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Souhrn

Cholinesterasy jsou enzymy, které jsou pro svou citlivost k ur¢itym latkam pouzivany k jejich
prukazu. Jedna se o latky ze skupin pesticidi, bojovych plynu ¢i 1é¢iv. Tato disertaéni prace se
zabyva ptipravou biosenzori zaloZzenych na cholinesterasach. Cilem prace bylo pfipravit
cholinesterasové biosenzory jednoduché konstrukce jako levnégjsi alternativy ke standardné
pouzivanym analytickym metodam. V této praci byly zkoumany i interakce nékterych
inhibitord s cholinesterasami metodou in silico. Tato prace je sloZena zkomentait

k jednotlivym publikacim, jejichz detailni popisy jsou shrnuty v pfilozenych publikacich.
Klicova slova

biosenzor, acetylcholinesterasa, butyrylcholinesterasa, neurotoxické latky, inhibitor,

spektrofotometrie, elektrochemie, kolorimetrie, in silico

Summary

Cholinesterases are enzymes, which are sensitive to compounds from pesticide, nerve agents
and drug groups and they can be used for their determination. This thesis deals with preparation
of biosensors based on cholinesterases with simple construction as cheaper alternatives to
standard analytical methods. It was also examined interactions of inhibitors with
cholinesterases by in silico method. This work is consisted from comments on publications deal
with preparation of cholinesterase biosensors, while details are summarized in enclosed

publications.
Key words

biosensor, acetylcholinesterase, butyrylcholinesterase, neurotoxic compounds, inhibitor,

spectrophotometry, electrochemistry, colorimetry, in silico
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1. Uvod

Analyza jedovatych latek je Vv souCasné dobé provaddéna zejména chromatografickymi
technikami ¢asto v kombinaci s hmotnostnim detektorem, ktery umoznuje ptimou identifikaci
neznamé latky. Nicméné toto piistrojové vybaveni je finan¢né nakladné a jeho pouziti je vdzano
na laboratot, do které musi byt vzorky nejprve dopraveny, coz mize byt casove naro¢ny proces.
Proto se pro analyzu pfimo v terénu pouzivaji pienosnd zafizeni, nékteré z nich pracuji na
principu biosenzort, které sice nemusi ptimo rozlisit, o jakou latku se jedna, ale alespoiit mohou
ukazat na urGitou skupinu latek. Casté je pouZiti biosenzorti senzymovym rozliovacim

prvkem.

Prvni objevy na poli enzymt se uskutecnily v pocatcich 19. stoleti a asi o sto let pozdé&ji se toto
pole zacalo velmi boufilivé rozvijet, kdy pocty nové objevenych enzymu raketove rostly. V té
dob¢, tedy zhruba v poloviné 20. stoleti, se enzymy dostaly do hledacku v souvislosti
s piipravou biosenzort, kdyz Clark a Lyons ptedstavili sviyj biosenzor pro stanoveni glukozy,
ktery se stal viibec prvnim biosenzorem V historii. Od té doby urazily biosenzory velky kus

cesty a fada z nich nasla uplatnéni v rutinnich analyzéch.

Historie cholinesterasovych biosenzora je pomérné mlada, prvni publikace se objevily asi pred
tiiceti lety, nicméné rychly rozvoj pfinesl na toto téma nespocet publikaci. Své uplatnéni
nachazeji v mnoha oblastech, pfedevsim pak v analyzach Zivotniho prosttedi, kontrole kvality
potravin, klinické praxi ¢i dokonce na bitevnim poli. Je tomu tak diky citlivosti cholinesteras k
riznorodému spektru latek, které funguji jako jejich inhibitory a které byly v minulosti

ptipraveny uméle, nebo jsou ptirodniho charakteru.

Soucasné trendy na poli cholinesterasovych biosenzorti se ubiraji cestou tvorby funkénich,
i kdyz casto relativné slozitych, konstrukci. Snahou této disertacni prace bylo pfipravit
cholinesterasové biosenzory jednoduché konstrukce snadno adaptovatelné na pouZiti
v terénnich podminkéach, kde je jednoduchost a rychlost zaddanou vlastnosti. Rovnéz
byly zkoumany dosud nepopsané interakce nékterych cholinesterasovych inhibitord

s cholinesterasami metodou in silico.



. Cile prace

e ReSerSe problematiky cholinesteras a jejich vyuziti k diagnostice a analyze
neurotoxickych latek. Porovnani acetylcholinesterasy a butyrylcholinesterasy.

e Vypracovani laboratornich postupti pro biochemickou diagnostiku vyuzivajici
stanoveni cholinesterasemie za pouziti novych ¢i neobvyklych substratii a reakénich
¢inidel.

e Konstrukce metod s imobilizovanou cholinesterasou ke stanoveni neurotoxickych latek
a optimalizace imobiliza¢nich postupd.

o Konstrukce detekéniho systému vyuzivajictho magnetické mikrocéstice s vazanou
cholinesterasou.

e Zavedeni laboratorniho postupu stanoveni aktivity cholinesteras vyuZzivajici kvantové
tecky.

¢ Insilico predikce interakce inhibitort s cholinesterasami.

e Oveéfeni laboratornich postupli a metod za vyuZiti realnych vzorki plasmy.
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3. Teoreticka Cast

3.1. Cholinesterasy

Cholinesterasy tfadime do skupiny hydrolytickych enzymi S$tépici estery cholinu.
Rozlisujeme dvé cholinesterasy — acetylcholinesterasu (AChE) a butyrylcholinesterasu
(BChE), a to jako globularni nebo asymetrickou formu. Globularni formy obsahuji jednu
(G1), dve (G2) nebo ctyti (G4) podjednotky a jsou bud’to ve volné forme nebo jsou vazany
k membran¢ (napt. G2 forma v membran¢ erytrocyti nebo G4 forma v mozku). Rozpustna
forma BChE se vyskytuje z 95 % jako G4 tetramer a G1 ¢i G2 formy jsou jeji degradacni
formy. Podobné jako BChE tak i rozpustna forma AChE se vyskytuje jako G4 tetramer,
sekretovany nervovymi ¢i svalovymi bunikami. Asymetrické formy obsahuji jednu (A4),

dvé (A8), nejvétsi z nich (A12) ma pak tetramerové podjednotky tii [1, 2].
3.1.1. Acetylcholinesterasa

AChE (3.1.1.7) je enzym zodpovédny za rychlé ukonceni pienosu informaci
vV nervovém systému hydrolyzou neurotransmiteru acetylcholinu na cholin a kyselinu
octovou (Obr. 1). Kromé synaptickych $térbin v mozku se vyskytuje rovnéZ na

nervosvalovych ploténkdch a erytrocytech, kde rozkladd do krve uvolnény

acetylcholin.
H3C AChE H,C,

\N+/\/O OH +HO - \N+/\/OH +CH3COOH
Ha S\ HyC”

Obrazek 1. Rovnice hydrolyzy acetylcholinu.

3.1.1.1. Struktura acetylcholinesterasy

Strukturu AChE Ize vyborné¢ demonstrovat na AChE izolované z elektrického
uhote (Torpedo californica), ktera je dobfe dostupna a pocatky vyzkumu
cholinesteras jsou spojeny pravé s ni (Obr. 2). Aktivni misto enzymu se sestava
Z n€kolika ¢asti:

1. Esterové misto — je zodpovédné za samotnou enzymovou aktivitu. Je tvofeno
katalytickou triddou aminokyselin Ser 200, Glu 327 a His 440.

2. Anionické misto — je zodpovédné za spravnou orientaci acetylcholinu vici

esterovému mistu. Tvoii ho aminokyseliny Trp 84, Tyr 121 a Phe 338.
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Kromé¢ téchto dilezitych ¢asti je vstup do kavity aktivniho mista AChE tvoten
aromatickymi aminokyselinami (tzv. aromaticka $térbina), které maji za ukol
zvySovat selektivitu pro zachyceni acetylcholinu nevazebnou interakci kation-nt
S kvartérnim dusikovym atomem acetylcholinu a aromatickym systémem
aminokyselin. Pobliz vstupu do aktivniho centra se nachdzi periferni anionické

misto, které je cilem nékterych enzymovych inhibitora [3, 4].

Obrazek 2. Struktura AChE izolované z Torpedo californica. Ve struktufe jsou zobrazeny aminokyseliny aktivniho
mista, tzv. katalytické triady Ser 200, Glu 327 a His 440.

3.1.2. Butyrylcholinesterasa

Na rozdil od AChE zlstava funkce BChE (3.1.1.8) stile neznama. Je syntetizovana
v mnoha tkanich, hlavné v ledvinach, mozku, srdci a v jatrech. Diky sv¢é afinité k fad¢
latek se podili na detoxifikaci jedovatych slou¢enin jako napft. kokain, heroin ¢i aspirin,
ale i klinicky vyuzivanych preparatt jako napf. myorelaxanty (sukcinylcholin nebo
mivakurium). V této souvislosti se vySetfuje typ BChE, kromé normalni A varianty
existuje i Kvarianta, ktera ma zhorSené odbouravani myorelaxantd, coz muze
potencialné ohrozit zivot pacienta piti chirurgickém vykonu. Proto se stanovuje tzv.

dibukainové ¢islo (DN), coz je procento inhibice BChE v pfitomnosti dibukainu.

12



Homozygotni A varianta je k dibukainu citlivd, md DN > 75, AK heterozygoti maji DN
40-70, homozygoti s K variantou maji DN < 20.

3.1.2.1. Struktura butyrylcholinesterasy

Aktivni misto BChE je stejné jako u AChE tvofeno katalytickou triddou Ser 198,
Glu 325 a His 438 (lidska BChE) (Obr. 3) a anionickym mistem, nicmén¢ hlavni
rozdil proti struktute AChE je ve sloZeni aromatické $térbiny. Struktura BChE
obsahuje celkem 8 aromatickych aminokyselin v porovnani se 14 u AChE. Tento
podstatny rozdil je diivodem, pro¢ je BChE schopna Stépit SirSi spektrum
substratil, nez je tomu v piipadé AChE. Rozdil je 1 v perifernim anionickém
misté, ve struktufe BChE je méné vyvinuté, tudiz latky schopné enzymové

inhibice v tomto mist¢ AChE na BChE neptisobi, nebo jen minimalné [3, 5-8].

Obrazek 3. Struktura lidské BChE. Ve struktufe jsou zobrazeny aminokyseliny aktivniho mista, tzv. katalytické
triady Ser 198, Glu 325 a His 438.

Své vyuziti cholinesterasy nasly v biosenzorech pro stanoveni cholinesterasovych inhibitort,
a to pfedevsim v kontrole Zivotniho prostfedi a potravin, pii vyzkumu novych Iéki ve

farmaceutickém primyslu ¢i ve vojenské oblasti.
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3.2. Biosenzory

Historie biosenzort se zacala psat v poloviné 20. stoleti, kdy Clark a Lyons ptedstavili svétu
viibec prvni biosenzor pro stanoveni glukozy v Krvi zaloZzeny na enzymu glukosaoxidasa.
Od té doby se pole biosenzoru zacalo velmi rychle rozvijet a rozkvét cholinesterasovych
biosenzort nastal asi o tii dekady pozdéji, na prelomu 80. a 90. let minulého stoleti, ze kdy
lze vypatrat prvni publikace na toto téma. Biosenzor miuzeme definovat jako analytické
zafizeni, které se sestava z biologické ¢asti poskytujici specifitu viici analytu a fyzikalné-
chemického prevodniku, ktery prevadi biologické interakce na méfitelny signal [9, 10].

Obecné schéma biosenzoru je na obrazku 4.

Analyt |~ | Biorekognicni element |~ ® | Fyz.-chem. pfevodnik | ————— [ Signal

Obrazek 4. Obecné schéma biosenzoru.

3.2.1. Biorekogni¢ni elementy

Biorekogni¢ni element zodpovidd za samotnou rozliSovaci schopnost a specifitu
biosenzoru ke stanovovanému analytu. Zde zmifime nejéastéjsi typy biorekognic¢nich
elementi:

Enzymy — pfirodni katalyzatory schopny rozpoznat specifické substraty
a katalyzovat jejich pfeménu, ¢imz se vyborné¢ hodi pro konstrukci biosenzort.
Interakce enzym-substrat poskytuje enzymovym biosenzorim vysokou senzitivitu
a selektivitu, navic je rychla a levna. Na druhou stranu pouziti enzymt vyzaduje
specifické podminky jako je napf. teplota, pH atd. Nejcastéji enzymové biosenzory
najdeme v klinické diagnostice (napf. rutinni stanoveni gluko6zy) ¢i hodnoceni kvality
zivotniho prosttedi (napft. detekce pesticidi).

Protilatky — neboli imunoglobuliny, detekuji antigen na zaklad¢ specifického slozeni
aminokyselin ve vazebném misté antigenu a imunoglobulinu. Vazba imunoglobulinu
s antigenem je diky tomu vysoce specificka a selektivni. VyuZiti imunosenzora je
predev$im v klinické diagnostice (napf. stanoveni protilatek pii autoimunitnich
onemocnénich) nebo pifi hodnoceni kvality potravin (napt. detekce patogennich
bakterii) ¢i zivotniho prostiedi.

Nukleové kyseliny — V biosenzorech zalozenych na nukleovych kyselinach je
jednovlaknovy fetézec DNA (sSDNA) navazan na povrch pievodniku a pii interakci

s komplementarnim fetézcem ze vzorku dojde k hybridizaci na dvouvlaknovou DNA
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(dsDNA). Aplikace nachazeji tyto biosenzory v detekci patogent pii kontrole potravin
¢i V klinické diagnostice (napt. dédi¢né choroby).

M¢éné Castym, a proti vySe uvedenym biorekogni¢nim elementim spiSe unikatnim
typem, jsou biosenzory vyuzivajici celych bunék pouzivané piedevsim v kontrole
potravin, zivotniho prostiedi, klinické diagnostice atp. [11-16]. Biorekogni¢ni

elementy shrnuje obrazek 5.

Biorekogniéni elementy

Enzymy Protilitky Nukleové kyseliny Celé buiiky

Obrazek 5. Biorekogni¢ni elementy.

3.2.2. Fyzikéln¢-chemické prevodniky

Fyzikéln¢é-chemické pievodniky jsou zodpovédné za ptfevod biochemické reakce na
méfitelny signal. RozliSujeme pét typl fyzikalné-chemickych ptevodnikii: optické,
elektrochemické, hmotnostni, teplotni, magnetické. Teplotni a magnetické prevodniky
predstavuji spiSe raritni typy, a proto se zminime predevsim o prvnich tiech, které jsou
ve spojeni s cholinesterasami vyuzivany vice.

Optické pievodniky — do optickych ptevodnikii fadime metody kolorimetrické,
flourescenéni, luminiscenéni ¢i resonanci povrchovych plasmont (SPR).
Fluorescenc¢ni pievodniky vyuzivaji fluorescenénich znacek, fluorofort, u kterych pfi
pohlceni svétla o tzv. excita¢ni vinové délce dochazi k excitaci elektronu ze zakladniho
energetického stavu do stavu o vyssi energii. Pfi navratu elektronu do zdkladniho stavu
dojde k vyzafeni svétla o tzv. emisni vlnové délce. Jako ptiklady pouzivanych
flourofort  uvedme napt. fluorescein,  fluorescein  isothiokyanat  atd.
Chemiluminiscenc¢ni detekce vyuziva zase znacky luminiscen¢ni, hlavné luminol nebo
jeho derivaty. SPR generuje na rozmezi dvou fazi (napf. sklo a kapalina) ozarenych
polarizovanym svétlem Vv uréitém thlu povrchové plasmony, coz vede k redukci
intensity odrazeného svétla v tzv. resonan¢nim thlu. SPR 1ze vyuzit k detekci vazby
biorekogni¢niho elementu na povrch fyzikalné-chemického prevodniku.
Elektrochemické pfevodniky — v této skupiné jsou nejcastéji pouzivany prevodniky

amperometrické a potenciometrické. Amperometrické pievodniky jsou zaloZeny na
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méteni proudové odezvy (pii konstantnim potencialu elektrody), kterd je pfimo imérna
koncentraci méfeného elektroaktivniho analytu, tzn. analyt se musi oxidovat nebo
redukovat. Potenciometrické pievodniky jsou zase zaloZzeny na méfeni zmény
potencialu mezi referentni elektrodou se stalym potencialem a mérnou elektrodou, jejiz
potencial je zavisly na koncentraci analytu ve vzorku. Elektrochemické prevodniky
jsou §iroce pouzivany napi. v medicin€ ¢i pii monitorovani zivotniho prostiedi, hlavné
diky nizké cené, vysoké citlivosti a moznosti méfeni v zakalenych vzorcich.

Hmotnostni pfevodniky — jsou schopny reagovat na zmény vV hmotnosti latky navazané
na jejich povrchu. Typicky se jedna o krystaly, které méni svou oscilaéni frekvenci na
zaklad¢ vlozeného napéti a hmotnosti latky na jejich povrchu. Své vyuziti nachéazi
hmotnostni pfevodniky napt. v detekci patogeni ¢i specifickych interakci protilatek

s antigeny [17-19]. Fyzikalné-chemické ptevodniky jsou shrnuty na obrazku 6.

Fyz.-chem. prevodniky

Optické Elektrochemické Hmotnostni Teplotni Magnetické

Obrazek 6. Fyzikalné-chemické ptevodniky.
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3.3. Metody stanoveni cholinesterasové aktivity

Potieba stanovovat aktivitu cholinesteras vychazi z jejich citlivosti k nejriznéj$im inhibitoram.
Obecné rozdé€leni biosenzori bylo uvedeno vyse, v nasledujicim piehledu jsou uvedeny
ptiklady konkrétnich metod, které 1ze v méfeni cholinesterasové aktivity pouzit a na nichz je

mozné postavit konstrukci cholinesterasovych biosenzor.

3.3.1. Optické metody

Nejvice pouzivanou metodou, a da se fici, ze v dnesSni dob¢ jiz povazovanou za ,zlaty
standard®, je metoda stanoveni podle Ellmana. Ten svou praci publikoval jiz v roce 1961
a zakladd se na reakci Ellmanova c¢inidla, 5,5’-dithiobis(2-nitrobenzoové) kyseliny,
s thiolovou  skupinou thiocholinu  vzniklého enzymovym  §tépenim  substratu
acetylthiocholinu, popt. butyrylthiocholinu. Vysledny barevny produkt 2-nitro-5-
thiobenzoova kyselina je spektrofotometricky métitelna pti 412 nm [20]. Princip Ellmanova
stanoveni je na obrazku 7. Vyhodou Ellmanovy metody je rychlost, jednoduchost a do jisté
miry i zavedenost v analyze cholinesterasové aktivity. Nevyhodou metody je nestabilita
Ellmanova ¢inidla, které je citlivé na svétlo [21]. Jednou z alternativnich moznosti
spektrofotometrického stanoveni je pouziti indoxyl acetatu, ten je hydrolyzovan na modré
indigo, které absorbuje ve vinovych délkach kolem 600 nm (Obr. 8). Indoxyl acetat je také
schopny fluorescence a mozné je pouziti i dal§ich latek jako napft. resorufinti ¢i derivatu
fluoresceinu [22-25], své vyuziti v mé&feni cholinesterasové aktivity nasly i kvantové tecky
[26-29]. Vyhodou pouziti fluorescence je snizeni limitu detekce v porovnani se

spektrofotometrickym stanovenim a stabilita pouZitych fluorescenénich ¢inidel.
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o
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2-nitro-5-thiobenzoova kyselina

Obrazek 7. Princip stanoveni cholinesterasové aktivity Ellmanovou metodou.
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Obréazek 8. Princip stanoveni cholinesterasové aktivity zalozeny na rozkladu indoxyl acetatu.

3.3.2. Elektrochemické metody

Elektrochemické detekce se zaklada predevsim na voltametrickych technikach, square-
wave voltametrii, cyklické voltametrii ¢i diferenéni pulzni voltametrii. Thiocholin vznikly
enzymovym rozkladem alternativniho substratu acetylthiocholinu/butyrylthiocholinu je
oxidovan na dithiocholin a pfi potencialu asi 0,65 V (vs. Ag/AgCl) jsou registrovany volné
elektrony. Velikost proudové odezvy je pfitom timérna koncentraci thiocholinu v roztoku,
a tim enzymové aktivité, pfi stanoveni cholinesterasovych inhibitord je imérna nepiimo.
Princip elektrochemické detekce je na obrazku 9. Oxidaéni potencial thiocholinu lze snizit
na asi 0,4 V modifikaci pracovni elektrody. K tomuto ucelu lze pouzit riznych
modifikator, naptf. kobalt ftalocyanin, hexakyanozeleznatan zelezity ¢i karbonové
nanoty¢inky [30, 31]. Jinou moznosti stanoveni cholinesterasové aktivity je kombinace
cholinesterasy s cholinoxidasou. Toto stanoveni zaklada na oxidaci vzniklého cholinu
cholinoxidasou na betain a peroxid vodiku, ktery je elektrochemicky stanoven [32, 33].
Vyhodou pouziti elektrochemickych metod je nizky detekéni limit ¢i moznost méfeni v

zakalenych vzorcich.

H4C
3 \ +/CH3

N HaC—N | -
2 -~ - 3 + 2H + 2e¢
H,C”™
3 |xs\
|,
‘\—N—CH3

CHj

Obrazek 9. Princip elekrochemického stanoveni cholinesterasové aktivity.
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3.3.3. Metody zakladajici na méteni pH

Metody méteni pH byly jedny z prvnich, které se pouzivaly pro stanoveni cholinesterasové
aktivity a pfinesly znacné ulehCeni oproti prvotnim metodam, které byly velmi casové
i instrumentalné naro¢né [34, 35]. Béhem hydrolyzy cholinovych estertt dochazi k produkci
kyselin, ¢ehoz je mozné vyuzit pro stanoveni enzymové aktivity. Pfi stanoveni dochézi
k pfechodu v relativné tzkém pasu pH (asi 6,0-8,0), pouzivaji se proto indikatory
S barevnym pfechodem v této oblasti, napf. fenolova ¢erven, neutralni ¢erven atd. [36, 37].
Detekci barevné zmény lze provadét spektrofotometricky, ¢imz dochéazi k prolinani
s optickymi metodami (Obr. 10). Dal§i moznosti méfeni pH je pouziti iontové-senzitivniho

tranzistoru s efektem pole [38-40] nebo pouziti sklenéné elektrody [41].

