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High-sensitive analysis by capillary electrophoresis and microchip
electrophoresis using on-line preconcentration methods

Takeshi HIROkawA', Hikaru OkAMOTO', Zhongqi Xu' and Natsuki IkUTA'

(Received 22 July 2003, Accepted 20 October 2003)

The concentration detection limit (DL) of capillary electrophoresis (CE) and microchip elec-
trophoresis (MCE) is rather high due to geometrical restrictions of sample load. This drawback
can be improved by applying high sensitivity detectors, such as a laser-induced fluorescence
detector, and/or appropriate on-line preconcentration. Since the latter approach is useful
even when using conventional instruments equipped with a UV detector, several on-line precon-
centration methods have been devised. This paper emphasizes the effectiveness of transient
isotachophoresis (tITP) and tITP with electrokinetic injection of sample (electrokinetic super-
charging). Such advancing strategies for improving DL in CE and MCE were illustrated by
applications to several metal cations and anions in seawater and biopolymers, such as DNA frag-
ments and SDS-proteins. Under the optimized operational conditions, DLs of CE reached a
sub-ppb level comparable with those of IC and ICP-AES for anions and metal cations, respective-
ly. The DL of MCE was ca. 0.02 ug/ml for DNA fragments and ca. 0.3 ug/ml for SDS-proteins,
which are 10 ~40 times better than of the conventional methods.

Keywords : Capillary electrophoresis; Microchip electrophoresis; On-line preconcentration;

Transient isotachophoresis ; Electrokinetic supercharging.
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Table 1 Comparison of precision and detection limit
in CE and IC

CE 1C
Precision 3~5% RSD 1%
RSD
Detection limit 200 ppb 10 ppb
Sample injection” 30s 50 ul

a) Direct sample injection.
fied for CE.
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Fig. 1 On-line preconcentration methods for CZE

SE: Supporting electrolyte(back ground electrolyte);
S: Sample cations; L: Leading electrolyte; T: Termi-
nating electrolyte
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Fig. 2 CZE separation of lanthanide ions using stack-
ing effect

The sample was a mixture of chloride of 18 cations (K,
Na, Li, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Y, Dy, Ho, Er,
Tm, Yb, and Lu in order of appearance, 2 mg/1); SE:
30 mM creatinine, 4.0 mM HIBA, 0.4 mM malonic acid
(pH 4.8, 2-ethylbutyric acid); Capillary: fused-silica,
100 cm (87.7 cm) X 75 um L.D.; Injection: hydrostatic
injection (estimated sample amount was 2.3 pmol
each); Applied voltage: 20 kV; Detection: indirect
UV at 220 nm; Temperature: 25C ; Sample volume:
(a) 278 nl (b) 193 nl, (c) 107 nl, (d) 21 nl (estimated
by hargen poiseuille equation); Injected sample plug
length/capillary length: (a) 7%, (b) 5%, (c) 3%, (d)
0.6%
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Fig. 3 Operational Modes of tITP-CZE

Abbreviations as in Fig. 1
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Fig. 4 Electropherograms of 18 cations obtained by
stacking (a) and tITP Mode I (b)

Sample as in Fig. 2; L: 100 mM aq NHs, 7.5 mM
HIBA, 2.0 mM malonic acid (pH 4.8, 2-ethylbutyric
acid); T: 1 M HCI; Injected sample volume (hydrosta-
tic injection): 193 nl each; Sample plug length/capil-
lary length, 5% ; tITP(Mode I): (i) L (25 mm, 800 s),
(ii) sample (25 mm, 900s), (iii) T (25 mm, 80 s);
Other conditions as in Fig. 2.

