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Abstract

The low—sensitivity of simple capillary zone electrophoresis (CZE) for detecting metal ions is a long—
standing problem even when a laser induced fluorescence (LIF) detection system is employed. We have
successfully achieved an ultrasensitive CE-LIF using a simple CZE mode (typical detection limit: 10~
110" mol dm™ level). Both the design of a newly synthesized ligand and the combination of a pre—
capillary derivatizing technique with an on—capillary ternary complexing technique have enabled us to
achieve this extremely low limit of detection and high resolution of large metal complexes. The direct
fluorescent detection of the paramagnetic metal ions was achieved for the first time despite their
intrinsic fluorescent quenching nature. The fluorescent ligand (L) consists of a polyaminocarboxylate
chelating moiety, a strongly emissive fluorescein moiety and a spacer connecting the two portions. The
migration behavior of various metal-L. complexes was investigated. The resolution among the
complexes was improved by the introduction of a ternary complex equilibrium of the kinetically stable
mother complexes with OH™ ion. The analytical potential of our simple system was examined, and it
was proved that the system was one of the most sensitive methods without the need for any

preconcentration processes.





1. Introduction

Capillary zone electrophoresis (CZE) is generally known as an excellent system with high resolution,
but also is known as a system with rather low sensitivity (usually pmol dm level) [1]. When CZE is
employed for the detection of metal ions, these characteristics have been taken as a matter of course [2—
4]. To overcome them, some effective on—capillary concentration techniques have been developed in
order to improve the sensitivity [5,6], such as field amplified stacking [7-9], transient isotachophoresis
[10-12] and sweeping [13]. These have been successful in achieving low detection limits at the sub—mg
dm™ level. However, due to the complexity inherent in the systems, including low-reproducibility
depending on the nature of samples and the low selectivity from using a wavelength in the UV range for
the detection [6], the application of on—line concentration techniques amenable to wide use is more
limited than the use of simple CZE at the present time. Although the development of a highly sensitive
and simple CZE method for metal ions is desirable, the question is how it should be manipulated?

Laser—induced fluorescence detection (LIF) is known as one of the most powerful conventional
detection systems. However, when the CE-LIF with either direct or indirect detection was employed for
metal ions, the detection limit was no better than at the 10* mol dm™ level despite its high potential
[14,15]. The high background noise level is caused by the addition of a detection reagent in the carrier
buffer solution to separate metal ions, which substantially amplifies the baseline noise and provides its
high signal to noise ratio. This is likely to be the reason why it is less sensitive than expected. This
sensitivity disadvantage is even more marked if a more powerful (more emissive) detection agent is
employed, since the addition of even small amount of the ligand greatly raises the background level.
Although it is possible to omit the detection reagent in the carrier, an indirect detection system then
becomes impossible in principle. When using a direct detection system with a pre—capillary
complexation without the addition of the ligand in the carrier, we are still faced with two problems. First,
fluorescent direct detection cannot be generally employed for several paramagnetic and heavy ions
because of the formation of nonfluorescent complexes as a result of their paramagnetic quenching and

heavy metal effect. To our knowledge, as yet there have been no reports about a luminescent agent





applicable to CZE with direct fluorescent detection for paramagnetic metal ions. Second, the complex
needs to exhibit kinetic stability in order to be detected in the carrier buffer without complexing agents.
Yotsuyanagi et al. reported that only kinetically stable complexes on the dissociation reactions during
migration gave distinct peaks in the absence of a ligand in the carrier. When the complete spatial
separation of the bands of the metal complexes (ML) from that of the ligand (L) by electrophoretic
migration, a concentration jump arose, i.e. the concentration of the ligand in the complex bands became
significantly diluted. In this situation, the complexation equilibrium (M*" + L <> ML) is not already
established, and the relaxation reaction to dissociate takes place (ML — M*" + L). In that way, a strong
driving force which decomposed the complexes was generated, and the peaks of the kinetically labile
complexes disappeared [16-21].

Our aim in this study is to solve the low—detectability problem, i.e. to the develop the most sensitive
simple CZE system to date with a LIF for detecting various metal ions, including paramagnetic and
heavy ones at ppt level, and to apply it to real samples with a high matrix with ease. In the process of
developing such a system, it was necessary to design a novel ligand which forms kinetically stable and
emissive complexes even with paramagnetic and heavy metal ions, and a separation mode using ternary
complex formation for large metal complexes, which compensate for the low separation efficiency in

the pre-capillary mode (vide infra).