Obrazek 10. Barevna zména fenolové Cervené pred enzymovou reakci (vpravo) a po enzymové reakci (vlevo).

wevr

Vyse zminéné metody mohou vyuzivat rizné podoby cholinesteras. Nejcastéjsi,
a v souvislosti s cholinesterasami nejvice pouzivanou, je chemicka ¢i fyzikalni imobilizace,

na druhou stranu prosta fyzikalni adsorpce se v dne$ni dobé pftili§ neuplatiuje.

a) Fyzikalni adsorpce — tento piistup, kdy se enzym ponecha pii laboratornich podminkach
volné zaschnout na povrchu, je nejjednodussim zptisobem imobilizace. V literatute byly
ovSem nalezeny i prace zabyvajici se adsorpci AChE na povrch poréznich materialti.
Autofi dosahli slibnych vysledkii v porovnani s volnym enzymem, coz €ini tento typ
materialu slibnym v budouci konstrukci biosenzora [42-44], pro stanoveni pesticidu
byla zase AChE sorbovana na povrch elektrochemického senzoru [45].

b) Chemicka imobilizace — nabizi opakované vyuziti enzymu na rozdil od fyzikalni
adsorpce, pfi které zpravidla pfi prvnim méteni dojde k odmyti enzymu z povrchu. Pro

chemickou imobilizaci enzymu se vyuziva napf. karboimidh, sukcinimidi ci
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glutaraldehydu, které vazi enzym kovalentni vazbou. Jako dobry piiklad platformy pro
chemickou imobilizaci cholinesteras mohou poslouzit magnetické Castice, jejichz
vyhodou je pravé opakované pouziti napif. v prutokovych analyzatorech, dobra
stabilizace navdzaného enzymu a nizké cena analyzy plynouci z opakovaného pouziti.
Na druhou stranu v pfitomnosti inhibitord vazici se kovalentni vazbou do aktivniho
mista cholinesterasy dojde k nevratné inhibici, coz do jist¢ miry smyvd vyhodu
imobilizace, ale po pfipadné reaktivaci inhibované cholinesterasy je mozné opétovné
pouziti [46-48]. V literatufe je mozné dohledat jen n€kolik praci vénujici se imobilizaci
AChE pouze na magnetické Castice pro stanoveni organofosfatovych pesticidi ¢i
insekticida [49-55].

Fyzikalni imobilizace — v tomto pfipad€ se jedna o zachyceni enzymu do membrany.
Pro imobilizaci cholinesteras existuje cela fada materidli pro pfipravu membran, napf.
agar, chitosan nebo zelatina. Vyhodou je jednoduché ptiprava, pti které se enzym
smichd s materidlem membrany a nechd se zatuhnout. Nasledné lze membranu
stabilizovat pomoci sitovacich ¢inidel, napf. epichlorhydrin, akrylamidy nebo
glutaraldehyd [56, 57]. Dalsi vyhodou fyzikalni imobilizace je nizka cena a moznost
opakovaného pouziti. Nevyhodou je ztrata katalytickych vlastnosti, protoze substrat
hafe pronika do aktivniho centra skrze material membrany. Spojeni cholinesteras s
kotvenim do Zelatinové ¢i chitosanové membrany pro stanoveni organofosfatovych

i karbamatovych pesticidi bylo pfedmétem fady publikaci [58-61].
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3.4. Inhibitory cholinesteras

Inhibitory cholinesteras tvoii chemicky heterogenni skupinu latek, které je mozné stanovit
cholinesterasovymi biosenzory vyuzivajici metody uvedené v piedchozi kapitole. Z pievazné
¢asti jde o inhibitory AChE, ktera je klinicky vyznamnégjsi nez BChE, proto jsou nize uvedeny
spise inhibitory AChE. Co se ty¢e inhibitord BChE, afinitu k ni ma i velka ¢ast inhibitord
AChE. Nicméné existuje i selektivni inhibitor BChE, tetraisopropyl pyrofosforamid, ktery je

mozné pouzit pro rozliSeni obou cholinesteras v neznamém vzorku [62, 63].

3.4.1. Inhibitory esterového mista

Do inhibitori esterového mista fadime organofosfaty a karbamaty, které jsou budto
ireverzibilnimi, ¢i pseudoireverzibilnimi inhibitory obou cholinesteras. Mechanismus G¢inku
téchto latek spociva ve vazb&é na serinové residuum v aktivnim misté enzymu, ¢imz je
znemoznéna pieména substratu. Ireverzibilni vazbu vytvari latky ze skupiny organofosfat,
napt. malathion ¢i parathion (po pfedchozi aktivaci na oxo formu), pouzivané jako pesticidy.
Po urcitém case dochazi u cholinesterasy inhibované organofosfaty K tzv. ,,starnuti“ enzymu,
kdy dochazi k dealkylaci ¢asti molekuly organofosfatu, ale jelikoz enzym ziistava fosforylovan,
je nadale neaktivni. Tomuto procesu lze zabranit podanim tzv. reaktivatori. Chemicky se jedna
0 oximové sloueniny — pouZivany jsou pralidoxim, obidoxim nebo latka HI-6 [64-66].
Mechanismus ptisobeni oximovych reaktivatorti spo¢iva v nukleofilni atace zdporné nabitého
kysliku na atom fosforu v molekule organofosfatu a serinové residuum se tak stava opé€t aktivni

V pfeméné substratu [67].

Specialni skupinou organofosfatovych sloucenin jsou latky souhrnné ozna¢ované jako nervove
paralytické latky. VétSinou se jedna o tékaveé, extrémné toxické latky pouzivané hlavné pro
vojenské ucely, napf. pro soman byla po intramuskuldrnim podani kryse nalezena LDso
69 ng/kg [68]. Prvni z nich, tabun, byl syntetizovan kratce pted II. svétovou valkou a jejich
produkce pokracovala do 60. let 20. stoleti. Radime sem napf. sarin, soman, tabun ¢ latku VX
[69]. Nékteré organofosfaty jako inhibitory AChE nasly vyuziti v humanni medicing, takovym
ptikladem je metrifonat, plivodné pouzivany jako antihelmetikum, ktery byl navrzen k 1éc¢bé
Alzheimerovy nemoci. Nicmén¢ pti dlouhodobém uzivani se projevily jeho zavazné vedlejsi

ucinky vedouci ke stazeni z trhu [70]. Struktury nékterych organofosfat jsou na obrazku 11.
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Obrazek 11. Chemické struktury vybranych organofosfata.

Karbamaty na rozdil od organofosfati vytvaii se serinovym residuem cholinesterasy
pseudoireverzibilni vazbu, kterd se po Case rozpada a enzym se stava opét aktivnim. Rozpad
vazby cholinesterasa-karbamat je ale siln¢ ovlivnén délkou postranniho fetézce karbamatu,
nicméné¢ muze byt urychlen pfidavkem jinych latek [71, 72]. Patii sem latky jako napf.
karbofuran ¢i pirimikarb, diive hojné pouzivané jako pesticidy. Kromé pesticidi jsou
karbamaty vyuzivany Vv klinické praxi jako 1éC¢iva, naptf. neostigmin, pyridostigmin,

fyzostigmin ¢i rivastigmin (Obr. 12) [3].
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Obrazek 12. Chemické struktury vybranych karbamati.

3.4.2. Inhibitory anionického mista

Na rozdil od inhibitor( esterového mista jsou tyto latky inhibitory reversibilnimi. Spole¢nym
znakem je ptfitomnost aromatickych jader, které zajist'uji prunik aromatickou $térbinou AChE,
a dusiku, popt. kvarterniho dusiku, ktery zajistuje interakci S aminokyselinami anionického
mista. Radi se sem napt. akridinové ¢&i teterahydroakridinové derivaty, jejichz piikladem je
takrin, jez je diskutovan niZe jako latka pro 1é¢bu Alzheimerovy choroby [3]. Velkou skupinou
latek vazici se do anionického mista jsou rostlinné alkaloidy, jako napt. protoberberinové
alkaloidy (pseudoberberin, jatrorrhizin), aporfinové alkaloidy (boldin, nuciferin) atd. (Obr. 13).
V literatufe je popsana cela fada latek rostlinného ptivodu, které maji cholinesterasovou aktivitu
[73-76]. Patii sem i latky, které nasli uplatnéni jako 1é¢iva, jedna se napt. o galantamin nebo

huperzin A, ty jsou diskutovany v nasledujici kapitole 0 Alzheimerové chorobg.
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Boldin Nuciferin

Obrazek 13. Chemické struktury vybranych rostlinnych alkaloidu.

3.4.3. Inhibitory periferniho anionického mista

Inhibice periferniho mista cholinesteras neni pfili§ ¢asta. Do periferniho anionického mista se
vazi napf. fluorescenéni barviva pouzivané v analyze DNA, ethidium a propidium (Obr. 14)
[77,78]. Do periferniho anionického mista se vazi i inhibitory s dualnim mechanismem uc¢inku,
napt. derivaty bis-takrinu ¢i 1éky pro Alzheimerovu nemoc donepezil a huperzin A. Zda se, ze
hlinik a dal$i ionty kovi taktéZ inhibuji AChE v tomto misté, ackoliv mechanismus této

interakce nebyl jesté uplné pochopen [79-82].

Ethidium bromid Propidium jodid

Obrazek 14. Chemické struktury fluorescencnich barviv vazicich se do periferniho anionického mista.
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3.5. Stavy spojené se zménami v hladin€ cholinesteras

Inhibitory cholinesteras jsou vyznamnym pomocnikem v 1é¢bé nékterych stav, pti kterych
dochdzi ke zménam v cholinergnim systému. NejznaméjS$imi piiklady takovych stavii jsou
Alzeimerova choroba a myasthenia gravis, u nichz je indikovano podavani

cholinesterasovych inhibitort.

3.5.1. Alzheimerova choroba

Alzheimerova choroba byla poprvé popsana némeckym lékaiem Aloisem Alzheimerem
v roce 1906. Je to nejcastéjsi typ demence u lidi starSich 65 let. Hlavnim pfiznakem
pocatku nemoci je neschopnost zapamatovat si nové informace, dal$imi piiznaky jsou
napf. poruchy paméti ovlivitujici denni zivot, problémy s feSenim béznych ukold,
problémy s fe¢i ¢i psanim atd. [83, 84]. Jak onemocnéni vznika neni jasné, nicméné
existuje n¢kolik hypotéz, ze kterych je v soucasnosti nejvice podporovana tzv.
cholinergni hypotéza, kdy v disledku poruchy syntézy acetylcholinu dochazi k jeho
nedostatku v synaptické $térbin€. Proto se podanim inhibitort AChE zvysuje jeho
koncentrace a tim dochazi ke zlepSeni kognitivnich funkci [85, 86]. Pouzivanymi
inhibitory jsou galantamin, donepezil, rivastigmin a dalsi, které jsou uvedeny nize
(Obr. 15). U tézsich stadii je podavan blokator ionotropnich receptori excitacnich
aminokyselin — memantin. Nefarmakologicka 1é¢ba spociva v rehabilita¢nich
programech zamétfenych na kognitivni, feCové funkce ¢i reedukacni aktivity z béZného
Zivota [87].

a. Takrin (Cognex®) — chemicky 1,2,3,4-tetrahydro-9-aminoakridin, byl viibec
prvni synteticky 1€k pouzivany na 1écbu Alzheimerovy nemoci. Jedna se
o reversibilné pusobici nekompetitivni inhibitor AChE. Z divodu vysoké
hepatotoxicity se ovSem od jeho uZivani upousti a je nahrazovan jinymi
terapeutiky ¢i mén¢ toxickymi analogy [88-91].

b. Galantamin (Reminyl®) — systematickym nazvem (4aS,6R,8aS)-
5,6,9,10,11,12-hexahydro-3-methoxy-11-methyl-4aH-[1]benzofuro[3a,3,2-
ef][2]benzazepin-6-0l, je piirodni alkaloid izolovany =z rostlin celedi
Amarylidaceae (napt. Galanthus woronowii) a hojné pouzivany v lécbé
Alzheimerovy nemoci. Kromé pftirodni verze je kdispozici i verze
synteticka. Jde o reversibilni kompetitivni inhibitor AChE, ktery piisobi

dvojim mechanismem, krom¢ inhibice AChE alostericky moduluje afinitu
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nikotinovych receptorti k acetylcholinu. Optimalni terapeutickd davka se
pohybuje v rozmezi 16-24 mg/den [92, 93].

Donepezil  (Aricept®) —  1-benzyl-4-[(5,6-dimethoxy-1-indanon)-2-
yl]methylpiperidin, je hojné pouzivany v 1é¢bé Alzheimerovy nemoci. Jde
o reverzibilni inhibitor, ktery je selektivni pro AChE a je zhruba
10krat ucinnéjsi nez takrin. Terapeutickd davka se pohybuje mezi 5-10
mg/den [94-96].

Rivastigmin  (Exelon®) — (S)-N-ethyl-3-((1-dimethyl-amino)ethyl)-N-
methylphenylkarbamat, je spolu se dvéma vyse zminénymi latkami Siroce
vyuzivany inhibitor pfi [é€bé Alzheimerovy nemoci. Na rozdil od donepezilu
¢i galantaminu neni specifickym inhibitorem AChE, ale diky karbamatové
vazbé ma afinitu 1 k BChE. Terapeuticka davka se pohybuje v rozmezi
1-4 mg/den nebo 6-12 mg/den, v zavislosti na stavu nemocného [97, 98].
Huperzin A — neboli (1R,9S,13E)-1-amino-13-ethyliden-11-methyl-6-
azatricyklo[7.3.1.02,7]trideca-2(7),3,10-trien-5-on, je pfirodni alkaloid
izolovany z ¢inské rostliny Huperzia serrata a v Ciné byl schvélen k terapii
Alzheimerovy nemoci jiz v roce 1994. Od té doby bylo vypracovano mnoho
klinickych studii, které prokazaly vyrazné zlepSeni kognitivnich funkei po
jeho podéni. Jednd se o vysoce selektivni inhibitor AChE, Vv ¢inské praxi

podavany v davkach 300-500 pg/den [99-101].

26



HiC—0p

el |

NH,

Takrin Galantamin

Donepezil

o CHs
PR .
H3C/\IEJ 0 “SCH,
CHg

CHs3

Rivastigmin

Obrazek 15. Chemické struktury klinicky pouzivanych 1é¢iv.

3.5.2. Myasthenia gravis

Myasthenia gravis je autoimunitni onemocnéni charakteristické svalovou slabosti az
ochablosti. Vyskytuje se bud’ jako o¢ni forma, kdy jsou postizeny o¢ni vicka, nebo jako
generalizovana forma s ptitomnosti protilatek proti acetylcholinovému nikotinovému
receptoru (anti-AChR), diky kterym dochazi k destrukci receptoru a nasledné snizené
schopnosti pfenaset signaly. Proto je nutné zajistit vy$$i koncentraci acetylcholinu
Vv synaptické $térbing, c¢ehoz lze docilit podavanim inhibitordt AChE. U nékterych
pacientt se anti-AChR nevyskytuji, proto se provadi vySetieni na pfitomnost protilatek
proti svalové specifické tyrosinkinase (anti-MuSK). V tézSich piipadech dochazi
K postizeni svalit mimickych, dychacich, objevuji se problémy s polykanim atd. Velmi
nebezpecnou komplikaci je tzv. myastenickd krize, pii které mize dojit az k zastave
dechu [102, 103]. Mozna léEba spocéiva v podavani inhibitora AChE, hlavné
pyridostigminu 30-60 mg, kazdych 3-6 hod. U progredujici nemoci, kdy jiz 1é¢ba
inhibitory AChE netéinkuje, se pristupuje k podavani kortikosteroida ¢i azathioprinu,
cyklosporinu atd. [103-105]. N¢kdy se pii 1écbé pristupuje k tymektomii, nicméné se
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nezda, ze by operativni odstranéni thymu mélo piinos, jelikoz i u téchto pacienti mize

znovu dojit k rozvinuti myastenicka krize [106, 107].

3.5.3. Otravy zptsobené nervove paralytickymi latkami

Acetylcholin piisobi jako pfenaSe¢ vzrucht Vv centrdlni a periferni nervové soustavé
ajeho hromadéni pii otravach nervoveé paralytickymi latkami, a tim inhibici AChE, vede
Kk typickym piiznaktum otravy. RozliSujeme celkem tii zakladni ptiznaky téchto otrav —
centralni, nikotinové a muskarinové. Centralni pfiznaky otrav se projevuji nadmérnym
drazdénim neurond centralni nervové soustavy (napt. poruchy védomi, kitece, tfes,
bolesti hlavy atd.). Nikotinové ptiznaky jsou spojeny s inhibici na autonomnich
gangliich a kosternich svalech (napf. kieCe, tachykardie, fascikulace atd.)
a muskarinové ptiznaky souvisi se zlazami a hladkym svalstvem (napf. slzeni, slinéni,
kasel, bradykardie atd.). [108] Z duvodu organofosfatového puvodu nervové
paralytickych latek a tim spojené tvorby ireverzibilni vazby s cholinesterasami je 1é¢ba
téchto stavll spojend s reaktivatory cholinesteras, které byly zminény vyse. V polnich
podminkach, kdy Ize o¢ekavat nasazeni ze strany nepritele, je mozné podat kratkodobé
pusobici inhibitory cholinesteras, které se vazi do aktivniho mista pfednostn¢ a brani
tim vazbé& nervové paralytické latky. Pouziva se pyridostigmin, ktery ale na rozdil od
organofosfatli neprochazi hematoencefalickou bariérou, a proto je net¢inny v ochrané
centralniho nervového systému. Podava se proto v kombinaci s centralné pisobicimi
anticholinergiky, antikonvulzivy nebo cholinesterasovymi reaktivatory [109-111].
Zajimavou moznosti profylaxe proti otravé organofosfaty do budoucna je podavani
BChE, na kterou se organofosfaty vazi pfednostné, snad kvili svému nadbytku
vV plasmé¢, a diky tomu chrani fyziologicky diilezitéjSi AChE. Tento postup mé vsak
1 svou nevyhodu, protoze jedna molekula BChE dokaze navazat pouze jednu molekulu
organofosfatu, proto je potieba podavat velké koncentrace. Cely proces je prozatim ve
fazi klinickych testt [112].
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4. Experimentalni ¢ast

4.1. Piistroje a zatizeni

Evolution 201 UV-Visible Spectrofotometer (Thermo Scientific Inc., Waltham, MA, USA).
Elektrochemicky analyzator PalmSens fizeny softwarem PSTrace 4.8.1 (PalmSens BV,
Houten, Nizozemsko). Mobilni telefon Sony Xperia MT27i se zabudovanym 5 Mpx
fotoaparatem a LED svétlem, pouzivajici operacni systém Android 2.3.7. (verze zafizeni
6.0.B.3.184, se senzorem Sony Exmor R™ CMOS) (Sony Corporation, Tokyo, Japonsko).
3D tiskarna Prusa i3 (Prusa Research, Praha, Ceska republika). Tfepacka Thermo-Shaker
PST-60HL (Biosan, Riga, Lotyssko). Destilacni aparatura pro ptipravu destilované vody Aqua
Osmotic (Tisnov, Ceska republika).

4.2. Chemikalie a material

Acetylcholinesterasa z elektrického thoife (typ V-S, lyofilizovany prasek, > 1000 U/mg
proteinu, molekulova hmotnost 280 kDa), lidska rekombinantni acetylcholinesterasa
(exprimovana v bunkach HEK 293, lyofilizovany prasek, > 1000 U/mg proteinu),
butyrylcholinesterasa z lidského séra (lyofilizovany prasek, > 50 U/mg proteinu), acetylcholin
chlorid (Cistota > 99 %), acetylthiocholin chlorid (Cistota > 99 %), butyrylthiocholin jodid
(Cistota > 98 %), indoxyl acetat (Cistota > 95 %), N-(3-dimethylaminopropyl)-N'-
ethylkarbodiimid hydrochlorid (Cistota > 98 %), 5,5’-dithiobis(2-nitrobenzoova) kyselina
(Cistota 99 %), 9-amino-1,2,3,4-tetrahydroakridin hydrochlorid hydrat (Cistota > 99 %),
galantamin hydrobromid (Cistota > 94 %, zlilii druhu Lycoris), donepezil hydrochlorid
monohydrat (Cistota > 98 %), karbofuran (Cistota 98 %), tetraisopropyl pyrofosforamid, boldin
(analyticky standard), chitosan z krunyii krevet (nizka viskozita), magnetické castice na
povrchu aktivované karboxylovou skupinou (koncentrace ¢astic 18-22 mg/ml), glutaraldehyd
(50% vodny roztok), N-acetyl-L-cystein (Cistota > 99 %), hexakyanozeleznatan zelezity,
acetatovy pufr pH 5,0 (100 mM, slozeni: 0,2 M kyselina octova a 0,2 M octan sodny do 100 ml
a upraveno na pH 5,0), fosfatovy pufr pH 7.4, (10 mM, tablety, slozeni: 0,0027 M chlorid
draselny a 0,137 M chlorid sodny), dimethylsulfoxid (Cistota > 99 %), 2-propanol (Cistota >
99,5 %), Tween-20 (dynamicka viskozita 250-450 mPa-s) byly dodany firmou Sigma-Aldrich
(St. Louis, MO, USA\). Zelatina (Gistota p.a.), absolutni ethanol (&istota p.a.), kyselina octové
(Gistota p.a.), octan sodny trihydrat (Gistota p.a.) poskytla firma PENTA (Praha, Ceska

republika). Fenolova ¢erven, sodna sul (Cista, rozpustna ve vode) byla zakoupena u firmy Acros
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Organics (Thermo Scientific Inc., Waltham, MA, USA). Biperiden (1 ml ampule o koncentraci
ucinné latky 5 mg/ml) od firmy Knoll AG (Ludwigshafen, Némecko). Filtra¢ni papir (velikost
pora 1PS) od firmy Whatman (Maidstone, UK). Indikatorové pH papirky pH Fix 6,6-7,7 od
firmy Macherey-Nagel (Diiren, Némecko). Ti§téné elektrody od firmy BVT (Brno, Ceska
republika) o rozmérech 25,4 x 7,26 x 0,63 mm s uhlikovou pracovni elektrodou o priméru
1 mm, chloridosttibrnou referentni elektrodou a platinovou pomocnou elektrodou (Obr. 16)

a tisténé elektrody od firmy Metrohm (Herisau, Svycarsko) o rozmérech 34 x 10 x 0,5 mm

s uhlikovou pracovni elektrodou o priiméru 4 mm, stfibrnou referentni elektrodou a pomocnou

uhlikovou elektrodou (Obr. 17).

Obrazek 16. Tisténa elektroda od firmy BVT.

Obrazek 17. Tisténa elektroda od firmy Metrohm.

4.3. Metody

Zde uvedené metody jsou pouze obecnym shrnutim metod pouzitych v této disertacni praci.
Detailni postupy, vcetné pouzitych koncentraci a objemil jednotlivych latek, jsou uvedeny

Vv ptiloZenych publikovanych pracich.
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4.3.1. Stanoveni cholinesterasové aktivity

4.3.1.1. Ellmanova metoda stanoveni aktivity cholinesteras

Do standardni spektrofotometrické kyvety (Sifka optické drahy 1 cm) byla pipetovana
5,5’-dithiobis(2-nitrobenzoova) kyselina, roztok cholinesterasy
a acetylthiocholin/butyrylthiocholin. VSechny pouzité roztoky byly ve fosfaitovém pufru
pH 7,4. Absorbance roztoku byla méfena ihned po piidavku substratu a nasledné po dvou
minutdch reakce. Ze zmény absorbanci byla nésledné¢ vypoctena aktivita cholinesterasy
pouzitim molarniho absorpéniho koeficientu 14,150 | x mol? x cm™ pro 2-nitro-5-

thiobenzoovou kyselinu [113].

