfan sulfate

Characterization of the MAbs. MAbs produced by each of  and endosulfan diol were predominantly better and less recog-
the 10 selected hybridomas were small-scale purified from nized than endosulfan, respectively. As expected, all of the
culture supernatants and were subsequently characterized foCCDs assayed were recognized, although to different degrees
affinity and selectivity to the members of CCDs using homolo- for each MAb. Thus, whereas endosulfan, endrin, and dieldrin
gous and heterologous haptens in different ELISA formats. were recognized to a similar extent by MAbs CCD2.2 and

Affinity. The ability to recognize endosulfan was first CCD2.4, the recognition of chlordane, heptachlor, and aldrin
estimated using homologous conjugate-coated ELISA format. was lower for all MAbs. Likewise, toxaphene, a complex
After adequate assay concentrations were selebtigdalues mixture of compounds including many chlorinated norbornanes,
for endosulfan in the 72250 and 8-22 nM range were obtained  showed a high CRX100%). In contrast, the caged structure
for MAbs derived from hapten8CD1 andCCD2, respectively of the hexachloropentadiene dimer, mirex, was not recognized
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Table 4. Selectivity of the MAbs to CCD Insecticides A
cross-reactivity? (%)
CCD22  CCD23  CCD24  CCD25 015 B
compound MAb MADb MADb MAb L L
endosulfan (mix) 100 100 100 100 8
o-endosulfan 82 55 84 18 = 01or B
B-endosulfan 114 168 114 211 s L |
endosulfan sulfate 219 181 63 222 =
endosulfan diol 54 9 104 18 < 05| L
dieldrin 109 34 109 72
endrin 113 59 133 19 L L
chlordane 28 22 34 20
heptachlor 54 24 53 15 0.00 L L L L . 1
aldrin 47 21 39 14 0.00 0.02 0.04 0.00 0.20 0.40 0.60
toxaphene 112 101 120 110 o,
mirex <0.01 <0.01 <0.01 <0.01 [Tween 20] (%,vIv) [BSA] (mg/mL)
y-HCH (lindane) 30 2 12 10
a-HCH 14 3 4 3 B
pentachlorophenol 0.19 0.30 0.06 0.04
2,4,5-trichlorophenol 0.03 0.02 <0.01 <0.01
p,p-DDT <0.01 <0.01 <0.01 <0.01 0.15 |- -
4,4'-PCB <0.01 <0.01 <0.01 <0.01
@ Percentage of cross-reactivity = (ICsp of endosulfan/ICsq of other compound) 8 010k |
% 100. Values correspond to the average of three estimations. Competitive ELISAs :>< '
in the conjugated-coated format were performed in the following conditions: plates © + L
were coated with OVA-CCD1 at 1 ug/mL for MAb CCD2.2 and at 0.5 ug/mL for <E
the rest; MAb concentrations were CCD2.2 (100 ng/mL), CCD2.3 (320 ng/mL), 005 - B
CCD2.4 (140 ng/mL), and CCD2.5 (350 ng/mL). i i
1 1 | 1 1 | 1 | 1 1 Il

(CR < 0.01%). The selectivity pattern exhibited by these %% =" . 75 20 25 30 5 & 7 8 o
antibodies partially resembles that previously reported for
antibodies raised from the same haptenic struct@de 35). [Salt] (xPBS) pH
Concerning the cross-reactivity toward other organochlorine Figure 2. Influence of the assay buffer composition on immunoassay
compounds, the most remarkable finding is the notorious parameters: (A) buffer additives, BSA and Tween 20; (B) physicochemical
recognition of y-hexachlorocyclohexaney{HCH, lindane) conditions, salt concentration, and pH.
shown especially by MAb CCD2.25 = 25 nM for lindane,
30% CR). Again, the recognition of HCH compounds showed of recognizing sensitively lindane, a pollutant for which an
certain stereospecificity because thésomer CR was lower  efficient analytical methodology in the environment had been
than that of the/-isomer for MAbs CCD2.2, -2.4, and -2.5. On  long demanded. Referring to the assay format, as MAbs
the other hand, the recognition of chlorinated compounds bearingimmobilized did not provide useful immunoassays, the conjugate-
aromatic rings diminished considerably. Thus, CR for poly- coated format was hereinafter followed.
chlorinated phenols was0.3%, whereas it was negligible for Assay Buffer Compositionce the specific components of
important organochlorine pollutants suchpgsDDT and 4,4 the immunoassay were selected (MAb CCD2.2; GM2CD1
PCB (<0.01%). Considering all of this, it seems that MAbs as assay conjugate), the influence of several physicochemical
recognition is directed to polychlorinated cyclic, not aromatic, properties of the medium on assay characteristics was investi-
hydrocarbons. Among them the CCD insecticides that contain gated, to optimize the buffer components. First, the nonionic
the original hexachlorobicyclic immunizing structure are the best surfactant Tween 20 and BSA are two additives commonly used
recognized compounds, but interestingly theisomer of in ELISA to reduce nonspecific interactions, but IA character-
hexachlorocyclohexane is also fairly well recognized. Similar istics can greatly change as a function of their concentration
behavior in terms of polychlorocycloalkane functionality as (35, 48, 49). To study their influence, competitive curves were
minimum requirement has been found for MAbs derived from obtained in the presence of different additive concentrations.
an aldrin derivative hapten, which also exposed the norborneneThen, curve parameters were plotted asAhg/lso ratio, which
structure 83), but in this studyiso values were at least 10-fold  is a convenient estimate of the effect studied on ELISA
higher. sensitivity, the higher ratio indicating the higher sensitivit§)(
Selection of Inmunoassay Conditiondmmunoreagents and  Figure 2A shows the variation of this ratio as a function of
Format. From the characterization study, MAbs derived from additive concentration. The addition of Tween 20 to the assay
haptenCCD2 showed the highest sensitivity to endosulfan, and buffer of the competitive step affected notoriously the curve
among them MAbs CCD2.2, -2.3, -2.4, and -2.5 ghyealues parametersthe lower its concentration, the higher the assay
around 10 nM endosulfan in both homologous and heterologoussensitivity. A similar tendency was observed for BSA addition.
assays Table 3). HaptenCCD1 was selected as assay hapten Therefore, optimum assay sensitivity required not to add any
because, giving similar behavior, it is easier to synthesize. On of the additives studied.
the basis of the selectivity data shown Trable 4, MAbs Next, the influence of buffer composition, ionic strength, and
CCD2.2 and CCD2.4 recognized the highest number of mem- pH on ELISA characteristics was examined. Thus, competitive
bers of the chlorinated cyclodiene insecticide family, and curves were obtained using several dilutions of 10-fold-
between them MAb CCD?2.2, giving slightly higher sensitive concentrated PBS as assay buffer. Likewise, the representation
assays, was selected. Moreover, this MAb had the added valueof the Amadlso ratio against the salt concentration was helpful
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Figure 3. Effect of organic solvent concentrations in immunoassay parameters. Data were obtained from standard curves performed in triplicate.

in the selection of the optimum buffer. Immunoassay did not because assay sign&,{xy) increased in the presence of 0.25%
work in distilled water. As shown irFigure 2B, the ratio of these solvents, thus allowing the reduction of MAb concen-
increased markedly as the salt concentration increased, reachingration necessary to give appropriate signals (absorbandge
a plateau between 1 and>x2 PBS, and from here it decreased Finally, DMF was selected because it required a smaller amount
smoothly. A similar behavior has been found in our laboratory of MAD in the assay (60 ng/mL).
for ELISAs to other nonpolar analyted&50). Among the A typical standard curve performed in optimum conditions
buffer conditions tested, the lowest salt concentration affording is shown inFigure 4. Endosulfan can be determined in the
the highestAmay{lso ratio was selected (kX PBS). Finally, the competitive assay from 2 to 50 nM (280% inhibition), with
variation of ELISA parameters within a range of assay buffer anlsg value of 7 nM and a limit of detection (10% inhibition)
pH is also depicted ifrigure 2B. The highest assay sensitivity of 1 nM. Taking advantage of the immunoassay selectivity,
was achieved at neutral pH, which is the pH routinely used for chlorinated cyclodiene insecticides can be analyzed Wh
PBS. values ranging from 6 to 25 nM and, very interestingly, lindane
Sobent ToleranceSolvents are often used to extract analytes has anlso value of 22 nM.
from samples, and then extract dilution is a simple, common  Conclusions.The goal of this work was the production of
practice to detect target analytes by ELISA. Moreover, in this class-specific, highly sensitive MAbs and the development of
work, with the aim of reducing the handling of aqueous solutions IAs to chlorinated cyclodiene insecticides. This was ac-
of nonpolar analytes to a minimum, intermediate standard complished by immunizing mice with BSA conjugates of several
dilutions were made in water miscible organic solvents. haptens characterized by presenting the hexachlorinated bicyclic
Therefore, it was imperative to examine how the immunoassay moiety common to all of the cyclodienes and differing in the
performed in the presence of solvents, to select the mostlinking structure to the carrier protein.
appropriate ones to be used in extraction and in standard After application of the hybridoma technology, four MAbs
preparation. To carry out the experiments, competitive curves were selected and characterized in terms of affinity to endosulfan
were performed by adding different solvent proportions to the using several assay haptens and formats. In the conjugate-coated
assay buffer. Solvents evaluated were those that are waterformat, homologous haptens provided assays Withalues of
miscible, namely, methanol, ethanol, acetonitrile, acetone, DMF, ~10 nM, whereas the heterologous haptens used did not afford
dimethyl sulfoxide (DMSO), tetrahydrofuran, and 1,4-dioxane. significant sensitivity improvement. The antibody-coated format
In general, this immunoassay can be considered of low tolerancewas useless because most of the HRBptens were unrecog-
to the presence of solvents, because assay sensitivity, depictediized. With regard to specificity, MAbs showed a broad
in Figure 3 as relativeAnaylso ratio, dropped significantly even  recognition pattern of CCD insecticides. Among them, CCD2.2
with solvent proportions as low as 1.25%. As often reported MADb, displaying the highest recognition of these compounds,
for pesticide immunoassayd9, 50), methanol was the best- was selected for the assay. Furthermore, the selectivity of this
tolerated solvent, which might be the choice for analyte MAb could be widened to hexachlorinated cyclic hydrocarbons
extraction from samples when required. For standard prepara-because the-isomer of HCH was also very well recognized.
tion, a solvent with a boiling point above 106G (DMF, DMSO, This is particularly important because lindane, which is one of
dioxane), thereby easier to pipet, was preferred. Initially, dioxane the few OCPs still used for animal husbandry and agricultural
was used for this purpose, but as revealed in this study, thistreatments, is one of the most frequently detected OCPs in total
solvent was unfortunately the less tolerated one. Consequently diet studies 15, 51), and an efficient means of environmental
DMF and DMSO were evaluated as alternatives to dioxane. monitoring for this pollutant has long been demanded.
Standard curves obtained using DMF and DMSO yield assays Once assay immunoreagents were selected and characterized,
slightly more sensitivel§p = 7 nM to endosulfan), mainly  the optimum buffer composition for the assay competition step
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Abstract

Inthis work, a correlation study of monoclonal antibody-based enzyme-linked immunosorbent assays (ELISAs) and a liquid
chromatography—electrospray mass spectrometric (HPLC/ESI/MS/MS) method for the deterministioeibiylcarbamate
insecticides carbofuran, carbaryl and methiocarb in fruit baby food is presented. The comparison of performance characteristics
of the two methods was carried out by simultaneous analysis of apple—strawberry baby food (GPC purified) extracts spiked
with N-methylcarbamates at six different concentration levels. Results obtained by ELISA correlated well with those obtained
by LC/MS/MS, both in terms of trueness and precision. Recoveries, i.e. the ratio of the determined concentration to the
known spiked concentration, were in the 60-100% range for ELISA and in the 73—-104% range by LC/MS/MS with the RSDs
from seven replicate analyses 3.6—23.3 and 1.7-8.2%, respectively. The influence of sample pre-treatment on the analytical
performance of immunoassay method was also assessed. Using ELISA recoveries close to 90% were obtained even in crude
non-purified baby food extracts. The limits of detection (LODs) by ELISA were 0.3, 0.04 ang.@/Rg* for carbofuran,
carbaryl and methiocarb, respectively, whereas using LC/MS/M& g was the detection limit for all three insecticides. The
results clearly indicate that the developed ELISA is suitable for the fast, quantitative and reliable determination of carbaryl,
carbofuran and methiocarb in baby food even for the analysis of crude non-purified extracts.
© 2003 Elsevier B.V. All rights reserved.

Keywords:Correlation studyN-methylcarbamate insecticides; Pesticides residues; Baby food; ELISA; HPLC/MS/MS

1. Introduction

N-methylcarbamate insecticides such as carbaryl,
"+ Corresponding author. Tel420-22-4353076: cqrbofuran apd methlocarp were mtroduceq world-
fax: +420-22-4353010. wide as substituents of persistent organochlorine com-
E-mail addresspavel.rauch@vscht.cz (P. Rauch). pounds, due to their broad spectrum of activity and
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their low bioaccumulation potential. However, being determination of above pesticides in non-fatty baby
inhibitors of acetylcholinesterase, they are regarded asfood. As already mentioned, relatively strict regula-
toxic for the environment and for humans. As regards tion limits are set for pesticides in baby food com-
the potential risk arising from the use of pesticides, a modities. Therefore, availability of rapid, sensitive
vulnerable consumer’s group are children. As shown and cheap analytical methods is highly desirable in
by human exposure studigd, dietary ingestion may  this case. In the paper presented here, the perfor-
be an important pathway to become exposed to pesti- mance of ELISA method is compared with liquid
cides, which is reflected in very low maximum residue chromatography—electrospray mass spectrometric
limits set for baby food by the EU (40g kg~1). (HPLC/ESI/MS/MS) method. Apple—strawberry baby
The thermal instability of mogt-methylcarbamates  food was selected as a target matrix since both ap-
makes their sensitive and accurate determination ples and strawberries represent important sources
by traditional gas chromatographic methods diffi- of baby food contamination by-methylcarbamate
cult. Their decomposition to degradation products— insecticides.
corresponding phenols—can occur during the GC
separation or in the injection port of a gas chromato-
graph. Therefore, the preferred analytical technique 2. Experimental
for these pesticides is high-performance liquid chro-
matography employing ultraviolet (UV), diode array 2.1. Chemicals and immunoreagents
(DAD), fluorescence (FLD) or mass spectrometric
(MS) detection[2-5]. The last mentioned method For immunoassays, monoclonal antibodies (MAbs)
provides very low detection limits and superior speci- specific for carbaryl, carbofuran and methiocarb, as
ficity of detection, unless derivatisation of the analytes well as the corresponding OVA—hapten conjugates,
is needed. were prepared in the Laboratorio Integrado de Bioin-
Nowadays, with the increasing development of im- geniefa, Universidad Politécnica de Valencia, Spain.
munoassay methods for pesticide screening, it is alsoLIB-CNH45 MAb and OVA-2NAH conjugate were
possible to quantifyN-methylcarbamates at sub-ppb used for carbaryl analysi®3], LIB-BFNB67 MADb
levels in food and environmental samples by these and OVA-BFNH conjugate were used for carbo-
techniqued6,7]. Enzyme-linked immunosorbent as- furan analysis[19], and LIB-MXNB31 MAb and
says (ELISA) have been found to be a simple and OVA-DPNH conjugate were used for methiocarb
cost-effective alternative to instrumental analysis es- analysis[20]. Bovine serum albumin (BSA), Tween
pecially when large series of samples are to be anal- 20 ando-phenylenediamine (OPD) for ELISA colour
ysed. Recently, immunoassays based on polyclonal development were obtained from Sigma Chemical
antibodies have been developed and applied for the Company (St. Louis, USA). Horseradish peroxi-
analysis of carbofuran and carbaryl in water and soil dase (HRP)-labelled swine anti-mouse IgG (SWAM,
[8-10], in fruits and vegetablgd 1,12] in animal feed HRP/SwigG= 1.81, concentration 8.9 mgmt) was
grains[13] and in meat and livef14]. For carbo- obtained from Seva Pharma, Czech Republic.
furan the analyses of non-fatty and fatty baby food  Certified standards of carbaryl, carbofuran and
have been reported. This study included the off-line methiocarb (purity 95-99%) were obtained from Dr.
coupling of supercritical fluid extraction (SFE) with  Ehrenstoffer, Germany. Individual stock standard
ELISA [1,15,16] solutions (concentration range 3.00-3.50 mgl
Recently, indirect competitive ELISA format based were prepared by dissolving 30-35mg of neat pes-
on monoclonal antibodies for the determination of car- ticide standard in 10ml of methanol. The mixed
bofuran, carbaryl and methiocarb has been developedstandard stock solution of all analytes (capgpml—?!

by Montoya and coworkerfl7-20] and the applica-  in methanol) was made by diluting these individual
tions to the analysis of various fruits, vegetal2], pesticide solutions. Stock solutions were stored at
fruit juices[22] and watel[23] have been reported. +5°C and used every day to prepare fresh mixed

In the study presented here, this monoclonal working standard solutions for ELISA and HPLC
antibody-based ELISA format was applied for the determinations. Pesticide residue grade solvents were
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obtained from Scharlau, Italy (ethyl acetate) and from
Merck, Germany (cyclohexane, methanol). Deionised
water for mixing of a mobile phase was produced in
Milli-Q apparatus (Millipore, Germany). Anhydrous
sodium sulphate (Penta Chrudim, Czech Republic)
was activated for 5h at 45C.

Apple-strawberry baby food from a retail market
was used for the preparation of samples.

2.2. Apparatus and instrumentation

Extractions of target analytes were performed us-
ing tissumiser Turrax (IKA Werke, Germany). All
solvent reductions were performed on a Bichi ro-
tary evaporator (Bichi, Switzerland). An automated
high-performance gel permeation chromatography
(HPGPC) system (Gilson, France) equipped with a PL
gel (600 mmx 7.5 mm, 0.005.m) column (Polymer
Labs, UK) was used for clean-up of extracts.

Ninety-six-well ELISA polystyrene microplates
Costar (catalog no. 9018) were from Corning, USA.
ELISA plates were washed with Labsystem Multi-
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carbofuran 222— 165; carbaryl 202— 145; me-
thiocarb 226— 169. Acquired data were processed
by XCalibur software (Finnigan, USA).

2.3. Preparation of samples

2.3.1. Blank purified extract

The blank apple-strawberry baby food (259), in
which the absence oN-methylcarbamate residues
had been verified by LC/MS analysis, was mixed
with 100 ml ethyl acetate and 75g sodium sulfate
and homogenised for 2min by a Turrax tissumiser.
The suspension was filtered under vacuum; the
volume of filtrate was reduced by evaporation to
12.5ml and made-up with cyclohexane in 25ml
volumetric flask. The crude extract was purified by
high-performance gel permeation chromatography
(HPGPC) under the following conditions—mobile
phase: cyclohexane—ethyl acetate (1:1, v/v); flow:
1 mImin~?; injection volume: 2 ml. The eluate within
the range 14.5-30ml was collected. After solvent
evaporation in a rotary evaporator and removal of its

wash, USA, and absorbances were read in Labsystemtraces under a mild stream of nitrogen, the residue

Multiscan MCC/340, Finland. Data were processed
using Microsoft Excel software (Microsoft, USA).

HPLC separation was carried out using a HP1100
liquid chromatograph (Hewlett-Packard, USA). HPLC
column Discovery @ (15cm x 3mm, 5um) (Su-
pelco, USA) with mobile phase methanol-water
was used and the following linear gradient condi-
tions: O min, 50% methanol; 7 min, 80% methanol,
7.2-13min, 100% methanol. Analysis time was
20 min including the 7 min post-run, when column
was conditioned at starting mobile phase composition.
Flow rate was 0.5 mImint, column temperature was
25°C and the injection volume was 20.

MS/MS analysis was performed by LCQ Deca
ion trap instrument from Finnigan, USA. Electro-
spray ionisation (ESI) was applied in all experiments.
The following experimental conditions were used:
capillary temperature, 23@; flow rates of sheath
gas and auxiliary gas, 1.5 and 3Imih respec-
tively; spray voltage, 6kV; capillary voltage, 11V
for carbofuran and carbaryl, 18V for methiocarb.

was redissolved in 2 ml of a methanol-water (1:4, v/v)
mixture and passed through a Millipore membrane
filter. A volume of 14 ml of purified blank extract was
obtained by pooling of seven redissolved fractions
after HPGPC. This step was performed to ensure
that the matrix composition was exactly the same
for all the samples and matrix-matched standards for
LC/MS/MS calibration.

2.3.2. Samples for correlation study

Baby food extracts spiked witR-methylcarbamate
at 1, 5, 15, 50, 250 and 500 ngmlwere prepared
as unknown samples (for details, sgection 2.5.p
An amount of 15Qu! of the pesticide standard at the
appropriate concentration was added to 2.85 ml of pu-
rified blank extract.

2.3.3. Non-purified baby food samples

Non-purified baby food samples were prepared by
evaporation of aliquot part of crude extract of blank
and redissolving the residue in methanol-water (1:4,

For MS/MS analysis time segments were set up and v/v). Spiked samples at 10 and 250 ngivere pre-
one analyte was scanned in each segment. All threepared by adding 15Ql of the pesticide standard at

N-methylcarbamates were monitored in positive ion
mode with following parent> daughter masses used:

the appropriate concentration level to 2.85ml of this
non-purified blank sample.
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2.3.4. Matrix-matched standards for HPLC/MS/MS  1.5mM KHy;PQy, 8.0 MM NaHPO4, 2.7 mM KCI,
calibration pH 7.4).

Matrix-matched standards for HPLC/MS/MS cali- The immunoassays were accomplished as fol-
bration were prepared from the same purified blank lows: polystyrene microplates were coated with the
extract as the test samples (see above). Calibration so-ovalbumin—pesticide conjugate solution in 0.05M
lutions at concentrations of 1, 4, 10, 20, 100, 200 and carbonate—hydrogen carbonate buffer, pH 9.6 (@00
500 ng mi1 were prepared by adding 10 of the per well) and left to incubate overnight at laboratory
appropriate standard solution to 1.9 ml purified sam- temperature. Microplates were washed four times

ple extract. with PBS containing Tween 20 (0.05%, v/v). Then
the aliquots (5Qul per well) of pesticide standards
2.4. ELISA determinations or sample extracts, diluted in PBS, and the aliquots
(50l per well) of specific monoclonal antibod-
Immunochemical determinationsfmethylcarba- ies, diluted in PBS containing 0.1% BSA (bovine

mates in samples were carried out by using three serum albumin), were pipetted to the microplate wells
specific monoclonal immunoassays performed in the coated with the conjugates. Microplates were incu-
indirect competitive ELISA format on polystyrene bated for 2h at laboratory temperature and washed
microplates, with photometric detection at 492nm. as described above. Subsequently, the second anti-
Samples were quantitatively analysed for a single body conjugated with peroxidase (SWAM) was added
pesticide in each plate, irrespective of the presence (100ul per well), left to interact for 1 h at laboratory

of the two other analytes. The ELISA conditions temperature, and washed as described above. Then,
were exactly the same for all immunoassays and the peroxidase substrate in reaction buffer (4.6 mM
in fact they were performed simultaneously. Each OPD in 0.1 M phosphate—citrate buffer, pH 5.0,
ELISA plate included its own six-point calibration containing 0.1% (v/v) of 30% Do) was added to
curve to determineN-methylcarbamate concentra- each well (10Qul per well). After 10 min incubation
tions. The central section of the curve with a nearly at laboratory temperature, the enzyme reaction was
linear response was accepted as the assay workingstopped by adding 501 per well of 2.5M sulphuric
range. Specific details about immunoreagent con- acid, and the absorbance at 492nm was measured
centrations and sample dilutions applied in ELISA directly in the wells with the microplate reader. Ab-
are summarised ifmable 1 while the used assay sorbance values from standards were mathematically
working ranges are shown ifable 4 Working stan- fitted to a four-parameter logistic equation. The an-
dard solutions for each immunoassay were preparedalyte concentration in samples was determined by
from the standard stock solution by serial dilution interpolation of their mean absorbance values on the
in phosphate-buffered saline (PBS, 0.14M NacCl, resulting standard curve.

Table 1
Concentrations of immunoreagents and sample dilutions applied in the ELISAs for carbaryl, carbofuran and methiocarb
Carbaryl Carbofuran Methiocarb
Concentration of antibodyug ml—1) LIB-CNH45: 0.06 LIB-BFNB67: 0.03 LIB-MXNB31: 0.06
Concentration of conjugatgug mi—1) OVA-2NAH: 0.25 OVA-BFNH: 0.06 OVA-DPNH: 0.5
Sample dilution (ng nit)
1 1/20 1 1/5
5 1/25 2/5 1/25
15 1/30 1/15 1/30
50 1/100 1/50 1/100
250 1/500 1/250 1/500

500 1/1000 1/500 1/1000
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2.5. Validation study culated. HPLC/MS/MS method using matrix-matched
standards was applied for quantitation.

2.5.1. Determination of overall recovery

Baby food sample was spiked with a mixture of 2.5.2. Correlation study
carbaryl, carbofuran and methiocarb at &pkg ! To compare the analytical performance of the
of each pesticide (1 ml of the standard mixture at implemented immunoassay and the HPLC/MS/MS
1.25ugml~1 was added into 25¢g of sample). The method, purified baby food extracts spiked at 1, 5, 15,
extraction and clean-up of spiked samples were car- 50, 250 and 500 ng mF with a mixture of carbaryl,
ried out according to the method described above. carbofuran and methiocarb (s&ection 2.3 were
The recovery was determined in five replicates and analysed by both methods. These testing samples were
the repeatability of recovery determination was cal- treated as if they were unknown samples, i.e. the con-

ull— spiked value

Results by LC/MS/MS (ug/kg)
oo

0 T T T T T T T

0 2 4 6 8 100 12 14 16
Results by ELISA (ug/kg)

E

} — spiked value

500

300
200 e

100

Results by LC/MS/MS (ug/kg)

O T T T T T
0 100 200 300 400 500 600
(B) Results by ELISA (ug/kg)

Fig. 1. Correlation between HPLC/MS/MS and ELISA values obtained for carbofuran? y = 0.85x + 1.83, 72 = 0.991) at (A) 1, 5
and 15ngmt!, and (B) 50, 250, 500 ngmt.
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tent of N-methylcarbamates was quantified by using  The limit of detection (LOD) for ELISA was cal-
appropriate calibration procedure by both ELISA and culated as the analyte concentration that reduced ab-
LC/MS method. Whereas for ELISA standards in pure sorbance to 90% of the maximum. For LC/MS/MS
solvent could be used, for LC/MS matrix-matched method the limits of detection were determined as a
standards were employed to compensate the so-calledconcentration corresponding to a signal to noise ratio
matrix effects occurring during LC/MS analysis of 3:1.

[24,25] Several different performance characteristics  The confidence intervals iRigs. 1 and 2vere de-

of both methods were evaluated and compared basedtermined from the following equation:

on these results (sekection 3.2).

When using ELISA, previous adjustment of the , —SD. x ferit(99) .
sample concentration to fit into the linear part of J/number of analyses
the calibration curve had to be carried out. It should
be noted that further dilution of samples for im-
munoassay was necessary for another reason, i.e.3 Results and discussion
the methanol content in the non-diluted target sam- *
ples (methanol-water, 1:4, v/v) was too high for
antibody—pesticide interactions. Therefore, in our ex-
periments each primary test sample was subjected to o .
seven independent dilutions and subsequently anal- The suitability of the proposed extraction and
ysed by ELISA. The dilution factors applied for clean-up procedures was evaluated on the basis of
N-methylcarbamate analysis are shownTable 1 thg overall recovery of the target analytes in sgmples
Under this experimental setup, the precision parameter SPiked at 50ng k_gl (i.e. 50ug ml—l).. Employing
for ELISA comprised the uncertainty of both the sam- LC/MS/MS technique as the determination step, the
ple dilution and the quantitative step. For LC/MS/MS, Teécoveries of carbofuran, carbaryl and methiocarb
thanks to its much wider dynamic range, no sample Were 76, 88 and 72%, with relative sta_mdard devia-
dilution was necessary and therefore only the uncer- tions (RSDs) of 13, 10 and 8%, respectively.
tainty of the quantitative step contributes to the results.

This experimental approach aimed to reflect real-life 3.2. Correlation study
situation in the analysis of baby food samples.

3.1. Overall recovery of the method

The experimental comparison of the analytical per-
formance of ELISA and LC/MS/MS methods was car-
1.5 ried out by simultaneous analysis of apple—strawberry
baby food extracts spiked witN-methylcarbamates
at six different concentrations: 1, 5, 15, 50, 250 and
500ngmt? (i.e. 1, 5, 15, 50, 250 and 5@y kg~ 1).
The lower part of this concentration range was chosen
with respect to the maximum residue limit (MRL) for
pesticides in baby food (10g kg~1). The higher con-
centrations approximately correspond to the MRLs es-
tablished for fruit and vegetables. In our experiments,
the same analytical conditions as for routine unknown
samples were applied.
For the purpose of methods comparison the follow-
ing characteristics were assessed:

—
(=]
I

ABSORBANCE (490 nm)
I
(9]

0.0 T T T T
2.5 3.5 4.5 55 6.5 75 8.5

log [ANALYTE] (fg/m}-1)

T

Fig. 2. Representative ELISA standard curves for carbofull)) ( (1) Trueness—as the agreement of the measured con-

carbaryl @) and methiocarb @). Immunoassay conditions are centrations in “unknown” samples with the spiked
described inSection 2.4 concentrations.
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Table 2

Overview of the results obtained by analysis with ELISA and LC/MS/MS of strawberry baby food extracts spiked with carbaryl, carbofuran
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and methiocarb at 1, 5, 15, 50, 250 and 500 ng'nik = 7 replicates)

Analyte Spiked level ELISA LC/MS/MS
1
(ngmi™) Mean# S.D. Recovery RSD Mean+ S.D. Recovery RSD
(ngmr™) (%) (%) (ngmi™) (%) (%)
Carbofuran 1 0.6+ 0.2 60.0 40.0 1.6t 0.3 160.¢* 17.6
5 43+ 0.8 86.0 17.6 4.8t 0.3 96.0 7.1
15 12.3+ 1.8 82.0 14.6 11.6t 0.2 73.3 5.8
50 46.3+ 3.9 92.6 8.4 45.0t 1.5 90.0 34
250 246.0+ 11.1 98.4 4.5 208.% 3.8 83.4 1.8
500 500.3+ 18.1 99.9 3.6 428.% 8.6 85.7 2.0
Carbaryl 1 1.0+ 0.2 100.0 20.8 1.4 0.3 140.¢* 18.7#
5 50+ 1.0 100.0 20.0 5.2+ 04 104.0 8.2
15 143+ 1.0 95.3 6.7 13.6+ 0.8 90.7 5.8
50 46.9+ 5.1 93.8 11.0 46.6- 1.6 93.2 34
250 249.1+ 12.3 99.6 4.9 243.& 4.4 97.5 1.8
500 484.4+ 17.6 96.9 3.6 473.2 8.2 94.6 1.7
Methiocarb 1 0.8+ 0.2 80.0 27.6 1.2-0.22 120.¢ 8.4
5 3.9+ 0.9 78.0 23.3 4.9 0.2 98.0 4.4
15 139+ 1.2 92.7 8.8 14.% 0.7 94.0 4.7
50 46.3+ 5.0 92.6 10.8 50.8: 1.4 101.6 2.8
250 234.9+ 14.2 94.0 6.1 242.: 5.3 96.8 2.2
500 489.3+ 32.0 97.9 6.5 452.3 7.6 90.5 1.7

2Result at the detection limit of the method.

(2) Precision—as the relative standard deviation ob-
tained from the analyses of seven replicate sam-
ples at each concentration.

(3) Limits of detection (LOD) and quantitation
(LOQ). In addition, ELISA sensitivity was evalu-
ated by means dig value (see below).

Table 2summarises the repeatability and recovery
values (the percentage ratio of ELISA or LC/MS/MS
result to the spiked value) obtained. The term
“recovery” discussed within this section should not be
confused with the overall recovery of the extraction
and clean-up method discussedSaction 3.1

Irrespective of the spiked level, mean recovery
values by immunoassay were 91.8, 97.6 and 89.2%
for carbofuran, carbaryl and methiocarb, respectively.
The RSDs for ELISA ranged from 3.6 to 27.6%.
Nearly identical mean recoveries were obtained by
LC/MS/MS (85.7, 96.0 and 96.2% for carbofuran, car-
baryl and methiocarb, respectively) with lower RSDs
ranging from 1.7 to 8.2%. The obtained recoveries of
spiked samples indicate that no sample matrix prob-
lems or interferences occurred in the tested samples.

For immunoassays, the 1 ppb concentration is within
the linear working range of the carbofuran standard
curve. The sample was therefore not diluted prior to
ELISA, which resulted in a content of organic sol-
vent higher than the optimal one. As a result, reduced
carbofuran recovery value and higher RSD value
(40%) was obtained. For LC/MS/MS, the lowest mea-
sured concentration corresponded to the LOD of the
method (see below). Although relatively good results
were obtained, in practice quantification should not
be performed at levels lower than 4 ngrhl which
corresponds to the LOQ.

Fig. 1 shows the correlation analysis between the
results obtained by ELISA and LC/MS/MS methods
for carbofuran in spiked samples. For clarity reasons,
the concentration range was divided into two charts
for each pesticide. The values are presented with their
corresponding confidence intervals. Similar results
were found also for carbaryl and methiocarb. The lin-
ear regression equations for the whole concentration
range were:yy = 0.85¢ + 1.83,y = 0.98x 4+ 0.34
andy = 0.92¢ 4+ 0.57 for carbofuran, carbaryl and
methiocarb, respectively. The excellent correlation
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Table 3
Overview of the results obtained by analysis with ELISA of crude and purified extracts spiked with carbaryl, carbofuran and methiocarb
at 10 and 250ngmft (n = 7 replicates)

Analyte Spiked level Crude extract Purified extract
1
(ngml™) Mean+ S.D. Recovery RSD Mean+ S.D. Recovery RSD
(ngmrt) (%) (%) (%) (%)
Carbofuran 10 8.5 1.1 85.0 21.9 8.4 0.8 87.0 14.6
250 225.4+ 35.6 90.1 14.4 199.% 33.7 79.6 14.8
Carbaryl 10 9.5+ 2.2 95.5 23.7 8.6t 1.4 86.4 16.6
250 245.8+ 20.7 98.3 8.8 216.& 11.0 86.7 5.3
Methiocarb 10 9.6+ 1.6 96.0 16.8 10.4£ 1.3 104.4 12.7
250 247.1+ 24.6 98.8 10.3 253.%+ 18.7 101.2 7.6

coefficients found (0.991, 0.999 and 0.998, respec- sample pre-treatment was observed for the mentioned
tively) indicate a high degree of correlation between carbamates.
both techniques. The sensitivity of immunochemical methods is
The influence of sample pre-treatment on the an- commonly expressed as a detection limit and by calcu-
alytical performance of immunoassay method was lating thelsg value, i.e. the analyte concentration that
also assessed. For this experiment apple—strawberrydecreases the assay signal to 50% of the maximum
baby food extracts spiked biN-methylcarbamates value. With respect to these criteria, the most sensitive
at two different concentrations (10 and 250 ngl of the three assays was ELISA for methiocarb, with
i.e. 10 and 25@gkg1) were prepared in two du- anlsg value of 0.07 ngmi! (i.e. 0.07ugkg1) and
plicate sets—crude extracts and extracts purified by a detection limit of 0.02ngmi* (i.e. 0.02ug kg™b).
GPC. Table 3 summarises the obtained repeatabil- The carbaryl and carbofurahyy values were 0.14
ity and recovery values. Good agreement between and 1.4 ngmt?, respectively. The detection limits for
results obtained by analysis of crude extracts and carbaryl and carbofuran were 0.04 and 0.3 nginl
purified extracts was found for carbofuran, carbaryl respectively. For HPLC/MS/MS method the limits of
and methiocarb. The mean recoveries of carbaryl in detection for a calculated signal-to-noise ratio of 3
crude and purified extracts were 96.9 and 86.6%, were 1ngmt?! (i.e. 1pgkg™?1) for all three carba-
respectively, with RSDs ranging from 5.3 to 23.7%. mates. InTable 4linear ranges, LODs anldg values
The mean recoveries of methiocarb in crude extracts of the compared methods are summarisedy. 2
and purified extracts were 97.4 and 102.8%, respec- shows the ELISA calibration curves for the three
tively, with RSDs ranging from 7.6 to 16.8%. In the carbamates.
case of carbofuran the mean recoveries in crude and Table 5 gives an overview of time-demands for
purified extracts were 87.0 and 84.0%, respectively, ELISA and LC/MS/MS methods. For LC/MS/MS
with RSDs ranging from 14.4 to 21.9%. As obvi- ca. 40min are required for the final analysis
ous from obtained results no significant influence of step. The ELISA technique usually includes overnight

E?)tr)llﬁi):rison of linearity and limits of detection obtainable by ELISA and LC/MS/MS methods
Linear range (ngmiY) Limit of detection (ng mt?) Iso (ng mi-1)
ELISA HPLC ELISA HPLC ELISA
Carbofuran 10-0.4 500-4 0.3 1 14
Carbaryl 1.2-0.08 500-4 0.04 1 0.14

Methiocarb 0.4-0.02 500-4 0.02 1 0.07
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Table 5
Comparison of time-demands for ELISA and LC/MS/MS methods

Analytical step ELISA LC/MS/MS

(min) (min)
Extraction 15 15
Clean-up 35 357
Solvent exchange 10 10
Preparation of standards 10 20
Dilution of samples 15 -
Quantitation step 240 20

(96 samples) (1 sample)

2Can be omitted by ELISA.

b Matrix-matched standards are required for LC/MS/MS deter-
mination.

¢ Overnight incubation of the coating conjugate is not included.

incubation of coated microplate and thus requires
a larger time of analysis. However, the problem of

overnight incubation can be eliminated by storage of
pre-coated plates in a refrigerator. In this way, the

prepared plates are directly useable for analysis for
3 months. Using immunoassay, many samples can
be analysed in each plate with minimum expense of
reagents. Under the above described conditions, with
a standard curve included in triplicate, 24 samples
for one of mentioned pesticides can be determined in
triplicate on each plate in less than 4 h. Considering
the fact that four plates can be easily handled simulta-
neously, the number of samples handled per unit time
is significant. Moreover, as discussed above, sample
clean-up step can be omitted when using ELISA.

4. Conclusions

In the present work the potential of ELISA for the
monitoring of selected pesticide residues in baby food
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our study it has been demonstrated that practically
no difference in the performance of ELISA exists be-
tween the analysis of purified and non-purified baby
food samples. This is an additional advantage of the
method, since the whole analytical procedure can be
considerably simplified, which results in further sav-
ings in time and costs.

On the other hand, compared to LC/MS/MS, the
number of compounds simultaneously analysed in one
run is limited. However, the further development of
multiresidue of immunoassay kits may overcome this
particular disadvantage.
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Abstract

In the present work, enzyme-linked immunosorbent assays (ELISAs) with chemiluminescent detection for the determination of carbofuran,
carbaryl and methiocarb were developed and the analytical parameters of these assays were compared with those of ELISAs with colorimetric
detection. Both were conjugate-coated formats based on identical monoclonal antibodies and homologous protein conjugates. In comparison
with colorimetric ELISA, the ability of the chemiluminescent reagents to detect lower concentrations of horseradish peroxidase allowed to
decrease the optimal antibody and conjugate concentrations and to reach better analytical parameters. The experimental comparison of the
analytical performance of the ELISAs was carried out by analysing extracts of apple-strawberry baby food and simply diluted fruit juices,
both spiked at different concentration levels with the above mentioned pesticides. Recovery values for both ELISAs were around 100% and
no matrix effects were observed when fruit juices were diluted 1:20 or more. Results obtained by ELISAs correlated well, both in terms of
accuracy and precision, with those obtained by a liquid chromatography—electrospray mass spectrometry (LC/ESI/MS/MS) analysis, used as
reference method to validate the immunoassays results. The limits of detection reached by using the chemiluminescent assay were 0.03, 0.00
and 0.004 ng mi* for carbofuran, carbaryl and methiocarb, respectively.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Nmethylcarbamate pesticides; Chemiluminescent and colorimetric enzyme-linked immunosorbent assay; Liquid chromatography—electrospray
mass spectrometry; Baby foods; Fruit juices

1. Introduction residue limits for pesticides in foods. Baby foods have a spe-
cial status in legislative bodies to the issue of pesticides, since
N-methylcarbamates are an important class of pesticideschildren are an extremely sensitive and vulnerable consumers
now widely used in agriculture, instead of organochlorine group. In EU countries the total amount of pesticide residues
pesticides, as insecticides, acaricides, nematocides and molin baby foods must be under the maximum residue limit of
luscicides for crop protectiofi]. Carbaryl, carbofuran and  10ugkg! [3]. Because of the polarity and thermal insta-
methiocarb are the main compounds belonging to this classbility of most of N-methylcarbamates, their determination
of pesticides that are acetylcholinesterase inhibitors; their by traditional gas chromatography (GC) techniques is diffi-
residues may occur in fruits and vegetables and, therefore,cult, then to detect the carbamates contamination the most
pose a potential hazard for consumgk As a result, in- widely used analytical technique is liquid chromatography
ternational organisations relatively strict regulate maximum (LC), using fluorescence, ultraviolet, diode array, and mass
spectrometry detectofé—7].

« Corresponding author. Tel.: +39 051 200 5660; fax: +39 0512095652,  -iquid chromatography (LC) is a very sensitive and se-
E-mail addressgirotti@biocfarm.unibo.it (S. Girotti). lective technique, but it involves some important drawbacks,

0003-2670/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
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such as the employment of complex and expensive instru-dividual stock standard solutions (concentration range
mentation, highly qualified personnel, and time-consuming 3.00—-3.50 mg mil) were prepared by dissolving neat pes-
procedures for cleaning and concentrating the sample. All of ticide standard in methanol. A stock standard solution of all
these requirements often hinder the analysis of large numberanalytes was made by mixing these individual pesticide so-
of specimens. The large scale monitoring activities imposed lutions. Mixed working standard solution for ELISA and LC
in several countries by environment concerned legislation re- determinations was prepared fresh every day.
quiresthe availability of rapid, sensitive and cost-effectivean-  Gradient grade methanol was obtained from Merck, Ger-
alytical techniquef8]. Among others the immunoenzymatic many. Deionised water for mixing of a mobile phase was pro-
assays aroused intense interest, complying with the characduced in Milli-Q apparatus (Millipore, Germany). All other
teristics mentioned abo\8,10] and the enzyme-linked im-  reagents were of analytical grade.
munosorbent assay (ELISA) has been found to be a rapid, Bovine serum albumin (BSA), Tween 26;phenylene-
sensitive and cost-effective alternative to chromatographic diamine (OPD), luminol andp-iodophenol (PIP) were
methodqd11]. Various polyclonal (PAb) or monoclonal anti- obtained from Sigma Chemical Company (St. Louis,
body (MAb)-based assays have been developed to determindJSA). Horseradish peroxidase (HRP)-labelled swine anti-
the carbamates presence in water and[4@il13] mouse 1gG (SwWAM, HRP/SwigG=1.81, concentration,
Colorimetric immunoassays for the determination of me- 8.9 mg mt1) was obtained from Seva Pharma, s.r.o. (Czech
thiocarb, carbaryl and carbofuran in vegetables, contami- Republic).
nated water, fruits and fruit juices were previously developed. = MAbs specific for carbaryl, carbofuran and methiocarb, as
They demonstrated to be not only rapid and specific but alsowell as the corresponding ovoalbumin (OVA)-hapten conju-
as suitable as the reference method for the quantitative detergates, were prepared in the Centro de Investaaei Inno-
mination of these compound$4—-17]} which represents an  vacion en Bioingenieria (Universidad Pditnica de Valen-
analytical performance of remarkable importance. cia, Spain). LIB-CNH45 MAb and OVA-2NAH conjugate
The introduction of chemiluminescent (CL) reagents to were used for carbaryl analysjg0], LIB-BFNB67 MAb
reveal the formation ofimmunocomplexesin ELISAs already and OVA-BFNH conjugate were used for carbofuran analy-
led to an improvement of the sensitivity, to a wider range sis[21], and LIB-MXNB31 MAb and OVA-DPNH conjugate
of detected concentrations and to a lower consumption of were used for methiocarb analy§2?].
immunoreagents when compared with the colorimetric end-
point detectiorj18,19] 2.2. Materials and instrumentation
The CL reagents, ready to use from commercial sources,
are absolutely not toxic and the advantages related to the Black, high binding, 96-well ELISA microplates with
specific, sensitive and reliable immunoassays are further en-transparent bottom (Costar, cat. no. 3601) for chemilumi-
hanced by the cheapness, simplicity, availability of portable nescent and colorimetric measurements were from Corning
and automatable of the instrumentation required for the lu- Incorporated (USA). ELISA plates were washed with a Lab-
minescent detection. system Multiwash (USA) apparatus. Absorbances were read
Recently, we reported the application of colorimetric, ina Labsystem Multiscan MCC/340 (Finland) and CL inten-
MAb-based ELISAs for the determination of carbofuran, car- sity was measured in a microplates reader “Victor” from Wal-

baryl and methiocarb in apple-strawberry baby fofigj. lac (Turku, Finland). Data were processed using Microsoft
In the present study, with the aim of demonstrating the Excel software (Microsoft Corporation, USA).
possibility to perform very sensitive ELISAs of thebe Liquid chromatography separation was carried out using

methylcarbamates in non-fatty samples without any samplea HP1100 liquid chromatograph (Hewlett Packard, USA)
treatment, we introduced and optimised the chemilumines-as previously describefl6]. MS/MS analysis was per-
cent detection of our assays and we applied them to the deformed as previously describétl6] by LCQ Deca ion trap
termination of the above mentioned analytes both in extractsinstrument and acquired data were processed by XCalibur
of non-fatty baby foods and in simply diluted, untreated fruit software, both from Finnigan (USA).
juices. The validation of the data obtained both by colori-
metric and luminescent ELISAs on the extracts was done 2.3. Samples
analysing them also by liquid chromatography—electrospray
mass spectrometry (LC/ESI/MS/MS). Apple-strawberry baby foods and fruit juices were from a

retail market.

