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Kapilarni elektroforéza

e Capillary Electrophoresis (CE)

* Elektroforéza = separacni technika zalozena na
rozdilech rychlosti migrace latek ve
stejnosmerném elektrickém poli




Historie CE

1807 - Kataforéza
1930 - Volna elektroforéza

1939 - Zénova elektroforéza
1967 - CE

1987 - 1. komercneé dostupny CE systém
1990-2003 - projekt lidskeho genomu
1992 - CE na Cipu




Projekt lidského genomu
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Projekt lidského genomu
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CE - princip separace

F.=qE

<

F.=-6 mnrv

qE=6Tnrv

9

v= p E

v =ion velocity
M, = electrophoretic mobility

E =applied electric field
q =ion charge

T\ = solution viscosity
r =ion radius




Elektroosmoticky tok

A Capillary wall
l Stern layer
I : Plane of shear
@D G :
o ¥, Wall potential
S ¢ - Potential
g : ¥, /e Potential at
B =i diffuse double layer
e
@

"R Distance from the wall ——
Double layer thickness

EOQF Laminar flow




CE - princip separace

EOF Laminar flow

Flow B




Vyhody a omezeni CE

+ Aplikacni diverzita
= od atomU po celé buriky, variabilita detekce

Ve

+ Vysoka separacni ucinnost

= az miliony teoretickych pater

+ Mala spotreba vzorku

— jednotky aZ desitky nlL 4’
+ Mald spotfeba chemikalii E‘éa
= desitky mL tydné Q5

+ Automatizace
=  Minimalni riziko experimentalni chyby
= Vysoka propustnost systému

- Citlivost (v porovnani s HPLC)

- Robustnost (v porovnani s HPLC)




Instrumentace CE

. Fused Silica

Coating

Fused Silica Capillary Diagram

Agilent 7100 Backman Coulter
800 Plus

PrinCE NEXT Lumex Capel-205



CE a (U)HPLC

* CE v soucasnosti predstavuje ortogonalni
techniku k (U)HPLC

—> 1. vybeér separacniho systému podle analytu

2. 2D separace
Inject Capillary HPLC Column| soé E% 2

Waste R

£ A

E '%_g_i_'_ .

& T

g - e e -

20 - o
I




Praktické aplikace CE

* Analyzy DNA (RNA)

+ aplikace ve forenzni analyze

e Separace proteinu (Projekt lidského proteomu)
* Analyzy a studium protilatek

* QC privyrobé bio-farmaceutickych preparatu
(protilatky, vakciny, proteiny, peptidy)

* Bioanalyzy ve vyzkumu

+ omezené mnozstvi vzorku, pripadné obtizné podminky




* Enzym = biologicky katalyzator

* enzymy snizuji aktivacni energii reakce =>
vyrazné zrychleni (102 — 1014x oproti
nekatalizované reakci)

Pt Katalasa

2 H,0, —> 0,+2H,0

Rychlostni konstanta:
Bez katalyzy: 0,23 st
Pt: 1,3 x 1035

Katalasa: 3,7x 107 s'1




Vyznam - prakticky vsechny biologické reakce
V organismu jsou rizeny enzymaticky

- potravinarstvi a prumyslova vyroba
- biotechnologie

- |éCiva
- cil 1é€iv v organismu




Farmakokinetika




Number
of years of molecules

5-8

2-3

%
| 10-0,00 Molecule discovery and characterization
_ Y

Number Stage

Product approval and market introduction

Clinical (human tests)

250 Pre-clinical (lab and animal tests)




Where will it go?

Distribution

Will it remain intact?
Metabolism

Hepiatic
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Number  Number
of years of molecules

5-8

Z 100,000+ 4

Stage

Dosing frame?
Administration frequency?
Dose-exposure relationship

linearity?
Drug-drug interactions?

etc.

Intrinsic clearance
Bioavailability
‘ Drug half-life
ADM E/tOX Kinetic parameters
Inhibition parameters
etc.




Studium metabolismu léciv

e cytochromy P450 (CYP), hem-thiolatové oxidoreduktazy,
zodpovidaji za biotransformaci priblizné 90 % bézné
pouzivanych |léCiv

Podil jednotlivych isoforem CYP na

Model struktury CYP2CS. metabolismu Ié¢&iv u &lovéka.