4.3.1.2. Elektrochemické stanoveni aktivity AChE

Elektrochemické stanoveni aktivity AChE bylo pouzito Vv kombinaci s magnetickymi
Casticemi. Pro tento el byla pouzita metoda square-wave voltametrie a tisténé elektrody od
firmy BVT nebo Metrohm. AChE imobilizovana na magnetickych ¢asticich byla po prob&hnuti
enzymové reakce odseparovana od roztoku, ktery obsahoval thiocholin. Roztok byl nasledné
analyzovan a koncentrace thiocholinu, resp. velikost proudové odezvy byla pfimo imérna
enzymové¢ aktivité. Pti stanoveni cholinesterasovych inhibitori byla jejich koncentrace nepiimo

umérnd velikosti proudové odezvy.

4.3.1.3. Hodnoceni cholinesterasové aktivity fotografickou detekci

Fotografie byly potfizeny za pouziti tmavé komory (Obr. 18) a nasledné byly vyhodnocovany
v programu GIMP 2.8.16 (open source software) pouzitim funkce Color Picker. Byly
analyzovany body cerveného, zeleného a modrého kandlu (RGB body), které pro format
obrazku jpg nabyvaji hodnot od 0 do 255. Rozdily téchto hodnot pfed a po reakci potom
odpovidaly enzymové aktivité. Vhodnost pouziti jednotlivych kanala byla vzdy stanovena

experimentalné.

4.3.2. Posuzovani vlivu organickych rozpoustédel na AChE
Pro kazdou metodu zaloZenou na AChE je nutno stanovit vliv organickych rozpoustédel, které
se pii testovani cholinesterasovych inhibitorit mohou do analyzy dostat (napf. pii extrakci
inhibitorti ze vzorki zivotniho prostiedi). Proto byl vliv organickych rozpoustédel testovan
v kazdé publikaci zabyvajici se imobilizaci AChE. Pouzit byl ethanol, 2-propanol

a dimethylsulfoxid.
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4.3.3. Imobilizace cholinesteras

V této disertacni praci bylo pouzito celkem pét imobiliza¢nich postupti AChE, které jsou zde
pouze stru¢né shrnuty, detailni postupy jednotlivych imobilizaci jsou uvedeny v publikacich

Vv kapitole vysledkd.

Prvni imobiliza¢ni postup AChE byl proveden s komerénimi magnetickymi casticemi
aktivovanymi  karboxylovou skupinou, za pouziti N-(3-dimethylaminopropyl)-N’-
ethylkarbodiimid hydrochloridu, ktery s aminovou skupinou AChE a karboxylovou skupinou

na povrchu magnetickych ¢astic vytvoftil kovalentni vazbu.

Ve spolupraci s vyzkumnou skupinou v Brné (doc. RNDr. Pavel Kopel, Ph.D., Mendelova
univerzita v Brn¢, Vysoké uceni technické v Brné¢ — CEITEC) byl na nové syntetizované
magnetické Castice proveden druhy imobiliza¢ni postup AChE. Celkem bylo pfipraveno pét
novych typli magnetickych castic S riznou povrchovou modifikaci, ze kterych byla vybrana

jedna finalni a pomoci glutaraldehydu byla AChE imobilizovana na povrch.

Fyzikalni zachyceni do zelatinové membrany bylo tfetim typem imobiliza¢niho postupu.
Tekuta zelatina byla smichana s AChE a pfi laboratorni teploté se nechala zatuhnout na povrchu

filtraniho papiru.

Adsorpce AChE na povrch pH citlivého prouzku, a nasledné prekryti Zelatinovou membranou
majici za ukol stabilizovat adsorbovany enzym, byla ¢tvrtym typem imobilizace pouZzitym

Vv této disertacni praci.

Patou imobilizaci byla vazba na povrch aktivovaného chitosanu. Po zatuhnuti pies noc na
filtratnim papife byl povrch chitosanu aktivovan N-(3-dimethylaminopropyl)-N’-

ethylkarbodiimid hydrochloridem pro kovalentni navazani AChE.

4.3.4. 3D tisk
Metoda 3D tisku byla pouzita pro vytvoreni tmavé komory pro fotografickou detekci ve tvaru
valce s plochou pro podepteni mobilniho telefonu (Obr. 18). Navrh byl vytvofen v programu
Autodesk® 123D® Design (Autodesk, San Rafael, CA, USA). Z tohoto programu byl navrh
importovan do programu Prusa3D Slic3r 3mm (soucast softwaru 3D tiskarny), kde byla
provedena finalni uprava navrhu a vygenerovan soufadnicovy kod pro tiskarnu. Velikost
vytvofeného objektu byla 80 mm na vysku, 105 mm na délku a vnitini pramér valce komory

40 mm. Tiskové parametry tiskarny: material akrylonitril butadien styren ve filamentu
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0 praméru 3 mm, teplota trysky 285 °C, teplota podlozky 100 °C, tloustka vrstvy pfi tisku

0,1 mm.

Obrazek 18. Tmava komora (vlevo) vytisténa 3D technologii a celkové usporadani pti fotografické detekci
(vpravo).

4.3.5. Vypocet LOD, LOQ
Vypocty limitd detekce a kvantifikace byly provadény v programu Origin (OriginLab,
Northampton, MA, USA). Limit detekce byl vypocitan jako trojnasobek smérodatné odchylky

vuci pozadi, limit kvantifikace jako desetindsobek smérodatné odchylky vii¢i pozadi.
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5. Vysledky a diskuze

5.1.Vysledek 1

Adam Kostelnik, Alexander Cegan, Miroslav Pohanka, ,,Electrochemical determination of
activity of acetylcholinesterase immobilized on magnetic particles” International Journal of
Electrochemical Science, 11 (6), 4840-4849, 2016 (IF = 1,369)

Magnetické Castice se pohybuji ve stfedu zajmu jiz fadu let a jsou pouzivany pro imobilizaci
nejruznéjSich molekul proteinové povahy, véetné enzymu [114-118]. Na druhou stranu existuje
jen malo publikaci zabyvajici se imobilizaci enzymu AChE na magnetické Castice [49-55],
ptestoze pouziti magnetickych ¢astic skytda mnoho vyhod. Hlavni vyhodou je znovupouziti
enzymu, chemicka stabilizace navazaného enzymu a nelze opomenout ani ekonomickou

stranku.

Potieba imobilizovat AChE na povrch magnetickych ¢astic vyplyva z faktu, Ze pfi standardnim
spektrofotometrickém stanoveni podle Ellmana zistava enzym nadale aktivni (v piipadé, ze
neni ireverzibilné inhibovan) a spolu s ostatnimi reagenciemi je znehodnocen v odpadu. To

nenahrava ekonomicnosti, jelikoZ enzym predstavuje nejdrazsi polozku stanoveni.

V této praci byla AChE imobilizovdna na povrch komer¢nich magnetickych ¢astic
aktivovanych  karboxylovou skupinou za pouziti N-(3-dimethylaminopropyl)-N’-
ethylkarbodiimid hydrochloridu a enzymova aktivita byla stanovena elektrochemicky metodou
square-wave voltametrie. Pouzité ¢astice prokazaly svou schopnost vazat enzym, nicméné se
neukazaly pfili§ vhodné pro opakované méteni. Pfi promyvani mezi jednotlivymi méticimi
cykly doslo skokové k jejich degradaci, ¢imz byla odmyta i1 ¢ast vazané AChE a doSlo ke ztraté
katalytickych vlastnosti. Kviili degradaci magnetickych ¢éstic se ztraci vyhoda imobilizace
Vv porovnani se spektrofotometrickym stanovenim, na druhou stranu k degradaci castic
dochazelo az pii Sestém méticim cyklu, coz stale predstavuje znacnou usporu v porovnani se
spektrofotometrickym stanovenim. Nicméné v citovanych pracich zabyvajici se imobilizaci
AChE na magnetické ¢astice dosahnul napt. Istamboulie et al. stability magnetickych ¢astic

nejméné 10 cykla, Dzudzevic Cancar et al. zase publikoval stabilitu az 20 cykla [50, 54].

Lehkou nevyhodou miize byt ¢asova naro¢nost stanoveni V porovnani se spektrofotometrickym
stanovenim, jelikoz z divodu pfemény substratu na thiocholin a nasledné separace
magnetickych castic pfed elektrochemickym méfenim se prodluzoval Cas potfebny pro

stanoveni.
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Acetylcholinesterase (AChE) is an enzyme which terminates action of neurotransmitter acetylcholine
in cholinergic system. Activity of enzyme is commonly assayed by Ellman’s method which has
significant disadvantages like instability of reagents. Inability to use enzyme from the mixture
repeatedly is  another  disadvantage. = Therefore, we  developed  process  using
N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC) to imimobilize AChE on the
surface of magnetic particles. which enable to separate enzyme and use it repeatedly. To determinate
activity of enzyme, we optimized square wave voltammetry (SWV) method where screen-printed
sensor with Prussian blue (PB) modified working electrode was performed. We report limit of
detection equal 8.1 uM for a tested inhibitor of AChE tacrine. Comparing to the standard Ellman'’s test,
the immobilized enzyme has limited sensitivity to interferences caused by organic solvents. The
proposed method is readily to practical application.

Keywords: Acetylcholinesterase: tacrine: magnetic particles: screen-printed electrode: square wave
voltammetry

1. INTRODUCTION

AChE is an enzyme hydrolyzing neurotransmitter acetylcholine to choline and acetic acid.
thereby it terminates excitation of cholinergic system [1]. George L. Ellman introduced new
colorimetric method for determination activity of AChE in 1961. This method is based on hydrolysis
of acetylthiocholine (ATChCI) by AChE to thiocholine and acetic acid. In the next step, thiocholine
reacts with Ellman’s reagent 5.5 -dithiobis(2-nitrobenzoic acid) (DTNB) to produce 5-thio-2-nitro
benzoic acid providing yellow coloration to solution and highly absorbing at 412 nm [2]. Because of

35



Int. J. Electrochem. Sci., Vol. 11, 2016 4841

daylight instability of DTNB there is an advantage in use of electrochemical methods for AChE
activity determination [3]. In this case acetylthiocholine is also hydrolyzed by AChE but due to thio
group presented in thiocholine molecule. electrochemical oxidation results in forming of disulfide
bond and free electrons are released (Fig. 1).

(CH),N*(CH,),SCOCH, + H,0 —2" o (CH,).N*(CH,),SH + CH,COOH (A)

S(CH,),N*(CH,),
oxidation

2 (CH),N'(CH,),SH ——— +2H +2¢e (B)
S(CH,),N*(CH,),

Figure 1. Hydrolysis of acetylthiocholine by AChE (A). thiocholine oxidation (B)

Screen-printed electrodes are a response to demand of miniaturization in last years and because
of low cost became ideal for mass production. plus they have good reproducibility and reliability.
Silver or carbon ink is typically used to printing process. Carbon ink is widely used because it is
relatively cheap, easy to modify and chemically inert. On the other hand, overpotential of graphite
electrodes is very close to the much expensive electrode from nobel metals. Number of mediators can
be mixed into ink to modify electrode surface [4-6]. Although thiol moieties undergo electrochemical
oxidation. relatively high potential is needed (0.7 V). Added mediators like cobalt phthalocyanine. PB.
CdS quantum dots or cobalt hexacyanoferrate can reduce this potential [7.8]. PB has been described to
cathodic reduction of H,O, but applications for ascorbic acid, hydrazine and thiols such as cysteine.
N-acetylcysteine, glutathione or thiocholine determination was presented as well [9.10].

Magnetic particles have shown ability in many applications such in enzyme immeobilization,
immunoassay, DNA or RNA purification and so on. This is achievable by groups on particles surface
(-COOH, -OH etc.) which interact with —-NH, or —SH protein groups [11-13]. Only a few protocols
dealing with AChE immobilization to magnetic particle surface are described [14-17]. However many
protocols using AChE biosensors was presented [18,19].

This work is focused on immobilization of AChE on the magnetic particles surface using EDC
which was described fo form amide bonds in aqueous medium [20]. optimize square wave
voltammetry method using PB-modified screen-printed electrode to observe AChE activity with and
without presence of tacrine and also establish method’s interferences. It is expected that the assay will
bring significant improvement to the current assays.

2. EXPERIMENTAL PART

2.1. Materials

Acetylcholinesterase from electric eel as lyophilized powder (> 1000 units/mg protein),
ATCIhCL, carboxy functionalized magnetic particles, EDC. 9-amino-1.2.3.4-tetrahydroacridine
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hydrochloride hydrate (tacrine). N-acetyl-L-cysteine. Prussian blue soluble. phosphate buffer saline
(PBS) pH 7.4. dimethyl sulfoxide (DMSO). Tween-20 and isopropyl alcohol were purchased from
Sigma-Aldrich (St. Louis, MO. USA). denatured ethanol was obtained from PENTA (Prague, Czech
Republic).

2.2, Instruments and measurement conditions

Screen printed sensors (BVT, Brno, Czech Republic) were sized 25.4 < 7.26 = 0.63 mm and
contained dot shaped carbon working electrode with diameter 1 mm, circle shaped platinum auxiliary
electrode and circle shaped argent chloride referent electrode. The assay was performed using
electrochemical device PalmSens (PalmSens BV, Houten, Netherlands) connected with computer and
processed by PSLite 1.8 (PalmSens BV, Houten. Netherlands) software. Setting for SWV was
following: scanning range 0 — 1.8 V. potential step 0.005 V. amplitude 0.010 V and frequency 1 Hz.
Prussian blue modified electrode process was following: 3 mg of Prussian blue was dispersed in 1 ml
of PBS 7.4 and shaken then 30 pl of dissolved portion was pipetted onto electrode surface and
air-dried in laboratory temperature.

2.3. Solutions preparation

Solutions of ATChCI and N-acetyl-L-cysteine in PBS 7.4 were in concentrations 75, 100, 125,
150, 175. 200 mM. Calibration solutions for tacrine in PBS 7.4 were in concentrations 750, 700, 600,
500, 400 uM and prepared from stock solution (2 mM). Each solution was prepared into disposable
Eppendorf tube and final volume was set to 1 ml. Resulting concentration in cuvette was 10-fold less
in case of ATChCI and N-acetyl-L-cysteine and 40-fold less in case of tacrine.

2.4. Preparation of magnetic particles with immobilized AChE (MPs-AChE)

Carboxy functionalized magnetic particles (400 pl) were pipetted into 5 ml tube and two times
washed by 1 ml of PBS pH 7.4, washing buffer was always fully removed then 200 pl of EDC (3 mg
in 200 pl of PBS pH 7.4) was added. Whole mixture was shaken 15 minutes (600 rpm), followed by
two times washing by 1 ml of PBS pH 7.4 to eliminate unbound enzyme. Buffer was fully removed
and 300 pl PBS pH 7.4 and 300 pl of AChE was added and shaken for 2 hours (600 rpm). Finally were
magnetic particles three times washed by PBS 7.4, resuspended inte 200 ul of PBS 7.4 and stored in
fridge.

2.5. Voltammetry assay

400 pl of PBS 7.4, 25 nl of MPs-AChE and 25 pl of tacrine solution was added into cuvette and
incubated 10 minutes in laboratory temperature. then 450 pl PBS 7.4 and 100 pl of
175 mM acetylthiocholine solution was added. Final volume was 1 ml and whole process was
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performed in magnetic holder. After one hour incubation was solution separated from magnetic
particles and pipetted into clean cuvette. Measuring with Prussian blue modified electrode was
performed and voltammogram was recorded.

3. RESULTS AND DISCUSSION

3.1. Optimization of thiocholine electrochemistry

SWV method was optimized using N-acetyl-L-cysteine from 7.5 to 20 mM (Fig. 2, Fig. 3) and
we obtained peak of N-acetyl-L-cysteine at average 0.9 V with Prussian blue non-modified electrode
but when Prussian blue modified electrodes were used peak in 0.745+0.005 V was discovered. Peak of
thio group in similar potential 0.764+0.041 V was obtained by Pohanka et al. during measurement of
glutathione and Foroughi et al. at potential 0.6 V when N-acetyl-L-cysteine measure [21,22]. Another
oxidation of N-acetyl-L-cysteine can also occur in higher potential which results in formation of
second peak [23]. As was described earlier, Prussian blue is able to decrease potential needed to thio
moiety oxidation and we confirmed it during N-acetyl-L-cysteine measurement [24]. For identification
of thiocholine peak we made optimization curve from 7.5 to 20 mM of ATChCI (Fig. 4. Fig. 5).
Though ATChCI] and N-acetyl-L-cysteine have structural similarity in our conditions we found out
thiocholine peak in potential 1.320+0.020 V which unfortunately makes analysis longer.

—0mM
7.5 mM
: 10 mM
i | ——125mM
L 15 mM
fi s V' 1 —175mM
24 / ._ 20 mM

I/uA

E/V

Figure 2. SWV curves of N-acetyl-L-cysteine performed in PBS 7.4: scanning range 0 — 1.8 V|
potential step 0.005 V, amplitude 0.010 V and frequency 1 Hz; screen-printed electrode carbon
working electrode, AgCl referent electrode and platinum auxiliary electrode
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Figure 3. Optimization curve of N-acetyl-L-cysteine performed in PBS 7.4: scanning range 0 — 1.8 V.,
potential step 0.005 V. amplitude 0.010 V and frequency 1 Hz: screen-printed electrode carbon
working electrode, AgCl referent electrode and platinum auxiliary electrode.
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Figure 4. Optimization curve of acetylthiocholine performed in PBS 7.4: scanning range 0 — 1.8 V.,
potential step 0.005 V. amplitude 0.010 V and frequency 1 Hz: screen-printed electrode carbon
working electrode, AgCl referent electrode and platinum auxiliary electrode.
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Figure 5. SWV curves of acetylthiocholine performed in PBS 7.4: scanning range 0 — 1.8 V. potential
step 0.005 V., amplitude 0.010 V and frequency 1 Hz: screen-printed electrode carbon working
electrode, AgCl referent electrode and platinum auxiliary electrode

3.2. Tacrine calibration
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Figure 6. Tacrine calibration curve performed in PBS 7.4: scanning range 0 — 1.8 V. potential step
0.005 V, amplitude 0.010 V and frequency 1 Hz: screen-printed electrode carbon working
electrode, AgCl referent electrode and platinum auxiliary electrode.
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Figure 7. SWV curves of tacrine performed in PBS 7.4; scanning range 0 — 1.8 V, potential step 0.005
V. amplitude 0.010 V and frequency 1 Hz: screen-printed electrode carbon working electrode.
AgCl referent electrode and platinum auxiliary electrode

ACHE is inhibited by tacrine, reversible inhibitor of AChE [25]. We successfully performed
tacrine calibration in final concentrations from 10.00 to 18.75 pM (Fig. 6, Fig. 7). However
concentrations over 20 pM return intensity of thiocholine peak into higher potentials and no further
increase of inhibition is observed. It is caused by saturation of the enzyme by inhibitor. We calculated
LOD for this method to 8.1 pM of tacrine which is comparable to Bollo et al. who achieved LOD 4.8
1M of tacrine [26].

3.3. Reproducibility of measurement with MPs-AChE

We evaluated durability of MPs-AChE thus how long they can be use without decrease of
enzyme activity. MPs-AChE was washed three times by 1 ml of PBS 7.4 between each cycle. This is
caused by degradation of magnetic particles throughout washing between each cycle (Fig. 8). Products
of degradation were presented as reddish brown mist of solution.
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Figure 8. Reproducibility of measurement with MPs-AChE performed in PBS 7.4: scanning range 0 —
1.8 V. potential step 0.005 V. amplitude 0.010 V and frequency 1 Hz: screen-printed electrode
carbon working electrode, AgCl referent electrode and platinum auxiliary electrode.

3.4. Method interferences

We established method interferences using Tween-20 (0.025%), DMSO (2.5%), isopropyl
alcohol (2.5%) and ethanol (5%o).

peak area (LAV)

0
Cont.:T-20 Cont.:DMSO Cont.:IsoPr. Cont.:EtOH

Figure 9. Method interferences (T20 = Tween-20: DMSO = dimethyl sulfoxide; IsoPr = isopropyl
alcohol: EtOH = ethanol: Cont. = control: Intf. = interference): scanning range 0 — 1.8 'V,
potential step 0.005 V, amplitude 0.010 V and frequency 1 Hz: screen-printed electrode carbon
working electrode, AgCl referent electrode and platinum auxiliary electrode.

We found out ability of Tween-20 to decrease AChE activity which is surprising because it was
used to extraction of AChE from tissue and was not reported any inhibition effect to AChE [27.28]. On
the other hand DMSO was able to increased peak intensity to 5-fold more against control although
decrease of AChE activity was reported [29.30]. It is probably caused by DMSO oxidation around
potential needed to thiocholine oxidation. Ethanol and isopropyl alcohol was presented to decrease

42



Int. J. Electrochem. Sci., Vol. 11, 2016 4848

activity of AChE [31.32]. Isopropyl alcohol and ethanol did not exhibited any interference in presented
concentrations nevertheless both alcohols have shown to be interfere in higher concentrations than 5 %
when caused noise and shift in voltammogram. In higher concentrations, we noticed that isopropyl
alcohol probably interact with magnetic particles caused their degradation, ethanol did not show this
phenomenon (Fig 9).

4. CONCLUSION

We successfully used EDC for AChE immobilization to magnetic particles and optimized it for
use with square wave voltammetry. Compared to standard Ellman’s method there are no instable
reagents and the particles can be used repeatedly due to AChE stable bound. Presented method is
suitable for electrochemical determination of tacrine to 20 uM and up to presented concentration no
inhibition by tacrine is observed because of saturation of the enzyme by inhibitor. Limit of detection
for tacrine was calculated to be 8.1 pM. Isopropyl alcohol and ethanol did not inhibit AChE in
presented concentrations while Tween-20 was found to inhibit enzyme and DMSO interfere in
voltammogram due it is oxidation.
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5.2. Vysledek 2

Adam Kostelnik, Pavel Kopel, Alexander Cegan, Miroslav Pohanka, ,,Construction of an
acetylcholinesterase sensor based on synthesized paramagnetic nanoparticles, a simple tool for
neurotoxic compounds assay*, Sensors, 17 (4), 676688, 2017 (IF = 2,475)

Nedostate¢na stabilita komercnich ¢astic byla divodem imobilizace AChE na nové
syntetizované magnetické Castice pfipravené¢ vyzkumnou skupinou na Mendelové univerzité
vBmé. Castice byly pfipraveny redukci borohydridem sodnym z dusi¢nanu Zelezitého
s naslednou modifikaci povrchu, detailni postup piipravy ¢astic a jednotlivych modifikaci byl
uvetejnén v publikaci. V porovnani s komerénimi magnetickymi Casticemi, které se
pohybovaly ve velikostech mikro, byly nové pfipravené magnetické ¢astice velikosti nano,
¢imz se lehce prodluzovala doba potifebna k magnetické separaci. Nejedna se vSak 0 limitujici
krok, jelikoz pouziti siln€jsiho magnetu by tento problém odstranil. Aktivita AChE byla opét

stanovovana elektrochemicky metodou square-wave voltametrie.

