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Elektrochemické metody ... voltametrie -mé&feni na stacionarnim
povrchu
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Osnova

e pracovni elektrody a jejich modifikace
e potencialoveé okno a ¢im je omezeno

* adsorpce, pasivace, Cisténi a obnovovani povrchu elektrody

» adsorpce jako nepritel a adsorpce jako kamarad
 strukturni analyza nukleovych kyselin pomoci adsorpéné-desorpcnich déjl

 katalytické vylu€ovani vodiku na rtuti

 vyuziti v elektroanalyze chemicky modifikovanych nukleovych kyselin,
polysacharidu a glykoprotein(

 elektrochemie peptidu a bilkovin, Brdi¢kova reakce, katalytické vlastnosti
nemodifikovanych proteint — pik H

e par poznamek k toxicitée rtuti
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e pevné kovoveé (stfibrné, platinové, médéné, zlaté, bizmutové, antimonové)
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Modifikace povrchu elektrod - priklady

 polyionty (elektrostatickd adsorpce opacné nabitych analytl apod.)
* nanocastice, uhlikové nanoobjekty

* vodivé polymery
(napf. elektropolymerizovany Oﬂg_. l.
anilin a dalSi aromatické aminy); |

,molecular imprinting”

* imobilizace ,bioreceptort” pres

NH2 S
s :Cysteamine . :Glutaraldehyde g:ssDNA :cDNA 25 : dsDNA
H

—SH skupiny (obvykle na zlaté)

S
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Z ceho jsou pracovni elektrody?
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Potencialove (pracovni) okno

oblast potencidlu, kde ,,se dd néco zmérit” (za danych
podminek na dané elektrode) |

kde neprobihaji pokud mozno zadné jiné <— vyvijeni vodiku
elektrochemické déje, nez ty, které davaji signal

H*+e - % H,
analytu

velké vodikové

ani rozklad elektrody S0t na rtuti
prepéti na rtuti

ani rozklad zakladniho elektrolytu (rozpoustédIa)

uhll'kr F E

2 OH - 2¢- Hg - 2e" > + Hg?**
> H,0+%0,

jiné materialy se misto anodického
rozpousténi pokryvaji vrstvou oxidl (napft. Au,
v podstaté i uhlik) — zalezi na podminkach




Adsorpce, pasivace a obnovovani
povrchu

e adsorpce je hromadéni molekul nejaké latky (plynu, rozpusténé latky)
na povrchu (mezifazi), napr. elektrody

e adsorpce vs. absorpce

aDsorpce aBsorpce

fazové rozhrani

aBsorpce aDsorpce



Adsorpce, pasivace a obnovovani
povrchu

Adsorpce jako nepritel:

* ,adsorption is nightmare of electrochemists”: komplikace pfi studiu
mechanismu elektrodovych déju

 adsorpce slozek matrice, ve které stanovujeme latku, ktera nas
zajima, muze zcela znemoznit analyzu (napfr. proteiny v biologickych
vzorcich)

* pasivace elektrody: casto v dusledku blokovani povrchu

adsorbovanymi produkty elektrochemickych premén (ty mohou byt
polymerni, tudiz jsou adsorbovany silné)



Adsorpce, pasivace a obnovovani
povrchu

Obnovovani povrchu:
* v pfipadé rtutové kapkové elektrody neni problém — nova kapka

* pevné elektrody:

: : v 1 vys f / 8
* mechanicky (obrousit, prelestit) clectrode I._Q | !« merery
e chemicky (napf. ,piranha solution”) e electrode

» elektrochemicky (anodicky nebo katodicky)
* vetSinou komplikace

: capillary |
| solution | @




Adsorpce, pasivace a obnovovani
ovrchu

dsorpce jako kamarad:
e akumulace analytu na povrchu elektrody

* na povrchu rtuti se ochotné akumuluje rada organickych latek a vsechny
biopolymery (hydrofobni povrch rtuti ve vodném prostredi: similia similibus
solvuntur - hydrofobni molekuly (jejich ¢asti) se ochotné z vody adsorbuji na rtut)

* 0 velikosti odezvy rozhoduje koncentrace na povrchu, nikoli koncentrace v roztoku!

