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ABSTRACT 

The general research objectives lie in the development of new approaches to 

improve chemical analysis in the area of bioanalytical chemistry. More specifically this 

thesis is focused on the development and application of new methodologies and 

instrumentation involving two potentially powerful techniques: 1) Chemiluminescence-a 

spectroscopic technique in which the generation of fluorescence from the electronically 

excited state of the molecule is provided by a chemical reaction and 2) Capillary 

electrophoresis-a separation technique in which small ions as well as large biomolecules 

can be separated with high efficiency within a narrow capillary under the influence of 

high voltage. 

In chapter 2 a chemiluminescence detection system was descibed for the 

sensitive and reproducible detection of three dansyl-amino acids separated on thin-layer 

chromatographic plates involving the peroxyoxalate chemiluminescence (CL) reaction. 

Synchronization of timing between chemical excitation (spraying of pre-mixed CL 

reagents onto the plate surface) and subsequent detection of the rapidly changing CL 

signal was accomplished by coupling a pneumatic nebulizer and an optical fiber to 

produce a steady stream of reactive aerosol and to transport the CL emission to the 

detector, respectively. Further study in this area was concentrated on the investigation 

of those parameters which may affect the analytical application of peroxyoxalate 

chemiluminescence to thin-layer chromatography using a stopped-scan, kinetic system. 

In chapter 3 the observation of light emission from bilirubin in an organic 

solvent as a result of the peroxyoxalate chemiluminescence reaction is reported for the 

first time. Analytical utilization of the present observation for the determination of 

bilirubin in biological materials was evaluated. The visible spectrum of bovine serum 

in the blue-green region was obtained using the present chemiluminescence method and 

11 



was briefly compared with those obtained from absorption and fluorescence methods. 

In chapter 4 four major bilirubin species in serum were separated by micellar 

electrokinetic chromatography (MEKC) with sodium dodecyl sulfate (SDS) in sodium 

tetraborate-boric acid buffer at pH 8.5. Due to the solubilization of the serum proteins 

by the SDS micelles, serum samples were injected directly into a fused silica capillary 

and complete separation of the four bilirubin species was accomplished within ca. l 0 

min. without extensive sample pretreatment. The usefulness of this method was 

demonstrated for the separation and detection of a number of bilirubin species present 

in pathological human serum samples. Bovine Serum Albumin (BSA) was used as a 

run buffer modifier in the MEKC separation of urinary porphyrins and type I and III 

isomers of coproporphyrin using bile salt micelles. The retention mechanism is 

described briefly. The results show that using BSA as a run buffer modifier in bile 

salt and SDS MEKC increases the scope of applications of MEKC to include both 

hydrophilic and hydrophobic compounds, improves separation efficiency, and increases 

sample solubilization via pH changes of the run buffer. 

In chapter 5 capillary zone electrophoresis was evaluated as a method for the 

speciation of aluminum in aqueous solution using indirect UV absorption detection. 

Excellent agreement between experimental and theoretical species concentrations (via 

the thermodynamic speciation model SOILCHEM) was obtained for solutions with 

varying ligand/aluminum mole ratios and pH values. 

In chapter 6 the feasibility of employing peroxyoxalate chemiluminescence (PO­

CL) detection in capillary electrophoresis (CE) was demonstrated using a two-step 

approach for the CE separation and dynamic elution (elution under pressure) of the 

analytes. In this approach, potential problems associated with incompatibilities between 

mixed aqueous-organic solvent and electrically driven separation systems were avoided 

by switching off the CE power supply at an appropriate time and connecting the CE 

capillary to a syringe pump to effect dynamic elution. Also, an improved whole 

111 



capillary scanning device was constructed which permitted the scanning of capillaries. 

This device allowed examination of electropherograms during the course of 

development, and also eliminated the need to handle the capillaries after separation. 

This design produced noise levels better than the earlier prototype on a separation of 

test proteins. 
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CHAPTER 1 INTRODUCTION 

I. Objectives 

The objectives of my research involve the understanding of the unique features 

of peroxyoxalate chemiluminescence, capillary electrophoresis and their combined 

application to solve significant proplems in bioanalytical chemistry. Analytical 

methodology and instrumentation development are an integral part of this thesis and 

summarized as follows: 

Investigation of the bioanalytical application of peroxyoxalate 

chemiluminescence for biological bilirubin determination. This work will study the 

solvent and base catalytic effects on the chemiluminescence emission of bilirubin. 

Comparison will be made with those of conventional fluorescence and visible absorption 

methods. 

- Instrumentation development for chemiluminescence monitoring. Thin-layer 

chromatography (TLC) is an area of great interest for using peroxyoxalate 

chemiluminescence detection. This work includes design and fabrication of 

chemiluminescence photometric instrument.. Extensive studies wi.11 concentrate on the 

kinetic effects of the peroxyoxalate chemiluminescence on solid surfaces and the 

optimum conditions for TLC measurements by chemiluminescence detection. 

- Improvement of the detectibility in capillary electrophoresis (CE). This work 

involves design and fabrication of a second generation whole column detection device 

for capillary isoelectric focusing. The feasibilty of coupling peroxyoxalate 

chemiluminescence to CE will also be investigated. 

- Improvement of the application c,f CE technique in the areas which are poorly 

addressed or insufficient by other separation methods. 1his work involves the use of 
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micellar electrokinetic chromatography for the separation of a biologically important 

class of molecules called tetrapyrroles in clinical samples and inorganic speciation of 

aluminum with indirect UV detection. 

-A short project in the area of graphite furnace atomization is also conducted in 

which a model system is used to investigate the gas-flow pattern. 

II. Peroxyoxalate Chemiluminescence 

Historical Aspect 

Chemiluminescence, the emission of light caused by a chemical reaction, is a 

phenomenon of great analytical importance with many potential applications. The last 

30 years have witnessed fast progress in the elucidation of the reactions and 

mechanisms underlying light production by non-biological chemiluminescence systems. 

Together with the advancement of highly sensitive instrumentation a variety of new 

analytical methods based on chemiluminescence reaction could be developed for 

sensitive and selective detection of biologically significant molecules for biomedical 

research and diagnosis. The first example of peroxyoxalate chemiluminescence was 

reported in 1963 by Chandross [1], who studied the reaction of oxalyl chloride with 

hydrogen peroxide in presence of fluorescent compound. In the late 1960's there were 

several reports on chemiluminescence from reactions of hydrogen peroxide with oxalyl 

chloride [2], oxalic anhydrides [3], oxalic esters [4,5], and oxalic amides [6] in 

presence of fluorescent organic compounds. These reactions were substantially more 

efficient than those previously reported classical non-biological chemiluminescence 
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including lophin (imidazole derivative), lucigenin (biacridinium salt) and luminol 

(phthalhydrazide derivative) and, since they appeared to constitute a general class of 

reactions involving peroxyoxalate intermediates, the term "peroxyoxalate 

chemiluminescence" has been used as a generic name. 

In luminescence, an external light source is used to raise a molecule to an 

excited electronic state and light is emitted when the molecule returns to the ground 

state. In chemiluminescence, the process is identical but the energy necessary for 

excitation is provided by a chemical reaction. The energy required for visible light 

emission (400 nm - 800 nm) is in the range 200 - 400 KJ/mol. 

An efficient chemical pathway leading to the excited state of the product 

molecule must be capable of emitting energy as light (direct chemiluminescence) or be 

able to transfer its energy to another molecule that has this potential(sensitized 

chemiluminescence). Peroxyoxalate chemiluminescence is sensitized chemiluminescence 

and decomposition of the 1,2-dioxetane (I) intermediate may provide the chemical 

energy required for excitation and sensitized chemiluminescence [7, 8], but the 

mechanism is still not known with certainty for oxalic esters [7-11]. Rauhut and co­

workers [3, 4] have first proposed that C2O4 (II) is the decomposable intermediate 

providing the transferrable excitation energy for the fluorophore, producing its excited 

singlet state and leading to the typical fluorescence emission process. The 

chemiluminescence efficiencies are in the range 1-23% for several substituted oxalate 

esters [5]. Lechtken and Turro [12] studied several fluorophores and concluded that 
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it was possible to generate electronically excited states with an energy of up to 430 

KJ/mol. They have also shown that chemiluminescence efficiency decreases steadily 

with increasing singlet excitation energy. 

II 
0 ----0 

( I ) ( I I ) 

Peroxyoxalate chemiluminescence is a general chemiluminescence system because 

energy is produced by the reaction of an oxalate derivative with hydrogen peroxide 

which can excite (and thus serve as a "source") various fluorescent compounds 

(fluorophores) such as polynuclear aromatics, tetrapyrroles, etc. The reaction with 

hydrogen peroxide in presence of a fluorophore is very selective and a linear 

chemiluminescence signal response range of three to four orders of magnitude is usually 
I 

obtained. The advantage of peroxyoxalate chemiluminescence over luminol 

chemiluminescence is that the analysis can be done at a wide range of pH. Methods 

for determination of fluorophores, on the other hand, can not be very selective due to 
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the peroxyoxalate chemiluminescence, which is capable of exciting any compound with 

fluorescence in the visible or infrared region of the spectrum, although there is a 

considerable variation in quantum yield [13]. 

The Measurement of Peroxyoxalate Chemiluminescence 

For the past decade, peroxyoxalate chemiluminescence has been widely used in 

conjunction with the separation technique when applying the peroxyoxalate 

chemiluminescence to fluorophore determination. The sensitivity of peroxyoxalate 

chemiluminescence detection system is often 10-100 times higher than that of 

fluorescence detection. In order to obtain a high sensitivity in a chromatographic 

system, the pre-mixed chemiluminescence reagents (oxalate and H20z) should be added 

into the column eluate just before the photomultiplier. Several oxalates have been 

investigated for their solubility in column LC solvents and stability in the presence of 

hydrogen peroxide and chemiluminescence intensity [ 14, 15]. Unfortunately, none of 

these oxalates combine all the required characteristics and often compromises have to 

be made. Usually, TCPO (bis(2, 4, 6-trichlorophenyl)oxalate) is used in the 

concentration range 1 - 10 mM because of its stability in the presence of hydrogen 

peroxide. DNPO (bis(2,/ 4-dinitrophenyl)oxalate) is more soluble in common LC 

solvents, such as acetonitrile and methanol, but has a limited applicability due to its 

very fast reaction kinetics. The concentration of hydrogen peroxide is usually higher 

than the oxalate concentration, typically 50 - 500 mM solutions are mixed with oxalate 
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solution. 