Razné povrchové modifikace noveé pripravenych magnetickych castic byly testovany pro
schopnost vazat AChE. V ptipadé povrchové modifikace tetracthyl orthosilikatem (TEOS)
nabizi povrch volné hydroxylové skupiny, na které se AChE miize vazat. Jiz diive byla tato
modifikace uspé$né pouzita pro vazbu enzymu celulasy [119]. Kombinace TEOS
a 3-aminopropyltriethoxysilanu zase nabizi volné aminové skupiny. | tato modifikace jiz byla
uspésné zkoumana pro vazbu enzymu [120], proto byl pfedpoklad uspésné vazby i v ptipadé
AChE. Modifikace magnetickych ¢&astic N*-(3-trimethoxysilylpropyl)diethylentriaminem,
ktery dosud nebyl pro imobilizaci enzymu pouzit, byla nakonec zvolena pro dalsi méfeni.
Nabizi totiz na povrchu celkem dvé volné iminové skupiny a jednu aminovou skupinu, které se

ukazaly byt ve vazb&é AChE nejlepsi.

Ptednosti vybranych magnetickych Castic byla vyborna stabilita Vv porovnani s komercné
dodanymi ¢asticemi pouzitymi v pfedchozi praci. Z publikovanych praci jinych autori je vidét,
ze magnetické Castice syntetizované V laboratofi vykazuji vysokou stabilitu [54, 55, 119, 120],
nicméne¢ nelze fici, ze vSechny komercéné dodavané ¢astice jsou méné stabilni nez ty laboratorné
ptipravené, jak dokazuji jiné publikované prace [50, 52]. Vyhodou vysoké stability
ptipravenych ¢astic s navazanou AChE je moznost jejich uplatnéni piedevsim Vv pritokovych

systémech pfi stanoveni cholinesterasovych inhibitort.

V této praci byly také stanovovany cholinesterasové inhibitory, navic bylo zkoumano obnoveni

aktivity AChE po inhibici galantaminem a sledovana byla i dekarbamoylace aduktu
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AChE-karbofuran. Galantamin, jakozto kompetitivni inhibitor AChE, je mozné z aktivniho
centra inhibovaného enzymu vytlacit nadbytkem substratu. To je ovsem neekonomické, proto
byly zkoumény levnéjsi alternativy, a to vymyti pufrem o jiném pH. Fosfatovy pufr o pH 7.4,
ktery byl prostiedim pro enzymovou reakci, byl nahrazen pufrem acetatovym o pH 5,0. Ten se
ukdzal pro tento ucel vhodny, jelikoz se aktivita AChE vrétila na pivodni hodnotu,
pravdépodobné diky zméné naboje aminokyselin v aktivnim centru, které maji slabou

nekovalentni interakci s galantaminem na starosti.

Rychlost rozpadu karbamatové vazby zdlezi na délce postranniho fetézce molekuly karbamatu
[121]. Wetherell a French pti pokusech s fyzostigminem zjistili, ze dekarbamoylace AChE
probiha rychleji u primati (makak, kockodan) nez u moréeciho modelu, proto je navrhli jako
model pro porovnani dekarbamoylaénich ¢asu s lidskou variantou [122]. Pro karbofuranem
inhibovanou lidskou BChE byl nalezen polocas rozpadu karbamatové vazby asi 2 hodiny [123].
V této praci byl polocas rozpadu vazby karbofuran-AChE stanoven na cca 3,5 hodiny pii
pouziti AChE z elektrického uhofte, ktera je lidské AChE velmi blizka [124], a mohla by proto
rovnéz poslouzit jako model pfi porovnavani dekarbamoylacnich Casti, navic je dostupnéjsi nez

vyse uvedené.
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Abstract: Magnetic particles (MPs) have been widely used in biological applications in recent years
as a carrier for various molecules. Their big advantage is in repeated use of immobilized molecules
including enzymes. Acetylcholinesterase (AChE) is an enzyme playing crucial role in
neurotransmission and the enzyme is targeted by various molecules like Alzheimer’s drugs,
pesticides and warfare agents. In this work, an electrochemical biosensor having AChE
immobilized onto MPs and stabilized through glutaraldehyde (GA) molecule was proposed for
assay of the neurotoxic compounds. The prepared nanoparticles were moditied by pure AChE and
they were used for the measurement anti-Alzheimer’s drug galantamine and carbamate pesticide
carbofuran with limit of detection 1.5 uM and 20 nM, respectively. All measurements were carried
out using screen-printed sensor with carbon working, silver reference, and carbon auxiliary
electrode. Standard Ellman’s assay was used tfor validation measurement of both inhibitors. Part of
this work was the elimination of reversible inhibitors represented by galantamine from the active
site of AChE. For this purpose, we used a lower pH to get the original activity of AChE after
inhibition by galantamine. We also observed decarbamylation of the AChE-carbofuran adduct.
Intluence of organic solvents to AChE as well as repeatability of measurement with MPs with
AChE was also established.

Keywords: acetylcholinesterase; magnetic particles; electrochemistry; screen-printed sensor;
carbofuran; galantamine; nanomaterial; nanoparticles

1. Introduction

AChE plays a significant role in termination of signals in the cholinergic system. The
mechanism of the action is based on degradation of neurotransmitter acetylcholine into non active
choline and acetic acid [1]. Measuring of AChE activity is important in diagnostics or serves as a tool
in analytical chemistry in inhibitor determination. A commonly acknowledged method for activity
determination is Ellman’s reaction but there is potential for pH or electrochemical detection [2-7].
There is a demand for the determination of AChE inhibitors in a wide spectrum of used compounds

Sensors 2017, 17, 676; doi:10.3390/517040676 www.mdpi.com/journal/sensors
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like Alzheimer’s disease drugs (donepezil, rivastigmine, huperzine, galantamine), pesticides
(carbofuran, malaoxon, malathion), and chemical warfare agents (sarin, soman, tabun, VX) [8]. MPs
have been known for many years and can be prepared from many materials but most frequently iron
oxides are utilized. They can be applied in a wide range of applications as can be seen from some
reviews [9-15]. MPs have been used for many years in protein immobilization as a good platform for
the attachment of proteins through free carboxyl, hydroxyl, thio, or amino groups on their surface
[16-18]. Many protocols tor enzyme immobilization on MPs have already been reported [4,19-21].
Silane-coupling reagents (like 3-aminopropyltrimethoxysilane or 3-aminopropyltriethoxysilane) are
easily used for surface modification of synthetized MPs plus provide free amino groups which can
be used for enzyme immobilization [22-24]. There are many different approaches proposed for the
synthesis of MPs such as coprecipitation reactions, aggregation reactions, sol-gel reactions, etc. [24].
For example, maghemite nanoparticles were prepared by sodium borohydride reduction of iron
chloride in ammonia solution [25,26]. The nanoparticles are easily prepared and moreover, there are
hydroxo groups on their surtace which are very suitable for the further moditications. The
nanoparticles were used to cover Dovex for sarcosine separation as a potential prostate cancer
marker. Maghemite beads modified by tetraethyl orthosilicate and 3-aminopropyl triethoxysilane
can be applied for binding of H7N7 virions [27] whereas the beads covered by polyvinylpyrrolidone
and gold were utilized for fluorescence resonance emission transfer (FRET)-based sarcosine
detection [28].

AChE-based assays have typical lack in their inability to be used repeatedly. In this work, we
tocused our effort to the development of a magnetic nanoparticles based biosensor for the
determination of neurotoxic compounds. We also hypothesize that the particles can be used
repeatedly and lower costs in this way.

2. Materials and Methods

2.1. Materials and Equipment

Acetylcholinesterase from electric eel, lyophilized powder (21000 units/mg protein),
acetylthiocholine chloride (ATChCI), 5,5 -dithiobis(2-nitrobenzoic acid) (DTNB), GA solution (50%),
galanthamine hydrobromide, carbofuran (98%), phosphate buffer saline (PBS) pH 7.4, isopropyl
alcohol  (i-PrOH), dimethyl sulfoxide (DMSO), tetraethyl orthosilicate (TEOS),
3-aminopropyltriethoxysilan (APTES), N'-(3-Trimethoxysilylpropyl)diethylenetriamine (BAATMS),
sodium borohydride, ammonia, iron(Il) nitrate nonahydrate, sodium triphosphate, and calcium
nitrate tetrahydrate were purchased from Sigma-Aldrich (St. Louis, MO, USA). Ethanol (EtOH),
methanol (MeOH), sodium acetate and acetic acid were obtained from PENTA (Prague, Czech
Republic). SWV assay was performed using electrochemical device PalmSens (PalmSens BV,
Houten, The Netherlands) connected with computer and operated by software PSTrace 4.8.1
(PalmSens BV, Houten, The Netherlands). Screen-printed sensors (Metrohm, Herisau, Switzerland)
were sized 34 x 10 x 0.5 mm with a 4 mm diameter carbon working electrode, silver reference
electrode, and carbon auxiliary electrode.

2.2. Solutions Preparation

ATChCI solutions were prepared in concentration range from 1.25 to 20 mM. Galantamine
solutions were prepared in concentration range from 25 to 100 M. Both solutions were prepared in
PBS buffer pH 7.4 and final concentration in cuvette was 10-fold less. Carbofuran inhibitor was
dissolved in isopropyl alcohol in concentration range trom 1.56 to 25 pM with 40-fold less
concentration in cuvette. Glutaraldehyde solution (2.5%) was prepared freshly before use. All
solutions were prepared into plastic microtube. For Ellman’s assay, all solutions were prepared in
PBS 7.4. ATChCI solution was prepared in concentration 10 mM and DTNB in 1 mM. Concentration
range of galantamine was trom 25 to 100 uM and from 1.56 to 25 uM tor carbofuran. Final
concentrations in the cuvette were 10-fold less tor ATChCl and galantamine and 40-fold less for
carbofuran. Carbofuran was preincubated with AChE before substrate addition for 10 min.
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2.3. Synthesis of Magnetic Particles

2.3.1. Preparation of Maghemite

Sodium borohydride (1 g) dissolved in 3.5% ammonia (50 mL) was poured to stirred solution of
iron(III) nitrate nonahydrate (7.48 g) dissolved in water (400 mL) [29]. The mixture was then heated
at 100 °C for 2 h. The dark product was separated by magnet and washed several times with water.
Obtained magnetic particles were combined with water to total 50 mL and 10 mL of the solution was
used for every surface moditication.

2.3.2. Preparation of MAN-34

The maghemite was poured to i-PrOH (150 mL), 286% ammonia solution (20 mL) and TEOS
(3.33 mL) were added. This mixture was stirred and heated at 40 °C overnight. The product was
separated by magnet and washed several times with water and finally dried at room temperature.

2.3.3. Preparation of MAN-37-NH:

The maghemite, i-PrOH (150 mL), 28% NHs (20 mL), and TEOS (3.33 mL) were mixed, stirred
and heated at 40 °C for 2 h and APTES (3.33 mL) was added and the mixture was heated for next 1 h.
The product was stirred overnight at room temperature, separated by magnet and washed several
times with diluted EtOH (75%). Finally, the product was left in 20 mL of EtOH (75%).

2.3.4. Preparation of MAN-38-1-NH:

It was prepared similarly to MAN-37 but without TEOS and the product was dried after
washing.

2.3.5. Preparation of MAN-161-NH:

The maghemite suspension was diluted with MeOH (100 mL), BAATMS (0.2 mL) and 28% NH:
(1 mL) were mixed and stirred for 2 h. Water (50 mL) was added and stirred overnight. The product
was separated by magnet and washed several times with water. Finally, the product was lett in
50 mL ot water.

2.3.6. Preparation of MAN-164

Sodium triphosphate (0.368 g) in 50 mL of water was added to the maghemite suspension and
stirred for 2 h. Then, 1 M Ca(NOs)2-4H20 (6 mL) was poured into the solution, continued by stirring
overnight. The modified maghemite was separated by magnet, washed several times with water,
and left in water (50 mL).

2.4. Preparation and Comparison of Particles with Bound AChE (MPs-AChE)

MAN 34 and MAN 38-1-NH: MPs were obtained as solid dust and were prepared in a
concentration of 20 mg/mL for analysis. MAN 37-NH:, MAN 161-NHz, and MAN 164 MPs were
suspended in solution. Before use, all MPs were well homogenized and 400 uL of each were pipetted
into microtube and washed three times with 1 mL of PBS 7.4. In the next step, 400 1L of GA solution
(2.5%) was added and shaken for one hour (600 rpm). After washing three times with 1 mL of
PBS 7.4, 300 uL of AChE (activity for acetylthiocholine 26 U) solution was added and shaken for two
hours (600 rpm). Finally, MPs-AChE were washed three times with 1 mL PBS 7.4 to remove
unbound enzyme and resuspended in another 400 uL of PBS 7.4. The principle of immobilization is
depicted in Figure 1. Comparison was performed using Ellman’s assay as following: 400 uL of
DTNB, 450 uL of PBS 7.4, 50 LiL of MPs-AChE and 100 uL of 10 mM ATChCl were mixed in standard
1.5 mL cuvette. After incubation lasting 25 min, yellow mediwum was separated from MPs-AChE into
a clean cuvette followed by measurement of absorbance in 412 nm.
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Figure 1. Immobilization principle of enzyme using glutaraldehyde.

enzyme — NH,

2.5. Electrochemical Assay

850 pL PBS 7.4, 50 pL of MPs-AChE (0.39 U per electrode), and 100 pL of 10 mM ATChCI were
placed into a microtube. In the case of inhibition measurement, inhibitor was added into microtube
in the appropriate concentration. For competitive inhibitors, concentration of substrate was in a
concentration which did not influence competition for enzyme. After the incubation step, lasting
25 min, the reaction medium containing thiocholine was separated from MPs-AChE into clean
cuvette and SWV assay was performed as described above. Setting for SWV was following: 0-1.1 V
scanning range, 0.005 V potential step, 0.010 V amplitude, and frequency 1 Hz. These conditions
were successfully used for thiocholine measurement in our previous work [4].

2.6. Validation Measurement

In a cuvette, 400 pL of Ellman’s reagent, 450 uL PBS 7.4, 50 uL of AChE, and 100 pL of 10 mM
ATChCI were mixed together and an absorbance in 412 nm was measured after incubation lasting
2 min. Activity of AChE was then calculated using extinction coefficient € = 14,150 L-mol-*-cm-! [30].

2.7. Galantamine Inhibited MPs Activity Restore

Activation of MPs inhibited by galantamine was done using acetate buffer (AC) pH 5.0. MPs
were incubated for 5 min and then washed three times with AC pH 5.0 followed by washing by PBS
7.4 three times.

3. Results and Discussion

3.1. Synthesis and Comparison of Magnetic Particles

We have prepared five modifications of superparamagnetic particles to compare their ability to
bind AChE. The surface was modified by silane (MAN-34), a combination of silane and APTES
(MAN-37-NH2), and APTES only (MAN-38-1-NH:). Magnetic particles MAN-161-NH:2 were
modified with triamine, whereas MAN-164 were modified with calcium triphosphate only.
Synthetized MPs were tested for ability to bound AChE with addition of bridging GA molecule and
the enzyme activity was measured by Ellman’s assay. MAN 38-1-NHo: particles were rejected from
testing because their size does not allow to form homogenous solution which is necessary for
analysis. It was found that surface modification of MAN-164 particles did not allow groups for
enzyme binding and simple physical adsorption do not fulfill requirement on repeated using of
enzyme on their surface, therefore they were rejected for this purpose as well. Only MAN 34, MAN
37-NHz, and MAN 161-NH: particles allow to AChE binding with/without GA molecules through
either absorption in the case of MAN-34 or amino groups present on their surface. The ability of MPs
to bind AChE was characterized by enzyme activity related to weight of particles took to analysis in
50 pL (Figure 2). The best results exerted MAN 161-NH-: particles which were able to bind the
highest amount of enzyme in the smallest quantity of MPs, probably due to the high density of
amino groups in BAATMS molecule per square of particle. In the case of BAATMS, the secondary
amines can non-covalently interact with enzymes. This can lead to a higher affinity. Although, MAN
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161-NHo: particles prepared without GA molecule showed bigger enzyme activity (probably due to
the presence of triamine), MAN 161-NHo: particles prepared with GA were chosen because of higher
enzyme activity in a second measuring cycle. It was probably caused by leaching of AChE from MPs
prepared without GA molecule. MAN 37-NH: and MAN 34 particles were able to bind AChE but
did not prove to be appropriate for further measurement for smaller yields of linked enzymes.
However, TEOS with APTES molecule (MAN-37-NH:) seems to exert weaker binding, while only
the TEOS molecule (MAN-34) provides a better signal only due to non-specific interaction.

0.50 5
0.45 4
I M Ps with GA (1 measurement cycle)
0.40 4 [C_IMPs with GA (2 measurement cycle)
= I M Ps without GA (1 measurement cycle)
a 0.354 7 [ MPs without GA (2 measurement cycle)
2 030
h—
B 0.25
= U254
3
O 0.20 4 =
g' e MAN 161-NH, MAN 37-NH, MAN 34
A5 4 ’
S 0104
m
0.05 4
T

T T
0.0 0.5 1.0 -5 2.0

Weight of particles in analysis (mg)

Figure 2. Comparision of binding process of AChE to different magnetic particles measured by
Ellman’s assay. MPs with GA = magnetic particles prepared with glutaraldehyde, MPs without
GA magnetic particles prepared without glutaraldehyde. Error bars indicate standard error of the
mean for n = 3.

3.2. Substrate Measurement

Saturation curve for AChE and ATChCI as a substrate was performed in concentration range
from 0.125 to 4.0 mM with Ku value calculated to 4.56 mM compare to native enzyme, where Ku
value was calculated to 99.57 uM (Figures 3 and 4). Ku value seems to be strongly affected by
immobilization process as was also reported by Gabrovska et al. where Km value of immobilized
AChE was approximately 3 mM compare to 0.9 mM of free AChE [31] or it could be influenced by
external processes like irradiation as was described by Barteri et al. who calculated Ku value to
1.37 mM [32]. A high value of Km was also provided by human mutant AChE [33,34]. Peaks forming
at the potential 427 + 22 mV were revealed during this assay.

3.3. Inhibitors Measurement

Inhibitors of AChE contain wide range of substances capable reduce its activity, especially
drugs used in Alzheimer’'s disease treatment or pesticides in agriculture can be mentioned as the
broadly available [35]. As a model molecules for our measurement, galantamine was chosen as being
representative of competitive inhibitor and carbofuran was chosen as the noncompetitive inhibitor.
Carbofuran as a carbamate inhibitor needs time to bind to AChE. This time was investigated while
five minutes was found to be sufficient for creating this bind. Concentration of substrate for these
measurements was chosen to be 1 mM of ATChCI, due to economic reasons, when thiocholine peaks
were still big enough for detection. We performed calibration curves in a concentration range from
2.5 to 10 uM of galantamine (Figures 5 and 6) and from 39 to 625 nM of carbofuran (Figures 7 and 8)
and method was validated to standard Ellman’s assay (Figures 9 and 10). There are no interferences
in plasma as potential real sample towards thiocholine measurement. Potential after binding of
carbofuran was found to be shifted in 565 + 20 mV. SWV assay performed only with carbofuran did
not reveal any peak in the record, thus this shift is caused by interaction of carbofuran with AChE.
Analysis of inhibitors is nowadays performed mainly by chromatography techniques, however,
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determination of AChE is a usable tool. We calculated the limit of detection for galantamine to 1.5
1M and 20 nM for carbofuran. Nevertheless, there is a drawback of this method in a relatively
narrow linear range for galantamine, resulting in poor detection limit against already published
methods [36,37]. On the other hand it is well established that sensitivity is decreased once the
enzyme is immobilized and it is also supported by recently-achieved results [5]. Carbofuran
detection limit in ppb, using AChE as recognition tool, is considered to be a good result as was
previously described in literature [38—40].
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0.04n! . : -
0 1 2 3 4
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Figure 3. Saturation curve of AChE and acetylthiocholine as a substrate performed in PBS 7.4. Hill
funciton with a coefficient of cooperativity n = 1 was used for fitting. Error bars indicate standard
deviation for n = 3.
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Figure 4. SWV curves of acetylthiocholine performed in PBS 7.4.
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Figure 5. Galantamine calibration curve performed in PBS 7.4. Error bars indicate standard deviation
for n=3.
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Figure 6. SWV curves for galantamine performed in PBS 7.4.
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Figure 8. SWV curves of carbofuran performed in PBS 7.4.
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Figure 9. Validation of galantamine measurement compared to standard Ellman’s assay. Error bars
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Figure 10. Validation of carbofuran measurement compared to standard Ellman’s assay. Error bars

indicate standard deviation for n = 3.

Galantamine can inhibit enzymes as a competitive inhibitor until it is eliminated from the active
site. Therefore, we washed out galantamine from AChE to get original enzyme activity. For this
purpose, we tested PBS pH 7.4 and AC pH 5.0. Phosphate buffer appeared to be inapplicable for
galantamine elimination when we did not wash out galantamine from the active site, while AC
proved to be efficient and the enzyme appeared to be active again. The probable mechanism is in
changes of charge of amino acids in the active site of the enzyme in pH 5.0 and disintegration of
interaction between AChE and galantamine (Figure 11).

g 3 g 8
N 1 N 1

Residual activity (%)

No inhibition  GAL inhibition PBS 7.4 ACS5.0

Figure 11. Wash out of galanthamine from galanthamine-inhibited magnetic particles. Error bars
indicate standard deviation for n =3.
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The mechanism of action of carbamate inhibitors to AChE is caused via blocking Ser residuum
in the active site [41]. However, this bond undergoes spontaneous degradation over time or can be
potentiated by exogenous substances [42]. Moreover, time of decarbamylation depends on length of
side chain of carbamate [43]. Carbofuran adduct with BChE showed half-life about 2 h [44], while we
found the half-life of the carbofuran adduct with AChE to be about 3.5 h (Figure 12).
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Figure 12. Spontaneous decarbamylation performed in PBS 7.4. Error bars indicate standard
deviation for n=3.

3.4. Influence of Organic Solvents

Organic solvents have to be considered as interference in every AChE measurement.
Denaturation of enzyme molecules could have critical influence on analysis and thus it is important
to keep percentage of solvents on minimum [5]. I-PrOH, EtOH, and DMSO were tested for their
inhibition properties on AChE, all in 2.5% concentration. In the quoted work, DMSO was identified
as a solvent capable to decrease AChE activity even in very small concentrations [45]. In tested
concentrations, we found strong inhibition of AChE. Both alcohols appeared to be potent inhibitors
of AChE as described earlier [46] (Figure 13).

Residual activity (%)

No inhibition  i-PrOH EtOH DMSO

Figure 13. Organic solvents performed in PBS 7.4.

3.5. Repeated Measurement with MPs-AChE

The idea of immobilization of enzymes onto MPs is in the possibility to use it repeatedly. The
immobilization process via GA molecules was used before [20]. We discovered this process to be
more efficient considering repeatability of measurements compared to our previous results, where
immobilization to commercial MPs activated with carboxyl group and EDC reagent was used [4].
There were another immobilization protocols proposed earlier, however they require sophisticated
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procedures [19,47] (Figure 14). We claim that thus-modified MPs could create a good platform for
automatic analyzers, microfluidics, or other uses where long stability of particles is required.