Baby food extractsThe apple-strawberry baby foods,

2. Experimental in which the absence dfl-methylcarbamate residues had
been verified by LC/MS analysis, were spiked with the
2.1. Chemicals and immunoreagents mixed solution of the three carbamates at 1, 10 and

100ngmt?! and 12.5g were mixed with 50 ml of acetoni-
Certified standards of the three pesticides (purity 95—-99%) trile and homogenised for 2min in a Turrax tissumiser.
were purchased from Dr. Ehrenstoffer (Germany). In- The homogenate was evaporated and the residue was dis-
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solved in methanol-water (1:4, (v/v)) and used for the Tablel

analysis. Concentrations of immunoreagents and baby food sample dilutions applied
Fruit juices N-methylcarbamates-free tomato and fruit e ELISAS |

juices, as verified by LC/MS analysis, were used without Detection mode Carbaryl ~ Carbofuran  Methiocarb

any sample treatment. For matrix effect and recovery studies Antibody concentrationi(g mi~1)

both were spiked with the mixed standard solution of the [ 1B.CNH45 LIB-BENBS? LIBMXNBAL

three carbamates to obtain concentration levels of 0.5, 1COI0rimetric 0060 5030 0060
and Sng mtl for meth|ocarb,_ carbaryl and carbofuran,. Chemiluminescent 0.030 0.008 0.125
respectively. These concentrations were selected according

to the respective LOD previously determined by ELISA on Conjugate concentratiof.g mi—1)
baby foods. For the analysis, the juices were simply diluted
1:5, 1:10, 1:20, 1:50 and 1:100 with phosphate-buffered

OVA-2NAH OVA-BFNH OVA-DPNH

saline solution (PBS: 0.14M NaCl, 1.5mM KROy, Colorimetric 0.130 0.250 1.00

8.0mM NaHPQ,, 2.7 mM KCI, pH 7.4)' Chemiluminescent 0.130 0.030 0.250
Pesticide

2.4. ELISA determinations added

(ng mY) Sample dilution

An indirect competitive ELISA format was chosen, cgjorimetric

that could work with colorimetric end-point detection (ab- 1 1/5 11 1/5
sorbance at 492 nnf}8] or with chemiluminescent detection 10 1/25 1/5 1/50
(HRP catalysed luminol light emission). To compare the an- 100 1/500 1/50 1/500
alytical performances of the colorimetric ELISA with those Chemiluminescent

of the chemiluminescent one, both were used to analyse the 10 iﬁgo 11//550 11//22%0
crude extracts of baby foods and the fruit juices at all added 100 1/1500 1/500 1/2000

concentrations. Samples were quantitatively analysed for a
single pesticide in each plate, irrespective of the presence

of the two other analytes. Working standard solutions for tion, the chemiluminescent emission was measured for 1s
each immunoassay were prepared from the mixed standardoer well.

stock solution by serial dilution in PBS. Each primary test Absorbance values or chemiluminescence intensity val-
sample was subjected to three independent dilutions to fitues from standards were mathematically fitted to a four-
into the linear part of the calibration curve and subsequently parameter logistic equatidi9]. The analyte concentration

analysed by ELISA. The dilution factors applied for the in samples was determined by interpolation of the obtained
methylcarbamate analysis are showTable 1 values on the appropriate standard curve.
The immunoassays were performed by the fol-  The limit of detection (LOD) for ELISAs was calculated

lowing procedure: microplates were coated with the as the analyte concentration that reduced signal to 90% of
OVA-—pesticide conjugate solution in coating buffer (0.05M the maximum. The linear working ranges were determined
carbonate—bicarbonate buffer, pH 9.6; 10Qvell) by as the concentrations producing 20-80% inhibition of the
overnight incubation at laboratory temperature, and then maximal assay signal. THgp values were also calculated as
washed four times with washing solution (PBS contain- the analyte concentrations that reduced the assay signal to
ing 0.05% Tween 20). 5@l/well of pesticide standards or  50% of the maximum one.

sample extracts, diluted in PBS, and HBvell of specific

MADbs, diluted in PBS containing 0.1% BSA, were added

to each well. After 2 h incubation at room temperature the 3. Results and discussion

microplates were washed as described above. The second

antibody (SwAM) conjugated with peroxidase was added  Both colorimetric and chemiluminescent assays were per-
(100ul/well) and incubated for 1 h at room temperature, then formed by using black microplates with transparent bot-
washed again. In the ELISA with photometric detection, tom, i.e. those required for the chemiluminescent detection.
100pl/well of a OPD solution in reaction buffer (4.6 mM  Since the adsorption capacities of the various kinds of mi-
OPD in 0.1 M phosphate—citrate buffer, pH 5.0, containing croplates could be different, the reagent concentrations were
0.1% (v/v) of 30% HO,) was added. After 10 min incu-  again selected for the colorimetric ELISA and optimised first
bation at room temperature, the reaction was stopped bytime for the chemiluminescent one, to achieve the best im-
adding 5Qul/well of 2.5 M sulfuric acid, and the absorbance munoassay performances. The optimum concentrations of
at 492 nm measured. In the chemiluminescent ELISA, the the specific monoclonal antibodies and of the correspond-
peroxidase activity was revealed by adding u0@vell of ing OVA-hapten conjugates were found using a checker-
the CL mixture (1 mM luminol, 0.5 mMp-iodophenol, 1 mM board titration. The optimum reagent concentrations, listed
H»>0O> in borate buffer, pH 8.5). Immediately after the addi- in Table 1 were defined as those giving the maximum inten-
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Table 2 and the MRLs established for fruit and vegetables (about
Comparison between chemiluminescent and colorimetric assays 3-0.3mg kgl and 1-0.1mg kgl, respectively). The influ-
Linear working ~ Limit of Iso (ng mi1) ence of extracts purification on the analytical performance
range (ng mt*) detection £3.D. of ELISAs was assessed in our previous work on baby food
i‘gsr_‘g_ ) sampleg16] and negligible differences were observed in re-
sults obtained from purified and not-purified extracts. The
Caég‘l’;‘r’iﬁgtric 502 13104 i1 latter were also suitable to be analysed by LC/MS/MS. For
Chemiluminescent 0.96 0.04 0.03:0.02  0.28+0.09 these reasons crude extracts were directly used in this work.
Carbaryl Tgble 3summarises the repeatability anq recovery va!ues
Colorimetric 0.83-0.06 004:0.01  0.15:0.05 obtained for baby food extracts. Irrespective of the spiked
Chemiluminescent 0.52 0.02 0.00Z-0.003 0.063: 0.004 level, mean recovery values obtained by both ELISAs were
Methiocarb in the range 80-120% for all the analytes. The precision of
Colorimetric 0.56- 0.02 0.016-0.004 0.080.02 the assay was better for the chemiluminescent ELISA, since
Chemiluminescent 0.180.01 0.004:0.001  0.038:0.005 coefficients of variation (CV) ranging from 1.2 to 19.2% were

obtained. These values were lower than those of the colori-
metric assay, and similar to those of LC/ESI/MS/MS deter-
sity of assay signal with minimum reagent expense. Theseminations (range 1.4—18%).
concentrations were used to perform all the experiments. It  In order to assess the possibility to analyse non-fatty sam-
is clear fromTable 1that: (i) the chemiluminescent assay, as ples without pre-treatment or extraction procedures, tomato
it is able to detect lower amount of HRP, requires in quite all and orange juices, as representative examples of possible con-
cases lower concentrations of both the immunoreagents; andaminated products, were simply diluted with PB@&ble 4
(i) CL-ELISAis able to measure samples diluted from 3to 10 shows the recovery values obtained for both fruit juices at
times more than those used in the colorimetricimmunoassay.the different dilutions applied: these values were very good
In Table 2the detection limits, the linear working ranges also in this case. The samples were analysed only by chemi-
and thelsg values obtained by colorimetric and chemilumi- luminescent ELISA, since the better sensitivity of this detec-
nescent ELISAs are compared: all analytical parameters weretion method was already established during the assays of the
greatly improved by using the CL detection. In particular, the baby food extracts. A slight matrix effect can be observed
detection limits were significantly lower in comparison with in tomato juice samples at the lower dilution factors (1:5
those previously obtained by colorimetric ELISAs for fruit and 1:10). This effect led to false positive results with non-
juices[23,24] By using the chemiluminescent assay here de- spiked samples and to low or too high recovery values in
scribed itis possible to detect the mentioned carbamates everspiked juices when analysed at low dilutions. These effects
at the low levels established by the European legislation ascould be ascribed to the turbidity of the tomato juice in com-
maximum residue limits (MRL) for drinking water, that in  parison with the orange juice that, in fact, allows to obtain
the case of carbofuran is 0.1 ngThl good results at any dilution assayed. Anyhow, this is not a
The concentration ranges of the added pesticides wereproblem, since at higher dilutions all matrix effects disap-
chosen taking into account the MRLs for pesticides in peared and an accurate determination of the pesticides con-
baby foods (1Qug kg1, corresponding to the 10 ng ) tent was still possible. Data showing the reproducibility and

Table 3
Overview of the results obtained by analysis with colorimetric and chemiluminescent ELISAs and LC/ESI/MS/MS of crude strawberry baby food extracts
spiked with carbaryl, carbofuran and methiocarb at 1, 10 and 100 Tg(mk 3)

ng mi-? Colorimetric Chemiluminescent LC/ESI/MSIMS
Mean Recovery (%) CV (%) Mean Recovery (%) CV (%) Mean Recovery (%) CV (%)
Carbaryl
1 0.8 800 242 10 975 108 12 1210 5.2
10 93 925 148 100 1000 100 89 893 7.8
100 914 914 9.4 1103 1103 87 1001 1001 25
Carbofuran
1 12 1196 264 10 10Q0 141 11 1124 87
10 95 950 223 9.0 900 192 88 880 180
100 930 930 30 1140 1140 12 997 997 14
Methiocarb
1 0.9 855 232 10 960 109 11 1054 142
10 92 920 232 110 1100 181 9.3 932 83

100 1003 1003 4.9 1003 1003 6.1 986 986 31
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Table 4
Influence of the matrix dilution on reliability of the determinations by CL-ELISA
Dilution factor Tomato juice Orange juice
Ongmi? 5ngmi? Oongmi? 5ngmi?
Found Found Recovery (%) CV (%) Fourfd Found Recovery (%) CV (%)
Carbofuran
5 3 2.6 510 139 n.d. 5.1 10D 4.2
10 2 3.4 682 41 n.d. 4.7 o4 3.9
20 n.d 5.0 996 32 n.d. 5.4 108 3.1
50 n.d 51 102 51 n.d. 4.9 970 6.2
100 n.d 51 101 84 n.d. 4.9 9% 9.7
1ngmi? 1ngmi?
Found Recovery (%) CV (%) Fourtd Recovery (%) CV (%)
Carbaryl
5 0.5 25 250 23 nd 0.9 eyl 6.4
10 0.5 15 150 9 n.d. 11 10% 9.2
20 n.d. 1.1 11a 6.1 n.d. 1.0 10 4.5
50 n.d. 1.0 90 56 n.d. 0.9 943 4.1
100 n.d. 11 10% 5.9 n.d. 1.0 98l 6.0
0.5ngmt? 0.5ngmt?
Found Recovery (%) CV (%) Fourfd Recovery (%) CV (%)
Methiocarb
5 n.d. 0.44 85 83 n.d. 0.52 103 99
10 n.d. 0.51 10b6 54 n.d. 0.56 111 51
20 n.d. 0.48 99 6.3 n.d. 0.50 99 50
50 n.d. 0.55 108 7.4 n.d. 0.53 105 89
100 n.d. 0.50 9% 141 n.d. 0.49 981 106

a (ngmi~1); data are the average of 4 independent determinations.
b not detectable.

accuracy of the CL immunoassay on juices are reported intions: y=1.08+0.80 andy=1.01x+0.56 were obtained
Table 5 for the colorimetric and the chemiluminescent ELISA,
The correlation between the LC/ESI/MS/MS data, or the respectively.

added amounts of carbamates, and ELISA results was very The reported results show how the chemiluminescent de-
good: correlation coefficients and regression slopes were verytection can improve the analytical performances of carba-
close to 1. For methiocarb, the linear regression equationsmates ELISAs. Moreover, the employment of assays with
for the whole concentration range in crude extracts were: lower detection limits, such as the chemiluminescent ones,
y=0.9&+0.25 for data obtained by colorimetric ELISA can allow to analyse various kinds of non-fatty samples
and y=0.9%+0.69 for the chemiluminescent one. For simply by diluting them. This fact could avoid the time-
carbaryl the corresponding equations wgrel.1x+ 0.46 consuming pre-treatment or extraction procedures, since the
and 0.9%+0.07, respectively. For carbofuran the equa- problems related with possible matrix effects can be eas-
ily overcome by using highly diluted samples. The time
required to prepare the samples can be greatly reduced

Table 5 . . - .
Reproducibility and accuracy of the carbamate CL-ELISAs for spiked juice f’ind thell’_ number increased significantly in each analyt.
samples ical session, as well as the reagents cost per assay is
Mean (ng mt1) CV (%) Recovery (%) reduced.
Carbofuran (5 ng mit)
Tomato juice 5.1 4.9 101 K led
Orange juice 5.0 5.2 929 Acknowledgements
Carbaryl (1 ng mt?) .
Tomato juice 11 9.7 100 This yvork was suppor.ted by the Grant No. 6 CH 1 of
Orange juice 1.0 8.5 98 the Project of collaboration Italy-Czech Republic, by the
Methiocarb (0.5 ng mit) L\/ISM ﬁf Cze_ch R_’epuI?Ilc ll\lo. 223300806 andI by _gran:js
Tomato juice 0.49 8.1 08 rom the University of Bologna (Fun am_enta. Oriente _
Orange juice 0.52 5.3 108 Research). Thanks to the Centro Interdipartimentale di

Data are the average of 6 determinations. Spiked samples were measured ariCerche Biotecnologiche for the use of the “Victor” lumino-
the 1:20 dilution ratio. meter.
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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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analysis.
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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.
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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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1. Uvod

Anabolické androgenni steroidy (AAS) jsou v dnesni
dobé vyuZivany nejen v lékafstvi na podporu lécebnych
postupt, ale i ve sportu jako nepovoleny doping na podpo-
ru rychlého narlstu svalové hmoty a celkového zesileni
organismu. Volny prodej téchto latek je zakazany, presto
se mohou nelegaln¢ dostat do prodeje naptiklad ve forme
doplnku stravy, aniz je to uvedeno na etiketé obalu. Toto
jednani ohroZuje pfedevs§im zikazniky, ktefi kupuji pro-
dukt bez deklarovaného obsahu anabolik, a tudiz tyto latky
uzivaji nevédomky. Uzivani AAS s sebou nese zdvazné
vedlejsi ucinky jak po strance fyziologické, tak psycholo-
gické. Kromée toho se spotiebitelé vystavuji riziku pozitiv-
niho dopingového testu. Z téchto divodu je vhodné, aby
existoval dohled nad zdravotni nezavadnosti dopliki stra-
vy a byly kdispozici metody, jez by umoznily AAS
v dopliicich stravy spolehlivé odhalit.

2. Anabolické androgenni steroidy

Anabolické androgenni steroidy (AAS) jsou syntetic-
ké derivaty testosteronu. Ovliviiuji vyvoj a funkci muz-
skych pohlavnich organd, spermatogenezi v Sertoliho
butikdch a vyvoj sekundarnich pohlavnich znakl, coZ je
souhrnné oznacovano jako ,,androgenni* ptisobeni. Vyzna-
Cuji se vSak itzv. ,anabolickym® efektem, kdy plsobi
periferné a stimuluji retenci dusiku v téle a syntézu protei-
nii predevsim ve svalech'.

17-OH skupina: podporuje androgenni
aktivitu, jeji oxidace snizuje
androgenni aktivitu, esterifikace
podporuje anabolickou aktivitu

18 OH

17o-alkylace: podporuje
16 anabolickou aktivitu

7 . .
.. To-alkylace: podporuje anabolickou
aktivitu 7o-methylace: podporuje
androgenni aktivitu

C, ;,dvojna vazba: zvy3uje androgenni
aktivitu

Obr. 1. Vliv zmén struktury anabolickych androgennich steroidii na biologickou funkei (pievzato z cit.?)
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Strukturni modifikaci testosteronu je mozné ovlivnit
pomér anabolickych aandrogennich vlastnosti (zvysit
uéinnost a biologickou aktivitu) a zptsob, jakym bude
dany steroid aplikovan do organismu (obr. 1)*. V souasné
dobé vsak neni dostupny zadny steroid, ktery by mél pou-
ze anabolické nebo pouze androgenni vlastnosti.

Obecné 1ze fici, Ze rozezndvame tii typy analogl tes-
tosteronu. Prvni typ je charakterizovan esterifikaci
17B-hydroxylové skupiny karboxylovou kyselinou, ktera
ma za nasledek zvySenou odolnost vuci biodegradaci
a delsi biologickou aktivitu steroidii. Esterifikované steroi-
dy jsou 1épe rozpustné v nepolarnim prostiedi, ¢ehoz je
vyuzito napf. pfi intramuskularnim podéani. Délka pisobe-
ni jednotlivych preparati zavisi na druhu kyseliny pouzité
k esterifikaci. Mlze se pak jednat o acetat, propionat, fe-
nylpropionat, cyklopentylpropionat, dekanoat aj. prislusné-
ho steroidu. Nejznaméjs$im zastupcem této skupiny je tes-
tosteron propionat. Druhy typ latek se vyznacuje alkylaci
atomu uhliku v pozici 17a, kterda umoznuje ptijem steroidd
oralni cestou. Bez této modifikace by byly oralné podava-
né steroidy prakticky netacinné, nebot’ by cast podané dav-
ky byla jesté ptred vstupem do systémové cirkulace meta-
bolizovana v jatrech a doslo by ke sniZeni uc¢inku steroi-
du’. Pomalejsi odbouravéni je oviem spjato s jejich zvyse-
nou jaterni toxicitou. Jako ptiklad 1ze uvést methyltestoste-
ron, stanozol, ¢i oxandrolon. Posledni typ vznikd modifi-
kaci A, B, nebo C kruhu. Ptikladem mize byt boldenon,
ktery obsahuje dvojnou vazbu v poloze C,. Druhy a tfeti
typ latek je polarniho charakteru, coz ma za nasledek re-
nalni exkreci.

2.1. Lékatské vyuziti AAS

AAS jsou soucasti tradicni mediciny jiz fadu let
a hraji dulezitou roli v 1é€bé mnoha chorob. Od 40. let 20.
stoleti jsou pfedepisovany piedevsim pfi stavech celkové-
ho oslabeni organismu v disledku lidské imunitni nedosta-
tecnosti (HIV), pfi rozséhlych popaleninach, po operacich
aradiani 1é¢bé, pfi anemiich, jaternich a ledvinovych
selhanich, plicnich obtiZich i pfi onemocnéni rakovinou™®’.
Asi nejcastéji jsou aplikovany u pacienttt dlouhodobé trpi-
cich svalovou dystrofii, kdy je anabolicka funkce steroidd
nespornym kladem ve srovnani s jejich vedlej§imi ucinky.
Jsou znamy i pfipady podavani anabolickych steroidii pro
zlepSeni psychického stavu pacienti trpicich depresemi®.

Vzhledem k tomu, Ze s uzivinim AAS se poji Siroké
spektrum negativnich vedlejSich ucinkd (jak bude popsano
v kapitole 2.3.), je pii terapii AAS nutné dobfe zvazit,
zdali ptiznivy Géinek na zdravotni stav pacienta dostatecné
pfevysuje negativni dopady a velmi dikladné hlidat dav-
kovani a stav pacienta bdhem 16¢by*.

2.2. AAS a sport

Pivodnim ucelem syntézy anabolickych steroidi bylo
jejich vyuziti v medicing pti 16cbé zavaznych onemocnéni.
Pro své jiz zminované ucinky vSak naSly uplatnéni
i v fad¢ sportovnich odvétvi. Ocekavani sportoved od uzi-
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vani AAS se odliSuje podle sportu, ktery provozuji. Vzpé-
raci chtéji zvysit svou fyzickou silu, kulturisté zvysit na-
rust objemu svalové hmoty a snizit obsah tuku v téle, rych-
lostni sportovci, jako plavci a bézcei, hledaji moznost zvysit
intenzitu tréninku na maximum bez fyzického kolapsu®.
Otazka anabolik se ov§em netyka pouze vrcholovych spor-
tovel, ¢im dal vice po nich sahaji zejména mladsi vyzna-
vaci bodybuildingu, jejichz cilem je snadné dosazeni
»vysnénych tvard“ svalovych partii téla.

Uzivani AAS

Nejbéznéji se AAS uzivaji ordlné a intramuskularné.
V dnes$ni dobé byvaji dostupné také ve formé krémi Ci
geld. Pouziti téchto neobvyklych aplikacnich forem souvi-
si se snahou prelstit antidopingové testy. Uzivatelé Casto
aplikuji n€kolik riznych typi AAS najednou, ¢imz se sna-
zi predejit vypéstovani si tolerance vuci jednomu z nich.
Ve snaze ziskat co nejvétsi objem svalové hmoty dochazi
velmi casto k ,,pfedavkovani“. Jsou podavany davky 10x
az 100x vé&tsi nez pro léebné tdely’.

Legislativa AAS ve sportovni oblasti

Za zachovani ducha fair play ve sportu zacal mezi
prvnimi bojovat Mezinarodni olympijsky vybor a to jiz
vroce 1967, kdy vydal prvni listinu zakdzanych latek
ametod dopingu ve sportu. Dnes na dodrzovani sportov-
nich ustanoveni danych dokumenty, jako jsou ,,Svétovy
antidopingovy kodex* ¢i ,,Smérnice pro kontrolu a postih
dopingu ve sportu®, dohlizi na mezinarodnim poli Svétova
antidopingova agentura (WADA, z angl. World Anti-
Doping Agency), na poli tuzemském Antidopingovy vybor
Ceské republiky (ADV CR). Ty také provadi samotné
antidopingové testy usportovcl. Pro né je kaZdorocné
vydavan aktualizovany ,,Seznam zakazanych latek a metod
dopingu®“. Anabolické steroidy na tomto seznamu figuruji
od roku 1975.

Plo$né omezeni anabolik pouze pro terapeutické uziti
bylo pred sedmi lety zaclenéno i do ¢eského trestniho za-
koniku. Pfesto i dnes velké mnozstvi webovych stranek
obhajuje ,bezpecné“ uzivani steroidd, obsahuje mylné
informace o AAS a bagatelizuje rizika jejich uzivani.
Mnohé z nich také nabizi internetovy prodej AAS bez
lékatského predpisu.

2.3. Vedlejsi G&inky pfi uzivani AAS

Nebezpeci AAS spociva v tadé vedlejsich ucinkl
arizik z nich plynoucich. Rizika uZivani jsou zavisla na
veku, pohlavi, fyzickych dispozicich, individualni toleran-
ci, typu AAS, celkové davce expozice a reverzibilité Ci
ireverzibilité zmén.

AAS jsou podle mezinarodni agentury pro vyzkum
rakoviny IARC (z angl. International Agency for Re-
search on Cancer) zafazeny do tfidy 2A (cit.®). Do této
kategorie patii latky pravdépodobné karcinogenni pro ¢lo-
veka, tzn., Ze epidemiologické dikazy nejsou jednoznacné
prikazné, avsak karcinogenita téchto latek byla dostate¢né
prokazana na experimentélnich zvifatech.
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plodnosti, hypertenze’, poruchy koagulace'’, poskozeni
jater'', poruchy lipidového metabolismu'?, ruptury svali
a §lach".

Nadmérné davky AAS mohou u muZzi vlivem pfemé-
ny na estrogeny podnitit rdst prsni tkané a vznik gyne-
komastie'*. U Zen piilisné davky steroidii snizuji endogen-
ni tvorbu progesteronu a estrogent, s ¢imz souvisi poruchy
menstruaéniho cyklu, které mohou vyustit v neplodnost'”.

Byly provadény také studie zabyvajici se vlivem AAS
na lidskou psychiku, pfi¢emz byla zaznamenana souvislost
mezi agresivitou, zkosti a dlouhodobym uzivanim AAS.
Osoby na pocatku uzivani popisovaly stavy euforie a ma-
nie, dlouhodobi uzivatelé pocitovali tizkost, podrazdénost,
pocity nepratelstvi a tendence negativné hodnotit sami
sebe i své okoli'®"".

3. Dopliiky stravy

Vzhledem k soucasnému trendu v oblasti zivotniho
stylu a masivni reklamé¢ zamétené na uzivani Siroké Skaly
preparati ,,zajistujicich® formovani postavy nebo hubnuti
dochézi v poslednich letech k zna¢nému rozvoji obchodu s
témito produkty.

Tabulka I

Referat

3.1. Legislativa doplnku stravy

Podle zédkona o potravinach ¢. 456/2004 Sb. (uplné
znéni zékona €. 110/1997 Sb.) jsou dopliky stravy defino-
vany jako potraviny urcené k pfimé spotiebé, které se odli-
Suji od potravin pro béZnou spotfebu vysokym obsahem
vitamint, mineralnich latek nebo jinych latek s nutricnim
nebo fyziologickym u¢inkem a které byly vyrobeny za
ucelem doplnéni bézné stravy spotiebitele na troven ptiz-
nivé ovliviiujici jeho zdravotni stav'®.

Pozadavky na dopliiky stravy stanovuje Vyhlaska
&.352/2009 Sb."”. V dopliicich stravy nesmi byt piitomny
anabolické latky.

Od zacatku roku 2010 plati novy trestni zakonik, pod-
le které¢ho spada mezi trestné Ciny pfechovavani, vyroba,
dovoz, nabizeni a prodej latek s anabolickymi nebo jinymi
hormonalnimi u¢inky za jinym nez 1ééebnym ucinkem.
V minulosti byly ndlezy piimési anabolickych steroidi
v dopliicich stravy feSeny jako spravni delikt distribuce
nebezpecné potraviny, avSak podle soucasné legislativy
hrozi tomu, kdo neopravnéné distribuuje ve vétsim mnoz-
stvi anabolické steroidy, odnéti svobody az na jeden rok.
V Ceské republice podléhaji dopliiky stravy, stejné jako
potraviny, dozoru Statni zeméd¢€lské a potravinarské in-
spekce (SZPI). Pti feSeni piipadli nalezli AAS v dopliicich
stravy spolupracuje SZPI s Narodni protidrogovou centralou.

Piehled zakazanych potravinovych doplitki v CR, v kterych byla Statni zeméd&lskou a potravinaiskou inspekei potvrzena
pritomnost steroidnich latek (sledované obdobi 2004-2014)*

Rok Néazev vyrobku Zakazana latka Typ Mnozstvi
2006 MULTIPOWER MUSCLE nandrolon, testosteron, DHEA® AASP neuvedeno
PROFESSIONAL
Creatine Pyruvate 19-norandrostendion a androstandion =~ AAS neuvedeno
2007 Young Star dehydroepiandrosteron AAS 13000 mg/kg
2008 San ATTITUDE androstendion a DHEA AAS 5460 mg/kg
a 630 mg/kg
2009 Animal cuts progesteron SH® neuvedeno
2014 Tribulus Terrestris 90% saponins 1-dehydroandrostenedion AAS 0,103 mg/kg
Amix Per4max booster progesteron SH 13,8 mg/kg
WEIDER TRIBULUS TERRESTRIS 1-dehydroandrostenedion AAS 1,34 mg/kg
TRIBULUS FORTE 1-dehydroandrostenedion AAS 0,256 mg/kg
VEMOHERB BULGARIAN TRIBULUS  1-dehydroandrostenedion AAS 0,103 mg/kg
COMPRESS FEVER progesteron SH 1,76 mg/kg
AMIX Shake 4 Fit & Slim progesteron SH 4,70 mg/kg
AMIX Anabolic Masster progesteron SH 3,16 mg/kg
TRIBU 1-dehydroandrostenedion AAS neuvedeno
SURVIVAL Tribulus Terrestris 90% 1-dehydroandrostenedion AAS 0,476 mg/kg

* Dehydroepiandrosteron, ® anabolicky androgenni steroid, © steroidni hormon
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3.2. Otazka kontaminovanych dopliikid stravy
ve svEté a u nds

Stale Castéji je v literatufe diskutovana otazka potravi-
novych doplikt, zejména doplikt stravy, u kterych byl
nalezen obsah nepovolenych anabolickych steroidi®® .
Vramei prvni velké studie probihajici v letech 2001
a 2002 bylo testovano 634 dopliku stravy, které byly vol-
né dostupné ke koupi ve 13 rliznych zemich. Tfinact pro-
cent z téchto nehormonalnich pfipravka bylo kontamino-
vano anabolickymi androgennimi steroidy. Od roku 2002
byla cela fada dalSich ptipravkll oznacena za nebezpecné,
protoze u nich byla prokdzana kontaminace vysokymi
koncentracemi AAS napf. methandienonem, stanazolem,
boldenonem, testosteronem a oxandrolonem®. Tyto latky
samoziejmé nebyly deklarovany na etiket¢ vyrobku
a mohly zpisobit nejen pozitivni dopingovy test, ale pie-
devsim velké mnozstvi zdravotnich probléma®.

V CR byl opakované zaznamenan vyskyt doplitkil
stravy urenych pro sportovce, které obsahovaly anabolic-
ké steroidy. SZPI se zacala doplnky stravy zabyvat jako
samostatnou skupinou od roku 2004. Od té doby zakazala
béhem svého Setfeni prodej hned nékolika doplnkl stra-
vy®®. Vtab. I je piehledné zpracovan seznam zakazanych
vyrobkt doplnkt stravy, ve kterych byla od roku 2004
potvrzena SZPI pfitomnost AAS.

Vyse uvedené vysledky zminénych studii poukazuji
na nutnou obezietnost pii koupi potravinovych doplikd,
zejména doplikd stravy pro sportovce. Je tfeba mit na
paméti bezpecnost, resp. moznou nebezpecnost souvisejici
s jejich uzivanim.

4. Metody stanoveni

Na analyzu anabolickych androgennich steroidd lze
obecné pohlizet dvéma zpusoby. Bud’ z pohledu epidemio-
logickych studii, které jsou spiSe zaméfeny na analyzu
konkrétni latky, nebo alesponi konkrétni skupiny latek,
anebo z pohledu ,,screeningu” (antidopingové kontroly,
kontrola potravin), kdy je cilem identifikovat co mozna
nejvice zakdzanych latek ze vzorku.

Kontrola vyskytu steroidii v riznych biologickych
matricich se bézné provadi pomoci plynové chromatogra-
fie (GC) nebo kapalinové chromatografie (LC)
v kombinaci s vhodnym detektorem. Bézné pouzivané UV
detektory nejsou schopny splnit poZadavky kladené na
detekéni limity metod, a proto jsou pfi analyzach nejcastéji
pouzivany detektory hmotnostni spektrometrie (MS), nebo
tandemové hmotnostni spektrometrie (MS/MS).

V poslednich letech ziskala metoda LC-MS/MS opro-
ti GC-MS ¢i GC-MS/MS na popularité. Divodem jejiho
zvySeného pouZivani je pomérn€ snadnid automatizace,
ktera ¢ini tuto metodu idealni pro rutinni diagnostiku. Dal-
§i vyhodou je moznost detegovat pfi analyze vzorki krve
amoéi konjugaty steroidii i nekonjugované steroidy bez

v

nost metody. Oproti tomu pii plynové chromatografii je
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derivatizace nutna?’. B&n& je mozno dosghnout limitu
kvantifikace v fadech desitek pg ml™ (cit.”®).

V Ceské republice je pii kontrole potravin na prikaz
anabolickych steroidi vyuzivana laboratofi SZPI metoda
plynové chromatografie, konkrétn¢ dvojrozmérné plynové
chromatografie®.

K detekci nizkomolekularnich latek (mezi které patii
AAS) lze rovnéz aplikovat imunochemické metody, jako
je enzymova imunoanalyza (ELISA) nebo imunochroma-
tografie v lateralnim toku na membrané (LFIA)***'. Meto-
dy pro stanoveni AAS jsou zalozeny na specifické interak-
ci steroid-protilatka. K jejich vyhodam patii citlivost (mez
detekce pro stanoveni steroidii se pohybuje v rozmezi 10
az 500 pg ml™"), jednoduchost, rychlost a moznost pouziti
pfimo v terénu. Tyto vyhody z nich ¢ini vhodnou screenin-
govou metodu. Publikovana byla napfiklad imunoanalyza
pro detekci anabolického steroidu nortestosteronu
v dopliicich stravy’>. Metoda ELISA byla vyuzita také ve

studiich pro stanoveni anabolického steroidu boldeno-
33,34
nu’”

5. Zavér

V soucasné dobé je povoleno, aby anabolické andro-
genni steroidy mohly byt pouze soucasti 1éCiv, jejichz uzi-
vani je mozné vyhradn¢ na lékaisky ptedpis. Piesto jsou
v CR i v zahranié¢i opakované zaznamenavany nezédkonné
vyskyty téchto latek v dopliicich stravy urcenych nejen pro
sportovce. Jak bylo zminéno v tomto ptehledu, AAS jsou
pro lidsky organismus velmi Skodlivé, a proto je potfeba
tyto nebezpecné kontaminované vyrobky rychle odhalit
a zamezit jejich prodeji. Instituce dohlizejici na zdravotni
nezavadnost doplnki stravy maji k dispozici chromatogra-
fické metody, jez tyto latky spolehlivé prokazi. Pozadavky
na rychlou a spolehlivou detekci spliuji i nové vyvijené
imunochemické metody. Tyto metody jsou mnohem méné
naroéné na pristrojové vybaveni a kvalifikaci personalu
nez chromatografické. V budoucnu by je v podob¢ uziva-
telsky privétivych testi mohly vyuZzit nejen zakonodarné
instituce, ale i laicka vefejnost.

Autori dékuji Grantové agentuie MV CR za financni
podporu projektu MV0 VG20112015045.
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In the last decade, several immunoassays have been
published as the alternative/complementary rapid methods
for steroid analysis in food supplements. The present re-
view shows a significant amount of food supplements con-
taining banned anabolic androgenic steroids that are not
declared as ingredients thus presenting risk for consumers
and may lead to positive results in anti-doping controls.
Traditional methods for analysis of steroids such as LC/
MS and GC/MS were used for monitoring suspect food
supplements.
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Abstract There is an increasing interest in the investigation
and implementation of methods for the analysis of anabolic
steroids in dietary supplements. In this study, a competitive
indirect enzyme-linked immunosorbent assay (ELISA) has
been developed for the detection of boldenone. For this purpose,
an antiserum against boldenone was raised in a rabbit using
boldenone-17-hemisuccinate-bovine serum albumin as an im-
munization conjugate. Based on the ELISA standard curve, the
detection limit was as low as 0.014+0.007 ng mL™" with the
ICs value of 0.293+0.084 ng mL " and linear working range
of 0.065-1.529 ng mL™". The intra- and inter-assay variations
were found to be satisfactory. Relative standard deviations were
calculated in the range of 3.8-10.5 and 7.3—-12.9 %. The devel-
oped ELISA was applied in the analysis of extracts obtained
from spiked samples of dietary supplements. Ethanol extracts
were applied into the immunoassay without a cleanup procedure
(only diluted) to minimize the effect of the matrix. Recoveries
from spiked samples were from 86.0 to 115.7 %. An excellent
correlation between ELISA and UHPLC-MS/MS was obtained
with the linear equation of y=1.0256 x—0.7772 (R*=0.9999).
This ELISA as proposed here could be successfully applied for
the simple monitoring of boldenone in dietary supplements.
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Introduction

Dietary supplements with strength and muscle bulk-enhancing
effects usually contain amino acids, proteins, prohormones, and
creatine as their active components. A lot of these dietary sup-
plements are freely available on numerous internet websites,
which leads to huge expansion in their applications. In recent
years, there have been growing concerns about the illicit pres-
ence of anabolic steroids in dietary supplements (Abbate et al.
2015; Baume et al. 2006; Geyer et al. 2004; Maughan 2005;
Odoardi et al. 2015; Petroczi et al. 2011). Anabolic steroids are
added into dietary supplements due to their effect enhancing the
physical condition, body mass, and muscle strength, although
the application of these steroids is banned in EU countries,
except for medical treatment (Schanzer and Donike 1992).

Boldenone, with the correct systematic name androsta-1,4-
diene-17-0l-3-one (Fig. 1), ranks second among the most fre-
quently appearing anabolic steroids in cases when these com-
pounds were identified in dietary supplements (Van Poucke
et al. 2007). Together with other anabolic steroids, the
International Agency for Research on Cancer (IARC) classifies
boldenone as class 2A (growth promoters—steroids), i.e., as a
possible human carcinogen (e.g., prostate and liver tumors)
(Oda and El-Ashmawy 2012). Adverse effects of boldenone
applications were already assessed in several studies (de
Souza and Hallak 2011; Garcia et al. 1987; Groot and Biolatti
2004; Tousson et al. 2012).

The most frequent method applied in boldenone determina-
tion is liquid chromatography (Buiarelli et al. 2005; Destrez et al.
2009; Draisci et al. 2003; Van Poucke et al. 2007) or gas chroma-
tography coupled with mass spectrometry (Gaillard et al. 1999;
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Fig. 1 Structure of boldenone

Gambelunghe et al. 2007; Stepan et al. 2008). Chromatographic
analyses provide sensitive and specific techniques, but they also
require highly skilled operators and expensive equipment.
Moreover, laborious sample pretreatment procedures involve nu-
merous extraction (cleanup) steps that are quite time-consuming
and not suitable for the routine analysis of large amounts of
samples.

In the light of recent reports on the contamination of dietary
supplements with anabolic steroids and due to serious health
risks associated with their use, it is desirable to have a simple,
rapid, cost-effective and sensitive method to monitor the com-
pliance of dietary supplements with the ban imposed on any
addition of anabolic compounds (to check for any forbidden
addition of boldenone). Immunochemical methods just pos-
sess such desired properties. The possibility of analyzing lig-
uid samples or solid sample extracts without any purification
is one of the most outstanding advantages the immunoassays
have over the instrumental methods commonly applied.
However, immunochemical interactions are not completely
free from interferences caused by unidentified compounds of
matrices. Although enzyme-linked immunosorbent assay
(ELISA) for boldenone detection in urine and blood has al-
ready been described (Hagedorn et al. 1994; Lu et al. 2006)
and commercial kits are available, no assay has been designed
especially for the boldenone detection with respect to dietary
supplements. As is well known, body fluid samples (urine,
blood) have lower matrix effects in simple immunoassays that
do not use the cleaning of samples in comparison with the
analysis of solid sample extracts (dietary supplements). On
the other hand, commercial kits are designed for animal tissue
analyses and their procedures involve complex sample pre-
treatment with extraction, solvent evaporation and residual
reconstitution. Therefore, the aim of this study was to develop
a sensitive immunochemical method that would be as simple
as possible to be applied by the state authorities for the mon-
itoring of boldenone in dietary supplements.

Materials and Methods
Chemicals and Materials

The boldenone standard and all the other steroid standards
used in cross-reactivity studies were obtained from

@ Springer

Steraloids, Newport, Rhode Island, USA. Individual stock
standard solutions containing 1 mg mL™" of each compound
were prepared by dissolving precisely weighed amounts in
96 % ethanol and stored at —28 °C. Working standard solu-
tions were freshly prepared by gradual dilution in an assay
buffer. Bovine serum albumin (BSA), ovalbumin (OVA), di-
methyl sulfoxide (DMSO), 3,3',5,5"-tetramethylbenzidine
(TMB), and H,O, (30 % v/v) were purchased from Sigma-
Aldrich, St. Louis, USA. Peroxidase-labelled goat anti-rabbit
IgG (GAR-Po) antibody was supplied by Nordic-MUbio,
Netherlands, and 96-well polystyrene microtiter plates
Costar 9018 were purchased from Corning Inc., USA.
Applied microplate washer Columbus Pro was from Tecan
Group, Austria, and microplate reader uQuant BIO-TEK
was provided by Inc. Winooski, USA. The following buffers
were used for the immunoassay: coating buffer (0.01 M
carbonate/bicarbonate buffer pH 9.6); assay buffer (0.01 M
phosphate-buffered saline (PBS), pH 7.4); wash buffer
(0.01 M PBS pH 7.4 containing Tween 20 (0.05 % v»));
substrate solution for enzyme (9 mL 0.05 M citrate/
phosphate buffer pH 5.0, 1 mg of TMB, 1 mL of DMSO,
and 2 pl of 30 % H,O, (v/v))); and stopping solution (2 M
sulfuric acid in distilled water). The following samples of
dietary supplements were purchased from local shops:
100 % WHEY PROTEIN (apple-cinnamon) (Scitec
Nutrition, Orlando, USA), Egg amino 6000 (tablets)
(Amix™, Manchester, UK), and GS ExtraStrong
Multivitamin (Green-Swan Pharmaceuticals CR, a.s.,
Prague, CZ).

Synthesis of Hapten and General Procedure of Conjugate
Preparation

Reagents and solvents were acquired from commercial
sources and used after distillation. Reactions were monitored
with the aid of thin-layer chromatography (TLC silica gel
60F254), and visualization was carried out with UV light.
Here, chromatography refers to the flash column chromatog-
raphy and it was performed with the indicated solvents on a
silica gel (particle size 0.040—0.060 mm) or in a reverse phase
column (Redisep RF Gold C18). NMR spectra were recorded
in CDCI3 or CD30D at room temperature by Varian Gemini
300 MHz (1H NMR 300 MHz, 13C NMR 75 MHz) and
Agilent 400 MR DDR2 (1H NMR 400 MHz, 13C NMR
100 MHz). The spectra were referenced to residual solvent
protons in the 1H NMR spectra (7.26 ppm for CDCI3 and
4.84 and 3.31 ppm for CD30D) and to solvent carbons in
the 13C NMR spectra (77.0 ppm for CDCI3 and 49.05 ppm
for CD30D). The complete assignment of 1H and 13C chem-
ical shifts of all compounds was realized on the basis of the
combination of correlation spectroscopy and heteronuclear
single quantum coherence experiments. The peak intensity is
given as strong (s), medium (m), or weak (w). MS and high-
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resolution MS were carried out either with ESI ionization (EI,
70 eV) or in a fast atom bombardment mode.

For the derivatization of boldenone in position C;,
boldenone was treated with succinic anhydride in the standard
procedure (Chen and Zhang 2008). Succinic anhydride
(630 mg, 6.28 mmol) was added to the solution of boldenone
(180 mg; 0.63 mmol) in dry pyridine (6 mL). After 6 h of
stirring at 90 °C, the reaction mixture was allowed to cool
down to the ambient temperature and subsequently treated
with saturated aqueous sodium bicarbonate. The final solution
was rinsed with ethyl acetate (3 x5 mL), and the water layer
was acidified (2 M HCI) until the solid product precipitated.
The water layer with the solid phase was extracted with ethyl
acetate (3 x 10 mL). Combined organic layers were dried over
anhydrous MgSQO, and evaporated to dryness. Finally,
boldenone 17-hemisuccinate was obtained as white crystalline
powder (196 mg, 80 % yield).

Conjugates were prepared with an activated ester method.
A conjugation step was carried out in a reversed micellar
solution. Boldenone-17-hemisuccinate was dissolved in N,
N-dimethylformamide (DMF). N,N'-dicyclohexyl
carbodiimide (DCC) and N-hydroxysuccinimide (NHS) were
added, and the mixture was allowed to react at room temper-
ature overnight. The formed precipitate of N,N'-
dicyclohexylurea was separated, and the supernatant contain-
ing the activated ester of boldenone was used in the subse-
quent reaction with OVA for the preparation of a coating con-
jugate (BOL-17-OVA) or with BSA for the preparation of an
immunization conjugate (BOL-17-BSA).