4 electrokinetic supercharging-CZE (EKS-CZE) ®
53
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Fig. 5 Operational procedure of EKS
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Abbreviations as in Fig. 1.
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Fig. 6 Simulation of initial processes of EKS-CZE

Sample: a model mixture of three cations (0.01 mM,
each) with different mobilities (50, 30 and 10 X 10 "
em®V ™ 's™"); SE: 30 mM creatinine (mobility: $7.2 X
10 >em® Vs pK,: 4.829, 25C), 30 mM acetic acid
(mobility: 42.4 X 10 °em®V ™ 's ', pK,: 4.756); Migra-
tion current: 200 A/m?; SIMUL(Version4) was
used™”; L: 30 mM KOH (K, 76.2 X 10 °em®V 's™ 1Y),
60 mM acetic acid (pH 4.8)
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Fig. 7 Electropherogram obtained by EKS-CZE

Sample as in Fig. 2, 0.5 ug/1; EKS-CZE procedure: (i)
L injection (negative pressure, 0.5 atm for 5.3 s), (ii)
EKI of the sample (20 kV, 250 ), (iii) T injection (0.5
atm for 1.5 's), (iv) separation (20 kV)
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Table 2 Summary of the LOD of preconcentration
methods in CZE

Preconcentration method limit of detection

Stacking 120 ppb (720 uM for Er)
Transient ITP 40 ppb (240 nM for Er)
EKI 2.6 ppb (16 nM for Er)
Electrokinetic supercharging 0.3 ppb (3 nM for Er)
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Fig. 8 Electropherogram obtained by EKI-CZE for
monazite

Sample, 90 mg/1(100 pl, 9 ug); SE: 10 mM 4-methyl-
benzylamine, 4 mM HIBA, 0.4 mM malonic acid (pH
4.8, 2-ethylbutyric acid); capillary: 100 cm X 75 pm
L.D.; Applied voltage: 20 kV; Detection: indirect UV
at 214 nm; Temperature: 25C ; Injection: EKI(20
kV) (a) 100, (b) 250s; (c) close-up of Fig. 8a
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Fig. 9 Electropherogram obtained by EKS-CZE for
monazite

Sample as in Fig. 8; (a) EKS (i) L (0.5 atm, 5.3 s); (ii)
EKI, (20 kV, 500s), (iii) T (0.5 atm, 1s); (b) close-up
of Fig. 9a; L and T as in Fig. 4, other conditions as in
Fig. 8
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W D B HE AR EE 535 F P 0 matrix B & Y BTN S 7
DThb. ZOLH e, RBoFNGEY)—T4 07
AF 2 &3 5 BENSEHRERKE -CZE DIFZH) 258 L Tw»
5.

Fig. 10 1%, T % &K Hr st B 45 o 53T 12 3 8 1 45
HAIKEIRTIRA 2 W72 BICdH 2™, Wk EHRE$IsR
BT 2720, LHREMIKICIEZ 0.5 M NaCl 2 i L 7.
INE Y E L destacking AR D, R EETTN
FTELEND L. BT IIARBEHEIKE C (79.6 X
10 °em®V 's™!, 25C, MRRA), 2o F F TlX matrix
K THAHCl (BEE791x10 em®V s &1 —
TAYTAF L ETHIELIITELRY., ZD2D, 25
mM CTAC Z iR LB E %8 58 7-. FAREME S A
FARHEERTH D720 (7 ¥ —4F ¥ Na' l2iE
KREREA ), SFHMERIKE) Y — » @ pH IZHHEICE D
. 2079, TR TBEEIVNS WY —IF A+
YHWNEEE D, T D72% N-morpholinoethanesulfonic
acid (MES, pK,=6.095) ZfiH L7z, HiZ, &k - ¥ —

BEl, RAR, #, B : F ¥4 2 RRREGIC X %5 CE L O° MCE O &AL 1075

0.015 —m/m——m—r—yr—r—"—"1"—"T—"T"—"T"T""T"T71TT17

0.01 '—~fs-'J E
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Fig. 10 Analysis of trace level elements in seawater
using tITP

Electropherograms for (a, c¢) seawater (Nagahama
seashore sample), (b, d) Blank run (SE): seawater as a
sample was not injected.; CE conditions: SE, 0.5 M
NaCl, 25 mM CTAC (pH 2.4, HCl); Sample (0.5 atm,
10s); TE (MES, 85s); Detection: (a, b) 226 nm; (c, d)
210 nm; Capillary: 100 cm X 75 um; Applied voltage:
—8 kV; Asterisks denote the electrolyte impurities.

ITIVIE OB AR R s b U 7R3, MR TR LT
0.6 ug/1 & W L 7.

