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Characteristics - 1

dElectrophoresis in narrow-bore (25-150 um id),
fused silica capillaries

AHigh voltages (10-30 kV) and high electric fields
applied across the capillary

AHigh resistance of the capillary limits current generation
and internal heating

QHigh efficiency (N >10°-10°)
AdShort analysis time (5-20 min)

QDetection performed on-capillary
(no external detection cell)
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Characteristics - 2

ASmall sample volume required (1-50 nl injected)

ALimited quantities of chemicals and reagents required
(financial and environmental benifits)

QOperates in aqueous media
ASimple instrumentation and method development
QdAutomated instrumentation

dNumerous modes to vary selectivity and
wide application range

QApplicable to wider selection of analytes compared to
other techniques (LC, TLC, SFC, cGC)
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Characteristics - 3

QdApplicable to macro- and micromolecules
QdApplicable to charged and neutral solutes
OdModern detector technology used (DAD, MS)

NEW DIMENSION IN SEPARATION SCIENCES
But ...
In order to fully exploit the possibilities of CE,

thinking and reasoning in chromatographic terms
should be avoided!
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Slab gel to Capillary to Chip
Electrophoresis
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Modes of Operation

Q Capillary Zone Electrophoresis (CZE)
Q Capillary Isoelectric Focusing (CIEF)
Q Capillary Isotachophoresis (CITP)
Q Capillary Gel Electrophoresis (CGE)
Q Micellar Electrokinetic Chromatography
(MEKC)
Q Microemulsion Electrokinetic Chromatography
(MEEKC)
A Non-Aqueous Capillary Electrophoresis  (NACE)
Q Chiral Capillary Electrophoresis (CCE)

Q Capillary Electrochromatography (CEC)
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Basic Principles of CE

0 Electrophoresis

» transport of charged species in a solution
under the influence of an electric field

= electrophoretic mobility (u,,) ~ f (q/r)

0 Electroosmosis

» relative movement of a liquid to a fixed
charged surface caused by an electric field

= electroosmotic mobility (Y,,) ~ f (pH)
» electroosmotic flow = EOF
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Electrophoresis

A Velocity of an ion in an electric field

v

Vep = Hep E = Uep —
ep — Hep Hep T U, = electrophoretic mobility

(cm?/Vs)

3 Mobility in terms of physical parameters

_ 9 -
Uep = (Pure spherical q = ion charge
6mtmnr solutes) n = solution viscosity
r =ion radius
eC .
Hep — (More irregular ¢ = dielectric constant
6mmn  shaped solutes) ¢ = zeta-potential
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Ion velocity and mobility

* Highly charged species = high mobility
* Minimally charged species = low mobility
* Neutral species = zero mobility
» Small species with x-charge = high mobility
 Large species with x-charge = low mobility
‘But ...

1. There is a difference between
absolute and effective mobility!
2. The solute radius is in solution!
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Absolute — Effective Mobility

uabs

Different mobilities
depending on "

pH-controlled charge (4= = - >~ =
// pKaZ

0 !
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Solute Radius in Solution

Cations pu I jon I jon
(10° cm?/V.s) rystal A°) (hydrated A°) . .

= = , Inorganic cations
Na 50.5
K 73.5
Rb 76.5 ; 78 M92+
Cs 78.0 1.84 2.28

Imidazole/Acetate (pH 4.5

(p. ) Na*
Each cation: 1 ppm Ca2+
K+
% > 3
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Electroosmosis

Dissociation of silanol groups capillary wall at pH > 2
= Negatively charged wall (SiO)
= Positively charged solution
* E = bulk flow towards cathode = EOF
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EOF
A Velocity of EOF (liquid-flow) in an electric field

Veo=Heo E Ueo = electroosmotic mobility

A Mobility in terms of physical parameters

Leo = > C n = solution viscosity
4 1 M ¢ = dielectric constant
{ = zeta-potential
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Control of EOF

A Electric field EOF proportional change
3 Buffer pH Decrease at low pH, increase at
high pH

A lonic strength and buffer concentration
Decrease (-potential and EOF

3 Temperature Changes n 3% per °C
d Organic modifier Decrease (-potential and n
d Surfactant Adsorbs to capillary wall

(change EOF !)

