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Oxidation of Neurotransmitters on Boron-Doped Diamond Electrode in Physiological
Media
{Oxidicia nervovych prenisacoy na horom dopovanej diamantovej elektrode vo
fyziologickych médiach)

ona Balucho Tichacla P . Anna Eremina * Blanka Horka . Andrew Taylor ",
Jan Fischer *, Jan Kkrisek ©, and Karolina Schwarzova-Peckova '
*Charles University., Faculty of Science, Department of Analytical Chemistry, UNESCO
Laboratory of Environmental Electrochemistry, Albertov 6. 128 00 Prague 2, Czech Republic,
E-mail: simona.baluchovai natur. cuni.cz

¢ of Physics of the Czech Academy of Se a Slovance 2, 182 21 Prague 8,
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* Institute of Physiology of the Czech Academy of Sciences. Videnska 1083, 142 20,
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Abstract

The electrochemical behaviour of two structurally different neurotransmitters. dopamine and
serotonin. in pll 7.4 common biomimicking and tissue culture media. namely in phosphate
buffered saline fered s: d complex Neurobasal media, was studied using an
anodically activated (oxygen-terminated) boron doped diamond electrode, Moreover, the
mfluence of human serum albumin on the anodic potential limits evaluated in buflered
physiological solutions and on the voltammetric behaviour of dopamine and serotonin was
thoroughly investigated.

Key Words: Albumin, Boron doped diamond electrode, DBuffered physiological media,
Dopamine. Serotonin, Surface termination. Voltammetry,

Uvod

Bérom dopovany diamant (BDD) ' oplyva mnozstvom vybomych viastnosti. vratane chemickej
inertnosti, ktord vedie k znizenej nachyInosti voi adsorpeii analytov a interferentoy a pasivic
povrchu . biokompatibility * a dostatoéne Sirokym potencidlovym oknom. predovéel
v anodickej oblasti, Vdaka tymto charakieristikim je BDD s oblubou vyvuzivany i v oblasti
neuro’ . ato ako elektrodovy materidl k citlivej elekirochemickej detel a stanoveniu
nervovyeh prendsadoy o ich metabolitov, ale zarover i ako substrt pre kultiviciu neuronoy *

Rast neuronov na BDD je moZny v prostredi. ktoré mimikuje fyziologické podmienky.
K napodobneniu tychto biologickych podmicnok a pufrovacej aktivity Tudského tela sa

roztoky o fyziologickom pH (7.4) obsahujice pufro lozku a kationy o vhodne)
i pre rast a spriviu Tankeiu nervovyeh bunick. Medzi &asto powivané roztoky
patria fosfatom pufrovany fyziologicky roztok (phosphate mzﬁ'ﬂ red saline. PBS) a HEP
pufrovany fyziologicky roztok (HEPES buffered saline. HBS) °. HBS obsahuje anorganické
chloridy (NaClL KCl. MgCl. CaCl) a D-glukézu. aviak hlavnd zlozka zodpovedni za
pufrovacie vlastnosti je Struktirmne komplexnd zlicenina HEPES (2-[4-(2-hydroxyetyl)
piperazin-1-yljetansulfonova kyselina), ktora obsahuje oxidovateFny piperazinovy kruh ©
Naopak. PBS obsahuje len dihvdrogénfosforeénan sodny a jeho bizu, hydrogenfosforeénan
aCl a KCIL. Pouzitic PBS v biologickych systémoch ma viak nickolko nev
inhibuji nicktoré enzymy (napr. karboxypeptidazu, fumarizu, ureizu. nicktoré
y qzy 1 ivané v biochemickych reakei
s kationmi kovoy, To maze 1 k inhibicii hi:)cllcn]kuk;}uh reaketi, Kloré tieto
%7, Oproti tomu, zwiterrionové N-substituované aminosulfonové kyseliny.

pouFiva
koncentra




vratane HEPES, vykazujii virazne lepdic viastnosti oproti konvené
stabilite, neschopnosti komplexoval’ kovove i
membrinu bunick . Okrem ychto fyziol
kultivacii neurd h kultir vyuziv

vm pufrom vd'aka ich

a velmi obmedzenej permeabilite skrz
h pufrov sa predovsetkym k dihodobej
¥ i komeréne dostupné média  Newrobasal ®';
Sucastou tyehto komplexnych roztokov sii nielen anorganické soli a pufrovacia zlozka. ktori
predstavuje taktiez HEPES, ale i proteinogénne aminokyseliny, vitaminy a d'alsie zlocen
ako D-glukéza, pyruvit a fenolovi cerver. ktoré mézu vyznamnym sposebom ovplyviiov
elektroanalytické merania.

Terminacia povrchu je jednym z hlavnych faktoroy, ktory ma
viastnosti a elektrochemicke spravanie BDD elekuad pri elektroa ze biomolekil. ked'ze
ovplyvnuje kinetiku prenosu clektrinov  anachylnost” k adsorpeii.  H-termindeia  vedie
knepolimym.  hydrofébnym  BDD  povrchom s vyznamnou  povichovou  vodivostou
a negativnou elekironovou afinitou. Naopak. O-terminované BDD elektrody (O-BDD) maji
hvdrofilngé. polame povechy so znizenou vodivastou a pozitivnou elektrénovou afinitou 12,
Konverziu z H- na O-terminovany BDI povreh je mozné previest pomocou anodickej
elektrochemickej akt 131 pri ktorej dochidza k anodickému rozkladu vody za
reaktivaych hydroxylovych radikalov. Tie reaguji s BDD povrchom a zavadzaji nan roézne
kyslikové funkéné skupiny (napr. C-OH, C-0-C, C-0. COOH) ' 1%,

v vplyy na findlne

Cielom tejlo price bolo elektrochemicke 5t
prendgacoy, dopaminu a sérotoninu. v pufrovanyeh fyziologickych roztokoch (pll 7.4) o rézne
komplexnom zlozeni (PBS v vy, Neurobasalové mé na anodicky aktivovanej (O-
terminovanej) borom dopovanej diamantovej elektrode. ato v nepritommosti i pritomnosti
Tudského sérového albuminu (hupian sereom albmin, HSA),

im dvoch Struktime odlisnyeh nervovych

E \p(-rlmenlal.n.l Cast’

¢ chemikilie boli kvality p.a. a boli pouzité bez akéhokol'vek dalsicho &istenia: albumin.
dopamin, sérotonin, chlorid hexasmmmruthenity, HEPES, PBS tablety, Neurobasal médium.
Neurobasal médium bez fenolovej cervene (vietko Sigma-Aldrich, Darmstadt. Nemecko).
chlarid sody xahydrat chloridu horenatého, hexahydrat chloridu vapenatého (vietko Lach-

(vietko Lachema. Brno. C‘R). kyselina sirova. hydroxid sodny (obe Penta. Chrudim. CR).
Deionizovana voda (Millipore Mili plus Q svstém. Billerica, USA). Ktorej rezistivita nebola
mensianez 18,2 MO em. bola pouzita k priprave vietkych vodnych roztokov.

Stidium oxidicie dopaminu a sérotoninu prebehlo v §tyroch pufrova
roztokoch: (1) PBS - rozpustenim PBS tablety v 200 ml deionizovang) vody vz
pH 7.4 = 0.2, Ktory okrem 10 mmol 1! fosfitového pufru obsahoval i sofnu zlozku v padobe
137 mmol I'! Na€Cl a 2.7 mmol I'! KC1. (2) HBS - obsahoval ticto zlozky: 20 mmol I HEPES.
150 mmol 17" NaCL 5 mmol I'" KCL 1.2 mmol I'" MgCls. 2 mmol I CaClz a 5 mmol 1! D-
glukdzu. pll tohto roztoku bolo upravené na hodnotu 7.4 pridavkom 0.3 mol | NaOH. (3)
Neurobasal médium (zlozené z 38 zlicenin) ® a (4) Neurobasal médium bez fenolovej éervene

ol roztok o

Voltametrické merania boli prevedené na pristroji Eco-Tribo Polarograf. Klory bol ovladany
programom PolarPro 5.1 (Eco-Trend Plus. Praha, CR). Bolo wvyuFivané konvenéné
trojelektrodové usporiadanie, s referenénou argentehloridovou elektrodou (Ag/AgCl3 mol 1
KC1). pomocnou platinovou elektrodou (obe Flektrochemické detektory, Turnov, CR). a ako
pracovna elekirdda bola pouzita bud' (i) komeréne dostupnd BDD elektréda o priemere 3 mm
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aploche 7,1 mm’ (BioLogic. Seyssinet-Pariset, Francizsko) s troviiow B/C pri depozicii 500 -
1000 ppm alebo (i) BDD dosticka vyrobend na Fyzikalnom tstave AV CR s droviiou BC pri
4000 ppm ©. Povreh BDD elekirad bol vidy O-terminovany (O-BDD) v d
emickej anodickej aktivicie, kiori bola prevedend v 0.5 mol I'' H2SO4 vkl
kladného potencialu v oblasti anodického rozkladu vody £akr = +2.4 V po dobu r = 20 min.

K voliametrickym experimentom boli vvurivané metody evklicke] voltametrie (CV)
s rychlostou polarizicie povrchu elektrody v = 100 mV diferentne) pulznej voltametrie
(DPV) 8 v = 20 mV s ', uktorej parametre vkladaného pulzu nadobidali hodnat +50 mV pre
ua 80 ms pre dirku pulzu, Medzi jednotlivymi DPV skenmi bol povreh O-BDD élekirody
elektrochemicky reaktivovany priamo v analyzovanom roztoku (Eakr = 2,4 V. 1 = 60 - 300
5).

Visledky a diskusia
Elektrochemicka charakterizacia O-BDD elektrody bola prevedena vyuzitim CV redoxnych
markerov [RufNH3)s]"™ a [FeCNJa] ™ (obao e = 1 mmol ') v 1T mol I KCL 10 mmol 17

PBS o pH 7.4 2 20 mmol I'! IBS opH 7.4. Elektrochemické spravanie [Ru(NHa)e*"** bolo

potvrdili vysoki rychlost prenosu elektronu, Elekirochemické spravanie [Fe(C :
markeru citlivého k stavu povrchu uhlikovyeh elekirod, veitane BDD. bolo odligné ' Vo
vietkyeh troch prostrediach dodlo knarastu ALy (380-830 mV), o indikuje vyrazne pomaldi
prenos elekironov a kvazireverzibilny charakier deja. Jednym z dovodov maze byt o,
povreh O-BDD elekirody nesie ¢iastodne zaporny niboj v dosledku pritommnosti kyslikovyeh
skupin a dochddza tak k elektrostatickej repulzii aniénu [Fe(CNYe ™ od povrchu O-BDD .

Stidium sirky potencidlovveh okien pufrovanyeh fyziologicksch médii na O-BDD odhalilo; ze
vpripade PBS je irka okna v anodickej oblasti limitovand rozkladom vody pri pomeme
vysokom Kladnom potencidli <1.7 V. ¢o je désledok heterogénneho charakteru O-BDD
povrchu ' ', LTHBS je pracovné okno elektrady kratéie 0 0.2 V. pretoe je limitované
elektrooxidiciou vastnej pufrovanej zlozky, H (pri potencidli +1.5 V), kori je v HBS
pritomna vo vysokej koncentracii (20 mmol 1), V pripade oboch Neurobasalovych roztokov
(bez as fenolovou cervenou) dochadzalo K narastu pridu pozadia, Ktore vymedzovalo
pouzitelné pracovné okno elekirody, w2 pri potenciali okelo +1.1 V. av nameranych
evklickyeh voltamogramoch bol pozorovany pik pri potencidli ~ +0.85 V. U véetkyeh medii
sposobil pridavok HSA posun anodickych potencidlovyeh limitov k vyasim hodnotdm, pricom
najdramatickejéi posun bol zaznamenany v Neurobasaloch, zrejme v dosledku adsorpeie a
zablokovania elektroaklivnych miest na povrehu O-BDD elektrody ',

Elektrochemické sprivanie dopaminu a sérotoninu vo fyziologickych roztokoch o pH 7.4 (PBS.
HBS a v oboch Neurobasalovych médiach) bolo skimané pomocou CV (vid Obr. 1) a DPV.
Dopamin sa na O-BDD elektrode oxiduje kvizi-reverzibilne améze poskytovat’ az dva
oxidatne signaly (v losti na studovanom rozsahu potencidlov v anodiche] oblasti), pricom
prvy pik predstavuje oxidiciu dopaminu na dopaminchinén. ktory podlicha spontinne)
intramolekulame; evklizicii za vaniku leukodopaminehromu, Kory je ndsledne oxidovany za
vzniku dopaminchromu (druhy pik) ', Naopak, oxidicia sérotoninu prebicha ireverzibilne. a to
predovietkim z dovodu dimerizicie jeho oxidaéného produktu ', priom tieto vzniknuté
diméry sa uz spitne neredukuji a nie je tak mozné v evklickych voltamogramoch pozorovat’
riadne < piky. Pri opakovanych meraniach bol s Kazdym dalsim skenom pozorovany




\ ! ovali povich O-BDD
elektrody. Pre zaistenie stabilnyeh pridovych hodnét dopaminu bolo dostatoéné mechanické
premicdavanie roztoku medzi jednotlivymi skenmi. avsak v pripade  séroto bolo
nevyhnutng elektrodu anodicky reaktivoval (Eaer = +2.4 V), pricom dizka reaklivicie zavisela
od typu Studovanche [vziologického prostredia (1 60 — 300 s),

s ! ‘e

A

03 00 03 06 T o4 00 o 08 12
E1V vs. AgingCl £V vs AglAgE
Obr. 1. Cyklické voltamogramy (A) dopaminu a (B} sérotoninu (obe o ¢ = 0.1 mmol I'")
namerané v prostredi (1) 10 mmol 171 PBS a (2) 20 mmol 1 HBS {obe o pH = 7.4) na anodicky
aklivovanej O-BDD elektrade.

Nisledne bol Studovany i vplyy pritomnosti albuminu na voltametrické signdly nervavych
prenasadov v prostredi PBS a HBS (obe o ptl 7.4). Po pridavku albuminu deslo v pripade
dopaminu k micmemu posunu oxidadnych potencidlov. o 80 mV., k pozitiviejtim hodnotim.
U sérotoninu bol pozorovany dramatickeld vplyy albuminu na jeho voltametneké odozvy,
keddze doslo nielen k v¥znamnému posunu potencialoy (0 455 mV v PBS a 216 mV v HES) ku
Kladnejsim hodnotim, ale ik \'\raméruu poklesu pridov signdlov, o sfazovalo ich
kvanufikaciu. Pri¢inou tychto pozorova h javoy je adsorpein albuminu na povreh O-BDD,
ktora brim difizii molekil dopaminu a sérotoninu k elektroakliviym miestam na povrehu
elekirody a spomaluje tak kinetiku prenosu clekironoy *13

Zaver

V ramei tejto price bolo preskimané elektrochemicke spravanie dvoch nervovyeh prendsacov.
dopaminu a sérotoninu. v pulm\'m\:h fvziologickyeh roztokoch s réznou komplexnostou
Zlozenia kim’ 83 fvaj lxllllluam neuronov Vuimmunch t.lmvamc

jim unikdtnym \'Iaslnualium pnu?l'\'a nielen k e]cklru:hmmckcj dete ale
m kandidatom pre samotny rast neuronov. Tato Stodia odhalila. Ze vol'ba
fyzologického meédia ma virazny vplyv na voltametrické odozvy dopaminu
amusi byt preto starostlivo zvazovand, Ziskané vislodky tak prispic
biokompatibilnyeh BDD povichov a ich in-vitre & in-vive aplikaénych moznosti mc]tn
v elektroanalyze. ale i v neurovedach,
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Electrochemical Properties of Flat Boron Doped Diamond Surfaces
(Elektrochemické vlastnosti borem dopovanych diamantu s hladkymi povichy)
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Abstract

Conventionally used boron-doped diamond (BDD) pos s polyerystalline  structure.
resulting from the BDD deposition on diamond nanoparticles serving as growth centres, In this
contribution, electrochemical properties of rough polyerystalline BDD were compared with flat
BDD surfuces, The latter were attained by (1) BDD deposition on diamond monoerystals and
(i1) chem-mechanical polishing of pulunslalllm BDD. The electron transfer (ET) Kinetics was
studied using cyclic voltammetry and various redox markers. Clearly. ET is dependent on the
doping level. and in the ¢ of (i), another factor influencing ET is the diamond crystal
orientation, In general, oblained results indicate that the studied flat BDD surfaces exhibit
enhanced ET kinetics. compared to rough polverystalline diamond surfaces.

Key Words: Boron doped diamond electrode. Cyclic voltammetry. Electron transfer kinetics,
Hydrogen-terminated surface, Redox markers, Surface roughness.

t (BDD) se po ticeti Tetech studia a pouzivini v elektroanalytickyeh
oblibené elektrodové materi. je podminéno i jeho knmermt
dostupnosti "% Nieméné mnohé aspekty vztahu mezi pndnnnLJnu depozice, morfologii BDD
povrehu '[J-.hu termi afyzikilnimi a clekirochemickymi  viasinostmi  jsou  stale
neobjasnéné. lolu ) wpl z heterogenniho charakteru jeho struktury. ktery je dan inkorporaci
charakterem s mnozsivim krystalickych rovin ahran a strukturnimi

pii piipravé jednou z variant chemicke depozice par (CVD) na vhodny
i komplikaei je variabilita terminace BDI povrehu, kdy Klasicky H-terminovany
skany pii depozici vykazuje nestabilitu na vzduehu . Je sice mozno jej lehce preménit
ou oxidaci na O-terminaci vykazujici piitomnost kyslikatveh funkénich skupin (-C-OH.
L =C=0, -COOM)**, H-terminované povrehy ziskané zpétnou konverzi viozenim
negativniho potencidlu & proudu viak éasto vykazuji
potieba providét opakovang !, Tetim pristupem k tpravé BDD povrehu zdstivd jednoduché
lesténi na aluminé & jiném materialu mékéim nez diamant, kdy z principu musi dochizet
k odstranéni sp® uhliku a navazanych funkénich skupi phlummch na povrchu BDD. ]
proces milze vést ke zryehleni kinetiky prenosu elekironii ©. jak bylo prokizino pro redoxni
markery ivé  na  piitomnost  kyslikatyeh  skupin  obsahujicich  m-elektrony
(|F;:((.‘N)-a|’ ) (ref. ‘). Limitaci pf1 studiu chemického slozeni BDD povrehil jsou omezend
monosti instrumentilnich techiik. kdy presnd identifikace a lokalizace piitomnosti sp* a sp?

)




uhm.u B jefich vasjemnih vizeh  vizeh s Kyl jo zatiin neprovedielui a interpretace

bné »ncruz

¥
fistupem tak ziistivi studinm elektrochemickych (gitka polenciﬁ!o ¢ho okna,
il potencidli oxidaceredukee redoxnich markera pii cyklicke voltametrii a vypocet
phisluéné konstanty elekironového prenosu. kapacita elekirodové dvojvrstvy) a fyzikalnich
viastnosti (vodivost) BDD filmi a jejich porovnavani pro mizné modifikace depoziénich
podminek a povichovych dpray,

V tomto piispévku budou predstaveny dva nové typy BDD elektrod: Monokrystalicke (single-
erystal) BDD filmy (SC BDD) pripravené depozict na nedopované monokrystaly diamantu a
polykrystalické BDD vylesténé kombinaci chemického a mechanického piisobeni * (chem-
mechanical polishing: CM BDD), Oba typy vykazuji v porovniini s polykrystalickymi
relativné hladky povrch a studiem jejich elektrochemickyeh vlastnosti lze posuzovat vliv
morfologie a chemického slozent povrehu na Kinetiku elektronoveho prenosu.

Experimentilni ¢ist

Véechny chemikilie byly kvality pa:  chlorid  hexaamminruthens
xachloroiridicitan draselny (Aldrich, Darmstadt, ecko), chlorid draselny. trilydr:

vanoZeleznatanu draselného, dihydrat dihydrogenfosforeénanu sodného, hydroxid sodny

(Lachema, Brno, CR). K pfipravé viech roztoki byla pouzita defonizovana voda (Millipore

Mili plus Q systém. Billerica, USA) o rezistivité 18.2 MQ cm,

dopamin,

Voltametri méfeni byla provedena na potenciostatu Eco-Triho Polarogral se softwarem
PolurPro 5.1 (Lco-Trend Plus, Praha, CR) v itfielektrodovém uspofadani s referendni
argentchloridovou elekirodou (Ag| AgCli3 mol 1" KC1) a pomocnou platinovou elektrodou (obe
Elektrochemické detektory, Tumnov, CR). Jako pracovni elekirody byly pouzity: (i) SC BDD
clektrody (celkem 12 pripravend depozici na monokrystal diamantu, keré se '’
Krystalovou orientaci (roviny (113), (115) a (118)) a drovni dopovani hérem (pomér B/C
v plynné fizi pii depozici (ppm): 250, 500, 1000 a 2000). Tyt nghmd» byly pro méfeni
Kontakioviny ¢ shora ve speciilnim drziku pripraveném 3Dtiskem. (ii) Polykrystalické BDD
elekirody (celkem 5 ks) deponované na p-Si pripravene metodou CVI s pouzitim pomérn B/C
(ppm) 300, 1000, 2000, 4000 o 8000 4 (i) CM BDD elekwrody (celkem 3 ks) pripravene
vylesténim  setu polvkrystalickych BDD  clekirod pomoei smiseného chemického a
mechamckého le$téni na polyuretanové polyesterové lesticl Litee a ledtici kapaliné na bazi
alkalického keloidniho oxidu kfemicitého %, Povreh BDD elektrod byl H-terminovany; méfeni
probihala v rimer potencidlovyeh oken studovanych elekirod bez expozice potencialim
zpusobujicich rozklad vodneho roztoku zakladniho elektrolvia. Cyklickd voltametrie (CV) byla
aplikovana s rychlosti polarizace v= 100 mV s !,

Visledky a diskuze

Spekirdlni charakterizace h BDD elektrod s rliznou arovni dopovini borem
(B/C pomér v plynne fazi behem chem depozice par: 500, 1000, 2000, 4000, 8000 ppm)
pro polykrystalicke a CM BDID a 250, 500, 1000 a 2000 ppm pro 8¢ BDD byla provedena
pomoci mikroskopie atomarnich sil ‘M) a Ramanovou spektroskopii. Naméfend Ramanova
spekira ve vélsing piipadic neprokizala piitommost sp? ubliku ve studovanych [iimech.
Rozdilnosti v morfologii povrchutéchto elektrod jsou zfejmé z Obr. 1. Zobrazené AFM snimky
vykazuji vrazné mensi hrubost povichu pro oba filmy s potencidlng hladkym povrehem (SC
BDD a CM BDD) nez pro polykrystalicky BDD. Pro SC BDD byly obdobné vysledky ziskiny




pro viechny kombinace krystalickveh rovin matecniho monokrystalu diamantu pouzitého pro
depozici (roviny (113), (115) a (118)) a koncentrace boru pfi depozici (250, 500, 1000 a 2000
ppm) s vyjimkou filmu (113 — 2000 ppm). Kiery také vvkazoval pritomnost sp’ uhliku. Hrubost
véech o ch SC BDD filmi byla mendi nez 1.5 nm (RMS roughness™) a nebyla ovlivnéna
koncentraci boru ve vysledn filmu, ktera byla odhadnuta z Ramanovy spektroskopie. Povrch
vylesténych CM BDD taktéz vvkazuje uniformitu pro viechny trovné dopovani borem. jeho
hrubost nepiesahuje 10 nm.

Elektrochemicls char ﬂienznm byla provedena pomoci CV redoxnich markerti v

([Ru(NHz) >, [Ir(d itini stéry ([Fe(CNW]*"™ a dopamin). Viznamné roz
Které byly pozoroviny mezi viemi tremi studovanymi typy elektrod. jsou dcslnmslrm,‘iin} na
Obr. 1 pomoci CV dopaminu. Pro polvkrystalické BDD pied a po CM ledténi byla u markerin
vindjéi sféry zjisténa ryvchld Kinetika elektronového prenosu na obou setech elektrod. nicméné
pro markery vnitini sféry dochizelo na nelestenych elektrodich k vyznamnému zpomaleni
prenosu v porovnani s CM ledténymi elektrodami. Lesténe elektrody ledw poskytovaly mensi a
relativné stilé hodnoty rozdilu potenciils anodického a katodického piku A%y a vy3si signaly
napf. pro [Fe(CN)js] a dopamin pro véechny trovné dopovani. Nelesténe \:lghrud_\' vyvkazuji
velké rozdily v kinetice elektronového penosu. a to hlavné mezi elektrodami pfipravenymi pii
m a vysokém poméru B/C pri depozici.

SC BDD elektrody  obecne  vykazuji rychlei kmetiku  elekironového  prenosu nez
polykrystalické a CM BDD filmy. jak je zfejmé i 2 Obr. 1 pro dopamin. Tento rozdil je
abzvl amny pro 8C BDPD deponované na (113) a (113) krystalovych rovinach. Tyto
filmy také vykazuji vyssi miru inkorporace boru do své sty /v porovnini s orientaci (118),

Laver

Tato studic prokazala vwznamny vliv struktury BDD povechu na kinetiku elektronového
Fenosu pro relativné hladké povrehy ziskané bud’ specilnim postupem umoziiujicim vyledténi
mantu nebo primo depo; BDD na monokry diamantu. V obou pripadech Lze ofe
relativne maly podil funkénich skupin obsahujicich kyslik na povrehu a lze pozorovat
é i v porovidani s polvkrystalickymi filmy, obzv1asté pro filmy s nizsi
tudic budou zaméreny na porovndni vlastnosti téchto povrehit po
ho slozeni povrel udovanych H- a O-terminovanych povrehil
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stalicky BDD film po depozici {as-grown), (Aii) BDD podrobeny ledténi kombinaci
Lh:mIIJ\Lllu amechanickéhe piisebeni (CM BDD) a (Aiii) monokrystalicky SC BDD {rovina
(1153 (B) Cyklicke voltamogramy dopaminu (¢ = 0.1 mmol I*) naméfene v prostiedi 0,1
mol I'! fostitového pufru pH 74 na vyse uvedenych typech BDD elektrod (B/C 500 ppm,
krystalova rovina substratu (115) pro SC BDD}.
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Determination of Pesticide Chlortoluron by HPLC-ED with Carbon Felt Working
Electrode
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Abstract

Electrochemical detection on carbon felt flow-through working electrode in combination with
HPLC separation was used for determination of pesticide ehlortoluron in deionized water and
inreal matrices. ¢.g. soil and river water. Concentration dependence was observed in range over
four orders. Limits of detection were determined to be 0.13 pmol L™ in deionized water, 0.17
pmol 17 in river water and 0.14 ug g in soil. Reproducibility of the measurement was
estimated as a relative standard deviation of 0.5 %o.

Key Words: Carbon Felt. HHPLC, Amperometry. Chlortoluron. Pesticide

Introduction

Soil and surface water contamination by pesticides is a global environmental problem. For the
control of agricultural chemicals by authorities, there is still 4 lack of fast and inexpensive
methods of determination. One of those compounds is chlortoluron — phenylurea herbicide
which is slowly degradable and easv to accumulate in environment '. Commonly used
methods for detection of chlortoluron are TLC with luorescence detection or HPLC with UV
detection %,

Carbon felt consist of carbon fl:u\ with orderless 3D structure. Due to its structure, carbon felt
has many advantageous propel i an interesting electrode material, such as
chemical and mechanical stability high porosity, and high electroactive
surface. allowing a higher degree of analyte conversion *.

Aim of this work was to test the carbon felt working electrode on analyte with more complex
structure and in combination with ardinary matrices — soil and surface water.

Experimental

Stock solution of chlortoluron (Sigma-Aldrich, Germany) with concentration of 1.0 mmol L'
was prepared by dissolving the appropriate amount of the substance in methanol (HPLC grade.
Lach-Ner, Czech Republic). Solutions for measurements were then pn:pam:l by dilution of the
stock solution with methanol. Phosphate-acetate bufTer (0.03 mol L . pH 4) was prepared from
phosphoric and acetic acid (both Lach-Ner. Czech Republic) and sodium hydroxide (Fluka
Analytica. Germany).

HPLC separation was carried on column Purospher® RP-18 (125 x 4 mm. 5 pm) with mobile
phase consisting of methanol and phosphate-acetate buffer in volume ratio of 60:40 and of Mow
rate 1.0 mL min™. Flow of the mobile phase was ensured by high pressure pump HPP 5001
(Laboratorni pfistroje Praha, Czech Republic) with six-way sample injector with 20uL loop
(ECOM. Czech Republic). detection was used performed using amperometric detector ADLC
2 (Laboratorni pfistroje Praha. Czech Republic) with carbon felt working electrode, au
platinum wire electrode and reference silver chloride (3M KC1) electrode (both Monok
Turnov. Czech Republic). Schematic picture of the cell is shown in ref, *.




Model samples of river water were prepared by dilution of chlortoluron stock solution with the
river water.

Samples of soil were prepared by adding 0.5 mL of methanol diluted chlortoluron solution to
1.0 g of the sample. so the final concentration in soil was in range from 0.2 10 100 g g, Spiked
samples were then dried at ambient temperature and chlortoluron was extracted by 1.0 mL of
methanol.

Results and Discussion

‘The first two observed parameters were pH and detection potential, which were ohserved in
range from 0.9 V to 1.8 V with step 0.1 V in cage of potential and at pH values from 3.0 to 7.0.
Optimal detection conditions, value where maximum peak height was obtained. were selected
as a pH 4.0 and detection potential 1.4 V vs. saturated argentochloride electrode.

Under optimal conditions. calibration dependence in deionized water was measured from
0.25 pmol 17! 1o 100.0 pmol 17 nevertheless. it was lincar only in the range from
0.25 pmol L' 1o 5.0 pmol L as can be seen gure 1. Limit of detection, estimated as the
coneentration corresponding to the peak height three times the noise value, was 0.13 umol L™
In the model sample, repeatability of the measurement was evaluated, The relative standard
deviation of peak height was (1.5 % during twenty consecutive measurements al concentration
value of 0.1 mmol 11,

The next step was the determination of the method applicability in real matrices (i.c. soil and
surface water), It was investigated by spiking blank matrix by known amount of chlortoluron.
Calibration curves of chlortoluron in surface water and in deionized water show minor
differences. as can be seen in Figure 1 and in Table L The slopes of both lines are in agreement.
with difference approximately 6 %. Linear ranges of calibration dependences of chlortoluron
in surface and in deionized water are the san from 0.10 to 5.0 umel 11 Although
calibration curves of soil and waters canmot be directly compared because of their different
units, trend in dependencies of surface water and soil imply greater influence of the matrix
higher concentrations, where signals obtained namely for surface water are approsimately five
times lower than in deionized water (see Figure 1B).

The last step was estimation of detection limits for real matrices. Those were caleulated in the
same manner as in deionized water. Obtained values were than 0.14 ng g' for soil
and 0.17 pmol L' for surface water.

Table 1.
Parameters of lincar parts of calibration curves for chlortoluron in different matrices and them
belonging limits of detection.
Parameters of calibration curves
Matrix Slope Intercept Correlation LOD
coelTicient
Deionized water 180 uAumol' L 017 pA 0.9836 0.13 pmol L1
Surface water 170 pA pmol! L -0.02 pA 09983 0.17 pmol 1!
S 092 uApg' g 0.33 pA 0.9952 O.14ugg’
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Fig. 1. Calibration dependencies (A -~ Imear part, B~ whole range) of chlortoluron in detonized
water (m), surface water (@) and soil (A ). Parameters of lines inferspersed in part / hown
in Table L Colummn Purospher™ RP-18 (125 x 4 mm. 5 um): mobile phase phosphate-acetate
buffer (pH 4y :methanol - 40:60; Eper = 1.4 V: flow rate = 1.0 mL min™': loop volume = 20 pL.

Conclusion

Carbon felt working electrode was successfully used i combmation with IIPLC for
determination of : chlortoluron. Method was tested in ordinary matrices (soil. surface
water, deionized water): in lower concentration range. matrix influence was almost negligible.
In deiomized water. caleulated repeatability of measurement was under one percent n twenty
ive measurements. Detection limits reach submicromolar and submicrogram per gram
concentrations in waters resp. in soil. All these parameters show great usability of the electrode
in this method,
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Abstract

Terconazole is a widely used antimycotic. Terconazole belongs to the second generation of
triazole fungicide with a 1.2.4-triazole ring. which is known to block ergosterol biosynthesis of
fungi. On the other hand, its effect in the presence of potentially interfering compounds is not
explored. In the gas phase experiments. we provide the reaction simulation between terconazole
and copper (II) using ESI-MS. Terconazole in presence of copper(ll) became oxidized. The
direct oxidation of a triazole in the gas phase wasn’t observed before, This result indicates that
terconazole is potentially highly reactive (even electrochemically) and therefore its reaction has
to be further investigated.

Key Words: Terconazole, Copper. Gas phase, ESI-MS, Triazole, Antimycotic.

Introduction
The azole derivatives are one of the most utilized categories of antimycotic drugs ' ? due to
their protective power against the wide range of fungal infections. Based on their group
structure they are divided into imidazoles and triazoles whether they have two or three nitrogen
atoms in the five-membered ring. respectively. Terconazole (Ter) belongs to the group of
jazoles with the 1.2.4-triazole ring Chyba! Nenalezen zdroj adkazii., where N7 binds to
variable hydrophobic chains . The mechanism of action is correlated with inhibition of CYP51
— lanosterol 14u-demeifiyiase — a key enzyme For hiosynthesis of ergosterol in fungi * The
ergosterol depletion and accumulation of lanesterol interfere with the function of ergosterol as
a membrane component *. Higher doses in humans can affect reproducible organs. Fertility and
disturh the halance of estrogens and androgens . In laboratory animal testing, some of the
azoles showed embryotoxic potential, congenital malformation and limb defect *,

i
RN
cl
o

1
Fig. 1. Triazole fungicide. Ter.

We found that the reactivity of triazoles is strongly affected by the presence of other chemicals;
ftor the most part with highly reactive antioxidants (e.g. resveratrol ') or essential elements (2.g.
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copper, zine *''). Therefore, there is u high experimental appeal to investigate triazole
iiteraclion willi reactive’ chemicals o:b, COpper calions. Mocbdver. it was rabently. distovered
that Ter helongs 1o several trinzoles with redox behaviour %,

Capper is one of eleven biologically important trace elements in humans. It has the ability to
adopt two oxidative states. nevertheless. in the organism, it is present in mostly 2+ oxidation
state, It serves as an important cofactor in protein redox chemistry, organism growth and
development. A multifunctional role in the organism involves the regulation of certain
physiological pathwayvs 1%, There is also a significant risk under reduction conditions (e.g, in
presence of triazoles *) to produce Cu’, which is typical by the initiation of Fenton like reaction.
m of this research was 10 observe the gas phase behaviour of Ter in reaction with Cu™

Experimental

The experiments were performed using a quadrupole ion-trap mass spectrometer (LCQ
Advantage, Thermo Finnigan, U Jin positive mode. The stock solutions of terconazole and
copper (I1) chloride (CuClz) in the concentration of 1+ 10° mol 17! were prepared from solid
standards (Sigma Aldrich, Czech Republic) and stored in a fridge (4°C) until analysis. The
samples were prepared from the stock solutions mixing the two solutions in different ratios
(Table ). The copper solution is prepared in dejonized water (~18.2 ML) and terconazole
solutions in absolute ethanol. The abselute cthanol was purchased from Penta s.r.o. (Czech
Republic).

Table 1.
The summary of Cu Ter concentration ratios and their effect on the Ter cxidation,

Ratio Concentration Intensity Intensity Ratio Standard
CuCleTer of CuClz (Ter)’ (HTer) Ter' /(HTer)' deviation
(mol 1) miz 531° 2 (%)

20:1 (IS L16-10° 329410 3525 3.63
10: 1 Se10 5.40-10° 3.69+10° 14.64 114
4:1 2410 3.83-10° 4154108 9.24 0.82
2:1 =10 9.03:10" 2.1510° 4.21 0.21
5x 2.45<10" 1.05-10° 233 0.42
2 4.62-10° 6.10-10° 0.76 0,10
1 1.53.10" 8.34:10° 1.84 0.30

The sample solutions were continuously fed into an ion source at 0.5 mL h*' through a silica

capillary. As nebulizer and sweep gas nitrogen was vsed (15 to 20 arbitrary unit
used as the collision gas. Other conditions of 1on source were set as follows: spray voltage:
kV, capillary temperature: 180°C. capillary voltage 2 V. tube lens offset 10 V. M;
were recorded i m'z 30-2000 range, appearance and fragmentation of species which appeared
in the gas phase were influenced by set capillary temperature. capillary voltage and tube lens
offset.

). helium was
50
spectra

Results and discussion
In the spectra. we observed Ter coordination species with copper in Cu'* and Cu™! oxidation
states due to the reduction of copper in the gas phase "%, Ter is observable as oxidized form
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532,17, The ratio between the oxidized and protonated
n the solution (Table I, Fig 2.).

m'z 531,17 and protonated form m/z
forms depends on the amount of CuC

There is a problem with the interpretation of the isotope pattern. The experimental pattern
includes two signals coming from the oxidized Ter ((Ter)') and protonated Ter ((HTer) ). The
pattern of these two signals differs only about one iz unit (Fig. 3.). Therefore. the experimental
signal pattern is created by the apposition of two signals (Fig, 2.). The mtensity of Ter’ depends
on the Cu®* concentration (with increasing Cu® the intensity of Ter™ is exponentially
increasing), Therelore, the peak m'z 530.1" directly refers to the Ter” (the lightest isotopes),
however. the peak sz 332, t includes the signal coming from the (HTer)' (its lightest isotopes)
as well a8 the signal from the second lightest isotopes of (Ter)'. Therefore, the intensity of’
(HTer)" (the lightest isotopes) was simulated and caleulated using the Xealibur program (Table
1, Fig. 3.).

B30 B31 B32 B33 B34 B35 B36 637 638
a. oAt et v Rl U
15

intensity

530 531 532 533 634 536 536 53T 538

miz
Fig. 2. Compamun of (HTer) intensity of in positive mode ESI-MS spectra in the different
Fer. The ratio of CuClz and Ter used in the experiment from the top
5,101, 2:1, 40, 10:1, and 2021,

mixture ratios of CuC

araph are as follows 1
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Fig. 3. Peak pattern simulation of (Ter)
‘The electrochemical acti
in the piperas
electrochemi.

ity of Ter in the electrochemical system was proved 2, The oxidation
s expected (Fig. L). From our results. it can be seen that Ter is
v active also in the gas phase. which is not primarily considered as the
electrochemically active system. The evaluation of the reactivity of Ter has to be further
considered from a broader perspective.

Conclusion

re one of the three groups of compounds used in the treatment of systematic fungal
Therefore. azoles are readily used antimycotic and exposure to them is not
uncommon. Terconazole belongs to the group trinzoles, where the backbone is the 1.2.4-triazole
ring, prone to the formation of coordination species and redox interaction with copper cations,
Experimentally, It was observed that Ter in presence of Cu™ became oxidized. The exten:
of the oxidation is jet to as meluding its influence on possible Fenton like reactions n live
ems. The experiments revealed that oxidation exponentially increases with the increased
concentration of Cu' ions in the reaction mixture. This behaviour of Ter wasn't observed in
the gas phase so far. These results also indicate the potential high reac
real systems, therefore further investigation of po

ty of terconazole in
ble reaction is required.
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Abstract

Measuring of the electromotive force in molten system is used to characterize of the
thermodynamic properties at equilibrium. Values of the electromative force are very important
for the determination of activity and standard electrode potential. This work is focused on the
measuring of ¢lectromotive force of AL TiB2 and Al-: nis were realized
by the molten aluminium electrode. The electromotive force of cell was investigated in
clectrolytes at various hath compositions at equilibrium. The thermodynamic properties for all
experiments were measured in acid eryolite melts and three different temperatures 800 °C.
900 °C. and 1000 °C were defined.

Key Words: Standard electrode potential.
mells.

ctromotive force. Molar ratio. Acid crvolite

Introduction

Measurement of electromotive force is used to describe thenmodynamic properties in melt
systems. Among the most interesting melt systems due to their possible industrial use in
aluminium production are melts based on trisodium hexafluoroaluminate. NasAlFs (also called
eryolite),

In recent vears. several scientific groups have studied the electromotive force in melt systems,
These measurements determined the thermodynamic properties of the solid and liquid phases
Further studies have focused on determining the activity of oxvgen in graphitic cast iron by
measuring the electromotive force '™

This work is focused on the measuring of electromotive force of cells AI+TiB2, Al-Al to
characterize the thermodynamic properties of acidic eryolite systems. Changes in electromolive
voltage in different sodium fluoride melts were measured, gradually changing the molar ratio
IFs. The measuréments were performed in the temperature range from 800°C 10 1000°C.

Experimental part

Experimental equipment consisted of a vertical fumace with a water-cooled jacket and an
alumma pot. (Fig 1) An alumina pot contained the measured system with a reference electrode
A TiBz2 tablet (2) was placed at the bottom of the alumina pot (1). On this tablet there was a
layer of molten aluminium (3) covering its entire surface and surroundings. Above the
aluminium laver was a laver of molten fluoride melt. A reference aluminium electrode (5) and
a tungsten wire (6) were placed in the melt-aluminium laver (6). A tungsten wire was insulated
from the fluoride melt by an alumina tube (7). Feeding alumina tube (8) was placed above the
melt o adding AIFs. During the entire measurement, 99.96 % pure argon flowed through the
furace, providing an inert atmosphere.
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2

Fig: 1. Measuring equipment: alumina pot (1), TiB: tablet (2), molten alumium ¢3), fluoride
melt {4}, aluminium reference electrode (5), tungsten wire (6), alumina insulating tube (7),
alumina tube for adding AIF; (8).

The reference aluminium electrode (Fig. 2) was a tungsten wire placed in an alumina tube with
an outer diameter ol 0.8 cm, On the bottom of the capillary there was aluminium, the height of
which after melting reached 1 cm. Above the molten aluminium was an electrelyte containing
2wt % Al:Os, S wt % CaFs, and NaF and AlF: in the appropriate molar ratio with respect to
the measured temperature, The height of the melt after melting was 3 em. The tungsten wire
was insulated from the melt by an alumina tube with an outer diameter of 0.3 em. This tube was
ended up in a layer of molten aluminum to prevent contact between the molten fluoride melt
and the tungsten. At a height of 3 em, there was a small hole in the outer alumina tube. This
tube served to allow the melt to flow into the alumina pot before the measurement and then to
measure the change in electromotive force (EMN). EMN was measured between the reference
melt in the reference electrode and the melt in the measuring pot to which AlFs was added
during the measurement,

—

Fig 2. Reference electrode: tungsten wire (1), outer alumina tube (2), insulating alumina
fube (3), molten fluomde melt (4), molten aluminium (5)



The experimental work was based on the phase diagram of the system NaF - AlFa. The aim was
to keep the temperature range of primary crystallization within the studied range of molar ratios
(MR) NaF / AlF:. Based on this study, MR in the range of 1.5 10 1.2 was selected for 800 °C,
at 900 °C it was MR = (1.9 — 1.6) and at 1000 “C it was MR in values from 2.6 1o 2.0. W
reduced the molar ratio in the given interval from the highest selected value of MR by adding
the caleulated amount of AIF3 during the experiment at these three lemperatures. The change
of MR was studied in steps of 0.1 at all three temperatures. The total weight of the electrolyte
was 60 g. The electrolyte contained constant additions of 2 wit. % AlOa and 5 wt. % CaF» for
all studied systems,

Results and Discussion

At all three temperatures, 800 “C. 900 °C and 1000 “C. two parallel measurements of the
change in electromotive force of a TiBa cell with the same reference electrode were performed
A new alumina pot and electrolyte were used, For comparison, the measurement of the EMN
cell without TiBz with a new reference electrode was performed. The main aim was to express
the standard electrode potential in the presence of TiB: from these measurements. The
derivation was based on measurements without TiB2. It was assumed that activity of AlFs in
the melt was initially the same as in the reference electrode. The activity ratio caleulated from
the data without TiB: was further used to caleulate the standard electrode potential in the
presence of for & given composition, The dependences of the calculated standard electrode
potentials on the molar ratio for the first and second measurements at 800 “C are shown in Fig. 3
and Fig, 4.
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Fig. 3. Plot of the dependence of the standard electrode potential on the molar ratio for the first
measurement at 800 °C

In the second measurement. the dependence of the standard ¢
This is because in the first measurement. an aluminium reference electrode was used in which
the tungsten wire was immersed as a conductor, On repeated measurements, it was a reference
electrode where there was aluminium, and a certain proportion of dissolved tungsten was
already present, The activities of the contaminated aluminium could not be expressed and
therefore could not be considered. It can be said that the activity changes because the tungsten

cctrode potential is exponential.
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slowly dissolves here and thus the electrode potential of reference electrode is not completely
stable. It changes with cach subsequent measurement. A quasi-linear relationship was observed
in the first measurement at 1000 °C and a quasi-constant in the second measuret This
behavior is explained based on performed TDS analyzes. Tt can be assumed that at higher
temperature (1000 °C) the dissolution of tungsten in aluminium was more intense than at the
first two temperatures, In the sccond measurement. when the given results are essentially
constant. maximum dissolution rate of tungsten in aluminium.
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Fig. 4. Plot of the dependence of the standard electrode potential on the molar ratio for the
second measurement at 800 °C.

At the end of the experiments, the melts from alumina pot were characterized also by 2
powder diffraction (X-ray) analysis. X-ray analysis was used to determine the extent to which
the melt composition changed afier the addition of AIFs in repeated experiments. Also, the
difference in melt composition after solidification between systems measured at different
temperatures was determined. The rate of penetration of tungsten into the reference aluminium
electrode was studied by EDS analysis.

Xeray recordings for repeated within ong temy ¢ looked similar, Based on
the results. it can be said that the electrolyte composition was the same at the end of the
measurement nol only for repeated experiments but also at all three temperatures even if the
system overheated.

The results from the EDS are shown in Table 1. Based on the values, it can be said that the
tungsten content in aluminium at 800 °C is about 1.3 wi. % and at the edge of the sample only
0.9wL %, Ala temperature of 900 °C the dissolution rate of tungsten the tungsten
content at the edge is 5.4 wi. % and increased to about 12.1 wt, %e. This anal: shows the
presence of a temperature dependence of the dissolution of tungsten in aluminium. ALS00 °C.
tungsten is dissolved very slowly in aluminium,
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Table L.
Quantities of tungsten in quasi-reference aluminium electrodes at the measured edge / center at
temperatures of 800 °C. 900 nd 1000 “C.

Temperature / °C__ Measured edge/centre  Quantity of W wt. %

edge 0.900.1

i centre 1.3:40.2

edge 5.4+0.2

240 centre 12,1+0.2
1000 edge
centre

Conclusion

This work deals with measuring the electromotive foree of the cell Al+
characterize the thermodynamic propertics of acidic cryolite systems. The aim of this work was
to measure changes of electromotive force of cell Al + TiBz. Al-Al in different types of sodium
fuoride melts with a gradual change of MR in a wide temperature range area (from 800 °C 1o
1000 “C). Based on the electromotive force data of the cell without TiBz was determined the
ratio of activities AlFs in the melt to activity in the reference electrode. The standard electrode
potential of the system in the presence of TiB: for the composition of acidic eryolite electrolytes
for temperatures of 800 “C. 900 °C and 1000 °C was determined based on obtained ratio of
activities,

TiBz. Al-Al o

Atatemperature of 800 “C. the standard ¢lectrode potential deviation was caleulated on average
for a first measurement of 57 mV with a standard deviation of 7mV and for a second
measurement of 26 mV with a standard deviation of 16 mV. In the second measurement, the
values were higher becanse the tungsten wire was partially dissolved i a relatively small
volume of molten aluminium. which was the reference electrode. as part of the electrode reuse
in the reference electrode. In the second system at 900 “C. the standard electrode potential
deviation was found to be 52 mV on average and the standard deviation was 17 mV. On
repeated measurements, the value was 37 mV with a standard deviation of 21 mV. The value
of the standard deviation in the second measurement was larger because tungsten slowly
olved in the wire serving as a conductor in the reference electrode. At the last temperature
of 1000 “C. after the addition of all additions of aluminium fluoride. the deviation of the
standard electrode potential for the first measurement was found to be 35 mV and its standard
deviation is 6 mV. In the second measurement, the standard potential deviation value was
14 mV, and the standard deviation was 5 mV, This temperature was the highest. and therefore
there was a much more intense dissolution ngsten in the aluminium electrode.
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Abstract

In this study. quantitative determination of a plant growth regulator forchlorfenuron (CPPU}
was performed using square-wave voltammelry on two types of carbon-based electrodes.
namely glassy carbon electrode (GCE) and boron-doped diamond electrode (BDDE). Optimal
conditions for CPPU quantification on GCE and BDDE were found in 0.04 mol ' Britton-
Robinson buffer at pIT 3.0 and pIT 2.0, respectively. The corresponding CPPL current at ca
1.2 V on GCE and ca. +1.35 V on BDDE increased linearly with the CPPU concentration
within linear dynamic ranges of 8.0-80.0 umol 1! and 3.0-80.0 ymol 1", respectively.

Key Waords: forchlorfenuron. glassy carbon electrode. beron-doped diamond electrode.
square-wave voltammetry.

Introduction
The use of agrochemic;
crops. However, their intensiv

s has been eritically important in increasing the vield of agriculiural
use may lead to the presence of residues in foodstutfs when
commadities reach the market. Accordin the use of agrochemicals in different crops is
strictly regulated by international organizations and national governments. With the aim of
protecting public health and the environment. maximum residue limits (MRLs) fixing the
highest aceeptable amount of a particular chemical in a certain crop have been established.

Forchlorfenuron (Fig. 1). also referred to as CPPU (1+(2-chloro-4-pyridyl)-3-phenylurea). is a
highly effective synthetic phenyl urea eytokinin which acts synergistically with natural auxins
to promote plant cell division and lateral growth '2, CPPU has been registered inmany countries
around the world. including EU and the USA. for the treatment of kiwifruits and table grapes
This relatively new plant growth regulator is extensively applied to improve berry/fruit size.
fruit set. eluster weight. and cold storage ' Due to the increasing demand for high-quality truits
in the international market. CPPU has been widely used and it is possible that the residues of
this pesticide could eventually reach the consumers. Several studies have shm\n that CPPU

may interfere with the endoerine system and could be harmful 1o human genes . and long-term
exposure to CPPU could cause the body protein metabolism disorder and mild emphysema *

In this respect. CPPU residues in foodstulls should be monitored and controlled. The MRL
proposed by EU is set at 0.01 mg kg ' for grapes and kiwifruit *. while the U.S. Environmental
Pratection Ageney (US EPA) establishes MRLs of 0,03 and 0.04 mg kg™, respectively *, 8
the MRLs for CPPU in Iruits are strictly controlled. there is an urgent need to develop sens
analytical methods to detect trace level of this compound.

SN NG
N N\ Cl
H H

ron (CPPLU)

Fig. 1. Chemical structure of forchlorfe
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To date, a number of methods have heen developed for CPPU determination in foodstuffs such
as the liquid chromatography with L'V detection 71, the liquid chromatography time-of-fight
mass spectrometry %, the liquid chromatography with tandem mass spectrometry *1*7, the ion
mobility spectrometry ', the surface-enhanced Raman speetroscopy % the enzyme-linked
immunosorbent assay ™, the lateral flow immunoassay nd the catalase-based biosensor ',

Within this study, new and rapid square-wave voltammetric procedures for the determmation
of CPPU were developed. For that purpose, representative sp” and sp' carbon-based electrodes
were used. namely glassy carbon electrode and boron-doped diamond electrode, respectively,

Experimental

stock solution of 1.0 mmol L forchlorfenuron (CPPL. CAS number: 68157-60-8. Merck,
rmany) was prepared by dissolving the substance in acetone (Avantor. Poland) due to low
agqueous CI’P[' solubility (solubility of CPPLT in water and acetone at 20°C is 39 mg L. ' and
127 mg L', respectively). All chemicals for the preparation of Britton Robinson buffer
solutions (BRES. 0.04 mol L', pH 2.0-12.0) as a supporting electrolyte were from Polish local
producers and of analytical grade (if not specified otherwise). All solwtions were prepared with
triply distilled water.

Voltammetric experiments were performed using computer controlled potentiostal/ galvanostat
AUTOLAB PGSTATI01 (Metrohm, the Netherlands) operated by NOVA 111 software, All
measurements were performed in three-clectrode setup with silver chloride electrode
(AglAgCl3 mol L' KC1) as a refereénce electrode and platinum wire as an auxiliary electrode,
The working electrodes were GCE (BASI. USA) and BDDE (B'C ~ 1000 ppm. BioLogic.
France) (hoth of 3 mm diameter), Before each series of measurements daily, the working
electrodes were subject to electrochemical cleaning in 0.1 mol L' sulfuric acid (H2804)
solution by using repetitive cyelic voltammetry. Before each measurement. GCE and BDDE
surfaces were washed with acetone and polished with 0.05 pum alumina suspension (Al2Os}

CPPLI quantification on both electrades was carried out hy square-wave voltammetry (SWV)
using the following optimized parameters: amplitude of 40 mV. frequency of 50 Hz. and step
potential of 4 mV, Limits of detections (LODs) and limits of quantifications (LOQs) have been
calculated from the calibration curves according to IUPAC recommendations using the
following equations: LOD =33 8Da b and LOQ =10~ 8Da<b' (SDa - a standard deviation
caleulated from the intercept (n = 4). and b is the slope of the calibration line).

Results and discussion

Square-wave voltammetry was chosen for the quantitative determination of CPPU on
BDI tensive studies were performed o identily the optimal experimental cond;
SWV determination of CPPU on both working clectrodes.

for

The influence of the Britton-Robinson bufler solutions in the pll range of pll 2.0-12.0 as the
supporting electrolyte on the oxidation signal of CPPU (50.0 umol L") was investigated by
SWV on both working electrodes (Fig. 2). With regard 1o GCE, CPPU gave one peak in the
studied pH range, and the highest and best-shaped CPPU signal was obtained a1t pH 3.0 of
BRBS. therefore. this medium was chosen as the supporting electrolyte m further studies on
GCE. In the case of BDDE, one oxidation peak of CPPU was recorded in the pH range from
2.0 to 6.0; at pH values higher than 6.0. no CPPU peak was recorded. A tendency towards a
decrease in the peak heights of CPPU with mereasing of pH value of BRBS in the pH range of
2.0-6.0 was obgerved. As the best results were obtained in pH 2.0 of BRBS. this medium was
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consequently selected for further analvtical studics on BDDE. In addition, the peak potentials
were shifted lincarly toward more negative values with an increase in pH in the range of
2.0-12.0 on GCE and 2.0-6.0 on BDDE. The slopes of 60.5 mV pH ™' and 55.0 mV pH ™' on
GCE and BDDE. respectively. are close to the ideal Nemnstian value of 39 mV pll™ which
indicate that the equivalent number of protons and electrons participales in the electrochemical
reaction
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Fig. 2. SW voltammograms of CPPU (50.0 umol L) recorded in BRIS on (A) GCE and (13)
BDDE. Insels: the cormesponding dependences of SWV peak currents (fp) vs. pH

As the SWV parameters are interrelated and have a combined effect on the peak current, the
influence of the potential modulation parameters such as amplitude, frequency. and step
potential in the range of 10-100mV, 10-150 Hz, and 1-10 mV, respectively, was investigated
at both electrodes. The following SWV parameters were found to give the best results with
respect to shape and height of C PPU peak on both working electrodes: amphitude of 40 mV,
frequency of 50 He, and step potential of 4 mV,

Further. in order to determine linear dynamic ranges (LDRs). the wide CPPU concentration
range from 1.0 to 100.0 pmol L. wa sured. It was found that the CPPU current increased
linearly with the CPPU concentration within LDRs of 8,0-80.0 ymol L™ on GCE and 3.0-80.0
wmol 1.7 on BDDE, respectively. The cortesponding SW voltammograms and concentration
depende: an both electrodes are depicted in Fig. 3. The analytical parameters determined
from calibration curves are summarized in Table L. As it can be seen, slightly better sensitivity.
wider LDR with the lower linear response limit as well as lower LOD and LOQ values were
achieved on BDDE.
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Fig. 3. SW voltammograms of CPPL on (A) GCE in BRBS, pH 3.0, with concentration of
£.0-80.0 pmel L' and (B) BDDE in BRBS, pH 2.0, with concentration of 3.0-80.0 umol L,
Tnsets: the calibration graphs.

Table L.
Parameters of CPPU calibration straight lines measured by SWV at GCE and BDDE in BRBS.
pH 3.0 and pH 2.0. respectivelly (n — 4)

Parameter GCE BDDE
Peak potential (£ vs. Ag AgCl). V +1.2 +1.35
Linear dynamic range (LDR). umol 1! 8.0-80.0 3.0-80.0
Coefficient of determination (R*) 0.9986 0.9995
Slope (b). uA L pmol ! 0.0997 0.104
Intereept (a). uA 1389 0118
Limit of detection (LOD), ymol L' 2.2 0.75
Limit of quantification (LOQ), pmol L. 1 6.8 23

Conclusions

This study presents the newly developed SWV procedures for the direet CPPL determination
at GCE and BDDE. The proposed methodologies are simple. rapid, and cheap, and can be a
good analytical altermative 1o complex and expensive ones published so Tar.
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Abstract

Innovations of aluminium production are focused on using inert electrodes and new low-
melting types of electrolyies. The benefits are multiple: the most important are environmental,
cconomic and energetic aspects. The NaF-KF-AlFs system appears to be one of the most
promising  low-temperature  ¢lectrolytes suitable for aluminum  production. Electrical
conductivity. as one of the most important properties of electrolytes. has been studied. The
melts with different molar ratios MR (n{NaF+KF)'n{ AlF1)) and with different ratios between
sodium Muoride and potassium Muoride were studied at various lemperatures. Electrochemic:
impedance spectroscopy (EIS) was used as asuitable method for clectrical conductivi
investigation.

Key Words: Aluminium electrolysis. Low-temperature electrolytes, Electrical conductiv

Introduction

Aluminium has been produced by the Hall-Héroult electrolytic process for more than 130 vears,
This technology uses carbon clectrodes to :iucmnpmr: alumina (Al:0s) dissolved in molten
sodium cryolite based electrolyte. This process is operated at high temperatures (1950 °C)
which makes it a high energy consumption and harmful. Furthermore. aluminium production
using carbon electrodes produces greenhouse gases.

Along-term abjective of aluminium production is to replace carbon anodes with inert material
and to lower the operating temperature of the electrolytic process (t < 900 °C), There are a
number of environmental and econemic benefits associated with aluminium production using
inert anodes and low-temperature electrolytes. Two aptions to reduce the operating temperature
can be applied. The first one uses the traditional sodium cryolite electrolyte with a high AlFs
addition. However. AIFs also reduces the alumina solubility and the electrical conductivity. The
second option suggests finding new types of electrolytes, The KF-AlF: based electroly
provides better alumina solubility at a low temperature. However, due to sedium accumulation
(fed into the system with alumina) this system changes lo multicomponent NaF-KF-AlFs
svslem.

Electrical conductivity is a very important property of aluminium production because it iz
associated with energy consumption. In this work, electrical conductivity of three-component
low-temperature NaF-KF-AIFs melts was measured for various MR and different NaF additions
1

o xperimental

The apparatus for electrical conductivity measurement (Fig. 1) consisted of a conductance tube-
type cell and a measured electrode. A thermocouple (2) (insulated with a corundum tube (3))
was placed in the graphite crucible (1). Furthermore, a steel contact rod (6) (also insulated by a
corundum tube (3)) was serewed into the crucible, A wungsten electrode (4) was located in a
teel tube (5). It was also insulated by a corundum tube, The stainless-steel tube was

stainles
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serewed into the cell body of hot-pressed pyrolytic boron nitride (BN) (7). There were also an
BN insulating ring () and a terminative stainless-steel ring (9). Al the bottom of the electrode,

a pyrolytic BN tube (10) was firmly inserted into the BN cell body. Apart from the tungsten
clectrode, it was the only part in direct contact with the molten electrolyte (11).
b
g -1
.2
o

Fig. 1. Conductivity cell.

The whole conductivity cell was constructed with the electrodes in fixed positi @ between
the end of the tungsten rod and the bottom of the graphite crucible. Thi: sition was
ensured by a tungsten rod with gradually reducing diameter from 3 mm to 2 mm. The two-
electrode connection was used, the tungsten rod served as a working electrode (WE) and the
graphite crucible served as a counter electrode (CE)

The erucible containing 10 g of the sall mixture was immersed into u vertical laboratory fumace
with a cooling jacket and controlled argon atmosphere (99.996 %), It was heated up to the
required temperature, which was monitored by a PL-Pt10-Rh thermocouple with the uncertainty
within & 0.3 °C. The temperature of primary erystallization (TPC) was taken from the phase
diagram of NaF-KF-AlTs syste

EIS was used 1o determine the electrical properties of the system. AC-techniques with sine
wave signal and small amplitude (5-10) mV were used. The high frequency range from 100 Hz
to 100 kHz was set and 61 readings were taken within this range. A Solartron Impedance/Gain
Phase Analyzer 126 and Solartron ECHI 1287 were used to measure the impedance. Obtamed
Nyquist diagrams were evaluated by the nonlinear regression analysis according to the proposed
equivalent circuit (Fig. 2). Values of the electrical resistence of melts (Ra) were obtained with
the uncertainty up to 0.3 ®o. The electrical conductivities were caleulated from Eq. 1, where R
1s the electrolvte resistance (£2), and C is the known conduct cell constant (em™), which
was determined by calibration against sodium chloride(s.p.) with known values of electrical

conductivity .
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Fig. 2. Bquivalent circwit for Nyquist diagrams evaluation.
c
K== (8]

Results and discussion

The effect of different molar ratios

Electrical conductivity of the three-component NaF-KF-AlFs
temperature arca, Tn the first part the effect of different AlF:
constant ratio of NaF: KF = 25:75) was studied. For four different :.um..d MRs (1.2-1.5) the
working temperature was in the range (678-902) °C. Measurements al given MRs were always
performed from the highest lemperature to the lowest. with a gradual decrease of 20 °C. until
the temperature about 10 °C higher than the TPC (Temperature of Primary Crystallization) was
reached. For each temperature, IS spectra were measured, and the average values were
determined.

stem was m‘.aeuml i a low-

The results are shown in Fig. 3(a). AUMR = 1.2, the melting point of aluminium (660 °C) was
almost reached. It is clearly seen that electrical conductivit
temperature and decreasing MR. For MR = 1.2-1 4, the conductivity decline is quite similar
with minimal deviatons. The effect of ALFs addition in systems with a small NaF content seems
to be negligible,

The obtained data were compared with the pure potassium system KI-Alla (Fig, 3(b)). The
lines in Fig. 3(b) are calculated from literature data *. This comparison implies that NaF addition
caused eletlru:dl conductivity increase, In studied systems, electrical conductivity ncreased on
average by 0.060 S.cm™ compared to KIF-AlFs system. Moreover, one can see that electrical
conductivity increase depended on MR, the effect was more significant at higher MR. At
MR = 1.2 conductivity increased by 0,035 S.cm!, at MR = 1.5 it was by 0,100 S.cm™,

. aw b (D) .

_AlFs system with
rent MR at a constant ratio of NaF; KF = 25:75. (b) Electri vity comparison of
“KF-AlF3 (experimental data — symbols) and KF-AIFs (calculated data '~ full lines)
systems.




ot of Nal* addition

In this part electrical conductivity of systems with the same MR (1.5) and ditferent Nalf
additions were investigated. For four studied systems with ditferent Nal’ additons ({15-50) mol
%o the working temperature was in the range (792-902) “C. The measurements were carried out
in the same way as in the previous chapter.

As the results in Fig. 4 (a) indicate electrical conductivity inereased with inereasing Nall
addition. Using the highest Nal' addition (50 mol %), conductivity increased by 0.168 S.cm”!
compared to the lowest Nak addition (15 mol %2,

Obtained experimental data of NaF-KF-AlFs system with various NaF additions were compared
with literature data ' [1.4]. The differences can be seen in Fig. 4 (b). System with 15 mol %o
Nak addition was compared with pure potassium system. The line was caleulated from equation
for KF-AlFa system in lemperature range (810-910) °C eit. !, Compared to this system electrical
conductivity of NaF-KF-AlTa system increased by 0.100 S.em!. On the other side s vstem with
50 mol % Nal' addition was compared with pure sodium system. The line was calculated using
cquation for Nal- AlF3 system in temperature range {790-880) °C '. Using the highest Nal'
addition in the multicomponent svstem the conductivity decreased by 0164 Sem in
comparison with the Nal*

) T Iy ‘ ) o
o toie | w Sirine
o "
= . .
% . . 3w P
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.
* T [ i —_
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Fig. 4. (a) The temperature dependence ol electrical conductivity of NaF-KF-Allx system with
MR = 1.5, (b) Ll | conductivity comparison of Nal-KIF-AlF3 system with pure NaF-Alls

(blue full line) * and KF-AlFs (green full line) ' systems.

Conclusion

Flectrieal conductivity of multicomponent NaF-KT-AIFx system in low-temperalure area was
investigated. At first the influence of different MR (differ AlFs additions) on eleetrical
conductivity was studied. As MR and temperature decreased the conduetivity also decreased
Furthermore, the effect of various Nal’ additions to the multicomponent melt with constant MR
was examined. Inereasing Nak content caused the conduetivity inerease. [t was also possible to
reduce the TPC up to 660 © C in these multi nent melts, In lusion we ean say that
Alls addition significantly reduces the conductivity compared to currently used industrial
melts. The KF addition alse causes conductivity decrease. but il leads to Al:Os solubility
improvement. The NaF addition inereases the condu alues. Using a suitably MR set and
suitably mutual NaF-KF ratio, it is possible to use Nak- KF-AIF: 3 electrolytes i the aluminium
electrolytic production. especially in connection with inert electrodes setup and a possible
electrolysis cell design change.
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Abstract
In this stud:

elected physico-chemical methods for the determination of possible membrane
tion of Escherichia coli (E. coli) were examined. £. coli, a gram-negative rod-
important component of the mammalian intestinal microflora. Partial
ify s one of the possible factors
tegration of bacterial membrane. To permeabilize the bacterial membrane,
cathelicidin 1.1-37 and microwave radiation were used. In the investigation of \In.ILLL[rJI
changes in the bacterial membrane. squa; It iy and el I ic
ury clectrode were used. UV/VIS \pu'lmphulmm.lr\ was used to indirectly
track changes in bacterial cell structure.

Key Words: Fscherielia colt, Permeabilization, UV/VIS spectrophotometry, Square-wave
Voltamperometry. Chronopotentionietric stripping analy:

Introduction

Bacteria are microorganisms that are present in every comer of our planet. They form Jarge
group of prokaryotic organisms. Their size ranges from 0.3 to § um and they have a number of
shapes. such as spirals. spheres, and rods. They have a tendency to form larger active complex.
This feature is typical for cocei as they can form diplocoeci, staphylococei, or streptococei !

Escherichta coli (E. ¢oli). rod-shaped bacterium, is an important component of the mammalian
intestinal microflora, However, some str: " this bacterium are pathogenic and can cause a
variety of discases. These microorganisms are gram-negative bacilli that exist singly or in pairs.

E. coli is one of the most fnqucm causes ol many common bacterial infections. such as
cholecystilis, bacteremi tion, and other clinical infections, ¢.g.

neonatal meningitis and pneumonia .

The main d ulmnngx of commonly used methods for the determination of antimicrobial effect
of various agents is that the results are usually visible next day. Changes m the
physico-chemical propertics between a native and damaged bacterial membrane can be used
for the rapid determination of the deterioration of hacterial membrane, The aim of this
contribution is 1o study the | bilization of bacterial b by physico-chemical
techniques. Specifically. we report the use of electrochemical methods for the study of
membrane disime-gralion intwo of Escherichia coli. Selected electrochemical methods such as
cyelic volt ry (SWV). and chronopotentiometric siripping,
analysis were u«ud in qrd\.r to examine the possible membrane pi.rmu.abilizmon of two £ coli
bacterial strains by antimicrobial peptide and microwave irradiation. P.|rl| 1l aim of this work
was to identify Pegalactosidase enzyme as one of the possible factors characterizi
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disintegration of bacterial membrane. To permeabilize the bacterial membrane, cathelicidi
37, the body's own antimicrobial peptide, and membrane degradation by microwave radi
were used. UV/VIS spectrophotometry was also used 1o indirectly track changes in bacterial
cell structure.

Experimental

To determine the permeabilization of bacterial membrane two bacterial strains, £scherichia eoli
COM3988 and Escherichia coli ML-35p, were studied. The cultivation process and J-
palactosidase detection are in more details deseribed in our previous reports ™,

All electrochemical measurements were performed under ser crile conditions in a 6 ml
degassed phosphate buffer solution. A platinum wire electrode and a 3M KCl solution saturated
Ag/AgCl electrode were used as an auxiliary electrode (AE) and a reference electrode (RE).
respectively. Two types of working electrodes (WE) were used. a hanging mercury drop
electrode (HMDE WK2) and a glassy carbon electrode (GCE 5 mm diameter). The surface of
the graphite electrode needs to be at fist pretreated by polishing with polyervstalline diamond
sugpension and with finer alumina suspension on the polishing pads and then electrochemically
and chemically activated. Chronoamperometry served as a tool for electrochemical activation
of the polished electrode. which was immersed in the supporting electrolyte of degassed
phosphate bufTer solution. Stepped potential of 1.7 V was applied to the graphite electrode for
90 s and the current was monitored as a function of time *.

Chemical activation of graphite electrode was based on the application of the mixture of 0.05 M
V-hydroxysuceinimide and 0.2 M 1-Ethyl-3-(3-dimethylaminopropy Dearbodiimide in a ratio
of 1:1 on the surface of the electrode for 12 min. Subsequently, an inoculum of the different
volumes was added into the supporting electrolvte and accumulated on the electrode surface.
The square-wave voltammogram and chronopotentiogram were obtained.

Results and discussion

In order to prove permenhilization effect of cathelicidine LL-37 or microwave irradiation,
respectively. squarewave voltammetry and chronopotentiometric stripping analvsis. ag very
sensitive methods. were used.

In the Fig. 1 squarewave voltammogram of E. coli strain before and after exposure to
cathelicidine 1.1-37 is shown *.
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Fig. 1 A)SWV of E coli strain before and after exposure to LL-37. (B) SWV after subtractng
the baseline. Blue curve (PB) and red curve (LL-37) represent baselines. Green curve
demonstrates accumulated bacterial cells on the surface of the graphite electrode, Black curve
represents bacterial cells reated by LL-37 i

Based on the mformation in Fig. 1,1t can be de duced that cathelicidin LL-37has a strong impact
on E. colt membrane. After addition of this antimicrobial peptide to the solution with &, colt
strains clear differences on SW voltammograms cbserved Very similar observation can be
made after microwave irradiaion

Conclusion

It can be concluded that the cathelicidin LL-37 and microwave radiation have a sigmficant
effect on the electrochemical signal provided In SWV, the curves representing the native form
of the E coli bactenia, in addition to the background peaks, exhibit two other peaks m the area
of high positive potentials wersus RE probably corresponding to omdation of OH groups on
bacterial membrane structures. The disappearance of these peaks in bacteria that have been
exposed to the antimicrobial effect of cathelicidin or microwave radiation could be a result of
a change in membrane structure. Differences observed on graphite electrodes between intact
bacteria cells and cells with disrupted bacteneal membrane due to microwave rachation are of
different nature than due to LL-37 exposure **
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Abstract

In recent years a significant advance in the utilization of 3D technology in different areas of
science was made. This work aims to determine the content of micropollutants through an
electrochemical flow cell using a sereen-printed electrode. The clectrochemical flow cell was
designed as a 3D model and printed with the help of an FDM-based 3D printer. We used various
electrochemical methods to determine the effect of concentration. polarization rate. and flow
rate on the solution's electrochemical behavior.

Key Words: 3D printing. Flow cell. Electrochemistry. Screen-printed ¢lectrode.

Uvod
3D tla¢ je sposob, ktorym sa na zaklade predpripraveného 3D modelu vy
trojdimenziondlny objekt, Ten vzniki opakovanym nanasanim jednotlivych vrstiev materidlu
¢ | Najjednoduchii variamt 3D tlatiame spo¢iva v technike FDM
ng), ktord je wvdaka jednoduchej tladovej mechanike,
anosti flaciteMnych materidlov a nizkym nakladem najrozsirengjsim typom 3D tlaciame,
yuzitie 3D tlade v elektrochémii sa posledné roky dostava do popredia, bud’ na vyrobu
zatiadenia na analvzu analvtickych vzoriek alebo aj na samotni tlaé funkényeh elektrod *

Experimentilna ¢ast’

Potas merania sme pouzili 0,1 M chlond draselny (Sigma-Aldrich, Nemecko) a roztoky
& roznym obsahom hexakyanozelezitanu draselného (Sigma- Aldrich, Nemecko) a to (.07 mM.
015 mM. 029 mM. .58 mM a L16 mM. Na uskutoénenie merania sa pouZivala tzv.
sieotlacend elekiroda (SPE, 2 angl. sereen printed electrode), Kiord v sebe zahfiia pracovny,
refereném a pomocnn elektrodu. Materidl pracovnej a protielektrody bol grafit a referenéna
elektroda bola argentochloridovi elekiroda AglAgCl3M KCL Samotné meranie prebichalo
v elektrochemickej prictokovej cele. Klord bola poskytnuta Dr. V. Kolivoskom 2 Ustavu
fyzikilni chemie 1. Hevrovského, Ceské akademie véd. Praha. K elektrochemickej cele bolo
zapojené peristaltické Gerpadlo Helago PCDI031 pomocou hadice s vonkajsim priemerom
4 mm a vnitornym priemerom 2 mm.