System design

A newly synthesized agent in this work, FTC-ABEDTA (abbreviated as L) (FTC = fluorescein-
thiocarbamyl, ABEDTA = 1-(4-aminobenzyl)ethylenediamine-N,N,N’,N -tetraacetic acid), shown in
Figure 1 (see below), was designed from the following standpoints (Scheme 1). 1) A methyl-EDTA
frame was employed in order to facilitate the formation of kinetically stable complexes on dissociation.
It has been reported that a kind of polyaminocarboxylate ligand forms inert complexes with various
metal ions [22-25]. It is expected that the employment of the methyl-EDTA frame provides more

kinetic stability compared with a simple EDTA frame since it was reported that the higher rigidity of the





framework frequently provides more inactive metal complexes due to the restriction of the rotational
motion in the -NC—CN- bridge in the ligand [22,23,25-28]. 2) Distance between the metal-binding
moiety and the fluorophore is desirable in order to prevent the fluorophore from quenching due to the
paramagnetic or heavy atom effect. In our previous works, the Calcein complexes with paramagnetic
metal ions, in which the metal is in vicinity of the fluorophore, strongly quench the ligand—centered
emission through deactivation of the excited state by the nonradiative quenching process [29].
Furthermore, in another work on metal complexes with ABEDTA, in which the antenna moiety is
attached to the backside of the metal binding sites, the distance between the fluorophore and the center
metal was about 5-6 A. We found that the fluorescence of heavy metal complexes was not quenched,
but the paramagnetic ion complexes were quenched [30]. In this present work, however, the distance
between the fluorophore and the center metal ion in the ligand, L, is approximately 10-12 A. This is
further than that of the ABEDTA complex, which is expected to prevent the electronic interaction
between both moieties. Furthermore, it can be predicted that the two parts of L are unable to approach
each other due to the electrostatic repulsion in the solution since each of the moieties are negatively
charged, even when L forms a metal complex. 3) As a fluorophore, fluorescein is a desirable candidate
for excitation with an argon laser (488 nm) due to its high absorptivity and quantum yield [31-33]. 4) In
order to simultaneously obtain both high resolution and sensitivity, we planned to combine a pre—
capillary complexation and an on—capillary dynamic complexation technique by utilizing the ternary
complex equilibrium on the metal ion surface in the kinetically stable mother complex so as to separate
the huge metal complexes (Scheme 1). Strategies to synthesize a huge ligand have been commonly
regarded as inefficient when attempting to obtain high resolution, since it is difficult to separate huge
metal complexes with similar mobility to each other. However, large antenna moiety is indispensable
for high sensitivity. It is a dilemma: improving sensitivity leads to poor resolution. We have resolved
this problem by introduction of on—capillary ternary complexation reactions. For lanthanide (Ln)
complexes with an ABEDTA derivative, high resolution in CZE has been successfully achieved using

Ln—-ABEDTA-iminodiacetate or —carbonate mixed—ligand system in a series of our reports [34,35]. In





addition, the transition and heavy metal ion—-TPEN—CI" ternary complexing system (TPEN = N, N, N’ N-
tetrakis(2—pyridylmethyl)ethylenediamine) worked effectively with high resolution among nine metal
ions obtained using CZE [36]. In these systems, the advantages of both pre—capillary (high sensitivity)
and on—capillary (high selectivity) complexing method were utilized. Some ternary complexing systems
have also been reported for the transition metal-EDTA complexes; metal-EDTA—ammonia, -OH, —
ethylenediamine [37-39], citrate [40,41] and —F [42]. These reactions, which cause perturbation in the

ratio of charge to size of the complex, are expected to be useful for electrophoretic separation.

2. Materials and methods
2.1 Chemicals

All metal standard solutions were prepared by dissolving their chloride salts in the deionized water
(over 18 MQ) obtained by the Milli-Q SP. TOC. system (Millipore Co., Billerica, MA, USA) with a
small amount of concentrated hydrogen chloride solution adjusted to pH 2. The factors of those
solutions were measured using EDTA chelate titration methods. The reagents for the synthesis of L,
fluorecein isothiocyanate isomer I (FITC-I, > 98% purity, < 1.5 % content of the isomer II), and 1—(4—
aminobenzyl)ethylenediamine—N,N,N’,N —tetraacetic acid (ABEDTA, >90 % purity) purchased from
Fluka (Buchs, Switzerland) and Dojindo Lab. (Kumamoto, Japan), were dissolved in acetone (analytical
grade, Kanto Kagaku, Tokyo, Japan) and deionized water, respectively. The stock solution of FITC-I
was stored at —4C° in the dark to prevent it from decomposing. Boric acid (Suprapur, 99.8 % purity,
Merck, Darmstadt, Germany), disodium hydrogen phosphate (Suprapur, 99 % purity, Merck) and acetic
acid (analytical grade, Wako Pure Chemical Industries, Japan) as the pH buffer were dissolved in
deionized water, and the pH was adjusted to desirable values with 3 mol dm” ultra—pure sodium
hydroxide solution (Kanto Kagaku, Tokyo, Japan). The solution of sodium dodecyl sulfate (SDS)
(analytical grade, Kanto Kagaku, Tokyo, Japan) was prepared by dissolving it in deionized water. All

