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Uvod

Enzymy jako biokatalyzatory hraji v Zivych organismech klicovou roli a diky svym vysoce
specifickym vlastnostem nachdzi uplatnéni v celé fadé in vitro aplikaci. Pracuji za mirnych, ale
presné definovanych podminek, a odrazii nepatrné zmény v déjich, které katalyzuji. Své pevné
misto maji nejen v biochemické laboratorni diagnostice, ale diky snadné regulovatelnosti

mohou byt vyuzivany i v Siroké Skale biotechnologickych aplikaci.

V oblasti cilené katalyzy a modifikace biologicky aktivnich latek jsou enzymy casto
imobilizovany na pevnou fazi a lze tak plné téZit z vyhod, které tento zplsob pfinadsi. Nejen
komercni dostupnost inertnich nosicu, ale i moznost syntézy pfimo v laboratofi, nabizi velkou
variabilitu v pfipravé imobilizovanych enzymovych systém(. Diky Siroké Skdle materialq,
velikosti, tvar(i a rGznych povrchovych funkénich skupin lze systém cilené pfizpUsobit
konkrétni aplikaci. Pro imobilizaci molekul enzym( jsou vyuZivany rlizné metody zahrnujici
adsorpci, enkapsulaci, ¢i pevnou kovalentni vazbu. Z pohledu orientace imobilizované
molekuly enzymu lze vyuZit metody neorientované neboli nahodné vazby, nebo metody
orientované vazby. Pfi té je zohlednéna konformace molekuly enzymu a jeho aktivniho mista
tak, aby vazbou nedoslo k negativnimu ovlivnéni jeho vysledné aktivity. Imobilizaci enzymu je
Casto dosazeno také jeho vétsi stability a lepsi kontrolovatelnosti katalyzované reakce. Dalsi
prednosti imobilizovanych enzym( je mozZnost opakovaného poufZiti enzymu a minimalizace
kontaminace produktu molekulami enzymu, coZ je dulezité zejména pro biotechnologické

nebo farmaceutické aplikace.

V oblasti laboratorni diagnostiky jsou enzymy vyuzivany jako indikatory pfitomnosti vybranych
latek v analyzovaném materialu. Jako jeden z moznych prikladd metod vyuzivajicich enzymy
Ize uvést imunoanalytické metody s indikatory (ELISA, EIA), ve kterych jsou indikatorem pravé
enzymy. Jsou konjugovany se specifickymi protilatkami a prostfednictvim konverze substratu
generuji signal umérny koncentraci sledovaného analytu v reakéni smési. Tyto metody patfi,
vzhledem k vysoké citlivosti a specifité, mezi metody vyuzivané ve farmacii a toxikologii pro
monitorovani hladin léCiv ¢i pfi vyvoji vakcin. V biochemickych laboratofich pak pro stanoveni
hormont ¢i biomarkerl rlznych onemocnéni. V potravinarském primyslu pro detekci
a kvantifikaci alergenll, toxinG apod. Obvykld spektrofotometricka, fluorimetrickd nebo

chemiluminiscen¢ni detekce mulzZe byt v téchto metodach nahrazena i méné béZnou



elektrochemickou detekci. PfestoZe tyto biosenzory, zaloZzené na principu ELISA, zatim nejsou
v klinické praxi rutinné vyuzivany, maji velky potencidl a jiz nyni pfindsi fadu vyhod. Je asi
pouze otdzkou ¢asu, kdy takova zarizeni najdou Sirsi praktické uplatnéni. Konstrukce takovych
imunosenzor( spociva v kombinaci citlivé elektrochemické detekce se specifickou a selektivni
reakci antigen-protildtka. Navic mohou byt tyto systémy diky modernim technologiim

miniaturizovany a spliuji tak pozadavky na ,point-of-care” zafizeni.

Vyuziti enzym0 v kombinaci s magnetickymi nosici je prisecikem vSech praci uvedenych
v pfilohach, které jsou souhrnem vysledk(l mé védecké Cinnosti. Prace je rozdélena do dvou
ucelenych ¢&asti, znichz prvni shrnuje vysledky tykajici se pfipravy imobilizovanych
enzymovych systému pro cilenou in vitro modifikaci biologicky aktivnich latek. Druha c¢ast
ukazuje moZznosti vyuziti enzym( pro znaceni protilatek v elektrochemickych imunosenzorech

urcenych pro detekci alergenli nebo biomarker( asociovanych s nddorovym onemocnénim.



1. Enzymy

Enzymy jsou pfirodni katalyzatory, které pfi mirnych podminkach (teplota, pH, tlak) usnadnuji
nebo vibec umoziuji biochemické déje v organismu. To vSe s vysokou rychlosti a bez trvalé
zmény vlastni molekuly. Je pro né typicka vysoka specifita a selektivita, diky které je zajisténa
dokonala kontrola nad pridbéhem katalyzovanych reakci i nad vyslednym produktem. Ackoliv
i nékteré molekuly RNA (tzv. ribozymy) vykazuji katalytickou aktivitu, v naprosté vétsiné

se jedna o proteiny [1- 5].

Specifita enzym je dana jednak typem substratu, ktery je pfi enzymové reakci preménovan,
a jednak typem katalyzované reakce. V zavislosti na reakénim mechanismu byly dosud enzymy

déleny do Sesti zakladnich tfid (obrazek 1)
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Obrdzek 1. Klasifikace enzymu podle typu katalyzované reakce [https://ramneetkaur.com/enzyme-
classification-mnemonic/]



V roce 2018 byla Mezinarodni unii pro biochemii a molekuldrni biologii (IUBMB) klasifikovdna
sedma tfida enzym, a to translokasy, které katalyzuji prenos ionti a molekul pfes membrany.
Na zdkladé lokalizace v organismu rozezndvdme enzymy membranové vazané, které jsou
integralni soucasti bunéénych nebo organelovych membran, a solubilni, pfitomné
v cytoplazmé nebo sekretované do extracelularnich tekutin [2]. Podle plvodu pak rozliSujeme

enzymy rostlinné, Zivocisné a mikrobialni [6].

Za substratovou specifitu enzymu je zodpovédnd proteinova ¢ast molekuly, ozna¢ovana jako
apoenzym. Nékteré z enzym{ maji povahu jednoduchych proteinl a pro vlastni katalytickou
reakci nevyZaduji pritomnost dalSich skupin nebo molekul. Velké mnoZstvi enzym( jsou vsak
sloZzené proteiny, u kterych je pro ucinnou katalyzu nezbytnd pfitomnost koenzymu, casti
vykazujici enzymovou aktivitu, a tvofici s apoenzymem kompletni aktivni molekulu enzymu.
Koenzymy jsou malé molekuly neproteinové povahy, podléhajici v pribéhu katalyzované
reakce zménam, které kompenzuji transformace v molekule substratu. Koenzymy hraji

dllezitou roli v pfenosu vodikd, elektrond nebo skupin atoma [1].

V systémové biologii jsou enzymy vyuzivany pro kinetickd méreni za simulovanych in vivo
podminek s cilem vytvofit komplexni prediktivni modely metabolickych drah. Kinetika enzym(i
v téchto aplikacich poskytuje informace o aktivité enzymu, reverzibilité dané reakce
¢i allosterii. Méla by byt pouzitelna pro enzymové reakce s vice substraty. Vytvorené modely
pak pomahaji pochopit i nejslozitéjsi biochemické procesy, které v organismu probihaji. Nejen
v téchto aplikacich je pro optimalni simulaci katalyzovanych reakci dulezitd charakterizace

enzym( z pohledu jejich aktivity, kinetickych parametr( a reakénich podminek [7].

Enzymovad aktivita udava rychlost katalyzované reakce vyjadienou jako mnozZstvi substratu
(v mol) preménéné za 1 sekundu pfi definovanych reakénich podminkach (pH, teplota).
Jednotkou katalytické aktivity zavedenou v soustaveé Sl je katal (mol.s!) a nahrazuje jednotku
enzymové aktivity U (umol.mint), kterd je v3ak ¢asto pouZivana. Reakéni rychlost vidy zavisi
jak na koncentraci enzymu, tak konvertovaného substratu. Vztah mezi koncentraci substratu
a rychlosti enzymové reakce popisuje rovnice Michaelis-Mentenové. Zté lze vypodcitat
tzv. maximalni (meznou) rychlost dané reakce (Vmax), které je dosazeno pfi maximalni saturaci
enzymu substratem, a Michaelisovu konstantu (Km). Ta odpovidad koncentraci substratu

v poloviné maximalni rychlosti a je nepfimo Uumérna afinité daného substratu k enzymu



(obrdzek 2) [1, 4, 8]. Tyto veli¢iny charakterizuji dany enzym a patfi mezi zakladni parametry,
které jsou hodnoceny pfi kinetickych studiich, charakterizaci novych enzymu ¢i pfi testovani

inhibi¢nich latek.
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Obrdzek 2. Grafické vyjadreni kinetickych parametri enzymové reakce

Aktivita enzymU muZe byt ovlivnéna jak pozitivné (aktivatory), tak negativné (inhibitory).
Ke zvySeni aktivity enzym( dochazi vlivem post-translacnich modifikaci, jako je glykosylace
[9,10] ¢i fosforylace [11] nebo prostfednictvim kovalentné vazanych nizkomolekularnich
aktivator(i [12,13]. Velkou roli hraje i mikroprostredi v bezprostiedni blizkosti aktivniho mista
enzymu, napr. pritomnost ligandd, které navozuji jakousi enzymovou pamét [14]. Je obecné
znamé, Ze aktivita a stabilita enzymu muzZe byt zvySena také imobilizaci enzymu na pevnou
fazi, kterd pfi vhodné zvolené metodice prispiva ke stabilizaci konformace molekuly enzymu.
Inhibitory jsou definovany jako latky, které blokuji aktivni misto enzymu, snizuji reakéni
rychlost, nebo katalytickou reakci zastavuji uplné. Na zakladé mechanismu je popisovana
inhibice kompetitivni, nekompetitivni, akompetitivni a smiSend. Ne vidy je inhibice
nezadoucim jevem. In vivo funguji inhibitory u fady organismd v metabolickych drahach jako
soucdst jakési zpétné vazby, kterd umoznuje pfirozenou regulaci téchto pochodu. Pfi vyuziti
enzymU v in vitro aplikacich je schopnost inhibitor( vazat se do aktivniho mista s vyhodou

vyuzivana pro izolaci a purifikaci enzym, a také jako ochrana aktivniho mista.



1.1 Enzymy jako nastroj pro in vitro modifikaci biologicky aktivnich latek

Vzhledem k unikatnim vlastnostem nachazi enzymy uplatnéni v celé fadé aplikaci. V klinické
laboratorni diagnostice patfi monitorovani vybranych enzym( mezi zakladni biochemicka
vysetfeni. Zmény v aktivité nékterych organové/tkanové specifickych enzym(i mohou
poukazovat na vznik onemocnéni, v jehoz dlsledku jsou enzymy ve zvySené mire uvolfiovany
do télnich tekutin [15,16]. Monitorovani hladin vybranych enzymO je dulezité
napt. v diagnostice onemocnéni jater, ledvin, pankreatu, nékterych nddorovych onemocnéni,

infarktu myokardu a dalSich [15].

Vedle klinické diagnostiky, biochemie, enzymologie ¢i metabolomiky, kde jsou enzymy
molekulou, kterd je monitorovana, nebo pfimo zasahuje do sledovanych déju, jsou enzymy
vyuzivany i v jinych oblastech. Zde slouzi jako ndstroj pro modifikaci nebo pfipravu jinych
biologicky aktivnich latek. Ve farmaceutickém ¢i potravindiském primyslu, stejné jako
v oblasti biotechnologickych aplikaci, umoZiuji pfipravu Cistych produktd a nahrazuji
chemické metody syntézy. Oproti chemickym metoddm jsou enzymy v téchto procesech
vyhodné pro jejich vysokou specifitu, moznost regulovat cely proces a eliminovat vznik
pfipadnych nezadoucich vedlejSich meziprodukt(i. Své pevné misto maji enzymy i viadé

metod, kde se uplatiiuji mj. v preanalytické fazi k Gpravé vzorku.

V nasledujicich ¢astech jsou zminény nékteré konkrétni enzymy, na které jsem se zaméfrila
nebo se naddle zaméruji ve své védecké priaci, véetné jejich konkrétnich nebo potencialnich

aplikaci.

Jednim z enzymu, které jsou v literature nejvice citovany, je proteolyticky enzym trypsin,
nebot je asi nejrozsifenéjsim enzymem proteomickych studiich. Proteomika jako takova
je obor, ktery se zaméruje na systematické studium proteomu, tj. kompletni sklady proteind,
které se nachdzi vbunce nebo tkani. Zohlediuje jejich strukturu, veskeré modifikace,
vzdjemné interakce i lokalizaci [17]. KlicCovymi metodami jsou v proteomice vysoce ucéinné
separacni metody, 2D elektroforéza a kapalinova chromatografie ve spojeni s tandemovou
hmotnostni spektrometrii (LC-MS/MS, nanoLC-MS/MS). MS pak umoznuje vlastni identifikaci
specifickych peptidd [18-22]. At je vyuZit kterykoliv ze dvou zakladnich pfistupd v téchto
experimentech (,bottom-up” ¢i ,top-down”), vidy zahrnuje enzymovou fragmentaci

studovanych proteind (obrazek 3) [23-25].
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Obrazek 3. Schéma proteomické strategie pro identifikaci proteint [26]

Pravé pro tyto fragmentace je vyuzivan trypsin, prestoze jsou pro stejné ucely popsany i jiné
protedzy. Vyhodou trypsinu je, Ze poskytuje peptidové fragmenty, které nesou na obou
koncich pozitivni ndboj a jsou pomoci MS snadno identifikovatelné [18,27-30]. Pro zvyseni
ucinnosti fragmentace, resp. pro presngjsi finalni identifikaci je trypsin vyuZivan
v kombinaci s dalSimi proteinasami, jako jsou endoproteinasy Arg-C [27-29], Lys-C [18,27-31],
Glu-C [27,29,30], Lys-N [29], Asp-N [29] nebo chymotrypsin [29,30] ¢i subtilisin [27]. Pro
identifikaci nékterych post-transla¢né modifikovanych proteind, zejména fosfoprotein(, byly
charakterizovany prolyl-endoproteasy (PEPs) [32], které jsou ¢asto kombinovany s trypsinem

[33,34].

V proteomice méné vyuzivanou protedzou je papain. Pomaha pti charakterizaci a identifikaci
terapeutickych protilatek, resp. jejich Fab fragmentl pfipravenych zcelych molekul
imunoglobulind pomoci papainu [35,36], nebo antigenl vazanych v komplexu [37].
Ten Stépi molekuly protilatek v tzv. pantové oblasti na dva Fab fragmenty a jeden Fc fragment.
Uplatrfiuje se i pfi vlastni vyrobé terapeutickych protildtek [38,39] Diky chybéjicimu
Fc fragmentu maiji protilatky lepsi schopnost penetrace do tkani nez plvodni celé molekuly,
a tim lze zvysit jejich terapeuticky efekt [39,40]. Nebo v oblasti pripravy reagencii
pro imunoanalytické nebo zobrazovaci metody [41]. Papain je vyuZivan také v potravinarském
pramyslu pro redukci proteinovych alergent [42] nebo pro Upravu potravin (maso, mouka
apod.) [37,43]. Zajimavou vlastnosti papainu je, Ze vedle jeho primarni proteolytické funkce

vykazuje i vedlejsi glykosidasovou aktivitu, coz bylo prokazano jiz v minulosti. Tato aktivita je
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uvadéna nejen u jiz zmifovaného papainu, ale také pepsinu, bromelainu i pronasy E. Tyto
enzymy jsou vyuZzivany pro pfipravu oligomer( glykosaminoglykant, zejména chitosanu,
chondroitinsulfatu a kyseliny hyaluronové. Tento proces je oznacovan jako depolymerizace

[44-49].

Kyselina hyaluronova (HA) a ostatni glykosaminoglykany jsou v poslednich letech v popredi
zajmu zejména v mediciné, farmaceutickém a kosmetickém primyslu. Je to dano vilastnostmi
téchto biopolymerl a jejich ucinky na Zivé organismy. HA je zkoumana zejména v oblasti
protinddorovych léciv, kde se cili na jeji specifické interakce s receptorem CD44, ve zvysené
mife exprimovanym ndadorovymi burfikami. Diky biokompatibilité je vhodnym kandiddtem
pro vyvoj systém( pro cilenou distribuci l1é¢iv (tzv. drug delivery systems), kdy byva
kombinovana s dalsim glykosaminoglykanem, chitosanem [50-52]. HA hraje v organismu fadu
dllezitych roli, které se odviji od velikosti molekuly. Vysokomolekularni kyselina hyaluronova
(HMW-HA, M, > 800 kDa) se podili se udrzeni integrity pojivovych tkani, ma hydratacni,
protizanétlivé a imunosupresivni ucinky. Naopak nizkomolekularni HA
je produkovana pti poskozeni tkani, podporuje produkci prozanétlivych mediatort a podili se
na aktivaci imunitniho systému a na procesech hojeniran [53-56]. Pro biologické aplikace, kdy
jsou kladeny vysoké ndroky na Cistotu vyslednych produktl, je pro pripravu kyseliny
hyaluronové o rGznych molekulovych hmotnostech vyhodnéjsi enzymova fragmentace nez
degradace chemickymi nebo fyzikalnimi metodami. Chemicka degradace spociva v kyselé
nebo alkalické hydrolyze [57] a jeji nevyhodou je nejen nezbytné preciSténi ziskanych
produktll, ale i obvykle Siroka distribuce velikosti fragment(l. Oproti tomu enzymova
degradace umozZnuje zisk fragmentd s uzsi distribuci molekulovych hmotnosti
a cely proces je lépe kontrolovatelny z pohledu reakénich podminek. V pripadé kyseliny
hyaluronové jsou specifickymi enzymy, které stépi glykosidické vazby v jeji molekule
tzv. hyaluronidasy. Ty se podle reakéniho mechanismu se rozdéluji do tfi skupin. Dvé z nich
jsou endo-B-N-acetyl-hexosaminidasy, treti je endo-B-glukuronidasa. Endo-B-N-acetyl-
hexosaminidasy zahrnuji eukaryotni hydrolasy (hovézi testikularni, lysozomalni, ¢i ze vceliho
jedu) a prokaryotni lyasy (produkované napt. Staphylococcus sp., Streptococcus pyogenes
nebo Streptococcus pneumoniae) [58-61]. Hyaluronanlyasy mohou byt pro tento ucel

pfipravovany rekombinantni technologii, a to nej¢astéji pomoci geneticky modifikované
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E. coli. Zdrojovymi mikroorganismy byvaji Streptococcus pneumoniae [62] nebo Streptococcus

pyogenes [60,63], které prirozené produkuji tento enzym jako faktor virulence.

Cilend enzymovd modifikace sfingolipidd mlzZe byt uvedena jako dalsi z pfikladd in vitro
modifikace biologicky aktivnich latek. Modifikované sfingolipidy, konkrétné lyso-sfingolipidy,
jsou vyuzivany pfi analyze sfingolipid(i v souvislosti s nékterymi onemocnénimi. Sfingolipidy
jsou komplexni molekuly sloZzené z hydrofobniho ceramidu, tvoreného mastnou kyselinou
a sfingosinem (N-acylsfingosin), a hydrofilni hydrofilni sacharidové nebo fosforylcholinové
Casti [64,65]. Jejich gykosylované formy, glykosfingolipidy (GLs) jsou slozkou lipidd bunécnych
membran eukaryot. Hraji ddleZitou roli v mezibunécné signalizaci, ovliviiuji procesy bunécné
diferenciace, proliferace, adheze. Patogenni mikroorganismy je také vyuzivaji jako povrchové
receptory pri napadeni hostitelské buriky [64,66-69]. Molekuly sfingolipidd mohou byt v
fetézci ceramidu N-deacylovdny za vzniku lyso-sfingolipid(. Ty jsou v normdlnich tkanich
a bunkach pfitomné v nizkych koncentracich, ale dochazi k jejich akumulaci v bunkach
a tkanich vdulsledku dédi¢nych metabolickych chorob tzv. lysosomdlnich ,stfadavych”
onemocnéni (Gaucherova choroba, Krabbeho choroba, metachromaticka leukodystrofie aj.)
[64,66,69,70]. Deacylace sfingolipidi mlze byt provedena bud chemicky nebo plsobenim
enzym(. Chemické metody, konkrétné alkalickd hydrolyza a hydrazinolyza, vedou k oddéleni
mastné kyseliny gangliosidd a tvorbé lyso-forem. Navic vSak dochdzi i k nezadoucimu
odstépeni N-acetylhexosaminu [71]. Jinou moZnosti miZe byt enzymovda modifikace
sfingolipidl, kterd umoznuje ziskat Cisty reakéni produkt, a navic probiha za mirnych reakénich
podminek [72]. Hydrolyzu N-acylové vazby sfingolipidd mezi mastnou kyselinou a sfingosinem
fetézce ceramidu za tvorby jejich lyso-forem katalyzuje enzym sfingolipid ceramid N-deacylasa

(SCDasa).

Odklonime-li se od hydrolytickych enzym(, zajimavym enzymem, ktery mlze nalézt Sirsi
uplatnéni zejména v biotechnologickych procesech, a se kterym jsme pracovali, je lakasa.
Spektrum aplikaci lakdz je pomérné Siroké, od dekolorizace a detoxikace odpadnich barviv
v textilnim primyslu, pres zabranu oxidace nékterych latek v potravinarském primyslu az
po uplatnéni voblasti biosenzorli pro analyzu fenolickych latek [73-78].
V poslednich letech je lakasa testovana i v souvislosti se syntézou biopolymernich materialt
pro medicinské vyuZiti, a to zejména hydrogel(i. Hydrogely jsou syntetizovany z vyse
zminované kyseliny hyaluronové nebo chitosanu intramolekuldarnim zesiténim. Lakasa mUze
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slouzit bud' jako ¢inidlo, které zprostfedkovdva polymeraci hydrogelu [78,79], nebo pro
modifikaci jiz syntetizovanych hydrogell. Lakasa je schopnd selektivné oxidovat polarni
hydroxylové skupiny za vzniku karboxylovych skupin. Takto modifikované hydrogely vykazuji

lepsi biologické vlastnosti (hydratacni nebo absorpcni ucinky) [80,81].

1.2 Enzymy jako signal generujici znacky v analyze biologicky vyznamnych
latek

Vedle vyuZiti enzym0 v pfipravé vzorkl a usnadnéni vlastni analyzy konkrétnich biomolekul,

funguji enzymy v dnedni dobé rutinné v laboratorni diagnostice jako signal generujici molekuly

v indikatorovych imunoanalytickych metoddach. V zavislosti na tom, zda se jedna o latky

nizkomolekularni nebo vysokomolekuldrni, se odviji uspofddani téchto metod, kdy

pro nizkomolekuldrni analyty je vyuzivano usporadani kompetitivni, pro vysokomolekularni

pak tzv. sendvicové (obrazek 4).

Spole¢nym principem imunoanalytickych metod s indikatory je reakce mezi protilatkou
a antigenem, ktera je vysoce specificka, proto jsou tyto metody citlivé a vhodné
pro kvantifikaci analytl pfitomnych ve vzorku v nizkych koncentracich. Za vysledny signal,
ktery je monitorovan, je zodpovédny indikator (nebo znacka) konjugovany s jednou
z reagujicich slozek. Podle typu indikatoru jsou pak tyto metody klasifikovany do nékolika
skupin. Nejstarsimi metodami jsou radioimunoanalytické (RIA z angl. Radioimmunoassay),
vyuzivajici jako indikdtor radioizotop. RIA metody jsou vysoce citlivé, nicméné jsou
v nahrazovany metodami s jinymi indikatory, zejména enzymy (EIA zangl. Enzyme
immunoassay, ELISA, Enzyme-linked immunosorbent assay), fluorofory (FIA zangl.
Fluoroimmunoassay) nebo luminofory (CLIA z angl. Chemiluminiscent immunoassay) [82,83].
NejrozsifenéjSimiz nich jsou ELISA metody. Pfehled metod a nejcastéji pouzivanych indikatoru

je uveden v tabulce 1.
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Obrdzek 4. MoZnd uspofdaddni indikdtorovych imunoanalytickych metod [84]

Enzymova imunoanalyza je dnes v biochemické laboratorni diagnostice vyuzivdna rutinné
pro stanoveni hormon(, biomarker( riznych onemocnéni, alergent, dale monitorovani hladin
|éCiv ve farmacii a toxikologii [85]. Pro malé molekuly s jednou antigenni determinantou, jako
jsou léciva, steroidy, hormony stitné Zlazy je bézné zejména kompetitivni usporadani [86-88].
Pro velké molekuly nesouci vice antigennich determinant je pak vhodnéjsi nekompetitivni
neboli sendvicové, usporadani. Prikladem mohou byt nadorové biomarkery proteinové
povahy, alergeny, bakteridlni toxiny, antigenni molekuly infekénich onemocnéni (virovych,

bakterialnich, mykotickych) nebo molekuly protilatek [89,90].

Pro snadnou manipulaci je v heterogennim provedeni (ELISA) jedna zreakénich slozek
fixovdna na pevnou fazi. Tou byva nejéastéji jamka mikrotitraéni desti¢ky, sténa zkumavky,
nebo povrch magnetickych ¢éastic [91,92]. Zakladni princip sendvi¢ové ELISA metody sestava
z nékolika krokl, z nichZz prvni je zaloZzen na afinitni reakci mezi primarni protilatkou
a antigenem (stanovovana molekula). Vzhledem kvysoké specifité reakce antigenu
s protilatkou Ize izolovat stanovovanou latku z komplexni biologické matrice bez nutnosti dalsi
Upravy vzorku, a to i v pfipadé nizkych koncentraci. Nasleduje reakce s druhou, enzymem
znacenou protilatkou, kterd se specificky vaze na jiné epitopy antigenu, a po pfridavku
substratu dochazi k enzymové konverzi na produkt poskytujici signdl imérny koncentraci

(obrazek 5).
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Obrdzek 5. Princip a provedeni sendvi¢ové ELISA metody [93]

Nejvice vyuZivanymi enzymy pro znaceni protildtek jsou kfenova peroxidasa, alkalicka

fosfatasa

a glukosooxidasa.

spektrofotometrickd nebo fluorescencni.

V zavislosti

na pouZitém substratu

je pak detekce

Tabulka 1. Nejcastéji pouZivané znacky a substrdty v imunoanalytickych metoddch [94]

metoda znacka substrat/chromogen
EIA/ELISA | kfenova peroxidasa peroxid vodiku/OPD (TMB)
alkalickd fosfatasa p-nitrofenylfosfat
glukosooxidasa glukosa + O,
FIA fluoresceinisothiokyanat (FITC)
alkalicka fosfatasa 4-methylumbelliferylfosfat
B-galaktosidasa 4-Methylumbelliferyl B,D —galaktopyranosid
LIA/CLIA acridiniumslufat peroxid vodiku
luminol peroxid vodiku
ECLIA rutheniovy komplex tripropylamin
RIA 112

Prestoze jsou tyto metody bézné zavedené do praxe, v poslednich letech se objevuje stale vice

praci, kdy je princip ELISA metod preveden do oblasti elektrochemickych biosenzord,

resp. imunosenzoru. Historie biosenzor( saha jiz do 50. let minulého stoleti, kdy L. C. Clark

predstavil

kyslikovou sondu pro méreni kysliku v krvi.

Nasledné byla kombinovana

s enzymovou elektrodou s imobilizovanou glukézooxidazou pro méreni hladiny glukdzy v krvi.

Tyto objevy daly vznik, v dnedni dobé béiné rozsitenym, glukometrim, které jsou

konstruovany jako jednoduchad, prenosna zafizeni. Pravé jednoduchost, rychlost a relativné

nizka cena jsou dlvody vyvoje elektrochemickych biosenzord s potencidlem v klinické
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diagnostice. Biosenzory jsou analyticka zafizeni, kterd ve vhodném usporadani spliuji
pozadavky na tzv. Point-of-Care zafizeni (POCT) [95]. Ta jsou urcena pro rychlé testovani
raznych biomarkerld pfimo u lizka pacienta namisto analyzy obvyklymi instrumentdiné

naro¢néjsimi metodami v klinickych laboratofich.

Biosenzory jsou typem chemickych senzor( tvorenych ze dvou zékladnich slozek, biologické
rozpoznavaci slozky a fyzikdlné-chemického prevodniku poskytujictho vysledny signal.
Selektivita rozpozndvacich slozek umoznuje detekci sledované molekuly i v komplexnich
biologickych matricich bez jakékoliv Upravy vzorku. U enzymovych biosenzorl je rozpoznavaci
slozkou molekula enzymu, ktera je fixovana pfimo na povrch prevodniku, a slouzi k selektivni
katalyze sledované reakce [96]. Imunosenzory jsou zaloZzeny na stejném principu jako ELISA
metody, vyuzivaji vysoce specifické imunoafinitni reakce mezi protilatkou a antigenem
ze vzorku za tvorby imunokomplexu pti dosazeni vazebné rovnovahy. Za vysledny signadl
je zodpovédna druhd znacend protilatka (tzv. konjugdt) se schopnosti vazby na vznikly
imunokomplex, a to prostfednictvim enzymu, ktery je s protildtkou konjugovan. Enzymy
pro konstrukci elektrochemickych imunsenzori jsou, stejné jako v ELISA metoddach, kifenova
peroxidasa (HRP) a alkalicka fosfatasa (ALP) [96-98]. Jejich specifické substraty nebo produkty

enzymové konverze jsou elektrochemicky aktivni latky.

Aby se mohly elektrochemické imunosensozory rozsifit do praxe ve vétSim meéfitku,
je nezbytné, aby dosahovaly srovnatelnych parametr( se standardnimi metodami, zejména
citlivosti, selektivity a reprodukovatelnosti. Jsou konstruovany tak, Ze protilatky, zodpovédné
specifické rozpoznani antigenu, jsou fixovany bud pfimo na povrch prevodniku, nebo
jsou s nim v tésném kontaktu, aby byl zajistén transport elektrond na elektrodé. Pro méreni
jsou dnes jiz komeréné dostupné jednorazové tisténé elektrody, nejcastéji v tfielektrodovém
usporadani (pracovni, referentni a pomocna elektroda) (obrazek 6). Lze vybirat z rlznych

material( pracovni elektrody v zavislosti na stanovované molekule.
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Obrdzek 6. Priklady komercné dostupnych jednordzovych tisténych senzori: A - Metrohm (Svycarsko),
B — BVT Technologies (CR), C - ItalSens (Spanélsko), D — Orion HighTechnologies (Spanélsko), E - Gwent

Group (Velka Britdnie)

O selektivité a citlivosti imunosenzoru rozhoduji protilatky, a to zachyt antigenu ze vzorku,
i znacené protilatky, poskytujici signal. Jsou-li protilatky pro zachyt antigenu fixovany pfimo
na povrch pracovni elektrody (tj. prevodniku), mlze byt citlivost imunosenzoru negativné
ovlivnéna v dusledku horsiho pohybu elektronl vlivem velikosti molekul protilatek. Proto jsou
v poslednich letech elektrody modifikovany vrstvami, které uméle zvétSuji povrch nebo
usnadfiuji elektronovy transport. Casto je vyuZivana modifikace grafenem [99,100],
¢i Nafionem [101]. Lze také wvyuZit imobilizace protildtek na magnetické castice nebo
membrany, kdy veSkeré kroky tvorby imunokomplexu probihaji mimo povrch elektrody.

Ta je vyuZita pouze pro findlni méreni.

Vice vSak o citlivost imunosenzoru rozhoduje volba vhodné znadené druhé protilatky.
PFi pouziti enzymem znacenych protilatek dosahuje vyssi citlivosti ALP nez HRP. HRP vétsSinou
vyZaduje jeSté pritomnost elektronového medidtoru pro Gcinny transport elektrond.
Jako mediatory byvaji vyuzivany thionin [102] nebo methylenova modf [103]. Stale vice praci

se zaméruje na amplifikaci vysledného signalu kombinovanim enzymi s nanomaterialy, které
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maiji velky specificky povrch a umoznuji tak vazbu vice molekul enzymu. Jsou vyuZivany rizné
mesoporézni nanomaterialy, zejména nanocastice z oxidu kifemicitého (oznacované také jako
silika nanocastice), mesoporézni oxid titanicity, uhlikové nanocdstice nebo nanotrubice
[97,104,105]. Dalsi variantou pro amplifikaci signdlu je vyuzZiti pfimo elektroaktivnich
nanomateriall pro znaceni protilatek misto enzym. Elektroaktivni nanomateridly jsou kovové
nanocdstice, zejména zlaté (AuNPs), stfibrné (AgNPs), palladiové (PdNPs) [106] i platinové
(PtNPs). Kovové nanokrystaly, tzv. kvantové tecky (QDs) jsou také elektroaktivnim
nanomateridlem. Pfipadné jsou vyuZivany kompozity tvofené kovovymi nanocdsticemi
v kombinaci s oxidem grafenu (GO) [107]. Mozné usporadani imunosenzor( s vyuzitim
enzym(, nanomateridld nebo jejich kombinaci, které maji potencial v klinické laboratorni
diagnostice, jsme shrnuli v roce 2018 v prehledovém ¢lanku publikovaném v ¢asopise Current

medicinal chemistry [83].
2.Imobilizované enzymy

Pouzivame-li enzymy pro cilenou modifikaci latek tak, jak bylo zminéno vyse, je ¢asto vyhodné
enzymy kotvit (tzv. imobilizovat) na pevnou fazi. Imobilizace enzym0 umozriuje nejen lepsi
kontrolovatelnost enzymové reakce, ale také opakované pouziti enzymu, coz je dllezité
zejména pro biotechnologické vyuZiti. Zaroven je po reakci enzym snadno odstranén
ze smési, takZe napf. pfi pripravé Cistych produktl jiz neni nutny dalsi krok precisténi
ziskaného produktu. Imobilizaci je ¢asto dosazeno lepsi stability (termostability, vétsi stability
v rlznych reakénich prostredich), aktivity, zlepSeni kinetickych parametr( katalyzované reakce
i omezeni pripadnych inhibi¢nich UcinkG produktu [6,108-110]. Pro pfipravu ucinného
imobilizovaného enzymu je klicova volba vhodného nosice, stejné jako zplsob vazby molekul
enzymu [111]. Po imobilizaci je pak nezbytna charakterizace z pohledu zachovani enzymové

aktivity a kinetickych parametra.
2.1 Nosice pro imobilizaci enzymu

Pevné inertni nosi¢e vhodné pro imobilizaci enzym( jsou v soucasné dobé i komercné
dostupné v Siroké skale material(, velikosti, tvarQ, porozity a rliznych povrchovych funkénich

skupin, pfistupnych pro vazbu molekul enzymu. Mohou byt ve formé 2D struktur jako pevné
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funkcionalizované vrstvy nebo filmy, nebo 3D struktur tvoficich sférické castice, vldkna,

trubice Ci sité (tzv. skafoldy) [112].

Z materidll jsou vyuzivany nejcastéji anorganické materialy jako oxid kiemicity ¢i oxidy kovu.
Anorganické materidly se vyznacuji velmi dobrou teplotni, mechanickou a mikrobidlni
odolnosti [5,113,114]. Z organickych material( pak rGzné biopolymery jako napf. celuldza,
agaréza [109] chitosan, polydopamin, polyethylenimin (PEI) [115], polyakrylové i
polyvinylové materidly. Jsou syntetizovdny i anorganicko-organické kompozity [113,116].
Zvlastnim typem polymernich materidll, které lze vyuZit pro imobilizaci enzymd, jsou
hydrogely

a tzv. ,inteligentni polymery (z angl. Smart polymers)“. Jednd se o biopolymerni materialy,
které jsou schopné reagovat na zmény vnéjsiho prostredi, vratnou zménou své konformace.
Primdarné reaguji na zmény teploty, pH ¢i iontové sily, vlivem svétla nebo magnetického pole.
Jsou vyrabény zesiténim rdznych material(, napf. alginatu, poly(e-kaprolaktonu), poly-Lysinu,
polyethylenglykolu, akrylamidu, poly-N-isopropylakrylamidu (polyNIPAM) a dalSich [109,117-
121].

Pro snadnou manipulaci jsou pevné nosice modifikovany magnetickym materidlem a jsou
pfipravovany magnetické Castice. Pro jejich pfipravu jsou vyuzivany rizné metody v zdavislosti
na pozadované vysledné velikosti ¢astic, porozité, povrchové funkcionalizaci, koloidni stabilité
a hydrofobnich/hydrofilnich vlastnostech povrchu. Nejbéznéjsimi metodami pro syntézu jsou
mikroemulzni, disperzni, ¢i suspenzni polymerace, chemickd koprecipitace, termalni
dekompozice a dalsi [P6,P7,6,122,123]. Magneticky materidl nejcastéji tvori oxidy Zeleza,
maghemit (y-Fe,03) obsahujici Fe3* ionty, nebo magnetit (Fes04) obsahujici Fe?* i Fe3* ionty
[115,124,125,126]. Ty mohou byt inkorporovany do polymernich ¢astic precipitaci [P6,P7]
nebo jsou pfipravovany tzv. core-shell ¢astice tvorené magnetickym jadrem a polymernim
obalem [127-129]. Vlastnosti magnetickych ¢astic mohou byt upraveny také post-syntetickou

modifikaci povrchu polymery, hydrofilnimi biomolekulami ¢i surfaktanty [130].

Z komercéné dodavanych magnetickych Castic Ize zminit Dynabeads™
(www.thermofisher.com), SIMAG (www.chemicell.de), Sera-Mag™
(www.gelifesciences.com), Magnetickd perlova celuléza (www.iontosorb.cz), Micromod

(www.micromod.de), ProMAG® (www.bangslabs.com). Obrazek 7 ukazuje snimky nékterych
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komerénich magnetickych castic. Zaroven jsou vyvijeny stdle nové materialy ¢i modifikace

s ohledem na konkrétni aplikaci.

Encapsulation

- Magnetite

Core

Obrdzek 7. Priklady komercné dostupnych magnetickych castic: A - Dynabeads ™ M-270 (Invitrogen,
USA), B - SIMAG Ccastice (Chemicell, Neémecko), C - Magnetickd makroporézni perlovd celulosa
IONTOSORB MG (lontosorb, CR), D — Sera-Mag ™ SpeedBeads ™ (GE Healthcare, Némecko)

Podle nasich zkuSenosti je volba vhodného nosice pfi pfipravé imobilizovaného enzymu
je velice dulezitd a maze vyznamné ovlivnit vyslednou aktivitu enzymu a jeho potencial
pro zamyslenou aplikaci. S ohledem na molekulovou hmotnost imobilizovaného enzymu nebo
jiné biologicky aktivni latky je dobré zohlednit jak velikost, tak porozitu pouzitych
magnetickych &astic. Denzita a stabilita povrchovych funkénich skupin pak ovliviiuje mnozstvi
navazanych molekul, které vsak v pfipadé enzymu nemusi odpovidat vysledné enzymové

aktivité.
2.2 Zpusoby imobilizace enzymti

PrestoZe je pro pripravu imobilizovanych enzym( volba vhodného nosice velice dllezita,
o vysledné ucinnosti imobilizovanych enzym( rozhoduje i pouZity zpusob imobilizace.
Ten vyznamné ovliviiuje nejen aktivitu enzymu po imobilizaci, ale i pfistupnost aktivniho mista

pro substrat, a celkovou stabilitu. Pro vazbu jsou vyuZivany rlizné zptsoby zahrnujici adsorpci,
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enkapsulaci, zesitovani, iontovou vazbu nebo vazbu kovalentni. Z pohledu orientace
imobilizované molekuly enzymu lze vyuZit metody neorientované nebo orientované vazby,
kdy je zohlednéna struktura molekuly enzymu a jeho aktivniho mista tak, aby vazbou nedoslo

k negativnimu ovlivnéni jeho aktivity.

Na zakladé interakce mezi enzymem a pevnym nosi¢em rozdélujeme metody na fyzikalni, kam
fadime adsorpci a zachyceni v pevném materidlu, a chemické, které jsou zaloZzené na pevné

vazbé mezi molekulami enzymu a materidlem (obrazek 8) [4,6,16,75,112,126,131,132].
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Obradzek 8. Prehled zplisobi imobilizace enzymi na pevné nosice [133]

Imobilizace adsorpci

vvs

Fyzikalni adsorpce patfi mezi nejstarsi imobilizacni techniky, ale také nejjednodussi [132].
Zahrnuje fyzikdlni, iontovou, koordinaéni a afinitni adsorpci, z nichz nejbéznéjsi je fyzikalni.
Enzymy jsou s povrchem nosi¢e poutany vodikovymi mustky, hydrofobnimi interakcemi,
van der Waalsovymi nebo elektrostatickymi interakcemi [6,132,134]. Imobilizace enzymu

nebo proteinl adsorpci je vyhodna také v tom, Ze probiha za mirnych podminek a bez nutnosti
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pfidavku chemickych cinidel, coZ pfispiva i k zachovani vysoké aktivity enzymu. Naopak
nevyhodou je, Ze ¢asto dochdzi k opétovnému uvolnéni enzymu vlivem i mirnych zmén pH,

teploty nebo iontové sily.

Pfi koordinacni vazbé interaguji kovové ionty (napf. Cu?*, Co?*, Ni%*, Zn?*) fixované na nosici
s aminokyselinovymi zbytky molekul enzymu. Afinitni chromatografie na imobilizovanych
kovovych iontech (IMAC) je vyuzivdna zejména pro purifikaci rekombinantné pfipravenych
enzym( a proteinli nesoucich His-tag. Existuji ale i prace, ve kterych je popsano vyuziti této

metody pro imobilizaci enzymt [135-137].
Imobilizace zachycenim v polymerni matrici

Technika oznacovand jako tzv. “entrapment” spociva v zachyceni molekul enzymu v polymerni
siti tvorené z alginatu, chitosanu, polyakrylamidu, celulézy, sol-gel siliky ¢i fady dalSich
polymer( [138]. Polymerni struktura tvoti bud vldknitou sit nebo obal mikrokapsuli. Vedle
polymer( mohou byt vytvareny i kovové organické kostry (z angl. metal-organic frameworks,
MOFs), které tvori trojrozmérné porézni krystaly. Ve vSech typech struktur je enzym zachycen,
ale je umoinén prichod substratu a ndasledné produktu po enzymové reakci
[6,109,112,132,139]. Stejné jako v ptipadé adsorpce je vyhodou zachovani vysoké enzymové
aktivity. Omezeni vsak tento zplsob imobilizace pfinadsi pti ndsledném pouZiti pro
vysokomolekuldrni substraty, kde nemusi byt zajisténa jejich dostatecna difuze do péru

polymerniho materidlu.
Imobilizace kovalentni vazbou

Podstatou chemickych technik je kovalentni vazba mezi pevnou fazi a molekulami enzymu.
Ta je tvofena mezi funkénimi skupinami pfitomnymi na povrchu pevné faze a ionizovatelnymi
postrannimi fetézci aminokyselin lysinu, argininu, histidinu, cysteinu, tyrosinu, kyseliny
asparagové a glutamové [112,132,140]. Kovalentni imobilizace vede k tvorbé pevné vazby,
odolné vici opétovnému uvoliovani enzymu. Vazba vznikd prostrednictvim chemického
¢inidla, které aktivuje funkéni skupiny na povrchu pevné faze nebo v molekule enzymu pred
jejich spojenim [126,141,142]. Vazbu a nasledné i vlastnosti imobilizovaného enzymu

ovliviiuje fada faktord, které je tfeba zohlednit. Mezi né patfi fyzikalné — chemické vlastnosti
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pevné faze, typ chemické reakce a pouzitého aktivac¢niho ¢inidla, konformace a orientace

molekul enzymu v pribéhu imobilizace, i vlastnosti reakéniho prostredi.

Fyzikalné — chemické vlastnosti pevné fdze jsou obvykle dobfe definovany, a to nejen
pro komeréné doddvané nosice, ale i pro nové vyvijené. Lisi se velikosti a tvarem c¢astic,
materialem pouzitym pro jejich vyrobu, porozitou s definovanou velikosti porl. U poréznich
Castic je definovan celkovy povrch, ktery zahrnuje plochu vnitiniho povrchu pérl a vnéjsiho
povrchu. U neporéznich materidl( je tedy vnitini povrch nulovy. Pro G¢innou imobilizaci
enzym{ na porézni nosiCe plati, Ze velikost porl by méla byt 3 - 9x vétsi, neZ je velikost
imobilizované molekuly. Dllezitd je informace o povrchovych funkénich skupindach, a to nejen
typu, ale i mnoizstvi (hustoté). Podle toho lze volit optimalni mnozZstvi enzymu, které
je imobilizovano. Pfi dostatetném mnozstvi funkénich skupin dochazi i k tzv. vicebodové
kovalentni vazbé molekuly enzymu (z angl. multipoint covalent attachment), ktera zvysuje

stabilitu imobilizovaného enzymu (z angl. enzyme rigidification) [108,143,144].

Podle typu funkcnich skupin je volen zpdsob jejich aktivace a reakcni prostredi. Nejcastéjsimi
funkénimi skupinami pro vazbu enzym jsou hydroxylové, karbonylové, karboxylové, amino,
epoxy, thiolové, kyanurové ¢i hydrazidové. Stémi pak koresponduji funkéni skupiny

v molekule enzymu, pres které je imobilizovan (tabulka 2).
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Tabulka 2. Pfehled nejcastéji vyuZivanych kombinaci funkcnich skupin na pevné fazi a molekule
enzymu pro kovalentni imobilizace, véetné aktivacnich Cinidel a typu vznikajici vazby [142]

funkéni skupina funkéni skupina aktivacni €inidlo (aktivovana skupina) vznikajici
nosice proteinu vazha
- COOH - NH, + karbodiimid (- COOH) amidova
+ karbodiimid (- COOH) . .
-NH, - COOH + karbodiimid v kombinaci se sulfo-NHS esterem (- COOH) amidova
T NH
NIA\N e + autoreaktivni, bez aktivacniho &inidla alkylaminova
o N el
-NH - NH, -0OH + jodistan sodny (- OH), s naslednou reduktivniaminaci alkylaminova
-0OH - NH, + jodistan sodny (- OH), s naslednou reduktivni aminaci alkylaminova
+ karbonyldiimidazol karbamatova
:O; - NH, + autoreaktivni, bez aktivacniho ¢inidla pfipH 9 alkylaminova
(CH,), - CHO
1
(SHyly - CHO -NH, + autoreaktivni, bez aktiva¢niho éinidla alkylaminova
=NH.C
|<:IH,1,-cuo
s -SH + autoreaktivni, bez aktivacniho &inidla disulfidova
- NH, * maleinimid thioetherova

V nékterych ptipadech jsou vyuzivana tzv. distan¢ni raménka (z angl. spacer arms), kterymi
je modifikovan nosi¢ pred vlastni kovalentni imobilizaci enzymu. Tato raménka zajisti oddaleni
molekuly enzymu od pevné faze. Toto oddaleni pomaha minimalizovat pfipadné sterické
zabrany a nezadouci interakce enzymu s nosi¢em, eliminovat pfipadny negativni vliv
mikroprostredi nosice, ale zaroven zajisti také konformacni flexibilitu a mobilitu. Diky té
si ve vétSiné pripadd enzymy zachovavaji po imobilizaci vyssi aktivitu z ddvodu lepsi

dostupnosti aktivniho mista pro molekuly substratu. Vliv na vysledné vlastnosti
imobilizovaného enzymu ma nejen délka raménka (obrazek 9), ale i struktura, tvar a fyzikalné

— chemické vlastnosti [132,145-147].
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PSt-GMA PSt-NaSS-GMA PSt-NaSS-GMA PSt-NaSS-GMA

@ @ (b) ©
Shorter spacer arms © Negative charge of SO;

’U\ Longer spacer arms @ Enzyme molecules

Obrdzek 9. Schématické zndzornéni efektu délky distanéniho raménka na mnoZstvi a konformacni
flexibilitu pri imobilizaci enzymu [146]

Dalsim parametrem, ktery ovliviiuje vyslednou aktivitu enzymu po imobilizaci, je orientace
molekuly v pribéhu imobilizace. Je-li enzym vazadn pres postranni fetézce aminokyselin
bez ohledu na orientaci molekuly enzymu, jedna se o tzv. neorientovanou imobilizaci.
V ptipadé, Ze jsou do vazby zapojeny aminokyseliny, které jsou nezbytné pro katalytickou
funkci enzymu nebo jsou soucasti ¢i v tésné blizkosti aktivniho mista, muize dojit
k vyznamnému poklesu aktivity enzymu po imobilizaci [148,149]. Byly vytvoreny pocitacové
simulace predikujici, které aminokyseliny vramci molekuly enzymu a sjakou

pravdépodobnosti mohou vytvaret kovalentni vazby [143,150,151].

Proto jsou v nékterych pfipadech vyuZzivany techniky tzv. orientované imobilizace,
kdy je zohlednéna orientace molekuly enzymu. ZpUsobU orientované imobilizace je nékolik.
V ptipadé glykosylovanych enzym( muze byt vyuZita jejich sacharidova ¢ast molekuly, ktera
je oxidovana za vzniku reaktivnich aldehydovych skupin a nasledné tvofi s hydrazidem nebo
amino modifikovanym nosi¢em stabilni vazbu [126,152,153]. Dal$i mozZnosti je technika tzv.
mistné fizené mutageneze (z angl. site-directed mutagenesis), spocivajici v substituci nebo
zavedeni specifické aminokyseliny do polypeptidového fetézce enzymu genetickou
modifikaci. Jako pfiklad Ize uvést praci Cecchina a kol. (2007), ktefi modifikovali penicilin G
acylasu zavedenim jednoho nebo vice lysinli do aminokyselinové sekvence v oblastech rGzné
vzdalenych od aktivniho mista. Takto modifikované molekuly imobilizovali na glyoxyl agarézu
a sledovali vliv orientace enzymu na vyslednou aktivitu [154]. Kromé lysinu je k substituci
vyuzivan také cystein, ktery zajisti naslednou imobilizaci enzymu tvorbou disulfidové vazby
[143,148]. Pro efektivni imobilizaci lipas lze vyuzit systém reverznich micel, tedy na rozhrani

vodné a organické faze. Tento systém zarucuje orientaci aktivniho mista k hydrofobni fazi.
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Zaroven dochazi k aktivaci enzymu. Pro lipasy je charakteristickd zména konformace
v zavislosti na prostfedi, kdy ve vodném prostfedi jsou v uzaviené formé (tzv. lid/flap
konformace). V pfitomnosti organické faze se konformace méni na otevienou a hydrofilni
skupiny vzdalené od aktivniho mista mifi do vodné faze, ve které dochdzi k imobilizaci

[155,156].

Vhodné reakini prostfedi v pribéhu imobilizace je dlleZité nejen v pfipadé lipaz,
ale i ostatnich enzym, a ma vliv na vyslednou uc¢innost imobilizace i aktivitu enzymu. Dllezita
je volba vhodného pH, pfitomnost soli. U enzymU ndachylnych k autolytickému Stépeni
se vyuziva imobilizace v pfitomnosti kompetitivniho inhibitoru nebo substratu, diky kterym

je soucasné i chranéno aktivni misto enzymu.