Na ziklade experimentov realizovanych v uz spomenutej prictokovej cele. sme navrhli nova
vlastnu nddobku. Navrh 3D modelu prebichal pomocou programu SketchUp Pro 2021,
clektrochemickd cela bola rhnuta tak. aby obsahovala komoru pre SPE v presnych
rozmeroch: firka 10.2 mm, d 34 mm. hribka 0.5 mm. Miesto kde sa dochidza ku kontakiu
clektrolviu a aktivnej Gasti elektrody je utesnené O-krizkom. Samotnd nidobka mi rozmery:
girka 25 mm, vyika 10 mm, dizka 40 mm. Stred trubky pritokn a odtoku je umiestneny 7,5 mm
odspodu cely. Celd nadobka je upevnend pomocou zikladnej dosky. Tlad sa uskuto¢nila
pomocou tagiame Evnove (Artillery3D) Sidewinder X1, pouzivali sa tlacové filamenty
materidly PETG s priemerom 1.75 mm. Parametre. kioré sme nastavili pri tlagi: hro
0,1 mm, priemer trysky: 0.2 mm, teplota trysky; 205 °C, teplota vyhriey
60°C. Celkovi doba tlace trvalo 140 minut a spotrebovalo ga 3131 mm filamentu.
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Obr. 1. Findlna verzia priciokove] elektrachemicke] cely pozadovanych rozmerov

Elektrochemické merania boli prevedené na pristroji Potentiostat PGSTAT 301N (Metrohim,
Svajciarsko), ziskané Gdaje boli vyhodnotené softvérom NOVA 2.1 (Metrohm, Svajéiarsko) a
do konecng) graficke] podoby sa spracovali pomogou programu OriginPra 3.6 (OriginLab,
USA)

v

Pa

sledky o diskusia
srovali sme vplyv koncentracie na evklické voltampérogramy. Na Obr 2 sledujeme

Zivislost pridu vodi aplikovanému potencidlu pri prictoku 1.4 mL/min. Cierna krivka
predstavuje zakladny elektralyt 0.1 M KCL Farebné krivky prislichaji roziokom s rézny
podiclom litky Ks[Fe(CN}s] £ voliampérogramu je zigjmé, Ze sa potenciil anodového a
katodového piku vvrazne nemeni v islosti od obsahu hexakyanoZelezitanu draselného na
rozdiel od pradove) odozvy, ktord sa s rastheim podielom Ks “Ns] EvvSuje.

flow - 400 %% (1.4 mifmin)

a
4
8

a
a

shprpisn i iy
5]
a3 20 03 0
Potential !V

Obr. 2. Vplyv koncentracie roztokov s réznym obsahom Ks[Fe{CN}s] pri prietoku 1.4 mL/min

V dalfich meraniach sme sledovali vplyv rychlosti prietoku (od 0 mL/min aZ po 3.5 mL/min)
roztoku, Zo ziskangch voltampérogramov bolo zreimé, e sa potencial anodového a katodového
piku meni v zavislosti od rychlosti prietoku roztoku a posiva sa k zépornejiim potencidlom
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Menia sa priblizne rovnomerne, preto potencidlovy rozdiel mozeme povazovat’ za konstantny.
Prudovi odozva sa s narastajicim  podielom hexakyanoZelezitanu drasein¢ho m
vyraznejdie. Anodove a katodoveé piky sa pre jednotliv Pri
prictokoch sme zaznamenali vvddic anodové a katodove piky. Vygka katodového a anodov
prirdového piku klesa s rasticou rychlostion prietoku.

Na zaver sme sledovali vplyv réznyeh polarizad

veh rychlosti na eyklicky voltampérogram

rovnako ako aj prad katodového a anodového ]:,Il u.

i 0,45 b K, FRIENY] In 0,0 K
4004 Sou-1.4 midTin, raslance companston R=E30 (1
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o
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Obr. 3. Vplyv réznych polarizaénych rychlosti pri prietoku roztoku 1.4 mL/min,

Zaver

Ciclom tejto prace bolo sledovat elektrochemické sprivanie sa roztoku v prietokovom systéme
na povrchu SPE vzavislosti od koncentricie roztoku, rychlosti prietoku a polarizacnej
rychlosti. Na ziklade tychto merani sme navrhli nasu viastad prietokovin celu, ktord sme
nisledne vytlagili pomocou 31 tagiame, ktord vyuziva technologiv FDM. Informécie, koré
sme vd'aka tymio meraniam ziskali predstavuu zaklad pre d'algie merania, a to na stanovenie
mikropolutantov v prietokovom systéme
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Abstract

An understanding of electrochemical behavior of spec
(ODNs) at basal plane pyrolvtic graphite electrode (bPGE rucial for its further application
in direet DNA electroanalysis. This work ed on electrochemical behaviour of guar
reach ODN sequences adsorbed on bPGE. which are able to fold into the guanine quadruples
(G4) in presence of K or remain single stranded (ss-) in the presence of Li', Thus, following
factors: ionic strength, sequence, secondary structure, adsorption time. and ODN’s
concentration affecting ODNs" adsorption and resulting current responses have been observed
i this work. Thanks to this study. suitable conditions allowing to distinguish between the ss-
and G4 forms of ODNs were found. These results may be prospectively used in further rescarch
of G4 structures. stability, and interaction with solid surfaces or with G4 ligands. the
prospective eancer therapeutics,

sequences of the oligonucleotides

e

Key Words: DNA. electrochemistry, guanine quadruplex. pyrolytic graphite electrode,
secondary structure, voltammetry,

Introduction

Next fo the canonical DNA secondary structure (B-form), DNA may
canonieal structures (parallel, folded slipped structures, cruciforms, hai
ine reach sequences may fold into a gan'EJu quadrupl (G4), which are
\ nce of univalent cations such as or NHy'. Cytosine reach sequenc
fold into the so called i-motives under the suitable conditions (pH). Both non-canonical
A forms play ficant role in bwlny»al processes of the enkaryoric and prokaryotic cells
(regulation. tr I and translation).” Electrochemical analysis of the G4 cither direct 3

o form the non-
ns, triplexes etc.).

i)

We have already showed. that specific electrochemical signals related to individual DNA bases
could be obtained at the bPGE. due cither to irreversible reduction or oxidation of the parent
bases or due to oxidation or reduction (respectively) of the products of the former primary
clectrochemical transformations.” Nevertheless, further studies are needed 1o clanily the
mechanisms of nucleobase redox processes on the bPGE and observed possibilities of the bPGE
in DNA electroanalysis. Broad applicable potential window together with extensive ODN
signal response at BPGE represent promising tol for G4 electroanalysis.

In this work. we have studied the ODN adsorption on bPGE by adsorptive transfer stripping
voltammetry in cathodic potential range. and morcover oplimized the adsorption and
electrochemical conditions with the aim to distinguish G4 from ssODN structures using ¢
voltammetry at bPGE.

Experimental
Oligonucleotides (sequences see in Tab. 1) were purchased from Merck, othet chemicals were
al least p.a. purity and purchased from Sigma-Aldrich. All the solutions and electrolytes were
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prepared from double distilled water (ddH:0) produced by distilled apparatus (type 2004,
GFL).

Table 1. Studied ODNs.

QDN Lenght  Sequence (5-3) M, g/mol  AC GT
c 15 GTA CCC GCC GTA CCC H739 10 3

22 CCC (s 65042 18 4

HUT-T2 22 (AGG GTT) AGG G 6966.5 4 18
dsHUT 2x22 CCCT(AACCC T 134707 22 22

GGG A(TT GGG A

F-26 26 -1 T(T TAG GGo 8721 4 22
F-26-T 26 =FAM-TT(T TAG GG l-TAMRA 9344 4 22

Electrochemical measurements were carried out by potentiostal Autolab 302N (Metrohm-
Autolab) connected with VA Stand 66 three ¢lectrode setup including: bPGE (geometric
surfice area 7.07 mm?) as working electrode, Ag/AgCl3M KCl as reference electrode and
platinum rod as counter electrode (both Metrohm-Autolab). The bPGE (Momentive. \)
electrode was home made by sealing the bPGE cvlinders (o0.d. 3 mm. length 5 mm) into an

o tesin (Torr Seal, Varian) and contacted by copper cable. The clectrode was bricfly
shed by twisting it on a paper towel and peeling off’ 5-7-times using adhesive tape (Tesa).
Immediately afterwards. ODNs were adsorbed at the PGE surface from 3 pl. aliuots of ODN
ning specific amount of the salt (K or Li") during adsorption time (fads) 0-300 s, The
electrode was then rinsed in ddH:20 (if not stated otherwise) and placed into the electrochemical
cell containing blank background electrolyvte (0.2M acetate buffer pH 5.0). Oxygen was
removed from the solution by 5 min passing a stream of argon (5.0 grade. SIAD) saturated with
vapors of double distilled water in all voltammetric experiments. All the measurements were
carried out al room femperature 25°C. I-E curves were registered by multiple linear scan
voltammetry (L8V). LSV setting: scan rate 1 Vs, potential step 2.4 mV. Several successive
LSV seans were combined 1o produce cyelic voltammograms (CV). A moving average
(window size 1) was used for baseline correction.”

Results and Discussion

At the beginning, we have studied electrochemical responses of the selected ODNs (20 M
HUT-T2, HUT-¢om and their 1:1 molar mixture forming double strand (dsHUT ) adsorbed (fats
= 60s) on bPGE from 0.3M KCl. washed in ddH0. and analysed in 0.2M sodium or
ammonium acetate buffer pH 3.0. Selection of these conditions resulted from the previously
optimized methods providing saturation of the electrode surface by ODN and high CA and GT
peak current responses.” The selection of (.3M KCI caused folding of the HUT-T2 into G4,
HUT-com probably formed i-motives, dsHUT remained double stranded. and 4BAS-com
single stranded. Observed differences in the CA and GT peak currents of individual ODNs
obviously resulted from different content of the individual bases available for the reduction at
the bBPGE and total number of adsorbed ODN molecules. To resolve G4 from ss- structure, the
only HUT-T2 has been adsorbed (tas = 60 s) from (.3M KC1 or 0.3M LiCl where G4 or ss-
forms were confirmed by CI) spectra, respectively, Unfortunately, no signal difference was
observed using CA and GT peak currents within the standard deviation of the measurement,
This could be caused by: 1) G4 unfolding during its adsorption from 0.3M KCl solution either
by effect of high ionic strength or prevailing adsorption over the G4 stability resulting in the
only ss- form adsorbed on bPGE. orii) HUT-12 adsorption in ss- form (from Li') on bBPGE and
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its folding to G4 after the transfer into the electrolyte containing high concentration of Na”
(allowing formation of antiparallel G4) and/or NH+" (parallel + antiparallel Gd), respectively,
No significant changes have also been observed during measurements of the dependences of
taas or ODN concentration using 0.3M KCl or LiCl and measured in Na® or NHi" based
electrolytes,

Since CD spectra confirmed that ssTTUT-T2 (in Li*) folds into the G4 in the exeess of K', Na~
or NI, and that once folded G4 keeps its structure even if it is placed into the excess of Li'.
0.2M lithium acetate bufler pH 5.0 has been selected as the electrolyte to eliminate posi-folding
of the ssODN adsorbed on bPGE, and not significantly affecting already folded G4
Additionally. the stock solutions of all the ODNs were prepared in ImM lithium phosphate
buffer t0.5mM EDTA pH 7.0. to keep constant pIT and thus stabilize ODN in ss- structure. An
addition of certain concentration of Li" or K determined an ionic strength of the ODN stock
solution influencing the ODN adserption efficiency on bPGE and secondary structure of the
ODN. Gradual addition of 1 to 30mM K induced the folding of HUT-T2 into the G4 whal was
confirmed by increasing CD signal at 290 nm. No changes of the signal was observed for Li7
addition. Following vollammetric measurements of the ODN samples with increasing ionic
strength induced by K' or Li” revealed the possibility to distinguished between ss- and G4 forms
{ 1) Differences of the CA and GT peak currents of 1uM HUT.
increasing ionic strength indueed by K or Li” were caused by change: 3
the reducible bases.” Unfortunately these experiments were loaded down with high RSD of the
measurement sometime exceeding 40%. To minimize effect of the low reproducibility.
Muorescein (F-) and tetramethylrhodamine (-T) labelled ODNs were electrochemically studied
and CA or GT peak currents divided by the peak current of F- or —T, which have also been
evaluated and correlated with other ODN redox peaks, when concentration and faa dependences
were studied.

Fig 1. Scheme ol the adsorptive transfer stripping voltammeltry representing stabilization ol
guanine reach ODN sequence into the guanine quadruplex (G4) by K7 in the solution, transfer
of the ODN aliquot on the bPGE surface with representing SEM image (magnification 10.000x)
and schematic arrangement of the folded G4 and unfolded single stranded (ss-) ODN adsorbed
on bPGE together with following [-E curves representing differences in CA and GT peak
currenls in presence of 23mM K or Li” in the solution from which ODN has been adsorbed

Interestingly. one would suggest that CA and GT peak currents will be higher when adsorbed
from Li* then K. due to the direct accessibility of the bases (four A and twelve G of HUT-T2
in ss- form) to the electrode surtace. However lower GT signal when adsorbed from Li' than
K" is in good agreement with lower guanine reduction efficiency in the sequences with low

49



content of A and/or C significantly contributing in G reduction.® While lower signal CA of
HUT-T2 adsorbed from 23mM KCl corresponds to our conception of worst accessibility for
reduction when it oceurs in G4, depicted on Fig, 1. together with higher GT signal obviously
influenced by more efficient reduction (charge transfer) of the - stacked G quartets in G4
keeping its G4 structure even in adsorbed state on bPGE.

Conclusion
Direct electroanalysis of the ODNs is very last, cheap and simple experiment, but very complex
process influenced by the sequences of studied ODN (each should be studied mdividually the
ibility of the bas the seeondary structures may significantly influenced signal
sponses), concentration, ionic strength, composition of the solution from which is ODN being
adsorbed and also by the utilized electrolyte. Thank to high stability of the G4s. they maintain
folded afier the adsorption on bBPGE and the washing step in ddILO. Thanks to their high
stability, Gds may be electrochemically studied in proper inedia not affecting or purposefully
inducing the secondary structure of the ODN. Electrochemical reduction or oxidation of the
ODN bases apparently disrupts G4 structures. what has to be taken into consideration and the
products should also be studied more in detail.
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Application of Pulsed Technigu

n Order to Decrease the Passivation in Amperometric
Detection
(Vyuziti pulsnich technik ke snizeni pasivace pii amperometrické detekei)
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Laboratory of Environmental Electrochemistry, Albertov 6, 128 43 Prague 2, Czech Republic

Abstract

Possibility to prevent passivation of the working electrode was tested using sulfamethizole as a
test compound, due 1o its high passivating power, It was found out that pulse amperometry
decreases the passivation in comparison with sical amperometry with stable inserted
potential. Zero potential pulses and the decrease of the pulse time helped with the resistance
towards the passivation

Key Words: Pulsed amperometry, Passivation. Sulfamethizol,

Uvod

Problém udrzeni stabilntho  povrchu  pracovnich elektrod je odwveéki bolest mnoha
clektrochemickych technik. V organické elektrochemii je obvykle zasadni otizka pasivace,
zpisobend uklidinim produkti chemicks
k zablokovini aktivni plugh\ a tim snizeni signalu. za mkhndl okolnosti
K podobnému chovini maji sklon zejména 1mm1l
jsou casto polymerni. atedy Spatné rozpustng . Pasivovaits elakirodi o vaddkovid
Jje obvykle s vhodnou frekven & 'jiz i ¥, P
obou metod. Pritokové techniky pasivaci trpi méné, protoze v jejich pfipadé byva povrch
pracovni elektrody omyvin pracovnim roztokem: na druhou stranu. pokud K pasivaci presto
dochazi. je pracovni elektroda obvvkle obti: piistupna pro efektivni éisténi. Jako mozné
feleni se nabizi pulsni amperometrie, kierd mize zkracenim doby. kdy probihi reakee, pasivact
omezit . Cilem této prace tedy je otestovat efekiivitu tohoto pristupu s pouzitim sulfamethizolu,
sulfonamidového antibiotil Litky silné pasivujief elektrodu *. jako testovaci litky.

veh reakei na povreh elektrody. postupné vede
i L cho vymizeni.

kombi

Experimentilni ¢ist

riho Polarograph (PolaroSensors, CR).
Pro amperometrickd méter tokove injekeéni analyzy (FIA) byla pouzita pumpa
High Pressure pump HPP 5001, jako dudﬂur byl pouzit Autolab PGSTAT101 (Metrohm
Autolab, Nizozomsko). divkovano bylo 100 pl vzorku a pritokova rychlost dosahovala 0.5 ml
min™'. V obou pripadech bylo pouzito trielektrodové zapojeni s pracovni elekirodou ze skelného
uliliku (priimer 3 mam, Metrohm). referentni argentehloridovou elektradou ( PolaroSensors, CR)
a & pomocnou platinovou elektrodou (PolaroSensors. CR).

Zasobni roziok sulfamethizolu o koncentraci 1+10* mol I”' byl pripraven rozpusténim presnd
odvizeného mnozstvi litky v destilované vodé. Jako zikladni elektrolyt. resp. nosny roztok byl
powzit Brittonav-Robimsonay puft.

Cyklicka voltametrie byla méfena rychlosti skenu 100 mV 7', Kromé klasické amperometrické
detekee s trvale viezenym potencialem byly pouzity i ty pu]slliLh technik — stridini
iho pu]e.u s pulsem s nulovym potencidlem (pracovnd nazvany Hradby). viozeni nékolika
h pulsiis postupn rostoucimi Iy (pracovne nazvany Schody) a viozeni nckolika
méricich pulsi s postupné rostoucimi potencidly. kde mezi kazdym méticim pulsem byl




eny puls s nulovym potencidlem (pracovné nazvany Mrakodrapy). Trvini kazdého pulsu
bylo 100 ms. pokud neni uvedeno jinak.

diskuse

ini pasivace vsadkového a pritokového uspofadani byvla jako prvni zméfena série
ich evklickych voltamogramii roztoku sulfamethizolu o koncentraci 1107
mol I v prostiedi o pH 2, 6 a 12. Ukdzalo se, 7e visledek je obtizné numericky vyhodnotit;
b&hem patnicti nasledujicich méfeni pik prakticky vvinizi, je ale obtizné rozhodnout, jestli je
1o zpisobend poklesem jeho vWiky nebo jeho vysunutim mime potencidlové okno — posun piku
k m potencialiim je nicméné rovnéz charakteristicky pro pasivovanou elektrodu,

Zie Gyt typl amperometrické detek perimentilni &dsti. poskyiuje typ Schody a
typ Mrakodrapy amperometricky ce detekénich potencial a umozinuje tak
na zikladé jednoho méfeni 1 volbu vhodného detekéniho potencialu, Méreni s témito typy
detekee bylo provedeno v rozsahu 0.8 V az 1.5 V pfi pH 2. 4. 6. 8. 10, a 12. Zvolené hodnoty
sledovanych potencidld byly 1,3 V pro pH 2 a2 8, 1.2 V pro pH 10 a 1.1 V pro pH 12; stejné
hodnoty detekiniho potencidlu byly pouzity i pro méfeni Klasickou amperometrii a technikou
Hradby. Ve viech piipadech bylo provedeno deset nisledujicich nastiiki bez oisténi elektrody
a vypocitand relativni smérodatna odchylka v piku a relativni pokles vyiky piku mezi
prvnim a desatym nastitkem. Ziskané hodnoty jsou shmuty v Tabulee I

Tabulka 1.
Relativni pokles signilu a relat
typy amperometrické detekee.

smérodatna odehylka deseti nasledujicich méfeni pro rizné

Hradby Mrakodrapy Schody Klasicka
amperometrie
pH E. Relativni  RSD, Relativni  RSD,  Relativni  RSD,  Relativni  RSD.
V. pokles, % % pokles. % 4 pokles, % % o
2 13 76 133 57 437 16.3 1224
4 1.3 327 283 10,6 85,5 50 80,0
[ 13 113 S 10,7 43 595 339 392
8 13 7.7 2; 21,5 34 36.8 15.2 42,1
10 1.2 147 6.7 83 11,7 288 10.5 20.8
12 1.1 204 T3 26,5 10,4 28.8 11,5 33

adityeh pH je pokles signalu pii klasické amperometrii velmi
erveh pilpﬂd\:ch méné net desel procent visky prvniho piku

nejménd uéinny. ziejme kvili tomu, Ze i zde je ve vetiiné pnpadu vlozen letmrtrn!e potencial,
pii kierém probihi elektrochemicki reakee. Naopak nejlepsi vysledek poskytuje typ Hradby,
zde jsou hodnoty téméf stabilni. s RSD okolo ti procent.

Vybrané kivky z abou krajnich pripadit jsou zobraceny na Obr. 1. Kromé poklesu vy&ky piku
si zde mizeme mmmjuéu. jednoho prvku, souvisejiciho s pulsnim programem — v pulsnim
k také proudové pozadi, piigems pomér
né ovlivnit délkou pulsu: v této prici byly testoviny
a piku se v tomto rozmezi p i
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Obr. 1. FIA ziznamy opakovanych ndstiikd roztoku sulfamethizolu o Koncent
wweT =+ 1.3V a (I3) pulsni amperometrii stiida
detekéni puls (E =+ 1.3 V. 100 ms) a klidovy puls (E = 0 V. 100 ms). Nosnv roztok B-R pufr
pH 6. pracovni elektrada ze skelného uhliku

Zaver
Bylo potvrzeno, ze pulsni techniky mohou byt vel
eni proudu pomd; a tim pofmeru \Iglh

efektivni v potlateni pasivace; cenou za
m Z pouZI reh typl potencidlovych
o a kl:dnw!m pu}au (I\p
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Eleetrophoretic Study of Mono- and Bis-Trinzamacrocyclic Derivatives
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Abstract

Capillary electrophoresis study of mono- and bis-triazamacrocycles with benzene was
performed under various pH conditions between 2.86 — 10,43, Acidobasic equilibria between
only three charged forms (LHI),. (LHIT).. (LHY), (x=1. 2) were observed for both the
compounds. The effective mobility s higher for bis-riazamacroc; according to the higher
charge of the compound whereas protolytic behavior of both macrocycles corresponds to the
three acid-hase eqy The experimental data were fitted with a model equation for a three
base system and values pKZiE, = 3.84. pKZSE, - 8.42, and pK7E, = 411 pKB%, = 8.40 were
determined for the mono- and his-triazamacrocyelic benzene derivatives, respectively

Key Words: triazamacrocyeles, capillary electrophoresis, effective mobility, acid-hase
equilibria. dissociation constant.

Uvod

Mono- a his-triazamakroeykly C1 a C2 jsou nové pipravené latky ze skupiny aromatickych
derivitii 1,59 — winzacyklotridekan, s vyrasmou a stericky podminénou  schopnosti
Lompl oval malé organické anionty (viz obr. 1), Litky byly syntetizoviny jako potencidlni
nosie lé¢iv a makroeyklické ligandy v syntetickych modelech metaloenzymit ',
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Obr. 1. Stuktura studovanyeh litek

V makrocyklech sloudenin C1 a C2
prostredi relativng snadno protoni
kapilarni elektroforézy.

nachdzi tfi nebo Sest NH skupin. Keré se ve vodnim
Tvto nabité formy lze s vwhodou studovat pomoei

Experimentilni &ist

Syntéza triazamakrocyklickych derivatlt benzenu byla jiz diive publikovana '. Elektroforetickd
méfeni byla provedena piistrojem CE-7100 (Agilent Technologies. SRN) s integrov:
absorp 1 fotometrickym  detektorem s diodovym polem. Zakladni parametry mé em
separalni napéti 23 (-25) KV, hydrodynamické davkovini 30 (-30) mbar po dobu 10 s, teplota
termostatu 25°C, fotometricka detekee hma = 200, 230 nm, Pro méfeni pH a vodivosti nosnych
elektrolyti byl pouzit pHl/konduktometr Jenway 3540 (Jenway. SRN).




Pewné litky byly navazoviny na analytickych vahich Sartorius 2004 MP (Sartorius Gmbh,
SRN). Pro piipravu a nasledné fedéni viech rozioki byla pouzita deionizovana voda Milli-Q (p
= 18,2 M m) (MilliporeSigma, USA).

Slozeni nosnvch elektrolyti (NE) bylo valeno sohledem na jejich dostate¢né nizkou
specifickou vodivost, zajistujici minimilni generované Joulovo teplo a dostateéné vysokou

i Pfi jejich prpravé byly pouzity pouze uni-univalentni elekirolyly. Pro
Zajisténi optimilni symetrie pikdi C1 a C2 byly vybriny jako pufrujici slozky koionty
NHy . Konkrétni slozeni jednotlivyeh roztokis NE, které byly pripraveny definovanym fedénim
100 mM zisobnich vodnych roztoki kyseliny mravenci, kyseliny octové, hvdroxidu sodného a
hydroxidu amomiého deionizovanou vodou, je uvedeno v Tabulee . Hodnoty pH a mémé
vodivosti byly uréeny experimentilng. pro vypocet iontové sily byl pouZit program Peakmaster
5.3. Kfemennou separaéni kapilirou o voitinim primeéru 50 pum a celkové délee délee 53.0 em
prochizel pri vlozeném napéti 25 kV proud 6 uA.

Visledky a diskuse

Byla studovana zavislost rychlosti ace latek C1 a C2 na pH. Pro méfeni byla Gerstvé
pripravena série nosnych elektrolyti v intervalu pIl 2.86 — 1045 (Tabulka I). Ukazkovy
elektroferogram dokumentujici separaci smési studovanyeh litek €1 a C2 (¢ = 107 mol-1")y
s pidanou thiomoovinou (TM: e = 0.1 mg-ml™) v nosném elekirolytu o pH 4.71 je uveden na
Obr. 27
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Obr. 2. Zaznam separace smési studovanych slougenin C1 a C2 s pitdanou thiomocovinou
(TM}) v nosném elektrolytu o pH 4.71.

Zeviech potizenyeh elektroforegrami byly odecteny migralni casy litek C1a €2 a tas
elektroosmotického toku, Vysledky opakov: méfent. vyjadrené jako primérné hodnoty
efektivaich elektroforetickych pohyblivosti j Jsuu souhring uvedeny v Tabulee L




Tabulka I.
Charakteristiky nosnych elektrolytd (NE) pouzitych pro méeni iontovyeh mobilit
studovanyeh komplexotvornyeh latek C1, odpovidajici hodnoty efektivaich
elekiroforetickveh pohyblivesti mci. mcr ve studovaném rozmezi pH 2.86 — 10.45.
Koncentrace slozek o, 8 m”! Lmmol  pH merts, i

NE*, mM dm™ em’ Vis!  em® Vs
120 A 5.69.107 1430 28 480107 5.83-10°
1354:41C 4398 341 474107 5.73-10°
100 A: 5.0 C 5191 374 4.73:10% 5.68:10°
80A:54C 5494 410 442-10° 5.48-10°

) 6549 432 43010 5.29-10
180B:6.5C 6536 449 422107 5.21-10
150B:6.5C 6527 461 418107 5.12-10°%
130B:64C 6421 471 41510 5.07-10%

6.620 4.75 415-10" 5.08-10"

6,617 48 4127107 5.01-10%

4601 803 388107 4.41-10"

4611 g90 2.7510° 2.75-10%

4.534 945 2.56: 10" 2.56-107

4,489 9.90 2.52-10* 2.52-10*

4,339 1045 251107 2.51-10°

*A — kyselina mravenci. B — kyselina octovi; C — hydroxid sodny: D — hydroxid amonny.
*Haritmeticky primér ze &y po sobé jdoucich meieni.

13.0B. 6.6 C

120B:66C

4‘% 120D
4442400

Priimémé hodnoty efektivnich elektroforetichyveh pohyblivost byly pouzity jako vstupni data
pro prolozeni zvolenou funkéni zavislosti.
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Obr. 3. Zavislost efektival mobility latky C1 (A) a litky C2 (B) na pH nosného elektrolyiu.
Data jsou prolozena zivislosti uvedenou v rovnici (1),

Z pribéhu kiivek se dvéma vyraznymi inflexnimi body je ziejmé. ze obé latky C1. C2 podiéhaji
ve studovaném rozmezi pH dvéma protelvtickym rovnovihim za tvorby kationti (LHF™),.
(LHEY ). (LHY )y (x — 1,2). Z priibéhu zavislosti vyplyva, Ze obé studované slougeniny jsou do
prvého stupné protonovina jiz v silné baz oblasti a maji tedy charakter silného elektrolytu
s nenulovou efektivii elekiroforetickou pohyblivosti. Suuéasm ze srovndni zivislosti pro ohé
i is-1ri 3! i pouze thH a nikoliv Sest
ni Gdsticemi, pricem?z ve studované oblasti pH jsou pozoroviny pouze
rovnovihy dvé, Tuto hyj potézu potvrzuje existence dominantniho dvoindsobné nabitého




molekulimiho kationtu u litky €2 vESIMS spektru . Pro vysvétleni pozorovanych
mobilitnich zavislosti byly obé slougeniny C1 a C2 uvazoviny jako trojsyiné baze a zévislost
efektivni pohyblivosti na pH byla proloZena funkei *:

mix mix_

S10TPRET Q7IOE oy L 1TPRESKET 1gmel

> 3 : - (1
10-3rH 4+ 10-PEA¥10-20H 4 10-PKA-KETL0-PH 4 1P - KK m

—=3pH
My 10731 + oy

Meff =

Hodnoty m; diléich zdanlivych iontovyeh pohyblivosti litek €1 a €2 do jednotlivich
disociaénich stupit a odpovidajici hodnoty pKJ'™ smisenyeh dilich disociadnich konstant
jsou uvedeny v Tabulce 11 Hodnoty pK™ predstavuji extrapolaci funkee do oblasti mimo
pozorovanou rovnovihu a nenesou chemickou informaci

Tabulka I1.

Vybrané parametry prolozeni experimentalnich bod( zavislosti efektivn tove pohyvblivosti
pro funkei odpovidajici trojsying bz — zdinlivé iontové pohyblivosti mi, hodnoty smisenyeh
disociaénich konstant pK21™ a Pearsoniiv R koeficient,

Parametr C1 €2

i, em? Vg 491104+ 7.9:10° 58910+ 1.3-10°
mz, em® Vs 4,09-10* £ 43-10°  493-10* 4 1.7-10°
i, em? Vg 24210 + 6,210 23910+ 9110
PRI 384013 411=0.04

pRI §352+ 0,08 £.40 = 0,09

PRI (26.25)* (27.36)*

0.9907 0.9929
# Extrapolovani hodnota

Ze ziskanych hodnot mobilit a disociaénich konstanl mono- a bi
benzoderivati plyne. Ze benzenové jadro dostateiné odstinuje v
triazamakroeykli pi acidobazickyeh rovnovihach,

triazamakrocyklickych
emné phsobeni dvou

Zaver

Byla provedena elekiroforeticki studie triazamakrocyklickych derivitti benzenu. Byly
stanoveny diléi zdanlivé jontové pohyblivosti studovanyeh litek v rozmezi pH = 2.86 - 10.45.
Z pozorovanych zivislosti bylo zjisténo, ze pohyblivost bis-triazamakrocyklické sloucen
i ve srovnani 8 mono-triazamakrocyklem. zatimeo acidobazicke chovant obou sloucer
ve vodném prostiedi téméf totozné a naznaduje. protolytické rovnovihy triazamakro.
vizanych na benzenovém jadie jsou v pripadé bis-triazamakrocyklického Komplexu vadjemnd
nezavislé.

References

1. Bim D)., Svobodovi E.. Eigner V.. Rulisek L., Hodatovd J: Chem. Eur. J. 22, 10426 (2016).

2. Milkova N.: Diplomowi price, Univerzita Karlova, Praha 2020

3. Poole S, K., Patel 8., Dehring K., Workman H., Poole C. F.; I. Chromatography A 037,
445 (2004).




Use of Electrochemical Probes in DNA Structure Recognition in Adsorbed State at
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Abstract

Alterative structures of DNA, such as guanine-quadruplexes (G4), can be potentially targeted
in cancer therapy. A method for their study by evelic voltammetry at hanging mercury drop
electrode is presented. Application of the porphyrin miese-5.10,15.20-tetrakis(4-(N-methyl-
pyridinium-4-yljphenyDporphyrinato copper(Il) and the nucleotide 7(3-nitrophenyl)-
deazaguanosine triphosphate as electrochemical probes revealed different behaviour of
oligodeoxynucleotides afier the application of potential eveling that is related to their structure,
This approach was shown to be able to discriminate between linear DNA molecules and G4.
Surprisingly. homo-thymine 30-mer exhibits behaviour similar to G4, possibly due to formation
of an undefined structure upon interaction with electrode surface.

Key Words: G-quadruplex, Electrochemical probes. Cyclic voltammetry, Hanging mercury
drop electrode. DNA structure

Introduction

The nucleobase guanine is known o self~associate into square planar structures stabilised by
Hoogsteen hydrogen bonds known as guanine-quartets (Fig. 1a). In nucleic acids containing
tracts of guanines. individual guanine-quartets can stack onto one another forming a stable non-
canonical structure called guanine-quadruplex (G4). G4s exhibit large topological diversity in
terms of the number of associated strands, their relative polarity, N-glycosidic bond or
and position of the loops connecting individual guanine stretches. which is mostly
sequence and buffer conditions . The strongest factor contributing to G4 stability i
presence of a cation compensating the built-up negative charge density in the central cavity m'
G4 from the keto groups of guanines *. G4 have been found to be ionn»d m living ¢ cells *
Furtherniore, putative Gd-forming sequences are often abundantly presented in regions of
genome relevant for cancer development. namely promaoters of oncogenes and telomeres.

Due to the growing interest in G4 as well as other non-canonical DNA structures ', the
development of analytical tools for their recognition and stud; of relevance
electrochemistry have been proven to be effective in the monitoring of conform
of double-stranded DNA. studies of short G4-forming oligodeoxyni
admrhed state suggest more complicated electrode processes . Thu= electrochemical
apy A O T oren HaTiad T thick v ne SlectochSrmical swilchs 7 or antambes for Th
recognition of G4-binding melecules *?. In this contribution. a methodological approach is
developed using eyclic voltammetry (CV) of selected electrochemical probes for the
discemment of different structure of O Isorbed on the surface of hanging mercury drop
electrode (HMDE) based on their relative strength of adsorption. The compounds used as
probes were the cationic metalloporphyrin mese-5,10,15.20-tetrakis(4-(V-methyl-pyridinium-
4-y l)vphcmllporph\rmam copper(Il) (Cu-TMPv2PP, Fig. 1b) which bounds strongly to DNA
and is suspected to be selective for G4, and the dified Teoside 7-(3-nit ,' nyl)-7-
deazaguanosine triphosphate (dG"TP. Fig. 1¢) which does not interact with DNA




b)

Fig. 1. Structure of a G-quartet with a monovalent cation M (a) and the used electrochemical
probes: Cu-TMPy2PP (b) and dG¥"TP (c).

Experimental

Cu-TMPy2PP was provided by the rescarch group of Dr. Genevieve Pratviel (LCC CNRS.
Toulouse, France) and stored as 100 pmol 17! stoek solution in DMSO. The nucleoside dG™* TP
was obtained from Prof. Michal Hocek (Institute of Organic Chemistry and Biechemistry of
the CAS. Prague, Czech Republic). The following synthetic ODNs were purchased from
Ewrofins  Genomies (Germany): hut-T2 (AG3T:sAG:). hut-com (CiTA2):CiT), odnls
(GsTACG2CGSTAC). odnl5-com (GTAC:GC2GTAC:). T30 (Tse). All other chemicals were
obiained from Sigma-Aldrich. For electrochemical measurements, (.3 mol I'' ammonium
formate/0).05 mol I'! phosphate (AFP) buffer pH 6.9 was used as the base electrolyte. Before
measurement. the ODNs were denatured at 95 “C for 3 min prior to the addition of KCl to the
final concentration of 0.3 mol 1! and then allowed to slowly cool to the room temperature
overnight

For electrochemical measurements potentiostat PGSTATI28N controlled by software Nova 2.1
(both Metrohm Autolab) was used. in a standard three electrode system using hanging mercury
drop electrode (HMDE) as working electrode. Ag/AgCli3M KCI reference electrode and
platinum auxiliary electrode. CV was performed in the potential window (0.00 V2 1.85 V) at
scanrate 1 Vs ' For adsorption transfer stripping (Ad 1S ) method. ODNs were adsorbed from
3l of 1 pmol I'F ODNs solution in 0.3 mol I KCI for 60 s, resulting in full HMDE surface
coverage.

Results and Discussion

Cu-TMPy2PP produces under present conditions two cathodic peaks: peak 1 at ~0.95 V and
peak 1T at —1.21 V. When HMDE is first covered in ODNs using the AdTS technique and CV
measurement is then performed in the solution of Cu-TMPy2PP after 60s incubation period,
peak 1 gets shifted by approximately 0.2 V towards more negative potentials. This shift reflects
the interaction between adsorbed ODN and Cu-TMPy2PP and is observed in the same extent
for all ODNs. regardless of their structure in solution. While the height of peak 1 differs for
mdividual ODNs, the di ces do not seem 1o be straight-forwardly related 1o structure.
However. when HMDE mod; with G4-forming ODNs is subjected to asing number of
potential cyeles from (L0 V to ~ 1.85 V in clean AFP buffer prior to transfer to Cu-TMPy2PP
solution and CV . the peak I gradually shifts to the position corresponding to
absence of DNA (Fig. 2a. b). This effect is not observed for single-stranded ODNs or for
double-stranded ODN prepared by mixing equimolar amounts of the complementary strands
Tut=-T2 and hut-com (Fig. 2¢). with the surprising exception of T30 (Fig. 2d) which acis
similarly to G4. Because G4 are most likely adsorbed by the single-stranded regions in loops
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and overhangs, their adsorption is notably weaker compared 1o single-stranded ODNs and are
therefore more suseeptible to partial repulsion due to the highly negative potentials present
during the potential eyeling. Consequently. more free space is exposed on the HMDE surface
for direet reduction of Cu-TMPy2PP.
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Fig 2. Cyclic vclmmmoelam:. of 0.4 uM Cu-TMPy2PP in AFP bufter measured at HMDE with

adsorbed: hut-T2 (a)., odn13 (b). hut-com (¢} and T30 (d) afier: O (black line). 0.5 (red line). 1

(green line) and 3 (blue line) potential cycles from 0.0 'V to 1,85 V performed in clean AFP

bufler before measurement: and CV of sole (.4 M Cu-TMPy2PP in AFP bufer at bare HMDE

torange dash line). G - oxidation peak of guanine reduetion pmduu

The ODN-maodified su e of HMDE was further studied using dG™ TP as a probe due to ils
smaller size and minimal interaction with adsorbed ODNs, which can provide higher sensitivity
to surface changes. This compound offers a single reduction peak at —0.47 V. Coverage of
HMDE with ODNs hinders the access of dG¥TP to the electrode and causes a decrease of its
signal compared to bare IIMDI s effect is more signiticant for single-stranded ODNs then
for G4 and T30, suggesting denser surfa rage, Exposure to potential with
increasing vertex polential from —1.30'V 1o —1.85 V eauses gradual increase of the signal for
single-stranded ODNs and a sharp increase for Gd-forming ODNs and T30 between vertex
potentials ~1.70 V and ~1.80 V. Further elongation of the window far the potential eycling to
I 90 V. where all ODNs are expected to partially desorb. caused additional increase of the
ndu.d ODNs and no change in the signal for G4-forming ODNs and T30,
v behaves similar to G4-forming ODNs, the possibility of
secondary <.l|n\:mre formation in T30 was examined. For this purpose. circular dichroism
spectroscopy  experiments with T30 i various ionic environments were  performed
Inconclusive results of these experiments along with thorough literature research point towards
the possibility of stable folded conformers of T30 in solution being very unlikely. However,
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these might be conceivably formed upon interaction with the electrode surfac n though
|Iwrm|m< do ot form stable mutual hydrogen bonds, they are able to form covalent -1 hase

airs mediated by Hg® eations ', which are present during ODN adsorption at open cireuit
al duc to spontancous oxidation of IMDE, Formation of such pairs might be involved
in the observed behaviour of T30.

Application of selective desorption detected by electrochemical probes as described above
provides a simple method to distinguish G4 from double- and single-stranded DNA. Even
though thymine homo-ODN may behave like the Gd-forming ODNs. it can be easily ruled out
because of the absence of anodic peak G native to guanine-confaining DNA.

25

Ly j f-*:p saidsdas Seldaasas f*‘;u“ﬁ‘-s‘é‘«s‘as“‘:‘«ﬁ‘ il
® hut-com @ 0(’"15-‘:0“’\ & hut-T2 L T30
Fig. 3. Peak height of 50 pM dGYTP measured with bare HMDE (diagonal strip
HMDE modified with individual ODNs with no treatment (black) or afler three potential cycles
with vertex potentials labelled on the x-axis (white) performed in clean AFP buffer before
measurement.

s), with

Conclusions
In this work. a method was developed for the study of ODN structures in the adsorbed state at
HMDE ba t‘tld on l]u rel !mu strength of llmr admrpmm and nmmlnnng Ilslllg LILLL")L]]C"‘EL'II

from other
structural tvpes, Additionally, pal'luular heh.umur of ImmoA()])\ T30 similar to the G4-
forming ODNs was observed. The obtained results might indicate the existence of folded G4
structures in adsorbed state at electrode surface and deseribe the difference in their behaviour
at negal which can be utilised in the future development of analytical tools for
study of DNA structures
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Abstract

The electrochemical properties of boron doped diamond (BDD) electrodes were studied using
voltammetrie techniques, Electrodes with different boron doping level ranging from 500 ppm
to 8000 ppm (B/C ratio during BDD deposition) were characterized by cyclic voltammetry of
inner- and outer-sphere redox markers. Furthermore, attention was paid to the influence of
boron content on the voltammetric responses of phenol derivatives on BDD electrodes activated
by anodic oxidation of the surface. In general, the peak potential of oxidation of phenolic
compounds shifts towards more positive potential with decreasing boron content,

Key Words: Boron doped diamond electrode, Cyclic voltammetry. Phenol derivates. Redox
markers

Uvad
Borem dopovany mant (BDD) je atrakliviim elekirodovym materidlem. ktery ma radu
praktickych vlastnosti. jako je Siroké potencidlové okno v katodické i anodické oblasti,
vyuzitelnost ve vodnyeh i nevodnych roztocich, mechanickd odolnost, odolnost proti
#med t\EllL necitlivost na rozpustény kyslik a stabilita proti korozi i pi po v agn ch
mediich 7. BDD elektrody se pripravuji metodou chemické depozice par pomoci smési
slilvodikavyel plynt s vk, Tate metods ss 8 rordelit podie Fpiedbis dotdvint encrgic
do systemu na chemickou depozici par pomoci zhaveného vlikna a chemickou depozici par
pomaoci ovinné plasmy *. Koncentrace boru ve vysledném BDD filmu je jeden
z nejdilezitéjsich faktor, kieré ovliviwji povrchovou strukturu a clektrochemicke vlastnosti
filmu. Obsah boru je uréen pomérem B/C v plynné fizi a metodou depozice . Méné dopované
elekirody na trovni 500 ppm nebo 1000 ppm vykazuji polovodivy charakler, zatimeo elektrody
2000 ppm a vice maji povahu kovového vodige.

Elektrochemicka oxidace fenolu je velmi komplesni proces. ktery je zdvisly na mmnoha
faktorech. jako je napfiklad koncentrace a pH méfeného roztoku. materiil vyrobené elektrody
a potencidl ¢i proudova hustota vlozend na elektrodu *. Proto se tato skupina litek jevi jako
vhodna pro charakterizaci vlastnosti BDD elektrod, které se kromé koncentrace boru mohou
igit napf. i terminaci povrehu®’. Dalsim zavedenym nastrojem pro elektrochemickou
charakterizaci je studium voltametrické odezvy redoxnich markerii vnitini a vngjéi sféry
([Fe(CN)a["™ a [Ru(NHz)] kdy kinetika prenosu elektronu prvniho typu markert je
zpomalena. piitomnosti kyslikatveh skupin na povrehu BDD ®7, Redoxni signdly dalsich
markeril mohou byt ovlivnény jejich adsorpei na povrch elekirody. jak bylo pozorovano pro
methyl viologen *.
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Experimentilni &ist

Véechny pouzivané chemikalie mely éistotu p.u., roztoky byly prednosiné pripr:
v zakladnim  elebtrolytu. Brittontiv-Robinsoniy pufi byl pi
pracovniho dne smichinim kyselé a zasadité slozky. tak aby bylo dosazeno pozadovaného pH,
Presna hodnota pH byla stano \)»am pomoei digitalniho pH metru s kombinovanou sklenénou
elekirodou (Jenway. Essen, T vseli slozka Brittonova-Robinsonova pufru byla pripravena
smisenim 11 kyselin (kyselina fosforeéna, kvselina boritd a kyselina octova). Viechny kyseliny
byly zastoupeny v koncentraci 0,04 mol dm. Zasadita slozka byla tvofena 0.2 mol dm™
NaOH.

viny piimo

Mereni byla providéna na pristroji Eco-Tribo polarogral fizeném poditatovym programem
PolarPro 5.1. (Eco-Trend Plus, Praha. CR). PH samotném méfeni bylo vyuzivine ticlektrodové
uspotadini — referencni argentchloridova elektroda (AglAgCl3 moldm ™ KCI). pomocna
platinovi elektroda (ohé Monokrystaly Turnov. CR} a pracovni BDD elekiroda. piicemz télo
bylo od spoletnosti NeoCoat (Svvearsko). BDD desticky s riznym obsaliem boru byly
pripraveny ve Fyzikilnim dstavu Akademie vid Ceské e cpubliky metodou chemické depoz
par pomoci mikrovinne plasmy *. Priamer aktivai plochy elektrody byl 3.7 mm. geometricka
plocha elektrod byla 10,7 mm’. Tloudtka diamantového filmu byla 1

Latky byly studoviny na anodicky aktivovaném povrchu (O-BDD). Povreh byl pripraven
vsamostalné méfici cele v rozoku 0,5mol dm ™’ H:801 vlozenim vysokého aktivacniho
potencialu fui = +2400 mV za nepfetrzitétho michani po dobu 20 min. Pro obnowvu
elektrodovéha povrchn byla elektroda aktivovina 2-5 minut v zavislosti na ldtce opét v roztoku
0.5mol dm™* H:804 7a neustilého michani a viezenim vysokého Kladného aktivaéniho
potencialu Fua +2400 mV. Pri pretrvavajici pasivaci byla elekiroda na 20 minut ponofena do
ultrazvuku v roztoku 2-propanolu.

Vysledky a diskuse

BDD filmy s riznou drovni dopace borem (pomér B/C pii depozici byl 300, 1000, 2000, 8000
ppm) byly studoviny pomoei eyklicke voltametrie 1:107 mol dm™ redoxnich markeri
hexakvanozeleznatanu  draselného  (Ks[Fe(CN)]) o chlori hexaaminmuthenitého
([Ru(NH:)]Clz) v | mol dm * KCI a methylviologenu v 0. 1mol dm* KCI.

U KafFe(CNJi] se hodnoty pomeérl proudi katodického a anodického piku vzdy velmi blizi
hodnote jedna. nejsou viak sphnéna kritéria reverzibility a systém je kvazireverzibilni, prestoze
se & rostoucim obsahem boru k sobé potencialy téchto pikil piiblizuji. Pro [Ru(NHa)e]Cl: byly
voltametrické  odezvy  obdobné  pro
Methylviologen poskytuje dva qua

chny  studované  drovné  dopovini  borem.
versibiln signaly v zapomné casti potencidlového okna,
poméry oxidaénich a redukénich pikit jsou vzdileny od jedné a s rostouci Grovni dopovini se
k jedné priblizuji. co souvisi & riznou adsorpei meziprodukti na povrchu elekirody.

Nisledne byly zkoumdny 1:10°" mol dm'? fenolické litky (fenol. m-kresol. 3-nitrofenol. 3-
methoxyfenol. 3-hydroxyhenzoovi kyselina, 3-(3 h\dmr\'ﬁ.n\l)propmncr\d kyselina, 3-
(rifluormethylfenol, 3-chlorfenol) v prostiedi pH 2 4 11 metodou DC volametne. Fenoly patii
mezi aromaticke latky pasivujici pii elektrochemicke oxidaci povreh pevnych elekirod. Bylo
zjisténo, ze pii opakovanyeh voltametrickych méfenich dochazelo ke snizovini odezvy. coZ
souvisi s tvorhou polymernich pasivacnich filmii na povehu ¢lektrody v disledku reakei
fenoxy rad . prvotnich produkti jednoelektronové « Fé o tedv nuiné
elekrodu pied L dym skenem .;nndu,k\ odistit viezenim Kladného [ml;m.ulu v oblasti
rozkladu vody. kdy dochizi k jeji oxidaci a vaniku hydroxylovych radikald oxidujicich povrch
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clektrody véetné naadsorbovanych (mezijprodukiii oxidace, Obecnym trendem je také posun
piki k nizéim potencidliim s rostouci trovni dopovini borem.

Zavir

Redoxni markery rizné reaguji na zménn trovné dopovani horem dopované diamantové
elekirody. a proto jejich kombinace mize dobie poslouzit k charakierizaci vlastnosti daného
povrchu, Vieobeond poz; vm trendem je zl i opakovatelnost vyjadiena relativin
smérodatnou  odchylkou pro méné dopované clekirody. Z toho lze usoudit, Ze pii
experimentiilnim elekiroanalytickém mefeni je lepsi pouzivat vice dopované elekirody, kieré
poskytuji opakovatelngjsi vyslediy.
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Abstract

Boron cluster compounds (BCCs) belongs 1o one of the promising substances used in
biotechnology. Their use for such purposes is often adherent 1o use of agueous solutions, The
BCCs were mainly characterized in non-aqueous milicus in the past. In our present study we
concur Lo our previous studies on sandwich structure icosahedral cobalt bis(dicarbollide) ions
in phosphate buffers. We have studied samples containing 16 different bridging ligands
connecting the two 1,2-CzBs building blocks of the sandwich structure. Almost all structures
provide electrochemical signals in different potential regions. This could imply their possible
use as biomarkers with tunable electrochemical response.

Key Words: Boron cluster compounds. Glassy carbon electrode, DPV, Sandwich structures.

Introduction
Boron cluster compounds (BBCs ) are synthetic species developed during last century in a small
number of boron laboratories spread all over the world. Commonly occurring compounds (and
their synthetic analogues) are predominantly based on electron rich, exact two-center two-
¢lectron bonds. The BCCs architecture is based on three-center two-clectron bonds . Presence
of this type of bonding originates from electron deficiency of boron that leads to sharing two
available electrons within three orbitals. The current number of skeletal archetype: ather rich
and offers a hroad scale of properties. which are ofien unattainable in naturally occurring
compounds. Investigation of BC Cs uvmhu that BCCs possess unigue, enormous therimal.
md‘.mnm chemical. :umL 1d also J‘.s.lmchcmlcﬂ propert

l.lrug dcm‘gn. low coords tllﬂg 1ons in :ulu{\ma. hi
and non-linear optical materials. among many others %

hly rum‘sl:ml pnlymm and luminescent

Electrochemis
other analyt

experiments . Therefore, in aqueous media have been almost
untouched. Nevertheless, some BBCs and mainly the ionic species offer a reasonably high
solubility in water. This is governed by the charge of the cluster and a counter-cation present in
the salts. Studies oriented into biology. biochemistry, biophysics and medicine are mostly
conneeted with working in agueous solutions, The emerging potential of BCCs ™ 1o be used
in these areas generates demand for techniques applicable in aqueous media. Our previous
studies on electrochemical properties of several series of BCCs derivatives revealed that the
sandwich structure icosahedral cobalt bis(dicarbollide) ions containing bridging ligands
produce one of the highest electrochemical responses among other ones *'". Such result lead us
1o choice of the samples for the current study. We have selected different bridging ligands. from
the simplest ones (only one atom) o more complex ones, Some of these ligands may be used
for the bioconjugation ¢xperiments (as the NHz group. oxygen containing groups e1e. ).
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Experimental

The conventional electrochemical cell with three-electrode system connected to an Autolab 302
potentiostat (Ecoche The Netherlands) was used for electrochemical measurements. An
Ag|AgCl3 M KCl reference electrode and a platinum wire (of | mm diameter) counter electrode
were used. The measurements were performed at the room temperature. The differential pulse
voltammetry (DPV) was applied with the pulse amplitude of 0.025 V. pulse width of 50 ms,
and scan rate of 0.008 Vs, Glassy carbon electrode (GCE, 2 mm diameter. Metrolumn,
Switzerland) was used as the working electrode. GCE was prepared by mechanical polishing
on SiC polishing papers (Struers, Denmark) and the polishing was finalized by the 1 pm
diamond particles in spray on Lecloth B polishing pad (Leco. USA). GCE was sonicated for 30
5 just before use 1o remove the rest of impuritics from the mechanical polishing. The
electrochemical measurements were done in phosphate buffers (PB) of various pH values, The
PB was mixed from Nall;POs and NazHPOs. The concentration of phosphate anions was kept
at 0.2 M in all solutions, Current values were normalized 1o the geometrical surface area of used
electrodes

Table I summarized the salts of boron cluster anions investigated in this study. The samples
originated from the B. Grimer (co-author of this paper) laboratory. Cations in the salts specified
in Table 1, which served for the precipitation of the anions in the last synthesis step, were
exchanged for sodium cation using Amberlite CG-120 (Fluka) to increase their solubility in
water. BCCs used in his study were prepared as 1 mM solutions according to weighting (in
some cases. the solubility in water was lower — Tab. T). All other chemicals were purchased
from Sigma-Aldrich and were of the highest available purity.

Table 1.
Systematic formulas of used BCCs. samples with * have maximal concentration of 500 M.
Systematic BCC Label in the text Cobaltaborate
formula charge MW

Closo (1.2-CaBsH 33 Co)ICs - CoSAN EVERT]

* claso|8,8-p-OCH (1 2-0:BsHie)s3,3"-Coj K 1- HOCH COSIN 35174
5[ 8.8 -1-0-(1,2:CoByHig)s-3.3'-Co) [Na.nHLO 1- L-OLCoSAN 3772
closod8 8- {CaEL-(1. 1- w-phe-CoSAN 39782
[8,8-41-S-(ortho-1,2-claso. 1 -S-CaSAN 35376

4 F-CoSAN 38585
I- ~CoSAN 33172
- pi-tolylens-CoSAN 41185
I- ichlorphenylene.CoSAN 43218

- pwet-phenylene-C
u—ﬂtﬂ?l I_.)Mn:,( -.ma,u.n ene-CaSAN

i+ H{CHz1CaH, 1.2

"aBeHigh-33-Co)|Cs 1- P
(8.8 CoHl-Cals) (1,24 1-33-Co)]Cs - wbipitenylene-CoSAN
4" (Ph){eloso-1,2-CyBaHigh-3-Co] Cs 1- st-{phenylene)-CoSAN
[8.8"-4e4C1-P{O)0s)-{eloso-1,2-C1BsHgh-3-Ca] Os I WCIF(OI0-CoSAN
[8.8"-p-(ELN- OYOs ) (tloso-1 2-CoBoFha)-3-Co] s 1- et N-PEO-CoSAN

|88 -p-( O -P-Oy-(eloso-1, 2-C By, 0] Cs 1- H-fHO)~PO-CoSAN
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Results and discussion
All samples are sandwich structures consisting of cobalt central atom coordinated by n° manner
between two 1.2-C2Bs heteroborate ligands: each of them possessing a formal charge 2-. The
cage of the compounds is perturbed by selected substitution with exe-skeletal substituents
conneeting the two heteroborate ligands. The anions can be divided into the following groups
depending on the type ol exo-skeletal substituents (see Figure 1 Tor some of the schematic
structural formulas of the icosahedral cobalt bis{dicarbollide) ions):

1. Simple atom(s), (- uH’\' -S-CoSAN; =8

2 Simple groups. peNF ]

3. Ligands based on exe-skeletally modi
CoSAN: peet-phenylene-CoSAN,
w-biphenviene-CoSAN, p-(phenyienei=C

4. Ligands with P(OYO: group, p-CIPEOIO-CaSAN, pr-et:N-PROYI:-CoSAN; p-(HO)-PO3-
CaSAN,

rene. pr-tolylenc-CaSAN: ge-chlorphenylene-
dene-CoSAN: — pip-xylyleae-CoSAN:

J-omxply

(CIPEONO-CaSAN H-OCH-CoSAN

Fig, 1. The schematic structural formulas of selected icosahedral cobalt bis(dicarbollide) ions
(one from each group) used in this study.

The results obtained at the GCE for pi = 8 (which have been evaluated in our previous works
as the most fitting one *) are displayed on Figure 2. We can see, that almost all sandwich bridge
structure BCCs give a vollammetric response at positive potentials (except the g NHz-CoS:
This signal is aseribed to the boron cage oxidation. This electrochemical process is strictly
irceversible and thus successtul attempts to explain the origin of the reaction mechanism are
very difficult to be done. At the negative part of the voltammogram we can distinguish well
developed peaks for all electroactive BCCs from this study (thus except the j-NHx- B,
but with smaller peak heights at ca. £ = -1.3V (see Fig. 3. here we show only the BCCs from
group 1 — the situation does not alter much for other samples, only the peak position shightly
shifls). From our previous results *1 we assume, that the negalive voltammelric signals is the
CoflIL'IT) redox process.
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Fig. 3. DPV of BCCs from group 1 in the negative potential region, phosphate buffer, pH = 8.
S00 UM coneentrations of all samples. GCE. See caption in the panel for samiples identification.

The voltammelric signals originating from the core cage oxidation are in case ol theses BCC
sandwich structures limited 1o potential around 1.3V, The situation and peak characteristics do
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alter according to the ligand attached to the horon cages. For comparative reasons. we add the
CaSAN (as the basic building block) to each figure, Unfortunately, great enhancement of the
DPV signal does oceur only for the geO-CoSAN (around 8x higher peak current density), only
about 2x enhancement we can observe lor gep-xplylens-CoSAN and all BCCs from umnp 4. As
we hiave observed before. the bridging ligand type supports peak splitting and/or enhancement
of the original CoSAN sample.

In overall, different bridging ligands (and their properties, as one of most important
hydrophilicity — which can increase the solubility of the BCCs in aqueous media) plays
important role in BCCs electrochemistry and enables to tune their electrochemical properties.

Conclusions

In this work we present electrochemical study of different icosahedral) heteroborate
sandwich ions with a central coordination Co atom and different bridging ligands. The
electrochemical response is divided in two parts — at negative potentials (around E = -1.2 V),
there takes place already known reversible electrode process of the central Co atom. The
'uflmmu cage oxidation is located a1 quite high poten al a range around
This electrochemical process takes place for all studied samples. except

|he MNH-C a\.{\
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Recent Findings Indicate Paradigm Shift in Nucleic Acids Electrochemistry
(Novi zjisténi naznaduji zménu paradigmatu v elektrochemii nukleovych kyselin)
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Abstract
For decades, electroactivity of nucleic acids has been utilized for their detection at mercury- or
carhon-based electrodes, exploiting various signals, Recently. several observations have heen
made, which complete and expand the current knowledge on ‘electrocher ry of nueleic acids,
including (a) the possibility 1o use pyrolytic graphite electrode for detection of nucleobase
reduc in the cathodic region. (b) description of electrocatalytic properties of unmodificd
nucleie acids, (¢) a complex mechanism of guanme reduction at mercury clectrodes
encompassing eatalytic hydrogen evolution and/or influence of other bases. and (d) studics of
specific interfacial behavior of homo-oligonucleotides at the mercury electrode surface,

Key Words: clectrochemistry. nucleic acids, mercury electrode. carbon electrode. reduction,
0) . adsorption, 2D condensation, catalytic hydrogen evolution, deuterated nucleic acids.

Uvod

Nukleove kyseliny jsou elektrochemicky aktivni diky tomu. Ze jednotlivé nukleobize mohou
podstoupit katodickou redukei neho anodickou oxidaci ', Jiz dlouho je znimo. e u adeninu (A)
a cytosinu (C) dochizi k ireverzibilni elektrochemické redukei, kterou lze pozorovat diky
(vetdinou spoleénému) Katodickému signalu na riutovyeh nebo stiibrnyeh amalgdmovyeh
elekirodich (1. elektrodach s dostatetné Sirokym negativnim potencialovym oknem ve vodném
prostiedi di vsokému prepéti vodiku), Redukei guaninu (G) na rutovyeh elektrodich lze
pozorovat pouze nepiimo diky reoxidaci redukéntho produktu guaninu — 7,8-dihydroguaninu
(GHz). Viechny standardni bize v DNA. a kromé nich i uracil (U} a S-methylcytosin (5-mC).
poskytuji pii oxidact anodické signaly na uhlikovych elekirodach. nieméng potencidl oxidace
C je velmi podobny oxidatnimu potencialu UL ato stejné plati i pro dvojici thvmin (T) - 3-mC,
coz znemoZiuje jejich rozliseni pouze na zakladé piimé oxidace.

Je vieobeené znamo, Ze elektrochemicke signaly DNA jsou ovlivnény jeji strukturou. To je
tradiéng vysvétlovano roxdily mezi pidstupnosti zbytki nukleobdzi, Které se nachazi ve
strukturovanych, spirovanveh tsecich DNA (napf. ve dvousroubovici) a téch, kieré jsou
v nestrukturovanych (nespar veh, denaturovanyeh) ablastech !, Sekundarni struktura DN
je lmh pu\.:?m a za primdrni faktor ovlivaujici chovani DNA na elekirodich (obz & na
h elektrodach v oblasti negativnich potencialii, kde dochazi k .pfetahovini” mezi
elektrostatickou repulzi polvanionické cukr-fosfatove patere DNA z povrchu elektrody a silnou
adsorpei hydrofobnich bazi DNA). Nage nedayna pozorovini viak naznaguji. 7e toto schéma je
nekompletni a/nebo zastaralé v nékolika ohledech. co bude nastinéno v tomto prispévku:

(1) Nejen rtutové (nebo amalgamové) elektrody jsou vhodné pro sledovini redukee
nukleobdzi v katodicks oblasti, Elektrodaz pyrolytického grafitu (PGE) o bazilni orientaci
byla Gspéing pouzita pro detekei oxidace i redukee kanonickyeh bizi DNA, U a S-mC
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2

v syntetickych oligonukleotidech * a nukleosidech °. Za povsimmuli stoji fakt, e na rozdil
od rtut'ovych elekirod bylo na PGE mozno pozoroval specificke redukéni signaly G. U a
T. Také bylo mozné detekovat produkty primami ireverzibilni redukce/oxidace vétsiny
bazi prostrednictvim jejich oxidace/redukce. Tento pristup tak umoznil rozliseni viech
nukleobazi.

Na rozdil od proteini, pii jejich? elektrochemicke analyze na rtutovych elektrodich je jiz
dlouho uspéiné vyuzivan katalyticky vyvoj vodiku (CHE z angl. , catalytic hydrogen
evolution™) !, byly elektrokatalytické vlastnosti nemodifikovanych nukleovych kyselin a2
donedavna opomijeny. Tuto skutecnost lze pricitat jednak tomu, ze za podminek béiné
pouzivanych pro elekirochemickou analyzu DNA nebo RNA nebyl detekovin Zadny
odligitelny signdl zpiisobeny CHE v phlnmxmsli nemodifikované DNA, a jednak tomu, Ze
absence vlastnich signali CHE byla a je vyuZivina pro citlivou detekci modifikace DNA
cizorodymi katalyticky aktivnimi d{.upmnml Nedivno ale bylo ukizino °, Ze za vhodnych
podminek poskytuji DNA | RNA signaly analogické | piku 1T° pmtemu co? mize byt
vyuzito pro citlivou detekei nukleovyeh kyselin nebo pro sledovani jejich struktumich
zmén. Navie byla na zikladeé katalytickych reakci poprvé detekovina vodik-deuteriova
vyména pomoci elektrochemickych metod £ Medivno bylyjaku baze zodpovédne za CHE
v DNA nebo RNA identifikovany A a C (nebo presnéji Feceno pracdukty jejich redukee) 7.

5,0
5,0
4,0

30

I/n [pA]

2,0

1,0

oo LI I

G7A14 G7T14 G7C2A2T2 G2CTA2T2

Obr. 1. Porovndni relativnich vySek pikit G ziskanych pro étyfi oligonukleotidy lisici se
zastoupenim jednotlivych bizi (viz popisky na vodorowné ose) po piepottu na jeden guaninovy
zbytek (n = pocet guanini). Experimentalni podminky: viz piispévek M. Hermanova a kol.

v

tomto sbormniku,

(3} Nasepfedchozi pozorovini naznacuji, 2e redukee G na GHa na rtutovych a amalgdmovych

elektrodich zahrnuje chemicky krok, pravdépodobné redukei G nascentnim vodikem °, co2
Je ve shodé s pozorovanym pozitiviim vlivem CHE v pritomnosti komplexit platiny na
redukei G, Nediwno jsne navic pozorovali pozitivni efekt 7, ktery méla pritomnost
adeninovych a/nebo cytosinovych zbytkin (tf. bazi, které jsou zodpovédné za CHE na
rtutovych elektrodach, viz vysel, na redukei G. V nepfitomnosti A a C (jako napf.
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v oligonukleotidech sklidajicich se pouze 7 G a T) byla redukee G potlagena, oz bylo
pairné z teméf nepozorovatelného piku G odpovidajictho oxidac Z, porovnani
wysledka pro vybrang étyii vybrané oligonukleotidy (obr. 1) je patr pritomnosti
A a C zbytki na relativni ku piku G (po prepodttu na jeden guaninov 5 ¥
pozorovini naznaduji, ze nejen sekundarni struktura. ale také zastoupeni jednotlivich hazi
(amebo sekvence DNA) silng ov clektrochemické chovini DNA prostiednictvim
vzijemného pisobeni jednotlivich bazi na prisluing elekirodove procesy

(4

Homo-oligonukleotidy vykazuji specifické chovini na povrehu rufovyeh elekirod *
Piedevsim homopyrimidinové iiseky jsou v tomto ohledu velmi specificl i
na negativind nabitém povrchu dochs ¢ 2D kondenzatnim procestim. Homopurinové
bloky naopak kondenzované filmy netvoii a jejich chovini je tak kvalitativng srovnatelné
s DNA s ndhodnou sekvenci. Homonukleotidové bloky se také L v adsorpéni af
k povrehu rutove elektrody, pricemz ascky dCa se adsorbuji nejsilngji. K
charakteristické povrchové aktivity byl pozorovan i viiv délky dCu na s
evtosinovyeh zbytka pritonmyeh v techto blocich.

2
ost redukee

Zaver

Nade novi pozorovini naznacuji, ze elektrochemické a povrehové procesy nukleovyeh kys
jsou mnohem komplexngjsi, nez bylo az donedivna uvazovino. To na jedné strané rozsifuje
moznosti aplikace elektrochemie nukleovyeh kyselin. Na druhé strang sak mély byt vyse
zminéné jevy vzdy peclive analyzovany. obzvIastd pi studiu strukiury DNA
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Abstract

Application of redox active labels is one of approaches how to increase selectivity and
vity of DNA electrocheniical analysis, One from such labels can be the boron cluster
compounds (BCCs). Some of them are electroactive substances and in dependence on their
structure and used working electrodes. they give analytically useful voltammetric signals. One
of methods commonly used for DNA labelling are based on incorporation of chemically
modified nucleosides by DNA polymerases. Results acquired with different BCCs as DNA
electroactive tags will be presented in this contribution.

Key Words: Chemically modified A, Electroanalvtical methods, Boron cluster compounds,
Introduction

DNA due 1o its naturally electroactivity provide various analytically useful voltammetric
signals on different types of working electrodes. Some of them are due to reduction or oxidation
of nucleobases, another due to adsorption’desorption or reorientation of DNA at electrode
surface |. For some types of analysis (e.g. analysis of DNA interaction) is sensitivity and
spe ity of DNA intrin: voltammetric ’ﬁly]d]h msufficient. In these cases is useful to apply
labelling of DNA by electroactive tags . There are some methods for DNA redox
functionalization.

Several methods found application in preparation of chemically modified DNA nowadays. The
simplest one is the direct chemical mod ion of DN A molecules, In the case of introduction
of boron cluster compounds (BBCs) moieties into DN.A molecules more complicated two-step
approach was applied. In the first step are incorporated into DNA nucleobases hearing reactive
group suitable for Cu(l) catalyzed Huisgen azide alkyne n.\cio'\ddmon (CuAAC, click)
reaction . Such nucleobases are incorporated using DNA polymerases * enzymes. Primer
extension tethod (PEX) was-used for preparation of double strand {ds) DA, Single straud
(s5) DNA can be prepared with using terminal deoxynucleotidyl transferase (TdT). which add
nucleosides (including chemical modified) on free 3'-OH end of ssDNA. In the second step.
CuAAC reaction is conducted in water medium (see Fig 1)

thetic species, which architecture is contrary 1o naturally occurring compounds
(electron rich. exact two-center two-electron bonds), based on three-center two-electron bonds
! Research on BCCs revealed that these compounds possess unique chemical. surface, solution,
stability. and also du’lrnchemlual properties. which all substantially differ from naturally
occuIming s.o!::ymund'- . Their biocompatibility and ¢lectroactivity makes them candidates for
new type of DNA electroactive tags

In this contribution will be presented results obtained with DNA functionalized by different
types of BCC.
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Experimental

Synthetic oligonucleotides were purchased from Gener1 Biotech (Czech Republic). TdT and T4
Polynucleotide kinase were purchased from New England Biolabs, KOD XL DNA polymerase
(Novagen. USA), CuAAC resction was done in water 4t 37 °C. Reaction was promoted by
Cu(T) stabilizing ligand 2-[4-{{bis[(1-tert-butyl-1H-1,2 3-triazol-4-ymethyl|amino)}-methyl }-
1H-1.2.3-triazol-1-ylethyl hydrogen sulfate (BTTES) . Cu(l} was prepared in situ by reduction
of cupric sulfate by ascarbic acid. Produets of chek reaction were purified by using a QLAquick
Nucleotide removal kit (Quiagen, Germany). All electrochemical measurements were
performed at room temperature with an Autolab analyzer (EcoChemie, Utrecht, The
Netherlands) connected to VA-Stand 663 (Metrohm, Herisau, Switzerland) in three-clectrods
setup (Ag/AgCl3M KCl electrode as a reference and platinum wire as an auxiliary electrode).
Pyrolytic graphite electrode in basal orientation (PGE) was used as a working electrode
Instruments settings: AJTS SWV: Ei=-1.0V, Eaa= 1.6 V, amplitude 50 mV. frequency 200
Hz, 1a = 60s, electrolyte: 0.2 M acetate buffer (pH 5.0).

i N//N\N’Rz
NE=NE
” —s =1
ale= =
Fig. 1. Huisgen azide-alkyne cycloaddition reaction
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Fig. 2. Structures of dAFTP (a), dUPTP (b). dCTP (c), and dUTP (d)

Results and discussion

DMAs samples containing dA, dU, and dC bearing reactive groups were prepared by
ncorporation of corresponding nucleoside triphosphates (Fig. 2)

TdT tailing and PEX reaction were used for this purpose. BCC bearing reactive groups (Fig. 3)
were conjugated to ethynyl or azide decorated ss or ds DNA by CuAAC. Electrochemical
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of BCC \kalelon .md due to redudlow n| pre!euled Il\r.tJ] alnm were c\,unmed by square w
voltammetry. Extensive optimisation of CuAAC reaction was done, because chen
properties of reactive groups bound to boron cluster are considerably different in comparison
with fully carbon substances (predominantly due to its electron deficient cage architecture).
Preliminary ¢lectrochemical resulls suggest that these efforts were partially su es. but
conditions CuAAC reaction and electrochemical measurement are not Tully optimal yel

e el °

Fig. 3. Structures of selected the boron cluster compounds.

Conclusions

Single or double strand DNAs decorated by BCC were prepared by two-step methodology
including incorporation of nucleobase bearing ethynyl or azide groups by DNA polvmerases
following by CuAAC reaction with BCC. Reaction conditions were optimized. Electrochemical
behavior such DNAs was studied at PGE by AdTS SWV,
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Abstract

Recent  studies  indicate  that chemical mechanisms  involving  hydrogen  radical
electrochemically or electrocatalytically generated at mercury electrode contribute to guanine
(G) reduction. and since adenine (A) and cytosine (C) have been determined as the bases
responsible for the catalytic hydrogen evolution (CHE) in DNA, the G reduction is facilitated
by the presence of A or C in the DNA sequence. Following these recent findings. we show that
oligonucleotides containing dGy blocks exhibit complex behavior at mercury electrode. with
oligonucleotides containing A or C producing markedly higher G pulk than oligonucleotides
composed only of G and T. Moreover, electrochemical behavior of these oligonucleotides is
influenced by its strueture as dGa blocks tend to form G-quadruplexes.