the stock solutions were stored in PFA bottles to prevent any serious contamination of metal ions. The





test substances in river water for analysis of metal components, additive-free (JAC0031) and additive-

added (JACO0032) were purchased from the Japan Society for Analytical Chemistry.

2.2 Synthesis of FTC-ABEDTA

The synthesis of L was carried out by mixing a 2.5 ml solution of 10> mol dm™ FITC, a 25 ml
solution of 10~ mol dm™ ABEDTA and 22.5 ml deionized water in the presence of 10> mol dm™
malate—NaOH buffer at pH 6.0 for 6 hours in the dark at 313 K. PFA ware and deionized water were
exclusively used during synthesis to prevent any serious contamination of metal ions. The color of the
mixture turned from pale yellow to deep yellow during the reaction. The reaction mixture was extracted
with butanol. The aqueous phase was acidified with drop—wise concentrated HCI at pH 2.5. The
precipitated yellow powder of L was obtained after allowing the mixture to stand for 24 hours in the
dark at 277 K, and then filtered and dried. The product was reprecipitated after being dissolved in
deionized water. The yield of L was more than 35 % (0.0069 g). The stock solution of FTC-ABEDTA
was prepared by simply dissolving the powder in the deionized water. Anal. Calcd: C, 56.71; H, 4.51; N,
6.96%. Found: C, 56.73; H, 4.58; N, 6.43%. MS (FAB(-), glycerol matrix): m/e = 785 [M-H]. 1H
NMR (270 MHz, de~DMSO): & (ppm) 12.4 (1H, br), 10.14 (2H, s), 10.07 (1H, s), 8.18 (1H, d, *Juu =
1.3 Hz), 7.80 (1H, dd, *Juy = 8.2 Hz, *Juy = 1.7 Hz), 7.39 (2H, d, *Juy = 8.6 Hz), 7.19 (3H, d, Jiy = 8.2

Hz), 6.66 (2H, d, *Jii = 1.0 Hz), 6.57 (4H, m), 3.46 (5H, s), 3.36 (8H, m), 2.77 (4H, m).

2.3 Capillary electrophoresis with laser-induced fluorescence detection

The absorption and fluorescence spectra were measured using a Shimadzu UV2400PC model
spectrophotometer and a Shimadzu model RF-1500 spectrofluorometer (Kyoto, Japan), respectively.
The CE-LIF setup used in this study was assembled with different parts. A voltage supply, HCZE-30P
model, was purchased from Matsusada Precision Inc. (Shiga, Japan). The LIF detection system,

ZETALIF (Picometrics, Ramonville, France) equipped with a Model 163D 25 mW argon laser

(Spectra—Physics, CA, USA) was employed. A fused-silica capillary tube (an inner diameter, 50 um; a
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outer diameter, 375 um; total length, 60.0 cm; effective length to the detection window, 46.5 cm)
obtained from Scientific Glass Engineering Inc. (Austin, TX) was used. New capillary tubes were

3 solution of NaOH for 60 minutes and deionized water for 60

pretreated by rinsing with 1 mol dm™
minutes. All carrier buffer and rinsing solutions in the capillary tubes were exchanged under reduced

pressure by a vacuum pump.

2.4 Typical procedure

The FTC-ABEDTA and pH buffer solutions were added to the sample solution. The concentrations of
the mixed solution were typically 5 x 10° mol dm™ and 1 x 10~ mol dm™ for the L and pH buffer,
respectively. After 5 minutes, the sample solution was siphonically injected into the capillary from the
cathodic end with AS cm, 36 sec (injection volume of 5 nL calculated using the Hagen—Poiseuille
equation). Then voltage was applied at 15-20 kV with constant voltage mode (typical current 30-90
1A). A carrier buffer of 10 mol dm phosphate-NaOH (pH 12.5) (ultrapure) was typically employed.