1004 m

. \F’ ] \'./ \{__+

60

Residual activity (%)
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2 4 & 8 10

Measuring cycle (n)

Figure 14. Repeatability of magnetic particles with AChE performed in PBS 7.4. Error bars indicate
standard deviation for n = 3.

4. Conclusions

Synthetized MPs proved their ability to attach enzymes onto their surface via amino groups
and GA molecule interaction. Compared to the immobilization process using commercial MPs and
EDC reagents, prepared MPs and the use of GA appeared to be more useful when speaking about
repeated measurements. We conclude that thus-prepared MPs could provide a good platform for
analysis where long reagent lifetimes are needed —e.g., flow systems and so on. Inhibitors of AChE
galantamine and carbofuran were measured with detection limits of 1.5 uM and 20 nM, respectively.
Validation of this method was successfully performed by Ellman’s assay. Lower pH buffers were
used to restore enzyme activity of inhibited particles by galantamine and spontaneous
decarboxylation of the AChE-carbofuran adduct was also observed. Every analysis using AChE is
influenced by organic solvents and we proved their inhibition potential in this application as well.
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5.3. Vysledek 3

Adam Kostelnik, Alexander Cegan, Miroslav Pohanka, ,,Color change of phenol red by
integrated smart phone camera as a tool for the determination of neurotoxic compounds®,
Sensors, 16 (9), 1212-1222, 2016 (IF = 2,475)

Imobilizace enzymi do membran jsou ¢astym feSenim a Vv porovnani s chemickou imobilizaci
jednodussi a levnéjsi. V minulosti bylo uvetejnéno na toto téma nespocet publikaci, pouzivaji
se membrany napft. z Zelatiny, chitosanu, alginatu nebo sol-gel membrany [125-128]. Rozmach
technologii udélal z mobilniho telefonu kazdodenniho spole¢nika pro vétSinu svétové populace.
Ani analyticka chemie, biochemie, imunochemie ¢i mikrobiologie nezustala v jeho aplikaci
pozadu. V poslednich letech vzniklo mnoho publikaci zabyvajicich se spojenim mobilniho
telefonu a stanovenim vybranych analytt [129-135]. Duvodem je jeho snadna obsluha, kterou
zvladne i neSkoleny personal, takze ho lze pouzit napf. v ordinacich 1ékait nebo v malych
laboratoftich, které nedisponuji drahym laboratornim vybavenim, a jeho velkou ptednosti je

prenosnost, coz ¢ini tento typ analyzy idealni pro domaci péci.

V této praci byl mobilni telefon pouzit pro detekci barevné zmény fenolové Cervené jako
indikatoru aktivity AChE pfi stanoveni cholinesterasovych inhibitord. Pro potieby pofizovani
fotografii byla metodou 3D tisku pfipravena tmava komirka, kterd zaroven slouzila pro
podepteni mobilniho telefonu, jenz tak byl béhem celé analyzy ve stejné poloze. Vyhodnoceni
ziskanych fotografii 1ze provadét nékolika zpisoby (napf. odstiny Sedé nebo dopliikové barvy
v systému CMYK [136]), nicméné zde byl pouzit systém RGB, ktery je vyuZzivan nejvice.
Obecnym problémem imobilizaci enzymd je zhorSeni katalytickych vlastnosti z diivodu zmény
struktury, u imobilizace do membrany se piidava problém prostupu substratu skrze material
membrany. V této praci ale probihala difuze substratu membranou k AChE dostate¢né rychle
na to, aby se Cas analyzy zbyte¢n¢ neprodluzoval, coz je pro biosenzory rozhodujicim faktorem.
Pravdépodobné to bylo zajisténo strukturou membrany, protoze nebylo pouzito sitovaci
¢inidlo, které by zvétSilo hustotu sité materidlu membrany, ¢imz by Sse prostup substratu

k enzymu zpomalil.

Diky imobilizaci AChE do Zelatinové membrany na povrchu papirové matrix v kombinaci
s fotografickou detekci je pfipraveny biosenzor rychlou, levnou a ptenosnou alternativou pro

stanoveni cholinesterasovych inhibitorti vV polnich podminkach.
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Abstract: The use of a cell phone as a detection system is easy, simple and does not require
trained personnel, which is in contrast to standard laboratory instruments. This paper deals
with immobilization of acetylcholinesterase (AChE) in a gelatin matrix, and phenol red, as an
indicator of AChE activity, is used in order to establish a method that is easily compatible with a
camera device. AChE splits acetylcholine into choline and acetic acid, which changes the pH of a
medium, resulting in a phenol red color change. The coloration changed in presence of an AChE
inhibitor. Measurements were performed on 3D-printed, tube-shaped holder, and digital photography,
with subsequent analysis of red-green-blue (RGB), served for assay purposes. Calibration of AChE
inhibitors, tacrine and galantamine, was performed, with limit of detection equal to 1.1 nM and
1.28 uM, respectively. Interferences were also measured, resulting in a proof-of-method stability.
The method was further successfully validated for the standard Ellman’s assay, and verified on
murine plasma samples spiked with inhibitors.

Keywords: acetylcholinesterase; phenol red; smart phone; drop assay; colorimetry; inhibitor; biosensor

1. Introduction

In the body, the enzyme acetylcholinesterase (AChE) terminates stimulation in a cholinergic
system by hydrolysis of acetylcholine into choline and acetic acid [1]. The activity is typically measured
in diagnoses or in analytical chemistry for the determination of inhibitors [2-5]. The most common
AChE activity assay is typically based on acetylthiocholine and 5,5-dithiobis(2-nitro benzoic acid) as a
chromogenic reagent, but it can be assayed electrochemically as well [6-8]. The acetic acid produced by
the aforementioned reaction can also be employed in an AChE activity assay, and acidification of the
medium is detected using an acid-base indicator. Several indicators can be used, for example, brilliant
yellow, neutral red, phenol red (FR), and so on [9]. Enzyme immobilization is advantageous for its
lower costs and the reuse of enzymes [10]. Different matrixes can be used for enzyme entrapment,
such as chitosan, alginate, agarose, agar, or gelatin [11,12]. Gelatin is a natural product made of
collagen, which undergoes irreversible gelatinization in temperatures under 40 “C [13]. This material
has broad biocompatibility and no reported toxicity [14]. Smart phones are widely-spread in the
population, and most of them have integrated cameras with high-resolutions, autofocus, and digital
zooms [15]. Several applications of smart phones in analytical chemistry, e.g., immunosensors or
blood analysis sensors, have been introduced thus far [16]. Digital photography can be evaluated by
disparate models, but the RGB channel intensity model is the most common method [17-19]. In this

Sensors 2016, 16, 1212; doi:10.3390/ 516091212 www.mdpi.com/journal /sensors

60



Sensors 2016, 16, 1212 2 of 10

work, a biosensor, based on immobilized AChE with colorimetric determination of activity using a
camera and phenol red reagent, is proposed for the assay of neurotoxic compounds and is compared
to the standard measuring protocol.

2. Experimental Section

2.1. Materials and Instruments

AChE from electric eel, as a lyophilized powder (=1000 units/ mg protein), acetylcholine chloride
(AChCI), acetylthiocholine chloride (ATChCI), 9-amino-1,2,3,4-tetrahydroacridine hydrochloride
hydrate (tacrine), galanthamine hydrobromide, tetraisopropyl pyrophosphoramide (iso-OMPA),
5,5"-dithio-bis(2-nitrobenzoic acid) (DTNB), phosphate buffer saline (PBS) pH 7.4, dimethyl sulfoxide
(DMSO), Tween-20 and isopropyl alcohol, were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Denatured ethanol and gelatin were obtained from PENTA (Prague, Czech Republic). Phenol red (PR)
and sodium chloride salt were supplied by ACROS ORGANICS (Thermo Scientific Inc., Waltham, MA,
USA). Filter paper (1PS) was obtained from Whatman (Maidstone, UK). Color change was detected
using a Sony Xperia MT27i with a 5 Mpx camera and an LED light, using the Android 2.3.7. operating
system (device version number 6.0.B.3.184) (Tokyo, Japan). Murine plasma samples were obtained
from 20 female BALB/c mice, which were purchased from Velaz (Unetice, Czech Republic). The mice
were kept under standard ambient temperature and humidity 50% + 10%. Light and dark periods
lasted 12 h. The mice were sacrificed at the age of 8 weeks, by cutting of the carotid under carbon
dioxide narcosis. Blood was taken into lithium heparin treated tubes (Dialab, Prague, Czech Republic)
and centrifuged at 1000 < g for 5 min. Fresh plasma was kept at —80 “C until use in the assay. The whole
experiment was both permitted and supervised by the ethical committee of the Faculty of Military
Health Sciences (Hradec Kralove, Czech Republic).

2.2. Preparation of Gelatin with Immobilized AChE

Gelatin was prepared according the protocol determined by Lourenco et al. [20]. Four-hundred
milligrams of powdered gelatin were dissolved in 1 mL of distilled water (60 “C) by stirring for 20 min;
then, 2 mL of PBS 7.4 (60 “C) was added and mixture was stirred for another 30 min. After cooling
down, the aforementioned mixture was poured into 300 puL of AChE (activity for acetylthiocholine
5.65 x 10~ mol/s/uL) and 300 uL of water and stirred. Then, 50 uL of the final mixture was spread
over Whatman filter paper and dried at laboratory temperature for 2 h. Filter paper was stored in a
dark box with a saturated humidity of PBS 7.4 at 4 “C overnight.

2.3. Solutions Preparation

AChCl solutions were prepared in concentration ranges from 10 mM to 0.16 mM in disposable
tubes, and the final volume was set to 1 mL. Tacrine solutions were prepared in concentration ranges
from 62.5 to 3.91 nM. Each solution was prepared in PBS 7.4, and the final concentration in drops
was 5 times less for AChCl, and 4-fold less in the case of tacrine. Concentration of PR in water was
set to 5 x 10 * M. All solutions for the Ellman’s assay were prepared in PBS pH 7.4. DTNB solution
was prepared in a concentration of 1 mM and ATChCI, 10 mM. Concentration ranges of tacrine were
from 39.1 to 625 nM. Final concentrations in cuvette were 10-fold less concentration of ATChCl and
40-fold less in the case of tacrine. [so-OMPA was prepared in PBS 7.4 at a concentration of 1 mM,; final
concentration in plasma samples was 0.1 mM.

2.4. Measuring Process

Thirty-five microliters of PBS, 25 puL of PBS 7.4 or tacrine solution, 20 uL of PR, and 20 pL of
5 mM AChCl were consequently added to the surface of paper with inmobilized AChE. After 5 min
of incubation, the surface of the paper was photographed using a smart phone camera placed on a
3D-printed, tube-shaped holder. The holder was printed using a Prusa i3 (Prusa Research, Prague,
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Czech Republic) using acrylonitrile butadiene styrene shaped into 3-mm filaments. The nozzle
temperature was set at 285 "C and the bottom plate temperature was 100 “C during the printing
procedure. The individual layers deposited on the final object were 0.1-mm thick. The size of the
holder was 80 mm in height, 105 mm in length, and the inner diameter of the tube was 40 mm.
Organization of the whole device can be seen in Figure 1.

(a) (b)

Figure 1. Tube-shaped holder (a) prepared using 3D-printing technology, and the final settings for
photography (b).

2.5. Ellman’s Assay

Four hundred microliters of DTNB, 25 uL. AChE, 25 uL tacrine solution, 450 uL PBS 7.4, and 100 pL
of 10 mM ATChCl were added to a standard cuvette. Absorbance was measured at 412 nm immediately
and after 5 min of incubation.

2.6. Data Processing

Photography was processed in GIMP 2.8.16 (open source software) using the Color Picker function,
and RGB colors were obtained. Ky value for AChE and ACh as substrates were calculated in Origin
software (OriginLab, Northampton, MA, USA) using non-linear curve fitting using the Hill function
with the coefficient of cooperativity set to number one. In the Origin software, Ky was calculated as
the concentration responding to half of the maximal velocity, which was calculated as the upper limit
of the curve. Limit of detection for AChE inhibitor tacrine was calculated by linear regression in Origin
as a signal to noise ratio equal to three.

3. Results and Discussion

Mobile phones have proven their ability to serve as detection systems in recent years [16,21,22],
and represent a cheaper variant for detection [23]. Colorimetric detection for various molecules [24,25],
and also measurement of pH, were introduced [26]. A paper platform offers the possibility of use in the
construction of paper-based devices for colorimetric detection [27]. Here, we used paper as a platform
for a gelatin matrix and phenol red was used for colorimetric detection. First, we selected the color
channel that is suitable for the performance method. Color change in RGB was observed in green and
blue channels, the red channel was without change (Figure 2). While the both blue and green channels
were suitable for the assay, we decided work with the blue channel further because of the greater
difference between maximal and minimal color intensity values. On the other hand, the green channel
can be chosen, for example, for reference purposes or the function method whenever necessary.
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Figure 2. A Color intensity for different concentrations of AChCl in all RGB channels. Rc = red channel;
Gc = green channel; and Bc = blue channel. Error bars indicate standard error of the mean for n=>5.

In neutral pH of PBS 7.4, PR gives a red color. After addition of AChCl, immediately forming
acetic acid acidifying medium and the PR turns yellow (Figure 3). We performed a saturation curve
for AChE and ACh as a substrate in concentration ranges from 0.031 to 2.00 mM, and the calculated
Ky value was equal to 2.9 x 10~ * mM (Figure 4).
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Figure 3. Principle of reaction based on color change of phenol red.
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Figure 4. Satuation curve for AChE and acetylcholine as a substrate. The Hill function was used for
fitting. A Color intensity was observed in the blue channel. Error bars indicate standard error of the
mean for n = 5.
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Gelatin was previously used as a matrix for AChE immobilization in the detection of
organophosphates [28] and carbamates [29]. It appears to be a suitable material, which is well
penetrable for substrates and inhibitors, but does not affect enzyme activity [30-32]. In our work,
we used AChE inhibitor tacrine as a model molecule with a high affinity toward the enzyme.
We performed a calibration curve in the concentration ranges from 0.98 to 15.63 nM of tacrine, and limit
of detection for entrapped AChE was calculated to be equal to 1.1 nM (Figure 5). Comparable results
of 10 nM of tacrine, were achieved by Pohanka and Vlcek [33], who measured color intensity using
indoxyl acetate.

] R =-0.9907

A Color intensity

0.0 0.5 1.0
log ¢ tacrine (nM)

Figure 5. Tacrine calibration curve. Concentration of tacrine is given in logaritmus. Error bars indicate
standard error of the mean for#n = 5.

The method for tacrine determination was validated, compared to Ellman’s assay and a correlation
coefficient of R = 0.9463 was achieved. These results show that analysis using a smart-phone-integrated
camera is viable for assay of AChE inhibitors (Figure 6). The experimental data can be extrapolated
using a linear model with a good coefficient of determination. Though both methods were
equally suitable for the assay, the camera-based assay had several advantages over the standard
spectrophotometry test, such as stability of the enzyme and portability of the assay.

14
= R =10.9463
=
8 -
2 12- - 0.977 nM
o T
=) e
—a 10 - T 1 1.953 nM
T By
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EN
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S 4 15.625 1M
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= T T
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A Color intensity (Ellman’s assay)

Figure 6. Method validation compared to standard Ellman’s assay. The vertical axis represents A
Color intensity of the cell phone assay and the horizontal axis represents A Color intensity of Ellman’s
assay. Error bars for the cell phone assay indicate standard error of the mean and, for Ellman’s assay,

a standard deviation for n = 5.
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For verifying the assay, tacrine was spiked into murine plasma with the same concentrations
that were used in the calibration measurement. Butyrylcholinesterase (BChE) naturally occurs in
plasma, and because of its affinity towards acetylcholine, inhibition of measurement of AChE activity
is required. For this purpose, iso-OMPA, which acts as selective inhibitor of BChE, is used [34].
Results showed feasibility for assay of tacrine with a correlation coefficient of R = 0.9247 (Figure 7).
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Figure 7. Verifying assay of tacrine in plasma samples compared to a standard tacrine solution.
Error bars indicate standard error of the mean forn = 5.

Calibration for galantamine inhibitor, an anti-Alzheimer drug, was performed as well
Galantamine was measured in concentration ranges from 6.25 to 200 uM, with a limit of detection

equal to 1.28 uM (Figure 8).

18+

16 4

=
1

A Color intensity

R =-0.9787

-

.

log ¢ galantamine (uM)

Figure 8. Galantamine calibration curve. Concentration of galantamine is given in logaritmus.

Error bars indicate standard error of the mean forn = 5.

Verifying of the galantamine assay was performed in murine plasma, as well as tacrine.
Galantamine was spiked into plasma samples in appropriate concentrations and a correlation
coefficient of R = 0.9941 was achieved (Figure 9).
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Figure 9. Verifying assay of galantamine in plasma samples compare to standard galantamine solution.
Error bars indicate standard error of the mean forn = 5.

As was described earlier, the activity of AChE can be reduced using organic solvents, such as
methanol, ethanol, and isopropyl alcohol, in small concentration [29]; hence, the organic solvents can be
noted as interferents of the AChE-based assay. For the purpose of interference testing, we tested organic
solvents DMSO, Tween-20, isopropyl alcohol, and ethanol. All tested solvents were in 5% concentration,
except for Tween-20, which was set at 0.25% because of its limited solubility. In the literature, DMSO is
known as an inhibitor of AChE, even if present in small concentrations [35], nevertheless it has no
effect to the immobilized enzyme. The same conclusion can be made for Tween-20, which also did
not inhibit AChE, and this is in compliance with published results [36]. Alcohols are able to inhibit
AChE, however, this inhibition occurs in quite high concentrations [29]. We found no interferences
toward to AChE activity in the tested concentrations of alcohols. However, isopropyl alcohol caused a
decrease of surface tension, which results in a spill of reaction medium (drop) on the paper platform.
Ethanol showed the same behavior, but to a lesser extent. This could be used for a tentative resolution of
solvent, which was used for the dissolution of AChE inhibitor (Figure 10). We assume that the resistance
to organic solvents is caused by the stabilization of the enzyme in the membrane, which protects from
denaturation. On the other hand, the phenomenon was not primary aim for our study, and deeper
insight should be sought prior to coming to a clear conclusion on this issue.
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Figure 10. Interferences of organic solvents. T-20 = Tween-20; DMSO = dimethyl sulfoxide;
IsoPr. = isopropyl alcohol; EtOH = ethanol; Cont. = control; Intf. = tested organic solvent. Error bars

indicate standard error of the mean forn =5.
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The presented method is suitable for measurement of AChE inhibitors, and the analysis is quick,
has a low cost, and is portable; however, the limit of detection is worse than that of the standard
method due to the immobilization of AChE in a gelatin matrix. The fabrication time of the gelatin
entrapped enzyme takes around 3 h, but subsequent measurements are quick. A comparison of the
presented method with the standard Ellman’s assay and literature are summarized in Table 1.

Table 1. Method comparison with standard Ellman’s assay and literature.

Fabrication Assav Necessary Possibility to Determination of
LOD Achieved Time Time} Eaui me]it Check the Assay Analyte Exact
quip by a Naked Eye Concentration
Tacrine: 1.1 nM
Pmi ;}i_;da;:?era Galantamine: 3h 10 min SN]_:::I 11;1:13; Yes Yes
¥ 1.28 uM tp
Standard Ellman’s ~ Tacrine: 1.2 pM
assay like CGalantamine: NA 10 min Spectrophotometer Yes Yes
here presented 18.3nM
Neostigmine,
Dipstick assay [37]  paraoxon: both  Aprox. 1h 45 min None Yes No
approx 107
Colorimetric Tacrine: 10nM  Aprox. 1h 45 min None Yes No
assay [33]
Flow fluorimetri CGalantamine: Fluorimeter,
c : .
assay [38] 0.5 uM NA 10 min pumps, No Yes

reaction coil

4. Conclusions

Using a smart phone for detection enables a quick and low-cost analysis without the need for
sophisticated laboratory methods and trained personnel. We successfully used this method for the
determination of AChE activity entrapped in a gelatin matrix. AChE inhibitors tacrine and galantamine
were assayed with limits of detection equal to 1.1 nM and 1.28 uM, respectively. Organic solvents
were tested for methods interference, and no interference toward AChE activity was observed, while
alcohols caused a spill of drops during analysis. The method was correlated with the Ellman’s assay,
and results showed that it is usable for the determination of AChE inhibitors. Verifying the assay
was performed in murine plasma, and the results showed that the presented method is suitable for
measurements in real samples.
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5.4. Vysledek 4

Adam Kostelnik, Alexander Cegan, Miroslav Pohanka, ,,Acetylcholinsterase inhibitors assay
using colorimetric pH sensitive strips and image analysis by a smartphone®, International

Journal of Analytical Chemistry, vol. 2017, 2017 (IF = 1,479)

Druhé prace publikovand na téma barevné zmény indikatoru snimané mobilnim telefonem
vyuzivala komeréni pH citlivé prouzky (o jaky indikator se jednd vyrobce neuvadi, ale
z rozsahu méfitelného pH a barevného prechodu lze usuzovat na fenolovou cerven). Méteni pH
je mozné povazovat za piedbéznou zkousku a vétSina komeréné dostupnych pH papirki trpi na
uvolnovani indikatoru do roztoku, coz neni Zadouci, hlavné pokud je potieba zachovat slozeni
vzorku pied samotnou analyzou. Existuji vSak i papirky s chemicky kotvenym indikatorem,

které tento problém fesi. Navic Ize kotveny indikator regenerovat a pouzit ho znovu [137, 138].

V této praci byla AChE adsorbovana na povrch pH prouzku s kotvenym indikatorem a pro veétsi
stabilitu piekryta zelatinovou membranou, takto pfipravené prouzky byly pouzity ke stanoveni
cholinesterasovych inhibitort. Stejné jako v piedchozi praci byl z divodu difuze substratu
membranou potieba ¢as k dosazeni barevné zmény indikatoru. V porovnani s pfedchozi praci
se tento Cas lehce zvysil, protoZe enzym nebyl pfitomen v membrané, ale az pod ni. Na druhou
stranu ma toto uspofaddani vyhodu v kompaktnosti, jelikoz enzym i indikator jsou zakotveny na
jednom misté, ¢imz odpadé piiprava roztoku indikatoru a jeho pipetovani, které je v polnich
podminkach c¢asto obtizné. Navic vylepSeni uspofadani prineslo redukci problémi
S pipetovanim roztokli k membrané ve tvaru bubliny pouzité v predchozi praci (odtrhavani

a slévani kapek).