Kovalentni vazba je vyuZivana pro imobilizace enzymU nejcastéji. Divodem je vyssi stabilita
imbilizovanych enzym. Zvlastnim typem kovalentni vazby je tzv. zesiténi enzym(. Provadi se
pomoci bifunkénich Cinidel, napf. glutaraldehydu, dihydrazidu kyseliny adipové,
H-hydroxysuccinimidu ¢i derivatd maleimidu. Pouziti téchto Ccinidel zlepSuje stabilitu
imobilizovaného enzymu, ale mize mit v nékterych ptipadech negativni vliv na jeho vyslednou
aktivitu. Je vyuZivano k cilené pripravé tzv. zesiténych enzymovych krystall (z angl. cross-
linked enzyme crystals — CLECs) a enzymovych agregatli (z angl. cross-linked enzyme
aggregates — CLEAs). Pfi tomto zpUsobu neni vyuzivan pevny nosi¢, na ktery je enzym
imobilizovan, ale dochdzi kintramolekularnimu provdzani enzymu. Timto zplsobem
Ize provazat i vice enzym( s rlznou substratovou nebo reakcni specifitou. Pfiprava CLECs
a CLEAs spociva v krystalizaci, resp. nedenaturacni agregaci molekul enzymu s naslednym
zesiténim pomoci vhodného ¢inidla. Pri pfipravé CLECs je dulezité zajistit optimalni konformaci
molekuly, pH ¢i iontovou silu v pribéhu krystalizace. Pri tvorbé CLEAs vyslednou selektivitu

ovliviiuji pouzita agregacni i situjici ¢inidla [6,75,132,157].
2.3 Charakterizace imobilizovanych enzymu

Pro pfipravu Gcinnych imobilizovanych enzyml je nezbytnad jejich charakterizace
po imobilizaci. Pro charakterizaci je vyuZivana fada metod v zavislosti na tom, jaky parametr
zjistujeme. Obecné lze metody rozdélit na zakladni a pokrocilé. Bézné metody spocivaji

ve stanoveni absolutniho mnoiZstvi navazaného proteinu, enzymové aktivity, kinetickych
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parametrQ srovnavanych se solubilnim enzymem. Ddle je ovérena operacni a skladovaci

stabilita a U¢innost imobilizovaného enzymu za rGznych reakénich podminek [110].

Zakladni metody charakterizace imobilizovanych enzym( vyuZivaji monitorovani reakce
enzymu se specifickym substratem. Kinetické parametry (Vmaxa Km) ndm poskytuji informace
o zachovdni nebo zménach afinity enzymu k danému substratu. Mnozstvi navazaného enzymu
Ize kvantifikovat pomoci béZznych kolorimetrickych metod pro stanoveni protein (metoda dle
Bradfordové, bicinchoninovd metoda BCA). Nebo Ize wuréit ucinnost imobilizace

po elektroforetické separaci (SDS-PAGE) porovnanim frakci pfed a po imobilizaci.

Pokrocilé metody jsou zaméreny na pfimé strukturni charakterizaci imobilizovaného enzymu
a potvrzeni pfitomnosti enzymu na povrchu pevné faze, ptipadné v pérech. Mezi tyto metody
fadime mikroskopii atomarnich sil (Atomic force microscopy; AFM) [130,158], Transmisni
elektronovou mikroskopii (Transmission electron microscopy; TEM), termogravimetrii
(Thermal gravimetric analysis; TGA) [111], infracervenou spektroskopii s Fourierovou
transformaci (Fourier transform infrared spectroscopy; FTIR) nebo kiemenné mikrovazky
(Quartz crystal microbalance; QCM) [110,159]. Imobilizaci enzymu muze dochazet i ke zméné
koloidalni stability pevné faze v roztoku, proto je dalSi metodou charakterizujici imobilizovany

enzym také méreni zeta potencialu [110].

3. Imobilizované enzymy v cilené modifikaci biologicky vyznamnych

latek

Priprava imobilizovanych enzym( a jejich vyuZiti pro cilenou modifikaci biomolekul
je prisecikem praci uvedenych v prilohach [P1-5]. Pro imobilizaci vybranych enzym( byly
vyuzivany komeréné dostupné magnetické ¢astice, jejichz prehled uvadi tabulka 3. V zavislosti
na zamyslené aplikaci byla volena velikost castic, podle zplsobu imobilizace pak funkéni
skupiny. Vedle komerénich &astic jsme, vramci spoluprace s Ustavem makromolekularni
chemie Akademie véd (Praha, CR), vyuZivali pro imobilizace enzym@ i nové vyvijené

magnetické c¢astice.

Pri pripravé imobilizovanych enzym0 je nutné optimalizovat mnoZstvi enzymu pro pfipravu

nejucinnéjsiho nosice, reakéni prostfedi a mnoizstvi Cinidel pro imobilizaci. V nékterych
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pripadech je potfebny pridavek detergentu pro zabranéni agregace Castic, coz mlze negativné
ovliviiovat vyslednou ucinnost imobilizace. Pfipravené nosi¢e simobilizovanymi enzymy
pak byly charakterizovany z pohledu enzymové aktivity, kinetickych parametr(i, které byly
porovnany se solubilnim enzymem. Pro vlastni aplikaci je dileZita také operacni a skladovaci
stabilita, aby pripravené nosi¢e byly vyhodné i z ekonomického hlediska. Pro findIni aplikaci
pak bylo optimalizovdno i reakéni prostiedi. Tabulka 4 shrnuje informace o pouZitych ¢asticich,
které byly pouZzity v ramci nasich experimentl. Na obrdzku 10 jsou fotografie nové vyvijenych

magnetickych ¢astic.

Obrdzek 10. Snimky magnetickych édstic vyvinutych v Ustavu makromolekuldrni chemie, AV CR v Praze:
A —magnetickd makroporézni perlovad celulosa (80-100 um), B — algindtem potaZené cdstice (5-10 um),
C — celulosové magnetitové mikrocdstice (6-8 um), D — PGMA Cdstice pripravené vicendsobnym
bobtndnim a polymerizaci glycidyl methakryldtu s precipitaci oxidi Zeleza (3,9 um), E— PHEMA Cdstice
pfipravené vicendsobnym bobtndnim a polymerizaci 2-hydroxyethyl methakryldtu s precipitaci oxidu
Zeleza (4,4 um), F — hypersitované polystyrenové cdstice pripravené kopolymeraci styrenu a
divinylbenzenu s ndslednou precipitaci oxidi Zelena (4,8 um); fotografie ze skenovaci elektronové
mikroskopie (SEM) [126, P2, P8]

29



30

(4D ‘guosoyuoy)

val - (val-09IA) noAoldoipoulwl
€d anouounjeAy AuljasAy 1uadails e | Juzasodouyew 980 nou1|asAy euenoyjijipow HIA 94OSOLNOI eseAjueuounjeAy
HO - (4D ‘guosoyuoy)
(09IN) DIN @4OSOLNOI
(4D ‘guosoyuoy)
val - (val-28n) noaold0lpoulwl
9nouodnjeAy AujjasAy jusdais e
Zd 1uzasodonjew 00T-08 noul|asAy eueaoyijipow 9N 940SOLNOI
nuialoid aseyijipow e - ujeded
HO - (4D ‘guosoyuo)
(D9IN) DIN @HOSOLNOI
92B|0Z! JUullUlje @
npidad (03o3WN ‘||221WaYD)
[sc] YaAxa1dAI Yohsyoyoads uzplodau 001-08 HOOS 9211582 OVIAIS uisdAnoipAyue
eaesd)id — nuiayoud sxeyiyipow e
juzasodau (s1pues4 ‘ewndn)
9Z1 N3YALSA|od
aprdad alouedd ‘Yyosjwspy)
YaAydndAs yohsjoyads Juzaiod T HOOD - (opuesd’y >Ho Py ursdAl
oct eaesd)yd — nuisyoud scedijipow e WVdINAIod : !
juzasodau (0303WN ‘||221WaYd)
[991°9215T] 2211582 OVIAIIS
[wr] euidnys
Eh]:ATk] 1MznAa a13se eyizosod 1SO)I|9A uuny (92g04AA) 2213582 9)PIIBUSEW wAzud

11znAn ju3aayuoy yailaf b nwAzua pozijigowt oid yoh1znAa 213D Yyafya13uboLW Y21UIIWOY PAJYILd "€ DYINGD L




31

eso|Nn|ad enojtad

j91g[104d O3 001-08
Sd Juzaodosyew ZHN-HN - eso|n|ad juzaJodosjew eseye|
dA -
e nuisdAJ} sdezljiqowl 0S¢-Set exolauSew
eso|n|ad eaojJad (eseads)
y91e|1304d 3| 001-08 ese|Aoeap
og] dA 1uzaJodosyew eso|n|as 1uzaJodosew
9¢] ‘vd e nuisdAJy adezijiqowl 0S¢-S¢T HO - -N plwessd
eydaudew
pidijo3uys
npndad eso|n|ad eao4ad ujeded
[TeT'9zT‘zeT] | yaAyduoads eaeud)ud Juzgiodosyew OOmONH monH HO eso|n|ad juzgiodosjew
— nuiajosd azeyjiyipow eyonaudew UisdA1OWAY
[99T1] Juzaiodau ‘ ‘ 4 Z0IS®YOE3 ||9YS/2402 9IRSEIOUEU
991 Juzs 62°0-L1°0 HN 0IS@"0%24 |I3Ys/ 2015 @04
(n1ejAaeylsw [ApdAS e
npidad yohyondAn Juzaiodau LS HOOD - niejAneyisw |AyisAxolpAy 0 dm_\</__\m,__.m_uv>_oa
o su>w_u_g,._umam -2)Ajod JswAjodoy
m“>m‘._o_:o_ - luzaJod 'y HOOD - (eiAnepow VINIHd utsdAs
1d nuiaoud mumv_c_morc - IAuzaAx0.1pAY-g)Ajod
o - JuzaJod 6'€ HOO0D - (1ejAnyey1aw |Ap1dAj3)Ajod VINOd
waleuld|e eueAoy|ljipow 9213582 9uazelod
Juzpiodau 0t-5 HOOD 9Aoydinod esojn|ad woaleuldje
el mznAn eyizosod [wm] eudnys |elsdlew NS wAzua
1SOYI|9N upjuny d1Lusew

11znAn yaifal b nwiAzua 1pozijIgow oid yoAuznod 211sp2 YoAy2119UubDLW YIA1NUINAA In0U PIAJYald ‘7 D)INGD L




3.1 Proteolytické enzymy pro modifikaci proteinti

Proteolytické enzymy, konkrétné trypsin a chymotrypsin, vyuzivame v preanalytické fazi pro
Stépeni studovanych proteind pred jejich analyzou a identifikaci pomoci hmotnostni
spektrometrie [160,161]. Oba enzymy jsou fazeny mezi serinové endoprotedzy (trypsin,
EC 3.4.21.4; chymotrypsin, EC 3.4.21.1) a vykazuji velkou podobnost v aminokyselinové
sekvenci i terciarni strukture [162]. V organismu maji funkci hlavnich enzym( zajistujicich
degradaci proteinl. In vivo jsou produkovany ve slinivce bfisni v inaktivni formé a jejich
aktivaci limitovanou proteolyzou dochazi v duodenu. Inaktivace je pak zajistovana jejich
autolytickym Stépenim [163]. Zatimco chymotrypsin Stépi proteinové molekuly specificky
za aromatickymi aminokyselinami fenylalaninem, tyrosinem a tryptofanem, trypsin Stépi

za bazickymi aminokyselinami lysinem a argininem [164].

Pro in vitro aplikace v proteomickych experimentech je pravé Stépeni za bazickymi

aminokyselinami vyhodné z pohledu snadné identifikace. Proto je trypsin vyuzivan nejcastéji.

Papain vyuzivdme pro modifikaci proteind, konkrétné molekul imunoglobulin(i, které
specificky Stépi na Fc a Fab fragmenty v pantové oblasti molekuly. Papain je cysteinova
proteasa (EC 3.4.22.2) se Sirokou specifitou, ale prednostné Stépi za aminokyselinami
s hydrofobnim postrannim fetézcem [164]. Je vyuzivan proteomickych experimentech,

pripravé fragment( protilatek [36], | kdyZ v podstatné mensi mife neZ trypsin a chymotrypsin.

Pro snadnou manipulaci, kontrolovanou proteolyzu a ziskani Ccisté peptidové smeési
imobilizujeme tyto enzymy na magnetické nosi¢e. Jak bylo jiz uvedeno, vyuzivdme
jak magnetické ¢astice komeréné dostupné, tak nové vyvijené na Ustavu makromolekularni
chemie. Testovali jsme magnetické castice rliznych velikosti, pfipravené z rliznych material(
a povrchové funkcionalizované [126, P1]. Na ¢astice byly imobilizovany proteolytické enzymy
trypsin, chymotrypsin a papain. Po imobilizaci byly ovéreny jejich aktivity a dalSi parametry

ukazujici vyhodnost imobilizace enzymu [126].

Jako podrobnéjsi priklad porovnani dvou druhd nové syntetizovanych ¢astic bych uvedla nasi
praci z roku 2012 uverejnénou v ¢asopise Macromolecular Bioscience [P1], kde jsme testovali

poly-glycidyl methakryldtové (PGMA-COOH) a poly-hydroxyethyl methakrylatové
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(PHEMA-COOH) magnetické castice, na které byl imobilizovan trypsin. Byly optimalizovany
podminky vlastni imobilizace pro dosaZeni vysoké ucinnosti vazby a po imobilizaci byla
ovérena jeho aktivita. Uvedené magnetické Castice byly syntetizovany v ramci projektu, kdy
bylo vyvijeno mikrofluidni zafizeni na ucinnou izolaci cirkulujicich naddorovych bunék [122].

Trypsin byl pro jejich testovani zvolen jako modelovy enzym.

Magnetické cdastice byly pfipraveny vicestupfiovym bobtnanim a polymeraci, s naslednou
precipitaci iontd Zeleza a zavedenim karboxylovych funkénich skupin prostfednictvim kyseliny
2-methakryloyloxy)ethoxy octové (MOEAA) v prlibéhu procesu polymerace. U pfipravenych
Castic byla potvrzena porézni struktura a velikost 3,9 um (PGMA-COOQOH), resp. 4,6 um (PHEMA-
COOH). Po syntéze byly castice charakterizovany z pohledu morfologie, velikosti a indexu
polydisperzity pomoci skenovaci elektronové mikroskopie (SEM). Byl stanoven obsah Zeleza
pomoci atomové absorpcni spektrometrie (AAS) a mnozstvi povrchovych karboxylovych

skupin titracné. Stabilita ¢astic byla ovéfena mérenim zeta potencialu.

Trypsin byl ndsledné na ¢astice imobilizovan kovalentné, s vyuzitim karbodiimidu a sulfo-NHS
jako situjicich cinidel (tzv. karbodiimidovd metoda). Bylo testovano nékolik kombinaci
pridavku téchto Cinidel, rGzné reakcni prostiedi a mnozstvi trypsinu pouzitého pro imobilizaci.
Pro minimalizaci pripadného autolytického Stépeni trypsinu a ochranu aktivniho mista
probihala imobilizace s pfidavkem kompetitivniho inhibitoru benzamidinu. Po imobilizaci byla
ovéfena vyslednd aktivita enzymu spektrofotometricky pomoci chromogenniho
nizkomolekularniho substratu N-a-benzoyl-D,L-arginin-4-nitroanilidu (BApNA), ktery je bézné
vyuzivan. Primérna aktivita byla 1021 + 44 U/mg ¢astic pro PGMA-COOH a 1418 + 32 U/mg
pro PHEMA-COOH. Dale byla u nosi¢l ovérena operacni a skladovaci stabilita enzymu.
Skladovaci stabilita byla u obou nosicli srovnatelna (obrazek 11), v pripadé operacni stability
vykazoval nosi¢ PGMA-COOH nizsi stabilitu, kdy aktivita po péti pouzitich klesla na 39 %

pGvodni aktivity.
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Obrdzek 11. Porovndni skladovaci stability PGMA-COOH a PHEMA-COOH Ccdstic s imobilizovanym
trypsinem [P1]

Byl sledovan vliv iontové sily reakéniho prostfedi mérfenim zeta potencialu, ktery odrazi
koloidalni stabilitu ¢astic. Pro oba typy €astic byla nejvétsi stabilita v 0,01 M fosfatovém pufru
pH 7,3 a je tedy nejvhodnéjsim reakénim prostifedim, ¢astice jsou homogenné rozptyleny

v roztoku a Ize predpoklddat nejlepsi dostupnost aktivniho mista enzymu (obrazek 12).

Z pohledu enzymové aktivity i stability se jako vhodnéjsi jevily ¢astice PHEMA-COOH. Kromé
trypsinu byly na tyto castice imobilizovany i protilatky (lidské 1gG), které predstavovaly
modelovy systém pfripravy afinitnich nosi¢. | pro imobilizaci protilatek byla vyssi ucinnost

vazby na c¢astice PHEMA-COOH [P1].

34



Zeta-potential (mV)

-45 , -
0 0.05 0.1

Concentration of PBS (mol.I™")

------Neat PGMA-COOH  ---m--- Tryp-PGMA-COOH
— & Neat PHEMA-COOH —¢— Tryp-PHEMA-COOH

Obrdzek 12. Porovndni zeta potencidlu PGMA-COOH a PHEMA-COOH Ccdstic pfed a po imobilizaci
trypsinu méreny ve fosfatovém pufru (PBS) o riiznych koncentracich (pH = 7,3) [P1]

3.2 Papain a jeho vedlejsi glykosidasova aktivita

V pfipadé imobilizovaného papainu jsme se zaméfili jeho vedlejsi glykosidasovou aktivitu.
Na tomto projektu jsme spolupracovali s firmou Contipro a.s. a jeho cilem bylo pfipravit
magneticky nosi¢ s imobilizovanym enzymem pro ptipravu nizkomolekuldrnich fragmenta
kyseliny hyaluronové (HA) suzkou distribuci velikosti pro ucely farmaceutického
a kosmetického praimyslu. PrestoZe pro fragmentaci kyseliny hyaluronové jsou specifické
enzymy hyaluronidasy a hyaluronanlyasy, papain, u kterého byla prokazdna vedlejsi
glykosidasova aktivita, je enzym rostlinného plvodu. To je, v porovnani s hyaluronidasami
zivoc¢isného plivodu, vyhodnéjsi, protoZze je minimalizovano riziko kontaminace finalniho
produktu, ktery je cilen na bioaplikace. Vyhodou je i jeho nizkd cena. Papain je izolovédn

z rostliny Carica papaya.

Kyselina hyaluronova je vysokomolekularni nesulfatovany gylkosaminoglykan. Jeho struktura
je jednoducha, je tvofena opakujicimi se disacharidovymi jednotkami kyseliny

B-D-glukuronové a N-acetyl-D-glukosaminu spojenymi stfidavé B-(1—3) a B-(1—>4) vazbami.
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Glykosidasova aktivita papainu je zalozena na stejném mechanismu jako maji hyaluronanlyasy
(obrazek 15), tedy v postupném Stépeni za disacharidovymi jednotkami mezi kyselinou

glukuronovou a N-acetyl-D-glukosaminem.

Papain byl imobilizovan na magneticky nosi¢ z divod( snadného odstranéni enzymu z reakéni
smési a ziskani Cistého produktu. Navic se ukazalo, Ze magneticka forma nosice a jeho porézni
charakter jsou klicovymi parametry pro pfipravu tc¢inného nosice s imobilizovanym papainem.
V roce 2014 jsme publikovali ¢ldnek v ¢asopise Carbohydrate Polymers [P2].

Velikost, porozita a magnetickd forma ¢dstic pouzitych pro imobilizace papainu vyznamnou
mérou pfispivaji k depolymerizaci kyseliny hyaluronové procesem oznacovanym jako

tzv. oxidacné — redukéni depolymerizace, ktery je z literatury jiz znamy [165].

Pti pfipravé nosice s imobilizovanym papainem byly testovany tfi typy komeréné dostupnych
Castic, konkrétné magnetickd makroporézni perlova celulosa IONTOSORB MG-OH (lontosorb,
CR) o velikosti ¢astic 80 - 100 pm, jeji nemagneticka forma IONTOSORB NMG-OH (lontosorb,
CR) a neporézni magnetické mikro¢astice amorfniho oxidu kfemicitého (siliky) SiMAG-COOH
(Chemicell, Némecko) o velikosti ¢astic 1 um. Pfi zavedeni metody byly optimalizovany nejen
podminky imobilizace papainu, ale podminky nezbytné pro ucdinnou a kontrolovanou
depolymerizaci vysokomolekularni HA. Papain byl imobilizovdan kovalentné. V pfipadé
karboxylem funkcionalizovanych ¢&3stic byla vyuzita karbodiimidova metoda, pro MG-OH pak
vazba po oxidaci hydroxylovych funkénich skupin jodistanem sodnym za tvorby reaktivnich
aldehydovych skupin reagujicich s aminoskupinami papainu za vzniku stabilniho hydrazonu.
Pfipravené nosice byly vyuzZity pro sStépeni vysokomolekularni kyseliny hyaluronové. Pro
ovéreni fragmentace byly pouzity techniky gelové-permeacni chromatografie s detektorem
viceuhlového rozptylu svétla (SEC-MALS) a nativni polyakrylamidové gelové elektroforézy
v prostiedi tris-borat-EDTA (TBE-PAGE) s detekci barvenim roztokem alcianové modfi (barveni
specifické pro polysacharidy). Vznik oligomerl je na gelu potvrzen pritomnosti
charakteristického ,zebficku“ (obrazek 13), kdy jednotlivé prouzky odpovidaji oligomerim

zkracenym o disacharidovou jednotku kyseliny D-glukuronové a N-acetyl-D-glukosaminu.

Zatimco pti pouziti nemagnetického nosice a neporéznich magnetickych ¢astic
s imobilizovanym papainem nedoslo ke stépeni vysokomolekularniho substratu (obrazek 13A,

pozice 6 a 7), v pripadé magnetické perlové celulosy byly ziskany stredné a nizkomolekularni
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fragmenty kyseliny hyaluronové (obrazek 13C). Porozita v tomto pripadé zajistila mechanické
rozvolnéni vysokomolekuldrni molekuly HA (obrdzek 13B). lonty Zeleza v magnetickych
Casticich pak vedly koxidacné - redukéni depolymerizaci. V soucinnosti s enzymovym

plsobenim papainu byly ziskany fragmenty HA.
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Obrdzek 13. Nativni TBE-PAGE pro ovéreni vlivu parametri nosice pouZitého pro imobilizaci papainu a
ndslednou aplikaci pro stépeni vysokomolekularni kyseliny hyaluronové: A — stépeni tfemi typy nosicu
(1-pavodni HA, 2-5 — stépeni HA v ¢ase 5-48 hod papainem imobilizovanym na MG-OH, 6-stépeni HA
papainem imobilizovanym na neporézni SiMAG-COOH cdstice 48 hod, 7-Stépeni HA papainem
imobilizovanym na NMG-OH 48 hod), B — vliv mechanického plsobeni porézni magnetické perlové
celulézy bez papainu, C — stépeni HA v Case (1-49 hod) papainem imobilizovanym na MG-OH; nativni
Tris-bordt-EDTA polyakrylamidovd gelovd elektroforéza s barvenim pomoci Alcidnové modFi
specifickym pro sacharidy [P2]

Uginnost magnetického nosice s imobilizovanym papainem pro $tépeni vysokomolekularni

kyseliny hyaluronové (M~ 1,8 MDa) byla potvrzena i pomoci SEC-MALS analyzy (obrazek 14B).

Pripraveny nosi¢ kombinujici magnetické ¢astice a papain tak mliZe byt vhodnou alternativou
ke specifictéjSim enzymUm Stépicim kyselinu hyaluronovou. Zaroven toto vyuziti ukazuje, jaké

vyhody pfinasi imobilizované enzymy, jsou-li zohlednény i parametry pouzitého nosice.
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Obrdzek 14. Monitorovdni fragmentace kyseliny hyaluronové papainem; A - TBE-PAGE frakci pri
depolymerizaci vysokomolekuldrniho hyaluronanu (pozice 1) papainem v ¢ase (pozice 2-5, 5, 10, 24 a
48 hod); B— SEC-MALS analyza frakci po fragmentaci 0, 5, 10, 24, 34, 48 hod [P2]
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3.3 Hyaluronanlyasa pro kontrolovanou fragmentaci kyseliny hyaluronové

Jak bylo uvedeno v kapitole 1.1, hyaluronidasy jsou enzymy, které Sstépi kyselinu
hyaluronovou. Hyaluronidasy délime na tfi typy podle jejich rozdilného mechanismu G¢inku
(obrazek 15). Prvni dva jsou endo-B-N-acetyl-hexosaminidasy, hydrolasy Zivoc¢iSného ptvodu
a hyaluronanlyasy. Hydrolasy stépi B-1,4-glykosidickou vazbu za vniku tetrasacharid
a hexasacharidld. Hyaluronanlyasy Sstépi B-eliminacni reakci molekuly hyaluronanu
na disacharidové jednotky za tvorby dvojné vazby v produktu. Treti, endo-B-glukuronidasa,
Stépi B-1,3-glykosidickou vazbu. Tyto enzymy byly objeveny v korysich, pijavicich a dalSich
parazitech [1,167].
endo—p-N-acetyl-D-hexosaminidases

B-endoglucuronidases HA Lyases
COO CH,OH COO CH,OH

H OH o} H NHCOCH; H OH (0] H NHCOCH;

D—-Glucuronate N-Acetyl-D—glucosamine

Obrdzek 15. Mechanismy ucinku hyaluronidas [168]
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Hyaluronanlyasy mohou byt pfipraveny rekombinantné, nejcastéji produkované
Streptococcus pneumoniae nebo Streptococcus pyogenes. Tyto rekombinantni enzymy
pak spliuji pozadavky pfi vyuziti produktl enzymové fragmentace napf. ve farmaceutickém
pramyslu. Po projektu vyuZivajicim imobilizovany papain jsme v radmci spoluprace s firmou
Contipro a.s testovali nové pfipravenou rekombinantni hyaluronanlyasu ze Streptococcus
pneumoniae (SpnHL). Vysledkem byla publikace v ¢asopise Process Biochemistry (2018) [P3].
Na zakladé zkuSenosti s pfipravou imobilizovaného papainu byla rekombinantni
hyaluronanlyasa imobilizovdna na dva typy komeréné dostupnych magnetickych &astic, které
se lisily povrchovou funkcionalizaci, a byl sledovan vliv rGznych zplsob( imobilizace na
vysledné vlastnosti imobilizovaného enzymu. S ohledem na zamyslenou aplikaci pro Stépeni
vysokomolekuldrni kyseliny hyaluronové, jejiz roztoky jsou viskézni, byly voleny ¢astice s vétsi
velikosti (80— 100 um), porézni a s vysokym obsahem Zeleza, nebot tyto vlastnosti napomahaji
k homogennimu rozptyleni ¢astic v roztoku a Ucinné separaci z reakéni smési.

Jednim ze zpUsobl byla neorientovand kovalentni vazba na magnetickou makroporézni
perlovou celulosu s hydroxylovymi funkénimi skupinami (MBC). Ty byly oxidovany za tvorby
reaktivnich aldehydovych skupin. Druhou metodou byla orientovana afinitni sorpce enzymu
na stejny nosi¢, ale modifikovany kyselinou iminodioctovou (MBC-IDA). Vazba spocivala
v prvotni aktivaci nosi¢e pomoci CoCl; s afinitou pro histidinové zbytky na molekule enzymu.

Rekombinantné pfipravena SpnHL nese 8 histidinovych zbytk( (tzv. His-tag kotva).

Vzhledem k tomu, Ze se jednalo o nové pripraveny enzym, byla pred imobilizaci na magnetické
Castice ovérena jeho Cistota pomoci SDS-PAGE a stanovena aktivita a kinetické parametry
solubilni formy enzymu jako zakladni parametry charakterizujici pfipraveny enzym. Aktivita
SpnHL byla stanovena spektrofotometricky po fragmentaci substratu (kyseliny hyaluronové).
Tento enzym je tzv. procesivni lyasou, z molekuly kyseliny hyaluronové postupné odstépuje
disacharidové jednotky za soucasné tvorby dvojné vazby v produktu, ktery byl monitorovan
spektrofotometricky pfi 230 nm (obrdzek 16A). Vznik disacharidovych jednotek byl potvrzen
i pomoci polyakrylamidové gelové elektroforézy v prostfedi Tris-borat-EDTA (TBE-PAGE)
pritomnosti typické Zebri¢kové linie (obrazek 16B). Aktivita enzymu byla stanovena 83 U/mg

proteinu.
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Obrdzek 16. Fragmentace vysokomolekuldrni kyseliny hyaluronové enzymem SpnHL v case; A —
spektrofotometrickd detekce pfi 230 nm, B — TBE-PAGE [P3].

Po imobilizaci enzymu na oba typy nosi¢l byla porovndna jejich vysledna aktivita
imobilizovaného enzymu a kinetické parametry. Byly testovany rGzné roztoky, ve kterych
imobilizace probihala, i reakéni roztoky pro nasledné pouziti. U imobilizovaného enzymu byla

ovérena operacni a skladovaci stabilita, a to pro oba typy nosi¢l pouzitych pro imobilizaci.

PfestoZe jsme predpokladali, Ze orientovand vazba bude ucinnéjsi a imobilizovany enzym
si zachova vyssi aktivitu, ve srovnani s neorientovanou vazbou, nosi¢ MBC-IDA-SpnHL
vykazoval 3x nizsi aktivitu nez MBC-SpnHL (216 mIU/ml sedimentovaného nosice pro MBC-
IDA vs. 651 mIU/ml pro MBC). | stanoveni kinetickych parametr(i enzymové reakce potvrdilo
stejny trend. Byly porovnany kinetické parametry imobilizovaného enzymu se solubilnim
enzymem (Km = 0,349 mM; Vimax = 0,116 s), které potvrdily, Ze imobilizaci doslo ke zlepseni

afinity enzymu k danému substratu (Km), a to v pfipadé obou typl nosic¢u (obrazek 17).

Pti porovnani operacni a skladovaci stability obou typl nosict vykazoval, dle predpokladd,
vySsi skladovaci stabilitu nosi¢ pripraveny kovalentni imobilizaci (MBC-SpnHL). Lepsi operacni

stabilitu naopak vykazoval enzym imobilizovany na nosi¢ MBC-IDA (obrazek 18).
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Obrdzek 17. Porovndni kinetickych parametri solubilni a imobilizované rekombinantni hyaluronan
lydzy; transformace dat podle Lineweavera a Burka [P3]
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Obrdzek 18. Skladovaci (A) a operacni (B) stabilita rekombinantni hyaluronan lydzy imobilizované na
MBC a MBC-IDA castice [P3]

Oba pfipravené nosi¢e byly otestovany pro fragmentaci vysokomolekuldrni kyseliny

hyaluronové a byly ucinné i v silné viskdznich koncentrovanych roztocich.
3.4 Sphingolipid ceramid N-deacylasa pro modifikaci sfingolipidi

Enzym sfingolipid ceramid N-deacylasu (SCDasa, EC 3.5.1.69) hydrolyzuje N-acylové vazby
sfingolipidd mezi mastnou kyselinou a sfingosinem fetézce ceramidu za tvorby jejich
lyso-forem (obrazek 19). Tato reakce probihd v mirné kyselém prostiedi (pH 5-6)
a v pritomnosti detergentld [70]. Zaroven katalyzuje i reverzni reakci, tj. reacylaci, nebo

vyménu mastnych kyselin. U¢innost reakce ovliviiuji obé slozky, jak typ lyso-sfingolipidu, tak
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mastné kyseliny [45]. Hydrolyza substratd neprobiha ze 100 %, z didvodu rovnovahy mezi
hydrolytickou a kondenzacni reakci [51]. NejcastéjSim zdrojem je Pseudomonas sp. TK4.

Byla popsana i produkce v Shewanella alga [70].
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Obrdzek 19. Hydrolytickd a kondenzalni reakce katalyzovand enzymem Sfingolipid ceramid
N-deacylasou [58]

SCDasu jsme vyutzili pro cilenou modifikaci sfingolipidt, kdy byly syntetizovany C17:0 izoformy
sulfatidu a glukosylceramidu, které slouzily jako vnitfni standardy pro ucely ESI-MS/MS
analyzy sfingolipidd. Hladiny sfingolipidQ jsou stanovovany v krvi v souvislosti s dédi¢nymi

poruchami meabolismu sfingolipod(.

Pro analyzu sfingolipidl lze vyuzit tenkovrstvou chromatografii (TLC, HPTLC), enzymovou
imunoanalyzu na pevné fazi (ELISA) nebo tandemovou hmotnostni spektrometrii (MS/MS).
Nebo mohou byt stanoveny po uvolnéni sacharidového fetézce pomoci plynové
chromatografie (GC) nebo vysokoucinné kapalinové chromatografie [68,169]. Pro MS analyzu
jsou nezbytné vnitfni standardy sfingolipidll, a to takové, které se v organismu nevyskytuji

pfirozené [68,170].

Aby byly ziskany Cisté produkty a pro moznost regulace katalyzované reakce, jsme vyuzili opét
imobilizace enzymu na magnetické ¢astice. Ziskané vysledky byly pubikovany v ¢asopise Rapid

communications in mass spectrometry v roce 2010 [P4].
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Pro imobilizaci enzymu sfingolipid ceramid N-deacylasy (SCDasa) se osvédcila magneticka
perlova celulosa s hydroxylovymi funkénimi skupinami a enzym byl imobilizovan stejné jako
v pfipadé vyse uvedené hyaluronan lyazy po oxidaci magnetickych ¢astic za tvorby reaktivnich

aldehydovych skupin.

Po imobilizaci enzymu byla ovérena jeho aktivita, a to pomoci obou typl reakci, které
katalyzuje, tedy hydrolytické i reverzni syntetické. Pro hydrolytickou reakci byl vyuZit substrat
Gangliotetraosylceramid (Gg4Cer), kdy v pripadé aktivniho enzymu dochazi k odstépeni
mastné kyseliny. Pro reverzni syntetickou reakci byl wvyuzit lyso-globotriaosylceramid
(lyso-Gb3Cer) a kyselina stearova, ktera je plsobénim enzymu pfipojena k lyso-ceramidu.
Produkty reakce byly analyzovany pomoci vysokoucinné tenkovrstvé chromatografie (HPTLC)
s vizualizaci roztokem orcinolu a denzitometricky byl hodnocen stupen hydrolyzy, resp.
syntézy. Vzniklé produkty pak byly také identifikovany hmotnostni spektrometrii (ESI-MS/MS),
tedy metodou, pro kterou byly modifikované sfingolipidy cilené pfipravovany. Pro ucinnou
enzymovou modifikaci byly testovany rizné poméry reakcnich slozek a optimalizovano reakéni
prostfedi. U€innost enzymové konverze pomoci imobilizovaného enzymu byla také porovnéana

s jeho solubilni formou, aby bylo ovéreno, zda imobilizace prinasi o¢ekavané vyhody.

Pro syntetickou reakci C17:0 glukosylceramidu byla imobilizovand SCDasa ucinnéjsi
nez solubilni forma a pfi identifikaci produktl bylo prokdzano nizsi zastoupeni vedlejSich

kontaminujicich produktt C16:0 a C18:0 (obrazek 20).

Navic pfi opakovaném poutziti imobilizovaného enzymu se zastoupeni kontaminujicich
produktl snizovalo (obrazek 21). Cistota modifikovanych sfingolipid(i dosahovala 97 %.
Imobilizovany enzym vykazoval vysokou operacni stabilitu, kdy ani po 15. pouzZiti aktivita
vyrazné neklesla, a oproti jinym imobilizovanym enzymim extrémni skladovaci stabilitu,

kdy byl nosic¢ aktivni dokonce po vice nez roce skladovani [P4].
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Obrdzek 20. ESI-MS/MS analyza produktu semisyntetické reakce C17:0 glukosylceramidu a vedlejsich
kontaminujicich produktii (C18:0, C16:0) syntetické reakce katalyzované solubilni SCDdzou (A) a
SCDasou imobilizovanou na magnetické makroporézni perlové celulose (B) [P4]
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Obrdzek 21. ESI-MS/MS analyza produktu opakované semisyntetické reakce C17:0 sulfatidu a vedlejSich
kontaminujicich produkti (C18:0, C16:0) syntetické reakce katalyzované SCDasou imobilizovanou na
magnetické makroporézni perlové celulose; 1. (A), 2. (B) a 3. (C) pouZiti [P4]

Tato aplikace opét ukazala fadu vyhod, které pfinasi imobilizace enzym( na pevnou fazi.

3.5 Lakasa

Lakasy (p-difenol: O, oxidoreduktasa, EC 1.10.3.2) jsou oxidoreduktasy katalyzujici
jednoelektronovou oxidaci fenoll, polyfenoll, aromatickych amin(i se soucasnou redukci

molekuldrniho kysliku na molekulu vody. Vznikajici radikaly nasledné prochazi radikaly, které

45



prochdzeji dalsi depolymerizaci, repolymerizaci, demethylaci, dehalogenaci nebo tvorbou
chinonu. Lakasy jsou charakteristické nizkou substratovou specifitou, existuje Siroké spektrum
molekul, jejichz oxidaci katalyzuji [73,74]. NejdUlezitéjSim zdrojem lakdz jsou houby bilé
hniloby, napt. Trametes versicolor, Pycnoporus cinnabarinus, Polyorus pinisitus [74], Trametes
hirsute [73] aj. Vedle toho jsou produkovany i vysSimi rostlinami, nékterymi druhy hmyzu

a bakteriemi [75].

Lakasy z Tramates versicolor a Pycnoporus cinnabarinus byly testovany pro jejich mozné vyuziti
pfi dekolorizaci barviv pfitomnych v odpoadnich vodach. Enzym byl testovan
s modelovym antrachinonovym barvivem a jednoduchym azo barvivem. Pro potencidlni
pramyslové vyuziti se opét nabizela imobilizace enzymu na pevnou fazi pro snadnou separaci
a moznost opakovaného poutZiti. Pfed vlastni imobilizaci byla u obou enzym( v solubilni formé
ovérena aktivita pomoci chromogennich substratl, 2,2°-azino-bis(3-ethylbenzthiazolin-6-
sulfonové) kyseliny (ABTS) a syringaldazinu, a byly charakterizovany z pohledu jejich
kinetickych parametrl (Km, Vmax), které byly srovnatelné s dostupnou literaturou. Byly
testovany vhodné reakéni podminky (pH, teplota) (obrazek 22), které byly nasledné pouzity

i pro ovéreni ucinnosti enzymu pfi dekolorizaci vybranych barviv.
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Obrdzek 22. Testovdni reakcniho prostiedi enzymu lakasy z A-Trametes versicolor, B-Pycnoporus
cinnabarinus [P5] s vyuZitim substratu ABTS a syringaldazinu (SGZ).

Ackoliv v literature je uvadéno jako optimalni pH pro substrat syringaldazin v rozmezi 4-5, pro
lakdzu izolovanou z Trametes versicolor je dle nasich vysledkd optimum pH aZ do pH 6,5

(obrazek 22A).
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PFi testovani solubilni lakdzy pro dekolorizaci vybranych modelovych barviv byly enzymy
zobou zdroji ucinné pouze na barvivo antrachinonové (obrazek 23). Pfi dekolorizaci

azo barviva byl efekt minimalni.

/ANTD(QOOImmoD

A

Absorbance

T T T T T
300 400 500 600 700 800

Wave length (nm)

Obrdzek 23. Spektrum dekolorizace antrachinonového barviva solubilni lakasou T.v.-Trametes
versicolor, P.c.-Pycnoporus cinnabarinus [P5]

S ohledem na vlastnosti, zejména rychlou separaci, vysokou vazebnou kapacitu a dobrou
stabilitu byla pro imobilizaci lakasy (z Pycnoporus cinnabarinus) zvolena magneticka perlova
celulosa, a to s hydroxylovymi nebo hydrazidovymi funkénimi skupinami a velikosti Castic
125-250 um. Tak jako v ptipadé ostatnich enzymd, které jsme imobilizovali, i v tomto pfipadé
byly porovnavany dva zvolené zplsoby imobilizace a pfipravené nosice byly charakterizovany
z pohledu aktivity a stability. Na ¢astice s hydroxylovymi funkénimi skupinami byl enzym
imobilizovdn neorientované po oxidaci funkénich skupin nosice pomoci jodistanu.
Pro imobilizaci na magnetickou perlovou celulosu s hydrazidovymi funkénimi skupinami byla
testovana orientovana vazba, kdy jsme vyuzili toho, Ze enzym je glykoprotein a glykosylace
se vyskytuje v dostatecné vzdalenosti od aktivniho mista enzmymu. Pfi tomto zplsobu jsme

vyuzili také oxidace jodistanem, ale tentokrat gylkosylované ¢asti molekuly enzymu.

Ovéreni aktivity enzymu po imobilizaci pomoci nizkomolekuldrniho substratu syringaldazinu
potvrdilo vyhody orientované imobilizace. Aktivita lakasy imobilizované orientované byla
témér 3x vyssi nez aktivita neorientované vazaného enzymu (0,63 IU/ml vs. 0,22 1U/ml
sedimentovaného nosic¢e). Pro porovnani byl enzym imobilizovan i na nemagnetické formy
stejnych nosic¢d, kde byl trend stejny, porovname-li zplsob imobilizace, nicméné v obou
pfipadech nizsi nez magneticky nosi¢. Pfipraveny nosi¢ s nejvyssi aktivitou byl nasledné

charakterizovan z pohledu operacni a skladovaci stability. Pti skladovani nedoslo k vyraznému
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poklesu ani po mésici, v pfipadé operacni stability pak bylo mozné nosi¢ pouzit opakované

7x bez vyrazného poklesu aktivity, coZ opét potvrdilo vyhody imobilizovanych enzymu [P5].

4.Enzymy jako signal generujici molekuly v elektrochemickych

imunosenzorech

Dalsi oblasti, kde enzymy nachazi své Siroké uplatnéni, jsou enzymové imunoanalytické
metody, kde jsou enzymy molekuly, které jsou konjugovany s protildtkami pro detekci
stanovované latky, a jsou zodpovédné za generovani signdlu. V rdmci dvou projektl GACR
jsme principu ELISA metod vyuZivali v kombinaci s citlivou elektrochemickou detekci s cilem
vyvinout systém pro rychlou detekci potravnich alergeni a proteinovych biomarkert

asociovanych s ovarialnim karcinomem. Vysledky shrnuji prace uvedené v ptilohach [P6-P9].

Obvyklé usporadani téchto metod je v mikrotitracnich destickach, které tvori pevnou fazi pro
fixaci protilatek pro zachyt stanovované latky ze vzorku. V biosenzorech slouZi jako tato pevna
faze pfimo povrch pracovni elektrody, kde dochazi k finalni detekci. Vzhledem k tomu,
Ze povrch pracovni elektrody je limitovan jeji velikosti, vyuZili jsme pfi vyvoji imunosenzord
magnetické ¢astice, kdy Ize vyuzit jejich celého specifického povrchu. Na zakladé zkuSenosti
s imobilizaci enzymu byly testovany rlizné magnetické ¢astice, komeréné dodavané nebo nové

syntetizované v ramci spoluprace s Ustavem makromolekularni chemie AV CR (tabulka 5).

Pro detekci byly vyuZivany komeréné dostupné jednorazové tisténé senzory v tfielektrodovém
usporadani (pracovni/referentni/pomocnd elektroda), které umoznuji analyzu v malych
objemech (40 - 100 ul). V zavislosti na stanovované latce byl pak volen metaridl pracovni

elektrody (tabulka 6).
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Tabulka 5. Pfehled magnetickych ¢dstic pouZitych pro vyvoj elektrochemickych imunosenzort
pro detekci proteind.

magnetické material funkéni | velikost vyuziti citace
Castice (Vyrobce) skupina [um]
HPSM hypersitované -SO5 4,8 imobilizace anti- P7
(UMCH, Praha, polystyrenové Castice ovalbuminovych
CR) protilatek
Sera-Mag™ polystyrenové jadro, -COOH 0,771 | imobilizace:
Double speed dvojita vrstva magnetitu, e anti-
(Seradyn, USA) polymerni obal ovalbuminovych P6
protilatek
e HRP
P(GMA-MOEAA)- | poly[glycidylmethakrylat- -NH, 4,5 imobilizace anti- P6
NH,/HA (methakryloyloxy)ethoxy] ovalbuminovych
(UMCH, Praha, octova kys. protilatek
CR)

SIMAG silika -NH, 1 Imobilizace: P8
(Chemicell, -COOH e ALP P9
Némecko) e anti-HE4 P10

protilatek P11
e anti-ApoE

protilatek
e ApoE

Tabulka 6. Prehled tisténych trielektrodovych senzori pouZitych pro vyvoj elektrochemickych

imunosenzoru pro detekci

proteind.

vyuziti mérna-referentni- vyrobce analyzovany
pomocna elektroda objem
[wi]
imunosenzor Pt-Ag/AgCl-Pt BioSensor 40 S
vyuzivajici HRP Technology __:jf
(BST, P ———
Némecko)
imunosenzor C-Ag-Pt DropSens 50
vyuzivajici ALP (DRP, .a
Spanélsko)
C/Hg-Ag-C ItalSens (IS- 50
HM1, o =
imunosenzor Spanélsko)
vyuZivajici QDs | C/Bi-Ag-C DropSens 50
(DRP, i)
Spanélsko)
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4.1 Imunosenzor vyuzivajici enzym kfenovou peroxidazu

Kfenova peroxidasa (HRP) je jednim z nejcastéji vyuZivanych enzymd v ELISA metoddch.
Pti elektrochemické detekci je po pfidavku substratu peroxidu vodiku monitorovan jeho
ubytek vlivem enzymové konverze, ktery je pfimo umérny koncentraci stanovované latky ve
vzorku. HRP byla pouZita jako znacka protilatek v systému pro detekci a kvantifikaci proteinu

ovalbuminu, ktery je potravinovym alergenem [P6, P7].

Princip celého systému spocival v sendviCcovém usporadani, tj. zachytu stanovovaného
ovalbuminu specifickymi protilatkami, které byly imobilizovany na magnetické cCastice. Poté
byly pfidany sekundarni protilatky, které byly znacené kifenovou peroxidasou a v poslednim

kroku substrat peroxid vodiku (obrazek 24).

H202  THIONINE (red)
.

0,+H,0 THIONINE (ox)

Y anti-OVA IgG @ horseradish peroxidase

magnetic particle ’ ovalbumin (OVA)

Obrdzek 24. Schéma elektrochemického imunomagnetického biosenzoru pro detekci ovalbuminu [P6]

Stejné jako u enzymd, i protilatky byly na magnetické ¢astice imobilizovany kovalentni vazbou.
Pro vazbu protildtek byly pouZity tfi typy &astic. Vramci spoluprace s Ustavem
makromolekuldrni chemie byly zkouseny nejprve hypersitované polystyrenové Ccastice
funkcionalizované sulfoskupinami (SO37). Ty byly vyhodné diky jejich autoreaktivité a vazbé
protilatek pres aminoskupinu za tvorby sulfonamidové vazby, a to bez pridavku jakychkoliv
situjicich Cinidel [P7]. Z dalSich ¢astic také nové syntetizované P(GMA-MOEAA)-NH/HA a pro
porovnani komercni Sera-Mag™ castice [P6]. Na tyto castice byly protilatky imobilizovany
karbodiimidovou metodou. U¢innosti vazby protiladtek byla o néco vy$si u nové vyvijenych

magnetickych c¢astic (90 % a vice).
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PFi vyvoji imunosenzoru bylo nutné optimalizovat nejen reakéni podminky vlastniho zachytu
antigenu mezi primarni a sekundarni protilatkou, jejich mnoZstvi, mnoZstvi substratu,
ale zejména podminky elektrochemické detekce. Bylo ovéfovano, zda u nové vyvijenych castic
nedochazi pti detekci k nezadoucim interferencim vlivem iontl Zeleza z ¢astic. Jako detekéni
metoda byla zvolena metoda linedrni voltametrie, pfi které je monitorovana proudova odezva
peroxidu vodiku v zavislosti na vloZzeném potencialu v rozsahu 0 az 0,8 V. Byly méreny krivky
ubytku peroxidu vodiku v ¢ase v disledku jeho spotfebovani pfi enzymové reakci s kienovou

peroxidazou (obrazek 25).
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Obrdzek 25. Voltamogram proudové odezvy pri ubytku peroxidu vodiku vliivem enzymové konverze
kfenovou peroxidasou (A); zdvislost proudové odezvy na case, hodnota proudu byla odecitdna pri
potencidlu odpovidajicimu maximu piku (B) [P7]

PFi pouziti prvnich experimentech vykazoval systém velmi nizkou citlivost, coZz bylo feSeno
pridavkem elektronového mediatoru thioninu. Ten usnadniuje prenos elektronli u povrchu
pracovni elektrody a diky nému byly ziskany vyssi proudové odezvy (obrazek 26A). A vtomto
usporadani jsme dosahli linearity od 11 do 200 nmol/I s kalkulovanym detekénim limitem

5 nmol/I (obrazek 26B).
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Obradzek 25. Vliv pridavku elektronového medidtoru thioninu na vysku piku (A); vyslednd kalibracni
zavislost pro kvantifikaci ovalbuminu pomoci elektrochemického imunosenzoru na principu sendvicové
ELISA metody (B) [P6]

PfestoZe nékteré komercni sestavy pro kvantifikaci ovalbuminu, které jsou zaloZzené na bézné
vyuzivané ELISA se spektrofotometrickou detekci, maji nizsi detekéni limity [116], vyvinuty

systém ukazal, jaké moZnosti biosenzory pfinasi.
4.2 Imunosenzor vyuZivajici enzym alkalickou fosfatasu

V dalsim vyzkumu jsme se zaméfili sestaveni elektrochemického imunosenzoru pro detekci
a kvantifikaci proteinového biomarkeru asociovaného s ovaridlnim karcinomem, konkrétné
lidského epididymalniho proteinu 4 (HE4) [P8]. HE4 dosahuje, jako jediny nddorovy marker,
nejvyssi senzitivity pro detekci epitelidlniho ovaridlniho karcinomu, a to jiz v ¢asnych fazich
onemocnéni. U Zen s malignim nadorem, které nemaji zvysené hladiny ostatnich markerd,
je hladina HE4 zvySena. Navic je vyuzivan pro sledovani pribéhu onemocnéni, progrese

a odpovédi na terapii.

Vzhledem k tomu, Ze obvykla hodnota cut-off pro premenopauzalni Zeny je 50 pmol/l, a pro
postmenopauzalni 80 pmol/l [172], s pouZitim sekundarnich protilatek znacenych HRP

bychom nedosahli potiebné citlivosti.
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Proto byl pro znaceni protilatek zvolen enzym alkalicka fosfatasa (ALP). ALP konvertuje fadu
substratld na elektroaktivni produkt s odpovidajicim redox potencidlem, navic bez nutnosti
elektronového mediatoru. K nejbéznéjSim substrdtim patfi p-aminofenylfosfat (PAPP),

p-nitrofenylfosfat (PNPP) nebo hydrochinodifosfat (HQDP) [173-175].

Jako nejvhodnéjsi substrat pro ALP a elektrochemickou detekci byl zvolen p-aminofenylfosfat,
ktery poskytoval nejvyssi signdl. Detekéni metodou byla v pfipadé jeho konverze ALP
square-wave voltametrie (SWV), pro minimalizaci spotfeby vzorku byly opét vyuZity tisténé
tfielektrodové senzory, a to suhlikovou pracovni elektrodou, pomocnou platinovou
a strfibrnou referentni. Pik odpovidajici vznikajicimu elektroaktivnimu produktu
(p-aminofenol) byl monitorovan pfi potencidlu 0,045V a odectena proudova odezva v desaté

minuté enzymové reakce.

ProtoZe anti-HE4 protildtky znacdené ALP nejsou komercné dostupné, byly pfipraveny
s vyuzitim komercéniho kitu pro znaceni protilatek enzymem ALP (Lightning-Link® Alkaline
phosphatase conjugation kit, Innova Bioscience), kde konjugace probiha pres aminoskupiny

lysinu v molekule protilatek.