The voltage of the photomultiplier in the LIF detection system was set at 570 V.

3. Results and Discussion
3.1 Synthesis and emissive property of metal-FTC—-ABEDTA complexes.

The derivatization of amino function using FITC-I is well known, in particular, for detecting protein
and amino acids [43-46]. While the reaction proceeded easily, the purity of the product was very
sensitive in terms of the pH value, temperature and reaction time. Although the optimum pH for the
addition reaction lay in the range of 9—10 according to the previous reports [43], a pH value of 6 was the
most suitable to obtain a pure substance in our case. When the pH was lower than 6, the reactivity
drastically decreased or was lost. Obtaining high purity of the product is crucial to meet our aim of
detecting metal ions at ppt level, because byproducts would give many unidentified peaks due to their

high quantum yields.





Figure 2 shows the fluorescence spectra of the ligand and their complexes with different metal ions.
In the batch solution, all metal complexes, including paramagnetic and heavy metal ions, had strongly
emissive characteristics (Adex = 493 nm, A, = 523 nm), while no shift of wavelength or intensity was
observed through the complexation. The quantum yields, ¢, of the ligand and the complexes were

investigated by comparing to that of the fluorescein. The values of ¢ were the same for L and ML, 0.87
at pH 9.0 (M*" = Ca*", Mg™", A", Fe*', Cu*’, Zn™, Ni*", Co*", Mn*", Cd*", Pb>" and Hg*"). This
indicates that the fluorophore was far enough from binding sites and that there was no electronic
interaction between both moieties, as we had predicted. Our molecular design, in which the antenna
moiety is on the backside of the chelating portion, seems to have been appropriate for emissive
characteristics. There are reports about the derivatives of chelate ligands with fluorophore added to
pendant arms [47-50]. In these studies, the complexes with first row transition metal ions strongly
quenched the ligand—centered Iuminescence. Furthermore, the modified arms, where complexation
ability decreases or is lost, would make the complexes labile in the dissociation reaction. Although
those metal sensing techniques are smart, their molecular design does not seem suitable for our
objective: to have the agent form strongly emissive and inert complexes with various ions. The
dependence of the fluorescent intensity on pH was plotted in Figure 3. The behavior of all 12 kinds of
metal complexes was almost the same of that of the ligand, FTC-ABEDTA (the pH dependence of L
and Cu-L was depicted as typical examples in Fig. 3). The fluorescent intensity was at its maximum at

pH 8-11 and the intensity decreased in both higher and lower pH.

3.2 The effect of Ca’" in the carrier on the detection selectivity

When CZE was examined with a phosphate or borate buffer at pH 7-12, only metal complexes of
Cu®, Co*" and Mn®" were detected as distinct peaks in spite of the simultaneous injection of 12 kinds of
metal complexes of Ca*", Mg, AI’", Fe**, Cu™", Zn*", Ni*", Co*", Mn*", Cd*", Pb>" and Hg*" (shown in
Figure 4A). It seemed that 8 kinds of metal complexes (Mg%, Al3+, Fez+, Zn2+, Ni2+, Cd2+, Pb*" and
Hg”") completely decomposed through migration. A large unknown peak was also observed (at about
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9.7 minutes in Figure 4A), which always appeared and then slightly tailed. The source of the large
system peak was concluded to be the peak of the contaminant Ca’" originating from the reagents
employed based on following observations; i) The peak height increased when standard Ca®* solution
was spiked, and ii) when a large excess of CyDTA (~ 1 x 102 mol dm™) was added to the sample
solution, only a small peak was observed. Furthermore, when CyDTA was also added to the carrier
buffer solution (1 x 10~ mol dm™), the peak completely disappeared. It can thus be interpreted that the
agent, FTC-ABEDTA, is on dynamic complex formation equilibrium with contaminant Ca®" in the
reagents and the carrier buffer throughout the pre— and on-—capillary processes. The
formation/dissociation of contaminant Ca** complex with L during the migration is presumably fast,
since the dissociation kinetics for Ca®" complexes with some EDTA derivatives were very fast: the half—
lives of EDTA and methyl-EDTA complexes are 0.54 and 10.5 sec, respectively [26]. The slight tailing
of the Ca”" peak is probably due to the fast on—column dissociation and re—formation kinetics of the
complex. The tailing and saddling peak shapes are frequently observed for metal complexes, DNA and
proteins when dynamic on-capillary reaction of dissociation or association proceeds [51-54]. The source
of the contaminant calcium seemed to have originated from the reagents employed, FTC-ABEDTA and
phosphate. Even the ultrapure phosphate used contains as much as 8 x 10™* mol dm™ of Ca®" in 40 mM
phosphate solution (Ca: max 0.5 ppm), much more than in synthesized L. Judging from the peak height
of Ca, which often fluctuated, the concentration of the contaminant Ca lies at the 107-10"° mol dm
level.