Znatelny rozdil v pfipravenych biosenzorech z pfedchozi prace a zde je v citlivosti
k organickym rozpoustédlim. Ty mohou s cholinesterasami pfijit do kontaktu pii analyze
pesticidu (jako pouzita rozpoustédla) a maji potencial ovlivnit kazdé stanoveni, proto je potieba
jejich vliv testovat. Zatimco Vv této praci je AChE organickymi rozpoustédly ovlivnéna, ta sama
rozpoustédla pouzitd v piedchozi praci na AChE vliv nemaji. To se da vysvétlit riznym
zpusobem usporadani — membrana v predchozi praci poskytovala enzymu, ktery byl pevné
zakotven piimo v ni, vétsi ochranu nez membrana v této praci, kde se organické rozpoustédlo
mohlo k enzymu dostat skrze celulosovy material pH prouzku. Vliv organického rozpoustédla
lze ovSem odstranit kontrolnim méfenim, kdy se pouzije ptislusné organické rozpoustédlo bez

inhibitoru.
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Smartphones are widely spread and their usage does not require any trained personnel. Recently, smartphones were successfully
used in analytical chemistry as a simple detection tool in some applications. This paper focuses on immobilization of
acetylcholinesterase (AChE) onto commercially available pH strips with stabilization in the gelatin membrane. AChE degrades
acetylcholine into choline and acetic acid which causes color change of acid-base indicator. Smartphone served as a tool for
measurement of indicator color change from red to orange while inhibitors blocked this process. AChE inhibitors were measured
with limits of detection, 149 nM and 22.3 nM for galanthamine and donepezil, respectively. Organic solvents were measured for
method interferences. Measurement procedure was performed on 3D printed holder and digital photography was evaluated using
red-green-blue (RGB) channels. The invented assay was validated to the standard Ellman’s test and verified on murine plasma

samples spiked with inhibitors. We consider that the assay is fully suitable for practical performance.

1. Introduction

AChE is an enzyme splitting the neurotransmitter acetyl-
choline in cholinergic synapsis into choline and acetic acid
[1]. Sensitivity of AChE to neurotoxic compounds (anti-
Alzheimer’s drugs, pesticides, and nerve agents) can be use
in their measurement [2]. Commonly used method is based
on reaction of thiocholine, formed from acetylthiocholine
during enzymatic hydrolysis, with Ellman’s reagent produc-
ing yellow 5-thio-2-nitrobenzoate measurable by spectropho-
tometry in 412nm [3]. Despite broad use, this method
has some drawbacks like instability of Ellman’s reagent and
hemoglobin interference [2, 4, 5]. Furthermore, there is pos-
sibility of measuring enzyme activity electrochemically [6, 7].
Colorimetric detection can be also based on pH measure-
ment. Many acid-base indicators are known for this purpose,
when phenol red was used in our work previously [8, 9].
Different techniques for enzyme immobilization and matrix
like gelatin were described as well [10-13]. Simple physical
immobilization of enzyme onto cellulose and stabilization
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into gelatin matrix was successfully used for preparation of
biosensor in an application where AChE was embedded into
gelatin membrane on a paper matrix and performed for the
assay of neurotoxic compounds [14, 15]. In the cited papers,
there was no, however, made evaluation of enzyme activity
by a camera because a naked eye assay and another type of
substrate were preferred. Gelatin provides good properties
for enzyme immobilization combined with biocompatibility
and zero toxicity [16]. Modern mobile phones dispose high
resolution cameras which gives them ability to serve as a
tool for diagnostics [17, 18]. Previously mobile phones have
been used for some applications in analytical chemistry
[19, 20]. This paper deals with preparation of biosensor
based on commercial pH strips with immobilized AChE and
stabilized in gelatin membrane. Performance of the biosensor
was verified on neurotoxic compounds. This approach offers
easy way for AChE inhibitors determination, especially if
we considered well-established spectrophotometric assay;
for the presented method here, no special equipment or
trained personnel are required. There is also innovation in



evaluation of color based reaction compared to previously
described methods. The major advantage of our assay is
based on the opportunity to link it to a smartphone which is
considered as the detector device providing wide availability
to less equipped laboratories and for field tests without any
expensive gear.

2. Material and Methods

2.1. Materials and Devices. Acetylcholinesterase from elec-
tric eel (>1000units/fmg protein), acetylcholine chloride
(AChCI), acetylthiocholine chloride (ATChCI), 5,5'-dithio-
bis(2-nitrobenzoic acid) (DTNB), donepezil hydrochloride
monohydrate, galanthamine hydrobromide, tetraisopropyl
pyrophosphoramide (iso-OMPA), phosphate buffer saline
(PBS) pH 74, dimethyl sulfoxide (DMSO), and isopropyl
alcohol were purchased from Sigma-Aldrich (St. Louis,
MO, USA); denatured ethanol and gelatin were supplied
by PENTA (Prague, Czech Republic). Indicator strips pH-
Fix 6.0-7.7 were obtained from Macherey-Nagel (Diiren,
Germany). Color change was detected by Sony Xperia MT27i
with 5Mpx camera and LED light using operation system
Android 2.3.7, device version number 6.0.B.3.184 (Tokyo,
Japan). For 3D print, 3D printer Prusa i3 from Prusa Research
(Prague, Czech Republic) was used. Murine plasma samples
were obtained from 20 female BALB/c mice which were
purchased from Velaz (Unetice, Czech Republic). The mice
were kept under standard ambient temperature and humidity
50 +10%. Light and dark periods lasted equally for 12 hours
each. The mice were sacrificed in the age of 8 weeks by
cutting of carotid under carbon dioxide narcosis and the
blood was taken into tubes pretreated with lithium heparin
(Dialab, Prague, Czech Republic) and centrifuged at 1,000 xg
for 5 minutes. Fresh plasma was kept at —80°C until use in
the assay. The whole experiment was both permitted and
supervised by ethical committee Faculty of Military Health
Sciences (Hradec Kralove, Czech Republic).

2.2. Solutions Preparation. AChCI solutions were prepared
in concentration range from 0.31 to 10mM and placed
in microtubes. Galanthamine solutions were prepared in
concentration range from 1.6 to 25.00 uM. Donepezil solu-
tions were prepared in concentration range from 0.31 to
5.00 uM. Each solution was prepared in PBS 74 and final
concentration in microtube was 10 times lower. Gelatin was
prepared in 1% concentration by stirring of 10 mg of gelatin
in 1ml of water for 20 min. All solutions for Ellman’s assay
were prepared in PBS 7.4. DTNB solution was prepared in
concentration 1 mM and ATChCI in 10 mM. Concentration
range of galanthamine was from 62.5 to 100 uM and 13 to
20 M in case of donepezil. Final concentrations in cuvette
were 10-fold less concentration of ATChCl and 40-fold less in
case of galanthamine or donepezil. Iso-OMPA was prepared
in PBS 74 in concentration 1mM; final concentration in
plasma samples was 0.1 mM.

2.3. Preparation of pH Strips with AChE. To pH strips 10 yl

of AChE (activity for acetylthiocholine 1.73 x 10~® mol/s/pl)
was added and let to dry in laboratory temperature. Then
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pH strips were covered by 10 pl of 1% gelatin. After drying
in laboratory temperature pH strips were stored in 4°C until
used in the assay.

2.4. Preparation of 3D Printed Holder. Holder was created in
Autodesk 123D Design (open source software). 3D printer
setup was as follows: acrylonitrile butadiene styrene shaped in
3 mm filaments was used as material, nozzle temperature was
at 285°C and bottom temperature at 100°C, and individual
deposited layers were 0.1 mm thick. Size of holder was 80 mm
in height and 105 mm in length and inner diameter of tube
was set to 40 mm (Figure 1).

2.5. Smartphone Assay. The smartphone assay was made in
the following way: 450 ul of PBS pH 7.4 and 50 pl of 10 mM
AChCI solution were added to microtubes and strip was put
into it. After incubation of 15 min, excess of reaction medium
was drained and picture of the still wet pH strip was taken.
During photographing, the camera was placed on the 3D
printed holder and the strip inside; hence, no outer light
influenced the photography and integrated LED light was the
only one source. Distance between the strip and camera was
also constant just due to the holder.

2.6. Ellman’s Assay. To standard cuvette 400yl of DNTB
solution, 25 pl of AChE, 475 pl of PBS, and 100 ul of ATChCI
were added. Absorbance was measured in 412 nm immedi-
ately and after incubation of 2 min.

2.7. Data Processing. RGB color values were obtained by
processing of photography in GIMP 2.8.16 (open source
software) using Color Picker function. AColor intensity was
obtained as follows: intensity of strip before reaction - inten-
sity of strip after the reaction. This difference corresponds
to AChE activity in different concentration of used substrate
or inhibitor. K, value for AChE and AChCI substrate was
calculated using nonlinear curve fitting by Hill function with
coefficient of cooperativity n = 1. Limit of detection was
calculated as signal to noise ratio equal to three. For these
purposes, Origin software 8 PRO (OriginLab, Northampton,
MA, USA) was used.

3. Results and Discussion

AChE splitting acetylcholine into choline and acetic acid
resulted in decreasing pH of medium. Our method is based
on color change of indicator in pH sensitive zone of pH
strip from red to orange (Figure 2). During photography
processing color change was observed in green channel while
red and blue ones were without change.

3.1. Gelatin Optimization. Amount of gelatin was tested in
0%, 0.001%, 0.01%, 0.1%, 1%, and 10% concentration. The
strips were covered with 10 ul of gelatin in tested concentra-
tion and dipped into PBS 7.4 and color change of strip into
red was observed after 5 min. Gelatin in 10% concentration
did not allow us to enter buffer to pH sensitive zone and color
did not change into red one while it stayed orange which was
represented by decreasing of color intensity (Figure 3). Color
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(a)

(b)

Figure 1: Tube shaped holder printed by 3D print technology (a) and the holder with a smartphone adjusted on the hole to provide

photographs by an integrated camera.

AChE

Acetylcholine + water + choline + acetic acid

Inhibitor

Ficure 2: pH sensitive method using AChE principle.
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F1Gure 3: Gelatin optimization. Drop in AColor intensity indicates
that pH strip did not change into red color. Error bars represent
standard error of the mean for n = 3. Rc = red channel, Gc = green
channel, and Bc = blue channel.

change into red was held while using gelatin in 1% and less
concentration, but for further measurement 1% gelatin was
chosen just for the better stabilization effect for AChE.
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Ficure 4: Optimization of pH strip incubation time with ATChCI
as a substrate. Error bars represent standard error of the mean for n
=3.

3.2. Time Optimization. Strip with AChE and 1% gelatin was
incubated with 1mM AChCI. Incubation time with AChCI
was observed in 5min intervals from 0 to 30 min. The
biggest color change was held up to 15 min. Over this time
color change was not significant for longer incubation time
(Figure 4).
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Figure 5: Saturation curve for AChE and AChCI as a substrate.
Error bars represent standard error of the mean for n = 3.

3.3. Substrate Measurement. Saturation curve for AChE and
AChCI as a substrate was measured in concentration range
from 0.031 to 1.0mM and K,,; value was calculated as
described above to 54.26 uM (Figure 5) while 73.9 uM was
reported by Xu and coworkers [24]. K,; value however
depends on type of used buffer as proved by Wille et al. using
human AChE isolated from erythrocytes and achieved K,
equal to 714 M in MOPS buffer, 98.2 M in PBS buffer,
0.1mM in Tyrode buffer, and 0.122 mM in Tris buffer when
pH was set to 74 [25]. There are also big differences between
organisms as shown by Shaonan et al. who worked with AChE
isolated from fish species and found out values above 0.1 mM
[26] and by Jiang et al. who reported K to be 63.85 M when
measured with mosquito AChE [27]. Recombinant enzymes
exhibit slightly higher K,; values compared to wild types as
showed in experiments with mice AChE carried out by Boyd
et al. who found out K, to be 46 uM in wild type and 58 uM
for recombinant AChE [28].

3.4. Inhibitors Measurement. AChE is sensitive to neurotoxic
compounds like drugs, nerve agents, or pesticides. Some of
these compounds are widely used in treatment of Alzheimer
disease [29]. Galantamine and donepezil can be examples for
the currently available drugs [30]. We performed calibration
curve of galanthamine in concentration range from 0.156
to 2.5puM with limit of detection calculated to 149 nM
and quantification limit of 0.5 uM was achieved (Figure 6).
Linearity of the assay is limited to 2.5uM when higher
concentrations appeared to be indistinguishable. Comparing
to the standard Ellman’s assay, it is only 10 times higher
detection limit, when 18.3 nM of galanthamine was achieved
in our experiment. From previously published methods
for galanthamine measurement based on AChE inhibition
we can conclude that our method is competitive [21, 22].
Although detection limits are similar, there is advantage in
fabrication time of pH strip with immobilized AChE which
is not time consuming.

74

International Journal of Analytical Chemistry

AColor intensity = 10.15 - logc + 12.92
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Frgure 6: Calibration curve of galanthamine; concentration is given
in logarithm. Error bars represent standard error of the mean for n
=3.
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Frcure 7: Validation of galanthamine assay compared to standard
Ellman’s assay. Error bars for smartphone assay represent standard
error of the mean and for Ellman’s assay standard deviation for n =
3.

Validation of method for galanthamine measurement
was done using standard Ellmans assay with correlation
coefficient of 0.9922 (Figure 7).

Method was verified using murine plasma. Plasma sam-
ples were pretreated by iso-OMPA, selective inhibitor of
butyrylcholinesterase [31], which naturally occurs in plasma
and has ability to split acetylcholine. Then galanthamine was
spiked into plasma samples in appropriate concentrations
and smartphone assay has been performed (Figure 8). For
measurement with plasma PBS buffer had to be replaced by
water, because plasma strongly buffered itself; then PBS buffer
was not required.

In literature, there are plenty of references about determi-
nation of donepezil by chromatography techniques [32, 33].
Likewise, there are electrochemical methods for donepezil
measurement with similar detection limits as our method [23,
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Ficure 8: Verifying of galanthamine assay in plasma samples
compared to standard galanthamine solution. Error bars represent
standard error of the mean forn = 3.
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Frcure 9: Calibration curve of donepezil; concentration is given in
logarithm. Error bars represent standard error of the mean for n =
3.

34] and some spectrophotometric methods for quantification
of donepezil in pharmaceuticals or human plasma [35, 36].
However, no evidence about determination of donepezil via
inhibition of AChE was found. Donepezil calibration curve
was done in concentration range from 0.031 to 0.50 uM and
limit of detection equal to 22.3 nM was achieved while limit of
quantification was found to be 0.2 uM (Figure 9). Also, above
calibration range there is limited linearity. For comparison,
detection limit achieved by Ellman’s assay in this experiment
was equal to 3.82 nM.

Validation of method for donepezil measurement was
performed using standard Ellman’s assay with correlation
coefficient equal to 0.9895 (Figure 10).

Verifying of donepezil in plasma samples was done as
well. Donepezil was spiked in appropriate concentrations
into pretreated plasma samples and smartphone assay was
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Frcure 10: Validation of donepezil assay compared to standard
Ellmans assay. Error bars for smartphone assay represent standard
error of the mean and for Ellman’s assay standard deviation for n =
3.
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Freure 11: Verifying of donepezil assay in plasma samples compared
to standard donepezil solution. Error bars represent standard error
of the mean forn = 3.

performed (Figure 11). PBS buffer was also replaced by water
for reason mentioned in the principle based on pH change
where a strong buffering could interfere. It appears that both
measurements are in a good correlation.

3.5. Organic Solvents. Because AChE activity can be reduced
by organic solvents in small concentration [37], we decided
to consider them as possible interferents in the AChE
based assay. For this purpose ethanol, isopropyl alcohol,
and dimethyl sulfoxide were tested, all in 5% concentration.
Influence of DMSO to AChE activity has been investigated
before and results showed that DMSO slightly decreases
enzyme activity which was confirmed in our work [38].
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TasrE I: Comparison of presented assay with Ellman’s assay and literature.

Detection limit Fabrication time Assay time Necessary equipment
Presented smartphone Galanthamine: 149.1 nM -
assay Donepezil: 22.3 nM Aprox. 1 hour 15 min Smartphone

X Galanthamine: 18.3 nM )

Standard Ellman’s assay Donepezil: 3.82 nM NA 10 min Spectrophotometer
:izc;r[;li’]h otometric Galanthamine: 0.05 nM Aprox. 3.5 hours Aprox. 20 mn Spectrophotometer
Potentiometric assay Galanthamine: 5.4 nM Aprox. 10 hours Aprox. 10 min Elect.rodes,
[22] potentiometer
Square-wave Electrodes,

voltammetry [23] Donepezil: 151 nM

NA

Aprox. 20 min electrochemical analyser

AColor intensity

No inhibition EtOH

IsoPr.  DMSO DOS5SuM G2.5uM

Ficure 12: Method interferences by organic solvents. EtOH =
ethanol, IsoPr. = isopropyl alcohol, DMSO = dimethyl sulfoxide,
D 05uM = donepezil in 0.5uM concentration, and G 2.5uM
= galanthamine in 2.5uM concentration. Error bars represent
standard error of the mean forn = 3.

Ethanol has been reported to decrease AChE activity [37, 39];
however, there is evidence that at low concentration it can
enhance enzyme activity [38, 40]. No activity change against
uninhibited enzyme was observed in our work. Isopropyl
alcohol as well as ethanol can drop AChE activity [41]
which is in agreement with our results. To compare used
inhibitors, donepezil and galanthamine are included in graph
(Figure 12).

4, Conclusion

Here, the presented method proved its ability for deter-
mination of neurotoxic compounds with promising limits
of detection for galanthamine and donepezil, 149 nM and
22.3nM, respectively. Assay was successfully validated to
the standard Ellman’s spectrophotometric test and showed
teasibility of measurement in plasma samples. Additionally,
no specialized equipment and trained personnel are required;
combined with low cost, portability, easy preparation, and
miniaturization are considered as big advantages of the here
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invented method. Comparison of presented method with
standard Ellman’s assay and literature is given in Table 1.
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5.5. Vysledek 5

Adam Kostelnik, Miroslav Pohanka, ,,Superficially bound acetylcholinesterase based on a

chitosan matrix for neurotoxic compound assay by a photographic technique®, Analytical

Letters, 51 (10), 1622-1632, 2018 (IF = 1,206)

Navzdory popularité¢ imobilizaci AChE do membran riznych materiala je imobilizace na
povrch membrany dal§i moznosti imobilizace, ackoliv se publikované prace zabyvaji spise
imobilizaci na komposity nez na samotnou membranu [139-142]. Velmi popularnim
materialem pro povrchovou imobilizaci je derivat piirodniho polymeru chitinu — chitosan, ktery
nabizi na svém povrchu aminové skupiny, jez jsou schopny vazby enzymu bez nebo po
piedchozi aktivaci. Navic diky své biokompatibilit¢ tvoii idealni prostfedi pro enzymovou
imobilizaci [143, 144].

V této praci byla AChE imobilizovina na povrch chitosanu aktivovaného
N-(3-dimethylaminopropyl)-N’-ethylkarbodiimid hydrochloridem pro stanoveni
cholinesterasovych inhibitorti fotografickou detekci. Vyhodou imobilizace AChE na povrch
chitosanové membrany je v pfistupu substratu k aktivnimu centru enzymu. Zatimco v piipade
imobilizace do membrany musi substrat projit materidlem membrany, v ptipad¢ povrchové
imobilizace je enzym pro substrat volné pfistupny a ¢as analyzy tak neni ovlivnén rychlosti
difuze substratu membranou. V této praci byl jako substrat pouzit IA, ktery je AChE rozkladan
na indoxyl, ten se nasledn¢ spontanné oxiduje na modré indigo. Vyhodou pouziti 1A proti
fenolové Cerveni pouzité v piedchozich pracich je v barevném piechodu. Zatimco fenolova
Cervenl V analyze piechazi z ¢ervené do zluté, barevnd zména zbilé do modré je Iépe
kontrolovatelna i pouhym okem a hodi se tak pro semikvantitativni vyhodnoceni Vv piipadech,
kdy neni pouzito mobilniho telefonu. Nevyhodu pouziti IA jako substratu je mala afinita AChE
K nému. Z toho diivodu musela byt pouzita vysoka koncentrace IA a prodlouzen cas analyzy,

aby byla zajiSténa odecitatelnost vysledkd.

Stejné jako v predchozich pracich byla testovana citlivost imobilizované AChE k organickym
rozpoustédlim. Dle o€ekéavani byla aktivita AChE pouzitymi rozpoustédly sniZena, jelikoZ byla
imobilizovdna vné¢ membrany, nicméné ne vyraznéji nez v predchozich ptipadech, coz dobie
demonstruje stabilizaéni vliv imobilizace V pfipadé, kdy je enzym piimo v kontaktu

S rozpoustédlem.
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ABSTRACT ARTICLE HISTORY
Smartphones have become popular in the last decade and they have Received 16 August 2017
been used in analytical chemistry as easy detection systems with Accepted 16 September 2017
comparable parameters to standard laboratory equipment. This work KEYWORDS

focuses on the attachment of enzyme acetylcholinesterase on the  acatyicholinesterase:

previously activated chitosan. Acetylcholine splits the neurotransmit- chitosan: colorimetry:
ter acetylcholine, as a natural substrate, into choline and acetic acid. immobilization;
However, this compound can cleave alternative substrates, e.q., indoxylacetate; inhibitor

indoxyl acetate, which was used in this work. The conversion of the
substrate is blocked or slowed down by inhibitors from which
galantamine and tacrine were tested as model inhibitors with
detection limits of 1.1 and 0.18 uM, respectively. The measurement
procedure was performed on a three-dimensional printed holder
and red-green-blue channels were used for digital photography
evaluation. The method was validated using a standard Ellman's
spectrophotometric assay. We successfully attached acetylcholinester-
ase on the chitosan surface that was used for the inhibitor assay. The
long-term stability of the immobilized enzyme as well as the
sensitivity to organic solvents were also tested. The proposed method
appeared to be suitable for the rapid and inexpensive assay of
neurotoxic compounds.

Introduction

Neurotransmission in cholinergic system is terminated by enzyme acetylcholinesterase that
cleaves neurotransmitter acetylcholine into choline and acetic acid which prevents the
stimulation of acetylcholine receptors (Soreq and Seidman 2001). It is well documented
that the enzyme is sensitive to broad spectrum of molecules like organophosphorus and
carbamate pesticides (e.g., carbofuran, parathion, malathion), warfare agents (e.g., sarin,
soman, VX), anti-Alzheimer drugs (e.g., donepezil, galantamine, rivastigmine), and toxins
(Pohanka 2011; Pohanka 2012b, 2013b). The activity of acetylcholine is assayed mostly by
Ellman’s test using acetylthiocholine as a substrate (Ellman et al. 1961), but there have been
reported methods using alternative substrates as well (Guilbault and Kramer 1965; Rhee
et al. 2003).