Pfi vlastnim vyvoji elektrochemického imunosenzoru pro stanoveni HE4 proteinu, byly
primarni anti-HE4 protilatky imobilizovany na magnetické ¢astice SIMAG s karboxylovymi
funkénimi skupinami pomoci karbodiimidové metody. Celé stanoveni v daném usporadani
(obrazek 27), tedy vychytani antigenu pomoci primarnich protilatek, vazba sekundarnich
protilatek a findlni enzymové reakce se substratem PAPP probihala v celkovém reakénim

objemu 1 ml.
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Obrdzek 27. Schéma uspordaddni elektrochemického imunosenzoru pro detekci HE4 zaloZeného na
magnetickych &dsticich s primdrnimi protilatkami pro zdchyt antigenu a protilatkami znacenymi ALP
[P8]

V daném usporadani jsme dosahli linedrniho rozsahu koncentraci v rozmezi 4 — 400 pmol/I
(obrazek 28) s kalkulovanym limitem detekce (LOD) 6,8 fmol/l a limitem kvantifikace (LOQ)
23 fmol/l. Systém v daném usporadani dosahuje vysoké citlivosti a splfiuje podminky pro
kvantifikaci HE4 proteinu i v ¢asnych fazich onemocnéni. Analyzou standardniho lidského séra
s definovanym pridavkem standardniho proteinu HE4 (s vytéZznosti 87 — 93 %) byla potvrzena

funkcnost systému pro realné vzorky [P8].
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Obrdzek 28. SW voltamogram pfi detekci HE4 proteinu a kalibracni krivka (insertovany graf) [P8]
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Pti sestaveni ELISA metody je vidy nezbytna optimalizace dil¢ich krok(l, zejména v pripadé
znaCenych protilatek, které byly pfipravovdny. Je nutné ovéfit Ucinnost znaceni, ale také
zachovani vazebné schopnosti pfipravenych znacenych protilatek a stanovit jejich optimalni
fedéni pouzivané pro sestaveni vlastniho imunosenzoru.

Pro tyto nezbytné optimalizacni kroky jsme vyufzili, z dGvodd vysoké ceny vlastnich anti-HE4
protilatek, modelovy systém s anti-Apo EA?, Pro ovéFeni schopnosti vazby antigenu a uréeni
optimdlniho mnozstvi znacenych protilatek byl na magnetické ¢astice imobilizovdn antigenem
(protein Apo E). Pomoci tohoto modelového systému bylo uréeno optimalni fedéni znacenych
protilatek 1:1000, které bylo pouzivdno i pro systém pro detekci proteinu HE4 [P9]. Pfi urceni
optimdlniho mnoizstvi znacenych protildtek jseme zohlednili i ekonomickou stranku,

proto nebylo zvoleno mnoZstvi, které poskytlo nejvyssi signal (obrazek 29).
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Obrdzek 29. Square-wave voltamogram elektroaktivniho produktu konverze PAPP substrdtu pomoci
anti-Apo E**protildtek pfi Fedéni 1:1000; insertovany graf ukazuje proudové odezvy pfi stanoveni
optimdlniho redéni [P9]

Jak je zfejmé z dosazenych vysledkl, elektrochemické imunosenzory maji potencial jako
jednoducha zafizeni pro analyzu a kvantifikaci biologicky vyznamnych proteini. Kombinace
s magnetickymi ¢asticemi umoziiuje snadnou manipulaci bez ztrat vzorku, kovalentni vazba
protilatek zajistuje dlouhodobou stabilitu pripraveného nosice a cely systém je robustni a neni
naroc¢ny na pristrojové vybaveni. Citlivost celého systému je dana citlivosti pouzité znacky

protilatek, kdy vyssi citlivosti dosahuje ALP, v porovnani s HRP.
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5.Enzymy vs. nanocastice jako signal generujici znacky v

imunosenzorech

V soucasnosti stale roste uplatnéni nové vyvijenych nanomateriald, a to v riznych aplikacich.
V pfipadé elektrochemickych imunosenzorli nanomateridly bud mohou nahradit enzymy
vyuzivané pro znaceni protilatek, pokud samy o sobé poskytuji méfitelny signal. Nebo jsou
vyuzivany v kombinaci s enzym. Nanomateridly jsou zavadény z divod( pozadavk( na vyssi
citlivost stanoveni, coZz je dulezité pravé v pripadé detekce biologicky vyznamnych latek.
V kombinaci s enzymy se vyuziva velkého specifického povrchu nanomaterial(i, na které jsou
enzymy vazany a nasledné pouzity jako znacky protildtek. Na jednu molekulu protilatky Ize
timto zpUsobem navazat vice molekul enzymu a dochazi tak k amplifikaci vysledného signalu,

a tedy i citlivosti celého stanoveni.

Pro tyto ucely jsou vyuzivany nejcastéji nanocastice vyrobené z rlznych materiall (polymerni,
silika, kovové), jednosténné nebo vicesténné uhlikové nanotrubice, dendrony nebo
dendrimery [83,176-178]. V kombinaci s elektrochemickymi imunosenzory je vétSinou cely
komplex primarni protilatka-antigen-znacena protilatka sestaven pfimo na povrchu pracovni

elektrody nebo je opét vyuzivano vyhod magnetickych ¢astic.

Jako konkrétni priklad nanoclastic v kombinaci s enzymem, které by mohly byt vyuZity
jako znacky protilatek v elektrochemickych imunosenzorech Ilze uvést poly(glycidyl
methakryladtové) nanocastice, které byly vyvinuty v Ustavu makromolekuldrni chemie, AV CR.
Tyto nanoddstice jsme testovali, zda mohou pfispét k amplifikaci vysledného signalu
pfi sestaveni imunosenzoru pro detekci ovalbuminu. Do pfipravenych nanocastic byl
po syntéze inkorporovan elektronovy mediator thionin, aby nebyl nutny jeho pfidavek
do roztoku pfti vlastnim méreni linearni voltametrii [P6]. Nasledné jsme na nanocastice
kovalentné vazali enzym kfenovou peroxidasu pomoci karbodiimidové metody. Vedle toho
byly pfipraveny i nanocastice bez thioninu a byl sledovan efekt inkorporace thioninu.
Pfi pouziti ¢astic s inkorporovanym thioninem bylo dosazeno 3x vyssich proudové odezvy

v porovnani s ¢asticemi bez thioninu [102].

V pfipadé kombinace nanomateriall s enzymy dochazi ke zvyseni citlivosti stanoveni, ale ¢asto

byva konstrukce takového systému vicekrokova a relativné komplikovana. Proto se v oblasti
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elektrochemickych imunosenzorl v dnesni dobé objevuje fada praci, kde je vyuZivano
takovych nanomateridll, které samy poskytuji elektrochemicky méfitelny signal a jsou
vyuzivany pro znaceni protilatek. Nejcastéji se jednd o kovové nanocdstice nebo
nanokompozity, jako jsou zlaté, stfibrné, platinové nebo palladiové nanocastice, ¢i kvantové
tecky [83, P10]. Jejich detekce je zaloZzena na monitorovani proudové odezvy iontl kovu,
ze kterého jsou syntetizovany. Pro kazdy kov je charakteristicky potencial, pfi kterém je signal
monitorovan. Z detekénich metod je nejcastéjsi anodicka nebo katodickd rozpoustéci

voltametrie po rozpusténi nanocastic a uvolnéni iontl do roztoku.

PouZziti nanocastic pro znaceni protilatek v elektrochemickych imunosenzorech je uvedeno
v pracich [P9-P11]. Z vySe zminénych nanocastic jsme vyuzili pro detekci nddorového markeru
HE4 kvantové tecky (QDs). Ty jsou tvoreny selenidem kadmia obalené vrstvou sulfidu
zine¢natého a funkcionalizované karboxylovymi skupinami (CdSe/ZnS). Usporadani celého
systému bylo stejné jako v pripadé alkalické fosfatasy (obrazek 30), kdy primarni protilatky
pro zachyt HE4 ze vzorku byly imobilizovdany na magnetické castice. Pro detekci byly
pripraveny protilatky znacené CdSe/ZnS QDs namisto ALP. Findlni detekce spocivala
v monitorovani proudové odezvy Cd(ll), které byly uvolnény po rozpusténi QDs v kyselém
prostiedi. Charakteristicy detekéni potencidl pro Cd(ll) je -0,75 V. Pro analyzu byly vyuzity
opét tisténé trielektrodové senzory, pro detekci kovl vsak s uhlikovou pracovni elektrodou

se rtutovym nebo bizmutovym filmem.

Mercury film screen-printed electrode

/ 8- ° magnetic particle
dQ.Ds 7(@: SWASV { ; <
Kssolution 6 i \J [ anti-HE4 1gG
r.l ;o
< 4 {2 @  cdse/znsaps
R * e
24 ;
SWASV SRR KN
O S —
.;,’ O ———— -
0.9 08 0.7 0.6 0.5
Bismuth film screen-printed electrode E(V)

Obrdzek 30. Schéma uspordaddni elektrochemického imunosenzoru pro detekci HE4 zaloZeného na
magnetickych cdsticich s primdrnimi protilatkami pro zdchyt antigenu a protildtkami znacenymi
CdSe/ZnS QDs [P10]
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Nebot protilatky znacené kvantovymi teckami nejsou komercéné dostupné, byly pfipravovany
cilené pro dany systém. Byly pouzity dvé metody znaceni protilatek. Prvni byla s vyuZitim
komeréniho kitu SiteClick™ Qdot® 565 Antibody Labeling Kit, kterd je zalozena na vazbé
pres glykosidickou ¢ast protilatek. Druha metoda znaceni protilatek, kterou jsme zavedli,

vychazi z nasich zkuSenosti s vyuzitim magnetickych ¢astic [P11].

Vyhodou komeréniho kitu je jednoduchost protokolu, orientovand vazba v dostatecné
vzddlenosti od vazebného mista a relativné vysoka ucinnost vazby (75 %). Nevyhodou je,
Ze pro tento zplsob vazby je nutnd glykosylace protilatek, kterad se napf. u monoklondlnich
protilatek nemusi vzdy vyskytovat. Komercni kit je také uréen pouze pro jediny typ kvantovych
tecek, které jsou jeho soucasti. A prestoze jeho soucasti jsou i purifikacni kolonky pro oddéleni
znaCenych protildtek od volnych nezreagovanych kvantovych tecek, nebyly vyuZivany
z dlvodu vysokych ztrat pfi purifikaci v disledku sorpce znacenych protilatek na purifikaéni

kolonky. Pfi eleiminaci tohoto kroku pak ziskany produkt tak nemél garantovanou Cistotu.

Druhy zplisob znaceni protildtek spociva v afinitnim zachyceni protilatek na magnetické
Castice, které byly pfedem modifikovany antigenem. V dalSim kroku jsou na takto fixované
protilatky kovalentné navazany kvantové tecky a v poslednim kroku jsou znacené protilatky
uvolnény zimunokomplexu a pfipraveny k pouZiti bez dalsi nezbytné purifikace [P11].
Vyhodou této metody je jeji univerzalnost, lze ji vyuZit pro jakékoliv protilatky. Navic, fixaci
protildtky na antigen jsou chranéna vazebna mista protilatky. Protilatky je mozné oznacit
jakymikoliv kvantovymi teckami nebo i jinymi nanocasticemi. Metoda byla optimalizovana
s modelovym systémem Apo E — anti-ApoE. U¢innost znaceni byla ovéfena nékolika
metodami, kapildrni elektroforézou s laserem indukovanou fluorescenci (CE-LIF), gelovou
elektroforézou (TBE-PAGE, SDS-PAGE) a elektrochemicky (obrazek 31). Je tfeba zminit,

Ze ucinnost této metody je oproti komercnimu kitu nizsi, pfiblizné 30 %.

Protilatky anti-HE4 znacené obé&ma postupy byly Uspésné vyuzity pfi vyvoji elektrochemického

imunosenzoru pro detekci proteinu HE4.
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Obrdzek 31. Ovéreni ucinnosti znaceni protildtek anti-ApoE kvantovymi te¢kami CdSe/ZnS pomoci
karbodiimidové metody s vyuZitim antigenem modifikovanych magnetickych cdstic; (A) CE-LIF analyza
frakci 1 — smés anti-ApoE a QDs, 2- znadené anti-ApoE*¢/?"S, 3-QDs; (B) elektrochemickd analyza
(SWASV) frakci 1- Cisté QDs, 2-4 — promyvaci frakce, 5- znacené anti-ApoE®®Se/?"S [P11]

Pro oba typy znacenych protilatek jsme dosahli srovnatelnych detekcnich limitQ. V pripadé
protildtek znacenych nami zavedenou metodou byl Sirsi linedrni rozsah koncentraci. Vliv
na vyslednou citlivost ma i typ pouzité pracovni elektrody, kdy senzory s uhlikovou pracovni

elektrodou s in situ vytvorenym bizmutovym filmem poskytly lepsi linearitu v SirSim rozmezi

koncentraci (obrazek 32).

Pro potvrzeni funkénosti systému i pro realné vzorky, bylo analyzovano standardni lidské
sérum s definovanymi pridavky HE4 proteinu, kde se vytéZnost pohybovala v rozmezi
80 - 91 %. V porovnani simunosenzorem vyuZivajicim protilatky znacené ALP, je systém
s kvantovymi teckami méné citlivy, i presto vsak spliuje poZadavky na detekci proteinu HE4

v koncentracich odpovidajicich cut-off hodnotdm pro diagnostiku ovaridlniho karcinomu.
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Obrdzek 32. SWASV voltamogramy a kalibrani kfivky kvantifikace HE4 proteinu pomoci
elektrochemickych imunosenzort; senzory se rtutovym filmem (Hg-SPCE) a protildtkami anti-HE4%¢/?rS
znacenymi pomoci komercniho kitu (A), senzory se rtutovym filmem (Hg-SPCE) a protilatkami
anti-HE4®¢/?"S znacenymi karbodiimidovou metodou (B), senzory s bizmutovym filmem (Bi-SPCE)
a protildtkami anti-HE4<¢/?"S znadenymi pomoci komeréniho kitu (C); kalkulované limity detekce
a linedrni rozsah pro uvedené systémy [P10]

Benefitem vyuzZiti kvantovych tecek a kovovych nanocastic v kombinaci s elektrochemickou
detekci je také moznost simultanni detekce vice analyt v rdmci jedné analyzy. Ta je zaloZena
na rozdilnych detekénich potencidlech rlznych kovovych iontl. Je-li pouZita vhodnd
kombinace kovovych nanocastic pro znaceni protilatek s odliSnou specifitou, lze uvolnéné
ionty stanovit vedle sebe, a tim i vice analytd (obrazek 33). To je vyhodné v pfipadé
biomarkerl asociovanych s nékterymi onemocnénimi, kde profil biomarkeri mze prispét

k presnéjsi diagnostice nebo monitorovani terapeutické odpovédi.
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Obrdzek 33. SWASV voltamogram simultdanni detekce kovovych iontu v prostredi acetdtového pufru

[179]
Elektrochemické imunosenzory, a to jak v kombinaci senzymy, tak i elektroaktivnimi

nanomaterialy, by mohly byt vhodnou alternativou k rutinné vyuZivanym, ale pfistrojové

potencial zejména v oblasti screeningu onemocnéni.
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Zaver

Vysledky praci, které byly vramci prace popsany, ukazuji potencial vyuziti enzym( v radé
oblasti, od analytického aZ po moZnost vyuZiti v oblasti biotechnologii. Jejich imobilizace na
pevnou fazi pfinasi fadu vyhod v podobé vétsi stability enzymu, zlepsSeni kinetickych
parametr( katalyzované reakce, nebo moznosti opakovaného poufziti. Pfi imobilizaci enzymu
bylo nezbytné optimalizovat podminky vazby, volit vhodnou metodu imobilizace, kterd maze
ovlivnit vyslednou aktivitu imobilizovaného enzymu a jeho uacinnost. PFi pfripravé
imobilizovanych enzym( bylo pfistupovano individudiné a s ohledem na jejich findlni aplikaci,
podle toho byla volena metoda a podminky imobilizace, a pouzité magnetické ¢astice. Diky
dostupnosti Siroké Skaly komerénich magnetickych ¢&astic, ale i nové vyvijenych v ramci
spoluprace s kolegy z Ustavu makromolekuldrni chemie AV CR bylo moiné porovnat a ¢astice

pro pfipravu ucinnych nosi¢u s imobilizovanymi enzymy.

Pfi wvyuZiti enzymO v oblasti elektrochemickych imunosenzorld se podafilo sestavit
imunosenzory pro detekci ovalbuminu a nadorového biomarkeru proteinu HE4. | v této oblasti
jsme vyuzili kombinaci s magnetickymi casticemi, na které byly imobilizovany specifické
protilatky pro snadnou a selektivni izolaci stanovovaného proteinu ze vzorku. Enzymy byly
konjugovany se specifickymi protildtkami a pouzity pro elektrochemickou detekci izolovaného
proteinu. Alkalickd fosfatasa se ukazala jako vhodny enzym pro vyuZiti vimunosenzorech,
nejen diky nékolika elektroaktivnim substratiim, ale i vyssi citlivosti ve srovnani s kienovou
peroxidasou. Pro zvysSeni citlivosti byly enzymy kombinovany s nanocasticemi. Nanocastice,
konkrétné kvantové tecky byly také pro elektrochemickou detekci nadorového biomarkeru
proteinu HE4 pouzity samostané, diky jejich elektroaktivnim vlastnostem. | vtomto pfipadé
bylo dosazeno takové citlivosti, ktera umoznuje detekci nizkych hladin tohoto proteinu, coz je

dllezité pro véasnou diagnostiku rozvoje nadorového onemocnéni.
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Perspektiva do budoucna

Vysledky dosazené v oblasti elektrochemickych imunosenzor(i budou vyuzity ve vyzkumu,
ktery probiha jiz v sou¢asné dobé a je zaméfen na vyvoj multiplexniho imunosenzoru pro
simultanni kvantifikaci tfi proteinovych bimarkerd asociovanych s nddorovym onemocnénim,
pfipadné prozanétlivych biomarkerud. Pro multiplexni analyzu je nutné najit tfi vhodné znacky
protilatek, které umozni analyzu vramci jednoho méreni. Nabizi se tak tfi rlizné typy
nanocastic nebo jejich kombinace s enzymy. Diky usporadani, robustnosti, a moznosti
miniaturizace by biosenzory mohly byt v budoucnu alternativou spliujici kritéria POCT
zarizeni. Dalsi oblasti, kde jiz bylo dosazeno prvnich vysledkd, je detekce bakterii pomoci
imunosenzoru, a to na Urovni celych bunék, s potencidlem vyuZiti pro screening kontaminace

potravin.

Vybrané enzymy budou i vramci dalSiho vyzkumu imobilizovdny na magnetické Castice a
vyuzivany v radé aplikaci. Cilem bude i dalsi propojeni enzym( s elektrochemickou detekci.
Jednim ze zdmérQ je charakterizace imobilizovanych kinas z pohledu aktivity a kinetickych
parametrd enzymové reakce elektrochemicky jako alternativa k metodam vyuZivanym

Vv socasnosti.
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Seznam pouzitych zkratek

AAS
ABTS
AFM
AgNPs
ALP
AuNPs
BApNA
BCA
CE-LIF
CLEAs
CLECs
CLIA
ECLIA
EIA
ELISA
ESI-MS/MS
FIA
FITC

FTIR

Ggd4Cer
GC

GLs

GO

HA

HE4
HMW-HA

HPSM

Atomova absorpéni spektrometrie

kyselina 2,2 -azino-bis(3-ethylbenzthiazolin-6-sulfonova)
Mikroskopie atomarnich sil

Stfibrné nanocastice

Alkalicka fosfatasa

Zlaté nanocastice

N-a-benzoyl-D,L-arginin-4-nitroanilid

Bicinchoninova metoda

Kapildrni elektroforéza s laserem indukovanou fluorescenci
Enzymové agregaty (z angl. cross-linked enzyme aggregates)
Zesiténé enzymové krystaly (z angl. cross-linked enzyme crystals)
Chemiluminiscen¢ni imunoanalyza

Elektrochemiluminiscen¢ni imunoanalyza

Enzymovda imunoanalyza

Enzymova imunoanalyza na pevné fazi

Tandemova hmotnostni spektrometrie s ionizaci elektrosprejem
Fluorescen¢ni imunoanalyza

Fluoresceinisothiokyanat

Infracervena spektroskopie s Fourierovou transformaci (z angl. Fourier
transform infrared spectroscopy)

Gangliotetraosylceramid

Plynova chromatografie

Glykosfingolipidy

Grafen oxid

Kyselina hyaluronova

Lidsky epididymalni protein 4

Vysokomolekularni kyselina hyaluronova

Hypersitované polystyrenové magnetické Castice
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HPTLC
HQDP
HRP
IMAC

LC-MS/MS

LIA

LoD

LoQ
lyso-Gb3Cer
MBC
MBC-IDA
MOEAA
MOFs
OPD
PAPP
PdNPs
PEI

PEPs
PGMA
PHEMA
PNPP
POCT
PolyNIPAM
PtNPs
Qcm
QDs

RIA

RNA

Vysokoucinna tenkovrstva chromatografie

Hydrochinodifosfat

Kfenova peroxidasa

Afinitni chromatografie na imobilizovanych kovovych iontech
Kapalinovd chromatografie ve spojeni s tandemovou hmotnostni
spektrometrii

Luminiscenéni imunoanalyza

Limit detekce

Limit kvantifikace

Lyso-globotriaosylceramid

Makroporézni perlova celulosa

Makroporézni perlova celulosa modifikovana kyselinou iminodioctovou
Kyselina (2-methakryloyloxy)ethoxy octova

Kovové organické kostry (z angl. metal-organic frameworks)
o-fenylendiamin

p-aminofenylfosfat

Palladiové nanocastice

Polyethylenimin

Prolyl-endoproteasy

Poly-glycidyl methakrylat

Poly-hydroxyethyl methakrylat

p-nitrofenylfosfat

Testovani v misté péce o pacienta (z angl. Point-of-Care Testing)
Poly-N-izopropylakrylamid

Platinové nanocastice

Kfemenné mikrovazky (z angl. Quartz crystal microbalance)
Kvantové tecky

Radioizotopova imunoanalyza

Kyselina ribonukleova
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SCDaza
SDS-PAGE
SEC-MALS
SEM

SGZ
SpnHL
SWv
TBE-PAGE
TEM

TGA

TLC

TMB

Sfingolipid ceramid N-deacylasa

Polyakrylamidova gelova elektroforéza v prostredi dodecylsulfatu sodného

Gelové-permeacni chromatografie s detektorem viceuhlového rozptylu svétla

Skenovaci elektronovd mikroskopie

Syringaldazin

Hyaluronanlyasa ze Streptococcus pneumoniae

Square-wave voltametrie

Polyakrylamidova gelova elektroforéza v prostredi Tris-borat-EDTA pufru
Transmisni elektronova mikroskopie

Termogravimetrie

Tenkovrstva chromatografie

Tertamethylbenzidin
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New Monodisperse Magnetic Polymer
Microspheres Biofunctionalized for Enzyme
Catalysis and Bioaffinity Separations

Daniel Horak,* Jana Kucerova, Lucie Korecka, Barbora Jankovicova,
Jiri Palarcik, Petr Mikulasek, Zuzana Bilkova

Magnetic macroporous PGMA and PHEMA microspheres containing carboxyl groups are
synthesized by multi-step swelling and polymerization followed by precipitation of iron
oxide inside the pores. The microspheres are characterized by SEM, IR spectroscopy, AAS, and
zeta-potential measurements. Their functional groups enable bioactive ligands of various
sizes and chemical structures to couple covalently. The applicability of these monodisperse
magnetic microspheres in biospecific catalysis and bioaffinity separation is confirmed by
coupling with the enzyme trypsin and hulgG. Trypsm -modified magnetic PGMA-COOH and
PHEMA-COOH microspheres are investi-
gated in terms of their enzyme activity,
operational and storage stability. The
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1. Introduction culest!! (proteins, enzymes, antibodies, and nucleic acids),

biospecific catalysis,!” immunomagnetic cell separation,!

Interest in superparamagnetic microspheres has been
rapidly increasing recently due to their potential in
biotechnology and biomedicine. After biofunctionalization,
they find practical uses in immunoprecipitations, gentle
but highly efficient isolation and purification of biomole-
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diagnosis and prognosis of malignant diseases,! etc. Their
main advantages are easy manipulation, high capacity and
simple separation from complex heterogeneous biological
mixtures including blood, urine, foodstuffs, or tissues.
Conventional mechanical methods, such as filtration or
centrifugation or multi-step column separation techniques,
including size-exclusion chromatography, fractional pre-
cipitation, or ion exchange chromatography, can thus be
avoided. Moreover, magnetic microsphere-based bioaffi-
nity separation methods enable the effective isolation of
viable cells and labile molecules due to the lower
mechanical stress than the aforementioned methods.!”’
Several methods are commonly used for the preparation
of magnetic polymer microspheres. Encapsulation of
magnetic cores with a polymer results in polydisperse
particles with irregular shapes,!® while miniemulsion
polymerization in the presence of iron oxide!”! produces
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particles <500 nm, emulsion polymerization!®?! particles

<1wm, dispersion polymerization*® around 1 um, and
suspension polymerization provides polydisperse particles
measuring hundreds of micrometers.*'] An advantage of
the multi-step swelling and polymerization technique
pioneered by Ugelstad et all*?' and elaborated by
others™>'4) is that it produces strictly monodisperse
magnetic particles larger than 1 um, which are difficult
to produce by other techniques. This technique was
therefore for the first time adapted in this report on earlier
elaborated by us suspension polymerization of glycidyl
methacrylate (GMA) and 2-hydroxyethyl methacrylate
(HEMA). Another novelty consists in utilization of a new
porogen (cyclohexyl acetate) and new stabilizers [2-
hydroxyethylcellulose and (hydroxypropyl)methylcellu-
lose] for preparation of macroporous poly(GMA) or poly-
(HEMA) (PGMA and PHEMA, respectively) microspheres
and also in formation of magneticiron oxide in the pores by
oxidation of Fe(OH), obtained by precipitation of neat FeCl,
with ammonia.

Despite the wide availability of commercial magnetic
carriers, they do not often fulfill all the criteria needed for
unique bioanalytical research. The main requirements laid
on magnetic microspheres include superparamagnetic
behavior, proper size, monodispersity, applicability, and
stability in various media (aqueous,
organic, and mixed) for a given
usage.'>") The appropriate type of
functional groups on the surface enables
the covalent attachment of various bio-
molecules. The density of functional
groups is then one of the key parameters
of the microspheres. Even though the
number of various applications of mag-
netic microspheres is continually grow-
ing, there are still many areas where the
use of newly developed magnetic micro-
spheres with suitable features could be
beneficial, e.g., micrototal analysis sys-
tems.*#° Microspheres need to meet
particularly specific requirements in
such developing fields as microfluidics.
Combining microfluidic devices with
magnetic microspheres is creating new
possibilities in innovative bioapplica-
tions.>2%! This is the reason why atten-
tion has been paid to the development of
new types of microspheres.

In order to be able to routinely utilize
magnetic microspheres, it is vital to
deeply characterize them, verify their
stability in various media during the
activation process as well as during
regular usage and confirm the ability to
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covalently attach suitable bioactive ligands and subse-
quently isolate the analyte of interest from the complex
mixture in the required purity. Due to the increased
stability of immobilized ligands, covalent bonds are
preferred for a wide range of applications. Hence, bioactive
ligands exemplified by the proteolytic enzyme trypsin and
human immunoglobulin G (hulgG) were immobilized on
magnetic PGMA and PHEMA microspheres containing
carboxyl groups (further denoted as PGMA-COOH and
PHEMA-COOH microspheres). Trypsin was selected for
the simple quantification of its proteolytic activity.
Human IgG served to simulate a biologically active high-
molecular-weight biocompound that was immobilized on
the magnetic microspheres to form an immunosorbent.
The amount of IgG immobilized on the microspheres
was quantified by standard bioanalytical methods.

2. Experimental Section

2.1. Materials

Monomers such as styrene (Kaucuk Kralupy, Czech Republic),
HEMA (R6hm, Darmstadt, Germany), GMA (Fluka, Buchs, Switzer-
land), and ethylene dimethacrylate (EDMA; Ugilor S. A., France)
were vacuum distilled. 2-[(Methoxycarbonyl)methoxy]ethyl
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B Scheme 1. Synthesis of (a) MCMEMA and (b) HEMA-Ac.
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methacrylate (MCMEMA) was prepared from
ethylene glycol (300 mL) and chloroacetic acid
(94.5 g) in the presence of NaOH (80 g), produ-
cing sodium hydroxyethoxyacetate, which
was then transformed (in the presence
of H,S0, and methanol) to the methyl ester
of hydroxyethoxyacetic acid and finally to
MCMEMA using methacrylic anhydride
(Scheme 1a). 2-(Methacryloyl)oxyethyl acetate
(HEMA-Ac; Scheme 1b) was obtained from
HEMA and acetic anhydride. Cyclohexyl acet-
ate was obtained from cyclohexanol and acetic
anhydride. Trypsin from bovine pancreas (EC
3.4.22.2), bovine serum albumin (BSA), IgG
from human serum, benzamidine, 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC),
N-a-benzoyl-p,1-arginine-4-nitroanilide (BApNA),

and 2-(N-morpholino)ethanesulfonic acid (MES) were obtained
from Sigma-Aldrich (St. Louis, MO, USA). The Pierce™ BCA Protein
Assay Kit was produced by ThermoScientific (Rockford, IL, USA).
The sodium salt of N-hydroxysulfosuccinimide (sulfo-NHS),
FeCl,-4H,0, 2-hydroxyethyl cellulose, sodium dodecylsulfate
(SDS), benzoyl peroxide (BPO), and Methocel 90 HG [(hydroxypro-
pyl)methyl cellulose] were obtained from Fluka, sodium persulfate
was from Lachema (Brno, Czech Republic). Sodium azide was
produced by Chemapol (London, United Kingdom). The remaining
chemicals were supplied by Sigma-Aldrich, Lachema, or Penta
Chemicals (Chrudim, Czech Republic) and were of analytical
reagent grade. Ultrapure Q-water ultrafiltered with a Milli-Q
Gradient A10 system (Millipore, Molsheim, France) was used for
preparing solutions.

emulsion palymn.

their pores.

2.2. Synthesis of Monodisperse Polystyrene (PS) Seeds

PS seeds were obtained by the emulsifier-free emulsion polymer-
ization of styrene in a 150-mL reaction vessel equipped with an
anchor-type stirrer. In brief, sodium persulfate (44mg) and
sodium carbonate (39 mg) were dissolved in water (90 mL) to form
the aqueous phase. The monomer phase (10 g styrene) was added,
the mixture stirred (300rpm), and the temperature increased
to 80°C. Polymerization proceeded for 20h under a nitrogen
atmosphere. The resulting latex was separated by centrifugation
(4000 rpm) and thoroughly washed with a 0.25% aqueous solution
of SDS.

2.3. Synthesis of Monodisperse Macroporous PGMA-
COOH and PHEMA-COOH Microspheres

Macroporous PGMA-COOH and PHEMA-COOH microspheres were
synthesized by the modified multi-step swelling and polymeriza-
tion method originally developed by Ugelstad et al.*?! (Scheme 2).
First, PSlatex (0.3 g) was dispersed in 0.25% SDS solution (1 mL) and
the mixture sonicated (4710 Series Ultrasonic homogenizer; Cole-
Parmer, Chicago, IL, USA) at 15 °C for 3 min. Second, the latex was
mixed with an emulsion of dibutyl phthalate (DBP; 0.4 g) in 0.25%
SDS (1.2 mL) and 2% NaHCOs solutions (0.05 mL) under sonication at
15 °C for 4min. PS latex was swollen with DBP for 4 d with mild
stirring (30 rpm); swelling was repeated once more with the same
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Scheme 2. Preparation of monodisperse magnetic macroporous polymer microspheres
by multi-step swelling and polymerization method and precipitation of iron oxide inside

amount of DBP and then four times with double the amount of DBP.
The resulting PS latex contained 4.3 g DBP in 17.5 mL of dispersion.

Third, DBP-swollen PS particles were swollen with the mono-
mers, porogen, and initiator in a 30-mL reaction vessel. Briefly, a
DBP-swollen PS dispersion (2 mL) was swelled with an emulsion of
a solution of BPO (30 mg), GMA (1.5 g), MCMEMA (0.3 g), and EDMA
(1.2g) in 0.1% SDS solution (7.5mL) for 16 h with gentle stirring
(30 1pm). A mixture of cyclohexyl acetate (4 g) in 0.1% SDS solution
(10 mL) was then treated with ultrasound at 22 °C for 3 min to form
an emulsion and transferred to the above monomer-swollen PS
dispersion; swelling proceeded for 3h under stirring (300 rpm).
Alternatively, HEMA-Ac replaced GMA in the swelling solution
when PHEMA-COOH microspheres were being prepared.

In the fourth step, a 2 wt% solution of 2-hydroxyethyl cellulose
(2mL), 2 wt% solution of Methocel 90 HG (2 mL), and a solution of
citric acid (30 mg) in water (0.5 mL) were mixed with the above
monomer-swollen PS latex and the polymerization proceeded at
70°C for 16 h at stirring rate of 600 rpm under a carbon dioxide
atmosphere. The resulting microspheres were removed by filtering,
washed with 0.05 wt% Tween 20 solution, ethanol, toluene, and
ethanol (five times each), and finally transferred to water. In order
to change the methyl ester of MCMEMA to a carboxyl group, the
PGMA microspheres were separated by centrifugation and
hydrolyzed in 0.2m H,S0, (50mL) at 22°C for 60h. The micro-
spheres were then washed five times with water with ultrasonic
treatment. In order to yield PHEMA microspheres, the acetate of
poly[2-(methacryloyl)oxyethyl acetate] was hydrolyzed in 0.5m
NaOH solution (30 mL) in the presence of Tween 20 at 60 °Cfor 16 h
with stirring (300 rpm); the microspheres were purified by washing
four times with water and twice with 1,4-dioxane.

2.4. Precipitation of Iron Oxide Inside the
Macroporous Microspheres

Macroporous PGMA-COOH or PHEMA-COOH microspheres (1g)
were dispersed in a solution of FeCl, - 4H,0 (2 g) in water (10 mL) for
2min with ultrasonic treatment, removed by filtering, washed
again with FeCl, solution, and left to dry at 40 °C for 30 min. They
were then transferred to a 0.5m NH,OH solution (20mL), the
mixture stirred (100rpm) in air at 22°C for 3h, the particles
separated using a magnet, washed several times with water
(100mL), and mixed with 5wt% sodium hypochlorite solution
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(2 mL) with stirring (100 rpm) for 10 min. Finally, the microspheres
were washed with water, ethanol, and water. Before trypsin
immobilization, the microspheres were stored in distilled water
with 0.1% NaNGs.

2.5. Characterization of Magnetic Microspheres

The microsphere morphology, size, and size distribution were
analyzed by scanning electron microscopy (SEM; JEOL JSM 6400,
Tokyo, Japan). The number-average diameter (Dy), weight-average
diameter (Dyw), and uniformity (polydispersity index PDI = D, /Dy)
were calculated using Atlas software (Tescan Digital Microscopy
Imaging, Brno, Czech Republic) by counting at least 500 individual
particles from SEM microphotographs. The D, and D,, can be
expressed as follows:

> niD;
D. —
n Z n
_ XD}
Y Y nD?

The microspheres were examined with a Paragon 1000 PC FTIR
spectrometer (Perkin-Elmer) with a Specac MKII Golden Gate Single
Reflection ATR System with a diamond crystal and a ray angle of
incidence of 45°. The iron content was analyzed by atomic
absorption spectrometry (AAS Perkin-Elmer 3110) of an extract
from a sample obtained by treatment with 70% perchloric and 65%
nitricacid at 100 °C for 30 min. A 799 GPT Titrino titrator (Metrohm)
was used to evaluate the carboxyl group content of the micro-
spheres by titrating with 0.1 m NaOH.

The electrostatic stability of the microspheres (46 ug-mL™* of
0.01-0.1m phosphate buffer; pH=7.3) was investigated by zeta-
potential measurements using a ZetaPALS apparatus (Brookhaven
Instruments; New York, USA).

2.6. Immobilization of Trypsin on Magnetic PGMA-
COOH and PHEMA-COOH Microspheres

Three immobilization approaches were investigated for the
covalent attachment of trypsin to magnetic microspheres: a one-
step procedure using the zero-length crosslinker EDC and sulfo-NHS
and a one-or two-step procedure with neat EDC as a coupling agent.

In a typical one-step immobilization using EDC and sulfo-NHS,
magnetic PGMA-COOH or PHEMA-COOH microspheres (1 mg) were
washed four times with 0.1m phosphate buffer (pH=7.3),
magnetically separated and mixed with the following agents:
EDC (7.5mg/0.2mlL), sulfo-NHS (1.25mg/0.2ml), and trypsin
(4mg/0.5mL; 0.03wt% benzamidine). This one-step method can
also be carried out without the addition of sulfo-NHS. In a two-step
procedure, microspheres were first incubated in buffer with EDC
(7.5 mg- mL ™) for 10 min, the supernatant with the excess of EDC
was removed and trypsin solution (4 mg/0.5 mL) with benzamidine
(0.03 wt%) was added to activated microspheres. For all the above-
mentioned procedures the reaction proceeded in 0.1 m phosphate
buffer (1mL of total volume; pH=7.3) at 23°C for 3h with
gentle stirring. The trypsin-immobilized magnetic microspheres
(further denoted as Tryp-PGMA-COOH or Tryp-PHEMA-COOH)
were washed ten times with 0.1 m phosphate buffer (pH = 7.3) and
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stored at 4-8°C in 0.1m phosphate buffer (pH=7.3) containing
0.05% NaNj solution.

Trypsin activity was determined using low-molecular-weight
chromogenic substrate BApNA according to method modified from
the literature.?! Soluble or immobilized trypsin (0.1 mlL) was
incubated in 0.1m NH4HCOs; (0.88mlL) and 0.55m BApNA in
N,N-dimethylformamide (0.02mL) at room temperature for
30min under mild stirring. The reaction was stopped by the
addition of acetic acid (30 wt%, 0.2 mL) and the absorbance was
measured at 405 nm.

2.7. Immobilization of hulgG on Magnetic PGMA-
COOH and PHEMA-COOH Microspheres

Magnetic PGMA-COOH and PHEMA-COOH microspheres (1mg)
were washed five times with 0.1m MES buffer (pH=5.0) and
incubated with EDC (7.5mg-mL™* of 0.1m MES) for 10 min, the
excess of unreacted EDC was removed from the activated micro-
spheres by washing with 0.1m MES buffer (2 x 1 mL) and hulgG
(0.2mg-mL* of 0.1 M MES) was then added. The immobilization
mixture was incubated at 4-8 °C for 16 h. Subsequent washing was
identical to that described above. The amount of immobilized
hulgG was assessed by absorbance measurement at 260/280 nm
(Eppendorf BioPhotometer; Hamburg, Germany) and by BCA test
(Pierce™ BCA Protein Assay Kit).

3. Results and Discussion

3.1. Synthesis and Characterization of Magnetic
Macroporous Microspheres

In this report, carboxyl-terminated microspheres were
preferred due to the availability of a range of standardized
and optimized protocols for bioconjugating various ligands.
Carboxyl groups were introduced in the microspheres by
copolymerizing a relatively small amount (10wt%) of
MCMEMA (Scheme 1a) in the feed, which was subsequently
hydrolyzed. The microspheres were based both on PGMA
and PHEMA. PGMA has the advantage of reactive oxirane
groups which can be potentially modified into any
functional groups required. In addition to PGMA-COOH
microspheres, PHEMA-COOH particles were fabricated as a
standard, because PHEMA is commonly used in a range of
bioapplications!?!) due to its biocompatibility, inertness,
and low-protein adsorption.[?? Generally, PGMA micro-
spheres of narrow size distribution can be synthesized by
a single-step swelling of PS template (obtained by the
dispersion polymerization) with GMA followed by the
polymerization.!*]

In this report, however, magnetic PGMA-COOH and
PHEMA-COOH microspheres were prepared by a rather
complicated multi-step swelling and polymerization
method (Scheme 2). In contrast to the single-step method,
cyclohexyl acetate could be used as a porogen that dissolved
PS seeds. Removal of PS seeds during washing after
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I Figure 1. SEM micrographs of (a) PS seeds, (b,c) PGMA-COOH, and (d,e) PHEMA-COOH non-magnetic (b and d) and magnetic

(c and e) microspheres.

completion of the polymerization thus did not induce
formation of dents so typical for single-step swelling and
polymerization method. Moreover, multi-step procedure
produced monomer-swollen particles containing muchless
PS due to much higher swelling of the precursor seed than
single-step swelling and polymerization could provide. The
multi-step swelling and polymerization method thus
produces a highly monodisperse and better quality product
than other techniques. First, seeds 0.7 pm in size were
prepared by emulsifier-free emulsion polymerization
(Figure 1a). Second, the seeds were activated (pre-swelled)
with a highly water-insoluble compound (DBP) to enable
subsequent swelling with the monomers, initiator, and
porogen. In the third step, DBP-swollen PS seeds 1.5 pm in
diameter were swelled with the mixture of monomers,
initiator, and porogen. This was followed in the fourth step
by 2-hydroxyethyl cellulose- and (hydroxypropyl)methyl
cellulose-stabilized and BPO-initiated suspension polymer-
ization. In order to introduce carboxyl groups in PGMA and
PHEMA microspheres, a MCMEMA comonomer (Scheme 1a)
was incorporated in the polymerization feed. After
its hydrolysis, [2-(methacryloyloxy)ethoxylacetic acid
(MOEAA) was obtained and 0.19 mmol of carboxyl groups
was determined per g of dry PHEMA-COOH microspheres
by titration with NaOH solution (Figure 2). This was less
than the amount of MCMEMA in the feed (0.5 mmol), which
is most likely due to the inaccessibility of some carboxyl
groups buried inside the highly crosslinked polymer bulk.
Nevertheless, the amount of carboxyl groups available for
future modifications was sufficient according to our results.
In the synthesis of PHEMA microspheres, HEMA-Ac was a
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monomer (Scheme 1b), which was hydrolyzed to PHEMA
after the polymerization reached completion. An advan-
tage of the HEMA-Ac monomer, compared to HEMA, is its
insolubility in water, thus facilitating particle swelling and
suspension polymerization in an aqueous phase. Figure 1b
and d represents scanning electron micrographs (SEM) of
both PGMA-COOH and PHEMA-COOH microspheres pre-
pared by the multi-step swelling and polymerization
method. The morphology of the PGMA-COOH and
PHEMA-COOH particles was spherical; the particles were
monodisperse (PDI=1.04) and had diameters of 3.9 and

12

10

0 1 2 3
Volume (ml)

Figure 2. Titration of PHEMA-COOH microspheres (0.2g) with
o.am NaOH.
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4.4 um, respectively. Their surface was rough, containing
macropores formed by phase separation during the
polymerization in the presence of the porogen (cyclohexyl
acetate). Due to the presence of the crosslinking agent
(EDMA), the specific surface area of PGMA-COOH and
PHEMA-COOH particles amounted to 88.3and 89.4m?- g%,
respectively, according to the dynamic desorption of
nitrogen. PGMA microspheres contained oxirane groups,
which made additional functionalization possible, result-
ing in a range of various reactive groups.**! In this study,
oxirane groups were transformed into hydroxyl groups by
hydrolysis, thus increasing the hydrophilicity of the
product, which is important in reducing non-specific
protein adsorption. This was confirmed by attenuation
total Fourier-transform reflectance infrared (ATR-FTIR)
spectra of initial PGMA-COOH microspheres with the
typical transmission peak of oxirane groups at 910 cm ™,
which disappeared after the hydrolysis (Figure 3). More-
over, the transmission peak in the region of O—H stretching
vibration (~3400cm ') was higher after hydrolysis,
signifying that the number of hydroxyl groups had
increased.

Both PGMA and PHEMA hydrogels are known to absorb
large amounts of water but remain both insoluble and
biologically, chemically, and mechanically stable, preser-
ving their shape.?®! The equilibrium water uptake of
PGMA-COOH and PHEMA-COOH microspheres was 2.7 and
2.8mL-g ', respectively, thus reflecting the hydrophilicity
of the particles.

To produce magnetic carriers, maghemite (y-Fe,Os) was
prepared inside the pores of the macroporous microspheres
by a two-step oxidation of Fe(OH), with oxygen and sodium
hypochlorite (Scheme 2). First, magnetite (FesO,) was
formed by the precipitation of a ferrous salt with
ammonium hydroxide and oxidation with oxygen. Second,
magnetite was then oxidized with sodium hypochlorite,
yielding chemically more stable y-Fe,O5 (maghemite).?°!
Neither the morphology nor size of the PGMA-COOH or
PHEMA-COOH microspheres substantially changed after
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Figure 3. ATR-FTIR spectra of PGMA-COOH microspheres (—)
before and (- -) after hydrolysis with H,SO,.
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the precipitation of iron oxide inside the microsphere pores
(Figure 1cand e). Magnetic PGMA-COOH and PHEMA-COOH
microspheres contained 13.2 and 19.4 wt% Fe, respectively,
according to atomic absorption spectrometry (AAS).
This amount of Fe in the microspheres is sufficient to
respond quickly to a magnetic field as was confirmed
by earlier measurements of magnetic properties of
analogous PGMA microspheres (prepared by the
dispersion polymerization) with a magnetometer.?”! The
advantage of maghemite over magnetite is its oxidation
stability. Due to its low solubility in water and ability
to form coordination complexes with carboxyl groups,
it was not released from the microspheres in aqueous
media.

3.2. Biofunctionalization of Magnetic PGMA-COOH
and PHEMA-COOH Microspheres

Trypsin was immobilized on magnetic PGMA-COOH and
PHEMA-COOH microspheres via EDC/sulfo-NHS chemistry.
The amount of immobilized trypsin was subsequently
measured by colorimetric assay with a chromogenic
substrate. This approach enables the amount of actually
active enzyme molecules to be quantified. Benzamidine is a
low-molecular-weight competitive inhibitor of trypsin,
which prevents the self-cleavage of trypsin during the
immobilization process. Its presence in the immobilization
mixture enhances the binding efficiency of trypsin. After
the binding procedure, benzamidine is removed by simple
washing.

For PGMA-COOH microspheres, the highest activity of
immobilized trypsin was achieved with a one-step
immobilization using EDC/sulfo-NHS at 23°C for 3h
(Figure 4). The same trend was observed for magnetic
PHEMA-COOH microspheres.

Figure 5 shows the effect of increasing amounts of
trypsin in the binding mixture on the amount of enzyme
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Figure 4. Proteolytic activity of magnetic Tryp-PGMA-COOH
microspheres under various reaction conditions (time, tempera-
ture, and presence of EDC and sulfo-NHS). (a) One-, (b) two-step
protocol with EDC, and (c) one-step immobilization with EDC and
sulfo-NHS.

'ﬁ\
Me \Iii"ﬁ

www.MaterialsViews.com



New Monodisperse Magnetic Polymer Microspheres Biofunctionalized for ...

Juny
(%
o
o

Trypsin activity (U. mg'l)

1000
500
0 1 1 1
2 3 4 5

Added trypsin (mg)
O Tryp-PGMA-COOH B Tryp-PHEMA-COOH

Figure 5. Determination of proper amount of trypsin in binding
mixture per mg of magnetic microspheres.

which was immobilized onto the microspheres and
simultaneously active. In both types of magnetic carriers,
a slight increase in activity was observed as a consequence
of increasing the trypsin content in the binding mixture.
The optimal amount was found to be 4 mg of trypsin permg
of both magnetic microspheres. Immobilizing higher
amounts of enzyme (>5mg) was not beneficial; the
immobilization efficiency slightly decreased (Figure 5).

The average enzyme activity of magnetic Tryp-PGMA-
COOH and Tryp-PHEMA-COOH microspheres determined
from three repetitions was 1021+44 and 1418+
32U-mg " of microspheres, respectively.

To verify that the enzyme molecules were specifically
adsorbed, they were washed with 1m NaCl solution.
Enzyme activity then slightly decreased to 99.8 and
99.3% for magnetic Tryp-PGMA-COOH and Tryp-PHEMA-
COOH microspheres, respectively. The above-mentioned
reduction of trypsin activity is statistically insignificant;
hence, theresultsindicate that morethan 99% of the trypsin
was coupled to the microspheres through covalent bonds.

Based on good experience with the simultaneous
co-immobilization of proteins and other ligands to micro-
spheres, and keeping in mind the aim of covering these
hydrophobic clusters, which are responsible for the non-
specific adsorption of biomolecules from complex biologi-
cal mixtures, the addition of inert protein — BSA — could
increase the quality of enzyme-biofunctionalized micro-
spheres.[?®] BSA solution (33wt%) was added to the
immobilization mixture 10min after the start of the
immobilization. This was followed by a 16-h incubation
and subsequent washing with 0.1m phosphate buffer
(PH=7.3) containing 1m NaCl for the elimination of
eventual non-specifically bound molecules. Magnetic
Tryp-PGMA-COOH microspheres achieved a trypsin acti-
vity comparable to the procedure without albumin
addition (difference <5%).

The chemical as well as biological stability of these newly
developed biofunctionalized magnetic microspheres needs
to be confirmed before their routine application. Opera-
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tional and storage stability were therefore verified. The
activity of magnetic Tryp-PGMA-COOH and magnetic
Tryp-PHEMA-COOH microspheres was repeatedly deter-
mined in nine cycles within 1 d (0.1 mg aliquot, using the
same one each time). The activity of magnetic Tryp-PHEMA-
COOH microspheres decreased only moderately to 60% in
the fifth cycle. The activity of magnetic Tryp-PGMA-COOH
microspheres decreased more considerably, reaching 39.6%
of the original value in the fifth cycle. These results were not
what we expected; previous results showed that >50% of
the original activity was retained even after the 10th
measurement.””) One of several reasons for the activity
decrease could be the absence of BSA during immobilization
or the autoproteolytic behavior of trypsin. This issue still
needs to be studied in more detail. Storage stability tests,
ie. determination of enzyme activity over one-week
periods (0.1mg aliquot, a fresh one each time) gave
excellent results and confirmed the suitability of the
prepared biofunctionalized carriers for long-term storage
as well as their applicability. More than 70% of the trypsin
molecules immobilized on Tryp-microspheres were active
after seven weeks of storage, which fulfilled our expecta-
tions (Figure 6).

Accordingtotheliterature, zeta-potential measurements
of free and enzyme-modified carriers correlated with
enzyme binding efficiency.*®! Thus, we measured the
zeta-potential of trypsin-free and trypsin-modified mag-
netic microspheres in various buffers at various molar
concentrations (0.01, 0.05, and 0.1 m). The absolute values of
zeta-potential of the microspheres in phosphate buffer
decreased after their biofunctionalization with trypsin
(Figure 7). A similar tendency was also observed for
measurements of the zeta-potential of magnetic Tryp-
PGMA-COOH and Tryp-PHEMA-COOH microspheres in
NH,HCO; buffer. The lower molar concentrations of buffer

120%
O Tryp-PGMA-COOH

B Tryp-PHEMA-COOH

80% [

40% [

Trypsin activity (%)

0% —
0 1 2 3 4 5 6 7
Time (weeks)

Figure 6. Storage stability of magnetic Tryp-PGMA-COOH and
magnetic Tryp-PHEMA-COOH microspheres at 4 °C in 0.1m phos-
phate buffer (pH = 7.3) containing 0.03 wt% benzamidine (0.1mg
aliquots).
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Zeta-potential (mV)

-45 L L
0 0.05 0.1
Concentration of PBS (mol.I"")

---&---Neat PGMA-COOH  ---m --- Tryp-PGMA-COOH
—_ & Neat PHEMA-COOH —3¢— Tryp-PHEMA-COOH

Figure 7. Zeta-potential of magnetic PGMA-COOH and magnetic
PHEMA-COOH microspheres before and after biofunctionaliza-
tion with trypsin in phosphate buffer (pH=7.3); activity
970U -mg™" of Tryp-PGMA-COOH and 1417U-mg™" of Tryp-
PHEMA-COOH.

were used, the higher absolute values of zeta-potential of
carriers were measured indicating better colloidal
stability and lower rate of aggregation due to the repulsion
among individual particles. Based on these results, the
buffers with a lower molar concentration are preferred for
this type of microspheres.

