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Abstract

This report presents simultaneous analysis of cations and anions by capillary electrophoresis (CE) in conjunction with in-
direct fluorescence detection using a blue light-emitting diode (LED), based on the displacement of fluorescein with anionic
EDTA-metal complexes and anions. A new focusing system combined with a plastic lens andlzid&ive was developed and
used effectively to focus the diverging beam of the LED on the capillary. The optimum compositions for simultaneous analysis of
metal ions and anions are the samples prepared in 5mM borate, pH 9.2, containing 2 mM EDTA and the background electrolytes
(BGEs) consisting of 5mM borate bufferpdv fluorescein, and ftM NaCl at pH 9.2. Using this pre-capillary complexation
method, the analysis of a sample containing five metal ions and eight anions was accomplished in 8 min, with the relative standard
deviation values for the migration times less than 2.0%. The peak heights against the concentrations of the metalions and anions are
linearin 10—1000 and 50—20@MM, with correlation coefficients better than 0.998, and 0.982, respectively. The limits of detection
at a signal-to-noise ratio 3 of up to 1448/ for formate and as low as 3j@M for Ni%*. The results of the analyses of pond water
and a Chinese herbal soup present the advantages of this method, including simplicity, rapidity, reproducibility, and low costs.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction sensitivity, as well as minute amounts of samples and
reagents required. The merit of CE is also shown
Capillary electrophoresis (CE) is a powerful sep- in simultaneous analysis of cations and anions by
aration technique for a wide number of small so- two-end injection techniqugd 1] or by adding com-
lutes[1-10] and has been recognized as a technique plexing agents (to form metal-chelates) such as 4-(2-
complementary to ion chromatography because it pyridylazo)-resorcinol[12], 2,6-pyridinedicarbozylic
provides the advantages of rapidity, high efficiency, acid [13], 18-crown-6 [14,15] to the background
electrolytes (BGES).
"+ Corresponding author. Tel+886-2-23621963: A pumber of CE te.chn'iques basgd on indirect ab-
fax: +886-2-23621963. sorption[1,13,16]and indirect laser-induced fluores-
E-mail address: changht@ntu.edu.tw (H.-T. Chang). cence (ILIF)[17,18]have been developed for analyses
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of solutes that lack a suitable chromophore and flu- phenolic acids, and inorganic acids, simply because it
orophore, respectively. Stable and high-power lasers is highly fluorescent at 520 nm when excited at 488 nm
such as argon ion laser have been used for the analysedy an argon ion laser, stable, water soluble, and low

of ionic solutes with good sensitivifit 7,18]. Alterna-
tively, low costly light sources such as light-emitting

costly[31-33] One common point in those studies is
that negative signals stem from the displacement of

diodes (LEDs), diode lasers, and He—Ne lasers havefluorescein in the BGE by the analytes (co-ions). The

gained attraction in CEL9-24] LEDs provide the ad-

analysis of cationic ions such as alkali and alkaline

vantages of a long life, high intensities at a variety of earth metal ions using fluorescein represents another
wavelengths (ranging from blue to red), comparable feature of ILIF[34]. In contrary, positive peaks were
stability with that of conventional light source such observed because changes in the counterion concen-
as Xe lamps, small sizes, and ease of operation. Un-tration as a result of greater mobilities of the analytes
like LEDs that possess spectra bandwidth from 20 to than that of the co-iorf35]. Although this method
100 nm, the output of diode lasers is quite monochro- is not as sensitive as that using cationic fluorophores

matic (<10 nm). It is also reported that the baseline
stability achieved by using a violet diode laser was
better than that using a He—Cd la$28].

To achieve better sensitivity, the indirect system
should provide a high dynamic reserve (DR), accord-
ing to Eq. (1) [25}

Cm
DR x TR

where C_op is the concentration limit of detection,

1)

Clop =

such as quinine sulfaf@6] and C&" ions[37], it is
less costly because a relatively expensives faser at
360 nm used in the later.