CONTACT Miroslav Pohanka @ miroslav.pohanka@gmail.com @ Faculty of Military Health Sciences, University of
Defence, Trebesska 1575, Hradec Kralove CZ-50001, Czech Republic.
Color versions of one or more of the figures in the article can be found online at www.tandfonline.com/lanl.
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The most common method for enzyme immobilization is based on entrapment into
membrane from various matrixes, e.g., gelatin, alginate, and so on. These membranes
are constructed by the sol-gel technique and create a physical barrier for substrate to
the enzyme. Numerous assays based on this procedure have been published so far
(Mogharabi et al. 2012; Kostelnik, Cegan, and Pohanka 2016a; Martinkova and Pohanka
2016). On the other hand, there is the possibility to use groups on the surface of the rigid
membrane. This require activation by glutaraldehyde or imides like N-(3-dimethylamino-
propyl)-N'-ethylcarbodiimide hydrochloride, and the enzyme is chemically attached to the
membrane. Thus, the assay is not limited by the diffusion of molecules through the
membrane barrier. Chitosan is one of these compounds, as it has hydroxy as well as amino
groups on its surface, and thus it is a good candidate for covalent immobilization of a
protein on the surface (Tanriseven and Olger 2008; Singh et al. 2011; Cao et al. 2015).

Smartphones became popular and they are a huge commercial success in the population
in recent years. They have been utilized in many applications in analytical chemistry, where
they are appreciated as low cost and easy-to-use devices without special training
requirements (Shen, Hagen, and Papautsky 2012; Pohanka 2015; Kostelnik, Cegan, and
Pohanka 2017).

In this work, we modified a paper platform by chitosan and attached acetylcholinester-
ase on its surface with N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride.
The enzyme activity was assayed using indoxyl acetate as an alternative acetylcholinesterase
substrate and a smartphone as detection system. We infer that the proposed immobiliza-
tion procedure in combination with the photographic detection provides a reliable tool for
the determination of neurotoxic compounds and would be introduced as a widely available
and cheap approach with properties comparable to more elaborative methods.

Materials and methods
Materials and devices

Acetylcholinesterase (electric ell, activity 21000 U/mg of protein), chitosan from shrimp
shells, N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride, indoxyl acetate,
acetylthiocholine chloride, 5,5 -dithiobis(2-nitrobenzoic) acid, phosphate buffered saline
pH 7.4, galantamine, tacrine, 2-propanol and dimethyl sulfoxide were purchased from
Sigma-Aldrich (St. Louis, MO, USA). Ethanol was supplied from Penta (Prague, Czech
Republic). Filter papers type 1PS were purchased from Whatman (Maidstone, UK). The
color change was observed using Sony Xperia MT27i (device version number 6.0.
B.3.184; Tokyo, Japan) with 5 Mpx camera and a light-emitting diode light. They both
operated under Android system 2.3.7. A three-dimensional printer Prusa i3 (Prusa
Research, Prague, Czech Republic) was also used.

Preparation of three-dimensional printed holder

The holder was in silico proposed in Autodesk 123D Design (open software). The size of
the holder was 80 mm in height, 105 mm in length and 40 mm inner diameter of the tube.
The printing was made using the three-dimensional printer Prusa i3. The setup for the
three-dimensional printer was: acrylonitrile-butadiene-styrene as the material, nozzle
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Figure 1. Three-dimensional printed holder (left) and final setting for photography (right).

temperature of 285°C, bottom temperature of 100°C and individual deposit layer of 0.1 mm
(Figure 1).

Preparation of filter paper with acetylcholinesterase immobilized on the chitosan
surface

Ten milligrams of chitosan were dissolved in 1 ml of acetic acid (0.2 M) with stirring for
30 min. Filter paper was cut into 10 x 30 mm® strips. In total, 10 ul of chitosan solution
were pipetted on one end and dried under standard ambient laboratory temperature
and pressure and artificial light. Another 10yl were added on the same place and
dried overnight. On the dried chitosan spot, 10 ul of N-(3-dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (5g/L) in phosphate buffered saline were added and
washed with 3 ml of phosphate buffered saline after 1 h of incubation. The material was
dried and 10 pl of acetylcholinesterase (activity for acetylthiocholine was set to 28 U)
was added for another 1h and again washed with a mild stream of phosphate-buffered
saline with a total volume of 3 ml. The prepared filter paper was used immediately in
the assay or stored at 4°C.

Smartphone assay

Before the assay, 40 pl of indoxyl acetate solution in ethanol (100 mM) were added on the
second end of the cut of paper with dried chitosan and acetylcholinesterase and ethanol
were allowed to evaporate. The paper with indoxyl acetate should be added freshly before
smartphone assay, otherwise it would transform into a pink degradation product and the
assay was inefficiently performed. The assay was started by the addition of 40 pl of
phosphate buffered saline or an inhibitor solution and both ends were folded and pressed
together for 1 h. The liquid between both ends was not squeezed out, otherwise it would
dry and both ends would stick together which would debase the whole assay. After the
reaction, the filter paper was unfolded, excess medium was gently drained out, and a
picture of paper was taken by the smartphone camera located on the three-dimensional
printed holder. The holder purposely excluded external light and the internal light was
on. This setting improved the reproducibility of the assay and also limited the impact of
white balance in the camera because half of the photography was created by the black
holder and the other half by the filter paper. The assay is based on the conversion of
indoxyl acetate by acetylcholinesterase into acetic acid and indoxyl, which then undergoes
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Figure 2. Principle of colorimetric reaction based on indoxyl acetate.

spontaneous oxidation into indigo blue, which provides blue coloration of the solution
(Figure 2). This color change was observed in all red—green-blue channels; however, the
most suitable was the red.

Ellman’s assay

A standard Ellman’s spectrophotometric assay was used for validation and was performed
as follows: 400 ul of 5,5 -dithiobis(2-nitrobenzoic) acid (1 mM), 25 pul acetylcholinesterase,
475 ul phosphate buffered saline, and 100 pl of acetylthiocholine chloride (10 mM). The
absorbance was measured immediately after addition of substrate and then after 2 min
of reaction.

Data processing

The color values were obtained by photography processing in GIMP 2.8.16 (open source
software) using color picker function and the red-green-blue channels were analyzed.
Because the data were collected in standard jpg format which has eight bits, values of
color depth from 0 to 256 can be expected. The A color depth was then calculated as
the difference between color values before and after reaction. The limit-of-detection was
calculated as the signal-to-noise ratio equal to three. Calibration curves and correlations
were prepared in the Origin 9 Software (OriginLab, Northampton, MA, USA). The
Michaelis constant was calculated in Origin using the non-linear Hill function with
coefficient of cooperativity n= 1.

Results and discussion
Chitosan layers and percentage optimization

For assay purposes, chitosan was tested at 0.5, 1, and 2% concentrations and in different
layers (Figure 3). We found out a decrease in activity of acetylcholinesterase with increas-
ing percentage and layers of chitosan. Although the best results were provided by 0.5%
chitosan, we decided to use two layers of 1% chitosan for the further assays because more
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Figure 3. Chitosan layers and percentage optimization. Error bars are for n = 3 with +-standard error of
the mean.

binding sites on the surface were offered. Alternatively, it is possible to use other layers and
concentrations of chitosan, apart three layers of 2% chitosan, where a big drop in the ability
to bind enzyme was obtained. It is perhaps steric problem when the medium is too dense
that groups are limp and unavailable for bonding.

Immobilization of acetylcholinesterase on the chitosan surface

Acetylcholinesterase was immobilized on the chitosan surface with N-(3-dimethylamino-
propyl)-N'-ethylcarbodiimide hydrochloride. There are proposed two possible mechanisms
how the bond between chitosan and acetylcholinesterase is created: (1) amino groups in
chitosan and carboxy groups in enzyme or (2) hydroxy groups in chitosan and amino
groups in enzyme. There is sorption of acetylcholinesterase on the chitosan surface as seen
from the results. However, using N-(3-dimethylaminopropyl)-N -ethylcarbodiimide
hydrochloride provided approximately 25% better results, likely due to the bond between
chitosan and acetylcholinesterase. It is difficult to quantify the Michaelis constant value as
excess of substrate is needed for assay function, and therefore substrate curve cannot be
construct. There is a decrease in the Michaelis constant, when enzyme is physically/
chemically immobilized into/on the membrane, which is common and in agreement with
already published papers (Gabrovska et al. 2008; Kostelnik et al. 2017). The decrease in
Michaelis constant is approximately 29% compared to the native enzyme, which was left
to dry on the bare surface of the paper platform (Figure 4). We also tested albumin as a
potential matrix for acetylcholinesterase immobilization but this material appeared to be
inapplicable because it was immediately dissolved in used buffer in the N-(3-dimethylami-
nopropyl)-N'-ethylcarbodiimide hydrochloride activation step.

Inhibitor measurements

The sensitivity of acetylcholinesterase to neurotoxic compounds (pesticides, drugs,
warfare agents) can be used in construction of acetylcholinesterase-based biosensors
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Figure 4. Immobilization of acetylcholinesterase. Error bars are for n= 3 with +standard error of the
mean. With/without N-(3-dimethylaminopropyl)-N -ethylcarbodiimide hydrochloride (EDC) = immobilization
with/without using EDC, without acetylcholinesterase (AChE) = negative control (no AChE used for
immobilization).

(Pohanka 2013a). Galantamine and tacrine are drugs for Alzheimer’s disease treatment
(Colovi¢ et al. 2013), although tacrine was banned from use due to a broad spectrum of side
effects. However, this compound is still useful as a model molecule in acetylcholinesterase-
based biosensors construction.

We decided to use tacrine for the comparability with the other studies. We obtained a
galantamine calibration curve for immobilized acetylcholinesterase in concentration range
from 0.97 to 15.6 uM (Figure 5). Validation of the assay was done using the standard

30 T

A Color depth
7

15 - ik N

T
0 5 10 15
Galantamine (uM)

Figure 5. Galantamine calibration curve performed with immobilized acetylcholinesterase on the
chitosan surface. Correlation coefficient is 0.9979. Error bars are for n =3 with +standard error of
the mean.
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Figure 6. Galantamine assay validation. Correlation coefficient is 0.9959. Error bars for the smartphone
assay are for n = 3 with +standard error of the mean and for Ellman’s assay for n = 3 with £standard
deviation.

Ellman’s test (Figure 6). A calibration curve in range from 0.25 to 1.5 pM was obtained for
tacrine (Figure 7) and for validation we used Ellman’s test (Figure 8). Detection limits were
1.1 uM for galantamine and 0.18 pM for tacrine.

There are more sensitive methods for galantamine determination (White, Andrew
Legako, and James Harmon 2003; Cuartero et al. 2013), but similar results were achieved
as well (Rhee et al. 2003). Tacrine was also assayed with more sensitive methods (Pohanka
and Vlcek 2014; Kostelnik, Cegan, and Pohanka 2016a), but comparable results was
obtained (Bollo et al. 2000). However, the present method has some benefits compared

30 4
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i

0.5 1.0 1.5
Tacrine (uM)

Figure 7. Tacrine calibration curve performed with immobilized acetylcholinesterase on the chitosan
surface. Correlation coefficient is 0.9974. Error bars are for n = 3 with £standard error of the mean.
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Figure 8. Tacrine assay validation. Correlation coefficient is 0.9481. Error bars for the smartphone assay
are for n =3 with Lstandard error of the mean and for Ellman’s assay for n=3 with Lstandard
deviation.

to the aforementioned methods that are time consuming and require expensive laboratory
equipment, furthermore portability, and long stability (see below). The ability to use the
method in field conditions by an unskilled worker equipped only with a smartphone is
a major advantage.

Organic solvents

Organic solvents are known for their ability to influence assays based on acetylcholines-
terase; thus it is important to keep their percentage in reaction medium as low as possible
(Pohanka et al. 2013). We tested three organic solvents, ethanol, 2-propanol and
dimethyl sulfoxide for assay interference. All solvents were present at the 5% concen-
tration (Figure 9). Both alcohols appeared to inhibit acetylcholinesterase as reported
many times before (Andreescu et al. 2002; Pohanka, Adam, and Kizek 2013; Kostelnik,
Cegan, and Pohanka 2016b). Dimethyl sulfoxide was reported for acetylcholinesterase
inhibition (Solna et al. 2005), as we confirmed in this work, and it has larger effects than
the alcohols.

Long-term stability

As seen from the results, acetylcholinesterase immobilized on the chitosan membrane
is stable for 1 month. The activity of acetylcholinesterase varied during the observation
period. The maximum activity was reached after 4 days, likely due to maturation of the
chitosan membrane. Aging of chitosan was studied before and results indicated structural
changes (Bodek and Bak 1999), which probably occurred here as well. Therefore we suggest
that acetylcholinesterase on the chitosan surface became more accessible for the substrate
after membrane aging (Figure 10). There are reports where authors achieved long stability
after enzyme immobilization into the membrane (Ricci et al. 2003; Pohanka 2012a), though
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Figure 9. Influence of organic solvents to acetylcholinesterase immobilized on the chitosan surface.
Error bars are for n = 3 with +standard error of the mean. NS = no solvent (phosphate buffered saline
used only), 2-prop = 2-propanol, EtOH = ethanol, DMS0 = dimethyl sulfoxide.
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Figure 10. Long-term stability of acetylcholinesterase immobilized on the chitosan surface. Error bars
are for n = 3 with Lstandard error of the mean.

the stability of a superficial immobilized enzyme was investigated and long stability was
reported as well (Cao et al. 2015).

Conclusion

We successfully attached acetylcholinesterase on chitosan using N-(3-dimethylaminopro-
pyl)-N'-ethylcarbodiimide hydrochloride and performed calibrations for two model
inhibitors galantamine and tacrine, with detection limits of 1.1 and 0.18 puM, respectively.
The method was successfully validated to the standard Ellman’s spectrophotometric proto-
col. Long stability, low cost, easy preparation, portability and easy detection are considered
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to be the main advantages of the present method. Additionally, when a smartphone is
absent, the assay can be still easily controlled by naked eye, when color change from white
to blue is highly visible, compared to color changes from white to yellow.
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Adam Kostelnik, Alexander Cegan, Miroslav Pohanka, ,,Anti-Parkinson drug biperiden
inhibits enzyme acetylcholinesterase®, BioMed Research International, vol. 2017, 2017
(IF = 2,583)

Pocitatové modelovani neboli in silico je dilezity nastroj pouzivany pro zjisténi potencialnich
interakci cilové struktury s ur€itym typem ligandu. Hojné se pouzivd napf. v proteinovém
inzenyrstvi nebo ve farmaceutickém primyslu v pfipravé novych 1é¢ivych preparatt. Pro ucely
in silico je v dne$ni dobé mozné sahnout do proteinovych databazi jako napf. UniProtKB,
Protein Data Bank (PDB), Protein Structure Classification Database (CATH) atd., ¢imz se
eliminuje naro¢na experimentalni ¢ast, ktera je k ziskani proteinovych struktur potiebna [145].
Pro potieby této prace byla proteinova struktura AChE pievzata z databaze PDB, struktury,
které v této databazi najdeme, jsou z pievazné vétSiny vytvoreny rentgenovou krystalografii,
nuklearni magnetickou rezonanci nebo elektronovou mikroskopii [146], coz jsou zaroven

nejcastéji pouzivané metody Vv této oblasti.

Ackoliv je biperiden (Akineton®) pouzivan pti 1é¢b& parkinsonismu [147] a uplatiiuje se
I v terapii kie¢i pii otravach cholinesterasovymi inhibitory [148, 149], o jeho interakci se
samotnou AChE nejsou k dispozici zadné informace. Proto byla interakce AChE-biperiden
Vv této praci zkouména blize. Pro lepsi pochopeni interakce a ziskani vice dat byla nejprve
provedena experimentalni studie, kterd méla za kol zjistit, jaky inhibi¢ni mechanismus se pfi
interakci AChE-biperiden uplatiiuje. Odhalen byl akompetitivni inhibi¢ni mechanismus, ktery
je v kontextu cholinesterasovych inhibitort a inhibitor obecné velmi unikatnim typem, jelikoz

cholinesterasové inhibitory piisobi vétsinou nekompetitivnim mechanismem [150].

Dle nasich vysledki se interakce biperidenu s AChE odehrava v jejim perifernim anionickém
misté. Je nutno dodat, Ze se jedna o in silico predikci, a bude proto potieba tuto interakci
v budoucnu ov¢tit sestavenim krystalografické struktury. I kdyz se biperiden ukazal jako slaby
inhibitor AChE, jeho struktura by v budoucnu mohla poslouzit v syntéze u¢inng&jsich derivati,

a tim k 1écbé Alzheimerovy nemoci ¢i dalSich neurodegenerativnich poruch.
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Biperiden is a drug used in Parkinson disease treatment and it serves also as an antiseizures compound in organophosphates
poisoning. It acts as antagonist of muscarinic receptor activated by acetylcholine while the enzyme acetylcholinesterase (AChE)
cleaves acetylcholine in synaptic junction into choline and acetic acid. This enzyme is inhibited by various compounds; however
there has not been proposed evidence about interaction with biperiden molecule. We investigated this interaction using standard
Ellman’s assay and experimental findings were critically completed with an in silico prediction by SwissDock docking software.
Uncompetitive mechanism of action was revealed from Dixon plot and inhibition constant (K;) was calculated to be 1.11 mmol/l. The
lowest predicted binding energy was —7.84 kcal/mol corresponding to H-bond between biperiden molecule and Tyr 341 residuum
in protein structure of AChE. This interaction seems to be further stabilized by 7r-7 interaction with Tyr 72, Trp 286, and Tyr 341.
In conclusion, biperiden appears as a very weak inhibitor but it can serve as a lead structure in a pharmacological research.

1. Introduction

Termination of neurotransmission in cholinergic nerves or
neuromuscular junctions is done by an enzyme AChE. Mech-
anism of action is in cleaving of acetylcholine, neurotrans-
mitter interacting with acetylcholine muscarinic receptor
(mAChR) and nicotinic receptor (nAChR) [1, 2]. AChE is
a target for many toxic compounds like organophosphorus
and carbamate pesticides (e.g., parathion, malathion, and
carbofuran), warfare agents (e.g., sarin, soman, and VX), or
some toxins like aflatoxin Bl [3-7]. Big and important group
of AChE inhibitors is created by anti-Alzheimer drugs as
donepezil, galantamine, rivastigmine, or huperzine A [8-10].

Biperiden also known under tradename Akineton®,
a compound with proper chemical name alpha-
bicyclo[2.2.1]hept-5-en-2-yl-alpha-phenyl-1-piperidinepropan-
ol (Figure 1), is an anticholinergic drug used in treatment of
Parkinson disease and neuroleptic-induced extrapyramidal
motor side effects [11]. It acts as a muscarinic receptor
antagonist with high affinity for the M1 muscarinic receptor
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[12]. Furthermore, it can be used as antiseizures compound
in poisoning by organophosphates [13, 14].

Despite the fact that biperiden is used in therapy of
parkinsonism, there is no evidence about possible interaction
with AChE itself. Some structural motives in the biperiden
resemble another AChE inhibitor, compound known as
huperzine A. The fact leads us to the idea that biperiden can
actas inhibitor and we hypothesize a possible interaction with
AChE.

2. Material and Methods

2.1. Chemicals. Acetylcholinesterase as lyophilized powder
(electric eel, activity = 1000 units/mg of protein), ace-
tylthiocholine chloride, 5,5'-dithiobis(2-nitrobenzoic) acid
(DTNB), and phosphate buffer saline (PBS) 7.4 were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). Biperiden
lactate (5 mg/ml) in one-milliliter ampules was obtained from
Knoll AG (Ludwigshafen, Germany). Deionized water was
prepared by Aqua Osmotic device (Tisnov, Czech Republic).
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FiGure 1: Chemical structure of biperiden molecule.

2.2. Enzymatic Assay with Biperiden. Ellman’s method was
chosen for the enzyme activity assay and it was performed
as follows: 400 pl of DTNB, 25 pl of AChE, 375 ul of PBS 7.4,
100 ¢l of PBS 74 or biperiden, and 100 pl of acetylcholine
chloride were pipetted into standard spectrophotometric
cuvette. Absorbance was measured immediately after addi-
tion of substrate and then after 2 min of reaction. Enzyme
activity was then calculated using extinction coefficient for
5-thio-2-nitrobenzoic acid & = 14,1501 x mol™ x ecm™ [15].
Concentration of biperiden was calculated to whole volume
of reaction medium in cuvette.

2.3. Data Processing. Dixon plot was created in Origin soft-
ware (OriginLab, Northampton, MA, USA). K, for uncom-
petitive inhibition was calculated from Dixon plot as follows:
Slope = 1/V.. x K;. V.., for AChE was obtained experi-
mentally (as described in previous section) and calculated in
Origin software (OriginLab, Northampton, MA, USA) using
nonlinear Hill fitting with coefficient of cooperativity n = 1.

2.4. Docking of Biperiden to AChE. SwissDock server (Swiss
Institute of Bioinformatics, University of Lausanne, Switzer-
land) was used for in silico prediction of the lowest free
binding energy. The calculation was running online (accessi-
ble from http://www.swissdock.ch/) in the Internet browser.
Crystal structure of AChE (1C2B) [16] was taken in PDB
format and biperiden ligand in ZINC format as required for
calculation [17]. UCSF Chimera 1.11.2 software was used for
visualization of the results and creating 3D images.

3. Results and Discussion

Biperiden proved to be inhibitor of AChE as seen from the
results. From Dixon plot, uncompetitive mechanism of AChE
inhibition was revealed (Figure 3). This type of inhibition is
very rare and it is more probable for multifold substrate reac-
tions. More typical mechanism for AChE is noncompetitive
or competitive inhibition [18]. K; for biperiden and AChE was
calculated to be 1.11 + 0.20 mmol/l, which equals IC;; in this
type of inhibition [19]. Figure 2 is displaying saturation curve
from which V. for K; calculation was obtained as described
above. Data obtained from experiment are summarized in
Table 1.

Interaction of biperiden with AChE was studied using
SwissDock server. The lowest binding energy AG was equal
to —7.84 kcal/mol and corresponds to interaction between
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TasLE 1: Data from inhibition assay.

Substrate Slope (s x 1 fmolg) Interception Correlation
(mM) P (s/mol) coefficient
1.0 130 x 10° 1.60 x 10° 0.9647
0.50 1.55 x 10° 1.75 x 10° 0.9978
0.25 1.87 x 10° 2.05 x 10° 0.9965
50 %107 s —
-
_ 40%x107 7
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Ficure 2: Saturation curve for AChE and acetylthiocholine as a
substrate. Error bars indicate standard deviation for n = 3.
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Frcure 3: Dixon plot for AChE with different concentrations of
substrate (indicated above each line). Error bars indicate standard
deviation forn = 3.

biperiden and peripheral anionic subsite. In the lowest
energy, there is predicted H-bond between hydroxyl group
in biperiden molecule and O atom in Tyr 341 (2.24A).
This seems to be stabilized by -7 interaction of benzene
ring in biperiden with aromatic amino acids of peripheral
anionic subsite Tyr 72 (3.43 A), Trp 286 (3.18 A), and Tyr
341 (3.05A) (Figure 4). As seen from the quoted papers
[20, 21], T-shape geometry (or face to age) interaction is
the most common between two aromatic systems and it
was found to be most abundant interaction in present work.
On the other hand, face to face interaction is very rare
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TasLE 2: Found results about biperiden interaction with AChE.