The electropherogram in Figure 4B indicates the effects of adding the Ca®" blocking agent, CyDTA,
to the carrier buffer solution. It is noted that the addition of an ion pair agent, tetrabutylammonium
chloride (TBACI) to the carrier buffer depicted in Figure 4B did not show any improvement of the
resolution among metal ions but rather slightly reduced the resolution clarity. However, since the
addition of TBACI accelerated the migration process, TBACI was employed to control the migration
time. With CyDTA in the carrier buffer solution the metal complexes of Cu2+, Zn2+, Ni2+, Co*", Mn*,

Cd*" and Pb*" were distinctly detected at pH 7—12 in the CZE system (Figure 4B). On the other hand,
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the complexes of Ca™", Mg™", Al*, Fe*" and Hg™" could not be detected again. The difference of the
selectivity between the buffer solutions with and without CyDTA in the carrier indicates that the
number of the kinetically stable metal-L complexes amenable to be detected increases when CyDTA

blocks the contaminant Ca®" in the background electrolyte. The difference of selectivity is likely to be

controlled by a metal-exchange reaction (M*—L + Ca*" — Ca®"—L + M*"; k¢,). While the rate constant

of the metal exchange reaction of the M—L complex with calcium ion was unknown at this stage, faster

kinetics of metal-exchange reactions than in the spontaneous dissociation (solvolysis, M*~L — M*" +

L; kq) was frequently observed for metal-polyaminocarboxylate [24, 55-58]. When a large excess of
CyDTA was added to the carrier buffer, the decomposing effect of FTC-ABEDTA complexes by free
Caions was negligible since all Ca ions existed as CyDTA complexes. The dissociation reaction of Ca-
CyDTA complex hardly occurs because it is reported that the Ca*~CyDTA complex is inert for
spontaneous dissociation with its half-life of about 385 min [22], i.e. very few free Ca ions are even
momentarily present in the carrier buffer solution. This is implied that the detection rule was most likely
controlled by other dissociation processes, like the solvolysis of the complexes, k4, and/or the ligand—

exchange reaction (M*-L + CyDTA — M*-CyDTA + L; kcypra). Several of the M-L complexes

decomposed (Ca®", Mg*", AI*", Fe’" and Hg”") in the CyDTA-included system presumably through
solvolysis and/or ligand-exchange reactions with large rate constants of k4 or kcypra, Which resulted in
no detection. Although the detection behavior of this system is unique, behavior like this, i.e. kinetics
controlling the selectivity of detection, has been frequently observed in pre—capillary and —column
derivatizing CE and HPLC without a detection agent in a carrier buffer or eluent [16, 59—64]. However,
it has not yet been reported that contaminant Ca ions in the carrier control the selectivity based on
kinetics.

While the selectivity in the two systems (with/without CyDTA) seemed to be controlled by the kinetic
activity of FTC-ABEDTA complexes, the selectivity cannot be explained by the order of the stability
constants of methyl-EDTA, Ky, (instable: Mg < Ca < Ni < Fe < Co < Mn < Zn < Pb < Cu < Hg:

stable) [65]. The disagreement between Ky and the detection rule in this CE system indicates that the
11





selectivity is not controlled by the thermodynamics of complexation, which frequently governs the
detection behavior and the resolution in on—column chelating CE techniques [67].  Since
thermodynamics does not directly reflect kinetics in common, a value of ko frequently is used as a
guideline for inertness [66]. However, the selectivity in our CE system also does not agree with the
kinetic activity of the exchange reaction of the coordinated water molecule; the order of the exchange
rate constants of the coordinated water molecule, ky20 1s (labile) Pb > Hg > Cd > Cu > Ca> Mn = Zn >
Fe > Co > Mg (inert) [66]. This fact implies that the dissociation kinetics of multidentate complexes is
more complicated than the coordination water molecule. Although some dissociation processes, i.e.
spontaneous, kq, ligand—exchange with CyDTA, kcypra, metal-exchange with Ca®, kca and hydrolysis

by nucleophilic attack of the hydroxide ion (ML + nOH  — M(OH), + L), koun, were presumably

involved in this CE system, the details of the kinetics remain unclear in this state. It should be
emphasized that the complexes of Cu?", Zn*", Ni*", Co*", Mn?*, Cd** and Pb*" show inertness in
dissociation reactions in spite of the severe conditions, including large excesses of CyDTA and
extremely high pH values (~12.5). Furthermore, although Cu®’, Zn**, Mn*", Cd*" and Pb*" are

intrinsically labile in nature, these complexes were simultaneously detected as kinetically stable species.