Regarding the potential use of microspheres as carriers of
antibodies in the field of immunoprecipitation, human IgG
was immobilized on both types of new magnetic micro-
spheres. Based on earlier investigations,[G] an optimized
two-step carbodiimide method was chosen for covalently
binding hulgG to the microspheres. Two different
approaches were used for determining the amount of
immobilized hulgG on the microspheres. The total amount
of immobilized hulgG was calculated as the difference
between the amount of IgG in the binding solution
before immobilization and the sum of IgG from all
solutions after immobilization, measured by UV spectro-
photometry at 260/280 nm. Additionally, the BCA test
with IgG-immobilized microspheres was done according
to the manufactures’ instructions. For both methods,
the amount of immobilized IgG was calculated for
1mg of carrier. Both methods confirmed that the IgG
molecules were successfully immobilized onto magnetic
PGMA-COOH (76.7 pg of hulgG per mg) and PHEMA-COOH
microspheres (124.2 pg of hulgG per mg).

To summarize, both of the newly developed magnetic
PGMA-COOH and PHEMA-COOH microspheres presented
here can be recommended as suitable carriers for enzyme
and also antibodies immobilization.
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4, Conclusion

Magnetic monodisperse PGMA-COOH and PHEMA-COOH
microspheres were obtained by the multi-step swelling and
polymerization method followed by the precipitation of
iron oxide inside the pores of the particles. To verify the
applicability of the developed magnetic PGMA-COOH and
PHEMA-COOH microspheres for immobilizing biocom-
pounds, the proteolytic enzyme trypsin and human IgG
were used as model ligands. Trypsin was immobilized on
the microsphere surface by the well-known carbodiimide-
mediated one-step protocol with heterobifunctional cross-
linker EDC and sulfo-NHS agent, and strong bond creation
was confirmed. These newly developed biofunctionalized
magnetic microspheres demonstrated the possibility of
long-term storage without significant changes, which thus
indicates great potential for their successful use in
bioapplications. Also, IgG-bionfunctionalized microspheres
have been shown to be convenient carriers for, e.g., widely
used immunoprecipitations.
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Hyaluronic acid (HA) is known to serve as a dynamic mediator intervening in many physiological func-
tions. Its specific effect has been repeatedly confirmed to be strongly influenced by the molecular size
of hyaluronan fragments. However common technological approaches of HA fragments production have
their limitations. In many cases, the final products do not meet the strict pharmaceutical requirements,
specifically due to size polydispersity and reaction contaminants. We present novel methodology based
on combination of unique incidental ability of the plant-derived protease papain to split the glycosidic

Keywords: . bonds and an indispensable advantages of biocompatible macroporous material with incorporated fer-
Hyaluronan fragmentation . . . . X . . . . .

Papain rous ions serving as carrier for covalent papain fixation. This atypical and yet unpublished highly efficient
Magnetic particles multiparametric approach allows enhanced HA fragmentation for easily and safely producing molar-
SEC-MALS mass-defined HA fragments with narrow size distribution. Native polyacrylamide gel electrophoresis

Pharmaceutics (PAGE) and size exclusion chromatography/multi-angle light scattering (SEC-MALS) confirmed the effec-

tiveness of our multiparametric approach.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Hyaluronic acid (hyaluronan, HA), a common component of
synovial fluid and extracellular matrix, is a negatively charged,
straight-chain glycosaminoglycan with high molar mass and is
composed of alternating (1 — 4)-8 linked p-glucuronic acid and

Abbreviations: BApNA, Na-benzoyl-pL-arginine 4-nitroanilide hydrochloride;
EDC, 1-ethyl-3(3-dimethylaminopropyl)carbodiimide hydrochloride; EDTA,
ethylenediaminetetraacetic acid; HA, hyaluronic acid; HAFs, hyaluronic acid
fragments; MBC, magnetic macroporous bead cellulose; My, molar mass; NBC,
nonmagnetic macroporous bead cellulose; ORD, oxidative-reductive depoly-
merization; PAGE, polyacrylamide gel electrophoresis; SEC-MALS, size exclusion
chromatography/multi-angle light scattering; sulfo-NHS, N-hydroxysulfosucci-
nimide sodium salt; TBE, Tris/borate/[EDTA; TEMED, N,N,N,N-tetramethylene-
diamine.
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(1— 3)-B linked N-acetyl-p-glucosamine residues (Kogan, Soltes,
Stern, & Gemeiner, 2007; Kogan, Soltes, Stern, Schiller, & Mendichi,
2008; Maharjan, Pilling, & Gomer, 2011; Segura et al., 2005; Stern,
Kogan, Jedrzejas, & Soltes, 2007; Vercruysse, Ziebell, & Prestwich,
1999). It is present in almost all biological fluids and tissues
(Koganetal.,2007; Soltes, Brezova, Stankovska, Kogan, & Gemeiner,
2006). Hyaluronan’s high molar mass and its associated unique
viscoelastic and rheological properties predispose HA to play
important physiological roles in living organisms (Ilkegami-Kawai
& Takahashi, 2002; Kogan et al., 2007). It already has been con-
firmed that HA fragments (HAFs) are involved in cell proliferation,
differentiation, migration and signal transduction (Ikegami-Kawai
& Takahashi, 2002; Kogan et al., 2007; Liu et al., 2004). Modified HA
molecules already have found a broad range of biomedical appli-
cations even as they are used in cosmetics, pharmaceutics (drug
delivery systems, therapeutic reagents) and specialty foods produc-
tion (DeAngelis, Oatman, & Gay, 2003; Ikegami-Kawai & Takahashi,
2002; Kogan et al., 2007; Kiihn, Raith, Sauerland, & Neubert, 2003;
Liao, Jones, Forbes, Martin, & Brown 2005; Liu et al., 2004; Stern
et al., 2007; Weindl, Schaller, Schifer-Korting, & Korting, 2004).
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Despite HA’s uniform and simple primary structure, the exact and
defined-molar-mass HAFs is clearly of critical importance due to
the various biological effects of HAFs differing in size (Cantor &
Nadkarni, 2006; Ikegami-Kawai & Takahashi, 2002; Kogan et al.,
2007).

Today’s technological approaches to producing HAFs with
desired properties typically are based on enzymatic (Stern et al.,
2007; Vercruysse, Ziebell, & Prestwich, 1999) or free radical
(Matsumura, Herp, & Pigman, 1966; Pigman, Rizvi, & Holley, 1961;
Soltes et al., 2007; Uchiyama, Dobashi, Ohkouchi, & Nagasawa,
1990) degrading processes, although we also can use methods that
disturb the covalent bonds chemically and/or mechanically (Kubo,
Nakamura, Takagaki, Yoshida, & Endo, 1993; Miyazaki, Yomota, &
Okada, 2001). In many cases, however, the final products do not
meet the strict requirements for pharmaceutical products. Poly-
dispersity as well as reaction residues in the final product (e.g.,
reactive oxidants or enzymes of animal origin) are the main fac-
tors limiting the application of such products. The choice among
the applied methods is made in practice according to the intended
final purpose or use of the HAFs. Still, it is not always possible
to guarantee the stability and homogeneity of those fragments
produced.

Oxidative-reductive depolymerization (ORD) is a technique
based upon the action of such substances as L-ascorbic acid (Harris,
Herp, & Pigman, 1972; Pigman et al., 1961; Wong, Halliwell,
Richmond, & Skowroneck, 1981), cupric chloride (Harris et al.,
1972; Soltes et al., 2006), sodium hypochlorite (Hawkins & Davies,
1998; Uchiyama et al., 1990), photoexcited riboflavin (Frati et al.,
1997), cysteine and ferrous salt, in the absence or presence of
hydrogen peroxide (Akeel, Sibanda, Martin, Paterson, & Parsons,
2013; Harris et al.,, 1972; McNeil, Wiebkin, Betts, & Cleland, 1985;
Roberts, Roughley, & Mort, 1989; Soltes et al., 2006). Unfortunately,
this approach leads to fragments with significant polydispersity in
size (McNeil et al., 1985). A frequently neglected fact, moreover,
is that final products may be contaminated by such ingredients as
metal ions, which not only can adversely affect the immune sys-
tem but also pose a potential risk for undesirable further decrease
in molar mass and subsequent change in the properties of HAFs
(Kogan et al., 2007). Thus, subsequent purification processes are
necessary.

Similarly to other biopolysaccharides, HA could be degraded
chemically using acid or alkaline hydrolysis. However, chemical
hydrolysis proceeds in a random fashion and gives rise to a sta-
tistical mixture of oligo- and monosaccharides (Kuo, Swann, &
Prestwich, 1991; Tokita & Okamoto, 1995).

Depolymerization involving specific scission of the glyco-
sidic linkages is recommended for preparing HAFs. The extent
of the reaction can be easily controlled by means of pH, tem-
perature and reaction time. Hyaluronidases, chondroitinases and
hexosaminidases are specific endoglycosidases with the ability
to degrade glycosaminoglycans efficiently (Frost, Csoka, & Stern,
1996; Furukawa et al., 2013; Highsmith, Garvin, & Chipman, 1975;
Kreil, 1995; Maksimenko, Schechilina, & Tischenko, 2003; Stern
et al., 2007). The animal origin of all of these combined with their
high prices and risk of viral contamination has strongly limited
their utilization in the medical, pharmaceutical and even cosmetic
industries.

It should be noted that the choice of method for producing HAFs
may affect the physicochemical properties and that the result-
ing biological properties could be slightly altered or even wholly
changed. The biotechnology and pharmaceutical industries need to
find the simplest possible manner of HAFs production. In particular,
they need a process leading to large yields of molar-mass-defined
fragments that are generated reliably, at low cost, within a reason-
able time, and, of course, in the desired purity and with a narrow
size distribution.

Our multiparametric approach that has not been described
heretofore combines the ability of plant-derived papain to split the
glycosidic bonds with advantages provided by a carrier to which
papain is covalently captured and of ferrous ions incorporated into
the macroporous material to accelerate the fragmentation of poly-
meric chains.

2. Materials and methods
2.1. Chemicals and reagents

Papain from papaya latex (EC 3.4.22.2, papainase, buffered
aqueous suspension, 16-40 units mg~1); hyaluronic acid sodium
salt from Streptococcus equi (1.5-1.8 x 106 gmol~1); Na-benzoyl-
DL-arginine 4-nitroanilide hydrochloride (BApNA); ethylene-
diaminetetraacetic acid (EDTA); L-cysteine; saccharide acid-
1,4-lacton; polysaccharide standard for electrophoresis select-
HA Loladder; acrylamide; N,N’-methylen-bis-acrylamide; and
N,N,N,N-tetramethylenediamine (TEMED) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Sodium cyanoborohydride
was obtained from Fluka (Buchs, Switzerland). Perloza MT 100
nonmagnetic macroporous bead cellulose (NBC; 80-100pwm)
and Perloza MG magnetic macroporous bead cellulose (MBC;
80-100 wm) were supplied by Iontosorb (Usti nad Labem, Czech
Republic). SiMAG-Carboxyl microparticles (1 wm) were purchased
from Chemicell GmbH (Berlin, Germany). Sucrose and Alcian blue
8GS were obtained from SERVA electrophoresis GmbH (Heidelberg,
Germany) and all other chemicals were of reagent grade and pro-
duced by PENTA (Chrudim, Czech Republic).

2.2. Immobilization of papain on macroporous bead cellulose

Following Turkova, with slight modification (Turkova, 1993),
1 ml of Perloza MT 100 (nonmagnetic form, NBC) or Perloza MG
(magnetic form, MBC) was washed 5 times with distilled water
and then oxidized using 1ml of 0.2 M NalO4. The mixture was
stirred for 90 min in darkness at room temperature. Perloza was
washed 10 times with 0.1 M phosphate buffer (pH 7.0) with 0.002 M
EDTA. Thereafter, 4 mg of papain dissolved in the same buffer
were added and the reaction mixture was stirred for 10 min at
room temperature. Then 5 mg of sodium cyanoborohydride in 0.1 M
phosphate buffer (pH 7.0) was added and the reaction was per-
mitted to occur overnight at 4°C. The carrier with immobilized
papain (papain-MBC; papain-NBC) was washed 5 times with 0.1 M
phosphate buffer (pH 7.0) with 0.002 M EDTA, then 5 times with
0.1 M phosphate buffer (pH 7.0) with 1.0 M NaCl to remove non-
specifically adsorbed molecules, and again 5 times with 0.1M
phosphate buffer (pH 7.0) with 0.002 M EDTA. The enzyme reactor
was stored in fresh 0.1 M phosphate buffer (pH 7.0) with 0.002 M
EDTA at 4°C. The presence of enzyme-active molecules bound to
the surface of magnetic particles was verified by a previously pub-
lished, standard method using the low-molecular-weight substrate
BApNA (Bhardwaj et al., 1996; Gaertner & Puigserver, 1992).

2.3. Immobilization of papain on the SiIMAG-Carboxyl
microparticles

Covalent coupling of papain was performed by the common one-
step carbodiimide method using zero-length cross-linker EDC and
sulfo-NHS as described by Hermanson (1996), with slight modi-
fication. One milligram of SiMAG-Carboxyl was washed 5 times
with 1 ml of 0.1 M phosphate buffer (pH 7.3) with 0.002 M EDTA.
Then, 7.5mg of EDC, 1.25mg of sulfo-NHS and 3 mg of papain
in the 0.1 M phosphate buffer (pH 7.3) with 0.002M EDTA were
added and the reaction mixture was stirred at room temperature
for 6h or at 4°C overnight. Immobilized papain (papain-SiMAG)
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was washed 10 times with 0.1 M phosphate buffer (pH 7.3) with
0.002 M EDTA, which was used also as storage buffer. The presence
of enzyme-active molecules bound to the surface of magnetic parti-
cles was verified by a previously published, standard method using
the low-molecular-weight substrate BApNA (Bhardwaj et al., 1996;
Gaertner & Puigserver, 1992).

2.4. Determination of papain activity by low molecular-weight
substrate BApNA

Determination of papain activity was carried out in accor-
dance with Gaertner and Puigserver (1992) and Bhardwaj et al.
(1996), with slight modification. Soluble or immobilized papain
(25 pl of sedimented Perloza MT 100 or Perloza MG or 100 p.g
of SIMAG-Carboxyl) was first activated using 0.02 M L-cysteine in
the presence of 0.004M EDTA for 30 min at 37°C. The reaction
mixture with immobilized papain was stirred. After that, 1 ml of
0.1 M Tris-HCl buffer (pH 7.8) and 0.02 ml of 0.055 M BApNA dis-
solved in N,N-dimethylformamide were added and the mixture was
stirred 30 min at 37 °C. The reaction was stopped with 0.2 ml of 30%
acetic acid. The absorbance was measured spectrophotometrically
at 405 nm.

2.5. Multiparametric fragmentation of hyaluronic acid

The quantity 1.5mg of hyaluronic acid sodium salt from S.
equi (1.5-1.8 x 106 g mol~1) was dissolved in 1 ml 0.1 M phosphate
buffer (pH 7.0) with 0.1 M NaCl and 1.5 mM saccharide acid-1,4-
lacton. The HA solution was stirred overnight at 4 °C for swelling.

One milliliter of sedimented carrier with immobilized papain
was washed 5 times with the buffer of composition mentioned
above. After the washing steps, 1 ml of swelled HA diluted in 1 ml
of the same buffer was mixed with 1 ml of washed carrier. After
incubation at 37°C (using different incubation intervals) under
gentle stirring, the supernatant was then separated and HAFs
were analyzed by native polyacrylamide gel electrophoresis (PAGE)
with specific Alcian blue-silver staining and using size-exclusion
chromatography/multi-angle light scattering (SEC-MALS). All steps
were carried out at atmospheric pressure.

2.6. Native PAGE analysis of HA molecules

Native PAGE analysis followed by the specific Alcian blue with
silver staining was performed according to a working procedure
that was adapted for our conditions by combining previously pub-
lished methods (Cowman et al., 1984; Ikegami-Kawai & Takahashi,
2002; Min & Cowman, 1989). Polyacrylamide gel containing 15%
acrylamide and 0.5% N,N-methylenebisacrylamide in 0.1 M TBE
buffer (0.1 M Tris/0.1 M borate/0.001 M EDTA; pH 8.3) was used as
a separating gel while a polyacrylamide gel containing 5% acryla-
mide and 0.16% N,N-methylenebisacrylamide in 0.1 M TBE buffer
was used as a stacking gel. Electrophoretic separation was per-
formed at 4°C first at 125V and 20 mA/gel for 20 min and then
at 200V and 40 mA/gel for approximately 45 min. The specific
Alcian blue and silver staining method was employed for visual-
izing HAFs. After PAGE separation, the gel with separated HAFs
was fixed in 0.05% aqueous solution of Alcian blue (which needs
to be boiled before use) for 30 min in darkness. After destain-
ing in water (8 times, 5min each with stirring), the gel with
separated HAFs was subjected to silver staining. The gel was
placed in 0.03M potassium dichromate with 0.03 M nitric acid
for 5min and washed with distilled water (6 times, 5min each).
After that, the gel was soaked in 0.01 M silver nitrate for 20 min
and then washed with distilled water. The fragments of HA in gel
were immediately developed using 0.3 M sodium carbonate with
0.02% formaldehyde. The reaction was stopped with 5% aqueous

acetic acid solution. The gel images were captured using a digital
camera.

2.7. SEC-MALS analysis of molar-mass-defined HA molecules

Molecular weights (M) of hyaluronic acid or hyaluronan frag-
ments were assigned using SEC-MALS. Samples were dissolved
overnight in a mobile phase (aqueous 50 mM sodium phosphate
containing 0.02% sodium azide). The chromatographic system
consisted of an Alliance e2695 separation module, 2414 refrac-
tive index detector and 2489 UV-VIS detector (Waters, Milford,
MA), and a miniDAWN TREOS light scattering photometer (Wyatt
Technology Corporation, Santa Barbara, CA). The injection vol-
ume was 100 pl. Each sample was filtered through a 0.22 pm
MS nylon syringe filter. The flow rate of the mobile phase was
0.8 mlmin~1. Data acquisition and molecular weight calculations
were performed using ASTRA software (version 5.3.4, Wyatt Tech-
nology Corporation). The specific refractive index increment of
0.155ml g1 was used for HA (Podzimek, Hermannova, Bilerova,
Bezakova, & Velebny, 2010).

3. Results and discussion

The goal was to develop a technology platform for efficient and
controllable production of HAFs. As already noted, physical as well
as chemical methods of HA polymers degradation lead to producing
fragments with high size polydispersity while the enzymatic meth-
ods using hyaluronidase of animal origin significantly increase the
price of the final products. Additionally, their possible contamina-
tion by viral agents can be arisk for biomedical and biotechnological
applications. Accordingly, the use of a plant-derived enzyme with
the ability to split the glycosidic bond is an eligible alternative.

The ability of such proteases as pepsin (Kumar, Varadaraj, &
Tharanathan, 2007; Tao, Wei, Mao, Zhang, & Xia, 2005), papain
(Lin, Wang, Xue, & Ye, 2002; Muzzarelli, Terbojevich, Muzzarelli,
& Francescangeli, 2002; Terbojevich, Cosani, & Muzzarelli, 1996;
Vishu Kumar, Varadaraj, Lalitha, & Tharanathan, 2004;), pronase E
(Vishu Kumar & Tharanathan, 2004), bromelain (Muzzarelli et al.,
2002), ficin (Pantaleone, Yalpani, & Scollar, 1992), and pancreatin
(Yalpani & Pantaleone, 1994) also to split the glycosidic bonds of
polysaccharides has been demonstrated many times. In addition,
the use of an enzyme in an immobilized form allows continuous
monitoring process of HA fragmentation and stopping the reaction
at a defined time point. Papain, as a plant-derived enzyme, appears
to offer a valuable alternative with an acceptable price and bearing
no risk of viral or bacterial contamination.

The first phase of this study was to develop the carrier with
immobilized papain. Various types of magnetic microparticles orig-
inating in natural or synthetic materials and characterized by high
stability in a wide range of reaction conditions were tested. In
order to achieve maximum activity and stability of the carrier,
the reaction conditions of enzyme immobilization were optimized.
The covalent binding of papain onto macroporous bead cellulose
was performed via a Schiff base formation between the primary
amine groups of the enzyme and the carbonyl functional groups
of oxidized cellulose beads. The one-step carbodiimide technique
with zero-length cross-linker EDC in combination with sulfo-NHS
was applied for papain immobilization to the SiMAG-Carboxyl
microparticles as an alternative nonporous carrier. The efficiency of
the immobilization procedure, the total amount of papain, and the
papain’s hydrolytic activity were evaluated by the standard method
using low-molecular-mass BApNA substrate.

The carriers’ operational characteristics and storage stability
were repeatedly tested. Papain immobilized on the magnetic form
of macroporous bead cellulose shows high stability with repeated
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Fig. 1. Native PAGE analysis of HA fragments obtained using immobilized papain
(under stirring at room temperature) on various carriers: 1 - native HA without
fragmentation, 2 - MBC for 5h, 3 - MBC for 10 h, 4 - MBC for 24 h, 5 - MBC for 48 h,
6 — SiIMAG-Carboxyl for 48 h, 7 — NBC for 48 h; 15% PAA separation gel, 5% focusing
PAA gel and Alcian blue-silver staining.

use, as well as during long-term storage. Based on these results, we
confirmed that the carrier can be used at least eight times without
significant decrease in its activity. Moreover, the bioactive carrier
could be stored for more than one month (data not shown) without
any significant decline in its activity.

The efficiency of HA polymer chains fragmentation was eval-
uated by native PAGE, and SEC-MALS was applied for precisely
estimating molar mass distribution and monitoring the kinetics of
HA polymer degradation.

Fig. 1 demonstrates the efficiency of HA degradation by papain
immobilized on 3 carriers differing in certain characteristics. These
are magnetic macroporous bead cellulose (papain-MBC) at dif-
ferent times (lanes 2-5), SIMAG (papain-SiMAG) (lane 6), and
nonmagnetic macroporous bead cellulose (papain-NBC) (lane 7).
After 24 h of incubating HA with carriers, we observed almost zero
fragmentation activity of papain immobilized to nonporous SiIMAG
microparticles (Fig. 1, lane 6) and essentially the same inactivity
was obtained from papain immobilized to the nonmagnetic form
of macroporous bead cellulose (Fig. 1, lane 7). By contrast, papain-
MBC effectively degraded the HA polymers. This proves that the
molecular weight of HA polymer chains decrease with increasing
incubation time (Fig. 1, lanes 2-5). The efficient fragmentation was
confirmed by the presence of discrete ladder-like bands in the gel,
which indicate HAFs differing in the numbers of their disaccharide
units.

Next, experiments were performed to confirm the supposed
positive effect of free soluble ferrous ions added to the reaction
medium during the HA fragmentation. Obtained results clearly doc-
ument the well-defined auxiliary effect of metal ions in relation to
fragmentation efficiency (Fig. 2). Nevertheless, for efficient HA frag-
mentation high concentration of ferrous ions (namely 100 mM) is
necessary which leads to an undesired contamination of the final
product and thus it is not appropriate for large scale biotechno-
logical exploitation. For this purpose the use of macroporous bead

i S

Fig. 2. Native PAGE analysis of HA molecules after incubation while using MBC
without or in the presence of ferrous ions (under stirring at 37°C, 48 h): 1 - MBC,
2 - MBC and 10 mM Fe?*, 3 - MBC and 100 mM Fe?*; 15% PAA separation gel, 5%
focusing PAA gel and Alcian blue-silver staining.

cellulose with accessible ferrous ions fixed within the highly porous
particles is convenient option.

Additionally we had supposed there to be also a mechanical
factor incurred by porous character of MBC involved in the HA
fragmentation. The experiments evaluated by native PAGE are pre-
sented in Fig. 3. Gel A is for samples of HA fragmented over time
(3.5-49h) by naked MBC and gel B is for samples of HA frag-
mented over time by the carrier MBC with immobilized papain.
Gel A clearly shows the synergy effect of mechanical disentan-
glement and oxidative-reductive depolymerization reaction due
to the carrier that was the magnetic form of macroporous bead
cellulose. Even after 32h of incubation, we still can observe a
large amount of long polymer chain that is not penetrating into
the gel (Fig. 3A, lanes 1-5). On the contrary, the multiparametric
approach combining enzymatic, oxidative-reductive and mechani-
cal effects (gel B) provide intermediate fragments of HA even within
7h, and their size is reduced with the increasing incubation time.
While the presented results definitively prove the positive effect of
papain on HA degradation, it is nevertheless important to empha-
size that the highest fragmentation efficiency can be obtained using
papain along with the supporting effect due to the porous charac-
ter of the beads, which are produced from a biocompatible, highly
hydrophilic material saturated with ferric and ferrous ions acces-
sible for catalysis.

Finally, based on SDS-PAGE analysis used for continuous opti-
mization steps, selected fractions showing the most effective
degradation of HA molecules were analyzed by SEC-MALS to obtain
more detailed information about degradation efficiency and its
dynamics in time and also size polydispersity rate of HAFs. The
change of molar mass distribution in the course of degradation
is shown in Fig. 4. The distribution curves show no major change
in the distribution pattern and polydispersity during time course
degradation.

Fig. 5, which show the reaction kinetics, characterized by sig-
nificant decline in My, at the beginning of degradation and an
approximately linear decrease from the reaction time of about 10 h.
The most effective fragmentation that is observed in the initial
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Fig. 3. Native PAGE analysis of HA fragments acquired using MBC without (A) and with (B) papain (papain-MBC) at varying time periods (under stirring at 37°C, 48 h): (A) 1
-35h,2-7h,3-24h,4-28h,5-32h,6-48h,7-49h, MM - select-HA LoLadder, (B) MM - select-HA LoLadder,1-3.5h,2-7h,3-24h,4-28h,5-32h,6-48h,7 -

49 h; 15% PAA separation gel, 5% focusing PAA gel and Alcian blue-silver staining.

phase of the reaction is in accordance with the depolymerization
efficiency described by Terbojevich et al. (1996). Mentioned plot
allow simple estimation of the fragmentation time needed to obtain
HA fragments of requested Mw.

In conclusion, by covalent immobilization of the enzyme papain
onto magnetic macroporous particles 80-100 wm in size and
made from nontoxic and even biocompatible cellulose we pre-
pared an efficient carrier with multiparametric effect promoting
the degradation of hyaluronan polymer molecules. This reusable
heterogeneous and low-cost biocatalyst enables obtaining a final
product in the desired purity in comparison with animal-source
enzyme hyaluronidase. Bead cellulose with a defined porosity and
permeated by metal ions seems to be the best carrier for mechani-
cal disentanglement and bursting of long HA polymer chains while
promoting yields of shorter molecules of interest. The magnetic
carrier used in this study contains ferrous and ferric ions homo-
geneously distributed and strongly fixed within the cellulose. It
is known that iron oxides can interact with components of the
liquid medium and thereby support long polymer chain degra-
dation through so-called oxidative-reductive depolymerization
reaction (ORD)via a mechanism that has been thoroughly described
(Uchiyama et al., 1990).
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Fig. 4. Chromatogram from size-exclusion chromatography/multi-angle laser light
scattering (SEC-MALS) analysis, which proves change in the molar mass distribution
of hyaluronan fragments in the course of degradation; the numerical values close to
the curve correspond to the reaction time. Hyaluronic acid (1.5-1.8 x 10 gmol~')
was fragmented with papain-MBC under stirring at 37 °C for 48 h.
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Fig. 5. Weighted-average molar mass (M) as a function of degradation time
determined using size-exclusion chromatography/multi-angle laser light scattering
(SEC-MALS) analysis. Hyaluronic acid (1.5-1.8 x 106 g mol~!) fragmented by papain-
MBC under stirring at 37 °C for 48 h.

We confirmed that the co-interaction of these three factors
(mechanical disentanglement of the long polymer chain due to the
macroporous character of used carrier, ORD caused by iron oxides
inside the pores of MBC, together with hydrolytic activity of immo-
bilized papain) leads to the efficient and controllable fragmentation
that provides molar-mass-defined HAFs.

4. Conclusion

In summary, we have demonstrated an enhanced multi-
parametric approach for safe and controlled production of
molar-mass-defined HAFs with relatively low polydispersity. We
do not question the fact that enzyme fragmentation using
hyaluronidase is more efficient and rapid, but our multiparametric
approach fully solves the problem of contamination in final prod-
uct while the size of the fragments is readily adjustable by means of
quenching the reaction at a defined time point. We confirmed that
papain immobilized onto macroporous microparticles, and where
iron oxides are fixed within the pores of the microparticles, com-
bined with the mechanical impact of soft cellulose beads and the
additional effect of reactive oxygen significantly accelerated the
cleavage process.

We assume that a magnetically stabilized fluidized bed within
which the continuous and dynamic contact of the carrier with
viscous HA molecules driven by an outside magnetic field could
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also enhance the fragmentation efficiency. In this case, such an
arrangement can be used even for large-scale production in the
pharmaceutical or cosmetic industry.
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ARTICLE INFO ABSTRACT

Hyaluronic acid (HA) is a component of the extracellular matrix with important potential for biotechnological
and pharmaceutical applications. However, the immunological effects of HA are strongly molecular weight-
dependent; therefore, production of HA for therapeutic purposes requires control over the molecular weight of
the product, as well as mild reaction conditions and elimination of bioactive impurities. Here, we produced and
characterised biocompatible magnetic macroporous bead cellulose (MBC) functionalised with Streptococcus
pneumoniae hyaluronan lyase (SpnHL) that are compatible with these requirements and optimised their reaction
and storage conditions. Immobilisation of SpnHL on MBC via reductive amination or MBC with fixed imino-
diacetic acid (MBC-IDA) via a Hisg-tag had minimal impact on its catalytic activity. The MBC-IDA-SpnHL carrier
showed excellent operational and storage stability, and both carriers enabled reproducible time-controlled
fragmentation of highly viscous HMW HA solutions, yielding HA fragments of appropriate molecular weight.

Keywords:

Hyaluronan
Hyaluronan lyase
Enzyme immobilisation
Magnetic beads

Thus, these carriers are suitable for numerous industrial and biotechnological applications.

1. Introduction

Hyaluronic acid (HA) is the main component of the extracellular
matrix in mammals and is comprised of repeated B-p-glucuronate and
N-acetyl-p-glucosamine disaccharide units connected by alternating f-
(1-3) and B-(1-4) linkages. Despite its structural simplicity, HA has an
exceptional role in many important physiological and pathological
processes in mammals. The molecular weight of HA has a significant
impact on its biological functions [1,2]; while high molecular weight
HA (HMW-HA, reaching up to 8000kDa) occurs in healthy tissues,
acting as a space-filling and lubricating agent with immunosuppressive
properties, low molecular weight HA (LMW-HA) plays an opposite role
in activation of the immune system as a reporter of endogenous danger
signals [3,4].

HA is frequently used in pharmaceutical and cosmetic products,
including drug delivery systems, day-to-day cosmetic products, and
joint supplements, and is one of the most important biocompatible
materials used in such products [5-7]. However, because the im-
munological properties of HA depend on its molecular weight, the
molecular weight distribution of HA must be strictly controlled to
preserve the desired properties of the product, especially for pharma-
ceutical applications. Moreover, in the case of HA-based drug delivery
systems, which exploit the hydrophilic and immunosuppressive prop-
erties of HA, the use of HA with a narrow size distribution enables the
therapeutic effect of these systems to be controlled more precisely
[8,9].

Several methods for the preparation of HA fragments with different
size distributions have been already described [10-13]. However,

Abbreviations: EDTA, ethylenediamine tetraacetic acid; HA, hyaluronic acid; HMW, high molecular weight; IMAC, immobilised metal affinity chromatography;
IPTG, isopropyl B-p-1-thiogalactopyranoside; LMW, low molecular weight; MALDI-MS, matrix-assisted laser desorption ionisation-mass spectrometry; MBC, magnetic
macroporous bead cellulose; MBC-IDA, magnetic macroporous bead cellulose with fixed iminodiacetic acid; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel
electrophoresis; SpnHL, Streptococcus pneumoniae hyaluronan lyase; TBE-PAGE, Tris-borate EDTA-polyacrylamide gel electrophoresis; TIM, triosephosphate iso-

merase
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commonly used methods such as acid or alkaline hydrolysis and ul-
trasonic degradation necessitate harsh reaction conditions and result in
non-specific fragmentation of HA, offering limited possibility to control
the molecular weight distribution of the product. In contrast, enzymatic
methods for HA degradation using hyaluronidases, including both eu-
karyotic hydrolases and prokaryotic lyases, enable HA degradation
under mild, biocompatible conditions [13-15].

One limitation of the use of soluble enzymes for catalysis is that the
product must be purified to remove the remaining enzyme and to
prevent product contamination and uncontrolled substrate conversion.
In contrast, enzymes immobilised on solid supports (non-magnetic or
magnetic beads based on synthetic or biopolymeric materials) can be
removed straightforwardly from the reaction product and offer a
number of other advantages over soluble enzymes, including simple
and rapid manipulation, reusability, increased enzyme stability, and
stable kinetic parameters (Michaelis constant, Ky;, and maximal velo-
City, Vmax) [10-12]. Moreover, in the case of HA fragmentation, im-
mobilisation of HA-degrading enzymes allows greater control over the
fragmentation process, which should enable the production of low
polydisperse HA fragments. Thus, immobilised HA-degrading enzymes
should be a useful tool to produce HA fragments for therapeutic pur-
poses.

In previous work, recombinant HA lyase from crude unclarified
Escherichia coli lysate was immobilised on magnetic silica particles
based on the principle of immobilised metal affinity chromatography
(IMAC), with the goal of one-step purification and immobilisation of
HA lyase. HA lyase produce specific fragments with unsaturated bond
at its non-reducing end which is advantageously used for rapid spec-
trophotometric detection (at 232 nm) without necessity of further de-
rivatization [16]. However, immobilised HA lyase systems have not
been characterised in detail, and parameters such as the solid phase,
immobilisation technique, binding conditions, and reaction conditions,
which are crucial for the potential utilisation of immobilised HA lyase
in biotechnological applications, have not been optimised. Therefore,
the aim of this work was to produce and characterise ready-to-use
bioactive carriers consisting of recombinant Streptococcus pneumoniae
hyaluronan lyase (SpnHL) immobilised on solid-phase supports, and to
optimise the conditions for enzyme immobilisation and the subsequent
reaction conditions to enable preparation of LMW-HA with a well-de-
fined number of disaccharide units. We used biocompatible macro-
porous bead cellulose, 80-100 um in size, with superparamagnetic
properties, as these superparamagnetic particles were well-suited to our
purposes [17-19].

2. Experimental
2.1. Chemicals

High molecular weight hyaluronic acid sodium salt from
Streptococcus equi (1.5-1.8 MDa, =1% protein), p-saccharic acid 1,4-
lactone monohydrate, isopropyl p-p-1-thiogalactopyranoside (IPTG),
and sodium periodate were purchased from Sigma Aldrich (St. Louis,
MO, USA). Recombinantly prepared S. pneumoniae hyaluronan lyase in
E. coli expression system (estimated enzyme activity, 83 U/mg total
protein; protein concentration, 2.1 mg/mL) with a Hisg-tag was pro-
duced by Contipro, a.s. (Dolni Dobrou¢, Czech Republic). Magnetic
macroporous bead cellulose (MBC) and MBC with fixed iminodiacetic
acid (MBC-IDA) were produced by lontosorb (100 mg, FesO, content
=30% as a proportion of dry matter, inner diameter 80-100 um) (Usti
nad Labem, Czech Republic). Protein ladders for gel electrophoresis
(Precision Plus Protein™ Unstained Standards 10-250 kDa) were ob-
tained from Bio-Rad (Hercules, CA, USA). All other chemicals were
supplied by Lach-Ner (Neratovice, Czech Republic) and were of reagent
grade.
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2.2. Fermenter expression of S. pneumoniae hyaluronan lyase

Fermenter cultures were prepared in 1-L Multifors and 30-L
Techfors fermenters (Infors HT, Bottmingen, Switzerland). Inocula were
prepared by cultivating the E. coli expression strain BL21-Al trans-
formed with pET-derived plasmid carrying the sequence of hyaluronate
lyase gene (Genbank ID ACO21275.1 lacking first 285 amino acids) in
100 mL (for 1-L Multifors) or 400 mL (for 30-L Techfors) Terrific Broth
medium (12 g/L tryptone, 24 g/L yeast extract, 5 g/L glycerol, 2.3 g/L
KH,PO,4, 12.5g/L K,HPO,). The inocula were incubated at 37°C
overnight with shaking at 150 rpm. Cells were cultivated in 0.5L or
20 L Terrific Broth medium for the Multifors and Techfors fermenters,
respectively. The cells were cultured until the Agg reached 0.1, then
expression was induced by the addition of 1 mM IPTG. Simultaneously,
to support expression, an additional 20 g/L glycerol was added as a
carbon source. During cultivation, the temperature and pH were
maintained at 37 °C and 7.0, respectively. To maintain cell growth, the
oxygen level was monitored and adjusted by glycerol feed; approxi-
mately 1kg glycerol was used for one 20-L culture.

2.3. Isolation, purification, and characterisation of recombinant
hyaluronan lyase

E. coli biomass was harvested by centrifugation at 17,600 X g for
10min in a Sorvall Lynx 6000 centrifuge (Thermo Fisher Scientific,
Waltham, MA, USA) precooled to 4 °C. Cells were resuspended in lysis
buffer (50 mM sodium phosphate buffer, 500 mM NaCl, pH 8) at a 1:3
ratio and then disrupted by sonication in 200 mL batches (10 X 1 min
cycles, with 5min cooling on ice between each cycle). The enzyme-
containing soluble fraction of the lysate was separated from cell debris
by centrifugation at 17,600 X g for 10 min at 10 °C.

The lysate was then subjected to IMAC purification on a 50-mL
column filled with IDA/Ni 100 resin (Iontosorb, Usti nad Labem, Czech
Republic). Prior to purification, the IMAC column was equilibrated with
three volumes of loading buffer (50 mM sodium phosphate buffer,
500 mM NaCl, pH 8; constant flow rate of 5mL/min). The lysate was
diluted three-fold in loading buffer and loaded onto the column at a
ratio of 20 mg total protein per 1 mL sorbent. The column was thor-
oughly washed with loading buffer containing 20 mM imidazole, and
the protein was eluted in loading buffer supplemented with 200 mM
imidazole. The fraction containing the eluted enzyme was concentrated
and exchanged into loading buffer using a 50 kDa ultrafilter (Spectrum
Laboratories, Inc., Rancho Dominguez, CA, USA). The concentrated
sample was diluted in glycerol to give a final glycerol concentration of
50% (w/w). The resulting enzyme solution with concentration of
2.1 mg/mL was stable for months when stored at —20 °C.

The total protein concentration in the samples was determined
using a standard Bradford assay [20] with bovine serum albumin (BSA)
as standard protein. The identity of the enzyme was confirmed by
matrix-assisted laser desorption ionisation mass spectrometry (MALDI-
MS) using a MALDI LTQ Orbitrap XL instrument (Thermo Scientific,
Waltham, MA, USA), and the purity of the enzyme was assessed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE).

2.4. SpnHL activity assay

Determination of enzyme activity was performed as described pre-
viously, with slight modifications [21-23]. Enzyme activity was mea-
sured by spectrophotometric monitoring of the increase in absorbance
at 230 nm caused by enzymatic degradation of the HA substrate using a
Biochrom Libra S22 UV/Vis spectrophotometer (Biochrom Ltd., Cam-
bridge, UK). One unit of enzyme activity was defined as the amount of
enzyme required to catalyse the conversion of 1pmol substrate in
1 min. The product concentration was evaluated using the Lambert-
Beer equation, assuming an extinction coefficient of 5.5 x 10°Lmol !
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em’! [22]. For determination of SpnHL enzyme activity, 0.125- 0.66 uM
substrate and 1 pg soluble enzyme or 20 uL settled carrier containing
immobilised enzyme (MBC-SpnHL, MBC-IDA-SpnHL) was used. 0.1 M
sodium phosphate buffer pH 7.0 was used as the reaction buffer and as
a diluent for the enzyme. HA was dissolved in 0.1 M phosphate buffer
pH 6.0 containing 1 M NaCl and 1.5 mM b-saccharic acid 1,4-lactone
monohydrate to eliminate incidental (-glucuronidase activity and to
ensure that substrate conversion occurred via a lyase mechanism [24].
The products of enzymatic substrate conversion were additionally
confirmed by native Tris-borate EDTA-polyacrylamide gel electro-
phoresis (TBE-PAGE) combined with alcian blue and silver staining
according to a previously published protocol [25,26]. The following
conditions were used for separation: 200 V, 30 mA, 45 min, 15% gel.

2.5. Immobilisation of SpnHL on magnetic macroporous bead cellulose

Immobilisation of SpnHL on magnetic macroporous bead cellulose
(MBC) was performed using a standard method based on periodate
oxidation of MBC according to a previously published protocol with
slight modifications [25,27]. One millilitre of settled MBC was washed
10 times with deionised water to remove storage stabilisers. Hydroxyl
functional groups were oxidised by the addition of 1 mL 0.2 M sodium
periodate and incubation at room temperature for 90 min with gentle
mixing. The beads were washed 10 times with deionised water, and
then functionalised by the addition of 250 ug SpnHL (equivalent to 21
mU) dissolved in deionised water, followed by gentle mixing and in-
cubation for 1h at room temperature. The resulting carrier (MBC-
SpnHL) was washed 10 times with deionised water and stored at 4 °C.
The SpnHL immobilisation efficiency was estimated using standard
Tris/glycine SDS-PAGE with silver staining.

2.6. Immobilisation of SpnHL on magnetic macroporous bead cellulose with
fixed iminodiacetic acid

Standard IMAC chemistry was used for immobilisation of SpnHL on
magnetic macroporous bead cellulose with fixed iminodiacetic acid
(MBC-IDA), according to a previously published protocol with some
modifications [28]. MBC-IDA was pre-activated using CoCl, as a che-
lating agent rather than the commonly used NiSO,. Firstly, magnetic
beads were washed 10 times with deionised water to remove storage
stabilisers. MBC-IDA beads were then charged by the addition of 0.4 M
CoCl, followed by gentle mixing for 3 min. After chelation, oxidation
was achieved by the addition of 1 mL 0.05% hydrogen peroxide. Next,
the magnetic beads were washed 10 times with deionised water and
functionalised by the addition of 250 ug SpnHL (equivalent to 21 mU)
dissolved in deionised water and incubation at room temperature for
1h with gentle mixing. The resulting carrier (MBC-IDA-SpnHL) was
washed 10 times with deionised water and stored at 4 °C. The SpnHL
immobilisation efficiency was estimated using standard Tris/glycine
SDS-PAGE with silver staining.

2.7. Kinetic parameters of MBC-SpnHL and MBC-IDA-SpnHL

The kinetic parameters of MBC-SpnHL and MBC-IDA-SpnHL were
evaluated using the enzyme assay described in Section 2.4. The sub-
strate, HA, was used in the concentration range 0.1-0.5 uM, together
with 6 mU (72.3 ng) soluble enzyme or 20 pL settled beads (5 pug SpnHL)
for the carriers (MBC-SpnHL and MBC-IDA-SpnHL). Assays were per-
formed at room temperature in 0.1 M phosphate buffer pH 7.0 in a final
reaction volume of 1 mL, and the reaction was monitored by measuring
the increase in absorbance of the HA degradation products at 10s in-
tervals for 400s or at 2min intervals for 20 min for the soluble and
immobilised enzymes, respectively. All samples were measured in tri-
plicate. Kinetic parameters (Ky and vp.y,) were evaluated using a
standard Lineweaver-Burk plot.
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3. Results and discussion
3.1. Purification and characterisation of recombinant hyaluronan lyase

Recombinant hyaluronan lyase from S. pneumoniae (SpnHL) was
selected for immobilisation and HA fragmentation not only because this
enzyme is well-characterised, and its mechanism and catalytic para-
meters are known [23], but also for its bacterial origin, which is instead
of a mammalian enzyme (e.g. Hyaluronidase form bovine testes) more
advantageous for bioapplications. Recombinant SpnHL was expressed
in an E. coli expression system by fermenter cultivation. The enzyme
was expressed with a Hisg-tag for purification by IMAC and for oriented
attachment of the enzyme onto magnetic beads. The identity of the
purified enzyme was confirmed by MALDI-MS, and its purity was
evaluated by SDS-PAGE. Both methods confirmed presence of SpnHL
with approximate molecular weight 78 kDa and highlighted the pre-
sence of contaminating proteins, principally triosephosphate isomerase
(TIM), which is a typical contaminant of recombinant enzymes pre-
pared in E. coli expression systems [29]. Nevertheless, given that the
amount of TIM in the SpnHL preparation was low and that the substrate
and reaction mechanism of TIM are entirely different to those of SpnHL,
further purification of the enzyme was considered unnecessary. Another
unidentified contaminant with size about 35kDa is presented in the
sample which identity was repeatedly not able to prove by same tech-
nique probably due to insufficient tryptic cleavage.

The enzyme activity of SpnHL was evaluated spectro-
photometrically by measuring the increase in absorbance at 230 nm
resulting from release of disaccharide units during fragmentation of the
HMW-HA substrate (Fig. 1A). The activity of the purified SpnHL sample
was 83 U/mg protein, where one unit is defined as the amount of en-
zyme required to catalyse the conversion of 1 pmol substrate in 1 min.
Formation of HA fragments composed of various numbers of dis-
accharide units was also confirmed by the appearance of ladder-like
bands on native TBE-PAGE gels. Electrophoretic separation of reaction
mixtures incubated for various time periods (1 min to 24 h) showed a
gradual shift in the size distribution of the HA substrate from HMW-HA
to LMW-HA and even HA oligosaccharides (Fig. 1B).

3.2. Immobilisation of SpnHL on magnetic beads

Two types of magnetic beads, hydrophilic magnetic macroporous
bead cellulose (MBC) and macroporous bead cellulose with fixed imi-
nodiacetic acid (MBC-IDA), were used for non-oriented and oriented
immobilisation of SpnHL, respectively. These biocompatible magnetic
beads have several features that are highly useful for biomedical ap-
plications, including hydrophilicity, non-toxicity, low non-specific
sorption, and high surface area for specific binding. The high content of
ferrous oxides (minimum 30% as a percentage of dry matter) in these
magnetic beads provides a strong magnetic response, which can be used
to efficiently separate the product from the immobilised enzyme.
Covalent linkage of recombinant SpnHL onto MBC was performed using
a standard reductive amination strategy, in which hydroxyl functional
groups on the magnetic beads are converted via periodate oxidation to
aldehyde groups, which react with amine groups on the enzyme; the
mechanism for this reaction has been described in detail by Hermanson
[30]. In the case of MBC-IDA, the Hisg-tag of the enzyme was exploited
for site-directed immobilisation, based on the interaction between the
Co>" ions of the MBC-IDA beads and the Hisg-tag of the enzyme. This
method has the advantage of combining immobilisation and affinity
purification in a single step.

To achieve the highest possible immobilisation efficiency, we opti-
mised the conditions for the immobilisation reaction by varying the
buffer composition (phosphate buffer, acetate buffer, and deionised
water alone), buffer pH, amount of enzyme, and reaction time. The
suitability of each condition for the immobilisation reaction was as-
sessed in terms of binding efficiency, which was evaluated by SDS-
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Fig. 1. Monitoring of time-dependent high molecular weight hyaluronic acid (HA) fragmentation by recombinant Streptococcus pneumoniae hyaluronan lyase. A) UV
spectrum of HA (190-300 nm) as a function of reaction time; inset graph, absorbance at 230 nm as a function of reaction time, indicative of formation of the
fragmentation product containing unsaturated bonds, B) Changes in the molecular weight of HA during enzymatic fragmentation monitored by TBE-PAGE showing
typical ladder. HA, original HA sample; (1) 1 min; (2) 3 min; (3) 5min; (4) 7 min; (5) 9 min; (6) 30 min; (7) 60 min; (8) 24 h.

PAGE of the reaction mixture after SpnHL immobilisation combined
with silver staining, and enzyme activity, which was evaluated by
spectrophotometric enzyme assays. To identify the optimal amount of
SpnHL for immobilisation on each type of beads (MBC, MBC-IDA),
varying amounts of SpnHL (10 pug to 1.25mg) were immobilised on
1 mL of settled beads. The optimal amount of SpnHL for immobilisation
on both types of beads was determined to be 250 ug, reflecting the
protein consumption vs. enzyme activity (data not shown). Possible
release of the enzyme from the beads was assessed by application of 1%
trifluoroacetic acid to 20-100 uL settled beads for 30 min at room
temperature followed by SDS-PAGE. SDS-PAGE analysis did not reveal
release of the enzyme from any of the carriers (data not shown).
Comparison of the enzyme activities obtained after immobilisation
of SpnHL on MBC and MBC-IDA under different conditions showed that
the pH, molarity, and ion composition of the binding solution had little
impact on the enzyme activity of the functionalised beads (Table 1).
Indeed, use of deionised water rather than a buffer as the binding so-
lution resulted in comparable enzyme activity; thus, given its versati-
lity, deionised water was used for both enzyme immobilisation and
storage of the beads. Furthermore, approximate immobilisation effi-
ciency was estimated by comparative densitometric SDS-PAGE analysis
of samples collected before and after the immobilisation procedure
(Fig. 2). The SDS-PAGE analysis confirmed the results of the enzyme
assays and showed that the immobilisation efficiency reached nearly
100% when deionised water was used as the binding solution (97% for

Table 1

Spectrophotometric evaluation of MBC-SpnHL and MBC-IDA-SpnHL binding
efficiency by measurement of enzyme activity following immobilisation under
different conditions. Reaction conditions: 225 pg hyaluronic acid, 20 uL settled
MBC-SpnHL or MBC-IDA-SpnHL, reaction time 50 min, reaction buffer 0.1 M
phosphate buffer pH 7.0. Enzyme activity was assessed by monitoring the in-
crease in absorbance at 230 nm. Immobilisation medium: PB, 0.1 M phosphate
buffer pH 7.0; AcB, 0.1 M acetate buffer pH 5.0; PBS, phosphate-buffered saline
pH 7.0; DIW, deionised water.

A (230 nm)
Binding 0.1M PB 0.01MPB 0.1M 0.01M PBS DIW
solutions pH7.0 pH 7.0 AcB pH AcB pH
5.0 5.0
MBC-SpnHL 0.814 2.295 2.293 2.435 0.977 2.354
(20 uL)
MBC-IDA- 1.774 2.438 2.489 2.236 1.441 2429
SpnHL
(20 uL)
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Fig. 2. SDS-PAGE analysis for estimation of the efficiency of hyaluronan lyase
immobilisation on MBC and MBC-IDA beads. MM, protein molecular weight
standard (10-250 kDa, BioRad); 1, Streptococcus pneumoniae hyaluronan lyase
(SpnHL; 1 pg); 2, residual unbound enzyme after immobilisation on MBC beads
(250 ug SpnHL/mL settled beads); 3, residual unbound enzyme after im-
mobilisation on MBC-IDA beads (250 ug SpnHL/mL settled beads). TIM -
triosephosphate isomerase. Ten microliters were applied to each well.
Separation conditions: 180V, 30 mA, 45 min, 12% gel, silver staining.

MBC-SpnHL, 99% for MBC-IDA-SpnHL). Moreover, a reaction time of
1 h was sufficient for near-complete immobilisation (Fig. 2).