Lewis, D.F.V., Pharmacogenomics 2003, 4, 387-395.



Stanoveni aktivity CYP pomoci CE

CYP
RH + O, + NADPH + H* —> ROH + NADP* +H,0
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Priklad studie v off-line usporadani
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Koneény, J., Micikova, 1., Reminek, R., Glatz, Z., J. Chromatogr. A 2008, 1189, 274-277.



Kinetika enzymové reakce

* Michaelisova konstanta - K, Vinax % [S]

* Mezni (limitni) rychlost reakce - V_ . m K_ +[S]

A Michaelis-Menten
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Inhibice enzymové reakce

* 50% inhibicni koncentrace - IC,
* Inhibi¢ni konstanta - K.

) - 1 .
Cheng-Prusoffova rovnice: A/V.
( = 1+[S]/K,, y
! IC M Lineyeaver-Burk Plot
iclofe I
100 - 50 Diclofenac (umoli)
Model: Boltemann fit
o 80~ R?= 028299
E . PC50 = 0.28 + 0.0 pmall
£
%1 B0
5™ .
> .
20 -
I:' 4 Ic50 L}
0.1 1}1.2  ohb u'.4 ' u'.ﬁ u'.ﬁ 0,2 0,4 08 08

Concentration of Sulfaphenazole [umail] 1/Diciofenac (umoaifl)

Cheng, Y., Prusoff, W.H., Biochem. Pharmacol. 1973, 22, 3099-3108.



Lékoveé interakce

e vzajemné ovliviiovani soubézné podavanych preparatu,
kdy alespon jeden z nich pusobi jako inhibitor nebo
induktor cytochromu P450

* Napr.: 1. indukce: rifampicin + cyklosporin A

2. inhibice: sulfaphenazol + warfarin
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2. priklad studie v off-line usporadani

Lidské jaterni mikrosomy

Malé vezikuly ziskané z endoplazmatického retikula
homogenizované jaterni tkané

vysoka koncentrace CYP
zastoupeni vsech isoforem CYP
vysoka enzymova aktivita
jednoducha priprava a pouziti

+ + + + +

vysoka stability pri skladovani a inkubaci

CYP
RH + O, + NADPH + H* —> ROH + NADP* +H,0




Davkovani z kratkeho konce

High voltage
power supply

EOF

Deuterium lamp

W4———— Detection window

Outlet vial — <«— |nlet vial

Electrode a| Sample « Electrode
~1—— BGE BGE —t>_1




Stanoveni stability léciv

Bufuralol -
0.0061
B u piva ka i n + 0.0051 Phthalic acid
I rin + e
cyC 0spo 2 0003
Cisapride - o002
Erythromycin + o
0.0001
LIdOkaln + 00 05 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
Minutes
NifEdipin - NADP"
0.0051 Phthalic acid NADPH
Propanolol - 2 o0e]
QUinidin - 0.003-
z
R-Warfarin - 00021
Testosteron - o
. 0.000+
Verapamil -
00 05 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

Minutes

R. Reminek, J. Pauwels, X. Wang, J. Hoogmartens, Z. Glatz, A. Van Schepdael, in: C. D. Garcia, K. Y. Chumbimuni-Torres, E. Carrilho (Eds.),

Capillary Electrophoresis and Microchip Capillary Electrophoresis: Principles, Applications, and Limitations, John Wiley & Sons. Inc.,
Hoboken, 2013.



On-line usporadani CE

Off-line

Inkubace Analyza

On-line
el

Inkubace + analyza

—s




On-line usporadani CE

1. Elektroforeticky zprostfedkovana mikroanalyza (EMMA,
Electrophoretically Mediated MicroAnalysis)
a. Kontinualni maod
b. Zonalni maod

2. Michani difuzi
a. Podélnou (At-Inlet)
b. Pficnou (TDLFP, Transverse Diffusion of Laminar Flow Profiles)

3. Imobilizovany Enzymovy reaktor (IMER, IMmobilized Enzyme
Reactor)




1a. EMMA, kontinualni mod

Detektor
v
A S BGE O
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Bao, J., Regnier, F.E., J. Chromatogr. 1992, 608, 217-224.