3.3 Separation among the metal complexes using ternary complex equilibrium

Although several metal complexes were detected in the pH range 7-11, adequate separation among
the complexes was not observed. To improve the resolution, we decided to introduce a ternary complex
equilibrium. The ternary complex formation of transition metal-EDTA chelates has been reported for
ethylenediamine (en), OH ', F and citrate [37, 41, 42]. Since the mixed-ligand system suitable for the
CZE separation was the one which altered the charge of the complexes, the ML-OH system was
employed in this work. The relationship between mobility and pH is shown in Figure SA. The mobility
of the ML complex decreases with increasing pH values. This strongly suggests the formation of a
ternary complex since the negative charge in the complex increased with the formation of ML-OH .

The stability constants of ternary complexes of metal-edta with OH™ were reported by by Kozlovskii et
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al. (log Kcocdta-on = 0.95) [38]. On the assumption that the ternary complex formation constant is
similar to Kco edtaon, @ Co—L complex of 21 % forms the mixed—ligand complex, Co—L—OH, under our
optimized conditions at pH 12.5 (vide infra). Their results agree with our observation that the dynamic

ternary complex formation with hydroxide ion (ML + OH — ML-OH) takes place in CZE only when

the concentration of hydroxide ion in the carrier buffer is high (pH 12~) (Figure 5A).
One can presume that the pH dependence of mobility (Figure 5A) is due to the acid dissociation
reaction in the fluorescein portion in the mother complexes. It has been reported that the third acid

. .. . . _6.43
dissociation constant, K,3, of 6~OH in fluorecein is 10

and the predominant species formed over pH
7 was doubly charged [31]. Ma et al. suggested that FITC exists as a neutral and cation species at pH 1—
10, and above pH 10, anionic and dianionic species were dominant [32]; i.e. acid dissociation reaction
occurred at a high pH range. In our system, there is a possibility that an acid dissociation reaction exists
in the pH range of 11-12 since the fluorescence intensity decreases in the pH range. It is strongly
suggested that the last acid dissociation constants of all metal complexes are the same as each other
since the pH dependence behavior of the fluorescence intensity is completely the same among different
metal complexes and the ligand (Figure 3). This should lead to the same elctrophoretic behavior.
However, the pH dependence of mobility is substantially different among center metal ions, from which
it is concluded that the acid dissociation in the fluorescein portion in high pH has no effect on mobility,
but the ternary complex formation affected the migration behavior.

To a greater or lesser degree, all metal complexes can form ML-OH complexes judging from the
behavior of the mobility, with Cu and Zn complexes being the most reactive (Figure 5A). It is
interesting to note that the hydroxide ion seems to bind to the hexadentate complexes, which form
coordination—saturated chelates. Pyreu et al. reported that the metal-oxygen bond of a carboxylate
pendant arm broke and the coordination number of the mother complex, M—edta, decreased from six to
five when the mixed—ligand complex formed [37,38]. Although the resolution was improved at high pH

in the carrier (Figure 5B), the migration time is considerably slow (~45 minutes). The electropherogram

under these optimized conditions is depicted in Figure 6. The baseline separation was successfully

13





achieved for the detectable complexes with the exception of Pb—Ni. We have reported a separation
mode using the dynamic formation of ternary metal complexes [34-36]. Such approaches are unique
and effective for the detection of metal ions due to the accessibility of the advantages of both on—
column and pre—column methods.

Interestingly, the order of migration in our system differs from that of the on—capillary complexation
system using EDTA and CyDTA; the order of migration is Mn*" < Cd*" < Ni*" = Pb*" < Co*" < Zn*" <
Cu®" in our system, Cd*" < Mn>" < Pb*" < Co*" = Ni*" < Zn*" < Cu*" in on—capillary CZE with EDTA
[68], and it is Co®" < Ni*" < Cu®" < Zn*" [69] or Mn®" < Pb*" = Co*" < Ni*" < Cu** [70] in on—capillary
CZE with CyDTA. This implies that the separation principle is different between our mixed—ligand
system and other on—capillary systems. The characteristics of the ternary complex binding site on the
surface of the center metal ion opposite the coordination sites in the mother complex is still unknown,

and this is of great interest in the field of inorganic chemistry.