3.3. Characterisation of MBC-SpnHL and MBC-IDA-SpnHL carriers

Enzyme assays were performed to measure the enzyme activity per
mL of settled carrier and the kinetic parameters of the MBC-SpnHL and
MBC-IDA-SpnHL carriers. Given the potential biotechnological and
pharmaceutical applications of the immobilised enzyme, we performed
the enzyme assays under a variety of relevant reaction conditions, using
phosphate buffers at neutral pH with varying molarity and with or
without the chelating agent ethylenediamine tetraacetic acid (EDTA).
Deionised water was also tested as a non-salting reaction medium. For
both carriers, the highest enzyme activity was observed when 0.1 M
phosphate buffer pH 7.0 without any chelating agent was used as the
reaction buffer (Table 2), and all subsequent experiments were per-
formed using this reaction buffer. Unexpectedly, the enzyme activity of



J. Kasparovd et al.

Table 2

Spectrophotometric evaluation of MBC-SpnHL and MBC-IDA-SpnHL enzyme
activity measured in various reaction solutions. MBC-IDA-SpnHL was im-
mobilised in deionised water. Reaction conditions: 225 pug hyaluronic acid,
20 pL settled MBC-SpnHL and MBC-IDA-SpnHL, reaction time 50 min. Reaction
medium: PB - phosphate buffer pH 7.0 (0.1 M or 0.01 M), PB pH 7.0 containing
2mM EDTA, DIW - deionised water.

A (230 nm)
Reaction 0.1MPBpH 0.01MPB 0.1MPB 0.01M PB DIW
solutions 7.0 pH 7.0 pH 7.0 + pH 7.0 +
EDTA EDTA
MBC-SpnHL 2.354 1.197 1.733 1.568 1.76
(20 uL)
MBC-IDA- 2.429 2.055 1.752 1.826 1.477
SpnHL
(20 uL)

the MBC-SpnHL bead preparation was higher than that of the MBC-IDA-
SpnHL preparation (651 mU/mL settled beads and 216 mU/mL settled
beads, respectively). Contrary to our expectations, the final activity of
SpnHL immobilised orientally (MBC-IDA-SpnHL) was lower than the
activity of enzyme immobilised randomly to the MBC beads. We sup-
pose the cause of lower final enzyme activity per mL of settled carrier
could be lower binding capacity per mL of settled MBC-IDA functio-
nalised beads. Contrary to MBC-IDA-SpnHL, it is not guaranteed that
the enzyme molecules are bound only in a monolayer in case of MBC-
SpnHL beads. Both these factors could contribute to the final activity of
carriers. However, the quality and utility of the carriers should be
evaluated comprehensively, the operational and storage stabilities in-
cluding (see chapter 3.4).

We also tested the effectiveness of the MBC-SpnHL and MBC-IDA-
SpnHL beads for the degradation of highly viscous HA solutions, ex-
pecting that the high ferrous oxide content and large diameter
(80-100 pm) of the beads would enable them to be homogenously re-
suspended even in highly viscous reaction mixtures. Indeed, both car-
riers were confirmed to be functional in highly viscous HA solutions
(1.5mg/mL and 2.5 mg/mL; Fig. 3).

For application of the newly prepared carriers in routine HMW-HA
fragmentation, we measured the kinetic parameters (Michaelis con-
stant, Ky;, and maximal velocity, Vpay) of soluble SpnHL (Ky; 3.49 E-5 M,
Vmax 1.16 E-1s) and both carriers (Fig. 4). These parameters reflect the
affinity of the enzyme for the substrate (Ky;) and the maximal reaction
rate achieved when the enzyme is saturated with substrate (Vj,ay). Ki-

netic parameters were tested at same ranges of substrate
2.5+ )
L I HA 1.5 mg/mL
2.0 [ JHA2.5mg/mL
E 154
(=3
[
< 1.0+
<
0.5+
0.0~
MBC-SpnHL MBC-IDA-SpnHL

Fig. 3. Evaluation of MBC-SpnHL and MBC-IDA-SpnHL enzyme activity in
highly viscous high molecular weight hyaluronic acid (HA) solutions using
spectrophotometric enzyme assays. Reaction mixtures contained 1.5 mg/mL or
2.5mg/mL HA and 20 uL of settled MBC-SpnHL (corresponding to enzyme
activity equal to 13 mU) or MBC-IDA-SpnHL (corresponding to enzyme activity
equal to 4.3 mU). Reaction was performed in 1 mL deionised water, reaction
time 10 min. Experiments were performed in three aliquots of one sample
series. Error bars represent standard deviation.
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Fig. 4. Lineweaver-Burk plot for evaluation of kinetic parameters of MBC-
SpnHL and MBC-IDA-SpnHL carriers. Both carriers MBC-SpnHL (squares), MBC-
IDA-SpnHL (dots), were applied in 20 pL aliquots. Measurements were per-
formed in triplicate. Ky, Michaelis constant; vpax, maximum velocity.

concentrations. To compare the kinetic parameters, the soluble SpnHL
was used in amount of 6 mU ranging to total enzyme activities of both
carries (561 mU per mL, resp. 13 mU per used aliquot of MBC-SpnHL
beads; 231 mU per mL, resp. 4.3 mU per used aliquot of MBC-IDA-
SpnHL beads). The results showed that the catalytic activity of the
enzyme was not negatively influenced by immobilisation. Moreover,
the kinetic parameters showed higher affinity as well as fragmentation
velocity for both carriers in comparison with soluble enzyme. The
substrate specificity even after immobilization of the enzyme to se-
lected magnetic beads was unchanged as it was confirmed by three
analytical methods, spectrophotometrically, high performance liquid
chromatography with fluorescent as well as mass spectrometry detec-
tion (data not shown).

3.4. Stability of MBC-SpnHL and MBC-IDA-SpnHL

For routine and reproducible application of the MBC-SpnHL and
MBC-IDA-SpnHL carriers in HA fragmentation, storage and operational
stabilities are essential. We therefore assessed the stability of these
carriers using spectrophotometric enzyme assays, aiming to identify
storage and reaction conditions under which the enzyme activity re-
mained > 80% of the initial enzyme activity (measured immediately
after immobilisation).

Operational stability was tested using the optimised reaction buffer
(0.1 M phosphate buffer pH 7.0), as well as a model solution, 1 mM
NaCl, to assess whether the prepared carriers would be suitable for
applications requiring low-salt reaction mixtures. Both MBC-SpnHL and
MBC-IDA-SpnHL showed high operational stability in 0.1 M phosphate
buffer pH 7.0, with enzyme activity remaining over 80% of the initial
enzyme activity after five consecutive runs (Fig. 5) and after subsequent
overnight storage, both carriers were successfully used for further
fragmentation reactions. Conversely, 1 mM NaCl as a reaction solution
achieved comparable results only for MBC-IDA-SpnHL.

It is also necessary for the SpnHL carriers to have reproducible long-
term storage stability to minimise the time spent on carrier preparation.
We monitored the storage stability of both carriers in deionised water at
4°C; this temperature was chosen to minimise any potential microbial
overgrowth and is usually used for storage of ready-to-use carriers. The
enzyme activity of each bead preparation was periodically measured in
0.1 M phosphate buffer pH 7.0 and compared with the initial enzyme
activity. Whereas the enzyme activity of MBC-SpnHL decreased rapidly
during storage, MBC-IDA-SpnHL retained 95% activity even after 6
weeks of storage (Fig. 6). Similar results were obtained when the car-
riers were stored in 0.1 M phosphate buffer pH 7.0 (data not shown).
Our results suggest that the immobilisation strategy (random covalent
vs. site-directed affinity-based immobilisation) can significantly
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Fig. 6. Storage stability of MBC-SpnHL and MBC-IDA-SpnHL at 4 °C in deio-
nised water. The reaction mixtures contained 225 pg hyaluronic acid and 20 pL
settled carrier in 0.1 M phosphate buffer pH 7.0. Experiments were performed
in three aliquots using spectrophotometric enzyme assay. Straight horizontal
line represented 80% of the initial enzyme activity. Error bars represent stan-
dard deviation.

influence the operational and storage stability of SpnHL carriers.

Altogether, our results confirm the advantages of immobilisation of
SpnHL on magnetic beads for controllable fragmentation of highly
viscous HMW-HA. The magnetic properties of macroporous bead cel-
lulose combined with the characteristics resulting from the natural
origin of cellulose, including its low price, yielded an excellent tool for
large-scale HA fragmentation for in vivo applications. The use of mag-
netically active carriers simplifies all procedures related to mixing of
reagents and solid-phase separation and avoids the limitations of so-
luble enzyme related to the requirements for enzyme inactivation and
quantitative separation.

4. Conclusion

The dependence of the immunological properties of HA on its mo-
lecular weight, together with the biotechnological requirements for HA,
prompted the preparation and thorough characterisation of en-
zymatically active carriers presenting immobilised Streptococcus pneu-
moniae hyaluronan lyase (SpnHL). SpnHL was successfully immobilised
on hydrophilic and non-toxic magnetic beads, specifically magnetic
macroporous bead cellulose (MBC) and MBC with fixed iminodiacetic
acid (MBC-IDA). Both enzymatically active carriers (MBC-SpnHL and
MBC-IDA-SpnHL) were characterised in terms of enzyme activity, ki-
netic parameters, operational stability, and storage stability. Both
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carriers exhibited high operational stability, with the enzyme re-
taining > 80% of its initial activity over five consecutive runs in
phosphate buffer. Moreover, MBC-IDA-SpnHL displayed comparable
stability in phosphate buffer and 1 mM NacCl solution. Both carriers
were functional in highly viscous HA solutions, which would be bene-
ficial for further industrial applications. Whereas MBC-SpnHL displayed
low storage stability, MBC-IDA-SpnHL retained > 80% of its initial
enzyme activity even after 6 weeks of storage at 4 °C.

Altogether, our results show that immobilisation of SpnHL on
magnetic beads yields enzymatically active carriers with high stability,
activity, and specificity that can be used under mild reaction condi-
tions. The carriers developed in this study combine the operational
advantages of magnetic beads, including rapid, simple, and accurate
manipulation, with the controllable catalysis of enzymes, even in highly
viscous HA solutions. Moreover, the use of enzymes immobilised on
magnetic beads, which are quickly and easily separated from the pro-
duct, minimises the possibility of protein contaminants and residual
enzyme activity in the final product. Compare to soluble enzyme, the
developed enzyme carriers reduce the total cost of the catalytic process,
make the catalytic process simpler and more robust for end-users, and
should enable the routine production of low molecular weight HA or
even HA oligosaccharides from high molecular weight HA.
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Sphingolipid ceramide N-deacylase (SCDase, EC 3.5.1.69) is a hydrolytic enzyme isolated from
Pseudomonas sp. TK 4. In addition to its primary deacylation function, this enzyme is able to
reacylate lyso-sphingolipids under specific conditions. We immobilised this enzyme on magnetic

macroporous cellulose and used it to semisynthesise C17:0 glucosylceramide and C17:0 sulphatide,
which are required internal standards for quantification of the corresponding glycosphingolipids

(GSL) by tandem mass spectrometry. A high rate of conversion was achieved for both lipids (80% for
C17:0 sulphatide and 90% for C17:0 glucosylceramide). In contrast to synthesis with a soluble form of
the enzyme, use of immobilised SCDase significantly reduced the contamination of the sphingolipid
products with other isoforms, so further purification was not necessary. Our method can be
effectively used for the simple preparation of specifically labelled sphingolipids of high isoform
purity for application in mass spectrometry. Copyright © 2010 John Wiley & Sons, Ltd.

Sphingolipids (SFL) are complex molecules composed of a
hydrophobic ceramide (N-acylsphingoid) and a hydrophilic
portion, with either a saccharide or phosphorylcholine
moiety. In glycosphingolipids (GSL), oligosaccharide chains
of varying complexity are attached by their reducing end to
the terminal hydroxyl group of the sphingoid.'

Recently, tandem mass spectrometry (MS/MS) has bec-
ome very useful for analysis and quantification of sphingo-
lipids in different biological materials. For this purpose,
sphingolipid species that are not abundant in nature are
required as internal standards (IST).

In recent years, an enzymatic reaction catalyzed by
sphingolipid ceramide N-deacylase (SCDase, EC 3.5.1.69)
was found to be effective for the preparation of specific
sphingolipid molecules.”” The enzyme is an acid hydrolase
isolated from the culture medium of the bacteria Pseudomonas
sp. TK4 by ammonium sulphate precipitation and high-
performance liquid chromatography (HPLC) purification. Its
substrate specificity is not identical to that of acid ceramidase
(EC 35.1.23).*

*Correspondence to: J. Ledvinova, Ke Karlovu 2 (Building D), 128
00 Prague 2, Czech Republic.

E-mail: jledvin@cesnet.cz

**Correspondence to: Z. Bilkova, Studentska 95, 532 10 Pardubice,
Czech Republic. E-mail: Zuzana.Bilkova@upce.cz

The molecular mass of the SCDase protein is 52kDa.
SCDase has optimal activity at pH 5-6 (hydrolysis) and is
stable between pH 4-9; it is potently inhibited by Hg*", Cu®*
and Zn*, maintains 80% of its initial activity after 30 min at
60°C and can be stored at —85°C for 2 months without any
loss of activity. The addition of Triton X-100 at concentrations
of 0.4-0.8% increases its hydrolytic activity by approximately
10-fold.*

SCDase catalyses the conversion of GSL into lyso-derivatives
(N-deacylated GSL, lyso-GSL) under acidic conditions (pH 5,
detergent concentrations up to 0.8%) by splitting the amide
bond between the sphingoid and fatty acid in the ceramide.
Under modified conditions (pH 7, detergent concentrations
up to 0.1%) the enzyme catalyses the reverse reaction, i.e.,
reacylation. The effectiveness of the condensation is influenced
by the type of lyso-GSL and fatty acid.’

This work was primarily prompted by the demand for
convenient sphingolipid internal standards (ISTs) for MS/MS
analysis, which is applicable to laboratory diagnostics of
inherited lysosomal disorders of sphingolipid storage (especi-
ally prosaposin and saposin B deficiencies, metachromatic
leukodystrophy, and Gaucher and Fabry diseases).>*™°

SCDase is the most important and expensive component of
the reaction mixture, so we looked for conditions that would
enable us to reuse the enzyme, e.g., by utilising the principle
of enzyme immobilisation on the surface of solid particles.

Copyright © 2010 John Wiley & Sons, Ltd.
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The use of carriers with magnetic properties overcomes
problems associated with liquid gel slurries in high-
throughput and standard laboratory applications."' Mag-
netic particles provide an universal system that is consistent,
stable, easy to handle and exceptionally flexible compared
to standard chromatographic resins. These particles serve
as carriers of surface-immobilised enzymes and can be
easily recovered in a magnetic field when the reaction is
terminated.

Here we describe the immobilisation of SCDase on mag-
netic carriers using standard procedures, and its utilisation
for the preparation of the specific sphingolipid isoforms
C17:0 SGalCer and C17:0 GlcCer as ISTs for MS/MS.

EXPERIMENTAL

Abbreviations

Gangliotetraosylceramide — Gg4Cer, globotriaosylceramide —
Gb3Cer, glucosylceramide — GlcCer, sulphatide - SGalCer. For
deacylated derivatives, the prefix lyso- is used, i.e., lyso-
globotriaosylceramide — lyso-Gb3Cer. Glycosphingolipids
are abbreviated according to the IUPAC-IUB Commission on
Biochemical Nomenclature.

Materials

Sphingolipid ceramide N-deacylase (SCDase) was purcha-
sed from TAKARA Bio. Inc. (Otsu, Japan). Magnetic macro-
porous cellulose beads (op. L 1680; 125-250 pm) were kindly
provided by Dr. J. Lenfeld from the Institute of Macro-
molecular Chemistry, Academy of Sciences of the Czech
Republic, Prague, Czech Republic, and are available upon
request by e-mail (lenfeld@imc.cas.cz). Macroporous PER-
LOZA®™ MT 100 cellulose beads provided by Iontosorb
(Prague, Czech Republic) can be used as an equivalent
alternative. The enzyme substrates Gg4Cer, lyso-Gb3Cer and
stearic acid (C18:0) used for optimisation reactions and lyso-
GlcCer were purchased from Matreya LLC (Pleasant Gap,
PA, USA). Lyso-SGalCer was from Calbiochem-Novabio-
chem GmbH (Schwalbach, Germany), and margaric acid
(C17:0) acid was obtained from Larodan Fine Chemicals AB
(Malmo, Sweden). Sodium cyanoborohydride (NaCNBHj3)
and bovine serum albumin (BSA) were from Sigma-Aldrich
Co. (St. Louis, MO, USA). Sodium periodate was from Fluka
(Seelze, Germany). HPTLC-Fertigplatten, Kieselgel 60 and
orcinol were purchased from Merck Chemicals Ltd. (Darm-
stadt, Germany). All other chemicals were of p.a. grade quality.
Organic solvents for tandem mass spectrometry were of mass
spectrometry grade.

Substrates and products of the enzyme reaction were
evaluated with a CAMAG II TLC scanner (Camag Scientific,
Switzerland) equipped with CATS3 analytical software and
an AB/MDS SCIEX API 3200 triple quadrupole tandem mass
spectrometer (Foster City, CA, USA) equipped with Analyst
1.4.1 software.

Immobilisation of sphingolipid ceramide
N-deacylase on magnetic macroporous bead
cellulose (MMB cellulose)

SCDase was immobilised onto MMB cellulose using a
standard enzyme immobilisation procedure.”'* Briefly:

Copyright © 2010 John Wiley & Sons, Ltd.

100 uL of settled particles was washed five times with
distilled water and then was activated with NalO, by mixing
with an equal volume (100 pL) of freshly prepared 0.2M
NalO, before starting the binding reaction. The mixture was
incubated for 1.5h at room temperature while mixing on a
rotator (Multi Bio RS-24, Biosan, Riga, Latvia). The activated
particles were washed 10 times with 0.1 M phosphate buffer
at pH 7 (PB), and then 250 mL.U. of SCDase (5 mI.U./pL)
and 200 n.L of PB were added. The mixture was incubated for
10 min at room temperature while mixing on a rotator. Next,
200 L of NaCNBH; was added to stabilise the formed Schiff
base, and the reaction was incubated overnight on a rotator at
4°C. The particles with immobilised enzyme were washed
with PB, followed by 1M NaCl in PB and finally with PB
again. After that, the activation of immobilised SCDase was
done by incubation with 100 nmol of Gg4Cer substrate in
300 pL of 50 mM acetate buffer containing 0.8% Triton X-100
at 37°C for 1 h. Then the products were washed three times
with 50 mM phosphate buffer (pH 7) containing 0.1% Triton
X-100 (storage buffer). Immobilised SCDase was stored in
storage buffer at 4°C.

Examination of SCDase catalytic activity:
hydrolysis and synthesis for estimation of
optimum molar ratio of substrates
For examination of the hydrolytic activity of the immobilised
SCDase, the substrate Gg4Cer was incubated with the bio-
activated particles using the same standard procedure as
described for the soluble enzyme.>* Briefly, 20 nmol of Gg4Cer
with 20 wL of settled MMB cellulose containing bound SCDase
was incubated in 50mM acetate buffer (pH 5) with 0.8%
Triton X-100 for 30 min at 37°C with mixing on a rotator.
The reverse synthetic reaction was performed under stan-
dard conditions® using lyso-Gb3Cer as the substrate because
a high rate of conversion has been reported for soluble
enzyme.6 To optimise the reaction, different molar ratios of
the precursors, lyso-derivative and fatty acid were tested.
Briefly, SCDase immobilised on MMB cellulose (100 wL of
settled particles) was distributed into four tubes. Each 25 nL
aliquot was mixed with a precise molar ratio of the substrates
(20 nmol of the lyso-Gb3Cer mixed with C18:0 fatty acid in
molar ratios of 1:1, 1:2, 1:3 and 1:4) in 200 pl of phosphate
buffer (pH 7.0) containing 0.1% Triton X-100. The reaction
was incubated for 20 h at 37°C while mixing on a rotator.”
Magnetic particles were separated with a magnetic
separator (Dynal MPC-S, Dynal Biotech ASA, Oslo, Nor-
way), and the supernatant containing the reaction product
was evaporated under a stream of nitrogen and resuspended
in 300 pL of chloroform/methanol (2:1, v/v; C:M). A 20 pL.
aliquot of chloroform:methanol solution, which corre-
sponded to approximately 2nmol of the reaction product,
was evaporated under nitrogen. The reaction products were
analyzed using HPTLC (chloroform/methanol/10% acetic
acid, 5:4:1, v/v/v®) with orcinol detection and densitometry.

Semisynthesis of specific sphingolipid isoforms:
C17:0 sulphatide and C17:0 glucosylceramide

For the semisyntheses, 50 nmol of lyso-SGalCer or lyso-
GlcCer and 50 nmol of C17:0 fatty acid were incubated with
immobilised SCDase (0.1 mI.U./20 pnL of settled particles) in

Rapid Commun. Mass Spectrom. 2010; 24: 2393-2399
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300 uL phosphate buffer (pH 7.0) containing 0.1% Triton
X-100. For comparison, the reaction with soluble SCDase for
semisynthesis of C17:0 GlcCer was performed. The reaction
mixture was incubated for 20h at 37°C while mixing on a
rotator. The magnetic particles were separated and the
supernatant processed as described above. A 5L aliquot
of C:M solution, which corresponded to approximately
0.5 nmol of the reaction product, was evaporated under a
stream of nitrogen and analysed with electrospray ionisation
tandem mass spectrometry (ESI-MS/MS) and HPTLC (to
determine the overall purity of the lipid preparation).

The macroporous character of the cellulose beads requires
exhaustive washing before each subsequent use; therefore,
either twenty 1-min washes or overnight elution with storage
buffer was required to produce clean particles.

Tandem mass spectrometry of C17:0 sulphatide
and C17:0 glucosylceramide

Instrument settings

Samples of semisynthesised SFL were applied by direct
injection with a syringe pump into the SCIEX API 3200
tandem mass spectrometer equipped with an ESI source.
Analysis 1.4.1 software was used to operate the instrument
and process the data. Sphingolipids were analysed by
precursor ion scan in the negative ion mode for SGalCer
and in the positive ion mode for GlcCer. Pauses between the
ranges for mass scans were set to 5.007 ms with Q1 and Q3
operating in unit resolution mode. The settling time (ms)
and intensity threshold (counts per second (cps)) were
set to 0.

The curtain gas pressure was 10 psi in both ion modes.
Nitrogen was used as the collision gas with the pressure set
to 10 and 5 psi in negative and positive ion modes, respec-
tively. The capillary spray voltage was 4.5kV with different
polarities depending on the ion mode. The temperature of
the nebulising gas was 200°C. The ion source gas pressure
was adjusted to 20 psi for source gas 1 in both modes and
45 psi in negative mode or 25 psi in positive ion mode for
source gas 2. The interface heater was turned on for analysis
of both lipids.

Ion optics settings for SGalCer measurements were —140 V
for the declustering potential and —10.4V for the entrance
potential. The collision energy was set to —130V with a
collision cell exit potential of —2V. GlcCer was measured
with a declustering potential of 47 V. The entrance potential
of the collision cell was 4.9V and the collision energy was
48 V. The collision cell exit potential was set to 5.6 V.

Sample analysis

Approximately 0.5 nmol of the reaction products in 500 pL
of the appropriate solvent (see below) was continuously
injected by a syringe pump into the ESI-MS/MS system
at a flow rate of 50 nL/min. GlcCer was resuspended in
methanol with 10 mM NH,COOH to create [M +H]" ions
in the positive ion mode, whereas SGalCer was re-
suspended in methanol to create [M-H] ions in the
negative ion mode. The precursor ion scan was performed
for a fragment of m/z 264.4 (the sphingosine base fragment)

Copyright © 2010 John Wiley & Sons, Ltd.
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for GlcCer and a fragment of 1/z 97 (the sulphate group) for
the SGalCer.

RESULTS

Examination of the hydrolytic activity of the
immobilised SCDase

The rate of hydrolysis of Gg4Cer by SCDase-activated
MMB cellulose was 62% after 20h as compared to 48%
with the soluble enzyme under the same reaction conditions.
This result confirmed the superiority of the immobilised
enzyme over the soluble enzyme in a standard hydrolysis
reaction.

SCDase reacylation activity: optimisation of the
fatty acid to lyso-sphingolipid ratio

A series of reactions was carried out to identify the best ratio
of substrates for enzymatic semisynthesis of bioactivated
MMB cellulose. Various molar ratios of lyso-Gb3Cer and
stearic acid (1:1, 1:2, 1:3 and 1:4) were tested for the synthesis
of C18:0 Gb3Cer. The reaction products were analysed using
HPTLC and evaluated by densitometry. A 1:1 ratio of fatty
acid to lyso-sphingolipid was found to produce the best
results (Table 1).

Preparation of C17:0 GlcCer by soluble SCDase:
purity of the product

To compare both methods of synthesis, C17:0 GlcCer was
prepared in bulk solution containing a soluble form of
SCDase. Mass spectra revealed a considerable amount of
contaminants in the final product; the contaminants were
identified as GlcCer isoforms with C16:0 and C18:0 fatty
acids (see Fig. 1(A)). The total yield of GlcCer synthesis
was 99% (data not shown), but only 36% of the lyso-GlcCer
was converted into the desired C17:0 isoform. The
remaining 63% of the product consisted of contaminating
isoforms.

MS analysis of a lipid extract of commercial SCDase (2:1
chloroform/methanol, v/v) confirmed the presence of C16:0
and C18:0 fatty acids, indicating that the crude enzyme
preparation was the main source of the fatty acid contami-
nants (data not shown).

Table 1. The effects of different molar ratios of substrates on
the formation of the C18:0 GbsCer product. Reactions were
catalysed by the SCDase-activated MMB cellulose

Ratio lyso-GbsCer/stearic acid 1:1 1:2 1:3 1:4
lyso-GbzCer” 143 216 219 310
C18:0 GbsCer* 1401 1478 1403 1307
synthesis (%) 91 87 86 81

“Evaluated by densitometry in arbitrary units.

Reaction conditions: 20 nmol lyso-GbsCer, different molar amounts of
stearic acid and 0.48 mI.U./100 wL of bioactivated MMB cellulose in
200 pL of 50 mM phosphate buffer (pH 7) containing 0.1% Triton X-
100 were incubated for 20h at 37°C.

TLC analysis: the solvent system was chloroform/methanol/10%
acetic acid (5:4:1); Detection: orcinol.

Substrates: lyso-GbsCer and stearic acid. Product: C18:0 GbsCer.

Rapid Commun. Mass Spectrom. 2010; 24: 2393-2399
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Figure 1. ESI-MS/MS analysis of C18:0 and C16:0 isoform contaminants and com-
parison of the soluble and immobilised SCDase reaction products. Semisynthesis of
C17:0 GicCer using (A) soluble SCDase and (B) SCDase-activated MMB cellulose.
Reaction conditions: 50 nmol lyso-glucosylceramide and 50 nmol C17:0 fatty acid
either with (A) 0.5 ml.U. of soluble SCDase or with (B) 0.1 mI.U./20 pl of bioactivated
MMB cellulose in 300 pL of phosphate buffer at pH 7 with 0.1% Triton X-100 were
incubated for 20 h at 37°C. ESI-MS/MS: the sample was directly injected by a syringe
pump at a flow rate of 10 pL/min. C17:0 glucosylceramide was dissolved in methanol
with 10 mM NH,COOH and scanned for precursor ions at m/z 264 (specific fragment of
C18:1 sphingoid base) in positive ion mode for 1 min.
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C17:0 glucosylceramide (B) prepared with the SCDase-activated

MMB cellulose. Reaction conditions: 50 nmol lyso-SGalCer or lyso-GlcCer, 50 nmol C17:0 fatty acid and 0.1 ml.U./20 p.L of
bioactivated MMB cellulose were incubated in 300 uL of phosphate buffer at pH 7 with 0.1% Triton X-100 for 20 h at 37°C. ESI-
MS/MS: the sample was directly injected by a syringe pump at a flow rate of 10 pL/min. C17:0 SGalCer was dissolved in methanol
and scanned for precursor ions at m/z 97 (sulphate group) in negative ion mode for 1 min. C17:0 GlcCer was dissolved in
methanol with 10 mM NH,COOH and scanned for precursor ions at m/z 264 (sphingoid fragment) in positive ion mode for 1 min.

Preparation of C17:0 sulphatide and C17:0
GlcCer using SCDase-activated macroporous
bead cellulose

C17:0 SGalCer and C17:0 GlcCer ISTs were prepared
from the respective lyso-derivatives using the immobilised
SCDase.

Each reaction was repeated three times. Mass spectra
(Figs. 1(A), 1(B) and Figs. 2(A), 2(B)) clearly demonstrated
that the enzymatic semisynthesis effectively produced
specific sphingolipids with much higher isoform purities
(minimum production of molecular species other than
the desired isoform) in comparison to catalysis by the
soluble enzyme. With the immobilised enzyme, 80% of
lyso-SGalCer and 90% of lyso-GlcCer were acylated and
converted into C17:0 SGalCer and GlcCer, respectively.
Only trace amounts of contaminating isoforms (about 3%
in both lipid preparations) were detected when using
carefully washed SCDase-activated MMB cellulose. In
Figs. 3(A)-3(C), the results from three subsequently
performed semisyntheses of SGalCer using newly prepared
unwashed SCDase-activated MMB cellulose are presented.
During these steps, almost all of the contaminating
C16:0 and C18:0 isoforms were removed (Figs. 3(A)-
3(0)). Different commercial batches of SCDase may contain
different amounts of fatty acids, but the “pre-run procedure’
with lyso-SFL is recommended before every synthesis
of specific glycosphingolipids on new SCDase-activated
MMB cellulose.

Products were also analyzed by HPTLC to examine
contamination by other compounds, especially sphingo-
lipids. The purities of the synthesised ISTs were satisfactory
(data not shown).

SCDase immobilised on MMB cellulose maintained its
activity without any loss after 15 uses. Long-term stability
was also achieved, since the enzyme retained the same
activity after 1.5 years in storage buffer at 4°C.

Copyright © 2010 John Wiley & Sons, Ltd.

DISCUSSION

Immobilisation of SCDase: preparation of SCDase-
activated magnetic macroporous bead cellulose

A carrier with superparamagnetic properties was chosen
for the simple and gentle separation of products from the
reaction mixture. MMB cellulose was selected for its
hydrophilic properties and high specific surface area, which
provides maximum binding activity. The character of the
particles and the chosen method of immobilisation resulted
in a system with many advantages.

The standard procedure used for enzyme immobilisation
was based on the creation of a Schiff base between the pri-
mary amino group of the enzyme and the aldehyde group of
the activated MMB cellulose. The advantage of this method is
that the reactive aldehyde groups are formed on the solid
phase, while the enzyme molecule is not affected by the
oxidation. The resulting Schiff base is mildly reduced with
cyanoborohydride to form a stable bond.'?

The prepared SCDase-activated MMB cellulose had a
higher rate of substrate conversion for both the deacylation
and reacylation reactions than the soluble enzyme using
standard conditions.” The optimal substrate ratio for syn-
thesis was 1:1.

This result and the ability to use the immobilised enzyme
multiple times make it a promising tool for the preparation of
specific sphingolipid species, especially if only a moderate
amount of product is needed.

Advantages and disadvantages of SCDase-
activated magnetic macroporous bead cellulose
compared to the soluble enzyme

Although it has been successfully applied to sphingolipid
semisynthesis,z's’zw’17 the use of soluble SCDase results
in the presence of contaminating fatty acids in the reaction
mixture (resulting in low isoform purity of the product),

Rapid Commun. Mass Spectrom. 2010; 24: 2393-2399
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Figure 3. ESI-MS/MS analysis of C18:0 and C16:0 isoform contaminants in the course of
preparation of new SCDase-activated MMB cellulose. Lyso-sulphatide was used as the
optimisation compound. First (A), second (B) and third (C) semisyntheses of C17:0 SGalCer
on new SCDase-activated MMB cellulose. Reaction conditions: 50 nmol lyso-SGalCer, 50
nmol C17:0 fatty acid and 0.1 ml.U./20 pL of bioactivated macroporous cellulose beads were
incubated in 300 pL of phosphate buffer at pH 7 containing 0.1% Triton X-100 for 20 h at 37°C.
ESI-MS/MS: sample was directly injected by syringe pump at a flow rate of 10 wL/min. C17:0
SGalCer was dissolved in methanol and scanned for precursor ions of m/z 97 (sulphate

group) in negative ion mode for 1 min.

which may hinder some studies. In some of our experiments
with the soluble enzyme, the amounts of co-synthesised
C16:0, and particularly of C18:0 isoforms, were even greater
than those of the target glycolipid, C17:0 GlcCer (Fig. 1(A)),
especially when small amounts (up to 100 pg) of sphingo-
lipids were synthesised. Because commercial SCDase is
prepared by ammonium sulphate precipitation of culture
media from the bacterium Pseudomonas sp. TK4 and C16:0
and C18:0 are generally abundant fatty acids, the presence
of these compounds in the enzyme preparation is not
surprising. However, there is only one paper that mentions
the presence of some impurities in newly synthesised
glycolipids, and the contaminating compounds were not

Copyright © 2010 John Wiley & Sons, Ltd.

characterised.? It is difficult to remove fatty acid contami-
nants from the soluble enzyme preparation without
unfavourably affecting its activity. Immobilisation of the
enzyme onto the surface of the carrier allows the majority of
lipid and non-lipid contaminants to be washed away without
affecting enzyme function.

The situation is more complicated for the reverse reaction
than for hydrolysis if only one specific isoform is synthesised.
Soluble SCDase gave a relatively low yield for the final
product (e.g., 36% for C17:0 GlcCer) and a large amount
of isoform by-products (see Fig. 1(A)), which are hardly
removable. In contrast, the yields of the reacylation reaction
of lyso-derivatives in terms of the C17:0 isoforms were

Rapid Commun. Mass Spectrom. 2010; 24: 2393-2399
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80% for SGalCer and 90% for GlcCer using the SCDase-
activated MMB cellulose.

Fauler et al.> moved the reaction equilibrium of the soluble
enzyme towards the desired molecular species of Gb3Cer
under reaction conditions of high substrate saturation.
Nevertheless, only 25% of lyso-Gb3Cer was converted into
the pure Gb3Cer isoform under these conditions, with high
consumption of the enzyme and precursor substrates.

The main advantages of the SCDase-activated carrier were
its stability and availability for immediate use. SCDase-
activated MMB cellulose with particles sizes of 125-250 pm
did not show any decrease in activity after 15 reuses and was
still active after 1.5 years of storage in storage buffer at 4°C.

A limitation of the MMB cellulose is that it generally
exists in a narrow range of mechanical stability; however,
this can be easily overcome by using dilute suspensions,
handling gently and avoiding high-pressure applications
(e.g., centrifugation). In addition, thorough washing is req-
uired for the removal of residual lipids (and fatty acids)
before the next reaction. This is an imperative but routine
step in all procedures with reusable carriers (e.g., HPLC and
affinity chromatography).

For some studies, separation of the product from the
remaining lipid precursors and other, mostly non-lipid
contaminants might be required (this is not necessary for
MS/MS). This requirement is easily accomplished by simple
chromatographic procedures.®

Another way to prepare sphingolipid isoforms is chemical
synthesis utilising acid chlorides and lyso-sphingolipids;'®
however, the acid chlorides are highly reactive compounds
that can react not only with the amino group of the sphin-
gosine moiety, but also with the hydroxyl groups of the
saccharide.'” These products would have the same mass as
the required sphingolipids and would be indistinguishable
by mass spectrometry. Only NMR spectra can show the
position of the fatty acid in the compound. Other procedures
for organic synthesis have also been applied for the pre-
paration of sphingolipid species,® but time expenditure and
relatively low yields were always the main disadvantages.

In summary, SCDase immobilised on a magnetic carrier
was used for the first time for preparation of the specific
molecular species C17:0 SGalCer and C17:0 GlcCer, that are
useful standards for MS/MS quantification. The SCDase-
activated MMB cellulose has the following advantages:
reusability, long-term stability, high rate of conversion, low
production of by-products and effectiveness for preparation
of low amounts of sphingolipids. The isoform purities of

Copyright © 2010 John Wiley & Sons, Ltd.
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the synthesised sphingolipid species were about 97%.
This immobilised system can be universally used for the
preparation of sphingolipids that are specifically labelled in
the fatty acid moiety and could be further applied in different
fields of sphingolipid biochemistry.
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Laccase catalyzing the oxidation of p-diphenols has been applied in many industrial and biotechnology
areas. Immobilized form of laccase has overcome the problem with contamination of the final product.
Nevertheless sensitive enzymes immobilized to the matrix can be inactivated by the environmental
conditions. The aim of this research was to prepare carrier with improved activity and responsible
stability even under extreme reaction conditions. Laccase immobilized through carbohydrate moieties
on magnetic hydrazide bead cellulose with a final activity of 0.63 .U./1 ml of settled carrier confirmed
that carriers with oriented immobilized enzyme might be useful in routine biocatalytic applications.

© 2009 Elsevier B.V. All rights reserved.

Laccase is an attractive, industrially relevant enzyme, which
can be applied for a number of diverse biocatalytic applications
such as delignification of lignocellulosics, cross-linking of poly-
saccharides, bioremediation, including waste detoxification or
textile dye transformation [1,2]. Colored waste water from the
paper and textile industries represents a major environmental
problem [3]. Azo dyes represent the largest group of organic dyes
accounting for about 70% of all textile dyes produced. They are not
toxic, but after release into the water environment they may be
converted into potentially carcinogenic amines with impact on the
ecosystem downstream from the mill [4]. Most existing processes
to treat dye waste water are ineffective and not economical [5].
The development of processes based on laccase seems an
attractive solution due to its potential in degrading dyes of
diverse chemical structure [6], including synthetic dyes currently
employed in the industry [7].

Laccase (p-diphenol:0, oxidoreductase; EC 1.10.3.2) is an
enzyme belonging to the family of multicopper oxidases. It
catalyzes oxidation of p-diphenols with the concomitant reduc-
tion of molecular oxygen to water [8]. Laccase is found in plants,
insects and bacteria, but the most important sources of this
enzyme are fungi. It can remove potentially toxic phenols formed
during degradation of lignin. Laccase often occurs as isoenzyme
that oligomerizes to functional multimeric complexes. Its mole-
cular weight ranges from about 50 to 110kDa [9]. Laccase is a
glycoprotein; covalently linked carbohydrate moieties (10-45%)
contribute to the high stability of the enzyme [10].

* Corresponding author. Tel.: +420466 037 700; Fax: +42046 603 7068.
E-mail address: Zuzana.Bilkova@upce.cz (Z. Bilkova).

0304-8853/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j,jmmm.2009.02.034

Laccase was already used for degradation of azo dyes
immediately after dyeing [6]. This, however, is not convenient in
the textile industry, due to the contamination and low stability of
free enzyme in waste water. One of possible solutions to eliminate
this drawback is to immobilize laccase on appropriate support.
Immobilization thus allows decouple the enzyme location from
the flow of the liquid carrying the reagents and products. But
sensitive enzymes even they are immobilized can be inactivated
by the wide variety of environmental conditions such as extreme
pH, ionic concentration, inhibitors, detergents and other con-
taminants [11]. It was already proved that covalent capturing of
bioactive molecules through their glycosidic moieties improves
the stability of them and extends the reaction conditions as pH,
temperature and resistance to detergent [12]. To prepare laccase
carrier with desired stability, with simple and efficient processing
and economical reusability we decided to combine oriented
immobilization of laccase with magnetic form of macroporous
bead cellulose.

Micro/nanosized particles with superparamagnetic properties
overcome many of the problems associated with the use of
liquid gel slurries in high throughput and standard biotechno-
logy application. Magnetic particles provide a universal system
with additional convenience, consistency, stability, ease of
handling and exceptional flexibility compared to standard
chromatography resinos. Hydrophilic macroporous bead cellulose
is carrier with a high surface area, with easily modified OH—
groups for covalent ligand attachment, minimal nonspecific
binding for common protein and peptide molecules, no tendency
to aggregate and excellent flow characteristics [13]. Such
characteristics of carrier combined with improved immobili-
zation strategy could significantly improve the conditions for
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enzyme catalysis of azo dyes degradation and other industrial
applications.

1. Chemicals and methods

Laccase from Trametes versicolor and Pycnoporus cinnabarinus
(EC 1.10.3.2) was purchased from Jena Bios GmbH, Germany.
Substrates SGZ, syringaldazine (4-hydroxy-3,5-dimethoxybenzal-
dehyde azine) and 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfo-
nic acid) (ABTS) were obtained from Sigma-Aldrich, St. Louis, MO,
USA. BCA Protein Assay Kit was purchased from Pierce, Rockford,
IL, USA. Magnetic macroporous bead cellulose (125-250 pm) with
hydroxyl or hydrazide functional groups (20 pmol of hydrazide
moieties per 1 ml of settled carrier) were obtained as the generous
gift from the Institute of Macromolecular Chemistry, Academy
of Sciences, Prague, Czech Republic. Non-magnetic form of
macroporous bead cellulose (Perloza MT) was provided by
lontosorb, Usti n/L, Czech Republic. Anthraquinone dye (ANTD)
Cy0H15N308S, was a product of Aliachem a.s., division Synthesia,
Czech Republic. Azo dye (Dye I) C;4H13N30S, was synthesized in
the Department of Technology of Organic Compounds, University
of Pardubice, Czech Republic.

1.1. Determination of laccase activity using substrate syringaldazine
(5GZ)

SGZ solution was pre-incubated before its addition to the
enzyme solution for 5 min.

(a) Soluble form of laccase: 0.1 ml of soluble laccase was mixed
with 0.9 ml of SGZ in 0.05M K-acetate buffer pH 4.5 (35 uM
SGZ in 1 ml of reaction mixture). The activity was measured at
30s intervals at 525nm on spectrophotometer Agilent HP
8453 (Agilent Technologies, Waldbronn, Germany) at room
temperature.

(b) Immobilized laccase: 30 pl of settled carrier with immobilized
laccase was mixed with 0.97 ml of SGZ in 0.05M K-acetate
buffer pH 4.5 (35 M SGZ in 1ml of reaction mixture). The
activity was measured at 30s intervals at 525 nm on spectro-
photometer MODEL V 200-RS visible light (LW Scientific, USA)
at room temperature. Between individual measurements
reaction mixture was hand-stirred; before measuring the
absorbance, the magnetic beads were separated using mag-
netic separator and non-magnetic form of them by gentle
centrifugation.

1.2. Determination of laccase activity using substrate 2,2'-azino-
bis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS)

A total of 0.1 ml of soluble laccase was mixed with 0.9 ml of
ABTS in 0.05M K-acetate buffer pH 4.5 (45 M ABTS in 1 ml of
reaction mixture). Reaction was measured. The activity was
measured at 30s intervals at 414nm on spectrophotometer
Agilent HP 8453 (Agilent Technologies, Waldbronn, Germany) at
room temperature.

1.3. Determination of K, for laccase using substrate SGZ

A total of 0.1 ml of soluble laccase (0.21.U. laccase from T.
versicolor and 0.0075 L.U. laccase from P. cinnabarinus) was mixed
with 0.9 ml of SGZ in 0.05 M K-acetate buffer pH 4.5 (4, 6, 8,10, 12
and 14 uM for Tv. laccase and 4, 8, 12, 16 and 20 uM SGZ for Pc.

laccase in 1 ml of reaction mixture). The activity was measured at
30s intervals at 525 nm on spectrophotometer Agilent HP 8453
(Agilent Technologies, Waldbronn, Germany) at room tempera-
ture. K, was calculated from enzyme activity data using a
Lineweaver-Burk plot.

1.4. Determination of K,, for laccase using substrate ABTS

A total of 0.1 ml of soluble enzyme isolated from Trametes
versicolor (T.v.) and/or Pycnoporus cinnabarinus (P.c.) was mixed
with 0.9ml of ABTS in 0.05M K-acetate buffer pH 4.5 (45 uM
ABTS in 1ml of reaction mixture). Initial enzyme activity were
4.5%x1073,6 x1073,7.5 x1073,9 x 1073,10.5 x 103 L.U. for T.v. and
1.8 x 1073, 2.25 x 1073, 2.7 x 1072 and 3.15 x 102 L.U. for Pc.

The activity was measured at 10s intervals at 414nm on
spectrophotometer Biochrom Libra S22 at room temperature.
Kinetic data were analyzed using software GEPASI.

1.5. Decolorization of model dyes with soluble laccase

Lyophilized enzyme was dissolved in 0.2 M citrate-phosphate
buffer, for laccase from P. cinnabarinus pH 3.0, for laccase from T.
versicolor pH 3.5).

(a) Decolorization of anthraquinone dye: aqueous solution of ANTD
(product of Aliachem a.s., division Synthesia, Czech Republic)
at concentrations of 1, 2, 3, 4 and 5uM in reaction mixture
(25 ml) was mixed with 5LU. of laccase in citrate-phosphate
buffer at pH given for each laccase, reaction was done at room
temperature. Decrease of ANTD concentration was deter-
mined by monitoring the absorbance at 604 nm.

(b) Decolorization of azo dye (dye I): aqueous solution of dye I
(synthetized in laboratory of Department of Technology of
Organic Compounds, University of Pardubice), 1 uM in 25 ml
of reaction mixture was mixed with 2.51.U. of laccase in
citrate-phosphate buffer pH 3, 4, 5 and 8. Reaction was done
at room temperature. Decrease of dye I concentration was
determined by monitoring the absorbance at 528 nm.

1.6. Magnetic macroporous bead cellulose

Magnetic bead cellulose (125-250um) with hydroxyl or
hydrazide functional groups (20 pmol of hydrazide moieties per
1ml of settled carrier) was prepared from viscose and ferrite
powder by employing the suspension procedure using the thermal
sol-gel transition [14]. The amount of hydrazide groups were
quantificated by the elemental analysis and the reaction with
TNBS.

1.7. Non-oriented immobilization of laccase

A total of 0.25ml of settled magnetic macroporous bead
cellulose (size of particles 125-250 pm) was washed with distilled
water and then oxidized by 0.1 M NalO4 in the dark for 90 min
under gentle stirring. After properly washing with 0.05M
K-acetate buffer pH 4.5, 31.U. of laccase were added. Reaction
mixture was incubated 10 min at room temperature under gentle
stirring. Finally, 1.5 mg of NaCNBH3 in 0.05 M K-acetate buffer pH
4.5 was added and reaction mixture (0.8 ml) was incubated
overnight at 4°C under gentle stirring. After incubation carrier
with immobilized laccase was washed with 0.05M K-acetate
buffer pH 4.5, then 0.05 M K-acetate buffer pH 4.5 containing 1 M
NacCl and finally 0.05 M K-acetate buffer pH 4.5 containing 5 mM
CuCl,. Immobilized laccase can be stored at 4°C in 0.05M
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K-acetate buffer pH 4.5 containing 5 mM CuCl,. The immobilized
laccase content was determined using the BCA kit (Sigma-Aldrich,
St. Louis, MO, USA) for the determination of protein content,
soluble form of enzyme used as standard for calibration.

1.8. Oriented immobilization of laccase

A total of 0.25ml of settled magnetic form of hydrazide
macroporous bead cellulose (size of particles 125-250pum,
20 umol of hydrazide moieties per 1ml of settled carrier) was
washed with 0.05M K-acetate buffer pH 4.5. A total of 3LU. of
laccase in 1 ml of 0.1 M K-acetate buffer pH 5.5 were mixed with
NalO,4 at final concentration 0.01 M in reaction mixture. Enzyme
was oxidized 30 min at 4 °C. Reaction was stopped by addition of
3 pl of ethylene glycol and reaction mixture was incubated 10 min
at 4°C. Enzyme was then dialyzed to 0.05M K-acetate buffer pH
4.5 containing 0.5 M NaCl overnight at 4 °C (alternatively enzyme
was equilibrated to 0.05M K-acetate buffer pH 4.5 by SEC using
MicroSpin G-25 column). Solution of oxidized enzyme was added
to 0.25 ml of settled carrier washed with 0.05M K-acetate buffer
pH 4.5 and reaction mixture was incubated overnight at 4°C
under gentle stirring. After incubation carrier with immobilized
laccase was washed with 0.05 M K-acetate buffer pH 4.5 contain-
ing 5mM CuCl,.

2. Results

The aim of the present work was to prepare and characterize
laccase carrier. But at first the kinetic characteristics of free form
of laccase have been verified. The enzyme activity of laccase
originated from white rot fungi T. versicolor or P. cinnabarinus was
measured using two substrates, 4-hydroxy-3,5-dimethoxybenzal-
dehyde azine (syringaldazine, SGZ) and 2,2’-azino-bis(3-ethyl-
benzthiazoline-6-sulfonic acid). In view of precipitation of the
colored oxidative product of SGZ oxidation [15], the Kkinetic
measurement of enzyme activity is preferred (Fig. 1). The linear
ascendant part of the curve corresponding to the product addition
was used for construction of calibration curve as a function of
absorbance change in time on the addition of enzyme LU. To
evaluate the conversion of ABTS substrate, the software GEPASI
was used. Experimental data were examined on validity of
Michaelis-Menten equation v = Vy,,. S/(KintS) in modification of
Briggs—-Haldane (V, = kz. [E]o). Optimal K, Vi, and [S]p values
were determined. Experimental curves and theoretical dependen-
cies of substrate conversion by laccase were compared. The
experimental curves for ABTS were calculated by software GEPASI,
kinetic characteristics for substrate SGZ were calculated from
enzyme activity data using a Lineweaver-Burk plot (Fig. 2).
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Fig. 1. Time dependence of syringaldazine conversion by soluble laccase. A total of
0.1 ml of soluble laccase was mixed with 0.9 ml of SGZ in 0.05M K-acetate buffer
pH 4.5, kinetic measurement at 30s intervals, at 525 nm, at room temperature.
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Fig. 2. Kinetic characterization of enzyme for substrate SGZ: 0.1 ml of soluble
laccase was mixed with 0.9 ml of SGZ in 0.05M K-acetate buffer pH 4.5, kinetic
measurement at 30 s intervals at 525 nm, at room temperature. K, was calculated
from enzyme activity data using a Lineweaver-Burk plot.

Kinetic characteristics of laccase isolated from Pc. and Tv. for the
substrate ABTS are summarized in Table 1, for substrate SGZ in
Table 2. On the basis of our experimentally determined K, values,
the enzyme originated from P.c. and T.v. has comparable affinity
for both substrates. The agreement exists also between experi-
mental K, values and K, values already published (database
Brenda), for both laccase and SGZ (Table 2), but comparing our
experimental K, values with already published data (Table 1)
more than ordinal discrepancy in Ky, values for Tv. laccase and
ABTS was observed.

The optimum pH of laccase reaction varies depending on the
type of substrate [8]. The pH values for the reaction of laccase
from Tv. and Pc. with substrates SGZ and ABTS were verified.
Optimal pH of reaction environment for laccase lies between
5.0-5.5 for substrate SGZ and 3.5-4.0 for substrate ABTS (Fig. 3A).
The optimal pH of the reaction for enzyme with SGZ was slightly
different in comparison with already published pH values
(4.0-5.0) [1,3]. Record et al. (2002) studied the effect of pH on
laccase activity and concluded that with ABTS activity of enzyme
increased when pH decreased [8]. In this report, optimal pH value
of reaction environment for reaction of laccase with ABTS is lower
than that for reaction with SGZ (Fig. 3B).

To know more about the oxidation ability to detoxificate textile
azo dyes soluble laccase was used for the decolorization of model
anthraquinone dye ANTD (Fig. 4) and simple azo dye Dye I (Fig. 5).
After ANTD oxidation by laccase (T.v. or P.c.), the new peak of
products (similar, unknown structure) at 480nm appeared in
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Table 1

Kinetic characterization of laccase isolated from P.c. and Tv. for substrate ABTS, compared with K, already published and summarized in database Brenda.

Experimental V;, (mM/s) Published Ky, (mM)

Laccase Experimental K, (mM)
Trametes versicolor 0.0337
Pycnoporus cinnabarinus 0.0508*

1.98 x 10~
7.47 x 1072

0.62 [23]
0.041 [24]

2 Average value from five measurements.

Table 2

Kinetic characterization of laccase T.v. and P.c. for substrate SGZ, compared with K, already published and summarized in database Brenda.