» dostatecné pevna adsorpce: prenosové (ex-situ) elektroanalytické techniky




adsorpce DNA a jinych biopolymeru na povrchu
elektrod je natolik pevna, Ze vydrzi vyménu media

washing

adsorpce prenos prenos  méieni v Cistém
zakladnim elektrolytu

Adsorptive  Transfer  Stripping



Adsorpce, pasivace a obnovovani
povrchu

Adsorpce jako kamarad:
» adsorpcné/desorpcni déje na povrchu elektrody lze mérit

 analyticky uzitecné kapacitni (tensametrické) signaly

* v pripadé nukleovych kyselin na negativné nabitém povrchu rtuti jsou
tyto signaly vysoce citlivé k jejich strukture

* rozhoduje, které slozky DNA se adsorpcné-desorpcnich procesu
ucastni



Co to jsou nukleoveé kyseliny?

pyrimidiny puriny dvousroubovice DNA

thymine (T)  cytosine (C) adenine (A) ~ guanine (G

2-deoxyribose

( d‘zol

Phosphate-
|deoxyribo eln"'

-O/r'g):O <+ phosphate

nukleotid

parovani bazi




Emil PaleCek (50. léta): objev polarografie DNA

(Reprinted from Nature, Vol. 188, No. 4751, pp. 656-657,
November 19, 1960)

Oscillographic Polarography of Highly
Polymerized Deoxyribonucleic Acid

ProCEEDING from my finding'® that nucleotides,
nucleosides and the bases of nucleic acids can be
analysed by alternating eurrent oscillographic polaro-
graphy®-%, 1 have alzo tried to study polymerized
deoxyribonucleic acid by this method.

The apparatus used was a Polaroskop P 524
(Kiizik, Praha). With this apparatus it is posssible
to plot dE[df against B (Fig. 1). The analysis was
carried out by means of the dropping mercury
electrode in the same electrolytes as were used in
my previous work'® All measurements were car-
ried out with specimens of deoxyribonucleic acid
from calf thymus.

I have established that in a medium of molar
ammonium formate, deoxyribonucleic acid shows an
anodic indentation at the same potential as deoxy-
guanylic acid (Fig. 2). Other characteristies of both
indentations are also analogous (dependence on direct
voltage, temperature, concentration of the electro-
lyte), which appears to indicate that that due to

Ceska Hlava 2014

Fig. 1. Graph of dE/d¢ against E. The nature of the material
anaysed is characterized by the potential of the indentation (C),
which is similar to the WaYE POten-

tial. The quantity nf tlac e ey by the depth
of the indentation. For qualitative analysis, the height 1T, which
can meastired uch more easily, is gel :lchEy mensured.
K, [nlhmlzr part: A4, anodic part

Fig. 2. 100 ugm. deox

Apurinie acid in 2 2
900 pgm. deoxyribon
chlorid

deos

oride
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Contents lists available at ScienceDirect

Electrochemistry Communications

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

Podryvame dogmata.. - 'L

Label-free detection of canonical DNA bases, uracil and 5-methylcytosine in @Cmssmrk
DNA oligonucleotides using linear sweep voltammetry at a pyrolytic

redukce bazi na uhliku graphite electrode

Jan Spadek®, Ale§ Daithel, Stanislav Hasoii, Miroslav Fojta

Instinute of Biophysics, Academy of Scimces of the Czech Republic, vv.i, Krdlovopolskd 135, CZ-612 65 Brmo, Czech Republic
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Adsorpcne-desorpcni procesy DNA na negativne nabitem Hg
povrchu

-cukr-fosfatova pater DNA je negativné nabita

_ -baze jsou relativné hydrofobni
dvousroubovice

Slozky DNA, které mohou vstoupit do kontaktu
s povrchem elektrody:

nesparovane baze

deformovana © baze
dvousroubovice hrany paru bazi
R o cukr-fosfatova patef
- - . +5 D.Z.C. |
jednofetézcova IR E/NV - :
DNA