Key Words: Guanine, Reduction, Catalylic Hydrogen Evolution, G4-Quadruplexes. Cyclic
Voltammetry,

Uvod
Nukleove kyseliny jsou elekirochemicky aktivni '. V oblasti negativnich potenciald dochazi
k ireverzibilni elektrochemické redukei adeninu (A) a cvtosinu (C) a diky tomu miZzeme
pozoroval katodicky signdl — pik CA (radi¢né na rtutovyeh a stiibmych amalgamovyeh
slektrodich). Anodicky pik G je zplisoben elekirochemickou re-oxidaci redukéniho produkiu
guaninu  (G).  7.8-dihydroguaninu, ktery vznikd pii velmi negativnich potencidlech.
Elektrocher signily DNA jsou ovlivneny jeji strukturou, jelikoz pristupnost nukleobizi k
elekirodovym reakeim napfiklad v dvousroubovicové DNA je odlisnd od jejich pFistupnosti
v nestrukturovanyeh, jednofetézeovyeh dsecich '. Kromé rozdili mesi duplexem o
jednotetézeovou DNA lze viy struktury DNA pozorovat také napi. u oligonukleotidii, kieré
tvoii tetramolekulami paralelni (_ﬂLL\ndrnpk\'i Sckundarni struktura DNA je tedy
povazoving ma vYzmmny na povichu elekirody. Krome
sekunddrni struktury jsou interakee DN ¢ nabitymi povrehy oviivnény také
zastoupenim jednotlivyeh ypit bazi a primini strukturow. Konkrétne homo-oligonukleotidy se
na povrchu rtutovyeh elekirod chovaji velice specificky. zeiména homopyrimidinové tiscky. u
kterych dochizi na negativné nabitém povrchu elektrody k 2D kondenza@nim procesim.
Naopak homopurinové bloky nevykazuji tendenci k tvorbé kondenzovanyeh filmi a jejich
chovani je podobné jako chovini DNA s nahodnou sekvenci ',

Nage predchozi vysledky inu na 7.8-dihvdroguanin zahmuje
chemicky krok, pravdépodobné reduke by guaninu elektrochemicky generovanym
atomdrnim vodikem. To bylo patmé napk. z pozitivniho vlivu katalytického vylucovini vodiku
(CHE) v pfitomnosti platinovyeh komplexti nebo jejich adukti s DNA . CHE doprovézi neho
niisleduje i redukei prirozenyeh slozek DNA, Zatimeo elektrokatalytické vlastnosti proteint
jsou zndmym a studovanym jevem *. obdobné chovani bylo u nukleoviech kyselin popsino
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teprve neddvno ® Za vhodnych podminek poskytuji RNA i DNA signaly analogické piku . H*
proteint, coz mize byt vyuzito pro citlivou detekei nukleovyeh kyselin nebo pro sledovini
Jejich strukturmich zmén. Jako bize zodpovédné za CHE v DNA neho RNA byly identifikoviny
adenin a cytosin (nebo spise produkty jejich redukee). Nedivno byl zjisten pozitivni viiv
pritomnosti A a/nebo C ve fragmentech DNA na redukei guaninu nepiitomnosti A a C. jako
napf. v oligonukleotidech obsahujicich pouze hize guanin a thymin, byla redukce guaninu
potlacena, coz bylo patrné z velmi male intenzity piku G (zplisobeného oxidaci 7.8-
dihydroguaninu). Tyto ledky tedy naznaduji. 2¢ kromé sekundirni struktury jsou
viznamnym faktorem ovliviujicim elektrochemické chovini DNA i zastoupeni jednotlivich
bhizi a/nebo sekv

riznymi kombinacemi bazi - jak homopurinovymi (A7G:A7) nebo hmnop\rumdnm\'
(T2GT3) bloky, tak smiSenymi sekvencemi, juko je (CATIG(CAT). Elektrochemické chovani
guaninii v blocich je srovnano s chovanim zbytk( guaninu nachazejicich se naopak v sekvenci
obklopujici komplementimi cytosinovy blok (ATGCHATG).

Experimentilni Sist

Pro méteni byly poutity nasledujici jednotetdzcové oligodeoxynukleotidy (ODN): AsGrAs,
T 4 CAT). (ATGYC [G) (Generi Biotech) nebo jejich duplexy vytvorend
hybridizaci ekvimolarnich mnozstvi jednotlivich ODN. Koncentrace ODN byla 25 pg.ml”.
vzorky, ze kteryeh byly ODN adsorboviny na povreh elekirody, obsahovaly 0.2 M NaCl,

Viechna elektrochermekd méfeni byla providéna pii laboratomi teploté v tiielektrodovém
zapojeni (s v rtutovou kapkovou elektrodou, HMDE jako pracovni elektrodou, Ag/AgCl'3
M KCljako referenéni elektrodou a platinovym dritkem jako pomocnou elektrodou) na piistroji
Autolab (Feochemic) ve spojeni s VA-Stand 663 (Metrohm). Meieni byla provedena
adsorptivni prenosovou rozpoustéer voltametrii (AdTS). DNA byla akumulovina na povrchu
elektrody ze 3 ul alikvotii po dobu 60 . poté hyla elektroda oplachnuta v deionizované vodé a
umisténa do elektrochemické cely obsahujic elektrolyt. Cyklicka voltametrie (CV) na
HMDE byla providéna v elektrolyiu obsahujicim 0.3 M mravengan amonny a0.05 M
fosforeénan sodny, pH 6,9 nastaveni pro eyklickou voltametrii byla nasledujici: pocateeni
potencidl 0 V. potencidl bodu obratu -1.85 V. koncovy potenciil 0 V, rychlost polanzace 1 Vs
1

Vysledky a diskuse

Pri redukei a nasledné oxidaci oligonukleotidu As
pozorovat dva dobie v
u anodicky pik G odpo
(Obr

A7 lze na eyklickem voltamogramu
piky — katodicky pik CA (v tomto piipadé pouze pik .A™)
ajici re-oxidaci 78-dih\'dmgu:minu redukéniho produkiu guaninu
1). '\dpreh mmu u ollgonukieondu T:G? _|e plk G zmn.dhatc]m'. pru.smze poc\.l

ilng tvoficiho tetramolekulirmi paraleini G4-
¢ v oligonukleotidech — tedy zda je guaninovy usek obklopen
thyminovymi zbytky. Pritomnost adeninovych zbyvtkl v sousedstvi guanind
redukei guaninu. klerou milzeme pozorovat diky oxidacnimu piku G. coz je
v souladu s jiz p\lb]lkmanvlm vysledky
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0,04

EN
Obr. 1. Cyklické voltamogramy oligonukleotidi T-G-T

nukleotidit (CATYGHCAT) a (ATGYCHATG) dochdazi k zajimavému jevs
cvklickém vollamogramu milzeme pozorovat vétsi pik G u oligonukleotidu (A
Ktery obsahuje pouze dva guaninové zbytky. nez u oligonukleotidu (CAT)G+(C

guaninovymi zbytky uspotadanymi v bloku. To milze h\l'pumbcno Jednak tim, Ze na rozdil
? d guaninové
A v daném

(CAT), oligonukleotid (ATG)C(ATG) nemi
Jjsou tak pristupné k povrehu elektrody,
nlwcmuk]nolidu které — pravi ;Icpudohm_ wmln.dule.lwm CHE pudpnnm n.duk Ci
D\fouM-.mu\a DNA  wvytvorend  z komplementirnich  sekvenci ’
a (ATGHCA(A] I(.v) poskytuje oproti obéma jednofetézcovvm oligonukleatidim vétsi pik G. coz

: dmk s im, 76 vznik duplesu ol 1vorbu G-J—l\mdmple\u v (C: \T)u J{CAT)

elektrody.

(CATIGHGAT)
— (ATGICATE)

A

Obr. 2, Cyklické voltamogramy oligonukleotidii (CATYGH(CAT), (ATGICAATG) a jejich
duplesu, adsorbovanych na HMDE,
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Ziver

V této prici ukazujeme, Ze elektrochemickd redukce guaninu na rtutové elektrods je zavisld jak
na sekunddami struktuie DNA. tak na zastoupeni jednotlivieh bazi. kdy u oligonukleotidi
neobsahujicich adenin ani evtosin témék nedochazi k redukei guaninu. na co? lze usuzovat
z absence anodického piku G. Elektrochemicke chovini guaninovyveh useku v DNA je tak
i zalezitosti a ma na ngj vliv mnoho aspekit. které je poticba pii studiu téchio
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Abstract

A new method for voltammetric determination of clinical biomarker 5-hydroxyindoleacetic
acid (HIAA) at the boron-doped diamond electrode (BDDE) was developed. Anodically and
cathodically pretreated BDDES were tested in the pH ranges from 1 to 12, pre-treatment at
+2.0V/60 5. and pH 3 was found 1o be the optimum.

The optimum square wave voltammetry (SWV) parameters were: /12 Hz. amplitude 60
mV. and potential step 4 mV. SWV concentration dependency was constructed in the range
from 0.1 to 100 pmol L', limits of determination and detection were 0.3 and 0.1 pmol L',
respectively. HIAA o on electrode process at BDDE was diffusion-controlled. as
uncovered by eyelic voltammetry. Interestingly. HIAA peak potential was constant in vari
ranges of pH. indicating a non-Nemstian behavior at the BDDE, in contrast to a previously
published electrooxidation mechanism consisting of a coupled H /e transfer.

Key Words:
Boron-doped diamond electrode, 5-hy«
Catecholamine metabolites.

oxyindoleacetic acid, Square wave voltammetry,

Introduction

S-hydroxyindoleacctic acid (HIAA. Fig. 1) is a major serotonin metabolite in the human body
and a clinical biomarker of various diseases, including depression, schizophrenia. carcinoid
tumor, and pheochromocytoma % In addition, HIAA serves as a marker of serotonin
in humans and rats. The determination of HIAA in biological fluids ** is relev
diagnostics, pre-emptive screening tests, and monitoring of disease progression. in additi
suicide prediction in psychiatric patients *. The reported normal concentration of urinary HIAA
ranges from 17.8 to 58.3 umol L. 3 HIAA levels in cerebrospinal fluid. another body {luid of
interest, are approximately three orders lower %,

HIAA is electrochemically oxidizable on various electrode materials. however, no study
dealing with HTAA ¢lectroanalysis at the boron-doped diamond electrode (BDDE) has been
published ® 7. The BDDEs are especially suitable for trace analysis of organic compounds due
1o their sensitivity, wide potential window, low background currents, chemical and mechanical
stability, resistance to fouling. and the possibility to modify its properties with the use of a
suitable electrochemical pre-treatment 1. Pre-treatment of BDDEs by mechanical polishing
or by application by negative or positive potentials affect the termination of the clectrode
surface. and consequently on its electrochemical properties. including electron transter kinetics,
potential window, and even selectivity towards particular electrochemically a L

© species

This work aims to study the electrochemical behavior of HIAA at BDDE and the development
of a new voltammetric method for the determination of HIAA. Due to netoriously difficult
direct electroanalysis in urine samples. a possible combination of the method with a sample
preparation step consisting of hollow-fiber-based microextraction ',
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Fig. 1 Structure of 5-HIAA.

Experimental

The stock solution of HIAA (¢ = 1-107" mol L") was prepared by dissolving of the proper
amount of S-hydroxyindole-3-acetic acid (298%. Sigma Aldrich, Czech Republic) into
deionized water (Milli-Q) Systemn, Millipore, Czech Republic). Britton-Robinson buffer (BRB)
was prepared by mixing proper amounts of its acidic and basic parts and used for pH 2-12. The
acidic part was comprised of 0.04 mol 1! acetic acid, 0.04 mol ™! baric acid, and 0.04 mol
L~ phosphoric acid (all Penta Svec, Czech Republic). The basic part was 0.2 mol L™ sodium
hydroxide (Penta $vec, Czech Republic), 0.1 mol L™ hydrochloric acid (p.a.. Penta Svec. Czech
Republic) was used as an electrolyte for pH 1. Voltammetric experiments were execuled with
computer-controlled electrochemical interface PalmSens4 (PalmSens BV, Netherlandsy with
PSTrace 5.6 software

The conventional 3-electrode system was used with a working BDDE electrode (diameter 3.0
mm. Windsor Scientific, UK), platinum wire counter electrode (Monokrystaly, Czech
Republic), and AglAgCl(3 mel 17" Kl reference electrode (type “RAE111" Monokrystaly,
Czech Republic), Mechanical pre-treatment of BDDE was carried out by polishing on a
polishing pad with 0.2 pm alumina particles (Elektrochemické detektory, Czech Republic).

The coverage intervals were caleulated on the significance level o = 0.05. Detection limits
(LODs) and quantification limits (£O0s) were calculated according to Meloun 14,

Results and discussion

Voltammetric behavior of HIAA at mechanically, cathodically. and anodically pretreated
BDDE was investigated in the pH range from | to 12 using cyclic voltammetry. HIAA provided
a single, well-developed anodic peak in the whole range of pH at all tested pre-treatments. Al
the mechanically activated BDDE (60 s of polishing), HIAA provided relatively highest peak
currents, however with low repeatability. Strong fouling effects were observed, with peak
height decreasing to half of the original value within seven consecutive scans. Polishing after
each experiment led to relative standard error RSD ~ 10-40 % (n = 7). Cathodic pre-treatment
was carried out at —1.0 'V for 60 s to avoid the undesirable rise of the background. The HIAA
peak potential ranged from 0.8 V under acidic conditions to 0.6 V under basic conditions,
similarly for both mechanical and cathodic pre-treatment (Fig. 2). The repeatability with the
use of cathodical pre-treatment was better with RSDs <4 2 Anodic prefreatment (+2.0 V, 60
&) shifted the HIAA peak potentials towards more positive values of 1.5 V to 0.8 V under acidic
or basic conditions, respectively. Peak currents and repeatability is comparable to the cathodic
pre-treatment with lower background and RSDs = >3 %




EV
Fig. 2. Cyelic voltammograms of 100 pmol L' HIAA a1t BDDE. Numbers next to curves
correspond to the pH of the used electrolyte: BRB for pH 2-12 and 0.1 mol L ' HC1 for pH 1.

The optimum conditions for HIAA determination were anodic pre-treatment at +2.0V for 60 5
and pH 3. The electrode processes were diffusion-controlled at both anodically and cathodically
pretreated BDDE with directly proportional i)' to v, No HIAA accumulation on the electrode
surface for the use of adsorptive stripping voltammetry was observed in times up (o 10 minutes.
SWV voltammetry parameters were optimized one factor at a time, £ in the range from 5 to 100
He, amplitude 10 to 100 mV. and potential step from 1 to 10 mV. The optimum SWV
parameters were: /= 12 Hz, amplitude 60 mV. and potential step 4 mV. Frequency larger than
15 Hz led to significant periodic noise. and amplitudes over 60 mV resulted in an undesirable
broadening of peaks. HIAA SWV concentration dependency was obtained, under the optimum
conditions, in the concentration range from 0.1 1o 100 umol L ' with L and L0 being 0.3
and 0.1 pmol L™, respectively (Fig. 3). For the use of this method in combination with hollow-
fiber liquid microextraction, concentration dependency was also obtained at pH 7
with LOQ and LOD 0.5 and 1.5 pmol L™, respectively.

048+

o v T T T +

o4 0s o8 o7 0B os
EV
Fig. 3. SW voltammograms of 0.1-1 pmol L. ' HIAA at BDDE in BRB pH 3. Numbers next to
curves correspond to the concentration in pmol L. BDDE pretreated at ~2.0 V for 60 5. Inset:
calibration dependency.
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Conclusion

"The newly developed method prm|dez~ a suitable framework for the determination of HIAA in
complicated biological matrices. i.e. human urine. The sensitivity is more than adequate for this
purpose. whilst the selectivity can be supposedly improved by a hollow-fiber liquid
microextraction. as was previously shown in the studies on the determination of urinary
homovanillic and vanillylmandelic acid '* ',
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Electrochemical Oxidation of Sartans with Boron Doped Diamond Electrodes
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Abstract

Wastewater treatment planis using the conventional cleaning procedures are not able to degrade
most ol pharmaceutically active ingredients with a sufTicient removal efficiency. Advanced
oxidation proc are a promising technology for the removal of a wide range of
micropolutan cluding pharmaceuticals. The present work was focused on comparison of
the removal efficiencies reached afler electrochemical oxidation of sartans (irbesarian,
telmisartan, valsartan) on difTerent types of BDD electrodes (structured, non-structured silicon
substrate and porous ceramics) with an addition of salts (NaCl. Na:SOs) into a working
electrolyte. For evaluation of removal ey of sartans I[PL(-MS MS wag used.
Degradation and transtormation products of sartans were identified by HPLC-IT-TOF-HRMS.

o

Key Words: Sartans, BDDE, HPLC-HRMS, Degradation and Transformation products,
Safety.
Uvod
\ poslednom desatrodi virazne verastol ziuj
thyeh \-oduych l'n.\'amul\. ak nj ich mu?n

em shimat’ niclen pritomnost’ Farmaceutik vo
\«pm na ¢kﬂs‘.sls.rn Zo statistickych lIdd_]D\'

na  koncentra veh  drovni;
a v pripade povrehovyeh vod v intervale stoviek n;
nickolko spdsobov, ktorymi rezidud liegiv vs

ch leﬁﬂmlsk ﬁ[f. dewmmk
L az jednotick ug/1. % Vs

| do vodného prostredia, no 1
bodovym i sl Cistiame odpad, vod (COV). Miera odbiirania
i od viaceryeh faktoroy. pricom medzi n1jdole?|lqm patria I\zﬂ\alno chemicke vlastnosti
fieeiv, typ aplikovanych technoldgii upravy a klimatické podmienky *

i mu}nn\t' v modemizs
AOPs st technologicke postupy,
.m)l.\ rozsah organickyeh zliéenin
zaloZené na pmv.h:kcii OH-radikalov. kam zaradujeme aj clektrochemicku
sanveh diamantovych elektrod (BDDE i

vysoko res Iné oxidacné Jatky | 2.80 V) amohli by zabezpetit chemicki oxidiciu
anedistujicich litok. v idedlnom pripade ich tplni mineralizdcin ®7. V porovnani 8 anddami

Pl!l\ﬂh.llt. ﬂ\ld..n.rh. pmw«) (AOPs) sa javia ako vyni

ktoré s M.hop
Patria sem proc




ako PL RuOz, Ir(n, Sn(h, Ph(k: a TiiO-
degradaciu |11|i~m]-mlui-mh Elektrochemicke vlastnosti BDDE zav
povahe pous . pomere sp’ sp® hybridizovaného uhlika
ubclm‘ kymi vyhodami ako nizky Llpuu
icka robustnost’, biokompatibilita a nizka miera korozie
89 Vietky AOPs si prevazne zalozené na sekvencii oxidagno-
radikalovych reakeii. Tvorba degradaényeh produktov sa viak lisi v zéavislosti od typu radikilu
a tieZ Struktiry povodnej molekuly polutantu'”. Degraddcia pomocou AOPs je riadend mierou
tvorby reaktivnyeh astic ako aj konkurenénymi reakeiami, Konkureniné reakeie sa podicTaji
na odbirani cieFovych zlicenin, ale k degradadnému procesu prispievaji aj iony pochadzajice
# elektrolyviu alebo matrice

s diamantové anddy vhodnejsou alternativou na
od obsahu boru,

Pri AOPs sa sleduje nielen Gcinnost odbu
moze v environmente vvkazoval neziadieu sekundirnu kontaminaciu @ moze pasobil
ekotoxicky'™". Vdaka unikitnemu spojeniu dvoch analytickyoh technik. a to vysokouinnej
kvapalinovej chromatografie s vvsokorozlisovacou hmetnostnou spekirometriow. ktoré vynikd
vysokou ostou a selektiviton je moiné vo wvzorkich z degradatnych experimentov
spolahlivo identifikovat’ vznikajiice degradadné a transformadngé produkey

ale aj novovzmknuty degradatny produkt. ktory

Prica sa venovala moznostiam elektrochemickej oxi naj wrivanych lieciv zo skupiny
sartanoy (irbesartan, valsartan a telmisartan) pomocou rozne pripravenych BDDE a niislednej
ntifikdcii veniknutych degradacng nych produktov s vyuzitim kombindcie
vysokouginna k\dpalmm-n chromatogra rysokorozliSovacia hmotnostnd speltrometria
(HPLC-HRMS),

l'.x[ler'inullla'lnu Cast’

\n pripravu roztokov sa pouzili analytické Standardy irbesartanu. telmisartanu a valsartanu od
Aldrich (Steinheim. Nemecko). Na pripravu mobwluwh faz sa vyuzila kyselina mravéia
(=98 %4), kysélina octovi (99,88 ¥4), octan aménny (299,99 %), mravéan aménny (> 99.995
“o) a acetonitril (LC-MS Chromasolv®) (vietky Sigma-Aldrich). Vietky roztoky boli
pripravené z dvojstupiiove Sistenej vody ystémami Labeoneo a Millipore Simplicity (Lamdba
Life. Bratislava. Slovensko),

Na elektrochemicki oxidiciu boli pouzité rozne typy BDID elekurod. BDI film (2.5% CHa/H2
10000 ppm B/C) bol naneseny na Struktirovany a neétruktirovany kremikovy subsirit a na
poréznu keramiku (40ppi). Na zhodnotenie aéimnosti pouzitych BDDE boli vzorky
# degradatnich experimentoy analyzované pomocou HPLC-MS/MS(Thermo Fisher Scientific
San Jose. CAL USA). Identifikacia degradaénych a transformaénych produktov sa uskutotnila
prostrednictvom HPLC-HRMS na pristroji LO-MS-IT-TOF™ (Shimadzu, Kyoto, Japonsko).

Visledky a diskusia

Iavnym ciclom prace bolo sledovanie vplyvu pouzitej BDD elekirody a typu soli. klord tvor
reakény elekirolyt na uéinnost” elektrochemickej oxidacie. Pre tento ucel boli na degradaéné
experimenty vyuzité rozne elekirody (8i. s8i. 3D BDDE) a pridavkami rozdiclnyeh soli (NaCl,
NazSOu). Elektrochemicka oxidacia sartanov prebiehala v destilovane) vode s pridavkom soli a
Standardu lie¢iva o znamej koncentracii. Vzorky boli odoberand v tasovyeh intervaloch 0 min:
30 min: 60 min: 120 min a 240 min.

# Tabulky [ vyplyva, 7¢ Géinnostelekirochemickej oxidicie je ovplyvnend powritou BDDE,
ale najiii zlozenim pracovného elekirolytu. § pridavkom NaCl si dosiahnuté vyidic Geinnosti
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odbiirania pre vietky sledované lieivi. o moze byt sposohené generovanim aktivnyeh Cl
castic s vysokou reaktiviton CI™ (a tvorby Clz HCLO; HCIOz HCIO3 HCIO4) M, kory

i Pridavok Naa80s v porovnani
etivich bez ohlladu na pouziti BDD
yva. Ze prs. uéinni degradiciu IRBE a TELMI je
nesirll}.lmu\:lmm kremikovym substritom. V pripade VAL
" elimindcie dosiahnuta s vyuzitim BDDE na poréznej keramike.

Tabulka 1.

Dosiahnuté uéinnosti po 240 minttach elektrochemicke) oxidicie.
Elektroda 8ol Utinnost” [%o|

IRBE  TELMI VAL
s8i NaCl 988 33,3 39,7
Si 99.1 98.1 63,5
D 933 89.1 79.1
sSi Naz8Oy 250 43.8 41,2
Si 706 61.4 30
3D 71,5 74.0 66,4

Pri konvenénom biologickom ¢isteni na COV sa dlandardne dosahuje len Siastoéné odburanie
sartanovych lieéiv [IRBE (0425 %), TELMI (-7+18 %), VAL (93 %)] "', Hoci bola v nasich
experimentoch zaznamenand ni Gdinnost’ odstranenia VAL (79 %) v porovnani s COV, pri
ruktiirovangj BDDE v prostredi NaCl sa miera odbiirania

odbirani IRBE a TELMI na nes
blizila k 99%.

k integricic ls.rcmmchu stenia, Uskutotnili sme HPLC-HRMS mlal)’
Tom bolo identifikovat’ degradaéné produkt sikajlice pocas Llek‘l(khi.“uk,l\.bj

cielenc analyzy a analyzy ocakavanych bolo identifikovanych
nickolko degradatnyveh produktov sartanov.

Ziver

V prici bola porovnana uéinnost’ elektrochemickej oxidacie vybranveh liediv zo skupiny
sartanov na odlisnych typoch BDD elektrod. Sledovali sme vplyv pridavku NaCl resp. NazS0
du pracovného elektrolytu na Ginnost’ odstranenia vybranych sartano ledky preukazali,
TELMI (93-‘)) o) sa dosiahla pri po BDDE nanesenej
¢ a vpripade VAL {79%) na poréznej keramike
5 \h{‘l I‘odmlo sanam dosiahnut ostou odstranenia IRBE a TELMI v poroviani
s postupmi zavedenymi v ramei COV. Vdaka spojeniu technik HPLC-HRMS holo
umoznené ziskat’ pulr»bne data k tvorbe degradaénych a transformaénych produktov, na
ziklade Ktorveh bola zostavend moznd schéma elektrochemického odbirania sartanovyeh
liegiv s vyuzitim BDD elekirod
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Abstract

The main aim of this research was 1o develop a new method for voltammetric determination of
popular antidepressants, analges; and illicit drugs using a laboratory-made 3D printed
electrode and to compare the achieved results with those registered using a commercial
available glassy carbon electrode. These experiments represent the first step in the development
of a method applicable in clinical and fore praxis for the rapid and inexpensive
determination of commenly misused groups of biologically active compounds.

Key Words: Analgesics. Antidepressants. Biologically active compounds. Differential pulse
voltammetry, Tllicit drugs. 3D printing materials

Introduction

Biologically active compounds (BACs) are characterized as chemical compounds that affect
important biological functions of living organisms. They can affect the environment and a wide
spectrum of organisms! humans, animals, and plants "*, Antidepressants and painkillers are
among the most frequently used active compounds of medicinal importance, However, they
may be abused or misused. cause side effects. and can be either intentional or accidental
overdose * 7.

Another strictly controlled group is the group of illicit drugs. They have been used for ther
relaxing, psychotic. and hallucinogenic properties and many of them are related to the
“subculture” of daily routine ' and social interactions '°. Unfortunately. the use of illicit drugs
or their mixtures can lead to health problems or even death '

In the last years, & growing number of dangerous overdosing starts to be the global problem
M Therefore. new methods of identification and determination of these drugs are necessary for
patient monitoring as well as for forensic purposes. Moreover. the massive excretion of
antidepressants, painkillers, or illicit drugs into wastewater or even into drink waler (in the case
of improper treatment) can be a danger for plants, animals, and finally for humans. Therefore,
environmental monitoring is also important 1%,

3D printing materials offer many advantages for electrochemistry. and their popularity has been
growing steadily. The designing and manufacturing processes are casy, fast. and relatively
inexpensive. It allows preparing electrodes, cells, and even complicated reactors for special
electrochemical applications. Morcover, the manufacturing process is pre and repeatable.
In addition. the surfaces of the prepared electrodes can be modified and treated in many ways
to improve their properties '+,

Our study focuses on the development of a new electrode made of 3D printing material
applicable for the determination of selected BACs, We would Tike to design and construct an
clectrochemical sensor that can be characterized by fast, inexpensive, and eagy production as
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well as by reliability, selectivity, and repeatability of measurements realized in biological
mudrices,

Experimental
We decided to investigate three groups of BACs in our pilot experiments u
electrode:

1) Amtidepressants: sertraline (Asentra, KRKA. Slovakia) and venlafaxine (Velaxin. Egis

Pharmaceuticals PLC. Hungary).

2) Analgesic: fentanyl (Lipomed. Switzerland),

3) Mt drug: lysergic acid diethylamide (LSD. Lipomed. Switzerland).
Stock solutions of drugs were prepared in distillated water i the concentralion: Cuenlatiine =
1.8 mmol L. esenratine = 1.6 mmol L), ¢eentamyt = 0.1 mmol L', ¢zsp = 0.021 mmol 1.7

ng the 3D printed

Britton-Rabinson buffer solutions were prepared in the range from pH 2 to pH 12. by mixing
the proper amounts of the acidic components (0.04 M HBOs. 0,04 M HaPO:, and .04 M
CHaCOOH) and alkaline component (0.2 M NaOH), all Lachema, Czech Republic. The LSD
stock solution was prepared by its dissolving in 0.1 M lithium perchlorate (Sigma Aldrich.
USA). Deionized water from Milli-Q-Gradient (Millipore. Czech Republic, conductivity <0.05
1S em ') was used for all described measurements.

Our lab-made 31 printed electrode was performed from conductive carbon fiber PLA (CF-
PLA) filament, brand name ProtoPasta ( ProtoPlant. USA). A lab-made glassy carbon electrode
(GCE. 0 3mm) was used for comparison.

Results and Discussion

1. Optimization of used parameters

We decided to use differential puise voltammetry (DPV) to determine the above-mentioned
BACs. Firstly, the following parameters were optimized: pH of supporting electrolyte,
accumulation time (fuce). accumulation potential (Ehee), and electrode surface pretreatment (time
(tieat) and potential (Eien) of the electrochemical pretreatment). Optimized parameters are
summarized in Table L

2 Deten m of selected . - i

Pilot experiments were performed with model solutions of LSD. fentanyl. sertraline, and
venlafaxine using parameters summarized in Table I DPV was used to investigate the
dependences of the registered signals on analyte concentrations.

Comparison of signals registered using CF-PLA and GCE showed that the LSDD signals at CF-
PLA are shified by about +50 mV to more positive potential values compared 1o those obtained
at GCE (Fig. 1) Similarly. the sertraline signals at CF-PLA are shifted by about +100 mV 1o
more positive polential values compared to those at GCE: (Fig. 2). Similarly. this phenomenon
was observed in the case of other BACs studied.
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Table L
Optimized parameters used for determination of selected BACs.

Analyte Parameter  Glassy Carbon Electrode  Carbon-Fiber PLA electrode

Pretreatment  Polished on aluming (GCE), Pohshed on  sandpaper  400Q

10x CV, (CF-PLA), 10x GV,
Ew = -1200 mV. Fu=-1000 mV, Eq = <1400
Efn = 1400 mV_ v = 1000 mV_v =100 mV/s
mV's
Venlafaxine pH 8 R
Enee 100 mV 400 mV
tace 3005 6l s
v 0mVs! 200mV !
Sertraline  pll 7 7
Eue 100 my 400 mV
oo 3008 6 s
v 20mVs! 20mV st
LsD Eiee 7 T
face 100mv 100 mv
v 300 s 300s
Eueo 20mV st 20mV 5T
Fentanyl Ene 9 9
face 400 mvV A mV
¥ 6s 60s
P 20mVsT 20mV sT

"

B

Fig, 1. DP voltammograms registered in LSD solutions, LSD concentrations 2-9 pmol L™,
BRB of pH 7. used electrodes: (A} laboratory-made CF-PLA electrode and (B) GCE.
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LnA

GGE
— blank bufier pHT
—20 M

Emi

Fig. 2. DP voltammograms registered in sertraline solutions. Seriraline concentrations: 20—
100 pmol L7, BRB of pH7, Used electrodes: (A) laboratory-made CF-PLA electrode and (B)
GCE.

Moreover, the background currents registered using the lab-made 3D prmled clectrode are
lower and less noisy than those obtained using GCE. ]
well-developed and of similar shapes i the case of both electrades. The Imear dynamic ranges
of concentration dependences registered using the CF-PLA electrode were a bit broader.
Therefore, 1t can be supposed that the CF-PLA electrode can represent a promising tool for
easy, fasl, inexpensive, selective, and sensitive determination of drugs as well as other BACs.

Conclusion

Our research proved that 3D printing materials can be used as an attractive alternative material
suitable for the construction of electrodes applicable for the determination of selected groups
of BACs. Their utilization represents the new moder approach in the electrochemical
investigation of compounds that play an important role in human life and need 1o be
systematically monitored. Research in model samples is the first step to further development of'
the new, laboratory-made sensors for BACs,
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Simultancous Determination of the Plant Growth Regulator Daminozide and its
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Ikov

Abstract

The simultancous determination of dammnnde :md its degradation product L.1-
dimethylhydrazine via therr direct electroct was d. A boron doped
diamond clectrode was used as the wor o electrode and Britton- Robinson buffer of pH 9 was
app. as the suitable supporting clectrolvte, The differential pulse voltammetric method for
DMZ dulermln,llmn wag developed, which provided a very low detection limit (LOD -
4561077 mol 1~ J DMH cm:!d also be determined under the same experimental conditions
(LOD = 216107 mol L''). The developed new extraction technique then allowed the
determination of concentrations up to 30 times lower,

Key Words: Plant growth regulator. Daminozide. 1. 1-dimethylhydrazine, Voltammetry. Boron
doped diamond electrode.

Uvod
Pri péstovani ovoce, z

popiipadé okrasnyeh rostlin se Gasto aplikuji 1 Které maji za
eil sniZit ztrity produkee, 7 at jeji kvalitu a prodiouzit potiebnou jakost a trvanlivost 1&chto
komodit po sklizni ', Mezi takové litky patfi daminozid (DMZ, 4-(2.2-dimethylhydra
oxobutanovi kyseling, Obr. TA). Ktery je jednim z nejdéle pous veh reguldtori

-

V fadé zemi. mezi néz patii i Ceskd republika, se DMZ aplikuje vyhradné k formovini
kompakiniho tvaru okrasnyeh rostlin, ke zv¥eni poctu jejich kveti a také k usnadnéni opyleni
semenatskych porostd jetele Cervencho. Vyuziva se formd postiiku na listy. V rostlinach
blokuje  biosyntézu  rastovych  hormond  gibere ctiené  rostliny vvivaii  menéi
Kompakingj&i bunky. &im# se 2 nternodia a rostl a kompakingjsi, Zaroven
roste pocet bunék na phuhu rostlin, co? vede ke zvyeni koncentrace chlorofylua rostliny anu
tmavsi, Vlivem DMZ maji rostliny také vice rozvétveny korenovy svstém, takze 1épe vyuzivaji
vodu a Fiviny # jsou odoii proti stresu, Od roku 1963 se pouzivi také pro zlepient sklizné
ovoenyeh stromil (zejména jabloni) nebo zeleniny (napf. rajéat). DMZ je ve vodé pomérné
dobe rozpustny, 4 proto je v rostlindch velmi mobilni a snadno se dostivd do viech jejich &dsti,
Aplikace tohoto ristového regulitoru v pfipadé jabloni podporuje rilst kv edchazi
predéasnému opadivini plodii a zlepsuje velikost, barva a skladovaci vasinosti jablek ™. Bylo
potvrzeno, ze rezidua DMZ mohou byt v jablkach detekovana az rok po jeho aplikaci ~

Béhem tepelného zpracovini s¢ v jableényeh produktech objevuje degradaéni produkt DMZ,
konkrétng 1.1-dimethylhydrazin (DM, Obr. 1B) °, ktery je nebezpeiny z hlediska lidského
zdravi. Vzhledem k jeho toxicite byl stejng jako DMZ Klasifikovan jako pravdepodobny lidsky
Karcinogen (ttida B2, EPA) T
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Obr. 1. Struktumi vzorce daminozidu (A), (B) 1.1-dimethy lhvdrazinu

Ke stanoveni DMZ. paptipads jeho hydrolytického produktu, se previzns vyuzivi Kapalinovi
chromatografie s hmotnostni detekei ', Tento piistup je viak velmi nakladny a vyzaduje
kvalifikovanou  obsluhu.  Tato pr fesi moZnost primého  voltametrického  stanoveni
daminozidu pomoci anodické ox a BDDE. Ziroven je zde uvedeno i stanoveni jeho
degradacniho produktu DMH a analvza smési téchto dvou latek.

Experimentilni ¢ist

Ke stanoveni vyse diskutovanyeh latek byl vyuzivin ;:oh.numml PGSTAT 128N (AUTOLAB.
Metrohm Autolab B.V.. Utrecht, The Netherlands) ovlidany softwarem NOVA 1.11. Meéfici
¢lanek se skladal s pracovni BDDE (Windsor Scientific Ltd.. Velkd Britanie). refi
argentehloridové elektrody a pomoené platinové elektrody (obe Monokrystaly, Turnov, Ceska
republika). Stanoveni studovanych latek probihalo pomoci elektrochem xidace s vyuzitim
diferendni pulzni voltametrie (DPV). Pracovni elektroda byvla pred kazdym méfenim ofetiena
vlozenim potencidlll +2200 mV. —200 mV a +2200 mV vzdy po dobu 10 sckund. Pfi vastni
analyze bljfla polarizovana v rozsahu potencialt +500 az 12100 mV pfi rvchlosti polarizace
40mvVs.

V pripadé analyzy smési DMZ a DMH. kdy se rozkladny produkt nachizi ve znatném
nadbytku, je tieba tuto latku eliminovat nekolikaminutovym povafenim smési v prostiedi
roztoku NaOH (1 maol L),

Redlny prpravek rostlinného stimulitoru B-NINE, s obsahem DMZ deklarovanym vrobeem
850 g/1000 g preparitu, byl rozpustén ve 25 ml destilované vody v mnozstvi 58.1 mg.
Kanalyze bylo divkovino 100 pl tohoto roztoku, 7 fiéni vody. kierd byla obohacena
definovanym mnoZstvim DMZ a ktera byla zbavena kationtit 50 mg K111 za michani po dobu
10 min, byl analyt izelovin z objemu 250 ml pomoci 1 g katexu Amberlite™ IRC120 H v H”
hyt probihal pii laboratorni teploté 1 hodinu za michini rychlosti 700 ot/min Poté
eparovan a nasledné extrahovin 5 ml 1 mol L' NaOH pfi teploté 70 °C za michini
500 ot/min po dobu 20 min. Vanikly roztok byl podroben voltametrické analyze. Stejny postup
Ize uzit v i pro nakoncentrovini DM, ze vzorku ziskaného oplachem ovoce.

Pii zpracovini redlnych vzorka vod byl k izolaci a nakoncentrovini DMH z vodnych roztoki
zvolen rovnéz katex Amberlite™ [IRC120 H v H' evklu. V pripadé zpracovani 250 ml vody
trvala adsorpee 30 Po separaci ionexu byl analyt vyiésnén ve statickém usporadani 10 ml
2 mol L ' NaOH za michani po dobu 8 min pii laboratorni teploté,

Visledky a diskuse
7 oyklické voltametrie roztoku DMZ v prostiedi Brittonova-Robinsonova (BR) pufru o pIl 9.0
vyplynulo, ze latka poskytuje dvé anodické viny v rozsahu potencidld +1.2 az ~1.68 a +1.9 az
dxidaéni proces je ireversibilni. Ze studie viivu pH zakladniho elektrolytu vyplynulo,

J citlivesti bylo dosaZeno okolo hodnot pH 9-10. Zde se nachdzi maximum prvniho
pila DMZ. o potencialy +1.5 'V, Drub§ ptk DMZ, 6 superpunija s, kivku Zikladatho




elektrolylu a se 2 fcim se pH se stavi zfetelngjii. Na zikladé zjistényeh skuteénosti byl
k analvtickym uéelim vybran 1. pik (Obr. 2) a hodnota pH 9.

10
g pH216
Sos  "TTpH3AL
<o pH 4,40
06 | ——PHSE3
—--pH7.01
04 | —pHEOZ
—pHa.10
PR PH10.16
0.0
800 1100 1400 1700 Efmy] 2000

Obr. 2. DP voltamogramy DMZ. pro rizné hodnoty pH zikladniho elektralytu (conz —
8.7:10°° mol L7, ¢lektrolyt — BR pufr (pH 2,16-10,16). £por — 800 mV, Fion — +2200 mV,
v 40 mV s, amplituda pulzu = 4350 mV, Sitka pulzu 80 ms).

Ve zvoleném zikladnim elektrolytu dava stabilni proudovou odezvu jak DMZ, tak DMIL coZ
dokumentuje Obr. 3, Kvantitativni stanoveni DMH Ize provadét piimo ze zaznamu, piky DMZ
Jsou viak predeslou latkou deformovany, a proto je tieba rusivou slozku po jejim stanoveni
wytésnit z roztoku kratkym varem po zalkalizovani smési.

Vypracovand metoda voltametrického stanoveni DMZ byla aplikovina na ti typy realnyeh
vzorkil, kdy byl analyzovin kameréni pifpravek na ochranu rostlin B-NINER-SG. oplachovi
voda z jablek a povrchova voda z feky Chrudimky, obé obohacené pridavkem standardniho
roztoku DMZ na zndmou koncentraci. Doprovodnd latka DMH byla stanovovina v oplachové
vodé 2z jablek opét po pridavku znamého mnozstvi analviu, Visledky byly kvantitativné
vvhodnoceny metodou standardniho pridavku a jsou uvedeny v tabulee [ fejme, Ze v aboru
analyzovanych koncentraci jsou vysledky dostateéné spolehlivé a spravng. a tedy lze metodu
vvuZit v praxi.

Tabulka I

Vysledky stanoveni obsahu DMZ a DMH v redlnych vzorcich

Specifikace vzorku Stanovoviano DMZ Stanoveno DMZ

Tripravek B-NINFP-S( B50* mg/ke 826.35:30.77 mg kg

Ricni voda 4,0-10% mol 1.7! (4,2<0.21) 10" mol L™!

Oplachova voda 2,0210"* mol 17! (1.9:0,08)- 10" mol L'
Stanovovano DMH Stanoveno DMH

Oplachova voda 1.96-10" mol L' (1.93=0,05) 10% mol 1!

*deklarovana hodnota
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Obr. 3. DP voltamogramy pii stanoveni DMZ. v piitomnosti nadbytku DMH (smés: coms -
5356+ 10~ mol L, epnz = 2,08+10-° mol 17!, pidavky DMZ: 3.33 pg mL™, elektrolyt — BR
pult (pH 9.1), Fue = +300 mV, Fion = +2200 mV, v =40 mV s, amplituda pulzu = +30 mV,
sifka pulzu 80 ms),

Zavér

Vrdmei 1o price se podafilo vyvinout metodu piimého voltametrického stanoveni smési
daminozidu a jeho rozkladného produktu 1, 1-dimethylhydrazinu. Byla pow?ita metoda DPV a
Jako indikacni slovzila borem dopovani diamantova elektroda. Zakladnim elekirolytem byl
Brittondy-Robinsoniv pufr o pH 9. Byl také \-\-pmuwan aéni a koncentraéni postup pro oba
analyty ze zredénych roztoki s vyuzitim sily 0 katexu Amberlite™ IRC120 H. Nova
metoda Jevy witelna v praxi pra anal}zu redlnveh vzorki
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Electrochemical Behaviour of #-Carotene at Different Working Electrodes
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Abstract

This work has been focused on clarifieation of the electrochemical behaviour of P-carotene
(BCA) in different non-aqueous It solid working electrodes: namely, glassy
carhon, platinum. and gold ¢ A probable reaction pathway of the electrochemical
oxidation BCA was proposed. BCA undergoes an irreversible clectrochemical oxidation in
several steps corresponding to anodic hydroxylation and oxidation reactions of double bonds.
According to the ealeulation of molecular electron density. it can be assumed that a double bond
on the fifteenth carbon (C15) is involved in the mentioned processes. having provided the first
anodic peak applicable to analvtical purposes.

Key Words: Acctonitrile: Acetone:
Toluene.

*velie voltammetry: B-Carotes

: Methyl-tert-butyl ether:

Introduction
The B-Carotene (BCA). known as the most biologically active carotenoid. gencrally occurs in
plants. algae, and few fungi. Being a precursor of vitamin A (all-trans-retinol). BCA is
considered 10 be its dominant source in the human diet. BCA has an important role in the
limitation of toxic radicals (protection of tissues from damage) including reactive oxygen
species (singlet oxygen and oxygen free radicals) ', Consequently, one cannot be wondered
that BCA and other carotenoids have become a fascinating field for the interdisciplinary
research in chemistry. medicine, biology. and other branches of science **'. These
important nutrients are soluble in fats and are responsible for the colour of a wide variety of
foods . BCA represents a natural organic dye that consists of a polvene system with 11
conjugated double bonds and a B-ring at cach end of'the chain ™. The characteristic conjugated
double-bond system of BCA and other carotenoids offers some suitable prnp:.me among
others, absorption at the violet end of the visible spectrum and electrochemical acti )

Despite several carlier scientific studies focused on BCA cathodic vollammetrie determination
at a mercury electrode B pegent voltammetric methods are based on the anodic oxidation of
BCA at common solid electrodes in various media. From recent publications. it seems that the
main attenti paid 1o the analyvtical characterization for the determination of BCA with
differently modi carbon electrodes '™, However, only a few papers had been
dealiing with e study of BOA sad ifs slecvods oxidation pathwas(s). This tofivaited -t
investigate the electrochemical behaviour of BCA in more detail with a hope that the results
obtained could help us to confirm or reject the previously proposed reaction scheme(s).

Experimental

"The analytical standard of BCA, 99.99% lithium perchlorate and 99.9% onitrile (MeCN)
as the constituents of the supporting electrolyte were purchased from Merck KGaA (Germany ).
Other organic solvents, such as 99.9% acetone, 99.9% methyl-teri-butyl ether (MTBE). and
99.7% toluene. were obtained from Lach-Ner (Czech Republic). Pure MeCN. a mixture of
MeC toluene (1:1), mixture Mo + MTBE (1:1), and pure acetone containing 0.1 mol 1°
! LiClOy were used as the working media.
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All electrochemical measurements were performed with a conventional three-electrode system
consisting ene of the working electrodes employed or tested (glassy carbon electrode, GCE;
gold electrode. AuF; and Pt-electrode, PtE: all three with a diameter of 3 mm (Metrohm
Ceska republika sr.o., Czech Republic). The voltammetric glass was then completed with
saturated calomel electrode (SCE) as the reference and a Pi-plate as the counter electrode. All
the electrodes were comected 1o a potentiostat PGSTATI01 operated via the Nova software
(version 1.11) from already mentioned Metrohm company.

Results and discussion

crochemical behaviour of B-carotene

The clectrochemical oxidation of BCA was investigated al the GCE in acetone containing
0.1 mol L LiClOy using cyclic voltammetry (CV), as shown in Fig. 1. capturing repetitive
cyeling. At first glance. it is evident that the BCA is most likely irreversibly oxidized, which
has already been reported 1 The BCA usuall ¢ provides two anodic peaks at +0.50 and +0.85 V'
regardless of the choice of organic solvent. Since the second peak is quite broad and deformed,
it is highly probable that this signal is a “"combined” peak hiding several oxidation signals
merged together.

In general. electrochemically controlled polymerization reaction is manifested by an increase
in the baseline due 1o the enhanced capacity current, The repetitive CV (see again Fig. 1)
showed that no change in cyclic voltammograms shape and only negligible baseline currents.
Hengce. the polymerization reactions of f-carotene oxidation products do not seem the case.
From chemical point of view, the BCA can he considered as chain of eleven conjugated double
bonds. Because 11s molecular structure: does not contain any functional groups that could
participate in the electrode reaction. it can be assumed that the radical oxidation of some of the
double bonds has led to the Formation of a cation radical '°. If the organic solvents are not
completely waler-free, even traces of welness ma\- be involved in the nucleophilic addition of
the resulting cation (as a hyvdroxylation reaction ' . According to the caleulation of molecular
electron density. it can be assumed that a double bond on the fifteenth carbon (C13) is probably
involved in the mentioned proces:

5 -

N B

Current / pA

5 02 01 04 07 13

Potential / V vs. SCE
Fig. 1. Repetitive eyelic voltammograms (3 eyeles) of O pmol L (dash line) BCA. (10 eveles)
of 180 pmol 11 BCA (solid line). in acetone with 0.1 mol L' LiClOy recorded at the GCE at
scan rate of S0 mV s,
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Kinetic study

In this part of our study, cyclic voltammograms of 186 umol L' BCA at the GCE in four
different working media (Fig. 2) at a scan rate (v) from 23 1o 300 mV s were recorded to find
out the type of studied electrode reaction. For this purpose, a dependence of peak current
response of the first oxidation peak upon the scan rate was evaluated and a linear relation of the
peak height (Tp") versus square rool of scan rate (v'') was ascertained for all organic solvents
used characterized by the correlation coefficients (R?) of 0.9912, 0.9957, 0.9929, and 0.9879
for MeCN. MeCN with MTBE (1:1). MeCN with toluene ( 1:1). and acetone. respectively. From
the individual Tinear plots of Togly vs Togv. we could ealeulate the slopes (k) being as follows:
07537, 0.4878, 04581, and 0.3024 pA mV™" s (in the same order as for R listed above).
Values of calculated slopes. which are close 1o the theoretical value 0.500, indicate
diffusioncontrolled clectrochemical oxidation reaction.
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Fig. 2 .Cyclic vollammograms of 180 pmol L™ BC A recorded on the GCE in MeCN (A}, MeCN

with MTBE (1:1) (B), MeCN with toulene (1:1) (C), and acetone (D) all containing 0.1 mol L7
! LiCIOs at scan rates of 25. 50, 100. 150, 200. 250. 300. 400 and 500 mV s

Effect of the electrode material

Three different types of electrode materials (glassy carbon. gold, and platinum) were tested to
choose the optimum for intended electroanalytical purposes, It was evident that the highest
current yield could be recorded at the GCE if one compares this response with those at the other
two working electrodes. At scan rates higher than 150 mV s, two separated oxidation peaks at
+0.60 and +0.85 V were obtained at AuE in acetone containing 0.1 mol L' LiCIOy. Broad —
apparently overlapped — oxidation peak was observed for PtE.
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Conglusion

This paper has described electrochemical exidations of -carotene at three different working
clectrodes in selected organic solvents and their mixtures. The results obtained suggest us that
the respective electrode process represents sequential irreversible reactions involving anodic
tion and oxidation of double bonds, where the m-bond on the fifteenth carbon (C135)
easily attacked m oxidation process, thus providing the first anodic peak applicable to
analytical purposes.
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The Development of Electroanalytical Methods for Detection of Bile Acids Possessing
Ta Hydroxyl Group
(Vyvoj elektroanalytickych metod pro detelici Zluéovych kyselin obsahujicich
Ta hydroxylovou sku pinu)

Kristyna Jeldikova, Jan Klouda, and Karolina Schwarzovi-Peckovi
Charles Uni Faculty of Science, Department of Analytical Chenustry, UNESCO
Laboratory of Ei nvironmental Electrochemistry. Albertov 6, CZ-128 43 Prague 2. Czech

Republic, E-mail: keistyna jelsikovag@natur.cuni ¢z

Abstract

The ¢lectrochemical behaviour of selected primary bile acids (cholic acid. chenodeoxycholic
acid and g-muricholic acid) in acetonitrile-perchloric acid media with minimal water content
was studied using ¢ voltammetry. They possess T hvdroxyl group on the steroid core and
provide an anodic voltammetric signal. However. in this study conditions ne: ry lor the
formation of the cathodic signal of these bile acids possessing 7o hvdroxyl group in the region
of negative potentials were studied. Tt has been recognized th nal development is dependent
on the presence of oxygen in the measured solution and the value of positive potential applied
prior the cathodic sean leading to bile acid oxidation. The study was performed on a boron
doped diamond electrode.

Key Words: Bile acids,
Cyelic voltammetry.

Boron-doped diamond electrode. Dehydration, Oxidation, Reduction.

Uvod

Zakladem struktury Zlufovych kyselin je steroidni jadro, Keré je nasycené, a tudiz
elekirochemicky neaktivni. Elekirochemicka aktivita Zluéovyeh kyselin tak zivisi na d\-u}n\-c.h
vazhi i h v télo steroidni strukiufe a také na pritomny i funkenich skupinach '

h nizké elektrochemicke aktivity neexistuje v dnedni dobé mnoho
¢ touto problematikou zabyvaly. Elekirochemické oxidaci Zlutovych
WS ve énoval Klouda et al. *. Redukee zluGovych kyselin byly zkouminy na
rtutové kapajici elektrodé pomoei diferenéni pulsni polarografic *. na elektrodé ze skelného
uhliku a elektrodé ze skelného uhliku modifikovane  mnohosténnymi  uhlikovymi
nanotrubickami Y. Samotnému  analytickému  stanoveni  ZluGovyeh kyselin za vyuziti
elektrochemickych metod se vénuje jen nekolik malo studit. V studiich. kde byla jako pracovni
elektroda pouzita zlata elektroda. probihala analyza zlucovyeh kyselin pomoci propojeni HPLC
a pulsni amperometrické detekee. Pouzity byly v obou studiich i pulsy £y = +0.03 V,
0.60 Vaky - —0.80 V(LOD - 0.6 umol ') A resp. Ey = +,05
060 VaFs=—0.60 V (LOD =10 pmol 1) % Dalsi studie se vénovala stanoveni
ursodeoxyeholove kyseliny ve farmaceutickych preparatech, Stanovem probilalo propojenim
HPLC s UV detekei a elektrochemickym detektorem (coulometricka cela), Ktery tvorily dvé
grafitové porézni elektrody v in—line zapojeni, ty pracovaly pii +0,60 V a +1.40 V . Novyi
pristupem je elekirochemicka oxidace zlutovyeh kyselin po chemické aktivaci % Po pouziti
dehydrataéniho kroku oxidaci je mozné detegovat cholovou a chenodeoxveholovou kyselinu
(po extrakei na pevné fazi) v umélém séru (LOD = 80 umol 171 %,

perimentalni &ast

tudovanymi Zlutovymi kyselmami byly cholova. chenodeoxycholova a g-muricholova
kyselina (viechny od Sigma—Aldrich). Dalimi pouzitymi chemikiliemi byl acetonitril pro
HPLC (Sigma-Aldrich), 70% kyselina chlorista (Lach-Ner. Neratovice. CR) a alumina
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o velikosti &stic 0,5 um (Elektochemické detektory, Tumov), Viechny chemikalie hyly
analyticke cistoly,

Meteni byla providéna metodou eyl K meieni byl pouivan
potenciostat Autolab se softwarem Nova 1.1/2.0:2.1.3. trielektrodové zapajeni.
Jako pracovni elektroda byla poZivina borem dopovana diamantovi elekiroda o priiméru 3 mm
(Windsor Scientilic, Slough. Velka Britinie). Referencni elektrodou byla Pleskovova nevodna
elekiroda (stiibmy dritek v roztoku 0,01 mol I"" AgNOs v 1 mol I'' NaClO4 v acetonitrilu).
Jako pomocnd elektroda byl pouzit platinovy dratek. Ryvchlost polarizace pracovni elektrody
byla v = 0.1 Vs . Pfed kazdym mefenim byl povrch BDD elektrody lestén suspenzi aluminy
5 destilovanou vodou po dobu 15 5.

Vsledky a diskuse

Tato studic se zabyvala vznikem odezvy vybranych zlucovych kyselin v oblasti zipormych
potenciali.  Vybranymi  zludov¥mi  kyselinami  byly cholovi, chenodeoxycholova
a u-muricholovd kyselina. viechny obsahuji 7u hvdroxylovou skupinu na steroidnim skeletu,
Ktery v prostredi acetonitril — kyselina chlorista podléhi dehydrataci ® Byly studoviny dveé
podminky vzniku katodické odezvy. Pi studiu viivu vioZzeného kladného potencialu na odezvu
zlucovyeh kyselin v oblasti zdpormyeh potenciali, bylo zjisténo. ¢ pro venik odezvy neni
dostatecné. pokud probéhne pouze elekirochemicka oxidace zlutove kyseliny. potazmo jejiho
dehydrataéniho produktu. jak je ziejmé z Obr. 1A Pokud byl maximalni potencial dosazeny
v anodickém skenu CV vyssi nes potencial oxidace Zludoveé kyseliny, avsak stile v oblasti
potencialového okna BDD elektrody (+1.5 V), nebylo moiné pozorovat zidnou katodickou
odezvu, Ta vznikala az tehdy, pokud bylo pii anodickém skenu CV dosaZeno vysokého
Kladného potencialu ca 2.0 V. Pri tomto potencidlu dochdzi na BDD elektrode K rozkladu
vady (rovnice 1) " Na povrehu BDD elektrody vznikaji HO® radi diky kterym zfejme
vznikaji oxidagni produkty Flugovych kyselin, kleré je nasledné mozné redukovat,

H:0 — HO® + H' ¢ ()

Pii studiu viivu pritomnosti kysliku na vivoj signdlu (Obr. 18) bylo #jisténo, ze pokud byl
kystik 2 mérendho roztoku odstranén, neni mozné pro cholovou a g—muricholovou Kyselinu
pozoroval Zadnou odezvu v oblasti zapomych potencial U chenodeoxycholové
dochdzelo k vyvoji signdlu i v piipade. Ze byl kyslik z roztoku odstrangn. ale jeho vy
rovna ca 14 Yo vysky piku, kiery byl pozorovin v piitomnosti kysliku, Je mozné. ze zde probiha
podobny mechanismus, ktery byl jiz popsan pro doxorubicin "', Viéto studii dochazelo
k redukei chinonu pritomného ve struktufe doxorubicinu na hydrochinon. Tento hvdrochinon
byl pak zpétné regenerovan kyslikem piitomnym v roztoku. U Zluéovyeh kyselin by podobnym
mechamsmem mohla probihat redukee produkiu elektrochemické oxidace téchto kyselin (napf.
diketon). ktery by byl redukovin na dihvdroxy derivit. Ten by byl zpéiné regenerovin
kyslikem.

Zaver

Predmeétem studia tohoto projekiu bylo elektrochemic
cholové, chenodeoxyeholové a g—muricholové kyseliny v prostredi acetonitrilu a kyseliny
chloristé s minimalnim obsahem vody. Byly studoviny podminky vzniku odezvy techto
Zlutovyeh kyselin v oblasti zapormych potencialit. Méfeni probihala na BDD elektrodé. Bylo
eno, ze pro vznik odezvy v oblasti zapomnych potencialii neni dostateénd pouze oxidace
zlucové kyseliny, ale je nuiné viozeni visokého napéti 12,0 V, pii kterem dochazi na BDD
elektrode k rozkladu vody a tvorbé HO® radikalti, Ddle z provedenych méfeni vyplynulo, Ze
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pro vznik redukéniho signilu je diilezita pitomnost kysliku v méfeném roztoku. Dalsim
predmetem studia bude objasnéni mechanismu vzniku pozorovanyeh katodickych signali
a jejich vyuziti v elektroanalytickyeh metodich pro detekei studovanych Zlugovyeh kyselin.

0 Ev ! 0 gy ! 2
Obr. 1. Cyklické vollamogramy chenodeoxycholové kyseliny (¢ — 1+ 107 mol I'') v prostiedi
kyseliny chloristé (¢~ 0.1 mol I'") a acetonitrilu (obsah vedy 0.43 %) na BDD elektroda,
A) Vliv vlozeného kladného napéti (bod obratu CV kiivky) na v¥voj katodického signalu
qullm chenodeoxvcholové. B) Vliv pitomnosti kysliku: roztok. ve kierém je piitomen
kyslik, je znizomén plnou carou, roziok, ve ktertm kyslik pritomen neni, je znizomén
prerusovanou arou.
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Protein Interactors of Arabidopsis thaliana Telomerase
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Abstract

Telomerases are ribonucleoproteins that moderate the loss of chromosome ends during cell
They are part of a multi-protein cellular machinery that is highly variant between
organisms. [n particular, plant telomerases
humans and yeast. The RNA subunit of Arahidopsis thaliana telomerase was recently identitied
allowing the search for protein interactors to begin. The classical EMSA method was used to
screen

replical

are poorly-characterised in companison (o those of

¢ and

thaliana candidate proteins as a first step towards developing more sensiti
informative methods such as the perturbation of the native electrochemistry of RNA bases

Key Words: Telomerase, Telomere. RNA-protein interacti

Introduction
The ends of linear chromosomes in eukarvotes are capped by specific repetitive nucleotide
sequences called telomeres that are part of the cellular machinery that controls cell senescence.
Telomerase is a ribonucleoprotein replaces nucleotides lost during replication in cells where it
is active and consists of a protein subunit TERT (telomerase reverse transriptase) and a RNA
subunit (TR). Telomerase transiently associates with many proteins that ensure transport of iis
subunits and correct assembly of the catalyt
is not conserved and substantially differs between model organisms % Much work has gone
into the characterisation of human and y

ally active complex when required. This process

ast telomerase * but much less is known about plant
telomerases which show considerable variation between species ', A.thaliana telomerase
ATERT has been known for two decades *, but the RNA subunit of Arabidopsis thaliana was
mis-identified adding considerable confusion to an already complex problem. Now the true
ATLTR subunit has been identified” allowing work to start on identifying the proteins that interact
with it. A classic m virro methodology to identify protein-RN. teractions is using
clectrophoretic mobility shift assays (EMSAs) which have already been used to identify
dyskerin as an AUTR interactor °. Onee this traditional technique has identified proteins of
interest and clear positive interactions, more informative techniques can he used to explore
these interactions further to ascertain their biological relevance. One potential route might be
1o examine if there is any clear change in the electrochemical signals of RNA bases on pyrolytic
graphite or mercury electrodes © in the presence or absence of prospective binding proteins.

Methods
Protein-encoding sequences were introduced into pDEST 13 vectors using the gateway cloning
method (Invitrogen). These vectors introduce a glutathione svnthase transferase (GST) fusion
to the resulting protein. increasing mass and therefore the shift possible in later EMSAs and
also improve protein solubility. Plasmid vectors were then transformed into Escherichia coli
BL 21 plys 8 and successful transformations were selected for by Amp

illin and
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Chloramphenicol resi and grown in antibiotic-infused LB at 37 °C with 180 rpm shaking
toan ODen = 1 before induction with 1 mu isopropylthio-B-galactoside. After a further 3 hours
in the same conditions, cell cultures were harvested by centrilugation and frozen at -80 °C until

needed. Frozen pellets were resuspended in 2 mL of 100 mu tris-HCL 100 my NaCl. 0.2%
polyethyleneimine pH 8 with wide-spectrum EDTA-free protease inhibitors (Roche). This
resuspension was then lysed by sonication and clarified by centrifugation at 20000g for 10
minutes. Soluble cell extr:
was eluted with 100 mu Tris-HCL 100 my NaCl, 80 my glutathione and frozen at -80 °C until
needed

were then bound to centrifugal GST columns (Cvtiva) and protein

AITR was synthesised using a plasmid-encoded DNA sequence using PCR amplification
to produce a complementary DNA template which was transcribed using a T7 RNA polymerase
kit (New England Biolabs) according to the manufacturer’s instructions. This RNA transcript
was then purified using SPRI magnetic beads according to the manufacturer’s protocol. cluted
in water and frozen at -80 °C until needed.

Samples were prepared for EMSAs by incubating 0.2 un AtTR with the desired protein in
18 ul. binding buffer for 30 minutes on ice. Samples then had 2 pl. RNA loading dye added
and were loaded into lanes of a 2% agarose gel n tris acetic acid (TAE) buffer with ethidium
bromide in the gel. Gels were then run at 80 V and ed after 20 min increments using a gel
documentation system (Clinx). The image shown in Fig. 1 was taken after 40 minutes.

Results and discussion

The majority of AITR in the ahsence of protein migrates through an agarose gel in a manner
consistent with its size of ~250 bp (160 kDa) giving rise 1o a single clear band when stained
with ethidium bromide (Fig. 1. far left and far right lanes). Also visible is a smaller population
with approximately double the size that could result from the association of two molecules and
is consistent with the appearance of the human telomerase subunit in EMSAs.

When incubated with a 3x molar excess of a fusion protein of the ATTERT binding domain
(BD) and glutathione synthase transterase (GST) there is a clear shift in the band indicating a
consistent with binding a -60 kDa speci
AUTERT BD increases, so does the shift, consistent with multiple protein monomers binding to
each AtTR. The appearance of the band also becomes less well resolved, suggesting some
heterogeneity in the species presemt  that may reflect  incomplete  binding  or
association dissociation of the RNA-protein complex during gel migration.

grealer mass. 1. red labels). A molar excess ol

GST fusions of a variety of A thatiana proteins many of which are homologues of TR binding
prot
of behaviour observed in

n other organisms were also sereened . 1 shows examples of two common types
ch experiments. For the group designated ‘protein X' no
concentration-dependent shifi is visible and the appearance of the AMTR band is unchanged
(Fig. 1. grey labels). Interestingly, a second group “protein Y causes precipitation of AtTR
such that no RNA enters the gel (Fig. 1. green labels). It remiains to be seen whether this is an
artefact of protein or protein-RNA complex stability. co-purification of RNAs¢ or whether there
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is physiological relevance 1o this.

e 0 wsT oA i
1

‘o ot
T
e

Fig 1. RNA electrophoretic mobility shift assav. divm bromude-stained AUTR (0.2 i)
incubated with AITERT binding domain or illustrative candidate RNA binding proteins (used
to glutathione svnthase transferase (GST) as indicated. with concentrations given as an x-fold
molar excess

Conclusions

EMSAs were performed that illustrated the effectiveness of this technique by confirming the
known interaction of the At T binding domain and telomeric RNA. This interaction can be
used as a positive control in further RNA-protein inleraction experiments. Several A thaliana
proteins were sereened and showed no interaction. consistent with control experiments with

bovine serum albumin (data not shown). Some proteins instead precipitated ATR, necessitating
follow-up work to determine this is an artefact of the experimental conditions or an inferaction
with physiologieal relevance.
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Voltammetric Determination of Fentanyl and its Analogues
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Abstract

Fentanyl and its analogues are synthetic opioids developed for use in anaesthesiology and
treatment of chroni¢ pain. Recently, they have been increasingly abused. e.g. in mixture with
heroin. Due to their low therapeutic index. there is often a fatal overdose of illicit drugs with
fentanyls. The aim of this work was o develop a rapid method for voltammetric analysis of
fentanyls. The ex-sitn adsorptive voltammetry methed uses the adsorption of the drug on the
surface of glassy carbon electrode. its oxidation after transterring the electrode into a pure
electrolvie solution and square-wave voltammetric detection of the adsorbed oxidation product,

Key Words: Fentanyl, Glassy Carbon  Eleetrode. Adsorptive  Cyclic  Square-wave
Voltammetry

Introduction

Fenlanyl is a synthetic opioid, and together with its analogues, is used in anaesthesiology and
as a painkiller. It was first svnthesized in 1960 as a possible substitute for morphine, because
ol its higher potency and m,cplur specificity. Fentanyl has long been used mainly in clinical
practice. however its illegal production and abuse has increased recently, 1t 1s often used as a
culting agent for heroin to inerease the profit of dealers. This is dangerous by ¢ of the
different effectiveness between heroin and fentanyl, which can lead 1o a quick overdose !

s
Thicfentanyl(TF) Cartentaril(Cr)
Fig. 1. Structure of fentanyl and its analogues.

The inerease in fentanvl overdose cases leads to the development of new analytical methods for
its identification and determination. Most of these methods are based on separation techniques
1 but the need of demanding instrumentation is @ reason for linding alternative methods.
Electrochemistry 1s one of the possibilities with various carbon based electrode types and their
modifications, like single-walled carbon nanotubes *, glassy carbon electrode with multi-walled
carbon nanotubes as catalysator °. or screen-printed carbon electrode modified with 1onic
liquid ™.

Fentanyl and its analogues are ofien determined in unine which represents a complex matnix,
This is a reason why it is necessary to either do a sample pre-treatment and extract the analyte
or use a suitable electrode mod ion [t 3
electrode might be used for fentanyl detection if connected with adsorptive voltammetry. This
method is based on accumulation of the analyte onto the clectrode surface, which is then
transferred 1o a clean supporting electrolyte where the measurement is carried out. Glassy
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carbon ulc:lmd: (GCE) might be used for this method, because of the hydrophobic character
of fentanyls %,

Experimental

Apparatus.

Electrochemical measurements were performed on the Autolab PGSTATI2EN (Metrohm
Autolab, The Netherlands) controlled with soltware NOVA 1.12. All experiments were carried
out in three-electrode system with GCE as working electrode (Bioanalytical Systems. UUSA),
reference SCE electrode (Monokrystaly, Czech Republic) and platinum ausiliary electrode, An
inoLab 720 pH meter with combined glass electrode SenTix 41 {WTW, Germany) was used to
adjust pH of the Britton-Robinson (BR) buffer solutions.

Chemicals, solutions and samples

Standard solutions of fentanyl, fur Wl il (Lipomed, Switzerland), thiofentanyl
and carfentanyl (Chiron, Norway) were prepared in concentration 107 mol/L by dissolving a
weighed amount of solid compound in methanol. Urine sample was donated by a healthy man
aged 25.

Voltammetric measurements

The GCE su was polished with alumina slurry (50 nm) in deionized water and then
carefully rinsed with deionized water before each measurement \u!lzi]!lmklr\
experiments were performed in potential range -0.4 to +1.2 V at
differential pulse voltammetry (DPV) was carried out in BR buffer solution of pH &
potential range 0 to 1.0 V at sean rate 10 mV/s, pulse amplitude 100 mV and pulse width
S50ms. The ex-situ adsorptive cyclic square-wave voltammetry (CSWV) was hased on
accumulation of fentanyl from a solution for a defined time (10 s for fentanyl sufentanil and
carfentanil. § s for furanvlfentany]l and thiofentanyl). Electrode was then carcfully rinsed with
deionized water and transferred to a voltametric cell with clean supporting electrolyte (BR
buffer solution of pH £.3). € tarted with 3 s pre-clectrolysis of the analyte at oxidation
potential of respective fentanyl, This was followed by cathodic scan from the initial oxidation
potential to -0.4 V and back to the initial potential at scan rate 100 mVis, pulse
amplitude -30 mV (for cathodic sean). +30 mV (for anodic sean) and frequency 25 Hz.

Results and discussion

Cyclic voltammogram in Figure 2 shows the main oxidation double peak A of fentanyl
(0.5 mmol'L) with two current maxima, one at the potential of 0.8 V. the second at (.93 V. The
occurrence of a pair of ps«lkﬁ B1 (at potential -0.06 V) and B2 (a1 -0.01 V) on the cathodic and
anodic branches of the eyelic voltammogram indicates the formation of an electroactive produet
during the oxidation of fentanyl at the potentional of peuk A. These two peaks provide an
alternative for the detection and determination of fen afer its preliminary clectrolysis at
the potential of the main anodic current peak A. Similar voltammetric behaviour with tvpical
formation of the couple of peaks B1I/B2 was observed for all studied derivatives of fentanyl.

A CSWV method based on the reduction and subsequent oxidation of the adsorbed oxidation
product was developed for the analysis of fentanyl and its analogues. For best efliciency of this
method, the appropriate pil of the supporting electrolvte was tested. as well as the optimal time
and potential of the pre-electrolysis step. These parameters were tested on fentanyl with results
showing that the optimal pH of BR bufler is 8.5 and 5 s of pre-electrolysis is sufficient to ob
ally usable current signal, Optimal pre-electrolysis potential was different for ¢ach
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fentanyl: 950 mV for fentanyl and furanylfentanyl. 900 mV for sufentanil, 800 mV for
thiofentanyl and 830 mV for carfentanyl,

80

60

00

06 04 02 © 02 04 06 08 1 12 14
Potential (V)

'ig. 2. Cyelic voltammogram of fentanyl (¢ = (.5 mmol/L) in BR buffer pH £.3. Potential range
L4 1o 1.2V, scan rate 30 mV/s.

Table L
Regression parameters of calibration dependencies of all fentanyls measured with ex-sifu
adsorption CSWV and direct DPV; r — correlation coefficient, LOD — limit of detection, LR
~ linear dynamic range. cat — cathodic scan. ano — anodic scan. *Calculated using IUPAC
dircct signal method. **Omitied on the level of significance o — 0.

Slope Intercept Lo LDR

Meshod Analyte (AL wmaly (nA) ’ (umoll) (umol'l)
70.4+23 sl 09984 0.20 0.25-4
FEN 107.3+ 1.9 = 0.9994 032 1-10
102.1£1.7 3111 0.9994 031 1-10
70.8=1.5 Eald 09987 033 0.25-10
Fr 36.04 4029 487+ 1.8 0.9999  0.15 1-10
33.50=0.11 R7.10 + 0.66 0.9999  0.06 110
160.1 £2.7 sl 09996 0.11 0.25-4

Vv cat SF 82+ 14 09989  0.43 1-10
[ ano 122+ 15 09988 0.44 1-10
Sl 0.9985 042 0.5-10
CSWV cat TF 09991 049 2-10
CSWV ano 0.9983  0.67 2-10
DPV 0.9999 0.08 0.5-6
CSWV cat CF 97.3 =48 0.9976  0.56 16
CSWV ano 107.8 £ 2.0 0.9997 0.21 16

The developed CSWV method was used with the av-sitn adsorptive
calibration dependencies of each fer Analyte was accumulated from solution (2 mL) of
respective fentanyl in BR buffer of pH §.5. Regression parameters obtained using the adsorptive
CSWYV method and the parameters resulting from the direct DPV measurement are presented

cchmique to measure

110



in Table 1. Both methods are comparable in terms of limits of detection (LD}, with only
sufentanil and carfentanil having higher LOD values in the CSWV than in the DPV method.

The applicability of use the ex-sifu adsorptive CSWV method for the analysis of samples with
more complex matrix was tested with urine samples. The human urine sample was spiked with
2 umol/L of fentanyl and pH was adjusted to 11 using NaOH (1 mol/L) in order 1o converl
fentanyl to its uncharged form, £x-sif adsorptive CSWV was then used [or the determination
of femanyl using the standard addition method. After bascline correction. fentanyl
concentration of 1,69 umol'L was found using the cathodic scans, while the concentration of
2.07 umol/L was obtained from anodic scans. This represents -15.5% bias for cathodic scans
and +3.5% bias for anodie scans. Direet DPV determination of {entanyl in urine sample was
not possible because of dominant peaks of impuritics from the sample oceurring at the potential
of the analyte. Fentany]l was undetectable even m concentration of 6 pmol'L.

Congclusion

New ex-situ adsorplive evelic square-wave voltammetric method for determination of fentanyls
was developed. The method is based on pre-clectrolysis of the analyte followed with both
cathodic reduction and anodic oxidation of the product formed during the pre-clectrolysis step.
The advantage of this ex-sit method is the possibility 1o aceumulate fentanyl onto the electrode
surface from a sample with no Lo little need of pretreatment. For the determination of fentanyl
from urine sample, only alkalization of the sample to pH 11 is required.
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Abstract

In recent vears many new psychoactive substances have appeared in the drug market. they are
used as a legal alternative to classical drugs, It is not easy to identify these compounds in
organism. because there are lots of derivates. 3-fluorophenmetrazine (2-(3- ﬂliompheml) 3-
methylmorpholine,  3-FPM)  and  4-methylpentedrone  (4-methyl-g-mei
valerophenone. 4-MPD) can be bought over the Internet. This study
electrochemical investigation of oxidation and reduction of both compounds, The report is
based on evelic voltammetry (CV), differential pulse voltammetry and UV-
!\p-.LmehulumelT} .