A solution of BSA or OVA in the bicarbonate buffer (pH
8.5) was gradually added to the solution of dioctyl
sulfosuccinate in octane to form a reversed micellar solution.
A boldenone activated ester was added into this solution while
stirring. The reaction mixture was stirred overnight at room
temperature. The modified BSA or OVA was precipitated after
an addition of cooled acetone, then collected by centrifugation
and air dried. The resulting conjugates were dissolved in water
and subsequently frozen and lyophilized. The stock solution
of the conjugate with OVA was prepared by dissolving 1 mg
of lyophilisate in 1 mL of the coating buffer and stored at
—28 °C. Before the application in ELISA, this solution was
appropriately diluted in the coating buffer.

Preparation of Antiserum

An antiserum against boldenone (Anti-BOL) was raised in a
rabbit using BOL-17-BSA as an immunization conjugate. The
rabbit was immunized and the antiserum was then collected
with the standard procedure. The immunogen was dissolved
in a sterile isotonic saline and emulsified with the identical
volume of complete Freud’s adjuvants. Subsequently, it was
applied subcutaneously into three or four spots on the rabbit’s
back and legs. Immunization was repeated four times in 4-

week periods; one dose represented 0.3 mg of the immunogen
in 0.3 mL of the emulsion. The final serum harvesting was real-
ized 10 days after the last immunization by the cardiac puncture
under complete anesthesia. The antiserum collected was lyoph-
ilized and stored at —28 °C. A stock solution of the antiserum was
prepared by dissolving 1 mg of lyophilisate in 1 mL of an assay
buffer and stored at —28 °C. Before being used in ELISA, these
solutions were appropriately diluted in the assay buffer.

ELISA General Protocol

Concentrations of immunoreagents and composition of the
buffers used are listed in Table 1. Microtiter plates were coated
with BOL-17-OVA (100 uL/well) at a suitable concentration
in a coating buffer and incubated at 4 °C overnight.
Afterwards, the unbound conjugate was removed with the
wash buffer (four times, 350 uL/well). The standards of
boldenone (the concentration range of 0-500 ng/mL diluted
from the stock solution (concentration 1 mg mL™" in 96 %
ethanol)) or sample extracts (extraction in 96 % ethanol) were
diluted in the assay buffer and added to microtiter plates
(50 pL/well) followed by the relevant solution of the antise-
rum in the assay buffer (50 puL/well) and incubated at 37 °C
for 1 h. Microtiter plates were washed again (four times,
350 pL/well), and an enzyme-labelled antibody GAR-Po
(100 uL/well) was added and incubated at 37 °C for 1 h.
After the washing step, a substrate solution for the enzyme
was added (100 pL/well) and incubated at room temperature
for 10 min. The enzyme reaction was stopped by adding the
stopping solution (50 pL/well), and the absorbance was mea-
sured at 450 nm.

Calibration Curves and Interpretation of Results

Sigmoid calibration standard curves were obtained by plotting
the mean values of absorbance against the logarithm of

Table 1  Optimized conditions for boldenone immunoassay

Selected conditions
Antiserum Anti-BOL
Dilution of antiserum 1:32,000
Coating conjugate BOL-17-OVA
Concentration of conjugate (j1g mL ") 0.008
Secondary antibody GAR-Po
Dilution of secondary antibody 1:10,000

Buffer of 1st incubation PBS

Buffer of 2nd incubation PBS-Tw-0.1 % milk

BOL-17-OVA conjugate of boldenone with ovalbumin at C,; position,
GAR-Po goat anti-rabbit antibody conjugated to horseradish peroxidase,
PBS 0.01 M phosphate-buffered saline, pH 7.4, PBS-Tw-0.1 % milk
0.01 M PBS, pH 7.4 containing Tween 20 (0.05 % v/v) and milk
0.1 % wh)

@ Springer
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boldenone concentrations through a four-parameter logistic
equation:

y= {(A—D)/[l + (x/C)BH+D

where parameter A is the y-value of the upper asymptote,
B is the curve slope at the inflection point, C is the con-
centration of the analyte giving 50 % inhibition of the
asymptotic maximum (ICsg), and D is the y-value of the
lower asymptote.

The limit of detection (LOD) was defined as the concen-
tration of an analyte corresponding to the maximum assay
signal minus 3x standard deviation (SD) in accordance with
the calibration curve (the blank was calculated from six par-
allel determinations with the absence of an analyte).

The linear working range corresponded to the analyte con-
centration causing the 20-80 % inhibition of the maximal
assay signal.

Specificity

The specificity of ELISA was defined as the ability of an
antiserum to interact with various steroid substances. Each
steroid standard (stock solution 1 mg mL " in 96 % ethanol)
was diluted in the assay buffer, and calibration curves were
constructed (the concentration range of 0-500 ng mL ™). The
cross-reactivity (CR %) was calculated as (ICsq of
boldenone)/ (ICs, of tested steroid) x 100.

Sample Preparation—Artificially Contaminated Samples

All the dietary supplements used in this study were freely
available commercial samples obtained from local supermar-
kets. Matrices were in the form of powder or tablets. The
absence of anabolic steroids in tested matrices was verified
with gas chromatography (Stepan et al. 2008).

Spiking of Dietary Supplements

Dietary supplements containing different concentrations
of boldenone were prepared as follows: 1 g of each
boldenone-free matrix (powder or ground tablets) was
spiked with boldenone from the stock solution (concen-
tration 1 mg mL™' in 96 % ethanol) in order to obtain
following concentrations: 50, 5, 0.5, and 0.05 pg g_l.
Spiked samples were left to dry at room temperature for
0.5 h.

Preparation of Extracts for ELISA

After drying, spiked samples were mixed and extracted in
10 mL of 96 % ethanol (v/v) at room temperature for
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15 min. The samples were allowed to stand for at least
15 min, and supernatants were collected and stored at
—20 °C. Before assaying, supernatants were at least 10x dilut-
ed with the assay buffer.

Accuracy

Artificially contaminated samples of dietary supplements
were used to determine the accuracy of the developed
methods. The recovered amount of boldenone was subse-
quently calculated as (concentration in extracts measured by
ELISA)/(spiked concentration) % 100.

Correlation with UHPLC-MS/MS

To evaluate the correlation of the developed ELISA with
UHPLC-MS/MS, four solutions with different concentrations
of boldenone in ethanol (concentration range of 0.25—
250 pg mL™") were assayed. Before the ELISA analysis, the
solutions were diluted with the assay buffer.

The following set of devices was used for the UHPLC-MS/
MS analysis: Agilent 1290 Infinity UHPLC system coupled
with Agilent 6460 Triple quadrupole mass spectrometer
(Agilent Technologies, Santa Clara, CA, USA).
Chromatographic separation was performed in Agilent
Zorbax Eclipse Plus C18 column (2.1 x50 mm; 1.8 pm).
Ammonium fluoride in water (1 mM) (A) and methanol (B)
acted as mobile phases for gradient elution. The flow rate was
0.25 mL min~" with the column temperature of 35 °C. The
gradient elution was carried out as follows: 0 min, 80:20
(A:B); 4 min, 0:100; 5.5 min, 0:100; 5.8 min, 80:20; and
7 min, 80:20.

The MS/MS apparatus was operated in a positive
mode. The applied conditions of the electrospray ion
source were as follows: drying gas temperature 340 °C;
drying gas flow 4 L min '; sheath gas temperature
380 °C; sheath gas flow 12 L min~'; nebulizer pressure
45 psi; nozzle voltage 900 V; and capillary voltage set to
3500 V. Multiple reaction monitoring mode was used for
the detection. Three transitions of m/z were used: 287.2
— 121.1, 135.1, and 77.1.

Standard stock solutions were prepared in ethanol at the
concentration of 1 mg mL ™" and subsequently diluted in
20 % methanol at seven concentration levels (ranging from
0.1 to 500 ng mL ™). The peak areas of external standards (at
each concentration) were plotted against the corresponding
standard concentrations using linear regression to generate
the standard curve. Stock solutions of the samples in ethanol
were 1000x diluted by 20 % methanol. Agilent MassHunter
(Agilent Technologies, Inc.) was used for the data acquisition
and quantification of the samples.
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Results and Discussion
Conjugates

Boldenone was treated with succinic anhydride under the
standard procedure to obtain boldenone-17-hemisuccinate
with 80 % yield. Boldenone-17-hemisuccinate was then used
as an initial molecule for the preparation of conjugates with
proteins (BSA and OVA). The preparation of a coating con-
jugate is shown in Scheme 1. Conjugates were confirmed by
UV-VIS spectroscopy. These spectra showed qualitative dif-
ferences between the conjugate and the corresponding carrier
protein and revealed that the hapten and carrier protein had
been coupled successfully. For the molar ratios of hapten,
carrier protein was estimated as 7:1 and 9:1 for the immuni-
zation conjugate (BOL-17-BSA) and coating conjugate
(BOL-17-OVA), respectively.

Development and Optimization of Assay Protocol

The assay was developed as an indirect competitive ELISA
using a polyclonal antiserum targeted at boldenone.
Checkerboard titrations were performed and optimal
immunoreagent concentrations were determined when the
maximum absorbanceranged from 1.2 to 1.9 and the calibration
curve reached the lowest ICsq values. The assay was optimized
for time intervals and temperatures of incubations and for the
composition of dilution buffers. The optimized conditions for
the boldenone immunoassay are summarized in Table 1.

Standard Curve
To assess significant analytical parameters of the assembled

format, a boldenone calibration curve (concentration range of
0-500 ng mL™") was constructed (Fig. 2). The assay was
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Scheme 1 Synthesis of coating conjugate. SA succinic anhydride, PYR
pyridine, NHS N-hydroxysuccinimide, DMF N,N-dimethylformamide,
DCC N,N'-dicyclohexyl carbodiimide, DSS dioctyl sulfosuccinate
sodium salt, OCT octane
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Fig. 2 Typical ELISA standard curve using optimized assay protocol
(mean value+SD, n=>5), LOD=0.014+0.007 ng mL ', IC5,=0.293
+0.084 ng mL™", and linear working range = 0.065-1.529 ng mL™"

carried out under the optimized conditions. Based on the stan-
dard curve, LOD was 0.014+0.007 ng mL~" with the ICsq
value of 0.293+0.084 ng mL ™" and the linear working range
being 0.065-1.529 ng mL™". The results show that the assay
developed is very sensitive. Hagedorn et al. 1994 reported that
a method of ELISA detected anabolic steroid boldenone in
equine blood and urine. Another ELISA method was used to
screen for boldenone and methyl boldenone in bovine urine
(Lu et al. 2006). Compared with the methods published pre-
viously, our assay newly developed has almost twice as low
ICsq value (15 pg/well) as the ICs( value in Hagedorn’s study
(Hagedorn’s ICso=26 pg/well) and almost 50 times lower
LOD than the ELISA published by Lu et al. 2006 (Lu’s
LOD=0.681+0.016 ng mL™"). The higher sensitivity of the
method is important for its use in the rapid analysis of dietary
supplement samples. The samples are diluted multiple times
before the ELISA analysis (Section 3.6) in order to eliminate
the influence of the matrix effect.

Specificity and Precision

The reactivity with structurally and functionally similar sub-
stances was tested to verify the specificity of the format as-
sembled. The study of cross-reactivity was carried out under
the optimized conditions. The results for cross-reactant sub-
stances are reported in Table 2. The antiserum obtained does
not react with boldenone only but also with its esters. It can be
seen that the reactivity to boldenone esters decreases with the
extension of their acyl chain (e.g., boldenone acetate
CR=26.2 %, boldenone propionate CR=17 %, boldenone
sulfate CR=3.1 %, boldenone undecylenate CR=2.1 %,
and boldenone undecanoate CR=0.5 %).

To evaluate the precision of the developed ELISA, three
standard samples were assayed with boldenone concentrations
in the range of 0.1-0.5 ng mL™". For the intra-day precision

@ Springer
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Table 2 Cross-reactivity data for antiserum against boldenone used in
ELISA

CR (%)

Steroids standards Anti-BOL
Boldenone 100
Boldenone acetate 26.2
Boldenone benzoate 1.7
Boldenone propionate 17.0
Boldenone sulfate 3.1
Boldenone undecylenate 2.1
Boldenone undecanoate 0.5
Dihydrotestosterone 10.9
Ethisterone 0.9
Cortisone 0.3
Cortisol 2.2
Methandienone 9.1
Oxandrolone 0.2
Oxymetholone 0.9
Progesterone 0.4
Testosterone 2.1

Other tested steroids (11-deoxycorticosterone, 21-deoxycortisol,
deoxycholic acid, dehydroepiandrosterone, dehydromethyltestosterone,
epitestosterone, estriol, ethinylestradiol, fluoxymesterone,
hydroxypregnenolone, methyltestosterone, methyldihydrotestosterone,
phenylpropionate)—all with cross-reactivity 0.001 % in developed
ELISA

study, one set of analyses (n=6) was performed for every
sample on the same day. Similarly, one set of analyses was
carried out with each sample daily in five consecutive days for
the inter-day precision study. The intra- and inter-day relative
standard deviations (RSD) were calculated in the range of
3.8-10.5 and 7.3—12.9 %, respectively, indicating the accept-
able precision.

Solvent Tolerance

The preparation of real samples for analyses often requires
extraction with organic solvents. In case of immunoassays,
solvents may negatively affect sensitivity. Basically, they can
change the native structure of antibodies and/or influence con-
ditions of their non-covalent interaction with the hapten mol-
ecule. In this work, the effect of three water soluble solvents—
methanol, ethanol, and isopropyl alcohol on the ELISA per-
formance was evaluated by preparing standard curves in the
assay buffer and in the assay buffer containing various
amounts (1, 5, 10, and 20 % (v/v)) of an organic solvent.
The solvent tolerance of the method was evaluated on the
basis of ICs, value. A similar trend in the effect of three sol-
vents was observed. The decrease in the maximum signal of
absorbance and deterioration of sensitivity were acquired with
the increase of the solvent concentration (results not presented

@ Springer

here). Ethanol was selected for the extraction step with regard
to its safer use when compared with methanol and isopropyl
alcohol. It was found that ethanol not exceeding 10 % (v/v)
does not significantly affect any parameters of the method.

Evaluation of Matrix Effect and Sample Preparation

A possibility to analyze solid sample extracts without compli-
cated purification is one of the most valued advantages of
immunoassays over the instrumental methods commonly used
today. In this study, the influence which the dietary supple-
ments selected had on the assay was tested by comparing
standard curves created by the assay buffer and in the presence
of various amounts of individual dietary supplements. All
matrices were diluted 100x (10x in extraction step with
96 % ethanol and 10x with assay buffer to reduce ethanol
effect). The analytical data obtained are nearly identical as
shown in Table 3. Hence, this sample preparation method is
suitable for the ELISA analysis.

Analysis of Spiked Samples

Artificially contaminated samples were used to determine the
accuracy of the ELISA developed. The preparation of the
samples is specified in Section 2.6. The recovered amount of
boldenone (Table 4) was calculated by subtracting the spiked
dose from the value obtained for each spiked sample. Extracts
were appropriately diluted with the assay buffer to fall into the
linear working range on the standard curve. The recovery of
the spiked samples was outstanding for all the dietary supple-
ments tested. All calculated data were in the range of 86.0 to
115.7 %. Method reproducibility, expressed as relative

Table 3  Matrix effect

Type of matrix ~ 1C50+SD Linear working range® LOD=+SD
(mgmL™)  (ngmL™) (ng mL™)
Assay buffer®  027+0.02  0.05-1.56 0.014+0.007
I 0.29+0.03  0.04-1.72 0.019+0.006
I 0.30+£0.02 0.05-1.64 0.021+0.009
11 0.32+0.02  0.06-1.63 0.023+0.011
v 0.36+0.02 0.07-1.69 0.018+0.012

Parameters of boldenone standard curves were created in different matri-
ces (n=3). Before analysis, all matrices were diluted 100 times (10x in
extraction step with 96 % ethanol and 10x with assay buffer to reduce
ethanol effect)

IC5y the 50 % intercept value of sigmoid curve, SD standard deviation,
LOD limit of detection, / GS Extra Strong Multivitamin, // 100 % Whey
Protein, apple-cinnamon, /I 100 % Whey Protein, vanilla, /V/ Amix™
Egg Amino 6000

# Expressed as concentration range causing 20-80 % inhibition of asymp-
totic maximum

°0.01 M PBS, pH 7.4
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Table 4  Accuracy data obtained with ELISA

Dietary Spiked Mean Recovery RSD
supplements concentration value
(ng g™ nggh) (%) (%)
I 0 LOD - -
50 44 88.0 8.2
500 462 924 7.8
5000 4540 90.8 11.3
50,000 49,300 98.6 10.9
II 0 LOD - -
50 45 90.0 15.8
500 478 95.6 7.2
5000 5130 102.6 11.4
50,000 46,250 92.5 8.2
I 0 LOD - -
50 48 96.0 14.7
500 576 115.2 15.6
5000 5430 108.6 7.8
50,000 57,850 115.7 9.4
v 0 LOD - -
50 43 86.0 9.5
500 561 112.2 16.2
5000 4710 94.2 5.8
50,000 43,600 872 6.9

Recovery of boldenone standard was added to different dietary supple-
ments (n=3). Before analysis, all spiked samples were extracted in
10 mL of 96 % ethanol and subsequently diluted in the appropriate vol-
ume of assay buffer

RSD relative standard deviation, LOD limit of detection, / GS Extra
Strong Multivitamin, /7 100 % Whey Protein, apple-cinnamon, I/
100 % Whey Protein, vanilla, 7V Amix ™ EGG Amino 600

standard deviation (RSD) ranging from 5.8 to 16.2 %, was
also satisfactory. The results demonstrate a good potential of
the developed ELISA to be applied in routine analyses.

Correlation with UHPLC-MS/MS

UHPLC-MS/MS was selected for the realization of a compar-
ison study. Four solutions of boldenone in ethanol (concentra-
tion range of 0.25-250 ug mL™") were assayed three times by
UHPLC-MS/MS and the newly developed ELISA. The re-
sults of these two methods are shown in Table 5. A linear
relationship was observed. The linear equation is y=1.0256
x—0.7772 (R*=0.9999, n=3).

Conclusion

A highly sensitive ELISA method was devised and optimized
for the determination of boldenone in dietary supplements.

Table 5 Correlation data obtained with developed ELISA and
UHPLC-MS/MS (n=3)

ELISA results UHPLC results

Spiked concentration Mean RSD Mean RSD

(ng mL™) (mgmL™) (%) (mgmL™) (%)
0 LOD — LOD —

0.25 0.24 1.6 0.26 43
2.5 2.53 6.6 2.56 49
25 242 0.8 259 5.1
250 255.9 5.0 250.1 0.6

RSD relative standard deviation, LOD limit of detection

The achieved sensitivity of the method allows omitting the
cleanup procedure of extracts before assaying. Matrix effects
were avoided by the extract dilution before analysis.
Correlation between ELISA and UHPLC-MS/MS was found
to be excellent. The ELISA developed in this research is pri-
marily suitable for simple monitoring of boldenone in dietary
supplements. If identified as positive during such extensive
monitoring, the samples could subsequently be analyzed with
more sophisticated instrumental methods such as
chromatography.

Acknowledgments This work was supported by the Grant of the
Ministry of the Interior of the Czech Republic (VG20112015045).

Compliance with Ethical Standards

Funding This study was funded by Ministry of the Interior of the
Czech Republic (grant number VG20112015045).

Conflict of Interest Lucie Fojtikova has no conflict of interest.
Ladislav Fukal has no conflict of interest. Martina Blazkova has no con-
flict of interest. Sandra Sykorova has no conflict of interest. Martin
Kuchat has no conflict of interest. Petra Miksatkova has no conflict of
interest. Oldfich Lapcik has no conflict of interest. Barbora Holubova has
no conflict of interest.

Ethical Approval All applicable international, national, and/or institu-
tional guidelines for the care and use of laboratory animals were followed.

Informed Consent Informed consent was obtained from all the indi-
vidual participants involved in the study.

References

Abbate Vet al (2015) Anabolic steroids detected in bodybuilding dietary
supplements—a significant risk to public health. Drug Test Anal 7:
609-618

Baume N, Mahler N, Kamber M, Mangin P, Saugy M (2006) Research of
stimulants and anabolic steroids in dietary supplements. Scand J
Med Sci Sports 16:41-48

@ Springer



3186

Food Anal. Methods (2016) 9:3179-3186

Buiarelli F et al (2005) Detection of boldenone and its major metabolites
by liquid chromatography—tandem mass spectrometry in urine sam-
ples. Anal Chim Acta 552:116-126

Chen HX, Zhang XX (2008) Antibody development to testosterone and
its application in capillary electrophoresis-based immunoassay.
Electrophoresis 29:3406-3413

de Souza GL, Hallak J (2011) Anabolic steroids and male infertility: a
comprehensive review. BJU Int 108:1860-1865

Destrez B et al (2009) Criteria to distinguish between natural situations
and illegal use of boldenone, boldenone esters and boldione in cattle
2. Direct measurement of 17beta-boldenone sulpho-conjugate in
calf urine by liquid chromatography-high resolution and tandem
mass spectrometry. Steroids 74:803-808

Draisci R, Palleschi L, Ferretti E, Lucentini L, delli Quadri F (2003)
Confirmatory analysis of 17beta-boldenone, 17alpha-boldenone
and androsta-1,4-diene-3,17-dione in bovine urine by liquid
chromatography-tandem mass spectrometry. J Chromatogr B Anal
Technol Biomed Life Sci 789:219-226

Gaillard Y, Vayssette F, Balland A, Pepin G (1999) Gas chromatographic-
tandem mass spectrometric determination of anabolic steroids and
their esters in hair. Application in doping control and meat quality
control. J] Chromatogr B Biomed Sci Appl 735:189-205

Gambelunghe C et al (2007) Analysis of anabolic steroids in hair by GC/
MS/MS. Biomed Chromatogr 21:369-375

Garcia MC et al (1987) The effects of stanozolol and boldenone
undecylenate on plasma testosterone and gonadotropins and on tes-
tis histology in pony stallions. Theriogenology 28:109-119

Geyer H, Parr MK, Mareck U, Reinhart U, Schrader Y, Schanzer W
(2004) Analysis of non-hormonal nutritional supplements for
anabolic-androgenic steroids—results of an international study. Int
J Sports Med 25:124-129

Groot MJ, Biolatti B (2004) Histopathological effects of boldenone in
cattle. J Vet Med A Physiol Pathol Clin Med 51:58-63

@ Springer

Hagedorn HW, Schulz R, Jaeschke G (1994) Identification and verifica-
tion of the anabolic steroid boldenone in equine blood and urine by
HPLC/ELISA. Biomed Chromatogr 8:63—68

Lu H, Conneely G, Pravda M, Guilbault GG (2006) Screening of
boldenone and methylboldenone in bovine urine using disposable
electrochemical immunosensors. Steroids 71:760-767

Maughan RJ (2005) Contamination of dietary supplements and positive
drug tests in sport. J Sports Sci 23:883-889

Oda SS, El-Ashmawy IM (2012) Adverse effects of the anabolic steroid,
boldenone undecylenate, on reproductive functions of male rabbits.
Int J Exp Pathol 93:172-178

Odoardi S, Castrignano E, Martello S, Chiarotti M, Strano-Rossi S (2015)
Determination of anabolic agents in dietary supplements by liquid
chromatography-high-resolution mass spectrometry. Food Addit
Contam Part A Chem Anal Control Expo Risk Assess 32:635-647

Petroczi A, Taylor G, Naughton DP (2011) Mission impossible?
Regulatory and enforcement issues to ensure safety of dietary sup-
plements. Food Chem Toxicol 49:393-402

Schanzer W, Donike M (1992) Metabolism of boldenone in man: gas
chromatographic/mass spectrometric identification of urinary ex-
creted metabolites and determination of excretion rates. Biol Mass
Spectrom 21:3-16

Stepan R, Cuhra P, Barsova S (2008) Comprehensive two-dimensional
gas chromatography with time-of-flight mass spectrometric detec-
tion for the determination of anabolic steroids and related com-
pounds in nutritional supplements. Food Addit Contam Part A
Chem Anal Control Expo Risk Assess 25:557-565

Tousson E, ElI-Moghazy M, Massoud A, Akel A (2012)
Histopathological and immunohistochemical changes in the testes
of rabbits after injection with the growth promoter boldenone.
Reprod Sci 19:253-259

Van Poucke C, Detavernier C, Van Cauwenberghe R, Van Peteghem C
(2007) Determination of anabolic steroids in dietary supplements by
liquid chromatography-tandem mass spectrometry. Anal Chim Acta
586:35-42



Priloha 10:

Sykorova, S., Fojtikova, L., Kuchar, M., Miksatkova, P.,
Karamonova, L., Fukal, L., Lapcik, O., Holubova, B.: Sensitive
Enzyme Immunoassay for Screening Methandienone in Dietary
Supplements. Food Addit Contam A 35(9): 1653 — 1661, 2018.



Taylor & Francis
Taylor & Francis Group

Food Additives . .
Food Additives & Contaminants: Part A

Contaminants

ISSN: 1944-0049 (Print) 1944-0057 (Online) Journal homepage: http://www.tandfonline.com/loi/tfac20

Sensitive enzyme immunoassay for screening
methandienone in dietary supplements

Sandra Sykorova, Lucie Fojtikova, Martin Kuchaf, Petra Miksatkova, Ludmila
Karamonova, Ladislav Fukal, Oldfich Lapcik & Barbora Holubova

To cite this article: Sandra Sykorova, Lucie Fojtikova, Martin Kuchar, Petra Mik§atkova,
Ludmila Karamonova, Ladislav Fukal, Oldfich Lap¢ik & Barbora Holubova (2018) Sensitive
enzyme immunoassay for screening methandienone in dietary supplements, Food Additives &
Contaminants: Part A, 35:9, 1653-1661, DOI: 10.1080/19440049.2018.1459876

To link to this article: https://doi.org/10.1080/19440049.2018.1459876

[N
h View supplementary material (&'

@ Accepted author version posted online: 30
Mar 2018.
Published online: 25 Jul 2018.

N
CJ/ Submit your article to this journal &

||I| Article views: 33

PN

(&) View Crossmark data &'

CrossMark

Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalinformation?journalCode=tfac20


http://www.tandfonline.com/action/journalInformation?journalCode=tfac20
http://www.tandfonline.com/loi/tfac20
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/19440049.2018.1459876
https://doi.org/10.1080/19440049.2018.1459876
http://www.tandfonline.com/doi/suppl/10.1080/19440049.2018.1459876
http://www.tandfonline.com/doi/suppl/10.1080/19440049.2018.1459876
http://www.tandfonline.com/action/authorSubmission?journalCode=tfac20&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=tfac20&show=instructions
http://crossmark.crossref.org/dialog/?doi=10.1080/19440049.2018.1459876&domain=pdf&date_stamp=2018-03-30
http://crossmark.crossref.org/dialog/?doi=10.1080/19440049.2018.1459876&domain=pdf&date_stamp=2018-03-30

FOOD ADDITIVES & CONTAMINANTS: PART A Tavior & F .
2018, VOL. 35, NO. 9, 1653-1661 e aylor & Francis

https://doi.org/10.1080/19440049.2018.1459876 Taylor & Francis Group

W) Check for updates

Sensitive enzyme immunoassay for screening methandienone in dietary
supplements

Sandra Sykorova?, Lucie Fojtikova?, Martin Kuchat®, Petra MiksatkovaP®, Ludmila Karamonova?, Ladislav Fukal?,
Oldfich Lap¢ik® and Barbora Holubova?

2Department of Biochemistry and Microbiology, Faculty of Food and Biochemical Technology, University of Chemistry and Technology
Prague, Prague, Czech Republic; "Department of Chemistry of Natural Compounds, Faculty of Food and Biochemical Technology, University
of Chemistry and Technology Prague, Prague, Czech Republic

ABSTRACT ARTICLE HISTORY
Methandienone is a synthetic exogenous steroid which, like other anabolic steroids, is strictly Received 6 October 2017
regulated in many countries. In recent years, increasing numbers have been detected of illegal Accepted 11 March 2018

additions into dietary supplements of methandienone and other anabolic androgenic steroids

(AAS). In this work, a competitive indirect enzyme-linked immunosorbent assay (ELISA) has been :\(/lEe‘t(rY:r?dli‘gmine; anabolic
constructed for the detection of methandienone using an antiserum against methandienone. steroid; enzyme-linked
Under optimal experimental conditions, the ELISA achieved a limit of detection of 0.04 + 0.01 pg. immunosorbent assay
g~". The obtained intra- and inter-day coefficients of variation were less than 8%. The developed (ELISA); screening method;

ELISA was applied in the analysis of real dietary supplement samples. To minimise the effect of the dietary supplements
sample matrix, the sample extracts were simply diluted before addition into the immunoassay. The

achieved recovery values were around 100%. Results obtained from the ELISA correlated well, both

in terms of accuracy and precision, with those obtained by UHPLC-MS/MS (reference method). The

presented ELISA could be successfully applied for the simple screening of dietary supplements.

Introduction amounts of analysed dietary supplements, although
the law prohibits the inclusion of AASs (and their
precursors) in these products. The highest concentra-
tions were in the tens of mg/g. For comparison, the
effective daily dose of methandienone for therapeutic
purposes is about 30 mg/day (Geyer et al. 2003;
Greyer et al. 2008).

For effective control of AAS content in a large
collection of dietary supplements, screening meth-
ods are important thanks to their ability to select
suspect samples at considerably reduced cost and
time, so that well-timed decisions can be taken.
Fast and cheap screening methods are especially
demanded for official methandienone/AAS control
in dietary supplements. However, the current
screening strategies are based on chromatographic
methods (Hagedorn et al. 1992; Hooijerink et al.
1998; He et al. 2008; Wang et al. 2011; Gémez et al.
2013; Odoardi et al. 2015; Polet et al. 2016).
Chromatographic methods are very suitable for con-
firmation but, due to the expensive, time-consuming
and laborious analyses, not for screening large

An exogenous anabolic androgenic steroid methan-
dienone  (17B-hydroxy-17a-methylandrosta-1,4-
dien-3-one; also known as dianabol or methandros-
tenolone) was first synthesised in 1955 by Vischer
et al. Methandienone is a derivate of the male sex
hormone testosterone associated with both skeletal
muscle-building (anabolic) and masculinising
(androgenic) effects (Prendergast et al. 2003;
Orlando et al. 2007; Barceloux and Palmer 2013).
This oral steroid was designed for the treatment of a
variety of medical conditions but because of deleter-
ious side effects it is strictly regulated in many coun-
tries (Stang-Voss and Appell 1981; Evans 2004;
Bond et al. 2016). Currently, methandienone is leg-
ally available on prescription only.

Since 1999 several studies have shown evidence of
some dietary supplements containing anabolic andro-
genic steroids (AASs), which were not declared on the
label (Geyer et al. 2004; Maughan 2005; Baume et al.
2006; Petroczi et al. 2011; Abbate et al. 2015; Odoardi
et al. 2015). Methandienone was found in significant
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numbers of test samples (Galarini et al. 2014). In
contrast, immunoassays may be portable and cost-
effective, with appropriate sensitivity, high selectiv-
ity, and minimal sample extraction process.
Therefore, immunotechniques have become
favoured and more considered as methods for the
rapid steroid monitoring in the area of dietary sup-
plements (Popii and Baumann 2004).

During recent years, some authors have
described the production of antibody (polyclonal
or monoclonal) against methandienone for the
preparation of immunoaffinity columns and their
potential application to the selective extraction of
methandienone residues from animal tissue and
feed samples (Wang et al. 2011, 2013, 2014). To
the best of our knowledge, to date no immunoas-
say has been published for the detection of
methandienone in dietary supplements or routi-
nely applied for the screening of official controls.
Our aim was to develop a sensitive competitive
immunoassay that would be as simple as possible
to be applied by the state authorities for the
screening of methandienone in  dietary
supplements.

Materials and methods
Materials, reagents and apparatus

Standards of anabolic steroids were obtained from
Sigma-Aldrich Inc. (St. Louis, USA) or
STERALOIDS, Inc. (Rhode Island, USA). Stock
solutions were prepared in 96% ethanol and stored
at —28°C. Working standard solutions were freshly
prepared by serial dilution in an assay buffer. Tween
20, sulphuric acid, 3,3°,5,5-tetramethylbenzidine
(TMB), hydrogen peroxide (H,O,; 30%), dimethyl-
sulphoxide (DMSO), N-hydroxysuccinimide (NHS),
ovalbumin (OVA), bovine serum albumin (BSA),
gelatine and dried milk were obtained from Sigma-
Aldrich Inc. (St. Louis, USA). N,N’-dicyclohexylcar-
bodiimide (DCC) was obtained from Fluka, N,N-
dimethylformamide (DMF) extra dry was purchased
from Acros. All the other solvents were obtained
from Penta. Peroxidase labelled goat anti-rabbit
IgG antibody (GAR-Px) was purchased from
Norvic Immunology (Tilburg, the Netherlands).
96-well polystyrene microtiter plates Costar 9018
were supplied from Corning Inc., USA.

Enzyme-linked immunosorbent assay (ELISA)
plates were washed with a Columbus Pro instru-
ment from Tecan Group (Austria) and the absor-
bance was read in Labsystem Multiscan MCC/340
(Helsinki, Finland). The data were processed using
Microsoft Excel software (Microsoft Corporation,
Tulsa, USA).

Preparation of immunoreagents

Synthesis of immunogen and coating conjugates
First, methandienone-17-hemisucuccinate (MET-
17-HS) was synthesised by a modified procedure
published by Evans et al. (1963). Commercial
reagents and solvents were used after distillation.
Reactions were monitored with the aid of thin-
layer chromatography (TLC Silica gel 60 F254)
and visualisation was carried out with UV light
(Fojtikova et al. 2016). Methandienone was dis-
solved in a dried flask under an inert atmosphere
(180 mg, 0.6 mmol) in dry diethyl ether (20 mL).
A 3 M solution of ethyl magnesium bromide in
diethyl ether (220 pL, 0.66 mmol) was added with
stirring and followed by slow dropwise addition of
3-(carbomethoxy)propionyl chloride (147 pL,
1.2 mmol). After 5 h reflux, a saturated solution
of NaHCO; (20 mL) was carefully added to the
reaction mixture and the organic layer was sepa-
rated. After the extraction of organic layer with
diethyl ether (2 x 20 mL), the combined organic
extracts were washed with saturated aqueous
sodium chloride (2 x 10 mL) and dried over anhy-
drous MgSO,. The desiccant was filtered out and
the solvent evaporated at the rotary evaporator
(RVO). The product as methyl ester was dissolved
in methanol (6 mL) and a solution of K,CO;
(90 mg/1.5 mL of water, 0.65 mmol) was added.
The reaction mixture was stirred at ambient tem-
perature overnight. Methanol was evaporated;
water (15 mL) and diethyl ether (10 mL) were
added and carefully acidified with 2 M hydrochlo-
ric acid. The organic layer was retained and the
aqueous layer was extracted by diethyl ether (2 x
10 mL). The combined organic extracts were
washed with brine (2 x 10 mL) and dried over
anhydrous MgSO,. After filtering out the drying
agent and evaporation of solvent, the desired
methandienone-17-hemisuccinate (115 mg, 48%,
white crystalline solid) was afforded.



Sequentially, the methandienone-protein conju-
gates MET-17-HS-BSA and MET-17-HS-OV A were
synthesised in a reversed micellar system for steroid
immunogen synthesis by Yatsimirskaya et al. (1993)
with minor modifications. Ten percent solutions
(w/w) of N-hydroxysuccinimide (NHS), dicyclohex-
ylcarbodiimide (DCC) and MET-17-HS in anhy-
drous dimethylformamide (DMF) were prepared.
In brief, MET-17-HS was left to react with DCC
and NHS (molar ratio 3:4:5) in anhydrous
mixture  dimethylformamide/dimethylsulphoxide
(1:1). After 4 h, the reaction mixture was centrifuged
to sediment the crystals of dicyclohexylurea and the
supernatant used for conjugation with BSA or OVA
in a reversed micellar system. The conjugates dis-
solved in water were frozen and then lyophilised.
The stock solutions of the conjugates were prepared
by dissolving 1 mg of lyophilisate in 1 mL of the
coating buffer and stored at —28°C. MET-17-HS-
BSA was used as immunogen for immunisation
and MET-17-HS-OVA was used as coating conju-
gate in ELISA procedure.

Production of polyclonal antiserum

An antiserum specific for methandienone (Anti-
MET) was prepared in Biotest a.s., (Konarovice,
Czech Republic). Antiserum was raised in a rabbit
using MET-17-HS-BSA. The rabbit was immu-
nised and the antiserum was then collected with
the standard procedure. The immunisation proto-
col was described previously in Fojtikovd et al.
(2016). The antiserum collected was lyophilised
and stored at —28°C. A stock solution of the anti-
serum was prepared by dissolving 1 mg of lyophi-
lisate in 1 mL of an assay buffer and stored at
-28°C.

ELISA

Buffers

The buffers and solutions used in this study: coat-
ing buffer (0.01 M carbonate/bicarbonate bulftfer,
pH 9.6); assay buffer (0.01 M phosphate-buffered
saline (PBS), pH 7.4); wash buffer (PBS containing
Tween 20 (0.05% v/v)); substrate solution for
enzyme (1 mg of TMB, 1 mL of DMSO, 2 pl of
30% H,O, (v/v) and 9 mL 0.05 M citrate/phos-
phate buffer pH 5.0); and stop solution (2 M sul-
phuric acid).
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ELISA protocol

The indirect competitive ELISA was performed as
follows: 96-well ELISA plates were coated with the
MET-17-HS-OVA conjugate solution in the coat-
ing buffer (100 pL/well), left to incubate at 4°C
overnight, then washed with the wash buffer (four
times, 350 uL/well). Aliquots (50 uL/well) of
methandienone (in the concentration range of
0-5,000 ng/mL diluted from the stock solution) or
sample extracts, diluted in the assay buffer, and
aliquots (50 pL/well) of the Anti-MET, diluted in
the assay buffer containing BSA (1% w/v), were
pipetted into the wells. Microtiter plates were left
to incubate at 37°C for 1.5 h and washed as
described above. Subsequently, GAR-Px was
added (100 pL/well) and left to interact at 37°C
for 1.5 h. After the final washing step, the substrate
solution for enzyme was added (100 uL/well) and
incubated at room temperature for 10 min. Finally,
the enzyme reaction was stopped by adding the
stop solution (50 pL/well), and the absorbance
was measured at 450 nm. To construct standard
curves, absorbance values were fitted to a four-
parameter logistic equation (Fojtikova et al. 2016).
The ICs, values represented the methandienone
concentration that produced 50% inhibition of
antibody binding to the hapten conjugate. The
limit of detection (LOD) was defined as the con-
centration of an analyte corresponding to the max-
imum assay signal minus 3x standard deviation
(SD) in accordance with the calibration curve (the
blank was calculated from six parallel determina-
tions with the absence of an analyte). The linear
working range corresponded to the analyte concen-
tration causing the 20-80% inhibition of the max-
imal assay signal (A ,.x)-

Cross-reactivity study

Calibration curves with various steroid substances
were constructed and their ICs, values were com-
pared to those from a standard curve for methandie-
none run in the same plate. The value of cross-
reactivity (CR) was calculated as follows: (ICsq of
methandienone/ICs, of tested steroid) x 100 (%).

Recovery study

A recovery study was realised using three kinds
of widely available commercial dietary supple-
ments. Samples of dietary supplements - 100%



1656 (&) S.SYKOROVA ET AL.

WHEY PROTEIN (apple-cinnamon)’ (SCITEC
NUTRITION, Orlando, USA); ‘EGG AMINO
6000° (AmixTM, Manchester, UK) and ‘GS
ExtraStrong Multivitamin’ (Green-Swan
Pharmaceuticals CR, a.s., Prague, CZ) - were
purchased from a local store. The absence of
anabolic steroids in tested matrices was verified
with UHPLC-MS/MS (described in chapter
UHPLC-MS/MS).

Sample preparation

Artificially contaminated samples of dietary sup-
plements were prepared as follows: 1 g of each
sample (milled into powder) was spiked with
methandienone from the stock solution (concen-
tration 1 mg.mL ™" in 96% ethanol) to obtain the
following concentrations: 0.05, 1 and 100 pg.g .
After drying (room temperature, 0.5 h), spiked
samples were homogenised and extracted in
10 mL of 96% ethanol (v/v) (room temperature,
15 min). Supernatants were collected and stored at
4°C. Before assaying, supernatants were diluted
with the assay buffer. The recovered amount of
methandienone was calculated as: (concentration
in extracts measured by ELISA)/(spiked concen-
tration) x 100 (%).

Analysis of counterfeit dietary supplement samples

Three counterfeit dietary supplements containing
methandienone were supplied by the police of the
Czech Republic (details are published in Jurasek
et al. 2015). Real samples were supplied in the
form of an ampoule (labelled sample no. 1) or
tablets (sample no. 2 and 3).

Sample preparation

Sample no. 1: 0.25 mL of the liquid sample in the
ampoule was homogenised and extracted in
225 mL of 96% ethanol (v/v). Sample no. 2:
0.1 g of tablet powder was mixed and extracted
in 10 mL of 96% ethanol (v/v) (room temperature,
15 min). Sample no. 3: 0.13 g of tablet powder was
mixed and extracted in 10 mL of 96% ethanol
(v/v) (room temperature, 15 min). Subsequently,
supernatants were collected and stored at 4°C.
Before assay, the samples were appropriately
diluted with the assay buffer.

UHPLC-MS/MS

To evaluate the accuracy of obtained ELISA results
from prepared extracts of real samples,
UHPLC-MS/MS were used. Samples were pre-
pared as described previously (2.6.1) and analysed
using an Agilent 1290 Infinity UHPLC system
coupled with Agilent 6460 Triple quadrupole
mass spectrometer (Agilent Technologies, Santa
Clara, CA, USA). Chromatographic separations
were performed on an Agilent Zorbax Eclipse
Plus C18 column (2.1 x 50 mm; 1.8 pm). The
mobile phases for gradient elution were ammo-
nium fluoride in water (1 mM) (A) and methanol
(B). The chromatography conditions were
described previously in Fojtikova et al. (2016).

The mass spectrometer was operated in positive
electrospray mode. The drying gas temperature and
the flow rate were 340°C and 4L/min, respectively,
and the sheath gas temperature and flow rate were
380°C and 12L/min, respectively. The nebuliser
pressure was 45 psi, the nozzle voltage 900V and
the capillary voltage was 3500V. Multiple reaction
monitoring (MRM) mode was used for the detec-
tion. Two transitions of m/z were used: 301.2 —
149.1 and 121.1. Agilent Mass Hunter (Agilent
Technologies, Inc.) was used for data acquisition
and quantification of samples.

A standard stock solution was prepared in etha-
nol at 1 mg.mL™" and subsequently diluted in 20%
methanol to obtain seven concentration levels ran-
ging from 0.1 to 500 ng.mL™".The extract solution
of the real samples in ethanol were
100,000 x diluted by serial dilution in 20% metha-
nol and analysed in triplicate to minimise the
errors. LOD for methandienone was determined
0.03 ngmL™" and LOQ was 0.1 ng.mL .

Results and discussion
Methandienone-protein conjugates

The methandienone-protein MET-17-HS-BSA
and MET-17-HS-OVA were synthesised in a
reversed micellar system for steroid immunogen
synthesis. The prepared conjugates were con-
firmed by UV-VIS spectroscopy in the range of
230-350 nm (not shown). The obtained spectra
demonstrated successful coupling between the
hapten and carrier protein. The molar ratios of



hapten:carrier protein were estimated as 8:1 and
12:1 for the immunisation conjugate (MET-17-
HS-BSA) and coating conjugate (MET-17-HS-
OVA), respectively.

Development of competitive ELISA

A competitive indirect ELISA was assembled for
methandienone determination. The optimum con-
centrations of the Anti-MET and of the correspond-
ing MET-17-HS-OVA conjugate were found using a
checker-board titration. The assay was optimised for
time intervals and temperatures of incubations and
for the composition of dilution buffers. The effect of
these parameters were determined by measuring the
maximum absorbance (A, the absorbance value
at zero analyte concentration) and the concentration
of analyte at 50% specific binding (ICsp). It was
necessary to find ELISA conditions that produced
the lowest 1Cs value and the optimum A, values
in the range from 1.5 to 2.0. The optimised condi-
tions for the methandienone immunoassay are sum-
marised in Table 1.