O Neutral hydrophylic polymers
Adsorbs to capillary wall

d Covalent coating Stability?
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LC vs CE flow profile

Detection

Detection

Electrodriven flow
(EOF)

flat flow profile
Pressure driven flow

(laminar flow)
parabolic flow profile

Less contribution of flow to dispersion of solutes

Potentially more efficiency
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Mobility
The interplay of p,, and P

The observed or total mobility = sum of the mobility
by electrophoresis and electroosmosis

Miot = Mep * Meof

and

Vtot = Vep + Veof
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Elution order CZE - Size

Normal polarity N
C+N t=0
= Injector at anode (+ to -) s A
+ A A [‘f CH |c t>0
W g c O LA
A AMigration time (:)

T
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Elution order CZE - Charge

Lets consider 3 cations, 3 neutrals and 3 anions
with nearly the same mass, but with different charges.

C21 + N 1 A21 -
C,*f N, Ay
C33+ N3 A33-

As function of the pH (5-9) some of them can move downstream! |

Upstream is in the direction of the EOF
Downstream is in the opposite direction of the EOF
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Elution order CZE - Charge

C1+ Meof “ep Miot
pH 7 C§2+ - > — > _
C33+ —_— — >
N, — i .
N; — —_—
N3
A21' —_— - —_—
A22- —_— - e —_—
A T = >
Electropherogram N, MEKC
- Detection at cathode :2
3
C33+ sz+ C21+ A21' A22' EOFM

RANNSEy

»
»
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Zone broadening
Factors affecting efficiency (dispersion):

2

2 — ~2 2 2 2
O-t_O-LDif_l_O-inj_l_O- +O_ads+o-det

+ o”

temp

electrodispersion

» Longitudinal diffusion

* [njection length

» Joule heating

» Adsorption on the capillary wall (solute-wall interactions)
* Detector cell size

« Mismatched conductivities of sample and buffer ions

(electrodispersion)
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Joule heating and temperature
gradient across the capillary

Capillary Capillary  Capillary
wall center wall
Temperature o

A

Polyimide
coating

Surrounding

Surrounding environment

environment

375 25 0 25 d [um]
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Capillary thermostatting

Ohm's Plot at 25 °C

Current [uA] (50 pm id Capi"ary)
300 — |
250 — ® Liquid thermostatting

® 10 m/s air thermostatting
200 — A
150 — A No thermostatting
.
1 et
g I
50 1 T
........... R
........... .
p - , l I I l I
0 5 10 15 20 e .

Voltage [kV]
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CE instrumentation

Capillary cartridge

A BasiIc components

Capillary :
d Dete@ction
1
2 3
2 2
Pressure
= Voltage
\4 \4
Inlet vials (1 = sample, 2 = electrolyte, 3 = waste) Outlet vials
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* Column

* Injector

* Thermostat
« HVPS

* Detector

* Autosampler

 Data/software
system




Sample injection methods

o Hydrodynamic (AP)
m Vinj =cAPt

Hydrodynamic Non discriminating
(Pressure)
— Electrokinetic (AV)
_‘H m_ Qi =c AV t
! Discriminating
® ©

Electrokinetic
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Injection amounts

ID Vlnj qlnj (moles) qlnj (mW = 100)
LC 4.2 mm 10 ul 10-8 1ug
WLC | 320um  100n 1010 10 ng

CZE 75 um 4.4 nl 4x10-12 440 pg

50 um 2.0 nl 2x10-12 200 pg
25 um 490 pl 5x10-13 49 pg

Cinj = 1 mM =0.01 % solution if mw = 100
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Detection

QUV-Vis: direct, indirect
dMulti wavelength: DAD

AdLaser Induced Fluorescence (LIF)
AMS: electrospray (AP-ESI) -
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Application area

Pharmaceutical Reaction intermediates, purity validation, stability,
final product testing, ion analysis, counter-ions
(includes low MW, charged and neutrals, chirals)

Bioscience Peptides, proteins, DNA, carbohydrates

Foods Inorganic cations/anions, organic acids,
amino acids, carbohydrates

Environmental Pesticides, PAHSs, inorganic ions,

Chemical transition metals, surfactants, dyes, polymers
Forensic Drugs of abuse, explosive residue, gun powder
residue
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CE modes