Finally, the advantage of chemiluminescence in comparison with fluorescence 

is that no light source is used, so excitation optics are superfluous. Emission light can 

be collected more efficiently because stray light is not present. A theoretical calculation 

by Seitz and Neary [16], based on the assumption that sensitivity of a 

chemiluminescence method depends only on the light detection, revealed that sub­

attomol detection limits could be achieved. The peroxyoxalate chemiluminescence can 

occur very rapidly (i.e., < 1 s), although the duration is influenced by the reaction 

conditions. Such a wide range presents a challenge to the development of 

instrumentation for chemiluminescence monitoring. 

Theoretical Aspect I 
In general, the efficiency ( </>ci) of a chemiluminescence reaction can be 

described by the following equation 

(1-1) 

where </,R is the number of molecules in the excited-state per number of molecules 

reacted and </,1 is the number of molecules emitting light per number of excited-state 

molecules (luminescence efficiency). This means that the emitted light can be used for 

the determination of low concentrations of one of the reactants (including catalysts) if 

the chemiluminescence efficiency is high enough. Another interesting possibility is that 
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an excited molecule transfers its energy to a so-called acceptor molecule with adequate 

luminescence efficiency. In this case the total chemiluminescence efficiency can be 

descibed by 

(1-2) 

where </,ET is the number of excited acceptor molecules per number of molecules 

directly excited by the reaction (donor molecules). This indirect (sensitized) 

chemiluminescence extends considerably the number of types of molecule that C'f be 

determined by chemiluminescence; the chemiluminescence efficiency is dependent on 

the reaction conditions. This is true not only for 'PR but also for 'PET and t/)1 . For 

example, it is well known that </,1 strongly depends on the solvents in which the 

luminescence process takes place. 

If chemiluminescence is measured in a dynamic system, i.e. for FIA (flow 

injection analysis) or HPLC detection, the kinetics of the reaction are also very 

important. For the peroxyoxalate chemiluminescence reaction, much more attention has 

been paid to the half-life of the reaction and its influence on the sensitivity of a 

detection system based on this reaction. It has been demonstrated that the half-life is 

dependent on the oxalate structure, the solvent composition, the pH, the water content, 

the catalyst concentration and the temperature [14,17-20]. 

The chemiluminescence decomposition of dioxetanes has been studied by several 

groups [21,22], and Schuster [23,24] introduced the chemically initiated electron 
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exchange luminescence (CIEEL) mechanism; the chemiluminescence step is the electron 

back-transfer from intermediate to fluorophore, resulting in its excited state. 
\ 

Peroxyoxalate chemiluminescence is also thought to follow a CIEEL-type mechanism, 

which means that there should be a good correlation between the oxidation potential of 

fluorophore and the chemiluminescence efficiency. This was confirmed by Catherall 

and his co-workers [25] who thoroughly investigated the kinetics and the mechanism 

of this chemiluminescence reaction. They found that the chemiluminescence intensity 

was strongly dependent on the electronegativity of the aryl group of the oxalate ester 

and that a common intermediate (the above mentioned 1, 2-dioxetanedione; C2O4) was 

highly unlikely. A key intermediate was proposed in which one of the aryl groups is 

still present. Alvarez and his co-workers [26] found a biphasic intensity-time profile 

for the reaction of hydrogen peroxide with TCPO in ethyl acetate catalysed by 

triethylamine. A multiple intermediate mechanism was proposed in which more light­

producing pathways are possible. However, the real nature of the exciting intermediate 

is a matter of debate and much research is still needed for better understanding of the 

peroxyoxalate chemiluminescence process. 

Problems in the Analytical Application of Peroxyoxalate Chemiluminescence 

A major limitation of coupling peroxyoxalate chemiluminescence with a flow 

system such as HPLC is the need for an organic solvent, considering solubility, stability 

and efficiency. It is suggested that the peroxyoxalate chemiluminescence reaction 
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mechanism probably involves nucleophilic attack of H2O2 on the oxalate carbonyl. This 

means that water or any other nucleophilic solvents can also attack the 

chemiluminescence reagents and consume it in non-radiative pathways (more detailed 

discussion in chapter 4). Water in the solvent system increases the rate of the 

decomposition and decreases the time to reach chemiluminescence maximum intensity 

(in emission-time profile). 

The reaction compatibility in thin-layer chromatography (TLC) is not such a 

problem since an aqueous phase can be easily removed after chromatography. Attempts 

were made to use peroxyoxalate chemiluminescence monitoring for TLC by 

successively spraying the plates with TCPO and because of their proven advantages of 

rapid and convenient sample processing [27]. Although chemiluminescence can be 

measured in this way, the experimental design and asynchronous light collection meant 

a considerable loss of potential sensitivity which would have greatly restricted the 

application of this technique had it been pursued. 
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m. Capillary Electrophoresis 

Historical Aspect 

In 1980's, capillary electrophoresis (CE) developed rapidly into a first-class 

analytical separation technique. Its advances in instrumentation and method 

development will not only enhance or complement existing mature separation techniques 

such as liquid chromatography and conventional gel electrophoresis, but also severely 

challenge these separation methods. In 1980, Mikkers [28] described both 

isotachophoresis and zone electrophoresis. He reported the separation of 16 organic 

acids by capillary zone electrophoresis in a PTFE capillary (200 µmi. d). The sample 

was applied to one end of the capillary and the components migrated to the far end 

under the influence of an applied potential, where the separated zones were detected by 

means of a conductivity and UV detector. The separations obtained by Mikkers were 

excellent, but the peak shapes were poor due to the limitations of the equipment, which 

had been designed for capillary isotachophoresis. The detector also had insufficient 

sensitivity, and thus required relative large sample loads. This leads to a potential drop 

across the separation zones, giving the asymmetrical peak shapes. Jorgenson and 

Lukacs [29] first introduced the glass capillary column to electrophoresis and 

demonstrated the high resolution capability of capillary zone electrophoresis in 1981. 

In contrast to Mikkers, Jorgenson and Lukacs explored electroosmotic flow in 

electrophoresis when the glass capillary column was used, and with the inherent 
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sensitivity of a fluores~nce detection system, symmetrical peaks were obtained. A 

simple theory describing the separation was also presented. 

Since the fused silica capillary became commercially available, one can deal 

with capillary tube and capillary electrophoresis with ease. Consequently, the CE 

research has made remarkable progress in the late 1980's. 

Another milestone in the early days of CE was the introduction of surfactant­

organized assemblies (micelles) as "pseudo-stationary phase" by Terabe and his co­

workers [30] in 1984. This is a new type of separation method in which electrophoresis 

and chromatography are combined and this CE mode was termed as "micellar 

electrokinetic capillary chromatography" (MEKC). MEKC uses the CE technique but 

its separation principle is the same as that of chromatography. MEKC permits the 

separation of electrically neutral or nonionic compounds by electrophoretic technique 

on the basis of the differential migration time and differential solute distribution of the 

micellar phase [31, 32]. Uncharged species could be separated by partition between the 

hydrocarbonaceous interior of the micelle and aqueous background electrolyte. It is 

even effective for the separation of ionic compounds [33]. Selectivity and peak shapes 

are improved without losing CE's high resolution capability. 

CE techniques have been applied to a wide variety of ionic types, and with the 

advent of MEKC, the area of application has been expanded to include uncharged 

compounds. Electrophoresis has been the separation technique used in biochemistry, 

but the visualization methods, which are time consuming, did not allow good 
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quantification of separated species. f e development of on-li~e detection in capillaries 

was started by Martin and Everaerts [34] in 1958 with isotachophoresis and continuing 

in the late 1970s and early 1980s with the development of instrumentational zone 

electrophoresis. It is now becoming a serious rival to the established gas and liquid 

chromatographic methods of separation. 

The Principles of Separation and CE instrumentation 

Up until now, the instrumentation in CE has been relatively similar to that used 

in LC (Figure 1). Simplely stated, in CE the electric field has replaced the pump in 

driving the separation process. 

In free solution electrophoresis, a narrow band of sample is surrounded by a 

buffer in the electric field, individual ions move at different speeds towards the cathode 

or anode, neutrals do not move at all, provided that there is no electroosmotic flow. 

With untreated capillaries, since the velocity of electroosmotic flow easily dominates 

electrophoretic mobilities, there results an interesting separation mode of CE: anions 

and cations as well as neutrals will finally pass the detecting point. Their movement 

in different directions is over-compensated by electroosmosis and neutrals move exactly 

with the speed of electroosmosis (Figure 2). 

MEKC is an interesting separation principle which allows even neutrals to be 

separated. Free solution electrophoresis (FSE) in combination with electroosmosis 

(EEO) is usually performed. In addition to FSE, the buffer contains micelles formed 
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by the ionic detergent in a 'cpncentration above the CMC (critical micelle 

concentration). If micelles are formed by an anionic detergent, the outer negative 

charges are in neutral to alkaline medium. Therefore these micelles move towards the 

anode, but EEO more than compensates for this movement and finally they move 

towards the cathode with reduced speed in comparison to cations and neutrals (Figure 

3). Every analyte interacting with these micelles is thus separated from those analytes 

which do not interact. 

Theoretical Aspect 

In zone electrophoresis, the velocity of migration of a charged species ( tJJ is 

proportional to the electrophoretic mobility (µJ and the potential field strength (E) 

V = µ E µ V e e = e L (2-1) 

where V is the applied voltage and L is the length of capillary between two reservoirs. 

The electrophoretic mobility depends on the charge density of solute and thus, the 

overall valence and size, as well as the viscosity (77) and dielectric constant (E) of the 

medium. The mobility also varies strongly with temperature, approximately 2 % per 

degree [35]. The time (t) necessary to migrate the distance (1) between the injection 

and detection points can be determined from the velocity in Eqn.(2-1) as 

1 t = = 
V 

= (2-2) 
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It should be emphasized that 1 andt are usually not the same value. 

A fundamental process in CE and MEKC is electroosmosis. This bulk 

movement of solvent is caused by small zeta (.0 potential at the silica-water interface, 

which induces the adsorption of a minute excess of anionic species in the static diffuse 

double-layer [36] 

(2-3) 

where µco is the coefficient of electroosmotic flow. The electroosmotic flow creates an 

apparent mobility which can be directly determined from Eqn (2-1) by measuring the 

velocity of an uncharged species. The apparent mobility ( µa ) of the solute now 

becomes 

(2-4) 

or 

v« = veo-ve (2-5) 

where the apparent velocity ( t?~ can be calculated from the effective column length (I) 

and migration time (tiJ 

v« = 1 (2-6) 
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and the electroosmotic velocity (t?eJ is defined as follows [37] 

V = (__!{_)E 
eo 4 1tT] 

(2-7) 

The separation efficiency in CE for the case in which the only__source of band 

broadening is diffusion [38] is given by the following equation 

N = µ"El 
2D 

(2-8) 

where D is the diffusion coefficiency and can be calculated by the Stokes-Einstein 

equation [39] 

D = RT 
61tf1Na 

( 2-9) 

where N is the Avogadro's constant and a is the radius of spherical particles. 