WK D J1 T > O5HTIC b IR 4580 Sk B 3R
T&%.Fig. 111 1.5mM 7 =V BEERAE LTLT,
St DM EATS72HDTHLY. TNETCEHITLS
WA LT, St oS {, FoMBEoLETHA
MU A HRE & SN D 2 ERLVA, RETIEIARE
FUHHICHI L7z, SRR O Na™ 53 —7 1 ~
TAF OB RIL, 7TV ERE OB CRE)EE A
BN/ CaRe Mg A+ VA, ¥—3IF VAT v OREz2E
o L7k R EHEMTE, MRS HERIKE O Mode
VIF® GRUBH S5 MU SR BB AL 2SO 3 2 LA & TR A
SH5) O—BIERLRTIENTESL., @D destack-
ing LTLE) L) BRTHo THRTEMATTREZBI & L
THEETHILEEZOND.

7 XA r7uFy TELKKE (MCE) ~OIbH

1992 4 Manz & Harison'”*" 12X ) MCE 23%#£ sh T
DIk, AR R o Bl AT I SN D L 912k -
7o EAETIEERASECHWREE (BHE, MCE2010)
BAFWEEIC 2 > TWh. MCE2010 i~ A4 7 a5 v 70
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Fig. 11 Electropherogram of Li" and Sr’” in sea-

water at optimal tITP conditions

SE: 10 mM 4-methylbenzylamine, 1.5 mM citric acid
(pH 4.8, 2-ethylbutyric acid); Capillary: 100 cm X 75
um; Applied voltage: 20 kV; Detection, 214 nm;
Sample introduction: 10 s from 25 mm ; Temperature :

25C

BT v v A VARFEZ 25 mm (1§ 110 pm, % 50 pm),
A B == (R=1) @83l Lzw~A
INITHD. L7eh > T, ST E 2RI
EZHAKEINS CHES b Vw0 T, broidkz
éx SHEL, BIRETHNT 20BN HL. 7T 7 EN
Rl 7% LOTHERRAME T 3 5728, MCE Tl Fig. 12
WRLZEI BB R TOF v 70 EINS. Pl
R Z AN, PRICEEZIMNT LTy uA#5n Tl
B S, 71 Z#5 (110 um X 110 wm X 50 um) Zai
T 58 K% P3~P4 MICETEZ AW L CTEKIKE) S &
5. HEOEBIE S VESIKE (MCGE), BHHERIE
TBE %2 T, 445 mM tris-borate (pH =18.3), 12.5mM
EDTA, 0.1% NaNjs {Z hydoroxyethylcellulose (HEC) 2%
Hsieving Kl & LTHRMLTH 5. Fig. 131, 2D XH 2
SEEL7250bp DNA AT v 79 ¥ =MoL 7 b
U7 x0r7 74T, BIIBIZIEZAERE 25 mm @ linear imag-
ing detector 2MEH &N T2 (Fig. 12Dy F ¥ 7).
AR ERFOREY 1/10 L5200 S/NDPIKTFL,
1/100 £ CTHMT 2 LIZITHIRR L 25, 22 Tl
ETHRZHESEE:0, EKSOEBEZIGHLZ. 70
AFy T THUTOFMIRETH 525, flioi-o, ¥
YINVFx Y ANF T (Fig. 14) A L72. EKS @
FMIZ Fig. 5 IR L72E&BY T, P35 L) EEORE
By —T— ELTEAL, 7uixF v TEHni

KAGAKU Vol. 52 (2003)
1. Sample injection (40s)
170V oV 100V
?P 3 e P1 P4 G
P2 v
420V
2. Separation (100s)
ov 130V 430V

?Ps _ @' P‘O—
Pb_ N

130V

Fig. 12 Schematic of a cross microchip and protocol
of analysis

(1) “pinched injection”, by adding voltage between P1
and P2 to introduce sample from P1 to P2; (2) “sepa-
ration”, switch the voltage between P3 and P4 to sepa-
rate the sample at the cross part migrating in the sepa-
ration channel. The voltage and time given were
optimized typical values.