Free solution Separation media

CZE (capillary zone CGE (capillary gel
electrophoresis) electrophoresis)

CIEF (capillary isoelectric MEKC (micellar electrokinetic
focussing) chromatography)

CITP (capillary CEC (capillary
isotachophoresis) electrochromatography)
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Applications CE

0 CZE, Capillary zone electrophoresis
= Separation by electrophoresis in free solution

a MEKC, Micellar electrokinetic chromatography

= Separation by electrophoresis and distribution between
mobile and pseudostationary phase

a CEC, Capillary electrochromatography

= Separation by electrophoresis and distribution between
mobile and stationary phase
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CZE - Applications

Capillary Zone Electrophoresis (CZE)

Applications : ...

ENDLESS

... but charge required!
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CZE — Low MW Polymers

(0]

Derivatized PEG 2000 (2 mM) or

R—OH
0 OH 0

Buffer: 210 mM Tris pH 8.7 ar

0 OH
_>
[] o + O — +
In O, 20, and 40 A) ACN Elrciida:ﬁgl, (0] OH
S hydrolys:is
R—NH, NHR (o)
mAU - ey n OH
E 0% acetonitrile

4o—f )

20

0

1 w T M

MAU ; 20% acetonitrile

40

20

0 N

T \J ‘ \ ‘ i

mAU

E 40% acetonitrile

] MM

S T 30 ~ min

Gerd Vanhoenacker - KVCV - 24 nov 2004



Indirect detection

e O o o 3
eCe o00% 0

o000 o 4
X Signal
Detection
\ 4
) ® ©¢ O o

AT \/

® - BGE (background electrolyte), UV absorbing

o = Analyte ion, UV inactive
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Peak shape cations (indirect UV)

[Salt] = 100 ppm
=K*

=Na+

=Baz*

=Caz*

=Mg2*

=Li*

N
OB WN-

3 Buffer:
1 5 mM p-amino pyridine, pH 5.8
" Conditions:
Positive Polarity

L = 56/64.5 cm
L ID =75 um

Temp 35 °C
Indirect UV Detection

Gerd Vanhoenacker - KVCV - 24 nov 2004 33 E‘



Choice BGE - Cations

Na*
Li* Mg?* Ca? NH, ",
K+
lon mobility | v v v v l .
(10 cm?/Vs) 30 s T 80
creatinine Cu?t
pyridine histidine
imidazole

Reference: V. Pacakova et al., Electrophoresis 24 (2003), 1883-1891.
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Choice BGE - Anions

tartrate, malate,

SO,/ PQ> succinate  gootate
Cl COs> HPO,? citrate lactate
NOs | HPO,
NO, RGO, MLHU,
lon mobility v v l v v v l y_ y_
(10~ cm?/Vs) 80 T T 30
T molybdate T phthalate T
chromate BTA benzoate

Reference: V. Pacakova et al., Electrophoresis 24 (2003), 1883-1891.
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Organic Acids

 Capillary wall is normally negatively charged (silanol)

« Wall needs to be positively charged
(quaternary ammonium salts, formation of a
double layer at capillary wall)

* Reversed polarity

 Acids and EOF move in the same direction

Short analysis time!!
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Analysis of Organic Acids

Standards: ca. 20 ppm each

mAU Sample: filtrate of sugar refinerey juice, diluted 1/100 in water
] Malate
oo Standards \ Succinate
5 Tartrate
] Formate \
f \

et

20% Sample Malate
] Formate

I I

1 2 Time (min) 3 @
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Dynamic coating for fast and
reproduuble CE analyses

Fused silica capillary Amphetamine Ephedrine Codeine

Polycation: INITIATOR oH S

' ;flyamon ACCELERATOR ., ”'“)(

HO

Ceofix™ (Analis) l . .

Wall coated with high amount of
negative charges (accelerator)

High and stable EOF at low pH

Gerd Vanhoenacker - KVCV - 24 nov 2004



CE-DAD Basic Drugs

4 -Capillary: 40.2 cm (L), 30.2 cm (L.g)
bare fused silica, 75 um I.D.