Piky 2 a 3: informace o strukture DNA




Nucleic acids are electrochemically
reducible/oxidizable

* at mercury electrodes, bases A,C and G can be reduced; reduction of
guanine is chemically reversible

e at carbon electrodes, purine bases can be oxidized

* sugar residues 1n nucleic acids can be oxidized at copper electrode



Nucleic acids are electrochemically
reducible/oxidizable

* at mercury electrodes, bases A,C and G can be reduced; reduction of
guanine is chemically reversible

e at carbon electrodes, purine ALL bases can be oxidized OR
REDUCED

* sugar residues 1n nucleic acids can be oxidized at copper electrode



adenine and cytosine are irreversibly reduced
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guanine 1s reduced at even more negative potentials...
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...and 1ts reduction product yields an anodic peak in cyclic
voltammetry
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Guanine and adenine residues yield specific oxidation peaks at
carbon electrodes
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Guanine and adenine residues yield specific oxidation peaks at
carbon electrodes
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Reduction DNA signals at the mercury electrodes are strongly
influenced by DNA structure

* this 1s due to location of the A and C electroactive
within the Watson-Crick hydrogen bonding syster




Reduction DNA signals at the mercury electrodes are strongly
influenced by DNA structure
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DNA oxidation at carbon electrodes 1s

less influenced by DNA structure ST NS .
e . . [ o ¢
 oxidation sites of guanine and adenine in dsDNA are located closer to the .= ty
double helix surface and are accessible via the double helix grooves '_ﬁ L)
'-.J . ’
CH /()----—PLN“ -
i X T
min@roove
majgroove
NHZO

Q---E\ Y N
R Hﬁ; :



DNA oxidation at carbon electrodes i1s
less influenced by DNA structure

chronopotentiom etry




At mercury electrodes in weakly alkaline media, adsorption-

desorption (tensammetric) signals of nucleic acids can be detected
(e.g., using AC polarography, voltammetry, impedance)

* depending on the conditions and on DNA structure, individual components of the
polynucleotide chains may be involved in adsorption/desorption processes



-at moderate 1onic strenght, double-stranded DNA yields peak 1 due to
desorption/reorientation of DNA segments adsorbed via the sugar-phosphate backbone

background
electrolyte

fpzc. |
-1.5 E/NV -1.0 -0.5 |




-distorted or regions of double-stranded DNA yield peak 2
(edges of base pairs involved in a stronger adsorption)

background
electrolyte

vp.z.c.

-0.5




single-stranded (denatured) DN A yields peak | (due to the sugar-phosphate backbone)
and ss-specific peak 3 due to desorption/reorientation of DNA segments
adsorbed via freely accessible bases

o

=

5

background
electrolyte

T4
- 7...; yp.z.C. |
o, A5 gy -1.0 -0.5 '




Summary of adsorption-desorption processes of DNA
on negatively charged Hg surface

double helix

deformed
double helix

single-stranded
DNA

-sugar-phosphate backbone of DNA is negatively charged
-bases are relatively hydrophobic

DNA components, which may be in contact with
electrode surface:

unpaired bases

edges of the base pairs
2 sugar-phosphate backbone

3

vp.Z.C.

A5 gy 1.0 0.5 |

Peaks 2 and 3: information about DNA structure



Adsorption/desorption behavior of DNA at electrodes is strongly

related to negative charge of its sugar-phosphate backbone
(together with a strong adsorption of nucleobases via hydrophobic forces)

PNA

\NH Base

Differential capacity

AC Z at HMDE

(decamers,
identical base
sequence)

-1.5 -1.0 0.5
E(V)

peptide nucleic acid: DNA analogue with neutral backbone



Modification of DNA in major groove \ o
Ot MFH O
c / -
. . . . é;\ & xj}fc% ‘,:PI:} _
e preparation of functionalized DNA — labeling, O - )
studying DNA-protein interactions etc. o o </
* bulky aromatic groups bound to bases so that e
they are accessible through the major groove _
1 . ified DNA

25C-FTFnat
—— 50C-FTFnat
75C-FTFnat
—— 100C-FTFnat

e affects adsorption-desorption behavior of 1
double-stranded DNA

I/uA

1.0 1

0.5+

| CFT — extent of modification
-1I.6 I -1I.4 I -1I.2 I -1I.0 I -0I.8
E/N




Structural analysis of nucleic acids using

adsorption/desorption 1

¥ Ohm

DNA without breaks
RNA vs. DNA : ssDNA \/\
ds DNA b |ss plasmid DNA c 20ES T I
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N DNA with breaks

4A0E-5 = D \ \
rRNA f ™ .-
dsDNA |
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>

DNA quadruplexes I intercalation: interaction of DNA with drugs
B i F | & 1
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superhelical DNA



Effects of DNA structure beyond the duplex: guanine
quadruplexes.