The Joule heating is the major problem in electrophoresis. The temperature 

difference (..::lT) from the center to the wall (parabolic temperature profile) can be 

expressed as [ 40] 

fl. T - E 2 'ACr 2 
C 

(2-10) 

where C is the concentration of the electrolyte, A is the the molar conductivity of the 

solution and re is the tube diameter. This relationship shows clearly that the higher the 

field, the narrower the tube diameter must be. Typically the diameter of 25 - 100 µm 

capillaries are employed in order to minimize Joule heating. 
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With respect to resolution (RJ, we can writ~at [ 41] 

(2-11} 

where fl.µe is the difference in electrophoretic mobility between two solutes and µe' is 

the mean mobility of those species. In MECC, migration time (fil), the capacity factor 

K' of the solute, can be calculated by following equation [33, 42] 

where the K' is given by 

or 

k" = V 9 * (s) - v 9 (s) 
v e (me) - v e * ( s) 

(2-12} 

(2-13} 

(2-14) 

where, the symbol of each migration time is given in Figure 3 and, tJe(s), t?e *(s) are 

the electrophoretic velocity of the solute in aqueous buffer solution or micellar phase 

and t?e(mc) is the electrophoretic velocity of the micelles. The Eqn. (2-13) and (2-14) 

are applicable for the neutrals and the ionized solute (more detailed discussion m 

chapter 4). Thus, the resolution in MECC is given by [31] 
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1 

N 2 cx-1 R = 
s 4 (X 

(2-15) 

where ex is the separation factor given by k2' /k1' (k:2' > k1 '). The difference between 

MECC and conventional HPLC is accounted for by the last term of the equation. As 

lmc becomes infinite, the last term is equal to unity and the resultant equation becomes 

identical to that of conventional HPLC. 

In conclusion, an advantage of CE (including MEKC) over conventional HPLC 

for separation is its high column efficiency. We can easily obtain ca. 250,000 plate 

numbers in a relative short time, similar efficiency can be also obtained with capillary 

LC, but it requires much longer analysis time. Fast and efficient separations in CE or 

MEKC are due to the following factors: 

(i) flat velocity profiles of electroosmotic flow and electrophoretic migration 

(ii) fast partition kinetics in micellar solubilization 

(iii) minimal thermal effect by efficient heat dissipation of the small diameter of 

the fused silica capillary column 

However, even though capillary electrophoresis provides attractive advantages 

over HPLC or slab gel electrophoresis in the area of separation technique, it should be 

noted that CE is not a tool to replace HPLC or slab gel electrophoresis. Each method 

has its own advantages and disadvantages, the proper perspective is to consider adding 

CE rather than replacing current methodology. 

17 



I 

Problems in Capillary Electrophoresis 

As mentioned above, although CE has attractive advantages over HPLC and slab 

gel electrophoresis in the area of separation technique, further improvements of CE are 

necessary. In general, UV detection, using a miniaturized HPLC cell, is the most 

widely applied procedure for detection in CE. Unfortunately, although mass detection 

with CE is quite low, sample concentrations for CE are generally in the range of 10-5 -

10-6 M, several orders of magnitude less than those used in HPLC. Therefore, much 

research is needed to improve the detectibility in CE. 

The heat of any chromatographic or electrophoretic system is the column. In 

CE, column failure may arise from the gradual accumulation of particulate material 

such as "sticky" proteins or other macromolecules. The capillary used in CE thus 

needs more attention and improvement. Basically, a hydrophilic, non-ionizable, non­

charged and pH 1 - 14 stable coating is required. At the present time commercially 

available polyacrylamide coating does not fulfill all the requirements. Another 

alternative is buffer modification which is a very important technique in the separation 

of compounds by CE. Additives that interact with an analyte component are very 

useful in altering the electrophoretic mobility of that component, but basic 

understanding of the separation chemistry has to be extended. 
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Figure 1. Schematic diagram of CE instrumentation: (1) high-voltage power supply, (2) 

capillary, (3) detector, (4) ammeter, (5) buffer reservoirs and (6) platinum electrodes. 
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CE separation mechanism: (a) free zone electrophoresis on a coated 

capillary; (b) on an uncoated capillary in combination with electroosmosis. 
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Figure 3 The separation principle of MEKC: (a) micellar EKC: (b) zone 

separation in a capillary and (c) a chromatogram of a hypothetical mixture of water, 

solute and micelle. 
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CHAPTER 2. PEROXYOXALATE CHEMILUMINESCENCE FOR THIN-LAYER 

CHROMATOGRAPHY 

l. The Design of A Chemiluminescence Detection System 

INTRODUCTION 

The peroxyoxalate chemiluminescence (CL) reaction involving the oxidation of 

oxalate derivatives, typically bis(2,4,6-trichlorophenyl)oxalate (TCPO) or bis(2,4-

dinitrophenyl)oxalate (DNPO), in the presence of a sensitizer is among the most 

efficient nonenzymatic reactions known and has been extensively investigated for _the 

post column detection of various fluorophores or compounds derivatized with 

fluorescent labels in high-performance liquid chromatography (HPLC). For example, 

peroxyoxalate CL detection in HPLC has been demonstrated to be highly sensitive and 

selective for the determination of catecholamines [Al], secondary and tertiary amines 

[A2, A3], polycyclic aromatic amines and hydrocarbons [A4, AS], steroids [A6] and 

carboxylic acids [A 7]. In addition, HPLC determination of compounds such as choline 

and acetylcholine using an immobilized enzyme reactor followed by peroxyoxalate CL 

detection has also been reported [A8]. Recently, a number of dansyl amino acids have 

been used as a model system for the optimization of CL detection in HPLC based on 

the oxidation of TCPO or DNPO and the average detection limit and relative standard 
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deviation on reproducibility were found to 'be about 200 fmol (0. 07 ng) and 4 % , 

respectively [A9]. In contrast, very little work has been reported on the use of CL 

detection methods for the determination of analytes after separation by thin-layer 

chromatography (TLC). The reason for this is perhaps in large part related to 

experimental difficulties encountered in the synchronization of timing between 

introduction of the CL reagents onto the TLC plates and detection of the rapidly 

decaying CL emission generated from the analytes adsorbed on the plate surface. This 

particular timing problem, however, can be overcome with relative ease in HPLC since 

all experimental parameters can be controlled with good accuracy [A9] . 

The use of CL detection in TLC was first demonstrated by Curtis and Seitz 

involving the measurement of various dansyl amino acids by successively spraying the 

plate with TCPO and H20 2 solutions and subsequently collecting the CL emission with 

an optical fiber-based detection system [AIO]. Although in general this CL detection 

method was shown to be comparable to conventional fluorescence detection, it was 

found that the CL intensity changed rapidly with time under optimized conditions, 

leading to loss in sensitivity during a complete scan of the TLC plate. To minimize this 

problem, CL detection was coupled with a vidicon rapid scanning spectrometer since 

this detection system is capable of simultaneously measuring CL emission from all areas 

of the plate, thus reducing errors associated with the measurements of the rapidly 

changing CL signal [ 11]. However, this modification introduced complexity and cost 

to the CL instrumentation, making it difficult, for example, in the application of CL 
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detection methods for analyses in routine clinical laboratories. 

In this study a novel experimental set-up involving the use of a pneumatic 

nebulizer to provide relatively uniform and reproducible spraying of the pre-mixed 

peroxyoxalate CL reagents (TCPO and H2Oz) onto the TLC plates and its coupling with 

an optical fiber to synchronize the timing between chemical excitation and measurement 

of CL emission is reported. Experimental parameters such as nebulization conditions, 

positioning and size of the optical fiber, microenvironment of the sample spot, scan 

speed and particle size of the TLC plate were optimized to achieve sensitive and 

reproducible detection of three dansyl amino acids. 

EXPERIMENTAL SECTION 

Apparotus. Figure 2-1-1 shows a diagram of the experimental set-up. A commercially 

available TLC scanner (CAMAG) was modified to serve as a precision two-dimensional 

stage for scanning the TLC plate in the x-y directions. Situated at a fixed position 

directly above the translational stage was a pneumatic nebulizer mounted in series with 

an optical fiber along the x-direction using an aluminum plate (dimension: 1.5 x 6 

cm2), which was designed to allow for adjustment of distance between the nebulizer and 

optical fiber and of their respective heights from the TLC plate. Pneumatic 

nebulization provides a means by which a steady flow of reactive aerosol is sprayed 

onto the sample spots that are traveling directly beneath the nebulizer along the x­

direction; the optical fiber allows for CL emission generated from the sample spots to 

be rapidly and reproducibly transported to the detection system in synchronization with 
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chemical excitation. A concentric pneumatic nebulizer obtained from an atomic 

absorption spectrophotometer (Model 82-810, Jarrell Ash) was used for the generation 

of aerosol. As shown in Figure 1, appropriate concentrations of TCPO and H20 2 

solutions were placed in separate containers and the solutions were forced to move 

towards the direction of the nebulizer under the influence of pressurized argon gas. A 

gas flow controller obtained from a gas chromatograph (Model 376000, Varian) and a 

fine metering valve (Part No. 180502, PGC Scientifics) were placed between the gas 

flow controller and the CL reagent containers to allow for fine adjustment of the liquid 

flow rates of TCPO and H20 2. These two CL reagents were mixed within a stainless 

steel tee (1/16" Swagelok) and this premixed solution was then delivered to the 

nebulizer via a 50-cm long x 75-µm inner diameter fused silica capillary (Cat. No. Tsy-

075375, Polymicro Tech.) . After the premixed solution entered the nebulizer, an argon 

gas stream (nebulizing gas) with flow rate controlled by another gas-flow controller 

interacted with the liquid stream of premixed CL solutions, resulting in the formation 

of aerosol which was sprayed onto the TLC plate. It should be noted that one or more 

reactive intermediates may be formed due to reaction of TCPO with H20 2 [Al2]. 

Two types of optical fibers were evaluated for the transport of CL emission to 

the detection system: an optical fiber bundle, 61-cm long x 1.6-mm diameter with a 

numerical aperture of 0.55 and an acceptance angle of 68° (Part No. 77520, Oriel), and 

a single optical fiber, 50-cm long x 0.4-mm diameter with a numerical aperture of 0.22 

and an acceptance angle of 47.2° (Superguide G, Fiberguide). One end of the optical 
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fiber was placed adjacent to the nebulizer as shown in Figure 1 and the other end was 

interfaced to the detection system. The CL emission was isolated by a 10-nm bandpass 

filter centered at 520 nm (Corion) and was then detected by a photomultiplier tube 

(Model 9558B, EMI) operated at a voltage between 700 to 800 V. The photocurrent 

was fed to a picoammeter (Model 7080, Oriel) and the signal was recorded on an 

integrator (Chromjet, Spectra-Physics). 