In this report our main aim is toward the simulta-
neous analysis of cationic and anionic solutes by CE
using fluorescein as the probe and an LED with a
maximum output at 460 nm as the light source. Please
note that hereafter we use ILEDIF to represent indirect
LED-induced fluorescence. In this study, the negative
signals stem simply from the displacement of fluores-

andC, the concentration of the fluorophore in the mo- cein with anions as well as with the anionic complexes

bile phase, DR the ability to measure a small change formed between metal ions and EDTA. Owing to the

on top of a large signal, and equals to a signal-to-noise pH dependence of the fluorescence intensity of fluo-

ratio (S/N) of the background signal, and TR refers to rescein and the stability of the EDTA complexes, our

the transfer ratio, which is the degree of displacement particular attention has been paid to exploring the pH

of the probe (co-ion) by the analyte. In view of signal, effect on resolution and sensitivity for the metal ions.

it is extremely important to select a fluorophore that

has a high molar absorption coefficient and high quan-

tum efficiency. On the other hand, a low background 2. Experimental

noise can be achieved with a stable probe and a stable

laser. A high TR is also required for optimum sensitiv- 2.1. Chemicals

ity as shown irEq. (1) This can be realized when the

mobility of a highly charged fluorophore is compara- All chemicals were of reagent grade and were ob-

ble to that of the analytef26—-28] Such a character- tained from Sigma (St. Louis, MO, USA). The pH

istic is also important with respect to resolution since values of 5mM borate buffer containingu® fluo-

the peak profile for the analyte with its mobility simi-  rescein with/without NaCl were adjusted with NaOH

lar to the probe is generally symmetric and sharp. Fi- to certain pH values. The analytes were prepared in

nally, it is essential that the mobility of the buffer-ions 5mM borate buffers containing 2mM EDTA at pH

should be as different from that of analytes as possi- values ranging from 9.2 to 10.0. To minimize matrix

ble for achieving reproducibility and high sensitivity interference, 1@l water sample from a pond in the

[27,29,30] campus or the sample of a Chinese herbal soup “Si
A number of fluorophores have been tested for the Wu Tang” was mixed with an aliquot of 90 5 mM

analyses of solutes by CE-IL[R2—-24] Among these, borate buffer containing 10mM EDTA, pH 9.2. It is

fluorescein is one of the most common dyes added to noted that using 10 mM EDTA is to guarantee quan-

the BGEs for the analyses of anions such as fatty acids, titative results.
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2.2. CE system stored in a personal computer. Fused-silica capillaries

(Polymicro Technologies, Phoenix, AZ, USA) were
The basic design of the CE-ILEDIF system has 40cm (30cm in effective lengthy 75um i.d.

been previously describgti8]. Briefly, a high-voltage

power supply (Gamma High Voltage Research Inc., 2.3. Electrophoretic procedures

Ormond Beach, FL, USA) was used to drive elec-

trophoresis. The entire detection system was housed New capillaries were rinsed with 0.5M NaOH

in a black box with a high-voltage interlock. The overnight. Prior to analysis, the capillary was flushed

high-voltage end of the separation system was put in with the running buffer for 20 s, and was subsequently

a laboratory-made plexiglass box for safety. An LED conditioned with the running buffers for 20 min at

with a maximum output at 460 nm in the range of 15kV. To obtain a relatively stable baseline, it is

430-510 nm (Ledtech, Taipei, Taiwan) was obtained suggested that the capillary was conditioned with the

from a local electronic store and used for excitation. A running buffers for 5min at 15kV after each run. Hy-

laboratory-made power supply with adjusted voltages drodynamic injection was conducted at 13 cm height

up to 5V was used to drive the LED. In this study, for 2s.

the applied voltage was set at 4V. As showrkig. 1,

the excitation light was focused on the capillary with

a plastic lens (Raise Electro-Optics, Taipei, Taiwan) 3. Results and discussion

and a 4 objective (numerical apertute 0.25). The

fluorescence was collected with axd®@bjective (nu- 3.1. Effect of pH and EDTA concentration on

merical aperture= 0.25). One OG 570 cut-off filter  sensitivity and resolution

was used to block scattered lights before the emitted

light reached the photomultiplier tube (R928, Hama-  With respect to sensitivity, the concentration of flu-

matsu Photonics K.K., Shizuoka-Ken, Japan). The flu- orescein in the BGE should be carefully investigated

orescence signal was directly transferred through a according toEq. (1) Investigating the concentration