1b. EMMA, zonalni mod
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Harmon, B.J., Petterson, D.H., Regnier, F.E., Anal. Chem. 1993, 65, 2655-2662.



2a. At-Inlet metody

Detektor
v
A BGE O
B BGE ()
.
C 3

Van Dyck, S., Vissers, S., Van Schepdael, A., Hoogmartens, J., J. Chromatogr. A 2003, 986, 303-311.




2b. TDLFP

Detektor
v
A BGE O
B BGE ()
-
>
C S 05-

Okhonin, V., Liu, X., Krylov, S.N., Anal. Chem. 2005, 77, 5925-5929.



2b. TDLFP

Detektor
v

A BGE
B BGE

1 —_

)

C ? 0.5 -

0

X

Reminek, R., Zeisbergerova, M., Langmajerova, M., Glatz, Z., Electrophoresis 2013, 34, 2705-2711.




Detektor

Napr. prof. Zuzana Bilkova, Katedra biologickych a biochemickych véd, FCht, UPCE



Priklad studie v usporadani EMMA

H,CO .
=

Dextromethorphan (DEX)

l

N—CH,

CYP2Deo
O-demethylation

Dextrorphan (DTR)

Dextrometorfan - antitusikum

CYP3A4
N-demethylation

—

- aktivni latka ve volné prodejnych pripravcich

H3CO O

unchanged:

renal elimination

NH

dC

3-methoxymorphinan (MEM)

CYP3A4
N-demethylation

CYP2D6
O-demethylation

l
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glucuronidation
and unchanged:

renal elimination

/ .

3-hydroxymorphinan (HYM)

Figure 1. Dextromethorphan metabolism pathway.




Priklad studie v usporadani EMMA

0.010

0.008

0.006

0004

Absorbance [ALT]

0.002

0.000

Tume [min)

1 - EMMA, 2 - At-inlet, produkt reakce: Dextrorfan

Zeisbergerova, M., Reminek, R., Madr, A., M., Glatz, Z., Hoogmartens, J., Van Schepdael, A., Electrophoresis 2010, 31,

3256—-3262.



Priklad studie v usporadani EMMA

=
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E

Zeisbergerova, M., Reminek, R., Madr, A., M., Glatz, Z., Hoogmartens, J., Van Schepdael, A., Electrophoresis 2010, 31,
3256-3262.




Priklad studie v usporadani TDLFP

ﬂ S =
. , 2 2
' ' = 2
6 I CYP2C9 solution 2 .Q
Q b
Diclofenac + NADPH solution ?
> S
4 =
<
3 <+
2
| )
0 ..
- - :
0 ! 2 3 4 5 6 7 R riin

Figure 2. Typical electropherogram obtained after in-capillary reaction. Enzymatic reaction conditions: 33.3 nM CYP2C9, 12.5 p.M di-
clofenac, 3 mM NADPH; 15 min incubation in capillary thermostated to 37°C. Separation conditions: 75 wm fused silica capillary (64.5 cm
total length, 56.0 cm effective length); temperature of capillary 37°C; 20 mM phosphate, 20 mM tetraborate buffer (pH 8.6) as BGE; sepa-
ration voltage 23 kV (positive polarity); detection at 200 nm with bandwidth 4 nm, response time 0.12 s, and sampling rate 40 Hz; inserted
picture schematically illustrates the plugs of reactants introduced into capillary within developed injection procedure. The diffusion was
omitted in order to show the parabolic interfaces between the consecutive plugs.

Reminek, R., Zeisbergerova, M., Langmajerova, M., Glatz, Z., Electrophoresis 2013, 34, 2705-2711.




Priklad studie v usporadani TDLFP

Michaelis-Menten A Michaelis-Menten
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Figure 3. Michaelis-Menten plot of reaction of CYP2C9 with B Lineweaver=-Burk
diclofenac.
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Figure 5. Michaelis-Menten (A) and corresponding Lineweaver—
Figure 4. Plot of remaining CYP2C9 activity versus sulfa- Burk (B) plots for CYP2C9 reaction inhibited by: (s) 0 pM; (H)
phenazole concentration. 0.6 pM; (¥) 1.2 M sulfaphenazole.