Key Words: 3-fluorophenmetrazine. 4-methylpentedrone. Drugs, Voltammetry, Oxidation.
Reduction,

Uvod
3-th ¢ azin (3-FPM) a 4 hylg di (4-MPD) jsou nové psychoaktivni latky.
kieré se v poslednich letech objevuji na trhu. Tyto latky. také nazyvané jako .designer drugs™
nebo Jegal highs.” jsou alternativou ke klasickym drogam. Daji se snadno schnat online,
protoze nebyvaji reguloviny zdkonem, 3-fuarof azin je derivit fenmetrazinu, kter
v 30, letech prodaval pod komerinim nazvem Preludin, Tento 1écivy pripravek se vyuzival na
1&&bu obezity. Po sléze byl staZzen z trhu zejména z divodu jeho nivyKovosti a vedlejsim
ucinkiim, Fenmetrazin se stal oblibenym v 70. létech jako ndhrazka amfetaminu. Na své
popularité ziskal zejména diky The Beatles. ktefi tuto Litku uzivali. Fluorovany derivat
fenmetrazinu. ma pnduhm projevy, dochizi K uvoliovani dopaminu a noradrenalinu,
Usivatelim navozuje euforii, stimuluje. zvy&uje libido a koncentraci, Miize ale také zpiisobovat
uzkm: a u\ndmmh. poceni. 3-FPM se na evropském trhu zadal objevovat v roce 2014, a to
ji ve formé prisku nebo krystalu, V nékteryeh zemich jako napfiklad ve Svédsku, Velké
sku ji jiz zakonem regulovan 233

B m:lh\f!pgnlulrun (4-MPD} je jednim ze syntetickych kathinond. I_h.n fadi k nejveétsim
vch psychoaktivnich latek. Mize zpusobovat zv aktivity. neklid a
ony hyvajl vyuziviany jako alternativa k extdzi a kokainu. Zgj v USA
ich aktivit. Tyto latky totiz zvysuji
Ini apetit @ vvkon, také navozuji euforii. Kromé vedl ku, mize dochdzet i
napfiklad k prenosu HIV zpisobenému rizikovym chovanim °. Stemé jako 3-FPM byl take 4-
MPD objeven na trhu v roce 2014, byl zachyeen v Ceské republice Evropsks
centrem pro drogy a drogovou zavislost (EMCDDA) ©,

tachykardii *. Kat
a UK jsou rozdifeny jako drogy vyuzivané béhem sexuil

se

Nové psvehoaktivai litky neni snadné detekoval v organismu, protoze existuje spousta riznych
derivitd. Soucasné sereeningové metody nemusi byt Géinné. proto jsou tyto Litky studoviny.,
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Klicové je urceni jejich biotransformace v lidském organismu. V prvni fizi biotransformace
dochazi k oxidaci. pripadné redukei latek ', 7 twhoto divodu byly studoviny elekirochemické
vlastnosti téchto litek. Mardal M. a spol. *. ve své studii u em metabolismu 3-FPM
i, aryl-hydroxylaei.
O-methylaci, alkyl-hydroxylaci. oxidaci a degradaci ethylového mostu za vzniku O/N-bis-
dealkylovancho metabolitu. PH metabolismu 4-MPD maze dochizet ke vzniku karboxylové
kyseliny. hydroxyvlaci na alkylovém fetézei nebo tvorbé hydroxyvlaminu * Cilem pra
objasnit tyto procesy. Elektrochemické metody v kombinaci s analvtickymi separaCnimi
metodami jsou pro wideni redox mechanismu bioaktivnich litek s vyhodou v literatufe

vyuzivany .
Experimentilni st
Teareticke vipodty

Pro vypocel prostorového rozlozeni HOMO a LUMO orbitali v molekule ve vakuu byla
pouzita BILYP funkce/6-31G* v softwaru Spartan’ 14, Wavefunction. inc.

UV s Spektrofotometrie
Spektrofotometrie byla vyuZita
méfena na piistroji Agilent 8453

pro méfeni stability latky v prostiedi 0,004 mol.l' KOLI,
Spektrometr v kyveté o optické délee 1,0 em.

Elektrochemické viastnosti

Pro metody cyklické voltametrie (€V) a diferentni pulsni voltametrie (DPV) byla vyuzivina
tiielektrodovi elektrochemicka cela, jako pracovni elektroda byla vyuzita skelnd uhlikova
clektroda o prméru | mm pro CV a 3 mm pro DPV. Referenini elekirodou byla
argentchloridova elekiroda AglAgCl1 M LiCl a pomocna elekiroda byla tvorena platinovym
dratken.

sledky a diskuse

Teoretickym vypoctem bylo 2jisténo prostorové rozle i nejvyse obsazeného molekulového
orbitalu (HOMO), k oxidaci tedy pravdépodobné mize dochizet na kruhu s dusikem. Jako
neinizéi neobsazeny molekulovy orbital (LUMO) se jevi benzenové jidro substituované
fluorem.

Spektrofotometrie poslouzila k ureni stability 3-FPM a 4-MPD v roztoku (,004 mol.I"! KOH.
Latky jsou stabilni minimalné po dobu 4.6 hodiny.

Cyklicka voltametrie v roztoku o pH = 6.2 byla méfena v rozsahu koneentraci od 0.21 mM do
0.86 mM. ka oxidaéni viny pii potencialu cea 1,2 V se s koncentraci lineamé zvydovala

(Obr. 1).

Dile byla mérena CV pfi riznveh pH. kdy bylo éno. e potencial piku £ klesa s rostoucim
pH k niz&im hodnotiam az do pIl = 9, kdy se jiz neméni. V této oblasti dochazi pii oxidaci
pravdépodobné k ucasti protonil, jeliko? litka se nachdzi v protonované formé, PFi vy
se molekula nachizi ve formé neutr Cyklicke voltamogramy byly méreny pii rizn
rychlostech skenu, Zavislost viiky piku /p na rychlosti skenu byla pouzita pro uréeni prithehu
kdv na glcklrud dmlnz;.iu mshuu k adsorper, pmu nebyl fizen difuzi (Obr. 2). To
hodnota 0.5 pro proces Fizeny
dmm \zbl\.dem k podllu ad«orp ce, m.m v této fazi mozné uréit reakéni schéma:
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Obr., 1. Cyklicke voltamogramy pii riiznych koncentracich 3-FPM pfi pH = 6.2. Rychlost scanu

byla 0,1V

T T T T T
05} -
—
<
T 10f —
=
o
ol Fquation Ve b
) Adj. R-Square 089783
=) Valua Standard Emor
Ip Infercant  -0.20027 0,0178
151 p Slope 087148 001817
s " L L L
-1.5 -1.0 05 00 05

+1
log (v[V.s'])
Obre. 2. Logaritmicki zavislost vyaky piku na ryehlosti skenu pro 3-FPM.
Byla vyvinuta analytickd metoda stanoveni 3-FPM pomoci diferenéné pulsni voltametrie.

Metoda byla optimalizovana. Vyska pulsu byla nastavena na 60 mV. &itka pulzu &0 ms,
pocatedni potencidl 0.5 V. fas akumulace 40 s, rychlost scanu 3 mV/s. Jako nejvhodngjsi pIl
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bylo vybréne pH 9. Za téchto podminek byly méfeny DPY pro rizné koncentrace 3-FPM (Obr,
3). Dotlo ke statistickému vyhodnoceni dle Melouna a spal, 2

12 T T T T

1.0

0.8

FlpA

06

04

0,2 :
0.6 08 1.0 1.2

EIY

Obr. 3. DPV veltamogramy pii riznych koncentracich latky 3-FPM ve fosfatovém pulu.
Kalibracni primka:
1 lnA] = (0.00379 £ 0,00017) [uA L pmol] ¢ [pmeld] © (0,0165 = 0,0067) [uA]

Jako linedmi se jevi koncent
r=0.9988,

i oblast od 7.0 do 107.0 pmol/l s korelaénim koeficientem

Stanoven
kvantifikace 7.0 umol/l ve fosfato:

pulsni voltametrie ma limit detekee 4.7 pmol/] a limit
ém pufi o pH -~ 9.

Zavér

V rimei tohoto vizkumu byly obé studované litky zkouminy elektrochemicky. byla provedena
cvklickd voltametrie k uréeni mechanismu oxdace & redukee. Dale byla vyvinuta metoda
stanoveni 3-FPM a 4-MPD pomoci diferenéné pulsni vollametrie

Acknowledgments i
This work is supported by the Crech Science Foundation (GACR 19-031608).

References
1. Mayer F. P. a 10 spoluautorii: Neuropharmucology 134, 149 (2018).
2. Adamowicz P, Gieron 1.: Problems of Farensic Sciences 105, 418 (2016)



1.
12.

. Sokolova R.. Ramesov,

MeLaughlin G.. Morris N.. Kavanagh P, V., Dowling G., Power 1. D., Twamley B.,
O'Brien 1., Talbot B., Sitte H. H.. Brandt 8. D.: Drug Test. Anal. % 369 (2017).
Manier 8. K. Schwermer F., Wagmann L., Eckstein N., Meyver M. R.: Metabolites /7. 3

(2021)
Cartiser N.. Sahva A.. Adveniera A.. Franchia A, Revelutb K.. Bottinellib Ch.. Bévaloth
F.. Fanton L.: Forensic Sci. Int. 379, 110659 (2021).

European Monitoring Centre for Drugs and Drug Addiction, Europol. EMCDDA
Europel 2014 Annual Report on the Implementation of Couneil Deeision 2005387/ J11A.
2015 Jul,

Meve R.: Arch. Toxicol. 940, 2421 (2016).

Mardal M., Misereze B., Bade R.. Portolés T.. BischolT' M., Hemnéndez F., Meyer M. R.
1. Pharm. Biomed. Anal. /28, 485 (2016) .

Wantulok. J.. Sokolova R.. Degano L. Kolivoska. V.. Nyez J. E.: Electrochim. Acta 370,
137674 (2021).

Kocdbova 1.. Kolivodka V.. Degano 1. Pitzalis E.:
Monatshefie fir Chemie - Chem Mon. /47, 1375 (2016).

Ramesovi 8., Sekolova R.. Degano L: Electrochim Acta {82, 544 (2015).

Meloun M.. Militky 1., Koémidova H.: Statistické spracovini experimentdlnich det. Praha;
Plus, 1994,

116



Preparation, Testing and Application of Amalgam Sereen-Printed Electrodes
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Abstract

Silver amalgam screen-printed clectrades (AgA-SPES) were de d. prepared. and tested for
the first fime as perspective representatives among SFEs for measuring at high negafive
potentials. The precise coulometric preparation procedure for mercury deposition at the
working electrode surface of the commercial silver-SPE was developed. An optimal
electrolyzer construction for the mercury deposition. electrolyte composition. and electrolysis
conditions were propesed. The maximum value of hydrogen overvoltage (-1979 = 4 mV) was
Tound on AgA-SPE with 50% (wiw) o Hg content in (1.1 mol L™ NaOH. which is more negative
than with the original silver-SPE for 387 mV (-1392 < 12 mV)

Key Words: Flectrochemistry. Sereen-printed  electrodes, Silver amalgam. lodine
determination,

prevo-RE:

pseuda-RE: "
- | AE carbon
silver &

AE: earbon

E

an & 4 -
2H5 )/ Ha = —1592 mV 2H3q)/Hz (= —1979 mV

ilver-SPE —— mall PE

Scheme 1. Preparation of silver amalgam SPE.

Introduction
Sereen-printed electrodes (HP}- 5) h:.m: become a quite widespread substitute for classic
clectrodes in electrocl nents. where results of the analysis may not
have high accuracy. Several factors can contribute to a iargcr errar of the repeated
measurements: 1) the non-uniformity of individual SPEs: i1) in 3-clectrode SPEs. pscudo-
erence electrode which potential \sdt.pund ent on properties and composition of the measured
. iii) short distance between electrodes, where the products of electrochemical reactions
on one clectrode can aflect the properties of another electrode: iv) not entirely suitable area
ratio of working and auxiliary (reference) electrodes. ete. Thousands of articles dedicated to
SPEs applications have so far been published. Here are only some examples of their use in the
development of analytical methods for determining many analytes such as pharmaceuticals.
biomolecules. clinical samples and diagnosis, environmental samples, heavy metal ions. foods
and beverages. seeurity applications and many others . The bound bioreceptor to the surface
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of the working: elecirode of SPES mkes them a suitable base for bioscnsors preparai
asurements with SPEs can be carried out in batch ! *and flow systems % 2 In
addition, SPEs are often adapted for measurement in a small volume of solution (e.g.. 50 pL)
which is placed at SPE.

All of commercially available SPEs are suitable for measurements in a positive and or moderate
negative range of working potentials, precluding their application in aqueous solutions at high
negative potentinls due 1o the low hydrogen overvoltage. On the contrary, solid amalgam
electrodes (MeSAE, where Me is Ag. Au, Cu, ete.) in polished Form without liquid mercury
. p-AgSAE) have a high potential of hydrogen evolution (PHE). comparable to pure
Therefore. amalgam electrode: .xl[\\\\ 1o measure and study substances and
processes unavailable with other mhd electrodes 2.

The aim of this work was 1o find a reliable, reproducible and simple method of preparing
amalgam-SPEs suitable for both bath and flow arrangement of the electrochemical cell.

Experimental

All voltammetric and amperometric measurements were carried out at room (cmnur.nure usmg
computer-controlled analyzer with MultiElchem v, 3.1 software (], Heyro:
Physical Chemistry of AS CR) and the electroche
Republic). Silver screen-printed electrodes (Ag-SPE) (Metrohm DropSens Co., x;mu type
DRP-CO13. diameter of silver working disc 1.6 mm, carbon auxiliary clectrode and silver
pseudo-reference electrode **) were used as a basis for prepara " silver amalgam SPEs
(AgA-SPE). The three-clectrode batch system consisted of a working electrode of Ag-SPE or
of AgA-SPE, a saturated calomel reference electrode in which metallic mercury was replaced
by silver paste amulgaun( AgA-SCE, laboratory-made. having the same potential as a saturated
calomel electrode ¥7) and of the ausili ry Ptowire electrode (diameter 1.0 mm, length 10 mm).

All chemicals used were of poa. purity. Commercial table salt (Solne mlyny, Czech Republic)
containing potassium fodate KIO3 (27 + 7 mg iodine in 1 kg salt), served as the sample for
testing analysis.

Results and discussion

Since the electrochemical and mechanical properties of the amalgam electrodes are dependent
on the metal: mercury ratio %, the content of silver in the disk of the working electrode (WE)
was determimed by differential pulse voltanmmetry (DPV) on glassy carbon electrode (56.3 =+
3.5 g (SD - 3.6 ug, RSD - 6.4%. N -~ T)).

Flectrochemical deposition of miercury af silver sereen-printed electrode. The electrochemical
methods represent the best way for deposition of exact amount of mercury on silver surface.
For this purpose, an analyzer adapted to a work with SPEs was fabricated '°. The procedure can
be fully automated i most of modern anal . Data for the analyzer used i this work. i.c..
the deposition potential and the number of coulombs required for deposition of calculated
weight of mercury were loaded 1o the panel of the electrolysis parameters in the control
software. In caleulating the charge (number of micro-coulombs) required for deposition of
precise weight of mercury on SPE. the current vield is assumed to be practically 100%. The
program enables 1o stop the electrolysis afler passage of a given number of micro-coulombs
assuring thus the preparation of the silver amalgam with the exactly predetermined mercury
(silver) content. Deposited on Ag-SPE. mercury slowly dissolves silver, ereates amalgam and
the shiny electrode surface gradually becomes matte. If a larger amount of mercury (the
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caleulated amalgam composition would correspond 1o ~70% (wiw) Hg) is formed on the

electrode surface. the mirror mercury film visually does not change during the day. The
described method of amalgam-SPEs preparation was preliminary tested on other commercially
available metal-SPEe (P1-SPE. Pd-SPE) and should be considered as an uni | and

convenient way for each one in which metal of the working electrode is ., wettable™ by mercury.
Tt should be remembered that amalgam forming metal {or metal dissolved in mercury at the
electrode surface) can significantly affect the electrochemical properties of the working
clectrode against some analyies 702230

Opiimization of plating electrafyte composition and mercury deposition potential. Deposition
(electrolysisy of mercury on Ag-SPE took place in a two-electrode system, where the anode was
alarge arca of silver paste amalgam (12% (w/w) Ag) and the silver disk of the working clectrode
at SPE served as the cathode. Solution of 0.1 mol L' HgO in 2 mol L KI was chosen as an
optimal plating ¢lectrolyte for Ag-SPE. Current values were measured after 60 s from the
heginning of electrolysis in the range of potentials from —10 to =500 mV. The current grows
v when the negative deposition potential increases from =10 mV to =25 mV and then is
able up to =500 mV (/ = —435.5 = 5.3 pAL RSD = 1.2%: N = 6). The deposition time of
n amount of mercury depends on the electrolysis current and therefore the optimum
potential Fejear = =200 mV (vs. AgA-SCE) of this process were selected and applied in all other
experiments.

Infliience of mercury content i amalgam on hydrogen overvoltage on AgA-SPE. The previous
research ' has indicated that the hvdrogen overvoltage on mereury and amalgam electrodes are
practically the same in solution of 0.1 mol 1) NaOTI. Therefore, this supporting electrolyte was
picked up to determine the potential of hvdrogen evolution on amalgam-SPEs with the different
Ag : Hg ratio. Silver-SPE was immersed in solution inside the classical electrochemical cell
where the experiment carried out in a three-electrode batch arrangement and where only
the working ¢lectrode of SPE was connected. The saturated calomel electrode based on silver
paste amalgam as the reference and a platinum wire as auxiliary electrodes were used. Direct
current vollammetry (DCV) was performed and vollammograms were recorded from =500 mV
towards negative potentials to reach the current of about 20 uA at scan rate of 20 mV 5" and
the current 10 uA was used for the PHE assessment (Flopa). The first measurements were
carried out with the original Ag-SPE (F1gpa ==1392 = 12mV: 8D = 11 mV: RSD = 0.69% N
i n mercury content up to 30% (wiw) almost linearly increases the
PHE. The subsequent addition of mercury slowly changes the monitored potential and the PHE
reaches maximum at $0% (w/w) Hg (Figpa = =1979 £ 4 mV: D = 3 mV: RSD = 0.17%:
3). A small change in the PHE among AgA-SPEs with a mercury content from 30 to 80% (w/w)
can be probably explamned by the fact that a consistent layer of solid amalgain is first Formed
on the surface of the silver particles. This layer determines electrochemical properties of the
working electrode, and with the increase of the mercury content, solid amalgam becomes only
thicker, At high content of mercury in amalgam (~70% (w/w)), the working electrode disk
becomes I‘rdg,ilc or pd.:‘le and can be pcel:‘d uﬁ‘ from the ceramic support. Tias: amalgamation of

Iver-SP]
with th mereury eontent ‘\U"o (wiw) were uaud in all further experiments and
procedure. 56.3 ug mercury (charge 54161 pC)was deposited on the silver disk of the SPE.
The mercury electrol: was performed with the poter =200 mV for about 96 s. the current
slightly changed during this deposition and its value was around —550 A at the end of the
process.
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Determination of iodine in table salt; measurenrents in 50 ul. of solution placed at the
AgA-SPE surface. lodi ssential for life functions of an organism and its lack can cause
serious illnesses, mainly of the thyroid gland. In many, especially continental states, iodine is
added to the table salt. mostly in the form of KIOs. Practical testing of prepared amalgam
electrodes was performed in determining of an iodine content in a table salt where iodine was
added by manufacturer in the form of KIO (27 + 7 mg iodine in 1 kg of salt). This a
based on an electrochemical reduction of fodates (1057) to sodides (I7) al high ne
potentials. The whole analysis is very simple and does not require any sophisticated operations:
1 g of the analyzed table salt (precision at least 1 mg) was completely dissolved in 9.0 mIL of
the deionized water and then 1.0 mL of 1 mol L' NaOH was added. This solution [0.1 mol 15
NaOH: ~1.7 mol L' NaCl 34 — 57 mg L' KIOs] was then used for electrochemical
measurements, Dependence of the peak current on the iodates concentration in the range from
110 10 mg L was linear and analysis results can be caleulated by comparing with the standard
solution, Differential pulse voltammetry was used for measuring of the iodate reduction,
Voltammetric scan was recorded from —800 to —1600 mV (vs. e height was
—50 mV and sean rate 20 mV 5. To ensure the reproducil the working
clectrode of $PE was ¢lectrochemically regenerated before each measurement under following
conditions: 60 jumps between =200 and —1500 mV and cach potential was maintained 0.3 s,
Every solution was measured seven-times and the last five measurements were taken for the
calculation, The salt sample solution and the standard selution were measured consecutively,
‘The solutions from five sample weights of table salt were analyzed with one AgA-SPE within
one da\' and obtained ruuits of their statistical processing (25.3 + 1.9 mg iodine m 1 kg of table
6. 3%: N = 5) showed a good congruence with the producer value
of jodate reduction in these determinations was f -1072 +

i IV = 5. Statistical processing of five salt samples analyses
ays with five AgA-SPEs (27.3 = 1.0 mg iodine in 1 kg of
lahle s..nll. 8D = 2.6 mg kg RSD = 9.6%; N = 23) confirms that the preparation of amalgam-
SPEs and the measurements themselves are quite reproducible and that for the most cases the
AgA-SPE ensures sufficient precision of the iodine determination in the table salt,

Conclusions
In this work. design of silver amalgam-SP] ased on the mercury electrodeposition on the
commercially available silver-SPEs has been described. Electrolvzer for computer controlled
electrochemical deposition of the exact amount of mercury at silver-SPEs has been proposed
and lested. The procedure for the preparation of silver amalgam-SPLEs is l‘uxl easy, reproducible
and actually universal, since the metal parts of metal-SPEs, (where metal is represented by Au,
P Pd. cte.) can be covered by mercury using the same technigue, as well. lectrochemical and
mechanical properties of proposed silver amalgam-SPEs were explored with respect to
position of the silver amalgam ( Ag:Hyg ratin). Most importantly, the newly prepared silver
amalgam-SPEs with the mercury content 530 % (w:w) have the significantly higher potential of
hydrogen evolution (—=1979 + 4 mV mV) than the original silver-SPEs (-1592 + 12 mV mV)
and allow 1o T!u'l‘unn electrochemical measurements at high negative potentials. The practical
applicability of the novel detection system has been tested on voltammetric determination of
mdm; in a table salt. All results of analyses agreed well with the iodine content declared by the
manufacturer. Moreover, the fact that no peak of iodate mdln.lmn has been recorded on bare
silver-SPE, confirms the practical significance of amalgam. ‘s application for the reduction
processes at high negative potentials. In addition, amalgam-SPEs may be a suitable basis for
the preparation of biosensors.
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Abstract

The new voltammetric method has been developed for the simultaneous determination of
w-tocopheral and phylloquinone. Adsorptive stripping square wave vollammelry is based on
the accumulation of these biologically active compounds onto the freshly polished surface of
solid glassy carbon ¢lectrode from an agueous-organic mixture (50 %o acetomtrile) and a
subsequent voltammetric detection of hoth vitamins in 0.01 mol L' HNOs containing 0.1 mol
L KOl of pH 2.08. Obtained results have shown high sensitivity and short linear range due to
sell-interaction of vitamins during of adsorption onto surface of the electrode. This
clectroanalytical method shows that is simple and low-cost in quality control of food
supplements,

v Words: vitamin | assy carbon electrod

food supplements

amin K: adsorptive stripping voltammetry: gl

Introduction
Vitamin F and K are fat-soluble vitamins ', known as non-polar organic compou . Vitamin
one of the most popular food ingredients %, part of vegetable oil and fats ™%, comprises

3, 910

various tocopherols and tocotrienols isomers . On the other side. vitamin K mostly found
in green plants and formed by bacteria ', it is widely used in the diets for its anti-hemorrhagic
properties 2 made up of a group of three organic compounds: phylloguinone (VKI).
menaquinone (VK2) and | (VK3) ", Vitamin E is an antioxidant i the immune
system, especially important for the protection of cytoplasmic membranes from peroxidation
by the reduction of fatty acids ¥ * and damage of oxidative DNA ', where its deficiency may
cause fertility disorder '* 1%, circulatory disorder |. fast-agi ng by free rad
kidney disease 12, cancer. tumor. arthritis *; while vitamin K is an oxidizing .ugmlllul
in the carboxylation of glutamic acid that is known as the precursor of blood- L,h»lllng
1715 where the deficiency affects deactivation of prothrombin. hemorrhage 'L prosthetic valve
failure ", the disorder in bone formation

The studies show the highest biologically active form are a-tocopherol (one of the eight
isoforms of vitamin E) and phylloquinone (vitamin K1) *2°, thus they were selected to provide
information about the simultaneous determination by using adsorptive stripping voltammetry
(AdSV). So. we propose a simple. fast and mexpensive method of simulaneous detection of
tocopherols and vitamin K that is applicable to quality control analysis in pharmaceutical
products by application of square wave voltammetry (SWV) at a solid glassy carbon electrode
(GCE)
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Experimental

u-Tocopherol and phylloquinone, acetonitrile (ACN) of HPLC purity, were purchased from
Sigma-Aldrich, while hexane used for cleaning surface of the electrode, 65 %6 nitric acid and
KCI for preparation of detection aqueous medium from Lach-Ner (Neratovice, Czech
Republic). Ultrapure water with resistivity 183 M cm was obtained by Milli-Q system
(Darmstadt. Germany) and used for the preparation of all solution.

Preeatment of glassy carbon electrode

The solid glassy carbon electrode (GCE) (type 6.1204.300, Metrohm, Herrisau, Switzerland)
with 3 mm diameter, was polished for 30 sec with a suspension of Al:Os powder (0.3 um)
before each measurement, then immersed in 93 % hexane in an ultrasonic bath for 3 min. All
this procedure was necessary since it was known that targeted analytes remain in the surface of
the electrode. because of their abilities to be adsorbed ', After this treatment. the electrode was
dried and ready for the physical hlmling of vitamin E and vitamin K in the surface of the glassy
carbon electrode. asa pre oncentration stage and then to perform electrochemistry. Before
each el h | detection. baseline was checked after all conditions of
pretreatment were dos

Instromentation

Measurements carried in a glass 10 mlL at 23 °C, were conducted in potentiostat/ galvanostal
(Autolab/PG 101) from Metrohm (Herrisaw, Switzerland) controlled by Nova 111 as a
soltware. at a system of three-clectrodes consisting GCE (working), Pt wire (auxiliary) and Ag/
AgCl with 3.0 M KCI salt bridge (reference).

Results and Discussion

Pre-concentration of analytes was placed onto the surface of GCE at open-circuit. by immersing
clectrode into a continuously stirred (400 rpm) 10 mL of 50% ACN for 300 s. As the analytical
technique. square wave voltammetry was emploved to determine the optimal conditions where
anodic mode with following parameters shows the most ing results: (Enesin) =01V, (Eend)
0.8V, (Edeposition) 0.1V, (tdeposition) the 60 sec, (Esep) 3 mV, I'qunLnL\ () 80 Hz and amplitude
(Eunpl) 30 mV and all the datas were recorded in supporting electrolyte containing 0.01M HNOs
and 0.1M KCI, pH 2,08, Characteristic oxidation peaks were provided for u-tocopherol (0,43
V) and phylloquinone (-0013 V') after they were accumulated onto the surface of GCE and the
best indicator for that is current, where the latter was increased with the addition of the targeted
analytes.

Analytical performance of developed voltammetric method

VK1 and a-TOH provide almost the same peak current responses (/p) for equal concentration
(¢) even if they are determined separately. However. when they were determined
simultaneously. they showed different behavior. as it is shown in Fig. 1. It seems that «-TOH
provided signilicantly higher peak current response than VK 1. This fact suggested that the TOH
is adsorbed preferably onto the surface of GCE from 50% ACN.
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Fig, 1. SWAASV voltammograms of calibration curves of VK1 and «-TOH at oplimized
working condifions: (A) 0 (blank). 2. 4. 6. 8 (dashed). and 10 (dotted line): (B) 0 (blank), 0.05.

0.1,0.2, 0.4, 0.6, 0.8, and 1.0 pmol L' VK1 and o-TOH.

Conclusions

The study shows that the simultancous determination of vitamin E and K in food supplements
itis possible. Through this voltammetric method is able only determination of targeted vitamins
sums, expressed as the concentration equivalents of the most biologically active forms (a-
tocopherol and phylloguinone), because of similar electrochemical properties of their individual
forms. Even so, short linear calibration ranges were achieved due to the limited size of the
working clectrode surface.
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Abstract

Seventeen pentasubstituted phospholes with expected application in organic electronics were
mthesized and characterized electrochemically and by UV-vis spectra. Quantum chemical
tlations of redox potentials and HOMO-LUMO energies were performed and experimental
and theoretical data were successfully correlated. Tuning of redox properties can be achieved
by combination of induction and resonance effects of substituents. extension / diminution of
the

7= delocalized system and by steric changes which affect intramolecular electron
communication

Key Words: Pentasubstituted phospholes. Electrochemistry, UV-vis spectra. DFT. Structure-

properties relationship.

Introduction
This contribution is devoted to pentasubstituied phospholes bearing extended r-conjugated
arms. Phospholes are five-membered heterocyeles. non planar, having tri-coordinated
phosphorus atom which has a non-bonding clectron pair. In the series of five-membered
heterocycles like pyrrol, thiophene and furan, phosphole exhibits lowest aromaticity and
behaves like a diene 2. Phospholes have a specifie sterical and chemical propertics enabling
their application as promising material for organic electronics e.g olar cells, organic light-
emitting diodes (OLEDs) or as uorescent probes **

‘The presented molecules have aryl substituents in positions 1. 2 (the same — R1) and 5 (R2).
whereas methyls are in positions 3 and 4 (Fig. 1a). The front view (Fig. 1b) shows that the aryl
in the position 1 is perfectly perpendicular to the plane of the heterocyele. therefore this
substituent is completely electronically isolated. On the other hand. the two aromates in the
positions 2 and 3 are partly twisted, therefore some n-overlap with the heterocy
The side view illustrating the geometry is on the Fig 1.

s preserved

MR

HaC
¥ CHy b ¢

Fig 1. a) manner of substitution within the series: b). ¢) — geometry of the basic derivative Sa.

For this project 17 new compounds (Fig 2) were synthesized using new procedure * and
investigated using electrochemical methods, spectroscopies and their in-sifi combinations,
Besides that, quantum chemical calculations were performed and correlated with experimental
data for better understanding and more reliable interpretation of the structure — properties
relationship because the main aim was to predict and tune the abilities of the new material
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Results

In the frame of det.
i and the first reduction potentials and their difference, which we call "electrochemi
Thi: related to electron delocalization and also to the push-pull abilit
tituents and, in this way. electrochemistry can be interconnected with photochemistry and
light absorption or emission,

Oy
E

s

f}g

OMe OMe ¢ e
2 o h e e e
s
ol g g %
IPh2
3a CHy i CHy 2 e e, i M
g
e
70 O om m "
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"y &S &
Y om K%tf@» ,
8a LA Sh L

9 el (1] a
Fig. 2. Studied compounds.

It is necessary to stress, that using cyclic voltammetry, all first reduction and oxidation
potentials are reversible or quasi-reversible, therefore they are thermodynamically relevant and
thus suitable for correlations with caleulated, theoretical data.

The derivatives that are most easily and most difficultly oxidized are 3a and 8a, respectively,
most easily and most difficultly reduced are 8b and 2a. respectively. The lowest
electrochemical gap (2.85 V) have the substances 2b,7¢ and 8d, whereas the highest gap and
therefore the most limited delocalization has the basic phosphole derivative 3a.

Besides clectrochemical experiments the UV spectra were algo recorded and according to
expectations. the compounds with the lambda max at longest wavelengths, have also the
smallest "clectrochemical gap”. And because "electrochemical gap” is 1 to the
photophysical HOMO-LUMO gap (their correlation is presented in the Fig. 3). this potential
difference reflects also the wavelength of absorbed and emitted light.
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Quantum chemical calculations of theoretical first oxidation and reduction potentials were
performed and their good fit with experimental values confirm the reliability of the experiments
as well as the suitability of the selected caleulation methed. Similarly. the reasonable correlation
of the electrochemical gap with the energy of lambda max and with the HOMO-LUMO gap
(Fig. 3) shows close relationship between electrochemistry and photophysics.

Very important is also caleulation of molecular geometry and of the HOMO-L!
our compounds in order to locate the oxidation and reduction centers. Generally. in
2. 5-diaryiphospholes. e.g. in the basic compound 5a and many others, the oxi
the reduction center is the n-delocalized system involving the diene part of the heterocyele and
both attached aryls (Fig. 4). Upon substitution of strong electron donors or acceptors, however.
possible change of location of redox centers may oceur, resulting in different potentials and in
a change of oxidation or reduction mechanism,

n as well as

30000
~— 29000
§ [ ]
S 28000 ® e
i L]
< 27000
26000 ®
270 290 340 330 350 z 200 320 310
a AE(exp)/ V b AE{exn) /Y

Fig. 3. Correlation of a) AE(exp) and 2w 2 b) AE(exp) and caleulated HOMO-LUMO gap.

After their fundamental electrochemical, spectroscopic and computational characterization. the
new compounds were arranged into several individual homologous L series™, where influence
of substituents and their position on a) reduction / oxidation potentials: b) changes and extent
of electron delocalization: ¢) absorption / emission of light was followed and evaluated.

In the series 2a, 3a, 4a, Sa, 6a, 7a, 8a where the phenyl in the position 3 remains unsubstituted.
the number of various groups R1 is sufficiently large to be applied the Hammett's approach
(Linear Free Energy Relationship, LFER) where the individual electron donating or electron
withdrawing substituent effects (described by the parameter sigma-para) are related to the
respective first oxidation or reduction potential. The molecules whose data fit in the respective
Hammett's plot (potential vs. op) are oxidized (reduced) according to the same mechanism and
have their oxidation (reduction) center in the same position, that means at the diene part of the
heterocyele and both attached aryls. On the other hand. in the molecules bearing substituents
with more easil idizable or reducible center, the location of HOMO and/or LUMO is shifted
to the substituent, their redox mechanism (and product) is different. the respective potential is
substantially changed and, therefore, their potential values are outlaying the Hammett's plot.
As aresult, the redox abilities could be changed either systematically i
various electron donating ‘withdrawing properties in the frame of LFER. or introducing strong
oxidation or reduction centers as substituents,

Among the studied phospholes. diphenylamine (in 3a) or pyrene (in 2e, 6a, Te, 9) substituents
are easily oxidizable centers representing in their molecules HOMOs. Analogously reducible
center representing LUMO could be for example nitro group. but such derivative is not among
our studied phospholes. Generally, large delocalized systems exhibit also easy reduction.
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therefore pyrene (in 2¢, 6a, 9) or also dithiophene (in 8d) substituents can serve also as the
LUMO (some examples are at the Tig. 4).

Quite interesting is the case of the derivative where the ester. ketone or aldehyde (gencrally
carbonyl) function is attached on the phenvl ring (2b, 7a, 7h, T, 8h). Here the carbonyl funetion
enforees the quinoide resonance form on the phenyvlene which represents well defocalized
enlarged planar system ” (see the LUMO maps at the Fig. 4) which is easily reducible and
represents the first reduction center instead of the core diene system

Hi

5 S,
b+ .
N i - S
S8 HOMO 9-HOMO
b -
2b-LUMO 7a-LUMO

Fig. 4. Examples of various locations of HOMOs and LUMOs.

In the series Ta, Th, 7e and analogously in 8a, 8b, 8¢, 8d. the increasing m-system shitls the first
oxidation potential to less positive values and thus the electrochermcal gap Ali{exp) decreases
with all photophysical consequences.

In derivatives 6a and 9. large pyrene z-systems in positions 1 and 2 have degenerated LUMO
energy — according to the caleulations. the first reduction could occur either on the isolated
pyrene in position 1 or on the pyrene in the position 2. On the other hand, in both cases the
HOMOs are placed at the pyrene substituent in the position 2 only And. finally. phosphole
oxide (11) in contrast to its homologous phosphole (4a) shifts substantially reduction as well as
oxidation potentials to less negalive (more positive) values by approx. 400-300 mV according
1o expectations
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Abstract

Reduction mechanism of pyrenc-cyclobutene conjugates were studied electrochemically and
>pc;m:~\.luuncmnmall\' Analysis and nm:rpm.\lmn of spectro-¢lectrochemical data of
conjugates revealed i lecul il tion of electrons and enabled determination of
n.dO\ mechanism of conjugates. This knowledge is fundamental for tuning the required redox
properties of molecules just by chemical modification. Studied molecules represent promising
material for organic semiconductor materials.

Key Words: Pyrene, Cyelobut Electroch I Red: Polarography,  Cvelic
voltammetry, /1 sitt EPR spectro-electrochemistry.

!"\ od
C

organické  konjugované systémy nachizeji vsoudasné dobé Siroké uplaméni
v materidlové chemii |, Jsou Gasto vyuzivané také pro piipravu organickyeh polovodict, na
které je zaméfen nas projekt,  Green smart molecules™ jsou biodegradovatelné litky. které
neobsahuji Zadné kovy. Velkou vvhodou je moZznost dpravy jejich viastnosti zménou struktury
pomoci prosté chemické modifikace

Nase studie se vénuje konjugitim pyrenu a evklobutenu. Spojeni evklobutenového mistku

i predstavujiciho v podstaté étyrikral substituovanou dvojnou vazbu — a aromatického
1ému umome roziifeni delokalizovaného systému. Elektrochemické vastnosti téchto litek
E ch sledovali na riznyeh clekirodach pomoci redukee v nevodném
pmstred . Interpretaci zjisténych redukénich potenciall byly uréeny podily jednotlivych édsti
téehto slozityeh molekul na celkovyeh redosnich viastnostech systémi. Pro uréeni mechanismu
redukee bylo nezbytné nase predchozi poznatky rozsifit o EPR spektro-clektrochemickou
studil, jejiz vysledky shinuje tato price. Detailnd znalost vztahu mezi strukturou a redoxnini
vlastnostmi téchto konjugovanyeh systémi umozni cilené nastaveni potichnyeh parametr
findlnich slo in pouzitelnych v molekulami elekironice

il
sme v df

Experimentilni &ist

Elektrochemicki méfeni probihala v tfielektrodovém uspofadani v nedélené cele v bezvodém
dimethylformamidu (DMF), preisténém azeotropni destilaci s benzenem ', Pro méreni byl jako
zikladni elektrolyt pozit 0,1 M tetrabuty m hexafluorofostit. Kyslik byl ze vzorki
odstranén probublavinim argonem. Koncentrace studovanych litek byla priblizne 107 M.
Pracovni elektrodou pro DC polarografii (XC-P) byla kapajici riutov elekiroda s dobou kapky
1 5. pro eyklickou voltamerii (CV) to byla visici rtutova kapka (HMDE). DC-P byla méfena pii
rychlosti polarizace 10 mV s pro €V byly pouzity ryehlosti 0.05-5.0 Vs . Referentni
elektrodou byla standardni kalomelova elektroda oddélena solnym mustkem naplnénym
zaklads elektrolyvtem.  pomocnou elektrodou platinovy pli Primami a sekundirni
radikilové meziprodukty byly gencroviny elektrochemicky in sitn elekirolyzou v resondtoru
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spektrometru * na rtutové a/nebo platinové pracovni elekirodé a byly detegovany elektronovou
paramagnetickou rezonanei (EPR): koncentrace latek byla piiblizng 5-107 M

Visledky a diskuse
Cilem stud lo zjisteni vliva jednotli asti molekul na jejich celkové chovani pit
pochopeni riznyeh typi mechanismu clektrochemieké redukee studovanyeh latek (Obr. 1),

26 % &F

%@%%

Jiz diive *7 jsme ukazali, Fe elektrochemicka redukee derivitl pyrenu prakticky nezivisi na
materidlu elektrody (Hg. Pt, GC). Co se tyée ro?pmh?.lédb! hodnoty potenciald na rtutovych
eklektrodach v DME jsou systematicky  posunuté K méné negativnim hodnetam oproti
acelonitrilu. V DME, kterv patfi mezi slabé zasadita protofilni rozpousiédla. dochdzi ke zvySeni
reverzibility, protoZe naslednd protonace produkit je obtiZngjsi a primarni radikdlové anionty
Jsou v tomto prostiedi stabilngjgi. Proto byl DMF pouzit 1 pro TPR qpeklrmkupu THodnoty
redukénich potenciald v DML a vysledky EPR spektroskopie jsou shmuty v Ta
Studované latky je mozné rozdehit na zikladé redukénich mechansmi do t
obsahujic jako rcdmm eentrum pouze pyren. 1. latky obsah kromé pyrenového jadra dalsi
izolované redoxni centrum, 111 litky obsahujici rozsifeny delokalizovany systém.

Obr. L Studované litky

L Latky obsahujici jako redoxni centrum pouze pyren
Pyren (1) je redukovan ve dvou jednoclektronovveh reverzibilnich krocich na radikélovy
aniont a poté na dianiont s rvehlou naslednou protonaci za vzniku 4 5-dihvdropyrenu ©.

Py-¢ S Py
Py~ +e 5 Py~ — rychld nasledni reakce —  4.5-dihvdropyren

Radikalovy aniont tvofici se v prvnim redukel stupni je stabilni i pii nizkveh ryvehlostech
polarizace CV (50 mV/s). EPR spektrum radikalového aniontu pyrenu vykazovalo rozlidenou
i:j.'pcrjxnmou strukturu se EIépcm'm typu (21, 41 41T) se &@Epicimi konstantami a'y = 1.05 G

2H). @’n = 215 G (@), a's 4.8 G (41D, ka jedné &ary Allp 0.3 G. Druhy
jednoelektronovy redukéni krok probiha pii potencidlu o 600 mV negativoéj§im a nevykazuje
na CV znamky reverzibility. spektrum EPR zanika. To svédéi o tvorbé nestabilnihe dianiontu.

2-tere-butylpyren (2) je redukovan stejné jako pyren (1) ve dvou jednoelektronovych krocich.
diky substituei ferc-butylem s elektrondonorovym vlivem jsou oba redukéni kroky posunuty
i EPR spektra produkiu prvniho redukéniho kroku bylo patmé
eni potencialu na druhy redukéni stupen signal zanikl.
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Tabulka I.
Prehled potencialit [V] a signalit EPR pro jednotlivé redukéni kroky

DC-P, (Ei2) CV-HMDE (E", £ic) | Pomér lim. proudu EPR
2.07 y HIS
! 264 i 2
=211 HFS
2 2,68 b
-1.94 HFS
3 _%j,_; 1111 :g.:
288 =
170 5
4 2,05 2141y HFS
_265 =
180 slaby
5 1:3:1
6 151 :
HIS
7 1:2:1 -
slaby, 1175
8 1:2:1 -
staby
slaby
9 L:l:1:1:2 slaby

= puh.mmL k atodického peaku: K= potenciil reverzibilniho kroku (%= (Fps = Epe)

2y ﬁl»lno»\ poiem.l.
# reverz ysich rychlostech polarizace (eca v > 1V s);
## posun peaku k negativnim hodnotam se zvyiujici se rychlosti polarizace:
HFS - hyperjemnd struktura EPR signdlu

1,1-bis-{T-rerc-butylpyren) (3) je slozen ze dvou molekul 2-tere-butylpyreni (2) propojenyeh
Jjednoduchou vazbou. Molekula je redukovina ve Syrech jednoelekironovych reverzibilnich
krocich:

Py-

P\
+ 21’ H“[‘\ HzPy

Ruzdi[ pulcm h‘n pr\'m'uh i udukenuh kroki je maly. coz je zpisobené omezenim
h jednoduchou
\I.Ajl.ml"lﬂ stodeni jejich rovin. EPR sps.Ltra V\Lnim\ HFS. jeji rozli:
fiepsu]s. W prynim stupni dochazi k prenosu elektronu na jeden z pyrent za vzniku radikil-
Pyr-Pyr ~*. Ve druhém kroku je elektron pfenesen na druhy pyren a vzhledem ke
jemnému natodeni rovin pyrent vznika biradikiloid Pyr® Pyr * T ron s¢ paruje
s jednim z elektront a diky rychlé nasledné hydrogenaci vznika 4.5-dihydropyren. ktery je

L2H = HoPy-Py*

Liriri
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substituentem druhého pyrenu ve formé radikilového aniontu (HaPyr—Pyr ®). Posledni redukéni
krok s potencidlem o cea 600 mV negativngjdim odpovidi druhemu redukénimu stupni druhého
pyrenu za veniku predpoklidaného 1,1'-bis-(7-terc-butyl)-4, 5dihydropyrenu, EPR spekirum je
bez signalu

11. Latky obsahujici kromé pYIT“U\I‘l!I] Jjadra dalsi redoxni centrum

1- brnmpw&‘n (4) obsahuje dvé nezavisla redukovatelna centra - broma p\mn V prvnim kroku
dochizi k  oditépeni  bromidového  aniont
mechanismem, vznikly radikal pyrenu je okam;

protona PR spektrum nevykazuje signal. V dalSich krocich dochdzi k dvoustupiiové redukei
vzniklého pyrenu - potencialy R spektra odpovidaji redukei pyrenu (1) popsané vy
Br—Py « ¢ S Br-Py ™
l’_\" +Br
Py

& ohsahuje dvé redukovatelna centra — pyren a ethynyl. V prvnim
dochizi kredukei celé molekuly na nestabilni

u radikalového aniontu pyrenu). i rozdifeni EPR spekira svéd&i o konjugaci trojné
cthynylu s aromatickym systémem pyrenu a o rozifeni delokalizovaného systému, Nisleduje
redukce trojné vazby — multielektronovy ireverzibilni proces. ktery probiha mechanismem
prosté redukee trojné vazby anebo intermolekulamim procesem s dimerickym produktem.
Posledni  jednoelektronovy d&j pit druhému redukénimu stupni pyrenu, Kery je
substituovan redukovanym ethynylem

rozifeny
yfenyl)-2-tolyleyklok {6} uh»ul\u'; g\}.lubulcm)\'\. Jadro, na které jsou
izané dva neredukovatelné aromatické substituenty. Evantové chemické vipoéty ukazuji
na zapojeni obou aromatl do delokalizovaného systému spolu s eyvklobutenem, V p
Jednoelektronovem redukénim kroku vznika nestabilni radikalovy aniont. Indukéni efekt
} na prilehlych aromitech posouvd potencidl k negativadjim
hodnotim. Nasleduje redukce dvojné vazby cvklobutenu s protonizaci za vzniku cyklobutanu
V literature (v roztoku THF NaBPhy) je popisovine reduktivai otvirini evklobutenového krubhu
5 Nage visledky preparativni elekirolyzy s naslednou detekei produkii pomoci NMR-MS
\xak prokazaly redukei na cyklobutan. V oblasti potenciild rozkladu elektrolyvtu je patmy jesté
daléi redukéni déj. EPR spektroskopie této latky neposkytla zadny signal.

1-(1-pyrenyl)-2-methyleyl (7) obsahuje evklobut adro s navizanym pyrenent.
Pii prvnim jednoelektronovem reverzibilnim redukéni ziskavame EPR signal s HFS
strukiurow. K tomuto déji. edpovidajicimu tvorbe radikdlového aniontu v prvnim redukénim
kroku pyrenu. dochazi v disledku roziifeni delokalizovancho systému pyrenového jadra
o ¢yklobuten pii méné negativoim potencialu ne u samotného pyrenu. Daldi ireverzibilni keok
jespojen s redukei cyklobutenového kruhu (viz vyde). V oblasti potenciali rozkladu elekirolytu
se objevuje druby redukeni stupen pyrenu. Tvio redukéni kroky neposkytly zidny EPR signal,

1-(1-pyrenyl)-2-(p-methoxy fenylieyklobuten (8) je redukovin v prvnim jednoclekironovém
reverzibilnim kroku na nestabilni radikdlovy aniont, kiery je lokalizovany na pyrenu. EPR
signal s HFS strukturou byl patmy pouze v tomio stupni redukee, mel viak slabou intenzitu
Nasledu i multielektronova redukee (dva i1 elektrony). slozena ze dvou dejii s blizkymi
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h ryehlostech polarizace vykazuje vysdi
lit tak, 7e delokalizovany systém s jednim neparovym elektronem
i druhy elektron. nasleduje ryehla protonace zpusobujici pomalon
. Ten se po piijeti daléiho elektronu redukuje
reverzibilngé na stabilni ram}nicw smmm a posledni redukéni krok odpovidi druheému
redukénimu SIUP“! pyrenu.

® te 5 (8"

[ )

(8)7+ 2H' = (Py-cyclobulane)

(Py-cyclobutane) + e~ - (Py™ obutane)
1-(1-pyrenyly-2-(7-rere- hul\lp)mn 1- 1I vklobuten (9 predstavuje nejrozsahlejsi
delokalizovany systém slozeny ze dvou pyreni propojenych cyklobutenem. Redukee zacind
uméné negativnich potenc nez v predchozich piipadech a je sloZena ze &y
Jjednoelektronovych déji. Nejprve d zi K redukei jednoho z pyreni na 4,5-dihydropyren.
(prvni  dva  jednoelektronové  pros Nisleduje redukee cyklobutenu (daldi  dva
Jednoelektronové procesy). Nezdpor potencial prislusi redukei druhé¢ho pyrenu. EPR
spekiroskopic poskytla slaby signal v prenich tiech jednocelektronovyeh reverzibilnich krocich.

Zaver

Pyren je samostamné i ve studovanych konjugovanych systémech redukovin ve dvou
Jednoelektronovyeh  krocich, nejprve na stabilni radikilovy aniont a pii potencidlech
negatividjgich o 600 mV na 4.5-dihydropyren. Cyklobutenové jadro rozdifuje plandrni
delokalizovany bylo prokazano &asteénou reverzibilitou prvniho redukéniho kroku
konjugat. Naopak pii primém propojeni dvou pyrenii jednoduchou vazbou nedochazi
v disledku vzajemného natoceni rovin obou mi k vyraznéjsi delokalizaci. Vhodnou
substituci konjugatu cyklobutenu a pyrenu je mozné ziskat litky poZadovanych vlastnosti
(redox potencialy a mira delokalizace ) vhodné pro pfipravu organickych polovodicii
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Abstract

Surface treatments on iron hased on zis tes were performed to improve corrosion
resistance. The reason is to find proper conservation methods for historical iron artefacts.
Micro-Raman spectroscopy was used to identify corrosion products on iron. Electrochemical
impedance spectroscopy (EIS) was applied to study corrogion layers, The aim of the project
wias to compare development of corrosion products over time and to study differences of
corrosion resistance for long-term exposed samples. Formed protective layers contribute to
increase of corrosion resistance. Corrosion products demonstrate the development of corrosion
layers over time.

Key Words: Corrosion products. Micro-Raman spectroscopy, EIS. Magnetite,

Introduction and rescarch aim

Application of iron in these days intervenes in many branches of industry. Heside the industry,
an iron also occurs in muscums, depositarics or overall included in cultural heritage. It's
generally known that iron is susceptible to corrosion deterioration and should be protected.
During corrosion reaction, many corrosion products are formed on its surface. These corrosion
products may have different chemical composition and eolour, which is influenced by type of
corrosive environment with the presence of corrosive agents. Corrosion products can vary over
the time. Bright-orange akageneite - Aka (B — FeO{OI})). that i n formed in presence of chloride
1ons. is sequentially changed to G — goethite (o — h.D{ﬂHl} By M. Veneranda * it is known
that G and M — magnelite (Fe304) are considered s stable compounds, which help the
preservation of historical iron objects, whereas akaganeite and L — lepidocrocite (7
FeO(OI)) can be considered as corrosion accelerators.

Iron historical objects need to be sufficiently protected against corrosion attack. Conservation
and restoration represent important tools dunng effort 1o retrieve and sustain iron
object in the form. where the corresion is limited to minimum. There are many ways, how 1o
protect iron surface of historical object against corrosion: eathode and anode protection,
corrosion inhibitors or adaptation of parameters influencing corrosion.

orical

This work is focused on zine silicates surface treatment as type of protection against corrosion.
Comparison of corrosion deteriorati amples from different period with surface treatment
by micro — Raman spectroscopy should bring idea of corrosion products development.
ohjective of the work is EIS measurements of samples with surface treatment in standard
carrosive electrolyte to find corrosive resistance of the formed layers.

Experimental

Three types of iron samples with surface treatment were evaluated. each sample come from
different time and different corrosivity category. The oldest sample, artefact from Bratislava
castle was aged to 300 years (personal communication with Dr. P. Bednir, AU SAV, Slovakia)
and there was revealed residues of previous surface treatment — bluing at surface. This sample
(BC) was identified as a historical ironwork with various corrosion products on surface. Next
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one was long-term exposed samples (EXP) from Prague and Kopisty (13-15 vears) with surface
treatment based on zin cate coating. The surface of sample was corroded 1o a great extent,
Same type of surface treatment as on the second sel of samples were made in our laboratory
following the procedure from manual * and corrosion deteriorat wvas evaluated after 1.5 year,
The sample was considered as the standard (STD). Atmospheric corrosivity category tocused
on carbon steel for Bratislava castle and Prague was estimated 1o be C-2 and for Kopisty and
laboratory samples as C-3 4.

The chemical analysis of the corrosion layers was realized by micro-Raman spectroscopy
measurements (Raman microscope DXR IMA4476 ThermoFischerScientific, USA) performed
on the different corroded arcas. Raman excitation was provided by laser operating at 332 nm
with a power 0.1-1mW and with exposure time 5 5. For samples from Bratislava castle and
long-term exposition were chosen two analysed areas with characteristic colour. Sample from
Iaboratory showing only one characteristic colour, which was chosen to analyse. Micro —
Raman spectra were compared to database of iron phases.

Electrochemical experiment was designed as follows. Electrolyte. the corrosive medium was
the ASTM D1384-87 solution with the following composition: 148 mgl” Naz8Ou, 138 mgl!
NaHCOs and 165 mg 1" NaCl at pH 8.5 *, Electrochemical tests were performed, in aerated
conditions, with a three-electrade electrochemical cell. Whole system had 1o be connected to a
potentiostat- ¢lectrochemical interfice (Solariron S11287) and Impedance/Gain phase analyser
(Solartron 811260), driven by a computer. The working electrode surface was vertically
oriented close to the graphite counter electrode. The reference electrode was a KCl-saturated
calomel electrode (HpaClaHg, E — +0.242V/SHE) and the working clectrode potential was
obtained versus this refe spectra were recorded m accordance with these conditions:
open-circuit potential 10° and 5.107 Hz. amplitude 30 mV. 10 points per frequency decade after
immersion. The immersion at open- it potential was 30 min.

For electrochemical experiment wasn’t selected sample from Bratislava castle, because of
possihle damage of the sample. So, il was selected the sample from laboratory as a standard and
other two samples from 13- and 15-vears outdoor exposition in atmosphere.

Results and discussion
Analysing Raman spectra, these eorrosion products were identified:

a) M — laboratory sample = STD (1 5vear)

by M. L. Aka - long-term exposed sample = EXP (15vears)

¢) M. L. G - Bratislava castle artefact - BC (300 years)
Each sample contains magnetite. Magnetite represents black layer of corrosion products of iron
that forms on iron surface. Magnetite is usually located under laver of orange 10 red oxo-
hydroxides of iron ° Fig1 shows iple of micro — Raman spectrum of magnetite.
Akaganeite gradually changes to more stable goethite and it could be seen in Fig. 2.

136



M
s |
i
[l

. ,w%m’ (

:I'hwﬂu. MWW’} ‘Mﬂ k

Raman intensity/ a.u.

200 400 B0 B0 1000 1200 400 1800 1EOD

Raman shift/ em™

Fig. 1. Micro-Raman spectrum of magnetite.

Development of corrosion products

Years

Type of corrosion layer
Fig. 2. Development of corrosion products over time.

From EIS measurement, applying equivalent circuits (EC}, it was fonnd that the samples can
be described by two EC: first one belongs to comosion products, second one protective layer
{Table I). R1 corresponds to resistance of corrosion products, R2 is resistance of protective
Jayer. Resistance of protective layer is decreasing in time and resistance of corrosion products
was decreased.

Table 1.

Comparison of tesistance over time
Sample Years of exposition  R1/Q em* R2/Qem?
STD L3 4203 113 380

137



EXP 15 1077 22 434

Conclusion

Corrosion attack of surface treatments corresponds to corrosivity category and exposure time,
Corrosion products identified on a surface of the studied samples are mainly composed of
magnetite as an nternal layer close 1o the metal. As the outer layers of corrosion products
Iepidocrocite, akaganeite and goethite were identified. Based on a comparison of the exposure
time, it’s clearly seen. that akaganeite was transforming 1o more stable goethite. Based on
results from FI8, it was found, that Tong-term exposed samples with surface treatment provided
lower corrosion resistance of protective layer compared to the samples exposed 1.5 year.
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Ahstract

To prevent possible intoxications. the amount of pesticides in the water must be carcfully
monitored. By using current conventional methods. such as chromatographic methods with
mass spectrometry. it is not possible to avoid accidental exposure. thus the process from manual
sampling through sample pretreatment to laboratory analysis is a too long to reflects the real
tion, Among the electrochemical sensors that could compete or compete with conventional
methods. the unique position belongs to environmentally acceptable carbon material — a boron-
doy diamond. Its technological preparation can be key for the sensitive detection of
pesticides,

Key Waords: Pesticide. Boron-doped diamond electrode. Voltammelry.

Uvod

Monitoring kontamindcie pitnej vody pesticidmi je absolitne nevyhnuiny pre zabrinenic
expozicii skodlivym pesticidom. V dosledku nahodnych expozicii pesticidmi su v sti¢asnosti
zaznamenané miliény intoxikacii ' Rada Luropskej tnie stanovila maximalun pripustnd
Koncent celkovych pesticidov vo vodich na 0.5 pg L. Najvyédia medzna hodnota
koncentracie kazdého stanoveného pesticidu (MRL — maxir limit rezidui) je 0.1 pg L
(eit. %),

icidov v \masnusu pozostiva z ruéného vzorkovania v teréne. po ktorom
leduje  pou kch metod % Tieto metddy vyuzivané v spojeni
s hmotnostnou \pu}.lrmnurmu \u sice velm Ve, prx.sne a s:.IeLu\'m, no neunmmuul
moniloring v r s,

itic  chrom

\-'hnd

SENZOTOY

2 kl(m, by pml. tovalo dukhdu
0 .\Lulm.ngj silucii mlmnl%.‘_. Kiord sa stdva sTubnou alternativou vhodnou pre takéto
merania je detekeia pomocou clektrochemickych senzorov, ktoré si zaujimavé vdaka svojej
vysokej eitlivosti, selektivite. nizkym ndkladom & portabilite. Tymito zariadeniami je mozné
ziskat dostatodne presné informdcic v redlnom Case, a preto su vhodng pre analyzu v teréne &
online detekeiu mimo pracoviska, Tate moZnost’ monitorovania je obzvlast vv
detekeiu pesticidey, Ktoré prenikaji do pody, povrehovyeh aj podzemnyeh vod, kedy vzhladom
narychly pohyb kontaminacie moze jej odhalenie pomocou konvenénych meiod trvat niekolko
rokov

Nivrhy elektrochemickych senzorov na stanovenie pesticidov vo vodach neustale pribidaji,
pricom st skimané rozne materidly pracovnyeh clekirad, modifikicie ich povrchov roznymi
novymi materidlmi & vyuzitie hmlug\d\\nh zloziek za utelom zvydenia citlivosti

139



detekeie. Stidie sa ticz zameriavajii na minimalnu predipravu vzorky a dlhodobii stabilitu
elektrady, Vyhodou navrhovanych zariade la byt aj jednoducha absluha bez potreby
odborného personilu, ¢im by sa liez # niklady na previdzku a Gasove zefektivnil
moniloring,

Borom dopované diamantové elektrody
V porovnani s inymi obvykle pouzivanymi elekirodovimi materialmi je pouzitie bérom-
dopo\umhu diamantu (BDD) odné z nickolkych dévodov — podas merania ud:in\aju
i h rid pozadia v girokom rozmedzi potencidlov (vodné roztoky do 3 V

i lnnpdne vodivé a zabezpeduji vysoki hustotu pradu, pri meraniach
\meuhunicku t.L -leuhmni setrenie, ato vd oj afinite

¢. Vyhodou je aj nizka citlivost”
BDDE uplumcmc ajv

.V siéasnosti neustile pribiidaju stadie. ktoré tento m'ueria'l predetruji vodi takym
pesticidom, ktoré s voei BDD elektrochemicky aktivne (Tabulka 1), Takéto postupy detekeie
sice zatial’ nedosiahli medze stanovenia pod hodnotami danymi europskou legislativou. no
molli by doplml informdcie o aktwilie) situdeii vo vodach v ¢ase aplikacie pesticidov, atak
mézu pomihat’ predehadzat” intoxikiciam a nahodnym expozici:

Tabulka L.
Nedivno navrhnuté BDD senzory. metoda analyzy. pikovy potencidl pre vyhodnotenic

analvtickych parametrov a medza detekeie (LOD).

Pesticid _ LOD Ref
Azametifos L70 V vs Ag/AgCl3 M 0,45 nM i
Bentazon 100 V vs Ag/AgCl 1 M KCl 0,50 uM %
Difenokonazol L.75 V vs Ag/AgClsat. KCI 0,05 nM ?
Klomazén 160V vs Ag/AgCl 3 M KCI 0,21 uM 1B
Dinoterh 122V vs Ag/AgCI3IM NaCl 0,01 pM n
Formetanat Ag AgClsat, KCI 0,37 uM n
Diurdn 1.24 V vs Ag/AgC13 M KCI 0.04 M 13
Kys. 2,4-fenoxyoctovi 149 V vs Ag/AgCl3 M KCI 0,12 uM 1
Tebutiuran 7 vs Ag/AgC13 M KCI 0,34 uM "
Maneh 0,63 V vs Ag/AgCl 3 M KCl 0.02 uM L
Metiokarh 40V vs AgAgCl3 M KC 0.15 pg ml"!
Metomyl 160V vs Ag/AgCl3 M KCI 1,20 uM 1
Pikloram SWV 162 Vvs Ag/AgCl 3 M KCI 0,39 M l
Pirimikarb DPyY Cl 3 M KCI 1,24 uM e
Tiahendazol SWV Ag/AgCl sat. KCI 0,13 uM il

Elektrochemické vlastnosti BDD elelarod zivisia od niekolkyeh faktorov, ako je koneentricia
dopantu. Strukturdlne  defekty  diamantového  filmu,  termindcia  pov n:hu, absah mwll
uhlikovych nedistét (napr. inklizie sp’). krvétalograticka unculm. i
diamantu horom mhf dmunnl md

ovaniu pridu pozadia, a tiez k z0Zeniu potencidlneho okna '%. Ne
mozné odstranit’ naprikl.
moze Zvysi

Jang nuL\hl()[\ sp je
pomocou chemickej (alkalickej alebo acidickei) predapravy, o
citlivost signilu *'.

140



§ cieTom dosiahnut’ celkovy potencidlny vykon BDD je potrebné optimalizovat” spominané
faktory pre rozne elektrochemické aplikicie, ¢o vyZzaduje spolupricu technologov a
elektrochemikov. Pre konkrétne aplikicic moze byt prinosné napr. vzorovanie povichu BDID
do mikroarrayovych geometrii. ¢ vlakien s priemerom menej ako 10 wn. Chemickou
maodifikaciou povrchov BDD mozno kontroloval” adsorpeiu a kinetiku prenosu elekironov. Pre
onliné monitoring by mohlo v niektorveh apli ch poméet’ ndjst’ vhodné roztoky proti
i ireni é v katodicke] oblasti by zas umozmlo
detekciu elektrochemicky redukovatelnych pesticidov a inyeh organickyeh molekul *

Ziver

Sucasny stav monitorovania neﬂwldnv va \ncl'lch pomocon »hrnmﬂomlukvch metnd
v spe s hmotnostnou spektre i l
altemativa sa javia elektrochem
pracovngj ..luhl.rodv Jednym znajsmlnlmﬁnh ‘materidlov, Ktory umui_l\ujc detekeiu ako
v katodickej, tak aj v anodickej oblasti potencidlového okna je BDI. Navrhované senzory sice
zatial' nedosahuji medze stanovenia pod MRI. hodnotami uréenymi europskou legislativow. no
zmenoit mektoryeh vy parametrov ¢ vzorkovamim povichu BDD by mohlo byt
v buddenosti mozné zvy tlivost detekeie skimanyeh pesticidov.
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Abstract

Some electrachemical techniques such as voltammetry at the polarized interfaces between two
immiscible electrolyte solutions (ITIES) represent interesting alternatives to classical
electrochermistry The benefit of the ion transfer voltammetry lies in the possibility of detection
of 1onic species which are not otherwise redox active. The methodology enables apart of direct
determination of tome samples (ncluding pharmaceutical and dimcal ones) also to momitor
reaction processes (acido-basic, enzymatic, etc), determination of reaction substrates and
products i one experimental step, evaluation ofreaction and transport kinetics, and estimation
of ipophliaty of invelved speaes.

Key Words: lon transfer voltammetry, lonic Liqud, Liguid-liquid interface, Electrochermcal
detection

Introduction

In the past two decades, el ectrochemistry at [TIES, dternatively referred to as the polanzed
liguid-liquid or water-organic solvent interfaces, has proved to be exceptionally useful tool for
electrochemical investgations from both theoretical and pra[:hcal ponts of wiew 3 Lately,
organic solvents such as nitrot . 1,2-dichl i or henyl octyl ether were
repled By roomitemperiire jont Bquids (RTTheY composed uEhigh b ydiophobic:calions
and anions, which served as both the solvent and the electrolyte * Compared to the classcal
molecular solvents, RTILs are extremely stable in a wide range of expenimenta conditions
including elevated temperature, pH range 2-13, they are also non-volatile and environmentally
friendly.

Experiment part
RTIL 15 composed of tetralas[3,5-bis(tnfluore -methyl)phenylJoorate (TFPR) or
tetralas(pentafluoro phenyl)borate (TPFPEY) and tridodecylmethyl ammonium (TDMA®) +
¢, shown in Fig |

[F 3 (CH;)44CHy

TFPB TDMA TPFPB

Fig1. Examples of hydrophobic components of RTIL components including fluonnated anions
and quaternary ammomum caons
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The experimental setup involves a polyvinyliden fluoride microporous membrane impregnated
by RTIL separating two aqueous electrolyte solutions *, Measurements are carried outin a four-
electrode homemade cell schematically depicted in Scheme 1.

wer | Ag7AC | 1mMLiCl Tonic Liguid ImMLCl+ | Agagdl | wgo
REl membrane xmM Sample RE2

Seheme 1. Four-electrode cell layout, RE1, RE2 and WEI, WE2 stand for reference and
working electrodes, respectively.

This arrangement enables to perform the classical electrochemical and electroanal ytical
experiments, in particular eyelic voltammetry, (differential) pulse voltammetry and
impedance spectrozcopy, and to obtain analytical and phyzico-chemical data needed for the
model considerations, or analytical applications. Tonic compounds of interest are detected and
determined directly. and their concentration profile is monitored i 512, i.e.. in the reaction
mixtures, or separately in batch or flow-through style.

Results and Discussion

ITV is used to investigate the transfer of alkali metal cations, protons, and ammonium ions
facilitated by the complex formation with valinomycin at the interface between an aqueous
electrolvte solution and RTIL, and enables to evaluate the stability constants of their 1:1
complex with valinomyein °. Bazed on these results, an amperometric ion-selective electrode
for alkali metal cations is ﬂmgned and the addition of water-soluble erown e!he:s allows to
distinguish the vol of alkali and alkaline earth metal cations *

ITV approachiz next used for elucidation of kinetics and mecharmxm of methylglyoxal rzncnnn
with biguanides metformin, phenformin and 1-ph de under the physi |
conditions *, Kinetie analysi is based on the time profiles of concentrations of the protonated
biguanides by measured hy 1TV, which further enables an evaluation of the acid dissociation
constants of these biguanides °,

Evaluation of the lipophilicity of ionic and neutral drug forms, estimation of distribution
coefficients (log D), partition coefficients (log Py and dissociation constant (pKe) using ITV
coniribute to the deeper understanding of the behavior of drugs during their controlled releases
from the non- or semi-polar diug carders. ITV at RTIL membrane makes it possible to compare
the lipophilicity of several biologically active ions such as neurotransmitter acetylcholine and
ffvera.l related ions including choline, muscarine, protonated atropine. protonated scopolamine
1

In arelated experiment ', TTV is used for an evaluation of ﬂu diffusion coefficients and the
standard Gibbs energies nfmn transfer of the p | agents tolterodi

fesoterodine, and their common metabolite 5-hydroxymethyl folterodine, as well as for their
determination in the aqueous samples and wine. An analysis of the pH effect provides the
parameters characterizing their lipophilicity both in their ionic and neumal forms. The
application of ITV for a monitoring of the enzymatic hydrolysiz of fesoterodine is
demonstrated. Differential pulse mode of ITV provides linear concentration dependences of the
peak current for all these protonated drugs with detection limits below umol L' and the flow-




through injection arrangement makes the limit significantly lower. Fig. 2 presents some
examples of the amperomelric detection offered by [TV at the polarized RTIL membrane.

S0’

10’
10’
-
”

10"

110’

000 025 080 07% 100
EIv

Fig. 2. Cyclic voltammetry of furanylfentanyl’, differential pulse voltammetry of tolterodine”

and flow-injection amperometry of TEA",

Conclusions

ITV enables 1o perform both the classical electrochemical and electroanalytical experiments,
such as eyelic voltammetry, (differential) pulse voltammetry and impedance spectroscopy. and
to obtain analytical and physico-chemical data. Tonic compounds of interest are detected
directly, and/or their concentration profile is monitored i sity, i.e., in the reaction mixtures, or
separately in batch or Mlow-through style.
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Differences in Electrochemical Reduction of Mono- and Polynuclear Acylgermanes
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Abstract

All the studied compounds accept first electron under formation a stable anion radical. The
corresponding reduction potentials in aprotic media depend on electronic (inductive.
m;somn.rtc;plop:.mu of the substituents. their number. and posnlon Here, aromatic acyl group
(benzoyl group with various substitulion en aromatic ring) is the principal substituent. The
redox propertics of presented organoclement compounds with central heteroatom Ge (8i. Sn)
are controlled by peripheral carbonyl groups (in role of redox: centers). their number, and
aromatic ring substitution. The measured first reduction potentials £ values are found in wide
range (> 900 mV) due 1o the fact that the redox centers are carbonyl groups connected through
heteroatom in case of acylgermanes, while for di- and trinuclear derivatives (which are
molecules with multiple redox centers) the casiest reducible center is the bridging aromatic unit
influenced by the closest carbonyl groups. Thus, possible to distinguish both groups of non-
equivalent carbonyl substituents.

Key Words: Acylgermanes, Electrochemistry. Voltammetry, Polarography. Reduction.
Photoiniciators. Ivocerin

Uvod

Acylgermany piedstavy
vmi fotochemickymi viastnostmi, laditelnymi zavedenim rlizr
jejich poctem, polohor, pripadne spisohem premosts
derivatii podléha vlivem UV-zafeni nebo dokonce
homolytickému &tépeni vazby C—Ge za veniku radikali. Nekieré (napr. Ivocerin™) se proto jiz
delsi dobu pouzivaji v zubni medicing jako fotoinicidtory polymerizace pii phiprav. veh
netoxickveh zubnich vvplni. Pisluéné mechanismy reakei uplatiujicich se v praxa jsou v
literature  dobfe dokuml.nlu\'m» !\ Vzhledem k tomu. Ze penctraéni  hloubka
clektromagnetického zateni je nepfimo tméma jeho energii, existuje snaha nalézt dalsi
derivity, které budou efektiv Stépeny svétlem o co nejvatsi vinove délce. Kroms absorpénich
spekter ** a teoretickych vypoctli molekulovich viastnosti (ionizatni energie. elektronové
afinity) se pii hledini novych litek s vyhodou uplatiuji elektrochemické metody. protoze
poloha pryniho redukéniho potencidlu (resp. rozdil mezi prinim redukénim o prvnim
oxidaénim potenciilem) koreluje se schopnosti molekuly absorbovat svétlo a zaujimat vy
excitované stavy, coZ se projevi jako poloha dlouhovinného pasu UV-vis spekter 1.

pestrou tidu organoprvkovyeh sloucenin, Kleré se vyznauji
ch typl perifernich

Experimentalni st

Mono- a diacylgermany v této studii byly laskave poskytnuty spoleénosti Ivoclar Vivadent AG
(Lichtendtejnsko). Ostatni latky byly syntetizovany v anorganické pracovni skupiné institutu.
chny prezentované litky byly méfeny pomoci DC-polarografie o eyklické voltametrie 5
vyuzitim potenciostatu Autolah PGSTAT12 (Eco Chemic BV. Nizozemsko) a obsluhujiciho
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software Nova 2.1.4 (Metrohm. Nizozemsko). Jako rozpoustédlo byl pouzit komeréni bezvody
N N-dimethylformamid (99.8%. AcroSeal). zikladni elektrolyt byl hexafluorofosforeénan
tetrabutylamonny (+98,0%, TCI) v koneentraci 0.1 mol.dm™. Pro veskera voltametrickd méfeni
byl vyuzit tHelektrodovy systém (W: Hg kapajici elektroda pro DC-polarografii. Pt a stiibma
amalgamovi elektroda pro CV: R: SCE, A: Pt drat). rychlost polarizace v CV byla 100 mV/s.