The standard curve of ELISA for methandie-
none determination (concentration range of
0-5000 ng.mL™") is illustrated in Figure 1. Based
on this curve, the limit of detection (LOD) was
0.04 + 0.01 ng.mL™" (0.04 + 0.01 ug.g ') with the
ICsy value of 1.54 + 0.03 ng.mL_1 and the linear
working range was 0.2 - 12 ng.mL™'. The high
sensitivity of the method is important for its use in
the rapid analysis of dietary supplement samples.
As will be discussed in the next section, the sample
extracts are diluted multiple times before the ana-
lysis in order to eliminate the influence of any
matrix effect.

Intra- and inter-day precision studies were per-
formed with three standard samples of methan-
dienone (0.5; 1 and 100 ng.mL™"). The intra- and
inter-day relative standard derivations (RSD) were
calculated in the range of 0.8-2.4% and 6.4-8%,
respectively, confirming that the method is suffi-
ciently accurate.

Cross-reactivity study

The specificity of the Anti-MET was evaluated
using assembled ELISA under the optimised con-
ditions. The reactivity with 59 structurally related
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Table 1. Optimised condition and parameters for methandie-
none ELISA.

Selected condition
MET-17-HS-OVA

Coating conjugate

Concentration of MET-17-HS-OVA (ug.mL'1) 0.02
Antiserum Anti-MET
Concentration of Anti-MET (ug.mL‘1) 2.5

Buffer for Anti-MET dilution
Secondary antibody

Dilution of secondary antibody

Buffer for secondary antibody dilution

PBS-1.0% BSA
GAR-Px

1:10.000

PBS-0.01% gelatin
Selected parameters

ICso (ng.mL™") 1.54 + 0.03
Linear working range (ng.mL™") 02-12
Detection limit (ng.mL™") 0.04 + 0.01

MET-17-HS-OVA conjugate of methandienone with ovalbumin at C17 posi-
tion; GAR-Px goat anti-rabbit antibody conjugated to horseradish perox-
idase; PBS 0.01 M phosphate-buffered saline, pH 7,4; PBS-1.0% BSA PBS
buffer containing bovine serum albumin (1.0% w/v); PBS-0.01% gelatin
PBS buffer containing gelatin (0.01% w/v)
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Figure 1. Representative methandienone ELISA standard curve

using optimised assay protocol (mean value + SD, n = 6),
LOD = 0.04 + 0.01 ng.mL™" and ICso = 1.54 + 0.03 ng.mL™"

compounds was tested and the obtained ICs,
values were used to calculate the CRs. Table 2
reports the CR for tested compounds. In this
work, group specificity of the Anti-MET was
expected as the immunisation conjugate was pre-
pared by binding BSA through C17 of
methandienone.

Cross-reactivity was found with steroids which
have the same structure as methandienone in A, B
and C rings of the steroid skeleton. The main cross-
reactant steroids for Anti-MET were boldenone and
its esters (CR in range of 23-3%). The cross-reactiv-
ity of esters of boldenone decreases with increase in
size of the side chain in position C17. In Figure 2,
structure differences between the methandienone,
boldenone and boldenone esters are demonstrated.
As shown in Table 2, the group specificity was
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Table 2. Cross-reactivity data calculated for methandienone polyclonal antibody.

Steroid CR (%) Steroid CR (%)
Methandienone 100.0 21-deoxycortisol 0.7
Boldenone 229 Dihydrotestosterone 0.7
Boldenone acetate 19.3 Progesterone 0.7
Boldenone propionate 8.9 17-Hydroxyprogesterone 0.6
Boldenone sulphate 49 Cortisol 0.5
170a-Methyltestosterone 3.2 4-Androsten-11p-ol-3,17-dione 0.3
Boldenone benzoate 24 Boldenone undecanoate 0.3
9- dehydromethyltestosterone 23 19-Nortestosterone 0.3
Testosterone 1.8 Nortestosterone acetate 0.2
4-Androstene-19-ol-3,17-dione 17 Testosterone propionate 0.2
Cortisone 1.5 Methyldihydrotestosterone 0.1
4-Androsten-3,17-dione 1.3 Nandrolone propionate 0.1
11-deoxycorticosterone 1.2 Oxymetholone 0.1
Corticosterone 0.8 Testosterone benzoate 0.1
5B-Androstan-3,17-dione 0.7 Testosterone decanoate 0.1

CR cross-reactivity

confirmed. The fact that the assembled ELISA is not
specific only for methandienone, but to some extent
also for anabolic steroid boldenone and its esters
does not preclude its application for screening of
methandienone in dietary supplements. If identified
as positive during ELISA screening, the content of
samples could subsequently be analysed with more
sophisticated instrumental methods such as
chromatography.

For other tested compounds with the steroid
skeleton, CRs were less than 0.1% (not shown in
Table 2; aldosterone, boldenone undecylenate,
cholesterol, deoxycholic acid, dehydroepiandros-
terone, dihydrotestosterone acetate, dihydrotestos-
terone benzoate, dihydrotestosterone enanthate,
drostanolone, epitestosterone, estriol, ethinylestra-
diol, ethisterone, fluoxymesterone, hydroxypreg-
nenolone, mesterolone, nandrolone benzoate,
nandrolone phenylpropionate, nortestosterone
cypionate, nortestosterone decanoate, oxandro-
lone, stanozolol, testosterone acetate, testosterone
cypionate, testosterone undecanoate, trenbolone,
trenbolone acetate, trenbolone enanthate, trenbo-
lone hexahydrobenzyl carbonate).

Solvent tolerance

In immunoassay, the preparation of real food
samples for analyses often requires an extraction
using organic solvents. The presence of organic
solvents can negatively affect assay sensitivity by
modifying the presentation of the soluble ana-
lyte to the antibody or by changing the interac-
tion of the antibody with the conjugated hapten

used in the assay (Abad et al. 1999). The effects
of several concentrations of methanol, ethanol
and isopropyl alcohol on the performance of the
methandienone ELISA were studied. Standard
curves were prepared in the assay buffer and in
the assay buffer containing various amounts of
an organic solvent (1, 5, 10 and 20% (v/v)). Apax
and ICs, changes were investigated as described
above (results not presented here). The decrease
in the A,.« and the increase in the ICs, values
were observed in connection with the increase
of the solvent concentration. A marked differ-
ence was not found between solvents. Ethanol
was used for the preparation of samples with
regard to the safety of method users. It was
found that ethanol was very well tolerated by
the assay format up to a 10% concentration.

Recovery study

In this study, three artificially contaminated
solid samples of dietary supplements were used
for the recovery study. The preparation of sam-
ple extracts is specified in section Materials and
methods. To minimise matrix effects, dilution as
the most efficient method was applied. All
matrices were diluted 100x (10x in extraction
step with 96% ethanol and 10x with assay buffer
to reduce ethanol effect). Parameters of the cali-
bration curve were not influenced by 1% content
of any tested matrix (results not shown). The
recovered amount of methandienone was calcu-
lated by subtracting the spiked dose from the
value obtained for each spiked sample. The
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Figure 2. Structures of anabolic steroids with value of cross reactivity: methandienone (100.0%); boldenone (22.9%); boldenone
acetate (19.3%); boldenone propionate (8.9%); boldenone sulphate (4.9%); boldenone benzoate (2.4%); boldenone undecylenate

(less than 0.1 %).

recovery study was performed in three replicates
and the results were satisfactory as seen in
Table 3 (no false-negative results were
obtained). All calculated data were in the range
of 88 to 118%.

Analysis of counterfeit dietary supplement samples

As a part of this study, a comparison study was
done using the developed ELISA and UHPLC-
MS/MS (as a conventional method for food con-
trol quality). Three counterfeit dietary supple-
ments containing methandienone were supplied
by the police of the Czech Republic. The pre-
paration of sample extracts is specified in section
Materials and methods. The results of these two
methods are shown in Table 4. A linear relation-
ship was observed. The correlation between the
UHLC-/MS/MS data and ELISA results was very
good: correlation coefficient and regression slope

Table 3. Recovery of methandienone from spiked samples (as
established by ELISA).

Spiked concentration Mean value Recovery RSD

Dietary supplement (ug.g7") (ug.g™) (%) (%)
A 0 ND - -
0.05 0.053 106 23
1 0.99 99 10
100 109.8 110 9
B 0 ND - -
0.05 0.044 88 25
1 0.97 97 12
100 104 104 5
C 0 ND - -
0.05 0.051 102 20
1 0.98 98 15
100 118.1 118 7

Set of analysis n = 3; A 100% Whey Protein - apple-cinnamon; B Amix Tm
EGG Amino 6000; C GS Extra Strong Multivitamin; RSD relative standard
deviation; ND not determined.

were very close to 1 (linear equation: y = 1.1631
x; R? = 0.996, set of analysis: n = 3). Results
demonstrate that the ELISA could be an impor-
tant tool in food control as a reliable screening
method for methandienone in dietary supple-
ment samples.



1660 S. SYKOROVA ET AL.

Table 4. Comparison of methandienone determination by
ELISA and UHPLC-MS/MS in real samples.
Real dietary supplement sample
1 2 3

UHPLC- 858 +0.03mg.g™ 638+ 0.1mgg' 194+03mgg”’
MS/MS
results

ELISA 76+12mgg  750+30mgg’ 21.0+3.0mgg"
results

Three counterfeit dietary supplements were supplied by the Police of Czech
Republic; liquid sample 1 was supplied in the ampoule form; samples 2
and 3 were supplied in the tablet form.

Conclusions

In this work, MET-17-HS-BSA was synthesised to
generate an antiserum against methandienone
(Anti-MET). An indirect competitive ELISA was
established and optimised using Anti-MET and an
excellent limit of detection was obtained. The
method was able to detect methandienone in diet-
ary supplements without a complicated clean-up
step. To reduce or eliminate unwanted
co-extracted matrix components, the sample
extracts were diluted in buffer. A good correlation
of results with UHPLC-MS/MS was demonstrated.
The presented ELISA has a potential use for a
screening of methandienone and other abused
anabolic steroids in dietary supplements. The
results suggest possible commercial test applica-
tions in food control.
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Abstract

HoLUBOVA B., GOSELOVA S., SEVEIKOVA L., VLACH M., BLAZKOVA M., LAp&iKk O., FUKAL L. (2013): Rapid
immunoassays for detection of anabolic nortestosterone in dietary supplements. Czech J. Food Sci.,
31: 514-519.

An enzyme immunoassay (ELISA) and an immunochromatographic strip were designed for a rapid detection of
nortestosterone in dietary supplements. Two polyclonal antibodies and two types of nortestosterone-protein coating
conjugates were tested to develop the most appropriate method. Under optimal experimental conditions, the most
sensitive ELISA achieved the IC, and the limit of detection values of 6.41 and 0.09 ng/ml, respectively. The assay
specificity was tested measuring cross-reactivity of several steroids. The interference with the assay was negligible
(< 0.1%), except for cross-reactivity with another frequently abused steroid testosterone (23%). The optimised gold
particle-based immunochromatographic strip provided in semi-quantitative test a visual detection limit of 1 ng/ml.
None of these methods showed the interference using a filtrate of the suspension of non-contaminated sample. After

the validation for particular matrices, the ELISA and the strip test could be useful tools for a rapid analysis of nortesto-

sterone in crude extracts of dietary supplements.

Keywords: 19-nortestosterone; ELISA; colloidal gold immunoassay; strip test

Dietary supplements with strength and muscle
bulk enhancing effects contain usually amino acids,
proteins, prohormones and creatine as active
components. A lot of these dietary supplements
are freely available through numerous internet
sites which causes an expansion in the use of
these supplements (VACLAVIKOVA & KVASNICKA
2013). Some studies have shown that many sup-
plements contain banned substances that are
not declared as ingredients and present risks
for the consumer (MIKULCIKOVA et al. 2008).
The most common are anabolic steroids such
as testosterone precursors, 19-nortestosterone,
methandienone, or boldenone (PETROCZI et al.
2011). These undeclared substances can cause

health risks to consumers and may lead to posi-
tive results in sports doping control, especially
with the nandrolone metabolite norandrosterone.
19-Nortestosterone (NTS) (17p-hydroxy-19-no-
randrost-4-en-3-one), also named nandrolone,
is an anabolic steroid which occurs naturally in
the human body, but only in tiny quantities. It
is very similar in structure to the male hormone
testosterone, and has many of the same effects
in terms of increasing muscle mass. Ergogenic
use for this steroid in sports, racing, and body-
building is controversial because of its adverse
effects and the potential to gain an advantage.
Its use is referred to as doping and is banned by
all major sporting organisations.

Supported by the Ministry of the Interior of Czech Republic, Project No. MV0 VG20112015045.
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The analysis of nutritional supplements for anabol-
ic steroids has proven to be rather difficult due to the
different matrices in various products. Traditional
methods for the analysis of NTS such as LC/MS
and GC/MS (MARTELLO ef al. 2007; STEPAN et al.
2008) are highly sensitive and reliable. However,
they involve multiple steps in the sample prepara-
tion and analysis, require expensive equipment and
skilled analysts, and are therefore unsuitable for
routine analysis of a large number of samples or
on-site determinations. In contrast, immunoassays
could be portable and cost-effective, with adequate
sensitivity, high selectivity, and a simple sample
extraction process. Therefore, immunotechniques
have become popular and are increasingly consid-
ered as alternative/complementary methods for the
residue analysis (Por1l & BAUMANN 2004).

During the last decade, several immunoassays
based on the enzyme-linked immunosorbent im-
munoassay (ELISA) for the detection of NTS in
veterinary areas of animal health control have been
described (LU et al. 2006; XU et al. 2006; JIANG et
al. 2011b, 2012). Moreover, the strip immunoas-
says for the visual detection of NTS residues in
unit of ng/ml in buffer or animal urine have been
published by L1u et al. (2007), T1AN et al. (2009),
and JIANG et al. (2011a). To our best knowledge,
no use of immunoassay for the detection of NTS in
dietary supplements has been reported up to now.
That is why we present here experiments leading to
the design of ELISA and immunochromatographic
test for these purposes.

MATERIAL AND METHODS

Chemicals and immunoreagents. The rabbit
polyclonal antibodies (RAbs) specific for NTS
were prepared in the Biotest s.r.o. (Konarovice,
Czech Republic). Bovine serum albumin (BSA),
Tween 20, polyethylene glycol (PEG, MW 3350),
and 3,3',5,5'-tetramethylbenzidine (TMB) were
purchased from Sigma-Aldrich Inc. (St. Louis,
USA). The NTS-3-ovalbumin (NTS-3-OVA) and
NTS-3-BSA conjugates were synthesised using
19-NTS-3-karboxymethyloxime in a reversed
micellar system (LAPCIK et al. 2004). Donkey anti-
goat antibody (DAG), goat anti-rabbit antibody
(GAR) as well as the goat anti-rabbit antibody with
horseradish peroxidase (GAR/Px) were obtained
from Nordic Immunological Laboratories (Tilburg,
the Netherlands). All antibodies were supplied as

purified IgG fractions of polyclonal antiserum.
Gold colloid nanoparticles (an average diameter
of 40 nm) were from BB International (Cardiff,
UK). GAR labelled with gold nanoparticles was
prepared according to the procedure described
for carbon nanoparticles (HoLuBovA-MICKOVA
et al. 2010) with a slight modification. Steroids
standards were from Steraloids Inc. (Newport,
USA). Individual stock standard solutions contain-
ing 1 mg/ml of each compound were prepared by
dissolving accurately weighed amounts in ethanol
which was stored in darkness at 4°C. Working
standard solutions were freshly prepared by serial
dilutions in buffers. Other common chemicals
were of the highest purity available and purchased
from Sigma-Aldrich. Various types of nitrocel-
lulose membranes were from Whatman GmbH,
Dassel, Germany (PRIMA 80, PRIMA 125, AE 98
FAST, AE 98, Protran BA 79, Protran BA 83, Pro-
tran BA 85), Millipore Ltd., Praha, Czech Republic
(Immunopore FP, Immunopore RP, HiFlow Plus HF
135, HiFlow Plus HFB180, HiFlow Plus 090), and
Sartorius Stedim Biotech S.A., Aubagne Cedex,
France (Unisart 140). Vinyl backing ARcare®7823
and the absorbent pad CFSP both was from Mil-
lipore Corp. (Glen Rock, USA). ELISA polystyrene
microtitre-plates Costar (catalogue No. 9018)
were obtained from Corning Inc. (Corning, USA).

Instrumentation. ELISA plates were washed with
Labsystem Multiwash (New York, USA) and the ab-
sorbance was read in Labsystem Multiscan MCC/340
(Helsinki, Finland). The data were processed using Mi-
crosoft Excel software (Microsoft Corporation, Tulsa,
USA). For preparation of an immunochromatographic
test the Linomat V (Camag AG, Muttenz, Switzerland)
and a programmable strip cutter (Economic Cutter
7Q2000; Shanghai Kinbio Tech Co., Ltd., Shanghai,
China) were used. Epson Perfection V700 Photo Scan-
ner (Seiko Epson Corporation, Nagano, Japan) and
the TotalLab TL100 software (Nonlinear USA Inc.,
Durham, USA) were used for the quantification of
the colour intensity of lines on strips.

ELISA. The ELISA of NTS was carried out in an
indirect competitive format as follows: the micro-
plates were coated with the NTS-3-OVA conjugate
solution in 0.05M carbonate-bicarbonate buffer, pH
9.6 (100 ul/well), left to incubate for 2 h at 37°C,
and then washed four times with PBS containing
Tween 20 (0.05%, v/v). The aliquots (50 pl/well) of
NTS or others steroid standards, diluted in PBS,
and the aliquots (50 pl/well) of RAbs were pipetted
into the wells. Incubation for 2 h at 37°C and wash-

515



Vol. 31, 2013, No. 5: 514-519

Czech . Food Sci.

ing as described above. Subsequently, GAR/Px was
added (100 pl/well), left to interact for 1.5 h at 37°C
and washed. Peroxidase substrate in the reaction
buffer was added to each well (100 pl/well). After
10 min incubation at 24°C, the enzyme reaction was
terminated by adding 50 pl/well of 2.5M sulphuric
acid, and the absorbance at 450 nm was measured.

To construct the standard curve, the absorbance
values were fitted to a four-parameter logistic equa-
tion. The IC,  values represented the concentration
of N'TS that produced 50% inhibition of antibody
binding to the hapten conjugate. The detection limit
was defined as the lowest concentration of NTS
that exhibits a signal of 10% inhibition. The linear
working range was calculated as the concentrations
of NTS providing a 20—-80% inhibition rate of the
maximum signal. The specificity of antibodies was
expressed as cross-reactivity (CR) value with struc-
turally related steroids. The CR was calculated as:
(IC,, of NTS)/(IC, of competitors) x 100.

Design of immunochromatographic strip. The
strips were prepared similarly as in the procedure
described previously (HoLuBOVA-MICKOVA et al.
2010), using nitrocellulose membrane sheet, vinyl
backing, NTS-3-OVA (or NTS-3-BSA) and DAG
solutions (5mM borate buffer, pH 8.8), Linomat V
and cutter (Figure 1). Then, the strips were stored
in sealed bags under dry conditions at laboratory
temperature until used.

Procedure of immunochromatographic assay.
In a microplate well, 50 ul of NTS standard solu-
tion in buffer (or filtrate of sample suspension)
was mixed with 50 pl of the running buffer (0.2M
borate buffer, pH 8.8), 20 pl of GAR-gold conju-
gate, and 1 pl of an anti-NTS antibody (1 pg/ml).
Subsequently, the membrane strip was dipped into
this reactant mixture vertically. The solution mi-
grated toward the absorbent pad and after 10 min,
the test result was observed. The colour intensity
of test line could be assessed visually with naked

absorption
pad

control line
[Fankay anli-gosd &G

test line s sonel

{rodestostenmme. JUVA I;I

ranieafasipeos-B5A) I 5

— b *

nitrocellulose

negative positive
membrane -~

sample sample
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Table 1. Significant parameters of optimised ELISA

Chosen as optimal

Parameter for antibody

No. 102 No. 120
Concentration of nortesto-
sterone-3-OVA (pg/ml) 0.125 0.25
Concentration of antibody
(ug/ml) 0.02 0.025
Additives in reaction buffer 0.1% BSA  0.1% gelatin
IC50 (ng/ml) 517 +0.2 6.41 + 0.4
Linear working range (ng/ml) 1-32 1-67
Detection limit (ng/ml) 0.12 £0.03  0.09 £ 0.02

eyes. For the quantification of the colour intensity,
grayscale densitometry was used after the strip was
fully air-dried and the intensity of the test lines
was quantified using the TotalLab TL100 software.

RESULTS AND DISCUSSION

Six rabbits were immunised with NTS-3-BSA
and the antisera obtained were tested for reactivity
with NTS. Checkerboard titrations were performed.
Only two antibodies marked No. 102 and No. 120
were selected and with the NTS-3-OVA used for
the development of ELISA.

The optimal reagent concentrations of the im-
munoreagents used were determined when the
maximum absorbance ranged from 1.0 to 1.5,
and the dose-response curve pursued the lowest
ICso values. Because inert proteins (such as BSA,
gelatin, milk powder) and surfactants (such as
Tween-20) are commonly used in ELISA to reduce
nonspecific interactions, their influence on the
assay performance was examined. It was observed
that the addition of 0.1% BSA and 0.1% gelatin in
PBS for the dilution of antibodies No. 102 and No.
120 had a positive effect on the curve parameters,

+—— control ling

test ling

reaction
mixture

Figure 1. Schematic illustration of the strip
test design
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Table 2. Cross-reactivities (CR) of related structural or
functional analogues in the nortestosterone ELISA

CR (%) for antibody

Analogue

No.102  No. 120
Nortestosterone 100 100
Testosterone 9 23
DHEA 1 5
5-B-Androstane-3,17-dione <0.01 <0.01
Epitestosterone <0.01 <0.01
Progesterone <0.01 0.3
Cortisone <0.01 <0.01
4-Androstene-11-B-o0l-3,17-dione <0.01 <0.01
17-OH progesterone <0.01 0.08
Cortikosteron <0.01 <0.01
Aldosterone <0.01 <0.01
17-B-Estradiol 0.06 0.02
Estriol <0.01 <0.01
4-Androstene-3,17-dione <0.01 <0.01
Cortisol <0.01 <0.01
11-Deoxycortikosteron <0.01 <0.01
21-Deoxycortisol 0.02 0.1

DHEA - dehydroepiandrosterone

respectively. Optimal combinations of concentra-
tions are summarised in Table 1.

Figure 2 shows the representative calibration
curves obtained using the optimised ELISA. The
central section was accepted as the assay working
range. In Table 1, the analytical parameters of the
assay are shown. The limit of detection (LOD)
was about 0.10 ng/ml. It is comparable with that
obtained by other authors (JiANG et al. 2011b).
From the metabolic fate of NTS in humans is it
clear that the method used to analyse dietary sup-

1.4 -
¢ antibody No. 102

1.2 A antibody No. 120

A
1.0 4

0.8

0.6

0.4

Absorbance (450 nm)

0.2

0.0 T T 1
0.0 2.0 4.0 6.0

log (concentration of nortestosterone) (pg/ml)

Figure 2. Standard curves of ELISA

plements should have a detection limit of about
20 pg/g (De Cock et al. 2001). We can deduce
that converted to solution (filtrate of suspended
sample), the LOD value achieved with ELISA is
sufficient in abundance.

Subsequently, the specificity of the described
ELISA was evaluated by the determination of cross-
reactivity (CR) based on the IC,, values of the in-
dividual chemicals. This was undertaken by adding
various structurally or functionally related analogues
instead of using NTS. When using antibody No. 120
the method exhibited slight cross-reactivity with
structurally similar testosterone (23%) and DHEA
(5%). Antibody No. 102 also interacted weakly (9%)
with testosterone. The interferences by other struc-
turally related analogs were negligible (< 0.1%), thus
proving that the developed assay is highly specific
for NTS (Table 2).

In the immunochromatographic method, the
colloidal particles, which are indirectly conjugated
to the analyte-specific antibody, serve as the label
for the immunoassay. The principle of the test is as
follows: The target analyte in the reactant mixture
is bound by colloid-antibody (RAb-GAR-gold)
and migrates due to capillary effects along the
membrane (Figure 1). The test line, impregnated
with NTS-protein conjugate, captures any free
colloid-antibody as a narrow pink coloured band
which is visible by the eye. Therefore, the samples
free of NTS will result in just free colloid anti-
bodies in the reaction mixture, which will give
a pink coloured test line of maximum intensity.
Alternatively, analyte-positive samples, resulting
in binding to the colloid-antibody, are identified
by a decrease or the absence of colour intensity
in the test line. The control line acts as a positive
control to assure that the labelled secondary Ab
migrated through the system.

Most of the components necessary for the im-
munochromatographic strip design as well as the
experimental conditions have a key influence on
both the performance and final sensitivity. The
concentrations of the reagents were preliminary
optimised to satisfy the following assay criteria: good
sensitivity, minimum immunoreagent consumption,
and the appearance of the test line with good col-
our intensity and sharpness (for negative sample).
Therefore, checkerboard titration experiments were
carried out. Several amounts of NTS-protein con-
jugate immobilised on the membrane (25-400 ng
per strip) against different amounts of primary
antibody (0.25-4 pg per strip) were investigated
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in the assays of the standard solutions containing
NTS at concentrations of 0, 5, and 500 ng/ml. The
same experiments were performed for different
concentrations of gold-labelled GAR. Preliminary
optimised concentrations of reagents were finally
specified after the following optimization of other
assay conditions. Then, some other factors affecting
the strip test performance were also evaluated: the
type of membrane and the type of running buffer.
Thirteen various types of nitrocellulose membrane
were tested. The type of membrane influenced the
flow time and sharpness of the detection lines. Also,
the composition of the running buffer markedly
affected mainly the character of the reactant flow,
level of background colour, sharpness, and intensity
of the test line. Phosphate buffer and borate buffer
of various pH values and ion concentrations were
tested. Moreover, the effects of additives such as
BSA, PEG, sucrose, surfactants and their combina-
tions were tested to improve the test performance.
In all these experiments, two anti-NTS antibodies
(No. 102 and No. 120) and two NTS-protein con-
jugates (NTS-3-OVA and NTS-3-BSA) were used,
alternatively. The qualitative evaluation of the lines
intensity found visually was quantified using scanner
and computer software. The optimised conditions
found for the strip test are summarised in Table 3.

The sensitivity of the strip test was determined by
testing the NTS standard samples in the concentra-
tion range from zero to 2000 ng/ml. The details of
the test line intensity on the selected strips are shown
in Figure 3. The visual LOD of the assay was defined
here as the minimum NTS concentration producing

Table 3. Design parameters of optimised immunochro-
matographic strip test

Chosen as optimal with
antibody No. 102 and
nortestosterone-3-BSA

Parameter

Type of nitrocellulose

Prima 85

membrane
Amount of nortestoster-
one-3-BSA conjugate 50 ng
in test line
{\mount of .DAG 200 ng
in control line
Amount of primary 1
antibody per strip He
Amount of GAR-gold

Tug

conjugate per strip

Composition of running
buffer

0.1M borate buffer, pH 8.8
(0.1% BSA, 1% PEG, 0.1% Tween)
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Figure 3. Typical strip tests after assay procedure of
standard (Nortestosterone concentrations: (A) negative
control, (B) 5 ng/ml, and (C) 500 ng/ml (TL — test line;
CL - control line)

the colour density of the test line significantly weaker
than that at zero concentration (it means absolute
agreement between the result assessments of three
repetitions of the same test by five observers). The
NTS concentration of 1.0 ng/ml caused a slight but
visually distinguishable difference in the test line
intensity compared to the negative control. Thus,
1.0 ng/ml of NTS was considered to be the visual
LOD for the semi-quantitative test. It is sufficient
value for assaying suspended samples of dietary
supplements. At concentrations of NTS > 100 ng/ml,
the test line was invisible.

CONCLUSION

This study successfully demonstrated the potential
of using the rapid immunoassays for sensitive detec-
tion of NTS in nutritional supplements. First, the
quantitative ELISA assay was designed. Highly spe-
cific rabbit polyclonal antibody and the NTS-3-OVA
conjugate were used for its construction. Under
optimised experimental conditions, the LOD was
0.09 ng/ml. Moreover, the same antibody and con-
jugate NTS-3-BSA were used also for designing the
strip test of optimal parameters that provides visual
LOD of 1 ng/ml. Both developed assays are suf-
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ficiently sensitive. However, the semi-quantitative
strip test is easier to perform, allowing for non-
specialised personnel on-site application without
requirements for intensive labour and any device
for sample analysis. This property makes it useful
for incorporation into monitoring programs for
the control of food supplements contamination.
Additional investigations would be needed to the
evaluate this assay as fit-for-purpose.
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Highly sensitive avidin-biotin ELISA for
detection of nandrolone and testosterone in
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Avidin-biotin technology was used for the implementation of an enzyme-linked immunosorbent assay (AB-ELISA) as a sensitive
method for the detection of anabolic androgenic steroids (AAS) present in dietary supplements. Using click chemistry, novel
haptens (linker-optimized biotinylated nandrolone (NT) and testosterone (T) at positions C-3 and C-17, respectively) were de-
signed and synthesized to be then applied as four different immobilized competitors in a proposed set of four indirect competitive
AB-ELISAs. Four rabbit polyclonal antibodies of various specificities were prepared using four different immunogens synthesized
from C-3 and C-17 carboxymethyloxime and hemisuccinate derivatives of NT and T, respectively. Assembled AB-ELISAs were char-
acterized to establish method parameters such as a half-maximum inhibition concentration (0.18-12.99 ng/mL), limit of detection
(0.004-0.032 ng/mL) and linear working range (the best with 0.02-1.38 ng/mL). The stability of the set simulating storage in
different conditions was demonstrated. Cross reactivity (CR) was tested for 59 steroids including both endogenous and synthetic
analogues in four assembled AB-systems. The focus was placed on the practical use of the method in detection of various AAS in 49
samples of counterfeit dietary supplements. The concordance between ultra high performance liquid chromatography-mass
spectrometry (UHPLC-MS) and the CR corrected data from AB-ELISA indicated the potential of this method even to quantification
of T propionate, NT phenyl propionate, and NT decanoate in such a complex matter. Copyright © 2016 John Wiley & Sons, Ltd.

Additional supporting information may be found in the online version of this article at the publisher’s web site.
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Introduction

Anabolic androgenic steroids (AAS) belong to a group of substances
that are largely employed considering their tropic effect on muscle
tissue of bodybuilders and athletes at all levels of performance.
Originally, these substances were designed for the treatment of
haematological and post-surgical conditions and substitutive
supplementation."’ Some groups have reported the connection of
unwise self-administration and some types of cancer, cardiovascular
problems, liver damage, and neurological disorders.”* Nevertheless,
there is still an increasing illicit misuse of these steroids, which are
often disguised as nutritional supplements.*' Nowadays it is clear
that many such supplements are mislabelled and may contain AAS
or prohormones that could be metabolized into banned AAS
Some of them come from the black market and some are intentionally
added to food supplements and sold as protein supplementation,
vitamins, minerals, or carbohydrates, for example.'®'" Therefore, it is
important to ensure that commercially available preparations do not
contain AAS. Otherwise AAS pose a threat to those people who merely
take dietary supplements to maintain performance and vitality.'>'3
Nandrolone (NT; also known as 19-nortestosterone or 17f3-hy-
droxy-19-nor-4-androsten-3-one) and testosterone (T; 17f-hy-
droxy-4-androsten-3-one) and derivatives still hold the front line
among abused AAS. In most cases, simple 17p-esters!™ are seized
(e.g. propionate, phenylpropionate, decanoate, enanthate). Both
steroids are banned in sports by the International Olympic

Committee.l" A one-year police investigation led to a successful
police raid on the headquarters of an organized crime group re-
sponsible for massive imports of counterfeit medical preparations
and food supplements from Slovak Republic to the Czech
Republic.'"® One hundred forty-eight various types of medical
preparations and food supplements for muscle growth, erectile
dysfunction treatment, and fat loss pills were found during a police
house search. The overall amount of seized material reached over
20 000 tablets and 1000 ampoules. All samples were submitted
for forensic analysis to clarify their authenticity. For the purpose of
this study, only selected samples of food supplements known to
contain AAS were chosen for analysis. Samples without the pres-
ence of AAS were used as negative controls.

The main analytical methods for determination and quantifica-
tion of AAS in human liquids include gas chromatography-mass
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spectrometry (GC-MS) and liquid chromatography-electrospray
ionization-tandem mass spectrometry (LC-ESI-MS/MS) based
approaches.”"”'® However, these methods require skilled profes-
sionals and relatively high cost for the analysis of samples associ-
ated with the operation of devices. This study deals with the
development of screening enzyme-linked immunosorbent assay
method (ELISA) for detection of nandrolone and testosterone in di-
etary supplements. Current direct and indirect formats of ELISA uti-
lize the competition between the steroid present in the sample and
the hapten conjugate derived from the steroid with carrier protein
immobilized on the microtiter plate, membranes, or particles.'?*%
Bovine serum albumin, ovalbumin or other proteins of suitable
properties are used as carrier proteins.ml By conjugation, statisti-
cally random steroid occupancy on the protein molecule is
achieved. Properties of such constructs from different lots vary
and are somewhat heterogeneous, which may adversely affect
the set parameters and reproducibility. Moreover, according to
our previous experience, the ovalbumin conjugates are sensitive
to careless handling and storage, thus possible determination of
the length of their use is often difficult. Here we describe the devel-
opment of stable ELISA set for the detection of NT and T utilizing
coating based on avidin-biotin technology (hereinafter AB-ELISA;
Figure 1). In this methodology, avidin (or analogues) was coated
on microtiter plates and the biotinylated part of the molecule was
trapped by avidin. The steroidal part served as a competitor to an
analyte in this AB-ELISA method. This methodology appeared to
be more advantageous than conventional ELISA, in particular for
the sensitivity® and stability.”> To date, only biotinylated 7o-
testosterone!®!! 17a-ethinylestradiol,”** and cortisol®>?® were used
as trappers in AB-ELISA. Furthermore, biotinylated steroids, if
retaining their pristine biological activity, may be used in molecular
biology as proteomic probes of biospecific interactions with their
natural targets.[?’~>%

To develop the optimal biotinylated structure for ELISA, we syn-
thesized three variants of differently linked biotinylated NT deriva-
tives at the C-3 position. Based on the relevant criteria (Isg - the
concentration of analyte causing 50% inhibition of the maximum
ELISA signal in the competitive standard curve, physicochemical
properties, and synthetic accessibility), we selected a derivative
with a short linker (PEG3) as the suitable model for further work.
The concept was successively expanded to C-3 biotinylated T and
C-17 NT and T derivatives. The methodology utilizing AB-ELISA sets
for the mentioned conjugates was established and the optimized
method was used to determine the presence and quantity of AAS
in real samples. The advantages of our method include, among
others, undemanding amount of consumed immunoreagents™"!
and the stability of the set towards preservation and temperature
fluctuations.

A

competitors

e XY

biotinylated

D steroid

T microtiter plate

antibody

Figure 1. Schematic arrangement of AB-ELISA.

Experimental
Synthesis

Nandrolone was purchased from Sigma-Aldrich (St Louis, MO, USA)
and testosterone from Steraloids (Newport, RI, USA). Biotinylated
building blocks and PEGs (Figure S1) were purchased from Click
chemistry tools (Scottsdale, AZ, USA). For thin-layer chromatogra-
phy (TLC), aluminum silica gel sheets were used for detection in
UV light (TLC Silica gel 60 F,s4, Merck, Darmstadt, Germany). Diluted
solution of sulfuric acid in methanol was used and plates were suc-
cessively heated for TLC visualization. Silica gel (30-60 um, SiliTech,
MP Biomedicals, llikirch, France) was used for column chromatogra-
phy. NMR spectra ("H 300 MHz and "3C 75 MHz) were recorded on a
Varian Gemini 300 (Varian, Palo Alto, CA, USA). Chemical shifts are
given in & (ppm). HRMS were measured by LTQ ORBITRAP VELOS
with HESI*/HESI ionization (Thermo Scientific, Waltham, MA, USA).
Fourier transform infrared (FTIR) spectra were measured on Nicolet
iS10 (Thermo Scientific, Waltham, MA, USA) using ATR (KBr crystal)
technique (symbolism; s strong, vs very strong, m medium, w weak,
vw very weak). Optical rotations were measured with an Autopol VI
polarimeter (Rudolph Research Analytical, Hackettstown, NJ, USA).
For microwave synthesis, an Initiator Classic 355301 (Biotage, Upp-
sala, Sweden) was used.

Representative procedure for the synthesis of biotinylated
steroid at C-3 position: compound 5

Azido-terminated nandrolone" 2 (50 mg, 0.09 mmol) and biotinyl-
ated propargylamine (28 mg, 0.1 mmol) were mixed in microwave
vial equipped with a stir bar. Then DMF (2 mL), sodium ascorbate
(4mg, 20mol%), tris((1-benzyl-1H-1,2,3-triazolyl)-methyl)amine
(TBTA) (10.6 mg, 20mol%) and CuSO,-5H,0 (2.5mg, 10 mol%)
were added. The mixture was placed onto the microwave reactor
and stirred at 55°C for 60 min. The solvent was removed under
the reduced pressure and the product was chromatographed on
silica gel (CHCl;-MeOH, grad 25/1 — 5/1). The fractions containing
the product were collected and the solvent evaporated. The residue
was re-dissolved in AcOEt, silica gel was filtered off and the solvent
was evaporated. The product (58 mg, 0.07 mmol) was obtained as a
white foamy solid in 79% yield. Re = 0.78 in DCM/MeOH/AcOH, 5/1/
0.1%. For spectral characteristics see Supporting Information,
Section 1.1.

Representative procedure for the synthesis of biotinylated
steroid at C-17 position: compound 10

To a solution of NT (55 mg, 0.2 mmol) and azido-PEG,-acid (68 mg,
0.23mmol) in dry benzene (3mL) were added N,N’-dicyclo-
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hexylcarbodiimide (DCC, 57mg, 0.28 mmol) and 4-dimethyla-
minopyridine (4-DMAP, 34 mg, 0.28 mmol). The mixture was stirred
for 4 h at room temperature (RT) after which dicyclohexylurea was
filtered off and the solvent was removed under reduced pressure.
The residue was chromatographed on silica gel (hexanes-AcOEt,
2/1—1/1) to obtain the product 10 (81 mg, 0.15 mmol) as a slightly
yellowish gel in 74% yield. R=0.2 in hexanes-AcOEt, 1/1, a pink
spot after visualization. For spectral characteristics see Supporting
Information, Section 1.1.

Compound 12

To a solution of azide derivative 10 (50 mg, 0.091 mmol) and bio-
tinylated propargylamine (28 mg, 0.1 mmol) in dry DMF (3 mL) were
added sodium ascorbate (4 mg, 20 mol%), TBTA (5.3 mg, 10 mol%)
and CuSO, - 5H,0 (2.5 mg, 10 mol%). The mixture was placed onto
the microwave reactor and stirred at 60 °C for 60 min. Then the sol-
vent was removed under reduced pressure and the product
chromatographed on silica gel (CHCl;-MeOH, grad 15/1 — 5/1).
The fractions containing product were collected and the solvents
were removed under reduced pressure. The residue was
redissolved in AcOEt, silica gel was filtered off and the solvent
was evaporated. The product 12 (69 mg, 0.083 mmol) was obtained
as a white foamy solid in 91% yield. Rg = 0.5 in DCM-MeOH, 20/1. For
spectral characteristics see Supporting Information, Section 1.1.

Bioanalytical methods
Preparation of antibodies

Four rabbit polyclonal antibodies (RAbs) were prepared in the certi-
fied facility of Meditox s.r.o. (Konarovice, Czech Republic). As immu-
nogens BSA conjugates with various haptens were used (C-3
carboxymethyloxime derivatives of NT and T (compounds 1 and
2), and respective C-17 hemisuccinates of NT and T). Rabbits were
immunized by a standard procedure®? using four 200 ug doses
of the immunogen (BSA) emulsified in a mixture of complete
Freund’s adjuvant-saline 1:1 (200 ulL) in three week-intervals. The
sera were collected 10days after the last boost, lyophilized and
stored at -20 °C. Antibodies for interaction with compound 5 were
shortly named as RAb-NT3 and with compound 12 as RAb-NT17.
Antibodies for interaction with compound 6 were shortly named
as RAb-T3, with compound 13 as RAb-T17.

Materials

HRP-Goat-Anti-Rabbit IgG enzyme conjugate (GAR-Px) was
purchased from Norvic Immunology (Tilburg, Netherlands).
Testosterone and nandrolone standards were purchased from
Sigma-Aldrich (St Louis, MO, USA). All other anabolic steroids and
hormones used for CR studies (Table 2) were obtained from
Sigma-Aldrich (St Louis, MO, USA) or Steraloids (Newport, RI, USA).
Other reagents: ammonium fluoride, MeOH for LC-MS, avidin,
Tween 20, sulphuric acid, 3,3'5,5-tetramethylbenzidine (TMB),
hydrogen peroxide (H,0,) (30%), DMSO, phosphate-citrate tablets
and gelatin were obtained from Sigma-Aldrich (St Louis, MO,
USA). 96-Well polystyrene microtiter plates Costar 9018 were ob-
tained from Corning Inc. (Kennebunk, ME, USA).

Used buffers and solutions: (1) buffer for dilution of avidin:
carbonate buffer (50 mM, pH9.6); (2) standard and sample dilution
buffer: PBS-phosphate buffered saline (0.01M PBS, pH7.4); (3)
antibody dilution buffer: PBS (0.01 M PBS, pH 7.4) containing 0.1%
gelatin (w/v); (4) conjugate buffer and GAR-Px dilution buffer: PBS
containing 0.05% Tween 20 (w/v); (5) washing buffer: PBS

containing 0.05% Tween 20 (w/V); (6) substrate solution: 1mg
TMB, 1 mL DMSO, 2 uL H,0, and 9mL 0.05M phosphate-citrate
buffer (pH 5.0); (7) stop solution: 2 M sulfuric acid.

Preparation and conservation of the stock solutions

The lyophilized material of all reagents was weighed and dissolved
in ethanol or in PBS. Stock solutions of antisera were prepared by
dissolving 1 mg lyophilisate in T mL of PBS buffer and stored at -
20°C. These solutions were diluted in the antibody dilution buffer
to working concentration before using in ELISA. The standard stock
solutions of steroids and conjugates at a concentration of 1 mg/mL
were stored in ethanol at -20 °C until the analysis.

Avidin-biotin ELISA analysis (AB-ELISA)

Nandrolone and testosterone were detected by the indirect
competitive ELISA format. The optimized calibration curves were
performed in the 0.005-500 ng/mL range. Ninety-six-well plates
were coated with avidin (1 ng/mL) in a carbonate buffer (100 uL/
well). After 1h incubation at room temperature (RT) with shaking,
the solutions with unbound avidin were removed from the wells
(without washing). Subsequently, solutions of biotinylated NT or T
were added (100 pL/well) and incubated under the same condi-
tions. Then the plates were washed with washing buffer using an
automatic plate washer (4x350puL/well). For the competitive
reaction 50 pL/well of standard solution or sample extract and
50 pL/well of antibody solution were added and incubated for 1 h
at RT with shaking. After another microplate washing, 100 pL/well
of GAR-Px diluted 1:10 000 in appropriate buffer were added and
incubated for 1 h at 37°C with shaking. The plates were washed
and 100 L/well of substrate solution was added. Finally, after
10 min incubation at RT with shaking, the reaction was stopped by
the addition of 50 pL of stop solution and the absorbance was mea-
sured at 450 nm using an ELISA reader (BIO-TEK pQuant operating
with Microsoft Excel). To constructed standard calibration curve,
absorbance values were fitted to a four-parameter logistic equation.

Specificity

The specificity of the immunoassays was evaluated by determina-
tion of the cross-reactivity (CR) considering various anabolic
steroids and hormones. The CR studies were carried out in four var-
iants of AB-ELISA using various antibodies. Concentration of free
competitors ranged from 0.005 to 500 ng/mL. The CR value was
calculated as follows: (Isq of standard)/(ls, of competitor) x 100.

Real samples and their preparation

Real samples of seized food supplements were supplied by the
Police of the Czech Republic. The content of the supplement sam-
ples was confirmed by previously optimized and validated methods
using two-dimensional gas chromatography with time-of-flight
mass spectrometric detection (GCx GC-TOF MS) and liquid chro-
matography with quadrupole time-of-flight mass spectrometry
(LC-QTOF). The individual standard stock solutions and working
mixtures were prepared in acetonitrile (ACN) (LC-QTOF) or ethyl
acetate (AcOEt) (GCx GC-TOF). Tablets and oil ampoules (sample
weight 0.05 g) were extracted with ACN or AcOEt. Before injection,
extracts were filtered through micro-filters and diluted in ACN or
AcOEt due to expected high content of anabolic steroids. The
GC X GC-TOF analysis was performed according to a previously
published method.®®! A gas chromatograph Agilent 6890 N
(Agilent Technologies, Santa Clara, CA, USA) coupled to a
time-of-flight mass spectrometer LECO Pegasus IV (LECO
Corporation, USA) with splitless injection technique were used.
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Separation was performed using capillary columns DB5-MS
(30 m x 0.25 mm x 0.25 mm; J&W Scientific, Folsom, CA, USA) in
the first dimension and BPX-50 (2m x 0.1 mm x 0.1 mm; SGE,
Pflugerville, TX, USA) in the second dimension.