Reminek, R., Zeisbergerova, M., Langmajerova, M., Glatz, Z., Electrophoresis 2013, 34, 2705-2711.




Priklad studie v usporadani TDLFP

K. =2,66+0,18 pM

Vo = 7,91 £ 0,22 nmol min't nmol*
n=159+%0,16

IC., = 0,94 % 0,04 pM

K'.=0,39 0,07 pM

Table 1. Validation parameters of developed on-line method

4'-Hydroxydiclofenac

Migration time repeatability (RSD, n = 6) 0.91%

Peak area repeatability (RSD, n = 6) 1.39%
Linearity 0.75-100 M
Correlation coefficient 0.999
Recovery (n=6) 95.83-100.70%
LOD (S/N > 3) 0.25 uWM

LOQ (S/N > 10) 0.75 wM

Reminek, R., Zeisbergerova, M., Langmajerova, M., Glatz, Z., Electrophoresis 2013, 34, 2705-2711.




Enantioselektivni separace

~ 60 % |éCiv na trhu jsou chiralni slouceniny

I Jednotlivé enantiomery aktivni latky mohou mit
znacneé rozdilné farmakokinetické a farmakodynamické

vlastnosti, jako napr. S a ~ thalidomid.

Rentsch, K. M., J. Biochem. Biophys. Methods 2002, 54, 1-9.



Enantioselektivni separace

Ketamin - |é
ya

Cl E\‘ ,-f:’
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Ve

ivo s anestetickym a analgetickym
ucinkem pouzivané v zdravotnické a veterinarni praxi

—, _.OH
Cl A ,f
Q

CYP3A4, CYP2B6, CYP2C9




Enantioselektivni separace

B-Cyclodextrin

1-Cyclodextrin




Enantioselektivni separace
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-10

30 -

20 -

10 -

(D)
=
=
()]
£
£
S
()]
> )
EE
oS
2 Q
5%
ZO
A=
L/\___N L.,J\/\—__QC

0

I I I I I
200 400 600 800 1000

Time (s)

Podminky inkubace: 200 nM CYP3A4, 400 uM ketamin (rac), 2 mM NADPH; 10 min

v kapilare termostatované na 37 °C

Reminek, R., Glatz, Z., Thormann, W., Electrophoresis 2015, 36, 1349-1357.




Enantioselektivni separace

S-Norketamine

R-Norketamine

RSD of t,, intraday (n = 6), 40 uM Ket 1,21 % 1,31 %
intraday (n = 6), 400 uM Ket 1,15 % 1,22 %
interday (n = 6 x 6), 40 uM Ket 3,36 % 3,20 %
interday (n = 6 x 6), 400 uM Ket 4,61 % 4,83 %

RSD of A, intraday (n = 6), 40 uM Ket 3,68 % 4,57 %
intraday (n = 6), 400 uM Ket 2,96 % 2,03 %
interday (n = 6 x 6), 40 uM Ket 6,76 % 8,09 %
interday (n = 6 x 6), 400 uM Ket 7,47 % 6,37 %

Linearity 2.5-200 uM

Mean of calibration curves R? (n = 6) 0.995 0.995

RSD of calibration curves slopes ( n = 6) 2.03 % 2.03 %

LOD (N/S = 3) 0.8 UM

LOQ (N/S =10) 2.5 UM

Control sample, mean /RSD (n =6 x 6, 15 uM) 15.45 uM / 5.06 % | 15.89 uM / 5.45 %

(h=6x6,100 uM) | 96.33uM /6.14% | 98.46 uhM / 6.01 %

Recovery

96.05 -102.60 %

93.22-102.83 %




Enantioselektivni separace

Michaelis-Menten Kw Vax
(M) (nmol/min/nmol)
16 - _
_ >-Ketamine  7422+5.75  15.66 * 0.52
o 14 ~ X
&
g 12 -
+ +
£ S-Ketamine (Rac) 79.54+8.49 10.13+0.48
= I et
E o /T R-Ketamine
A Y S o — . 62.91+802 8.18+0.40
A A R-Ketamine (Rac)
S 4 66.45%6.62  7.47+0.31
(a'e

0 I T T T T T 1
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[Ketamine enantiomer] (LM)

Reminek, R., Glatz, Z., Thormann, W., Electrophoresis 2015, 36, 1349-1357.