3.4 Detection limits and application to environmental and biological samples

The detection limits are shown in Table 1 for two conditions; with or without CyDTA in the carrier.
The linear calibration curves were obtained in concentration ranges between 1 x 10 and 1 x 10’ mol
dm (correlation coefficients of linearity, R* = 0.9978-0.9991). It is noteworthy that the sensitivity for
these methods lies at the 10'°-10""" mol dm™ level; 65 zept mole on the amount basis for Co®"
(injection volume is 5 nL), which corresponds to about forty thousand molecules for Co*". The
sensitivity of the two systems with/without CyDTA in the carrier differs substantially. This is due to the
pH dependence of fluorescent intensity of the complexes (Figure 3). The obtained detection limits of
this method are very impressive and are comparable to those for instrumental methods. It is very
difficult for the conventional on—capillary complexation mode to obtain high sensitivity at ppt level due
to its small signal and large baseline noise. Contaminant peaks of Cu>", Mn?" and Zn*" were observed in
the concentration of 1 x 10® mol dm™> FTC-ABEDTA with the concentrations of 5.1 x 10_10, 52 x10°

% and 3.4 x 107"°, mol dm™, respectively. In contrast to those metal ions, no contaminant Co”” and Cd*"
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were observed. While Co®" but Co’" was detectable in our system, contaminant Co®" in the FTC-
ABEDTA stock solution was oxidized to Co’" during complexation on standing, which possibly
provided free from contamination. When the concentration of FTC-ABEDTA in the sample solution
increased, or when no-PFA ware was employed during synthesis and storage, more contaminant and
impurity peaks appeared which interfered the detection of metal ions. Further purification is necessary
to employ a more concentrated solution of the ligand in the sample in our method.

To examine its practical potential, this system was applied to real samples; river water and human
serum. The results are summarized in Table 2. The determined values of metal ions in river water
samples agreed closely with the certified values with a dilution factor of ten. When human serum
sample was examined, a SDS of 10 mmol dm~ was added to the carrier buffer to prevent the protein
from being adsorbed on the capillary wall. The micellar electrokinetic chromatography (MEKC)
separation mode did not work despite the addition of SDS in the carrier since the migration time of
metal complexes was entirely independent of all SDS concentrations. Also, the peak heights of the
metal complexes did not change. There are some reports indicating that anionic complexes, such as
polyaminocarboxylate chelates, are not well partitioned into the micelles [69-71]. Although our results
mainly correspond to the values certified and determined by other methods, the dilution of samples by a
factor of 1000 was necessary for the determination of the metal ions in human serum. This was due to
an interference of a large excess Ca>” (mmol dm™ level) in the sample solution, which resulted in a lack
of the ligand (5 x 10 mol dm™), and resulted in a fronting (with CyDTA) or tailing (without CyDTA)
peak of the ligand overlapped with the metal ion peaks. The migration behavior with a broadening
ligand peak may be caused by dissociation process of a large number of Ca>*-FTC-ABEDTA complexes
in a sample. If the ligand of mmol dm™ order was applied to the sample in order to suffice complete
complexation with all metal ions, many unknown peaks and contaminant metal ion peaks clearly
appeared, which seriously interfered with determination. Unfortunately, the detection of Mn, Co and Cd
in human serum was impossible in this stage due to the extent to which the sample was diluted.

Although the potential of our method is not in question, improvements to the system, e.g. further

15





purification of the ligand and the design of novel ligand robust against Ca>", is indispensable before it

will be ready for widespread use.

4. Concluding remarks

This study differs entirely from other CZE studies using polyamoinocarboxylates. Firstly, the
paramagnetic and heavy atom complexes were intentionally given emissive characteristics. In addition,
a ternary complex formation of an inert mother complex with OH™ was employed for sophisticated
separation, which provides the advantages of both the pre—capillary and on—capillary techniques.
Finally, in our system, the kinetics of dissociation, including spontaneous dissociation, metal-exchange,
ligand—exchange reaction and hydrolysis plays an important role.