Source of laccase Experimental K, (mM)

Experimental V;, (mM/s) Published K, (mM)

0.0328
0.0129

Trametes versicolor
Pycnoporus cinnabarinus

2 Trametes sp. AH28-2.

decolorization spectra. Degradation of azo dye (Dye I) is not quite
effective, although it can be easily oxidized. One of the possible
reasons could be the fact that azo dye Dye I have higher redox
potential than laccase and do not operate as a mediator.

Soluble laccase is sensitive (even inactivated) towards high salt
concentrations, high pH and inhibitors characteristic for effluents
[11]. Therefore, the improvement of the laccase stability as well as
the possibility to reuse it in consecutive catalyzed cycles was
needed. The oriented immobilization of laccase to a water-
insoluble support could be a promising solution.

Initial phase was focused on the choice of suitable support and
selecting convenient immobilization technique. Previously laccase
was immobilized on various types of carriers, preferably magnetic
ones. Magnetic particles are convenient, consistent, stable, easy to
handle and offer exceptional flexibility compared with conven-
tional chromatographic resins. With respect to chosen method of
enzyme quantification on the carrier, kinetic measurement,
magnetic macroporous bead cellulose and its hydrazide derivative
were used for laccase immobilization (Fig. 6). Advantage of this
carrier consists in large specific surface area due to high porosity,
low nonspecific sorption of proteins and peptides, simplicity and
excellent flow rate property [14]. Low cost and good handling are
indisputable advantages for routine laboratories and biotechnol-
ogy application.

Next, suitable immobilization strategy has to be selected with
the aim to achieve high enzyme activity and stability of the
carrier. Oriented immobilization, where all active sites of enzyme
remain sterically accessible also for high-molecular-weight sub-
strates can be a promising choice [17]. Enzymes-glycoproteins—
can be immobilized through their glycosidic chains. Increased
stability of orientedly immobilized enzymes already confirmed for
various bioactive glycoproteins (antibodies, enzymes) [18]. The
proper orientation of all enzyme molecules is assured due to
the fact that enzyme active sites are always situated outside the
glycosidic part of enzyme. The hydrazide derivatives of carriers
are presently provided by many companies and they are in
common use for oriented immobilization of glycoproteins.

In order to evaluate the effect of immobilization strategy to the
activity and stability, two covalent binding strategies were
applied: immobilization of enzyme molecules orientedly through
carbohydrate moieties, immobilization of laccase non-orientedly
through NH,- groups located on the surface of laccase molecules
(Table 3). In this case, the enzyme molecules were bound to the
aldehyde groups of oxidized cellulose creating Schiff base
formation with subsequent stabilization of the linkage by
reductive amination [19]. The improved immobilization strategy

0.0106 0.028% [16]
0.0114 0.004+0.001 [25]
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Fig. 3. Optimization of pH conditions for the reaction of laccase with substrates
SGZ and ABTS. The reactions of 0.2 L.U. (laccase from T.v.) and 0.0075 L.U. (laccase
from Pc.) with SGZ (35uM) and ABTS (45uM) in 1ml of reaction mixture
proceeded in glycine-HCI buffer (pH 2-3), acetate buffer (pH 3.5-6) and phosphate
buffer (pH 6.5). (A) Laccase from T.v. and (B) Laccase from P.c..

L=}

is based on the activation of terminal monosaccharide of
glycosidic chains by specific oxidizing agent, e.g. sodium perox-
idate or oxidizing enzyme galactose oxidase [20]. Both approaches
lead to the formation of aldehyde groups which can react with
hydrazide functional groups on the carrier. The resulting con-
densation product is a stable hydrazone. The total amount of
immobilized protein was estimated by bicinchoninic acid (BCA)
test modified in our laboratory for solid phase. The enzyme
activity was measured using SGZ or ABTS as substrates. The
average activity of oriented immobilized laccase from Pc.
(0.634+0.111 LU./ml of settled carrier) in comparison with the
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/ANTD (0.001 mmol)

L

Absorbance

T T T —
300 400 500 600 700 800

Wave length (nm)

Fig. 4. Spectra of ANTD decolorization by soluble laccase (51.U. in 25 ml of reaction
mixture), P.c. = Pycnoporus cinnabarinus, T.v. = Trametes versicolor.
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Fig. 5. Decolorization of Dye I by soluble laccase from Pc. (2.5LU. in 25ml of
reaction mixture, pH 3, 4, 5 and 8).
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Fig. 6. Magnetic macroporous bead cellulose, particle size 125-250 pm with
20 pumol of hydrazide moieties per 1 ml of settled carrier, magnification 400 x .

Table 3
Summary of carriers with immobilized laccase.

average activity of non-oriented immobilized laccase
(0.224+0.0051.U./ml of settled carrier) confirmed the predicted
preferences of oriented enzyme immobilization (Table 3). The
enzyme activity of laccase immobilized to non-magnetic form of
bead cellulose was determined also by kinetic measurement, but
the total activity was not quantified due to the color instability of
product and time-consuming separation of carrier from super-
natant by centrifugation.

Storage stability of an enzyme is a significant parameter for
carriers applied in biotechnology processes [21]. The enzyme
carriers were stored at 5-10°C. The oxidation activity was
determined every week with new aliquots of carrier. No loss in
activity of the laccase immobilized orientedly was observed after
one month. The results indicated that the immobilized enzyme
had much better storage stability than the free enzyme. Opera-
tional stability is also parameter needed for application in
practice. The enzyme activity was measured repeatedly with the
same aliquots of the carrier. The activities were almost the same
after 7th repetition. During repeated catalysis of the reaction, the
actual activity of immobilized enzymes temporarily increased
(about 10-15% of origin activity measured immediately after
immobilization). Presumably the repeated contact of enzyme
molecules with substrate can enhance the renaturation of native
conformation of enzyme molecules negatively affected during
immobilization and also can give support for oligomerization of
functional multimeric complexes [9].

For estimation of suitable storage conditions, the effect of
sodium azide in storage buffer was tested. Minussi et al. (2007)
investigated the inactivation of laccase isolated from T. versicolor
by various concentrations of potential inhibitors and discovered
that the activity of laccase is strongly inhibited by the addition of
sodium azide, L-cysteine or dithiothreitol [22]. After one week
storage of laccase carrier in presence of sodium azide, the
immobilized laccase activity decreased almost to zero. After
washing the carrier and elimination of sodium azide, the laccase
activity was regenerated after 1 week, stored in 0.05M K-acetate
buffer pH 4.5 with 5mM CuCl,. Although laccase is strongly
inhibited by sodium azide, the inhibition is reversible. The
immobilized laccase with provided good storage and operational
stability has a potential to be tested for practical biotechnology
application. At present, the testing of additional reaction condi-
tions as temperature, pH and detergent stability using the newly
developed laccase reactor is in progress.

3. Conclusions

On the basis of the provided results, the magnetic laccase
carrier for industrial or biotechnology applications was developed.

Carrier

Particle size Function group

Immobilization technique

Laccase activity?

Bead cellulose (non-
magnetic)
Bead cellulose (magnetic)

Bead cellulose (non-
magnetic)

Bead cellulose (magnetic)

80-100pm —OH
125-250 um —OH

80-100pum —NH-NH; 15 pmol ADH/ml of s.

C.

125-250 um —NH—NH, 20 pmol ADH/ml of s.
C.

Schiff base formation with subsequent reductive
amination

Schiff base formation with subsequent reductive
amination

First aldehyde groups formation

Second formation of stable hydrazone
1st aldehyde groups formation

2nd formation of stable hydrazone

<0.10L.U./ml of s. c. (see text)
0.22+0.005L.U./ml of s. c.

0.15-0.20 L.U./ml of s. c. (see
text)

0.63+0.11 LU./ml of s. c.

ADH—adipic acid dihydrazide
s. c.—settled carrier
@ Kinetic measurement of

enzyme activity (Fig. 1).
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The highest enzyme activity (0.63 +0.111 L.U./ml of settled carrier)
was achieved with laccase immobilized in an oriented fashion
through the glycosidic moieties. Hydrophilic macroporous bead
cellulose with defined size, dispersity and ferrite content provide
versatile and robust carrier for by laccase catalyzed oxidation
reaction.

The suitability of oriented immobilization for the preparation
of highly active enzyme carrier was confirmed.
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Screen-printed platinum electrodes as transducer and magnetic beads as solid phase were combined to
develop a particle-based electrochemical immunosensor for monitoring the serious food allergen ovalbu-
min. The standard arrangement of enzyme-linked immunosorbent assay became the basis for designing
the immunosensor. A sandwich-type immunocomplex was formed between magnetic particles function-
alized with specific anti-ovalbumin immunoglobulin G and captured ovalbumin molecules, and sec-
ondary anti-ovalbumin antibodies conjugated with the enzyme horseradish peroxidase were
subsequently added as label tag. The electrochemical signal proportional to the enzymatic reaction of
horseradish peroxidase during the reduction of hydrogen peroxide with thionine as electron mediator
was measured by linear sweep voltammetry. The newly established method of ovalbumin detection exhi-
bits high sensitivity suitable for quantification in the range of 11 to 222 nM and a detection limit of 5 nM.
Magnetic beads-based assay format using external magnets for rapid and simple separation has been pro-
ven to be an excellent basis for electrochemical detection and quantification of food allergens in highly
complex sample matrices.
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Adverse food reaction, including food intolerance or allergy, is a
broad term referring to any abnormal clinical response associated
with ingestion of a food [ 1] and results in life-threatening reactions
[2]. One of the most serious allergic reactions to foods is egg hyper-
sensitivity in children caused by the major allergens ovalbumin
(OVA)' and ovomucoid [1,3-9].

Ovalbumin, a water-soluble phosphoglycoprotein with molecu-
lar mass of approximately 45 kDa [7,8,10], is often present in var-
ious foods as an emulsifying and foaming agent [11]. A rapid and
sensitive ovalbumin detection method, therefore, would be of great
value. Methods commonly used for ovalbumin determination

* Corresponding author. Fax: +420 466 037 068.
E-mail address: lucie.korecka@upce.cz (L. Korecka).

1 Abbreviations used: OVA, ovalbumin; ELISA, enzyme-linked immunosorbent
assay; IgG, immunoglobulin G; EDC, 1-ethyl-3-(3-dimethylaminopropyl)carbodii
mide hydrochloride; sulfo-NHS, N-hydroxysulfosuccinimide sodium salt; BSA, bovine
serum albumin; OPD, o-phenylenediamine; Mes, 2-morpholinoethane-1-sulfonic
acid; HRP, horseradish peroxidase; anti-OVA"®?, anti-ovalbumin IgG antibodies
labeled with horseradish peroxidase; p(GMA-MOEAA)-NH,, poly[glycidylmethacryla
te-(methacryloyloxy)ethoxylacetic acid)-NH,; HA, hyaluronic acid; SDS-PAGE,
sodium dodecyl sulfate-polyacrylamide gel electrophoresis; LSV, linear sweep
voltammetry.
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consist of laborious, time-consuming, and often expensive proce-
dures [8,11,12] such as radioimmunoelectrophoresis [10,13,14],
immunoblotting [15], competitive immunoassay [16], Western
blot [17], and enzyme-linked immunosorbent assay (ELISA) [18-
20]. An element common to all of the aforementioned methods is
the use of specific antibodies for selective capture of the target
antigen. Such traditional methods also are instrumentally chal-
lenging and must be performed by analytical experts in fully
equipped laboratories. Combinations of immunochemical and elec-
trochemical methods are becoming more attractive today, mainly
for their wide accessibility, ease of implementation, and ability to
perform measurements even outside of laboratories.

The great advantage of electrochemical methods is the possibil-
ity they offer to use screen-printed sensors, characterized by fac-
tors such as low-cost fabrication, low sample consumption, and
possible surface modification [21,22]. The electrode surface used
as a solid phase for incubation of target antigen and transduction
of the electrochemical signal has certain restrictions consisting in
a limited number of accessible recognizing biomolecules, its influ-
ence on the kinetics of the antibody-antigen reaction, and the pos-
sibility of electrode defects caused by washing steps [23]. All of
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these drawbacks could be overcome by the use of magnetic beads
[21,23-25] having large specific surface areas and functional
groups for the attachment of various ligands [26]. Magnetic parti-
cles with all of these advantages already have been successfully
coupled with electrochemical sensors [21,23-25].

To date, there have been only a few published articles devoted
to electrochemical detection of the allergen ovalbumin. These
studies used different analytical approaches enabling demonstra-
tion of the presence or even quantification of the desired allergen
in biological samples such as by using a specific electrode modifi-
cation with concanavalin A in combination with an aminofer-
rocene mediator [27], a covalently bound ovalbumin antibody
with 4-carboxyphenyl film [28], peptides labeled with the elec-
troactive compound daunomycin [29], pulsed electrochemical
detection on a rotating gold electrode after high-performance
liquid chromatography separation [30], and a reagentless
immunosensor based on a multifunctional conjugated
quinone-type copolymer [31]. Kuramitz and coworkers [32] used
hydrodynamic voltammetry with a rotating disc electrode for
detecting ovalbumin captured by magnetic particles modified by
anti-ovalbumin immunoglobulin G (IgG) molecules.

We present here a selective and sensitive magnetic beads-based
electrochemical immunosensor for rapid assay of ovalbumin using
screen-printed platinum electrodes. The novelty of the current
work lies in its combining the advantages of magnetic separation,
selectivity of specific antibodies, and sensitivity of electrochemical
detection. All of this is performed without the need for any addi-
tional preanalytical steps. To achieve sufficient shuttling of elec-
trons between the substrate and redox center of the enzyme
[33], an electron mediator could be used. We selected thionine
for this purpose. Moreover, this approach avoids prolonged prepa-
ration steps (e.g., direct grafting of the electrodes with ovalbumin
[31]) or other various modifications [27,29].

Materials and methods
Chemicals

Albumin from chicken egg (OVA), Oligo-HA4, thionine acetate,
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide = hydrochloride
(EDC), N-hydroxysulfosuccinimide sodium salt (sulfo-NHS), hydro-
gen peroxide, bovine serum albumin (BSA), o-phenylenediamine
(OPD), 2-morpholinoethane-1-sulfonic acid (Mes), and Tween 20
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Horseradish peroxidase (HRP, 800 IU/mg) was provided by Fluka
(Buchs, Switzerland). Affinity purified rabbit monoclonal
anti-OVA IgG antibodies and secondary rabbit polyclonal
anti-OVA IgG antibodies labeled with HRP (anti-OVA"R?) were
obtained from Patricell (Nottingham, UK). Precision Plus Protein
unstained standard 10 to 250 kDa was a product of Bio-Rad
(Hercules, CA, USA). Sera-Mag Double Speed magnetic
carboxylate-modified microparticles (0.771 um in diameter)
were supplied by Thermo Fisher Scientific (Indianapolis, IN, USA),
and  poly[glycidylmethacrylate-(methacryloyloxy)ethoxy]acetic
acid)-NH, (p(GMA-MOEAA)-NH,) magnetic particles (4.5 pm in
diameter) were kindly provided by the Institute of
Macromolecular Chemistry (Academy of Sciences of the Czech
Republic, Prague, Czech Republic) [34,35]. All other chemicals were
supplied by Sigma-Aldrich or Penta (Chrudim, Czech Republic) and
were of reagent grade.

Apparatus

All electrochemical measurements were performed with a
PalmSens compact electrochemical sensor interface (PalmSens,
Utrecht, Netherlands) connected to screen-printed

three-electrode sensors (BST-120) composed of working and auxil-
iary electrodes made of platinum and Ag/AgCl pseudo-reference
electrode (Bio Sensor Technology, Berlin, Germany).

Immobilization of anti-OVA antibodies on carboxylate-modified
magnetic microparticles

The two kinds of magnetic particles—p(GMA-MOEAA)-NH,
coated with hyaluronic acid (HA) [36] and commercially available
carboxylate-modified  Sera-Mag  magnetic  particles—were
exploited for covalent coupling of specific antibodies using a
slightly modified two-step carbodiimide method and with EDC as
zero-length cross-linker and sulfo-NHS according to Hermanson
[37]. Here, 1 mg of magnetic particles was washed five times with
50 mM Mes buffer (pH 5.0). EDC (2 mg) and sulfo-NHS (2.2 mg)
were then dissolved in 500 pl of Mes buffer, and the reaction mix-
ture was stirred for 30 min at room temperature. Particles were
then washed two times with 0.5 M Mes buffer with the addition
of 100 pg of affinity-purified monoclonal anti-OVA antibodies
(IgG) dissolved in 1 ml of 50 mM Mes buffer in the final step.
This was incubated overnight at 4 °C (with gentle mixing) and then
washed three times with Mes buffer, followed by four times with
0.1 M phosphate buffer (pH 7.3). Immobilization efficiency was
estimated using Tris/glycine sodium dodecyl sulfate-polyacry-
lamide gel electrophoresis (SDS-PAGE).

Immobilization of HRP on Sera-Mag microparticles

Similarly, the modified common carbodiimide method
described by Hermanson [37] was used for covalent immobiliza-
tion of HRP onto carboxylate-modified Sera-Mag magnetic parti-
cles. Here, 1 mg of magnetic particles was washed five times
with 0.1 M phosphate buffer (pH 7.3) and activated by 7.5 mg of
EDC and 1.25 mg of sulfo-NHS dissolved in 1 ml of phosphate buf-
fer for 10 min at room temperature with gentle mixing. After
removing the supernatant, 1.5 mg of HRP in 1 ml of phosphate buf-
fer was added. After overnight incubation at 4 °C with gentle mix-
ing, the magnetic particles were washed with phosphate buffer five
times. The activity of immobilized HRP was determined as pub-
lished previously [38] with slight modification. Here, 50 pig of mag-
netic beads with immobilized HRP was incubated with substrate
solution (5 mg OPD with 5 pl of 30% hydrogen peroxide in 10 ml
of 0.1 M phosphate buffer, pH 6.2) protected from light using gen-
tle mixing for 10 min at 37 °C. This was followed by spectrophoto-
metric measurement of 100 pl of supernatant in a microwell plate
at 492 nm.

Sandwich-type immunocomplex formation

Immunocomplex formation was performed as the mixture of
OVA and Sera-Mag with immobilized monoclonal anti-OVA anti-
bodies in molar ratio 2:1 (OVA/anti-OVA) within 0.1 M phosphate
buffer (pH 7.0) was incubated for 1 h at room temperature under
gentle mixing. It was then washed three times with phosphate buf-
fer. Afterward, secondary anti-OVAPR? [gG in 0.1 M carbonate buf-
fer (pH 9.49) (1:10,000, v/v) with 0.1% BSA and 0.05% Tween 20
was added. Incubation followed for 1h at 37 °C [39]. In parallel,
the blank sample eliminating the negative effect of nonspecific
sorption of secondary anti-OVA"®" IgG was prepared by the same
protocol without antigen addition.

Electrochemical measurement
Linear sweep voltammetry (LSV) was selected as the most suit-

able voltammetric technique. It was used for all electrochemical
recordings of current decrease during hydrogen peroxide oxidation
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caused by enzymatic conversion using HRP. Potential range of O to
0.8 V, potential step of 0.005 V, scan rate of 50 mV/s, and equilibra-
tion time of 2 s were the optimized experimental LSV parameters.

With regard for the surface of screen-printed electrodes and
their possible reuse, minimal hydrogen peroxide concentration
(1 mg/L) in 0.1 M phosphate buffer (pH 7.3) with 0.15 M NaCl as
substrate solution and different concentrations of thionine acetate
(25,50, 100, 250, and 1000 M) were used. Substrate solution with
thionine (800 pl) was subsequently added to the suspension of S
eraMag-anti-OVA-OVA-anti-OVA"R? mixture. For measurements,
40 pl of supernatant was pipetted onto the electrode; the remain-
ing content was still mixed on a rotator. The current response of
hydrogen peroxide oxidation with or without the addition of
thionine was recorded at the potential 0.4V and monitored at
5-min intervals for a total time of 15 min.

Results and discussion

The aim of our work was to develop a sensitive immunosensor
for ovalbumin detection that could be potentially exploited also for
detecting any other clinically significant protein with the aid of a
corresponding antibody and by mere change of the specific
reagents used. Attaining detection limits as low as possible is the
main challenge in developing sensors for protein detection with
respect to the low concentrations of analyzed proteins in complex
biological samples. The combination of selective immunochemical
reaction with sensitive electrochemical techniques offers a very
promising approach in comparison with methods based on a stan-
dard ELISA arrangement, especially due to the potential for minia-
turization, low sample volumes, rapid analysis, and possible
automation of analysis and the possibility of measurement outside
the laboratory maintaining the sensitivity and specificity.

First, we focused on preparing the immunosensor based on
covalent attachment of antibodies specific to the target antigen
to the surface of magnetic microparticles. Such an approach
enables easy and fast isolation and separation of ovalbumin
directly from the complex matrix and removes unwanted impuri-
ties without any further sample pre-purification using external
magnet. Subsequently, ovalbumin detection is based on electro-
chemical monitoring of hydrogen peroxide consumption in the
substrate solution by the enzyme HRP, used as a label for specific
anti-OVA antibodies. The decreased response of the hydrogen per-
oxide oxidation current is then related to the amount of ovalbumin
in the sample. Considering the current trend toward miniaturizing
analytical devices, we wused miniaturized screen-printed
three-electrode sensors with platinum working electrodes. This
approach is feasible for detection of hydrogen peroxide oxidation.

For immunomagnetic protein isolation, specific anti-OVA IgG
was covalently immobilized onto the surface of magnetic particles
via EDC/sulfo-NHS chemistry. Two types of magnetic carriers were
selected. The first was commercial carboxylate-modified Sera-Mag
Double Speed microparticles made of encapsulated magnetite and
characterized by increased speed of response to a magnetic
field. Second, amino-modified magnetic particles made of
p(GMA-MOEAA)-NH, and 4.5 um in diameter were tested. The
immobilization efficiency of anti-OVA IgG was verified by densito-
metric evaluation of polyacrylamide gels after SDS-PAGE analysis
by Chemi-Doc XRS with Image Lab software by comparing the den-
sity of the bands before and after immobilization (see Fig. 1), and
simultaneously the amount of immobilized anti-OVA IgG was
assessed by absorbance measurement at 260/280 nm. Both meth-
ods confirmed the immobilization efficiency as 86% for Sera-Mag
and 90% for HA-coated p(GMA-MOEAA)-NH, acquired from SDS-
PAGE evaluation, which correspond to 89 and 98 pg of anti-OVA
IgG (based on 260/280-nm measurement).

MM 1 2 3 4

150 kDa o - " ’-

- -

Fig.1. Tris/glycine SDS-PAGE of fractions from anti-OVA immobilization onto Sera-
Mag (positions 1 and 2) and onto p(GMA-MOEAA)-NH, magnetic particles coated
by HA (positions 3 and 4). MM, Precision Plus Protein standard; positions 1 and 3:
anti-OVA IgG before immobilization; positions 2 and 4: anti-OVA IgG after
immobilization. Materials and conditions: 10% polyacrylamide separation gel, 5%
polyacrylamide focusing gel, silver staining, samples mixed with Laemmli sample
buffer (1:1, v/v).

It has been repeatedly verified that naked p(GMA-MOEAA)-NH,
particles cause instability in current response during subsequent
electrochemical measurements, probably due to residues of elec-
trochemically active iron oxides on the surface of particles that
were not sufficiently encapsulated in a polymer shell. Such is the
case of carboxylate-modified Sera-Mag particles. In view of these
microparticles’ other excellent characteristics, such as good
response to the magnetic field and high binding capacity, we
decided to perform post-synthetic surface coating using HA as
described previously [36]. Surface coating with such a gly-
cosaminoglycan improves colloidal stability, provides a compact
layer covering the surface iron oxides, and (last but not least)
inserts free carboxylic functional groups enough for effective
binding of specific antibodies. That is why HA-coated
P(GMA-MOEAA)-NH, particles were subsequently used in addition
to the carboxylate-modified Sera-Mag magnetic particles.

Electrochemical measurements were performed using minia-
turized screen-printed electrodes, thereby enabling measurement
in a small droplet of 40 pl [39]. Two features were critical for elec-
trochemical detection of the allergen using the ELISA sandwich
approach, namely high selectivity and sensitivity. Although in
our previous study the immunosensor showed high selectivity
[39], the sensitivity of the final electrochemical analysis was
insufficient.

In the current work, we focused on substantially increasing the
sensitivity of electrochemical detection. One promising strategy is
to promote electron transfer between the molecule of interest and
the electrode using an electron mediator. For signal amplification
of the aforementioned electrochemical immunosensor based on
HRP as a label of secondary antibodies, thionine was selected as
the mediator (see Fig. 2). Thionine exhibits pronounced electrocat-
alytic activity toward both the reduction and oxidation of hydro-
gen peroxide. The electrocatalytic properties of thionine were
used mainly during reduction of hydrogen peroxide [40,41],
although enhanced sensitivities in the case of hydrogen peroxide
oxidation also have been reported [42].

First, the effect of thionine addition on the current level during
measurement of hydrogen peroxide (1 mg/L) was evaluated in
0.1 M phosphate buffer (pH 7.3) with 0.15M NaCl and different
concentrations of thionine (25, 50, 100, and 250 pM and 1 mM).
All measurements were performed in triplicate. The increasing oxi-
dation current response correlates with a higher amount of thion-
ine in the substrate solution (see Fig. 3). Even though the strongest
response was observed with 1 mM thionine, the maximum con-
centration of 100 uM thionine was chosen as sufficient due to
the limited solubility of the mediator at high concentrations.

For simplicity, the signal amplification effect was also tested by
the subsidiary simulation of the final step using HRP-modified
Sera-Mag particles. The aim was to electrochemically monitor
the current change induced by HRP’s conversion of hydrogen per-
oxide. For the experiment, 50 pg of particles with immobilized HRP



Beads-based biosensor for allergenic food proteins/M. Cadkovd et al./Anal. Biochem. 484 (2015) 4-8 7

/& H:0;  THIONINE (red) . .
,‘"/ {\\‘ yr \( \ —
,‘\ 4 \ J J k.J
\*,_,.,/ 0,+H,0 THIONINE (0x) /

Y anti-OVA IgG ® horseradish peroxidase

") magnetic particle * ovalbumin (OVA)

Fig.2. Scheme of electrochemical immunomagnetic biosensor for ovalbumin
detection. H,0,, hydrogen peroxide.

(4.5 1U) was taken into the reaction and incubated with hydrogen
peroxide for 15 min. The current change induced by the enzyme
reaction was monitored at 5-min intervals with the aid of the
LSV technique after the separation of magnetic particles onto the
working electrode of the screen-printed sensor. All measurements
were performed in triplicate. The addition of electron mediator
produces increased oxidation currents compared with measure-
ments without thionine, which improved sensitivity in the detec-
tion step of the proposed electrochemical immunoassay.

Finally, a magnetic beads-based electrochemical immunosensor
for ovalbumin detection was constructed. The monitored decrease
in current response over time caused by enzymatic consumption of
the substrate was related to the amount of target antigen in the
sample. The negative effect of nonspecific sorption of secondary
anti-OVA IgG has been eliminated by subtraction of current regis-
tered for blank sample.

The decrease of electrochemical response of substrate hydrogen
peroxide consumed by HRP, the label of secondary anti-OVA IgG, in
the presence of target antigen (OVA) in the sample was evident.
Moreover, the positive effect of thionine as mediator in the sub-
strate solution, and thus mediation of the electron transfer
between enzyme and surface of electrode, was confirmed. Each
immunoassay was performed using new screen-printed sensor to
avoid unwanted passivation of working electrode surface area
between experiments. To correct unequal background currents of
used working electrodes, the difference between the current value
measured at the beginning of the detection step and after 10 min
of substrate conversion was plotted against the ovalbumin

0.10 {,
0.20 - 0.09 : 10
z 3 ) e “
'
=008 /'-/I
/ LY
| | o N
0154 °77 | 7 /,/ !
‘ 250 00 50 25 0 / Lo
1 1 gl
Thionine concentration (uM) s . ‘/ ‘. 3

— without thionine
- =1mM

- = =250 uM

— - -100 uM
—--50uM
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Fig.3. Effect of thionine addition on the current response for hydrogen peroxide
oxidation. Medium and conditions: 0.1 M phosphate buffer (pH 7.3) containing
0.15M NaCl and hydrogen peroxide (1 mg/L), thionine concentrations (10 uM to
1 mM), linear sweep voltammetry, thick film sensor (Pt/Pt/Ag/AgCl).
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Fig.4. Increase in current response due to hydrogen peroxide consumption by HRP
on ovalbumin in the sample with 100 uM thionine. All measurements were
performed in triplicate.

concentration. Using such a transformation, a current difference
was then proportional to the concentration of ovalbumin, which
enables simpler evaluation of the amount of target analyte in the
sample (Fig. 4).

The presented immunosensor for ovalbumin determination
exhibits linear range from 11 to 200 nM. The linear regression
equation was I (pA) = 7.77 * 107> coya (nM) + 0.012 with a correla-
tion coefficient of 0.9856. The ovalbumin detection limit using the
presented system was calculated as 5 nM ovalbumin (estimated
for a signal-to-noise ratio of 3) in the sample. This system
using magnetic particles enables capture of desired allergen
molecules from the highly complex biological material; thus,
pre-concentrated molecules can be effectively eluted into the min-
imum volume and further analyzed electrochemically.

Conclusion

In this article, we have demonstrated a highly selective and sen-
sitive magnetic beads-based electrochemical immunosensor for
rapid detection of food proteins with allergenic potential using
screen-printed platinum electrodes. The electron mediator thion-
ine was employed with the aim to increase sensitivity of the anal-
ysis. The immunosensor could be reused after simple regeneration
and washing steps; therefore, the overall costs of the analysis could
be reduced substantially. The design of the proposed magnetic
beads-based electrochemical immunosensor constitutes a poten-
tially universal system applicable to any other antigen so long as
specific antibodies are available.
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Poly(styrene-co-divinylbenzene) microspheres of narrow size distribution were prepared by
(2-hydroxypropyl)cellulose-stabilized dispersion copolymerization of styrene and divinylbenzene in
a 2-methoxyethanol/ethanol mixture under continuous addition of divinylbenzene. The
copolymerization was initiated with dibenzoyl peroxide. The obtained microspheres were
chloromethylated using several chloromethylation agents and then hypercrosslinked. Their porous
structure was analyzed by nitrogen adsorption and mercury porosimetry. Superparamagnetic iron
oxide nanoparticles were precipitated within the pores of microspheres from Fe(i1) and Fe(tr) chloride
solution. The Fe content in the microspheres was determined by carbon analysis, atomic absorption
spectroscopy and thermogravimetric analysis. Magnetic properties of the microspheres were
characterized by magnetization curves and the temperature dependence of magnetic susceptibility.
Finally, sulfo groups were introduced into the microspheres to prepare an immunomagnetic
electrochemical biosensor for protein detection with ovalbumin as a model substance.

Introduction

Separation of polymer or inorganic sorbents from complex
mixtures is generally difficult. To alleviate the problem, magnetic
microspheres providing large specific surface area (Spgr) for
covalent binding and narrow size distribution ensuring homo-
geneous properties were developed. They have been widely used
in biological practice, e.g., for protein separation,' antibody and
enzyme immobilization,? cell sorting,® nucleic acid**® and protein
purification,® and in immunoassays.” The interest in magnetic
separations stems from the fact that they provide easy manipu-
lation and fast isolation using magnetic field; the possibility to
obtain desired biological compounds in sufficient purity and
concentration necessary for polymerase chain reaction,® quanti-
fication of biomarkers by mass spectroscopy,®'® etc. Magnetic
microspheres are suitable also as electrochemical biosensors in
enzyme-linked immunosorbent assays (ELISA) where the
microspheres replace colorimetric end-point measurement.
Electrochemical immunosensors based on coupling of
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immunochemical reactions and appropriate transducers'! have
become attractive due to their simple use, fast analysis and the
possibility of miniaturization.'* Application of magnetic micro-
spheres in immunosensors prevents their poor regeneration and
reproducibility, which are often caused by direct adsorption of
antibodies on the electrode surface that is commonly used in the
immunosensor  arrangement.’®> Moreover, screen-printed
electrodes (SPEs), which are produced by printing on various
polymer or ceramic supports,’* have advantages of high sensi-
tivity and selectivity, portable size and low cost.

Several methods have been developed to prepare magnetic
polymer microspheres including surface-initiated polymeriza-
tion,"'7 suspension,'® dispersion,' emulsion,* miniemulsion*'??
and emulsifier-free emulsion®® polymerization in the presence of
magnetic nanoparticles. The magnetic microspheres (size
1-5 pum) have to fulfill requirements for low toxicity (biocom-
patibility) and non-interference with the chemical environment in
diagnostics. Moreover, they should be stable in solutions, show
narrow size distribution and minimum non-specific adsorption.
Last but not least, an appropriate functionalization of magnetic
polymer microspheres is required for intended applications in
biochemistry** and immunochemistry.?>?® There is a wide range
of different options, such as introduction of basic or acid groups
to facilitate desirable adsorption®” or separation.?® Ferrites are
well known as appropriate magnetic cores of magnetic polymer
microspheres. In particular, maghemite and magnetite are often
used?® because of a high saturation magnetization (80—
100 A m? kg™"'). The iron oxides are conveniently prepared in the
presence of oleic acid which prevents nanoparticle aggregation in

This journal is © The Royal Society of Chemistry 2011
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organic media.’® They can be made by precipitation of ferrous
and ferric salts with alkali hydroxides®! or by thermal decom-
position of organometal compounds.*?

Dispersion polymerization has been known as a suitable
technique for preparation of monodisperse polymer micro-
spheres in the range 0.1-15 pm.** The concentration of monomer
and initiator as well as the stabilizer and solvent (hydrocarbon or
polar solvent) plays an important role in controlling the micro-
sphere size. Many applications require microspheres crosslinked
with another multifunctional monomer to prevent their disso-
lution in the medium. However, the addition of a crosslinking
agent to the reaction system often interferes with the nucleation
mechanism of the dispersion polymerization and the resulting
particles have then an irregular morphology and a broad size
distribution.** To overcome this drawback of the polymeriza-
tion, steric stabilizer or monomer was added to the reaction
mixture in several portions* or a bifunctional monomer was
continuously dosed in certain time periods after beginning of
polymerization.*®

If magnetic nanoparticles are precipitated in the porous structure
of polymer microspheres,®” only limited amounts of a magnetic
compound can be incorporated and, moreover, the release of iron
oxide from the pores is often a serious problem. For this purpose it is
suitable to make the microspheres with micro- (< 2 nm) or meso-
pores (2-50 nm) in which the iron oxide can be easily kept and thus
the incorporated amount of magnetic nanoparticles can be raised.
Hypercrosslinking is a convenient method for preparation of
micro- and mesoporous microspheres. This reaction was intro-
duced by Davankov in 1970s.® Since that time, hypercrosslinked
particles have been employed in many fields, such as ion
exchangers,® water treatment*® and hydrogen storage.*' Hyper-
crosslinked styrene-divinylbenzene copolymers with the size of
hundreds of micrometres, so-called Hypersol-Macronet™ sorbent
resins, are commercially available from Purolite.*

The aim of this work was to investigate the preparation of
magnetic polymer microspheres of narrow size distribution from
sulfonated hypercrosslinked styrene—divinylbenzene copolymers
in which an iron oxide was further precipitated. The micro-
spheres with immobilized anti-OVA antibody were then inte-
grated in a sandwich-type electrochemical immunosensor and
ovalbumin was isolated and detected as a model protein
(Scheme 1).

Experimental
Materials

Styrene (S) and divinylbenzene (DVB; 54% meta- and 20% para-
isomers, 24% ethylvinylbenzene) from Kaucuk (Kralupy nad

© O -

fPC &°

Magnetic microspheres
with anti-OVA 1gG

%% 3
o

Vltavou, Czech Republic) were vacuum distilled; 1,2-dichloro-
ethane (DCE), ethanol (EtOH) for UV spectroscopy,
2-methoxyethanol (MetCel), 25% aqueous solution of ammonia,
diethyl ether and cyclohexane were from Lach-Ner (Neratovice,
Czech Republic). Chloromethyl methyl ether (CMME),
chloromethyl ethyl ether (CMEE), chloromethyl octyl ether
(CMOE), (2-hydroxypropyl)cellulose (HPC; M, = 100 000),
FeCl,-4H,0, FeCl;-6H,0, SnCly; and 2-morpholinoethane-
I-sulfonic acid (MES) were from Aldrich (St Louis, USA).
Dibenzoyl peroxide (BPO; moistened with 20% of water; crys-
tallized from ethanol), horseradish peroxidase (HRP), chicken
egg albumin (ovalbumin, OVA) and bovine serum albumin
(BSA) were supplied by Fluka (Buchs, Switzerland). Rabbit anti-
ovalbumin (anti-OVA) IgG and rabbit anti-ovalbumin HRP-
labeled anti-ovalbumin (anti-OVA-HRP) were obtained from
Patricell Ltd. (Nottingham, UK) and purified by affinity
chromatography. All other chemicals were supplied by Aldrich
or Penta (Chrudim, Czech Republic) and used without further
purification.

Preparation of microspheres

Dispersion copolymerization of styrene and divinylbenzene.
Poly-(styrene-co-divinylbenzene) (PS) microspheres were
prepared by modified Ober’s procedure.*® Polymerization was
conducted in a glass 100 ml reaction vessel equipped with an
anchor-type stirrer. In a typical experiment, HPC (1.09 g) was
dissolved in a mixture of MetCel (19.3 g) and EtOH (38.9 g) and
separately BPO (0.48 g) was dissolved in S (10.9 g). Both the
solutions were mixed and placed in a reaction vessel and purged
with nitrogen for 15 min. The reaction was allowed to proceed at
75 °C for 24 h under stirring (100 rpm). Five minutes after the
start of the polymerization, DVB (0.11 g; 1 wt%) was added at
various rates: 0.11 g in one portion, 2 pl every 30 s for 30 min, 2 pl
every 45 s for 45 min, 2 pl every 60 s for 60 min and 2 pul every 75 s
for 75 min. At the end of the reaction, the resulting PS micro-
spheres were separated by centrifugation (600 rpm) and washed
ten times with ethanol (100 ml each) to ensure complete removal
of impurities (excessive stabilizer, unreacted monomer, initiator
residues), and finally dried at room temperature.

Preparation of hypercrosslinked PS microspheres. PS micro-
spheres were hypercrosslinked according to the modified
Davankov’s procedure.**** In a typical experiment, the PS
microspheres (2 g) were swollen in anhydrous DCE (32 ml) for
20 h in a 100 ml round-bottomed flask. The mixture was cooled
to —15 °C in an ice/NaCl bath under magnetic stirring,
chloromethyl methyl ether (0.727 ml) was added and the mixture

Wasr-ng §

Sub5:r3!e
‘addition

H:0:

H:0 + 0:

Electrachemical detection using
SPE sensor
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Scheme 1 System for detection of ovalbumin based on ELISA combined with electrochemical monitoring.
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was kept at this temperature for 1 h. SnCly (1.12 ml) was added
and the mixture refluxed at 80 °C for 20 h. The hypercrosslinked
(HPSX; X = M, E or O for chloromethylation with CMME,
CMEE or CMOE, respectively) microspheres were then kept in
anhydrous DCE for 12 h, filtered and washed successively with
1,2-dichloroethane, ethanol and diethyl ether before vacuum
drying at 40 °C.

Sulfonation of HPSX microspheres. HPSX (X = M, E or O for
chloromethylation with CMME, CMEE or CMOE, respectively)
microspheres (1 g) were placed in a 50 ml round-bottomed flask,
swollen in DCE (16 ml) for 10 h, 96% H,SO, (4 g) and Ag,SO,
(12.5 mg) were added and the mixture was refluxed at 80 °C for
2 h. After completing the sulfonation, the microspheres (denoted
as HPSX-SO3~) were washed five times with 0.2 M H,SO,4 and
water and vacuum-dried at 40 °C for 24 h. The content of SO5~
groups was determined by sulfur analysis.

Precipitation of iron oxide in HPSX-SO;~ microspheres.
HPSX-SO5;~ microspheres were charged in a 100 ml round-
bottomed reaction vessel equipped with an anchor-type stirrer
(150 rpm). The microspheres (1 g) were dispersed in water (40 ml)
at room temperature for 4 h. Subsequently, FeCls-6H,O and
FeCl,-4H,O0 (the amounts are given in Table 1) were dissolved in
the above-mentioned suspension (FeClsy/FeCl, = 2/1 mol/mol),
which was then evacuated (2.7 kPa) at 23 °C for 1 h. Vacuum was
removed and the reaction mixture was heated up to 80 °C. 25%
aqueous ammonia (50% excess) was then dropwise added and the
mixture refluxed for 30 min. After completing the reaction, the
mixture was cooled to room temperature. The resulting magnetic
(HPSX-M-SO;") microspheres were separated using a magnet,
ten times washed with water and finally vacuum dried at 40 °C
for 24 h.

Immobilization of HRP on HPSM-M4-SO;~ microspheres and
determination of enzyme activity. HPSM-M4-SO;~ microspheres
(1 mg, 29 wl of suspension with a concentration of 35 mg particles

Table 1 Preparation of HPSX-M-SO;~ microspheres containing vy-
Fe,03; Fe(un)/Fe(ir) = 2/1 (mol/mol)

Fe (wt%) in microspheres

Fe(m) + Fe(m)

Microspheres salts” (wt%) CA® AAS TGA?
HPSM-M1-SO3~ 2.2 26 23 45
HPSM-M2-SO; 34 35 33 25
HPSM-M3-SO5~ 5.6 46 41 31
HPSM-M4-SO3~ 6.8 54 53 52
HPSM-M5-SO5~ 8.0 55 53 46
HPSE-M1-SO; 2.2 23 16 16
HPSE-M2-SO3~ 34 24 17 15
HPSE-M3-SO;~ 5.6 44 40 38
HPSE-M4-SO3~ 6.8 37 32 31
HPSE-M5-SO5~ 8.0 40 38 35
HPSO-M1-SO3~ 2.2 26 23 23
HPSO-M2-SO3~ 34 36 37 34
HPSO-M3-SO;3~ 5.6 45 46 39
HPSO-M4-SO;~ 6.8 45 45 41
HPSO-M5-SO3~ 8.0 44 44 42

“ Content of ferrous and ferric chlorides in reaction mixture. ° By carbon
analysis. ¢ By AAS. ¢ By TGA.

per ml) were washed five times with 0.1 M phosphate buffer
(pH 7.3). HRP (3 mg) in 0.1 M phosphate buffer (1 ml) was
added and the mixture incubated at 4 °C for 16 h under mild
shaking. After completion of the immobilization, the resulting
HRP-HPSM-M4-SO;~ microspheres were washed eight times
with phosphate buffer.

The activity of immobilized enzyme was determined using
hydrogen peroxide as a substrate and 1,2-phenylenediamine
(OPD) as a chromogen according to an earlier published
method.** A solution of the substrate was prepared from 0.1 M
phosphate buffer (20 ml, pH 6.2), 30% hydrogen peroxide (10 ul)
and OPD (10 mg). The solution (100 pl) was added to the
suspension of HRP-HPSM-M4-SO;~ microspheres (100 ul) and
after incubation at 37 °C for 10 min under mild shaking UV
absorbance of the supernatant was measured at 492 nm.

Direct immobilization of primary antibodies (anti-OV A IgG) on
HPSM-M4-SO;~ microspheres. HPSM-M4-SO;~ microspheres
(1 mg, 29 ul of suspension with concentration 35 mg ml™') were
washed five times with 0.1 M MES buffer (pH 5) and a solution
of anti-OVA IgG (100 pg) in MES buffer (500 ul) was added. The
immobilization proceeded at 4 °C for 16 h under mild shaking.
The anti-OVA-HPSM-M4-SO;~ microspheres were washed five
times with MES buffer, non-specifically adsorbed antibodies
were removed after incubation with 0.05% trifluoroacetic acid
(TFA; 2 x 200 pl) at 23 °C for 5 min. Finally, the microspheres
were washed five times with 0.1 M MES buffer.

The immobilization efficiency was estimated by SDS-PAGE in
Tris/glycine according to the following procedure. Electropho-
resis was performed on a linear 12% SDS—polyacrylamide gel of
0.75 mm thickness. The samples were mixed with Laemmli buffer
(1: 1 v/v)and boiled at 100 °C for 2 min. SDS-PAGE proceeded
in a Mini-PROTEAN electrophoresis cell (Bio-Rad, Phila-
delphia, USA) at 180 V with Tris/glycine/SDS running buffer
(25 mM Tris, 192 mM glycine, 0.1 wt% SDS). Gels were stained
by a conventional silver staining method.

Affinity isolation of ovalbumin and electrochemical detection. A
solution of antigen ovalbumin (OVA) in 0.1 M phosphate buffer
(500 ul; pH 7) was added to the suspension of anti-OVA-HPSM-
M4-SO3™ microspheres (OVA : anti-OVA 2 : 1 mol/mol) and the
mixture was incubated at 23 °C for 45 min under mild shaking.
The microspheres were then washed with 0.1 M phosphate buffer
(pH 7), 0.1 M phosphate buffer (pH 7) containing 1 M NaCl and
0.1 M phosphate buffer (pH 7), three times each. To detect
specifically bound OVA, the secondary antibody (anti-OVA-
HRP conjugate) diluted 1:20000 with 0.1 M hydro-
gencarbonate buffer (pH 9.49) containing 0.1% BSA and 0.05%
Tween 20 was added. The reaction proceeded at 37 °C for 45 min
under gentle shaking. Finally, to electrochemically monitor the
signal decrease of substrate due to enzymatic reaction of conju-
gate label and substrate, unbound conjugate was removed by
washing five times with 0.1 M phosphate buffer. Hydrogen
peroxide (800 ul; 15 mg 1-") was added for final electrochemical
measurement depending on the above mentioned conditions.
HPSM-M4-SO;~ microspheres were used as a control.

Electrochemical linear sweep voltammetry (LSV) measurement.
All electrochemical measurements were performed on a PalmSens

This journal is © The Royal Society of Chemistry 2011
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compact electrochemical sensor interface (Palm Instruments BV;
Houten, Netherlands). Screen-printed three-electrode sensors (SPEs)
comprised reference Ag/AgCl electrode, platinum working and
auxiliary electrodes (type AC1.W2.R1, BVT Technologies, Brno,
Czech Republic) for sensing substrate hydrogen peroxide after its
enzymatic conversion by HRP. 0.1 M phosphate buffer (pH 7.3)
containing 0.15 M NaCl was used in all assays. Measurement
conditions were the following: potential range 0—1 V with 0.005 V
steps, scan rate 0.1 V s™', equilibration time 2 s. The current value at
the potential 0.5 V was read-out for evaluation of results.

Characterization

The microspheres were observed in an Opton III light micro-
scope (Oberkochen, Germany) and photographed using a Canon
EOS 400D camera (Tokyo, Japan). The microsphere size in the
dry state and their size distribution were analyzed by scanning
electron microscopy (SEM; JEOL JSM 6400; TEM Tecnai Spirit
G2, FEI, Brno, Czech Republic) and the number-average
diameter (D,), weight-average diameter (D,,) and uniformity
(Dyw/D,) were calculated using an Atlas software (Tescan Digital
Microscopy Imaging, Brno, Czech Republic) by counting at least
500 individual microspheres on SEM micrographs. The D, and
Dy, can be expressed as follows:

D, = ZniDi/Zni ()
D, = ZniDi4/ ZniDi3 @)

where n; and D; are the number and diameter of the i*" micro-
sphere, respectively.

SpeT of microspheres was determined by nitrogen adsorption
in liquid nitrogen (77 K) using a Gemini VII 2390 Analyzer
(Micromeritics, Norcross, USA).

The specific pore volumes and the pore size distribution of dry
microspheres were determined with a Pascal 140 and 440
mercury porosimeter (Thermo Finigan, Rodano, Italy) in two
pressure intervals, 0-400 kPa and 1-400 MPa, allowing evalua-
tion of meso- and macropores. Because macropores are not
pertinent in this study, only the volume and size of mesopores
were considered. The pore volume and the most frequent
mesopore diameter were calculated from the cumulative pore
volume curves assuming a cylindrical pore model by the Pascal
program using Washburn’s equation describing capillary flow in
porous materials.*®

The microspheres were analyzed using a Perkin Elmer
2400 Series CHNS/O elemental analyzer (Shelton, CN, USA).
The absorbance was measured with a Biochrom Libra S22 UV/
VIS spectrophotometer (Cambridge, UK). The content of Fe
was analyzed by atomic absorption spectroscopy (AAS). The
relative content of polystyrene and iron oxide was determined
using a Perkin Elmer TGA 7 Thermogravimetric Analyzer
(Norwalk, CT, USA). The magnetic microspheres were heated
from room temperature to 860 °C at a heating rate of 10 °C min™"
in air, allowing the polymer to completely decompose while the
inorganic iron oxides were determined as the residue.

Magnetic measurements. Magnetization curves were measured
at room temperature using an EV9 vibrating magnetometer

(DSM Magnetics, ADE Corporation, Lowell, MA, USA) with
the maximum magnetic field of 2 T. The temperature dependence
of magnetic susceptibility, k, was measured from liquid nitrogen
temperature (77 K) to ca. 1000 K using a KLY-4S/CS-3 kap-
pabridge (AGICO Brno, Czech Republic) according to a previ-
ously described procedure.*” The measurements were carried out
in ambient atmosphere; the heating rate was 8.5 K min~".

Results and discussion
Dispersion copolymerization of styrene and divinylbenzene

Dispersion polymerization is a convenient single-step technique
for preparation of monodisperse micrometre-sized particles.
Here, PS microspheres with size ranging from 2.5 to 5.2 pm were
prepared by dispersion copolymerization of S and DVB in
a MetCel/EtOH mixture. The dispersion was stabilized with
(2-hydroxypropyl)cellulose and the polymerization was initiated
with dibenzoyl peroxide. The concentrations of the stabilizer,
initiator and MetCel/EtOH ratio were kept constant throughout
the experiments at 1.58 wt%, 4.4 wt% and 0.5 w/w, respectively.
In order to make the microspheres insoluble in organic solvents,
a small amount of DVB (1 wt%) was added to the reaction
mixture for obtaining lightly crosslinked non-porous micro-
spheres (Sger = 5 m? g!). Because DVB in the polymerization
mixture can interfere with a homogeneous nucleation mechanism
resulting in wrinkled particles in an undesirable secondary
nucleation,* continuous addition of DVB at various rates was
investigated.

After addition of the whole amount of DVB five minutes after
beginning of the polymerization in one portion, 5.2 um PS
microspheres with a very broad size distribution (Dy/D,, = 1.91;
Fig. 1a) were obtained. One of the reasons for formation of
polydisperse particles may be ascribed to different reactivity
ratios for DVB isomers and S. As p-DVB has a higher reactivity
ratio (r, = 1.18) than S (r; = 0.26),*® p-DVB is capable of
formation of new nuclei broadening thus the distribution.
Polydispersity may be also caused by slow initiation of the
system.*

When DVB was added continuously, at a rate of 2 pul every 30 s
for 30 min, the primary particles aggregated in 2.5 pm cauli-
flower-like structures (Fig. 1b). The aggregation could be caused
by very fast addition of DVB which was not completely
accommodated in polymer—-monomer particles. As a result, new
particles were attached to the primary ones forming cauliflower
morphology. If DVB was continuously added at a rate of 2 ul
every 45 s for 45 min, PS microspheres had an average size of
3.7 um and D,/D, = 1.16 (Fig. 1c). The microspheres were
almost monodisperse; it could be thus assumed that this mode of
DVB addition was appropriate for preparation of the particles.
Such microspheres were tested for immobilization of anti-OVA
and subsequent detection of OVA. Ca. 4.5 um PS microspheres
(Dw/D, = 1.34) were obtained at a dosing rate of 2 ul DVB every
60 s in the course of 60 min (Fig. 1d). The presence of small
amounts of tiny (0.7 um) particles among larger microspheres
indicated that the nucleation was not fast enough. Finally, DVB
was continuously added at a rate of 2 pl every 75 s for 75 min
and 4.8 pm PS microspheres of a rather narrow size distribution
(Dw/D, = 1.17) were obtained (Fig. le). It could be thus stated
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Fig. 1 SEM micrographs of (a-e¢) PS microspheres prepared by
dispersion polymerization of styrene and DVB in 2-methoxyethanol/
ethanol mixture. DVB was added 5 min after starting of the polymeri-
zation: (a) 0.11 g (120 pl) in one portion, (b) 2 pul every 30 s for 30 min, (c)
2 ul every 45 s for 45 min, (d) 2 ul every 60 s for 60 min and (e) 2 pl every
75 s for 75 min. The polymerization was stabilized by 1.58 wt% HPC.

that the particle size increased with prolonging time of DVB
addition. The result could be explained by decreasing in situ DVB
concentration with increasing rate of DVB addition which is in
agreement with literature data.>® Moreover, the narrowing of the
particle size distribution could be ascribed to a decrease in
solubility of polymer chains in the medium with increasing
concentration of DVB in the reaction mixture leading to the
formation of more nuclei. However, their size was smaller.5!