10 k2 resistor to a 24-bit A/D interface at 10Hz (Bor- range of 0.JuM to 0.1 mM, we have suggested that

win, JMBS Developments, Le Fontanil, France) and a suitable fluorescein concentration i (DR is

Capillary
K gor
La
HV

Buffer reservoirs

Fig. 1. Schematic of the CE-ILEDIF. HV: high-voltage power supply; F: cut-off filter; L: plastic lens; M: metallic tube (7 mm i.d., exist slit
i.d. 2mm); Q: 40x objective; Q: 10x objective; ugor: EOF mobility; uep: electrophoretic mobility for anionic EDTA-metal complexes
and anions.
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greater than 350). To ensure good sensitivity and res- Table 1shows that the negative peak heights for
olution, the samples were prepared in borate solutions C&*, Mg?t, and N+ decrease with increasing pH
containing EDTA. The peak height for €aat 50uM from 9.2 to 10.0 although more® formed. Another
increased about four times when the EDTA concentra- interesting result is that the electrophoretic mobility
tion was increased from 50M to 2mM in the sample.  values for the three metal ions decrease with increas-
The sensitivity was about the same when increasing ing pH, which is in agreement with a reported result
EDTA concentration from 2 to 20 mM, slight loss of [34]. The impact of ionic strength on the change in the
resolution between Mg and C&t occurred. When  electrophoretic mobility is negligible since only slight
adding EDTA to the BGE, the metal ions form anionic changes in the EOF (the mobilities were 9.01 and
EDTA-metal complexes to a great extent, but leading 9.03 x 10~*cm?V~1s~1 at pH 9.2 and 10.0, respec-
to loss of resolution. In addition, smaller TR values are tively). The fact of fairly constant peak heights and
problematic, mainly due to competitive displacement electrophoretic mobility values for citrateKp, pKo,

of EDTA and fluorescein by the anionic complexes and [K3 are 3.13, 4.76, and 5.40, respectively) at dif-
and other anionic analytes. Thus EDTA was not added ferent pH supports our suggestion. Thus, we inferred

to the BGE in this study.

The role of pH playing is important in determining
sensitivity and resolution because it affects the fluo-
rescence intensity of fluorescein, the stability of the
anionic EDTA—-metal complexes, the electroosmotic
flow (EOF) mobility, and the electrophoretic mobili-
ties of the analytes. The fluorescence intensity of flu-
orescein monotonically increases from pH 4.0 to 9.0
and reaches plateau above pH f28]. To minimize
the shift in the baseline while achieving a high DR, the
analysis conducted at pH >9.0 is preferred. In view of
the formation of complexes between metal ions and
EDTA (Y4), itis also preferable to conduct the sepa-
ration at high pH. However, attention must be paid to
prevent the formation of metal-hydroxide (or oxide)
precipitates at high piB8]. In addition, the competi-
tive displacement of fluorescein between EDTA-metal
complexes and hydroxide ions at higher pH (>10.0) is
problematic. Thus, the pH effect was explored in the
range of 9.2-10.0 at a constant EDTA concentration
of 2mM and a constant fluorescein concentration of
SpM.

that hydroxide ions deteriorated the system sensitivity
more significantly at pH values higher than 9.2.