An Agilent 1260 Infinity Binary HPLC system coupled to a 6550
Accurate Mass Quadruple time-of-flight (Agilent Technologies,
Santa Clara, CA, USA) with ESI ion source in positive mode were
used. The sample analysis was performed using LC-QTOF under
the following operating conditions: injection volume 3 pL; Kinetex
C18 HPLC column (100% 2.1 mm id. 2.6 um, Phenomenex, Inc.,
USA) with a pre-column thermostated at 40 °C; mobile phase: water
(A) and ACN (B) with 0.1% formic acid; flow rate 0.35 mL/min; gradi-
ent elution: 40% B (hold 1 min), from 2 to 13 min the%B were line-
arly increased to 99% (hold 7 min); total run time 25 min (including
equilibration time 5 min); QTOF-MS operated in 4 GHz High Resolu-
tion Range mode, 4 spectra/sec, drying gas 15L/min at 170°C,
sheath gas 12 L/min at 350°C, collision energy 10-40eV, capillary
voltage 3500 V.

A total of 49 samples were tested. Most of them contained only
anabolic steroids, but also, some non-steroidal substances (clenbu-
terol, phentermine, clomiphene, yohimbin) were included as nega-
tive control. Some samples containing NT (22, 20, 41, 46) and T
derivatives (26, 27) were subjected to quantitative determination.

For ELISA methods and UHPLC-MS/MS quantification tablets
were crushed and dissolved in 10mL of 96% ethanol. Capsules
were dissolved in 10 mL of 96% ethanol. The liquid samples in vials
were pipetted (0.25 mL) to the 96% ethanol (2.25 mL) and mixed.
The extraction was performed for 30 min at RT (stirring). Superna-
tants were collected and stored at 4 °C. Before ELISA analysis the
samples were 100x diluted in PBS. Thresholds of absorbance were
chosen arbitrarily for evaluation of the samples as positive
(A < Azg9), suspect (Ao, - Agoes) and negative (A > Aggo,) for the in-
cidence of AAS. These limits were selected with regards to the fact
that the doping daily dose usually exceeds 10 mg of AAS and as the
relevant contents of AAS is thus above 100 png per tablet. When the
test sample contains testosterone or nandrolone, these values cor-
respond to the content of 0.0002 - 0.02 pug per tablet (Aq0) and
0.02-2.4 ug per tablet (Agge). At the same time using this threshold
the methods should be able to catch physiologically relevant
amounts of compounds with CR at least 2.5% (these values corre-
spond to the content of 0.008-0.8 ug per tablet (Ayqy) and 0.6—
96 g per tablet (Agoo)). Absorbance below Ajq, corresponds to al-
most colorless solution, which is easily distinguishable from a neg-
ative control even by the eye.

UHPLC-MS/MS quantification of selected AAS

For the UHPLC-MS/MS quantification Agilent 1290 Infinity UHPLC
system coupled with Agilent 6460 Triple quadrupole mass spec-
trometer (Agilent Technologies, Santa Clara, CA, USA) was used.
Chromatographic separation was performed on Agilent Zorbax
Eclipse Plus C18 column (2.1 x 50 mm; 1.8 um). The mobile phases
for gradient elution were ammonium fluoride in water (1 mM) (A)
and methanol (B). The flow rate was 0.25 mL/min and column tem-
perature 35 °C. Gradient elution was carried out as follows: 0 min,
80:20 (A:B); 2 min, 15:85; 4 min, 0:100; 5 min, 0:100; 5.2 min, 80:20;
6.5 min, 80:20.

The MS/MS apparatus was operating in positive mode. The ap-
plied conditions of electrospray ion source were: drying gas tem-
perature 350 °C; drying gas flow 12 L/min; sheath gas temperature
400 °C; sheath gas flow 12 L/min; nebulizer pressure 50 psi; nozzle
voltage 2000 V; capillary voltage was set at 4000 V. Multiple reaction
monitoring (MRM) mode was used for the detection. Two

transitions of m/z per analyte were used: testosterone propionate
345.3—109.1, 97.1; nandrolone decanoate 4293 —95.2, 71.2;
nandrolone phenyl propionate 407.3 — 105.1, 91.1.

Standard stock solutions were prepared in ethanol at concentra-
tion of Tmg/mL and subsequently diluted in 20% methanol in
seven concentration levels ranging from 0.1 to 500 ng/mL. Peak
areas of the external standards (at each concentration) were plotted
against the corresponding standard concentrations using linear
regression to generate standard curve. The stock solution of the real
samples in ethanol were 10 000-fold diluted with 20% methanol.
Agilent Mass Hunter (Agilent Technologies, Inc. Santa Clara, CA,
USA) was used for data acquisition and quantification of samples.

Results and discussion
Chemistry

The synthetic steps leading to biotinylated nandrolone (NT) and
testosterone (T) are displayed in Scheme 1. For synthesis of the
biotinylated anabolics a copper catalyzed ‘click’ reaction'>* of a ter-
minal azides and alkynes was used. The synthesis of biotinylated NT
and T at C-3 position was carried out from steroid-3-carboxymethyl
oximes2%3131 (CMO). These starting CMO intermediates were iso-
lated as a mixture of £/Z isomers and were not separated. From
the intensity of the 4-H signal of NT at & 5.8 ppm (E) and 6.51 ppm
(2) the ratio of E/Z isomers was 3:2 and in case of T 8 5.75 ppm (E)
and 6.42 ppm (2) 2:1, respectively.® The NT-CMO was elongated
by linkers of different length, namely by azidoPEGs-amine and
alkynePEG,4-amine (Supporting Information, Figure S1) using N-(3-
dimethylaminopropyl)-N -ethylcarbodiimide chemistry (EDCI) to
obtain derivatives terminated by azido (Scheme 1, part A, com-
pound 3) and alkyne moiety (Scheme 1, part A, compound 7),
respectively. Biotin label was attached using standard click chemis-
try protocol with CuSO,-5H,0, sodium ascorbate and TBTA®” as
catalysts. In one case biotinylated propargylamine®® (Supporting
Information, Section 1.1) was introduced into click reaction with
both azido-terminated steroids (3, 4) obtaining the shortest bio-
tinylated conjugates (Scheme 1, part A, compounds 5, 6). Other lon-
ger linked NT-biotin clickates (Scheme 1, part A, compounds 8, 9)
were prepared by the cycloaddition of alkyne-terminated NT deriv-
ative 7 and commercially available biotin-link-azides (namely with
biotin-PEGs-azide, biotin-PEG, ,-azide; for structures see Supporting
Information, Figure S1). We synthesized three differently C-3 linked
NT-biotin conjugates and one of T. The C-17 biotinylated steroids
were constructed via azidoPEG,-linker (Scheme 1, part B, com-
pounds 10, 11), following the click protocol described above
(Scheme 1, part B, compounds 12, 13). The yields of the products
along the synthetic route to desired products were from good to
excellent and are shown in the legend of Scheme 1. The spectral
characteristics (see Supporting information for NMR Figures
S2-523, HRMS Figures S24-S33, IR, specific optical rotation) and
synthetic details are described in Supporting Information, Section
1.1. As all the compounds contain PEG linkers it was impossible to
get crystals, nevertheless after lyophilization we obtained foamy
solids in case of compounds 5, 6, 12, 13. The compounds 8 and 9
remained gel-like.

The polyclonal rabbit antibodies (hereinafter RAb) were prepared
accordingly to standardized protocol®? using CMO derivatives of NT
and T (compounds 1 and 2, respectively, antibodies RAb-NT3,
RAb-T3, respectively) and respective C-17 hemisuccinates (synthesis
is not shown, antibodies RAb-NT17 and RAb-T17, respectively) as
haptens.
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Scheme 1. Synthesis of biotinylated steroids. Reagents and conditions: Preparation of compounds 1 and 2; steroid, pyrrolidine, MeOH, 15 min, O-
(carboxymethyl)hydroxyamine hemihydrochloride, RT, 3 h, yield* 74% for 1 and 78% for 2; a) azidoPEG3z-amine (for 3 and 4)/aminoPEG,-acetylene (for 7),
EDCI, 4-DMAP, HOBt, DMF, 0°C — RT, 16 h, yield 83% for 3, 78% for 4 and 86% for 7; b) biotin-link-azide/alkyne, CuSO, 5H,0, sodium ascorbate, TBTA,
DMF, MW, 90 min, 60 °C, yield 79% for 5 and 6, 94% for 8, 84% for 9, 91% for 12 and 86% for 13; c) azidoPEG,-acid, DCC, 4-DMAP, benzene, 4 h, RT, yield

74% for 10 and 72% for 11.*Isolated matter after chromatographic purification.

Selection of a suitable model compound

Synthetized biotinylated conjugates of NT at C-3 position (com-
pounds 5, 8, and 9) were used to assort the most optimal length
of the linker. The working calibration curves of the variants based
on above mentioned conjugates and RAb-NT3 confirmed the func-
tionality in all versions (Figure 2A). As the test run showed only small
differences in the Iso value (0.109 ng/mL for 5, 0.1 ng/mL for 8, and
0.095 for 9), representing the concentration of standard that pro-
duced 50% inhibitory of antibody binding to the hapten conjugate,
we turned our attention to physicochemical appearance of the com-
pounds. Finally, conjugate constructed via PEG; linker was chosen as
the most promising (compound 5). This compound was obtained as
foamy solid after lyophilization (unlike the remaining) and prepared
in 79% yield over three steps. Based on the selected length of the
linker, we further synthesized C-3 linked biotinylated derivative of
T (Scheme 1, compound 6) and the corresponding biotinylated
derivatives of NT and T at C-17 position, bridged via PEG, linker
(Scheme 1, part B, compounds 12, 13, respectively).

A (450 nm)

log eNT [pg/mL]

Assembled method

The AB-ELISA systems for both NT and T were characterized by the
distinct analytical parameters (namely Iso value, LOD and linear
working range) acquired by the construction of the standard
calibration curves. The parameters of the systems are summarized
in Table 1. The LOD was defined as the lowest concentration of
the NT or T that exhibits a signal of 10% inhibition. Under optimized
experimental conditions, the LODs for the AB-ELISA based on the
compounds 5 (RAb-NT3), 6 (RAb-T3), 12 (RAb-NT17) and 13 (RAb-
T17) were 0.014, 0.013, 0.032 and 0.0041 ng/mL, respectively. The
linear working range was calculated as the concentrations of the
NT or T providing a 20-80% inhibition rate of the maximum signal.

The detection limits and Isq values for the methods assembled
with 5, 6 were altogether qualitatively better (shifted by one order
of magnitude) than those published previously with classical pro-
tein coating.'?% The parameters of the sets with 12, 13 were
either comparable or improved compared to those declared on
commercial detection kits for T in urine or serum. The quantity of

Setbased on compd. 5
B day1

&  atter7days
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Figure 2. (A) Confirmation of the functionality of biotinylated NTs. Calibration curves of indirect competitive ELISA systems using 0.25 ng of compounds 5, 8
and 9 (haptens) immobilized onto avidin coated microtiter plates and RAb-NT3 antibody. The I5, values were 0.109, 0.100, and 0.095 ng/mL for 5, 8, and 9,
respectively. (B) Calibration curves of AB-ELISA of NT using RAb-NT3 after the exposure of coated plates to non-standard storage conditions after a week.
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Table 1. Parameters of the assembled AB-ELISA systems. Standards of the NT and T were diluted to 11 concentrations ranging from 0.005 to 500 ng/mL.
Compounds 5, 6, 12 and 13 were used as immobilized haptens on avidin-coated microtiter plates; concentration of antibody is expressed as pg/mL of
lyophilized polyclonal antiserum.

Antiserum RAb-NT3 RAb-T3 RAb-NT17 RAb-T17
Immobilized hapten 5 6 6 13
concentration of the compound (ng/mL) 25 5 1.25 25
concentration of the antiserum ( g/mL) 1.25 1.25 2.5 25

Iso (Ng/mL) 0.180 = 0.005 0.46 £0.01 0.53+0.02 12.99+245
LOD (ng/mL) 0.032 £0.002 0.014 +£0.001 0.0041 +0.0008 0.013 £0.001
linear working range (ng/mL) 0.02-1.38 0.02 - 15.35 0.02 - 14.88 2.18-242.72

AAS in food supplements reached mg/g levels, thus, providing suf-
ficient LOD values when determined in this work.

Specificity of the antibody

The specificity of the antibody was determined by measuring the
CR under optimized conditions. Overall 59 standards of anabolic
steroids and other steroid hormones (the structures of all cross-
reactants are shown as Supporting Information (Figures S34 and
S35) were tested in four assembled AB-ELISA systems for the bio-
tinylated conjugates of NT (compounds 5, 12) and T (compounds
6, 13). Results of the CR study are summarized as Supporting In-
formation (Section 2.1, Table S1). From these data, it is obvious
that antibodies against C-3 steroid haptens (RAb-NT3 and RAb-
T3) were more specific, since they significantly reacted with fewer
standards particularly with steroids comprising identical or closely
related substituents at the C-17 position. The significant response
in the case of AB-ELISA assembled with RAb-NT3 antibody was de-
termined with boldenone (CR 11.12%), dihydrotestosterone (CR
31.42%), drostanolone (CR 19.65%), testosterone (CR 38.35%),
and trenbolone (CR 7.78%). RAb-T3 cross-reacted substantially
with the above mentioned steroids, except for trenbolone and
further with 170-methyltestosterone (CR 6.44%), ethisterone (CR
5.71%), methandienone (CR 8.89%), and mesterolone (CR
20.12%). On the other hand, antibodies obtained from the hap-
tens conjugated at C-17 position (RAb-NT17 and RAb-T17) signifi-
cantly cross-reacted with the steroids and their derivatives having
similar features on the A ring of the steroid. Therefore, they could
be used as generic methods for high throughput detection of
AAS. RAb-NT17 extensively reacted with 11 standards of anabolic
steroids particularly NT derivatives CR (4.26 to 39.70%) but
also with progesterone (CR 2.42%), trenbolone (CR 24.71%),
trenbolone acetate (CR 33.77%). and trenbolone enanthate (CR
2.56%). The CR of other standards of anabolic steroids was not
significantly increased. RAb-T17 antibody significantly reacted
with 29 standards, especially with those of T and NT (CR ranging
from 4.92 to 63.62%) and other 6 samples characterized by
moderate CR (ranging from 1.63 to 3.59%). The other standards
with considerably different structure at position C-3 showed
rather low CR or none.

Analysis of the real samples by four variants of AB-ELISA

The samples of seized food supplements were generously provided
by the Police of the Czech Republic. Because these supplements
were seized on the black market, the manufacturer was uncertain.
For evaluation of AAS presence in real samples, the signal lower
than 20% of the maximum absorbance (A20%) was considered as

positive, A20%-A80% as suspect, and higher than A80% as nega-
tive. The absorbance below A20% may be easily recognized
visually, which makes the test suitable for analysis in field condi-
tions. In this experiment, 49 samples of preparations based on
AAS or non-steroidal substances abused as doping agents were an-
alyzed. Complete results are provided as Supporting Information
(Section 2.2 and Table S2).

By the AB-ELISA method and based on conjugate 5 and Rab-NT3,
21 samples were determined as positive, for example those
containing NT esters such as decanoate (CR 0.35%) and phenyl pro-
pionate (CR 0.04%), but also derivatives of T, boldenone and
methandienone. The CRs of this system were relatively low but still
other analytes in addition to NT could be detected. Nineteen sam-
ples were identified as suspected to contain AAS and only 9 were
negative in this test.

The variant of AB-ELISA set with RAb-T3 and compound 6 posi-
tively tested 23 samples. These samples contained e.g.
methandienone (CR 8.89%), mesterolone (CR 20.12%), methyl-
testosterone (CR 6.44%) and esters of T. Furthermore, 15 samples
were marked as suspected to contain AAS and 11 were negative
in this test.

Solely 12 samples were detected as positive by the AB-ELISA
system based on the compound 12 and RAb-NT17. All these sam-
ples contained derivatives of NT, for example NT decanoate (CR
6.53%), 2 out of 3 of NT phenylpropionate (CR 4.26%), 2 out of 4
of trenbolone esters (the highest with acetate CR 33.77%) and sam-
ples containing esters of T. With this system, 27 samples were indi-
cated as suspected to contain AAS and 10 were negative in this test.

The method was based on RAb-T17 and conjugate 13 marked
samples containing T undecanoate, 4 samples containing T propio-
nate, and samples containing T cypionate and enanthate as posi-
tive. Another 11 samples were positive containing for example
methandienone (CR 17.13%), methyltestosterone (CR 42.97%),
boldenone undecylenate (CR 2.31%), trenbolone acetate (CR
0.58%). Moreover, 19 samples were identified as suspected to con-
tain AAS and 11 were negative in this test.

The possibility of quantification of NT and T derivatives in seized
preparations by developed ELISA methods was tested on a set of 6
samples (Table 2). For comparison, the values obtained by ELISA
were recalculated on the basis of CR values of anabolic steroids
and other steroid hormones as follows: Recalculated ELISA/CR
(1g/mL) = M(anaiyte) X (100/CR naiyte), Where Mgnaye Was the value
obtained by ELISA (ug/mL) and CR,naiyte Was the cross-reactivity
of the particular compound (in%).

The concordance was calculated as follows: (the CR corrected
concentration indicated by AB-ELISA/UHPLC-MS) x 100. All results
from this experiment are shown in Table 2. The concordance
ranged from 55% to 120% thus indicating the potential of the ELISA
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Table 2. Comparison of UHPLC-MS and ELISA measurements in the real samples. Recalculated concentration of particular steroid derivatives obtained
by the ELISA considering the CR in ELISA. *Data coming from ELISA (+ standard deviation) using its main analyte as calibrator (i.e. NT for RAb-NT3 and 5, NT
for RAb-NT17 and 12, T for RAb-T3 and 6, T for RAb-T17 and 13). These values are expressed as a concentration of NT and T. For clarity samples 26, 27 are T
propionate, 22 NT phenylpropionate and 20, 41, 46 NT decanoate.
RAbs Sample Composition Results Recalculated UHPLC Concordance
and ELISA* ELISA/CR MS/MS (%)
compounds (ng/mL) (mg/mL) (mg/mL)

26 T propionate 2.7+0.1 6.8 6.4 106

27 T propionate 1.2+0.1 3.0 25 120
RAb-NT3 22 NT phenylpropionate 6.6+0.2 16.5 19.1 86
compounds 20 NT decanoate 56+0.3 1.6 2.5 64
5 41 NT decanoate 126+0.1 3.6 38 95

46 NT decanoate 9.1+£0.2 2.6 22 118

26 T propionate 29+0.2 4.8 6.4 75

27 T propionate 1.3%0.1 22 25 88
RADb-T3 22 NT phenylpropionate 21+03 10.5 19.1 55
compound 20 NT decanoate 27+0.1 23 2.5 92
6 41 NT decanoate 43+0.1 3.6 38 95

46 NT decanoate 1.6+£03 13 2.2 59

26 T propionate 9.8+0.2 3.8 6.4 59

27 T propionate 45+0.1 1.7 25 68

RAb-NT17 22 NT phenylpropionate 88012 20.7 19.1 108

compound 20 NT decanoate 156 £2.1 24 25 96
12 41 NT decanoate 268+ 1.5 4.1 3.8 108

46 NT decanoate 116+1.9 1.8 22 82

26 T propionate 4010+ 95 6.3 6.4 98

27 T propionate 920 +47 14 25 56
RAb-T17 22 NT phenylpropionate 88924 16.2 19.1 85
compound 20 NT decanoate 125+2 2.5 2.5 100
13 41 NT decanoate 114+£10 23 3.8 61

46 NT decanoate 1101 23 22 105

methods for the detection of cross-reacting AAS in complex sam-
ples. There was a sufficient space for setting up the cut off limits
by using proper dilution of the extracts for the detection of levels
of AAS that are significant from the doping control point of view
in individual types of samples, taking into account the sub-
nanogram sensitivity of ELISAs together with the fact that applica-
tion dosage of AAS substantially exceeds milligram/day amounts.
Real preparations often contain more than one AAS (e.g. a mixture
of several carboxylic acids esters). It is virtually impossible to de-
velop a universal screening method for quantitative estimation of
‘total’ AAS, however, the knowledge of the impact of individual
cross-reactants on the intensity of ELISA signal might provide a
solid basis for a generic semi-quantitative interpretation. In this
concept, the numeric value of signal corresponded to the sum of
individual AAS contributions. Negative ELISA signal excluded the
presence of any cross-reacting AAS at levels above the cut-off limit.
A positive signal indicated the presence of at least one such
compound. The range of probable cumulative concentrations of
contributing compounds could be estimated from the calibration
curve as the interval between the corresponding levels of the stron-
gest and the weakest cross-reactant. ELISA enabled parallel analysis
of multiple samples in a short time, with a simple procedure and in-
expensive instrumentation or even without any instrumentation in
field conditions. The demands on qualification of the operators are
also substantially lower than for GC-MS or LC-MS, which enables
even the non-professionals to practice the method after a short
training. ELISAs thus appear to be useful screening tools for efficient
preselection of the suspect samples for more demanding

instrumental approaches, which nevertheless are irreplaceable in
identification and quantification of individual compounds.

Conclusion

In this work, we described the synthesis of biotinylated NT and T
using click chemistry, development of ELISA set utilizing the
avidin-biotin technology and its application to real samples of
dietary supplements. Four AB-ELISA assays characterized by several
advantages were designed and developed. Identified features in-
cluded batch-to-batch reproducibility of immobilized hapten, the
stability of the plates, undemanding instrumentation (compared
with GC-MS, LC-MS), time of analysis, low consumption of
immunoreagents and very good LOD values. The application of
AB-ELISAs to seized sample material demonstrated that our
methods were capable of detecting a wide range of AAS in such
complex samples. Moreover, concordance between UHPLC-MS
and the CR corrected data from AB-ELISA indicated the potential
of this method for quantification of T propionate, NT phenyl propi-
onate and NT decanoate. The authors intentionally work on the
establishment of AB-ELISA sets for the detection of other AAS, as
the synthetic approach towards biotinylated AAS is underway.
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1. Uvod

V poslednich letech se zvysuje pocet novych psycho-
aktivnich latek na evropské i svétové trovni. Nové psy-
choaktivni latky (NPS, z angl. New Psychoactive Substan-
ces), nebo také nové syntetické drogy, legal highs, desig-
ner drugs, piipadné research chemicals jsou syntetizovany
jako strukturni analoga nebo chemické derivaty jiz zako-
nem kontrolovanych latek"*. Byvaji nabizeny jako sbéra-
telské predméty, vykufovadla ¢i soli do koupele, tedy jako
latky, u nichZ neni deklarovano pouziti k vnitinimu uZiti.
Touto cestou se jejich vyrobci vyhybaji pravnimu postihu.
Soucasny narst NPS je pfipisovan rozvoji jistého druhu
tanecnich zabavnich scén a ochoté zejména mladych lidi
vyhledavat a ziskavat nové psychedelické zkusenosti.
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2. Definice novych psychoaktivnich latek (NPS)
a legislativa na Evropské urovni

Nova psychoaktivni latka je definovana jako: Nova
omamna nebo psychotropni latka v Cisté formé¢ nebo
v piipravku, ktera nepodléha kontrole podle Jednotné
umluvy Organizace spojenych narodd o omamnych lat-
kéch zroku 1961 nebo podle Umluvy Organizace spoje-
nych narodd o psychotropnich latkdch zroku 1971, ale
kterd muze predstavovat srovnatelnou hrozbu pro vetejné
zdravi jako latky uvedené v téchto umluvach’.

Problematika NPS je feSena na celoevropské trovni.
Rada Evropské unie pfijala v ¢ervnu 1997 Spolecny po-
stup v oblasti novych syntetickych drog (Joint Action on
New Synthetic Drugs), jehoz cilem bylo zajistovat co nej-
lepsi a nejrychlejsi informovanost o syntetickych drogach,
jez se nové vyskytnou ve statech EU. Dokument se vzta-
hoval na syntetické drogy nepodléhajici kontrole podle
mezinarodnich umluv, viz vyse. Na zakladé Spole¢ného
postupu byl vytvoren tzv. systém vcasného varovani pied
novymi drogami (EWS, z angl. Eearly Warning Systém on
New Synthetic Drugs), ktery je koordinovan Evropskym
monitorovacim stfediskem pro drogy a drogovou zavislost
(EMCDDA, z angl. European Monitoring centre for Drugs
and Drug Addiction) a Europolem®.

V roce 2005 byl Spolecny postup proti novym synte-
tickym drogdm nahrazen rozhodnutim Rady o vyméné
informaci, hodnoceni rizika a kontrole novych psychoak-
tivnich latek, jenz se vztahuje nejen na nové syntetické
latky, které nejsou zahrnuté v mezinarodnich tmluvach,
ale i na obecné nové omamné a psychotropni latky véetné
veterinarnich ¢i humannich 1é¢ivych ptipravki, které nej-
sou kontrolované mezinarodnimi imluvami, a také znovu-
objeveni se nékterych starych psychotropnich latek a/nebo
vysoce rizikovych zpiisobt uzivani drog’.

3. Hlavni skupiny NPS

EMCDDA monitoruje zna¢nou $kalu NPS, které déli
podle struktury nebo funkce do jedenacti skupin (obr. 1)°.
Pocet NPS se kazdym rokem zvysuje. Pro pfedstavu — v r.
2015 bylo do EWS nahlaseno 98 NPS, ¢imz se jejich pocet
zvysil na vice nez 560, (70 % bylo zjisténo v poslednich
péti letech). NejpocetnéjSimi skupinami hlaSenych latek
jsou syntetické kanabinoidy, kathinony a fenylethylaminy.

3.1. Syntetické kanabinoidy

Syntetické kanabinoidy (SK) predstavuji nejvetsi
procentudlni podil zachycenych NPS. Vétsina téchto latek



Chem. Listy 171, 234-238 (2017)
Kanabinoidy

2331293034
g 11

2009 2015

Referat

Fenylethylaminy
1414 9 9

53 4.IIII

2009 2015

Opioidy

e —
2009 2015

Piperidyny a pyrrolidyny

Arylalkylaminy

0355744
p e D
2009 2015

Benzodiazepiny

00112453

Kathinony
3126
4 14 747
2009 2015
Tryptaminy

210 4 4 513
e f——
2009 2015

Arylcyklohexylaminy

0213102

112010°

T ——— T
2009 2015 2009 2015
Piperaziny Jiné latky

8 131312

0101103 2 5
l_t_r_l_l_l_v-\ T | | Fv-r-r-.v.r.w

2009 2015 2009

2015 2009 2015

Obr. 1. Pocet a kategorie novych psychoaktivnich latek poprvé hlasenych do systému véasného varovani EU, 2009-2015 (pievzato

7 prace?)

byla ptivodné pfipravena jako 1éCiva, proto je jejich nazev
spojen se jmény védcu a instituci kde byly pfipraveny (pf.
JWH-200 — Dr. John William Hufman; CP-47,497 — Char-
les Pfizer; HU-210 — Hebrew University)®. Jsou agonisté
kanabinoidnich receptortt (CB; a CB,), vykazuji tedy po-
dobné G&inky jako A’-tetrahydrokanabinol (A’-THC, psy-
choaktivni latka marihuany, obr. 2). Popularitu mezi uzi-
vateli ziskaly v ndvaznosti na legislativni omezovani mari-
huany. Na trhu se zacaly objevovat kolem roku 2008 jako
vykutovadla balend v pestrobarevnych saccich prevazné
s né1627vem Spice apopiskou ,,nevhodné k lidské spotie-
be™".

Z chemického hlediska jsou SK velmi riiznorodé,
nemaji fddn€ prostudovanou farmakologii a toxikologii.

Rada z nich vak vykazuje vy3$i afinitu ke kanabinoidnim
receptorim nez A’-THC, jejich ucinky proto mohou byt

Obr. 2. Strukturni vzorec A’-tetrahydrokanabinolu
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V souvislosti s uzitim SK byla popséna Siroké4 Skéla
nezadoucich psychoaktivnich ucinkt, napt. tzkostné sta-
vy, psychozy, zména vnimdni ¢asu a prostoru, poruchy
paméti, problémy s koncentraci. Fyziologické ucinky SK
se znacn¢ liSi, byly popsany sedativni GCinky, ale také
neklid, nevolnost, néavaly horka, paleni o¢i, suchost
v ustech, tfes a buSeni srdce. Dlouhodobé uzivani Spice
produktti vedlo k rozvoji tolerance a abstinenénimu syn-
dromu®’.

3.2. Syntetické kathinony

Syntetické kathinony jsou riiznorodou skupinou deri-
vatd piirodniho kathinonu (obr. 3). Kathinon je monoami-
novy alkaloid obsazeny ve stromu kata jedla (Catha edu-
lis), ktery je chemicky podobny amfetamintim. Stimuluje
centralni nervovou soustavu a zplsobuje uvolnéni kate-
cholaminti z presynaptickych tlozist' do oblasti centralni
nervové soustavy a periferniho nervového systému. Za
obménovanim struktury kathinonu byla snaha pfipravit
derivaty se stejnym nebo vysSim farmakologickym ucin-
kem. V puvodni struktuie jsou ménény délky alkylovych
fetézel, pocty alkyld na dusiku, nahrazuji se alkyly na
aromatickém jadie za halogeny. DalSi moZnosti je celkova
zaména benzenu za jiné aromatické jadro (thiofen, nafta-
len). Timto zptsobem vznikl napf. mefedron, methylon,
butylon, flefedron a MDPV'°.

Kathinony se prodéavaji pfedevS§im v krystalické for-
m¢é jako koupelové soli (bath salt). V internetovych obcho-
dech se daji koupit napt. pod anglickymi nazvy Bliss, Ma-
gic, Meow Meow nebo Zoom, ovSem opét s poznamkou
,ne pro lidskou spotfebu®, ,rostlinné potraviny*
a ,,insekticidy. Takovéto oznaceni brani v zakroceni bez-
pecnostnim agenturdm a zminéné latky se stdvaji snadno
dostupnymi''. Syntetické kathinony mohou byt uZivany
oraln¢, intranasaln¢, intravendzn¢ nebo rektalng.

0]
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Obr. 3. Strukturni vzorec kathinonu

Vsechny derivaty kathinonu maji podobné ucinky
jako kokain a metamfetamin, které stimuluji uvolfiovani
a inhibuji zpétné vychytdvani noradrenalinu, serotoninu
a dopaminu. Pfesny mechanismus G¢inku je predmétem
vyzkumu. Farmakokinetika je vzhledem k proménlivému
slozeni ,,koupelovych soli“ neptfedvidatelna. Dusledkem
uzivani téchto latek mtze byt halucinace, paranoia, neklid,
euforie, sebevrazedné myslenky, ale také poruchy srdecni-
ho rytmu, hypertenze nebo Spatné prokrveni perifernich
tkéni. Publikovany byly také zdvazné komplikace, jako je
napiiklad selhani ledvin, sebevrazdy, vrazdy a smrt'"*'%.
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3.3. Fenylethylaminy

Do této skupiny spadaji NPS odvozené od strukturni-
ho motivu fenylethylaminu (obr. 4). Fenylethylamin je
latka vyskytujici se nejen v lidském organismu, ale i v fadé
ptirodnich produktli a potravinach. Tento biogenni amin
nevykazuje psychoaktivni u¢inky. V organismu vznika
metabolickou pfeménou z aminokyseliny fenylalaninu
a nasledné podléha dalsim metabolickym pfeménam piso-
benim enzymu monoaminooxidasy a dopamin-B-hydroxy-
lasy'?.

Derivaty fenylethylaminu jsou zneuZivany na celém
svété. Jedna se o Sirokou skupinu latek, do které spada
pfinejmensim 200 riznych syntetickych derivata'’. Velké
mnozstvi moznych modifikaci samostatného aromatického
jadra, substituentll na aromatickém jadre, postranniho fe-
tézce Ci substituce na atomu dusiku vedla a v budoucnosti
povede k moznosti ziskat stovky aZz tisice velmi u€innych

sloucenin'®.
©/\/N H2

Obr. 4. Strukturni vzorec fenylethylaminu

Nejrozsitenéjsimi latkami z této skupiny jsou extaze
(MDMA) a jeji analoga 3,4-methylendioxyamfetamin
(MDA) a 3,4-methylendioxyethylamfetamin (MDEA),
dale pak stimulanty amfetamin a metamfetamin. Posledni
dvé jmenované latky byly jiz za 2. svétové valky soucasti
balickl pro preziti u leteckych jednotek. Diky stimula¢nim
Gginkam mély zvysit bojeschopnost vojaka'”.

V Evropé€ byl zaznamenan pfedevsim vyskyt latek ze
skupiny tzv. 2C’s (2C-B, 2C-D, 2C-E, 2C-I, 2C-B-Fly,
2C-T-7) a substituované derivaty amfetaminu (DOB, DOI,
DOC). Rada vyse uvedenych latek je asto vydavana za
jinou drogu s velice podobnymi ucinky. V poslednich le-
tech je na drogové scéné vysoky narist podvodd, kdy jsou
tablety vydavany za extazi, avSak tyto prodavané tablety
obsahuji jiné psychoaktivni latky®.

Latky z této skupiny vyvolavaji u lidi senzoricko-
percepéni (zménéné vnimani barev, zvuki, Cichu), psy-
chické (zna¢né proménné a Casto protichidné zmény psy-
chiky) a somato-motorické ptiznaky (stavy slabosti, tfes,
zvraceni)'’. V nékterych piipadech bylo uziti fenylethyla-
minl spojeno se zavaznymi nezadoucimi reakcemi, a né-
které z nich dokonce se smrti'>.

4. Metody detekce novych syntetickych latek

Vznik stale novych psychoaktivnich l4tek na rekreac-
nim drogovém trhu je neustalou vyzvou pro analytické
toxikology. Pfestoze vétSina novych latek mize zplsobit
vazné toxicity, nejsou NPS rutinné detegovatelné bézné
zavedenymi analytickymi metodami. Jako klicova se pak
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ukazuje identifikace hlavnich prokdzanych metaboliti
v pomérn& komplikované matrici'’.

Imunochemické techniky zaméfené na klasické drogy
(kokain, opiaty, benzodiazepiny, THC) nedeteguji vétSinu
novych psychoaktivnich latek. V téchto imunochemickych
testech, zalozenych na interakci protilatky s antigenem
(stanovovana droga), hraje vyznamnou roli protilatka,
ktera musi vykazovat dostate¢nou citlivost a specifitu vaci
stanovovanému antigenu'®. Drobna strukturni zména
v molekule antigenu (NPS) miiZze negativné ovlivnit jeho
reaktivitu s protilatkou proti ptivodnimu antigenu a tim
padem zpusobit negativni vysledek testu. Pfi porovnani
struktury NPS a tradi¢nich drog, 1ze vidét vétsi ¢i mensi
strukturni variabilitu, ktera vysvétluje, pro¢ jsou testy na
klasické drogy nevhodné pro stanoveni novych drog.

U sofistikovangjsich metod, jako je hmotnostni spek-
trometrie, nelze NPS identifikovat z divodu chybéjicich
referen¢nich hmotnostnich spekter v pouzivanych knihov-
nach. Pokud se tedy objevi neznama latka, nejprve musi
byt objasnéna jeji struktura diky kombinaci informaci
zruznych spektroskopickych, hmotnostné spektrometric-
kych a chemickych metod'®. Laboratofe pracujici v oboru
klinické a soudni toxikologie tak ziskaji novou referencni
latku a poté mohou bud’ aktualizovat stavajici metody, nebo
vyvinout nové, které pokryji i novou psychoaktivni latku®.

4.1. Screening syntetickych kanabinoida

Zvysujici se popularita NPS a rizika spojena s jejich
uzivanim vedla k vyvoji rychlych metod pro detekcei synte-
tickych kanabinoidt v riiznych matricich (oralni tekutiny,
mo¢, sérum/plazma, vlasy, bylinné smési). Pro rychlé ori-
entacni testovani na bazi LFIA (Lateral Flow Immu-
noassay), vyuZzitelné v diagnostice intoxikaci ve zdravot-
nictvi ¢i pii dopravnich kontrolach fidict, existuje na trhu
nekolik komercnich souprav. Tyto testy poskytuji pouze
kvalitativni informaci o pfitomnosti ¢i nepfitomnosti
drogy.

Pro laboratorni podminky je vhodngjsi imunoanalytic-
ka metoda ELISA (Enzym-Linked Imunosorbent Assay),
kterou lze v urcitych ptipadech pouzit i ke kvantifikaci
drog. V literatuie je popsano nékolik ELISA k detekci
vybranych syntetickych kanabinoidii v mo¢i ¢i oralnich
tekutinach®'**. Jsou dostupné také komeréni ELISA sou-
pravy, jez jsou urCeny pro analyzu kanabinoidd z plné
krve, séra nebo moéi (firma Neogen, Randox). Uskalim
vSech téchto metod je to, Ze jsou schopny detegovat pouze
vybrané strukturni typy syntetickych kanabinoidii a nede-
teguji nedavno objevena analoga (napf. QUPIC nebo
CHMINACA).

Pro konfirmaci pozitivnich nalezi screeningovych
testll se vyuzivaji chromatografické metody. Identifikace
a kvantifikace syntetickych kanabinoidd v bylinnych smé-
sich se nejcastéji provadi plynovou chromatografii s hmot-
nostni detekci (GC-MS). Biologické vzorky jako moc,
krev, sérum, sliny nebo vlasy byvaji analyzovany techni-
kou kapalinové chromatografie s tandemovou hmotnostni
detekci (LC-MS/MS)*.
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4.2. Detekce kathinonu a fenylethylamint

Existuje n¢kolik komerénich LFIA a ELISA souprav
(od firem Imunalysis, Neogen, Randox, OraSure) pro sta-
noveni amfetaminu, metamfetaminu — drog natolik rozsite-
nych, Ze je lze v dneSni dob& chépat spiSe za klasické.
V nedavné dob¢ firma Randox piedstavila dva ELISA kity
pro detekci kathinoni (MDPV a mefedron/metkatinon
ELISA kit). Vysledky studie zaméfené na testovani speci-
fity komer¢nich ELISA souprav (16 typl, zahrnujicich
MDPV a mefedron/metkatinon ELISA) vSak odhalily, Ze
valna vétSina kitl, pfestoze obsahuje polyklonalni protilat-
ky, je vysoce specifickd pouze na uréity strukturni typ?.

Nejbéznéjsi instrumentalni metodou pro detekci
kathinonli a fenylethylaminli je plynova chromatografie
(GC) spojena s detekénim systémem k potvrzeni struktury
(napf. hmotnostni spektrometr (MS) nebo infracerveny
detektor (IRD)). Tato kombinace je dulezita, protoze bé-
hem GC se latky ve smési oddéli podle velikosti, ale tepr-
ve MS/IRD pomuze identifikovat latky podle rtznych
funkénich skupin®’. K identifikaci a kvantifikaci vzorki z
vlast, krve (i posmrtn¢), séra, plasmy, mozkomisniho mo-
ku nebo moci lze pouZzit nejen metody GC ale také LC-
MS/MS920.28

5. Zavér

Nové psychoaktivni latky ptedstavuji stale popular-
né¢js$i formu rekreacnich navykovych latek, zejména u do-
spivajicich osob. Tento fenomén mé vzristajici tendenci
alze ocekavat nelegalni syntézu stovky dalSich latek
s t¢zko odhadnutelnou toxicitou. V posledni dobé se do
poptedi dostavaji predevsim latky ze skupiny syntetickych
kanabinoidli, syntetickych kathinoni a fenylethylamind.
Tyto syntetické latky predstavuji modifikované struktury
ilegalnich nebo kontrolovanych substanci, nejsou detego-
vatelné béznymi screeningovymi metodami a velmi Casto
jsou spojeny s riznymi zdravotnimi nasledky, které mohou
vést az ke smrti. V¢asna detekce NPS je tedy velmi potieb-
na. Kromé tradic¢nich instrumentdlnich metod jako je LC/
MS nebo GC/MS bylo v souvislosti s analyzou syntetic-
kych kanabinoidd, kathinont a fenylethylaminti vyvinuto
nékolik uZivatelsky nendrocnych imunochemickych me-
tod, které jsou schopny detegovat alespon nekteré zastupce
té€chto skupin.

Tato prdace byla podporena projektem bezpecnostniho
vyzkumu Ministerstva vnitra (projekt VI20172020056).
Financovano z ucelové podpory na specificky vysokoskol-
sky vyzkum (MSMT No 20-SVV/2016).
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The presented review demonstrates that new psycho-
active substances represent an increasingly popular form
of recreational drugs. In recent years, primarily substances
from the group of synthetic cannabinoids, synthetic cathi-
none and phenethylamines come to the fore. These syn-
thetic substances pose a significant health risk for users
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Nazev vynalezu:
Derivit syntetického kanabinoidu, zpisob
jeho pripravy a poutZiti

Anotace:

Vynélez se tyka nové piipravenych derivata syntetickych
kanabinoidu, soudasti jejichZ struktury je kratky
spojovaci mistek nesouci karboxylovou funk¢ni skupinu,
a chemickych postuptl vedoucich k pfipravé takovychto
slougenin. Tyto derivaty syntetickych kanabinoidi lze

s vyhodou vyuZit pro konjugaci s fluorescentni znackou,
ktera by nasledn& umoznila vizualizaci interakci takto
znaéenych ligandi s kanabinoidnimi receptory, i pro
piipravu imunogenii konjugaci s nosnym proteinem.
Polyklonalni krali¢i protilatky ziskané z imunizovanych
laboratornich zvifat lze uplatnit pfi vyvoji rychlych,
uzivatelsky pf{jemnych imunochemickych testii formatu
LFIA (Lateral-Flow Immunochromatographic Assay).
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Oblast techniky

Vynalez se tyka nové pfipravenych derivati syntetickych kanabinoidi, soucasti jejichZ struktury
je kratky spojovaci miistek nesouci karboxylovou funkéni skupinu, a chemickych postupt vedou-
cich k pfipravé takovychto sloudenin. Tyto derivaty syntetickych kanabinoidid lze s vyhodou
vyuzit pro konjugaci s fluorescentni znackou, ktera by nasledné umoznila vizualizaci interakci
takto zna¢enych liganda s kanabinoidnimi receptory, ¢i pro pfipravu imunogent konjugaci s nos-
nym proteinem. Polyklonalni krali¢i protilatky ziskané z imunizovanych laboratornich zvifat Ize
uplatnit pFi vyvoji rychlych, uzivatelsky piijemnych imunochemickych testd formatu LFIA
(Lateral-Flow Immunochromatographic Assay).

Dosavadni stav techniky

Na drogové scéné se v poslednich letech kromé tradi¢nich drog (kokain, opiaty, amfetaminy,
kanabinoidy) objevuji také nové syntetické drogy (NSD). Diivodem je snaha vyrobcii a distribu-
torli obejit stavajici legislativni normy, v nichZ jsou omamné a psychotropni latky vymezeny
obvykle taxativné. Na ilegalni trh se tak dostavaji analoga znamych latek s psychotropnim poten-
cialem, ktera dosud nejsou uvedena na seznamu ilegéalnich latek, nebo jejichz prekurzory nejsou
monitorovanymi substancemi. Hlavni nebezpeéi spojené s uzivanim téchto novych syntetickych
drog (NSD) tkvi v nedostatku informaci o jejich farmakokinetickém a toxikologickém chovani,
nebot’ tyto latky neprosly zadnymi klinickymi testy.

Podetn& nejbohatsi a ze strukturniho hlediska znaéné rozmanitou skupinou NSD jsou syntetické
kanabinoidy. Tyto latky se vazi na kanabinoidni receptory, coz jsou s G-proteinem spfazené
transmembranové receptory. Podtyp receptoru CB1 se nachazi pfedevsim v centralni nervové
soustavé, podtyp CB2 je exprimovan zejména v builkach imunitniho systému. Endokanabinoidni
systém dodnes nebyl zcela pochopen. Je vsak znamo, Ze endogenni kanabinoidy, jejichz nejzné-
méjsim zastupcem je anandamid, ovliviiuji citéni bolesti, naladu, pamét’, ale i chut’ k jidlu. Ke ka-
nabinoidnim receptorim se vaze téZ cela fada exogennich sloucenin, k nejvyznamnéjSim patii
aktivni slozky konopi A9-tetrahydrokanabino! (THC) a kanabidiol (CBD), které jsou parcidlnimi
agonisty obou zminénych podtypl receptoril. Syntetické kanabinoidy jsou plni agonisté kanabi-
intoxikaci, které mély v nékterych ptipadech i fatalni dusledky. Popsény jsou i ptipady indukova-
né psychozy. (Banister SD, Wilkinson SM, Longworth M, Stuart J, Apetz N, English K, Brooker
L, Goebel C, Hibbs DE, Glass M, Connor M, McGregor IS, Kassiou M. The Synthesis and Phar-
macological Evaluation of Adamantane-Derived Indoles: Cannabimimetic Drugs of Abuse.
Chem. Neurosci. 2013;4:1081-92.)