*Buffer: 100 mM formic acid + trimethylamine
+ accelerator

EOF
(M =ca. 0.5 cm?/V.s)

1 2 Time (min) @ 4

4 . L N
Repeatability of Injection @ Trazodone

Absorbance (AU)

A
N
|

[
000000000 0000000000000000000 ¢S hiiamol
00000000 000900000000 00000000

o
000000000000000000000000000 ¢ Coceirc

N
»
!

RSD (n=28):
*Migration time: < 0.25%
*Area: < 2.40%

N
(@)
!

Ephedrine

g
I
|

Migration time (min)

00090000 0000000000000000%0° ©® Amphetamine

N
w

0 5 10 15 20 25 30
\_ Injection number
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CE-MS Basic Drugs

«Capillary: 93.5 cm (L)

*Buffer: 100 mM formic acid + 1 mM TFA (+ accelerator)

100
4 |5 3 4
5
3 3\
cC
S . 2
c With accelerator
S 2
O
<
(O]
2 Without accelerator
Y
& 1

O TN T T T T T T T T T T T T T T T T T T T T T
6 @ 10 12 14 16 18 20
Time (min)

Gerd Vanhoenacker - KVCV - 24 nov 2004




MEKC - Applications

ENDLESS

Neutral and charges species
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MEKC - principle

Cation

response

Anion

Neutral
(EOF marker)

micelle analyte

AN \

;\é% \C> %@_ O i ) 1 ; migration time (s)
- ) _ _ / . o - :

response

N,
»

A
>

migration time (s)

Basic operation:
High pH, SDS micelles, Positive polarity
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Surfactants MEKC

CMC (mM) Aggregation

hnumber
Anionic SDS 8.2 62
Cationic DTAB 14 50
CTAB 1.3 78
Non lonic Octylglucoside
n-Dodecyl-b-D-maltoside 0.16
Triton X-100 0.24 140
Zwitterionic CHAPS 8 10
CHAPSO 8 11
Bile Salt Cholic acid 14 2-4
Deoxycholic acid o 4 -10
Taurocholic acid 10 =15 4
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MEKC - Resolution

Factors affecting resolution in MEKC through
N, o, k, K, fand t,/ ;-

° pH
* Buffer type, concentration, strength
* Micelles type, concentration

* Organic modifier short or long chain
* Wall coating

» Temperature

* Applied voltage
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1-4

8

MEKC - Xanthines

CZE

30 mM borate
pH 9.0

9

5 min

JMJUJWJW

Nonionic

H,CH,0H 5
e IS

N
)\ [ ) Ethotyline
"N
¢

: 6
2 o o
8 H°C‘NJJEEN/> Caffeine
7 o)\'.* "

CH, 7

MEKC 3 “

30 mMborate pH 9.0 ¢y coony. 8

60 mM SDS ) o />

3 Pentoxi- N
fyline o] IH 8
1 g )
2 4 0 GHCHCHy

CHyCOACHn N
Propento- )\N | N/> 9

5 tylline g

4 CHy

1

6 8 min

High efficiency: N = 130 000 - 400 000
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CHCHCH,

H., N
I
)\J‘:[N/ Methylpropyl-
(o]

o}
[
N xanthine
&n,
o]

CH, Methyixanthine

H
g I
2 N~ Xanthine

N74
Oant o




MEKC — Beer Bitter Acids

o-Acids p-Acids A1 = cohumulone
OH O OH O
Q Presentin hops “ “ A2 = adhumulone
Hop ac1ds R R A3=humulone
Humulones, |UpU|OneS (A B) HOT o HO o B1=colupulone
Tasteless ’ - P - B2 = adlupulone