15-mers with increasing
length of dG,, stretches

negatively charged HMDE

6_
SINGLE-STRAND G-QUADRUFPLEX
. T
\ . 1
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peak|GHMDE

31 peakG>,pGE -~ == _ =
T 08 09 10 1.1

1 [ ]
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/ Ana Brett et al. (e.g. Anal Chem 2014)
N
‘-//ipositively charged PGE
0.
0

2 4 6 8 10 12 14 16
Number of G

= =) ==0) =L =) ——

O
unstructured
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Katalytické vylucovani vodiku na rtutovych
elektrodach



Katalytické vylucovani vodiku na rtutovych elektrodach

* Ize merit diky dostatecne vysokému
vodikovemu prepéti (=vysoka aktivacni
energie pro redukci protonu H*)

* katalyza: obecne usnadneni nejakého
procesu snizenim aktivacni energie

elektroda s

* katalyzatory elektrochemicky .
generovaneé v urcité oblasti potencialu ~ "'»'™

vodikovym

prepetim

s

I
I
I
I
1
1
1
1
I
I
1
I
I
I
1
1
1
I
I
1
1
I
I
I
I
I
I
I
1
/

-
———————————

* katalyzator se nepotrebovava - )
zprostredkuje redukci mnoha protonu

—> velky elektronovy vytezek - vysoka
citlivost . L
oblast potencialu, kde existuje
katalyticky aktivni Castice (R)



Katalytické vylu€ovani vodiku doprovazejici redukci komplexu
pfechodnych kovu/jejich aduktt s DNA

e
EH
osmium RH R
1
. N N
Q cH, o n E\ﬁ
i HN wO_ Tl = Hg cathode surface
)\ /Olls"x
07 N""0 0 NN
1 | | P
DNA
---------------

platina

-E, V

rb=0.05

0.5

rb=0.01

unmodified

O-O-Cisplapnalone . - -| - oot .— -




Neprirozené pary bazi pro rozsireni genetickeho kodu: extremnée
citlivé stanoveni pomoci elektrokatalyzy na rtuti

* vyvoj semisyntetickych organismu § O
schopnych replikovat nepfirozené pary /N O
bazi (Romesberg et al) TS peg KX

* rozsireni pismen genetické abecedy na d5SICS-dNaM

Sest oy

, , v, , . . —AS
* kddovani neprirozenych aminokyselin, 25607 — sy
— ] /8924

syntéza neprirozenych proteinu —y

2.0E-07 - Y 1/5712
1 4569

* nova uroven biotechnologii, vyvoj |éku —ye

< 15E07 . i N ——

— ] /1872

* potreba stanovovat jednoduse, presné a — e
citlivé mala mnozstvi neprirozenych bp v o
nadbytku normalni DNA 50808 -

=
1/767
1/613

[0
e

* elektrochemie na rtutové elektrodé se 008400 | | | | . |
ukazuje jako nejlepsi volba! 12 s a0 1 095 09



Elektrochemie proteinu

RTUTOVE ELEKTRODY

UHLIKOVE ELEKTRODY 1

-prakticky od objevu SH katalytické
polarografie H vyluéovani vodiku
H,N o prenat}iové vl
-odvozena od OH pik H
T -1
elektrochemie jejich redukce vazby S-Hg
—1 slozek, tj. aminokyselin
redukce vazby
S-S (cystin)
rdiCkova reakce
| v piitomnosti Co |
oo gy

elektrochemicka oxidace
tryptofanu, tyrozinu a histidinu

OH

signaly peptida a
proteinu
obsahujicich
cystein (cystin)

arginin
NH

0
H,N )I\H/\/\I)kOH

lysin

N

histidin

N



SH

Brdickova reakce go Co?*
H,N

* nutna pritomnost cysteinu a iontu kobaltu OH

* ne uplné pochopeny mechanismus: katalytické déje i prima
redukce stabilnich komplexu (Cys) Co(ll)

e 2-3 charakteristické ,viny“ jejich intenzita zavisi na poctu
cysteinovych zbytkd, jejich pristupnosti, prostredi, ve kterém
se nachazeji v ramci molekuly proteinu (okolni AK atd.)