3.2. Optimum detection system

Although LEDs are very cheap and low-noise light
sources, there are some shortages when compared to
lasers. Their emission profiles are relatively broad. For
example, the emission profile of the blue LED used
in this study spans from 430 to 510 nm, with a max-
imum emission at 460 nm. It is also more difficult to
focus the diverging beam of an LED. As a result, the
system using an LED is not as sensitive as that using
any laser under the same experimental conditions. To
improve sensitivity, several attempts have been made
when using LEDs, including so-called pigtailling ap-
proach[20], the use of iris and len89], miniaturized
liquid-core waveguid¢40], and a time-discrimination
and average acquisition systddi]. Some of these
systems have provided LODs down to the ordeuibf
to subwM. Herein, we tested a new focusing system
combined with a plastic lens and an objective, which

Table 1
Effect of pH on mobility and peak height for the analytes

Electrophoretic mobility 104 cm?vV-1s71) Peak height (mV) K;

pH 9.2 pH 9.6 pH 10.0 pH 9.2 pH 9.6 pH 10.0 pH 10.0
cat 4.52 4.40 4.37 1.23 1.13 1.09 1.3510%
Mg2+ 4.76 4.61 4.56 0.92 0.77 0.68 1.821C8
Ni2+ 4.96 4.79 4.74 1.47 1.25 1.15 4.2010'8
Citrate 6.97 6.94 6.93 0.76 0.75 0.74

Buffer electrolytes were composed of 5mM borate andvbfluorescein. Electrophoretic mobilityugp) is positive for anions migrating

toward anode against EOFgor > uep) in this study.
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Fig. 2. Electropherogram of five EDTA-metal complexes at 15kV. Peak identities: @t); B2) C&+; (3) Mg?*; (4) Ni%*; (5) ClAt.
Capillary: 40cm (30cm in effective lengthy 75um i.d.; filled with 5mM borate buffer containing BM fluorescein, pH 9.2. The
analytes at the concentration of @M were prepared in 5mM borate buffer containing 2mM EDTA, pH 9.2. Hydrodynamic injection

was conducted at 13cm height for 2s.

allows one to easily focus the light onto the capillary
and to minimize the noise from scattering. The di-
verging light from the LED was confined with a nar-
row metal tube (i.d. 7 mm and exit slit i.d. 2 mm) and
focused with the plastic lens before entering a<40
objective. The light was then focused on the capil-
lary with the objective. With such a simple system,
we obtained a DR value of 405 when using the BGE
containing 5uM fluorescein, pH 9.2. As a result, on
the basis of the peak heights, the limits of detection
(LODs) at a N = 3 are 5.5 and 3.gM for Ca2*
and NPT, respectively.

Fig. 2 presents that the separation of five metal ions

change (the baseline between 2.72 and 4.00 min is
lower than those before 2.72 min and after 4.00 min)
is contrary to that shown ifig. 2 It is interesting to
point out that the peaks for the anionic EDTA—metal
complexes appear between 2.85 and 3.60 min, which
are between the peaks for fluorescein (2.77 min) and
for EDTA (4.23min). At pH 9.2, the main species
of EDTA is HY3~, thus we infer that the anionic
EDTA—metal complexes are the main species in the
course of the separation. This conclusion is also sup-
ported by the fact of negative peak profiles shown in
the electropherogram. Thus the detection of the metal
ions is based on the displacement of fluorescein by

was accomplished in 4 min, showing step changes in the anionic EDTA—metal complexes. As a result, the

the baseline with the R.S.D. values for the shift times

LODs are at thewM level, which are much lower than

less than 1.8%. The magnitude of the step changethose (submM) for N& and K" (positive signals).

occurring immediately after the EOF (1.72min) de-

The electropherogram iRig. 2 shows a trend that the

pends strongly on the concentration of borate (co-ion) migration time is longer for a metal ion forming sta-

in the BGE when other BGE and the sample com-

ble complexes with EDTA. For example, the migration

positions are kept the same. The other step changetime for Ni#* is longer than that for B4 .

occurs at 2.76 min and is related to fluorescein con-
centration when the sample and other BGE composi-
tions are kept the same. At fluorescein concentration

>10pM, the peaks corresponding to the EDTA-metal

3.3. Smultaneous analysis of cations and anions

Next, we tested the separation of cations and an-

complexes and EDTA were in the same baseline level ions using fluorescein as the probe. The electrophero-