(N early) not in beer Isomerization during 63 = lupulone

brewing
H IAA1 = cis-isocohumulone
D Present In beer Iso #6ac'ds IAA2 = trans-isocohumulone
-o-acCl IAA3 = cis-isoadhumulone
|SOhumU|0neS (|AA) IAA4 = cis-isohumulone
Bitter tasting 1AAS = e schamuione
. = -isohumu
Lightstruck flavour
0 Reduced iso-a-acids #6 TH1 = ois-THisocohumulone
. . Tetrahydro- TH2 = trans-TH-isocohumulone
Dlhydro-, tetrahydro-lsohumulones iso-a-acids TH3 = cis-TH-isoadhumulone
Added o beer for taste i T e
and foam Stablhty TH6 = trans-TH-isohumulone
(‘Reinheitsgebot)
12
D'ﬁ d DH1 = cis-DH-isocohumulone
— . 1 ro- DH2 = ¢is-DH-isocohumulone
R= 'CH(CH3)2 Preflx. Co- . y_ id DH3 = cis-DH-isoadhumulone
-CH.CH(CH ) 150-a-acids DH4 = cis-DH-isohumulone
2 3/2 (DH) DH5 = cis-DH-isoadhumulone
-CH(CH,)CH,CH, ad- DH = cis-DH-isohumulone

Possible number of relevant acids in beer = 24 .
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MEKC Beer Bitter Acids

1. Standard solution

40° 2. German lager
] 1

] 3

20

E 2 | 5"

0- o ——

3. Non-German lager

T3 T4

45 Time
(min)

SBSE-LD extracts

(Stir Bar Sorptive Extraction
— Liquid Desorption)

Detection of added (non-
natural) reduced Iso-alpha-
acids (Rhoand T)

Buffer:
phosphate pH 10.2, SDS

x, »
gs, r
2 ol
)
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CEC - Applications

» Stationary phases: C18, C8, Phenyl, C18/SAX mixed phase

*Nin CEC vs HPLC
* Ncgc higher (flat vs laminar flow profile)
* No restrictions in column length and particle size

N~Li2d,
HPLC: L =100-250 mm, d, = 3-10 pym
CEC: L =250-750 mm, d, = 1-3 um

* Separation: combination of partitioning and electrophoresis
(additional selectivity compared to HPLC)
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CEC — Triglycerides in Corn Qil

Micro-LC: Column: 2x250 mm x 1 mm |.D., C18, 5 um;
mobile phase: ACN/IPA/n-hexane (57/38/5); detection: ELSD

CEC: Column: 400(485) mm x 100 um 1.D., C18, 3 pum;
mobile phase: ACN/IPA/n-hexane (57/38/5)-50 mM NH,OAc; detection: UV 200 nm

2

4

ald'\_ﬂhwfu :'L_l

hi_i

Micro-LC

10

I

J 12
| | ;
c | 14

'Ill 1] |'| 13

7 1 .
| . | 16
L‘L.J ) LA LN lL 13

40

] imin

CEC
4
6
8
10
&
. I 4
| ! 1313 506
eV
40 60 30 in
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1=LLLN
2=LLL
3=0LnL
4=0LL
5=0Ln0O
6 =PLL
7 =POLn
8 =0LO
9=SLL
10 =PLO
11 =PLP
12 =000
13=SLO
14 = POO
15=PLS
16 = POP




	Characteristics - 1
	Characteristics - 2
	Characteristics - 3
	Slab gel to Capillary to Chip Electrophoresis
	Modes of Operation
	Basic Principles of CE
	Electrophoresis
	Ion velocity and mobility
	Absolute – Effective Mobility
	Solute Radius in Solution
	Electroosmosis
	EOF
	Control of EOF
	LC vs CE flow profile
	Mobility
	Elution order CZE - Size
	Elution order CZE - Charge
	Elution order CZE - Charge
	Zone broadening
	Joule heating and temperature gradient across the capillary
	Capillary thermostatting
	CE instrumentation
	Sample injection methods
	Injection amounts
	Detection
	Application area
	CE modes
	Applications CE
	CZE - Applications
	CZE – Low MW Polymers
	Indirect detection
	Peak shape cations (indirect UV)
	Choice BGE - Cations
	Choice BGE - Anions
	Organic Acids
	Analysis of Organic Acids
	Dynamic coating for fast and reproducible CE analyses
	CE-DAD Basic Drugs
	CE-MS Basic Drugs
	MEKC - Applications
	MEKC - principle
	Surfactants MEKC
	MEKC - Resolution
	MEKC - Xanthines
	MEKC – Beer Bitter Acids
	MEKC – Beer Bitter Acids
	CEC - Applications
	CEC – Triglycerides in Corn Oil