Tradiéni drogy Ize detekovat pomoci komer&nich imunochemickych testl zalozenych na selektiv-
ni reakci protilatky a antigenu, kterym je v tomto piipad$ hledand omamna ¢&i psychotropni latka.
K detekci NSD v3ak tyto testy pouzit nelze. (Paleni¢ek T, Kuchai M. Je mozna detekce a identifi-
kace novych syntetickych drog (NSD) pomoci orientagnich testd? Adiktologie 2011;11:208-14.)
Odhalit intoxikaci osob novymi syntetickymi drogami je mozné pomoci metod klinické bioche-
mie, a to zejména analyzou pomoci plynové chromatografie s hmotnostnim detektorem (GC-
MS), coz je pomé&rné naroéné jak na ptistroje, tak na odbornost obsluhy. Sestaveni pfistrojové ne-
naroénych, jednoduchych, uzivatelsky pifjemnych imunochemickych testd na principu LFIA
(Lateral Flow Immunochromatographic Assay) by umoziiovalo daleko rychlej$i a levn&jsi
orientani detekci latek v biologickém materialu ve zdravotnictvi nebo pii dopravnich kontrolach
fidicu.
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PrestoZe existuje mnoho evaluovanych imunochemickych testl pro stanoveni tradi¢nich kanabi-
noidli, moZnosti imunoanalyzy syntetickych kanabinoidd jsou omezené. V literatuie jsou popsany
piiklady metod pro ELISA (Enzyme-Linked ImmunoSorbent Assay) stanoveni JWH-018 a JWH-
250 v krvi, krevnim séru a moc¢i (Arntson A, Ofsa B, Lancaster D, Simon JR, McMullin M,
Logan B. Validation of a Novel Immunoassay for the Detection of Synthetic Cannabinoids and
Metabolites in Urine Specimens. J. Anal. Toxicol. 2013; 37:284-90.), JWH-200 ve slinach (Rod-
rigues WC, Catbagan P, Rana S, Wang G, Moore C. Detection of Synthetic Cannabinoids in Oral
Fluid Using ELISA and LC-MS-MS. J. Anal. Toxicol. 2013; 37:526-33.) a HEIA (Homogenous
Enzyme ImmunoAssay) stanoveni JWH-018 N-pentanové kyseliny, coz je vyznamny metabolit
JWH-018, v mo¢i (Barnes AJ, Young S, Spinelli E, Martin TM, Klette KL, Huestis MA. Evalua-
tion of a homogenous enzyme immunoassay for the detection of synthetic cannabinoids in urine.
Forensic Sci Int. 2014;241:27-34.).

Jako nosi¢ové proteiny se pouzivaji hovézi sérovy albumin (BSA), hovézi thyroglobumin (BTG),
popf. dalsi proteiny vhodnych vlastnosti. Konjugaty se pripravuji reakci aktivované formy hapte-
nu (reaktivni anhydridy &i estery) s g-aminoskupinami lysinovych zbytkil proteinu za vytvofeni
amidovych vazeb. Konjugaci se dosahne statisticky nahodného obsazeni lysyli pfitomnych
v proteinu.

Podstata vynalezu

Podstatou vynalezu jsou nové derivaty syntetickych kanabinoidii. Tyto derivaty nesou kratky
spojovaci mistek s karboxylovou skupinou. Spojovaci mistek je vyuZitelny pro ptipojeni
fluorescentni znacky, kterd nasledn& umozni vizualizaci interakci kanabinoidl s kanabinoidnimi
receptory, ¢i je karboxylova skupina spojovaciho mistku vyuzitelna pro pfipravu imunogend
konjugaci s nosnym proteinem. Z laboratornich zvifat imunizovanych témito imunogeny lze
ziskat polyklonalni krali¢i protilatky a uplatnit je p¥i vyvoji imunoanalytickych metod stanoveni
syntetickych kanabinoidi.

Spojovaci miistek je pripojen pres kyslik v poloze 4 benzenového jadra 1-alkyl-3-benzoylindoli
nebo v poloze 4 naftalenu u 1-alkyl-3-naftoylindoli &i pfimo na dusiku I-alkyl-/H-indol-3-
karboxamidi.

Slou¢eniny obecného vzorce 11 a IV se pfipravi tak, Ze se benzylem chranéna 4-hydroxyaren-1-
karboxylové kyselina nejprve prevede na pfislusny chlorid. Ten slouZi jako acyla¢ni &inidlo pii
Friedelové-Craftsové reakci s N-substituovanym indolem v pfitomnosti Lewisovy kyseliny. Jako
Lewisova kyselina je s vyhodou pouzit zirkonium tetrachlorid.

Hydroxylova skupina je odchranéna debenzylaci na palladiovém katalyzatoru. O-alkylaci ethyl-
esterem o-bromalkanové kyseliny a naslednou bazickou hydrolyzou je do molekuly zaveden
spojovaci mistek nesouci karboxylovou funk¢&ni skupinu.

Pripravené derivaty syntetickych kanabinoidi Ize s vyhodou vyuZit pro konjugaci s fluorescentni
znatkou, ktera by nasledné umoznila vizualizaci interakci takto znacenych ligandi s kanabi-
noidnimi receptory, i pro ptipravu imunogenti konjugaci s nosnym proteinem. Polyklonalni kra-
li¢i protilatky ziskané z imunizovanych laboratornich zvifat 1ze uplatnit pfi vyvoji rychlych, uzi-
vatelsky prijemnych imunochemickych testd formatu LFIA (Lateral-Flow Immunochromato-
graphic Assay).

Pro ziskani protiltek proti témto syntetickym kanabinoidiim, tedy nizkomolekularnim latkam
(haptentim), bylo nutné pfipojit je k nosnému proteinu. Pro tyto Gcely byl jako vhodny nosny pro-
tein vybran hovézi sérovy albumin (BSA). Pfi tvorbé konjugatl byla vyuZita metoda aktivované-
ho esteru, pii niz je hapten reakei s NN -dicyklohexylkarbodiimidem (DCC) a N-hydroxysukcin-
imidem (NHS) nejprve pieveden na nestabilni derivat O-acylisomogoviny, a poté na aktivovany
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ester. Vlastni konjugaéni reakce, pii niz dochazi k tvorbé amidové vazby mezi karboxylovou sku-
pinou haptenu a primarni aminoskupinou aminokyseliny lysinu v BSA, pak probihala v reverz-
nim micelarnim prostedi anionaktivniho tenzidu.

Zpisob pfipravy derivatt syntetickych kanabinoidi

Slouceniny obecného vzorce Il a [V se piipravi tak, ze se benzylem chranéna 4-hydroxyaren-1-
karboxylova kyselina nejprve pievede na pfislusny chlorid. Ten slouzi jako acyla¢ni ¢inidlo pfi
Friedelové-Craftsové reakci s N-substituovanym indolem v pfitomnosti zirkonium tetrachloridu
jako Lewisovy kyseliny. Hydroxylova skupina je odchranéna debenzylaci na palladiovém kataly-
zatoru. O-alkylaci ethyl-esterem w-bromalkanové kyseliny a naslednou bazickou hydrolyzou je
do molekuly zaveden spojovaci mistek nesouci karboxylovou funkéni skupinu. Produkty, ziska-
né ve vysokém vytézku, je proto mozné konjugovat s e-aminoskupinami lysinovych zbytki pro-
teinu za vytvofeni amidovych vazeb.

Zatimco 4-benzyloxybenzoova kyselina byla pfipravena standardnim, v literatufe popsanym zpii-
sobem, pro pfipravu 4-benzyloxynaftalen-1*karboxylové kyseliny je predstavena inovativni
synteticka cesta. V molekule 1-benzyloxy-4-bromnaftalenu je brom nejprve nahrazen nitrilovou
funk&ni skupinou pfi Rosenmundové — von Braunové reakci. Redukce ziskaného nitrilu diiso-
butylaluminium hydridem a zpétna oxidace aldehydu oxidem stfibrnym, pfipravovanym in situ
z dusi¢nanu stéibrného a hydroxidu sodného, umozni zavést do molekuly karboxylovou funkéni
skupinu s vys$§im vytézkem, neZ publikovany postup zalozeny na lithiaci a ndsledné reakci
organokovového species s oxidem uhli¢itym, pfestoze je reakéni sekvence delsi.

Metodou enzymové imunoanalyzy byly testovany interakce polyklonalnich krali¢ich protilatek
pfipravenych proti pfisluSnym syntetickym kanabinoidim. S protilatkami vykazujicimi nejlepsi
charakteristiky byly pro imunochemické stanoveni optimalizovany a charakterizovany varianty
ELISA v neptimém kompetitivnim uspotfddani. Byl uréen vyznamny analyticky parametr tzv.
50% intercept, (Iso, viz tabulka). Is, pfedstavuje koncentraci analytu, potfebnou k vyvazani 50 %
protilatek pfitomnych v reakénim roztoku, ktera je nezbytna pro kvalitativni stanoveni syntetické-
ho kanabinoidu v neznamém vzorku.

Pfi imunoanalyze v nepfimém kompetitivnim uspofadani soutézi antigen zakotveny na pevném
nosi¢i (imobilizani konjugat) se stanovovanym antigenem ve vzorku o omezeny polet vazeb-
nych mist na molekulach protilatky. Cim vice antigenu obsahuje analyzovany vzorek, tim méng
protilatky se navaze na zakotveny antigen. Nenavazané slozky se odstrani a pfid4 se enzymem
znacenad sekundéarni protilatka proti navazané protilatce. Detekce je uskuteGnéna enzymovou
reakci, kdy vznika barevny produkt, jehoZ intenzita zbarveni je méfena spektrofotometricky.

Byly pfipraveny tyto hapteny:
Hapten II:

0 nazvu 2-{4-[1-(2-(4-morfolino)ethyl)-/ H-indol-3-ylkarbonyl]naftalen-1-yloxy} octové kyseliny
a strukture 1I:
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a hapten IV:

o nazvu 2-{4-[1-(2-(4-morfolino)ethyl)-/ H-indol-3-ylkarbonyl]benzyloxy}octové kyseliny
a strukture [V:

o/ﬁc})/OH
®
'y
(
)

0]

Objasnéni vykresu

Obr.1:

Obr.2:

Obr.3:

Obr.4:

Obr.5:

Obr.6:

Schéma syntézy haptenu II
Schéma syntézy haptenu IV
Schéma provedené konjugace hapten s BSA

MALDI spektrum prokazujici strukturu pfipraveného konjugatu haptenu Il s BSA, dete-
kujici, ze 20 molekul haptenu II se primérné navazalo na nosny protein — BSA

MALDI spektrum prokazujici strukturu pfipraven¢ho konjugétu haptenu IV s BSA, dete-
kujici, ze 20 molekul haptenu [V se primérné navazalo na nosny protein — BSA

Schématicky prib&h nepfimé kompetitivni ELISA; A imobilizace konjugatu na stény

jamek mikrotitradni desticky; B aplikace kompetujicich slozek; C aplikace sekundarni

protilatky znatené enzymem (peroxidasou); D aplikace substratu pro peroxidasu; E enzy-

mova reakce peroxidasy se substratem; F zastaveni enzymové reakce kyselinou sirovou L
imobilizatni konjugat ®cilovy analyt ve vzorku; ¥ primarni protilatka; k sekundarni

protilatka zna¢ena enzymem © substrat pro peroxidasu.
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Obr.7: Prehled pouzitych konjugatii a protilatek pii vyvoji metod ELISA; BSA: hovézi sérovy
albumin z ang. bovine serum albumin; specificka protilatka: protilatka proti imunogenu
pfislusného kanabinoidu s BSA

Obr.8: Chemicka struktura haptenu II

Obr.9: Chemicka struktura haptenu IV

Priklady provedeni vynalezu

Priklad 1
Syntéza haptenu 11

Vychozi naft-1-ol (1442 mg, 10,00 mmol) byl rozpustén v acetonitrilu (40 mL), k roztoku byl
pfisypan bezvody uhligitan draselny (2764 mg, 20.00 mmol). Po 30 minutach byl pfidan benzyl-
bromid (1784 uL, 15,00 mmol), reakéni smés byla zahf4ta k varu a michana 16 hodin. Po zchlad-
nuti reakéni smési na laboratorni teplotu byl pfidan ethyl-acetat, organicka faze byla postupné
promyta 2 mol/l kyselinou chlorovodikovou, vodou a nasycenym roztokem chloridu sodného,
poté byla vysusena pomoci siranu sodného. Rozpoustédla byla odpafena a produkt precisten
sloupcovou chromatografii (hexan-dichlormethan 19/1). Byl izolovan produkt 1-benzyloxy-
naftalen (2239 mg, 9,56 mmol) ve vytézku 96 %.

1-Benzyloxynaftalen (1531 mg, 6,53 mmol) byl rozpustén v acetonitrilu (35 mL), roztok byl
pomoci ledové 1azné ochlazen na 0 °C a v n&kolika podilech byl pfidan N-bromsukcinimid
(1163 mg, 6,53 mmol). Reakéni smés byla 3 hodiny michana pii 0 °C. Po ohfati na laboratorni
teplotu byl pfidan ethyl-acetat a organicka faze byla tfikrat promyta vodou. Vodna faze byla zpét-
né extrahovana dvéma podily ethyl-acetatu a spojené organické faze byly suSeny pomoci siranu
hote&natého. Rozpoustédla byla odpaifena a produkt piecistén sloupcovou chromatografii (hexan-
dichlormethan 19/1). Byl izolovan produkt 1-benzyloxy-4-bromnaftalen (1885 mg, 6,02 mmol)
ve vytézku 92 %.

1-Benzyloxy-4-bromnaftalen (1404 mg, 4,48 mmol) byl rozpustén v N,N-dimethylformamidu
(150 mL) a k roztoku byl pfidan kyanid méd'ny (605 mg, 6,72 mmol). Reakéni smés byla po
dobu 24 hodin zahtivana k varu na elektrickém topném hnizd€. Poté byl pfisypan dalSi podil
kyanidu méd’ného (121 mg, 1,35 mmol) a reakéni smés byla zahfivana k varu dalSich 21 hodin.
Rozpoustédlo bylo odpafeno a odparek extrahovan mezi ethyl-acetat a vodu. Nerozpustény podil
byl odfiltrovan a suspendovan ve vodném roztoku amoniaku. Amoniakalni roztok byl protfepan
s dvéma podily ethyl-acetatu, spojené organické faze byly promyty 1 mol/l kyselinou chlorovodi-
kovou a vodou a poté vysuSeny pomoci siranu hofe¢natého. Ethyl-acetat byl odpaifen a produkt
precistén sloupcovou chromatografii (hexan-ethyl-acetat 20/1). Byl izolovan produkt 4-benzyl-
oxynaftalen-1-karbonitril (1013 mg, 3,91 mmol) ve vytézku 87 %.

4-Benzyloxynaftalen-1-karbonitril (1000 mg, 3,86 mmol) byl rozpustén v suchém tetrahydro-
furanu (60 mL), roztok byl pomoci ledové lazné ochlazen na 0 °C a stfikackou byl pfikapan
1 mol/l roztoku diisobutylaluminium hydridu v hexanu (7,7 mL, 7,70 mmol). Reakéni smés byla
ponechdna michat pfes noc za laboratorni teploty. Pfebyte¢ny diisobutylaluminium hydrid byl
rozlozen vodou. Vodna faze byla okyselena 2 mol/l kyselinou chlorovodikovou az na pH 1 a pro-
myta dvéma podily dichlormethanu. Organické faze byly spojeny a vysuSeny pomoci siranu
hofe¢natého. Rozpoustédla byla odpafena a produkt piedistén sloupcovou chromatografii (hexan-
ethyl-acetat 9/1). Byl izolovan produkt 4-benzyloxynaftalen-1-karbaldehyd (762 mg, 2,91 mmol)
ve vytézku 75 %.
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4-Benzyloxynaftalen-1-karbaldehyd (1544 mg, 5,89 mmol) byl rozpustén v ethanolu (80 mL) pti
60 °C, k roztoku byl ptidan dusi¢nan sttibrny (4002 mg, 23,56 mmol) a stfika¢kou byl postupné
pfikapavan roztok hydroxidu sodného (942 mg, 23,56 mmol) ve smési ethanolu s vodou. Po pfi-
dani veskeré¢ho hydroxidu byla reakéni smés michana a zahfivana po dobu 24 hodin. Piebytecny
oxid stfibrny i vyloucené stiibro byly odfiltrovany a promyty vétsim mnozstvim vody. Filtrat byl
okyselen 2 mol/l kyseliny chlorovodikové az na pH 1 a promyt dvéma podily diethyletheru.
Organické faze byly spojeny a vysuseny pomoci siranu hote¢natého. Rozpoustédla byla odpafena
a ziskany surovy produkt byl triturovan chloroformem. Zadany produkt 4-benzyloxynaftalen-1-
karboxylova kyselina (1409 mg, 5,07 mmol) byl izolovan ve vytézku 86 %.

4-Benzyloxynaftalen-1-karboxylova kyselina (1200 mg, 4,30 mmol) byla rozpusténa v suchém
dichlormethanu (20 mL), k roztoku bylo pfidano nékolik kapek N,N-dimethylformamidu
a stifkaCkou byl prikapan oxalylchlorid (482 pL, 5,60 mmol). Reakce probihala 3 hodiny pfi
laboratorni teploté. Byl pfidan toluen (10 mL), piebytecny oxalylchlorid a rozpoustédla byly
odpareny. Surovy 4-benzyloxynaftalen-1-karbonylchlorid (382 mg, 1,29 mmol) byl rozpustén
v suchém dichlormethanu (25 mL) a stiikackou byl prikapan roztok 1-[2-(morfolin-4-yl)ethyl]-
1H-indolu (385 mg, 1,67 mmol) v suchém dichlormethanu (5 mL) pfi teploté -10 °C. K reak¢ni
smési byl pfidan zirkonium tetrachlorid (450 mg, 1,93 mmol). Teplota byla 1 hodinu udrzovana
na -10 °C, poté 3 hodiny na 0 °C. Reakce dale probihala ptes noc za laboratorni teploty, ukonce-
na byla pfidanim vody. Vodna faze byla promyta dvéma podily ethyl-acetatu, spojené organické
faze byly zpétné extrahovany vodou a vysuseny pomoci siranu hofe¢natého. Rozpoustédla byla
odpaiena a produkt piecistén sloupcovou chromatografii (hexanaceton 3/1). Byl izolovan produkt
1-[2-(4-morfolino)ethyl]-3-(4-benzyloxy- 1-naftoyl)-/ H-indol (444 mg, 0,91 mmol) ve vytézku
70 %.

1-[2-(4-morfolino)ethyl]-3-(4-benzyloxy- 1 -naftoyl)-1 H-indol (144 mg, 0,29 mmol) byl rozpustén
v bezvodém ethanolu (35 mL), k roztoku byl ptidan formiat amonny (93 mg, 1,47 mmol) a kata-
lytické mnozstvi palladia na uhliku. Reakce byla michana 1 hodinu za laboratorni teploty. Palla-
diovy katalyzator byl odfiltrovan, filtrat byl zahustén ¢aste¢nym odpafenim ethanolu a nasledné
nafedén ethyl-acetatem. Organickd faze byla promyta roztokem uhli¢itanu draselného, a dvéma
podily roztoku chloridu sodného, poté byla vysusena pomoci siranu hofe¢natého. Rozpoustédla
byla odpatena a produkt byl piedistén sloupcovou chromatografii (hexan/aceton 9/4). Byl izolo-
véan produkt 1-[2-(4-morfolino)ethyl]-3-(4-hydroxy-1-naftoyl)-/H-indol (116 mg, 0,29 mmol) ve
vytézku 99 %.

1-[2-(4-morfolino)ethyl]-3-(4-hydroxy-1-naftoyl)-/H-indol (110 mg, 0,28 mmol) byl rozpustén
v suchém acetonu (30 mL) pii 50 °C, k roztoku byl pfisypan bezvody uhli¢itan draselny (57 mg,
0,41 mmol). Po 30 minutach byl pfidan ethyl-2-bromacetat (36 pL, 0,32 mmol) a reakéni smés
byla zahtivana k varu. Reakce probihala 3 hodiny. Po zchladnuti reakéni smési na laboratorni
teplotu byl ptidan ethyl-acetat, organicka faze byla postupné promyta dvéma podily vody a nasy-
cenym roztokem chloridu sodného, poté byla vysusena pomoci siranu hofe¢natého. Rozpoustedla
byla odpafena a produkt precistén sloupcovou chromatografii (hexan/aceton 3/1). Byl izolovan
produkt ethyl-2-{4-[1-(2-(4-morfolino)ethyl)-/ H-indol-3-ylkarbonyl]naftalen-1-yloxy}acetat
(111 mg, 0,23 mmol) ve vytézku 83 %.

Ethyl-2-{4-[1-(2-(4-morfolino)ethyl)-/ H-indol-3-ylkarbonyl]naftalen-1-yloxy}acetat (105 mg,
0,22 mmol) byl suspendovan v ethanolu (15 mL), k roztoku byl stikackou ptikapan 1M roztok
hydroxidu sodného ve vodé (3 mL). Reakce probihala 1 hodinu pfi teploté 50 °C. Ethanol byl
odpaten, vodna faze byla okyselena na pH 1, poté byla odpafena i voda. Vyloueny chlorid sodny
byl odstranén trituraci odparku vodou. Produkt byl pfecistén chromatografii na reverzni fazi
(voda/methanol, gradient 10/1—1/1). Byl izolovan produkt ve formé hydrochloridu 2-{4-[1-(2-
(4-morfolino)ethyl)-1H-indol-3-ylkarbonyl]naftalen-1-yloxy}octové  kyseliny (73 mg,
0,15 mmol) s vytézkem 68 %.
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1H NMR (300 MHz, CDCls) § ppm: 2,52 (t, J=4,50 Hz, 4 H, CH,NCH,), 2,78 (t, J=6,60 Hz, 2 H,
NCH,), 3.62 (t, J=4,50 Hz, 4 H, CH,OCH,), 3,83 (br s, 1 H, NH), 4,24 (t, J=6,90 Hz, 2 H,
NCH,), 4,66 (s, 2 H, OCH,), 6,60 (d, J=7,80 Hz, t H, ArH), 7,30 - 7,46 (m, 7 H, ArH), 8,19 -
8,22 (m, 1 H, ArH), 8,32 - 8,35 (m, 1 H, ArH), 8,41 - 8,44 (m, 1 H, ArH). 13C NMR (75 MHz,
CDCI3) & ppm: 42,75, 52,86, 56,44, 65,42, 66,86, 103,33, 109,84, 118,07, 122,57, 122,96,
123,10, 124,04, 125,62, 125,79, 125,92, 127,12, 127,48, 127,67, 131,70, 132,15, 136,87, 138,34,
155,58, 172,61, 191,69. IC (CHCls): 3107, 3075, 3053, 2957, 2927, 2859, 2816, 1920,
1727,1622, 1605, 1578, 1520, 1509, 1485, 1463, 1425, 1394, 1372, 1322, 1258, 1230, 1196,
1159, 1134, 1098, 1071, 1032, 1014, 986, 910, 870, 820, 794, 774, 749, 715, 669, 626, 561, 425.
HRMS-ESI: monoisotopickd hmota: 458,18417 Da, nalezeno (m/z) 459,19109 (vypoCteno
459,19145) odpovida iontu [M+H]+ pfipravené latky.

Priklad 2
Syntéza haptenu IV

Vychozi 4-hydroxybenzoova kyselina (8287 mg, 60,00 mmol) byla rozpusténa v acetonitrilu
(140 mL) pii 60 °C, k roztoku byl pfisypan bezvody uhli¢itan draselny (19073 mg,
138,00 mmol). Po 30 minutach byl pfidan benzylbromid (14 986 pL, 126,00 mmol), reak¢ni
smés byla zahrata k varu a michana 16 hodin. Po zchladnuti reakéni smési na laboratorni teplotu
byl ptidan ethyl-acetat a voda, organicka faze byla oddélena a vodna promyta dalSima dvéma po-
dily ethyl-acetatu. Organické extrakty byly spojeny a vysuseny pomoci siranu hote€natého.
Rozpoustédla byla odpafena a produkt piecistén sloupcovou chromatografii (hexan/dichlor-
methan, gradient 4/1—1/1). Byl izolovan produkt benzyl-4-benzyloxybenzoat (18714 mg,
58,83 mmol) ve vytézku 98 %.

Benzyl-4-benzyloxybenzoat (18593 mg, 58,44 mmol) byl suspendovan ve smési ethanolu
(300 mL) s vodou (100 mL). Byl pfidan hydroxid sodny (12 000 mg, 300,02 mmol) a reakéni
smés byla zahfata k varu. Reakce probihala 1 hodinu. Ethanol byl odpafen a vodna faze byla po
nafedéni promyta dvéma podily diethyletheru. Poté byla okyselena na pH 1 a protiepana po-
stupn¢ s tfemi podily diethyletheru a ethyl-acetatem. Organické faze byly spojeny a vysu$eny po-
moci siranu hofe¢natého. Rozpoustédla byla odparena a produkt pfecistén sloupcovou chromato-
grafii (dichlormethan/methanol 97/3). Byl izolovan produkt 4-benzyloxybenzoova kyselina
(12 658 mg, 55,50 mmol) ve vytézku 95 %.

4-Benzyloxybenzoova kyselina (1460 mg, 6,40 mmol) byla rozpusténa v suchém dichlormethanu
(35 mL), k roztoku bylo pfidano nékolik kapek N,N-dimethylformamidu a stéikackou byl ptika-
pan oxalylchlorid (715 pL, 8,32 mmol). Reakce probihala 3 hodiny pfi laboratorni teploté. Byl
pfidén toluen (10 mL), piebytedny oxalylchlorid a rozpoustédla byly odpateny, vznikl 4-benzyl-
oxybenzoylchlorid.

Surovy 4-benzyloxybenzoylchlorid (1081 mg, 4,38 mmol) byl rozpustén v suchém dichlor-
methanu (55 mL) a stifkackou byl piikapan roztok 1-[2-(morfolin-4-yl)ethyl]-/H-indolu
(1313 mg, 5,70 mmol) pfipraveny v suchém dichlormethanu (5 mL) pii teploté -30 °C. K reakéni
smési byl pfidan zirkonium tetrachlorid (1533 mg, 6,58 mmol). Teplota byla 90 minut udrzovéana
na -30 °C, 90 minut na -20 °C, poté 90 minut na -10 °C a nakonec 3 hodiny na teploté 0 °C.
Reakce dale probihala ptes noc za laboratorni teploty, ukonéena byla priddnim vody. Vodna faze
byla promyta dvéma podily ethyl-acetatu, spojené organické fize byly zpétné extrahovany vodou
a vysuSeny pomoci siranu hofe¢natého. Rozpoustédla byla odpafena a produkt precistén sloupco-
vou chromatografii (hexan/aceton, gradient 16/3—3/1). Byl izolovan produkt 1-[2-(4-morfolino)-
ethyl]-3-(4-benzyloxybenzoyl)-/H-indol (827 mg, 1,88 mmol) ve vytézku 43 %.

1-[2-(4-morfolino)ethyl]-3-(4-benzyloxybenzoyl)-1 H-indol (839 mg, 1,90 mmol) byl rozpustén
v bezvodém ethanolu (65 mL), k roztoku byl pridan formiat amonny (600 mg, 9,51 mmol) a kata-
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lytické mnozstvi palladia na uhliku. Reakce byla michana 3 hodiny za laboratorni teploty. Palla-
diovy katalyzator byl odfiltrovan, filtrat byl zahustén ¢aste¢nym odpafenim ethanolu a nésledné
nafedén ethyl-acetatem. Organicka faze byla postupné promyta roztokem uhli¢itanu draselného,
roztokem chloridu sodného a vodou, poté byla vysuSena pomoci siranu hofe¢natého. Rozpoustéd-
la byla odpafena a produkt byl precistén sloupcovou chromatografii (hexan-aceton, gradient
3/1-2/1). Byl izolovan produkt 1-[2-(4-morfolino)ethyl]-3-(4-hydroxybenzoyl)-1H-indol
(551 mg, 1,57 mmol) ve vytézku 83 %.

1-[2-(4-morfolino)ethyl}-3-(4-hydroxybenzoyl)-/H-indol (480 mg, 1,37 mmol) byl rozpustén
v suchém acetonu (35 mL) pii 50 °C, k roztoku byl piisypan bezvody uhli¢itan draselny (285 mg,
2,05 mmol). Po 30 minutach byl piidan ethyl-2-bromacetat (183 pL, 1,64 mmol) a reakéni smés
byla zahtivana k varu. Reakce probihala 3 hodiny. Po zchladnuti reakéni smési na laboratorni
teplotu byl pfidan ethyl-acetat, organicka faze byla postupné promyta dvéma podily vody a nasy-
cenym roztokem chloridu sodného, poté byla vysuSena pomoci siranu hofe¢natého. Rozpoustédla
byla odparena a produkt pfecistén sloupcovou chromatografii (hexan-aceton 5/2). Byl izolovan
produkt ethyl-2-{4-[1-(2-(4-morfolino)ethyl)-/H-indol-3-ylkarbonyl]benzyloxy}acetat (549 mg,
1,26 mmol) ve vytézku 92 %.

Ethyl-2-{4-[1-(2-(4-morfolino)ethyl)-/ H-indol-3-ylkarbonyl]benzyloxy} acetat (63 mg,
0,14 mmol) byl rozpustén v ethanolu (15 mL), k roztoku byl stéikackou ptikapan 1M roztok
hydroxidu sodného (8 mg, 0,20 mmol) ve vodé. Reakce probihala 3 hodiny pfi teploté 60 °C.
Ethanol byl odpaien, vodna faze byla okyselena na pH 1, poté byla odpafena i voda. Surovy pro-
dukt byl zbaven vylougeného chloridu sodného a piecistén chromatografii na reverzni fazi (vo-
da/methanol, gradient 10/1—1/1). Byl izolovan produkt ve formé hydrochloridu 2-{4-[1-(2-(4-
morfolino)ethyl)-1H-indol-3-ylkarbonyl]benzyloxy}octové kyseliny (36 mg, 0,08 mmol) s vytéz-
kem 56 %.

1H NMR (300 MHz, CD;0D) & ppm: 2,94 (t, J=4,50 Hz, 4 H, CH,NCH,), 3,23 (t, J=6,15 Hz,
2 H, NCH,), 4,07 (t, J=4,50 Hz, 4 H, CH,OCH,), 4,82 (t, J=6,50 Hz, 2 H, NCH,), 5,03 (s, 2 H,
OCH,), 7,49 (d, J=7,50 Hz, 2 H, ArH), 7,69 - 7,75 (m, 2 H, ArH), 7,97 (d, ]=7,50 Hz, 1 H, ArH),
8,24 (d, J=7,50 Hz, 2 H, ArH), 8,35 (s, 1 H, ArH), 8,69 (d, J=7,80 Hz, 1 H, ArH). IC (CHCL):
3606, 3403, 3326, 3218, 3147, 3058, 3043, 2999, 2965, 2943, 2897, 2883, 2868, 2824, 2796,
1672, 115, 1598, 1573, 1523, 1470, 1452, 1425, 1380, 1304, 1261, 1242, 1209, 1176, 1131,
1114, 1098, 1048, 1028, 991, 904, 879, 871, 843, 818, 762, 751, 716, 702, 659, 637, 621, 568,
493, 477, 449. HRMS-ESI: monoisotopicka hmota: 408,16852 Da, nalezeno (m/z) 409,17600
(vypocteno 409,17580) odpovida iontu [M+H]J+ pfipravené latky.

Ptiklad 3
Konjugace haptenu Il s BSA

Hydrochlorid 2-{4-[1-(2-(4-morfolino)ethy!)-/ H-indol-3-ylkarbonyl]naftalen- 1-yloxy } octové
kyseliny (15 mg, 30.3 pmol) byl rozpustén v N,N-dimethylformamidu (150 ul), k roztoku byl
pfidan roztok N,N’-dicyklohexylkarbodiimidu (8,1 mg, 39,4 umol) v N,N-dimethylformamidu
(85 pl) a roztok N-hydroxysukcinimidu (4,5 mg, 39,4 pmol) v N,N-dimethylformamidu (45 pl).
Reakéni smés byla ponechéana stat pres noc v mikrozkumavce pii laboratorni teploté. Po vylou-
Senf krystalk derivatu mo¢oviny, bylo pomoci TLC analyzy ovéfeno, Ze veskera vychozi kyseli-
na byla pfevedena na aktivovany ester.

K roztoku hovéziho sérového albuminu (24,2 mg, 0,4 pmol) v bikarbonatovém pufru (1,9 ml) byl
piidan roztok dioktylsulfosukcinatu sodného v oktanu (12,4 ml). Do micelarniho prostredi byl
pipetou opatrné prenesen aktivovany ester v N, N-dimethylformamidu tak, aby doslo k oddéleni
krystalki derivatu mogoviny. Reakéni smé&s byla ponechana michat pfes noc pfi laboratorni tep-
loté. Poté byl modifikovany protein vysrazen chladnym acetonem (-30 °C) z reak¢ni smesi. Pro-
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dukt byl oddélen centrifugaci a promyt dal$im podilem chladného acetonu(-30 °C). Po centri-
fugaci a odliti promyvaciho acetonu byl modifikovany protein ponechan 30 minut na vzduchu,
aby doslo k odpaieni zbylého acetonu. Poté byl produkt rozpustén ve vod€ a lyofilizovan. Analy-
za pomoci MS-MALDI ukézala, Zze k jedné molekule hovéziho sérového albuminu je navazano
pramérné 20 molekul haptenu II.

Priklad 4
Konjugace haptenu IV s BSA

Hydrochlorid 2-{4-[1-(2-(4-morfolino)ethyl)-/H-indol-3-ylkarbonyl]benzyloxy}octové kyseliny
(12 mg, 27,0 umol) byl rozpustén v N,N-dimethylformamidu (120 pl), k roztoku byl pfidan roz-
tok N, N’-dicyklohexylkarbodiimidu (7,2 mg, 35,1 umol) v N, N-dimethylformamidu (75 pl) a roz-
tok N-hydroxysukcinimidu (4,0 mg, 351 pmol) v N, N-dimethylformamidu (40 pl). Reakéni smés
byla ponechana stat pfes noc v mikrozkumavce pii laboratorni teploté. Po vylouceni krystalki
derivatu mocoviny, bylo pomoci TLC analyzy ovéreno, Ze veSkera vychozi kyselina byla pieve-
dena na aktivovany ester.

K roztoku hovéziho sérového albuminu (21,6 mg, 0,4 umol) v bikarbonatovém pufru (1,7 mli) byl
pfidan roztok dioktylsulfosukcinatu sodného v oktanu (11,1 ml). Do micelarniho prostiedi byl
pipetou opatrné prenesen aktivovany ester v N, N-dimethylformamidu tak, aby doslo k oddé&leni
krystalki derivatu moCoviny. Reakéni smés byla ponechana michat pfes noc pfi laboratorni
teploté. Poté byl modifikovany protein vysrazen chladnym acetonem (-30 °C) z reakéni smési.
Produkt byl oddélen centrifugaci a promyt dal$im podilem chladného acetonu (-30 °C). Po centri-
fugaci a odliti promyvaciho acetonu byl modifikovany protein ponechan 30 minut na vzduchu,
aby doslo k odpateni zbylého acetonu. Poté byl produkt rozpustén ve vod¢ a lyofilizovan. Analy-
za pomoci MS-MALDI ukazala, Ze k jedné molekule hovéziho sérového albuminu je navazano
primémé 20 molekul haptenu V.

Priklad 5
Provedeni nepiimé nekompetitivni ELISY
Imobilizace konjugatu na stény jamek mikrotitra¢ni desticky

Zasobni roztok imobiliza¢niho konjugatu (I-BSA - VI-BSA) byl vhodné nafedén v 0,05 mol/l
karbonat-bikarbonatovém pufru, pH 9,6 a pipetovan do jamek mikrotitraéni desti¢ky v mnozstvi
100 pl na jamku. Imobilizace probihala pfes noc pfi laboratorni teplot&. Nenavazany imobiliza&ni
konjugat byl nésledujici den odstranén pomoci automatické promyvacky 4x 300 pl 0,01 mol/l
PBS-Tw (0.01M PBS, pH 7,4 obohaceny 0,05 % Tweenem).

Aplikace kompetujicich slozek

Po promyti nenavazaného konjugatu byly do jamek mikrotitraéni desti¢ky pipetovany kompetuji-
ci slozky v poradi 50 pl roztoku antigenu (kalibra¢niho standardu nebo vzorku) fedéného v PBS
a 50 pl roztoku polyklonalni krali¢i protilatky Fedéné v pifslugném pufru (réizné pufry pro rizné
systémy). Inkubace probihala za mirného tfepani pfi laboratorni teploté, po dobu 1 hodiny.
Nezreagované imunoreaktanty byly odstranény opakovanym promytim jamek 0,01 mol/l PBS-
Tw (4x 300 pl, promyvacka).
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Aplikace sekundarni protilatky

Ke kvantifikaci navdzanych kréli¢ich protilatek na imobiliza¢ni konjugat bylo vyuzito tzv. sekun-
darni protildtky GAR-Po (z angl. Goat Anti-Rabbit - kozi protilatky proti krali¢im protilatkam
znacené peroxidasou). Sekundarni protilatka byla fedéna 1:10 000 v pfislusném pufru (v zavis-
losti na systému) a pipetovana v mnozstvi 100 pl na jamku. Inkubace probihala za mirného tiepa-
ni pfi laboratorni teploté, po dobu 1 hodiny. Nenavazana protilatka byla poté odstranéna opako-
vanym promytim jamek 0,01M PBS-Tw (4x 300 pl, promyvacka).

Aplikace substratu pro peroxidasu

Do kazdé¢ jamky bylo nasledné ptidano 100 pl Cerstvé pripraveného roztoku substratu pro peroxi-
dasu Enzymova reakce probihala za mirného tiepani pfi laboratorni teploté deset minut.

K zastaveni enzymové reakce byl pouzit pfidavek 2 mol/l kyseliny sirové v mnozstvi 50 pl na

jamku. Absorbance reakéni smési byla méfena v jamkach mikrotitraéni desti¢ky pfi vinové délce
450 nm.

Pramyslova vvuzitelnost

Aplikace v imunoanalytickych metodach stanoveni syntetickych kanabinoidi ve formatech nepfi-
mé ELISA, LFIA, FIA a dalSich, které vyuzivaji kompetice mezi haptenem — nékterym z pfipra-
venych derivati syntetickych kanabinoidu, a analytem — psychoaktivni latkou pfitomnou ve vzor-
ku, o vazebna mista protilatky.

PATENTOVE NAROKY
1. Derivat syntetického kanabinoidu o struktute 2-{4-[1-(2-(4-morfolino)ethyl)-/H-indol-3-

ylkarbonyl]R;0xy}octové kyseliny, pfi¢emz R, je naftalen-1-yl nebo benzyl.

2. Derivét syntetického kanabinoidu podle naroku 1 o nazvu 2-{4-[1-(2-(4-morfolino)ethyl)-
I H-indol-3-ylkarbonyl]naftalen-1-yloxy}octové kyseliny o struktufe II:

&

3. Derivat syntetického kanabinoidu podle naroku 1 o ndzvu 2-{4-[1-(2-(4-morfolino)ethyl)-
1H-indol-3-ylkarbonyl]benzyloxy}octové kyseliny o struktuie IV:

210 -
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4. Zpusob pipravy derivatu syntetického kanabinoidu podle nérokii 1 az3, vyznacujici
se tim, Ze vychozi 4-hydroxyaren-1-karboxylova kyselina se podrobi reakci s benzylbromi-
dem, ke vzniklé 4-benzyloxyarenkarboxylové kyseling se pfikape oxalylchlorid, ke vzniklému
chloridu 4-benzyloxyarenkarboxylové kyseliny se pfikape N-substituovany indol, k reak&nf smési
Friedel-Craftsové reakci je pfidan zirkonium tetrachlorid, vznikly produkt je debenzylovan na
paladiovém katalyzatoru, debenzylovany produkt se izoluje, provede se O-alkylace, kdy se pfida
ethyl-ester »- bromalkanové Kkyseliny a vznikly ester neseny na spojovacim mustku se v zésadi-
tém prostredi hydrolyzuje na karboxylovou skupinu.

5. Pouziti derivatu syntetického kanabinoidu podle naroku 1 az 3 jako prosttedku pro vizuali-
zaci interakei s kanabinoidnimi receptory.

6. Pouziti derivatu syntetického kanabinoidu podle naroki 1 az 3 jako prostifedku pro pfipravu
imunogent konjugaci s nosnym proteinem, pro ziskani protilatky pro analyzu drog interagujicich
s kanabinoidnimi receptory.

4 vykresy

<11 -
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ARTICLE INFO ABSTRACT

In recent years, the use of synthetic cannabinoids (SCs) as drugs of abuse has greatly increased. SCs are asso-
ciated with a risk of severe poisoning or even death. Therefore, more rapid, cost effective and reliable methods
are needed, especially for the screening of drivers after traffic accidents and for detailed toxicological analysis in

Keywords:
Hapten synthesis
Synthetic cannabinoid

JWH-200 forensic laboratories. In this study, we developed a lateral flow immunoassay (LFIA) and an enzyme linked
;Tlnsl:nomem()ds immunosorbent assay (ELISA) for the detection of JWH-200 in oral fluids. For this purpose a new hapten was
LFIA prepared using a ten-step synthetic route. The developed immuno methods are based on antibodies obtained

from rabbit immunized with synthesized hapten conjugated to carrier protein. The proposed methods are highly
sensitive (LODppa = 0.08 + 0.04ng mL™Y; LODgysa = 0.04 + 0.02 ngmL~ b. They were applied to the
quantification of JHW-200 in spiked oral fluids. The recoveries ranged from 82 to 134% for both methods. The
results correlated excellently with results obtained using UHPLC-MS/MS (RZpa = 0.99; RZiisa = 0.99). Our
developed methods could be an important tool for analyses of JWH-200 in human oral fluids. The one-step LFIA
is particularly suitable for roadside and on-site monitoring due to the rapid qualitative results it delivers, while
the ELISA is especially useful for laboratory quantitative analyses of positive samples captured by LFIA.

1. Introduction

The frequent appearance of new psychoactive substances (NPS) as
drugs of abuse is a matter of concern with the public. Synthetic can-
nabinoids (SCs) are the largest group of NPS monitored in Europe by
the Early Warning System. These substances — commonly called ‘Spice’
are sold as ‘legal’ alternative to cannabis and may be marketed as
‘herbal incense blends’ or ‘herbal mixtures’ and usually labelled ‘not for
human consumption’ in order to circumvent consumer protection and
the law [1]. Their easy accessibility (especially via online shops), and
impossible detectability using routine screening tests for cannabis
contribute to an expansion in their abuse.

There have been numerous reports that abuse of SCs can cause a

wide range of serious harms to human health (acute ischemic stroke,
kidney damage, pulmonary and cardiovascular effects, and psychiatric
symptoms) [1-6]. Therefore, development of simple methods that could
be used for rapid determination of SCs is needed.

JWH-200, systematically named 1-[2-(morpholin-4-yl)ethyl]-3-
(naphthalene-1-carbonyl)-1H-indole, is considered to be one of the
most widely known SCs. A seizure of Spice adulterated with JWH-200
was first reported in 2009 by Europol but the drug soon spread out
throughout Europe, North America and Japan [5,7]. JWH-200 became
one of few SCs added to the list of controlled substances. That resulted
in the great interest of state authorities to develop an effective analysis
of this substance intended for use in the field.