One way to achieve a more powerful detection (in sub ppt level) is to find an effective ternary
complex formation agent at pH 9—11. The method in this study did not make full use of the potential of
FTC-ABEDTA since separation was not achieved at the most emissive pH range (shown in Figure 3).
Another way is to apply preconcentration techniques. Although more sensitive methods will be
adversely affected by contaminant metal ions precisely due to their high sensitivity, the chemical
suppression of contaminants for pre—column derivatization method, which has been reported in our
previous paper [29], could be applied. To avoid the disturbance of electropherogram by Ca®’, the
synthesis and investigation of electrophoretic behavior in CE of some novel polyaminocarboxylate
ligands, such as DOTA and DTPA with a fluorescein structure, is now underway. More rigid chelating
frames than EDTA could provide kinetic stability even with Ca®[22, 72] and would prevent the large
fronting or leading peaks. In addition, we are also greatly interested in the kinetic properties of
polyaminocarboxylate in relation to the structure of coordination sites. These ligands will most likely

exhibit different detection selectivity compared with FTC-ABEDTA.
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Table 1. Detection limits in the system with/without CyDTA in the carrier buffer (S / N = 3 or 36 of the

blank).
Without CyDTA / mol dm > With CyDTA / mol dm
Mn 5.6x 10" (3.1 ppt) ¥ 6.3 x 10 "% (35 ppt) ¥
Cu 8.8x 107" (5.6 ppt) ¥ 4.0 x 10'° (25 ppt) ¥
Co 1.3 x 107" (0.77 ppt) ¥ 7.9 x 107 (46 ppt)
Zn ND 7.0 x 107'° (46 ppt) ¥
cd ND 7.0 x 107° (79 ppt)

? determined by 36.” S /N = 3.
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Table 2. Analytical Results of real samples (n = 5).

River water ¥

Found /ppb  Other method / ppb

Without CyDTA"®
Mn 0.52 0.46°
Cu 1.0 0.889

With CyDTA®

Mn 5.0 5.09
Cu 9.5 10.59
Zn 11.4 11.39
cd 0.91 1.09

Human serum ©

Found /ppm  Other method / ppm

Without CyDTA
Cu 0.93 1.07(1.19) ¢
With CyDTA
Cu 1.2 1.07(1.19) ¢
Zn 0.69 0.63 "

9 The dilution factor for samples was 10. » JAC 0031 (additive-free). © certified value, ¥ JAC 0032
(additive-added). © the dilution factor was 1000, DICP-AES, @ visible absorption spectrophotometry.
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Scheme 1. Design of the complexation system.
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Figure 2. Absorption (left) and fluorescent (right) spectra of L complexes with different
metal ions. Sample, [L] = 1.0 x 10° mol dm™, [Borate-NaOH] = 5.0 x 10~ mol dm
(pH 9.5), [M] = 1.0 x 10°® mol dm™ (M = AI’", Ca®", Cd*", Co*", Cu*", Fe*", Mn"",
Mg®", Hg*", Ni*", Pb*" and Zn®"). Excitation and emission wavelengths are at 493 nm

and 513 nm, respectively.
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Figure 4. Typical electropherogram of M*—FTC-ABEDTA complexes without/with
CyDTA in the carrier buffer. Sample, [L] = 5.0 x 10°® mol dm™, [M] = 1.0 x 10~ mol
dm™ (M = Ca*", Mg*", A", Fe*', Cu®", Zn*", Mn*", Ni*, Co*", Cd*, Hg*" and Pb*"),
[borate—-NaOH] = 1.0 x 10~ mol dm™. Carrier buffer, A) [phosphate—NaOH] = 4.0 x
102 mol dm™ (pH 10.05); B) [phosphate] = 1.0 x 10 mol dm (pH 12.05), [TBACI] =

1.0 x 10 mol dm ™, [CyDTA] = 1.0 x 10> mol dm .
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Figure 5. The mobility, u, of the metal-L complexes. A) u versus pH value. B) the
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versus pH value. Carrier buffer, [Phosphate] = 1 x 10~ mol dm™, [TBACI] =1 x 10
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Figure 6. Typical electropherogram of M*—FTC-ABEDTA complexes with/without
CyDTA in the carrier buffer. Sample, [L] = 5.0 x 10° mol dm>, [M*']= 1.0 x 10"’ mol
dm™ (M = Ca*", Mg™", A", Fe*', Cu®’, Zn*", Ni*", Co*", Mn*", Cd*", Pb*" and Hg*").
Carrier buffer, A) [phosphate-NaOH] = 4.0 x 10 mol dm™ (pH 12.0), [SDS] = 1.0 x
102 mol dm™; B) [Phosphate] = 1.0 x 10 mol dm™ (pH 12.7), [TBACI] = 1.0 x 107

mol dm >, [CyDTA] = 1.0 x 10~ mol dm.