Hypercrosslinking of PS microspheres and sulfonation of HPSX
microspheres

With the aim to efficiently modify benzene rings of PS and
subsequently produce large Sggr in the microspheres, three
chloromethylated ethers were investigated. PS microspheres were
chloromethylated with CMME, CMEE or CMOE in DCE and
hypercrosslinked using the SnCly catalyst. The resulting HPSX
microspheres had large Sggt ranging from 367 to 1212 m? g ! as
determined by BET isotherm obtained by adsorption of
nitrogen. Some of them, however, partly aggregated. Hyper-
crosslinked CMME-chloromethylated polystyrene microspheres
(HPSM) had the largest Sger = 1212 m? g='. This could be
ascribed to the fact that small CMME molecule easily penetrated
into the swollen PS network. CMME was the most reactive of all

the investigated chloromethylation agents. Due to its highly
efficient Friedel-Crafts alkylation (0.65 mmol Cl g7'), many
chloromethyl groups were introduced bridging the benzene rings
of PS microspheres. Fine porous structure of HPSM micro-
spheres with pore size in the range of tens of nanometres was
confirmed by a TEM micrograph of the cross-section (Fig. 2a).
Every HPSX microsphere consisted of ca. 10 nm PS globules
between which ca. 10-40 nm pores were formed.

Hypercrosslinking of CMEE-chloromethylated microspheres
(HPSE) produced somewhat lower, but still sufficient, Sget =
929 m? g~'. Also CMEE molecule was small enough and its access
into the network was easy to chloromethylate PS microspheres
(0.55mmol Cl per g). The smallest Sgpr = 367 m* g~! was achieved
with microspheres obtained by hypercrosslinking CMOE-chlor-
omethylated particles (HPSO). The CMOE reagent was obviously
not as reactive as CMME and CMEE providing insufficient
amounts of chloromethyl groups (0.27 mmol Cl per g).

Determination of micro/mesoporous structure of hyper-
crosslinked HPS microspheres by nitrogen adsorption was
completed by characterization of mesoporous structure by
mercury porosimetry measurements. Macroporosity was not
considered due to a small size of the microspheres. The most
frequent pore radius of HPSM microspheres was mostly in the
range 8-24 nm (Fig. 3), the cumulative pore volume was
0.4 ml g' and the mesoporosity amounted to 29%. Porous
properties of the HPSO microspheres resembled those of
HPSM particles. The most frequent pore radius was 6-20 nm,
the cumulative pore volume 0.3 ml g' and mesoporosity 23%.
Compared with HPSM and HPSO microspheres, mesoporosity
of the HPSE microspheres was higher (34%). Their most
frequent pore radius was also larger ranging from 7 nm to
25 nm, which was accompanied by a high cumulative pore
volume of 0.43 ml g .

Fig. 2 TEM micrographs of cross-sections of (a) HPSM and (b and c¢)
HPSM-M5-SO;~ microspheres. Magnification 37 000x (a and b) and
59 000 (c).
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Fig. 3 (1) Cumulative pore volume ¥ and (2) pore size distribution
dV/dlog(r) curves of CMME-hypercrosslinked HPSM (1 wt% DVB)
microspheres determined by mercury porosimetry; pore radii range
1.9 nm-10 pm (mesopore radii analyzed up to 25 nm).

Functionalization of microsphere surface is necessary to make
coupling of antibody (anti-ovalbumin) on the surface by covalent
bonds possible. In this report, sulfonation was selected for
modification of hypercrosslinked PS microspheres because it is
an easy and reliable reaction. Silver sulfate-catalyzed reaction of
96% sulfuric acid yielded HPSX-SO;~ microspheres containing
ca. 4 mmol SO;~ per g according to sulfur analysis.

Precipitation of iron oxide within HPSX-SO3;~ microspheres

Fe(n) and Fe(im) salts were precipitated in the pores of the
HPSX-SO;~ microspheres by alkaline medium performed by
Massart’s procedure.>? Ferrous and ferric chloride solutions were
first imbibed in the porous structure in vacuum and precipitation
was achieved by aqueous ammonia. Although the concentration
of ferrous and ferric chlorides in the aqueous phase was varied
from 2 to 8.5 wt%, the Fe?*/Fe** ratio was kept constant (2/1 mol/
mol).

Successful embedding of iron oxide in the PS matrix was
documented by TEM of cross-sections in HPSM-M5-SO3~
microspheres (Fig. 2b and ¢ as an example). Both non-magnetic
HPSM and magnetic HPSM microspheres are composed of
globules (dark spots in Fig. 2a—c) between which the pores (light
spots) appear. Iron oxides in the pores can be observed as black
dots (Fig. 2b and c¢); their size is around 9 nm, which is compa-
rable with the pore size. This finding favors retention of the iron
oxide nanoparticles inside the porous structure. However, iron
oxide was precipitated also on the particle surface. As expected,
filing of the pores with iron oxide nanoparticles led to a signifi-
cant decrease of specific surface area. For example, Sggt of
HPSM-M1, HPSE-M1 and HPSO-M1 microspheres decreased
to 62, 58 and 20 m? g™, respectively.

Fig. 4 shows the dependence of the iron content determined by
AAS in the 3.7 um HPSX-M-SO;~ microspheres on the
concentration of iron salts in the reaction mixture. As expected,
with an increasing concentration of ferrous and ferric chlorides
in the reaction mixture, the content of Fe precipitated in the
microspheres increased reaching a plateau at high iron chloride
concentration (5.1 wt% for HPSO-M3-SO5~ and 6.8 wt% for

50 -

40 -

Fe (wt.%)

3 6 9
G (wt.%)

Fe chiorides

Fig. 4 Dependence of Fe content (by AAS) in HPSX-SO3~ micro-
spheres on FeCl, concentration ¢ in the reaction mixture.
Chloromethylation with ((J) CMME, (O) CMEE and (A) CMOE.

HPSM-M4-SO3;~ and HPSE-M4-SO; 7). This could be explained
by washing out of iron oxides from the microspheres at higher
iron salt concentrations. It can be assumed that the precipitated
iron oxide was in the form of maghemite (y-Fe,O3) due to the
presence of oxygen in the aqueous medium which oxidized the
primarily formed Fe;O4. The amount of iron in the microspheres
was determined not only by AAS but by elemental analysis and
thermogravimetric analysis (TGA) as well. Elemental analysis, in
particular the percentage of carbon, can be used for calculating
the percentage of y-Fe,O3 in HPSX-M-SO;~ microspheres since
the original neat PS microspheres do not contain Fe. The
following equation was used:

%(y-Fex03) = 100 — PS (%) = 100 — [C (%)/89.8)] x 100, (3)

where % of C was obtained from elemental analysis of HPS-M-
SO;~ microspheres and 89.8 was the content of C found in neat
PS microspheres. For example, the C content in HPSE-M1-SO;~
microspheres was 61.1% and the calculated PS content in the
magnetic microspheres was 68 wt%, i.e., the y-Fe,O3 content was
32 wt% which corresponds to 23.1 wt% Fe (Table 1). The
contents of Fe determined by elemental analysis were in rough
agreement with those obtained by AAS (Table 1). The iron
content determined in the microspheres by the above mentioned
three methods decreased in the order HPSM = HPSO > HPSE
(Table 1).

TGA of HPSX-M-SO;~ microspheres was measured at
temperatures ranging from 40 to 860 °C. As an example, the
temperature-dependent decomposition of HPSE-M4-SO;~
microspheres is shown in Fig. 5. A temperature increase was
accompanied by a gradual mass loss. The main decomposition
started at around 330 °C where the HPSE-M4-SO;~ micro-
spheres began to rapidly lose weight with the mass loss around
50% up to 420 °C (Fig. 5). In the degradation of polystyrene,
random main-chain scission occurs below 300 °C, where the
weak links play a significant role.® At temperatures above
300 °C, volatile products are formed, containing monomers
(45%) and oligomers. The value 125.5 kJ mol~! was determined
by DSC for the activation energy of polystyrene degradation®

14788 | J. Mater. Chem., 2011, 21, 14783-14792

This journal is © The Royal Society of Chemistry 2011


http://dx.doi.org/10.1039/c1jm12475g

Published on 18 August 2011. Downloaded by Pardubice University on 26/01/2018 14:41:26.

View Article Online

100

80

60 -

Weight decrease (%)

40

1 1 1 1
0 200 400 600 800
Temperature (°C)

Fig. 5 Thermogravimetric analysis of HPSE-M4-SO3~ microspheres.
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Fig. 6 Induced magnetization of HPSM-M5-SO;~ (full line) and HPSE-
MS5-SO;~ (dashed line) microspheres.

and this value was found to be independent of the atmosphere in
which the degradation took place (air, nitrogen or oxygen). At
the end of the TGA analysis performed in air, the organic phase
of HPSE-M4-SO;~ microspheres was completely decomposed
around 600 °C, allowing one to calculate the iron oxide content
as the inorganic residue. The determination of iron in magnetic
microspheres by the three methods was mostly in agreement.
Generally, the content of precipitated iron oxide increased with
increasing concentration of Fe salts in the feed. However, some
differences between the results, obtained from TGA, AAS or

Table 2 Characteristics of HPSX-M-SO;~ microspheres containing y-Fe,O3

elemental analysis, were observed, e.g.,, in HPSM-M1-SO;~
microspheres where the Fe content as determined by TGA was
higher compared with the other two methods. This might be due
to inaccurate results of TGA of microspheres containing low
amounts of precipitated iron oxides. The data scattering in
Table 1 could be explained by a release of iron oxide captured on
the particle surface during washing. HPSM-M4-SO3;~ micro-
spheres contained the highest amount of iron (~ 53 wt%).

Magnetic properties

The induced magnetization curves of HPSM-M5-SO;~ and
HPSE-M5-SO;™ microspheres at room temperature are shown in
Fig. 6. Negligible hysteresis in the magnetization curves suggests
a significant superparamagnetic contribution of the iron oxide
precipitated inside the hypercrosslinked microsphere pores. As
expected, HPSM-M5-SO;~ microspheres displayed higher satu-
ration magnetization (M) than the HPSE-M5-SO;~ ones. The
v-Fe,O3 content in the microspheres estimated from magnetic
measurements (Table 2) was lower than that from the Fe
contents obtained by carbon analysis (CA), AAS and TGA
(Table 1). The reduced M, values could be ascribed to various
surface effects, such as oxidation resulting in low-magnetic
compounds, imperfections in the crystal structure, deviation
from stoichiometry and adsorbed materials.>* It should be noted
that the saturation magnetization of small particles is always
lower than that of the bulk. Magnetic parameters obtained from
measurements of magnetization curves included also mass-
specific magnetic susceptibility x measured at room temperature
(Table 2). The value of saturation magnetization M, which is
a direct measure of the concentration of atomic magnetic
moments, was used to estimate the relative concentrations of
magnetic iron oxide nanoparticles in HPSM-M5-SO;~, HPSE-
M4-SO;~, HPSE-M5-SO5;~ and HPSO-M5-SO3~ microspheres
(Table 2), assuming that the reported saturation magnetization
of bulk maghemite (y-Fe,03) is 84 Am? kg~' (ref. 55) and that of
pure maghemite nanoparticles is 55.9 Am? kg~'.%¢
Thermomagnetic analysis revealed analogous behavior of all
analyzed magnetic microspheres. As an example, the tempera-
ture dependence of magnetic susceptibility of HPSM-MS5-SO;3~
is shown in Fig. 7. A pronounced maximum of magnetic
susceptibility was observed at 120 °C, followed by a sharp
decrease with a local minimum between 350 °C and 450 °C and
an increase with different intensity. Finally, the decrease starting
at about 550-570 °C indicated the presence of magnetite, which
was obviously the final product of thermal transformations. The
absence of the Verwey transition around —150 °C suggested
a lack of multidomain magnetic particles. The interpretation is

Microspheres x* x 1074/m?3 kg™! HZI0e M 107" A m? kg™! MSYA m? kg™ (M /M) x 1072 v-Fe,0y (wt%)
HPSM-M5-SO5- 5.17 3.78 0.592 11.80 0.501 21.2
HPSE-M4-SO3- 5.50 15.16 2.060 8.71 2.360 15.3
HPSE-M5-SO3~ 4.18 4.92 0.772 9.70 0.796 17.3
HPSO-M5-SO; 5.50 4.39 0.844 11.60 0.727 20.8

“ Magnetic susceptibility. b Coercive force. ¢ Remanent saturation magnetization. ¢ Saturation magnetization. ¢ Remanent saturation/saturation
magnetization ratio.” The y-Fe,O5 content in the microspheres was calculated relative to M; of pure y-Fe,O3 nanoparticles (55.9 Am> kg").
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Fig. 7 Temperature dependence of magnetic susceptibility of HPSM-
MS5-SO;~ microspheres. (1) Low-temperature curve, (2) heating curve
and (3) cooling curve.

unclear, but this could be probably related to disintegration of
microspheres and subsequent reduction of maghemite to
magnetite.

Direct immobilization of HRP and anti-OVA on HPSM-M4-
SO;™ microspheres

As a model system for construction of immunomagnetic
biosensor for sandwich ELISA-based protein detection, primary
antibody (anti-OVA)/antigen (OVA)/secondary antibody (anti-
OVA-HRP) was selected. Anti-OVA was therefore immobilized
on HPSM-M4-SO;~ microspheres. The immobilization effi-
ciency investigated by the standard Tris/glycine SDS-PAGE®’
with silver staining®® was higher than 90% (Fig. 8).

In lane 1, there was pure anti-OVA as a positive control. The
supernatant after immobilization was in lane 2. This lane was
compared with the first lane and it was concluded that almost all
anti-OVA was immobilized on HPSM-M4-SO;~ microspheres.
The first and second eluents were in lanes 3 and 4, respectively.
Blind runs confirmed that anti-OVA was not released from
HPSM-M4-SO5;~ microspheres after immobilization.

anti-OVA (150 kDa)

1 2 3 4

Fig. 8 Tris/glycine SDS-PAGE of anti-OVA antibodies immobilized
onto M-PS-SO;H microspheres. Original anti-OVA IgG (lane 1),
supernatant after immobilization (lane 2), first (lane 3) and second
washing after immobilization (lane 4).

Electrochemical measurements

The reaction between antigen and antibody proceeds generally
on the surface of the working electrode, where the limiting
factors are regeneration of the sensor and reusability.® The
problems can be avoided by using magnetic microspheres with
immobilized antibodies enabling us to perform immunoreactions
separately from electrochemical detection.

From a variety of tested sweep and pulse electrochemical
techniques, linear sweep voltammetry (LSV) was found to be the
most suitable for hydrogen peroxide detection (Fig. 9). The
conditions of electrochemical measurements, such as potential
range, steps, equilibration time and scan rate, with SPEs were
optimized using HRP-HPSM-M4-SO;~ microspheres. The
advantage of HRP-HPSM-M4-SO;~ microspheres is the incor-
poration of superparamagnetic iron oxide cores within PS
particles. Substrate is then protected from the contact with iron
oxide suppressing thus possible electrocatalytic oxidation of
hydrogen peroxide.

Finally, affinity isolation of ovalbumin was performed and
electrochemically detected after recognition of the specific
secondary antibodies (conjugate) of the formed immunocom-
plex. A complete immunomagnetic biosensor for electrochemical
determination of protein (OVA) based on sandwich ELISA was
constructed using a model system primary antibody (anti-OVA)/
antigen (OVA)/secondary antibody (anti-OVA-HRP). Anti-
OVA IgG was immobilized on HPSM-M4-SO;~ microspheres
and used for affinity isolation of OVA antigen at the anti-OVA/
OVA ratio 1 : 2 (mol/mol). To confirm the affinity OVA isola-
tion, the HRP-labeled secondary antibody (anti-OVA-HRP)
diluted 1 : 20 000 was added. Hydrogen peroxide (substrate) was
then used to verify the immunocomplex formation and the cor-
responding current decrease was electrochemically monitored
(Fig. 10). Anti-OVA-HPSM-M4-SO3; /OVA/anti-OVA-HRP
microspheres were compared with HPSM-M4-SO5;~ micro-
spheres (as control) to validate the system functionality. The
current decrease in time induced by oxidation of hydrogen
peroxide with the HRP-labeled conjugate proved that HPSM-
M4-SO;~ microspheres are suitable for combination of

05
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Fig. 9 Electric current change induced by the conversion of hydrogen
peroxide by HRP-HPSM-M4-SO;~ microspheres. Medium: 0.1 M
phosphate buffer (pH 7) containing 0.15 M NaCl and hydrogen peroxide
(substrate; 20 mg 17").
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Fig. 10 Electrochemical detection of H,O, consumption using anti-
OVA-HPSM-M4-SO3;/OVA/anti-OVA-HRP microspheres (curve 1).
HPSM-M4-SO;~ microspheres served as a control (curve 2). Medium:
0.1 M phosphate buffer (pH 7) containing 0.15 M NaCl; anti-OVA/OVA
1/2 (mol/mol), conjugate dilution 1 : 20 000, 15 mg of H,O, per 1.

ELISA-based protein detection with a highly sensitive electro-
chemical determination. At present, OVA detection was only
qualitative; quantitative determination is in progress.

Conclusions

Homogeneous (non-porous) PS microspheres with a rather
narrow size distribution were prepared by controlled polymeri-
zation of styrene with small amounts of divinylbenzene (1 wt%)
as a crosslinking agent. Porous structure was then formed by
hypercrosslinking of chloromethylated PS microspheres
providing sufficiently large space for precipitation of iron oxides.
Subsequent hypercrosslinking was, however, accompanied by
partial aggregation of the microspheres. In the next steps, the
microspheres were sulfonated with sulfuric acid and iron oxide
subsequently incorporated into pores of the sulfonated hyper-
crosslinked microspheres by precipitation of Fe(i)/Fe(in) salts.
As far as we know, this is the first example of preparation of
strongly magnetic supports by taking advantage of highly
microporous structure of hypercrosslinked microspheres. As the
sulfo groups enable immobilization of biomolecules, an anti-
OVA antibody was attached to the surface of the magnetic
microspheres without adversely influencing the functions of
immobilized ligands, e.g., enzyme activity and capability of
antibodies of affinity interactions. The specific model system
served for construction of an electrochemical immunosensor for
detection of ovalbumin protein, which can be easily assayed
using linear sweep voltammetry with a three-electrode screen-
printed sensor with platinum working electrode. Systems based
on electrochemical monitoring of proteins are promising, e.g.,
for detection of biomarkers specific to various diseases.
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Quantitative determination of the serum level of human epididymis protein 4 (HE4), a tumor marker for ovarian
carcinoma, has come to the fore of interest mainly due to the possibility for its detection in early stages of the
disease when the sensing of other biomarkers is limited. We present a simple ELISA based approach for rapid
HE4 detection including its immunomagnetic capturing accompanied by sensitive electrochemical detection of
the electroactive product formed after enzymatic conversion of the substrate by alkaline phosphatase used as a
label of anti-HE4 IgG. The proposed immunosensor offers stability in time and due to excellent limit of detection
at 6.8 fM HE4, and limit of quantification of 23 fM meets the requirements for the early detection of this

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Ovarian cancer is one of the leading causes of cancer-related mortal-
ity among women [1], a frequent cause of death in oncological diseases,
and the first cause of death in cases of gynecological cancer [2,3]. Be-
cause ovarian cancers typically manifest few specific symptoms, more
than 70% of patients are diagnosed at an advanced course of the disease
[4] and only 20-30% of patients in such cases can be cured [5]. Current
diagnoses habitually rely on histological evaluation of tumor masses
and determination of specific serum biomarkers by enzyme-linked im-
munosorbent assay (ELISA), radioimmunoassay, as well as western blot
[6,7]. Laboratory diagnosis is mostly based on quantitative determina-
tion of cancer antigen 125 [2,3], which is the standard tumor marker
for the detection of ovarian cancer in current clinical practice [8] and
also employed for the evaluation of biomarker serum level before treat-
ment, for therapeutic response evaluation during chemotherapy, and in
patient monitoring during follow-up to detect recurrences [2,3].

Recently, human epididymis protein 4 (HE4), a promising biomarker
has entered the field of diagnostic markers for ovarian cancer. HE4,
encoded by the WFDC2 gene [9-11], is a protein abundantly secreted
in human epididymis [12,13] where it was first identified [14]. HE4 is
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commonly overexpressed in patients with serous endometriosis as
well as epithelial ovarian and uterine cancer, and it is elevated in the
serum of patients with ovarian cancer [12,13]. The main advantages in
using HE4 for ovarian cancer detection reside in its high specificity for
malignancy compared to the benign form of the disease [15] as well as
in the fact that it is not only expressed in the disease's early stages but
also serves as an early indicator of disease recurrence [12,13]. Therefore,
HE4 is today of particular interest for recognizing early stages of epithe-
lial ovarian cancer [15].

As a protein with molecular weight 25 kDa, HE4 is routinely detected
by such common methods as enzyme immunoassay [2,8,16] and chemi-
luminescent microparticle immunoassay [2,17]. An ELISA-based micro-
chip with a portable system (cell phone/charge-coupled device) has
been utilized for HE4 detection in urine [1]. Moreover, electrochemical
immunosensors based on the technique of rolling circle amplification
of captured biotinylated DNA primer and detection of intercalated
DNA redox indicator have been also used [18].

The most common enzyme used as a label of antibody in imuno-
analytical methods (ELISA) is horseradish peroxidase. Nevertheless to
achieve the desired sensitivity electrochemical detection usually
requires the presence of a suitable electron mediator in substrate solu-
tion [19]. Thus, alkaline phosphatase (ALP) can be used as a preferable
alternative, as it can convert a number of substrates to electroactive
compounds with various redox potentials.

The presented approach to HE4 detection is based on immuno-
magnetic separation accompanied by sensitive electrochemical detection
of the electroactive product formed after the enzymatic conversion of
a suitable substrate by alkaline phosphatase, which is conjugated
with anti-HE4 IgG serving for immunocomplex visualization. The use of
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magnetic particles offers such advantages as simple and rapid separation
of the target antigen from the real sample and its preconcentration. Many
disadvantages, such as lower reproducibility and time-consuming proce-
dures, are also avoided.

2. Experimental
2.1. Chemicals

Alkaline phosphatase (ALP, bovine intestinal mucosa, 8407 U/mg), 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDAC),
N-hydroxysulfosuccinimide sodium salt (sulfo-NHS), p-nitrophenyl
phosphate (PNPP), 2-morpholinoethane-1-sulfonic acid (MES), and
TWEEN 20 were purchased from Sigma-Aldrich (Germany), amino-
(SiIMAG-NH,) and carboxylate-modified (SIMAG-COOH) magnetic parti-
cles (1 um diameter) from Chemicell (Germany), Precision Plus Protein™
Unstained standard (10-250 kDa) from Bio-Rad (USA), monoclonal and
polyclonal anti-HE4 IgG and standard HE4 from Sino Biological
(USA), Lightning-Link™ ALP conjugation kit from Innova Biosciences
(UK), Biochemistry Control Serum Level II from BioSystems (Spain),
p-aminophenyl phosphate (PAPP) and hydroquinone diphosphate
(HQDP) from DropSens (Spain). All other chemicals were supplied
by Penta (Czech Republic) and were of reagent grade.

2.2. Apparatus

PalmSens electrochemical analyzer (PalmSens BV, the
Netherlands) and DRP-150 screen-printed three-electrode sensors
comprised of carbon working, platinum auxiliary, and silver pseudo
reference electrodes (DropSens, Spain) were used. Gels were evalu-
ated using the ChemiDoc™ XRS + system with Image Lab™ Soft-
ware (Bio-Rad, USA).

2.3. Biofunctionalization of SIMAG-NH, magnetic particles with ALP

One milligram of SIMAG-NH, magnetic particles was washed ten
times with 0.1 M MES buffer (pH 6.0), activated by 7.5 mg EDAC and
1.25 mg sulfo-NHS, incubated overnight at 4 °C together with 700 U
of ALP (overall volume 1 ml) under gentle mixing and then washed
five times with 50 mM Tris-HClI buffer (pH 8.5). Enzyme activity
was estimated using 50 pg of particles with immobilized ALP and
15.2 mM PNPP in 0.1 M Tris-HCl buffer as a substrate (reaction vol-
ume 1 ml). The reaction was performed at 37 °C for 20 min, stopped
by the addition of 6 M NaOH and the colored product was measured
at 405 nm.

PAPP
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2.4. Biofunctionalization of SIMAG-COOH magnetic particles by
anti-HE4 IgG

Monoclonal anti-HE4 IgGs were immobilized to SIMAG-COOH mag-
netic particles using a standard two-step carbodiimide/sulfo-NHS meth-
od. Particles (1 mg) were washed five times with 0.1 M MES buffer
(pH 5.0) and mixed with 7.5 mg of EDAC and 1.25 mg of sulfo-NHS
(each in 500 pl of buffer). After 30 min incubation at room temperature
and five times washing with MES buffer, 100 pg of monoclonal anti-HE4
IgG in MES buffer (1 ml) was added and incubated under gentle mixing
overnight at 4 °C. Afterwards, biofunctionalized particles were washed
five times with 50 mM MES buffer and transferred to 0.1 M phosphate
buffered saline (pH 7.4). Immobilization efficiency was estimated by
polyacrylamide gel electrophoresis with sodium dodecyl sulfate (SDS-
PAGE) with the silver staining.

2.5. Electrochemical detection of HE4 by immunocomplex formation

The detection of antigen HE4 is based on immunocomplex formation
with monoclonal anti-HE4 IgG immobilized on SiIMAG-COOH magnetic
microparticles with visualization by secondary polyclonal anti-HE4 IgG
conjugated with ALP (anti-HE4 IgGA'") as follows: Labelling of second-
ary antibodies with ALP was carried out using a commercial labelling
kit (Lightning-Link™) according to the recommended protocol. The
proportion of magnetic immunosorbent with monoclonal anti-HE4
IgG taken to the reaction was set for the maximum amount of analyzed
protein (molar ratio Ab:Ag 1:2). Precisely, the suspension of magnetic
particles with 1.5 pg of immobilized anti-HE4 IgG (washed five times
with 0.1 M phosphate buffer pH 7.0) was incubated with corresponding
amount of HE4 (4 pM-20 nM) 1 h at room temperature (final volume of
1 ml) with following washing of the formed immunocomplex with
0.1 M phosphate buffer, phosphate buffer containing 0.15 M NaCl, and
phosphate buffer (follows behind, three times each). Thereafter incuba-
tion with secondary anti-HE4 IgG”'? (diluted 1:1000) in 0.1 M carbon-
ate buffer (pH 9.49) for 1 h at 37 °C followed. Finally, electrochemical
detection after washing with carbonate buffer and 0.1 M Tris-HCI
(pH 8.9) (three times each) was performed.

Square-wave voltammetry was employed as the measuring tech-
nique to detect the electroactive product formed after enzymatic hydro-
lysis of specific substrates (dissolved in 500 pl of Tris-HCl) by ALP bound
to secondary anti-HE4 IgG in an immunocomplex. The parameters of
the voltammetric technique were as follows: initial potential —0.3 V,
final potential 0.3 V, step potential 0.005 V, amplitude 0.02805 V, and
frequency 20 Hz. Electrochemical sensing of the formed electroactive
product was performed with 50 pl of supernatant in 5 min intervals
(total detection time 15 min). The remainder of the tube's content
was kept incubated at room temperature. The peak height evaluated
at the tenth minute and potential 0.045 V was recorded.

Square wave voltammetry

p-aminophenol

Anti-HE4 IgG-functionalized PAPP p-aminophenylphosphate
magnetic particle

Screen-printed three-
electrode sensor

Fig. 1. Scheme of the magnetic bead-based electrochemical immunosensor for HE4 detection.
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Fig. 2. Immobilization of anti-HE4 IgG on SIMAG-COOH particles using SDS-PAGE (10% gel,
silver staining method). Sample order: MM) molecular marker (10-250 kDa), 1) mAb
anti-HE4 prior to immobilization, 2) mAb after immobilization, 3-6) washing fractions.

3. Results and discussion

The scheme of the presented electrochemical biosensor for detecting
HE4 based on the ELISA principle in combination with immunomagnetic
separation is shown in Fig. 1.

Although ALP has already been used in a number of immunoassays
[20,21] including electrochemical immunosensors, it has never been
used previously to detect HE4. One of the key aspects of designing an
immunomagnetic biosensor for HE4 with high sensitivity was the
choice of an appropriate substrate for enzymatic hydrolysis in the pres-
ence of ALP. The reaction's electroactive product was then detected
using square-wave voltammetry and the intensity of the recorded sig-
nal (peak height) was related to antigen concentration in the analyzed
sample.

Two substrates for alkaline phosphatase, PAPP and HQDP, were se-
lected as the most convenient owing to the low oxidation potentials of
the corresponding hydrolysis products, (i.e., p-aminophenol [PAP] and
hydroquinone [HQ]) [22,23]. Therefore, ALP activity was evaluated by
monitoring the oxidation current of PAP or HQ at suitable peak poten-
tials (0.01 Vand —0.15 V, respectively) where PAPP or HQDP is not ox-
idized and interferences from other electroactive species which might
be present in the sample are minimized [22].

The effect of different substrates on the resulting electrochemical
response was first tested using ALP immobilized on SiMAG-NH, mag-
netic particles in connection with a three-electrode screen-printed sen-
sor. The concentration of both PAPP and HQDP was 3 mM in 0.1 M Tris—
HCl pH 8.9 (upon supplier recommendation). Although the expe-
riments with HQDP provided an increase of electrochemical signal in
time, the use of PAPP showed much higher oxidation currents. The
difference in the substrates used was readily observed after 5 min of

10

I (HA)

substrate hydrolysis and can be described by corresponding linear re-
gressions equations for HQDP (I (pA) = 0.0612 t (min) — 0.074) and
PAPP (I (MA) = 1.4035 t (min) + 0.4678). PAPP was used for all subse-
quent measurements in order to achieve the highest possible sensitivity
in electrochemical monitoring of ALP activity.

To ensure maximum enzyme activity, the following solutions and
pH were tested: 0.1 M Tris-HCl buffer, 0.1 M Tris-HNO5 buffer (pH 8.9
and 9.8 in both), and finally 0.1 M carbonate buffer (pH 9.0). Although
all buffers seemed to be suitable for detecting PAPP after hydrolysis by
ALP, electrooxidation of PAPP in 0.1 M Tris—HCl buffer (pH 8.9) exhibit-
ed the highest peak currents and therefore it was used in further
experiments.

The crucial step in immunosensor construction was specific anti-
body immobilization while maintaining the antibody's ability to capture
HE4 antigen from the sample. Specific monoclonal anti-HE4 IgGs were
covalently immobilized on SIMAG-COOH magnetic particles. Immobili-
zation efficiency was estimated using SDS-PAGE after comparing the
bands density before and after immobilization (Fig. 2) as 94.7%.

Since specific antibodies against HE4 conjugated with ALP are not
commercially available, polyclonal anti-HE4 IgG were labelled using
an ALP labelling kit. Labelling efficiency was evaluated using SDS-
PAGE with silver staining, and it was estimated as 32.41% by comparing
the band densities (Fig. 2, lanes 1 and 2). An appropriate dilution of pre-
pared anti-HE4 IgG*™* conjugate was optimized electrochemically using
a limited amount of HE4 (2 nM) in various dilutions (1:750-1:2500).
Electrochemical detection was performed according to the afore-
mentioned protocol at a screen-printed electrode with 3 mM PAPP in
0.1 M Tris-HCl (pH 8.9). Peak currents values at 10 min were evaluated
and compared. To keep analysis costs as low as possible with respect to
the expensive secondary anti-HE4 IgG, the optimal dilution of anti-HE4
IgG"P conjugate at 1:1000 was chosen.

The stability of immunosensors is a key parameter in the analysis of
corresponding antigens. Prepared immunosorbent and labelled anti-
bodies were stored for 6 months at 4 °C and a slight decrease in enzyme
activity of 11% was noted. Measurement with material stored in such
manner provided comparable results. Therefore, the developed
immunosensor has excellent analytical performance for the detection
of HE4 antigen and thus meets the demanding requirements for diag-
nostic tests of the tumor marker in human serum.

The final electrochemical immunomagnetic biosensor for HE4
detection was constructed on the basis of the described preliminary

T T T T
100 200 300 400
c HE4 (pM)

0.4

E (V)

Fig. 3. Square-wave voltammograms of HE4 detection by immunomagnetic biosensor and corresponding calibration curve (inset). Experimental conditions were as follows: 0.1 M Tris-
HCI (pH 8.9) with 3 mM PAPP, detection at 10th minute, using DRP-150 screen-printed sensor.
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experiments. The calibration curve in Fig. 3 was obtained by plotting the
current response for PAP oxidation in 0.1 M Tris—-HCI (pH 8.9) with
3 mM PAPP substrate versus HE4 concentration. Linear dependence
was observed up to 400 pM HE4 with corresponding regression equa-
tion I (MA) = 0.0833cyes (PM) + 0.39613 and the correlation coefficient
of 0.973.

The limit of detection, defined as LOD = 3sg/m, where m is the slope
of the calibration curve and sg is the standard deviation of the blank
(n = 6) [24], was calculated as 6.8 fM. The limit of quantification
(defined as LOQ = 10sg/m) was estimated at 23 fM. The functionality
of the proposed immunosensor was also tested by using standard
human serum spiked with known additions of HE4 which simulates
the complex biological matrix. Recoveries ranged from 87% to 93%

within HE4 concentration levels shown in the calibration curve (Fig. 3).

4. Conclusion

We developed a magnetic bead-based immunosensor for detecting
the ovarian cancer biomarker HE4 that achieved a limit of detection of
6.8 fM HE4, which is lower than the levels determined by the commonly
used enzyme immunoassay and chemiluminescent microparticle im-
munoassay methods. The crucial step in immunosensor construction,
specific antibody immobilization without restriction of the antibody's
ability to capture HE4, was optimized. All measurements were per-
formed using standard HE4, additionally standard human serum spiked
with HE4 was used to simulate a real complex sample. The achieved
analytical performance meets the requirements for detecting this bio-
marker at an early stage of cancer.
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Abstract A simple and effective method for validation of
antibody labelling procedure as well as for optimal con-
jugate dilution assessment based on electrochemical
detection is presented. Enzyme alkaline phosphatase and
core-shell CdSe/ZnS quantum dots are used as sensitive tag
exploitable as detection tool of antibody-antigen complex
in magnetic microbead-based immunoassays. Square-wave
voltammetry for detection of the electroactive product that
is induced by conversion of appropriate substrate by
alkaline phosphatase and square-wave anodic-stripping
voltammetry for signal of Cd in case of quantum dots,
respectively, was elected. Anti-Apo E IgG antibodies were
selected as model molecules for method optimizations.
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Introduction

Currently the immunoassays, whose principle consists in
specific reaction between antigen and antibody, are used in
many areas for determination of various ligands [1, 2].
Randomly, they include a wide range of disease biomarkers
in clinical diagnoses, pharmaceutical, environmental or
food compounds. In principle, for successful analysis of
given antigen (usually protein), two specific antibodies are
needed [3]. A primary antibody serving for antigen capture
from the sample and usually fixed onto solid phase (mi-
crotiter plate, magnetic beads, electrode surface, etc.) is
supplemented by a secondary antibody, also called conju-
gate, which is labeled by an eligible tag, such as enzyme,
fluorescent, chemiluminescent probes or other small
detectable molecules [4-7].

Due to limited commercial availability of specific con-
jugates, especially enabling sensitive detection and
quantification of significant biomarkers, techniques of
covalent linkage exploiting EDC/NHS-based [8, 9] or
click-chemistry [10] labelling reactions are used for its in-
house preparation. Moreover, the choice of appropriate
conjugation methodology along with post-immobilization
characterization of product from the perspective of optimal
dilution adjustment and maintaining of affinity properties
are the cornerstone for further bioapplications.

For enzyme-based immunosensors, horseradish peroxi-
dase (HRP), alkaline phosphatase (ALP), or glucose
oxidase (GOx) are the most commonly used for antibody
labelling. Compared to HRP and GOx, the main
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advantages of ALP use lie in higher sensitivity and also
broad spectrum of substrates easily convertible to elec-
troactive products [11-13].

During the last few years, ever-increasing number of
works exploiting the semiconductor quantum dots (QDs)
nanolabels for designing the electrochemical immunosen-
sors characterized by high sensitivity were published.
Surface-functionalized QDs made of various materials (Zn,
Cd, Pb, Cu, In, Ga) are used for conjugate preparation
based on the same methods as for enzymes [13-16]. The
proteins are quantified by sandwich-type quantum dot-
linked immunosorbent assay (QLISA) along with stripping
voltammetry of given metal. Moreover, the relatively broad
potential windows, over which heavy metals are oxidized/
stripped and provide sharp stripping peaks, offers the
possibility of simultaneous detection of up to five metals
with minimal peak overlap. The size of each peak than
reflects the concentration of the corresponding target to
allow convenient multi-target quantification.

Here, we present a simple approach for characterization
of prepared anti-Apo E IgG conjugate, labeled by ALP or
CdSe/ZnS QDs, by electrochemical detection in develop-
ment of magnetic bead-based electrochemical biosensors
for sensitive protein detection.

Results and discussion

Because a successful analysis of proteins by sandwich-type
immunoassay and its sensitivity, mainly of low amount
disease biomarkers, depends on detection of eligible label
of antibody, our most important goal in development of
magneto-immunoassay for analysis of various antigens was
such labeled antibody preparation and characterization.
The commercial unavailability of number of specific
labeled antibodies enabling achieve low detection limits is
another reason of this work. System of Apo E/anti-Apo E*
IgG as a model affinity pair was chosen for methodology
testing and optimizations, and variable with different
antigen—antibody systems.

Enzyme alkaline phosphatase (ALP) and core shell
CdSe/ZnS quantum dots (QDs) were selected for anti-Apo
E IgG labelling to gain anti-Apo E*™F IgG, anti-Apo E?P*
IgG, respectively. Because the proposed application of
developed immunosensor is for disease biomarker detec-
tion, ALP has been used due to higher sensitivity compare
to HRP as well as possibility of more substrates alterna-
tives, and QDs for high sensitivity and possibility of multi-
target analysis. The principles of both approaches are
schematically described in Fig. 1.

For preparation of anti-Apo E*™ IgG the commercial
Lightning-Link™ ALP conjugation kit has been used for
antibody tagging. Labelling efficiency was verified by

@ Springer

square-wave voltammetry by detection of electroactive
product formed after enzymatic hydrolysis of appropriate
substrate. Substrates, such as p-aminophenyl phosphate
(PAPP), p-nitrophenyl phosphate (PNPP), hydroquinone
diphosphate (HQDP) are the most common [2, 17]. For our
purpose, two of them, PAPP and HQDP, were tested and
based on results (published already), PAPP in 3 mM con-
centration was selected for further applications [18]. PAPP
is converted to p-aminophenol (PAP) by ALP action.
The enzymatic reaction was monitored by square-wave
voltammetry with use of screen-printed three-electrode
sensors composed of carbon working, platinum auxiliary
and silver pseudoreference electrode. Measurements con-
ditions are described in experimental part. The height of
resulted (characteristic) peak evaluated at potential 0.045V.
Even though the labelling procedure is based on oriented
linkage between antibody and tag utilizing the glycosidic
chain of antibody with no effect to its binding site, the post-
labelling functionality of prepared conjugate should be
verified. Moreover, maintained affinity properties of con-
jugated antibodies were confirmed through specific reaction
with Apo E-modified magnetic microparticles (MB-Apo
E). This approach enables also easy manipulation and
acquired signal corresponds to only molecules specifically
bound to antigen, while unbound molecules are washed
out. Also optimal conjugate dilution necessary for its
efficient application could be determined in this manner,
where dilutions ranging from 1/2500 to 1/750 were tested.
Results in Fig. 2 show a square-wave voltammogram for
anti-Apo E*™F dilution 1/1000, which was set to be opti-
mal. The economic aspect has been taken into account
(compared to 1/750 dilution).

Also for preparation of anti-Apo E?P* IgG the com-
mercial conjugation kit has been used (SiteClick™ Qdot®
565 Antibody Labelling Kit). The kit is designed for con-
jugation with 100 pg of specific antibodies finally reached
in volume of 150 mm?>. Labelling efficiency was verified
by square-wave voltammetry analysis of Cd(II) ions
released from core shell CdSe/ZnS Qdot® 565 ITK™
quantum dots by dissolution in 0.1 M HCI. Measurements
were proceeded upon conditions mentioned in experimen-
tal part and peak heights at potential -0.722 V obtained
with screen-printed three-electrode sensors with the mer-
cury film were compared. It was verified that signals
observed in negative potential range starting from
—800 mV are associated with the modification of working
electrode containing mercury precursor compound, which
is reduced to mercury during accumulation period. The
composition of the layer coated on the electrode surface is
unknown. The background response diminishes with the
repetitive stripping measurements in pure supporting
electrolyte, probably due to the dissolution of the coating.
As for ALP-conjugates, the functionality of prepared anti-
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Apo E?* IgG as well as optimal amount to be taken into
the reaction was determined using antigen modified mag-
netic beads. The typical square-wave voltammogram of
MB-Apo E/anti-Apo E®™ IgG analysis with various
amounts of conjugate in the reaction is presented in Fig. 3
that shows the 100 pl of QDs labeled anti-Apo E IgG is
optimal for sufficiently sensitive protein analysis in
arrangement of magnetic bead-based QLISA.

To conclude, electrochemical detection of proteins by
sandwich-type ELISA/QLISA with use of in-lab prepared
specific ALP or QDs labeled antibodies bring comparable
alternative to the official spectrophotometric or fluores-
cence assay. It is characterized by simplicity, short analysis
time, low reagents consumption and could be successfully
used not only for final detection but also for optimization of
intermediate steps such as functionality verification and/or
optimal dilution for construction of complete magneto-
immuno assay.

Experimental
Chemicals

Human recombinant Apo E3 was supplied by BioVision
(USA). Rabbit polyclonal affinity purified anti-Apo E
antibodies were produced by Moravian-Biotechnology
(Czech Republic). SiteClick™ Qdot® 565 Antibody
Labeling Kit and core shell CdSe/ZnS Qdot® 565 ITK™
quantum dots were from Thermofisher (USA) and Light-
ning-Link™ ALP conjugation kit from Innova Biosciences
(UK). Sigma—Aldrich (USA) was supplier of 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride, N-hy-
droxysulfosuccinimide sodium salt, 2-morpholinoethane-1-
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sulfonic acid (MES), bovine serum albumin (BSA), and
TWEEN 20. Carboxylate-modified (SiMAG-COOH)
magnetic particles (1 um diameter) were provided by
Chemicell (Germany), Precision Plus Protein™ Unstained
standard (10-250 kDa) by Bio-Rad (USA), p-aminophenyl
phosphate (PAPP) by DropSens (Spain). All other chemi-
cals were of analytical grade purity and were from Sigma-
Aldrich (Germany) or Penta (Czech Republic).

Apparatus

All electrochemical measurements were performed using a
PalmSens electrochemical analyzer (PalmSens BV, the
Netherlands) and two types of screen-printed three-elec-
trode sensors were used. DRP-150 sensors (DropSens,
Spain) comprise of carbon working (4 mm diameter),
platinum auxiliary, and silver pseudoreference electrodes.
MEF-SPCE (ItalSens, Italy) are composed of a mercury film
modified carbon working electrode, a platinum auxiliary
and a silver pseudoreference electrode.

Labelling of anti-ApoE IgG by CdSe/ZnS quantum
dots and electrochemical detection by square-wave
anodic-stripping voltammetry

Specific anti-Apo E IgG antibodies were labeled by core
shell CdSe/ZnS QDs according to standard protocol rec-
ommended by supplier of commercially available
SiteClick™ Qdot® 565 Antibody Labeling Kit (Ther-
mofisher, USA) [19] to prepare conjugate anti-Apo E?™*
IgG.

Labelling efficiency was verified by square-wave ano-
dic-stripping voltammetry as detection technique where
post-labelling fraction was mixed with 0.1 M HCI in ratio
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sample:HCI 10:40 mm?>. After 3 min incubation, the sam-
ple was applied to screen-printed three-electrode sensor,
containing a carbon working electrode coated with mercury
precursor compound (ItalSens, IT), which is reduced to
mercury film during accumulation period. Detection con-
ditions were as follows: condition potential 0 V, condition
time O s, deposition potential —1 V, dep. time 120 s,
potential range from —0.95 to —0.15 V, step potential
0.005 V, frequency 20 Hz, and amplitude 0.0285 V.
Before experiment, the sensor was subjected to stripping
procedure in pure electrolyte three times to lower high
background currents, which appeared in negative potential
range starting from —800 mV. Peak heights at potential
—0.722 V were evaluated. The functionality of labeled
conjugate (the preserved antigen binding ability) was ver-
ified using antigen-modified magnetic microparticles.
Specific antigen Apo E (50 pg) was immobilized on
SiMAG-COOH magnetic microparticles (1 mg) by two-
step immobilization procedure in presence of N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
(EDC) and N-hydroxysulfosuccinimide sodium salt (sulfo-
NHS) in ratio 6 : 1 according to Hermanson [8]. Preventive
blocking by 0.1 M ethanolamine (1 cm3, 30 min, room
temperature with gentle rotation) followed to avoid non-
specific sorption. Then the portion of magnetic particles
with immobilized 0.5 pg of Apo E was taken to the reac-
tion for creation of immunocomplex between antigen and
anti-Apo E®®® IgG of various dilutions. Reaction was
proceeded in 0.1 M carbonate buffer pH 9.4 containing
0.1 % BSA and 0.05 % Tween-20 (500 mm®) for 1 h at
room temperature supplemented by gentle rotation. After
washing three times with 0.1 M phosphate buffer pH 7.3
(500 mm?® each), three times with 0.1 M phosphate buffer
pH 7.3 containing 0.15 M NaCl (500 mm® each) and five
times with deionized water (500 mm> each), 50 mm? of
0.1 M HCI was added and analysed in the same way as
mentioned above.

Labelling of anti-Apo E IgG antibodies by alkaline
phosphatase and electrochemical detection
by square-wave voltammetry

Specific anti-Apo E IgG antibodies were labeled by
enzyme alkaline phosphatase to prepare anti-Apo E*F IgG
according to standard protocol recommended by supplier
of commercially available Lightning-Link® Alkaline
Phosphatase kit (Innova Bioscience Ltd, Cambridge, UK)
[20]. Functionality of conjugate labeled by ALP (anti-Apo
E*MP 1gG) was then verified using antigen modified mag-
netic microparticles prepared in the same way as it is
described in previous section with difference in the final

step of detection where square-wave voltammetry was
employed as the measuring technique for the detection of
electroactive product formed after enzymatic hydrolysis of
substrate p-aminophenyl phosphate (PAPP,3 mM in 0.1 M
Tris—=HC1 pH 8.9, reaction volume 500 mm3). Screen-
printed three-electrode sensors DRP-150 comprised of
carbon working (4 mm diameter), platinum auxiliary and
silver pseudoreference electrode (DropSens, Spain) were
used and 50 mm® of the sample was applied. Parameters of
voltammetric technique were as follows: potential range
from —0.3 to 0.3 V, step potential 0.005 V, amplitude
0.02805 V, and frequency 20 Hz. Enzyme activity was
monitored by the recording the peak height evaluated at
tenth minute and potential 0.045 V.

Acknowledgments Support of the Czech Science Foundation Grant
No. 15-16549S and University of Pardubice, Faculty of Chemical
Technology  (Project No. SGFChT07/2015) is  gratefully
acknowledged.

References

1. Zhu GN, Jin MJ, Gui WJ, Guo YR, Jin RY, Wang CM, Liang CZ,
Liu YH, Wang ST (2008) Food Chem 107:1737
2. Xue-Mei L, Xiao-Yan Ym Shu-Sheng Z (2008) Trends. Anal
Chem 27:543
. Wang R, Chen X, Ma J, Ma Z (2013) Sens Actuators B 176:1044
4. Rusling JF, Sotzing G, Papadimitrakopoulosa F (2009) Bioelec-
trochemistry 76:189
5. Abuknesha RA, Luk CY, Griffith HHM, Maragkou A, Iakovaki D
(2005) J Immunol Methods 306:211
6. Cappione A, Mabuchi M, Briggs D, Nadler T (2015) J Immunol
Methods 419:48
7. Kuramitz H (2009) Anal Bioanal Chem 394:61
8. Hermanson GT (ed) (2008) Bioconjugate techniques, 2nd edn.
Academic Press, New York, p 213
9. Cadkovd M, Metelka R, Holubové L, Hordk D, Dvoidkova V,
Bilkova Z, Korecka L (2015) Anal Biochem 484:4
10. Hein CD, Liu X-M, Wang D (2008) Pharm Res 25:2216
11. Cleland WW, Hengge AC (2006) Chem Rev 106:3252
12. Djellouli VN, Rochelet-Dequaire M, Limoges B, Druet M,
Brossier P (2007) Biosens Bioelectron 22:2906
13. Holzinger M, Le Goff A, Cosiner S (2014) Front Chem. doi:10.
3389/fchem.2014.00063
14. Sun H, Wang M, Wang J, Tian M, Wang H, Sun Z, Huang P
(2015) J Trace Elem Med Biol 30:37
15. Yu C, Kim G-B, Clark PM, Zubkov L, Papazoglou ES, Noh M
(2015) Sens Actuator B-Chem 209:722
16. Zhu X, Duan D, Publicover NG (2010) Analyst 135:381
17. Pemberton RM, Hart JP, Stoddard P, Foulkes JA (1999) Biosens
Bioelectron 14:495
18. Cadkovéa M, Dvordkova V, Metelka R, Bilkkovd Z, Korckd Z
(2015) Electrochem Commun 59:1
19. http://www.thermofisher.com/order/catalog/product/S10450?ICID=
search-product. Accessed 05 Sep 2015
20. http://www.innovabiosciences.com/antibody-labeling-kits/enzymes/
lightning-link-alkaline-phosphatase-ap.html. Accessed 05 Sep 2015

(98

@ Springer


http://dx.doi.org/10.3389/fchem.2014.00063
http://dx.doi.org/10.3389/fchem.2014.00063
http://www.thermofisher.com/order/catalog/product/S10450%3fICID%3dsearch-product
http://www.thermofisher.com/order/catalog/product/S10450%3fICID%3dsearch-product
http://www.innovabiosciences.com/antibody-labeling-kits/enzymes/lightning-link-alkaline-phosphatase-ap.html
http://www.innovabiosciences.com/antibody-labeling-kits/enzymes/lightning-link-alkaline-phosphatase-ap.html

Priloha P10

Cadkova M., Kovarova A., Dvorakova V., Metelka R., Bilkova Z., Korecka L.* Electrochemical
quantum dots-based magneto-immunoassay for detection of HE4 protein on metal film-
modified screen-printed carbon electrodes. Talanta, 182, 2018, 111-115

IF2018 = 4,916; Q2 — Chemical sciences; 13 citaci [1. 7. 2020]

e koncepce vyzkumu, pldnovani experiment
e podil na experimentdlni praci a vyhodnoceni vysledk( 15 %

e dil¢i pfiprava ¢lanku, revize, korespondujici autor



Talanta 182 (2018) 111-115

Contents lists available at ScienceDirect

Talanta

journal homepage: www.elsevier.com/locate/talanta

Electrochemical quantum dots-based magneto-immunoassay for detection of ™
HE4 protein on metal film-modified screen-printed carbon electrodes

updates

Michaela Cadkova®, Aneta Kovarova®, Veronika Dvorakova?, Radovan Metelka”,
Zuzana Bilkova®, Lucie Korecka™"

2 Department of Biological and Biochemical Sciences, Faculty of Chemical Technology, University of Pardubice, Studentska 573, 532 10 Pardubice, Czech Republic
® Department of Analytical Chemistry, Faculty of Chemical Technology, University of Pardubice, Studentska 573, 532 10 Pardubice, Czech Republic

ARTICLE INFO ABSTRACT

A novel enzyme-free electrochemical immunosensor was developed for highly sensitive detection and quanti-
fication of human epididymis protein 4 (HE4) in human serum. For the first time, core/shell CdSe/ZnS quantum
dots were conjugated with anti-HE4 IgG antibodies for subsequent sandwich-type immunosensing with super-
paramagnetic microparticles functionalized with anti-HE4 IgG antibodies, which allow rapid and efficient HE4
capture from the sample. Electrochemical detection of anti-HE4 IgG — HE4 — anti-HE4 IgGCd5¢/Z"S jm.
munocomplex was performed by recording the current response of Cd(II) ions, released from dissolved quantum
dots at screen-printed carbon electrode (SPCE), modified with mercury or bismuth film. The linear range of the
detection was from 20 pM to 40 nM with limit of detection of 12 pM using three times the standard deviation of
blank criterion at mercury-film SPCE and from 100 pM to 2 nM with limit of detection of 89 pM at bismuth-film
SPCE. Proposed electrochemical immunosensor meets the requirements for fast and sensitive quantification of
HE4 biomarker in early stage of ovarian cancer and due to the proper sensitivity and specificity presents a

Keywords:
Magneto-immunoassay

HE4 biomarker

Quantum dots

Metal-film electrode

Anodic stripping voltammetry

promising alternative to enzyme-based probes used routinely in clinical diagnostics.