(no shift at 4.00 min). At JuM fluorescein, the step

gram A inFig. 3presents the separation of five cations
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Fig. 3. Electropherograms of five cations and eight anions in the absence (A) and presence () dblaCl. Peak identities: (1) lactate;
(2) butyrate; (3) salicylate; (4) propionate; (5)%a (6) C&t; (7) Mg?*; (8) Ni®*; (9) acetate; (10) Cit; (11) phosphate; (12) formate;
(13) citrate. The sample containing cationic analytes at the concentrationspd¥ %hd the anionic analytes at the concentrations of
100p.M was prepared in 5mM borate buffer containing 2mM EDTA, pH 9.2. Other conditions were as the s&ige 2n

and eight anions prepared in 5 mM borate buffer con- tration up to JuM. In the NaCl concentration range of
taining 2mM EDTA, pH 9.2, using a capillary filed 1-10uM, the baseline shift did not occur. However,
with 5 mM borate buffer containing jpM fluorescein, with increasing NaCl concentration, increases in the
pH 9.2. It is interesting to note that the peaks corre- baseline noise, slight decreases in the fluorescence,
sponding to EDTA—metal complexes appear between and decreases in TR were found, leading to poor sen-
monoprotic organic acids (except small organic acids sitivity. Fig. 3 shows differential electropherograms
such as acetate and formate) and polyprotic acids. Thewhen conducting the separations of the same sample
result clearly shows that addition of cationic and an- in the absence (A) and presence (B) @fMl NaCl in
ionic probes to the BGE is no longer needed for the the BGE. The electropherogram Big. 3) shows no
simultaneous determination of cationic and anionic shift in the baseline and narrower peak profiles for the
solutes[17,42], preventing problems of finding two  polyprotic acids in the presence ofiM NaCl. Since
fluorophores with similar optical properties (excita- there were already 10 mM Na(from borax) in the
tion and emission wavelengths) as well as chemical BGE, such dramatic changes should be related to Cl
and physical properties (solubility and stability). Com- (electrophoretic mobility: B2 x 10~*cm?V—1s71).
pared to the peaks for the EDTA—metal complexes and It is noted that the reproducibility and sensitivity im-
the weak acids (salicylate, propionate, acetate), thoseproved in the presence of salt. For example, the R.S.D.
for phosphate, formate, and citrate are relatively broad, values of the peak heights for the last three peaks
mainly because of greater differential mobilities rela- decreased from 6.0 to 4.0% in the presence of salt.
tive to the probe (fluorescein). Table 2shows the LOD values for the analytes are be-
Next, we investigated the effect of NaCl in the BGE tween 3.0 and 15.QM, which are about 1.5—-4 times
on simultaneous separation of cations and anions. Thelower than that in the absence of salt. Please note
baseline shift decreased with increasing NaCl concen- that the LODs for the comigrating analytes fNiand



S-J. Chen et al. / J. Chromatogr. A 1017 (2003) 215-224 221

Table 2
Migration time, reproducibility, mobility, and LOD for five cations and eight anions

Lactate Butyrate Salicylate Propionate 28a C&t Mg2t Ni2t Acetate C&T Phosphate Formate Citrate

tm (min) 2.25 2.59 2.80 2.91 296 3.07 328 336 3.38 3.55 5.24 5.31 7.01

R.S.D? (%) 0.46 0.41 0.63 0.31 0.45 044 066 045 044 0.39 1.27 1.08 1.19

jep (x1074 294 372 410  4.29 436 453 480 490 493 512 633 6.37  6.98
cm?V-1s)

LOD® (uM) 137 121 145 4.7 119 55 83 37 47 6.6 12.8 146 76

Conditions were as ifrig. 3B.
a8 R.S.D. (%),n =5.
bg/N=3.