Current methods used for the analysis of SCs in human fluids are

Abbreviations: BSA, bovine serum albumin; DCC, N,N’-dicyclohexylcarbodiimide; DIBAH, diisobutylaluminium hydride; DMF, N,N-dimethylformamide; ELISA, enzyme-linked im-
munosorbent assay; GAR, goat anti-rabbit antibody; GAR-Po, peroxidase labelled goat anti-rabbit antibody; LFIA, lateral flow immunoassay; LOD, limit of detection; NBS, N-bromo-
succinimide; NHS, N-hydroxysuccinimide; NPS, new psychoactive substances; PEG, polyethylene glycol; RSA, rabbit serum albumin; RSD, relative standard deviation; SCs, synthetic

cannabinoids; THC, thin layer chromatography
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mainly based on high performance liquid chromatography or gas
chromatography coupled to various selective detectors [8,9]. However,
these techniques are relatively demanding with respect to costs, sample
preparation, analysis times, and highly trained personnel and are un-
suitable for screening analysis. On the other side, immunoassays pro-
vide an attractive alternative for rapid screening of samples. These
days, enzyme-linked immunosorbent assay (ELISA) carried out in a
microtiter plate is the most common technique used for immunoassays.
The possibility of analysing liquid samples without any purification is
one of the most outstanding advantages the immunoassays have over
commonly used instrumental methods. ELISA has been successfully
applied for the analysis of selected SCs mainly in urine [9-14]. Its main
advantages are the possibility to analyse multiple samples simulta-
neously, sensitivity and the relative simplicity. However, the perfor-
mance of the necessary operations including repeated incubation and
washing steps and enzyme reaction for final signal generation is la-
borious for laboratories that are not specialized for this process. Lateral
flow immunoassay (LFIA) is considered to be one of the simplest
methods, which fits perfectly for on-site and roadside monitoring [15].
It combines several benefits including primarily rapidity, user-friendly
format and cost-effectiveness [16,17]. On the other hand, LFIA gives
only preliminary results, so it could be useful to have both, rapid and
simple LFIA and also a sensitive method for quantification such as
ELISA.

Herein we report the synthesis of a new hapten structurally derived
from JWH-200 itself which will serve for the development of im-
munomethods. To the best of our knowledge, this is the first hapten
bearing 1-[2-(morpholin-4-yl)ethyl]-1H-indole moiety used as an im-
munogen precursor in the detection of synthetic cannabinoids. The
aims of the study are to provide the sensitive LFIA that would be as
simple as possible to be applied by the state authorities for rapid
roadside and on-site monitoring of JWH-200 in oral fluids and ELISA
for toxicological quantitative analyses of positive samples captured by
LFIA.

2. Material and methods
2.1. Material and reagents

Bovine serum albumin (BSA), rabbit serum albumin (RSA), Tween
20, polyethylene glycol (PEG), Triton X-100, N-hydroxysuccinimide
(NHS), indole, naphthalen-1-ol, 4-(2-hydroxyethyl) morpholine, benzyl
bromide, methanesulfonyl chloride, N-bromosuccinimide (NBS), am-
monium formate, 10% palladium on carbon, sodium hydride, copper
cyanide, silver nitrate and zirconium tetrachloride were purchased
from Sigma-Aldrich Inc., USA. Ethyl 2-bromoacetate was obtained from
Merck and N,N’-dicyclohexylcarbodiimide (DCC) was obtained from
Fluka. Diisobutylaluminium hydride (DIBAH) solution in hexane, oxalyl
chloride and N,N-dimethylformamide (DMF) extra dry were purchased
from Acros. All the other solvents were obtained from Penta. Thin layer
chromatography (TLC) was performed on Merck aluminium backed
sheets coated with 60F 254 silica gel. Artificial saliva (1700-0305) was
purchased from Pickering Laboratories, USA. Gold colloid nanoparticles
(an average diameter of 40 nm) were purchased from BB international,
UK. Goat anti-rabbit antibody (GAR) and peroxidase labelled goat anti-
rabbit antibody (GAR-Po) were obtained from Nordic Immunological
Laboratories, Netherlands. Nitrocellulose membranes (PRIMA 85; AE
99; AE 100) were supplied from Whatman GmbH, Germany. Other ni-
trocellulose membranes (HiFlow Plus HF135; HiFlow Plus HFB180),
laminated card (HFOOOMC100), glass fiber conjugate pad
(CFCP03000), cellulose fiber sample pad (CFSP173000) and absorbent
pad (CFSP) were purchased from Millipore Corp., USA.

JWH-200 standard and all of the other drug standards used for
cross-reactivity studies (Table 2) were obtained from Alfarma s.r.o.,
Czech Republic or Cayman Pharma, Czech Republic. Individual stock
standard solutions containing 1mgmL~' of each compound were
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prepared by dissolving accurately weighted amounts in 96% ethanol
and stored at —20 °C.

96-well polystyrene microtiter plates Costar 9018 were purchased
from Corning Inc., USA.

2.2. Instrumentation

NMR spectra were recorded on a Varian Gemini 300 (300 MHz for
H; 75MHzfor '%C) or Agilent 400-MR DD2 (400 MHz for H;
100 MHz for '3C) spectrometers. High resolution mass spectra were
measured on a LTQ Orbitrap XL (Thermo Fischer Scientific) spectro-
meter using ESI ionization technique. Mass spectra of hapten-protein
conjugates were measured on a Bruker Autoflex Speed MALDI-TOF/
TOF spectrometer. Automated reverse phase chromatography was
carried out using a CombiFlash Rf 200 apparatus (Teledyne ISCO) with
prepacked Redisep Rf Gold C18 columns (packed with Cl18-reverse
phase silica gel).

Microplate reader uQuant BIO-TEK was from Inc. Winooski, USA.
Linomat V (Camag AG, Switzerland) and a strip cutter (Economic Cutter
7Q2000, Shanghai Kinbio Tech Co., China) were used for the pre-
paration of immunostrips.

2.3. Buffers and solutions

2.3.1. LFIA buffers

Coating buffer (0.01 M carbonate/bicarbonate buffer pH 9.6); assay
buffer (0.1 M borate buffer pH 8.8 containing Triton X-100 (1% v/v);
conjugate pad buffer (0.2 M borate buffer pH 8.8 containing BSA (1%
w/Vv); sucrose (1% w/v) and Tween 20 (1%)).

2.3.2. ELISA buffers

Coating buffer (0.01 M carbonate/bicarbonate buffer pH 9.6); assay
buffer (0.01 M phosphate buffered saline (PBS), pH 7.4); wash buffer
(0.01 M PBS pH 7.4 containing Tween 20 (0.05% v/v)); substrate so-
lution for enzyme (9 mL 0.05M citrate/phosphate buffer pH 5.0, 1 mg
of TMB, 1 mL of DMSO, and 2 pL of 30% H,0, (v/v)); stopping solution
(2 M sulphuric acid in distilled water).

2.4. Synthesis of hapten (derivative of JWH-200)

The structure of the hapten was derived from JWH-200. The
synthesis of the hapten bearing the linker with carboxylic functional
group in the position 4 of the naphthalene ring was proposed and
carried out (Fig. 1). Spectral data of intermediates and the final product
are provided in Table 1.

2.5. 1-(Benzyloxy)naphthalene (2) [18]

Naphthalen-1-ol (1) (1442 mg, 10 mmol) was dissolved in acetoni-
trile (40 mL) and anhydrous potassium carbonate (2764 mg, 20 mmol)
was added to the solution. After 30 min, benzyl bromide (1784 L,
15mmol) was gradually added. The reaction mixture was heated to
reflux and stirred for 16 h. After cooling to room temperature, the
mixture was diluted with ethyl acetate and washed twice with 2M
hydrochloric acid, once with water and brine. The organic layer was
dried over sodium sulfate and concentrated to dryness in vacuo. The
crude product was purified by column chromatography (hexane/di-
chloromethane 19:1) to afford 1-(benzyloxy)naphthalene (2) (2239 mg,
96%) as a colorless crystalline solid.

2.6. 1-(Benzyloxy)-4-bromonaphthalene (3) [19,20]

1-(Benzyloxy)naphthalene (2) (1531 mg, 6.53 mmol) was dissolved
in acetonitrile (35 mL), the solution was cooled in an ice bath and NBS
(1163 mg, 6.53 mmol) was added portionwise over 20 min. The reac-
tion mixture was stirred for 3h at 0°C. After warming to ambient
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NBS: N-bromosuccinimide, DMF: N,N-dimethylformamide, DIBAH: diisobutylaluminium hydride, THF: tetrahydrofuran.

temperature, the mixture was diluted with ethyl acetate and washed
with water three times. The collected aqueous layers were extracted
with ethyl acetate twice. The organic extracts were combined, dried
over magnesium sulfate and concentrated under reduced pressure. The
residue was purified by column chromatography (hexane/di-
chloromethane 19:1) to afford 1-(benzyloxy)-4-bromonaphthalene (3)
(1885 mg, 92%) as a colorless crystalline solid.

2.7. 4-(Benzyloxy)naphthalene-1-carbonitrile (4) [21,22]

1-(Benzyloxy)-4-bromonaphthalene (3) (1404 mg, 4.48 mmol) was
dissolved in DMF (150 mL) and copper cyanide (605 mg, 6.72 mmol)
was added to the solution. The flask was placed in heating mantle and
the reaction mixture was heated to reflux for 24 h. Another portion of
copper cyanide (121 mg, 1.35 mmol) was added and the reaction mix-
ture was boiled for additional 21 h. The solvent was evaporated and the
residue was suspended in water and extracted with ethyl acetate.
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Insoluble part was dissolved in aqueous solution of ammonia, which
was then extracted with ethyl acetate two times. The organic extracts
were combined, washed with 1 M hydrochloric acid and water and
dried over magnesium sulfate. Ethyl acetate was evaporated and the
crude product was purified by column chromatography (hexane/di-
chloromethane 20:1) to afford 4-(benzyloxy)naphthalene-1-carbonitrile
(4) (1013 mg, 87%) as a yellowish crystalline solid.

2.8. 4-(Benzyloxy)naphthalene-1-carbaldehyde (5) [23]

4-(Benzyloxy)naphthalene-1-carbonitrile (4) (1000 mg, 3.86 mmol)
was dissolved in dry tetrahydrofuran (60 mL), the solution was cooled
to 0°C in an ice bath and 1M solution of DIBAH in hexane (7.7 mL,
7.70 mmol) was added dropwise. The reaction mixture was stirred at
room temperature overnight. Excess DIBAH was decomposed by the
addition of water. The aqueous phase was acidified to pH 1 with 2M
hydrochloric acid and extracted with dichloromethane twice. The
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Spectral data of synthesized compounds.

Compound Spectral data
2 'H NMR (300 MHz, CDCls): & 8.34-8.38 (m, 1H, ArH), 7.80 — 7.83 (m, 1H, ArH), 7.35-7.56 (m, 9H, ArH), 6.90 (d, J = 7.6 Hz, 1H, ArH), 5.27 (s, 2H,
CH,).
"C NMR (75 MHz, CDCl,): § 154.61, 137.28, 134.67, 128.72, 128.05, 127.59, 127.50, 126.57, 125.96, 125.88, 125.37, 122.33, 120.61, 105.28, 70.18.
3 1H NMR (300 MHz, CDCl5): & 8.36 (d, J = 8.1 Hz, 1H, ArH), 8.18 (d, J = 8.1 Hz, 1H, ArH), 7.36-7.66 (m, 8H, ArH), 6.76 (d, J = 8.1 Hz, 1H, ArH), 5.24
(s, 2H, CHp).
"C NMR (75 MHz, CDCl,): § 154.40, 136.81, 132.68, 129.55, 128.81, 128.24, 127.96, 127.52, 127.14, 127.04, 126.17, 122.77, 113.69, 106.08, 70.46.
4 1H NMR (300 MHz, CDCls): & 8.40 (dd, J = 8.5, 1.2 Hz, 1H, ArH), 8.18 (dd, J = 8.7, 1.2 Hz, 1H, ArH), 7.85 (d, J = 8.1 Hz, 1H, ArH), 7.71 (td, J = 7.6,
1.2 Hz, 1H, ArH), 7.60 (td, J = 7.6, 1.2 Hz, 1H, ArH), 7.39-7.53 (m, 5H, Ph-H), 6.91 (d, J = 8.1 Hz, 1H, ArH), 5.32 (s, 2H, CH,).
"C NMR (75 MHz, CDCl,): § 158.48, 135.89, 134.10, 133.67, 129.13, 128.92, 128.55, 127.57, 126.91, 125.46, 125.06, 123.06, 118.54, 104.71, 102.21,
70.72.
MS (ESI) m/z: 260.1 [M + H*]’ 2821 [M + Na*].
HRMS (ESD) m/z: caleulated for Cispy, \ON + H*: 260.10699 [M + H*]; found: 260.10705.
5 'H NMR (300 MHz, CDCl,): § 10.21 (s, 1H, COH), 9.32 (d, J = 8.7 Hz, 1H, ArH), 8.42 (d, J = 8.4 Hz, 1H, ArH), 7.90 (d, J = 8.1 Hz, 1H, ArH), 7.71 (t,
J = 7.8Hz, 1H, ArH), 7.51-7.61 (m, 3H, ArH), 7.39-7.48 (m, 3H, ArH), 6.98 (d, J = 8.1 Hz, 1H, ArH), 5.34 (s, 2H, CH,).
"C NMR (75 MHz, CDCl): § 192.36, 159.94, 139.60, 136.07, 132.11, 129.71, 128.91, 128.51, 127.58, 126.59, 125.81, 125.30, 125.02, 122.68, 104.30,
70.70.
6 'H NMR (300 MHz, CD;0D): & 9.04 (d, J = 8.2 Hz, 1H, ArH), 8.36 (d, J = 8.5 Hz, 1H, ArH), 8.26 (d, J = 8.4 Hz, 1H, ArH), 7.48-7.60 (m, 5H, ArH),
7.35-7.45 (m, 3H, ArH), 7.04 (d, J = 8.4 Hz, 1H, ArH), 5.37 (s, 2H, CH,).
"C NMR (100 MHz, DMSO-de): & 168.27, 157.37, 136.55, 132.41, 132.28, 128.59, 128.13, 128.06, 127.65, 125.68, 125.64, 125.14, 122.01, 119.17,
104.68, 69.84.
MS (ESI negative) m/z: 186.0 IM-Cryy —] 933 1 [M-COOH ~], 277.0 [M-H™1, 577.1 [2M-2H + Na~1.
HRMS (ESI negative) m/z: calculated for C‘BH14O3—H_: 277.08702 [M-H™1; found: 277.08693.
8 'H NMR (300 MHz, CDCl,): § 7.63 (d, J = 7.5 Hz, 1H, ArH), 7.36 (dd, J = 8.6, 0.8 Hz, 1H, ArH), 7.19-7.26 (m, 1H, ArH), 7.15 (d, J = 3.2 Hz, 1H, ArH),
7.08-7.13 (m, 1H, ArH), 6.50 (dd, J = 3.2, 0.9 Hz, 1H, ArH), 4.26 (t, J = 6.9 Hz, 2H, N-CH,), 3.71 (dd, J = 4.7, 4.7 Hz, 4H, CH,-O-CH,), 2.76 (t,
J = 6.9 Hz, 2H, N-CH,-CH,), 2.50 (dd, J = 4.7, 4.7 Hz, 4H, CH,-N-CHy).
"C NMR (75 MHz, CDCl5): § 136.00, 128.65, 128.11, 121.55, 121.09, 119.45, 109.26, 101.37, 67.02, 58.26, 53.95, 44.04.
MS (ESI) m/z: 231.1 [M + H*]'
9 'H NMR (300 MHz, CDCls): § 8.47-8.50 (m, 1H, ArH), 8.42 — 8.45 (m, 1H, ArH), 8.28-8.31 (m, 1H, ArH), 7.65 (d, J = 8.1 Hz, 1H, ArH), 7.34-7.58 (m,
11H, ArH), 6.91 (d, J = 8.1 Hz, 1H, ArH), 5.34 (s, 2H, O-CH,), 4.19 (t, J = 6.5 Hz, 2H, N-CH,), 3.59 (dd, J = 4.5, 4.5 Hz, 4H, CH»-0-CH,), 2.72 (t,
J = 6.5 Hz, 2H, N-CH,-CH,), 2.42 (dd, J = 4.5, 4.5 Hz, 4H, CH,-N-CH,).
“C NMR (75 MHz, CDCl): § 191.85, 156.22, 138.36, 137.12, 136.87, 132.43, 131.91, 128.83, 128.26, 127.72, 127.58, 127.51, 127.25, 126.08, 126.00,
125.89, 123.67, 123.12, 122.89, 122.43, 118.07, 109.73, 103.61, 70.43, 66.99, 57.69, 53.79, 44.32.
MS (ESD m/z: 261.2 [B"O'C‘“H6-CO+], 491.4 [M + H*], 513.4 [M + Na+].
HRMS (ESD) m/z: caleulated for Caopy. N, + H™: 491.23309 [M + H™]; found: 491.23292.
10 'H NMR (300 MHz, CDCl3) 8 ppm: 8.48 — 8.51 (m, 1H, ArH), 8.21 — 8.29 (m, 2H, ArH), 7.46 — 7.51 (m, 4H, ArH), 7.34 — 7.38 (m, 3H, ArH), 6.72 (d,
J = 7.8Hz, 1H, ArH), 4.19 (t, J = 6.5 Hz, 2H, N-CH), 3.61 (dd, J = 4.8, 4.8 Hz, 4H, CH»-O-CHy), 2.73 (t, J = 6.5 Hz, 2H, N-CH,-CH,), 2.43 (dd, J = 4.8,
4.8 Hz, 4H, CH»-N—CH,).
“C NMR (100 MHz, CDCl3) 8 ppm: 192.92, 154.78, 139.10, 137.06, 132.53, 130.54, 128.19, 127.41, 127.15, 125.71, 125.43, 125.11, 123.80, 123.07,
123.02, 122.42, 117.89, 109.83, 107.02, 66.76, 57.51, 53.61, 44.12.
MS (ESD) m/z: 401.4 [M + H*L 423.4 [M + Na*], 823.9 [2M + Na+].
HRMS (ESD m/z: caleulated for Cospy, N, + H*: 401.18597 [M + H*]; found: 401.18596.
11 'H NMR (300 MHz, CDCl5): & 8.43 — 8.50 (m, 2H, ArH), 8.23 — 8.26 (m, 1H, ArH), 7.61 (d, J = 8.0 Hz, 1H, ArH), 7.51 — 7.55 (m, 2H, ArH), 7.48 (s,

derivative of JWH-200

1H, ArH), 7.34-7.39 (m, 3H, ArH), 6.73 (d, J = 8.0 Hz, 1H, ArH), 4.88 (s, 2H, O-CH,), 4.37 (q, J = 7.2 Hz, 2H, O-CH,-CH3), 4.18 (t, J = 6.5 Hz, 2H,
N—CH,), 3.59 (dd, J = 4.7, 4.7 Hz, 4H, CH»-O-CH,), 2.72 (t, J = 6.5 Hz, 2H, N-CH,-CH,), 2.42 (dd, J = 4.7, 4.7 Hz, 4H, CH»-N-CH,), 1.34 (t, J = 7.2 Hz,
3H, 0-CH,-CHj).

"C NMR (100 MHz, CDCI3): § 191.72, 168.62, 155.24, 138.55, 137.06, 132.72, 132.35, 127.70, 127.11, 127.03, 126.10, 125.86, 125.82, 123.68, 123.04,
122.91, 122.41, 117.89, 109.75, 103.30, 66.95, 65.77, 61.65, 57.63, 53.73, 44.27, 14.32.

MS (ESD m/z: 487.5 M+ H'] '509.5 [M + Na*], 974.0 [2M + H*], 996.0 [2M + Na*].

HRMS (ESD) m/z: calculated for CZ“H3005N2 + H™": 487.22275 [M + H*]; found: 487.22285.

'H NMR (300 MHz, CDCl,): & 8.41-8.44 (m, 1H, ArH), 8.32-8.35 (m, 1H, ArH), 8.19-8.22 (m, 1H, ArH), 7.30-7.46 (m, 7H, ArH), 6.60 (d, J = 7.8 Hz,
1H, ArH), 4.66 (s, 2H, O-CH,), 4.24 (t, J = 6.8 Hz, 2H, N-CH,), 3.83 (br s, 1H, NH), 3.62 (dd, J = 4.5, 4.5 Hz, 4H, CH,-O-CH,), 2.78 (t, J = 6.8 Hz, 2H,
N-CH,-CHy), 2.52 (dd, J = 4.5, 4.5 Hz, 4H, CH,-N-CH,).

"C NMR (75 MHz, CDCl,): § 191.69, 172.61, 155.58, 138.34, 136.87, 132.15, 131.70, 127.67, 127.48, 127.12, 125.92, 125.79, 125.62, 124.04, 123.10,
122.96, 122.57, 118.07, 109.84, 103.33, 66.86, 65.42, 56.44, 52.86, 42.75.

MS (ESI) m/z: 459.2 [M + H']’ 481.1 [M + Na*].

HRMS (ESD m/z: caleulated for Crpy, O N, + H¥: 459.19145 [M + H™]; found: 459.19109.

organic phases were collected and dried over magnesium sulfate. The
solvents were evaporated and the crude product was purified by
column chromatography (hexane/ethyl acetate 9:1). 4-(Benzyloxy)
naphthalene-1-carbaldehyde (5) (762 mg, 75%) was isolated as a white
solid.

2.9. 4-(Benzyloxy)naphthalene-1-carboxylic acid (6) [24]

4-(Benzyloxy)naphthalene-1-carbaldehyde 5) (1544 mg,
5.89 mmol) was dissolved in ethanol (80 mL), the solution was heated
to 60 °C and silver nitrate (4002 mg, 23.56 mmol) was added. Sodium
hydroxide (942 mg, 23.56 mmol) was dissolved in ethanol-water mix-
ture and the solution was gradually added to the reaction flask. After
the addition was complete, the reaction mixture was stirred and heated
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for another 24 h. Excess silver oxide and the silver formed in the re-
action were filtered off and washed with hot water. The filtrate was
acidified to pH 1 with 2 M hydrochloric acid and extracted with diethyl
ether twice. The organic phases were combined and dried over mag-
nesium sulfate. The solvents were evaporated and the crude product
was triturated with chloroform. Desired 4-(benzyloxy)naphthalene-1-
carboxylic acid (6) (1409 mg, 86%) was isolated as a colorless crys-
talline solid.

2.10. 1-[2-(Morpholin-4-yDethyl]-1H-indole (8)
1-[2-(Morpholin-4-yDethyl]-1H-indole (8) was synthesized ac-

cording to the procedure previously described [25]. The title compound
was obtained as light yellow oil.



L. Fojtikovd et al.

2.11. 3-[4-(Benzyloxy)naphthalene-1-carbonyl]-1-[2-(morpholin-4-yl)
ethyl]-1H-indole (9) [26]

4-(Benzyloxy)naphthalen-1-carboxylic acid 6) (1200 mg,
4.30 mmol) was dissolved in dry dichloromethane (20 mL) and a few
drops of DMF were added to the solution. Oxalyl chloride (482 pL,
5.60 mmol) was added gradually until the evolution of gas stopped.
After stirring for another hour, the volatiles were evaporated in vacuo.
The crude product 7 was azeotropically dried with toluene and used in
the subsequent reaction without further purification. 4-(Benzyloxy)
naphthalene-1-carbonyl chloride (7) (382mg, 1.29 mmol) was dis-
solved in dry dichloromethane (25 mL) and the solution was cooled to
—10°C. A solution of 1-[2-(morpholin-4-yl)ethyl]-1H-indole (8)
(385mg, 1.67 mmol) in dry dichloromethane (5 mL) was added to the
reaction mixture, followed by =zirconium tetrachloride (450 mg,
1.93 mmol). The reaction was stirred for 1 h at —10 °C. Subsequently,
the temperature was maintained at 0°C for 3h, before the reaction
mixture was allowed to warm to room temperature. After stirring
overnight, the reaction was stopped by addition of water. The aqueous
phase was extracted with ethyl acetate twice. The organic extracts were
combined, washed with water and dried over magnesium sulfate. The
solvents were evaporated and the crude product was purified by
column chromatography (hexan/aceton 3:1). 3-[4-(Benzyloxy)naph-
thalene-1-carbonyl]-1-[2-(morpholin-4-yl)ethyl]-1H-indole (9) (444 mg
, 70%) was obtained as a white foam.

2.12. 3-(4-Hydroxynaphthalene-1-carbonyl)-1-[2-(morpholin-4-yDethyl]-
1H-indole (10) [19]

3-[4-(Benzyloxy)naphthalene-1-carbonyl]-1-[2-(morpholin-4-yl)

ethyl]-1H-indole (9) (144 mg, 0.29 mmol) was dissolved in dry ethanol
(35mL). Ammonium formate (93 mg, 1.47 mmol) was added to the
solution, followed by a catalytic amount of palladium on carbon. The
reaction mixture was stirred at room temperature for 1h. The palla-
dium catalyst was filtered off and the filtrate was concentrated in
vacuo. The residue was diluted with ethyl acetate. The organic phase
was washed with potassium carbonate solution and then with brine
twice. The organic layer was dried over magnesium sulfate. The sol-
vents were evaporated and the crude product was purified by column
chromatography (hexan/aceton 9:4) to afford 3-(4-hydro-
xynaphthalene-1-carbonyl)-1-[2-(morpholin-4-yl)ethyl]-1 H-indole (10)
(116 mg, 99%) as a white solid.

2.13. Ethyl 2-[(4-{1-[2-(morpholin-4-yl)ethyl]-1H-indole-3-carbonyl}
naphthalen-1-ylDoxy]acetate (11)

3-(4-Hydroxynaphthalene-1-carbonyl)-1-[2-(morpholin-4-yl)ethyl]-
1H-indole (10) (110 mg, 0.28 mmol) was dissolved in dry acetone
(30 mL), freshly annealed potassium carbonate (57 mg, 0.41 mmol) was
added to the solution and the temperature was raised to 50 °C. After
stirring for 30 min, ethyl 2-bromoacetate (36 pL, 0.32mmol) was
added. The reaction mixture was heated to reflux for 3 h. After cooling
to room temperature, ethyl acetate was added and the organic phase
was washed with water twice and once with brine. The organic layer
was dried over sodium sulfate and concentrated to dryness in vacuo.
The crude product was purified by column chromatography (hexane/
acetone 3:1) to afford ethyl 2-[(4-{1-[2-(morpholin-4-yl)ethyl]-1H-in-
dole-3-carbonyl}naphthalen-1-yl)oxy]acetate (11) (111 mg, 83%) as a
white solid.

2.14. 2-[(4-{1-[2-(morpholin-4-yDethyl]-1H-indole-3-carbonyl}
naphthalen-1-yDoxy]acetic acid (derivative of JWH-200)

Ethyl 2-[(4-{1-[2-(morpholin-4-yl)ethyl]-1H-indole-3-carbonyl}
naphthalen-1-yl)oxy]acetate (11) (105 mg, 0.22 mmol) was suspended
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in ethanol (15mL) and 1M solution of sodium hydroxide in water
(3mL) was added to the reaction mixture. The reaction was stirred at
50 °C for 1h. Subsequently, ethanol was evaporated. The residual
aqueous phase was acidified to pH 1 with hydrochloric acid and con-
centrated to dryness in vacuo. The formed sodium chloride was re-
moved by trituration of the residue with water. The obtained crude
product was purified by reverse phase chromatography (water/me-
thanol, gradient elution 10:1 — 1:1). The title compound was isolated
in the form of 2-[(4-{1-[2-(morpholin-4-yl)ethyl]-1H-indole-3-car-
bonyl}naphthalen-1-yl)oxy]Jacetic acid hydrochloride (73 mg, 68%).

2.15. Preparation of hapten-protein conjugates

The synthesized hapten was conjugated to BSA and to RSA to form
an immunogen and a coating antigen, respectively. Conjugates were
prepared by activated ester method, the conjugation step being carried
out in reversed micellar solution [27].

Derivative of JWH-200 (1 eq) was dissolved in the exact volume of
DMF to form a solution of concentration of 100 mg mL~!. DCC (1.3 eq)
and NHS (1.3 eq) were added to the micro test tube, both in the form of
solution in DMF (100 mg mL ™~ 1. The reaction mixture was left to stand
at room temperature until the by-product N,N’-dicyclohexylurea spon-
taneously crystalized from the solution. After the reaction was complete
(confirmed by TLC), the crystals were separated and the solution with
an activated ester was directly used in subsequent reaction. A solution
of BSA or RSA (0.013 eq) in bicarbonate buffer (13 ug mL™ 1) was mixed
with a 0.3 M solution of AOT in octane to form a reversed micellar
solution. The activated ester of the hapten was added to these solutions
with stirring. The reaction mixture was stirred vigorously at room
temperature overnight. The modified BSA or RSA was precipitated by
addition of cooled acetone and the suspension was centrifuged (4 °C;
30 min; 1 500g). The supernatant was then removed and the collected
precipitate was washed with cooled acetone one more time. The sus-
pension was again centrifuged (4 °C; 20 min). After the removal of the
supernatant, the crude product was air dried, dissolved in water and
lyophilised to afford the conjugate in a form suitable for immunization
of laboratory animals.

2.16. Immunogen (derivative of JWH-200-BSA)

The derivative of JWH-200 (10.1 mg, 20.4 umol) was converted into
the activated ester by the reaction with DCC (5.5 mg, 26.5 umol) and
NHS (3.1 mg, 26.5 umol). Subsequent conjugation of the activated ester
with BSA (18.1 mg, 0.27 umol) afforded the immunogen (24.2 mg).

2.17. Coating antigen (derivative of JWH-200-RSA)

The derivative of JWH-200 (14.5 mg, 29.3 umol) was converted into
the activated ester by the reaction with DCC (7.8 mg, 38.1 umol) and
NHS (4.4mg, 38.1pumol). The conjugation of the ester with RSA
(25.9 mg, 0.39 umol) afforded the coating antigen (31.0 mg).

2.18. Antiserum against JWH-200 (Anti-JWH-200) and its specificity

Rabbits were immunized with the immunogen and an antiserum
against JWH-200 was collected by using a standard procedure de-
scribed previously [28]. A stock solution of the Anti-JWH-200 was
prepared by dissolving 1 mg of lyophilisate in 1 mL of the PBS and
stored at —20 °C.

Anti-JWH-200 specificity was investigated by cross-reactivity ex-
periments (CR%) performed by ELISA. The calibration curves for each
of the tested cannabinoids (14synthetic; 6 phytocannabinoids) were
constructed. The CR% was calculated as: (ICsq of JWH-200)/ICso of
tested compound) X 100.
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2.19. Gold labelled antibodies (Anti-JWH-200-Au)

The gold labelled antibodies were prepared according to the pro-
cedure described for carbon nanoparticles with minor modification
[29]. To a gold colloid nanoparticles suspension (gold colloid nano-
particles 0.5mgmL~! of 5mM borate buffer, pH 8.8) Anti-JWH-200
(1 mg mL ™! in PBS) were added. The mixture was stirred gently at 37 °C
for 2h. Afterwards, the suspension was centrifuged (10 °C; 60 min; 6
000g). The sediment was washed three times in a 5mM borate buffer,
pH 8.8 containing BSA (1% w/v) and NaNj3 (0.02% w/v) using cen-
trifugation (10°C; 15min; 13 640g). The final sediment was re-
suspended in 0.1 M borate buffer, pH 8.8 containing BSA (1% w/v) and
NaN3 (0.02% w/v). Prepared stock suspension of the Anti-JWH-200-Au
conjugate (200 ug mL~') was stored at 4 °C in the dark.

2.20. Immunochemical methods

2.20.1. Preparation of LFIA strip and LFIA procedure

The NC membrane AE 100 was stuck to the laminated card to increase
the robustness of the membrane. Subsequently, the membrane was coated
with GAR at the control line and with derivative of JWH-200-RSA at the
test line using the Linomat V (conc. 100pgmL ™" in coating buffer;
0.1 pLmm ™ Y). The conjugate pad (pre-treated with conjugate pad buffer,
5 min soaking, then drying at 37 °C for 1 h) was dispensed with the mix-
ture of Anti-JWH-200-Au (200 ugmL™%; 1.25uLmm ™). Than the NC
membrane and the conjugate pad were dried at 37 °C overnight. On the
following day, the conjugate pad, the sample pad and the absorbent pad
were stuck to the laminated card with proper overlap. The membrane was
cut into LFIA strips (4 mm) using a strip cutter. The strip was assembled
according to the scheme shown in Fig. 2. Prepared strips were put into
LFIA cassettes and were stored in sealed bags under dry conditions at la-
boratory temperature until used.

The JWH-200 standard solution (the concentration range
0-1000 ng mL~! in the artificial saliva) or the oral fluid sample was
mixed with the assay buffer (1:3) and the mixture was added into the
well of the LFIA cassette (100 pL/strip).

In the diffusion flow of reactants, the JWH-200 in a sample inter-
acted with Anti-JWH-200-Au (dried on the conjugate pad) and mi-
grated because of capillary effects along the membrane. Samples free of
JWH-200 resulted in just free Anti-JWH-200-Au captured by derivative
of JWH-200-RSA dispensed on the test line and formed a red zone of
maximum intensity. Otherwise, JWH-200 positive samples inhibited
the interaction of the Anti-JWH-200-Au with the derivative of JWH-
200-RSA resulting in decrease of red zone intensity. Therefore, the in-
tensity of the zone (test line) inversely correlated with the JWH-200
concentration in the sample.

If the sample produced the test line appearance of the same intensity
as a negative control (blank artificial saliva), it was considered to be
negative (—). If the colour intensity was weaker than that of the ne-
gative control, the result was evaluated as weakly positive ( = ). The
sample was assessed as positive (+) when the test line was absent or
extremely weak. Dried strips were scanned and test line intensities
converted to pixel grey volumes using TotalLab in order to obtain
quantitative results.

Fig. 2. Construction of LFIA strip.
1-sample pad; 2—-conjugate pad; 3—test line; 4—control line; 5-absorbent pad; 6-laminated
card; 7-nitrocellulose membrane.
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2.20.2. ELISA procedure

ELISA was performed as an indirect competitive format. Each well
of the microtiter plates was coated with the coating antigen
(50 ngmL~"! in the coating buffer; 100 pL/well) and incubated at 4 °C
overnight. Afterwards, the unbound antigen was removed with the
wash buffer (4 times, 350 pL/well). The standards of JWH-200 (the
concentration range of 0-250 ng mL ™' in the PBS) or oral fluid samples
(diluted 30 times in the PBS) were added to microtiter plates (50 pL/
well) followed by the corresponding solution of Anti-JWH-200 (diluted
1:40 000 in the PBS-0.1% BSA (w/v); 50 uL/well) and incubated at
room temperature for 45 min. Microtiter plates were washed again (4
times, 350 uL/well) and GAR-Po (diluted 1:10 000 in the PBS; 100 puL/
well) was added and incubated at room temperature for 1h. After the
washing step, the substrate solution for the enzyme was added (100 pL/
well) and incubated at room temperature for 10 min. The enzyme re-
action was stopped by adding the stopping solution (50 puL/well) and
the absorbance was measured at 450 nm.

2.20.3. Calibration curves and interpretation of results

Sigmoid calibration standard curves were obtained by plotting the
mean values of absorbance (ELISA) or pixel grey volumes (LFIA) against
the logarithm of JWH-200 concentrations through a four-parameter
logistic equation as we described previously [30]. The limit of detection
(LOD) was defined as the concentration of an analyte corresponding to
the maximum assay signal minus 3x standard deviation (SD) in ac-
cordance with the calibration curve (the blank was calculated from 3
parallel determinations with the absence of an analyte). The ICs, cor-
responded to the concentration of analyte giving 50% inhibition of the
asymptotic maximum. The linear working range corresponded to the
analyte concentration causing the 20-80% inhibition of the maximum
assay signal.

2.20.4. Oral fluid samples

Human oral fluids were obtained from five laboratory volunteers.
Freshly collected oral fluids were spiked with JWH-200 in order to
obtain the following concentrations: 0; 10; 50; 100; 500; 1000 ng mL ™~ 1
The samples were analysed immediately by our immunomethods and
were stored at — 20 °C until next analyses. Two sets of prepared samples
were used to evaluate the correlation with UHPLC-MS/MS.

2.20.5. UHPLC-MS/MS analysis

For the UHPLC-MS/MS analysis Agilent 1290 Infinity UHPLC
system coupled with Agilent 6460 Triple quadrupole mass spectrometer
(Agilent Technologies, Santa Clara, CA, USA) were used.
Chromatographic separation was performed on Agilent Zorbax Eclipse
Plus C18 column (2.1 X 50 mm; 1.8 um). The mobile phases for gra-
dient elution were 10 mM formic acid (A) and methanol (B). The flow
rate was 0.25 mL/min and column temperature 35 °C. Gradient elution
was carried out as follows: 0 min, 80:20 (A:B); 2 min, 0:100; 3.5 min,
0:100; 3.7 min, 80:20; 6 min, 80:20. Retention time of JWH 200 was
2.54 min.

The MS/MS apparatus was operating in positive mode. The applied
conditions of electrospray ion source were: drying gas temperature
340 °C; drying gas flow 4 L/min; sheath gas temperature 200 °C; sheath
gas flow 12L/min; nebulizer pressure 30 psi; nozzle voltage 300 V;
capillary voltage was set at 2300V. Multiple reaction monitoring
(MRM) mode was used for the detection. Three transitions of m/z were
used (collision energies (eV) are given in brackets): 385.19 —114.1
(25); 127.1 (69) and 155 (21).

Agilent Mass Hunter (Agilent Technologies, Inc.) was used for data
acquisition and quantification of samples.

Simple dilution of oral fluid was used. 100 pL of oral fluid with
900 pL of 20% methanol were vortexed, centrifuged (10 min, 13 000g)
and supernatant was used for the analysis.

For calibration blank oral fluid sample was spiked with different
concentrations of JWH 200 and prepared the same way as described.
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Six final concentrations of JWH 200 ranging between 0.1 and
500 ng mL ™! were used. Peak areas of the external standard (at each
concentration) were plotted against the corresponding standard con-
centrations using linear regression to generate standard curve.

3. Results and discussion
3.1. Hapten design and synthesis

Hapten design plays a key role in the development of immunoassays
targeted on small molecules such as synthetic cannabinoids. As the
structural similarity between the target compound and the designed
hapten should be maximized, the hapten was derived directly from
JWH-200. The most active part of a haptenic determinant is distal to the
point of binding with the carrier protein, thus the linker with carboxylic
functional group was placed in the position 4 of the naphthalene ring,
so the most active part is the morpholine moiety characteristic for JWH-
200. The aforementioned linker serves only to join the hapten to the
carrier protein and it should not become an epitope, once the im-
munogen is applied to laboratory animals [31,32].

The synthesis of the hapten was based on Friedel — Crafts acylation
of N-substituted indole 8 by 4-(benzyloxy)naphthalene-1-carbonyl
chloride (7) in the presence of zirconium tetrachloride as a Lewis acid
[26]. The hydroxyl group was then deprotected by catalytic hydro-
genolysis of benzyl protecting group using palladium on activated
charcoal as a catalyst [19]. O-alkylation by ethyl 2-bromoacetate and
subsequent base catalysed hydrolysis afforded the desired hapten
bearing the linker with carboxylic functional group.

It is also worth noticing that an innovative synthetic route was
employed for the preparation of 4-(benzyloxy)naphthalene-1-car-
boxylic acid (6). In the molecule of 4-(benzyloxy)-1-bromonaphtalene
(3), the bromine atom was first replaced by nitrile functional group in
Rosenmund - von Braun reaction [21,22]. By the reduction of formed
nitrile 4 with diisobutylaluminium hydride [23] and subsequent reox-
idation of the intermediate aldehyde 5 with silver oxide, formed in situ
from silver nitrite and sodium hydroxide [24], carboxylic functional
group was introduced into the molecule. This three-step sequence af-
forded the desired acid 6 with higher overall yield than the published
procedure based on lithiation and subsequent reaction of organolithium
intermediate with carbon dioxide [19].

The hapten was prepared using a ten-step synthetic sequence from
commercially available naphthalen-1-ol (1) with moderate to high
yields in each step. The synthesized hapten and all the intermediates
were characterized by NMR and ESI-MS (Table 1).

3.2. Preparation of hapten-protein conjugates

The synthesized hapten was coupled to BSA to form the immunogen
or to RSA to form the coating antigen. The conjugate formation was
confirmed by a MALDI-TOF analysis. The binding ratio of the hapten to
the carrier protein was determined to be approximately 20:1 and 31:1
for the immunogen and the coating antigen, respectively. The average
number of haptens bound to BSA was considered sufficient to illicit a
specific immune response in immunized animals.

3.3. Optimisation of LFIA conditions and characterisation of assay

The assay was optimized using artificial saliva considering the en-
ormous influence of the matrix (oral fluid) on the test lines appearance.
The line intensities were reduced if the oral fluid samples were added
compared to the intensities obtained from tests carried out in the assay
buffer (data not shown). During the optimization, checkboard titration
experiments were performed. Several concentrations of the derivative
of JWH-200-RSA dispensed on the membrane (50-200ugmL~! in
coating buffer; 0.1 yL mm ') against different volume of Anti-JWH-
200-Au  (200ugmL~'; 1-1.75puLmm™') were investigated. The
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CL
TL

1 2 3 4 5

Fig. 3. Appearance of test and control lines on different type of nitrocellulose membrane
in LFIA.
CL - control line; TL - test line; 1-AE98; 2-Prima 85; 3-HF135 UB; 4-HF180; 5-AE100.

amount of the immunoreagents should be kept low enough to achieve
good sensitivity, but must be sufficient to provide an acceptable signal
[33]. Several other factors affecting LFIA strip appearance were eval-
uated. Five types of NC membrane were tested (PRIMA 85, AE 99, AE
100, HiFlow Plus HF 135, HiFlow Plus HFB180). The type of membrane
influenced flow time and sharpness of tested lines. Faster-flowing
membranes reached endpoint more quickly but caused a loss in signal
intensity and decrease of test sensitivity [17,34]. As shown on Fig. 3,
the best performance was observed when membrane AE100 was used.
The composition of the assay buffer also influence test sensitivity [17].
In this experiment, 0.01 M PBS, pH 9.6 and 0.1 M borate buffer, pH 8.8
were tested. Additives such as BSA (0.1-2% w/v); PEG (0.1-2% v/v)
and sucrose (0.1-5% w/v) and their combinations with and without
surfactants Tween 20 (0.1-1% v/v) or Triton X-100 (0.1-1% v/v) were
tested to further improve the LFIA sensitivity. The complete specifica-
tions of the optimized conditions are included in section Preparation of
LFIA strip and LFIA procedure.

The sensitivity of the LFIA was determined from the JWH-200 ca-
libration curve (concentration range 0-1000ngmL~'created in the
artificial saliva). The assay was carried out in triplicate under optimized
conditions. The colour intensity of the test line was evaluated visually.
As shown in Fig. 4, the JWH-200 concentration of 1 ngmL~! caused a
slight but visually distinguishable difference in the test line intensity
compared to the negative control. Thus, 1 ngmL ™' of JWH-200 was
considered to be a visual detection limit. The value of the visual LOD
suggests enough sensitivity for the intended use. Published SCs con-
centrations in oral fluids are in the range of units to tens ng mL~! [35].
To obtain the quantitative results, colour intensities of the test lines
were converted to pixel grey volumes. The mean signal values were
fitted to a sigmoid standard curve. The LOD was 0.08 + 0.04ngmL ™!
with the linear working range of 0.3-42ngmL ™! and the ICs, value
3.4 = 0.6ngmL™%,

To evaluate the precision of the LFIA, three standard samples with
JWH-200 concentrations in the range of 10-50ng mL ™' in human oral
fluid were assayed. For the intra-assay precision study, one run of
analyses (n = 3) was performed with each sample on the same day.
Similarly, one run of analyses was carried out with each sample daily on
three non-consecutive days for the inter-assay precision study. The
intra- and inter-assay relative standard deviations (RSD) were calcu-
lated in the range 2.4-9.2% and 3.1-16.7%, respectively, indicating the
acceptable precision.

3.4. ELISA characterisation and antiserum specificity

The assay was developed as an indirect competitive format using
polyclonal antibody targeted at JWH-200. Checkerboard titrations were
performed and suitable immunoreagent concentrations were de-
termined when the maximum absorbance ranged from 1.2 to 1.9 and
the calibration curve reached the lowest ICsy values. To enhance the
sensitivity of the ELISA, several other conditions (time and temperature
of incubations, composition of dilution buffers) were evaluated. The
optimized conditions are listed in the section ELISA procedure. Based on
the JWH-200 standard curve (concentration range 0-250 ngmL ™' in
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Fig. 4. Typical LFIA standard curve using the optimized assay protocol
(mean value, n = 3).

A) Quantitative evaluation LOD = 0.08 *= 0.04ng mL~%
ICso = 3.4 + 0.6ngmL™"; linear working range = 0.3-42ngmL"' (B)
Visual evaluation.

A
1.2
1
o 08
€
=]
K]
> 0.6
& &
E
a2 04
*
0.2
0+ T T T T T
0 1 2 3 4 5
108 Cpwit-200 (P ML)

NC 0.01 0.1 1 5 10 50 100 500

JWH-200 (ng mL?)

PBS), the LOD was 0.04 + 0.02ng mL~! with the ICs, value of
0.42 + 0.09ngmL™' and the linear working range of
0.16-1.80ngmL~'. The parameters characterising our ELISA are
comparable with the parameters published previously [9].