Parameter

Findings

Mechanism of inhibition
Inhibition constant (equal to IC,, in this kind of inhibition)
Predicted binding energy AG

Predicted interactions

Uncompetitive
111 = 0.20 mmol/1
—7.84 kcal/mol

H-bond: Tyr 341
sr-mt interaction: Tyr 72, Trp 286, Tyr

Phe 338

Frcure 4: Possible interaction of biperiden with AChE. Atom color:
white = H, grey (in AChE) or light blue (in biperiden) = C, blue =
N,and red = O.

due to electrostatic repulsion and it was not observed in
this study. As bicycloheptenyl contains double bond, it does
not seem to provide any further stabilizing effect. There are
conformational changes in protein structure after binding
of substrate, leading to decrease of the distance between
Phe 338 and Tyr 124 as proved works with 4-oxo-N,N,N-
trimethylpentanaminium (acetylcholine analogue) [22]; thus
these residues could become active in interaction with this
double bond in bicycloheptenyl structure. Conformational
changes are fundamental and would explain uncompetitive
mechanism of inhibition. Nevertheless, this interaction is
alleged and more investigation should be done prior to
this conclusion. Results from experiment are summarized in
Table 2.

There is another possible interaction followed with release
of free binding energy AG = —7.58 kcal/mol, where H-bond
(2.24 A) is also predicted between biperiden hydroxyl and O
atom in Tyr 341. Additionally, further stabilization seems to
be provided by 7-7 interaction of benzene ring in biperiden
with Trp 286 (3.18 A), Tyr 341 (3.96 A), and Phe 338 (4.01 A) in
peripheral anionic subsite and cation-rr interaction with Tyr
124 (5.84 A) of AChE (Figure 5).

Biperiden was shown to be weak inhibitor of AChE.
For example, most common used cholinesterase’s inhibitors
like tacrine or donepezil are, respectively, almost 18,500
times and 300,000 times stronger inhibitors of AChE than
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341
[ Tyr 124
— >
L.Q%J

Phe 338

Ficure 5: Possible interactions of biperiden with 3-anionic site of
AChE. Atom color: white = H, grey (in AChE) or light blue (in
biperiden) = C, blue =N, and red = O.

biperiden [23]. Limited data about biperiden in humans are
available. Presumed plasma concentration of biperiden of
5ng/ml (16 nmol/l) is reached after 1.5 hours when two 2 mg
tablets are taken [24]. Typical daily dose is ranging between 2
and 8 mg [25, 26]. However, for causing significant decrease
of AChE activity, 342 ug/ml (1.1 mmol/l) is needed as we
found out in present work; this means approx. 14 pmol/l
for average weight person (80kg). For humans LD, is
not available; for animal models, for example, for rats it is
750 mg/kg (orally); it is approx. 3.0 umol/l in molar scale.
As seen above, for inhibition effect of AChE almost 69,000
times higher dose compared to therapeutic one is required;
moreover toxic effect is observed at the same level as needed
for causing AChE inhibition. Nevertheless, these results are
only hypothetical. Penetration of biperiden to tissues and
through blood-brain barrier is based on high lipophilicity
and furthermore it is not substrate for efflux transporters
like P-glycoprotein which eliminate drugs back into blood
tlow [27, 28]. At peak concentration of biperiden in plasma,
there is approx. 26% occupancy of mAChR in human brain
[26]; however no evidence about molar levels in cerebrospinal
tluid was found and hence more investigation could be done
this way. On the other hand, cerebrospinal fluid levels of,
for example, donepezil, were observed [29] and recently
changes in concentration between doses were evaluated [30].



Although biperiden is weak inhibitor of AChE and seems
to be toxic in high doses, future research based on similar
structure derivatives could open interesting direction of
AChE inhibitors synthesis and thus in Alzheimer or another
neurodegenerative disease treatment.

4, Conclusion

Biperiden was revealed to be inhibitor of AChE in our
experiment. However, in comparison with standardly used
inhibitors, biperiden is weak inhibitor of AChE; K; was
calculated to be 111 mmol/l. In real conditions concentration
is too low to cause significant inhibition effect; however in
high doses it could become toxic. Future perspectives are seen
in further investigation of similar derivatives which could
create direction in AChE inhibitors research.
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5.7. Vysledek 7

Adam Kostelnik, Miroslav Pohanka, ,Inhibition of acetylcholinesterase and

butyrylcholinesterase by a plant secondary metabolite boldine”, BioMed Research
International, vol. 2018, 2018 (IF = 2,583)

Cholinesterasy jsou znamy pro svou citlivost k riznym inhibitorim. Jeden z trendd vyzkumu
novych cholinesterasovych inhibitort se ubird smérem K inhibitorim pfirodniho pvodu.
Prevazné se jedna o inhibitory AChE z divodu hledani novych inhibitort pouzitelnych v 1é¢bé
Alzheimerovy nemoci. Takovych ptirodnich struktur byla v minulych letech identifikovana
cela fada, casto s velmi slibnymi vysledky, v¢etné dnes pouzivanych inhibitorti jako napf.

galantamin ¢i huperzin A [151, 152].

Rozdily v aktivnim misté¢ AChE a BChE ptedurcuji jejich citlivosti k riiznym typtim inhibitort.
Uzké hrdlo slozené s aromatickych aminokyselin pii vstupu do aktivniho centra AChE ji
poskytuje vétsi odolnost vici inhibitorim o vy$si molekulové hmotnosti, u BChE je tomu
naopak. Také zalezi na mistu, ve kterém se inhibice uplatiiuje, v kontextu piirodnich latek
(vylou¢ime-li ptirodni karbamaty) se to u cholinesteras déje bud'to v anionickém nebo
perifernim anionickém misté. V této praci byl zkouman vliv rostlinného aporfinového alkaloidu
boldinu na ob¢ cholinesterasy. Ten byl v diivéjsi praci oznacen za inhibitor AChE a inhibi¢ni
konstanta naznacovala slibny inhibi¢ni potencial [153], nicméné nebyl zkouman jeho vliv na
BChE a inhibi¢ni mechanismus. V nasich podminkach se ale publikované hodnoty inhibi¢ni
konstanty ovétit nepodatilo a ziskané vysledky byly n€kolikanasobné vyssi, mozné divody jsou

diskutovany v publikaci.

Jiz z experimentalné ziskanych inhibi¢nich konstant 1ze usuzovat na misto pisobeni inhibitoru.
Vzhledem ktomu, ze inhibicni konstanty nabyvaji prakticky stejnych hodnot, inhibice
pravdépodobné probiha v anionickém misté, jelikoZ periferni anionické misto v BChE je mén¢
vyvinuté. Nekompetitivni mechanismus inhibice tvofil dalsi voditko smérem K inhibici v tomto
misté, jelikoz se nekompetitivni inhibitory vazi pravé zde [150]. Struktura boldinu byla
modelovana metodou in silico na zaklad¢ jiz publikovanych vysledkti podobnych aporfinovych

derivatd [154] a inhibice v anionickém misté byla podle o¢ekavani potvrzena.
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Acetylcholinesterase (AChE) and butyrylcholinesterase (BChE) are two enzymes sensitive to various chemical compounds having
ability to bind to crucial parts of these enzymes. Boldine is a natural alkaloid and it was mentioned in some older works that it can
inhibit some kinds of AChE. We reinvestigated this effect on AChE and also on BChE using acetyl (butyryl) thiocholine and Ellman’s
reagents as standard substances for spectrophotometric assay. We found out IC,, of AChE equal to 372 ymol/l and a similar level to
BChE, 321 pmol/l. We conclude our experiment by a finding that boldine is cholinesterase inhibitor; however we report significantly
weaker inhibition than that suggested in literature. Likewise, we tried to investigate the mechanism of inhibition and completed it

with in silico study. Potential toxic effect on cholinesterases in real conditions is also discussed.

1. Introduction

Cholinesterases are enzymes splitting esters of choline.
We distinguish two enzymes belonging to the group of
cholinesterases, AChE which is presented in nervous system
and terminates neurotransmission and BChE occurring in
serum but the particular function of the enzyme remains
undiscovered [1, 2]. They are sensitive to broad spectrum
of molecules; many of them have artificial origin (e.g.,
organophosphate and carbamate pesticides or nerve agents)
[3]. Research on natural inhibitors which brought substances
like physostigmine or galantamine was started long time ago,
lately their synthetic versions were also introduced [4, 5].
Boldine, in chemical terminology (S)-2,9-dihydroxy-1,10-
dimethoxy-aporphine (Figure 1), is a natural alkaloid with
reported antioxidant activity. It was isolated from dozens of
plant species from Monimiaceae and Magnoliaceae [6, 7] and
recently it was reported to inhibit AChE with IC;, equal
to 8.5 umol/l [8]; thus it could be potential cholinesterase
inhibitor. In this work, we reinvestigated its effect on AChE
and also BChE and calculated ICs;, for both of them. We
tried to propose mechanism of interaction of boldine with
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both cholinesterases as no evidence in literature about this
interaction was found. Discussion of potential toxic effect in
real conditions is also given. We hypothesize that boldine
would serve as a structure for pharmacology research and,
furthermore, boldine would act as a multitarget toxin. Unfor-
tunately, data about boldine impact on targeted receptor site
are scattered. We decided to investigate interaction between
boldine and AChE in higher details than currently available.

2. Material and Methods

2.1. Chemicals. Acetylcholinesterase human, recombinant
(expressed in HEK 293 cells, lyophilized powder, >1000 U/mg
protein; activity for acetylthiocholine chloride was set to
64 U), butyrylcholinesterase from human serum (lyophilized
powder, =50 U/mg protein; activity for butyrylthiocholine
was set to 14 U), boldine (CAS 476-70-0), acetylthiocholine
chloride (ATChCI), butyrylthiocholine iodide (BTChI)
5,5'-dithiobis(2-nitrobenzoic) acid (DTNB), and phosphate
buffer saline (PBS) pH 7.4 were supplied by Sigma-Aldrich
(St. Louise, MO, USA); ethanol was purchased from Penta
(Prague, Czech Republic).



FIGURE I: Structure of boldine.

2.2. Enzyme Activity Assay. AChE activity was assayed, as
triplicate, in standard spectrophotometric cuvette in follow-
ing way: 400 ¢zl DTNB (Immol/l), 25 ul AChE, 450 sl PBS,
and 25 pl boldine ethanolic solution, and reaction was started
by 100 pil of ATChCI (10 mmol/l). Absorbance was measured
immediately and then after 2 min of reaction. BChE activity
assay was performed as follows: 400 ul DTNB, 25 ul BChE,
450 pl PBS, and 25 pl boldine ethanolic solution, and reaction
was initiated by 100 ul of BTChI (10 mmol/l). Difference in
absorbance was measured after 2 minutes.

2.3. Data Processing. Enzyme activity was calculated
from absorbance using extinction coefficient for 5-thio-2-
nitrobenzoic acid & = 14,150 1 x mol ™ x em™ [9]. Dixon plot
was constructed in Origin software (Origin, Northampton,
MA, USA) and K; was then calculated form Michaelis
Menten equations.

2.4. Docking Study. UCSF Chimera (version 1.11.2; developed
by RBVI with support of NIH, University of California, San
Francisco [10]) was used for creating images and molecular
modeling. Human AChE (PDB code: 3LIT [11]) and BChE
(PDB code: 1P0I [12]) were fetched and prepared for docking
using Dock Prep tool (added hydrogens, assigned charges).
For docking, AutoDock Vina tool was then used, and calcu-
lation was run online on Opal server.

3. Results and Discussion

We investigated effect of boldine on both cholinesterases and
found out that it is able to inhibit them. Dixon plot revealed
noncompetitive mechanism of inhibition which is the most
commeon inhibition mechanism for cholinesterases [13]. The
inhibition of AChE by boldine was already investigated and
authors reported 1Cs5, 8.5 umol/l [8]. We found out K; for
boldine and human AChE equal to 372.30 pmol/l and K;
for boldine and human BChE equal to 321.85 umol/l. K;
obtained from Dixon plot is directly proportional to ICs,
(Figures 2 and 3). As seen in figures, our findings are not
in full agreement with previously achieved result because
we found out approximately 40-fold higher IC,, values for
AChE. This difference might be seen in used enzymes, as
we used pure form of human AChE, while in the quoted
paper AChE is not specified, and authors refer to original
paper published by Ellman, who used bovine erythrocyte
cholinesterase [14]. Another difference could be in used
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Figure 2: Dixon plot for AChE and different concentration of
substrate (indicated beside each line). Error bars are for n = 3 +
standard deviation.
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Figure 3: Dixon plot for BChE and different concentration of
substrate (indicated beside each line). Error bars are for n = 3 +
standard deviation.

boldine isomer where hydrogen atom in position 6a gives
two optical forms. We used biologically active (S) isomer
while the cited paper does not contain specification of the
used isomer. Despite the fact that two isomers exist, our
docking results suggest that mentioned hydrogen atom is not
crucial for molecule interaction with the enzyme. From the
aforementioned facts, we claim that boldine is very weak
inhibitor with limited impact for pharmacological research.
From the achieved results, we can also learn that IC, for both
cholinesterases is practically the same. This is suggesting that
inhibition mechanism of boldine towards cholinesterases lies
in inhibition of anionic subsite, as peripheral anionic subsite
in BChE is missing [1]; thus inhibition via this site seems to be
improbable. Data from experiment with both cholinesterases
are summarized in Tables 1and 2.

Docking of boldine to cholinesterases was not found in
the literature; thus we tried to investigate mechanism of this
interaction. Grid box for boldine docking into AChE was
set around Trp 86 and in BChE structure around Trp 82.
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TaBLE 1: Data from AChE inhibition assay.

Substrate (mM) Slope (s x 1/mol?) Interception (s/mol) Correlation coefficient
0.5 3.34 x 10° 6.31x10° 0.9532
0.25 3.97 x 10° 11.64 x 10° 0.9985
0.125 713 x 10° 28.95 x 10° 0.9662
TaBLE 2: Data from BChE inhibition assay.
Substrate (mM) Slope (s x 1/mol?) Interception (s/mol) Correlation coefficient
0.5 454 x10° 9.99 x 10° 0.9983
0.25 5.01 x 10° 14.67 x 10° 0.9924
0.125 5.79 x 10° 34.14 x 10° 0.9988

FIGURE 4: Presumed position of boldine in AChE cavity. Atom color: white = H, red = O, blue = N, grey (in AChE) and green (in boldine) =

C. White line represents hydrogen bond.

Docking showed interaction of boldine with AChE in anionic
subsite, where H-bond (2.050 A) with Asp 74 and OH group
(position 9) was predicted and stabilized via 7z-7r interaction
of Trp 86 and A ring (Figure 4). Similar situation occurred
in BChE, where H-bonds between OH group (position 9)
and Glu 197 (1.958 A) and between OCH; group (position
1) and Thr 120 (2.387 A) were predicted. Stabilization is
provided by -7 interaction of Trp 82 and D ring (Figure 5).
Our results and also previously published docking study of
another aporphine derivates [15] support the aforementioned
idea about inhibition via anionic subsite of the enzymes.
Another clue lies in mechanism, as noncompetitive inhibitors
bind to anionic subsite of the enzyme which can be seen
from examples of other cholinesterases inhibitors like tacrine
and donepezil [13, 16, 17]. Some aporphine derivatives were
reported to exert dual activity towards AChE, when, beside
anionic subsite, interacting also with peripheral anionic sub-
site [18, 19]. Therefore, we checked this possible interaction
and found out H-bond (2.127 A) between OH group (position
2) and Ser 293, stabilized by m-m interaction with Trp 286
and ring A (Figure 6). Facts about boldine interaction with
cholinesterases are summarized in Table 3.

Boldine is contained in various plants, widely used in
Latin America for decades countries and also exported into
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Europe (e.g., Peumus boldus) [20] and it is known as a
low toxic secondary metabolite. This is supported by LDy,
values, as 500-1000 mg/kg (p.o., mice and guinea pigs, resp.)
is necessary to cause half probability of fatal poisoning
[6]. Considering the fact that plasma concentration after
administration of 10 mg/kg (p.o., rats) reaches approximately
1umol/l of boldine in its peak [21], the aforementioned
lethal dose 500 mg/kg would hypothetically reach 50 ymol/l
concentration in the blood or blood plasma. However,
higher concentration is needed for significant decay of AChE
activity. Thus, even lethal dose is not enough to cause
cholinesterase inhibition.

4, Conclusion

Effect of boldine on AChE was reinvestigated, and ICs,
equal to 372.30 ymol/l was found out compared to previ-
ously published 8.5 yimol/l. Thus, we claim that boldine is a
cholinesterase inhibitor but it has very low affinity with the
enzyme and its inhibitory effect reaches very low scale. We
also investigated the effect on BChE (ICy, 321.85 ymol/l) and
it was found to be at the same level as that on AChE. We inves-
tigated inhibition mechanism of boldine to cholinesterases
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TasLE 3: Found facts about boldine and cholinesterases.
— . IC,, (umol/l) by AG (kcal/mol) in ~ Anionic subsite interaction Per.l phgral R
Enzyme Inhibition mechanism 3 B subsite interaction in
spectrophotometry silico in silico silico
—7.6 (a. site) H-bond: Asp 74 H-bond: Ser 293
AChE N s 7230 —6.2 (p. site) m-m: Trp 86 m-m: Trp 286
oncompetitive )
BChE 321.85 97 H-bond: Thr 120, Glu 197 .
m-m: Trp 82

F1GURE 5: Presumed position of boldine in BChE cavity. Atom color: white = H, red = O, blue = N, grey (in AChE) and green (in boldine) =

C. White lines represent hydrogen bonds.

FIGURE 6: Presumed position of boldine in peripheral anionic subsite of AChE. Atom color: white = H, red = O, blue = N, grey (in AChE)

and green (in boldine) = C. White line represents hydrogen bond.

and proposed inhibition mechanism of boldine to AChE by
docking. Results are supported by previously published find-
ings and our experimental data and indicate inhibition via
anionic subsite. We also discussed theoretical effect of boldine
on AChE in real conditions. Considering the conclusions,
boldine appears weak inhibitor of cholinesterases, not well
suited for pharmacological research. On the other hand, its
ability to inhibit cholinesterases is attributed to its biological
effect though the only low manifestation is expected.
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5.8. Vysledek 8 — Stanoveni aktivity cholinesteras pomoci kvantovych tecek
Kvantové tecky jsou polovodicové krystaly nanometrové velikosti, typicky primér se pohybuje
mezi 2 a 10 nm. Krystaly jsou sloZzeny s I az VInebo III az V skupiny prvki periodické tabulky,
navzdory své cytotoxicité zaznamenaly nejvétsi uspéch CdSe a CdTe kvantové tecky. Unikatni
jsou vlastnosti kvantovych te¢ek — Siroké absorp¢ni spektrum a izké emisni spektrum, které
zavisi na jejich velikosti. Diky tomu byly kvantové teCky aplikovany v mnoha oblastech
vyzkumu [155-157].

Fotografickou detekci barevné zmény indikatoru pouzité v pfedchozich pracich je mozné
adaptovat i na detekci fluorescence. V této souvislosti byl zkouman vliv pH na fluorescenci
kvantovych tecek. Pfedpokladem experimentu bylo, Ze se fluorescence kvantovych tecek méni
s klesajici nebo stoupajici hodnotou pH. Proto byl proveden experiment, kde byla do roztoku
orizném pH pfidana stejna koncentrace CdTe kvantovych tecek (1 mg/ml) a sledovana
intenzita fluorescence (Aex = 360 nm). Z vysledku je patrné, Ze aplikace tohoto postupu pro
stanoveni cholinesterasové aktivity neni mozna. Divodem je fakt, Ze zhéaSeni fluorescence
zménou pH se projevuje ve velmi omezené mite zhruba pfi pH 5,5 a jasny rozdil je vidét az pti
pH 3,0 (Obr. 19). Pokud by bylo teoreticky mozné snizit pH enzymovou reakci natolik, Ze by
tato zména byla patrna, dochézelo by k denaturaci samotného enzymu, ktery by se tak vlastné
sam degradoval a enzymova reakce by se zastavila. Prakticky tohoto dosdhnout nelze, optimalni
pH pro funkci cholinesterasy se totiz pohybuje v rozmezi zhruba 6,0-8,0, navic produkovana
kyselina pfi rozkladu acetylcholinu je schopna sniZit pH maximalné v desetinach, coz
samotnému enzymu neublizi. Dal§im diivodem od upusténi aplikace kvantovych tecek pro
stanoveni cholinesterasové aktivity v této diserta¢ni praci byla neptitomnost dostate¢né citlivé

metody umoziujici méfeni fluorescence na pracovisti, kde bylo studium uskuteénéno.
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Obrazek 19. Zhaseni fluorescence kvantovych tecek pifi rizném pH. Zleva: peroxid vodiku (pozitivni kontrola
— zhasi fluorescenci), roztok o pH 3,0, roztok o pH 5,5, roztok o pH 7,4 a roztok o pH 9,0. Nahote roztok
obsahujici AChE po probé&hlé enzymové reakci.
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6. Zavér

Tato disertacni prace shrnuje biosenzory zalozené na cholinesterasach pro detekci
neurotoxickych latek, které byly zhotoveny béhem doktorského studia. Pripraveny byly
biosenzory s chemicky imobilizovanou AChE na magnetickych ¢asticich, ¢imz bylo ptispéno
Kk rozsifeni této problematiky, jelikoz dosud se imobilizaci AChE na povrch pouze
magnetickych c¢astic mnoho praci nezabyvalo. Chemicky nebo fyzikaln¢ byla AChE
imobilizovana v/na membrané z zelatiny a chitosanu, navic v kombinaci s fotografickou
detekci, u které se da piedpokladat, ze v dalSich letech nabyde na vyznamu, jak poroste
dualezitost technologii ve vSech oblastech zivota. VSechny pfipravené biosenzory prokazaly
svou funk¢nost pii stanoveni cholinesterasovych inhibitorti. Rovnéz byly v této praci zkoumany
doposud nepopsané interakce cholinesteras s latkami figurujicimi jako jejich inhibitory, a to

metodou pocitacového modelovani.

Pfipravené biosenzory jsou jednoduchou alternativou k analytickym metodam (piedevsim
chromatografické techniky) detekujici neurotoxické latky. Jejich pouziti l1ze zamyslet v celé
fad¢ aplikaci. Jedna se zejména o analyzy Zivotniho prostiedi, kontrolu potravin, farmaceuticky
prumysl ¢i analyzu biologického materialu. Diky své jednoduchosti, malym rozmértim a s tim
spojené prenosnosti je mozné pouziti i V polnich podminkach mimo dosah laboratofe. Toto
nabizi pfedev§im kombinace s fotografickou detekci, jelikoz mobilni telefon neklade na
obsluhu zadné specialni naroky, a proto ho lze vyuzit i v podminkach malych laboratofi,
ordinaci 1ékafi nebo v domacich podminkach pfimo u pacientova lizka. Pocitacové
modelovani neznamych interakci inhibitort s cholinesterasami tvoii dileZitou Cast této prace.
Zvlasté lze piedpokladat vyuziti interakce biperidenu s AChE. Tato interakce nebyla znama
a mohla by znamenat start ve vyzkumu novych cholinesterasovych inhibitori a vést tak
k potencialnimu objevu novych latek, které najdou své uplatnéni v 1écbé Alzheimerovi nemoci

nebo jinych neurodegenerativnich poruch.
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