acetate) were obtained when only one of the paired 3.4. Analysis of pond water and Chinese

ions was present. The EOF mobility slightly changed herbal soup

from 9.01 to 889 x 10*cnm?V~1s~1 when the NaCl

concentration was increased from O tp.l and the Fig. 4 shows the electropherogram of a water sam-
R.S.D. values of the migration times for all of the an- ple from a pond in the campus diluted 10 times with
alytes are less than 2.0% in both cases. Linearity be-5mM borate buffer, containing 10mM EDTA. We
tween the peak height and the concentration of the should point out that using 10 mM EDTA (more than

metal ions was found in the range of 10-1Q0Q, the total metal concentration interested in the sample)

with R% >0.998. Owing to a relatively broad peak pro- is necessary to provide quantitative results with only

file, linearity for citrate is in the range of 50-200.0/, very slight loss of resolution. The four identified peaks

with R? >0.982. correspond to B&, Ca&t, Mg?t, and phosphate,
30.0

phosphate
Ca? EDTA

Ba2+

Fluorescence intensity (a. u.)

25.0

0 3.0 6.0
Time (min)

Fig. 4. Separation of pond water diluted 10 times with 5mM borate buffer containing 10mM EDTA, pH 9.2. Other conditions were as
the same irFig. 3B.
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Table 3
Analyses of pond water and Si Wu Tang
Sample Analyte Migration time (min) Slope (mV M) Intercept (mV) Correlation coefficieht Concentration (mM)
Pond water B&" 2.97 (1.12) 7.230 0.17 0.995 0.27
cat 3.07 (0.77 8.395 0.603 0.998 0.72
Mg2+ 3.31 (1.21) 7.957 0.291 0.997 0.37
Phosphate 5.30 (2.51) - - - -
Si Wu Tang Lactate 2.23 (0.82) 2.251 0.402 0.976 1.79
cat 3.06 (0.77) 2.739 0.276 0.983 1.01
Mg?+ 3.24 (1.21) 2,777 0.268 0.987 0.97

Zn?t 3.39 (1.75) 2.607 0.359 0.981 1.37
Phosphate 5.29 (2.30) - - - —

The values in parentheses are in percent.

a Linear range: spiked analytes at the concentration fromuMOto 1 mM and 0.1 to 1 mM for pond water and for Si Wu Tang,
respectively.

b Conditions were as ifFigs. 4 and 5

¢ R.S.D. (%),n = 8.

respectively. A reproducible but broad peak corre- centrations of the metal ions, we spiked these three
sponding to phosphate shows the quantitative dis- ions to the samples in the concentration range of
advantage of this method. It is interesting to note 10uM-1mM. Table 3shows that the peak heights
that the system peak at 2.85min is negative, which are proportional to the concentrations offBaCa,

is different form those shown ifigs. 1 and 2 This and Mgt in the study range, witR? of 0.995, 0.998,

is mainly due to the existence of other ionic solutes and 0.997, respectively. From the linear plots (not
in the water sample. In order to determine the con- shown), we estimated the concentrations ofBa

30.0

phosphate

lactate EDTA

Fluorescence intensity (a. u.)

25.0

0 3.0 6.0
Time (min)

Fig. 5. Separation of Si Wu Tang diluted 10 times with 5mM borate buffer containing 10mM EDTA, pH 9.2. Other conditions were as
the same irFig. 3B.
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C&t and Mgt in the pond water were 0.27, 0.72
and 0.37 mM, respectively.

The electropherograms iRig. 5 presents the sep-
aration of a Chinese herbal soup “Si Wu Tang” di-
luted 10 times with 5mM borate containing 10 mM
EDTA, pH 9.2. To determine the concentrations of
lactate, C&", Mg?t, and Zrf*, the four ions in the
concentration range of 0.1-1 mM were spiked to the
diluted samples. From the calibration plots, we esti-
mated that the concentrations of lactate?GaMg?t,
and Zrf+ were 1.79, 1.01, 0.97, and 1.37 mM, respec-
tively. Such a high amount of 2f in the soup is
common in numerous Chinese herbals for nourishing
kidney, mainly because it is believed that zinc plays
a role in the immune system in the Chinese society
[43]. Together with the results shownfiigs. 3 and 4
there is no doubt of the value of this method from a
practical viewpoint.

4. Conclusions

We have progressed in developing a compact, low
costly, and rapid system for the simultaneous determi-
nation of metal ions and anions by CE with indirect
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