The influence of the human oral fluid on the assay was tested by
comparing JWH-200 standard curves (concentration range
0-250ng mL™1) obtained in the PBS and in the presence of various
proportion of oral fluid (0; 10; 20; and 30-times diluted in the PBS). As
can be seen in Fig. 5, undiluted oral fluid sample significantly affect
obtained signal as well as ICso values. However, 30-fold diluted oral
fluid does not affect assay parameters, implying oral fluid samples
could be directly applied to the immunoassay without difficult clean-up
procedure (only diluted).

The specificity of obtained antibody was evaluated with 20 canna-
binoids. Cross-reactivity values are summarized in Table 2. Substances
structurally similar to the target analyte (e.g.AM-2233; AM-1220)

22 -
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1.0
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0.6

0.4

0.2

0.0

0 1 2 3 4 5 6
108 Cyi1.200 (PE ML)
Fig. 5. The comparison of ELISA curves obtained from standard prepared in assay buffer
and in the presence of various proportion of oral fluid.

(O) assay buffer; (A) oral fluid; (@) 10x diluted oral fluid; (M) 20 x diluted oral fluid
(—)30x diluted oral fluid.

1000

showed medium cross-reactivity (5 %), while SCs with a different group
than naphthoyl indole group interacted weakly (< 0.2 %), except the
pravadoline (> 2 %).

For the precision study, the same experiments were used as for LFIA.
The intra- and inter-assay RSD were calculated in the range of 1.5-8.8%
and 2.0-9.7%, respectively.

3.5. Analysis of spiked oral fluid samples

The accuracy of the developed immunomethods was evaluated
through recovery study with samples of human oral fluid spiked with
JWH-200 at levels from 0 to 1000ngmL ™', In the visually assessed
LFIA, the negative results were obtained for non-spiked samples. The
weakly positive results were obtained for samples spiked at con-
centrations 10ngmL~!, while the samples spiked at level
>50ng mL~ 'of the JWH-200 were assessed as positive. Using the
quantitative LFIA the recoveries ranged from 86 to 134% with RSD
2.4-16.8% and for ELISA from 82 to 131 %, with RSD 0.4-7.8 %
(Table 3).

3.6. Correlation of immunomethods with the UHPLC-MS/MS

Twelve spiked human oral fluid samples (concentration of JWH-200
from 0 to 1000 ngmL ™) were assayed three times by the newly de-
veloped ELISA and LFIA and the results were compared with those
obtained using UHPLC-MS/MS (Table 4). The excellent correlations
between developed immunomethods and UHPLC-MS/MS were ob-
tained. The linear equation is y = 0.99x (R? gusa = 0.99) and
y =0.79x (R? 1pia = 0.99). Our results demonstrate a good potential of
the proposed immunomethods for using in routine analyses of JWH-200
in oral fluids.

4. Conclusions

We have successfully synthesized the new hapten structurally de-
rived from the synthetic cannabinoid JWH-200. The hapten was used to
prepare the immunogen and the coating antigen. The antibodies ob-
tained from rabbits immunized with hapten conjugated to BSA served
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Table 2
Cross-reactivity data for Anti-JWH-200 used in ELISA.

Toxicology Reports 5 (2018) 65-75

Compound Structure CR (%) Compound Structure CR (%)
JWH-200 OO 100.0 JWH-018 0.7
A
\
N%
)
5F-PB-22 Z 0.2 JWH-081 0.9
P!
AM-1220 4.7 JWH-122 1.0
AM-2233 5.6 PB-22 0.1
AB-PINACA ° N 0.1 pravadoline 2.6
NH
N‘N\—\—\
RCS-4 0.2

JWH-030 OQ 0.4

JWH-073 OO 1.5

Other tested cannabinoids (AB-FUBINACA, cannabidiol, cannabidivarin, canabigerol, cannabinol, dihydrocannabidiol, tetrahydrocannabinol) — all with cross-reactivity = 0.01% in

developed ELISA.

for the development of two immunomethods for the JWH-200 detection
in human oral fluids. Our developed one-step LFIA can provide a visual
evidence of JWH-200 presence in oral fluids within 15 min. This assay
is primarily suitable for the on-site and roadside monitoring due to the
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rapid qualitative results it delivers. For greater accuracy, the analyte
presence should be verified by more sophisticated method such as
ELISA. The ELISA proposed in this study is highly sensitive and has the
excellent correlation with the UHPLC-MS/MS.



L. Fojtikovd et al.

Table 3
Results from spiked oral fluids obtained using LFIA, ELISA (n = 3).

Toxicology Reports 5 (2018) 65-75

Saliva Spiked concentration (ng mL™Y) LFIA® ELISA"
Visual detection® Mean (ngmL™') Recovery (%) RSD? (%) Mean (ng mL™1) Recovery (%) RSD? (%)
1. 0 - — - < LOD® - - < LOD* - -
10 + + * 11.2 112.0 9.3 13.1 131.0 6.6
50 + + * 48.1 96.2 10.4 56.2 112.4 5.2
100 + + + 94.2 94.2 9.6 94.6 94.6 2.3
500 + + + 526.4 105.3 11.7 535.8 107.2 0.4
1000 + + + 1274.9 127.5 4.7 1063.6 106.4 2.5
2. 0 - - - < LOD® - - < LOD* - -
10 + *+ * 8.6 86.0 7.6 8.2 82.0 3.8
50 + = * 46.4 92.8 3.7 54.3 108.6 5.4
100 + + + 89.7 89.7 8.4 97.7 97.7 6.4
500 + + + 534.6 106.9 4.2 582.2 116.4 2.1
1000 + + + 1206.7 120.7 2.4 1070.7 107.1 1.3
3. 0 - - = < LOD® - - < LOD* - -
10 + *+ * 9.3 93.0 7.7 9.4 94.0 4.2
50 + * * 56.6 113.2 16.8 49.8 99.6 3.9
100 + + + 92.7 92.7 9.6 96.2 96.2 2.5
500 + + + 668.2 133.6 4.6 523.0 104.6 7.8
1000 + + + 1278.4 127.8 12.2 1027.7 102.8 2.6

@ Before the LFIA, samples were appropriately diluted with the synthetic saliva to fall into the linear working range.

b Before the ELISA, samples were appropriately diluted with the assay buffer to fall into the linear working range.

© Visual assessment of the test line; (-) negative result; ( = ) weakly positive result (the JWH-200 concentration in the range of 10-50ng mL~;); (+) positive result (JWH-200
concentration > 100 ng mL™b).

d

e

RSD, relative standard deviation.
LOD, limit of detection.

Table 4
Recovery obtained using the LFIA, ELISA and UHPLC-MS/MS (n = 3).

Oral fluid Spiked concentration LFIA? ELISA” UHPLC-MS/MS
(ng mL™Y)
Mean Recovery (%) RSD‘ (%) Mean Recovery (%) RSD® (%) Mean Recovery (%) RSD® (%)
(ng mL™Y) (ng mL™Y) (ng mL™Y)
1. 0 < LOD! - - < LoD - - < LOD! - -
10 8.4 84.1 1.3 13.4 134.0 10.5 10.0 99.8 0.03
50 46.0 92.0 6.1 56.5 113.0 1.3 50.8 101.6 0.09
100 88.7 88.7 12.8 121.8 121.8 14.5 104.5 104.5 0.32
500 615.8 123.2 9.7 468.8 93.8 2.7 518.2 103.6 2.02
1000 1297.5 129.7 4.3 975.3 97.5 8.9 1042.8 104.3 2.56
2. 0 < LOD! - - < Lop? - - < Lop! - -
10 8.3 83.5 3.5 9.4 94.2 1.3 94.0 94.2 0.03
50 44.5 89.0 2.4 49.8 99.5 0.7 49.8 99.7 0.02
100 95.1 95.1 4.9 96.2 96.2 0.6 99.1 99.1 0.11
500 633.8 126.8 2.0 523.0 104.6 3.2 487.2 97.4 1.29
1000 1232.4 123.2 3.6 1027.7 102.8 2.8 954.4 95.4 3.53

“Before the LFIA, samples were appropriately diluted with the artificial saliva to fall into the linear working range.
b Before the ELISA, samples were appropriately diluted with the assay buffer to fall into the linear working range.
¢ RSD, relative standard deviation.

d

LOD, limit of detection.
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Tryptamines are a group of hallucinogenic drugs whose detection in body fluids could be simplified by
immunochemical assay kits. Antibodies for these assays are obtained by the immunization of laboratory
animals with conjugates of a hapten similar to the target analyte and a suitable protein. Therefore we
synthesized novel haptens derived from tryptamine-based drugs, with N,N-dimethyltryptamine (DMT), 5-
methoxy-N,N-dimethyltryptamine (5-MeO-DMT) and N,N-diisopropyltryptamine (DiPT) selected as the

target analytes. Their structures were modified with a short linker ended with a carboxylic group. The
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1. Introduction

Tryptamines, a group of hallucinogenic drugs derived from
tryptamine, include both natural and synthetic compounds.
The best known tryptamine is dimethyltryptamine (DMT), the
active compound of ayahuasca, the ritual beverage, which has
traditionally been used in several South American indigenous
cultures.” Other traditional natural tryptamines are psilocybin
and psilocin, active compounds of the Psilocybe mushrooms
also known as ‘magic mushrooms’. Over the past few decades,
lots of synthetic derivatives of tryptamine have been prepared.
Their rise in popularity has been attributed to Alexander Shul-
gin, whose book TiHKAL (Tryptamines I have known and loved)
described the synthesis and effects of many of them.” These
synthetic tryptamines belong to the group of novel psychoactive
substances (NPS), which are produced to give ‘legal highs’ and
bypass legal restrictions.* Although there is widespread use of
NPS on the drug scene, options for their detection, including for
the detection of tryptamines, remain rather limited.
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There are currently only two methods for the detection of
tryptamines. The first involves the use of specific colour tests,
which are based on the reaction of specific reagents forming
coloured products with indole-derived compounds. But, with so
many different NPS now on the drug scene, colour tests are not
reliable because of their low specificity.* The more commonly
used second method involves the analysis of tryptamines by
liquid chromatography coupled with mass spectrometry (LC-
MS).>¢ This method is precise, capable of determining multiple
targets in one run, offers low detection limits and can be used
for various matrices, especially body fluids. However, it is also
demanding with respect to cost, sample preparation and anal-
ysis time. Furthermore, LC-MS-based techniques cannot be
used in the field.

Because of the above-mentioned disadvantages, attention
has focused on immunochemical methods, such as ELISA
(enzyme-linked immunosorbent assay) and LFIA (lateral flow
immunosorbent assay). Antibodies for immunochemical
detection are usually produced by the immunization of labo-
ratory animals. Because tryptamines are haptens, i.e. molecules
too small to be immunogenic on their own, they must be
conjugated to a carrier protein prior to immunization. To do
this, molecules of the target analytes are modified with short
linkers containing a suitable functional group. Using bufote-
nine and serotonin as haptens, Skerritt et al. reported the
development of an ELISA kit for the detection of DMT and 5-
MeO-DMT in Phalaris plants.” However, this assay is limited
only to these natural tryptamines and is not selective between
them. Yamaguchi et al. prepared monoclonal antibodies
against psilocin for identification of magic mushrooms.® These
antibodies showed cross reactivity with DMT, but their limit of

RSC Adv., 2018, 8, 16243-16250 | 16243
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detection was relatively high. Thus far, no other immuno-
chemical assay has been reported that targets either natural or
synthetic tryptamines.

The development of LFIA Kits for the detection of synthetic
and other tryptamines is needed to screen potential users. To
provide such a kit, we first synthesized novel haptens carrying
a short linker with a carboxyl group for the production of
antibodies selective to different tryptamines. Rabbits were
immunized with conjugates of these haptens with bovine serum
albumin (BSA). The antibodies obtained from the immuniza-
tion showed expedient sensitivity and selectivity for individual
tryptamines, and, thus, appear to provide a viable basis for LFIA
development.

2. Materials and methods

Ethyl 2-bromoacetate was obtained from Merck and N,N'-dicy-
clohexylcarbodiimide (DCC) was obtained from Fluka. Diiso-
butylaluminium hydride (DIBAL-H) solution in hexane, oxalyl
chloride and dry DMF were purchased from Acros. Other
reagents were purchased from Sigma-Aldrich. Dry THEF,
dichloromethane and diethyl ether were dried with molecular
sieves. All reactions were carried out under argon atmosphere.
Thin layer chromatography (TLC) was performed on aluminium
backed sheets coated with 60F 254 silica gel from Merck.
Column chromatography was performed on silica (0.045-0.200
pm) from Merck. Reverse phase chromatography was carried
out using a CombiFlash Rf 200 apparatus (Teledyne ISCO) with
prepacked Redisep Rf Gold C18 columns (packed with C18-
reverse phase silica gel). NMR spectra were recorded on a Var-
ian Gemini 300 (300 MHz for 'H; 75 MHz for **C) or Agilent 400~
MR DD2 (400 MHz for 'H; 100 MHz for **C) spectrometers. High
resolution mass spectra were measured on a LTQ Orbitrap XL
(Thermo Fischer Scientific) spectrometer using ESI ionization
technique. Mass spectra of hapten—protein conjugates were
measured on a Bruker Autoflex Speed MALDI-TOF/TOF spec-
trometer. Microplate reader uQuant BIO-TEK was from Inc.
Winooski, USA and 96-well polystyrene microtiter plates Costar
9018 were purchased from Corning Inc., USA. Peroxidase
labelled goat anti-rabbit antibody (GAR-Po) was obtained from
Nordic Immunological Laboratories, Netherlands. Analytical
standards psilocin and psilocybin were obtained from THC
Pharm GmbH The Health Concept, Germany. Analytical stan-
dards of DMT, 5-MeO-DMT, DiPT and 5-MeO-DiPT were
prepared according to literature® in purity =98% (LC). Sero-
tonin was purchased from Sigma-Aldrich. Other tryptamines 5-
MeO-DALT, 4-HO-MET, acetylpsilocin, oMT and 5-MeO-DIPT
were generously donated by the Institute of Criminalistics
Prague.

2.1 Preparation of conjugates

Following the procedure we described previously, the
prepared haptens I-IV were conjugated to BSA using activated
ester method. Obtained conjugates I-IV were analyzed by
MALDI-TOF to determine the number of hapten molecules
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View Article Online

Paper

bound to the protein. The average values were calculated from
the peak with highest intensity.

2.2 Immunisation and antiserum preparation

Four different immunisation conjugates (conjugate I-IV) were
used. Antisera were produced in rabbits and obtained according
to the procedure described previously." Stock solutions of
antisera were prepared by dissolving 1 mg of lyophilisate in 1 ml
of PBS and were stored at —20 °C.

2.3 Indirect competitive ELISA

ELISA microtiter plates were coated with the coating conjugates
(appropriately diluted in the carbonate-bicarbonate buffer; 100
ul per well) and incubated at 4 °C overnight. The following day,
the plates were washed with the PBS-Tw (4 times, 350 pl per
well). The suitable standard (the concentration range of 0-500
ng mL " in the PBS; 50 pl per well) was added into microtiter
plates followed by the solution of appropriate antiserum
(diluted in the PBS-0.1% BSA (w/v); 50 pl per well) and incubated
at room temperature for 1 hour. Microtiter plates were washed
again (4 times, 350 pl per well) and GAR-Po (diluted 1 : 10 000 in
the PBS-Tw; 100 pl per well) was added and incubated at room
temperature for 1 h. After the washing step, the TMB substrate
solution was added (100 pl per well) and incubated at room
temperature for 10 min. The enzyme reaction was stopped by
addition of 2 mol L™ " H,S0, (50 pl per well) and the absorbance
was measured at 450 nm.

2.4 Calibration standard curve

Sigmoid calibration standard curves were obtained by plotting
the mean values of absorbance against the logarithm of stan-
dard concentrations through a four-parameter logistic equation
as described previously.” The limit of detection (LOD) was
defined as the concentration of an analyte corresponding to the
maximum assay signal minus 3x standard deviation (SD) in
accordance with the calibration curve (the blank was calculated
from 3 parallel determinations with the absence of an analyte).
The IC;, corresponded to the concentration of analyte giving
50% inhibition of the asymptotic maximum. The linear working
range corresponded to the analyte concentration causing the
20-80% inhibition of the maximum assay signal.

2.5 Specificity of antibodies

To verify the ability of the antibodies to react with similar
epitopes on different tryptamines, the cross-reactivity (CR) tests
were performed. The percent CR (CR (%)) was calculated from
ICs, obtained from the calibration curves: (ICs, of target drug)/
(ICso of tested compound) x 100.

3. Results and discussion

To design the structure of haptens, DMT, 5-MeO-DMT and DiPT
were selected as target analytes and their structures were
modified with a short alkyl chain ended with a carboxylic group.
Four different haptens were prepared, differing in a position of

This journal is © The Royal Society of Chemistry 2018
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Fig.1 Designed haptens |-IV.

the linker (Fig. 1). Hapten I (1a) with the linker on the amino
group was derived from DMT. Haptens II-IV (1b-d) with the
linker in position 5 of indole ring were derived from 5-MeO-
DMT (haptens II and III) and DiPT, respectively (hapten IV).

Synthesis of hapten I (1a) started from indole (2) and used
a sequence of reactions developed by Speeter and Anthony to
obtain N-methyltryptamine (5).>*> Alkylation of 5 with ethyl-4-
bromobutyrate and subsequent hydrolysis of ester 6 yielded
hapten I (1a) (Fig. 2).

We used an approach based on the Fischer reaction for the
synthesis of haptens II-IV (1b-d). Haptens were obtained
directly from suitable arylhydrazines and amino acetals (Fig. 3).
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Arylhydrazinium chlorides 7a,b were prepared in high yields
from aniline derivatives 8a,b by diazotation and subsequent
reduction of diazonium salts with SnCl,-2H,0.*

As an acetal component of the Fischer reaction, we used N,N-
dimethylamino-1,1-dimethoxybutane 9) and N,N-
diisopropylamino-1,1-dimethoxybutane (10). Compound 9 was
prepared in two steps from ethyl-4-chlorobutyrate (11) (Fig. 4).

Because the same sequence of reactions could not be used in
the synthesis of acetal 10, we developed a different approach
starting from succinic anhydride (13) (Fig. 5). Reaction of 13
with diisopropylamine and subsequent reduction of acid 14
with LiAlH, led to the amino alcohol 15. Swern conditions were

o © o, HNT
@ _a o _ b o __°¢
N A\ N
H N N
H H
3 4

\ .HCI

N
WOH
{ 0
N
H

1a

Reagents and conditions: (a) (COCI),, THF, 0 °C (93 %); (b) CH3NHy, H0, r.t. (81 %); (c) LiAIH, THF, reflux (42 %);
(d) DIPEA, ethyl-4-bromobutyrate, Nal, iPrOH, 60 °C (65 %); (e) (i) NaOH, H,O, r.t., (ii) HCI, H,O, r.t. (63 %)

Fig. 2 Synthesis of hapten I.

HO__X HO X
T, —— "0
o} NH (e} H

7a: X = CH,, 94 %
7b: X = CH,0, 86 %

2

8a: X = CH,
8b: X = CH,O

‘N-R
.HCI

_NHz*CI o] N

1b: X = CH,, R = Me (56 %)
1¢: X = CH,0O, R = Me (53 %)
1d: X = CHy, R = iPr (61 %)

Reagents and conditions: (a) (i) NaNO,, conc. HCI, -10 °C; (ii) SnCl,.2H,0, conc. HCI, -20 °C; (b) (i) 9 or 10, 4% H,SOy4,

80 °C; (ii) neutralization, then 1M HCI

Fig. 3 Direct synthesis of haptens II-IV using Fischer reaction.
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Reagents and conditions: (a) (i) DIBAL-H, CH,Cl,, -78 °C; (i) CH3OH, cat. H,SOy, rt. (78 %); (b) 40 wt.% aqueous

dimethylamine, r.t. (84 %)

Fig. 4 Preparation of N,N-dimethylamino-1,1-dimethoxybutane (9).

10

15

Reagents and conditions: (a) iPr,NH, CH,Cl,, rt. (82 %); (b) LiAlH,, THF, reflux (71 %); (c) (i) DMSO, (COCI),
EtsN, CH,Cly, -55 °C to r.t.; (i) CH3OH, cat. H,SOy, r.t. (54 %)

Fig. 5 Synthesis of N,N-diisopropylamino-1,1-dimethoxybutane (10).

used for oxidation of 15 to aldehyde, which was immediately
acetalized to obtain 10 in moderate yield.

Haptens I-IV (1a-d) were conjugated with bovine serum
albumin (BSA) using the methodology previously employed in
our group.'®** Conjugates I-IV were submitted to MALDI-TOF
analysis and the number of hapten molecules was determined
as follows: 13 for conjugate I, 31 for conjugate II, 28 for conju-
gate III and 37 for conjugate IV.

1.2 4

0.8

0.6

A450r|m

0.4

0.2

1.0E+00 1.0E+02 1.0E+04 1.0E+06
Standard conc. (pg mL™")

Fig. 6 Typical ELISA standard curves () ELISA | (standard DMT); (A)
ELISA Il (standard 5-MeO-DMT); (=) ELISA Ill (standard 5-MeO-DMT);
(M) ELISA IV (standard DiPT).
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Antisera were collected by immunization of rabbits with all
of prepared conjugates.'* The indirect competitive format of
ELISA was used for antiserum testing. First, checkerboard
titrations were performed and suitable immunoreagent
concentrations were determined when the maximum absor-
bance ranged from 1.2 to 1.9. Then the calibration curves with
target analyte were constructed. The antibody with the highest
sensitivity to the appropriate analyte was selected (on the basis
of the lowest ICs, values) for each immunisation conjugate and
further tests were made. In this study, four different ELISAs
(ELISA I-1V) for the detection of tryptamine-based drugs were
successfully developed. Titration standard curves are shown in
Fig. 6 and analytical parameters of methods are summarized in
the table (Table 1).

The specificity of obtained antibodies was evaluated with 102
new psychoactive substances and non-hallucinogenic
compounds: 11 synthetic or natural tryptamines, 18 phenyl-
ethylamines, 13 piperazines, 18 synthetic cannabinoids, 27
cathinones, 16 non-hallucinogenic substance. Cross-reactivity
values for tryptamines are summarized in Table 2. Positive
cross-reactivity values were obtained only for synthetic trypt-
amines and psilocin. No cross-reactivity was observed with
other tested compounds. Our results show that synthesized
haptens and immunogens are functional and that they can be
used for the production of antibodies. These antibodies can be
applied in the development of immunoanalytical methods for
the tryptamine-based drug detection.

This journal is © The Royal Society of Chemistry 2018
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Table 1 Analytical parameters of assembled ELISAs
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Linear working range

ICs0” + SD” (ng ml™?) (ng ml™") LOD’ + SD” (ng ml™?)
ELISA I 0.52 + 0.17 0.11-4.24 0.017 £ 0.005
ELISA I 27.3 £5.20 4.08-241.96 0.254 £ 0.059
ELISA III 0.29 + 0.07 0.03-4.93 0.006 £ 0.002
ELISA IV 3.36 £ 0.28 0.27-45.13 0.034 £ 0.005

@ ICso, 50% intercept. ° SD, standard deviation. ¢ LOD, limit of detection.

Table 2 Cross-reactivity data for developed ELISA?

Cross-reactivity (%)

Compound ELISAI ELISA II ELISA III ELISA IV
DMT 100.00 53.48 38.89 0.09
5-MeO-DMT 0.57 100.00 100.00 0.04
5-MeO-DALT 1.90 0.95 2.46 0.19
DiPT 2.00 0.09 0.21 100.00
4-HO-MET 2.16 5.87 20.08 0.05
oMT 0.14 0.07 0.04 <0.001
O-Acetylpsilocin 0.06 2.81 23.04 <0.001
Psilocin 3.60 225.71 149.63 0.10
Psilocybin <0.001 0.07 0.08 <0.001
Serotonin <0.001 <0.001 <0.001 <0.001
5-MeO-DiPT 0.01 <0.001 0.43 88.43
“DMT:  N,N-dimethyltryptamine,  5-MeO-DMT:  5-methoxy-N,N-
dimethyltryptamine, 5-MeO-DALT: N,N-diallyl-5-methoxytryptamine,

DiPT: N,N-diisopropyltryptamine, 4-HO-MET: 4-hydroxy-N-methyl-N-
ethyltryptamine, «MT: a-methyltryptamine, 5-MeO-DiPT: 5-methoxy-
N,N-diisopropyltryptamine.

4. Experimental
4.1 Synthesis of haptens

4.1.1 Hapten I

2-(1H-indol-3-yl)-2-oxoacetyl chloride (3). Compound 3 was
prepared according to literature® from indole (2) (2.00 g, 17.1
mmol) as a yellow solid (3.31 g, 93%).

2-(1H-indol-3-yl)-N-methyl-2-oxoacetamide (4). Glyoxylyl chlo-
ride 3 (3.21 g, 15.5 mmol) was added in portions to an ice cold
aqueous solution of methylamine (20 ml, 40 wt%) and resulting
suspension was stirred at 0 °C for 2 hours. The precipitate was
filtered and washed with water and diethyl ether. Recrystalli-
zation of the crude product from THF/Et,O gave the titled
compound 4 as a pale yellow solid (2.53 g, 81%). Mp = 214-
215 °C (lit.* 218-219 °C); *"H NMR (300 MHz, DMSO-dg) 6: 2.75
(d, 3H, J = 4.7 Hz), 7.22-7.30 (m, 2H), 7.50-7.57 (m, 1H), 8.19-
8.26 (m, 1H), 8.68 (m br, 1H), 8.77 (s, 1H), 12.21 (s br, 1H); **C
NMR (75 MHz, DMSO-dg) &: 25.57, 112.19, 112.56, 121.33,
122.53, 123.42, 126.25, 136.27, 138.54, 164.09, 182.08; HRMS
(ESI): m/z [M + Na]' calculated for C;;H;(N,O,: 225.06345,
found 225.06329.

N-methyltryptamine (5). The solution of amide 4 (2.00 g, 9.9
mmol) in dry THF (180 ml) was added dropwise to an ice-cold
solution of LiAlH, (3.79 g, 100 mmol) in dry THF (180 ml)
under argon atmosphere. After complete addition, the reaction

This journal is © The Royal Society of Chemistry 2018

mixture was refluxed for 7 hours. Then the mixture was cooled
with an ice bath and decomposed according to Fieser workup.
Precipitated salts were filtered of, washed several times with
THF and the filtrate was evaporated. The residue was dissolved
in dichloromethane (200 ml), washed with water (3 x 200 ml)
and brine (150 ml), and the organic layer was dried with MgSO,.
Purification of the crude product by column chromatography
(CH,Cl, : MeOH, 5 : 1) afforded N-methyltryptamine (5) as an
off-white solid (717 mg, 42%). Mp = 62-64 °C (lit.** 81-83 °C);
'H NMR (300 MHz, CDCl;) 6: 2.44 (s, 3H), 2.88-3.02 (m, 4H),
7.04 (d, 1H, J = 2.3 Hz), 7.09-7.15 (m, 1H), 7.17-7.23 (m, 1H),
7.35-7.39 (m, 1H), 7.62-7.66 (m, 1H), 8.06 (s br, 1H).

Ethyl 4-[N-[2-(1H-indol-3-yl)ethyl]-N-methyl]aminobutanoate (6).
To a mixture of N-methyltryptamine (5) (523 mg, 3.0 mmol) and
Nal (450 mg, 3.0 mmol) in isopropyl alcohol (15 ml) was added
DIPEA (620 mg, 835 uL, 4.8 mmol) and ethyl-4-bromobutyrate
(878 mg, 645 uL, 4.5 mmol) and resulting solution was heated
to 60 °C overnight. Solvent was removed on rotavap. The residue
was dissolved in dichloromethane (75 ml) and washed with
saturated NaHCOj; solution (75 ml), water (75 ml) and brine (75
ml). Organic phase was dried with MgSO, and evaporated.
Purification by column chromatography (CH,Cl,: MeOH,
10 : 1) afforded the titled compound 5 as a light-brown viscous
oil (570 mg, 65%). "H NMR (300 MHz, CDCl,) 6: 1.25 (t, 3H, ] =
7.3 Hz), 1.86 (qui, 2H, ] = 7.2 Hz), 2.32-2.41 (m, 5H), 2.52 (t, 2H,
J=7.2 Hz),2.72-2.81 (m, 2H), 2.92-3.01 (m, 2H), 4.13 (q, 2H, ] =
7.3 Hz), 7.03 (d, 1H, J = 2.3 Hz), 7.08-7.14 (m, 1H), 7.15-7.22 (m,
1H), 7.33-7.38 (m, 1H), 7.58-7.63 (m, 1H), 8.09 (s br, 1H); °C
NMR (75 MHz, CDCl;) 6: 14.20, 22.29, 22.89, 32.07, 41.92, 56.56,
58.05, 60.32, 111.11, 114.02, 118.69, 119.15, 121.56, 121.87,
127.38, 136.20, 173.55; HRMS (ESI): m/z [M + H]" calculated for
C,,H,,N,0,: 289.19105, found 289.19125.

4-[N-[2-(1H-indol-3-yl)ethyl]-N-methylJaminobutanoic acid hydro-
chloride (1a, hapten I). To a mixture of ester 5 (433 mg, 1.5 mmol)
in 40% aqueous ethanol (20 ml) was added NaOH (66 mg, 1.65
mmol) and the solution was stirred at r.t. overnight. Then the
solution was acidified with 1 M aqueous HCI to pH = 1, evap-
orated and the residue was purified by reverse-phase flash
chromatography (MeOH : H,0O, gradient 5-100% MeOH) to
obtain the titled compound 1a (hapten I) as a white foam
(246 mg, 63%). 'H NMR (300 MHz, DMSO-d,) é: 1.83-1,96 (m,
2H), 2.35 (t, 2H, J = 7.3 Hz), 2.80 (s, 3H), 3.06-3.20 (m, 4H), 3.21-
3.31 (m, 2H), 6.97-7.04 (m, 1H), 7.06-7.13 (m, 1H), 7.25 (d, 1H, J
= 2.3 Hz),7.37 (d, 1H, ] = 8.2 Hz), 7.63 (d, 1H, J = 7.6 Hz), 11.00
(s br, 1H); *C NMR (75 MHz, DMSO-d,) 6: 19.0, 19.8, 30.8, 39.3,
54.1, 55.2, 109.2, 111.5, 118.3, 118.5, 121.2, 123.2, 126.7, 136.2,
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173.6; HRMS (ESIL): m/z [M + H]" calculated for Cy5H,oN,0,:
261.15975, found 261.15979.

4.1.2 Haptens II-IV

Ethyl 2-[4-[(tert-butoxycarbonyl)aminoJphenoxylacetate (16).
Compound 16 was prepared according to literature'” in two
steps from 4-aminophenol (17) (10.09 g, 100.0 mmol) as a white
solid (11.29 g, 88% (2 steps)). Mp = 53-55 °C; 'H NMR (300
MHz, CDCl;) é: 1.27 (t, 3H,J = 7.2 Hz), 1.48 (s, 9H), 4.26 (q, 2H, J
= 7.2 Hz), 4.56 (s, 2H) 6.55 (s br, 1H), 6.78-6.85 (m, 2H), 7.26 (d,
2H, J = 8.8 Hz); "*C NMR (75 MHz, CDCl;) é: 14.1, 28.3, 61.3,
65.9, 80.2, 115.1, 120.3, 132.4, 153.0, 153.6, 169.0; HRMS (ESI):
m/z [M + Na]" calculated for C;5H,,;NOs: 318.13119, found
318.13149.

2-(4-aminophenoxy)acetic acid (8b). Suspension of 16 (5.91 g,
20.0 mmol) in 1 M hydrochloric acid (50 ml) was stirred at 60 °C
overnight. After cooling to r.t., the solution was extracted with
dichloromethane (50 ml) and phases separated. Aqueous phase
was treated with solid Na,COj; to adjust pH to 4-5 (according to
pH paper). The resulting precipitate was filtered off and dried,
yielding the titled compound 8b as an off-white solid (3.03 g,
91%). Mp = 200-215 °C (lit.** 200-210 °C); 'H NMR (300 MHz,
DMSO-d) 6: 4.46 (s, 2H), 6.45-6.52 (m, 2H), 6.58-6.65 (m, 2H).

General procedure A: preparation of arylhydrazinium chlorides.
A procedure from the literature® was modified as follows:
suspension of aniline acid 8a,b (1 eq.) in concentrated hydro-
chloric acid (3 ml mmol ™) was cooled to —5 °C and a solution
of sodium nitrite (1.05 eq.) in water (0.5 ml mmol ') was added
dropwise. After complete addition the mixture was stirred for 1
hour at —5 °C and then it was added dropwise to a solution of
SnCl,-2H,0 (3 eq.) in concentrated hydrochloric acid (1 ml
mmol ") cooled to —20 °C. After complete addition, the mixture
was stirred for additional 2.5 hours at —20 °C and then the
suspension was filtered. Solids were washed with cold ethanol
and diethyl ether and dried, yielding arylhydrazinium chlorides
7a,b.

4-(carboxymethyl)phenylhydrazinium chloride (7a). Was prepared
according to general procedure A from aniline 8a (2.27 g, 15.0
mmol) as a white solid (2.86 g, 94%). Mp = 207-210 °C (lit.** 228-
229 °C); 'H NMR (300 MHz, DMSO-dy) é: 3.48 (s, 2H), 6.92 (d, 2H, J
= 8.5 Hz), 7.16 (d, 2H, J = 8.5 Hz), 8.20 (s br, 1H), 10.27 (s br, 3H);
3C NMR (75 MHz, DMSO-dg) 6: 39.9, 114.6, 128.1, 129.9, 144.3,
173.0; HRMS (ESI): m/z [M]" calculated for CgHy;N,O,: 167.08150,
found 167.08124.

4-(carboxymethoxy)phenylhydrazinium chloride (7b). Was
prepared according to general procedure from aniline 8b
(836 mg, 5.0 mmol) as a white solid (937 mg, 86%). Mp = 135 °C
(decomp.); 'H NMR (300 MHz, DMSO-dg) 6: 4.60 (s, 2H), 6.82-
6.89 (m, 2H), 6.95-7.02 (m, 2H), 10.63 (s br, 3H); ">C NMR (75
MHz, DMSO-d,) 6: 64.9; 115.0, 116.9, 139.5, 153.1, 170.3; HRMS
(ESD): m/z [M — NH;]" calculated for CgHgNOj;: 166.04987, found
166.04977.

4-Chloro-1,1-dimethoxybutane (12). DIBAL-H (94 ml, 1 M
solution in hexane, 94.0 mmol) was added dropwise to a solu-
tion of ethyl-4-chlorobutyrate (11) (12.30 g, 81.7 mmol) in dry
dichloromethane (125 ml) cooled to —78 °C. After addition, the
reaction mixture was stirred for half hour at —78 °C and then
poured into ice-cold 10% hydrochloric acid (160 ml). Resulting
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View Article Online

Paper

mixture was stirred at 0 °C for 1 hour, then the layers were
separated and the aqueous one extracted with dichloromethane
(2 x 100 ml). Combined organic layers were washed with brine
(300 ml) and dried with MgSO,. After solvent removal, the
residue was dissolved in methanol (35 ml) acidified with few
drops of concentrated sulfuric acid. The solution was stirred for
18 hours, diluted with dichloromethane (125 ml), washed with
10% aqueous NaHCO; (100 ml), water (100 ml) and brine (100
ml) and dried with MgSO4. Distillation under reduced pressure
gave the titled acetal 12 as a colorless liquid (9.76 g, 78%). Bp =
53-55 °C (5 torr) (lit.?* 84-86 °C (25 torr)); "H NMR (300 MHz,
CDCl;) 6: 1.70-1.90 (m, 4H), 3.32 (s, 6H), 3.56 (t, 2H, ] = 6.3 Hz),
4.39 (t, 1H, J = 5.4 Hz).

4-(N,N-dimethylamino)-1,1-dimethoxybutane (9). Compound 9
was prepared according to literature'® from acetal 11 (4.86 g,
31.8 mmol) as a colorless liquid (4.32 g, 84%) after distillation
under reduced pressure. Bp = 59-60 °C (6 torr) (lit."* 40 °C (1
torr)).

4-(N,N-diisopropylamino)-4-oxobutanoic acid (14). To a solu-
tion of succinic anhydride (13) (10.07 g, 100.0 mmol) in
dichloromethane (300 ml) was added diisopropyl amine
(21.8 ml, 300.0 mmol) and resulting solution was stirred for 20
hours. Then the mixture was concentrated and 1 M hydro-
chloric acid (250 ml) was added to the residue. Aqueous layer
was extracted with dichloromethane (3 x 150 ml) and
combined organic layers were dried with MgSO4. Solvent
removal offered the titled compound 14 as a light brown viscous
oil (16.50 g, 82%), which solidified upon standing in a fridge. "H
NMR (300 MHz, CDCl,) 6: 1.16 (d, 6H, J = 6.7 Hz), 1.29 (d, 6H, J
= 7.0 Hz), 2.56-2.64 (m, 4H), 3.46 (m br, 1H), 3.95 (sept, 1H, ] =
6.7 Hz), 11.02 (s br, 1H); ">*C NMR (75 MHz, CDCl;) é: 20.3, 20.6,
29.5, 29.8, 45.9, 48.4, 170.7, 176.7.

4-(N,N-diisopropylamino)butan-1-ol (15). Suspension of LiAlH,
(6.83 g, 180.0 mmol) in dry THF (300 ml) was cooled with ice
bath and then the solution of amide 14 (8.05 g, 40.0 mmol) in
dry THF (150 ml) was added dropwise. After complete addition,
the reaction mixture was refluxed for 5 hours. Then it was
cooled with an ice bath and decomposed according to Fieser
workup. Solids were removed by filtration, washed with THF
and the filtrate was evaporated. The residue was dissolved in
dichloromethane (250 ml), washed with water (3 x 200 ml) and
brine (150 ml) and dried with MgSO,. Distillation under
reduced pressure gave the titled amino alcohol 15 as a colorless
liquid (4.91 g, 71%). Bp= 65-68 °C (0.43 torr); '"H NMR (300
MHz, CDCl;) é: 1.04 (d, 12H, J = 6.7 Hz), 1.58-1.71 (m, 4H),
2.43-2.52 (m, 2H), 3.10 (sept, 2H, ] = 6.7 Hz), 3.48-3.58 (m, 2H),
6.06 (s br, 1H); *C NMR (75 MHz, CDCl;) 6: 20.0, 27.6, 32.4,
44.9, 47.5, 62.7.

4-(N,N-diisopropylamino)-1,1-dimethoxybutane (10). Dimethyl
sulfoxide (2.56 ml, 36.0 mmol) was added dropwise to a solution
of oxalyl chloride (2.57 ml, 30.0 mmol) in dry dichloromethane
(60 ml) cooled to —55 °C and the mixture was stirred for addi-
tional 10 minutes. Then the solution of alcohol 15 (2.60 g, 15
mmol) in dry dichloromethane (10 ml) was added and the
mixture was stirred at —55 °C for additional 15 minutes. Then
trimethylamine (8.9 ml, 60.0 mmol) was added and the mixture
was allowed to warm to r.t. (1 hour). Reaction mixture was then

This journal is © The Royal Society of Chemistry 2018
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poured into water (130 ml), phases were separated and the
aqueous one extracted with dichloromethane (2 x 100 ml).
Combined organic phases were dried with MgSO, and evapo-
rated. The residue was dissolved in methanol (50 ml), acidified
with concentrated sulfuric acid (2.5 ml) and the mixture was
stirred at r.t. for 18 hours. Then the mixture was diluted with
dichloromethane (150 ml), cooled with ice bath and 20% NaOH
solution was added (100 ml). Phases were separated, the
aqueous one was diluted with water (50 ml) and extracted with
dichloromethane (2 x 75 ml). Combined organic phases were
washed with brine (200 ml) and dried with MgSO,. Distillation
under reduced pressure gave the titled amino acetal 10 as
colorless liquid (1.74 g, 54%). Bp = 51-55 °C (0.24 torr); "H NMR
(300 MHz, CDCl,) 6: 0.98 (d, 12H, J = 6.6 Hz), 1.36-1.51 (m, 2H),
1.53-1.63 (m, 2H), 2.39 (t, 2H, J = 7.3 Hz), 2.99 (sept, 2H, ] = 6.5
Hz), 3.31 (s, 6H), 4.37 (t, 1H, J = 5.9 Hz); "*C NMR (75 MHz,
CDCl,) 6: 20.7, 26.1, 30.3, 44.7, 48.2, 52.6, 104.7.

General procedure B: preparation of haptens II-IV. A procedure
from the literature®® was modified as follows: to a 4% sulfuric
acid, which was first heated to 50 °C and bubbled with argon,
arylhydrazinium chloride 7a,b (1 eq.) and then amino acetal 9 or
10 (1.2 eq.) were added and the resulting mixture was heated to
80 °C for 3.5 hours. After cooling to r.t., the mixture was
neutralized with concentrated ammonia solution. Water was
removed under reduced pressure and the residue was treated
with ethanol (10 ml mmol ") and filtered to remove most of the
inorganic salts. Filtrate was evaporated, 1 M hydrochloric acid
(10 ml mmol ') was added and resulting solution was evapo-
rated again. Purification of crude product by reverse-phase flash
chromatography (water/methanol, gradient 5-100% of meth-
anol) gave haptens 1b-d (haptens II-IV).

2-[3-[2-(N,N-dimethylamino)ethyl]-1H-indol-5-ylJacetic acid hydro-
chloride (1b, hapten II). Was prepared according to general
procedure B from arylhydrazinium chloride 7a (608 mg, 3.0
mmol) and acetal 9 (580 mg, 3.6 mmol) as a colorless glassy
solid (475 mg, 56%). 'H NMR (300 MHz, CD;0D) &: 2.87 (s, 6H),
3.11-3.21 (m, 2H), 3.30-3.39 (m, 2H), 3.66 (s, 2H), 7.07 (dd, 1H,
J1 = 8.5 Hz, J, = 1.5 Hz), 7.15 (s, 1H), 7.30 (d, 1H, J = 8.5 Hz),
7.51 (s, 1H); *C NMR (75 MHz, D,0) 6: 20.0, 41.4, 42.6, 57.5,
108.3, 112.2, 118.7, 123.6, 124.6, 125.6, 126.7, 135.5, 178.3;
HRMS (ESI): m/z [M]" calculated for C,,H;sN,0,: 247.14410,
found 247.14413.

2-[3-[2-(N,N-dimethylamino)ethyl]-1H-indol-5-yloxyJacetic acid
hydrochloride (1c, hapten III). Was prepared according to general
procedure B from arylhydrazinium chloride 7b (328 mg, 1.5
mmol) and acetal 9 (290 mg, 1.8 mmol) as a colorless glassy
solid (238 mg, 53%). '"H NMR (300 MHz, D,0) &: 2.72 (s, 6H),
2.90-3.00 (m, 2H), 3.08-3.18 (m, 2H), 4.26 (s, 2H), 6.73 (dd, 1H,
J1 = 8.8 Hz, J, = 2.1 Hz), 6.99 (d, 1H, J = 2.1 Hz), 7.10 (s, 1H),
7.21 (d, 1H, J = 8.8 Hz); *C NMR (75 MHz, D,0) 6: 20.1, 42.7,
57.4, 67.7,100.9, 108.2, 112.3, 112.9, 124.8, 126.6, 131.7, 152.0,
177.2; HRMS (ESI): m/z [M]" calculated for Cy4H;gN,Os:
263.13902, found 263.13912.

2-[3-[2-(N,N-diisopropylamino)ethyl]-1H-indol-5-yl]acetic acid
hydrochloride (1d, hapten IV). Was prepared according to
general procedure B from arylhydrazinium chloride 7a (203 mg,
1.0 mmol) and acetal 10 (262 mg, 1.2 mmol) as a white solid
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(207 mg, 61%). *H NMR (300 MHz, CD;0D) 6: 1.26 (d, 12H, ] =
6.5 Hz), 2.83-3.04 (m, 4H), 3.48 (sept, 2H, J = 6.5 Hz), 3.57 (s,
2H), 6.93 (s, 1H), 7.11 (dd, 1H, J, = 8.5 Hz, ], = 1.5 Hz), 7.24 (d,
1H, ] = 8.5 Hz), 7.38 (s, 1H); **C NMR (75 MHz, CD;0D) 6: 18.1,
24.9, 46.6, 49.2, 55.9, 110.2, 112.3, 119.1, 124.4, 124.5, 128.1,
129.8, 136.7, 180.9.

5. Conclusion

We successfully used haptens with novel structures to produce
polyclonal antibodies against various tryptamines. The con-
structed ELISAs have low detection limits. Some of the anti-
bodies show good reactivity not only with the target analytes,
but also with psilocin and 5-MeO-DiPT. Although the antibodies
have not yet been characterized in complex matrices, they
appear to be suitable for the development of immunochemical
assay kits. In our next work, we will focus on the establishment
of an ELISA for the detection of tryptamines in human body
fluids. We believe that the outcome of our work could lead to
LFIA Kkits designed for the on-site testing of NPS users.
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