Visledky a diskuse
veh vice neZ 25 p d nyeh derivitl lze roz8lenit dle strukturmich typa do nékolika
kategorii,
o1 D2=B4=F1 03

b iy e oA
SEA T EAE TR Y

W PR R |
B S¢S 1§ Y

o,
I ,L .
-} Mes o
Strukturni typy  studovanyeh  derivatic mono-, di-, tri-, tetrascylgermany:

ilany. -germany a -stannany, dvojjaderné a trojjaderné acylgermany (Mes = mesityl.
Ph = fenyl. Et = ethyl).

Pii srovnani fady mono- aZ tetraacylsubstituovanych germani A1-Ad je ziejmé, Ze vetsi potet
elektronakeeptomich acylovyeh skupin na dkor elektrondonomich ethylovich substituenti
vede k posunu pryniho redukéniho potencialu k méné negativnim hodnotam (Tab. 1.A).

Potencidl redukee samoziejme ovliviuji i substituenty na acylovych fenylech. To je patmé
napfiklad u série tetraacylgermani B1{=Ad4) - B4. Nalrazujeme-li postupné vodiky v a- a p-
polohich na fenylu methyly, kazdy piidany methyl zpisobuje pesun £1 o zhruba konstantni
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hodnotu cea 70 mV. Postupny posun potencialu k negativngjgim hodnotam je uveden v Tab, 1B
pro &lyfi tetraacylgermany: fenvl (BI) (£ 40 V) monomethyl- (B2) (£1 = 146 V),
dimethyl- (B3) (E1 -~ V)a trimethylderivatu (mesity]) (B4 = D2) (£1 = —1.61 V),

K podob; u zavérn dojdeme pfi porovnani tfi tetraacylgermanii. kde na acylovych fenvlech
Jje v p-poloze jednak elektrondonomi p-MesN- | kiery se redukuje pfi —1.81 V (C1). jednak
referenéni p-H— (E1 = —1.36 V) (€2 = B1 = Ad) a elektronakceptomi p-CsHs—C=C— jehoz
redukee probihd jiz pii -1.12 V (C3) (Tab. 1C). Ob¢ tato pozorovini jsou ve shodé
s Hammettovou korelaei potencialii redukee s induktivnimi a mezomernimi efekty substituenti,
ziskané potencialy jsou tedy podle odekivani.

Dalsi sérii latek piedstavuji jednojaderné tetraacylderivaty D1-D3 kde s¢ méni centralni
heteroatom: Ukdzalo se. Ze jejich redukéni potencidl se vvrazné neméni pouze se mirn
posouvi k negativngjsim hodnotam v poradi kiemik, germanium, cin (Tab. TD). K podrobné;s
diskusi zde chybi dostatek podkladi.

Toto predvidatelné chovani jiz zminénych riznych jednojadernych derivatii poukazuje na
shodny redul mechanismus v ramei celé série latek. ktery zahajuje jednoelektronovy
reverzibilni krok prenosu elektronu na celou molekulu tvofici spolu s centrilnim heteroatomem
Jjeden m za vzniku stabilniho radikilového aniontu, Jeho identita byla potvrzena 187 ex-
situ pomoci EPR spektroskopie *,

Tabulka L.

Demonstrace vlivu poctu acylov: ich substituce,

ntrilniho atomu, typu

misstkovych skupin a polohy jejich pripojeni na zjisténe prvni redukéni potencialy.
ke WFVeRSCE Litka Er/V v SCE
PhCOGekit{(AT) ~1,86 (MesCO)Si (D1) 150
(FhCONLeR (A2) 4 (MesCO)Ge 157
(PhCOKGEEL(A3)  neni k dispozic (D2~ B4 - F1y
(PRCONGe (A4) 1.36 (MesCO)Sn (D3) _—
Ls A (MesCONGelit (1) 182
B2 146 E2 ~1.81
B3 153
B4=D2=F1 -161 (MesCO)Ge 157
(F1=Bd4=D2)
1l -1.81 F2 -0.89
C2=A4=11 1.36 I3 -1
3 112 4 ~1.16

cejademnych (dvoj-. troj-) acylgermanil zdlezi zdsadné na zplsobu jejich propojeni.
Nejjednod je dvojjaderny triacylgerman E2 kde propojovaci — miistkovou skupinou je 1.4-
butylen, vizany i i 1o dvojjaderna slouenina se redukuje u
stefneho potencialu jako jeji “monomer” E1, (klery se od analogickeho derivatu A3 lisi pouze
tim. Ze namisto fenyld ma mesityly). Tato shoda potencialG ukazu @ obé triacylgermanovi
redox centra jsou zeela elektronove izolovand a redukuji se nezivisle na sobé pri témze
potencialu,
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Ziela jind situace je ale u dvoj- a trojjadernych derivita F2-F4. kde propojovacim miistkem j i
primo acylovy aromdt ovlivneny prilehlymi karbonyly, Z pozorovanych redukenich potenci
posunutych k méné negativnim hodnotim oproti napt. jednojadernému derivitu F1 = B4 ply
2e je zde krome _m\}gcmunm veh redox center j dalgi ¢ast molekuly. ktera se ndnkuj
virazné pozitivngji. Tyto litky jsou tedy molekulami s ¢ redox centry, kde nejsnaze
redukovatelnym centrem je mistkovy aromat ovlivnény nejblizsimi karbonyly

Podivame-li s¢ jestd blize na toto nové redukini centrum, je zfejmé. ze zdlezi silng na
vzijemném postaveni karbonyli na milstkovém aromitu o na jejich poctu: Karbonyly, kieré
jsou obé v meta-poloze (F3 a F4) se ovliviiyi hlavné induktiviim efektem. nikoli
mezomémim. nebol' nejsou spoleéne zapojeny  do konjugovaného  systému.  Jejich
elektronakeeptomi viiv posouvi potencial redukee k méné negativinim hodnotam, pricemz
Jejich 0éinek se sditd — viz hodnoty potenciall latek F3 a F4 v Tab. LF.

Mimofadna situace ale nastava u latky F2, kde karbonyly propojujici oba tetraacylgermany jsou
viiéi sobé v poloze para. Kromé induktivniho s zde virazné projevi nejen i mezomérni efeki,
ale interakei téchto dvou karbonyli pres fenyl dojde ke zméné struktury celého mistku na
chinoidni. coZ jesté prohloubi ¢lektronovou delokalizact a tim i vyrazng usnadni redukei. Oproti
litee F3. kierd mi také dva karbonyly. ale v meta-poloze. je posun potencialu o 440 mV! Tento
efekt jsme pozorovali u Fischerovych aminokarbenovych komplexit a jeho interpretace byla
potvrzena Kvantovymi vWpoctly

Zaver

7 uvedencho vyplyva dillezitost vhodné struktury mistku u dvajjademych acylgermani (a
nejen u nich). Na rozdil od latky E2, v ni2 jsou centra redukee (vzajemne se o ijici
karbonylové skupiny) jednoznaéné lokalizovana na "vndjéi" periferii germylovyveh skupin a
miistek neumoznuje konjugaci. v latkach F2. F3 a F4 hlavni roli hraji “vnitim" karbonylove
skupiny pfipojené na centralni benzenové jadro. Privé synergie induktivniho a mezomerniho
vlivu vedouci a2 ke zméné struktury vysvétluje znatng rozdil v hodnoté £ (1éméi 0.9 V) mezi
obéma typy litek o ukazuje na vzajemme neekvivalentni karbonylové skupiny,

Acknowledgement :
‘The authors are grateful for financial support from projects GACR 21-232618. NAWI Graz.
and institutional support RVO 61388955,

References

1. Hirt T.. Moszner N.. Burtscher P.. Vogel Todd 1.-C.. Heintze S.. Peschke A Report —
Aus der Forschung und Entwicklung der Ivoclar Vivadent AG. 9494 Schaan / Liechtenstein
19, 2(2013).

2. Haas M. Radebner L. Eibel A Gescheidt G.. Stueger H: Chemistry—A European Journal
24,8258 (2018).

3. Radebner J. Levpold M., Eibel A Maier L. Shuh L., Torvisco A.. Fischer R., Moszner
N., Gescheidt G., Stueger H., Haas M.: Organometallics 36, 3624 (2017).

4. Frihwirt P Liska A, Wasdin PUT., Kelterer A.-M., Haas M., Ludvik 1. Gescheidt G
Organometallics 3%, 2257 (2020).

5. Heskoveovd. L. Zvéfinovi. R.. Rohatova. 1. Dvoiak. D.. Tobrman. T.. Zikid
I.: Electrochimica Acta 56, 6583 (2011).

. Ludvik.

150



EPR/UV-VIS-NIR Spectroelectrochemical Examination of the Association Properties of
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Abstract

This work was focused on the EPR/UV-VIS-NIR spectroelectrochemical examination of
association properties of radical cations electrochemically produced from tetrathiafulvalene
{TTF) derivatives, in relation to the molecular structure, mainly the number and orientation of
thiophene rings in the spacer between fulvalene redox centers. Results from EPR/UV-VIS-NIR
spectroelectrochemistry were supperted by DFT calculations.

Key Words: Tefrathiafulvalene, EPR/UV-VIS-NIR spectroelectrochemistry, Cyeclic
valtammetry, Self-assembly, n-Dimerization, Mixed-valence, Multiple redos centers,

Introduction
Tetrathiafulvalene (TTF) is an effective n-electron-don
electrochemical behavior . A churacteristic feature of TTF is that, upon stepwise oxid
to two sequentially oxidized species, namely, the TTF radical cation (TTF*) and

Ivalene (TTF) radical cations has
become an important tool in supramolecular chemistry owing to the ability to tum on and off
thi. association by reversible oxidation of TTF In  situ  EPR/UV-Vis-NIR
tiption of the

¢ molecule that displays 1

it gives i
the TTF dication (TTE'). a-]

imerization of tefrath

speciroelectrochemical studies were performed to obtain a more detailed des

influence exerted by one or more central thiophene rings and the influence of connecting the
two dithiafulvene units in a cross-conjugated or linearly conjugated manner (see Schemel) *.
o T
1 hde AT

Scheme 1. [nvestigated extended TTF (1-5) (left) and their geomeiries of in the neutral state
caleulated at the B3LYP/ec-pVDZ level of theory using Gaussian09 (right)



Experimental

Insitn EPR/AIV-VisWIR spectroelecirochemical expenments were performed in an optical EPR
cavity (ER. 41040R, Bruker Gemmany) of an X-band CW spectrometer EMI (Bruker,
Germany), UV-Vis-NIR specira were recorded using the diode-amay spectrometer Avantes
AvaSpec controlled by the AvaSoft 7.5 software. Electrocherucal part was performed using
HEKA potentiostat PG 390 operated by the PothMaster v2x93 (HEK A Electronik, Germany)
so fiwvare package, that also triggered both spectral measurements. EPR flat cell wath laminated
platinum mesh as working electrode, a alver wire as the pseudoreference electrode, and a
platinum wire as the counter electrode, was used in spectroelectro chemical experiments. The
temperature control in vanable temperature expenments was realized by ER4141VT Yanable
Temperature Accessory (Bruker, Germany). The solvent, dichloromethane (CHaCla, dned
(maz 0005% H20) SeccoSolv®, Merck), was used as received. Tetrabutylammonium
hezafluorophosphate (n-BwalPFg, 99 %, Sigma-Aldrich) was dried under reduced pressure for
24 h/70 °C and stored in desiccator before use The guantum chermecal caleulations were
performed using the Gaussian 09 program package The aptimal geometries were calculated by
DFT/B3LYP without any constraints. All caleulations of open-shell (ionized) states were
evaluated using the unrestricted formalism (UB 3L YP) with spin contamination below 0.01. The
6-31G(d,p) and cc-pVDZ basis sets of atomic orbitals were applied. Calculations are described
inmore detail in the original work *

Results and discussion

EPR. zpectroelectrochernical studies of some studied complexes, reveals two slightly different
EPR signals upon oxidation, one assigned 1o the mixed-valence (MV) dimer and the other to
the cation menomer. For another samples, interestingly three different EPR spectra were
observed upon oxidation In the region where the cation radicals dominate, 2 new broadened
EPR. spectrum vath g-value of 2.0056 appears, and simultaneously the UV-VisNIR spectra
show two strong mazma &t 650 nm and 1010 am.

Ao o550

W70 375 M0 485
8(mT)

=
500 1000 1500 370 3475 380 MBS a0
2 (nem) 8(mT)

Fig. 1. In sty EPR/UY -Vis-NIR spectroelectrochermstry of 1 and 5 (0.5 M) in CHaCla +
0.2 M n-BwNPFs. Optical () and EPR. spectra (b) correspond to the potential marked with
arcles in the corresponding voltammao gram shown as inset in (a). The color code 13
maintained throughout the figure.
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These species could possibly be ascribed to a TTF "+ TTF" biradical species confirming the
strong association between radical cations in this case. Also, the calculations reveal that the
triplet ground state is more stable than the singlet ground state for doubly charged large
conjugated systems. Going to the region of the second electron transfer, the concentration of
such species strongly decreases, and remaining isolated cations exhibits a strongly shifted g-
value of g = 2.0063, which confirms a lower delocalized spin in comparison to both the
TTF+TTEF" and TTF "= TTF" associates, The B3LYP/6-31G(d,p} calculated Gibbs energy
differences between the triplet and singlet ground states were calculated for all isolated
dications and selected tetrathiafulvalene TTF s TTF" i (Fig. 2). The caleul
reveal that the triplet ground state is more stable than the singlet for 1" and 3, and the
compounds are besi described as biradicals. On the other hand, the ground states of the doubly
charged 2a and 5 are predicted to be open-shell singlets, while 4°* is found to be in the closed-
shell singlet state”,

Fig. 2. The B3LYP/6-31Gid.p} optimal geometries {front and side views) of model nevtral
TTFTTF associates for 2a, 3 and 4 (the starting geometries were taken from X-ray structures).
Negligible associate geometrical changes were found upon the charging.

Condusions
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As the result from systematic EPR/UV-VIS-NIR spectroelectrochemical studies on a selection
of thienoacene-extended tetrathiafulvalenes we found the redox properties are strongly
influenced by a remarkable ability of these molecules 10 associate. when nol prevented by
deviation from planarity (compound 1), Compound  stood out here again as the one with the
strongest associations between radical cations and between radical cations and neutrals. The
intrinsic absorptions as well as those originating from associations of radical cations expand a
remarkable broad region of the UNV-Vis-NIR region, with absorption spectra that depend
strongly on the structure of the spacer, and these thienoacene-extended tetrathiafulvalenes.
From this reason seem these molecules promising for electrochromic materials applications
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plisnémi)

Barbora Martinkova *. Gylxhane Kastrali *, Iveta Brozkoy
Bilkova *, and
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Ahstract

a fungal-specific membrane sterol. whose amount correlates with fungal growth.
it could be used as biochemical marker of fungal contanination of food raw

T'herefore,
materials or products. This work aimed at implementation and optimization of square-wave

voltammetric method for detection of ergosterol as simple sereening method instead of tim-
consuming microbiological methods or liquid chromatography. Three different working
electrodes. glassy carhon electrode, boron doped diamond electrode and sereen-printed boron
doped diamond ¢lectrode, were used and compared. Conditions of electrochemical detection
were optimized. Finally, real samples represented by fungal mycelium and grain were analyzed.

Key Words: Ergosterol, Square-wave vollammetry, Glassy carbon electrode, Fungal
contamination. Boron-doped diamond electrode. Screen printed electrode.

cod
gosteral (provitamin Dz, ergosta-5.7.22-trien-33-0l) je hojné rozsifenou latkou, strukturné
cholesterolu !, Je pritommy v bungénveh membrandch, kde regul permeabilitu
ev hyl odvozen od ergotismu, mykotoxikozy vyvolané obvykle kontaminovanymi
potravinami . Typicky je vyskyt ergosterolu v buiik hub a plisni *. Ty jsou fastymi
kontaminanty obili, ofechii, susenych a daldich potravin. coz vede nejen ke snizeni kval
potravin, ale vzhledem k produkei sekundarnich metaboliti (mykotoxint), k riziku zdravi
nehezpecnych otray '

kotoxinll v potravinach jsou dasove
ngové metody stanoveni
korelace mmoZstvi prndulmmuhw
. Proto mitze byt ergosterol biochemickym markerem

Mikrobiologické metody stanoveni piitomnosti plisni a my]
narocné. Proto je snaha hledat j
kontaminace potravin. Hylo prokazano, #e
ergosterolu s ristem dané pl
kontar ¢ plisnér

Ergosterol Ize, vedle béiné vyuzivanych metod. kie

kapalinovi chromatografie (HPLC) *'. plynova chromatografie (GC) ', nebo pro vzorky
potravin e-nose ' stanovit elektrochemicky. 7 detekénich metod lz¢ vyuzit diferenéng pulzni
voltametrii (DPV) nebo squareswave voltameltrie, jako pracovni elektrody jsou v literatufe
zminovany elektroda ze skelného uhliku (GCLE) nebo borem dopovana elektroda (BDDE) %,

ni jsou zejména vysokoldinna

Cilem nadi price bylo optimalizovat parametry elektrochemické detekce a porovnat
vyuzitelnost tisténych trielektrodovyeh senzorii s pracowni horem dopovanou diamantovou




clektrodou (SPE-BDDE) s GCE a BDDE. Po optimalizaci metody byl proveden pilotni
experiment se vzorky znameho mnoZstvi smesi plisni,

perimentilni st

hemildlie

Ergosterol (3p-Hydroxy-5.7.22-ergostatrienc). chloristan lithny (LiCLO«). Tetrabutylamonium
hexalluorofosfit (BuyNPFs), acetonitril bezvody, methanol bezvody. ethanol. izopropanol,
dichlormethan (DCM) a ~dimethylformamid byly zakoupeny od fiumy Merckgroup
(Darmstadt, Némecko). Ostaini chemikalie byly éistoty p.a (PENTA, Chrudim, CR),

Pristrote
Pro clektrochemicka mefeni byl pouzivin kompakini potenciostat PalSens2 se software
Psfmu.j (Palm%:.ns BV. Houten. Nizozemsko). Méfeni probihala v tiielektrodovém
lektroda byla pnuﬁjla eleklmda ze ske]ného uhliku (Cv

Scientific, V. ‘!k-l“!’l
Jako pomocena platinova (Eh.lalrm.i:sumk». detektory, (R} \ mﬁ; mlm byla puumn i
elektroda (SPE-BDDE) s pracovni BDDE ¢lektrodou, referentni stiibrnou & pomocnou
uhlikovou elektrodou (Metrohm, Herrisau, Svycarsko). GCE elektroda byla pied méfenim
lesténa suspenzi AlOs pragku.

Podminky elektraochenické detekee

Méfeni probihalo v roztoku elekirolytu (0.1 M ACN/LICLOs). BDDE elektroda byla pred
meienim aklivovina prométenim 10 cyklickyeh voltamogramii v rozsabu potencidlu od - 1.5 do
#1.6 V. Meéfem prohihalo za optimali weh podminek: potencidlové okno od 0.4 do 1.2
V. potencialovy krok 5 mV, depoziéni &as 150 s. depozitni poten (.6 V. ekvilibratni Sas
8 s. amplituda pulzu 45 mV. frekvence pulzu 10 Mz, Oxidaéni pik ergosterolu byl odetitan
v maximu piku (+0,92 V)

Vsledly a diskuse

Pro stanoveni ergosterolu byla jako detekini metoda zvolena square-wave voltametric SWV a
pro méfeni byly testovany. tii typy elektrod, dvé bézné elektrody, konkréwng elektroda ze
skelneho uhliku (GCE, Windsor Scientific, Velka Britinie) a borem dopovana diamantova
elektroda (BDDE. Metrohm, Svyearsko). Vedle toho byly testovany 1 kome
tiielektrodové senzory s borem dopovanou diamantovou pracovni clekirodou (SP
Metrohnw. Svycarske). Tisténé elektrody byly vybrany s ohledem na zamySlenou vyuZitelnost
dané metody jako screeningové metody pro detekei kontammace potravinovveh surovin
plisnémi.

Mefeni probihala v prostfedi organickych rozpoustédel s pridavkem chloristanu lithného
(LiCI O:) nﬂbo 'l"dnbulvla.rnmlium hexafluorofosfitu (BuiNPFe). Byly testoviny: bezvody
methylformamid. 8 ohledem na cenu SPE
i. Nejlepsich vysledkil bylo dosazeno
i ethanolu deslo K posunu oxidacniho
piku k pozitivnéjdimu potenc Nejlepsi vysledky byly ziskany ve smési ACN/LICLO4 jako
elektrolytu, a to pro oba typy elektrod (vvsledky méfe: BDDE jsou uvedeny na obrazku 1).
¥ dalsich experimentech byly optimalizoviny parametry SWV, depoziéni éa
a frekvence pulzu. Optimalizované podmi sou uvedeny v experimentalni
byly porovnany viechny i vwie uvedend elektrody promérenim kalibr:
standardu ergosterolu v rozmezi koncentracei 7.5 — 320 phL Vyeledky jsou uve

di ILmelnlu methanolu. V prosti

na ubraz}m
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2. Bylo opakované ovéieno, ze v pripadé SPE-BDDE lze jednu elektrodu pouzit pro piiblizng
4 mefeni. Pro viechny tii elektrody byl kalkulovan limit detekee (LOD) mez stanovitelnosti
(LOQ), kde nizsich hodnot bylo dosazeno pro BDDE a SPE-BDDE v porovnani s GCE.

Pro ovéreni praktické vyuzitelnosti metody byl analyzovin realny vzorek obsahujici znamé
mnozstvi (2.6x10" cfwg) plisni rodu Miccor, Cladosporaum, Alternaria, Fusarium, Aspergilins
brasiliensis a Penicillion. Ergosterol byl ze vzorku extrahovan smési MetOH/DCM
(75:25.w/v). pomér pevné a Kapalné fize inil 1:25 (w/w). Extrakce byla opakovina 3x
s naslednym odparenim frakei a rozpusténim v elektrolytu (ACH 104). Pii méfeni byl
an oxidaéni p lu na GCE a SPE-BDDE. Nejvyssi pmudm:\ odezva byla
ziskinua na GCE. Na BI)I}!— byla na hrané hodnotitelnosti v porovnani se signalem &i

cistého
clektrolytu, V piipade redlného vzorku se Jednd o prvni experimenty. kde zplisob extrakee
vychazel z literatury *. Bude nasledovat tprava podminek extrakee ergosterolu ze vzorku pro
dosazeni vyssi uinnosti,

0
— acnuc,

— AT,
01— BOKLCD,
— BN/,
— MO,
e MEOMADNPE,

s

o us o I u

€7V iAgiAgch
Obr. 1. SW voltamogram ergosterolu (300 M) vriznveh elekirolytech (Acetonitril
(ACNYLICIOw:  Acetonitril  (ACNYBwNPFa;  Ethanol  (EtOH)  LiClOx.  Ethanol
(EtOH) BuyNPFs: Methanol (MetOH)TiC104: Methanol (MetOH)YBwNPF:. BDDE elekiroda

1 . ¥e00m- Dt
weosE

P - ¢ #3008
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Obr. 2. Kalibratni zavislosti proudové hustoty na koncentraci eérgosterolu naméfend na
clektrodich: BDDE — borem dopovana diamantova elektroda (windsor Scientific). GCE -
elektroda ze skelného vhliku (Metrohm): SP-BDDE — usténa borem dopovani diamantova
elekiroda (Metrohm).

Zavér

Vramei experimentil bvly pro stanoveni ergosterolu testovany tfi typy elektrod a
optimalizoviny podminky elektrochemického stanoveni. Jako nejvhodngjsi elekirolyt pro
viechny i1 typy elektrod byl zvolen acetonitril s pridavkem LiC1O4, V prvnich experimentech
s redlnym vzorkem. ktery byl tvoren smési plisni, byl zaznamendn p:l\ ergosterolu. Metoda se
Jako vyuzitelnd pro sereening kontaminace vzorki potravin, a to i ¢ vyuzitim SPE-BDDE,
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nicméné je nuiné nalézt nejvhodngjii zpisob extrakee ergosterolu pro zvyieni citlivosti
stanovent,
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Abstract

Electrochemical oxidation of a mephenoxalone (MNL) was firstly studied using boron doped
diamond electrode (BDDE). At different pH. an irreversible anodic peak was observed at
potential of +1.375 V (vs. Ag/AgCl). The voltammetric method for MNL determination was
developed using square wave volammetry. This thod pru\'l es low limit of detection
(5.5410 ¥ mol L"), wide linear dynamic range (1.0 107-3.0<10"° mol L), and good recovery
in the analysis of model samples as well as phdrmmul\ul preparation Dimexol 200 mg, The
developed method was successfully transferred to the commercially available and lab-made
sereen-printed sensors with chemically deposited BDDE.

Key Words: Mechpenoxalone, Dimexol, Electrochemisiry, Voltammetry. Sereen-printed
sensors, Boron doped diamond electrode.

Introduction

Mephenoxalone (MNL, IUPAC name: 5-[(2-methoxyphenoxyjmethvl] -1.3-oxazolidin-2-one )
15 the active substance in pharmaceuticals which has a nephropharmaceutical effect and helps
with anxiety in humans ', s0 it acts as a tranquilizer *7, MNL has relaxing properties for
muscles and provides a pronounced sedation without causing serious side effects in humans ™%,
MNTL in combination with paracetamol has an analgesic \.]mmckr . Studies in dogs and rats
have shown that long-term exposure to MNL leads to aner \\elghl loss, hemolytic anemia
and death in animals "7 Therefore, such animal side effects require clear and precise control
of the concentration of MNL in the environment.

Scheme 1: Structural formula of mephenoxalone,

To date, different imstrumental detection methods are used to determine MNL. such as high-
performance liquid chromatography with fluorescence detection "1, spectrophotometry®. and
nuclear magnetic resonance '* (NMR). All of these methods are exact, sensitive and selective,
On the other hand. they are also expensive. instrumentally demanding, time consuming, and
often require complicated sample preparation before analy An acceptable alternative may
be electrochemical methods, which are characterized by no less accuracy, speed, simplicity.
low cost and relatively simple sample preparation,
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Until now, there is no mformation on the electrochemical behavior of MNL. Also, there is no
information about the possibility of voltammetric determination of MNL in the literature,
Therefore, this work will be devoted 1o the study of the electrochemical behavior of MNL at
BDDE and to the development of a method for its determination. BDDE was chosen as working
electrode due to s excellent electrochemical properties including a ¢ available potential
window (3 V), low background current, good chemical resistance, low current nojse, resistance
to passivation. and high hardn, BDDI s have been used frequently to determine a variety
of drugs and health-hazardos nees 1%, In recent years. more and more seientilic progress
is focused to the miniaturization of equipment, speeding up the process and reducing the cost
of anal of various substances. Screen-printed sensors (SPE) are a partial solution 1o these
problems. as they reduce the amount of aliquot to be analyzed and allow field analysis to be
performed using mini-potentials. Therefore, in this work. the possibility of using printed sensors
with chemically deposited BDDE (SP/BDDE) to determine the MNL was also be tested.

Experimental

Britton-Robinson buffer (BRB. pH 2-12) was prepared by mixing the acidic and alkaline
components under a pll meter. The acidic component was a 0.04 M solution of H3POu, 1LBO:
and CH:COOH, The alkaline component was created by 0.2 M NaOH. 0.1 M HNOs, 0.05 M
H2804, 0.1 M Ha8O4, 0.1 M HCL 0.1 M HCIOq were diluted from concentrated 63 % HNOs,
96 % Ha80s 70% HCL 64.5% HCIOs (all from Ing. Petr Svee-PE .. Crech
Republic). 110 *M solution of MNL (Sigma-Aldrich) was prepared by dissolving the
appropriate batch in acetonitril (Ing. Petr Svec-PENTA s.r.0.. Czech Republic) and stored in a
refrigerator, Solutions with lower concentrations were prepared fresh by diluting them with
BRB daily, The pharmaceutical preparation Dimexol 200 mg (Glenmark Pharmaceuticals
Distribution s.r.o.. Czech Republic) was analyzed as a practical sample.

Voltammetric measurements were performed using Autolab PGSTAT204 (Metrohm Autolab,
Netherlands) equipped with software Nova 2.1, Measurements were performed in a three-
electrode set up with bulk BDDE (BioLogic. active surface area of 7.07 mm’, inner diameter
of 3 mm. B/C ration during deposition 1000 ppm) as a working electrode (WE). saturated
argentehloride electrode (Ag/AgCl (KO, sal.)) as a reference (RE) and platinum wire as a
counter (CE) electrode (both Monoks v. CZ). Commercially available SP/BDDE
(DropSens. active surface area of 10.17 mm’, inner diameter of 3,6 mm. B'C — producer does
not provide thiz information) whih WE from BDD, CE from carbon, and RE from silver. The
lab-made (LM) SP/BDDE was the second one consisted of BDID as WE as well as CE and silver
RE (active surface area of 0.785. 3.14, 7.07 mm’, inner diameter of 1. 2, 3 mm. B/C 312.500
ppm). In all cases, BDDEs were activated at the beginning of the working day by performing
s in the potential range from initial potential (£in) of 1000 mV o
switching potential (Fsviter) of +2200 mV directly in the supporting electrolyte used. Activation
procedure was terminated at the positive potential value. ie.. at the final potential (i)
#2200 mV. It was found that there was no need to reactivate or regenerate the electrode surfaces
in any way between particular measurements. The measurement took place on the O-terminated
electrode surface. Prior to measurements with SP/BDDEs. only as many cycles were performed
until the recorded signals were stable

Parameters of calibration curves and confidence intervals were ealeulated on the level of
significance 0.05. Limit of detection (LE[3) and limit of quantification (LOQ) were caleulated
from the calibration dependence: three times standard deviation and ten tmes standard
deviation of an intercept divided by a slope.
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Results and discussion

Voltammetric behavior of MNL (2.0~ 10" mol L™') was firstly studied using the bulk BDDE in
slightly acidic medium of BRE of pH 5 at the sean rate of 100 mV 5. The obtained eyelic
voltammograms are shown in Fig. 1A, On the obtained voltammograms there is one clearly
expressed peak at the potential +1375 mV, and a litthe pronounced second peak +1580 mV. On
the cathode part of the vollammograms there are no corresponding reduction peaks. which
indicates that this oxidation reaction is irreversible. As it was found from the following studies
of the effect of pH of the electrolyte on the anode signals. the optimal pH value is 9. because
only one peak of MNL oxidation was observed. When using a solution of (0.1 M HNOs, two
distinet. separated peaks of anodic oxidation of MNL are observed, but the results are not
reproducible. When using different types of acids (I1:80,. TICL TICIOy) as a supporting
electrolyte. the same situation is observed as in the BRI buffer. the peaks are not separated.
Based on the dependences of the peak height on the scan rate. respectively on the square rool
of the sean rate it follows that these reactions are controlled by diffusion. When studying the
electrochemical behavior of MNL at different electrodes (bulk BDDE. SPBDDE and LM-
SP/BDDL) there is a shift of the oxidation peak potential to a more negative region. which is
most associated with the use of ditterent reference electrodes. The height of the oxidation peaks
1s slightly lower on the SPS compared to the bulk BDDE (Fig. 1B).

g 1000
= == =BREpH 5 o E
= — Eswitch + 2200 mV 1 <
ol ——Eswientsoomy Il B 750
3000+
500
2000 -
250
1000+
t 0
ol o
2501
500 o 500 1000 1500 2000 -1000  -500 e 500 1000 1500 2000
E[mv] E[mV]

Fig 1. Cyelic voltammograms of 2.0 < 10°* mol 1! MNI. recorded on the BDDE (A) and on
bulk BDDE. SP'BDDE. and LM-SP/BDDES recalculated to current densities: Method - CV.
Eun~ Erin ™ — 1500 mV, Euings = +2200mV. o = 100 mV s™"; supporting electrolyte - BRB (pH
5(A)and 9 (B)

The square wave voltammetry (SWV) provides higher current peaks of MNL compared to the
differential pulse voltammetry (DPV). Therefore. this method was applied for its determination
and the BRE (pH 9) was chosen as the supporting electrolyte. The next stage was oplimizing
of SWV parameters — sean rate (p) — 30mV s~ modulation amplitude (4) — 40 mV, and
frequency (/) = 25 Hz. Moreover. the insertion of pre-treatment procedures such as CV.
cathodic and anodic polarization and polishing were tested. Highest and well repeatable peak
was achieved after eyeling. Therefore. this procedure was chosen as the most suitable. Finally.
the coneentration dependences were measured and the basic statistical parameters as linear
dynamic range (LDR), LOD. and LOO were caleulated (Table 1), The ranges of linear
dependence of peak height on MNL concentration for all electrodes are shown in Fig, 2A.
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Table L.
Statistical parameters for MNL determination,

=
Flectrode LRD [mol 1-1] IIJL:II}‘IF'I L@?:Izl.“] RSD" [%)]
BDDE LO-107-3.0-107° 5:10°% 18-107 0.89
SP/BDDE 304107214107 945108 3107 063
ILM-SP/BDDE ~ 40-107-3.0.10° 99107 33007 0.66
2LM-SP/BDDE 3010 730107  7410°% 254107 0.60
3LM-SP/BDDE 50107 3.0.10° 58.10° L9107 095

# Caleulated from the recorded concentration dependence in the range of 5-10°7
110 mol 17!
"Caleulated from the 11 repeated measurements al the concentration of MNL of
S0 mol L7,

In the following siep. this method was verified in analysis of model solutions with MNI

concentrations of 1.0-107 and 50107 mol L' using the standard addition method (SAM).
The analysis was 5 times repeated and the corresponding statistical parameters were caleulated

In addition, the developed method was also applied in the ana of the medicinal product
Dimexol 2000 mg. In general. the obtained results were correet and very well repeatable (RSDs
< 2.6 "), which confirms that the method is suitable for the determination of MNL,

The final step was to check the reproducibility of the results between the individual pieces of
electrodes of the same type. This feature is especially important with regard to the possibility
ol using SPE as disposable sensors. And it is known that the reproducibility of prinied sensors
can be a problem. For this purpose. 10 repeated measurements of 1.0=107 mol L™ MNL were
performed on a series of all tested sensors and the obtained peak heights are summarized in
Figure 2B after recaleulation to the current densities. 1t is clear that all the types of sensors
investigated show very good reproducibility (RSDs < 5.0 %),

RSD,=2.89% s =8 50311 %

“ RSD, <2.50
w0

SPBDDE  1Lh&SP/ADOE 2UM-SH/ADDE 3LMe-5P/B0OS

30

R R T T
¢ fumol L
Fig. 2. Dependences of current densities on MNL concentration obtained on all tested
clectrodes (A) and peak height diagram of MNL (1.0 - 10 mol L 1) obtained on all tested
clectrodes (B): Method SWV. supporting electrolyle — BRB (pH9). Fu~0mV,
Ew=+2000mV, 0 =50mVs™'. 1 =-+40mV, /=25Hz.

Conclusion

In this work, the electrochemical behavior of mephenoxalone on a BDDE was studied for the
first time. The oxidation reaction of MNIL is irreversible and is controlled by diffusion. The
method for determination of MNL was developed, which was successfully applied in the
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of model solutions and commercially available pharmaceutical preparation Dimesol
This new method was tested also using SPE with chemically deposited BDDE. The
of the vollammetric measurement of MNL on one sensor as well as the
ty on a serics of SP/BDDEs was confirmed very good, The results indicate the
suitability of the developed method for MNL determination applying different types of BDD
sensors, e, different arrangement of an electrochemical cell with BDDE as working ¢lectrode.
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Abstract

The histones are small basie proteins with a large number of electroactive residues (mostly
arginines and lysines) that carry positive charge. As we know. protein properties and functions
are strongly dependent on the structure and amino acid content. In this work. catalytic hydrogen
evolution reaction (CHER) of histones was studied to understand histone's behaviour at charged
surfaces. Constant current chronopotentiometric stripping and impedance measurement of
eatacitance dependence in time (O - £ curves) were used for the study. Using this combination
of methods. we could differ between histones. and their high-ordered structure — octamer. which
appears useful for the analysis of complex systems.

Key Words: Histone, Octamer, Chronopotentiometric stripping analy
evolution

Catalytic hydrogen

Uved
Chronopotentiometricki analvza konstantnym pridom (CPS) je vysoko citliva metoda
pouzivana na stiidium nekonjugovanych proteinoy pomacou reakeie katalytického vylugovania
vodika (CHER) pritom protein zastava rolu Katalyzitora. Zachyteny a prepofitany signal
pik IL sa vyskytuje pri vysoko negativiych pok.nualo..il prib ne -1 & V aviak pritomneo:
proteinu ako katalvzatora spasobuje posun vy nia vodika k menej negativaym potencidlom,
Peptidy a proteiny poskyiuji v dosledku ¢ 1ER dobre vyvinuté piky H.! ktoré umoziuji
stanovenie lokalnyeh a globalnych zmien v strukiire proteinu vplyvom denaturicie proteinu >,
oligomerizicie ', agregacie *. glykicie *. oxidaéného pofkodenia . & v¥meny jednej
7V tejlo prici sme analyzovali spravanie sa histonov, menovite histénu H2
14 a komplexnej Struktiry histonov. aby sme ziskali viac informdcii o ich spravani
na nabitych povichoch. Histony ako malé bizické proteiny zohrivaja dolezitd dlohu
cii negativne nabitej DNA  vo wvmitri chromatinu.  Chromatin je tvoreny

nukleozomami. ktoré pozostivapl z 200 bp DNA dvakrat obalenvch okelo histonového
konkrétne H2A, H2B. H3 a H4
tomového oklaméru je postupny
HIB

oktaméru. ktory obsahuje dve kipie zzikladnl\‘ch histénoy.
(molekulidrna hmotnost” priblizne11-16 kDa) ¥ Tvorba h
proces, Kory si vyzaduje podiatodni tvorbu histonovyeh dimérov H3-H4 a H2
a nisledne vanik dvoch dimérov (H2A H2B) a jedného ln.r_rmmm(lﬁ Haya. Jednotlive hi
sa zhoduji v z.\k!adnom motive. ktory tvor tri a-helixy spojené dvoma sluckam

obsahujii vysoké mnoZstvo zvyskov bazickych
rg ' umiestnenych hlavne na ich volnyeh koncoch,

eielﬂmchcmickq analyzy.
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P utolab 11 (Metrohm, Utrecht,
nd 663 (\1=lmhm Herisau, Switzerland) v elekirochemicke)
cele s roztokom temperovanym na 24°C. Merania prebi v trojelektrodovom zapojent
s pracovnou elektrddou, ktorii predstavovala ortutova kvapkovi elektroda (HMDE. plocha
clekirady 0.4 mm?). Referenénou elekirdou bola argentochloridova Ag/AgCl3 M KCI a ako
protielektroda bol pouzity platinovy drét. Podmienky merani sa mierne 1isili v zavislosti
od pouzite] metody.

Chronopotenciometrické merania prebiehali s akumulaénym medzikrokom. Na povrchu
elektrody sa akumuloval protein s koncentriciou 300 nM pri potens Ex -~ 1.1V po dobu
180 s v prostredi 30 mM sodného fosfatového pufru s pH 7.5 s naslednym pridavkom 2 M NaCl
na zvyienie ionovej sily, Samotny chronopotenciogram bol vyvhotoveny pri rozpistacom pride
1-10 pA.

Pri merani kapacitancie v zavislosti od ¢asu (C - 1 kriviek) bol pouzity Autolab PGSTAT12
smodulom FRA 2. Merania prebichali pri frekvencii 250 HZ. amplitidou 10 mV (rms)
a aplikovanym potencidlom =1.1 V po dobu 600 s v roztoku 30 mM sodnych fosfitov (pH 7.5)
a pridanou 2M NaCl. pricom protein bol do roztoku pridany az po prvveh 100 s,

Materiily
Roztok zakladného elektrolytu pozostival z troch zlozick:

1. Kysld zlozka putru NalPOs H.0 (-98 %, Merck (Ceska republika))

2. Zasaditd zlozka pufru Naz:HPO. TH20 (~98 %, Merck (Ceska republikaj)

3. NaCl (99,5 %, Merck (Ceska republika))
i H2ZA. H2B. H3, 4 aich komplexna Struktira- oktamér boli dodang firmou Merck
ski republika). Presna koncentricia roztokov bola prepocitana na zaklade hodnét
absorbancie z UV-Vis spektra pri vinovej dizke 280 nm odmeranych pristrojom NanoDrop
Speetrophotometer ND-1000 ( ThermoFisher Scientific. USA). Na pripravu a riedenie roztokov
hola pouziti tri-destilovana voda.

Visledky a diskuse
V rimei tejto price sme studonh Jjednotli

¢ histony a ich komplexmi Struktiru (oktamér)
pomocou CP . Konkréme C - t kriviek, Zatial analyza CPS
nim poskytla informacic o schopnosti histonoy katalyzoval vivoj vodika. keivky € - 1 odrazali
zmeny elekirickej dvojvistvy v dase po pridani histonu. PouZitim oboch pristupov sme éudovali
casovii zivislost na negativne nabitom povichu elekirady. Ziskané idaje
ukazali. e pri niz8ich koncentraciach si histony orientované odligne na povrchu elekirody
v porovnani s v povrchovymi kon i Vygsie piky H
akumul nacovali. ze nedtruktirovand a volné C- a N-koncové Cas
elektroaktivaymi zvySkami mali lepsi pristup k elektrode. a teda mohli viac prnp(um
ku CHER. Pri vy& h ¢asoch, v8ak tieto konce neboli v priamom kontakte
5 elektrodou a nasledne bol CHER s v. Krivky pikov Ha C - r krivky vykazovali odlisné
spravanie histonov HZA, H2B na rozdiel od H3 a Ha. Rozdiely mozu byt sposobené romym
ohsahom a dispoziciou elektroaktivinyveh skupin, konkrétne aminokyselin
v pripade histonu H3 bola adsorpeta aj CHER ovplyvnena pritomnoston €
e 3 8 L

zvyikov. V prici
i oktaméru. Pik H

s dlovy posun dosiahol 100 mV. Krivky C - rdokdeali,
e sa tvorba adsorhénd vrstva oklaméru na nabitom povrehu 1§ od tef pre jednotlivé histony.
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Toto zistenic je v siilade s tidajmi NMR a rontgenového Fiarenia, ktoré ukazujii, 7e konce C-
a N- koncov histonov s v oklamérovej $truktire menej pristupné,

Zavir
V tejto praci sme Studovali jednotlivé histony a ich komplexnu Struktiru (oktamér) pomocou
CPS analyzy a merani impedancie, konkrétne © - ¢ krivick. Ako sme ukazali.

elektrochemicki analyza, ktord

cii & pedancie

rvsoko citliva

chronopotentiometria s kondtantnym pradom je
je vhodna aj na Stidium zikladnyeh proteinov. V. ki
poskitilia CPS Hikorinacis o Sprivai sabtifch pEoteiioe 4 soh povichavich Komplxich,
Doplnkové informicie ziskané z oboch metdd umozauji lepsie porozumiet spravaniu proteinov
aich komplexoy na nabityeh | 1
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Electrochemical Detection of Arsenic Using Screen-Printed Carbon Electrodes Modificd
with Gold
(Elektrochemicka detekee arsenu s vyuzitim uhlikovych tisténych elektrod
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Abstract

Thiz comtribution summari possibilities and difficultics of electrochemical detection of
As(II) at sereen-printed carbon electrodes modified with gold. The modification of electrodes
was performed via several electrolyti 1 1 d t

and lectrolvtic app i J
in site. ex situ and drop-casting of gold nanoparticles in phosphate or citrate hul'h.r The
resulting electrochemical behavior of bare and multi-walled earbon nanotubes-modified sereen-
printed clectrodes with gold layver in the detection of As(IITy was compared to that of glas:
carbon and carbon paste electrodes coated with gold filim, solid gold electrodes. and screen-
printed gold electrodes.

Key Words: Arsenic, Sereen-printed carbon electrodes, Gold film., Gold nanoparticles.

Uvod

Arsen vaine ovlivimje lidské zdravi, pokud prekraduje v pitné vodé maximalni limit
doporuceny Svétovou zdravotnickou organizaci 10 pg 1", Chronicka expozice timto
polutantem je spojena s mnoha zdravotnimi problémy. Kontaminace podzemni vody uréenou
pro lidskou spotécbu postihuje po celém svéte priblizne 50 milioni lidi

¢ techniky vyuzivané pro detekei As se tadi také primd voltametrie a rozpoustéci
milni pfiprava vzorki js ace citlivé a pouzitelné i pro
stanoven nizkych Koncentraci, Dale Je mozné vyuzit rizné zphsoby zakoncentrovini a
:nmbtlvﬂn s na pu\'nhu sid\lmd zuhilm ch (\k-,]m uhlt'k uhllkom pasta, borem

hy se ukazuji jako nejvhodnéjéi pro akumulaci As v m?peu\m.mmi'
tvorbe smbllnuh 1llant\L‘E’|th\dI sloudenin Au-As behiem depozitniho kroku . IIELI\\G!LJE}]L]J

je nikladné a povrch se obtizné Twto nevyhody pickondvi pouziti zlaty
h elekirod, vytvorenych bud' elekirolyticky reduker jonti Au neho pHmym
nandsenim zlatych nanotastic vétsinou na uhlikové substraty, jako je napi. skelny uhlik %
uhlikevi pasta * nebo uhlikové tisténé elektrody ¥, Dalii moznosti jsou jednordzové zlaté tisténé
elektrody °

Experimentilni st

Elektrochemicka méeni byla providéna ve Faradayove kleci s wvyuzitim tiielektrodovyeh
tigtenych senzorii s pracovmi uhlikovou elektrodou (typ DRP-110). uhlikovou elekirodou
modifikovanou vicesténnymi uhlikovymi nanotrubitkami s karboxy skupinou (M B
COOH) (typ DRP-1T10CNT}) a zlatou elektrodou (typ DRP-230AT. vie Metrohm, Ceska
republika) o priméru 4 mm. Senzory DRP-110 a DRP-110CNT mély pomocnou elektrodu
# uhliku, DRP-250AT z platiny, pseudoreferentni elektrody byly u viech typih ze stifbra, Dile
byly pouzity pracovni elektrody ze¢ skelného ubliku. zlata (obé Metrohm, Ceska republika)
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auhlikové pasty se silikonovym olejem, viechny primer 3 mm, Tiiclekirodové zapojeni
dopliiovaly pomoeni platinovi (typ Pt 12+, ED, sr.0.) a referentni chloridostiibmi elektroda s
vnitinim elektrolytem 3 M KCl (typ  6.0726.107. Merohm.  Ceski  republika).
K elekirochemickym experimentim byl viuzivin potenciostat PalmSens 2 (Paln Instruments
BV) fizeny softwarem PSTrace 5.7.

Pro piipravu roztokt As'" byl pouzit standard pro AAS (1 g 17 v 2% HNOz, Sigma-Aldrich).
Zikladni elektrolyty byly plipraveny z koncentrovanyech kyselin HCl (Fluka). H.804
(1T Baker) a HNO: (Merck) a 3 M KCI (Metrohm, Ceski n.publllﬂ) Roztoky As'"' byly
stabilizovany pfidavkem hydrazin sulfatu  (Lachema Bmo, A republika). Pro
elektrodepozice filmu zlata byl pouzt standard Au pro AAS v 2% I{\()\ (121", Fluka). Zlaté
nanodastice o primeru 10 nm byly nanadeny na elektrody z koloidniho Au v citritovém pufru
a v 0.1 M fosfitovém pufru (Sigma-Aldrich). Méfeni probihala bud v kapee roztoku.
divkovaném na povreh tisténého senzoru v objemu 40 ul. nebo v klasickém triclektrodovém
uspofadini v nadobee s objemem roztoku 10 ml

F

\'\?sladky a diskuse

covni
se soudasnou akumulaci As™ ex situ
s naslednym oplichnutim senzoru. Viastni analyza pote prnh:halu
bud' v 40 ul kapee vtk titbeshs piimo na senzor nebo v objemu 10 ml v metici nidobee,
Zisadnim faktorem pii elektrochemické analyze As' je volba vhodného slozeni zikladniho
elektrolytu a koncentrace jednotlivych slozek. Z testoy ..h mrt-‘nkn s;._nko op|1m1im ukv.nh
smés 1 M HaSOs 0,1 M HCL L 100 uM h
dostatednou koncentraci chloridovveh aniont Vyasi
pHtomnost hydrazinu stabilizuje As'™ pied jeho oxidaci.

uhmaih hhmdu T \Lmnum a

Dile byl sledovin vliv parametni elektrodepozice Au filmu na vysledny oxidaéni pik
se na voltamogramech objevuje v rozmezi 0 - 0.1 V. Pii in siti technice byly vhodng
asy depozice do 30, del§i casy velmi zvyiuji signal pozadi, kdy se objevuji intenzivni signily
vreozmezi 0.2 - 03 V. které i detekei As'L Podobné jevy byly pozoroviany i pii
clekirodepo | filmu ex sifu. Snizeni pozadi a zlepseni opakevatelnosti méfeni bylo
dosazeno pouzitim titénych uhlikovy elektrod s f ionalizovanymi - uhlikovymi
nanotrubickami (MWC SOOH) a [mnnm nandsenim zlatveh nanocastic o praméru 10 nm.
Tento zpiisob tvorby Au filmu byl vhodny zejmeéna pri méreni s kapkou vzorku. kedy na rozdil
od michaného roztoku nedochazelo k pil mu odplaveni zlatveh nanotastic z povrchu
pracovni elekirod, i pozadi bylo patrné pii pouziti zlatveh nanogastic v citritovém pufru
{AuNP-C) oproti fosfatovému pufru (AuNP-P). Nicméné 1 tak byly vysledné proudy piku
nekonzistentni a £ malou opakovatelnosti pro rizné koncentrace As'.

Srovnani s elektrochemickym chovinim As'' na dalSich elektrodich potvrdilo stenou polohu

oxidatniho plku As a na rozdil od tisténych elekirod 1 ofekavany narlst métentho signalu na
koncentraci v rozmezi desitek ppb As". Takto bylo mezné pracovat s CPE a GC in st
vytvorenym zlatvm filmem a 5 pevnou zlatow elektrodow. Paradoxné na zlaté tisténé elektrodé
nebyl oxidaéni signal viibec pozorovan, Vysledne srovnini riiznych elektrod je uvedeno na Obr,
1 spolu s Ciselnvimi hodnotanu proudu piku v Tabulee L
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WAUE ¥ roztoi

20 ® Au-CPE v rozioky
% AU-GCE V ratoky
w L s MWCNT-COOH SPCE - AuNP-C v fozioku

SMWCNT-COCH SPCE — AUNP-C v KIpCe
S MWCNT-COGH SPCE — AUNP-P y roziokl
1€ F ®MWCNT-COOH SPOE — AU ¥ roztak
BAWCHT-COGH SPCE — Aufim ¥ kagce
Wl BAYSPCE v azioky
WSACE - AUNP-C v raziok

10 50 100

c(As') / ppb

Obr. 1. Srovnani vysek signalii As'"' na riiznych elektrodich. DPV. 10 az 100 pph As™, 1 M
H2804 + 6,1 M HCI + 100 M hydrazinu, Fuee =-03 V, fuge = 120 5.

Tabulka L.
Srovndni vysek

0.16 0.99 1,45

CPE_Au-film v rozloku 0.69 572 823
u-film v roztoku 0.69 5.86 129
MWCNT-COOH SPCE — AuNP-C v roztoku 1.44 514 11.83
M 1-COOH SPCE pee 633 g.00 6,95
MWCNT-COOH SPCE — AuNP-P v roztoku 2.14 4.19 510
MWCNT-COOH SPCE m v roztoku 0.31 0.86 0.88
MWCNT-COOH SPCE — Au-filin v kapce 0.20 0.34 0.27
SPCE - Au-film v roztoku 537 261 5.61
SPCE - Au-film v kapee 19.08 17.27 10.93

Zaver

Z provedenveh experimentit je patrné. Ze elektrochemicka detekee As™ je na pouzity
tistenych senzorech zatim velmi problematicka. zvldsté v porovnani s klasic) i zlatymi
y vmi elektrodami a pevnou zlatou elektrodou. Svou roli mize hrat i pouzity uhlikovy
inkoust. jeho slozeni a stabilita  stiibmé  pseudoreferentni  elektrody.  Vizhledem
k predpokladanému charakteru rychlého stanoveni s jednordzovymi senzory nebyla testovina
piediprava povrehu uhlikové tisténé elektrody. ktera by mohla piispét ke zlepdeni odezvy.
V dalsi fiizi budou testovany uhlikové substrity jinyeh virobei,

h

169



Acknowledgments
Financial support from Faculty of Chemical Technology, University of Pardubice (project

No. 8€i8-2021-001) is gratefully acknowledged.

References

1. Toral-Sanchez E.. Rangel-Mendez . R.. Chazaro-Ruiz L. F.: 1. Appl. Electrochem. 46. 205
(2016)

2. Sakira AK., bom;. LT.. Ziemons E.. Dejacgher B.. Mertens D.. Hubert P., KaufTinann J.-

isis 27,309 (2015).

3 ’\r[monne D., Palleschi G.. Arduini F.: Electroanalysis 26, 931 (2014).

4. ulAnu 44,1379 (1997).

5 A.. Kalcher K_; Talanta 58, 45 (2002).

6. Laschi S.. Bagni G.. Palchetti L. Mascini M.: Anal. Lett. 40, 3002 (2007).

170
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Abstract

In this contribution, process of preparing three electrode system on alumina substrate is
deseribed. Boron doped diamond (BDD) prepared by MW CVI (MicroWave Chemical Vapor
Deposition) was used as a material of working and counter electrode. Working electrode was
modified with gold nanoparticles with different size and structure (porous nanoparticles).
Scanning clectron microscopy was used o BDD characterization. Electrochemical properties
using the redox systems [Fe(CNa)]™™ and [Ru(NHa)s]""*" were investigated. The BDD
electrodes have also been assessed in determination of hormone melatonin
solution by square wave voltammelry.

1 an agqueous

Key Words: Boron doped  diamond.
nanoparticles, Melatonin

cctrochemical propertics. MW CVD. Gold

Uvod

Moderné elektrochemické metody su v si¢asnosti velmi populime v réznyeh oblastiach vedy.
Jednim 7 najvhodnejsich elektrodovyeh materidlov pre ich vyuzitie si bérom dopované
diamantové elektrody, hlavne pre ich jedineéné vlastnosti. Povrch BDD elekirad (BDDE) je
mozné rozne modifikevat, napriklad roznymi nanocasticami (NanoParticles - NPs)a zlepéituz
vynikajice vlastnosti BDDE. Ako material pre NPs sa pouzivajl rozne kovy (napr. Au. Ag, Pt
Cu). bimetalické zlueniny (napr. Pt-Au. Pt-Ru. Sn-8b). oxidy kovov (napr. Ti0:. CuOz) alebo
rozne kompozity, Hoei je objemové zlato je relativne ineriné. vo forme nanocastic ma vyrazny
¥ ucmok smerom k redoxnym reakeiam. Vyhoda je tiez zvysena diftzia pri
1 elektrod s nanozasticami, kedy previida Konvergentni difitzia pri relativne malyeh
skenovacich rychlostiach, resp. plan sich rychlostiach skenovania, kedy je
pozadovani mensia velkost NPs. Pri pouziti BDDE s NPs sa ZVY Suje pomer signal/Sum, kvoli
j difi andrastu  povrchovyeh  aktivnych v porovnani s planarnou
nemodifikovanou elektrodou, ¢o méze zvvait selektivitu na vybrany analyt.

Pre stanovovanie hormonu melatoninu (N-acetyl-3-metoxylryptamin) st pouZivané rozne
techniky (HPLC, UV spektrometria, elektroforeza, chemiluminiscencia), ktoré su v porovnani
s ¢lektrochemickou metddou drahé. kumphkm ané. zdihave a ¢asto citlivé na matricové gle\I\
Pri stidiu elektrochemického sprivania sa melatoninu a jeho stanovenia sa pouziva najma
cyklickd a square-wave voltampérometria s réznymi uhlikovymi elektrodami
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Experimentilna cast’
BDDE bali pripravené na AL:Os substritoch velkosti priblizne 7.3 #25 mm? v aparatire LA
MW CVD (SCIA, linedmou plazmou podporen chemicki depozicia z pir). Nisledne boli na
povrch BDD fyzikalnou depoziciou z pir vytvorené vrstvy kovu s hribkou Au 100 nm. 10 nm
a5 nm, resp. bimetalickd vrstva s hribkou Au 5 nm a Ag 10 nm pre vytvorenie porézn
nanocastic. BDDE s vytvorenymi vrstvami kovov boli teplotne zihané pri 600°C. Pri vytvirani
poréznych nanodastic bolo Ag leptané v HNO:. Ag zvodové elekirody, referencéna elekiroda a
izoladnd vrstva boli pripravené sietotladou,
Rastrovacia elektronova mikroskopia (SEM JEOL JSM 7500F) bola pouzitd na sledovanie
morfolagie povrchu BDD. tvaru, Struktiry adistribicie NPs. Elektrochemické merania
prebichali v trojelektrodovom  zapojeni na zariadeni potentiostal [/ galvanostat Autolab
PGSTAT 128N (METROHM). Pri clektrochemickej charakterizicii BDDE boli vyuzité
reverzibilné redoxné systémy [Fe(CN)|' ™ a [Ru(NHs)]"'. Merania prebichali evklickou
voltampérometriou pri réznyeh réchlostiach zmeny potencialu (10, 20, 50, 100, 200, 300, 400,
500 mV/s) v roztoku 2.5 mM [Fe(CN)s]" v 0,1 M KCl a 2.5 mM [Ru(NHs)a]"’ v 0.1 M KCL
a 18.2 ME demineralizovane) vody a 2 chemikalii analyticke)
Pre clektrochemicke stanovenic melatoninu bola pouzita metoda squ wave
voltampérometrie (SWV) v pufrovanom Britton Robinson (BR) roztoku s upravenou ionovou
silou 0.1 mol/L pomocou KCL

Vasledky a diskusia

Povrch ALOs bol rovnemere pokryty polykryétalickou BDD vrstvou. Vrstvu BDD, ktord nie
Jje modifikovana Ziadnymi NPs a bola pouzita aj ako podklad pre NPs je na Obr.la. V pripade
100 nm sa vytvorila vrstva zlata, ktord pri teplotnom Zzihani toéne zakryla povich BDD
(Obr. 1b). Pri vytvirani NPs s Au 10 nm sa vytvorili Castice s roznou velkostou a je vidiet!
(Obr. 1¢) vyraznejdi rozdiel medzi najmensimi a najvadsimi Casticami (max. 200 nm). NPs
s hrubkou Au 5 nm sa vyznaduji homogénmym pokrytim povrchu BDD (Obr. 1d). Pri
poréznych nanoéasticiach je ich velkost” az 100 nm a na SEM snimku je jasne viditelna ich
porézna struktira (Obr. 1¢). Proces leptania pri ich vyrobe sposobil, Ze st mierne vsadené do
BDD vrstvy:
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Obr. 1. SEM snimky a) BDDE bez modifikacie NPs a BDDE modifikované s hribkou vrstvy
Au pred zihanim: b) 100 nm ¢) 10 nm d) 5 nm a ¢) BDDE s poréznymi Au nanofasticami
Mierka je 100 nm.

Pre clektrochemicka charakteriziciu BDDE  bol v reverzibilng redoxny ém
[Fe(CN)al' 7. ktory je typicky pre inner sphere sy a reverzibily redoxny systém
[Ru(NH:)s]"7", typicky pre outher sphere systémy. th;ledmch chm'a!\tensuk boli pre
redoxn m [Fe(CN)]* " (Tab I)aredoxny systém [Ru(NH3)e]""™ (Tab IL) uréené
hadnoty anodického a katodickéha prudu, ich vzajomného pomeru, anodického a katodického
potencidlu, ich rozdielu a z neho bola vypotitana kondtanta rychlosti prenosu naboja k” podla
postupu [7].

Pri merani BDDE s AuNPs v redoxnom systéme lFe((_‘\)ﬁ]‘ A sme zistili \'\-T.,\ZI'I) \plw
nanoastic na kinetiku reakeie, Go sa prej i ¥m
a katodickym potencidlom. Elekirddovy dej na elektrade pn.bn,!:_}ju rychlejdie. Pri porovnani
kondtanty rychlosti prenosu ndboja sa konstanta zvyéila minimilne 5 krat pre AuNPs velkosti
5 nm. aaz 12 ket pre AuNPs 100 nm a porézne nanodastice. Pri porovnani anodickych
a katodickyeh pridov neboli v tomto redoxnom systéme pozorované vyraznejdie rozdiely a ich
pomer je 108 az 1,11,

Vredoxnom  systéme [Ru(NHz)e]** sa vplyv NPs pri analyze rozdielu anodického
a katodického potencidlu a z toho vypotitanej rychlostngj konstanty prejavuje menej viraz
ako v redoxnom systéme [Fe(CN)]" . Zmensovanie veTkosti nanocastic prispieva k
hodnoty konstanty k”, Najnizsia hodnota k" bola vypocitana pre BDD s NPs 3 nm. Najv
hodnota rychlostne] konitanty bola dosiahnuti pri BDD s poréany
Pri porovnani anodickych a kalodluk\ch pridov sa v tomto redoxnon
Katalyt
Tieto

i nanoCasticami.
systéme prejavije
¥ ok v katodickom smere iba pre BDD modifikovany s poréznymi Casticami.
edky naznaduji. z¢ AuNPs na povrchu BDDE je wvyhodné powrit’ hlavne pri
u.l:klmchemu.k\ ¢h dejoch prebichajicich s tzv. inner sphere mechanizmom,
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Obr. 2. Voltampérogramy BDDE v roztoku a) 2.5 mM [Fe(CN)g] v 0.1 M KCI b) 2.5 mM
[Ru(NHi}e] v 0.1 M KCI pri 100 mV/s rychlosti zmeny potencidlu

Tabulka L Zikladné elektrochemické parametre pre elekirady testované s redox systémom

[Fe(CNYs* v 0.1 mol L' KCI zistené pomocou CV,

Elektrédn  Ta[pA] Le[pAl Tl I-E:I i"ﬁ‘l I'"'E‘“I R femis]
Bae 337 301 108 23682 5859 17823 15 10°

Au=100nm 383 3.56 1.08 180.66 10742 7324 189107
Au= 10 nm 417 3.86 1.08 185,55 10254 83.01 108107
Au=5nm 339 3.04 1.08 187.99 9521 9278  73-107
Porous Au 4.54 4.11 111 178.22 10498  73.24 189 ~107°

Tabulka IL Zikladné ¢lekirochemické parametre pre elekirédy testované s redox systémom
[Ru(NH:je]" ™ v 0.1 mol L ' KCl zistené pomocou CV.

s £ Eq AL

Elektrida  Tpa|[pA] Ipe|[0A]  Tpollpe Im;'l [mv] Im“:l K Jemys]
Bare 396 332 L19  -15045 -26276 11231 358 -10°

Au= 100 nm 389 3.30 118 -157,78 272,52 114,74 338x107

Au= 10 nm 407 3.40 1.20 -148,01 <2774 12939 246 <1077
Au= 5 nm 344 2,95 117 -126,04 -289.61 163,57 155107
Porous Au 448 6.62 0.68  -167.54 -267.64 100.10 4.94 <107}

Pre voltampérometrické stanovenie melatoninu boli pouzité BDD elektrody s priemerom 2 mm
a elekirody s povrchom modifikovanym Au nanogasticami, Ukszalo sa, ze zlaté nanocastice
nezlepdujn odozvu elekirddy, ako v podobnom pripade pri stanovovani neurohorménu
dopaminu [8]. Dokonca v pripade porédznych nanofastic a 100 nm zlatého filmu na BDD
povrchu nebola ziadna odozva na melatonin, Pre stanovenie melatoninu na BDD clektrodach
bez zlatych nanodastic boli optimalizované parametre SWV (20 mV — potencidlovy krok. 50
mV —amplitida, 250 Hz — frekvencia), akumulatny potencial (0.3 V). Zo zavislosti pradovej
odozvy BDD elektrody od pH elektrolytu v rozsahu pH 2 a7 7 je odozvy takmer konstantnd
30 pA 0,1 Pre dalgie experimenty sme zvolili hodnotu pH = 3. Nakolko pred oxidatnym
stanovenim melatoninu je pot il BDDE drzany pri potenc Ktory je negativnejdi (v nasom
pripade +0.5 V) ako potencial oxidaéného vreholu melatoninu (+0.84 V). stanovili sme
optimilny akumulaény as pre maximilnu pridovi odozvu. V' pripade H-terminovanej
clektrody je 10 60 s a v pripade O-terminovanej elektrady 80 5. Taktic sme & virazny
vplyv na pridovii odozvu ma termindcia povrchu BDD. Na Obr. 3 st porovnmé SWV odozvy
pre rozdielne terminované povrchy.
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Obr. 3. Square-wave vollampérogramy. Zavislost' oxidaéného pradu od koncentracie
melatoninu pre kyslikovo-terminovani (a) a vodikovo-terminovani (by BDD elektradu
(1 -3 mg/L) (vI'avo) a vodikovo-terminovanej (0.2 — 1 mg/L) (vpravo ) BDD elekirode.

Zaver

Vtomto prispevku je opisany proces pripravy BDDE modifikovanych réznymi typmi Au
nanodastic. Boli pripravend vrstvy Au s rznou hribkou 100 nm, 10nm, 3 nm, Kloré boli
nasledne teplotnym Zihanim sformované do réznych NPs. Boli pripravend 4j porézne Au
nanocastice. Voltampérometrické merania ukdzali. Ze s pouzitim typického imer sphere
redoxného systému [Fe(CN )] st dosiahnuté vyrazne lepsie elektrochemické parametre ako
pre nemodifikované BDDE. Pri pouiti outher sphere systému [RugNHz)e]* ™ vplyv nanocastic
nebol vyrazny. BDD elektrody boli testované aj pre stanovovanie koncentracie melatoninu
pomocou metddy square-wave voltampérometrie,
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Selected Copper (II) Complexes and their Catalytic Activity
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Abstract

This contribution offers a comparison of catecholase activity of recently synthesized copper
complexes and enzyme tyrosinase towards selected neurotransmitters (dopamine, epinephrine.
and noradrenaline). The Michaelis-Menten kinetics model was applied for such description,
Hesides a finding of comparable catalytic activity for the copper complexes tested, it has to be
emphasized that the measurements have been performed in methanol wheras experiments with
tyrosinase in aqueous media,

Key Words: UV-VIS spectrophotometry: Dopamine: Amperometry, Copper complexes:
Tyrosinase

Uvod

Jednou z oblasti vyuziti enzymu tyrosinaza jsou biosenzory, kieré slouzi predeviim ke
stanoveni obsahu polyfenolyckych resp. biologicky aktivnich latek (napf. neurotransmitertt) |,
Nieméné stabilita senzoru obsahujiciho tyrosinizu je diky této biologické slozee (enzymu)
hohuzel omezena pouze na nékolik 1¥dni v zavislosti na jeho konstrukei a skladovini ™. To je
Jednim z divoedii. prof je &ast vyzkumu vénovana svntéze tzv. “umélych enzymi’”, tedy
komplexit médi s eilem napodobit chovini tyrosindzy a zajistit tak vétsi stabilitu *7. Viechny
jsou sice schopny katalyzoval pfeménu substritu, aviak v porovnini s enzymem
[lynmu: o vvkazuji nizéi rvehlost této premény © Aby bylo moZzné je mezi sehou porovnat.
Jsou uveding z nich. v rdmei provadéné ah1rah;r|1.1c:: uvedeny parametry. které jsou typické
pro popis enzymem katalyzovanyeh reakei Tedy srovindni pomoci parametri modelu
Michaclis-Mentenové. K tomuto popisu se nejéastéji pouzivi UV-VIS spekirofotometrie, ale
Ize s uspéchem vyuzit i elekirochemickych technik napi. amperometrie. V tomto prispévku je
dile uvedeno. diskutovano porovniani kinetiky enzymu (tyrosindza) s nové syntetizovanymi
komplexy médi (viz. Obr.1).

o > 4
P
@
(\ TR T
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a0 o |
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Obr. 1. Struktury studovanych komplexi médi,
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Experimentani ¢ st

Chenulailie

Doparain, epine fin, noradrenalin, enaymn tyrosindza (EC 1.14.18.1 z (Agaricus biosporus), a
chlonstan lithng byly ziskény od Sigra-Aldnch (Praba, CR) stejné tak methanol (levalita pro
HPLC). Deionzovand woda {odpor =18 M cm) byla phipravena z derane ralizovang vody
poracei systéru Milk-Q systézan od finay erck Millipore (Darmstadt, Nérmecko) soli peo
pipran 0,1 M fosfitového pufiu byly zakoupeny v Lach-Mer sro. (Neratovice, CR).
Studované koraplexy rédi  CuzL{OH) (H O(EIOH) ] (02 a [CuzL (OAc)f H2O)] (CI0s) oba
s lgandera: 2 &bisf(Momethpl  piperazne-I-pimethplj-d-formpl  phenol (HL) byly
syntetizoviny na Ustewn cherie a teclwmologie makromolekulémich litek Univerzity
Pardubice,

Instruraentace

Araperometrickd méferd byla yeovidéna v Kasickém th-elektodowér uspoiddind, kde
pracovnd elektrodou byl disk ze skelného uhliku (o prirém 3 raw), dale jako referentnd byla
zvolena chlorido-stflma elektrada s 3 M KC1 (Pozn.: pro réfend v bezvodéra e thanolu bida
pouZita kalomelovd elekiroda s mistker) a jako pomocnd byl pouZit platinovy pliSek.
Elektrody byly phpojeny k potenciostatu AUTOLAB PGSTATION of finay Metohr (Praha,
CR), kterybyd ovladin prostie dnictvin software NOVA 111

Syektrofotometrické experienty byly prowadé ny na pristrop V2450 finay S himadzu (Kyoto,
Japonsko) v 1 cm kieraermé kyvetd od furay Fisher Scientific (Pardubice, CR) + rozmuezi
vinovyich délek od 200 do 200 rea ryehlost 0.5 ma s

Vyskdky a diskuse

Katalytickd aktivita komplexd médi wredenych na obrizku 1 byla stidovina jak poroci
arperome e tak pro srovndnd i poroci spekbofotoretrie a to pro nizmé substrity v podobé
vybranyeh newrotransmiteni (doparmin, epine frin, noradrenalin). Kinetické parametry ziskdné
poraoci amperometiie ve vsidkovérm uspofidand (kde na pracovnd elekbrodé biyla sledovdna
redukee prisludného o-chinonu, ktery wanikl katalytickou pierénou substritu) odpovidaly
hodnotdm Zskanym 22 spektrofotoras tric kych resferd. Ma obrdzku 2 jsou pro ilustaci wvedsny
barevné zmény roztokid po reakei wvedeného korplexu médi s piislusngim substrtera.

2) o) c) d)
Obr. 2. Ukdzka roztoki [CuL{Okc)(H20)] (C104) koraple:xn v methanolu &) a dile po jeho
reakei s b) epine frinem, ¢) doparainem, d) noradrenalinera.
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Porovndme-li hodnoty jednobo z kinetickych parametrii (K u obou studovanyeh komplexi
s vyuzitim dopaminu jako substritu, dojdeme k fadové podobnym hodnotim (.730 mM vs
0.870 mM. kde hodnota ziskand pro acetitovy komplex ukazuje na lepsi afinitu thoto
katalyzitoru k danému substratu. tedy dopaminu. Porovnaim struktur obou komplesi mizeme
usoudit, Zze svou roli zde hraje rozdilné uspofadini koordinaéniho centra. Porovname-li dale
tyto hodnoty s hodnotou tabelovanou pro enzym Ly rosindza (0.84 mM) dostupnou v databazi
BRENDA %, pak vidime. Ze tyto hodnoty jsou podobné, aviak je nutné podotknout, 7e hodnoty
pro oba komplexy byvly ziskiny v nevodném prostiedi. zatimeo pro énzym to bylo v pro&lfedl
fostatového pufiu pH 7 srovndni, za stejnyeh podminek, zatim hohuzel neni mozné,

V Tabulce I jsou uvedeny kinetické parametry pro acetitovy komplex médi pro rizné
neurolransmitery. Jejich porovndnim lze vidét nejlepsi katalytickd akti komplexu pro
epinefrin. a naopak nejnizii pro noradrenalin, Porovnime-li viak mezni rychlosti, pak epinefrin
vvkazuje nejnizsi rvchlost.

Tabulka I
Hodnoty  Kinetickveh  parametra popisujici  Katalytickou  aktivitu  komplesu
[Cuzl (OAC)(H0)] (ClO4) pro vybrané neurotransmitery.

Substriit Km [mM] Vi [AUST]

Epinefrin 0415 6.15:107

Dopamin 0,730 11,29-107

Noradrenalin 0.956 11,5710
Laver

Tento pispévek nabizi srovnani katalvtické aktiv
§ enzymem tyrosinizou.

¢ studovanych komplexii médi v porovnani
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Abstract

The ocewrrence of various micropollutants in wastewater and their potential toxicity to the
aquatic environment causes an increased interest in their elimination from environmental
waters, Tertiary processes using boron-doped diamend electrodes have proven to be a useful
tool to mprove their removal, ln this work. eleetrochemical oxidation of iohexol (iodinated
contrast media) in wastewater was performed on a BDD c¢lectrode with different current
densities. Identification of the by-products formed was performed using an HPLC-HRMS
system equipped with a Q-Exactive mass analyzer.

Key Words: lodinated contrast media. Wastewater. BDDE. Degradation by-produs LC-

HRMS.