Enantioselektivni separace

Reaction rate (nmol/min/nmol)

Reaction rate (nmol/min/nmol)

S-Ketamine

0 1 2 32

[Ketaconazole] (uM)
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[Ketaconazole] (uM)

Reaction rate (nmol/min/nmol)

Reaction rate (nmol/min/nmol)

S-Ketamine (Rac)

— 0.5K,

[Ketaconazole] (LM)
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Enantioselektivni separace

Ketoconazole
Substrate IC;, (LM) K. (LM)
S-Ketamine (Rac) 0.93+0.10 0.45+0.11
R-Ketamine (Rac) 0.93+0.11 0.46 £ 0.09
S-Ketamine 0.52 +0.15 0.26 +0.14
R-Ketamine 0.45+0.17 0.22 +0.18

Reminek, R., Glatz, Z., Thormann, W., Electrophoresis 2015, 36, 1349-1357.




Priklad studie v usporadani IMER

* reaktor s vazanym CYP2(C9

Fil

";'NWH-.

Wiy

B) mikrocastice SiMAG-karboxyl (@ = 1 um), cinidla: 1-ethyl-3-[3-

dimethylaminopropyl] karbodiimid (EDAC), N-hydroxysukcinimid (NHS)



Priklad studie v usporadani IMER

Schejbal, J., Reminek, R., Zeman, L., Madr, A., Glatz, Z., J. Chromatogr. A 2016, 1437, 234-240.



Priklad studie v usporadani IMER

Schejbal, J., Reminek, R., Zeman, L., Madr, A., Glatz, Z., J. Chromatogr. A 2016, 1437, 234-240.



Priklad studie v usporadani IMER
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Fig. 3. Typical electropherogram obtained after in-capillary reaction. Enzymatic reaction conditions: 36.8 .M diclofenac, 613 .M NADPH - effective concentrations in:
IMER (60 p.M diclofenac and 1 mM NADPH injected); 15 min incubation in capillary thermostated to 30°C. Separation conditions: 75 um fused silica capillary (33.5cm t
length, 25 cm effective length); 50 mM TRIS, 80 mM boric acid buffer as BGE; separation voltage 15kV (positive polarity) with a linear voltage gradient from OkV to 1°
during the first minute; detection at 200 nm with bandwidth 4 nm, response time 0.12 s, and sampling rate 40 Hz.

Schejbal, J., Reminek, R., Zeman, L., Madr, A., Glatz, Z., J. Chromatogr. A 2016, 1437, 234-240.




Priklad studie v usporadani IMER

Relative activity

0-0 L] 1 1 |

Number of experiment

Fig. 4. Observed loss of enzyme activity for three individual IMERs created using
magnets in repulsive arrangement fitted with exponential decay models (R? > 0.98
for each model). Each symbol denotes a single analysis.

Schejbal, J., Reminek, R., Zeman, L., Madr, A., Glatz, Z., J. Chromatogr. A 2016, 1437, 234-240.




Priklad studie v usporadani IMER
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Fig. 5. Michaelis-Menten plot of reaction of CYP2C9 with diclofenac. Symbols
denote means of triplicates. Line graphs are predicted based on nonlinear regres-
sion analysis using the Hill equation. The normalized initial relative reaction rates
are plotted against calculated effective concentrations of the substrate inside the
IMER,

Schejbal, J., Reminek, R., Zeman, L., Madr, A., Glatz, Z., J. Chromatogr. A 2016, 1437, 234-240.




Relative activity

Priklad studie v usporadani IMER
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Fig. 6. (A) Normalized initial reaction rates plotted against logarithm of calculated effective sulfaphenazole concentrations with one-site competition model fit for ICsp
determination. Symbols denote means of triplicates. (B) Michaelis-Menten plots resulting from global fit of normalized initial rates obtained for CYP2C9 inhibited by O .M
(@), 1.67 pM (O) and 7.78 M (v) sulfaphenazole at the calculated effective concentrations of the substrate inside the IMER for K;’ determination.