BEME DI R TR AL % X 5 72, EKS (I HE R 0 i
WRIMEH TE 2wv7z®, TBE RO D VI HFF B
(Fig. 14 ® SE) 12V —7 1 v V7 ERE L L COR R % F
7245728, 50 mM HCltris (pH=8.1) %l L (HEC
2%), ¥ — I F VB E L TIE 20 mM glycine-tris
(pH=8.1) ZfH L7z. ZO&E, Fig. 15 1IRT X918,
i E 1/100 £ TAHRL 238 S oA Ta ),
WERE R 10 51 L& 2 LATE, MMRE TR
0.015 ug/ml (S/N=3) ThHo7z". KLz SDS ¥ v /%
ROV THIRHIHETH - 72", Fig. 16 (EZ 0 —Hl
THhbH. EKS ZIGH L7zsa, Bl FEIdEE %o
30~40 f5 L L, 0.27pg/ml (S/N=3) Tho7-.

¥ =
8 il

YLk, CE - MCE O EBEEALOTFHEIIOWTHRT Bl
FE 2 C CZE OJEJEIL IC R ICP-AES IZHET&E 5 L2 5
FCHEEL/ZLE% 2 Twh. EKS-CZE, EKS-MCE & UV
DA OO SR 2 Bk LA S b U & ) mIRE R
ML b B TE S, 2L, WREHIEL
TEMBICR T RELT 2 LEND L. HIZIX, S|EA 4+~
D HIIEEY) 2 SR A O BNV LETH ), Hmd s
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Fig. 13 Electropherograms obtained using the proto-
col shown as Fig. 12

The concentration of all DNA fragments in original
sample was 340 mg/l. SE: 445 mM tris-borate (pH =
8.3), HEC 2%, 12.5 mM EDTA, 0.1% NaNs, detection :
260 nm

1. Sample injection (20s)

ov 600V

? 3 5 Plo

o

2. TE (Gly) injection (tr-ITP)
P3=0V, P4=600V, 15s

3. Replace P3 with SE (no HEC)

4. Separation
P3=0V, P4=430V, 120s

Fig. 14 Protocol for EKS-CGE on a single channel
microchip

SE (L), 50 mM HCl-tris (pH = 8.1), HEC 2% T, 20
mM glycine-tris (pH = 8.1)

BN, WA, ), EH 4> 74 BRI X% CE KU MCE O &AL 1077

0.10
0.08
150bp
50bp
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§ MMN\W
0.04
L 1/50
W
0.02 |-
1/100
| v
0.00 k.11 LAAANAN A
1 1 N 1 " 1 1 1 1
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Fig. 15 Electropherograms of original and diluted
samples obtained by CGE and EKS-CGE

The used protocol as in Fig. 12 and 14.

0.10

0.08 |-

0.06

0.04 |-

1/100

Abs

0.02 |- 1/200

T
-
~

0.00 M 1/50

0 5 10 15 20 25
Migration distance /mm
Fig. 16 Separation patterns of SDS-proteins complex-
es for CGE and EKS-CGE mode

The 1/50 diluted sample was analyzed using conven-
tional CGE method. Other diluted sample were ana-
lyzed by EKS-CGE method. detection: 214 nm
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i BN, WA, ), EH 4> 74 BRI X% CE KU MCE O &AL
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Fy 7Y —EXWKE (CE) ~47uFy 7ESKWKE (MCE) OREMI TR (LOD) XHEHRIZ
x5 B HEE L oR 2 SMOGEESITE L KR T2R ) By, ZOREZ LY —F—BhlgEiio L 9 28
RN R 2 d ¥ 7 A4 VHNRME OB X D\ T E 2%, HBEZEISRMN S D A % il 2 7285
D CEEBIZBWCOHAMTHS720, FHOF VI 4 VHTRMESEZENT WD, RT3 eER S
WELKE) (OPT) K OHEOBLANEAZ AT %5 IPT (electrokinetic supercharging) JH & X,
CE X" MCE @ LOD [ bk 2 @3l L, B H 5+ >, ko7 =4 » KU DNA Wi % SDS % ~
N7 BANDISHBI AR L7, k#fb SN 7-4Tld CE ® LOD iZ4% 7 ppb LANMIEL, THIEEENF
FURTZFNIONTAF 7 ux b r T 7 4 —RFEEET T AT I HEIE T 5 ik B
T&%. MCE TlX DNA Wi H 122w T 0.02 ug/ml, SDS ¥ ¥ 7327 B IZDWT 0.3 ug/ml & @HHITHAR 10~
40 £ BIF A5 R & 1572,
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