Optimiz,ati,on of Detection Sensitivity. A TLC plate was sprayed successively with a 

diluted dye solution of rhodamine B to completely wet the plate surface. The dye 

molecules adsorbed on the silica gel surface were then excited chemically using the 

aerosol aspirated from the nebulizer to determine the optimum flow rates for the CL 

reagent solutions and the nebulizing argon gas stream by adjusting the corresponding 

gas flow controllers and/or fine metering valve and monitoring the characteristics of the 

CL emission. It was found that at a pressure reading of 20 psi (flow rate: 6 L/min) and 

3 psi (flow rate: 0.03 ml/min) for the nebulizing argon gas and CL reagent solution 

flows, respectively, the aerosol aspirated from the nebulizer appeared to produce a 

relatively strong and steady electronic signal. This CL emission can also be observed 

visually from the plate surface as very well-defined luminescence zones. Using this set 

of optimized flow conditions, the optimum distance between the nebulizer and optical 

fiber and their respective heights from the plate surface which give the highest CL 

intensity while maintaining good chromatographic resolution were also briefly 

investigated. , It was found that for the CL detection of three dansyl amino acids 
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separated on HPTLC plates, vide infra, the optimum distances between these 

experimental components were as follows: nebulizer and optical fiber = 8 mm; optical 

fiber and plate surface = 4 mm; tip of nebulizer and plate surface = 5 mm 

(corresponding to 15 mm from the aerosol exit orifice). 

Procedures. Development was carried out in either an acid solvent system of 

chloroform-ethyl acetate-methanol-acetic acid (9: 15:4.5:0.2) or a basic solvent system 

of methyl acetate-2 propanol-aqueous ammonia (9:7:2). The plates were air dried for 

a few minutes at room temperature after development. If added, CL enhancers, i.e., 

various organic solvents, were pre-sprayed onto the sample spots using a compressed 

gas sprayer (Cat. No. 14654, Alltech) prior to CL measurements. A hand-held uv lamp 

was used to generate visible fluorescence from the sample spots to aid in the alignment 

of the sample spots separated on the plate along the x-direction with respect to the 

position of the nebulizer and optical fiber. Afterward, the plate was sprayed with the 

aerosol while scanned along the x-direction at an optimum scan speed of 2 mm/s. 

Chemicals and Materials. TCPO was prepared by the procedure described by Mohan 

and Turro [Al3]. Dansyl-glycine, dansyl-L-arginine and dansyl-L-leucine were 

purchased from Sigma. Hydrogen peroxide (30%) and all other chemicals were 

obtained from Aldrich. The dansyl amino acids were dissolved in 20% 0.4 M Li2CO3-

HCL buffer of acetonitrile and kept at below 00 C. Stock solutions of TCPO and H2O2 

with concentrations of 3, - 5 mmol/L in ethylacetate and 0.88 - 1.2 M/L in acetonitrile, 

respectively, were used. Separations were performed on either conventional silica gel 
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TLC plates (Whatman LK6) or 5-µm silica gel HPTLC plates (Whatman LHP-K) which 

were purchased from Alltech. 

RESULTS AND DISCUSSION 

Figure 2-l-2(a) shows a CL emission intensity-time profile of dansyl-glycine 

spotted on a HPTLC plate. It can be seen that the CL intensity reached its maximum 

within - 5 s after the sample spot has been sprayed with the aerosol, followed by a rapid 

decay of the CL signal. This observation is consistent with those obtained by Curtis 

and Seitz who investigated the effects of TCPO and H2O2 concentrations on the CL 

intensity of dansyl-glycine adsorbed on silica gel TLC surfaces and found that at high 

peroxide concentrations, i.e., 0.8 to 1.2 M, the CL intensity was the highest but 

lifetime was very short, and the converse was true for low peroxide concentrations 

[AlO]. However, variation in TCPO concentration in the range above 10-3 M appeared 

to have little effect on the CL intensity-time behavior. 

Using the present experimental set-up, rapid and reproducible measurements of 

the CL emission at the peak maximum region as shown in Figure 2-1-2(a) is possible, 

thus allowing for significant enhancement in sensitivity and precision for the 

quantitation of analytes using the peroxyoxalate CL reaction in TLC. At a distance of 

8 mm between the nebulizer and optical fiber, a scan speed of 2 mm/ s was found to 

produce the best sensitivity while maintaining good resolution for the detection of three 

dansyl amino acids separated on a HPTLC plate using an acid solvent system as shown 

in Figure 2-l-3(a) . At this scan speed, each sample spot travels past the light collection 
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zone of the optical fiber at - 4 s after it has been sprayed with the aerosol, which 

happens to fall within the time period at which the peak maximum of CL emission 

occurs as shown in Figure 2-l-2(a). The average limit of detection (LOD) based on a 

signal-to-noise ratio (S/N) of 3 for the three dansyl amino acids was found to be - 0.45 

ng, which is about an order of magnitude lower than that reported by Curtis and Seitz 

(LOD for dansyl-glycine - 7 ng) using their optical fiber based detection system [AlO]. 

Relative standard deviation (n = 6) for dansyl-glycine (3.1 ng per spot) was found to 

be - 6 % , which could arise from inconsistency in the manual spotting of small volume 

(0.10 to 0.50 µL) of samples onto the HPTLC plates using a 1-µL syringe and/or 

variations related to chemical excitation, e.g., CL efficiency. Calibration plots of 

dansyl-glycine indicated linear response from LODs up to 0.1 µg (r = 0.995). Figure 

2-1-3(b) shows a HPTLC chromatogram of the three dansyl amino acids obtained under 

the same experimental conditions as in Figure 2-l-3(a) except using a basic solvent 

system for development. It can be seen that significant peak overlap occurs between 

dansyl-glycine and dansyl-L-arginine. To minimize the extent of this overlap, higher 

resolution was obtained by employing an optical fiber with significantly smaller core 

diameter as the light guide while keeping other experimental conditions the same. 

Figures 2-l-4(a) and (b) compare the resolution and sensitivity of the two dansyl amino 

acids separated on the same HPTLC plate using an optical fiber bundle and a single 

optical fiber, respectively. It is clear that significant enhancement in resolution was 

achieved by employing the optical fiber with smaller core diameter but this gain in 

29 



resolution was accompanied by a loss in sensitivity. 

It has been demonstrated that luminescence intensity of certain amino acid 

derivatives generated by conventional TLC fluorescence detection methods can be 

enhanced by - 100 fold after the plate has been sprayed with a viscous and non-volatile 

organic solvent system containing liquid paraffin or Triton X-100 [Al4]. Thus, it 

seems that further gain in sensitivity for the CL detection of dansyl amino acids 

separated on TLC plates may be achieved by exploiting the capabilities of the present 

experimental set-up to detect CL signals enhanced by pre-spraying the sample spots 

with organic solvent systems having appropriate physical properties. Interestingly, 

Figures 2-l-2(a) and (b) indicate that the CL intensity of dansyl-glycine was slightly 

higher when the sample spot has been pre-sprayed with ethyl acetate; however, when 

compared to Figure 2-1-2(c) which shows the effect of pre-spraying dioxane onto the 

sample spot, enhancement in CL intensity is even higher. This observation was 

surprising since it is well known that CL intensity is greatest in ester and ether solvents. 

A similar observation has also been reported by Curtis and Seitz, who suggested that 

when compared to ethyl acetate, the stronger interaction of dioxane with the TLC plate 

may play an important role in providing greater CL intensity for the dansyl amino acids 

[AlO]. Perhaps more interestingly, Figures 2-1-2(d) and (e) show that a CL intensity­

time profile of dansyl-glycine changed significantly, i.e., increased in peak intensity and 

lifetime, after the sample spots were pre-sprayed with two different viscous and non­

volatile organic solvent systems. 
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To evaluate the gain in detectability of dansyl-glycine after treatment with the 

viscous and non-volatile organic solvent systems, Figures 2-l-5(a-c) show the relative 

CL intensity of three equal amounts of dansyl-glycine samples eluted simultaneously on 

the same HPTLC plate and detected with the present experimental system at identical 

~ values. It can be seen that the Triton X-100:chloroform and liquid 

paraffin:chloroform solvent systems enhanced the CL intensity - 5- and 7-fold, 

respectively, which yield a corresponding average LODs (SIN = 3) of about 0.10 ng 

and 0.08 ng, respectively. The average relative standard deviation (n=6) on 

reproducibility using both solvent systems was - 4 % (3.1 ng per spot). Lastly, the 

detectability of dansyl amino acids separated on HPTLC plates as compared to 

conventional TLC plates were also briefly investigated. It was found that without the 

influence of any organic enhancers, the average LOD (SIN = 3) obtained for the CL 

detection of the three dansyl amino acids separated on TLC plates was - 0.80 ng, which 

is only slightly higher than that found on HPTLC plates (- 0.45 ng). 

CONCLUSION 

More detailed studies are necessary for the further optimization of various 

experimental parameters to achieve better analytical figures of merit. To this end, a 

better understanding of the fundamental processes involved in the chemical excitation 

of analytes adsorbed on the plate surface and of the physico-chemical basis for the 

increase in CL observed when using plates treated with a viscous and non-volatile 
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solvent is essential; of particular interest would be a comparison study of CL intensity­

time behavior of analyte and background signals generated from the plate surface since 

the kinetics of these signals have been shown to be different when performing CL 

detection in HPLC, which leads to significant improvement of detection limits of the 

analytes [Al5]. 
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Figure 2-1-1: Experimental set-up used for the CL detection of dansyl amino acids 

separated on HPTLC or TLC plates. 
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Figure 2-1-2: CL intensity-time curves of five sample spots of equal amounts of dansyl­

glycine (3. lng per spot) separated on the same HPTLC plate using the acid solvent 

system. The spots were detected (a) without pre-spraying with any organic solvent and 

after pre-spraying with (b) ethylacetate, (c) dioxane, (d) Triton X-100/chloroform 

mixture (1:4 v/v), and (e) liquid paraffin/chloroform mixture (3:2 v/v). TCPO and 

H2O2 concentrations were 3 mM and 0.88 M, respectively. 
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Figure 2-1-3: HPTLC chromatograms of three dansyl amino acids (Arg = 4.9 ng of 

dansyl-L- arginine, Gly = 4.3 ng of dansyl-glycine and Leu = 3.8 ng ofdansyl-L­

leucine) developed in (a) the acid solvent system and (b) the basic solvent system. 

TCPO and H2O2 concentrations were 3 mM and 0.88 M, respectively. 
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Figure 2-1-4: HPTLC chromatograms of two dansyl amino acids (Arg = 4.9 ng of 

dansyl-L-arginine and Gly = 4.3 ng of dansyl-glycine) developed in the basic solvent 

system and detected using (a) an optical fiber bundle and (b) a single optical fiber. 