Schejbal, J., Reminek, R., Zeman, L., Madr, A., Glatz, Z., J. Chromatogr. A 2016, 1437, 234-240.




Online CE

1. Elektroforeticky zprostfedkovana mikroanalyza (EMMA,
Electrophoretically Mediated MicroAnalysis)

a—KentiruHri-mod + homogenni reakcni smés
+ prolnuti zon E a S => zadné redeéeni

b. Zonalni maod |
\- pracna optimalizace michani )
2. Michani difuzi + univerzalni
a—Podélhrou{At-tnlet) - nehomogenni reakéni smeés

b. Pficnou (TDLFP, Transverse Diffusion of Laminar Flow Profiles)

~N

3. Imobilizovany Enzymovy reaktor (IMER, IMmobilized Enzyme
™

Reactor) + homogenni reakéni smés bez fedéni

+ univerzalni

- stabilita a aktivita enzymu




Alzheimerova choroba

= progresivni, nevratné, neurodegenerativni onemocneni
=~ 34 milionU pacientt (2015)




Beta-sekretaza

= BACE1 (B-site amyloid precursor protein cleaving protein
enzyme 1)

= aspartatova proteaza

Cell e
Membralfe g

//

ADEAR: "Alzheimer's Disease Education and Referral Center, a service of the National Institute on Aging.".
H.M. Kumalo, S. Bhakat, M.E. Soliman, J. Biomol. Struct. Dyn. 2016, 34, 1008-1019



Beta-sekretaza

e pro studie aktivity BACE1 jsou vyuzivany analytické systémy zalozené na
FRET (Forster Resonance Energy Transfer) technologii

Hilyte
Fluor™ 488

Fluor™ 488

- nizkd rozpustnost fluorescencné znacenych substratu

- riziko falesné pozitivnich/negativnich vysledk




Off-line usporadani s CE-ESI-QTOF
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Off-line usporadani s CE-ESI-QTOF
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1. 1. Base peak electropherogram of CE-MS analysis of sample acquired during kinetics assay using 600 wM substrate (A) and extracted ion electropherograms of internal
ndard At Il (—) and quantified product SEVNL (—) together with MS spectrum of SEVNL peak illustrating efficient separation (insert) (B).

Schejbal, ]., Slezackova, L., Reminek, R., Glatz, Z., J. Chromatogr. A 2017, 1487, 235-241.




Off-line usporadani s CE-ESI-QTOF
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Fig. 3. Michaelis-Menten kinetics plot for BACE1 with SEVNLDAEFR decapeptide
as the substrate. Symbols denote means of triplicates. The insert illustrates kinetic
behaviour at lower substrate concentrations.

Schejbal, ]., Slezackova, L., Reminek, R., Glatz, Z., J. Chromatogr. A 2017, 1487, 235-241.




Off-line usporadani s CE-ESI-QTOF
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Fig. 4. Structural depiction of inhibitors used: statine inhibitor (A), synthetic inhibitor LY2886721 (B) and donepezil (C).

Schejbal, ]., Slezackova, L., Reminek, R., Glatz, Z., J. Chromatogr. A 2017, 1487, 235-241.




Off-line usporadani s CE-ESI-QTOF
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Soucasné trendy v bioanalyze

* Minituarizace
e Zvysovani propustnosti systému

* Zvysovani citlivosti u s
- CE na Cipu < B
—>spojeni mikrofluidiky a CE na principu

Lab-on-Chip
—>CE-MS standardem

(Sheetless CE-MS?)




Soucasnha a budouci témata CE?

* aplikace

e proteomika (native CE)

e studium glykosylaci proteinu
* mikrofluidika a CE

* multidimenzionalni analyzy

[ N-acetylglucosamine  @Mannose € N-acetyineuramicacid <« Fucose

e analyzy jednotlivych bunék
e hledani extraterestrialniho zivota

oooooooo




Mise NASA

e Mars Science Laboratory (2012—soucasnost)
* Europa Clipper (20227?)
* Enceladus Life Finder

— hledani aminokyselin a malych organickych

kyselin pomoci CE-C*D a CE-MS