Uvod
Indm-;nm Iumlra\lui

yugivané pri medicinskych zobrazovacich metodach asu
 divkach (az do 200 gidavka) '. &0 sa vzhladom na ich
v organizme odriza na ich pritomnosti v ndpndouch vodich.
Rum'l celosvetovi spmrem jodovanych kontrastnych litok sa pohybuje na trovni 3.5 tony
rocne %, Pre johexol SR priemema; rotnd spotreba v zivislost od Krajiny pohybuje od nickolkyvch
az po desiatky tisic kilogramov *. Tieto litky sit na zdklade $tudii povazované za perzistening,
s nizkou mieron odstrafovania v Sistiarnach odpadovych vod (zvvajne pod 50 %0} !, preto st
s ciefom minimalizoval’ ich pritomnost’” v odpadovich vodich avo vodich Zivotného
prostredia testované rozne pristupy - lercidirne stupne dogist odpadovyeh viad akymi si aj
pokrotilé oxidainé procesy (AOP).

Elektrochemicke pokrogilé oxidacné procesy (EAOP) su podskupma AOP. ktore) vyhodami su

ni materidlmi
ke inertnosti,
sirokeho potencialoveho ﬁknd mfl\eiu) pmdu pnr;\dla ainych & U st tychto elektrod
rovnako ovplyvije mnozstvo premennych, med Lc?.cnic BDD vrstvy, poliatoénad
koncentricia mikropolutantov. zlozenie matrice, hodnota pridovej hustoty a podobne ™
Pn hcdmﬂem testovaného ¢istiaceho procesu je délezité nielen ziskanie &o najv:
na jednej strane, ale aj bezpecnost™ procesu 2 pﬂhl'uhl generovania produktov
ik I mézu v porovnani  povodnou litkou venikat’ menej
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pripadne rovnako toxické produkty, pripadne méZu ticto produkty predstavovat’ vyssie riziko
nez samotnd  povednd  litka 7. Kombindcia k\.|p111uu\r:| chromatogralie  (1L.C)
s vysokorozlisovacou hmotnostnou spekirometriou (HRMS) umoziuje sledovanie pritomnosti
znamyeh  polutantov ale rovnako aj identifikicin vznikajucich litok pocas réznych
degradaénych procesov aj v komplexnych environmentalnych matriciach "

Ciel'om tejto prace bolo uskutotnenie elektrochenicke) oxidacie johexolu v odpadove) vode
swvyuzitim BDDE pri aplikicii réznej pradovej hustoty aidentifikicia jeho produkiov
vznikajucich v prichehu degradicie.

Experimentilna éast
Analyticky $tandard johexolu ako aj zlozky mobilng fazy (kyselina mravéia (298%)
aacetonitril, obe LC MS &istoty) boli zakupené od firmy Sigma Aldrich (Steinheim.
Nemecko). Voda, pouziti na pripravu roztokov a mobilnych fiz bola filtrovand cez Gistiaci
systém  Aqua-MAXN-Ultra (Younglin. Kvounggi-do. Korea). Odpadova voda pre uéely
elektrochemicke) oxidicie bola ziskani 7 pritoku Gistiame odpadovej vody miestnej Casti
Bratislava-Petrzalka. Elektrochemicki oxidiacia bola uskutoénena s vyuzitim BDD anddy
(2.67°% CHo/Hz a 12 000 ppm B/C) a uhlikove) katody (@ = 3mm: L = 40mm) pri dvoch
roznych pridovyeh hustotich, Pre acely kvantitativinej analvzy bolo vyuzité pristrojové
vybavenie HPLC-MS/MS A|||ll0[nn~du)"l‘n aj dorom I\Q Qnunlum Ultra s trojitym
kvadrupolom (Thermo Fisher Scientific, San Jose. CA, USA). Identifikicia produktoy oxi
bola uskutodnend  prostrednictvom  HPLC-HRMS ému vybaveného hmotnostnym
spektrometrom Q-Exactive (Thermo Fisher Scientifi

Visledky a diskusia

Pre sledovanie vplyvu aplikovanej pridovej hustoty na aéinnost’ eliminacie johexolu bola
uskutocnend kvantitativaa HPLC-MS/MS analyza vzorick odpadovej vody 2 pritoku Cistiame
odpadovych vid Bratislava-Petrzalka pred, podas a po el;k\:ru»hmmkq oxiddcii s nastavenim
dvoch réznyeh pradovyeh hustot - 30 mA‘em? a 100 mA/em?®. Pre vietky pritomné cielové
analyty (74 lietiv, drog a ich metabolitov). prirodzene sa nachadzajiice v odobranej odpadovej
vode (- LOQ) bola vysiin miera eliminacie zaznamenand pri pouzitt vvisej pradovej hustoty.
pricom vo vagsine pripadov dosahovala takmer 100 %,

§ ciel'om sledovania vplyvu priidovej hustoty na elimindeiu johexolu a worbu degrada¢nych
produktov bol do odpadovej vody pridany standardny roztoku johexolu na koncentratnej drovni
1 mg/L. Rovnako aj v pripade johexolu bol sledovany ndrast ¢innosti elimindacie s narastom
hodnoty pridovej hustoty. § vyuz: pridovej hustoty 100 mA/em® bola dosiahnutd 97 %o
eliminicia johexolu uz po 120 minitach oxidicie, zatial' &o pri pouziti pridovej hustoty 30
mA/em? koneentricia johexolu v priebehu roviakého asu degradicie poklesla o 64 %,
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¢as degradacie (min)
= B =30mAcm-2 el 100MA.cm-2

Obr. 1. Elekirochemicka oxidacia johexolu v odpadovej vede ¢ podiatoénou koncentracion
vyuzitim BDDE pri réznyeh hodnotich pridove; hustoty.

Identifikacia degradaénych  a transform: I produktov  johexolu bola  uskutoénena
cie odpadove] vody s a bez
pridavku &tandardu johexolu tento el bola vyuZiti kombindcia technik kvapalinovej
chromatografie a vysokorozlifovace] hmotnostnej spektrometrie s vvuzitim hybridného
hmotnostného analyzitora kombinujiiceho kvadrupélovy analyzitor s orbitdlnou idnovou
pascou.  Porovnavanim MS spel ziskanych pre vzorky odpadove] vody pred apo
uskutodneni degradadnyeh expernimentov bol vyvtvereny zoznam potencidlnyeh degradatnyeh
produktov. Na ziklade MS/MS experimentov holo moimé identifikovat’ degradaéné
johexolu, pricom niektoré z nich edte doposial neboli v odbornej literatire v spoje:
publikované.

s vyuzitim vzoriek odoberanych podas elekirochemickej oxi

Zaver

Na ziklade vysle

hustoty na Génnost” eliminacie \\hlmwch rmmeolummm zodpadote} vody.
pripadoch, zv¥senic hodnoty pridovej hustoty malo za nasledok vyésiu mieru climindcie, kord
pri vyidej prudovej hustote dosahovala =95 %, pre johexol 97 %o. 8 cielom komplexného
hodnotenia bezpeénosti vyuzitia BDDE technoligie, bola prostrednictvom HPLC-HRMS
uskutotnend identifikacia degradacnych produktov. wrnikajicich pocas elektrochemickey
degradicie johexolu vodpadovej vode. na zdklade Kiorej bol navrlnuty mechanizmus
odbirania tejto Litky.
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Voltammetric Determination of Heavy Metals in Honeybee Venom using Hanging
Mercury Drop Electrode and Carbon Conductive Filaments for 3D Printer
(Voltametrické stanoveni tézkych kova ve véelim jedu za pouZiti rtuCové kapkové
clektrody a uhlikového vodivého filamentu pro 3D tisk)

Tom: wratil. Marta Choinska, Tvana Sestakova, and Vojtéch Hrdlicka
1. Heyrovsky Institute of Physical Chemistry of the Czech Academy of Sciences,
Dolejtkova 3. 182 23 Prague 8. Czech Republic, E-mail: navratilid@jh-inst.cas.cz

Abstract

Heavy metals belong to typical contaminants of our environment, It is known that they are
metabolized and incorporated into bee products as honey as well as honeybee venom (apitoxing.
It is supposed that their composition can reflect contamination of the “bee environment™ and
can give us information about the environment in the neighborhood of human dwellings.

This study aimed to develop a simple method for the determination of heavy metals in honeybee
venon. Dug to the complicated matrix, wet microwave mineralization with sulfuric acid. nitric
acid. under increased temperature and pressure, and repeated boiling with concentrated nitric
acid had to be applied, Voltammetry proved to be very suitable for the determination of heavy
metals.

Two types of working clectrodes have been used: pen-type hanging mercury drop clectrode and
carbon conductive filaments for 3D printers. Results achieved using both of them and their
advantages and limitations have been compared.

Key Words: Anodic stripping voltammetry. Heavy metals. Honevbee venom. Apitoxin
Mineralization. Pen type hanging mercury drop electrode. Carbon PLA conductive filaments
for 3D printer

Uvod
Vieli jed predstavuge sekret z jedového Gstroji véelich délnic nebo vaeli matky (nikoliv trubed).
qlllﬂcll‘hl divka pro clovika je asi 400-700 zihadel, LS50 my 0,6 mg'kg. Po vysuseni
& elmi jemny prasek. Je rozpustny ve vodé za vzniku opaleskujiciho roztolar
lozeni (procenta predstavugi podil litky v susing) %
25 silné bazicky polypeptid melitin (poskozuje Gervené
pamin (vliv na nervovou
einnost bundénych membran);
*  Enzymy: 13-14 % fosfolypaza A a B, 2-3 %o hyaluronidaza;
*  Biogenni aminy: histamin, dopamin, noradrenalin,
Kromeé vvse uvedenych litek jsou v jedu. pedobné jako ve vielim medu. obsaZeny litky. se
kterymi prichdzi tento hlanokiidly hmyz do styku béhem svého Zivota. Jedna se tedy i o 18zké
kovy., Kterymi je Kontaminovino nase ofni prostiedi.  Analvza véeliho jedu véel
medonosnyeh zijicich ve zvolené oblasti mize tedy poskytnout informaci o ploiném znecisieni
pomérné velké oblasti.

bilé krvinky). 2-3 %
dtava ), MCD (mast cell degranulating) peptid (naruguje

Vzhledem k rychlosti, selekiivite a citlivosti byly zvole
analyzy t&zkveh kovii (Pb, Cd. Cu, 1) voltametrickyr diive polarografickym metodami
patfi ke klasickym ** a nebylo poticha je specialng k témto acelim modifikovat Podstatné
vétsi problém pii analyzich biologického materialu predstavuje skutecnost, ze kovy jsou
riznym zpiisobem naviziny nebo inkorporovany do organickyeh molekul, Prikladem mohou

¢ voltametrické metody. Metody
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byt obranné molekuly organismu® — metalothioneiny a  ftochelatiny *%. nebo

ul/h?mnlxl-ul_nm orpanické Kyseliny, které ovlivimji transport kol pres hl()inmul\c
membrany 7. Voltametrické metody mohou b¥t nipomocny pii_odhalovini zpisobi
inkorporace 1¢kyeh kovii do uvedenyeh molekul nebo lze pomoci nich stanovovat jejich
cellkovy obsah. tedy jak formu velnou. tak vaznou. V tom piipadé je potieba odst vedkerou
organickou hmotu a uvolnit ionty kovit, Procesii mineralizace je neprebernd fada "' Na rozdil
od modernich analytickych metod jsou obtizné automatizovatelné, je v nich pulrubn lidska
absluha a jejich Casovi ndrodnost mnohondsobné piekratuje dobu samotné analyzy.

Pouziti at jiz rtutové kapkové elektrody nebo pevnych amalgamovych elekirod pro stanoveni
obsahu @Zzkych kovit v mineralizatu nepiedstavuje zadny Komplikovany proces. Jejich
vysledky jsou vzdjemné ekvivalentni ¥ a meze detekee jsou velmi nizké i ve ar

s nejmodernéidimi spektrometrickymi metodami '*, Nicméné nové elektrodové matel
neustile predmétem zijmu mnoha védeckych pracovist, Vzhledem k ohromnému rozmachu
3D tisku, ktery umoziuje uzivateli si vytvofit pracovni elektrodu nebo dokonce celou
voltametrickou celu podle jeho pozadavkin (velikost, tvar. usporidini aj.) "*?'. bylo vhodné
provést srovnani moznosti aplikace béiné dostupnych 3D tiskovych materiali ke stanoveni
tézkych kowvil.

Multielchem v. 3.2 pro Windows 10, Pro méfeni s 3D filamentem byl pou#it potenciostat
PalmSens 3 a PSTrace 5 software (oboji PalmSens. Holandsko). V obou pfipadech byla jako
referentni elektroda pourita AgAgClKCl(nasyc.) elektroda (Monokrystaly. CR) a jako
pomocni elektroda platinovy plisek (1 cmz)‘

Meteni na HMDE probihalo ve 3 skupinach:
a) kadmium, olovo, méd’

=200 mV:
Htlna pH=1 é:n((,d) -r.rsn m
by zinek

=20 mV s Hp=50 mV: tpu— 100 ms: okyseleno
Ph)"n!-()(} mV; Ep(Cu)= 10 mV;

E. =20 mV s Hpae=50 mV; 1pu=100 ms; 100 pl.
m"( 10 mg.1. ‘,(7n)—-wm m\

¢) nikl

Ein=500 mV: En=1500 mV: =20 mV s Hue-50mV: ue=100 ms:

=1 020mV (0,2 mL kone, NHi, (L1g NHeC1H0,1 mL 0,1% dimethylglyoximu: pff = 8.9),

PLAcarbon black composite filament (€ 1.75 mm, deklarovana rezistivita 15 €2 cm) (C-PLA)
byl vyroben firmou Gembird. Holandsko. Kromeé kyselinv polymlééne (PLA) obsahuje
uhlikové saze, které 2aiji i dostatenou vodivost, K méeni byl pouzit cea 5 em dlouhy
filament, ktery by po celé délee zaizolovin smritovaei buzirkou K32-2 (GM Electronic, CR),
K méfeni byl pouzit jeho diskovy prifez o priméru 1.75 mm. Povech byl nejdiive lestén
smirkovym papirem 3M 4010, pomoci suspenze aluminy (AL:Os, <30 nm, Sigma-Aldrich, CR)
a ndsledne aktivovin vieZzenim napéti +1000 mV po dobu 60 <.

Obdobné meteni na filamentu C-PLA probihalo ve 3 skupinach:
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kadmium, olovo, med’:

tace= 120 5% Faee=Fin=1200 mV: Erin=+200 mV: v=20 mV s Hpus=50 mV:

tpai=100 ms: acel. pufr=4.5: Ep(Cd)=780 mV; Ey(Pb)=-370 mV: £p(Cu)=-100 mV;

b) zinek

Ej—~1 600 mV: Eip=—-500 mV: 1= 20 mV 52 Hpue=50 mV: tpr= 100 ms: acet. pufr pif
A5 Ep(Zn)=- 1020 mV:

=

== 1400; tacc= 30-80 8 Fpa=11 000 mV: v=20 mV 5™ £p=1 020 mV:
.”wu =50 mV: =100 ms (bordtovy pufi+0.1 mL 0.1% dimethylglvoximu, p/if = 8.2).

Veeli jed
Vzorky ve

iho jedu byly dodiny Vyzkumnym dstavem potravindfskym Praha, v, v. 1. (dfive
p m ustavem pmm\qnnﬁkclm primyslu). Testované véely medonosné byly uzavieny
do boxu, JLhn? sklenéné stény byly potaZeny nelubrikovanymi kondomy. Po iritaci ultrazvukem
viely bodaly pies prezervativ a jed se usazoval na sklenéném povrchu, Po odpareni vody by
iletkou do nadobky a analyzovin. Na ziskini 1 g véeliho jedu bylo potfeba
piiblizne 100 000 véel.

Mineralizace
Rozklad na mokré cesté byl providén v mineralizatoru "Laboratomi zafizeni k tlakovému
rozkladu vzorki ZA-1" (Polaro Sensors. CR) se zesilenou vnitini teflonovou nadobkou (1 cm).
Byla pouzivas lina sirovi. 95-98 %, p.a.. a dymava kyselina dusi¢ni. 100 %, p.a. (ob&
Sigma- Aldrich,

“R)

Visledky a diskuse
Bylo analyzovino 3 vzorki veeliho jedu: FC186, FC187, FC102 (stanovovino Cd, Pb, Cu, Zn)
a FC214 a FC549 (stanovovin pouze Ni) Ani jeden ze vzorki se v destilované vodé nerozpustil
zeeln, a i g odpafeni do sucha zistival na dné niadobky sedozluty odparek. Proto byly
lumvm\' riizné postupy mineralizace, Nékteré z nich jsou uvedeny v Tabulce 1. Samotni
lizace na suché cesté spalenim v peei neprinesla matehny dek., Obdobng, opakované
odpateni do sucha s pridavky kyseliny dusicné. sitové a ani dokonce uorovodikové G
v kombinaci se spilenim v peci se nejevilo jako dostatecné. Proto byle pristoupene k tlakové
zaci i . do néjz byla pievedena navizka a

za piitomnosti

rozkladem byly podstatné v
bylo vyroheno nové teflonové pouzdro o sile stény 1 cm misto pmudm..h 0.3 cm \a
provedenych experimenta byl vypracovin postup mineralizace vhodny pro viechny testované
vzorky jedus Navazka 0.2 g jedu se prevede do tlakového mineralizitoru, pridi 3 mL
koncentrované kyseliny dusiéné a 1 mL koncentrované kyseliny sirove, Mineralizitor se umisti
do sugarny vyhiaté na 140 °C na dobu 4 hodin. Vznikly nineralizit se odpari do sucha. Provede
se pridavek 1.3 mL koncentrované Kyseliny dusiéné a 1 mL koncentrované eliny sirové a
odpafi se do sucha. Tento odpatovaci proces se opakuje alespori 10x (do vzniku bilého &
prihledného odparku). Vznikly odparek je mozno rozpustit v destilované vodé a pH upravit
podie potichy. jak je uvedeno v Experimentilr skané koncentrace 1&zkyeh kovil, kleré
byly zméfeny za pomoci HMDE (doba tvorby kapky 0.2 s, primér kapilary 0.4 mm) a C-PLA
elebtrode, jsou uvedeny v Tabulee 1L
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Tabulka 1.
Testované zpiisoby mineralizace, Navizka jedd 0,2000::0,0025 g
HNO: H:80: Tlakovy  Teplota Doha Opak. odpufeni’ Spaleni

[mL| [mL]  mmeraliz. [°C] miner. [mL HNOs)! v peci
[hod]  [mL H:80i]
15%/1,0/0,0
135%/1.0/0.0 Ano
10x/1.040,5 Ano
i - Ano 130 30 15%/1.0/0.5
3 - Ano 126 3.0 Ang
3 1.0 Ano 140 4.0 5
2,0 Ano 130 4.0 1x/0.00.0
4 0.3 Ano 130 4.0 Tx/0,000,0
4 1.0 Ano 140 270 1x/13/1.5 Ano
Tabulka IL.
Koncentrace jednotlivich analytii stanovené po mineralizaci ve vzorcich véeliho jedu pii

pouziti HMDE a C-P!
HMDE Pb  RSD
Img ke '

jakozto pracovnich elektrod (oa-0.05).
RSD Cu RSD Zn RSD Ni RSD

& Img ke ] Ima kg '] Img ka*

T2% 22812 ' 993175 6.1% 204114 5.4%
T.5% 209+11 44% 103378 6.1% 19.51=0,61 2.5%
L0040 TA% 18,7412 5,1% 1420458 3 11.90:0.56 3.8%
b( 215 3.06:0.30 8.1%0.36140,038 8.6% 19414077 3.2% 1505475 4.0% 133:1.2 7.0%
FC102 6,12:0,24 3.2%099=0.10  81% 254+13 4.0% 168798 4. 262620 62%
FC349 3.66:0.31 7.0%04.50:0.44  7.8% 13.0160.79 4.9% 1005437 3.0%  9.65:0.60 5.0%
Prum. 4312028 57% 2.090,19 78% 20,0£1,1 43% 127370 4.5% 16,811 5.0%

C-PLA  Pb  RSD Cd RSD Cu RSD Zn RSD  Ni RSD
mg kg '] Img kg ' mg kg '] [mg kg '] Img kg ']

FCIS6 5.21-0.54 §4% 3.14:046 12% 2
FCI87 430:0,49 9.2% 2,4540.55 18% 23,

38 12% 1100+140 10.0% 18.1=14  6.5%
£2.7  9.5% 990+110 90% 20.8:32 12%

FC214 3214048 12%043000,085 16% 34 18% 12404220 14% 18%
FC215 361:0.67 15%0.320:0,072 18% 16.9:3,1 13% 1520£160 8.6% 12%
FC102 6.20:0,63 8.1% 1024011  83% 21.6+3.8 14% 1440:240 13% 213236 14%

FC549 3.04:0.53 14% 4540063 11% 122011 7.3% 895:84 7.6% 9.7:14  11%
Prom. 428+0.56 11% 1,98¢032 14%  19,243,0 13% 1200:160 10% 159434 12%

Minerali

ity pripravené vyée uvedenym postupem byly analvzoviny rovndZ na pracovni
2z C-PLA filamentu o aktivnim pri 7 nezby
krokem se jevilo lesténi elektrody pomoci smirkoveho papiru P600, nasledné byla opl
destilovanou vodou a nasledné mechanicky vylesténa na ledtici tkaning pomoci suspenze
aluminy (Al20s, <50 Sigma-Aldrich, CR), Po mechanicl h.\tem bylo nezbymé prmesl
elektroch

filamentu je komplikovangjsi. plulozey_ po(l'Eh;l pro\ ést elektrochemické didteni pied kazdym
mérenim, Take citlivost stanoveni je mensi. Piky jsou posunuty do neg; ch potencidli
oproti stanoveni na HMDE. Pfi stanoveni iont nnim neni potfeba prld“ at ionty galia. Shoda
vysledki pii pouziti HMDE a C-PLA byla zjisténa s pravdépodobnosti p=0,03.
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an:
i l‘]sdu Pm:l samotnou voltumetrickou d!liﬂ‘«l\]uj» potich prmesl minerali
cestd za zvySencho tlaku a teploty (140 °C) a plsobeni oxidaénich kyselin (dusic
dobu 4 hodin a nasledného opakovaného rozpousténi v uvedenych kyvselin a odpafovini do
sucha. Voltametrické stanoveni €zkych kovii v mineralizitu bylo realizovino za pomoci
tuzkové HMDE a vodivého C-PLA filamentu. Provedené analyzy potvrdily. e stanoveni
pomoci HMDE vykazuje vySsi citlivost a nizéi meze detekee. Na druhou stranu se prokizalo.
ze vodivého C-PLA filamentu vyzaduje o néco delsi dobu anal¥zy, oviem je plné postaéujici
pro stanoveni olova. kadmia. médi, niklu (jejich koncentrace se pohvbuji v jednotkach az
desitkach mg kg''). zinku (jednotky g kg'). Shoda vsledkil u viech stanovovanyeh kovii pri
pouziti HMDE a C-PLA byla zjisténa s p=0,05,
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Abstract

Electrochemical properties of new molecules contaming tripodal anchor and redox switching
element have been studied by cyclic voltammetry and DFT quantum mechanical calculations.
Comparison of their redox properties with individual organometallic [Ruiterpy):]*"™" and
[Os{terpy 2™ redox centers shows that covalently bonded tripadal anchor does nat
compromise the reversibility of a redox process and has no effect on the stability of new
molecules. New molecular conductors have smaller HOMO-LUMO gap and both are oxidized
at only shghtly more positive potentials afler tnpodal substitution making them suitable for the
development of molecular conductors with switching abilities.

Key Words: [Ru(terpyk]*. [Os(terpy) [, Tripodal anchor, Cyclic voltammetry, DFT
calculations.

Introduction

Highly stable electronic components with desired functionalities are indispensable for the future
development of molecular electronic devices T cnuml. components include molecular
conductors !, molecular switches **, diodes *, transistors *, and single molecule magnets ¢
Multipodal anchnm are mainly utilized 1o increase the .\mhlny and conducting properties of
future devices and allow for the desired genmetry related to the position of the functional
component with respect 1o the conducting surface ™*. This work builts on our previous studies
of molecular conductors containing tripodal anchoring groups °'®, where a conducting
molecular wire has been replaced by an organometallic complex serving as a signal switching
element ', Chemical structures of molecules studied i this contribution are shown in Fig. 1

-y | “>'I;: i
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Fig 1. Chemical structure of organometallic complexes 110 4.

Aim of this work is to compare the electrochemical properties of bis(terpyndine) complexes of
osmium(l) and ruthenium(IDy in their native form (compounds 1 and 3) and after covalent
connection to a tripodal anchor (compounds 2 and 4) allowing such molecules a directional
attachment to the gold substrate. The reversibility of the redox switch and its
tripodal substitution is sought for.

Expervimental

Flectrochemical properties of molecules 1 to 4 were studied in acetonitrile solvent (99.8 %
anhvdrous. Sigma Aldrich) on the polvervstalline gold dise (18107 em®) and glassy carbon
(9.5 < 107 em?) working electrodes using PGSTAT3(0 (Metrohm. Switzerland) potentiostat
Molecules 1 1o 4 were used as received. Tetrabutylammonium hexafluorophosphate TBAPEFs
(pa. = 99% for electrochemical analysis. Sigma Aldrich) was dried in the oven at 81°C before
use. Solvent was dried with activated molecular sieves (0.3 nm. Lachema, Czech Republic) and
linally with activated alumina just before the experiment. All glassware and electrochemical
cell parts were cleaned in boiling 30% nitric aeid and repeatedly boiled in the ultrapure water
(18.2 MC em. MilliQ Integral 3. Merck} followed by drying at 105°C, Three electrode system
containing working electrode. AglAgClIM LiCl reference electrode and gold wire auxiliary
clectrode was used. Oxygen was removed from the cell by a stream ol argon gas ((99.998 %
purity. Messer) and argon blanketed the solution throughout the experiment. Ferrocene was
added at the end of each experiment as an internal standard:

Theoretical caleulations were done by the BILYP and modified B3LYP functionals using
density Tunctional theory (DFT) including polarizable continuum model (PCM) and/or
conductor like screening model (COSMO) for acetomitrile selvent. Gaussian U9 program was
used for geometry optimization tasks and ADF 2017 software was used for the caleulations of
the molecular orbital energies.

Results and discussion

Fig. 2 shows representative cyelic voltan s for molecules 1 to 4 in the acetonitrile
solvent,
A " | ¢ "
0.5 2158V 041 2.54 eV
< 0.0
s
1
Ao
2 E] [] 1
EIVvs. Fe
B It
1 2.08 oV
<0
Ta
|
210
2 E] [ 1
ElVvs. Fo
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Fig. 2. Cyclic voltammogram for 0.77 mM 1(A). 0.59 mM 2 (B), 0.54 mM 3 (C) and 0.47 mM
4(D)in 0. 1M TBAPFs and acetonitrile at the scan rate 0.1 Vs, Gold disc (A and C) and glassy
carbon (B and D) working electrode was used. Numbers indicate experimental HOMO-LUMO
gap.

© polential values followed
ifference was observed at the

The mitial direetion of the potential scan was towards more pos
by the reverse scan towards negative polentials. No noticeable
scan direction reversal as well as by the change of the electrode material. Peaks 1 and II at
negative potentials represent two reversible one-clectron charge transfer processes associated
with the reduetion of’ two terpyridine ligands. A voltammetrie wave [I1 at positive potential
values represents one-clectron oxidation (peak separation close to 59 mV) of the central metal
ion M** to M (M = Ru. Os). Both reduction and oxidation processes are reversible within the
range of potential scan rates used (between (.02 V/s and 10 V/s). This statement has been
confirmed by the linear dependence of the peak current en the square root of the scan rate and
by the ratio of the anodic and cathodic peak current. which was close to one (data not shown).
These molecules can undergo multiple redox sean eyeles without compromising their chemical
stability

The maost important observation in F s a positive shift of the standard redox potentials of’
charge transfer proce: Tand 1 in molecules 2 and 4 compared to 1 and 3. Together with a
small positive shift of the standard redox potential of IIT this behavior translates to a decrease
of the HOMO-LUMO gap in molecules 2 and 4 compared 1o their native forms 1 and 3

Energies of HOMO and LUMO frontier orbitals (HOMO®? and LUMO™) were obtained from
experimental standard redox potentials of processes 1 and 11 after an assumption that
ferrocene: ferrocenium reference energy on the Fermi energy seale equals to 4.8 ¢V relative to
2

vacuum *

_3A shows the correlation between DFT caleulated HOMO™ energy and experimental
HOMO®® energy since the process ol swilching represents oxidation related directly to HOMO.
As can be seen from the slope which is elose to 1 the quantum mechanical caleulations including
COSMO model for acetonitrile solvent can reproduce the experiment very well. Calculated
arbital energies were used lo obtain theoretical HOMO-LUMO gap. which was 2.62 ¢V for
molecule 1, 2,54 ¢V for molecule 2, 3.01 eV for molecule 3 and 2.93 eV for molecule 4,
respectively

54 B &

HOMQ™ /eV/
b

slope = 0.96 + 0.03

rﬁ.ﬂ 57 56 55 Ha4 H53 52

HOMO®* jeV/ 4 ¢
Fig. 3. Correlation between experimentally obtained and theoretically caleulated HOMO
energy (A) and corresponding computed HOMO orbital for molecules 2 (B) and 4 (C).
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Compared to HOMO-LUMO gap values indicated in Fig. 2 these numbers systematically

overestimate the experimental values, bul they are able to reproduce the decrease in the HOMO-
LUMO gap afier tripodal modification very well. Fig. 3 shows also the calculated HOMO
orbitals for molecules 2 (B) and 4 (C) that correspond to energies shown in Fig. 3A. In both
cases the HOMO is localized on the organometallic center with slightly larger delocalization
on terpyridine ligands for osmium cation

Conclusions

We have studied electrochemical properties of two potential molecular conductors with redox
switching abilitics. We have shown that the electrochemical properties of the erganometallic
redox center are not compromizsed by the tripodal substitution. Both molecules 2 and 4 undergo
reversible one electron oxidation without any subsequent chemical degradation steps. Quantum
chemical caleulations confirmed the experimentally observed decrease of the HOMO-LUMO
gap compared to their osmium(I1) and ruthenium(I1) native forms 1 and 3.
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Voltammetric Detection of Selected Unnatural Bas:‘s in DNA Ollgnnurlﬂmcits
(Voltametricka detekce vybranych nepi \ v DNA kleotidech)
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Abstract

Design of unnatural nucleobases represents one of the ways towards expansion of genetic code
in the area of synthetic biology. Electrochemical approaches have recently proved their
potential in analysis of nueleic acids bearing low levels of modification with the unnatural
bases. This work has been focused on voltammetric characterization of oligonucleotides
modified with a synthetic base containing an electrochemically reducible nitro group. We have
been able to differentiate the oligonucleotides containing the nitro-derivative from a fully
natural analogue.

Key Words: Unnatural base, Voltammetry. Mereury. Oligonucleotide.

Uvod

Jeden ze smeri, Kteryn a synteticka biologie. spo¢iva ve vyvoji systémi, ve
Kterych se v DNA Kromé prirozenych nukleobizi nachdzi i bize uméle vylvofené. Zatimeo
nékleré systémy  vyuZivaji pro parovini nepfirozenych bazi pouze jejich prostorovou
komplementaritn ', ji rstémy zachovavaji parovini pomoci jak prostorové komplementarity,
tak prostrednictvim vodikovyeh vazeb, Jednim z techto systémi je i Artificially Expanded
Genetic Information System™ (Al meho usporadani donorovvch a
akeeptorovyeh skupin pro tvorbu vedikovyeh vazeb, coz umoziuje tvorbu part bazi se stejnou

se ubird soucasn:

peometrii jako pi nto zplisobem tak bylo moiné vyt DNA
nebo RNA obsahuj i VA tedy o piry bazi vice. a
takto vytvorena DN n'.ho RNA se nasledné mize Geastnit replikace, transkr ipee. reverzni

transkripee nebo translace .

Jiz dlouho je znamao, 7¢ elekirochemické metody mohou byt pous
lin ', Tradizne byly pro studium reduku. nukleobazi vyuziviny rufové elekirody. zatimeo
ace bazi byla pozorovina na uhlikovyeh elekrodich, nieméné nedivno bylo zjisténo, ze i
clektroda z pyrolytického grahlu mize byt puuixm pro studium redukee :mk'lem) h kyselin
v negativiich potencidlech *. Kromé studia nemedifikovanyeh nukleovyeh kyselin, pro které
vyuzity i tenzametrické signaly
ict adsorpénd-desorpénim jeviim na elektrodé. byly elektrochemicke metody vyuzity
i pro studium modifikovanyeh nukleovyeh kyselin, napiiklad DNA modifikované komplexy
oxidu osmicelého, ¢i DNA s enzymaticky inkorporovanymi nukleobizemi nesoucimi
elektroaktivoi ¥, Nedavno byla popsina i moznost velice citlivé
clekirochemické detekee nepiirozenyeh bazi pochizejicich # laboratore F. Romesberga |,
zalozend na jejich schopnosti katalyzovat vylugovani vodiku 7.

pro studium nukleov

Naproti fomu, nékteré haze ze systému AEGIS nabizeji moznost jejich studia prostiednictvim
WV této praci jsme se 1 nepfirozenon bazi trividlng oznadenou jako
nitro-2(1H)-pyridon: Obr 1). Pro elektrochemickou analyzu byly uzity
oligonukleotidy odvozené z lidské telomerni sekvence, které nesly moditikaci na jedné ¢i dvou
pozicich; elekirochemické chovini takto modifikovanyeh oligonukleotidii bylo porovndno
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s nemodifikovanymi oligonukleotidy. a to jak s C-bohatym fetézeem. tak s komplementimim
G-bohatym fetézeem,

NH,
N
Oy
=
o
R

Obr. 1. Chemicka struktura nepfirozené bize 7 (6-amine-5-nitro-2( 1 H)-pyridon).

Experimentalni ¢ist

Pro méteni byly pouzity oligonukleotidy shrmuté v Tab. 1: tfi oligonukleotidy obsahujici bizi
Z. sekvence neobsahujici modifikovanou bazi a k ni sekvence komplementami. Koncentrace
oligonukleotidii byla 20 pg.mI™. rozpugtény byly v | mM sodnofosfitovy pufr (pH 7) + 0.3 mM
EDTA. Mezi experimenty byl roztok skladovan pii -10 °C.

Viechna clektrochemickd méfeni byla provadéna pri laboratomi teplote v tfielekirodovém
zapojeni (s visici rtutovou kapkovou elektrodou, HMDE jako pracovni elektrodou. Ag/AgCl/3
M KCl jako referenéni elektrodou a platinovym dritkem jako pomocnou elektrodou) na pristroji
Autolab (Ecochemie) ve spojeni s VA-Siand 663 (Metrohm). Méfeni byla provedena
adsorptivni pienosovou rozpoustéer voltametrii (AdTS). DNA byvla akumulovina na povrchu
elektrody ze 3 ul alikvotii po dobu 60 s, poté byla clektroda oplichnuta v deiomzované vodé a

umisténa do elekirochem & cely obsahujici disty elektrolyt. Cyklicka voltametrie (CV) na
HMDBE byla providéna v elektrolytu obsahujicim 0,3 M mravendéan amonny a 0.05 M
fosforenan sodny. pH 6.9, nastaveni pro cyklickou voltametrii byla nasledujici: podatedni

potencial 0 V, potencidl bodu obratu -1.85 V. koncovy potencial 0V, rychlost polarizace 1 V.s™
!, Pro kazdé méfeni bylo provedeno 5 skeni.

Tabulka I.
Sekvence pouzitych oligonukleotidi

Sekvence Délka &
(‘ CTAACCCTA. \C(?TA ACCC 21 8988
- 4 21 8988

’ €272 21 8988
CCCTAACCCTAACCCT -\ AcCce hTelC 21 RO8R
GGOTTAGGGTTAGGGTTAGGG hTelG 21 10641

Visledky a diskuze

nu a adeninu — f:ik CA. Tento pik je rozdvajer
osin se v oligonukleotidech nachizi v blocich (zatimeo v DNA s nahodnym zastoupenim
vto dvé baze divaji spoleény nerozlisitelny CA pik %).

Dalgim dobie vyvinutym katodickym signalem, Kery mizeme pozorovat na volldmugrﬂm\.»h
je pik nachdzejici se okolo -0L6 V, oznadeny jako pik L Tento pik je specificky
oligonukleotidy obsahujici bizi 7 (tedy oligonukleotidy C1-21, T1-Z1 a €2-72) a lze tedy
predpoklidat. 7e tento pik odpovida redukei nitroskupiny, kierd je soulasti struktury bize 7
(Obr. 1). Jiz diive bylo zjidténo, Ze elektrochemickou redukei nitroskupiny lze pozorovat
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napiikiad  u nitroskupinou modifikovanyeh bizi, Kleré jsou enzymaticky inkorporoviiny do
DNA ?. Pik 1. oligonukleotidu €2-72 je v porovnini s oligonukleotidy C1-Z1 a T1-21
eo¥ adpovila toms, sho sekvenci se nachdzl. dve bize. Zopeoti jedné v kasdém
z oligonukleotidi C1-Z1 a T1-Z1

00 o
<
B [
o hTelG]
hTelC
20100 | )

Obr. 2. Cyklické voliamogramy oligonukleotidi obsahujicich neptirozenou bigi 7: C1-71, T1-
Z1 a C2-72. plvodni sekvence hTelC a jeji komplementami sekvence hTelG. Poddtedni
potencidl +0,1 V, potencidly obratu v-1,85 V a +0,1 V, Zobrazeny prvni dva cykly pro kazdy
oligonukleotid.

Vitéto praci jsme ukdzali, Ze je moZné s vvuzitim cch{imhemu.}\g anal
oligonukleotidy  obsahuj nepiirezenou  bazi
oligonukleotidi, a to dik: signalu redukcee nitrosks

piitemz vysledky naznaduji moZnost kvantfikace podtu bizi 7 v dané analyzované sekvenci.
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Dialysis in Microliter Sample Volume Connected via Flow-gating Interface with Rapid
Capillary Electrophoresis
(Dialyza mikrolitrovych objemu vzorku spojeni s rychlou kapilarni elektroforézou
prostiednictvim flow-gating interface)

Frantisek Opekar * and Petr Tiima "
& nee, Department of Analytical Chemistry. Albertov 2030,
128 43 Prague 2. Czech Republic. E-mail: opekari@natur.cuni.
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\listracl

ical apparatus was described based on on-line connection of the electrophoresis in

ary a dialysis unit allowing dialysis from the microliter volume of the sample
to the sub-microlitre volume of the acceptor solution. The properties of the apparatus were
tested with model solutions of a mixture of inorganic cations (K', Ba™ and Na ) and organic
molecules (creatinine. histidine and arginine). The air- ed {low-gating interface was
manufactured in the Form of a chip cast from PDMS. Basie properties of the apparatus, namely
concentration dependences and separation parameters were presented.

Key Words: Dialysis, Electrophoresis. Short capillary, Flow-gating interface. Inorganic
cations, Amino acids.

Uvod

Kombinace kapilarni elekiroforézy
on-line spojeni analytické pritokové metody
pfi rychlyeh elektroforetickych separacich.

(CE) s flow-gating interface (FGI) je efektivai metodou pro
CE a pro davkovini vzorku do kritkych ka
eratufe je popsina fada konstrukénich nt
FGl a ji h aplika iz napi. referat . Princip davkovani vzorku do CE kapilary s pouZitim
GI je. bez ohledu na jeho konstrukei a materi edujici. Analyzovany roztok kontinudlng
piivadény davkovaci kapilarou k separaéni kapilafe je od jejtho vstupu odklinén pmudun
zalkladniho elektrolvtu (BGE). Pouze pii davkovini vzorku do kapil
definovanou dobu zastaven. takze u vstupu separaéni kapilary se vyivofi zona roztoku \zolku.
¢ vzorek nadavkovin, Poté je proud BGE obnoven. roztok vzorku je od vstupu separadni
kapilary odplaven a je zahdjena separace.

3

V naprosié vétsing doposud popsanych aplikaci FGI-CE se zona vzorku wyivii v prostoru,
Je BGE roztokem vzorku vytésno V praci * byl popsan FGL vnémz je t\1p
separatin kapildry vmistén proti divkovact kepilite v malém dévkovacim prostors. 2 ndj je
pied davkovanim vzorku BGE odstranén veduchem. takze misto zony vzorku ¢ v prizdném
prostoru mezi vvstupem davkovaci a vstupem separadéni kapilary vytvoii mald kapka roztoku
vzorku, z niz je vzorek nadavkovin, Je tim zeela eliminovina moznost naiedéni vzorku BGE,
Protoze neni nutno BGE vvtlaovat z davkovaciho prostoru roztokem vzorku, je k nadavkovani
zapotiebi jeho velice maly objem, Po naddvkovani vzorku do CE kapiliry je zbytek vzorku
vyplachnut, davkovaei prostor napnén BGE a zahdjena separace. Tento tzv. air-assisted™ FGI
byl pouzit v této praci pro on-line spojent dialvzaini nadobky o malém objemu (desitky pl.).
v niz dochizi k dialyze do akeeptorového roztoku v dialyzacni trubicee o objemu desetin pl.,
s rychlou elektroforetickou separaci v kritké kapilafe.

Experimentalni
Schéma aparatury je na obr. 1A, Aparaturu lze rozdélit do i zikladr casti — dialyzadni
nadobku o malém objemu. tzv, dialyzaéni misticku (DM}, FGI a CE v kritké kapils
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Dialvzacni misticha a jeji pripojeni k G

Dialyzacni mistickow, abr. IA (1), je vicko 0.2mL PCR mikrozkumavky. V jejich sténdch byly
pmu sobé vytvofeny otvory o priméru ca 0.5 mm, jimiz byla protaZena asi 6 mm dlouhd
2 regenerované eelulozy. OD 216 pm. 11D 200 pm. MWCO13 kD, Vstupni
hadiekou (2) je do dialyzacni trubicky privadén akeeptorovy roztok linedmi pumpou (3).
Dialyzatl je odvidén do FGI (5) wstupni hadiekou {4). zakonEenou nerezovou davkovaci
kapildrou, OD 350 pm, 1D 200 um, vstupujici do divkovacihe prostoru FGI skrz silikonové
tesnéni. K zamezeni stékani roztoku vytékajiciho z davkovaci kapilary po jejich sténich. jsou
stény hydrofobizoviny emulz Kapka roztoku tak ¢ piimo proli vstupu separaéni
kapiliry (6), viz obr. 2B. Objem dialyzacni trubicky pni hadicky (4) a2 k v¥stupu
divkovael kapilary uréenc /gunnuru.s)th rozmérit je 103 ul. Z funkéniho hlediska je
#adouci. aby délka spoje mezi dialyzaéni mistickou a FGI by a co nejkratdi. 7 praktického
Ilediska viak spoj musi zajistit uritou flexibilitu pfi spojovini obou ¢asti.

Do davkovaciho prostoru je dile piivadén BGE 2 rezervodru (10) pumpou (9) nebo vzduch
pumpou (11). Pritokova ryvchlost abou medii je fizena piezoelektrickymi mikropumpami a
Jjejich prirtok davkovacim prostorem je podle programu evladan solencidovymi miniventily (12,
13).

POMS
15 3.
PTFE i
trubitha
A kapiara .~ 1 B

Obr. 1. Blokove schéma wpuralur\ (A} a struktura a rozméry (v mm) piedlohy pro odliti PDMS
Gipu FGT (B). 1 — dialyzacni tupni hadicka, 3 — linedmi pumpa. 4 — v¥stupni
a zakonéend davkovaci kapilarou, 5 - &ip FGL 6 - separacni kapilara. 7 — detcklor, 8
ovi nidobla, 9. 11 - piezoelektrické pumpy. 10 reservoar BGE. 12, 13,15 - solencidoveé
ventily, 14 - vakuova pumpa, 16 - odpad.

Flow-gating interface

Cip FGI o rozmérech 20 x 20 mm byl odlit 2 PDMS ve formé vyiznuté ze silikonove gumy
Predloha FGI. viz struktura a rozméry na obr. 1B, byla sestavena ze standardni PTFE trubicky.,
OD 1167, TD 200 um a délee 15 mm. klerd v &ipu uréuje objem davkovaciho prostoru. Ve
sténdch PTFE trubicky byly na piislusnveh mistech kolmo na osu trubidky propichnuty tfi
otvory. do nich? byly vsazeny asi 3 em dlouhé kousky kiemennyeh kapilir o OT) 280 um, Stejné
I sunuly i do PTFE trubicky. Takio sestavena predloha byla viozena do
onave formy, zalita polymeraéni smési a ponechdna polymeravat pfi teploté 50 °C po dobu
45 minut. Po ukonéeni polymerace a vyjmuli FGI z formy byly kapilary a PTTE trubicka
z odlitku vytazeny. PDMS je elasticky. takze separadni kapiliru, kapilary pro piivod BGE
vzduchu o OD 380 um a odpadni trubicku lze do vyivofenyeh kanalkii po 280 pm kapilarach
vstnoul # jsou nuh polohich fixoviny a dobfe ulésnény

Elektroforeticka aparatura
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Elektroforetické
kapilary je v

separace byly provadény v laboratoii zhotovené aparatuie. Vstup se
kovacim prostoru FGI umistén ve vzdalenosti =360 um piimo proti
divkovact eparacni kapilara prochazi bezkontakinim vodivostnim detektorem, obr.
1A (7). a usti v koncové nddobee (8). kde je umisténa vysokonapétovd elektroforeteticka
clekiroda zdroje. Zemmici elektroda je umisténa ve vystupu z FGI (16). Separace byly
provadény v kfemenné kapilife, OD 380 um, ID 25 pm. délka celkova’k detektoru 16.5/11.5
em, pii napétifproud 10 kV/7 pA (606 V em™). Koncovi nidobka je spojena s vakuovou
pumpou (14) pres trojeestny ventil (13). Podle jeho stavu je nidobka spojena bud' s atmosférou
— behem separace. nebo s vakuovou membrinovou pumpou pii davkovini dialyzat do
separaéni kapilary nebo pii jejim promyvani. Detaily hydrodynamického podilakového
davkovini lze nalézt v praci *. BGE byl roztok 100 mM kyselina octova + 20 mM LiOH (pH
4.1}, akeeptorovym roztokem byl ziedény BGE vodou 1:1. ¢imzZ je zajisién zaostio efekt
vedouci k zakoncentrovani naddvkované zony dialyzatu, Aparatura byla testoviana dvéma typy
analytii: a) smési anorganickyeh kationtt K'. Ba® a Na'. b) smési organickych molekul

Kreatininu, histidinu.a argininu,
BGEY

*od pad *vzduch
Obr. 2. Divke prostor FGI naplnény BGE pii separaci a prom
a vyplnény vzduchem pii davkovani dialyzatu: vzorek je pro lepéi

separacni kapilary (A)
Inost obarven (B).

Pracovai postup

Cinnost aparatury pii analyze lze popsat sesti po sob@ nisledujicimi kroky. V zakladnim stavu
Je davkovaci prostor FGI naplnén BGE (obr. 2A). Hadicka od linedrni pumpy pres DM az
k vystupu divkovaci kapilary je naplnéna akceeptorovym roztokem. Jednotlivé kroky jsou:

1) Do DM je pistovou pipetou odméfeno 50 ulL roztoku vzorku a je zahdjeno méfeni doby
dialyzy.

Po uplynuti pozadované doby je zapnuta lineari pumpa a dialyzdt z dialyzacni trubicky je
tokem akeeptorového roztoku u‘ansponu\ i do i Gl Da\ kovacim pmctun.m pmiuka BL;I
ktery odklini roztok v
nedochizelo k spo
3) Do prislusné dobé (viz dile) je dialyzit dopraven k vystupu divkovaci kapiliry a tok BGE
je zastaven, 7 davkovac iho prostoru je wvzduchem wytlaéen BGE a mezi davkovaci
kapilirou a vstupem separaéni kapilary se vytvaii kapka roztoku dialyzdtu (obr. 2B). 2 niz
je podilakovym pulsem generovanym v koncové nadobee dialyzit nadivkovian do
separaéni kapilary,

Po nadivkovani vzorku do separacni kapilary je linedrni pumpa vypnuta, davkovaci prostor
Jje napnén BGE a zapnutim vysokeho napéti je zahijena elektroforeticka separace

Po ukonteni separace je separadni kapildra promyta BGE vyvtvorenim podtlaku v kencové
nadobee.

2

4

o
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6) 7 DM je odsat zanalyzovany vzorek. DM je proplachnuta kapkou vody a kritkedobym
zapnutim linedri pumpy je dialyzaéni trubi¢ka naplngna Sistym akeeptorovym roztokem.
Aparatura je tak pfipravena na novou analyzu.

Kroky 1) 5) a 6) jsou manudlni, vykondvi je obsluha, zbyvajici probihaji automatick po
spusténi poditacového programu vytvoreného v LabView. Program pru]v.duoduuha inte
ovlada cinnost jednotlivich knmpnncnr aparatury: solenoidové ventily (dobu pritoku H("I' a
vzduchu davkovacim prostorem FGIL a dobu davkovani fizenou délkou podtlakového pulsu
v koncove nadobee). spousti a zastavuje linedrni pumpu a zaping separaéni napéti.

Optimalizované parametry jednotlivich kroki analvzy

Doba dialyzy: 100 s (anorganické kationty). 150 s (organické molekuly): priitokové rychlost
akeeptorového roztoku: 3 ul. min''; doba potfebna k doprave dialvzitu z DM K sti davkovaci
Kapiliry: 17 s pritokova ryehlost BGE: 280 ul. min™: doba poticbnd k vytlaéeni BGE
vzduchem z ddvkovaciho prostorw 1 s: doba vyivareni kapky dialyzitu mezi di
separadni kapilarouw: 1 s (objem kapky vzorku 0.1 pL): daba davkovini (
tlaku 50 kPa: doba naplnéni davkovaciho prostoru BGE pied zapnutim vysokonapétového
zdroje a zahajeni separace: 5 s

Vysledky a diskuse

Na obr. 3 jsou elektroferogramy smési analyt pouzitvch K testovini viasinosli popisované
aparatury a k i zavislosti draselného kationtu a kreatininu zméfené v dialyzitu: pro
piehlednost je uvedena koncentraén slosti ploch téchto dvou analyta jako zastupee
anorganickych iont a orga h molekul. charakter koncentracnich zivislosti ploch pika
dalsich testovanveh analyti je zeela obdob Pro sravndni jsou uvedeny 1 kencentraéni
zivislosti téchto analytd pfi piimém  davkovini (. bez dialvzy) zroziokl vzorkil
v akeeptorovem pufiu, chybové tsecky a hodnoty RSD dokumentuji piesnost méfeni.
Vyhodnocovanym parametrem byly plochy pikii vjednotkich mVs (odezva C'D neni
prepoditivina na vodivost),

f A
> o g
£ 2 son| 2 ]
T 4 E
8 - e z 4
z Sim i
ol $1 4 | e
X e ‘V I 2 o 2. &
l:zmv A U |\ 4 B i cC
| i ara
N # M 4 £l ' 0 =) ) ° - ] 15

Migradni &as, & Kancentrace, uht

Obx. 3, Hlektroferogramy registrované po 100 s diny

Jeh iontir 1 130 s dialy

LmeoI.mn Koneentraci >f) UM pitsludnyeh analyta do akwplum\ ¢ho roztoku. Kencentratni
#vislosti draselného iontu (B) a kreatininu (C) pfi davkovani pfimém (1) a po dialyze (W)
Expenimentalni body Jsou stiedni hodnotou z péti opakovanyeh méfeni. RSD je v zavorkach

P piimém davko jsou Koncentraéni zavislosti pro oba analyty ve sledovaném oboru
Koncentraci 10 a2 150 uM linerni, v dialvzitu dochizi v piipadé anorganickyeh iontd pri
vysdich koncentracich kodklenu od Iim.arat) Parametry linearnich regresnich rovnie
koncentracnich zavislosti viech testovanyceh analyti jsou v tabulkach T a T1. a u organickych
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ch byly hodnoty fsekit v rimei intervalu
a istény mendim typem pisma.

molekul i separaéni parametry, Ve viech pripade
spolehlivosti rovay nule, jsou uvadény pro ilustra

Parametry linedrni regresni analvzy koncentracnich zavislosti anorganickyeh kationt pii
davkovini po dialyze. Koncentraéni obor 10 - 80 uM

Paramelr K Ba®* Na'

Usek = 10%. mVs TAI£218 B IESTRY] [REETRD
Smérnice x 107, mVs/uM 504+ 0.04 621002 2801016
R? 0,999 0.997 0.993
LOD. uM 1.4 59 9.1

Tabulka 1.

ckych molekul pid

Crea His Arg
Usek = 10°, mVs 479+598 S1TIE1L24 513+15.02
Smérnice 107, mVs/uM 3,76 £ 0.07 460+0.13 588+ (.18
R? 0,998 0,996 0,996
LOD, uM 6.4 2.9 10.3
Pocet pater x107°, m*! 285026 2,94+ 043 2,75+ 036
Migracni eas. s 46.10 £0.27 48.33 £ 0.36 50.92 - 0.23

Zaver
W praci je testovina daldi mozna strategie vyuziti FGL s davkovanim vzorku do elektroforety
kapilary v prazdném prostoru. Je tak rozéiteno portfolio metod kombinujicich FGL s CE.
znichz lze vybirat tu vhodnou pro feseni konkrétni analyticke alohy. Vzhledem K velmi
malému objemu vzorku potfebného pro divkovini do separaéni kapilary. lze vyuzit dialyzy
#mikrolitrového objemu vzorku do dialyz, trubi¢ky obsahujici submikrolitrovy ()h]uh
keeptorového roztoku. [ze tak pred separaci dialyzou upravovat vzorky. ktere jsou k dispozici
pouze v malém objemu (Casty piipad napf. u klinickveh vzorki).

Parametry analyzy, pfedeviim doba dialyzy. je zavisld na charakteru a koncentraci analytu. Lze
ji nejlépe urtit, pokud je 1o mozné, s pousitim modelového vzorku. Problém by mohl byt i
& kalibraci vzhledem k malym objemim vzorku. pro néz je urlena. Je tedy ziejmé. z¢ by metoda
molila byt vhodnd predevéim pro specidlnich pipady analyzy a spiSe pro kv i
sereeningové aplikace.
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Abstract

The aim of this work is to compare the results of the detection of 2-aminoindane (2-Al) using
potentiometry with ton-selective membranes (ISMs) and differential pulse voltammetry (DPV).
The potentiometric signal is the result of jon exchange occurred onto phase boundary 1SM-
sample. the voltammetric signal is the result of oxidation of 2-Al on the surface of glassy carbon
electrode. It was found that i) both the potentiometric sensitivity and selectivity are influenced
by the kind of the active component, ii) the potentiometry with TSMs can be considered as a
suitable method for the determination of 2- AL

Key Words: Aminoindane. Potentiometry. Voltammetry, lon-selective membrane.

Introduction

2-aminoindane (2-Al) belongs 1o the class of new e substances (NPSs).
Aminoindanes such as 2-aminoindane (2-Al). 3.6-methylenedioxy-2-aminoindane (MDAT),
5.6-methylencdio: Fmethyl-2-aminoindane (MDMALY,  5-iodo-2-aminoindane  (5-IAT).
S-methoxy-6-meth -aminoindane (MMAI), and 5-methoxy-2-aminoindane (MEATI)
represent a relatively new generation of NPSs ' 2-amincindane (Scheme 1A) shows the
structure and stimulatory effect similarities to amphetamine. The development of forensic
analytical methods and sensor systems for the identification and detection of these substances
has received major attention *. High-performance liquid chromatography. gas chromatography
combined with mass 5p|,»ll'0mulr\ and Raman spectroscopy are popular laboratory techniques
i . Electrochemical methods could prove to be suitable alternatives for
the mmlmnuj analytical techniques for the rapid Jn-lh is of NPSs, However, there are not
many works related to analysis 2-Al and its derivatives *

The attempts of electrochemical defection of 2-AT were described in references *%. One
approach was based on indirect detection of 2- Al using linear sweep voltammetry on & graphite
printed electrode. The other approach was bused on the selective interaction of 2- Al with benzo-
15-crown-5 attached to the surface of a platinum electrode. This work is focused on the
comparison of 2-Al detection using differential pulse voltammetry (DPV) and potentiometry
with ion-selective membranes (ISMs).

Experimental
2-aminoindane hydrochlorid (98%) was purchased from Sigma-Aldrich (USA). The ISMs were
prepared using reagents of analytical purity from Fluka (Switzerland). namely
tetrahydrofuran (THF). poly(vinyl chloride) (PVC), nitrophenyl(octyljether (NPOE). sodium
tetraphenylborate (TPBNa, Scheme 1B) dibenzo-18-crown-6-ether (DBIRC6 (Scheme. 1C)
and potassium tetrak s(trifluoromethylphenyl Jborate (KTF
4-tert-butylealix|4]arene tetraacetate (calix[4|arene, Scheme, 1D) was synthesized ai lh;
Department of Organic Lhmmm Univs v of Chemistry and Technology. Prague. Inorganic

I ds used for both p ic and vol iem were from Lach-Ner,
Czech Republic. Soluilons were prepared using distilled water.
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Scheme. 1. Stmctiure of 2-aminoindane (A) and active components of the experimental ion-
selective membranes  sodium  tetraphenylborate  (B),  dibenzo-18-crown-6-ether (),
and 4-tent-butylcalix[4 Jarenetetraacetate (D).

Voltammetric measurements were carried oul using Palmsens 3 (PalmSens BV, Netherlands).
controlled by the Palmsens 4.3 program. Three-electrode arrangement consisted of glassy
carbon (GC) electiode as the working electrode, argentochloride electrode (Ag/AgCl,
3 mol1 KC1) as the reference electrode, and platinum plate as the counter electrode. Differential
pulse voltammetry (2PV) was carried out with potential step 0,01 V, scan rate 0,1 V/s, pulse
potential 0,001 V, and pulse time 1 ms. The pretreatment of the electrode surfaces was
described in previous work *.

Potentiometric measurements were carried out using a digital ion-meter PH1 04 MG (Prague,
Lahio, Czech Republic). Concentration dependences of inorganic ions (Na', K*) were measured
by adding volume (V = 0,02; 0,025 0,05 0,1; 0.2 0.3 2.5. 4 ml) of 0.1 mol/] stock solution
analyte tothe potentiometric cell (V = 20 ml). Concentration dependence of 2-Al was measured
by adding volume (V =0,5; 4.5 3; 5 6; 10 22,6; 250 ul) of 0.1 mel/ stock solution analyte
tothe potentiometric cell (V = 5 ml}. The potentiometric characteristics were determined using
the IUPAC recommendation '. The potentiometric selectivity coefficients {log Kz”‘;";dj were
measured by a separate solution method *!. The standard addition method '* was applied
to determine 2-Al concentration in the model samples. The regeneration of ISMs surface was
carried out in the distilled water with constant stiming for 10 mimues.

Results and discussion

The main purpose of this work was to estimate the possibilities of the detection of 2-Al using
voltammelric and potentiomeiric approaches. Voltammetric measurement of 2- Al was cartied
out using DPV technique (please, see “Experimental”). The appearance of the peak at +1.2 V
was the result of oxidation of primary amino group present in 2-Al structure . It was found
that the voltammetric detection of 2-Al can be done in concentration range from 1,5 x 10~ to
133x 107 moll (Fig. 1A) Additionally, the GC-electiode surface required thoroughly
regeneration combining both mechanical cleaning and electrochemical pretreatment.
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Fig. 1. Concentration dependences obtained for 2-aminoindan using voltammetric (A) and
potentiometric (B) approach.

As active components of ISMs. neutral carnies (calix[4]arene and DBIBCO) and cation
exchanger (TPBNa) were used. h active component of the experimental ISMs is supposed
to display :cEeclnir\ for 2-Al in a different way. In the case of TPBNa. the potentiometric signal
is the result of a Coulombie interaction between a positively charged amino group of 2-Al and
anegalively charged TPE ™ anions. In the case of both DBISCH and calix[4]arene, there is
important the formation of hydrogen bonds between the amino group 2-Al and the
supramolecular receptor (Scheme 2). Tt is well known, that calix[4 Jarenc is able to form stabile
endo-complexes ' with amine groups. The interaction accurs between the phenol group
of calix|4arenc and the amino group of 2-Aland the rest of the molecule is then position inside
the cavity as shown in Scheme 2A. The same applies to DBI8C6. where hydrogen bonds are
formed between the amino group ol 2-Al and the oxygen atoms of the crown-
ethers (Scheme 213) .

B)

Scheme 2. Binding of primary amino group to calix|[4]arene (A) and dibenzo-18-crown-6-
ether (B).

Taking into account the seleetivity of DBISCE towards K ions ' and calix|4arene towards
Na' ions 7. the potentiometric responses of the experimental membranes were measured
prim to these inorganic cations. The experimental findings should help with choosing of
salt (either NaCl or KCI) as an inner solution of ion-selective electrodes and should eliminate
the interference from K and Na' ions. Polentiometric measurements were carried out in the
concentration range from 1.0 x10* mol/lup 10 2.9 x 10 * mol/l. These experiments confirmed
the aflinity of the DB18CA- and calix[4]arene-based membranes towards K (+38mV/decade)
and Na® (+99 mV/decade) ions, respectively (Fig. 2). Therefore, 1.0 x 107" mol/l NaCl was used
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as inner solution for DBI18CE. 1,0 x 10" mol/l KCI was used for TPBNa and calix[4]arene ioi
selective electrodes,

g

Sensitivity [mVidecade]

DB15CE CALIX[4]ARENE TPBNa
Type of ion-selective membrane

Fig. 2. The comparison of the sensitivity of jon-selective membranes based on dibenzo- 18-

crown-6-¢ther. calix[4Jarene. and cal xchanger towards K and Na®

The potentiometric response and selectivity (log !(J":’”) of the experimental ISMs towards
2-Al are depicted in Figure 1B and Table I respectively, Evidently, the DB18C6-]
membranes showed the near Nemstian response (+37 mVidecade) in a concentration ran,
from 1.0 x 107* up to L4 x 102 mol/l (Fig. 1B, dark cyan curve). The difference between the
calix]4]arene and cation exchanger-based membranes w observed at measurement of the
potentiometric selectivity coefTicients with interferent nd K' ions.

ed

Table L.

The values of the potentiometric sele pes

vity coefficients (logK; ), ;) determined for the

experimental ion-
Interf

elective membranes.
i K 3 A i
ng ions  Potentiometric selectivity coefficients (ngKWM‘,)_

DBIRCa Calix|4Jaren
Na' -6.7 1.1
K' -5.6 H0.1
NIL -6.7 2.1

Comparing the potentiometric :»[wm iy w..fﬂ»lcm values showed that i) the DBI8Co-based
membrane has the higher sele towards 2 both of Na® and K ions are interferents
at application of the calix[4]arene-hased muuh ame. The interference of Na” can be explained
by a high affinity of calix[4]arene for Na™ ions !

It is possible to conclude that the potentiometric detection of 2-Al has a number of advantages
before its voltammetric detection. Therefore, the potentiometry with 1SMs was chosen for the
detection of 2-Al in model samples (Table IT). Obviously, the results agree satisfactorily with
the labelled amounts
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Table IT.
Potentiometric detection of 2-aminoindane in model sample using experimental ion-selective
membranes.

ISMs Introduced (mol/l) Found (mol/1)
TPBNa 20x10" (22:0.)x 10"
DBISCE 20 x 107 (24:00)x 107
Calix[4]aren 20x10* (1.9 01y x 10"
Conclusion
This work 1s devoted to the parison of the p i 1c and volt ¢ detection of

2-Al that belongs to new psychoactive substances. Potentiometry with ISM was found to
provide more possibilities lor the electrochemical detection of 2-Al in terms of working
concentration range, sensitivity, and selectivity, compared fo voltammetry. The active
component of ISMs allows to affect and guide the selectivity of the potentiometric
determination. which should play a key role during 2-Al detection in the real samples. The
development of the potentiometric detection of new psyehoactive substances is in progress.
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Abstract

Eosin Y is a synthetic organic dye helonging to the xanthene family. Its bright and {loorescent
k hue attracted and intrigued the painters of the 19" L_mur\ who experimented cosin as
pigment lake (often called Ceranium lake) in their paintings. Nevertheless, cosin coloration is
as beautitul as unstable, and examples of work of arts with faded hues have been documented.
Eosin is not only photo-sensitive but also pH sensitive, making its study very complex. In this
work. the combination of electrochemical and spectroscopic techniques revealed to be effective
for correlating the physical evidence of eosin fading with its chemical degradation,

Key Words: Eosin. Synthetic dye. UV-Vis Spectroclectrochemistry. Cyclic voltammetry. UV-
Spectroscopy, Oxidation,

Introduction

Losin Y (ARS7. C.I 45380. Fig. 1) is an acid dye synthesized Tor the first time in 1873
according to literature |, The geometry of this colorant is characterized by the xanthene moiety
that lies on a plane and an aromatic phenyl ring perpendicular to this plane. The conjugated
system of the xanthene, which strongly absorbs in the visible range. is responsible for the vivid
and intense coloration provided by eosin *. Due to the attractivity of this pink hue, eosin has
been used as pigment lake by 197 painters. especially by Vincent van Gogh ', Nevertheless.
eosin revealed poor lightfastness: the bright pink areas on the paintings bleached in a very short
time *. Thus, in the recent years, the challenging case of cosin has attracted the attention of
many scientists and its degradation phenomenon has been investigated both by spectroscopic
techniques ** and by chromatographic and spectrometric ones ** ', Few studies have been
published on the electrochemical behavior of eosin and they are mostly focused on the possible
use of mc.l'll h’ee dves in photovoltaic cells 2 and on the removal of synthetic dyes from
wastewaters ', Electrochemical oxidation and UV-Vis spectroelectrochemical investigations
in mmbunuon with chromatographic Inhmquu lm\g proved effective for the determination
of oxidati ism of organic y

In the present work the photo stability of eosin was vestigated using UV-Vis Spectroscopy.
Cyelie voltammetry and UV-Vis Spectroelectrochemistry i order 1o provide a contribution in
the disclosing this complex oxidation process

Experimental part

Standard and reagents

Eosin Y disodium-salt (Eq &3% purity ) was purchased from Sigma Aldrich (Fig. 1), The
chemicals used as supporting electrolvte (KCI) and for the preparation of the Britton-Robinson
butTers (0.04 M stock solutions of HsPOs, CH3COOH. HiBOs and 0.2 M NaOH, Sigma Aldrich.
U8 A) were of reagent grade. Britton-Robinson buffers (pH 1.6, 3.3, 4.0 4.7, 7.0 and 9.5) were
prepared at constant ionic strength 0.15 mol/L adjusted by the addition of appropriate amount
of NaCl0a Ha0) (Sigma Aldrich). Buffer at pH 0.9 was obtaned admixing 1 mlL of 0.1 M KCI
with 10 mL of 0.2 M ICL The solutions were prepared with ultrapure water (Millipore).
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Fig. 1. Chemical structure of Eosin Y disodium-salt.

1W-Vis Spectrascopy
Analyses were performed using a V-750 11 is spectrometer (Jasco International Co.. Japan)
equipped with Halogen (W1) and Deuterium lamps. The instrument operated with spectral
acquisition in the range of 200-760 nm, every 0.2 s and 4 nm resolution,

Cyelic voltammetry

Cyclic voltammetry was performed in an optically transparent thin-layer elecirode cell using a
PGSTAT 12 AUTOLARB potentiostat (Metrolim Autolab, The Netherlands). The cell contains
a three-clectrode system (Ag/ApCl[1 M LiCl reference electrode. glassy carbon (diameter
0.9 mm) working electrode, platinum net auxiliary electrode). Measures were performed in
Britton-Robinson buffers or 0.1 M KCL Oxyvgen was removed from the solution by bubbling
with & stream of argon.

UT-Tis Spectroelectrochemistry

An optically transparent thin-layer electrode (OTTLE) cell (8) with a three-electrode system
(platinum as working and auxiliary electrodes. silver as quasi- reference electrode) mounted m
a thin layer (thickness 0.18 mm) between optical windows were used. Sufliciently optically
transparent platinum gauze (80 mesh) of the size 5 © 5 mm served as the working electrode.
The potential sean rate was 5-10°7 Vs, Speetral changes during electrolysis were registered
uging an Agilent 8453 diode-array detector. 1.0 em quartz cuvettes were used for testing the
stability of the compound when exposed 1o air,

Results and discussion

UV-Vix Spectroscopy

The remarkable photo-sensitivity of cosin was easily revealed exposing an aqueous solution of
eosin Y disodium-salt to natural light: the absorbance drasticallv decreases approaching to zero
in Jess than 6 days (Fig. 2 top), No isosbestic points are observed contrary to what happened
when the solution was irradiated with a monochromatic laser at 4035 nm or 532 nm by Alvarez-
Martin et al. *. Thus, the stahility of cosin in solution is strongly dependent on the light exposure
leading to 1 ion of uncolored comp | . 2 bottom).
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Fig.2. Top: fresh agueous eosin solution (left) 2-days imadiated eosin solution (right, B ottorn:
UV-Vis spectra of eosin (0.065 m, in solution of 0.2 M KOH) exposed to natual light,
collected at different time intervals

Cyelic voltcommety

The cxidation of eosin was studied at different pH values (pH =0.9, 1.6,3.3,4.0,4.7, 7.0 and
9.5) by the variability of the cyclic voltammograms due to the several dissociation forms in
which eosin could be present in relation to pH.

The woltarrnogram collected in strong acidic pH (pH =0.9) shows only one peak belonging to
the oxidation of eosin neutral forrn. Still in acidic conditions (pH=1.6 and 3.3) two waves were
registered, and they can be attributed to the oxidation of the dissociated anionic and neutral
form At pH 4.4 only me wave related to the anion was detected, while atpH=4.7 two waves
are present due to the andonicand diantonic forms (Ag'). In the end, eosin ispresent in solution
atpH 7 and higher only as the dianion A% (Fig 3) The oxidation of the dianionic form leads
to the formation ofa product Pux, as proved at the negative range of potential in the backward
scan(Fig 3).

T v
pH=10 &

R P

p o5 an s ]
zm
Fig. 3. Cyclic voltarmograms of 037 mi EOMNa solution in Britton-Fobinson buffer on
glassy carbon electrode at pH =7 Scanrate was 0.1 ¥W/s.

UV-¥is Spectroelectrochemistry
UW-Vis Spectroelectrochemistry experiments were performed both inacidic (pH =3} and in
neutral (pH =7) conditions. The spectra collected at the beginning of the scanning are identical
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to that of cosin. During oxi

on. the intensity of the absorption spectrum of eosin (A

520 nm) decreases continuously and a slight increase of absorbance in correspondence of 225
nm is detectable,

Conclusion

The results reported allowed us to highlight the photo and pH sensitivity of cosin. The adopted
approach provides useful lindings regarding the oxidation of eosin. The future application of
exhaustive electrolysis and high-performance liquid chromatography coupled to spectroscopic
and spectrometric detectors will contribute to outline the oxidative degradation process of this
highly unstable dye.
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Abstract

Fentanyl and its analogues are potent synthetic opioids abused in illicit drugs. Analysis of
fentanyls can be based on their electrochemical oxidation providing a voltammetric peak at
potential about 0.9 V (vs. SCE) in neutral aqueous media. Controlled potential electrolysis in
combination with HPLC-MS and GC-MS. as well as on-line couy of electrochemistry with
mass irh.\.lr(lllltll'\ were used o adentify clectrochemical oxidation products of selected
~dealkylated products and products hydroxylated on the dehvdrogenated piperidine
found in solutions electrolyvzed in aqueous media. Electroactive dimerio products
adsorbed on the working electrode surface provided analytically usable voltammetric current
signal.

Key words: Fentanyl. Furanylfentanyl. Norfentany
Electrochemistry - Mass Spectrometry.

dlectrochemical Oxidation. Voltammetry.

Uvod

Fentanyl a jeho analogy (Obr. 1) jsou syntetic
pripadech analgezic a zvli

onemocnéni. Stile éast
s heroinem, v nichZz zvysuy Ky terapeuticky index (rozdil mezi
nginnou a smrtelnou divkou) fentanylu a jeho deriv 4 pricinou netmysiného, aviak casto
smrtelného predivkovini nelegalnimi drogami s ptimési fentanylu a jeho analogi '

¢ opioidy vyvinuté pro pouziti v akutnich
ilveh \lnd ch nadorovych

Obr. 1. Strukturni vzoree fentanylu (), furanylfentanylu (2) a norfentanylu (3).

Nejastéji pouzivanymi metodami pro analyzu fentanylu a jeho analogi jsou vyvsokoudinna
kapalinova a plynova chromatografie s hmotnostné spektrometrickou detekei >, Vedle téchto
instrumentilng narocnych metod lze vyuzit i metody elekirochemicke. Pro rychlou analyzu
E . jeho mxhbuhlu norfentanylu a prekurzoru 4-anilino-N-fenethylpiperidinu piimo
u byl vyvinut elektrochemicky senzor na bizi jednordzové udténé uhlikové elektrody
modifikované iontovou kapalinou (1-butyl- I-methylpyrrolidinium big(trifluormethylsulfonyl)-
imidem) *. Cyklickou square-wave voltametrii byl na tomto senzoru zaznamenivin specificky
signil oxidace fentanylu a redukee jeho oxidacnich produktii predstavujici ,otisk prstu analyiu
vhodny pro jeho selektivni stanoveni ve smési s daliimi elektroaktivnimi litkami. Pro analyzu
fentanylu a jeho derivitll ve smési sheroinem je vhodnd kapalinovd chromatogra
s amperometrickou detekei zalozenou rovnéz na elektrochemické oxidaci fentanylii ©.
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Prestoze anodicka oxidace fentanylu a jeho analogi byva
mus nebyl dosud objasnén. Tato pi produkii
emické oxidace fentanylu s vyuzitim on s hmotnosini
spektrometrii  a  kombinace vysokouéinné kapalinové chromatografie s hmotnostné
spektrometrickou detekei.

vuzivina k analytickym a&elim, jeji

E p(-rmu'nlnlm cast

uranylfentanylu a norfentanylu (vs
1107 mol/l v methanolu (HPLC grade, VWR Chem
oclovi, octan amonny umum‘uL pro pripravu roztoka byly Gistoty . pro analyzu®, muhllm fize
byla pipravena z acetonitrilu (HPLC grade. VWR Chemicals).