TCPO and H2O2 concentrations were 3 mM and 0.88 M, respectively. 
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Figure 2-1-5: Relative CL intensity of three sample spots of equal amounts of dansyl­

glycine (3.1 ng per spot) separated on the same HPTLC plate using the acid solvent 

system. The spots were detected (a) without pre-spraying with any organic solvent and 

after pre-spraying with (b) Triton X-100/chloroform mixture (1:4 v/v), and (c) liquid 

paraffin/chloroform (3:2 v/v). TCPO and H2O2 concentrations were 5 mM and 1.2 

M, respectively. 
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II. Detennination of the Parameters Affecting the Application of Peroxyoxalate 

Chemiluminescence to Thin-La,yer Chromatography 

INTRODUCTION 

The use of peroxyoxalate chemiluminescence (PO-CL) detection has been shown to 

be a promising technique for both HPLC (high-performance liquid chromatography) and 

TLC (thin-layer chromatography) [Bl]. The major advantages of the PO-CL method 

in TLC over HPLC are instrumental simplicity, minimal solubility problems and low 

cost of TLC. The intensity of CL emission (Ic1) is generally observed to increase 

initially and later decrease with time as reactants are consumed. This can be described 

by the equation: 

Ic1 (photons/ s) =<Pc1 ( 1 p~otons t d) ddct (molecules reacted/ s) 
mo ecu es reac e 

where ~ cl is the CL efficiency of production of excited states (probability of excited­

state molecules) times the emission efficiency (number photons emitted per number of 

excited-state molecules), dc/dt is the rate of the chemical reaction; the number of 

molecules reaction per unit of time. Because the emission intensity is determined by 

the rate of the chemical reaction, measurement of emission intensity can be used as the 

basis of quantitation for any species whose concentration determines the rate of the 

chemical reaction. 
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In recent years considerable efforts have been made in the areas of kinetic study and 

optimization of the PO-CL reaction for the analytical applications [B2-B5]. Most of 

these studies dealt with solution phase-CL. The PO-CL has not been an acceptable 

technique for TLC until recently [Bl]. In this work we have adapted some of those 

procedures which have been sucessfully used in solution phase-CL studies [B4, B5] for 

the CL reaction on solid surfaces. Although the information on the mechanism of CL 

reaction is absent, the factors which may affect the chemiluminescence efficiency in a 

gas stream or on a solid surface can be used to optimize the conditions for the PO-Cl 

detection. In this paper, the effects on the CL background emission and the influence 

of CL production on various substrate surfaces, catalyst and enhancers are measured 

with a stopped-scan, kinetic system. From data on both CL intensity and lifetime, 

some important insights into surface effects and enhancer selection for CL-TLC may 

be gained. Other potentially important experimental variables such as flow rate and the 

influence of fluorophors on CL efficiency are also investigated. 

EXPERIMENTAL 

Apparatus 

The CL spectrodensitometer has been previously described in detail (1). A change 

was made by using a Sage syringe pump (model 341, Orion) instead of the gas pressure 

system to deliver the CL reagents. The syringe pump provides a simple and precise 

control of the flow rates of CL reagents. An aluminum box (8 x 5 x 6 cm) was 
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installed to isolate air from the measurement region of the densitometer (Figure 2-2-1). 

Materials and Reagents 

Pure standards of meso-, copro-, pen ta-, hexa-, hepta- and uro-porphyrin were 

purchased from Porphyrin Products (Logan, UT). High purity bis (2, 4, 6 -

trichlorophenyl)oxalate (TCPO) was purchased from Fluka (Ronkonkoma, NY) and 

recrystallized in benzene. Hydrogen peroxide (30%) was purchased from Fisher. 

Dansyl-glycine, dansyl-L-arginine, dansyl-L-leucine and perylene were purchased from 

Sigma. All other reagents were of analytical grade from Fisher and Aldrich. The 

dansyl amino acids were dissolved in a 20% 0.4 M Li2COrHCL buffer of acetonitrile. 

The porphyrin standards were dissolved in a small amount of 1 M NaOH and were t})en 

diluted with a 20 % 0.05 M phosphate buffer (pH=7.0) in acetonitrile. Both standard 

solutions were kept at below 0°C. Stock solutions of TCPO and H20 2 with 

concentrations of 0.05 - 5 mmol/L in ethyl acetate and 0.01 - 0.8 M/L in acetonitrile 

were used, respectively. The Cl measurements were performed on 250 µm silica gel 

HPTLC plates (Whatman, LHP-K), 250 µm reversed phase C-18 HPLC plates (Alltech, 

Unibond), 250 µm alumina TLC plates (EM, 60 G, neutral) and 200 µm 

chromatography papers (Whatman) which were purchased from Alltech and Fisher. 

Methods 

Kinetic study of Chemiluminescence Emission: 10 µl TCPO was applied on the thin­

layers, all data were measured on silica gel HPTLC plates except where otherwise 
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specified. The H2O2 was sprayed onto the plates through a nebulizer of the CL 

densitometer for 4 seconds (- 10 µlat a flow rate of 150 µI/min). TCPO was stable 

on the thin-layer in the dark for about 10 minutes, approximately a loss of 10% was 

found after 20 minutes. If needed, a purge gas of argon was set at a flow rate of 100 

ml/min. Imidazole (50 mM) was prepared in 30% 0.05 mM phosphate buffer in 

acetonitrile. Appropriate amounts of imidazole were added to the H2O2 solution and 

the water component was adjusted ca. 5 % of the H2O2 solution (v/v) with the phosphate 

buffer. Fumed silica (0.014 µm) was suspended in acetonitrile (5 % , w/v), 1 ml of the 

suspension was mixed with an appropriate amount of perylene or directly applied to the 

chromatography paper. 

Quantitative chemiluminescence measurements: CL emission from sample spots was 

isolated using an optical fiber bundle (1.6 x 610 mm, Oriel) and a 10 nm bandpass 

filter (Cori.on) centered at 520 nm for the dansyl amino acids and 620 nm for the 

porphyrins. The output signal was recorded on an integrator (Chromajet, Spectra­

Physics). 

Esterification of porphyrins: Briefly, the porphyrin standards were converted into their 

methyl esters by direct treatment with 5 % sulphuric acid in methanol and extracted with 

chloroform. The extracts were washed with 10% NaHCO3 and distilled water before 

evaporating to dryness under reduced pressure [B6]. 

Standard Solution: Individual standards were diluted with 20% 0.05 M phosphate 

buffer of acetonitrile. Typically 0.5 µl of standard solutions were applied to the origin 
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on the plates. For comparison purposes, the same sample volumes with different 

concentrations of each standard were applied. 

Development of the chromatograms: Development was carried out in an ethanol­

dioxane (1:1, v/v) solvent system for the porphyrins, and a chloroform-ethyl acetate­

methanol (9: 15:4.5) system for the amino acids. The plates were dried in an argon 

stream for a few minutes at room temperature. If added, CL enhancers were pre­

sprayed onto the sample spots using a compressed gas sprayer (Cat. No. 14654, 

Alltech) prior to CL measurements. A hand-held UV lamp was used to generate visible 

fluorescence from the sample spots to aid in the alignment of the sample spots separated 

on the plate along the x-direction with respect to the position of the nebulizer and 

optical fiber. Afterward, the plate was sprayed with the aerosol while scanned along 

the x-direction at an optimum scan speed of 2 mm/s. Typically 3 mM TCPO and 0.1 

M H20 2 were used with a 6 L/min of nebulization gas flow rate. 

RESULTS AND DISCUSSION 

On occasion, it will be observed that the PO-CL response for a substance in TLC 

will be less than expected from measurements made in solution. Two phenomena, CL 

quenching and catalytic degration of the CL reagents or the fluorphors, may be 

responsible for this. The first is largely physical and generally reversible. The most 

common CL quenching agent is oxygen. Fortunately it is generally small and can be 

masked by displacing air with an inert gas in the measurement region of the 

densitomenter. A similar method for fluorescence detection is described in the 
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literature [B7]. The extent of CL quenching often depends on the sorbent medium and 

it is frequently more severe for silica gel than for bonded-phase sorbents due to the fact 

that the relative non-polar PO-CL solvents have a poor permeation to the relatively 

polar silica layer [B8]. Figure 2-2-2 shows the intensity-time profiles of the PO-CL on 

varying surface materials. The mechanism of quenching is not known with certainty, 

but it is generally assumed that adsorption onto silica gel provides additional non­

radiative pathways for dissipation of the excition energy. Figure 2-2-3 shows a change 

in the CL intensity-time profile when perylene was mixed with fumed silica as 

compared to where the fluorophor was on top of the silica-layer. The CL signal was 

significantly diminished when the fluorophore was covered with the silica- layer due to 

the energy loss to the silica sorbents. Similarly, the maximum CL emission was 

significantly different before and after developing sample spots (Figure 2-2-4) on silica 

gel plates. Thus the reactive aerosol may only reach a very finite depth in the plates, 

the most efficient CL reaction should happen on the surface. Inorganic and organic 

catalytic oxidatants are the most common chemical substrates which can cause an 

unstable CL response or less efficient CL processes since trace impurities can not be 

avoided during the preparation of TLC plates. Catalytic substances may decrease the 

time to reach maximum intensity (in the emission vs. time profile) and can also attack 

the CL reagent and consume it in non-CL side reactions. Tables 2-1 and 2-2 show the 

concentration dependance of the CL reagents on lifetime of the CL background 

emission. Although it is difficult to compare the kinetic effects of the CL reaction on 
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a solid surface with the CL reaction in solution, the rate of the chemical reaction was 

much faster in the presence of imidazole (Table 2-3). The life time of the PO-CL 

reaction may be shorter than it is in solution due to the quick evaporation of organic 

solvents from the TLC plates [BS]. The silica sorbents may also degrade the 

intermediate of the PO-CL reaction. This may be the case that in the presence of 

oxygen, the lifetime of a volatile intermediate [B9] which formed in the gas stream may 

be shorter. Therefore the maximum CL enhancement of imidazole by the catalytic 

effect in solution phase does not apply to a semi-solution phase reaction on solid surface 

due to a very short intermediate life time. Table 2-4 shows that the maximum CL 

intensity was increased in an argon atmosphere, the half-life time was decreased since 

the argon may speed up the evaporation of the solvents. The half-life time remained 

almost the same when spraying the plates with a non-volatile solvent, i.e., paraffin or 

triton X-100. 

In our earlier work [Bl], viscous liquids were employed to enhance the CL signal. 

Viscous liquid may provide a microenvironment which improves the PO-CL efficiency 

by reducing the effects of quenching agents such as oxygen or the rate of solvent 

evaporating from the surfaces. In favorable cases, application of the enhancers can 

increase the signal response as much as 2 to 10 fold (Table 2-5). The maximum CL 

intensity was decreased as the percent component of triton X-100 increased (Table 2-5). 