* z (bio)analytického hlediska zaslouzi tato technika zvlastni
pozornost v souvislosti s proteiny a peptidy bohatymi na
cystein: metalothioneiny, fytochelatiny



Jednoduché stanoveni metalothioneinu a fytochelatinu

BrdiCkova reakce a diagnostika rakoviny?

metalothionein (komplex se zine€natymi ionty)

- kdysi pomérné rozsireny
diagnosticky test

- R. Kizek a kol. (MENDELU)

- rakovina a metalothioneiny «



Jednoduché stanoveni metalothioneinu a fytochelatinu

fytochelatiny: kazda cca druha AK cystein

i M, ;“"'5"
H— _MH ;C-H-}\ //CH‘H }_, \-B Hl'k\mme
.1,. L]
e i),

y-Glutamic acid Cyslene Glyeing
Phytochelatin [PC)
! T] ' 1',r
S 5 5 5

\ Celf wall
Vucuole

ca® '—— cd™ PC
degrad'lon

/L@t@ /

—~

Cd#

dtdE (sV)

Lze fytochelatiny stanovit elektrochemicky

541

4411

3414

2414

1414

041+

co nejjednodusim zplisobem?

1 |

H

)
o

blank (nic adsorbovano na HMDE)
kontrolni bunky (2 dny, bez kadmia)
2 dny, 50 uM CdSO4

-0.88 r T r T r T
-1.657 -1.407 -1.157 -0.907 -0.657 -0.407 -0.157

EfV



pik H a strukturné citliva analyza proteinu

* katalyticky proces na rtutové elektrodé (aminokyseliny nesouci

labilnim proton: lyzin, arginin, histidin) 120 Lys,
o Arg,
H-N JJ\ ”
\/\/\é\OH /\/\HL HgN .
* vysoka citlivost detekce peptidu a bilkovin 2 o j
e citlivost k | JH\
* agregaci bilkovin s s0 | e 1m0

* denaturaci bilkovin (,,unfolding®) EV

e zménam redox stavu peptidu a bilkovin (-SH vs. —S-S-)
e zameénam jednotlivych aminokyselin (rozliSeni standardnich a
mutantnich bilkovin)



pik H a strukturné citliva analyza proteinu

20009 denatured

agregace o-synucleinu (Parkinsonova choroba):
2000 - | obrovsky rozdil mezi elektrochemie unikatneé rozlisi casné faze agregace
i nativnimi
*?.,, 1500 - a denaturovanymi proteiny 1950
‘ _ N +0h  a24h
. 1 (zejm. na HMDE s x48h  +72h
= . , 1450 A ¢
3 1000 modifikované DTT) .
= 1 T
500 - U_) 950 - ‘ ™
d native s A
' T3 BEPYY &
= p— A
native+uraa K T Sl e
1.9 -1.8 1.7
E.V

(b)

Native monomer  Unfolded monomer _
. 3 ol i
Palecek, Ostatna a kol. igomer Fibril



k H a strukturné citliva analyza proteinu

o]l

EDTA
> 9 \ nestrukturovany
. . o D d
,unfolding” proteinu “ 18 - g
v dusledku odstranéni . ¥ KA ? EDTA - i :l
strukturné vyznamného > \ T
iontu zinku z I ;
.(protein P53, DNA-protein interakce
inkubace s EDTA; srovnan 0- P a—r =, (specificky komplex p53-DNA nedéva
s trvale nestrukturovanym - pik H)
mutantem)

Palecek, Ostatna a kol.



rtutova elektroda — exponat do muzea? NE!




Toxicita rtuti

rtut je toxicka, ale v jaké formé?

kovova rtut: chemicky stdla, tudiz
bezpecna

pary: pozor na chronickou otravu, pfri
nahodném nadychani plné reverzibilni

soli a jejich roztoky: toxicke
organické slouéeniny: TOXICKE!!!

staty EU i jiné zakazuji rtutové elektrody
(s kovovou rtuti), ale nezakazuji
,usporné zarovky“

Na rtut z teploméru hasici s respiratory??
Lidi neblaznétel!!!
NAVIC TOXICKE JSOU | JINE VECI!

alternativy — rtutové filmy (sic!),
amalgamy, bismut



Druha tvar dnesni prednasky

« diamanty: téma dozajista netoxické a biokompatibilni ©
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