Elektrochemické experimenty byly provadény na pristroji Autolab PGSTATI2EN (Metrohm
Autolab, Nizozemsko) v thielektrodovem zapojeni s referenéni kalomelovou a pomocnon
platinovou elektrodou. Cyklické voltamogramy byly zaznamendny s pracovai elekirodou e
skelného uhliku polarizovanou rychlosti 50 mV/s vrozsahu -0.4 a2 1.4 V. Elektrolyza za
konstantniho  potencidlu 1.1 (vs. L) na platinové sitkové elektrodé. s pomocnou
elektrodou umisténon v oddéleném katodovém prostoru. probihala v roztoku 5:107 mol/l
prislugného derivitu fentanylu v 0.05M-CHyCOONH; v 50% methanolu po dobu 30 min.

Elektrolyzovand roztoky byly piimo analyzoviny v systému Acquity UPLC 1-Clasg vybaveném
ei. PDA detektorem a spojeném online s tandemo Tmotnostnim spektrometrem pt G28
s elektrosprejem jako iontovym zdrojem (vie Waters, USA), Separace se provadela na
staciondmi fizi C18 s gradientovou eluci dvouslozkovou mobilni Fazi (slozka A~ 0.1%
HCOOMH v Hz0, slozka B - 0.1% HCOOH v CH:CN). lontovy zdroj ESI pracoval v kladném
i zapomém modu pii teploté 120 “C. < napétim na kapilafe +2 kV. tlakem zmlzovaciho plynu
(N2) 600 kPa, s pritokem susiciho plynu (N2) 400 Vh o teploté 200 °C

On-line spojeni elekirochemic s hmotnostni spektrometrii bylo realizovino s potenciostatem
ADLCI (Laboratorni pristroje. Praha) s pritokovou coulometrickou celou S021A (ESAL USA)
s pracovni porézni ublikovou elekirodow. pomocnou Pd a referencni Pd/H: elektrodou. Roztok
vzorku ohsahujici 3- 107 mol piislusného derivitu fentanviu v 0,05M-CH:COONH: v 50%
methanolu byl divkovan do pratokove cely rvehlosti 8 pl/min pomoci lineami pumpy
1002X (New Era Pump System, USA). 7 prulukm" cely byl roztok privadén do mnlo\eho
zdroje (elekirosprej) hmotnostniho spektrometru Agilent 1100 Series LC/MSD Trap (Agilent.
USA). Elektrosprej pracoval v kladném i ziporném médu pri teploté 200 °C. rvehlosti pritoku
sugiciho plynu (N2) 3 Vmin, tlaku zamlzujicibo plynu (N2) 103 kPa, napéti na kapilare bylo
=3,5kV.

Visledky a diskuse

Cyklické voltamogramy studovanych fentanyli (Obr. 2) zaznumenand v neutrdlnim
poskytuji anodicky proudovy signdl pii potencidly kolem 0.9 V., Tvar signilu
koncentraci Litky a ryvchlosti polarizace pracovni elektrody. Ph v
aryehlostech polarizace je rozdvojeny, ve ziedénych roztocich a pomalejsich rychlostech je
patrny jediny pik. Hodnoty smémice zivislosti logaritmu proudu piku na logaritmu rvehlosti
polarizace 0,72 pro fentanyl a 01,66 pro furanylfentanyl potvrzuji vliv adsorpee na proudovou
odezvu fentany Absence proudovych signali na katodické vétvi voltamogramu svédéi
o ireverzibilite elektrodove reakee.
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gipkou), v zakladnim elektrolytu
v 50% (v/v) CH3OH: rychlost polariza
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Erv

voltamogramy 0.5 mmol/l fentanylu (A) a furanylfentanylu (B) pied
(modrd) 30 min pA potencidly
zarkovana kiivka) tvofeném 0.05M-CH3COONH,
e elektrady ze sklencho uhliku 50 mVis.

1.1 V {vyznaten

HPLC-MS analvza roztokil fentanylu a furanylfentanylu po elekirolyze za Konstantniho

potend

(OP5) resp. methoxyl
nalezeny i u furmny

kte

1 1.1V odhalila nékolik monomerr

anylu (Tabulka I). Identifi

i a monohvdroxylaci

ch produkti elektrochemickyeh reakei (Tabulka
I). Produkt elektrolyzy fentanylu s retenénim ¢asem (.63 min a s hodnotou m/'=
(Fen-OP1) odpovida norfent,
mlz [MAH] 150 (Fen-OP2) j
metabolismu fentanylu.

detekované produkty vanikly de!n drogen

[MiH] 233

(Obr. 1. struktura 3). produkt s retendnim ¢asem 1.61 mina s
fenylpropanamid. Obé tyto litky pati k hlavnim pmduklﬁm
probihd za katalyzy enzyvmy cytochromu P450 " Dalsi
(OP3, OP4). dilvdro i
(OP6) pipendlno\elm Kruhu 1cnl.in)m Analogicke produkty
ce produkta byla provedena na z

zméiend piesné hmoty a fragmentace pristusnyeh ionti. Identita produkiis OP1 a OP2 hyla
prokdzana srovninim se standardy norfentanylu a N-fenylpropanamidu.

Tabulka 1.

HPLC-MS analvza fentanviu, furanylfentanylu a jejich oxidaénich produki,

Latka/produkt t/min 'z [M+H]' Sumarni vzoree dtm”
(mDa}
Fentanyl 1,57 337.2262 -1.8
Fen-OP1 0,63 233.1664 1.0
Fen-OP2 1.61 130.0906 -1.3
Fen-OP3 3,56 3491940 2.4
Fen-OP4 503 351.2034 -3.9
Fen-OP3 4.41. 4,57 367.2021 0.1
Fen-OP6 2,75 383.2324 1.1
Furanyifentanyl 1.83 3752083 1.0
FF-OP1 0.65 271.1443 0.4
FF-0P2 2,69 188.0712 =10
FF-OP3 5,11 3IRO.1856 -0,9
FF-0Or4 2,26 391,2033 1.1
FF-OP3 4.50: 4.56 405.1828 1.4
FF-0OP6 2.73 421.2153 2.6
Norfentanyl 0.63 233.1753 7.6

#dtm ~ odchylka experimentalné zjisténé hodnoty /s od teoretické hudnol\
On-line elektrochemic s hmotnostni spektrometrii poskytla vysle d}q &len. JHiy \oulgldu se
zévéry off-line HPLC-MS analyz elektrolyzatii abou fentany i 3 signalin
ionth produkti vznikajicich elektrochemickou oxidact fentanylu v zé\'{slusli na pmm:ci:’du
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pracovni uhlikové grafitové elektrody v prioéné cele spojend piimo s hmotnostnim
spektrometrem ukazuje Obr. 3,

8
F 7
=
&
G -0-337mfz
=
] -0~ 150 m/z
£s
£ —h—233 mfz
g i ——349 m/z

—--367 mfz
3 4 - - T r
0 200 400 500 800

Potencial vs. Pd/H, (mv)

Obr. 3, Zavizlost logaritmi intenzit MS signal( jontd vznikajicich pfi on-line elektrochemické
oxidaci fentanylu (5107 mol/1) v 0.05M-CHsCOONH: v 50% methanolu.

Zavér

K elektrochemicke oxidaci fentanylu a jeho
v piperidinovém  evklu a  vanilidové  Ca molekuly. Oddtépeni  elekironli  spojené
s dehydrogenaci a hyvdrolyzou vede ke Jednak N-dealkylovanyeh produkti, jednak
produktii hydroxylovanych na Gasteéné dehydrogenovaném  piperidinovém kruhu. TLze
predpokladat. Ze jednoclektronovou oxidact anilidového dusiku adsorbované formy fentanylu
vznika radikal, ktery podléhat na povrchu pracovii elektrody elektropolvimeraci, jez se
projevuje analyticky vyuzitelnym voltametrickym signalem.

analogh dochdzi na atomech dusiku vizan:
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Abstract

The interpretation of the change of absorption spectrum of an oxidized and reduced molecule
recorded during the electron transfer is an efficient tool for the determination of oxidation or
reduction mechanism. This technigque provides the information about the ¢lectroactive
chromophore and is performed in two regimes of eclectrochemical measurement. cyelic
voltammetry and chronoamperomelry. respectively. This approach was successfully applied to
study the fundamental electrochemical behavior of recently synthesized copper complexes
providing biomimetic activity. of polyphenolic bioactive compounds. and also for the reduction
of halogenated phenanthrolines. The identification of redox products was done by
chromatographic techniques as HPLC-DAD and HPLC-ESI-MS/MS.

Key words: Copper complexes. Spectrolectrochemistry, Catechol, Oxidation, Reduction,
Antioxidants, Phenanthrolines.

Introduction

The understanding of bioactivity of compounds in proc
play an important role, is a challenge for many researche
oxidation or reduction. the presence of short living intermediates. reaction mechanisms
involving electron and proton transfers, all contribute to the comprehension of drugs activities,
their mode of action and determination of their metabolites.

es, where clectron transfer reaction
. The formation of radicals during

The use of on-line spectroclectrochemical methods and analytical separation techniques is
required for the complete elucidation of the oxidation or reduction mechanisms. The changes
in the absorption spectrum are monitored in situ while the electrochemical reaction is carried
out under controlled conditions ', UV-Vis spectroelectrochemistry is used with advantage for
short living intermediates detection and for elucidation of the chemical reversibility of
electrolytic process. IR spectroclectrochemistry is helpful determining the electroactive site in
a molecule when recording changes of intensity of absorption bands attributed to specific
functional groups. These techniques were efficient in studies of the oxidation mechanism of
bhioactive polyphenolic compounds and their copper complexes: * the mechanism of oxidation
leading 1o 4 nen-stable intermediate benzofuranone derivative was resolved with the help of
speciroelectrochemical and HPLC-MS/MS techniques . Spectroelectrochemistry was also
powerful in solving redox properties of bioactive hydroxyquinoline compounds ™

Moreaver, the mechanism of catalytic (catecholase) activity of newly synthesized dinuclear
copper complexes with tyrosinase motil’ (Cus02) can be characterized by means of
spectroclectrochemistry.
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Experimental part

Reagents

The studied copper complex [Cul (OAC(110)] (CIO) was synthesized ut The University of
Pardubice according to references.® Luteolin (3°.47.5. 7-tetrahydroxyilavone) was purel
from Sigma Aldnch, Czech Republic. Tetrabutylammonium hcxalllmruphosplnlu (TBAPFs.
Sigma Aldrich) used as a supporting electrolyte was dried at 90°C for 1h before use.
Acetonitrile (anhydrous. water <0.001%) was purchased from Sigma Aldrich. The solutions
were prepared with ultrapure water (Millipore). All reagents and chemicals were used without
any further purification.

Eleetrachemical senp

The cleaning of the spectroelectrochemical cell was an important part of the research. Firstly.

the spectroclectrochemical cell was Ll%ﬂllﬁd chemically with acetone and acctonitrile. then the
1 de was cleaned el hemi + by the appl of a negative potential (-2.0 V) until

a development of hydrogen at the surface of electrode. This electrochemical cleaning was

carried out in 0.1 M TBAPFs in acetomitrile

¢ voltammetry as well as chronoamperometry were performed in an optically transparent
electrode cell using a PAR polentiostat (model 263, Princeton Applied Research.

thin-|
USA). The thickness of spacer between optical windows made of CaFz was 0.18 mm

The eell contains a three-cleetrode system (Ag/AgCl referes
auxiliary electrodes) mounted in a thin layer,

cleetrode, platinum working and

Thearetical caleulations
The thearetical caleulations of molecules in vacuum were performed using the DFT employing
the EDI2 functional and 6-31G* basis set (Spartan” 14, Wavelunction. USA )

Results and discussion
The absorption spectra of copper containing complex during reduction were recorded in the

spectroclectrochemical cell. Two modes of measurement, chronoamperometry and cvelic
o 10

voltammetry. were used as described in our previous arlicle

Absorbance / a u.

200 250 300 350 400
Wavelength / nm

Fig. 1. UV-Vis spectroelectrochemistry of [Cuzl.(OAc)(H:0)] (C1Os) during reduction.

The reduction of the complex 1s accompanied by a deerease of bands at 228 and 281 nm. while
absorbance at 241 and 329 nm increases. The reaction is chemically and electrochenmically
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reversible showing that the reduced complex is reoxidized to the starting molecule (Fig, 1)

During the reaction, copper(11) 1s reduced to copper(1). Polyphenolic compounds were selected
as further system for testing the spectroelectrochemical cell. During exidation of luteolin the
abgorption bands at 211, 267 nm and 399 nm decrease. Simultaneocusly. the intensity of
absorption bands at 2435 nm, 298 nm, and broad 491 nm increase (not shown). In the latter case.
the oxidation was irreversible due to the participation of subsequent chermical reactions, which
lead to a low molecular weight compounds **

Table 1. Caleulated and experimental values of wavenumbers of chlorinated phenanthrolines
in cm’?

viem ! 4,7-dichloro-6-Nluoro-1,10-phenanthroline
Calculated [ 1622 [1576 [1532 [1310 [1272 [ 1144 [1110 | 1061
Experimental | 1628 | 1573 [ 1545 [ 1288 [ 1275 | 1160 | 1118 | 1088
viem! 4-chloro-6-fluoro-1,10- oline
Calculated | 1630|1603 [ 1583 [ 1339 [ 1321 [1252 [ 1234 [ 1126 | 1078
Experimental | 1630 [ 1608 [ 1586 | 1343 | 1307 | 1261 | 1246 [ 1137 [ 1103

Absorbance

1680 11600
v/em

Fig. 2. IR spectroelectrochemistry of 4, 7-dichloro-6-fluoro-1, 10-phenanthroline at the potential
of the first reduction wave.

Fig 2 shows the change in intensity of the vibration bands belonging to the dechlorinated
compound 4. 7-dichloro-6-fluoro-1,10-phenanthreline during its reduction. Vibration bands at
1628 om™, 1573 em™, 1545 em™, 1288 om™, 1275 em™, 1160 cm?, 1118 cm™, 1088 om™
decreased. The range of wavenumbers below 1300 cm™ is not shown. Interestingly, the
vibration bands assigned to the reduction product of dechlorinated phenanthroline, which
contains only one chlorine substituent in the chemical structure, increase: 1639 cm™, 1608 cm’
!, 1586 em™, 1343 em™, 1307 em?, 1261 em’!, 1246 em™, 1137 cm, 1103 em. The calculated
wavenumbers (see Table 1), even if calculated for the molecule m vacuum, are invery good
agreement with the experimental values, Analytical determination of products in solution after
the reductive electrolysis HPLC-M: S detection confirmed the clesvage of chlorine during
the reduction of 4, 7-dichloro-6-fluoro-1,10-phenanthroline. ''1*
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Conglusion

The UV-Vis and IR spectroclectrochemistry were used for registering the spectral changes
oceurring during the electron transfer proc both exidation and reduction. The obtamed
data will serve to the determination of oxidation and reduction mechanisms of bioactive
compounds and will be used to rationalize the mode of action and catalytic (catecholase)
activity of novel copper containing complexes mtendedly designed to replace natural tyrosinase
enzyme in a biosénsor sensitive for catechols.
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Abstract

A pilot study was performed to detect thermostable proteins present in urine using the Brdicka
reaction, The proposed method was applied to the analysis of urine of patients with prostate
cancer (CaP). The mean AUC of the PC group (n = 63) was 151.7 + 48.0, RSD 53.7 %, The
difference between the control group and PC group was significant (P = 0.076).

Key words: Albumin, Thiols, Catalytic reaction, Prostate cancer, Metallothionein, Differential
pulse voltammetry.

Uvod
Profesor Rudoll” Brdicka a profesor Hevrovsky publikovali v Casopise Nature informace o
vyuziti polarografie pri diagn niidorového onemocnént . Pro rvehlou diagnostiku
riznych zhoubnyeh nadort jsou intenzivné hledany nové vhodné markery ' Vétgina
nidorovyeh markeni se stanovuje z krve a jsou tedy méné vhodné pro samotestovini,
Bmlogukou tekutinou, kterd je snadno dostupnd je moé, aviak jeji nevvhodou je vyrazna
i sho slozeni. Metalothioneiny (MT) jsou biologicky v¥znamné molekuly.
vysokym obsahem thiolovych skupin. U pacienti se zhoubnym nidorem
ni hladiny MT. Jednou s nejrozsifendjdi malignitou jsou zhoubné nadory
prostaty (CaP). © vetahu MT a moéi neni zname mnoho informaci. Thiolové skupiny jsou
odpovédné za katalytické signaly \}Iu dani vodiku, Elektrochemickému ;.idmwml MT se

xerrata
Cilem této price bvlo ehkl.{o:hemlcke studmm MT v moi a Jjejich zmény u
pacienti se¢ zhoubnym nadorem prostaty.
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st

7ité pro analyzu byly zakoupeny od Merck (Darmstadt, \'Lmuko) a (rrxmer
Bio-One (Kremsmunster. Rakousko) v analyt istote. Ultradistd voda byla
zafizeni FLGA (Londyn. Spojené kralovstvi), pH bylo kontrolovane na zafizeni Orion.
Elektrochemicka analyza byla provedena v trielektrodovém zapojeni VA-Stand 663. Byla
pouita pracovni elektroda IMDE s plochou 0.4 mm”, referencni Ag/AgCl3M KCl a pomoena
elekiroda byla z uhliku, Brdickiv zakladni elekirolvt obsahoval 1 mM (,n(]\z”;)a( lsa l M
amony pufr (pl19.6). AATS DPV parametry: potatecni potencidl: —0.35 V, Koney
/s, modulaéni 1mp]!!uda 250 mV.
moci byl pouZit analyzitor Mindray BS300 a BS400 (Sllelwhr.m(ma)
CaP

Pro chemickou ana
Kontrolni skupina byla mod zdravyeh dobrovolniki (n = 5, vek 16 a% 18) a primoz:
(n = 14, vék 60), Elektrochemicka analyza byla provedena na Metrohm (Herisau. 8
podle SOP. Individudlni vzorky (n = 5) byly smichiny do sterilni nddoby (objem minimdlng
500 ml). Po piipravé smésné modi se byla mog analyzovina a sterilizovina pii 110 °C po dobu
15 minut. Ostatni realna moé byla denaturovana pii 99 °C po dobu 20 min, poté byla
centrifugovina po dobu 30 min pii 14 000 g 2 4 °C. pro analyzu byl pouZit supermatant. Veskerd
analyzovani data byla prevedena do laboratorni databaze QINSLAB a statisticky vyhodnocena.
Viechny analyzy byly provedeny minimdlné v 5 opakovinich.

Vsledky a diskuse
Elektrochemicka analyza MT byvla papsina v riznych pracich ™ ° Dlouhodob je pro tyto
Y \‘.u?nunu ilnin,}\m\ rgaku l’odmbm‘ Jenu pops.n nami modi ilLo\ anou metodiku

5 50: 100 pg ulI) v .xpllkuun)uh nlluml\uh \forl.\s pro analvzu (10: 20; J(J r,r:
l’t) ul). U ziskanyeh voltamogrami byla vvhodnocena AUC pod gratem ve 4 zonidch (zona od
-0.6 V do -1.0 V. druhd od — 1.0 V do - 1.3V, tfeti od -1.3 V do -1.6 V a étvrta zona od - 1.6 V
do -1.95 V). Ziskané AUC pro jednotlivé zony ukizaly nejlepsi zavislost pro zému 2 a 3
Zazmamenané AUC odezvy jednotlivich zon nartstaly v zavislosti na mmo?: aplikovaného
vzorku, AUC RSD se pohybovaly mezi 2040 % V experimentu byla testovina hladina
thiolovych sloudenin v modi pomoci Brdickovy reakee. Vyde uvedeny postup a matematické
vyhodnoceni jsme se rozhodli aplikovat na elektrochemickou analyzu veorki moci. Ziskany
vzorek moéi byl nejprve denaturovin a nisledné elekirochemicky an: vin. Kromé uvedené
elektrochemické analvzy byly vzorky také podrobeny chemické analyze. Chemickd analyza
moéi (kentrolni skupina): kreatinin 9.4 = 4.2 mmoll: kys, motova 1.94 = 0.8 mmol/l:
mocovina 96,8+ 49 mmol1; osmolalita 72.3 + 54 mmol/l: SAR 0,06 = 0.01 AU Pacienti s CaP:
kreatinin 9.5 + 2.7 mmol'l: kys. mocova 2.8 + 0.8 mmol/l: mocovina 49.8 + 9.2 mmol/l:
osmolalita 236 + 160 mmol/l: SAR 0.09 = 0,01 Al Bylo provedeno porovndni signalfi
mogramu vzorkii modi kentrel a pacientii s CaP. Priméma AUC kontrolni skupiny
(n=28) byla 106.8 = 11.1. RSD 30,9 %, Primérnd AUC CaP skupiny (n = 63) byla 151. 7 +
48.0. RSD 53.7 "6. Rozdil mezi kontrolni skupinou a skupinou CaP byl stat
=0.076). Swierzeek et al. studovali hladiny MT v moti po environmentalni kontaminaci a Zjistil
6-15krdt ndrist po expozici kadmiu'?, Zajimavym vysledkem je potvrzeni vazby kadmia na MT
v modi. kdy koncentrace MT kontrolni shupiny byla kolem 0.8 ng/1. ale skupina se zhoubnym
nadorem vykazovala statisticky zvvsenon hladinu kolem 1.8 pg/1
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Sigodl (aa)
¥

Pradavek vzsria {u)

Obr. 1. Typicky priimémy (n=5) DP vollamogram albuminu (13 ng/nl) piitomného ve vaorku
modi § redoxnim signdlem RS2Co a katalytickymi signaly Catl, Cat2 a Cat3. Bylo davkovino
100 pl vzorku do zakladniho elektrolyvtu. Box ploty AUC signalu v z6né 4 albuminu (ze viech
analyzovanych koncentraei) v pridavku: 1-120; 2-60: 3-40; 4-20: 5-10 ul do modi.

Zaver

Metalothioneiny jsou stanovovany v fadé riznyeh matriei, phedeviim ve vzorcich orpani
V posledni dobé jsme vénovah pozornost detekei MT v krvi a séru, Dal3i matrici, ve které je
MT moiné analyzoval, je moé. Byla provedena pilotni studie elektrochemické analjzy MT
vmods Navie nds zajimaly zmény vyvolané rozdilnymi pfidavky vzerku a albumina. Rozhodli
Jjsme se jednotlivé katalyvtické signaly matematicky vvhodnocovat jako AUC ve &tyfech
potencialovich zénach. Uvedené metodické piistupy jsme aplikovali na sledovini zmén ohsahu
MT u pacienti s CaP’, Mezl testovanymi skupinami se podafilo prokazat rozdily. ale musi byt
déle detailngi studovany .
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Catalytic Oxidation of Dopamine: Mushroom Tyrosinase vs. Dinuclear Copper(IT)
Complex
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Alhs'mn

i of this scientific study was to compare catecholase activity (representing the ability o
ortho-diphenols) of tyrosinase enzyme (isolated from the common mushroom Agaricis
bisporis) with a completely synthetic dinuclear copper complex toward the neurotransmitter
dopamine using standard Michaelis-Menten kinetics model. Both, standard UV-Vis
spectrophotometry and amperometry ina batch configuration were presented as complementary
methods o study the catecholase activity. Despite the finding of comparable catalytic activity
(similar Michaclis-Menten constants), it is necessary tomention that tyrosinase enzyme is not
active in methanol solution like investigated dinuclear copper(11) complex.

Key Words: Catecholase activity: Dopamine; Tyrosinas

- Amperometric detection.

Introduction

Generally, traditional biosensors based on natural enzymes have a short lifetime ' 1o be
integrated into miniature systems (handheld meters) and could be directly used by patients, like
n ease of glucome! Nowadays, the development of biomimetic sensors represents a wide
interest of the scientific society in the field of clinical analysis due to promising long lifetime *.
Numerous scientific papers suggest that a replacement of long-term unstable mushroom
(isolated from Agaricus bisporus) tyrosinase (TYR) enzyme by copper biomimetic complexes
could bring expected improvement ', From litérature, it is possible to find owt that the TYR
enzyme forms a tetramer of 119.5 kDa that is composed of two types ol subunits, namely H
subunits (~43 kDa) and I subunits (~14 kDa). The H subunit contains a binuclear copper-
binding site in the oxy-state. in which three histidine residues coordinate each copper ion *. In
comparison with naturally occurring enzyme. a newly synthesized dinuclear copper complex
[Cual (OHY HOXEIOH)" 2C104 with 2,6-bis[(N-methy] piperazine- 1-yDmethyTJ-4-formyl
phenol as ligand (L), which chemical structure is shown in Fig. 1., could have a potential
diphenelase (catecholase ) activity (see Fig 2) ° The aim of this work was to define whether this
dinuclear copper(Il) complex catalvses an oxidation reaction of dopamine to dopamine-o-
quinone by air oxygen. as well as the TYR enzyme.

Experimental part

Dopamine, p-hydroxybenzaldehvde, -
Cu(ClOy)z6 1120, tricthylamine. 99.99% methanol ()
purchased from Sigma- Aldrich (Prague. Czech Republic). All solvents were used without any
purification. A deionized water characterized by low resistivity of 18.3 MQ em was prepared
using Millipore Milli-Q" purification system from Merck KGaA (Darmstadt, Germany ),

perazine, parafi vde,
cOH). 99.99 lithium perchlorate were
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Fig. 2. Diphenolase cyele of mushroom tyrosinase.

All measurements in ultraviolet and visible regions of the spectrum were carried out with
UV-Vis spectrophotometer UV2450 from Shimadzu (Kyoto, Japan) using | ¢m quartz cuvetle
from Fisher Scientilic (Pardubice, Czech Republic) in the range of wavelengths from 800 10
204 nm at seanning speed of 0.5 nm 571

Measurements of kinetics were performed in 3 m1. pure MeOH containing 0.1 mol L ' LiC10:
with 150 pmol L' bi complex, and gated for ions from 100 to 1600
pmol L' dopamine. At the first, UV-Vis sp pl ¢ of the biomimetic complex
solution was only measured, and then obtained specirum was corrected for the blank absorbanee
signals. For dctummau(:n of parameters such as Michaelis constant {Kx™") and apparent
maximum reaction velocity (Fras™"), absorbance values al wavelenaths 463 nm for dopamine
was used.

Fach measurement intended for hydrodynamic amperometry was performed in a hateh
arrangement. Traditional three-electrode cell, consisting GCE (working). saturated calomel
electrode (SCE) with 0.1 mol 1.7 LiCIO4 in MeOIH as salt bridge (reference) and platinum sheet
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(auxiliary). were together connected to the AUTOLAB PGSTATI0N potentiostat/galvanostat
from Metrahm Ceskd republika sr.o. (Prague, Czech Republic). which was operated through
NOVA 111 software.

Each experiment was performed in a conventional glw: Il from International Chemistry Co.,
LTD. (Matsudo-shi. Japan) containing 500 umol L™ synthetized dinuelear copper complex in
anon-deacrated pure MeOI with 0.1 mol .* - LiCKOu at deteetion potential of 0.1 Vand stirring
speed of 400 rpm. Otherwise. all important changes in the working conditions are showi in the
figure legends.

Results and Discussion

Ta determine the wavelength of maximum absorbance of dopamine-quinone which undrrgces
anucleophilic reaction (qchuﬂllun) to form a leukedopamine-chrome (5.6 dnh;dmumdo]u)
UV-Vis spectra of 130 umal 1" dopamine (black) in the presence of 150 umol 1.7 dinuclear
copper(ll) complex were recorded every 10 min (red lines). as shown in Fig. 3A. The
wavelength of 460 nm was set to measure kinetie curves for 100-1600 umol 1! dopamine (Fig
3B) which were interpolated by quadratic function. For coeflicients of determination (7"}
higher than 0.998. h-values of corresponding quadratic equations characterizing the change in
absorbance (A) over time (1) were used Tor construction of Michaelis-Menten saturation curve
for a catalytic reaction (Fig. 3C). The appropriate Lineweaver-Burk plot is shown in Fig, 3D.
Fig. 3. Spectrophotometric  kinetic  study  of  the  catecholase  activity  of
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[Cu:L(OHKH-OXFIOH) 2C104 complex towards dopamine oxidation.

If tabulated value of Kn""=0.840 mmol L ' dopamine (BRENDA database) is taken into
account lor TYR enzy me (A garicus bisporus) in 0.1 mol L™ phosphate bufTer (pH 7). the value
of Ko ®#-0,870 mmol L dopamine caleulated from spectrophotometric measuremnts in pure
MeOH containing 0.1 mol L™ LiClOs indicates the fact that comparable catalytic activity was
attained. Moreover, an analogical kinetic study as in the previous case was also carried out
amperometrically because lhu product of d catalytic oxidation (d ine-quinone) can
be electrochemically reduced at 0 (A), -0.1 (B: and -0.2 V. Obtained L:uclu. curves (1)) were
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lingarized (E) to calculate Ko™ value, as shown in Fig. 4. The Kn™ values of 0.867. (.763.
and 0.776 mmol L' dopamine was found for 0 and -0.2 V respectively. This finding
suggests that detection potential does not have any significant effect on catecholase activity of
[CusL (OIITONFOTH] 2€104 comples and both analytical methods used are completely
comparable.

T A 0H3- 13400
[En

E
"00 04 08 12 15 20 -|5-|$.-cl§_’o'n 05 19 15 20 25
¢ (Depamine) /mimol L ¢ (Dopamine) / mmcl L1
Fig. 4. Amperometric kinetic study of the catecholase activity of [CuL(OH ) H=0) EtOH)]™*
2C104 complex towards dopamine oxidation.

Conclusion

The results obtained show that the synthetized dinuclear copper complex provides in pure
MeOH similar catalviic (catecholase) a ity as natural tyrosinase enzyme in aqueous
phosphate bufTer of pH 7.0. However, this complex is not stable in phosphate bufTer due to
probable precipitation of Cu®” cations.
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Abstract
The subject of this work was the inv 1on of electrochemical properties and application
possibilities of new screen-printed sensors (SPE) with chemically deposited boron doped

diamond  ¢lectrode  (BDDI Using conventional redox markers ([Fe(CNp|* " and
[Ru(NHz)s]*"*"), these sensors were tested in comparison with bulk BDDE in a standard
arringement and commercially available SPEs hased on the evaluation of the parameters of the
obtained eyelic voltammograms. Al the same time, the new sensors were applied in the
determination of & number of bioactive substances important from the point of view of
environmental protec or human health (e.g.. drugs and pesticides).

Key Words: Screen-printed sensors, Boron doped diamond electrode, Electrochemical
characterization. Electroanalysis.

TUvod
Vyznamny

1 trendem ve \\‘\'nji v uhlnsli wuca.mé .:]:l\lmunuhtickc chumir. JL‘ [ml\. S

istenych senzori zivisi /ejménu na materidlu pracovni elektrody.

Borem dopovani diamantovad elektroda 7 vykazuje vjimeéné elektrochemi
je iroké vyuzitelné potencidlové okno, nizky proud pozadi. nizky gum a vysoka odomost vici
ovrchu *1% Proto byla tato elektroda v minulosti aplikovina pfi stanoveni celé fady
i organickych litek " Vihledem K jedinetnosti tohoto elektrodového
matrialu se nabizi moznost jeho uplatnéni v tisténych senzorech. V piipadé BDDE se oviem
nejednd o SPE v pravém slova smyslu, ale o ti§tény senzor s chemicky deponovanon BDDE
jako pracovni elekirodou (SP/BDDE).

Predmétem 1éto prace je studium elektrochemickyeh viastnosti o moznosti aplikace nové
laboratormné piipravenc (LM) SP/BDDE.
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Experimentilni éfst

Brittoniiv-Robinsoniy putr (BRB. pH 2-12) byl piipravovan michinim kyselé a alkalické
slozky pod pH-metrem. Kyselou slozku tvofil 0.04M roztok HaPOu, HsBOs a CHsCOOH
Alkalickou slozkou byl 0.2M NaOH. Dalsi roztoky kyselin pouzivané jako elekirolyty byly
fedény 2 koneentrovanyeh 63 %0 HNOs, 96 % H2804. 70 % HCla 64.5 ® HCIO: (viechny Ing.
Petr Svee - PENTA sro.. CR). Roziok KCI (Penta-Svee, Praha) byl piipraven rozpusténim
navazky v destilované vodé a roztoky Ka|FefCNJo| a [Ru(NH:)]Cla (aba Sigma-Aldrich) byly
pripraveny rozpuiténim vhodné navizky v roztoku KCI. 110 "M roztoky analyzovanych litek
(lornoxicam, mephenoxalon, alomoxetin o irticonazol. viechny Sigma-Aldrich)y byly
piipraveny rozpusténim piisluiné navazky ve vodé nebo v aceto Tua uchovaviny v lednici.
Roztoky s nizsi koncentraci byly pfipravoviny demné Cerstvé. a to fedénim zakladnim
elektrolytem.

Pro voltametricka méfeni byl pouzivin Autolab PGSTAT204 (Metrohm Autolab, Netherlands)
vybaveny softwarem Nova 2.1. Ve standardnim tfielektrodovém uspofadani elektrochemicke
cely byla jako pracovni elektroda (WE) pouzita BDDE (BioLogic. aktivai plocha 7.07 mm?.
B/C béhem depozice 1000 ppm). referentni (RE) byla nasycena argentehloridova elektroda a
pomoenou elektrodu (CE) tvofil platinovy dratek (obé Monokrystaly, CR). Dile byly pouZity
dva typy tistényeh senzori, Prynim byl komeréné dostupny SPBDDE (DropSens, aktivni
plocha 10,17 mm’, vnitini primér 3.6 mm, B/C — vyrobee tuto informaci neposkytuje) s WE z
BDD, CE 2 uhllku a R] ¢ stiibra. Laboratorn€ vyrobené LM-SP/BDDE (aktivni plocha (.785:
3.1427.07 mm®. i pramér 1.2 a 3 mm. B/C 312 500 ppm) byly tvofeny WE a CE z BDD
4 RE z¢ stfibra. Viechny testovang elektrody jsou uvedeny na Obr. 1.

BDDE
SP/BDDE
1LM-SP/BDDE
2LM-SP/BDDE
ILM-SP/BDDE

. >

1
e em

Obr. 1. Prchled testova

aluboratorng vyrobené M-S

h senzorit — klasickd BDDE, komeréné dostupna SPIBDDE
/BDDE s riznou plochou, resp. primérem pracovni elektrody

Vysledky a diskuse

Poté, co byly nové pripravené LM-SP/BDDE charakterizoviny pomoci skenovaci elektronové
mikroskapic (SEM) a Ramanovy spektrometric. byly jejich elektrochemické vastnosti
lestoviny  p n:u.l cyklicke voltametrie (CV) redosnich svstémit [Fe(CN)|*™™ and
[Ru(N'lI\j] _ Na Obr. | jsou uvedeny ziskané voltametrické kiivky pro obe litky
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zaznamenané na Klusické BDDE i obou typeeh testovanyeh tistényeh senzori, Pro pichlednost
je uvedena pouze kfivka pro LM-SPBDDE s primérem 2 mm. V Tabulee I jsou pak %Twrnul\
parametry téchto kiivek pro viechny senzory. Z obrazku je ziejmé. Ze pfi praci s § Y
doslo k posunu potencialin pikii smérem k méné pozitivaim hodnotam oproti klasickému
uspofadani s bulk™ BDDE, coZ je pravdépodobné zpisobeno pouzitim tzv. pseudo referentni
stfibmé elekirody. V piipadé .outer sphere redoxniho markeru [Ru(NHs)s|**?" byly ziskany
velice podobné voltamogramy svédéici o dobré reversibilite systému (1. pomér pmudnn.
hustoty (jp) anodického a katodického piku se blizi 1 a rozdil potenciali anodického
a katodického piku (AKy) se blizi teoretické hodnoté 59 mV) pro viechny testované senzory.
U inner sphere” systému [Fe(CN)|*™ byl pozorovin zicielny posun k ireverzibilite
u SP/BNDE. kdy AF byl pro tento senzor dvajndsobny v porovndni s BDDE o LM-SP/BDDE
W daldi fizi byly zaznameniny voltamogramy v zavislosti na rychlosti polarizac, v byly
ziskany linedrni zavislosti jp na v'7, coz svédéi o difuzné fizené reakei. Tyto visledky sveddi
o velmi dobryeh elektrochemickyeh viastnostech LM-SP/BDDE.

a0 10
= Fo(cHl]
" e Rt
1 a0 w0
1o 0 -
f —s00F
a0 1000 —sepmoot
—uwe-sp/E00E
1300 amo - - . -
F s o x0 1050
00 m £ty 1 By

Obr. 2. Cyklické voltamogramy redoxnich systémil [Fe(CNJl" (A) a [Ru(NHsy "™ (B)
na viech fes weh senzorech (CV, elektrolyt — 0,1M KCI v = 100 mV 57,
c(Fe(CN)s]* ™) = 2.5 mM. e |[Ru(NHs)s ) =2.5 mM),

Tabulka L
Parametry eyklickveh vol {i redoxnich systémit [Fe(CN)s[* * a [Ru(NITa)s]*"™
Ml Ja e . Ep Epe AFp
BB pAmn?]  Awm? P jmv) mv) my]
. BDDE 857.0 -8294 1.03 3673 220.5
+_ SP/BDDE 634.1 -5354 LI18 283.1 =117
é ILM-SP/BDDE 776.9 -6635.4 117 195.3 188
{“-)3 2LM-SP/BDDE 873.5 -816.1 107 1933 60.4
&= 3LM-SP/BDDE 938.8 -881.6 1.06 1874 723
4 BDDE 12833 -1266.40 1.01 472 -11L6
TE SP/BDDE 1093.5 -1144.0 0896 -193.6 2789
= ILM-SP/BDDE 10585 -1024.0 103 1996  -265,1
% 2LM-SP/BDDE 11793 -1161.8 102 -1916 -2512
2 3LM-SP/BDDE 11421 S11443 100 -191.7 2531 615

Dalsi ¢dst prace byla zaméfena na moznosti aplikace LM-SP/BDDE pfi analyze riznyeh latek.
Na Obr. 3. jsou uvedeny strukturni vzorce 1é8iv lornoxicamu, atomoxetinu a mephenoxalonu a
pesticidu triticonazolu. S vywzitim bulk™ BDDE byly nejprve vyvinuty metody stanoveni
téehto Tatek, které byly prevedeny na tiséné senzory a byly vwwhodnoceny zakladni statistické
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parametry jako linedrni dvnamicky rossah (LDR), mez detekee (£00) a stanovitelnosti (LOQ),
Pot¢ byly analyzovany jak modelové rostoky. tak redlné farmaceutické nebo pesticidni
pripravky. Z vysledku vyplyvi. 7e viechny testované senzory umoziui dosazeni srovnatelnych
hodnot LD, resp, LOQ. ale LM-SP/BDDE vykazuji obvykle nejsirsi LDR. Ve viech pripadech
byly ziskany spravné a velmi dobic opakovatelng (RSD < 3 %) vysledky stanoveni

A B c D
N o o HC. G
LA L ot e e~ L
A [ = i e
Mg s P - )
&% [ o

L
Obr. 3. Strukturni vzorce lomoxikamu (A). atomoxetinu (B), mephenoxalonu (C) a
triticonazolu (D)

Casto zmifovanym problémem usténvch senzori je opakovatelnost a reprodukovatelnost
méfeni. resp. samotnych senzoru. Proto byla posledni dst prace zaméfena na Ivto parametry
Negpryve byla lestovana opakovatelnost méfeni na jednom senzoru. Pro kazdou vyie zminénou
liatku bylo zméfeno vidy 11 opakovanyeh méfeni phi jedné koncentraci analytu na kazdém
senzoru a z vvhodnocenych vysck piku byla vwpoctena hodnota relativai smérodainé odehylky,
ktera se poh\ bovala ¢ do 5 % (chvbove uscclo u sloupen v Obr 4 pro lornoxicam). Na
sdklade dlouhodobéjsich ‘studii pak bylo zjisténa, 7¢ oba ty 24 tisténych senzor mohou byt bez
problémi pouZivany opakovang, ato i nékolik tédni, resp. mésicu, a jejich odesva se v podstate
neméni. Na druhou stranu se v souvislosti s uSténymi senzory oh\\klc hovoii 0 moznosti
jednordzového pouriti a v lakovém pripadé je nezbying. aby byly proudové odesvy
analyzovanyeh latek na jednotlivvch kusech senzoru reprodukovatelng, Jinvmi slovy. aby byly
produkované senzory reprodukovatelné. Proto byvly méfeny signaly vwie uvedenyeh litek
opakované rovnéz na vice kusech jednotlivych tvpu testovanyeh senzoru. Pro ilustraci |
vysledky ziskané pro lornoxicam shrouty v Obr. 4., kde jednotlive sloupce predstavuji
proudovou hustotu piku analytu na jedne konkrémi elekirodé. Z obrazku je evidentni. ze
Jlepsi reprodukovatelnost byla ziskana pro LM-SP/BDDE (RSD < 5 %), Sou¢asné bylo
¥ SP/BDDE dochizelo k viznamnym zménam potencidlu oxidaénich piku liek
mezi jednotlivymi kusy senzoru, napf. pro lornoxicam se Iy pohyvboval v rozsahu od 300 do
600 mV. Na .bulk™ BDDE a LM-SP/BDDE k posunu potencialu nedochazelo.

:r

Ex
E RS0,,=18.8 %
E
S
=60 RS0,=4.5 %
RSD11E % ASD.=5.1 % ASD,=18 % 2
w II I I ﬂnﬂ IIIII I
0 I I S
BDDE SP/BDDE 1M-SP/BODE  2LM-SP/BDDE  3LM-SP/BDDE

Obr. 4. Reprodukovatelnost a opakovatelnost méfeni LRX na jednotlivich testovanych typech
senzoru (DPV, clektralyt — BRB (pH 3). corx = 1.0210°* M)
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Zavir
Voramei této prace byly studovir

¢ elektrochemické vlastnosti a aplikaini moznosti nové
pripravencho tisténého orus chemicky deponovanou BDDE jako pracovni elektrodou. N
zakladé studii provedenych na bezné pouzivanyeh redosnich systémech a vybranych analytech
ze skupiny 1é&iv a pesticidd lze Fici, Ze tyto nové senzory velice dobré elektrochemické
vlastnosti srovnatelné nebo le

edky a mohou'byl poui:tivény Jak oi;aLO\‘anE pro dlouhodobé studie na
Jednom senzoru, tak jako jednorizové senzory.
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Metallothioncins as Biomarker of Environmental Pollution
Metalothioneiny jako biomarkery znecisténi zivotniho prostredi

&
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"I, Hevrovsky Institute of Physical Chemistry of the C/ech Acaden \)1 Sciences,
Dolejikova 3, 182 23 Prague &, Czech Republ 5.2

¥ Czech University of Life Sciences Prague; Kamycki 129, 165 21 Prague 6, Czech Republic

Abstract

Small wild mamms g at contaminated soil are exploited for monitoring of their metal and
mietallothionein (MT) levels, which can be influenced by presence of parasites. This has been
tested in laboratory experiment with white rats (Raftus norvegicns) infected with tapeworm
Himenolepls diminuta and given diet enriched with lead or zine. The influence of parasite was
confirmed will analysis of samples, where metal concentrations in infected groups were
lowered in comparison with the uninfected rats. Within infected groups. tapeworms MT levels
were 6 or 3 times higher than MT in tapeworms of the control group. Obtained resulls support
possibility of using MT concentration in flimenolepis dinunuta for biomonitoring,

Key Words: metallothioneins. lead, zine, rats, tapeworms, biomarker, voltammetry. Brditka
reacti

Uvod

Sledovani obsahu metalothioneinti jako biomarkeru znedisténi vodniho prostiedi ' je
predmétem fady studii | mezinarodniho programu (Mediterranean Action Plan of The United
Nations Environment Program, 1999). Pro sledovani viivu kontaminace piidy jsou vhodnou
moznosti volné Zijici drobni savei. kde hladiny metalothioneind zdvisi na obsazich kov
vpidé. a i na dietnich zvyklostech (omnivori. herbivori. kamivoii). V poslednim desetileti
nabyvaji na viznamu studie vlivu paraziti, kde je popisovin jak pozitivni, tak negativni viiv
paraziti na obsahy kovi ve tkianich hostit U nekteryeh parazitiryb byl zjisten tadovy ndrast
absahu kovii ve tkanich parazitu, ktery ved| k uvazovani moZnosti uziti pravé paraziti jako
indikitoru znedidténi .

Pro monitorovini zneéisténi olovem se vzhledem k &etnosti vyskytu tasemnice jako vhodny
uvazuje soubor potkan-tasemnice Hymenolepts diminmta, Klery byl ovéien pii podivini octanu
Ph v laboratornim experimentu ©. Zatimeo ve tkanich hostitele byly méfitelné koneentrace olova
pouze v ledvindch, ve thinich tasemnice byl obsah olova 17x vy&si. Nieméné dalii experimenty
jak laboratomni ~ tak terénni ®nevedly K jednoma erim. Proto jsme povazovali za
piino: zjistit hladiny  metalothioneinti ve nich tasemnic fymenolepis diminuta
v experimentu s pridavky organicky vizaného olova *nebo zinku ', kde bylo potvrzeno snizeni
obsahu kovil ve viech vzorcich infikovanych skupin. Pro stanoveni obsaliu metalothioneind
byla vyuzita modifikovand Brdickova reakee '''%, kterd se osvédéila u laboratornich i terénnich
vzorkd *17,

Experimentilni &ist
Skupiny laboratornich potkand  byly kentrolovanym zpisobem infikoviny tasemnici
Hymenolepis diminta a po dobu 6 tydnd kemeny standardni smési 8T-1 (kontrolni skupina).
Skupiné P byla jedenkrat 1ydné pridina davka rostliny pistia s obsshem 6 mg Pb, skupiné
Z mléénan zinednaty v divee 120 mg. Po 6 tydnech byla zvifata usmrcena a oduhﬂm \zurl\v
Jednotlivych tkini a tasemnice 2 tenkeho stieva, Vzorky byly zpracoviny lvofiliza
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Biologické extrakty byly pripravoviny z 25 mg Iyofilizovaného materidlu podle metodiky
Hisparda et al., 2008 . Navizeny material byl zhomogenizovan (UltraTurrax 1235) v 6 ml
pufru (20mM Tris. 150mM NaCl - pH 8,6 + 10mM 2-mercaptoethanol a mhibitory proteas:
200 Teupeptin. 2uM aprotinin a 10086 benzamidin — (Sigma) a nasledné centrifugovin p
47C. 16 090 g po dobu 30 minut. 1.5 ml supernatantu S1 bylo denaturovano 15 min. pii 97°C.
Po denaturaci a nasledném zehlazeni na teplotu 4 °C probéhla dalsi centrifugace pii 4 °C.
10 000 g po dobu 15 minut. Ziskany supernatant $2 byl zehlazen a uskladnén pii -80 °C az do
vlastniho stanoveni.

WVoltametricki oveni byla provaden, ouzitim poditacové fizeného analyzatoru PC-ETP
(Polaro-Sensors, Ceski republika) se softwarem POLAR PRO 5.1, Pracovni elektroda byla
HMDE (rtutovi tuzkova clekiroda Ty Polaro  Sensors). Referentni elekiroda byla
. pomocnd elektroda Pt drdtek (Elektrochemi Detektory. Tumnov. Ceski
i byla proviidéna pii Taboratorni teploté v dusikové atmostiie. Pro mereni pH
an pH metr Jenway 3505 (Bibby Scientific Ltd. UK). Pro vypoet vysledkil analyzy
yzatoru PC-ETP byla pouzita kalibracni kitvka vytvorena metodou standardniho
piidavku standardu Cd-Zn metalothioneinu (Enzo Life Sciences) k elektrolytu s extraktem
tasemnice kontrolni skupiny.

Amonny pufr pH 9.5 pro voltametrickd meteni byl pripravovin z chloridu amomného, p.a,
a rotoku amoniakis, pa. (oboji Lachema, Bruo). Zikladni elekirolyt byl 1 M amonny pufr pH
9.5 5 1 mM Co(NH3)sCls (Sigma- Aldrich)

Visledky a diskuse

hu kovit ve thanich ul #e ve véech infikovanyeh skupinach byly mizéi hladiny
nezli ve skupindch bez tasemnic. Hladina Pb v tasemnicich byla 45.1x vyssi nez v jatrech
hostitele * ve skuping P, zatimeo ve skuping Z bvlo v tasemnicich dvojnasobné
nez v jatrech hostitele . Tato éni | uladu s moznosti dosazeni lepsi citlivosti pro
stanoveni obsahu MT v tasemms i s obvykle pouZivanym stanovenim v jatrech,
Dosazené primémé hodnoty obsahu MT v tasenmicich jednotlivich skupin tuto moznost
potvrzuji { Tabulka I),

Tabulka I
Primérne hodnoty obsahu MT v tasemni

Kontrolni skupina
Skupina P
Skupina 7

Pro vyhodnoceni byly pouzity pouze hodnoty, kdy nehyla na ziznamu diferencni pulsni
voltumetrie (DPV) pfitomna predving u cea -983 Gici o degradaci MT na
nizkomolekulami fragmenty '* pfi manipulaci s nativnim materidlem (Obr. 1).

Na voltamogramu v pripadé existence této predviny (Obr, 2) dochazi ke snizeni katalytickeho
piku Brditkovy reakce u -1400 mV a tedy nizéim vysledkim obsahu MT. jak bylo statisticky
zpracovano pro stanoveni v jatrech laboratorniho potkana 1
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Obr.1. DP voltamogram spravné piipraveného vzorku. 10 ml amonného pufrus 1 mM Co (111)
- pik Co, poté pfidino 80 ul vzorku tasemnice skupiny P. HMDE, puls =30 mV, rvchlost scanu
20mV st
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Obr. 2. DP voltamogram casteéné degradovancho vzorku. 10 ml amonného pufrus 1 mM Co
(111} - pik Co. poté pridano 80 pl vzorku tasemnice skupiny Z. HMDE, puls —50 mV. rvchlost
seanu 20 mV, 7

Pro moiné vyuziti ziskanych zavérs pro analyzy u volné Zijicich drobnych savei je treba 7nit
druh parazita a jeho vyskyt v dané lok: i rocnim obdobi . coz neni vidy jednoducheé,
Dalsim faktorem je lokalizace tasemnice v organismu-v pripadé Fymienolepis diminuia je 10
tenké stievo, kde dochazi k transportu zivin membrinou. Vysoké hodnoty metalothioneini
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v tasemnicich s olovem podivanyeh s rostlinou pistia jsou ve shodg s positivnim ovlivnénim

transportu olova studovanym dive na modelu fosfolipidové membrany %,

i obsahu metalothioneindi s vyuzitim Brdickovy reakce na visici rtufové kapkové
elekirodé prokizalo moznost vyuziti tasemnice Hymenolepis diminuia jako vhodného
organismu pro biomoenitoring. Zaznam metodou diferencni pulsni voltametrie umozinje
kontrolu, zda bEhem zpracovani nativniho materidlu nedodlo  kdegradaci  molekul
metalothioneinu na fragmenty s nizi molekulovou hmotnosti.
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Electrochemical Study of Titanocen Difluoride and Difluoride Derivatives
(Elektrochemicki studie titanocen difluoridovych a dichloridovych derivitu)

nkova, David Dunlop. Alan Liska, and Jifi Ludvik
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Abstract

Recently, titanocene derivatives have been investigated in term of their potential use as
evtostatics in the treatment of oncological diseases. The potentials for reduction or oxidation of
individual substances are one of the key properties which fundamentally affect the cytost
efficiency. Our previous results led ug to investigate the redox propertics ol series of titanocene
difluoride and dichloride derivatives. This study is mainly focused on the effect of the
substitution of eyclopentadienyl ring and the halide anion on the redox properties of the
derivative.

Key Words: Titanocene  derivatives. Tuning  of redox  behavior.  Substitut of

evelopentadienyl ring. Halide anion, Redox properties.

Uvod

Derivity titanocenu nachizeji hohaté v jako katalyzatory pii celé fade chemickych
transformaci. Nieménd v posledni dobé se zkouma !Mu.ll potencidlni \xui’m Jako um-mul-.
pfi leéhé onkelogickych onemocnd edivné studie poukazaly na vy viotoxicitu u cele
fady titanocen difluoridovyeh derivitii v porovnini s jejich dichloridovymi analogy 2,
Nasledné zkoumani mechanismu ucinku titanoceni poukizalo na r-vp-ld und-!p!¢\llldlitké]1tl
retikula rakovinnych bunék pisobenim reaktivnich kyslikovych &astic (ROS). * Tyto dastice
generované pomoci redoxné aktivnich kovii (v nagem pnpmi.. titanocen( ) mizou byt adinn
prostiedkem pro selektivni likvidaci rakovinovych bunék, § 17 homeostaza je na pitomnost
ROS citlivéjsi v porovndni se zdravimi buiikami, *

Jednou z Klitovyeh viastnosti. které za_s‘\dne oy Jm\ujl umsmn.kuu ndinnost, jsou potencidly
ndllkc; pr|p1dm ﬂ\:dm.e mlnml a studium redox mer:hm

nalézt pulm omezené a Lemati I\L.jiu s¢ clektrochemi »~hn L.h()\dl'l]
titanocen dihalidd, mechanistické ahy vétinou chybi nebo se mezi sebou ligi. V qudme!g
studii nmhmmnu redukee [Cp2TiXa] (X = CL

vige zaslnupr.na Pmtc Jsme se v nasi predu.ilon mel zaméfil i ma dosud Jedlnou
clektrochemickou studii difluori h permethylovanych derivatii 7

Wsledky nas vedly k dalsimu zkoumdani redoxnich vlastnosti rozgifené fady
nocen difluoridovyeh a dichloridovych derivatit (Obr, 1), pri¢emz byl kladen diraz na viiv
substituce evklopentadienylového kruhu a halogenidového aniontu na redoxni charakteristiku
daného derivatu.
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Obr. 1. Struktury studovanyeh titanocen dihalidi

I'lxpriimml:'.lni f.’m

scanu 10mV / s)m\klid\; \ulmnn.mc piina ij Y stech pnlmuu 1<lU 200, 500
a 1000 mV/s, Viechna méteni probihala v acetonitrilu (LC-MS Chromasolv®, 99,95, Fluka)
ohsahuj 0.1 M roztok terabutylamonium hexafluorofosfitu (B Fs) (TCL> 98.0%) jako
zakladni elektrolyt a po vybublani argonem. Studované litky byly méreny v koncentracich 0.1:
a1 mM. Viechny experimenty byly provadény v nedélené 10 ml nadobee v tticlekirodovém
systému. Jako pracovni elektro a pouzita: kapajici rtutova elekirodﬂ(l).\’lE). visici rtut'ova

kapkova elektroda (HMDE), pripadné elektroda ze skelného uhliku (GCE. @ 3 mm). Pomo:
elektroda byla vyrobena z platinového dratu a jako referenéni LILLlr“dJ slouzila ny
kalomelovi elektroda (SCE) oddélend od roztoku acetonitrilu vodivim muistkem rmplueu m
zakladnim  clektrolytem.  De-polarografické  experimenty by pmv.\dm\ za pou.
analogového potenciostatu PA4 s XY zapisovadem, oba Laboratomi pfistroje Praha. Cyklick
voltametric  byla  providéna  potenciostatem  PGSTAT 101 (Autolab-Metrohm) — a
zaznamenavana softwarem NOVA 111,

Pomoei kvantovveh vipoctii byly struktury viech zkoumanyeh (véeind  pivednich
i redukovanych) molekul optimalizovany na trovni B3LYP / CEP-31G (Gaussian). Byl
zohlednén vliv rozpoustedla (CPCM). Identita mimm byla ovéiena vypodty vibratnich
frekvenci. Vypodtené redoxni potenciily jsou vztazeny k vybranemu reprezentativnimu clenu
série. Ktery slouZi jako vnitini standard. a odpovidaji idealizovanému, termodynamickému, ping
reverzibilnimu prenosu jednoho elektronu.

Visledky a diskuze

Elektrochemické chovani titanocen dihalidi bylo studoviino jak za ustalen¢ho stavu pomoei de-

polarografie, tak i dynamicky evklickou voltametrii. Aby se vyloudil viiv materidlu pracovni

clektrody na elektrodovou reakei. byly provedeny stejné experimenty jak se rtutovou pracovni

n.hktmdcu tak s elektrodou ze skelného uhliku. Acetonitril byl vybran proto, ze poskytuje
§i dostupné potencidlové okno (+2.5 a7 -2.9 V vs SCE) souéasné na riuti i na skelém




V dostupném rozmezi potenciild se studované derivaty titanocen dihalidd redukuji v nekolika
redukénich krocich (Obr, 2, coz ukazuje na komplikovany
chemickymi re

v mechanismus s naslednymi
keemi diky pritomnosti nékolika redukovatelnyeh center. Na druhé strané
oxidace probihi pouze v jednom kroku, Ukazalo se, e volha materialu pracovni elektrady ma
uréity vliv na elektrochemickeé procesy, nebot na skelném uhliku jsou pozorované redoxni piky
obeené ménd virazné kvili vyisimu nabijecimu (kapacitnimu )y proudu. Kromé toho se kinetika
nislednych reakei mimeé lisi, co? se projevuje zejména v cyklicks voltametrii jako vzajemné
rlzné proporee pikil v zavislosti na rychlosti scanu, Viechny pozorovarn
fizeny difuzi,

redoxni proc jsou

EiIV EIV

ické zaznamy zkoumanyveh titanocen difluoridii (série vlevo) a

Obr. 2. DC-polarc
dichloridil (série vpravo),

Studovani série komplextt zahruje pét titanocen diffuoridi a ety titanocen dichloridy nesouci
identické  substituenty  na obou  eyklopentadienyvlovyeh  kruzich.  Nejditlezitg):
elektrochemickou ch

pro
Kierizaci nové slougeniny je jeii prvni redukéni a prvni osidaéni
potencidl. Potenciily prvniho anodického (Ep) a katodického (Epe) piku studovanyeh sloucenin
v zivislosti na typu ligandu jsou uvedeny na Obr. 3.
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Obr. 3. Graf zavislosti prvniho anodického (Epa) a prvnilo Katodického (Epe) potencialu
studovanyeh titanocen dihalidi (modré plné znatky fluorované. gervené prizdné znacky
chlorované derivity) ziskanych z cyklicke voltametrie na skelném uhliku pfi rychlosti scanu
100 mV/s na ligandu. Petencidly jsou vatazeny k SCE.

Na zaklade literatury ™ a porovndni prvnich redukénich a oxida¢nich proudi je moiné
dvat, 7e prvnim redukénim krokem viech titanocen dihalidit je v zisadé jednoelektronovy

. jehoz reverzibilita je omezena rvehlymi akcemi (to plati zejména pro
titanocen difluoridy. zatimeo proud titanocen dichloridin je vyEsi). Na druhé strané, prvni
oxidatni krok vykazuje dvojnisobnou vyiku proudu ve srovnini s vyskou proudu v redukei
difluonidii, coz odpovida irreverzibilni oxidaci se spotiehou dvou elektronii, V' piipadé derivatu
1. 7 a 8 je proud oxidaéniho kroku je§té mnohem vyasi.

Elektrochemicka redukee titanocen difluoridii zading jednou dabfe vyvinutou vinow pikem. po
Které nasleduje (po priblizng 800 mV) druhy, mnohem mensi proces naznagujici éisteénou
reverzibilitu, po kterém je zaznamenana velmi mali indikace tretiho kroku, Tento vzorec
chovani je pozorovin na rtuti 1 na skelném uhliku.

Elektrochemicki redukee chlorovanych deriviti se zda byt mnohem ko
ve vice redukénich krocich (Obr. 2) a u vyrasmé poz b poten
cyklické voltametrii titanocen difluoridi a dichloridii na HMDE a na GCE se vysk ctuji zhruba
na stejnyeh potencidlech (+ 10 mV), de-polarografické viny dichloridll se objevuji asi o 100
mV drive, pfi méné negativnich potencidlech. Tento posun zplisobeny vlivem elekirodového
malteriilu Je pravdépodobné kinetickeho pivodu, protoze primami reduktivii Stépeni atomu
chloru vede k chloridovym iontiim, které snadno tvori nerozpustnon riutovou slouéeninu, Proto
prvni redukéni viny/piky titanocen dichloridii jsou vy#i nez od titanocen difluoridi a druhy
redukéni krok neni reverzibilni.

likovangjsi, probihi
Prestoze piky na

Rozdil mezi prvni oxidaci a prvnim redukénim potencidlem je dalsi dileZitou redoxni
charakteristikou jakékoli slouteniny. protoze koreluje s mezerou HOMO-LUMO. 7 rozdilu
niho a pryniho oxidaéniho potencialu lze pozorovat tfi rysy: a) dichloridy maji
potencidlovou mezeru AE asi 0 0,3 V nizsi neZ difluoridy; b) titanoceny obsahujici Cp* maji
jejich AE mime niz (o 0.1 — 02 V) nez titanoceny s Cp: ¢) dalsi substituce na
evklopentadienylovém kruhu ma zanedbatelny viiv na AL
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Zaviry

Redoxni vlastnosti titanocen dilluoridii a dichloridii byly zkouminy pomoci standardnich
elektrochemickych metod. Hlavni diwaz byl kladen na vliv substituce exklopentadienylového
kruhu a piitomnost halogenidového aniontu na redoxni charakieristiku daného titanocenu.
Elektrochemicki redukee chlorovanyveh derivatil se zda byt mnohem komplikovanéjii aproti
fluorovanym derivatim. Ukdzalo se. ze i volba materidlu pracovni elektrody ma urity vliv na
elektrochemicke procesy, predevsim na kinetiku naslednych reaker.
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Abstract
The oxidation processes of N-methylguanines were investigated in both esperimental and
theoretical way. Voltammetric oxidation potentials of guanine and its methyl analogues.
acquired on polymer pencil graphite electrode (pPeGE), were compared with the HOMO
(SOMO) energies calculated by density functional (DFT) methods. Our study contributes to
understanding not only the oxidation processes of methylated guanines but also their role in
epigenetics.
Key words: Guanine. N-methylated guanine. Oxidation process. Voltammetry, HOMO
(SOMO) energy. DFT methods, Epigenetic mod

Introduction

Epigenetic modifications. particularly DNA methylation. have been traditionally regarded as
static modifications. Progress in epigenetics during past few vears has demonstrated that the
modifications of the genome are much more dynamic than initially thought '%. Recent research
is revealing that redox metaholism is an increasingly important determinant of epigenetic
control that may have significant ramifications in both human health and disease ', One of
several epigenctic mechanisms that cells use 1o control gene expression is DNA methylation
and one of different methylated guanines, 7- methylG (epiguanine) is recognized as the
biomarker of DNA methylation >, In our study. we focused not anly on the study of the oxidation
process of 7-methylG, but also on the processes of other N-methylated derivatives (1-, 3-, and
9-methylG).

Fig. 1. The methy] group (X) position on guanine skeleton

Experimental

Linear sweep voltammetry (LS1)

The voltammetric experiment was carried out by using electrochemical analyzer pAUTOLAB
TYPE I (Metrohm, Switzerland). The pencil graphite electrode (PeGE: 0.5 HB Tombow.,
Japan) with an effective area of 16 mm® was used as the working electrode . The Ag/AgCli3M
KCland the platinum wire were used as a reference and a counter electrode. respectively. The
samples with concentration of 20 uM were prepared in phosphate-acetate buffer (pH 3.16 -
The voltammetric conditions were as follows: scan rates 100, 200, 400, 800 mV/s: the
start and the end potentials were -0.1 V and 1.6 V, respectively. All experiments were performed
under argon atmosphere and at room temperature.
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Eliminarion Voltwmmerry with Linear Sean (EVLS)

The EVLS procedure ™" allows recognizing the partial current contributions via an ¢limination
function f{f) which is formed from the total voltammetric currents measured at different scan
rates. taking one of these as the reference scan rate (vey). The simultancous elimination of the
charging and Kinetic current components (/i ~ % [ ~ v}, and also by utilizing conservation of
the diffusion current component (£ - v/, we can obtain the EVLS function fi/) as a linear
combination of the total voltammetric currents multiplicd by the elimination coefficients. For
the integer of 2 the E4 elimination is implemented by the equation:

S0 =—1L657 Lz + 17485 Ly — 5.8584 Lzvey (n

For an adsorbed electroactive species undergoing irreversible electron transfer, the EVLS E4
curve results in a specific peak-counterpeak (p-cp) signal *. 1t is a fast and simple identification
of the electron fransfer process taking place in the adsorbed state of the molecule under
mvestigation. For the EVLS procedure the LSV curves (measured at 200, 400, and 800 mV/s)
were smoothed (the Savitzky — Golay filter, level 2) by using GPES Manager 4.9,

Theoretical methods

Structures of the methy1Gs were optimized: the identitics of minima were verified by vibration
frequency calculations. The changes in free energy were calculated at DFT level using the
general purpose B3LYP functional and more specific @BO7X-D functional "' For both
functionals, 6-31+G(d) basis set was utilized; in the case of SPARTAN the basis set 6-31G*
was applied. Geometry optimizations were performed directly in the reaction field, either using
TEFPCM or COSMO implementation (CPCM) in the PCM framework . Absolute free energy
of electron at 298 K was taken from the work ', the standard Gibbs energy of hydrated proton
from Ref. '* and absolute potential of SHE from Ref. '*

Results and discussion
Using different graphite electrodes. the best oxidation responses of N-methy |Gs were observed
on the polvmer pencil graphite clectrodes (pPeGEs) 17 (Fig 2).

pPeGE

o 250 500 750 1000 1250
E/mV

Fig. 2. Voltammetric oxidation signals of 1-methy1G (20uM) on different graphite clectrodes
(pH 3.06: scan rate 400 mV/s). pP¢GE - polymer Pencil Graphite Electrode. GCE - Glassy
Carbon Electrode. BPPGE — Basal Plane Pyrolvtic Graphite Electrode. EPPGE - Edge Plane
Pyrolytic Graphite Electrode
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Fig. 3. Voltammetric oxidation signals of V-methylGs (20uM) on pPeGE (pH 5.06: scan rate
400 mV/s). The ESP map of G (the isosurface level = 0.03),

Elimination peak-counterpeaks signals of methylguanines revealed adsorption activity in the
range 2-methylG < 3-methylG = 7-methylG < I-methylG. The LSV experiments pointed to
approximately the same number of protons and electrons transferred. In context of previous
study on guanine derivativ only neutral radicals as the o on products were considered

(-1H"-1¢).
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Therefore. caleulated levels of corresponding frontier orbitals (SOMO) were correlated to the
experimental LSV peak oxidation potentials,

Table 1.
Correlation between theoretical Esomo and experimental oxidation potentials Ep.
E sovoleV Ep/V (pH3.3)
N R - 0915 (Iy*
GNMeIN_R -6.244 0.924
GNI_R -6.317 0.947
GNMeTN_R L106
eON_R L120
GNMe3N R 1.154 (1)

* the values (T and (T} correspond to two oxidation signals of 3-methylG

Candidate tautomeric model structures for the quantum chemical caleulations were chosen with
respect to conserving the aromatic character of the purine ring. Thus. the hvdrogen atoms
located on various nitrogen atoms were varied, As a result, limited number of input structures
was taken into account.
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Conclusions

Oxidation processes ol N-methyl derivatives of G (1V
polymer pencil graphite electrode (Tombow. pPeGE) to as
position of the methyl group and the corresponding oxidation behavior. It was found that
energetically easier oxidation can be expected in case of methyl substitution at the pyrimidine
ring rather than at the imidazole one. The position of the methyl group affects the rapid
protonation/deprotonation and tautomeric equilibria that invelve oxidation processes. The
voltamimetric data were completed with quantum chemical caleulations: (i) the HOMO energies
of all N-methy1Gs. (i) the SOMO energies of the corresponding eations, and ( he theoretical
oxidation patentials obtained from thermochemical eveles. Possible tautomeric structures of all
the methy] derivatives were optimized using COSMO solvation models at B3LYP/6-31+G(d)
level. While 1-. 7- and 9-mG tautomers of lowest energy resemble G. guanosine and GMP
derivatives in the sense that their species have hvdrogen atoms located on N1 and N9 atoms ',
3-methylG prefers 1o have N7 atom protonated. This finding will be discussed in more detail
with respect to specific electrochemical properties of 3-methylG reported from experiments.

. 7N, and 9N) were investigated on a
ertain the relationship between the
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Abstract

Capillary electrophoretic separation of acstheti
hydroxynorketamine. and dehydronorketamine i
electroosmotic flow, Electrophoretic separation is realized in covalently coated fused silica
capillaries covered by copolymer of neutral acrylamide (PAM)/cationic 3-acrylamidopropy!
trimethylammonium chloride (APTAC). The content of APTAC in polymerization mixture
changed in range 0 — 6 % and the generated clectroozmotic How changes in interval 0 — 20 x
10 m*/V.s, The determination of ketamine and its derivatives in rat serum is performed in 4%
PAMAPTAC capillary with inner diameter of 25 um in 500 mM aqueous solution of acetic
acid (pHl 2.3) as background electrolyte. LOD ranges from 2.2 ng/ml. for dehydronorketamine
to 4.1 ng/mL for hydroxynorketamine. New method is applied for the time monitoring of
ketamines in rat serum afier the intra venous administration of low dose of anaesthetic at level
2 mg/kg.

ketamine and its metabolites norketamine,
pr.rmlmed under influence of oppusm

Key Words: Acctonitrile, Serum. Capillary electrophoresis. Coating. Pharmaceuticals

Uvod
Kapilarni elektroforéza (CE) predstavuje |1a=t1n| pro stanoveni metabolit vy téhnich
tekutindch ', Mezi hlavni prednosti C ni uéinnost, kratkd doba analvzy.

snadnd Gprava komplexni biologické matrice. nizkd spotieha vzorku a ostatnich Ginidel.
Zajisténi vysoké sa.p;u'aml udinnosti (V) spoleéné s kratkdm migraénim asem je spojeno
h separs ihe pole (E) v kapilirich o malém
én Gicinny odvod Jouleova tepla % Optické
detektory \\Ly ji v L ilir JLII o |||.dLm 1D nizkou citlivost a lze je Gspéing n.;hr.ad:l
bezkontakinimi vodivostnimi detektory (D), C*D dosahuji pro litky jontové povaby
na hlading 10 mol'L, jak bylo ukazino pii stanoveni minerild *, ;Immok)uim . sacharidd *a
farmaceutik .

Dilleitgjsim parametrem neZ je podel feoretickyeh pater piedstavuje elekiroforetické rozliseni
(R). em rychlych separaci proviadényeh v kratkych kapilarach, kdy analyt setr
v kapilare po kritkou dobu, jsou hodnoty & niz ni se separacemi providé
v dlouhych kapilirach. Zajimavym feenim tohoto prubl:mu Je provadéni separace v rezimu
pml mémé  elektroforézy, kdy amalyt migruje proti  sméru ¢ namifeného
elektroosmotického toku (EOF). Analvt za téchto podminek setrvava v Kapilae po deldi dobu
a separuje se v kratké Kapilare za maximalnt £. Za timto aéelem jsou vyrahény
permanentné pokryté kapilary. ve kteryeh je nabity polymer kovalentné navizan na silanolové
skupiny. Viéto prici je piimo uvniti kiemenné Kapiliry syntetizovan kopolymer mezi
iontovym  3-akrvlamidopropyl trimethvlammonium chloridem (APTAC) a neutrilnim
akrylamidem (PAM) s proménnym obsahem iontové sloZky a v¥sledny kopolymer s oznaduje
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PAMAPTAC ™ * (Obr. 1), Piidavek neutrilniho akrylamidu do polymeraéni smés:
K syni¢ze kopolvmert s fizenym obsahem jontove slozky, &im? se generuje promeénny
velikosti 0 —20 x 10Y m*V.s

o o
\)k L= o
A
acrylamide ‘ " APTAC
3-{trimethoxysilyljpropyl |lE,
methacrylate L

Sio,
Obr. 1. Schéma syniézy kopolymert PAMAPTAC uvniti kiemenné Kapiliry

Kovalentné pokryté PAMAPTAC kapiliry jsou nasledné pouZity pro separaci anestetika
ketaminu a jeho tH metabolitt, Ketamin je uivin v humdnni i veterinarmni medicing 2 pod
obchodnim nazvem Ketanest, Ketaset, Ketalar, Narketan. Narkamon a Calypsal. Pasobi jako
antagonista N-methyl-D- «pﬂn'.mmuh (NMDA) recepton, vaze se take na oprodni a sigma
receptory, vivoliva mestézi 'Y, stimuluje kardiovaskulimi a respiraéni centra o mé analgetické
udinky. V jatrech je uh.mbulm an podle schématu na Obr. 2,

NH;
Norketamine

Kolamme
ci
el
NH;
NH, '
o
o
5.6-D OH G-Hy

Obr. 2. Metabolismus matefskeho anestetika ketaminu v jatrech potkana.