This may be due to the influence of the surfactant on the rate of the chemical reaction 

since the half-life time was approximately 12 x longer in 50 % triton X-100-dioxane 
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( ~4.8 min) than it is in dioxane ( ~0.4 min). 

Since the PO-CL involves an energy transfer process, the CL effeciency is highly 

dependent on the fluorophore [BIO]. Therefore, the use of the PO-CL method for 

polar fluorophores such as urinary porphyrin is not practically favorable. The mass 

limits of detection (MLOD) are reported to be ~ 0.4 fmol in capillary electrophoresis 

[Bll], 20-25 fmol in HPLC [Bll, Bl2] and 10 fmol in TLC [B13] with conventional 

fluorescence detection. But the MLOD was approximately 2 oreders of magnitude 

higher in the PO-CL-TLC (Table 2-6). A significant improvement in the MLOD was 

found to be ~ 70 fmol when the porphyrin free acids were converted into their methJl 

esters. 

Table 2-7 shows that in the range of 0.03 - 0.15 ml/min flow rate of the CL 

reagents, no significant influence on sensitivity was observed. The respoducibility of 

peak areas was much better at a relatively lower flow rate, because at a higher flow rate 

diffusion-induced zone broadening of the sample may increase in the wet layer during 

the time of spraying and scanning the samples on the plate. 

The maximum CL intensity increased as the concentration of TCPO increased, and 

the maximum CL response was found at~ 0.3 M ofH20 2 (Figure 2-2-5). Considering 

lifetime of the chemical reaction (Table 2-1, 2-2) and to avoid high concentration of the 

CL reagents, optimally 3 mM for TCPO and 0.1 M for H20 2, were used, respectively. 

The experimental conditions of pH and types of solvents or the water component can 

be easily adjusted by post-chromatographic treatments; The problems are typical of 
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CL-HPLC but are minimal for CL-TLC. Although the strongest CL response was 

found on chromatography paper due to relatively efficient permeation of the CL solvent 

in the paper layer than in the solid adsorbent, the reproduciblity was also the worst 

among the test substrates (Table 2-8) since the sample zone is more easily spread on 

paper during the spraying of the CL reagents. If equal sample volume was applied, 

linear signal response was over a range of 2 - 3 order of magnitude (Table 2-9), in this 

case the variation caused by irregular spot shapes can be minimized. 

CONCLUSION 

PO-CL is a useful technique when coupled with TLC. Since TLC is the most 

widely used method for routine chemical analysis, further development in the area of 

CL-TLC for biomedical studies is of particular interest. The sensitivity of the newer 

CL densitometry makes it possible to use the PO-CL detection method for a chemical 

analysis at a femtomole level. 
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Table 2-1. Effect of TCPO concentration on background intensity* 

TCPO (mM) 

0.05 0.1 0.25 0.5 1.0 2.0 3.0 5.0 

T112(S) 4.3 5.4 6.1 6.3 6.7 7.2 7.5 7.9 

I (nA) 10.1 15.2 16.9 20.4 26.6 38.1 45.8 48.3 

* H2O2 was 10 mM and flow rate was set at 0.07 ml/mm for 4 s. 

Table 2-2. Effect of H20 2 concentration on background intensity** 

H2O2 (mM) 

1 5 10 20 30 50 100 

13.5 9.8 6.8 5.3 4.8 4.3 3.2 

15.7 21.2 25.7 32.6 44.7 69.1 58.8 

** TCPO was 0.5 mM and tlow rate was set at 0.U/ ml/mm for 4 s. 
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Table 2-3. Effect of imidazole concentration on background intensity*** 

I (nA) 

0.5 

6.2 

30.8 

1.0 

4.5 

39.5 

imidazole (mM) 

2.0 

2.4 

68.6 

5.0 

1.9 

53.5 

25 

1.3 1.1 

46.8 26.9 

*** Expenmental cond1t.1ons as m Table 2-2, vanous concentratlons of 1m1dazole 

Table 2-4. Environmental effects on the CL emission.* 

dioxane paraffin/dioxane (3:2) 

in air in argon in air in argon 

T112(min) 0.29 0.19 5.30 5.28 

I (µA) 0.34 0.65 2.76 3.17 

Iair/Iarg 1.9 1.2 

* CPO = 3 mM· HO = U.1 M tlow rate = U.U/ ml/mm. [T ] ,[221 ' The CL em1ss10n 
with 5 ng of Dnsglycine was measured at its Rt-· 
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Table 2-5 Maximum CL Enhancement (fold)** 

Spray reagent 

Liqid paraffin/dioxane (3:2) 

(2: 1) 

liquid paraffin/chloroform (3:2) 

Triton x-100/dioxane (1:4) 

(2:3) 

(2:1) 

Dioxane 

Ethyl Acetate 

** Expenmental conditions were as m Table2- 4 
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maximum CL enhancement (fold) 

9.8 

7.8 

8.0 

5.7 

4.3 

2.7 

5.1 

2.3 



mL/min 

0.02 

0.03 

0.05 

0.07 

0.10 

0.12 

0.15 

Table 2-6 Effects of flow-rate on the CL emission*** 

Relative CL intensity 

4.0 (0.28) 

11.0 (0.79) 

12.5 (0.89) 

14.0 (1.00) 

13.8 (0.98) 

12.5 (0.91) 

11.5 (0.82) 

6% 

6% 

7% 

7% 

9% 

13% 

14% 

*** Expenmental cond1t10ns were as m Table 2-4. <x Relative standard deviation on 

the peak areas. 
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Table 2-7 Comparison of the Mass Limits of Detection Between Porphyrin Free 
Acids and Their Methyl Esters**** 

Porphyrin MLOD (S/N = 3) 
free acid (pmol) ester (fmol) 

meso 0.82 63 
copro 0.80 58 
penta 1.08 60 
hexa 1.15 64 
hepta 2.20 78 
uro 3.09 97 

****Experimental conditions were as in Table2-4 

Table2-8 Substrate Effect on Maximum CL Emission and Reproducibility*. 

Dns- chromatogr. paper HPTLC-RP18 HPTLC alumina 
glycine 1e1 RSD 1ei RSD 1ei RSD lei RSD 

(ng) (%) (%) (%) (%) 

80 94 7.6 78 5.8 33 3.5 20 5.1 
40 32 7.3 29 5.6 7.5 4.4 4.8 4.1 
20 6.3 10.8 5.6 6.6 2.0 5.9 1.3 6.2 
10 1.3 12.3 1.1 6.7 0.9 6.3 0.7 7.4 

* lei - relative CL intensity corrected from the CL background; RSD (%) - relative 
standard deviation (n=4) on peak areas. Experimental conditions were as in Table 2-4. 
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Table 2-9 Linear regression analysis of the CL measurements**. 

sample LDR log-log slope correction coefficient LOD (ng) 
(n=6) 

Dns-L-leucine 225 0.54 0.995 0.53 

Dns-glycine 285 0.65 0.993 0.42 

Dns-L- 310 0.61 0.993 0.39 
arginine 

**Experimental Conditions were as in the table 2-4 Evaluated on HPTLC plate; 
LDR = linear dynamic range, corresponding to the ratio of the upper concentration 
limmit of linearity (within 3%) and LOD, for the log-log plot; LOD = limits of 
detection (SIN = 3). 
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Figure 2-2-1. Cross-sectional view of the experimental set-up for the 

stopped scan, kinetic system. 

53 



::>, 
-+--1 ....... 
(/) 

~ 
Q) 

-+-' 
i::::! 

t--1 

Q) 

:> . ....... 
-+--1 
(1j 

----< 
Q) 

~ 

0 15 30 45 
Time (seconds) 

Figure 2-2-2. Substrate effect on CL emission. 1-chromatography paper; 2-HPTLC­

RP18; 3-Silica gel HPTLC; 4-Alumina; 5-blank. [TCPO] = 3 mM; [H2O2] = 0.1 M; 

[perylene] = 10-6 M. Flow rate = 0.1 ml/min for 10 s. 

54 



>-. 
+J .,....., 
(/) 

~ 
(1) 

+J 

~ 
.......... 

Q) 

> . --< 
+J 
(D 

(1) 

~ 

0 15 30 45 
Time (seconds) 

Figure 2-2-3. Silica effect on CL emission. 10-6 M perylene on: I-chromatography 

paper; 2-top of 0.014 µm fumed silica; 3-mixed with 0.014 µm fumed silica; 4-covered 

with 0.014 µm fumed. Experimental conditions were as Figure 2-2-2. 
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Figure 2-2-4. Comparison of Cl measurements at the origin and the Rr, a) on 

chromatography paper; b) on silica gel HPTLC. 1-measured at origin; 2-measured at 

Rr. Concentrations of TCPO and H2O2 were as in Figure 2. 40 ng of Dns-glycine was 

used as the fluorophore, scanning speed was set at 2 mm/s. 
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Figure 2-2-5. Concentration dependence of CL emission. (a) TCPO; (b) H2O2. CL was 

measured at the Rf, on silica gel HPTLC plates. [H2O2] = 0.1 M in (a); [TCPO] = 3 

mM in (b); 40 ng of Dns-glycine was used as the fluorophore, scanning speed was set 

at 2 mm/s. 
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CHAPTER 3. LIGHT EMISSION FROM BILIRUBIN FROM THE 

PEROXYOXALATE CHEMILUMINESCENCE REACTION 

INTRODUCTION 

Bilirubin, a metabolic breakdown product of blood heme, is a highly significant 

biological molecule. Abnormal concentrations of bilirubin found in human serum or 

plasma usually signify the presence of a variety of diseases associated with liver 

dysfunctions, ranging from neonatal jaundice to infectious hepatitis [Cl, C2]. In spite 

of enormous quantities of work that have been published on bilirubin, the lack of 

analytical methods capable of accurate determination of bilirubin and/or its conjugates 

still remains a challenging and difficult problem. This is especially true for routine 

clinical laboratories which require not only reliable, but also simple and inexpensive 

methods for the rapid screening and/or quantitation of total bilirubin concentrations as 

well as individual bilirubin species present in biological materials. 

The simplest method for the determination of · bilirubin is perhaps direct 

absorptimetry in which light absorption by bilirubin in the blue-green region of the 

visible spectrum is monitored [C3]. However, this method is not very sensitive and is 

prone to interference problems. To increase sensitivity and selectivity, the most widely 

used approach has been the coupling of bilirubin with suitable diazonium salts to form 

colored azo derivatives. A large number of papers have been published based on this 
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approach for the absorption measurement of the derivatized bilirubin [Cl, C2]. 

Unfortunately, all these methods still lack the simplicity and reliability required for 

routine analysis in clinical laboratories. It has been known for a long time that 

fluorescence of free bilirubin is difficult to detect due to very efficient radiationless 

decay paths that return the excited bilirubin rapidly to the ground electronic state [C4]. 