1. Introduction

For ovarian cancer, where reliable diagnosis and differentiation
between benign and malignant forms significantly influence survival
rate, the analysis of as low as possible level of serum cancer biomarkers
is essential [1]. Such analysis is routinely based on Enzyme Linked
Immunosorbent Assay (ELISA). The selection of an appropriate anti-
body label is crucial to the sensitivity of the detection. Commonly used
labels of antibodies are enzymes, primarily horseradish peroxidase
[2,3], alkaline phosphatase [4] or -galactosidase [5]. Although all of
them generally provide adequate sensitivity, nowadays nanomaterials
such as materially diverse nanoparticles [6] and nanotubes [7,8] are
increasingly used, as well as various types of quantum dots (QDs) [9],
which provide indisputable benefits, particularly when exploited in
electrochemical analyses.

Quantum dots in the form of semiconductor nanocrystals, which are
composed of heavy metals,have already been employed as labels of
various biomolecules due to their unique optical properties [10,11],
usable in many applications from fluorescent [12,13], western blot [14]
or electrochemiluminescence methods [15] to the recently presented

inductively coupled plasma mass spectrometry (ICP-MS) [16]. The
metallic core-shell composition of quantum dots is favorable for elec-
trochemical detection in biosensors [11,17]. Comparing to the above-
mentioned methods, the electrochemical detection of quantum dots is
versatile, robust, cost-effective and easy to manipulate and miniaturize
[11,18]. Moreover, its combination with screen-printed electrodes
modified with different metal films (mercury, bismuth, gold, antimony
and copper) [19] and square wave anodic stripping voltammetry
(SWASV) represents a significant contribution in sensitive detection
methods for quantum dots [20-23]. Although mercury film electrodes
offer high sensitivity, less toxic electrode materials are being tested as a
viable alternative. Bismuth film electrodes are promising analogues to
mercury counterparts due to their favorable electrochemical properties
and easy preparation by the electrodeposition of Bi(III) ions on the
surface of the selected substrate (glassy carbon, carbon paste, screen-
printed carbon ink, gold, etc.) [24,25].

Human epididymis protein 4 (HE4) as a newly approved biomarker
of ovarian cancer is currently of great importance not only for its po-
tential to distinguish malignant and benign forms but also for its ability
to reflect the differentiation stage of this cancerous disease [26-28].
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Only a few reports on the electrochemical detection of HE4 protein
have been published so far. Lu et al. described an electrochemical im-
munosensor for HE4 based on an indium tin oxide electrode with
electrodeposited chitosan-titanium carbide and gold nanoparticles
[29]. An electrochemical immunomagnetic biosensor based on sand-
wich-type ELISA with alkaline phosphatase-labeled antibodies was de-
veloped by Cadkova and co-authors [30]. Recently, screen-printed
carbon electrodes modified with graphene sheets and gold nano-
particles were applied for electrochemical enzyme-based sandwich
immunoassay for HE4 analysis, where horseradish peroxidase was used
as enzyme label [31]. Here we present its improvement by the inclusion
of quantum dots as the sensitive antibody label instead of an enzyme.
This novel HE4 biosensor exploited the specificity of classical im-
munospecific reaction and the signal sensitivity provided by quantum
dots (quantum dot-linked immunosorbent assay - QLISA). Electro-
chemical detection was performed using two configurations of metal
film-modified screen-printed carbon electrodes. First sensor utilizes a
recent approach in preparation of mercury film electrodes, traditionally
used for sensitive stripping analysis of heavy metals [32,33]. Mercury
compound is immobilized directly on the surface of screen-printed
carbon working electrode and it is reduced to mercury film during ac-
cumulation of heavy metals at negative potentials. In such configura-
tion, manipulation with liquid mercury or mercury salt solutions is
avoided while desired electrochemical properties of film electrodes are
still maintained. Second sensor was an in situ bismuth-film screen-
printed carbon electrode, which has manifested nowadays as the most
favorable non-toxic replacement of mercury electrodes in stripping
analysis of heavy metals [33,34]. Analytical performance of both con-
figurations in HE4 detection was compared and critically discussed.

2. Experimental
2.1. Chemicals

Monoclonal and polyclonal anti-HE4 IgG antibodies and standard
human HE4 protein were provided by Sino Biological (USA) (www.
sinobiological.com). SiteClick™ Qdot® 565 Antibody Labeling Kit and
Qdot® 565 ITK™ Carboxyl CdSe/ZnS Quantum Dots were purchased
from Life Technologies (USA) (www.thermofisher.com), 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC), N-hydro-
xysulfosuccinimide sodium salt (sulfo-NHS), 2-morpholinoethane-1-
sulfonic acid (MES), bovine serum albumin (BSA), bismuth(III) nitrate
pentahydrate and TWEEN 20 were from Sigma-Aldrich (USA) (www.
sigmaaldrich.com). Carboxylate-modified (SiMAG-COOH) magnetic
particles (1 um in diameter) were bought from Chemicell (Germany)
(www.chemicell.com). Precision Plus Protein™ unstained standard
(10-250kDa) was produced by Bio-Rad (USA) (www.bio-rad.com).
Biochemistry Control Serum Level II was from BioSystems (Spain)
(www.biosystems-sa.com). All other chemicals were of analytical grade
purity and were supplied by Penta (www.penta.cz) or Lachema (www.
lach-ner.com) (Czech Republic).

2.2. Apparatus

All electrochemical measurements were performed with screen-
printed three-electrode sensors. First type was C110 from DropSens
(Spain) (www.dropsens.com) consisted of carbon working and auxiliary
electrodes and a silver pseudoreference electrode, which served as a
substrate for preparation of in situ bismuth film electrode (Bi-SPCE).
Second type HM1, manufactured by ItalSens (Italy) (www.palmsens.
com), comprised carbon working electrode modified with a mercury
salt (unspecified by the producer), platinum auxiliary and silver pseu-
doreference electrode (Hg-SPCE). The sensors were connected to a
PalmSens2 compact electrochemical analyzer with PSTrace software
(PalmSens BV, the Netherlands) (www.palmsens.com). SDS-PAGE se-
paration was performed in a Mini-PROTEAN® cell (Bio-Rad, USA)
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(www.bio-rad.com) and gels were evaluated using the ChemiDoc™ XRS
+ System with Image Lab™ Software (Bio-Rad, USA) (www.bio-rad.
com).

2.3. Labeling of anti-HE4 IgG with CdSe/ZnS quantum dots

Polyclonal anti-HE4 IgG (100 pug) was labeled by CdSe/ZnS
quantum dots using a commercially available SiteClick™ Qdot® 565
Antibody Labeling Kit according to the manufacturer’s instructions or
by the common one-step carbodiimide method adjusted for the required
antibody amount, using Qdot® 565 ITK™ Carboxyl CdSe/ZnS Quantum
Dots. Labeled anti-HE44%/%"S antibodies were affinity purified using
antigen HE4-modified SIMAG-COOH magnetic particles.

2.4. Anti-HE4 IgG-HE4-anti-HE4°%5*/%"S immunocomplex formation

The immobilization of monoclonal anti-HE4 IgG antibodies onto the
surface of SIMAG-COOH magnetic beads (MBs) and the determination
of immobilization efficiency were performed according to the already
published protocol in [30]. Briefly, 50 ug of antibodies were im-
mobilized to 1 mg of magnetic particles. A two-step protocol was used,
consisting of 30 min of particles activation with EDC and sulfo-NHS,
followed by washing and then the addition of antibodies in 0.1 M MES
buffer, pH 5.0, and incubation overnight at 4 °C with gentle mixing.

Subsequently, the immunocomplex was formed by incubation of
appropriate amount of magnetic particles with immobilized mono-
clonal anti-HE4 IgG (10 ng anti-HE4 IgG) with different amounts of
standard HE4 protein (1h, room temperature) and followed by in-
cubation with anti-HE4 IgG5¢/Z"S in 0.1 M phosphate buffer, pH 7.3,
containing 0.1% BSA and 0.05% TWEEN 20 (1 h, room temperature)
prepared beforehand as described in 2.3. Dilution 1:500 (v/v) was used
for labeled antibodies prepared via commercially available kit, or 1:10
(v/v) for antibodies prepared by the carbodiimide method, respectively.

Magnetic particles with the formed immunocomplex anti-HE4
IgG-HE4-anti-HE4 1gGC*/%"S were washed five times with 1 ml of
0.1 M phosphate buffer, pH 7.3, containing 0.15 M NaCl and five times
with distilled water. 50 ul of 0.1 M HCl was added to a sample and
incubated at room temperature for 3 min, to release Cd(II) ions for
voltammetric measurement.

2.5. Electrochemical measurements

Square wave anodic stripping voltammetry (SWASV) was used as
the detection technique for the analysis of Cd(I) ions released from
CdSe/ZnS by acid hydrolysis at disposable screen-printed carbon elec-
trodes with a mercury salt (Hg-SPCE) or in situ formed bismuth film (Bi-
SPCE). First, the electrode surface of Hg-SPCE was pre-treated by ap-
plying the conditional potential —1.1V for 300s for reduction of im-
mobilized mercury salt to mercury film with subsequent detection of Cd
(II) ions under the following conditions: deposition potential —1 V,
deposition time 120s, potential range from —1 V to —0.15V, fre-
quency 25 Hz and amplitude 0.0285 V.

The in-situ bismuth film was formed after the addition of Bi(III) ions
(500 ppb in a final volume of analyzed solution) to each sample just
before its application to SPCE. Measurements were performed in the
presence of 0.1 M hydrochloric acid and 0.1 M acetate buffer (pH 4.5)
and conducted using the experimental conditions mentioned above, but
without the prior electrode pretreatment.

3. Results and discussion

The development of an electrochemical magneto-immunoassay
using disposable screen-printed electrodes with the potential to become
part of a point-of-care device in the early diagnostics of ovarian cancer
is of great interest nowadays. Such an electrochemical immunoassay is
presented here, based on square wave voltammetric monitoring of the
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Fig. 1. Scheme of electrochemical magneto-immunoassay for HE4 protein detection.

current response of Cd(II) ions, released from the core of carboxylated
CdSe/ZnS quantum dots used as the label probe of antibodies, which
are an integral part of the immunoassays. The protein HE4, an ovarian
cancer tumor marker, is a molecule of interest to be determined. Fig. 1
shows the assay arrangement, where antibody-modified magnetic par-
ticles serve as the solid phase for the efficient capture of the determined
HE4 protein from the sample, followed by reaction with antibodies
labeled with quantum dots. After the acidic dissolution of the quantum
dots, the released Cd(II) ions are detected electrochemically. The use of
magnetic particles instead of direct immunocomplex formation onto
working electrode brings even more benefits related to covalent at-
tachment of antibodies and higher surface area of prepared im-
munosorbent compare to limited area of working electrode.

Before assessing the conditions for specific HE4 immunocomplex
formation, the parameters of the square wave anodic stripping vol-
tammetry (SWASV) of CdSe/ZnS quantum dots had to be optimized
since the multi elemental composition of core-shell QDs as well as the
additional surface modifiers needed for conjugation with antibodies
could influence the final current response. Deposition potential, de-
position time, square wave frequency and the medium for dissolution of
QDs was optimized using solution of 50 nM QDs and disposable Hg-
SPCE sensor. Despite the fact that the Hg-SPCEs are conveniently used
for the trace analysis of heavy metals [19,33], the application of bis-
muth film electrodes (either in situ or ex situ), introduced in 2001 [34],
was proposed as an alternative to comply with the current trend of
“green chemistry”. These sensors offer similar analytical advantages to
mercury-modified electrodes while eliminating the need to use toxic
mercury or its salts. For that reason, we also utilized disposable screen-
printed carbon electrodes with an in situ formed bismuth film (Bi-
SPCEs).

We tested that it is possible to measure up to seven samples using
one mercury film-modified carbon electrode without any negative im-
pact onto subsequent measurement. With bismuth-film electrodes, only
one reliable measurement was attained. Nevertheless, a reuse of
working electrode is not expected in case of clinical samples due to
possible contamination from previous analysis. Therefore, a new
screen-printed sensor was used for each sample.

Hydrochloric and nitric acid were tested as the medium for the
acidic dissolution of QDs varying their effective concentration range
from 0.01 to 1M and time of action from 1 min to 10 min. Effective
dissolution was achieved using 0.1 M HCl for 3 min. The dissolution of
QDs for less than 1 min gave a decreased peak height of Cd(Il), whereas
a prolonged action lasting from 5 to 10min did not produce a sig-
nificant increase in the stripping signal (Fig. S1 in Supplementary data).

In the next step, applicable experimental parameters for the SWASV
of Cd(Il), namely deposition potential in the range —1.1 to —0.8 V with
a step of 0.1V, deposition time (60, 120 and 180s) and square wave
frequency (15, 20 and 25 Hz), were optimized in terms of the maximum
current response and the character of the stripping response. Thus, the
optimal conditions for the electrochemical detection of dissolved
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quantum dots were as follows: deposition potential —1 V for 120s,
square wave frequency 25 Hz and amplitude 0.0285 V for both types of
disposable screen-printed electrodes (Hg-SPCE and Bi-SPCE). Peak
height was monitored at the potential of the peak maximum.

For the labeling of anti-HE4 IgG antibodies by CdSe/ZnS QDs (anti-
HE4 IgGC95¢/205) two different linkage approaches were compared in
terms of functionality, each with certain pros and cons. A commercial
SiteClick™ Qdot® 565 Antibody Labeling Kit using click-chemistry en-
sures the linkage through the glycosidic part of antibody without af-
fecting the binding sites, however it is limited to only CdSe/ZnS QDs
and it needs to be emphasized that both labeled and non-labeled anti-
bodies are present in the final product. The second approach combining
well-known carbodiimide chemistry with the affinity purification [35].
It has a lower labeling yield but is versatile and it enables the pure
product of labeled antibodies to be obtained with the simultaneous
washing of free QDs, which could negatively affect the final signal.
Labeling efficiency was verified by standard SDS-PAGE (10% gel) with
densitometry evaluation in UV light as a comparison of the intensity of
protein bands provided by the fractions before and after the labeling
procedure. Moreover, the shift in molecular weight of the sample of
antibodies after labeling indicates a successful protocol. The labeling
efficiency was evaluated to be 75% with a commercially available kit
and approximately 30% by the in-lab carbodiimide-based labeling
strategy.

Thereafter, the proper dilution of anti-HE4 Ig used for the
immunoassay was determined with the aid of HE4 protein-modified
magnetic particles according to an already published procedure [36]
adapted for this system. The dilution of labeled anti-HE4 IgGC®4Se/ZnS
antibodies for experiments was in the range 1:10—1:1000 (v/v, final
volume 1ml). As for the labeling approach, the highest response ob-
tained for the lowest possible amount of labeled antibodies provides the
optimal dilution. This was determined to be 1:500 (v/v) for the com-
mercial kit and 1:10 (v/v) for the carbodiimide-based in-lab approach
(Fig. S2 and S3 in Supplementary data).

The cornerstone of the entire biosensor is the magnetically active
carrier, modified with monoclonal anti-HE4 IgG antibodies (described
in 2.4) and designed for the capture of HE4 molecules. The im-
munocomplexes consisting of anti-HE4 IgG - modified magnetic beads -
HE4 (see 2.4) react with labeled specific antibodies (anti-HE4 IgG®45¢/
Zn8y and electrochemical detection then follows under the optimized
conditions (see 2.5). For quantification of standard HE4 protein with
anti-HE4 1gG®I5/ZS aptibodies labeled by commercial kit and mea-
sured on Hg-SPCE, a calibration curve was constructed in concentra-
tions ranging from 2nM to 40 nM (Fig. 2). The limit of detection for
HE4 biomarker was calculated to be 2.94 pM. It is defined as LOD =
3sg/m, where m is the slope of the calibration curve with the corre-
sponding regression equation I (pA) = 3.637 logcyes (nM) + 0.359, sp
is the standard deviation of the blank (n = 5). The limit of quantifi-
cation, defined as LOQ = 10sg/m, was 9.79 pM HE4.

Comparing to the analysis of the HE4 biomarker on Hg-SPCE, the

GCdSe/ ZnS
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Fig. 2. SWASV voltammogram of HE4 detection using anti-HE4 IgGS4%Z"S antibodies
labeled by commercial kit on Hg-SPCE in 0.1 M HCI; peak height evaluation at the po-
tential of the peak maximum (—0.75V).
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Fig. 3. SWASV voltammogram of HE4 analysis using anti-HE4 1gGC4%¢/%" antibodies

labeled by commercial kit on Bi-SPCE (500 ppb Bi(II)) in 0.1 M acetate buffer (pH 4.5)
with 0.1 M HCl; peak height evaluation at the potential of the peak maximum (—0.88 V).

use of Bi-SPCE showed slight shift in peak evaluation potential
(—0.88V) and broader reoxidation peak was observed. The working
concentration range with Bi-SPCE and anti-HE4 IgG®I5¢/%"S prepared in
the same way was from 0.2 to 30 nM HE4 with the corresponding re-
gression equation I (pA) = 0.9021og cypy (MM) —0.077 (see Fig. 3).
The limit of detection 5.27 pM and the limit of quantification 17.55 pM,
respectively, were calculated (n 5) for developed HE4 im-
munosensor. Although the lower limit of detection was attained with
the mercury compound modified screen-printed carbon electrode the
results with Bi-SPCE provided wider working concentration range and
better linearity.

Additionally, antibodies prepared by the in-lab carbodiimide-based
labeling strategy were utilized for HE4 quantification on Hg-SPCE and
compared with results obtained by commercially available labeling kit.
The corresponding regression equation was I (WA) = 3.6941log cyrs
(nM) + 0.895 (see Fig. 4). Linear range for HE4 biomarker was esti-
mated from 0.02 to 20 nM. The of limit detection for HE4 biomarker (n
= 4) was calculated to be 3.7 pM and the limit of quantification 12 pM
HE4. The best analytical performance in terms of concentration range
over three orders of while maintaining linearity were achieved with this
labeling strategy.

Moreover, this system was also proven in the analysis of standard
human serum spiked with a known concentration of HE4 protein to
simulate the complex biological matrix for which the system should be
utilized as part of a point-of-care device. The recovery of HE4 standard
addition (20; 40; 200; 4000; 2000 and 4000 pM) was within range 80 —
91% (measured in triplicate), which is favorable and comparable with
literature [37,38].
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Fig. 4. HE4 analysis using anti-HE4 IgGCI¥/%"S antibodies prepared by in-lab strategy
and Hg-SPCE in 0.1 M HC; peak height evaluation at potential of the peak maximum.

All the above-mentioned combinations of modified electrodes and
different labeling approaches met the requirements for sensitive HE4
analysis with the possibility of the early-stage diagnosis of ovarian
cancer. Analytical characteristics of developed immunosensor were
compared with those of already published setups (Table 1). According
to the literature, the cut-off limit is 150 pM for active malignant disease
[39]. Moreover, our designed electrochemical magneto-immunoassay
provides advantages in terms of the potential analysis of multiple serum
biomarkers important in cancer diagnostics. Its multiple detection po-
tential is due to the possibility of applying various specific antibodies
labeled with QDs differing in their metal ion composition, which results
in specific current responses at particular potentials without peak
overlapping. In this way the stripping voltammetric analysis would
surpass commonly used enzyme-based immunoassays.

4. Conclusions

Two qualitatively different labeling approaches and metal film-
modified screen-printed carbon electrodes were tested for developing
electrochemical immunosensor for HE4 protein detection using
quantum dots as electrochemically active labels of specific antibodies.
Two labeling strategies were used, namely commercially available la-
beling kit and in-lab developed carbodiimide method-based protocol.
Disposable screen-printed carbon electrodes modified with mercury
salt, reduced to the mercury film during accumulation period of strip-
ping analysis, and in situ electrodeposited bismuth film in conjunction
with SWASV were utilized for the detection of cadmium ions released
from quantum dots. Both options contributed significantly to the ana-
lytical performance of tumor marker detection and met the exacting

Table 1
Comparison of recently published electrochemical sensors for HE4 quantification with
results obtained in the proposed arrangement.

Sensor LOD (HE4) Linear range Reference
AuNPs/CS-TiC/nanocomposite 0.06 pM 3-300 pM [29]
film modified ITO electrode
graphene sheets/AuNPs modified 0.5 pM 0-400 pM [31]
SPCE
Hg-SPCE 6.8 fM 23 fM - [30]
400 pM
Hg-SPCE 2.94pM? 2nM — presented
40 nM work
3.7 pM" 0.2nM —
20nM
Bi-SPCE 5.27 pM* 0.02nM —
20nM

2 anti-HE4 1gG®45¢/%" antibodies labeled by commercial kit.
b anti-HE4 1gG°5¢/%"S antibodies prepared by in-lab strategy.
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requirements for HE4 protein clinical monitoring. Lower detection
limits in HE4 determination were attained with mercury salt-modified
screen-printed carbon electrodes compared to that coated with in situ
bismuth film. Moreover, the capability of the detection in the complex
matrix was examined in the simulated real sample of human serum,
where recovery rate was 80 — 91% for wide concentration range of
HE4 protein.
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An advanced conjugation strategy for the
preparation of quantum dot-antibody

Veronika Dvorakova,? Michaela Cadkova,? Vladimira Datinska,? Karel Kleparnik,?
Frantisek Foret,® Zuzana Bilkova® and Lucie Korecka*?

An advanced site-specific conjugation strategy for the preparation of quantum dot-based antibody probes

applicable in various immunoassays from fluorescence to electrochemical biosensors is described. The

combination of antigen (protein ApoE) modified magnetic particles providing protection to antibody
binding sites, simple carbodiimide chemistry and carboxylate quantum dots (QDs) made of CdSe/ZnS
is used for efficient labelling of anti-ApoE antibodies representing a model system. Polyacrylamide
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Accepted 1st March 2017 gel electrophoresis,

fluorescence spectra measurements,

capillary electrophoresis-laser induced

fluorescence (CE-LIF) and square wave anodic stripping voltammetry (SWASV) were used for
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1. Introduction

Immunoglobulins and alternative antigen binding formats have
the key position in a wide range of conventionally designed
immunoassays fully utilizing the natural characteristics of
antibodies to specifically target molecules or antigens.*™ The
conjugation of specific antibodies with signal generating
molecules including conventional radioactive isotopes, organic
dyes, reporter enzymes, biotin or new generation probes such as
quantum dots, carbon- and graphene-based nanomaterials,
dendrimers or fullerenes enables the detection of bioactive
compounds of various physico-chemical nature occurring over
a wide concentration range.>*

Recently semiconductor QDs have been considered as a new
class of luminescent probes well suited for biological research
and clinical medicine.”® Luminescent nanocrystal QDs repre-
sent spherical particles with diameters in the range of 1-15 nm.”
Their typical core-shell structure and material composition
reflect their impressive opto-chemical properties for instance
size-tunable emission, excellent signal brightness, and nearly
no-photobleaching® whereas charged ligands on the surface
provide water solubility and biocompatibility.’* The ability to
link QDs with various bioactive molecules without losing the
aforementioned characteristics provides wide-field applica-
tions. Quantum dot-based immunochromatographic assays'**

“Department of Biological and Biochemical Sciences, Faculty of Chemical Technology,
University of Pardubice, Studentska 573, 532 10, Pardubice, Czech Republic. E-mail:
lucie.korecka@upce.cz; Tel: +420 466 037 711

’Institute of Analytical Chemistry of the CAS, v.v.i., The Czech Academy of Sciences,
Veveri 967/97, 602 00, Brno, Czech Republic

This journal is © The Royal Society of Chemistry 2017

experimental verification of labelling efficiency. A simple change in antibody type makes this approach
versatile and exploitable in a wide range of applications.

or QD-FRET biosensing devices' are only two examples of
numerous methods using QDs as a signal generating probe. The
improved sensitivity, selectivity and multiplexity of QD-based
methods enabled us to meet the high demands of the require-
ments for diagnostic methods for detecting tumours and other
clinically important biomolecules.®**

The unique properties of QDs such as their ability to
generate fluorescence, chemiluminescence, conductivity or
electrochemical signals enable us to select an appropriate way
of detection based on the characteristics of the biomarker to be
detected, its expected concentration, and taking into account
also the complexity of the biological material and laboratory
instrumentation.*'®

The surface properties of QDs play an important role in the
conjugation process through which QDs can be attached to
biomolecules.””*®* The structure of core-shell QDs with
a “coating” made from polymer molecules provides enough
active functional groups for covalent binding of various bioac-
tive molecules. Generally, there is an effort to apply a user-
friendly and low-cost conjugation strategy suited for routine
production of quantum dot-based probes. In particular, tradi-
tional bioconjugation techniques including random, site-
selective, covalent or non-covalent strategies are widely used
in the case of core-shell QDs.>*®

Carbodiimide mediated coupling represents one of the top
covalent strategies used for crosslinking between amine and
carboxylic functional groups. Although this approach is quick
and very effective due to the high reactivity of crosslinking
reagents, the most common strategy is the combination of EDC
with sulfo-NHS. The limited possibility to control the orienta-
tion of biomolecules to be conjugated, influencing the total

Anal. Methods, 2017, 9, 1991-1997 | 1991
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activity of the modified carrier, is a drawback needed to be
taken into account in the case of use. Conjugates prepared via
carbodiimide chemistry are suitable for e.g. cellular imaging
and tracking, for cancer cell targeting.”***

Thiol chemistry is another frequently used conjugation
strategy for the preparation of QD-nanoprobes for example for
immunolabeling of cells or tissue specimens. Maleimide
coupling is an example of the site-specific method strictly
dependent on pH aimed at the conjugation of primary amines
with thiols. However, the modification of proteins before
conjugation is required in many cases.**?*

The carboxyl conjugation technique fully exploits the pres-
ence of carbohydrate groups located on the Fc fragment of
immunoglobulins, and the reactive aldehyde groups react with
the hydrazide modified counterpart. Conjugates prepared via
the carboxyl crosslinking procedure are biocompatible and fit
very well for sensing and bioimaging.>

His-tag site-specific coupling via polyhistidine residues is
a great option for recombinant proteins to be conjugated with
QDs. In this case Ni-NTA represents a biofunctional adaptor
covalently linked to the QD whereas histidine-tagged antibodies
bind the nickel ion by the chelation process.® Low production
cost is the main advantage. These conjugates have been already
used for in vivo imaging applications.®**?¢

The coupling strategy based on the biospecific pair
streptavidin-biotin belongs to the simplest and widely used
non-covalent techniques. This technique provides quick and
relatively stable binding among all cooperative partners.
Despite the size of this conjugate, which could be limiting in
some applications, usability in cell biology has already been
mentioned.””**

Besides the possibility to prepare a “lab-made” quantum dot-
based conjugate by one of the methods mentioned above, there
is also a commercially available labeling kit (SiteClick™ Anti-
body Labeling Kit) enabling specific conjugation of QDs with
IgG molecules via modified carbohydrate domains. However,
this antibody labeling system brings a few disadvantages such
as the limited amount of QDs per 1 mol of IgG molecules and
contamination of the final conjugation product by free non-
conjugated QDs. Final purification steps are desired however
with significant losses.

Our work is focused on the development of an advanced
conjugation technique suitable for routine preparation of QD
conjugates of various specificities. To prepare quantum dot-
based probes of high quality is a necessary prerequisite for
their integration into sensitive and robust bioassays.

As many frequently used conjugation techniques, our
protocol benefits from a well-known carbodiimide-based
chemistry. Our original procedure includes (i) the bio-
functionalization of the solid phase based on magnetic micro-
particles, (ii) capturing of the molecules to be conjugated with
QDs by the molecules of the biospecific partner located on the
magnetic carrier and covalent binding of QDs with biomole-
cules to be labeled, and (iii) the elution step providing a ready-
to-use fraction of biomolecules labeled with QDs, i.e., probe
molecules.
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The main goal was to prepare specific probes for bioassay
combined with highly sensitive electrochemical detection.
Apolipoprotein E (ApoE) and rabbit polyclonal anti-ApoE IgGs
were used as a model of the biospecific pair. Our intention was
to develop such a labeling strategy to obtain a fraction of QD
probes without the need to purify the product before use. Also
the specific IgG molecules conjugated with QDs have to keep
the characteristics such as high specificity and affinity for
biomarkers to be detected. During the whole labeling procedure
their binding activity has to remain unaffected. Their func-
tionality was proven by a set of control methods based on
luminescence spectra measurements, and electrophoretic and
electrochemical analyses.

2. Materials and methods

2.1 Reagents and chemicals

Qdot® 565 ITK™ carboxyl quantum dots (CdSe/ZnS carboxyl
QDs) were purchased from Thermo Fisher Scientific (Waltham,
MA, USA). Magnetic particles SiMAG-carboxyl were from
Chemicell GmbH (1 um in size; Berlin, Germany). Recombinant
human apolipoprotein E (ApoE) was obtained from BioVision
(CA, USA) and rabbit polyclonal anti-apolipoprotein E IgG
(polyclonal anti-ApoE IgGs) antibodies were the product of
Moravian Biotechnology (Brno, CZ). Precision Plus Protein™
Standards Unstained were supplied by Bio-Rad (Bio-Rad,
Hercules, CA, USA) and acrylamide, N,N,N',N'-tetramethylethy-
lenediamine (TEMED), ethylenediaminetetraacetic acid (EDTA),
Tris(hydroxymethyl)aminomethane and N,N’-(1,2-dihydroxy-
ethylene)bisacrylamide were supplied by Sigma-Aldrich (St.
Louis, MO, USA). All other chemicals were of reagent grade and
supplied by Lach-Ner (Neratovice, Czech Republic) or Penta
(Chrudim, Czech Republic).

2.2 Instrumentation

A spectrofluorimeter Jasco FP-8500, SAF-851 was purchased
from JASCO Inc. (Easton, MD, USA), electrophoresis equipment
and a ChemiDoc™ XRS+ Imaging System with Image Lab™
Software were from Bio-Rad (Hercules, California, USA).

A diode laser, RLTMLL-405 Series was supplied by Roithner
Lasertechnik GmbH (Vienna, Austria) and it was connected
with a 405/10 nm laser clean-up filter MaxDiode™ provided by
Semrock (Rochester, USA). A microscope (objective: 40 x 0.65
NA) was obtained from Oriel. The long pass edge filter Edge-
Basic™ and a 607/70 nm band-pass filter BrightLine® were
products of Semrock (Rochester, USA). A photomultiplier tube
R647 was obtained from Hamamatsu (Iwata City, Japan). Silica
capillaries (75 um i.d., 375 um o.d.) were purchased from
Polymicro Technologies (Phoenix, AZ, USA) and CSW 1.6
software was guaranteed from Data Apex Dobrichovice
(Dobrichovice, Czech Republic). A potentiostat/galvanostat
PalmSens2 with PSTrace software was obtained from Palm-
Sens, the Netherlands, and screen-printed carbon electrodes
modified with mercury films (MeSPCE) were obtained from
ItalSens, Italy.

This journal is © The Royal Society of Chemistry 2017
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2.3 Preparation of quantum dot-based anti-ApoE IgG
conjugates

(a) Biofunctionalization of the magnetic carrier. The
molecules of antigen ApoE were immobilized on the surface of
SiMAG-carboxyl magnetic microparticles using a standard two-
step carbodiimide/sulfo-NHS method. The particles (1 mg)
were washed five times with 0.1 M MES buffer (pH 5.0) and mixed
with 7.5 mg of EDC and 1.25 mg of sulfo-NHS (both in 500 pL of
0.1 M MES buffer). After 30 min incubation at room temperature
and washing twice with 0.1 M MES buffer, 25 ug of antigen ApoE
(amount appropriate for the formation of a monolayer) in 0.1 M
MES buffer (1 mL) was added and incubated under gentle mixing
overnight at 4 °C. Afterwards, biofunctionalized particles were
washed two times with 0.1 M MES buffer and two times with
0.1 M phosphate buffer saline (pH 7.4) and transferred to 0.1
phosphate buffer (pH 7.3). The remaining active functional
groups of prewashed particles were blocked with 0.1 M etha-
nolamine in the presence of 0.1 M phosphate buffer pH (1 mL).
After 1 h incubation at room temperature, the biofunctionalized
particles were washed ten times with 0.1 phosphate buffer. The
SiMAG-carboxyl magnetic microparticles with ApoE were stored
in phosphate buffer, pH 7.3 with sodium azide.

(b) Conjugation of poly anti-ApoE IgGs with quantum dots.
Antibodies, polyclonal anti-ApoE IgGs (25 pug), were added to
biofunctionalized particles (0.5 mg) and incubated for 1.5 h
under gentle mixing in 0.1 M phosphate buffer (500 pL). After-
wards the particles with immunocomplexes on their surface
were washed three times with 0.1 M phosphate and 0.1 M
phosphate buffer with 0.2 M NacCl.

The particles with bound immunocomplexes ApoE-anti-
ApoE IgG (0.5 mg) were mixed with 0.5 mg of EDC and 0.083 mg
of sulfo-NHS (both in 500 pL of 0.1 M phosphate buffer). After
10 min incubation under gentle mixing at room temperature, 8
uL Qdot® 565 ITK™ carboxyl quantum dots (250 uM stock
solution) mixed with 0.1 M phosphate buffer (500 pL) were
added to the magnetic microparticles and incubated under
gentle mixing overnight at 4 °C. After incubation, the particles
were washed three times with 0.1 M phosphate and 0.1 M
phosphate buffer with 0.2 M NaCl. The washing fractions were
retained for subsequent analyses.

(c) Efficient elution of quantum dot-labeled polyclonal
anti-ApoE IgGs. The effective elution of labeled antibodies (poly
anti-ApoE IgG? conjugate) was realized by using 0.05% tri-
fluoroacetic acid (TFA) containing 0.5% SDS. As the last step,
the transfer of the final conjugate from the elution medium to
0.1 M phosphate buffer pH 7.3 with the use of ultracentrifugal
filters (cut off 150 kDa) was performed.

2.4 Luminescence spectra measurements

The luminescence signals of pure QDs, and fractions related to
the labeling protocol such as pure QDs, unbound QDs, washing
fractions and poly anti-ApoE IgG?® conjugates were measured
by using a spectrofluorimeter Jasco FP-8500 enabling one-drop
measurement unit analysis at 25 °C. Luminescence emission
spectra were recorded from 400 to 700 nm with excitation at
340 nm.
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2.5 SDS-PAGE and native TBE-PAGE

Denaturing SDS-PAGE in a standard arrangement (10% Tris-
glycine separating gel, 5% Tris-glycine focusing gel)*® was per-
formed mostly to control the purity and homogeneity of
prepared conjugates. Whereas slightly modified native TBE-
PAGE (15% Tris-borate separating gel, 5% Tris-borate
focusing gel, both with addition of EDTA)* was performed in
order to monitor the quality and quantity of QDs (Fig. 1).
Electrophoretic separation was carried out under these condi-
tions: 0.1 M TBE buffer pH 8.3 running buffer, 180 V, 30 mA per
one gel, approximately 50 minutes. TBE gels with samples of
QDs were evaluated by UV illumination using Molecular
Imager® ChemiDoc™ XRS+ with Image Lab™ software from
Bio-Rad (Bio-Rad, Hercules, California, USA). Software Image J
was used for QD quantification.

2.6 CE-LIF analysis of poly anti-ApoE IgG?"® conjugates

QDs and anti-ApoE IgG?"* conjugates were analyzed by sepa-
ration in a laboratory-built CE-LIF system. Prior to each anal-
ysis, a 40 cm long (30 cm effective length) bare fused silica
capillary (75 pm i.d., 375 um o.d.) was rinsed successively with
0.1 M NaOH, water and finally with the running buffer (50 mM
TRIS/TAPS, pH 8.6). The CE separation was driven by a Spell-
man CZE 1000R high power supply at a voltage of 10 kvV. The
samples were introduced electrokinetically at 10 kV for 5 s. At
the positive voltage, the dominant mobility of electro-osmotic
flow (EOF) carried all negatively charged analytes to the
detector. A diode laser, RLTMLL-405 Series with a 405/10 nm
laser clean-up filter was used as the excitation source at 405 nm.
The fluorescence emission was collected by using a microscope
objective (40 x 0.65 NA). A system of two filters including
a 405 nm long pass edge filter and a 607/70 nm band-pass filter
was used to block the 405 nm laser line and allow the maximum

Biofunctionalization of magnetic microparticles
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Fig. 1 Schematic of the advanced conjugation protocol.
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intensity emission wavelength of QDs to enter the photo-
multiplier tube type R647 window. The detector signal was
recorded at a sampling rate of 25 Hz with a data acquisition and
evaluation system CSW 1.6. The value of EOF mobility was
determined using coumarin (1,2-benzopyrone) as the neutral
marker in all pH of background electrolytes used.

2.7 Electrochemical evaluation of anti-ApoE IgG?"*

conjugates

The conjugation efficiency was confirmed by square wave
anodic stripping voltammetry (SWASV). All tested samples were
mixed with 0.1 M HCI in a ratio of 10 : 40 uL (v/v) in the final
volume of 50 pL and incubated for 3 minutes. Before sample
application, the surface of MeSPCE was electrochemically pre-
treated at a potential of —1 V for 300 s followed by subsequent
measurement of the blank (three times). In all cases, 0.1 M HCI
was used. In each measurement, the surface of the screen-
printed electrode was washed three times with 0.1 M HCL
Detection conditions for sample measurement were as follows:
condition potential 0 V, condition time 0 s, deposition potential
—1V, dep. time 120 s, potential range from —0.95 to —0.15 V,
frequency 20 Hz and amplitude 0.0285 V. The current response
at potential (—0.72 V) characteristic of Cd(u) ions released after
acidic dissolution of CdSe/ZnS QDs was monitored.

3. Results and discussion

Our work was aimed at the development of a versatile and
highly efficient labeling protocol in order to prepare specific
immunoprobes based on the conjugation of IgG molecules with
Qdot® 565 ITK™ carboxyl quantum dots as an essential
element of bioassays with electrochemical sensing.

Our strategy for IgG molecule labelling is based on the
assumption which has been many times experimentally
confirmed. This method is called hydrogen/deuterium (H/D)
exchange for monitoring of biospecific interactions by mass
spectrometry.®>** This method is used to localize the site of
a molecule interacting with a ligand. To briefly summarize, the
polypeptide chain forming the binding site of the IgG molecule
is protected by ligand molecules (antigen) and H/D exchange
does not occur. So our strategy was to protect the binding sites
of specific antibodies by interactions with antigen molecules
and perform the labeling with QDs only on sterically accessible
parts of polypeptide chains.

According to our experience, the quality and stability of QDs
used for conjugation were decisive for the final outcome of the
whole conjugation procedure. Native TBE-PAGE was modified
for separation and quality characterization of commercial QDs
(Fig. 2A). TBE-PAA gel electrophoresis was also suited for QD
quantification (Fig. 2B).

With the use of Qdot® 565 ITK™ carboxyl QDs we have
successfully designed and validated the three stages of the IgG
labeling approach which is schematically presented in Fig. 1.
The biofunctionalization of SiMAG-carboxyl magnetic micro-
particles with antigen ApoE molecules was the first step, where

the particle surface was fully covered with antigens
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Fig. 2 TBE-PAGE (15% polyacrylamide separation gel, 5% poly-
acrylamide focusing gel) analysis of commercial carboxyl QDs (Qdot®
565 ITK™ carboxyl quantum dots). Data were obtained by UV detec-
tion: (A) quality control — QDs artificially affected in terms of aggre-
gation and disintegration — (1) pure QDs without any modification, (2)
QDs with simulated aggregation and (3) QDs with simulated disinte-
gration. The tested concentration for all samples was 0.16 uM per well;
(B) calibration curve of commercial carboxyl QDs (0.115-0.01 uM), UV
detection and densitometric evaluation by Image J software.

corresponding to the specificity of antibodies to be labeled.
The suitable amount of antigen was calculated with respect
to the antigen molecular weight and the size of magnetic
particles utilized for the reaction. In that case, we applied the
following equation: S = 6C/psAd where S is the amount of
representative protein (with respect to the molecular weight)
required to achieve surface saturation (mg protein per g of
microspheres), ps is the density of the solid sphere (g cm™?),
d represents the mean particle diameter (um) and C is the
capacity of the microsphere surface for a given protein (mg of
protein per m” of sphere surface).** For antigen binding, we
applied the carbodiimide-mediated crosslinking reaction where
EDC was combined with sulfo-NHS. We tested one- and two-
step immobilization protocols with overnight incubation in
both cases, whereas the two-step protocol with 30 min-long pre-
activation and application of 7.5 mg of EDC and 1.25 mg of
sulfo-NHS has been considered as more beneficial, because of
better immobilization efficiency. To avoid nonspecific binding
and residual reactivity, an additional blocking step was added.
Ethanolamine as an intact molecule of low molecular weight
was used to block remaining activated carboxyl groups.
Different time intervals (30-180 min, 24 hours) and

This journal is © The Royal Society of Chemistry 2017
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concentrations (0.01-1 M) were tested. The 60 min blocking
time with 0.1 M ethanolamine was assumed as optimal.

Thus the ApoE biofunctionalized magnetic carrier was
incubated with specific IgG molecules to create stable immu-
nocomplexes with site-specific oriented IgG molecules. In the
case of antigens with molecular weights in the range of 25-40
kDa the double molar amount of antibodies added into the
binding mixture is the most efficient (data not shown).
Also different times (30, 60, 90, 120 minutes and overnight
incubation) required for the formation of specific immuno-
complexes have been tested. In the case of rabbit polyclonal
anti-ApoE IgG, the time of immunocomplex formation
90 min was evaluated as the sufficient time for maximal
coverage. To label the specific IgG molecules fixed in immu-
nocomplexes on magnetic particles, EDC, sulfo-NHS and an
appropriate amount of carboxyl QDs was added. Incubation
was performed under gentle mixing (see 2.3 b). Finally, the
magnetic beads were repeatedly washed to remove all reagents
and free QDs.

The third phase of the protocol followed immediately. The
molecules of poly anti-ApoE IgGR"® conjugates had to be
released from the complexes with ApoE. Elution represents the
disruption of many non-covalent bonds between the specific
binding sites of IgG molecules and antigenic determinants of
complex antigen molecules. We tested various elution reagents
from the acidic and basic pH range (Table 1), and the time and
number of elution steps were also optimized. Elution reagents
were applied in three independent 15 minute-long intervals.
The most efficient elution reagent has been determined based
on spectrophotometric measurements of immunocomplexes
before and after treatment with the elution reagent. The stan-
dard ELISA arrangement in a microtiter plate, with enzyme
horseradish peroxidase as the antibody label, was used. To
prove that the binding activity of antibodies is not affected by

the used elution reagent, eluted antibodies were repeatedly
Table 1 Summary of tested elution reagents with calculated elution
efficiency

Efficiency
Elution reagents [%]
Acidic media
0.1 M acetic acid with 20 mM CaCl, (pH 4) 41
0.1 M acetic acid with 0.2 M MgCl, (pH 4) 36
1 M arginine-hydrochloride (pH 4) 37

0.5 M citrate (pH 4.3) 9

0.1 M glycine with 0.2 M NaCl (pH 2.6) 65
0.05% TFA with 0.5% SDS (pH 2.5) 76
0.05% TFA with 1% SDS (pH 2.5) 73
Alkaline media

0.1 M citrate with 0.1 M NaOH (pH 8) 73
0.1 M citrate with 0.1 M NaOH and 0.2 M MgCl, (pH 7) 16
0.1 M glycine with 0.1 M NaOH and 0.2 M MgCl, (pH 8) 12
1 M MgCl, (pH 7.5) 14
0.1 M NH,OH (pH 11) 25
0.1 M NH,OH with 0.2 M MgCl, (pH 11) 12
0.1 M triethanolamine (pH 9) 7

his journal is © The Royal Society of Chemistry 2017
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used for immunocomplex formation (data not shown). Based
on our results, the acidic medium namely 0.05% TFA with 0.5%
SDS (pH 2.5) provided the strongest elution efficiency. Consid-
ering the very low pH the released conjugate was directly
transferred to 0.1 M phosphate buffer (pH 7.3).

Fluorescence spectra measurements (Fig. 4A) and poly-
acrylamide gel analyses (Fig. 3 and 4B) supplemented by CE-LIF
(Fig. 5) were chosen as fundamental methods for evaluating all
the reactive compounds, bioactive molecules entering the
reaction and also all the fractions obtained during the three
steps of the labeling protocol. Square wave anodic stripping
voltammetry (Fig. 6) was considered as the main confirmatory
technique for the assessment of the functionality of the
designed labeling protocol.

The luminescence emission spectra are shown in Fig. 4A.
The pure QDs, unbound QDs and poly anti-ApoE IgG?"*
conjugates provided detectable signals in contrast to washing
fractions, which did not contain any traces of QDs. The samples
were also loaded into the slab gel to perform TBE-PAGE
accompanied by UV detection (Fig. 4B). The results of the

A

150 kDa

Fig. 3 PAGE analysis (A) TBE-PAGE (15% polyacrylamide gel, UV
detection): (1) pure QDs (0.16 pM, Qdot® 565 nm ITK™,), (2) poly anti-
ApoE 1gG®P* conjugates (1 pg, home-made), (3) polyclonal anti-ApoE
IgG antibodies (1 pg), (4) poly anti-ApoE IgGSPS conjugates (1 pg,
prepared by SiteClick™ Qdot® 565 Antibody Labeling Kit); (B) SDS-
PAGE (10% polyacrylamide gel, silver staining): (MM) protein standard
(10-250 kDa), (1) pure QDs (0.16 uM, Qdot® 565 nm ITK™), (2)
polyclonal anti-ApoE I1gG®P* conjugates (1 pg, home-made), (3)
polyclonal anti-ApoE 1gG antibodies (1 pg), (4) polyclonal anti-ApoE
IgG®P* conjugates (1 ug, prepared by SiteClick™ Qdot® 565 Antibody
Labeling Kit).
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Fig. 4 Quality evaluation of poly anti-ApoE 1gG®P® conjugates: (
luminescence emission spectra: (1) pure QDs (Qdot® 565 ITKTM
carboxyl quantum dots, ¢ = 128 nM), (2) unbound QDs and (3) poly
anti-ApoE IgG®Ps conjugates; (B) TBE-PAGE (15% Tris—borate sepa-
rating gel and 5% Tris—borate focusing gel, both with addition of
EDTA): (1) pure QDs (Qdot® 565 ITK™ carboxyl quantum dots, ¢ = 128
nM), (2) unbound QDs, (3—5) washing fractions and (6) poly anti-ApoE
IgGEP* conjugates.
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Fig. 5 CE-LIF analysis of pure QDs and poly anti-ApoE IgG®Ps
conjugates: (1) mixture of pure QDs and poly anti-ApoE IgGSPs
conjugates, (2) poly anti-ApoE 1gGP® conjugates and (3) pure QDs
(Qdot® 565 ITK™ carboxyl quantum dots). Small peaks at 3.2 min
represent neutral EOF (coumarin).

luminescence spectra and TBE-PAGE demonstrated the func-
tionality of the designed labeling procedure.

The quality and purity of poly anti-ApoE IgG?® conjugates
were confirmed by the CE-LIF assay. Due to the different
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Fig. 6 SWASV voltammogram: (1) pure QDs (Qdot® 565 ITK™
carboxyl quantum dots, ¢ = 128 nM), (2) unbound QDs, (3 and 4)
washing fractions and (5) poly anti-ApoE®Ps IgG conjugates recorded
at MeSPCE in 0.1 M HCL

electrophoretic mobilities of pure QDs and conjugates this
technique allowed us to confirm the high efficiency of the
labeling procedure and prove the absence of free QDs in the
conjugate fraction (Fig. 5).

Square wave anodic stripping voltammetry was another
confirmation technique for labeling efficiency assessment. The
current response at a potential of —0.72 V, characteristic of
CdSe/ZnS quantum dots, was obtained by the use of a dispos-
able miniaturized screen-printed three-electrode sensor with
a mercury film modified carbon working electrode (MeSPCE)
(Fig. 6). The efficiency of the conjugation of quantum dots with
antibodies was calculated as the ratio of electrochemical
current responses of quantum dots of all fractions connected
with the performed labeling protocol. The difference of the
electrochemical current responses of the original sample (the
original fraction of quantum dots before conjugation), the
fraction of conjugates (antibodies conjugated with QDs) and the
sum of current responses of binding (fraction after conjugation
- the rest of the unbound QDs) and washing fractions was
calculated with a resulting conjugation efficiency of 30%.

The quality of the poly anti-ApoE IgG?"® conjugate in terms
of its ability to target the antigen specifically as well as further
optimization of reaction conditions was verified.**

4. Conclusions

Here we have designed and validated a three-stage conjugation
procedure to prepare QD-based immunoprobes for highly
sensitive biosensors combined with electrochemical detection.
This protocol fully exploited the benefits provided by super-
paramagnetic microparticles, i.e., easy, rapid and quantitative
separation of the liquid phase with reagents from the solid
phase carrying the molecules of antigens, immunocomplexes or
bioconjugates. The conjugation strategy was based on tradi-
tional carbodiimide chemistry but combined with site-specific
immobilization of IgG molecules on the surface of antigen
biofunctionalized magnetic microparticles. The binding sites of
all IgG molecules to be labeled are protected by antigen mole-
cules just in immunocomplexes, and IgG affinity and specificity

This journal is © The Royal Society of Chemistry 2017
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remained unaffected during all steps of the covalent coupling
procedure. Another advantage of this labeling approach is the
purity of the final product - the poly anti-ApoE IgG?"* conju-
gate. Since no contamination of the conjugate by free QDs was
observed, no additional separation step was needed. This
protocol for the efficient conjugation of IgG molecules with QDs
is suitable wherever there are high demands on quality and
purity of signal generating probes.
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