Experimentilni &
Veskerd elekiroforetickd méfeni byla provedena na pistroji kapilimi elektroforézy Agilent
7100 (Agilent Technologies, Waldbronn, Némecka) weném bezkontakinim vodivostnim
detektorem (ADMET, (R) ', ktery je spoletné s kapilirou viozen do kazety a termostatovin
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na 25 °C. CE separace jsou provadény v 23 yum PAMPAPTAC kapilarach s 0 — 6% obsahem
iontoveho APTAC v polymeraéni smési: kapilany maji voitini/vngiét prumér 25/363 pm.
efektivai a celkovou délku 16,6314 em (Composite Metal Serviees, UK). Veorck je do
kapilary davkovan hydrodynamicky tlakem 50 mbar po 120 s, Sérum potkana je redéno
acetonitrilem v poméru 1:3. nasledné tiepano. centrifugovano a ziskany supernatant pouZit
k CE analize. Vicchny pouzite chemikilic dosahovaly analvtickcho stupné Gistoty a pro
pitpravu zakladnich elektrolvtu (BGE) a dalsich roztoku byla pouzita deienizovana voda.

Visledky a diskuze

V PAMAPTAC kapilarach jsou providény separace modelovych smési ketaminu, norketaminu,
dehvdronorketaminu a hydroxynorketaminu. Se #vySujici se hodnotou protismémého EOF sc
migraéni &as ketaminu prodluzuje 7 poditeéni hodnoty 2.5 min pro PAM pokrytou kapiliru
snulovym EOF az na hodnotu 9 min v 6% PAMAPTAC. S rostouci dobou setrvimi analviu
v kapilafe také klgsa separaéni adinnost. méfena jako podet teoretickych pater N, protoke sc
prodluzuje &as pro rozmyti piku viivem difuze 1 elektrodisperze. Duleite je. Ze se s rostoucim
protismérnym EOF take plynule svvSuje elektroforetické rozlisent R (ketaminu/norketaminu)
# hodnoty 0.8 pro PAM pokrytou kapilaru az na hodnoto 3.0 pro 6% PAMAPTAC. Poativni
efekt na vaust B je vramy piedeviim pro vvisi hodnoty EOF, kdyz se hodnota mability
protismémého EOF v absolutni hodnoté blizi elektroforetické mobilité analytu, Zaznamy CE
separace smési ketaminu a tfi jeho metabolitu s pridavkem infuzniho roztoku da vzorku jsou
dokumentovany na Obr. 3.

b c'D
4 mV

T T T T T
3 4 5 7
Migration time (min)

Obr. 3. CE separace modelové smési ketaminu a jeho metabolitu na koncentradni hlading 1.0
ug/mL v PAMAPTAC pokryié kapilafe s postupné se zvyvSujicim podilem iontoveho APTAC
v polymeraéni smési: a- (0%.b— 1%, ¢ — 2%, d — 3%, e — 4%, f— 3%, Experimentalni podminky.
BGE. 500 mM AcOH; celkova/efcktivni délka Kapilary 31.4/16,6 cm: vzorek davkovan tlakem
50 mbar po dobu 120 . ancstetika rozpuiiéna v 23% v/v fyziologickém roztoku a 75 % vy

ra
=
b



acetonitril; napétiproud, 30 kV/54 nA: identifikace: 1 — dehydronorketamin, 2
norketamin. 3 — ketamin, 4 - hydroxynorketamin

LOD a 1O stanovené 2 kalibraéni zdvislosti viky piku na koncentraci analytu odpovidajici
hodnoté trojnasobku respektive desetindsobku Sumu C*D se pohybuji v rozmezi 22 - 4.1
pg/mb pro LODs, a 74 — 13,6 pg/ml. pro LOQs, V provedené [yziologické studii byla na
pocatku experimentu potkantim intravendzné aplikovina nizka davka ketaminu na hladine 2
mg ketaminw' 1 g vihy potkana na nasledné jim by m odebirana kre\ v 3 min intervalech po
dobu 25 min, Obr. 4. Hiadina malefsl : in na Grovni 1,1 -
14 pg/ml u po25 min byl clabolity norketanin a
hydroxynorketamin se zaGinaji objevovat jiz od paté min od aplikace ketaminu a jejich hladina
pozvolné verista s tim. ze koneentrace norketaminu jsou po celou dobu vysi nez koncentrace
nasledného metabolitu hvdroxynorketaminu. Posledni metabolit v fade dehydronorketamin
nebyl nalezen a piedpoklada se. Ze nez dojde k jeho syntéze. jsou predehozi metabolity
vyloudeny z 1¢la modi

20 : - T T
o
£
5 15 + .
=
o
=]
o
= 104 + <
=4
@
o
c
o
o
@ 054 4
e
[}
©
= @

0.0+ @ 4

; X
0

30
Tlrne after |n1ravenous administration (mln)

Obr. 4. Hladina ketaminu (m). norketaminu (1) & hydroxynorketaminu () v séru potkana po
intravendzni aplikaci d. anestetika 2 pg'g vahy potkana v ¢ase O min,

Zaver

Kopolymer PAMAPTAC  piedstavuje  vhodné  kovalentni pokryvti kfemenné  kapilary
vvrobitelné v laboratofi. Proménnyim zastoupenim iontového APTAC v polyi mcraun SiT
generuje aniontovy EOF v &irokém rozmezi mobilit, dle pezadavka piislusné aplikace. CE
separace provadéné in PAMAPTAC kapilarach prokazatelng zvysuji rozliseni sousedm\.h pika
a umoZiugi provadét eithivé montorovini farmaceutik,
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Abstract
In order 1o find the most suitable mmobilization protocol, a comparison of three strategies
based on the application of -NHz and —~COOH functionalized supports with the different
activation agents (glutaraldehyde and carbodiimide) have been conducted for the covalent
enzyme (lacease) attachment. Two kinds of the supports, namely mesoporous silica (SBA 15,
ACM-41) and carbonaceous (gl carbon, graphite) powders, have been used. It was found
that a biosensor consisted of tubular detector of silver solid amalgam as a working electrode
and the enzymatic mini-reactor with laccase covalently attached to g!llldr}lld\h\dn activated
NH: functionalized MCM—41 shows the best results regarding sensitivity and stability for
dopamine detection.

Key Words: Covalent enzyme immobilization. Suppert surface functionalization, Lacease,
Enzymatic mini-reactor. Biosensor. Flow injection analysis.

Introduction

Proper selection of the binding enzyme technique has a significant impact on the quality and
elficiency of the enzymatic biosensors ', The frequently used immobilization method with some
merits and demerits for designing and development of the enzvme-based bio: the
covalent coupling %, The strong covalent interaction between the ¢
the high stability and long lifetime of the bio:
hment of the enzymes on the solid supports is generally performed b
functionalization of the support surface with the anchor groups. their activation, and, finally,
the enzyme coupling to the activated support *. Therefore, the kind of the support (included
porosity. surface area. ete.). type of the functional groups mtroduced on the support surface
(their density, hydrophilic/hydrophobic balance on the support surface) as well as coupling
agent (its reactivity. the ability to provide the molecule spacer) are the factors of the primary
importance, which should be taken into account at the development of the enzyme
immobilization protocol *. The validity of these factors might be different depending on the
particular enzyme. Thus, it usually requires to test all of these factors (“trial and error
approach™), In gpite of a quite large number of the developed protocols of the covalent enzyme
attachment, only a few studies focused on the systematic comprehensive optimization of all
above mentioned Factors can be traced in the literature *%.

Therefore, this rescarch is based on the systematic investigation of a number of factors, namely
the kind of support. its anchor groups. and the coupling agents. on the covalent laccase (Lac)
attachment in order to develop the most suitable immobilization protocol for the efficient
biosensor preparation. Two different Kinds of the powdered supports, such as mesoporous silica
(SBA-15 and MCM 41} and carbonaceous powders (glassy carbon and graphite) have been
tested. Laccase from Trametes versicolor has been selected as the testing enzyme.
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Experimental

Laccase from Trametes versicolor (Lac, EC
(GA. grade 11, 25 % aqueous solution), N mi
hydrochloride (EDC. =980 %), N-hydroxysuccinimide 3
picpu])lri»thm ne (APTES). p-phenylenediamine. mesoporo ica pm\d\.r SBA-15
(particle size 2 — 6 pm. pore size = 7 nm, surface area = 600 m'g ! a powder
MCM-41 (pore size 2.1 - 2.7 nm, surface area = 1000 mg '), glassy carbon (GC. spherical
powder. particle size 2 — 12 pm), and graphite (Gr. microcrystalline). were purchased from
Sigma-Aldrich®. Carboxyethylsilanetriol (CEST. 25 % aqueous solution) was purchased from
aber GmbH" (Germany ). All other chemicals were of p.a. or higher grade,

10,32, 129 u mg 13 dupmulm glutaraldehvde
ide
(3-amino-

Amperometric measurements were carried out at the laboratory temp:
controlled electrochemical stand (Polaro- ‘-.mm'ﬂ .
software (1. Heyrovs
flow-through cell mlh tbular detector of pulnhLd silver solid amalgam (TD-AgSA,
laboratory-made *. inner diameter (/D) 0.5 mm, the amalgam tube length 6.0 mm) as a working
electrode has been used. A miniaturized saturated calomel ¢lectrode based on silver paste
amalgam (laboratory-made ", it has the same potential as classical saturated calomel electrode
(SCE)) was used as a reference electrode. The auxiliary electrode was platinum wire (diameter
1.0 mm, length 10 mm). The system for Mow injection an (FIA) with electrochemical
detection comprised of a linear syringe pump. PC controlled 2-position 6-port sample injector
valve, a laboratory-made inj n loop of PITE tubing (100 pL). PC controlled solenoid
opetated micro-pump, the enzym; ini-reactor, and the Mow-through cell with TD-Ag§A.
The capillaries and PTFE twbing with /72 0.5 mm were used to connect the indiv
components. A scheme of the used flow injection system is shown and deseribed in details in
our previous papers 17

ure using computer-

Results and discussion
To investigate the influence of the support type. the functional groups mtroduced on the support
surface. and the methods of activation, three different strategies of the covalent Lac
immobilization have been tested:

A, Law has been covalently attached to NI functionalized supports through GA:

B.  Lac has been covalently bounded to -3 zed supports through EDC/NHS;
€. Lac has been covalently coupled to -COOH functionalized supports through EDC/NHS.
All the resulting powdered supports covalently covered by Lac have been tested as the filling
in column-type enzyme mini-reactor coupled with TD-AgSA as a working clectrode for
dopamine detection in FIA. The principle of dopamine detection is based on the cathodic
reduction of dopamine-c-quinone formed via previous Lac-bused oxidation, The following
parameters for dopamine detection were used: Faa = —350 mV, vnow 1 mL min',
Vi = 40 pl. carrier solution (C8): [0.1 mol L' acetate buffer (AcB): pH 4.8

lent Lac immobilization on the powdered supports by each
vnthesis of the functionalized supports, which means the
modification of support surfaces either by NH: or COOH groups (MCM41-NHz,
MCM41-COOH, SBATS-NH:, SBA1S-COOH., GC-NH: GC-COOH, Gr-NHz and
Gr-COOMH). IL Activation of the functional support groups/enzymatic groups with sp.
activation agent (GA or EDC/NHS) to make them reactive towards enzvme/functionalized
supports. IT1. Enzyme binding to the supports.

Basically. the procedure of the co
ists of three step:

Because of the high content of silanol groups (~SiOH). mesoporous silica powders can be easily
functionalized using the widespread technique of silanization "%, Thus, SBA-15 and MCM-41
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n‘musil:lm. APTES 1o form —NH:z groups on the su I whereas
carboxylsilane C was used to form —~COOH groups. To obtain ~COOH functionalized
carbonaceous powders, GC and Gr were treated with a mixture of concentrated acids
(HoSO¢HNO: = 3:1 (viv)). The acid pre-treatment promotes the appearance of polar
hydrophilic groups, such as predommantly carboxyl { COOH). some hydroxyl (- OH)L and
carbonyl (~C=0). Coating of GC and Gr with -NHa groups was p«_rrnrmc.d by two methods:
i) amino silanization of GC-OH and GrOH formed via previous chemical oxidation of
carbonaceous powders by KoCrO; ', The prepared -NH: functionalized carbonaceous
powders using this technique are referred 10 as GC-NHaapres; and Gr-NHzaores;,
i) amino functionalization by diazonium salt radical method ™ The following denotations
GC-NHayas and Gr-NHzas) have been used.

were coated by o

As clearly seen in Fig. 1, a choice of the immobilization strategy has a great influence on the
biosensor responses. which depend on the used strategy for Lac attachment in the next order
strategy A=strategy B=strategy C. This tendency is observed for MCM-41 and SBA-15 as
well. Differences of the biosensors ponses may be originated from the following two factors:
(1) Differences in the reactivity of GA and EDC/NHS, affecting the enzyme binding. Although
adding NHS to EDC improves the stability of the active intermediate forned after the activation
ol -COOH groups, it still exists only for a short ime, Therefore, the low stability of NHS ester
infermediate can lead to the time limiied interaction between Lac and supports in the e
strategies B and C. (2) Differences in the distance between the enzyme and support:
mnlrar_v to carhudmnide \mll none molscular spxccr. provides a longer spacer arm. e

molecules (‘dumm or Innn.m.) m.mrdmg 10 aldol condensation, which can further prolong the

distance heiween the enzyme and the support . In straiegies B and C the distances between

the immobilized Lac and supports determine only by the lengths of appropriate silanes chain.
1.1nA

H-SBA1S

-MCM41

BA1S
0).SBA1S

gr.-uuc(-a)mmi
Lahnal

Lac enzymatic mini-reactors
Fig. 1. Influence of three different strategies of the covalent Lac attachment on the biosensor
responses, xpvnmn:nl.nl conditions:  Cdopanine 05 mmol LY, Ew~ -50 mV.
vaew = 0.1 mL min™", Vi = 40 uL. C8: [0.1 mol L' AcB, pH 4.8].

To the bast of our knowledge, the suitability of -NH: functionalized carbon-based materials as
the supports for the enzyme immobilization has been rarely investigated. So far. only several
papers have reported about the development of the biosensors bawd on the covalent attachment
of the different enzymes on —NHz functionalized carbon felt ', carbon dots ', single and multi-
walled carbon nanotubes . and graphite . In this rescarch the covalent Lae atiachment on —
NH: and —COOH functionalized carbonaceous powders through GA and EDC/AHS,
cly. has heen compared, rly to the results ohtained on mesoporous
it wag found that the biosensors with Lac covalently immobilized 10 GA activated

MNHz functionalized carbonaceous powders (stratepy A) exhibit much higher peak current than
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the biosensors with Lac bounded 1o EDC/NHS activated ~COOH functionalized supports
(strateay C)_ as depicted in Fig. 2. Judging from the obtained data_ it can be assumed that a
combination of -COOH anchor groups with EDC/NHS as the coupling agent is much worse
for Lac immohilization {at least on studied MCM-41. SBA-15. GC_ and Gr)

 physical atsorphon on pristine GG and Gt
5 P BIC BESOBHON O GT-NHy ey GC-NHy g, SONH, e
0 covalent attachmngt on GG-NH, ey GE-NHy ., Gr-H, Ly
avategy Al
prysical adsorghon an GC COOH and GE COOH

=

00 Gr-NH,
and G NH,

hinal GC Gr|

-1000{

_GE COOH

{Lae HHLC(=0)-6C

liaei_v-«—ccmrar

Lac enzymatic mini-reactors
Fig. 2. Comparison ol the current responses for the biosensors with different enzymatic mini-
reactors based on the physically adsorbed and covalently attached Lac on carbonaceous
powders (GC and Gr)

Addmmmll; the [sh\ il

al adsorption of Lac on the pristine. ~NH:z and ~COOH functionalized
and Gr have been investigated under the same conditions (pH of
zation) as the covalent binding. [t was found that Lac is negligibly physically adsorbed
on pristine and the functionalized mesoporous silica powders. less than 10 % of the bounded
enzyme during the covalent attachment procedure at piT 70 has been referred to spontancausly
physically adsorbed Lac (the results are not shown), Meanwhile. the signilicant physical
adsorption of Lac has been observed on carbonaceous powders, especially on the pristine Gr
and GC. (Fig. 2). Based on these results. it could be supposed that Lac is preferably adsorbed
onthe hydmpimh urfaces. Despite the relative high biosensor responses with Lac physically
adsorbed on the pristine Grand GC. such biosensors showed the guite short lifetime due to the
rapid Lac leakage.

The analytical characteristies of the developed dopamine biosensors with all enzymatic mini-
reactors have been evaluated. The biosensor with Lac covalently immobilized to GA activated
MCM41-NH: showed the best sensitivity and the limit ol detection (38D, where S — standard
deviation of the blank) was calculated as 18.3 umol L |, Regarding the stability. it was found
that Lac bounded to - NH: functionalized mesoporous silica powders vie GA (strategy A) has
shown the highest stability (~47 9% of the initial responses afier 100 measurements over 120
days). whereas Lac immobilized with strategy B on MCM41-NH: and SBA15-NH: has
provided the intermediate stability (+25.5%). The lowest stability was obtained with Lac
bounded to -COOH functionalized mesoperous silica and carbonaceous powders through
EDCNHS (strategy C) (=3.2%). These results imply that the inactivation mechanism of the
bounded Lac acti antly depends on the used immobilization strategy .

Conclusions
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In this work. the great influence of the support type. the kind of the functional support groups.
and the activation method on the properties of the attached Lac has been shown, As a result. a
biosensor based on enzymatic reactor filed by Lac covalently immobilized on GA acti
MCM41-NH: powder with TD-Ag! a detector has been proposed as the most sens
and stable for dopamine detection in flow injection analysis.
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Application of Boron Doped Diamond Electrode for Voltammetric Monitoring of
Quality of Phytostimulation Preparations
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Abstract

The aim of the present paper was to examine vollammetric behavior of plant stimulators
employing boron doped diamond electrode. A triazine p‘ldohulr‘uo] which was selected as a
representative. provided one well-developed in an alkaline electrolyles at about
+2000 mV., which could be detected owing 1o a wide potential window of BDDE. Simple and
rapid voltammetric method was developed and it was reached low limit of quantification (LOG
= 0,15 pg ml. ") and detection as well (LOD — 0,05 pg mIL™"), The applicability of the proposed
method was verified by voltammetric analysis of phytostimulation preparation containing
paclobutrazol and difenoconazol.

Key Words: Phytostimulator. Paclobutrazol, Difenoconazol. Indole-3-acetic acid. Indole-3-
butyric acid, 1-Naphthaleneacetic acid. Vol rv, Boron doped diamond clectrode,

Uvod
V souvislosti s rozmachem lidske populace jsou Kladeny velké niroky na produkcei potravin.
Dilezitou dlohu v této oblasti hiraje rostlinna strava, Péstovini rostlin j e k spojeno s celon
fadou problémii. Skodlivy vliv hmyzu, plisni 4 plevelnycl pouzivinim
pesticidin. Exi viak i problemy \'FIIIJL"L 8 pr:mdn:ml dl nm.iuﬂ\‘- Iu.hu se
zejména o boutky. kroupy. povodng, silny
rostliny byly viiéi témto jevim odofné it Belein s ponEivajh aepte
r;gu](nor\' u. Tyto latky maji Sirokou Skdlu uéinkd, Mezi né patii jak stimulovani, tak

rlstu stonkt a kofend. regulace tousthy stonku a kveteni, zabranéni opa

ndl, kieré ovliviugi predeviim tvorbu
Kofenového systému pii mnozeni rostlin. Dalsimi Fitkami s pnduhumu acinky jsou kyselina
indolyl-3-mdselna (IBA) a kyselina 1-naftyloctova (NAA), resp.. jeji sodnd sl (NAANa) 17,
Seském trhu j Jsou dostupné napfiklad v pnpm\nuh Stimulax 1111

Ze uéinnou ochranu rostlin proti stresovym faktoriim jako
Ly, popiipade plishove infekee zajistuji litky
na bazi triazoli Je) i, paklobutrazol (PBZ). jehoz struktumi vzorec
uveden na obr 1. Toto pozitivii plsobeni je dasto vysvétlovano hormonalnimn zménami.
Biochemicke utinky triazolit zahruji také detoxikaci reaktivnich forem kysliku, zviseni
hladiny prolinu. antioxidantd a obsahu chlorofylu *”. Kviili Sirokému pouziti se PBZ dosti
skoro do viech slozek zivotniho prostiedi. Vzhledem k tomu, ze neni zeela bezpetny, obiy
i i i i neustile sledovat.




cétgina litek, vyuzivanych jako regulitory riistu rostlin. je elektroaktivni,
studovano h oxidaéni chovini a byly vyvinuty voltametricke
h stanoveni s vyuzitim horem dopované diamantové elekirody (BDDE).

Vzhledem k tomu, ze
bylo v
metody jej
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N
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Obr.1. Strukturni vzoree paklobutrazolu

Experimentilni &ist

Standardni roztoky PBZ byly pfipravoviny v koncentraénim rozmezi od 34.8 do 41,8 mg/25mL
acetonitrilu navazenim pi ného mnozstvi pevné Litky (Sigma-Aldrich) a rozpusténim
v acetonitrilu. Podobnym zplsobem byl piipravevin standardni roztok difenckonazolu (DFK.
Sigma-Aldrich).  Zasobni roztok 0.1 mol L' NaOH byl pripravovin  rozpusténim
odpovidyiciho mnoezstvi pevného NaOH (firma Lachema Brno o Sistoté 98 %) v destilované
vodé. Jako redlny vzorek byl analyzovan pripravek TOPREX od firmy Syngenta Czech sro..
obsahujici podle adajii distributora 11.3 % PBZ a 22.5 % DFK. 0.5 mL pfipravku TOPREY
bylo nadavkoviino do S0mL odmémé baiky a doplnéno po rysku acetonitrilem,

I\\ohmmtmkmlu méfeni byl pouZit elektrochemicky analyzitor EP 100VA (HSC servis
ava, Slovensko). Mefici clinek se skladal z BDDE (Windsor Scientific Ltd.. Velka
rentni argentchloridové elektrody a pomocné platinové elektrody (obé
Tumov, Ceski republika). Stanoveni testovanych litek probihalo pomoci
i vyuzitim diferenéni pulzni voltametrie (DPV). Pracovni elektroda
byla pied kaZzdym méfenim ofetrena vloZzenim potencidlu +2200 mV, 200 mV a +2200 mV
vzdy po dobu 10 sekund. Pfi vlastni analyze byla polarizovina v rozsahu potenciali +1200 a2
<2200 mV pii rychlosti polarizace 40 mV

Vysledky a diskuse
Predmétem této price bylo studium voltametrického chovini vybranveh regulitor ristu,
l\onl\_rehl IAA IBA, NAAa lnuuTu PBZ a DFK. Bylo zjisténo. z¢ viechny zkoumané litky
nal zaznamendn
tanoveni pouzita BDDE.
testovin vliv pHl prostredi a slozeni
y . Na zdkladé téchto experiment byl zvolen
v zakladni elekirolyt. U latek. jejichz voltametrické chovini nebylo doposud popsino
aure, byl navrzen mechanismus oxidace, kiery byl potvrzen analyzou oxidacnich
produktit metodou kapalinové chromatografic s hmotnostni detekei (HPLC-MS), Pro i

d.ll&)ﬂl\)th Lmk h\Fa \/I‘ELdLm E\ul iv pou)ndm DP\ Byly upuma!vm

Lasto pii maind pozil
S vyuzitim eyklicke voltametrie (C\-) Y I')P‘\ b

. nuté m;tm!\ byly ov 'rsm pii analyze celé md\ mudelmw:h roztoki a na zivér
IM_ ui;p Jphko\ ny pii d!ml, e pral\ml\_wh vorki komeréns dnaslllpn)uh pripravki pro
regulac ristu rostlin,



Juko priklad jsou na tomio misté uvedeny visledky studie, Whajici se PRZ. Ten lze oxidovat
v alkalickém prostfedi ziedéného NaOH za pritomnosti acetonitrilu, ktery zajistuje rozpustnost
analytu. PBZ dava dobfe vyhodnotitelny pik v Sirokém rozmezi koncentraci. jeho? poloha
v zavislosti na mnogstvi analytu le?i sné pod +2000 m¥. Tyto hodnoty potencidlu jsou
dosazitelné prive diky pouzité BDDE. Pomoci evklicke voltametrie bylo zjisténo, ze se jedna
o reverzibilng déj

je linedrné zdvisld na koncentraci
PBZ v roztoku, ¢ 5 | v zndzoriuje jak pavodni naméené kfivky. tak
piky po oded mu zikladniho elektrolyiu. Byla proméfena celd fada koncentragnich
zavislosti pfi nastavenveh optimalnich podminkach a na zikladé techto méfeni byly vy podteny
zakladni statistické parametry, napt. limit detekee pro stanoveni PBZ (LOD = 0,035 pg mlL ™)

Vzhledem ktomu. Ze souldsti judim‘hn dostupm.hc ;\i‘:‘pm\ku vC‘R obsahu‘l‘lho FI}?
(TOPREX] je jako doprovodna
se zaméfil také na voltametrickou ¢ 3 no, ke 74 p{)dnﬂml\ \lanmtm
FPBZ. podléhd DFK také oxidaci, pfi¢em? pik se nachézi pil potencidlech eca +1550
#1780 mV. Nedochazi tedy k interferenci zkoumanych latek. coz doklada obr. 3. mizoriugjic
kiivky ziskané pfi anmalvze redlného pripravku TOPREX. Kvantitativnim vyhodnocenim
pomoci pridavkii stundardit bylo zjisténo, #e obsah abou litek odpovidi deklarovanym
hodnotam,
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Obr: 2, Kiivky anodické oxidace paklobutrazolu v prostfedi 0,07 mol L™ NaOIT; a) - plvodni
naméfené piky. b) — piky po odedteni odezvy zdkladniho elektrolytu (0 — odezva zikladniho
elektrolytu, 1 az 8 — piidavky paklobutrazolu)
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Obr, 3. Kiivky anodické oxidace pripravku TOPREX: a) — plvodni naméfené piky, b) — piky
po odedteni odezvy zikladniho elektrolviu (01— odezva zdkladniho elektrolvtu, 1 - piidavek

vzorku TOPREXu, 2 a 3 - pridavky standardniho roztoku DFK, 4 a 5 - standardni pfidavky
PRZ)

Zavér

Diky Sirokému potencidglovému oknu BDDE bylo mozné vyvinout eitlivé metody pro stanoveni
celé tady rostlinnych stimulatord ristu na principu jejich anodické oxidace. Tyto metody jsou
Jjednoduché a rychlé. a proto mohou byt vyuZity phi kontrole slozeni komeréné dostupnyeh
pripravki,
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Abstract

In this work, computer assisted design and fused deposition modelling 3D printing are
employed to devise and manufacture cléctrodes from polylactic acid-carbon nanotube
conductive composite. Electrodes are further modified by copper electroplating to prepare
catalysts for the cle:lmchemical reduction of carbon dioxide. Scanning electron microscopy
i (-ray analysis are used to inspect the surface morphology and chemical
n of ohlmmd catalysts. Cyclovoltammet ions reveal that the copper
clectroplating leads 1o the increase of electrode activity by three ord&rs of magnitude.

Key Words: 3D Printing, Electrochemical Reduction of Carbon Dioxide. Electroplating,

Introduction

The second half of the recent decade has seen an unprecedented boom in applying 3D printi
(3DP) manufacturing technologies in science. In 3DP, objects are created by positioning a target
material on prev v formed layers. Combination of 3DP with computer assisted design
(CAD) allows fast, inexpensive, and environmentally friendly manufacture of customized
ohjects. Fused deposition modelling (FDM} is the most common and versatile 3DP technique
based on extruding a thermoplastic filament through a heated moving nozzle. Low cost and
wide availability of FDM 3D printers render this technique particularly suitable for the
n ol clectrochemical cells, Used filament nulm ls mvolve polylactic aml
acrylonitrile hutadiene styrene ¥4, polypropylene ™1 polyesters |7, polystyrene |
and polvamide ", The functionality of 3DP electrochemical cells was demonstrated for
00 processes and '|pphc1lmn cluding water splitting '**", wastewater cleaning ', organic
biofuel cells ¥ Furthermore, 3DP cells found applications as
electromalytical sensors for the determination of heavy metal ions "%, hydrogen peroxide %
organic compeounds *71%1 and tumor markers 17

Recent achievements in the preparation of th ic posite materials ining carbon
allotropes have allowed FDM 3DP 1o be used a5 4 tool for the manufacture of conductive
electrodes. Pioneering work of Rymansaib et al. ™ showed that electrodes printed from the
polystyrene/graphite/carbon nanofiber composite filament may be used to determine Ph®* jons
by differential pulse voltammetry. More recent works relied on commercial composites of PLA
with graphene 1%, carbon black **%. carhon nanotubes ** and metals including copper *' as
conductive fillers. Bi-material FDM 3DP employing conductive composites to make electrodes
and  insulating nents  for cells led 1o integrated  electrochemical  devices  for
electroanalysis *12 apd Raman ' and UNV/VIS ¥ spectroelectrochemistry.

In this work we employ bi-material FDM 3DP to manufacture an integrated platform dedicated
to copper electroplating with the goal of preparing catalysts for the electrochemical reduction
of carhon dioxide. Electrodes are printed from conductive polylactic acid-carbon nanotube
(PLA-CNT) compuosite and electroplated by copper as described in our recent contribution .




The electroplating cell is manutactured from the insulating PLA. The electrochemical activity
ol manufactured electrodes is investigated by cyvelic voltammetry in aqueous electrolytes.

Expﬂ'mmnlal part

nd electrodes were devised emploving Autodesk Fusion 360 CAD software (Autodesk
USA) and subsequently exported as sil files to Prusa Slicer software (Prusa Research.
Czech Republic), where instruetions for the 31 printer were generated. The electroplating eell
(depicted by blue colour in Fig. 1) has a rectangular shape and interior. Its internal length is
0.20 m, defimng the distance between the cathode and the anode. The internal cross-sectional
area of the cell is identical 1o the geometrical area of electrodes (6.4 107 m?), Electrodes (black)
are equipped by insulating housings (white). The cell additionally contains a hole in the middle
ol'ils top part. through which the electroplating solution is introduced.

The electroplating cell and housings were manufactured from transparent insulating PLA
purchased from Gembird. The Nederlands. The PLA-CNT conduetive composite (brand name
AlfaOhm) employed to print electrodes was purchased from FiloAlfa, Ttaly. All objects were
manulactured employing a Prusa 13 MK3 FDM 3D printer equipped with a (.4 mm brass nozzle
and a smooth polyimide-coated spring steel sheet as the printing support (all items were
obtained from Prusa Research. Czech Republic). The temperature of the nozzle and the printing
support was kept at 225 and 60 “C. respeetively. The layer height was set 1o 0.1 mm. The
printing speed was setas default for PLA filaments. The eell was printed with 20 % rectangular
infill. while 100 s rectangular infill was applied to electrodes and housings

PLA
housing

PLA electroplating cell

FLA
hou:

Fig. 1. CAD cross-sectional drawing of the 3DP platform for copper electroplating

Sides of electrodes were masked by a 0.2 mm thick PTFE tape and such modified electrodes
were mounted into housings. Two of such assemblies were placed into the electroplating cell
1o serve as the cathode and the anode, The cell was further filled with the electroplating solution
(0.1 M CulNOs):z in deionized water), Electrochemical impedance spectroscopy (Autolab.
Metrohm) performed in the [requeney range of 10° and 107 Hz, at zero DC offset and 10 mV/
rms AC amplitude was empoyed to determine the total cell resistance. The electroplaling was
performed as follows. The cell was connected to a DC source (Aritma. Czech Republic) dlld
the voltage Usof 4.0 V was applied for one hour while continuously monitoring the ¢
current by & multimeter (Amprobe SXP-A). The cathode was then demounted from the cell,
briefly rinsed with deionized water and dried in the air while the anode was discarded. The
surface of as-printed and electroplated electrodes was investigated by ficld emission scanning
-..Ieulrcn microscopy (Ilitachi S-4800) and energy dispersive X-ray analysis (Noran EDX
Electrochemical performance of as-printed and electroplated electrodes was inspeeted
by i:_\L'IL oltammetry in aqueous 0,1 M NaHCO; electrolyie saturated either by COz or Ar (for
control experiments). All experiments were performed in a three-electrode two-compartment
glass cell with Ag/AgCl reference electrode and platinum net counter electrode placed behind




h

& Nafion Ihe cell resistance was comy d by positive feedback electronics.
Flectrode polential values are stated in the reversible hydrogen electrode (RHE) scale,

Results and discussion

The total resistance of the electroplating cell is in the range of 2000 = 200 Q while the electric
current passing during electroplating amounts 1o 1.0 = 0.1 mA and 1s constant m time. The
effiective cell voltage applied in electroplating is thus U - Ug— IR ~ 2.0 V. Experimentally
obtamed current was compared to theoretically predicted figure deternuned as follows. The
ionie-strength corrected electric conductivity ol aqueous 0.1 M CuNOS): electrolyie at 208 K
amounts 1o 1.66 #* Far values of the effective voltage and the cell length (0.20 m) one
obtains the electr Id strength of 10 V m™. For the electrode area used (6.4 107 m*) the
application of Ohm’s law léads to the theoretical electrolvie migration current of 1.06 mA. This
value is in a perfect agreement with current observed during electroplating (1.0 + 0.1 mA)
indicating that currents due to parasitic cathodic processes (reduction of H™ or dissolved
ambient oxyaen) are negligible compared o that of the copper reduction provess.

5 5
as printed PLA-CNT PLA-CNT plated by Cu
0 i ) =
s g7
£ 5 /' E 5 ////
< Eaof L
=10 r L {E-10 ;
=" 00t macm? = 10 mA cm
-15 -15
0 4
a0 -0.5 0.0 053 E 0.0

0.5
E/Vvs. RHE E/Vvs. RHE
Fig. 2. Cyclovoltammetric response of as-printed PLA-CNT electrodes (left) and the same
electrades modified by copper electroplating (right) in aqueous 0.1 M NaHCOs samrated by
argon (red) and carbon dioxide (green). Obtained at 0.01 V 57,

Left panel of Fig. 2 shows the eyclovollammetric response of as-printed PLA-CNT electrodes
in the aqueous 0.1 M NaHCOs saturated by argon (red) and carbon dioxide (green). For both
dissolved gases, the double-layer capacitance region is limited by the onset of the reduction
processes around -1.0 V vs, RHE. In the absence of carbon dioxide, H 1ons {or water) are
reduced at the electrode. In the presence of CO:, this process is accompanied by the reduction
ol € Upon introducing CO2, the observed onset of reduction processes fled towards
mare \!c;,.m\L potential values. Mast 1i a part ol electrochemically active surface sites

ilable for the H" reds is blocked by CO: or products of its reduction. This
decreni:s the rate of the H' reduction manifesting itsell as diminished total cathodic current,
We note that the use of RHE scale takes into account changes in the pH value of the electrolyte
bulk. Observed changes of the electrode activity thus cannot be rationalized by an altered
concentration of protons m the electrolyvte bulk. Right panel of Fig. 2 shows the response ol
electrodes modilied by the copper electroplating obtained under the same conditions as used
for as-printed electrodes, The presence of copper on the electrode surface leads to an increase
of the faradaic current by three orders of magnitmde. This confirms that copper functions as a
catalyst for H' and CO2 reduction processes.




SEM imaging of as-printed PLA-CNT electrodes confirmed evenly spaced layers (Fig, 3, top).
revealed that the surface of as-printed electrodes is anpmed exclusively of
en (Tahle 1), The copper electroplating of these electrodes leads to surface

Clusters with the diameter ranging from 20 to 50 pm (Fig. 3. bottom) and remarkably high
copper content (97 + 1 at. %0). Bare surface regions of electroplated electrodes contain no copper
and their composition is virtually identical to that of as-printed PLA-CNT electrodes (Table T).
Fig. 3. SEM images of as-printed PLA-CNT electrodes (1op) and the same electrodes modified
as-printed electrode
L e et

Table L Surface clemental composition of a: NT clectrodes.

-~printed and electroplated PI

Sample/Element C/at % O /at % Cu/at "o

as-printed electrode TR 201 [

electroplated electrode (bare region) 8441 16=1 0

clectroplated electrode (clusters) 0 4=1 971
Conclusions

PLA-CNT ¢lectrodes manufactured by FDM 3DP were modified by copper electroplating 1o
prepare catalysts for the electrochemical reduction of carbon dioxide. SEM and EDX surface
analysis confirmed the presence of clusters with remarkably high copper content. Cyelic
voltammeltry performed i aqueous electrolytes concluded that the copper electroplating leads
1o the increase of the electrode activity by three orders of magnitude, We are currently analyzing
the distribution of products of the electrochemical reduction of carbon dioxide,
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Abstract

This contribution presents a comparison between values of single molecule conductance
and thermopower of selected model organic molecules arising from density functional
theory-based calculations. and the ones obtained by experiment. By applying the
non-equilibrium  Green's function approach along with further spec fications
and approximations. the computed values were compared with those gained from the scanning
tunneling microscope-based break junction technique and its setup modified for simultaneous
measurement of both stated quantities, This outcome presents quantitative and qualitative
comparison with experimentally obtained values. along with the discussion about the relevance
and accuracy of the chosen theoretical approach.

Key Words: Single molecule conductance, Single molecule thermopower. Scanning tunneling
microscope  break junction technique (STM-BJ), Density  functional theory (DFT),
non-equilibrium Green's function (NEC

od

Molekulirna elektronika predstavuje jeden zo sifasnych alternativinych smerov vo vy
4 koneepeii vroby elektronickyeh sadiastok pouzivanyeh v modemej vypodtove]
Znaénd miera pozomosti je venovana najmi podoblasti organickej elektroniky. Ktora
vdanom vyskume zameriava na potencidlne vyuZitie organickveh molekul s \rhodmnn
clektrickymi viastnostami. V uplynulych dvoch desatroiach bola tejlo vyskumnej podoblasti
venovand znaéna pozomost, najmi o sa Wka teoretickych prac zamer: h na stadium

orbitdlovej Struktiry vybranyeh druhov a skupin molekill a2 nich plynice mechanizmy
presunu elektrického ndboja v ramei tela molekuly i nibojového transportu skiz molekulu ',
Nisledné experimentilne $tudie sustredili svoju pozornost’ na sludmm fyzikalnych veliéin
Jjednotlivych drubov molekil, najma molekulamej clekiricke; i
koeficientu § ¥ s cielom potvrdit alebo vyvritit publikované teoretické zivery. Stadium t¥chto
dvoch veli¢in v kombindcii s teoretickym modelovanim je v sucasnej dobe najpokrogileison
formou skimania elektrickveh vlastnosti (nielen) organickych molekul,

( |dnm 1:.|lu price je pf(eanln\al edky teoretickych vypoctov so zameranim na hodnoty
; ickych molekul ziskanveh prostrednictvom
a porovnat’ ich s hodnotar

cdkoch je tiez dodatotne doplnend analyza geometrie

vipottovych metod zalozenyeh na DF
ziskanymi experimentalne. Vo v
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molekulového  spojenia. Vybranymi  vzorkami boli  modelové  organické  molekuly
4. 4-bipyridinu (A} a 4.4" ~diaminostilbénu (B) {Obr. 1), ktoré boli predmetom predchidzajiicej
autorskej stidie ',

A e m%‘ l’;?'

& LS
- =3
v
Obr. 1. Chemickd Struktira molekal 4.4-bipyridinu (A) a 4.4 -diaminostilbénu (B) spolu
s analyzovanou geometriou molekulového spojenia za pouzitia dvojice (111) klastrov Aus.

entalna éast’

Experimentilne meramia boli vvkonané pomocou STM-BJ techniky merania * na aparatire
tvorenej modifikovanym pristrojom Agilent 3500 SPM (Agilent Technologies, USA).
Do skenovacej hlavy pristroja bol implementovany dvojvistupovy bipolamy logaritmicky -1
prevodnik © i rychle a presné monitorovanie vzdialenosti medzi hrotom
a substritom, ako aj meranie elektrického pradu I pri vivoji molekulového spojenia v Sirokom
pridovom rozsahu. Pohvb pracovnej clekirddy, ako aj nastavenic a monitorovanie hodnot
elekirickéhe potencidlu na elektrodach boli ovlddané pomocou bipotenciostatu s dvojiceu
laditelnych bipolamych I-U prevodnikov ®. Dany bipotenciostat je schopny pracoval’ jak
v rezime kontinualneho stabilného zdroja napitia, tak i v reZime rychleho prepinania (radovo
stovky s az jednotky ms) medz stavom uzavretého obvodu s priloZenym napitim (ON)
a obvodu s odpojenym zdrojom napéitia (OFF). V stave ON je pritomnost” molekuly medzi
elektrodami reprezentovand hodnotou elektnckeho pridu. Ktord je nositelom informacie
oelektrickej vodivosti (7 molekuly podlfa vzfahu plyniceho z Ohmovho zikona
I=G + Vb kde Vi predstavuje hodnotu potencialového rozdielu medzi elektrodami. V stave
OFF je zdroj napatia odpojeny a detegovani hodnota rezidualneho napétia v obvode odpovedi
termoelekirickému napitin generovaného molekulou, ako déasledok rozdielu prevadzkovich
tepldt pripajenyeh elektrod. Hodnota termoelektrickeho napiitia s uréuje Seebeckov koeficient
§ molekuly podla vatahu ™

8§=8,,—

kde Sau =194 < 10° VK je Seebeckov koeficient zlata ¥ a A7 je teplotny rozdiel medzi
pracovinou  elekirodou  a proticlekirddon. Ako  pracovna  elekiroda bol  pouzity  zlaty
clekirochemicky leptany hrot vyrobeny z dritu s priemerom 0.25 mm (92,999 %, Goodfellow,
Velkd Britinia). protielektrodu tvoril substrat tvoreny podlozkou 7 polykrystalického zlata
(10 < 10 « 1 mm. 99.95 %, Goodfellow, Velka I a) s pritavenym zlatym drdtom. na kiorej
bola nanesend vzorka. Na dosiahnutie pozadovaného rozdielu teplat bola aparatiira doplnena
o systém umozijiel prictok ohrevnej/chladiace] kvapaling cez podlozku umicstnenii pod
substritom. Pracovnd elekiroda bola udrziavand na izbovej teplote. ktord bola stoloZnend s
teplotou vo vaitn experimentdlne) aparatiry, Chemikdlie na pripravu vzonek. ako i procediry
Cistenia laboratome skla, zlatého substritu. PTFE meracich ciel vlastnej viroby a tesniacich O-
rkov Kalrez (Dupont. USA) pouzivanych podas experimentalnyeh merani boli podrobne
opisané v predehidzajicej autorskej stadii .

263



leoreticke rveh keeficientov vybranyeh mol
A a B bol T a NEGF. Geometricka t)Dlil'Ih
neukotvenveh molekil vo vikuu bola prevedena s pouzitim funkcionalu B3LYP ”. Opnmnlna
vzdhalenost” elekirdd v molekulovom spojeni, reprezentovanych dvoma klastrami Auis
s kryStalogratickou orientacion (1113 (Obr. 1), bola uréena z potencialove) knivky vytvoreng
variovanim vzdialenosti Klastrov s krokom 0,1 A a optimalizovanim molekuly medzi tymito
klastrami v kazdom kroku potencialového skenu. Geometrické optimalizacie boli prevedené
v softvéri Gaussian 09, Fnergetické minima ané optimalizainym algoritmom sa ])(!lb"lli
na vypodel lransmisnych funkeii pomocou NEGE metody o funkciondlu PBEO. Klory je

v literatiire odporiany ako optimalny pre tento typ vipoctu 1°. Vepoety typu PBEONEGE boli
prevedené pomocou softvéru ADF 2017, Hodnoty elektrickych vodivosti G pre obe molekuly
boli vypoditane v priblizeni nulového rozdiclu napitia medzi elektrodami na zdklade
Landaverovej rovnice ' G = Gy * 1ifir), kde veli¢ina Go = 7.75 » 107 8 je kvantum elekirickej
vodivosti a i(£r) ' je hodnota transmisnej lunkcie pri hodnole energie Fermiho hladiny £7 =
=51 eV " Hodnoty uvedené vo vysledkovej dasti 1md3muua priemernn hodnotu
z energetického mm\alu -5.2az-3.0eV. Hodnoty Seebeckovych koeficientov boli vypocitané
na ziklade rovnice '

1 Ak

. )
Sty = e ki1 -—(Twlﬁ, (1)

kde e je elementimy naboj. ki je Bolzmannova konStanta a T je teplota wiéend priemerom
tepldot whoch elekirod. Hodnota derivicie transmisnej fimkcie bola numericky derivovani
4 priemerovand na energetickom intervale —3,2 a2 -3.0 eV.

Obr. 2. 1D histogramy elekirickych vodivesti molekuly A (vIiavo) a B (vpravo). Tmavosedé
v v jednotlivieh grafoch reprezentuji fity pikov Gaussovou funkciou s nekonstantnou

adnou liniou, ¢iema knvka K\. stavuje kumulativiny [t B
2 ]
= =l
= 2
1 I}
o | ol

4

4 3 2 § 5 4 3 2
log (GIG,) log (GIG,)

Vysledky a diskusia

Na Obr. 2 si znizomené 1D histogramy elekinicke) vodivosti G pre obe skimané molekuly,
ziskané 7 ddt nameranych  kontmudlnon STM-BJ metodow. U oboch molekul boli
identifikované dva Satisticky vyznamné piky. Tie boli nasledne podrobené analyze fitovanim
Gaussovou funkeiou s nekonstantnou zékladnou lintou, Oznadenie Gy resp. Gr. odkazuje na
u {high) resp. mizsiu (fow) stredni hodnotu vodivost danveh pikov
A si obe hodnoty vodivesti Gr. (i vedbomej literatime dobre zdokumentované '°.
v pripade molekuly B zatial’ nebola publikovand ziadna vedecka prica alebo Stodia, Ktord by
referovala o dvoch Satisticky  vyznamnyeh hodnotich vodivosti.  Hodnety  vodivesti




v jednotkdch ID;:, {GIG) boli Gr(A) = =3.1 £ 0.3: Gr(A) = -3.8 £ 0.2: Gu(B) = -2.7 £ 02
a(Gu(B) = —.5 = 0.5, Odéitanim hodnoty transmisnej funkeie 1(£x) pre prislusni molckulu
zgrafov na Obr. 3 apowfitim Landaverovej rovnice sme dospeli k optimalizovanym
teoretickym hodnotdm vodivosti. konkréine G*(A) = =33 resp. G%(B) = -3.2. Zatial' ¢o
hodnota (7*(A) je v ramei tolerancie v dobrej zhode s experimentalnon hodnoton
Grf A aplikujue o analogin na molekulu B je hodnota GHB) vzhladom na hodnotu Ga(B)
mierne podhodnotena

3 3
A 4 1B 2
10 45 10 5
m b6 @ o f | . % @
l{im‘ T N Wy ——l_ 7 7 W
- 8 £ = [ 7 8 £
iLe i 10" 9
U N i
107 . 1" 18 ! -1
=B S04 S D0, 2 ) TR, 06-04-02 00 02 04 06

-E eV E-£ )eV
Obr. 3. Grafy Ilodl'l(!l transmisngj funkcie () ajej prirodzenchio logaritmu In (k) pre
moleckulu A (vIavo) a B :\pm\ol ziskané z vipoctov metody NEGF s vyuzitim funkcionaln
PBEO. Kvoli lepSej ndzomosti st zobrazené iba segmenty funkeii v okoli Fermiho hladiny
Cierne linie znazoriujit doty&nice ku grafom v bode £ = #r.

Analy zou experimentalnych dat z Obr. 2 v podobe 2D hzclnglnmu vodivostnych kriviek '* sme
siskali experimentalny idaj o dizke # molekulového spajenia pre obe konfiguricie vodivosti
S ohladom na zn: pouzité v predoslom od hodnoty dlzok boli Za(A) = 7.4
AL Zu(B) = 104 A a ZuB) = 154 A Metddou geometricke optimalizacie s
vyuzitim funkcionilu B3LYP sme dospeli k hodnotiam dizok 7%A) =91 Aa Z%(B)= 129 A,
Ajviomto pripade hodnoty predpovedané  teoretickym  modelom  lepdie  koreluju
s experimentalnymi hodnotami pre molekulu A resp. pre hodnotu Z(A). ktord sa v lileratare
stotoziuje s geometrion molekulového spojenia. v ktorom je molekula A kotvend medzi
clektrddami atomanmi dusika na pyridylovych jadrich (Obr. 1) a hodnota dizky tohto spojenia
sa stotoziuje s dizkou molckuly A’
Odéitanim hodnoty parciainej dervicie f(In (/)8 v bode £ = 1 aplikiciou rovaice (1)
sie pre Standardni hodnotn 7 = 300 K dospeli k optimalizovanym lcumucl-n m hodnotim
Secheckoy ho koeficientu, konkrétne S5(A)=—23 = 10V K" a S54(B) = 10 “VEK! Na
ziklade porovnania so  strednymi  hodnos uvadzanvmi v hlcmlnn 1% ako aj
v predchadzajiicej autorskej stidii * konstatujeme kvalitativan zhodu s ohfadom na hodnotu
snamienka teoretickych hodndt. aviak z hiadiska magmitidy su obe teoretické hodnoty
viditeI'ne odehylend: hodnota S¥(A) je 2nalne nadhednotend a hodnota S*(B) podhodnotend.
pri¢om sa relativne odchy Iky menia v rozsahu cca 170-240 % pre molekulu A a cca 35-45 %
pre molekulu B, Odchylky spominanych predpovedanych teoretickvch hodndt (nielen
u Secbeckovho kocficientu, ale aj u clektrickej vodivosti a dizky molckulového spoja) od
publikovanych experimentilnych vysledkov uvéetkych uvedenych analyzovanych veliéi
moino prisudsovat’ peuZitym obmedzujicim podmicnkam. ako napr. rigidite uvazovanych
malekulimych Struktir pri medelovani. obmedzenym variaénym podmienkam vo vypoctoch
aztoho plymicej nepresnosti a nizke] variabilite ziskanych teoretickych hodnot. Najmi
v pripade molekuly B je vzhladom na centralmu dvojith viizbu CH=CH v jej molekulimej
Struktire (Obr. 1) nepochybn 1 ovat’ mad vplyvom cis-trans izomeéne. ako aj uréit
molekulirmu pruznost’ spekty maji urCity nezanedbatel'ny vplyy na hodnoty
analyzovamych velicin, avsak v (ejto prici neboli nvazovand.
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Zaver

Cielom tejto price belo porovnanie experimentilnych hodnot veli¢in elektricke) vodivosti G,
Seebeckovho koef S adizky Z molekulového spojenia u modelovych organickych
molekil  4.4'-b linn  (A) a  44-diaminostilbénu  (B) s teoretickvmi  hodnotami
predpovedanymi na zaklade vpottovej analyzy pouzitim metod DFT a NEGF, V pripade
molekuly A bola pozorovana dobrd zhoda tedrie s experimentom s vynimkou teoretickej
hodnoty Seebeckovho koeficientu. ktord bola vzhladom na publikevané experimentilne
hodnoty viditeIne podhodnotend. V pripade molekuly B boli u viethyeh analyzovanieh velicin
pozorované vyraznejiie odchylky teoretickych hodnét od experimentalnych, pripisujeme
ako  dosledok  obmedz podmienck, pouzitych pri teoretickej] analyze  danveh
molekuldrnych struktar.
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Abstract

Three electrode system (WE — working, CE — counter. REF -~ quasi reference electrode) on
alumina substrate for electrochemical measurement in small sample volume based on boron
doped diamond (BDD) was described. The BDD growth was carried out in a linear antenna
microwave chemical vapor deposition (LA MWCVD) reactor as a material of working and
counter electrode. Scanning electron microscopy and Raman spectroscopy were used to BDD
ization. Thickness of BDD was 3.25 um. The width of potential window, stability of
clectrode material and electrochemical properties in redox systems [Fe(CN®)* and
[Ru(NHs)s]*** were investigated. The width of potential window is 2 702 mV, which
decreases after 100 measurements by 1.63 "o, Were confirmed. that clectrochemical reaction
on electrode is diffusion controlled and reversible for lower scan rates,

Key Words: Boron doped diamond. Electrochemical propertics. LA MW CVD. BDD on
alumina

Uvod

Uhlikové elektrody zalozené na diamantovej Struktire so sp® hybridizovanymi uhlikovymi
vizhami tvoria v elektrochémii perspektivny clekirodovy materidl, hlavne pre excelentn
vlastnosti diamantu ako chemicka inertnost a tvrdost. Intrinzicky diamant je elektricl
so gitkou zakizaného pasma 5,47 V. Jeho elektrickd vodivost typu P sa di virazne
ovplyvioval” dopovanim. najéastejiic borom.

Chemicka depozicia z par (CVD — Chemical Vapor Deposition) je mcludﬂ pemocou ktorej je
mozné pripravit’ tenké diamantové vrstvy. Ako prekurzor uhlika sa na ie pouziva plyn
CHa, Ktory je spolu § procesnymi plynmi (hlavne Ha) aktivovany bud’ Zeravenymi vidknami
(HF CVD -~ Heot Filament CVD) alebo mikrovinami (MW CVD- MicroWave CVD). Ako zdroj
boru sa najéastejiie po aiil diboran a trimetylboran. pripadne trimetylboratu. Tepelne
stabilné materialy ako Si. AhO3 a S0z sa vel'mi Sasto pourivaju ako substraty pre rast BDD.

Experimentilna éast’
BDDE boli pripravené na AlzO substratoch 5050 mm?, nadrezané na jednotlivé elektrody
velkosti 7.3 x 25 mm®. WE a CE beli pripavené selektivnou nukledcion pomocou nano-
diamantovych astic (<10 nm (TEM). Sigma-Aldrich). Selektivna nukledcia je proces. kedy je
diamantovi AV stva deponovani iba na plochdch pokrviyeh nukleaénou vrstvou. Plocha W ola
12,02 mm* a plocha CE 8.13 mm®. BDDE hni\ ripravens v qummn. LA MW CVD (SCIA,
linedarnou plazmou podporena chemicka depozicia z par) pri vykone 6 kW,
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Ag zvodové elekirédy (pre zvyienie vodivosti a edolnosti BDDE v konekitore), referenénd
elektréda a izolaénd wrstva boli zhotovené pomocou sietotlage. Tlaé prebichala na
poloautomatickom tlalovom  stroji (A TY-600H. Taiwan) s podilakovou fixdiciou
potli¢aného subsiritu. Pre IEnL g svodovyeh areferencng elekircdy bola pouZita tladovi pasta
s obsahom stricbomych éastic ASTO025 (SunChemical. USA) a polyesterova sictovina s
hustotou 71 vlikien/'em (SEFAR PME 71-48Y. Svajéiarsko). Pre proces chloridicic Ag na
Ag/AgCl bola pouzita chronoampérometria s pripojenou RE ako WE, ¢ pripajentm napiitim
0.7 V za staleho micgania podas 30s v roztoku 0,1 M KCL. Plocha RE bola 1.41 mm?®.

Izolaéna vrstva bola tlaéend pomocou sietotlacovej pasty na Kremicitej baze s minerdlnym
plnivom 240-SB (FERRO, U8 )- Po 5 minttach pri laboratdrnej 1Lplﬂlt,(pnd|mra rozlivu) bola
vrstva sudend v laboratdmej sudiami UN 55 (MEMMERT. Nemecko) pri teplote 150 “C po
dobu 120 minit.

stém s BDD pracoviion & pomochou elekirédoy,

Obr. 1. Pripraveny trojelektradovy

Elektrachemicke merania prebichali v trojelektrodovom zapojeni na zariadeni potentiostat /
palvanostat Autolab PGSTAT 128N (METROHM). Cyklicka voltampérometria v roztoku 0.5
M H280:, (-2V a7 2 V. rychlost zmeny potencialul 00 mV's) bola pouZita pre sledovanie Sirky
potencialového okna. Stabilita elekirody sa sledovala po 10, 50 a 100 evkloch CV (-2 V
V. 100 mV/s, roztok 0.3 M H2804). Pri elekirochemickej charakteriz

svstémy [Fe{CN)s|" " a [Ru(NHs)]*'. Merania prebichali cyk
voltampérometriou pri rozny chlostiach zmeny potencidlu (10, 20, 50, 100, 200, 300, 400,
500 mV/s) v roztoku 2.5 mA [l S(CN)el*™ v 0.1 M KCl a 2,5 mM [Ru(NHz)s|* v 0,1 M k(l
roztoky boli pripravenc z 18,2 M€ demineralizovang] vody a z chemikalii analyti

Vysledky a diskusia
Povreh Al:Os bol rovnomerne pokryty polykryStalickou BDID vrstvou. (Obr.1) Hribka BDD
vrstvy bola 3,25 pm. V Ramanovom spekire (Obr.2). BDD sh viditelné spektrdlne pasma pri

o fondnu (ZCP) a je posunute v dosledku pruc'lmdw
wodnej polohy pre monokryatil diamantu (1333 em ).

ItwnstyTeu]

b)
Obr. 1. a) SEM snimka pod uhlom 457 lomu a b) Ramanove spektrum BDD vrstvy na AlOs
substrate (He-Ne laser, =633 nm).

Pomocou eyklickej voltampérometriou sme ziskali hodnotu potencidlového okna, pre rozdiclng
plochu WE. Hraniénym potencialom bolo dosiahnutie pritdu 20 pA v katodickom (E--872mV)
aj anodickom (E=1 830 mV) smere. Sirka potencidlového okna (po 10 eykloch CVy v 0.5 M
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H2804 bola vvpar:lhnzl 2702 mV. Stabilita elekirédy sa zistovala po 10. 50 a 100 cykloch,
érogramy ukazali dobri stabilite EIeklrmi‘ pricom potencidlové okno sa po
o iba mierne o 144% (2 663 mV). resp. 0 1,63% po 100 meraniach (2 658

Im- GSmOMHSO,

2ﬂll'1ﬂ45lﬂ1 05 18 15 20 —Zﬂ\ﬁiﬂ 06 0O 05 10 15 20
E[V] (vs. AgiAgCl) EIV] (vs. AQ/AGCI)
Obr. 2. a) Cyklicky voltampéromogram BDDE v 0.1 M Ha80: (b) Cyklické voltampérogramy
po 10, 50 a 100 meraniach, rychlost’ zmeny potencialu 100 mV/s.

rychlostiach zmeny polem.mlu sa tento mzdleL ovykjé a¥do 153 mV pri 500 ‘m
ziskanych udajov (Tab. I) vyplyva, Ze sa linedrme zvyiuje katodicky (R*-0.995) a anodicky
ej moeniny réehlosti zmeny potencidlu, ¢o odpovedi
diftzne riadenej elekirodovej reakeii. Tota potvrdzuje aj pomer anodického a katodického
pridu, ktory je blizky hodnote 1 (maximdlne 1.13 pre 500 mV/s).

840260 02 04 85 0
EIV] (vs. AgiAgCl)

ey Gmmnn an il - "3
= . 5
o .
= 1008 .
o E=
% i3 % = i T )
(Sean rate [mVis]) (Scan rate [mvis])'”

Obr. 2. a) Voltampérogramy BDDE v roztoku 2.5 mM [Fe(CN)e]* v 0.1 M KCI pri roznych
rychlostiach zmeny potencidlu b) zavislost” anodického a katodického pridu ¢) rozdielu
potencidlov ad) zivislost pomeru katodického a anodického pridu od druhej moeniny rychlosti
zmeny potencidlu.
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Tabulka L.
Vypotitané parametre regresnej priamky pre redoxny systém [Fe(CN)s|

Meranie Smemica (Vis) Priesedénik (jA) R?
Anodicky smer 4,5540,08 0.9976
Katodicky smer -3.93:0.1 (.9932

Pre elekirochemicki charakteriziciu BDDE bol vyuzity aj reverzibilny redoxny
[Ru(NH3}Ja]* " Rozdiel medzi anodickym a katodickym signdlom je 70 mV pri 10 mV,
blizko teoret hodnote 39 mV, kedy je elektrodova reakcia reverzibilnd. Pri
rvchlostiach zmeny potencialu sa tento rozdiel zvySuje az do 200 mV pri 500 m
ziskanyech tdajov (Tab. 1) vyplyva. Ze sa lineame zvySuje katodicky (R7=0,999) a anodicky
(R*0.998) signdl v zdvislosti od drubej mocniny rychlosti zmeny potencidlu, o odpovedi
difiizne riadenej elektrodove) reakeii. Toto potvrdzuje aj pomer anodického a katodického
pradu, ktory je blizky hodnote 1. Rozdiel medzi charakterizaciu v redoxnyeh systémoch
[Fe(CN)ol'™* a [Ru(NHa)s|** je ten. ze pomer katodického a anodického pridu pri redoxnom
systéme [Fe(CN)el' * sa zviysuje v zavislosti od drubej mocniny réchlosti zmeny potencidlu,
o je v kontraste s opaénym trendom pri [RuiNH:)]* ™",

20|

26 mmal RufiH )
2.5 mmalt RulNH |, 5

0.1 mall

- =N Ll 10 ki) 0
E[V] {AgiAgCl) (Scan rate [mvis])

| 25 mmolf Ru[NH ]

200m i 0.1 mald KCI 2.6 mmol RUNH |

| % . in 01 ol KCH
= 1s0m | ”
b . .
toom .
3 : .
e (3 W ® 5 0 15 20
(Scan rate [mvis])"” (Sean rate [mvis])

Obr. 3. a) Voltampérogramy BDDE v roztoku 2,5 mM [Ru(NI3)s]' v 0.1 M KCl pri réznych
rychlostiach zmeny potencidlu b) zavislost” anodického a katodického pridu ¢) rozdielu
potencialoy a dy zavislost pomeru katodického a anodického pridu od druhej moeniny richlosti
zimeny potencidlu
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Tabul'ka IL
Vypotitané parametre regresnej priamky pre redoxny systém [Ru(NHzy|*

243+

Meranie Smernica (V/s) Prieseénik (nA) R?
Anodic] 4,54:0,07 -6.93+0.99 10,9983
Katodicky smer -2.9640,04 -0.07:0.53 0,9989

Zaver
V tomto prispevku je opisany proces pripravy trojelekirodového systému na AlOs subsirite.
BDD vrstva s hrabkou 3.25 pm pripravena metédou LA MW CVD bola pouzitd ako material
pre priprava WE a CE. Sictotlac bola tspeine pouziti na vwivorenie REF. slelariekseh
akinych elekirod a elekiricky acnej vrstvy chriniacej kontaking elekirody.
Heklroclnmlcke merania ukdzali, Ze potencidlové okno BDDE je 2.7 V. ktoré sa po 100
meraniach znizi o 1.63 %. Potvrdilo sa. ze na elekirédach prebicha difiizne rindend elekirodovi
reakeia, ktora je reverzibilna pri mzsich réchlostiach zmeny potencialu.
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Abstract

SFe-W eathode catalyst for zero-gap alkaline water electrolysis was studied, N
ngs were prepared by galvanic electrodeposition on nickel foam. The influence of
on of the electrolvie on the holl and catalytic p ties were studied. It was
atalylic properties of Fe-W coatings on nickel
e-W coatings are higher compared to two-

i
compo:
found that composition of electrolytes aff
foam. Electrocatalytic properties of polymetallic N
component Ni-Fe catalyst.

2

Key Words: Ni-Fe-W  coating;
Hydrogen evolution reaction.

. Zero-gap alkaline water electrolysis, Electrocataly

Introduction

The concept of EJ\dnan economy is important due to climaie change and global wamming,
Alkaline water rlcuml seems to be promising technology for producing hydrogen without
using fossil fuels ', Zero-gap assembly is novel cell design with electrodes pn\nd against the
membrane. The smaller distance between electrodes significantly contributes 1o reduce the
ohmic resistance and allows to work with electrolyles with lower concentration (<20 wi.%),
p cell designs work with highly porous electrodes with large surface area. The
efficiency of zero-gap cell depends on the choice of cathode and anode material catalvst. and
hydroxide ion conducting membrane. Recent studies are focused on development of new
materials for electrodes and membrane as well 1

Forits catalytic properties, platinum electrode is still the best electrode for hydrogen evolution
reaction (HER). However. its high cost is the main reason Tor the research of its substitution *.
One of promising materials are nickel and nickel alloys, Ni-Fe hased materials have gained
much attention due to their high potential as an effective catalyst toward both OER and HER.
Although Ni-Fe electrodes for water splitting are known sinee last century, their activity md
ility in practical application should be improved 7. Besides the combination of nickel and
iron, Ni-W alloys seem to be a promising material for HER. Ni-W alloys provided good
mechanic. tribological and corrosion properties and stability in alkaline medium *. The aim of
the project was study of nickel, iron and tungsten as effective catalyst for alkaline water
electrolys

Experimental part

In this work Ni-Fe-W coatings were tested as possible cathode catalyst for zero-gap alkaline
water electrolysis. Nickel based coatings were prepared by direct current electrodeposition on
nickel foam. Electrodeposition was conducted at current density of 16 and & A-dm™.
Temperature was 60°C and time of electrodeposition was 30 min. Before electrodeposition.
surface of nickel foam was activated m a 20 %o sulfuric acid solution. After electrodeposition.
samples were rinsed with distilled water. Different electrolytes were used to deposited Ni-V
Fe coatings (Table 1.)
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1. Compusition of used clectrolyvies.

Nomenclature

O TH20  GeHsOr NarWOe 2H:0 - Fe{NOs ) -9H:0

Concentration (mol/[)

samples

Electrolvte 400 0.07 0.23 0.4 0.015
Electrolvte 100 0.07 0.23 01 0.015
Electrolvte 10 0.07 0.23 0.01 0.015
Electrolyte 0.07 0.23 0 0.015

The surface morphology of prepared samples was studied by means of SEM. Catalytic
properties of specimens were investigated in a zero-gap clectrolyzer for alkaline water
electrolysis. Main part of electrolyzer consists ul porous cathode and anode and a membrane
hetween the electrodes. Prepared coating on nickel foam was cathode. Used anode was pure
nickel foam. The LhumJ\.ll was a 10wt %o potassium hydroxide solution. Load measurements
were carried out for 30 min. Voltage applied 1o the cell was in the range of 1.3-2 V with a step
of D005 Vs ciierenit pasning: fhrough the cell wag recarded: Elsctrodeposited Ni-Fe soating
were used as reference for zero-gap load measurements.

Result and discussion

Galvanic electrodeposition seems 1o be cheap and simple way to prepare catalysts with large
surface ara. Besides big surface arca of catalyst it is important 1o prepare stable materials in
alkaline medium. Ni-W provided good stabi in alkaline medium, however their catalytic
properties can be improved. On the other hand, Ni-Fe coatings reached significantly higher
catalytic performance over Ni-W electrodes he aim of the study was to find optimal
composition of Ni-Fe-W electrodes as catalysts for zero-gap alkaline water electrolysis with
high effectivity and stability.

Morphelogy of the studied samples was ivestigated by means of SEM. Fig. 1 depicts
morpholagy of the prepared specimens from different electrolytes at current density of 8 and
16 A-dm™. One can see that substrate is homogenously covered. 1 records display slightly
nodular structure of prepared coatings Ni-Fe-W 400 and Ni-Fe (Fig. 1a and Fig, 1d). Fig. 1b
depicts wrinkled morphology of sample Ni-Fe-W 100. The coatings Ni-Fe-W 10 s
distinguished by cracks on the surface (Fig. 1¢),

Catalytic properties of the prepared samples were studied in zero-gap electrolyzer for alkaline
water electrolysis. The performance was studied by recording load curves, i.¢.. current recorded
passing through the cell, and then values were recaleulated o current densities. The load curves
of the tested Ni-Fe-W samples prepared from different electrolytes at current density of 8 A-dnr
are shown in Fig. 2a. The best results provided samples deposited from electrolyte 100, Similar
results can be seen in Fig. 2b where are shown samples prepared from different electrolytes at
current density of 16 A-dm?, Sample Ni-Fe-W 100 provided best results compared to other
samples prepared at current density of 16 A-dm™. Samples prepared from electrolyte 10 could
not be measured due 1o cracks on the surface (Fig. 1e).
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Fig. 1. Morphology of prepared samples from: a) electrolyte 400. b) electrolvte 100, ¢)
electrolyte 10, d) electrolyte 0 at current density of 8 and 16 A-dm™ (magnification 2000x).
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Fig. 2. Load curves of prepared samples from different electrolytes at current density of
a) 8 A«dm” and b) 16 A-dm™.

Fig. 3 shews comparison of load curves of specimens prepared from electrolyte 100, Sample
prepared at current density of 16 A-dm™ provided best results compared to other prepared
samples. Reason can be wrinkled morphology as an assmuption of higher surface arca (Fig. 1b).

0

e NiFo.W_160_16

Fig. 3. Load curves of prepared samples from electrolyvtes 100 and Ni-Fe sample.

274



After measurements in zero-gap electrolyzer morphology of samples was studied. SEM records
of samples are shown in Fig. 4. After load measurement cracks appeared on the surface of all
studied samples.

4. Morphology of prepared samples afler load measurements from: a) electrolyvte 400 and
b) electrolyte 100 at current density of & A-dm™® (magnification 2000x).

Conclusion

The influence of electrolyte composition on the morphology and catalytic properties of Ni-Fe
coatings towards HER was studied. The coatings were deposited on nickel foam by galvanic
LILLL\'OdlpO!“lﬂ“ Electrodeposition is the effective way to influence the composition and
morphology of Ni-Fe-W coating. The catalytic activity of the prepared electrodes was
investigated in a zero-gap electrolyzer for alkaline water electrolysis. Electrocatalytic properties
of polymetallic Ni-Fe-W coatings is higher compared to two-component Ni-Fe catalyst.
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- ECO-TREND PLUS s.r.0.

ecotrendplus@seznam.cz  tel. 266 053 877 tel.ffax 286 880 502

DETEKCNI SYSTEM UNIKU ROPNYCH LATEK

AS-DETECTOIL

Detekén’ zatizeni uréené ke zjistovanl a monitorovani piftormnosti ropnych latek, olejl, apod. na
hlading vody. Zafizenl je certifikovano. Zafizeni je wyuZitelné zejm. v primyslu (energetika,
gisticky odpadnich vod, ap ), v odlugovagich ropnych latek, v Zivotnim prostredi aj — jako
kontralni & bezpeénostni systém.

POPIS ZARIZENI

Systém sestava ze sondy o rozmérech 70 x 70 x 30 mm, z vyhodnocavaciho pfistraje o rozmérech
220 x 50 x 150 mm (napajeného napétim 12 V — akumulator, trafo) a z vystupu pro instalaci
signalizatniho zafizen (zvonek, svétio) ¢ pro napojeni reguiadniho, zéznamového a jiného
systému

Zatizeni umoztiuje dlouhodoby, spolehlivy a bez(drZbovy provoz, i v prostredi s nebezpedim
vibuchu. Diky rezmér(im sondy I1ze detektor instalovat napf. | do vrtd nebo na odboiky z potrubl,

TECHNICKE UDAJE
plipojenim na sit' 220/50 Hz, 3.5 mA, akumulétor nebo trafo, vaha 1,9 kg
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ECO-TREND PLUS s.r.o.

E-mail: ecotrend plus@seznam.cz tel. 266 033 877 tel/fax 286 890 502
Osvédéeny analyzétor do kaZdé laboratofe, provozu i terénu, vyzkumu i Skol
moderni, citlivy a Siroce vyuZitelny s viastnimi originalnimi US patenty, certifikevany pfistroj

PC ECO - TRIBO voltametricky/POLAROGRAFicky analyzator

« vysoka citlivost » snadna automatizace e idealni pro speciaci
= stolni nebo pfenosna verze (piipojeni na stolni PC, laptop i notebook)
® verze pro DOS, Win 3 .x, 9x, Me, 2000, XP

Metody

« DC a diferenéni pulzni voltametrie (DCV a DPV), Cyklicka voltametrie,

DP a Tast polarografie

« Chronopotenciometrie s konstantnim proudem

« Moznost navrhu viastnich metod podle potfeby uZivatele
Elektrody

¢ Miniaturni tuzkeva rtutova

+ Zlatd, uhlikova (pastova | filmova), stiibrna, médéna

« Pevné amalgamové

« stiibrnd, zlatd, médéna (meniskova, ledténa, filmova)
Pougziti

Pro ekoanalyzu (polarografii a voltametrii)
ve vodach, v roztocich a v riznych materidlech (podle €SN, DIN apod.),
v b&Znych padminkéch pro vysoké obsahy | pro stopové koncentrace
10" a2 10" moldl
« stanoveni kovu (Pb, Cd, Zn, Cu, Fe, Ni, Al, Cr, Hg, As, Mn, Mo, Be), resp.
vétsiny prvkl Mendélejevovy tabulky
« stanoveni aniontu (dusiénanu, dusitanu, Cr, CN-, Br, J, S0:%, PO4*, §7)
= sledovani velkého mnoZstvi org. latek a Skodlivin (saponatu, herbicidy,
pesticidl, insekticidl, nitrolétek, barviv, biologicky aktivnich latek, surfaktantu
atd.)
Hodneceni stavu a stupné opotfebeni motoru, ropnych oleju a maziv

v béZnych podminkéch, bez demontaze

Oblasti aplikaci - dosud nejsirsf laboratorni, provozni, dilenska i terénni praxe
vodohospodarstvi, ekologie, hygiena, zemédalstvi a potravinafstvi, medicina, farmacie,
geologie, hutnictvi, chemické a jiné pramyslové zdvody, vyzkum, Skolstvi atd.

Analyza viech druhu vod a vodnych reztoku; odpadnich vod, ved z galvanizoven, prusaka,
skladek odpadu, vyluhu pud; geologickych vzorku; rud; popilku a prachu; zemédélskych,
chemickych a farmaceutickych vzorky; pokryti €SN a vyhl. na vody z asi 80 % atd.

Samozfejmosti je bezplatna konzuitace a predvedeni systému. Poskytujeme
komplexni, odborny | pogaranéni servis, odbornou pomoc a vyvoj analytickych
metodik. Cely systém je, pro svou jednoduchou obsluhu, vhodny pro vyukové
aéely.
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vypocelni techniky, programovani aplikaci, projek- 3 %
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nebo skolu 7 Nebo pamoct se strukturovanou kabeldti 7 Kontakty
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