However, it has been clearly established that relatively strong fluorescence from 

bilirubin can be detected when bilirubin is bound to albumin or micelles [C5, C6]. In 

fact, standard fluorometric methods have been developed for the determination of 

bilirubin in the presence of albumin [C2, C7]. However, these methods are not very 

popular in routine clinical laboratories, perhaps in part due to the complexities and 

expensive instrumentation associated with fluorometric techniques. 

In recent years chemiluminescence has shown great promise to be a powerful 

analytical technique for routine usage in clinical laboratories due to its outstanding 

analytical advantages in terms of detectability, speed, simplicity and linear dynamic 

range [C8, C9]. The peroxyoxalate chemiluminescence reaction, which is based on the 

oxidation of aryl oxalate esters by hydrogen peroxide in the presence of a suitable 

fluorescent species (sensitizer), has been successfully exploited for the detection of a 

number of highly fluorescent sensitizers, e.g., polyaromatic hydrocarbons and urinary 

porphyrins [ClO, Cl1]. To the best of our knowledge, the fluorescent emission of 

bilirubin generated by chemical excitation via a chemiluminescence reaction has never 

been reported. This is perhaps not surprising since the fluorescent quantum yield (fpr) 
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of bilirubin is extremely low near room temperature~ 10-5 in water or chloroform). 

Indeed, whether free bilirubin fluoresces or whether the· fluorescence can be detected 

via excitation at -430 nm has been a subject of controversy [Cl2]. 

In this chapter the observation of light emission from bilirubin dissolved in an 

organic solvent as a result of the peroxyoxalate chemiluminescence system involving 

the reaction of bis(2,4,6-trichlorophenyl)oxalate and hydrogen peroxide is reported for 

the first time. The effects of various solvents on the chemiluminescence intensity were 

briefly investigated. To evaluate the analytical potential of the present 

chemiluminescence method for the determination of bilirubin, the limit of detection 

(LOD), selectivity, and linear dynamic range were examined. Furthermore, the total 

bilirubin contents in a real biological sample (bovine serum) was determined using the 

present chemiluminescence method and were compared with those obtained from 

absorption and fluorescence techniques. 

EXPERJMENTAL 

Materials 

Bis(2,4,6-trichlorophenyl)oxalate (TCPO) was synthesized and purified according 

to the procedure of Mohan and Turro [Cl3]. Hydrogen peroxide (30%) was obtained 

from Fisher. HPLC grade ethylacetate and acetonitrile were used as the solvents for 

TCPO and H20 2, respectively. Hemoglobin, protoporphyrin, b-carotene, riboflavin, 
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bovine serum, benzo[a]pyrene and phosphoric acid were all purchased from Sigma. 

Bilirubin (unconjugated bilirubin IX) and its conjugate, bilirubin ditaurite, were 

obtained from U. S. Biochemical and were used as received since their extinction 

coefficients were in agreement with the accepted values for pure pigments and, 

furthermore, the thin-layer chromatography on silica gel showed bilirubin and bilirubin 

ditaurite to migrate as single spots without the presence of any detectable impurities 

[Cl4]. N,N-dimethylformamide, pyridine, chloroform and dimethylsulfoxide were 

purchased from Fisher and used as solvents for bilirubin or bilirubin ditaurite. Stock 

solutions were made up just before each experiment and used immediately. 

Methods 

Absorption Spectra. Direct absorptimetry of bovine serum samples were carried out 

using a 8451A diode-array spectrophotometer (Hewlett Packard). Sample preparation 

procedures for the extraction of total bilirubin from bovine serum were as follows: 200 

mL of bovine serum was placed in a centrifuge tube containing 4 ml of the solvent 

system: ethylacetate-DMF-pyridine 15.00:84.99:0.01 (v/v/v) and was shaken 

vigorously for 30 s. The tube was then placed in a centrifuge and run at 2500 rpm for 

2 min. The supernatant (3 ml) was then transferred to a 1-cm cell and the absorbance 

spectrum was measured. 

Fluorescence and chemiluminescence spectra. Fluorescence spectra were recorded 

using an SLM-Aminco 8000 photon-counting spectrofluorometer. Excitation 

wavelength was set at 435 nm and the bandpass was set at 16 nm. For the 
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measurement of fluorescence spectra of benzo[a]pyrene appropriate amounts of 

benzo[a]pyrene were dissolved in the various solvents studied and placed in a 1-cm 

quartz cell. For the measurement of bilirubin spectra from bovine serum, sample 

preparation and measurement procedures were adopted from a standard fluorescence 

method [C2]. In a 1-cm quartz cell, 50 mL of bovine serum was added and mixed with 

0.5 ml of phosphoric acid. After 5 min, 3 ml of water was added to the cell and 

mixed. Procedures for obtaining the spectra of the blank were the same except that 50 

mL of water was added instead of bovine serum. 

Chemiluminescence spectra were also recorded using the SLM-Aminco 8000 

photon-counting spectrofluorometer but with the light source turned off. Emission slit 

was set for a bandpass of 16 nm. A spectrum was obtained for a single scan by 

photon-counting for 0.5 s at intervals of 5 nm. Five scans were averaged for each 

spectrum reported. For the measurement of the chemiluminescence spectra, appropriate 

amounts of benzo[a]pyrene, bilirubin or bilirubin ditaurite standards dissolved in a 

particular solvent were mixed with 1 ml of 1 to 5 mM TCPO in a 1-cm quartz cell; 3 

to 5 % H20 2 (1 ml) was then added to generate chemiluminescence emission. For the 

measurement of chemiluminescence spectra of total bilirubin from bovine serum, 

procedures used in the absorption experiment for the extraction of total bilirubin from 

100 mL bovine serum was performed. Afterward, 1 ml of 2 mM TCPO was added to 

2 ml of the supernatant in a 1-cm quartz cell. A spectrum was recorded by the addition 

of 1 ml of 5% H20 2• chemiluminescence spectra of the blanks were also obtained 
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using similar procedures but without the presence of bilirubin standards or bovine 

serum. 

Quantitative chemiluminescence measurements. A home-built luminometer was used 

for the recording of chemiluminescence intensity as a function of time. Basically, it 

consists of a 5 ml glass test tube (sample cell) housed within a light-tight compartment. 

Chemiluminescence emission from the sample cell passed through a filter and a series 

of focusing lenses before reaching a photomultiplier tube (R928, Hamamatsu). A 

10-nm bandpass filter centered at 520 nm (Corion) was used to isolate 

chemiluminescence emission from bilirubin. The photocurrent was fed to a 

picoammeter (Oriel) and the output signal was filtered through a 1.0 s time constant 

before recording on a strip-chart recorder. To make measurements of 

chemiluminescence intensity of bilirubin, 1 ml of the bovine serum extract or bilirubin 

standards dissolved in DMF-pyridine was mixed with 1 ml of 2 mM TCPO in the 

sample cell and was stirred continuously with a magnetic stir bar; 1 ml of 3 % H20 2 

was then added to the sample cell to generate chemiluminescence emission 

RESULTS AND DISCUSSION 

Figure 3-1 shows the chemiluminescence spectrum of bilirubin dissolved in 

N,N-dimethylformamide (DMF). It is important to note that the spectral distribution 

of chemiluminescence is similar to the fluorescence spectra of bilirubin reported in the 

literature [C5, C6], suggesting that the chemiluminescence emission may also be a 

63 



result of radiative transition of electrons from the first singlet excited electronic state 

to the ground state of bilirubin. It can be seen that the chemiluminescence maximum 

of bilirubin is centered at - 512 nm, which is within the 505 - 545 nm range reported for 

the fluorescence maxima of bilirubin bound to micelles or albumin. It has been 

suggested that the variation in the fluorescence maximum may be due to differences in 

conformation and/or ionization of bilirubin in these different environments [Cl2]. 

The relative fluorescence intensity of bilirubin was measured for a number of 

organic solvents and the results were as follows: pyridine > dimethylsulfoxide 

(DMSO) > DMF > chloroform (CHC13). It was observed that the fluorescence of 

bilirubin in chloroform (fFL - 10-5), for which an intramolecularly hydrogen bonded 

form of bilirubin is known to predominate [C 15], was barely detectable above · the 

Raman scattering of the solvent. The fluorescence intensity increased slightly when 

bilirubin was dissolved in the other three organic solvents (fFL - 10-4). These results are 

similar with those reported in the literature [C16], which indicated that fluorescence of 

bilirubin usually increases with increasing polarity, dielectric constant, and basicity of 

the solvent, probably due to more effective disruption of the intramolecular hydrogen 

bonding and/or ionization of bilirubin. The same solvent series was employed for the 

observation of chemiluminescence from bilirubin. It was surprising to find that 

chemiluminescence was detected in DMF and not in the other solvents studied. In 

order to understand this phenomenon, it is important to remember that in the 

peroxyoxalate chemiluminescence reaction the luminescence intensity is directly 
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proportional to the product of the efficiency of chemiluminescence (feJ and rate of the 

reaction, and feL is the product of the efficiency of chemical excitation (fee) and f FL 

[C 17]. Thus, it is possible that a relatively large f FL of bilirubin in a particular solvent 

may be offset by a low fee and/or slow kinetics, leading to an undetectable 

luminescence intensity. To investigate this possibility, we have studied the effects of 

this solvent series on the relative fluorescence and chemiluminescence intensity of 

benzo[a]pyrene because this probe molecule gave comparable relative fluorescence 

intensity over the above range of solvents and thus allowed for a qualitative evaluation 

of solvent effects on fee and/or rate of the reaction. 

The relative fluorescence intensity of benzo[a]pyrene (normalized intensity) has the 

following trend: DMSO (1.00) > DMF (0.60) > CHC13 (0.35) > pyridine (0.25), 

while the trend for the relative chemiluminescence intensity was very different: CHC13 

(1.00) > DMF (0.40) > DMSO (0.08) > pyridine (0.06). These results suggest that 

DMSO and pyridine could be more effectively quenching the fee and/or slowing down 

the kinetics of the peroxyoxalate chemiluminescence reaction relative to DMF or 

CHC13 • Further evidence of this postulation are shown in Figure 3-2(a) which shows 

that the chemiluminescence intensity of benzo[a]pyrene in CHC13 increased slightly with 

the presence of small amounts of DMF (probably due to an increase in the f FU but 

began to decrease significantly after a certain threshold concentration of DMF ( - 8 % ) was 

exceeded. With the presence of DMSO or pyridine in CHC13 it can be seen that the 

chemiluminescence intensity decreased dramatically as the percentage of CHC13 in the 
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solution became smaller, suggesting that pyridine and DMSQ severely quench the fee 

and/or decrease the rate of the reaction. It has been ·suggested that peroxyoxalate 

reaction mechanisms probably involve nucleophilic attack of hydrogen peroxide on the 

oxalate carbonyl [Cl?]. Thus, it is possible that nucleophilic solvents such as DMF, 

DMSO and pyridine could also attack the chemiluminescence reagent and consume it 

in non-chemiluminescence side reactions. However, other factors such as interference 

of donor-acceptor complex formation and/or inhibition of electron transfer due to 

solvent effects are also possible [Cl 7-Cl9]. 

The question of why chemiluminescence of bilirubin can only be detected in DMF 

among the solvent series studied can be partly addressed in terms of the balance 

between efficiency and kinetic parameters for this system. For bilirubin in CHC13 it 

is possible that the fFL of bilirubin ( - 10-5) is too low to yield any detectable 

chemiluminescence signals. On the other hand, bilirubin in DMSO and pyridine may 

reduce the fee and/or rate of the reaction to such an extent which rendered the 

luminescence intensity undetectable. However, it appears that bilirubin in DMF 

provides an optimum balance between f FL, fee and/or kinetics among the solvent series 

studied, allowing the chemiluminescence of bilirubin to be detected. It should be noted 

that under the present experimental conditions, no chemiluminescence emission was 

detectable from the mixing of chemiluminescence reagents with the solvents studied 

without the presence of bilirubin (blanks); however, at higher detection sensitivity, a 

small amount of background chemiluminescence signal can be detected from the blanks, 
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which has been shown to occur for a variety of aryl oxalate esters [C20]. 

Figure 3-2(b) shows that the chemiluminescence intensity of bilirubin in DMF 

increased in the presence of small amounts of pyridine but not with the addition of 

DMSO. The addition of small amounts of pyridine may catalyze the peroxyoxalate 

chemiluminescence reaction [Cl7] and/or cause an increase in the chemiluminescence 

intensity by effectively slowing down the twisting motion of bilirubin and thereby 

increasing its fFL [C6, Cl6, C21]. Furthermore, it has been suggested that exciplex 

formation may occur between bilirubin and the solvent molecule in the presence of 

pyridine, leading to possible enhancement in the rate of excitation of the peroxyoxalate 

chemiluminescence reaction [Cl6, C21]. With further increases in the pyridine 

concentration above -0.01 % in DMF, however, it can be seen that the 

chemiluminescence intensity of bilirubin begins to decrease, probably due to the 

negative effect of pyridine on the fcE and/or rate of the reaction. 

Figure 3-3(a) shows that chemiluminescence signal of bilirubin near the LOO in the 

solvent system of DMF-pyridine 99.99:0.01 (v/v). The solvents chosen for TCPO and 

H20 2 were ethylacetate and acetonitrile, respectively, since these solvents have been 

shown to provide the optimum experimental performances in terms of solubility, 

stability, chemiluminescence intensity and lifetime for the measurement of a number of 

fluorophores in static systems [Cl8, C23]. Based on a signal-to-noise ratio (S/N) of 

three, the absolute and relative LOD's calculated from calibration plots using peak 

heights as shown in Figure 3(a) were found to be 5.0 ng and 8.5 nM, respectively. 
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Calibration plots drawn for a series of bilirubin standards exhibited linearity from the 

LOD up to 20 mM and the corresponding linear regression constant was 0.997. 

Considering the relatively low fFL ofbilirubin in DMF and pyridine ( - 104 ) and the 

effects of solvents on fcE and/or rate of the reaction, the LOD's that can be achieved 

using the present chemiluminescence methods are quite good. For comparison an 

absolute LOD of 134 pg has been reported for albumin-bound bilirubin using a 

laser-based fluorometric technique [C6]; using a laser-based photothermal technique for 

the detection of free bilirubin adsorbed on thin-layer chromatographic plates, an 

absolute LOD of 2.5 ng was obtained [C24]. It should be noted that the normal 

concentrations of bilirubin present in human serum or plasma are relatively high, which 

falls in the range of 6 to 17 mM [C2]. Figure 3-3(b) shows that with a bilirubin 

concentration of 6.0 mM spiked into the DMF-pyridine solvent system, the 

chemiluminescence signal is significantly higher than the background level, suggesting 

that the sensitivity of the present chemiluminescence method should be more than 

sufficient for the detection of elevated level of bilirubin in human serum or plasma. 

The selectivity of this chemiluminescence method for the detection of bilirubin in 

the presence of a number of common interference species in serum or plasma was 

examined. Figure 3(c) shows the chemiluminescence signal of 6 mM of bilirubin in the 

presence of a mixture of hemoglobin, protoporphyrin, b-carotene and riboflavin. The 

concentrations of these interference species as shown in Figure 3-3(c) are representative 

of the normal concentrations usually found in human serum or plasma [C25]. It can 
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be seen that the chemiluminescence signal of bilirubin with and without the presence 

of these common interference species as shown in Figures 3(b) and (c) were about the 

same, suggesting these particular species present in normal concentrations in serum 

should have negligible effects on the chemiluminescence detection of bilirubin using the 

present approach. 

The threshold concentrations at which the above interference substances could cause 

a noticeable variation in the chemiluminescence intensity (± 3%) of bilirubin were 

determined by spiking these species individually into the solvent system. Hemoglobin 

and b-carotene are known to cause interference problems when using direct 

absorptimetry for the determination of bilirubin in plasma [C2]. Fortunately, it was 

found that hemoglobin is highly insoluble in DMF and there was no noticeable change 

in the chemiluminescence intensity of bilirubin even when concentrations of hemoglobin 

ten times larger than the normal concentration was present. However, b-carotene in 

large excess (4000 mg/L) did consistently cause a decrease in the maximum 

chemiluminescence intensity of 6.0 mM of bilirubin. This is not surprising since there 

is an overlap between the emission band of bilirubin and absorption band of b-carotene 

at - 510 nm. On the other hand, it is interesting to note that protoporphyrin and 

riboflavin present in relatively large concentrations (440 mg/L and 900 mg/L, 

respectively), as compared to their normal concentrations in human serum, were shown 

to cause an increasing signal interference in the chemiluminescence intensity of 

bilirubin. This is, again, not surprising since these are highly fluorescent species 
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capable of emitting relatively intense radiation in the yellow-red region of the visible 

spectrum. In fact, chemiluminescence emission from urinary porphyrins generated 

from the peroxyoxalate chemiluminescence system has already been demonstrated to be 

a sensitive and selective technique for the screening of various forms of porphyrias in 

clinical laboratories [Cl l]. 

Comparisons were made between the present chemiluminescence method and 

absorption and fluorescence methods for the determination of total bilirubin 

concentration, i.e., bilirubin and its conjugate, in bovine serum. It should be noted that 

the normal total bilirubin concentration in bovine serum falls in the range of 1 to 5 

mg/L, consisting mostly of bilirubin (unconjugated form) [C26]. Figure 3-4(a) shows 

an absorption spectrum of a bovine serum sample. It can be seen that a fairly diffuse 

band barely detectable from the background was observed between 400 to 500 nm. 

Although it is known that bilirubin absorbs in the 420 to 460 nm, it is difficult to tell 

whether or not this weak absorption band as shown in Figure 3-4(a) was due to 

absorption by bilirubin and/or interference species present in the serum. This result is 

consistent with those reported in the literature which stated the lack of sensitivity of 

direct absorptimetry for the determination of bilirubin in human serum at the borderline 

level ( ~ 4 mg/L) [C2]. 

To increase the detection sensitivity, a standard fluorescence method [C2] was 

employed for the measurement of fluorescence spectrum of bovine serum as shown in 

Figure 3-4(b). For comparison, Figure 3-4(c) shows the chemiluminescence spectrum 
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of the bovine serum sample dissolved in a solvent system of ethylacetate-DMF-pyridine 

15.00:84.99:0.01 (v/v/v). Ethylacetate was added to accelerate the precipitation of the 

proteins present in the serum. It is interesting to see that the chemiluminescence 

spectrum of the bovine serum is very similar to that obtained from the bilirubin 

standard as shown in Figure 3-1, suggesting that the chemiluminescence emission from 

the bovine serum was likely due to bilirubin and it conjugate present in the sample. It 

should be noted that chemiluminescence spectrum of conjugated bilirubin (bilirubin 

ditaurite) has also been obtained using the present chemiluminescence method and it 

was found that the chemiluminescence intensity and spectral distribution were similar 

to those obtained from bilirubin (unconjugated), except there was a slight red shift in 

the peak maximum for conjugated bilirubin of about 20 nm. Similar shift in peak 

maxima can also observed for fluorescence spectra of bilirubin and bilirubin ditaurite, 

which has been proposed as a mean for the differential determination of these two 

forms of bilirubin in serum [C27]. By measuring the chemiluminescence intensity of 

the bovine serum sample and a series of bilirubin standards at - 520 nm, the total 

bilirubin concentration in bovine serum was calculated to be 2. 7 mg/L, which is 

consistent with the total bilirubin concentration range normally found in bovine serum 

(1 to 5 mg/L). 

In comparing the fluorescence and chemiluminescence spectra of the bovine serum 

sample as shown in Figures 3-4(b) and ( c), respectively, it can be seen that the location 

of the peak maxima was about the same for both methods and the magnitudes of the 

71 



fluorescence and chemiluminescence signals were comparable. However, an important 

difference is that in the fluorescence method a relatively large background signal was 

obtained from the blank, i.e., phosphoric acid and water, probably due to the 

combination of emission from fluorescent impurities and Raman scattering from the 

blank. To obtain a fluorescence spectrum as shown in Figure 3-4(b), subtraction of 

background from the sample spectra was necessary. It is interesting to note that the 

bandwidth of the fluorescence spectrum was slightly broader then that of the 

chemiluminescence spectrum, suggesting that there could be fluorescence contributions 

from fluorescent interference species present in the bovine serum sample such as 

riboflavin and flavin-type compounds, which are capable of emitting relatively intense 

radiation in the spectral region between 450 and 600 nm [C28]. 

CONCLUSION 

In summary, the present study shows for the first time that chemiluminescence of 

bilirubin can be detected in an organic solvent system using the peroxyoxalate 

chemiluminescence reaction. The effects of solvents on the fFL, fcE and/or rate of the 

reaction appear to play an important role in the optimization of the chemiluminescence 

intensity of bilirubin. Although the sensitivity of the present chemiluminescence 

method does not appear to be significantly better than the standard fluorescence method, 

it should be more than adequate for the determination of elevated levels of total 

bilirubin concentrations in human serum or plasma. When compared to fluorescence 
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methods, the major advantages of the present chemiluminescence method are simplicity, 

wide linear dynamic range, less expensive instrumentation and perhaps better 

selectivity, which are important criteria for routine usage in clinical laboratories. 

Further investigations of the selectivity of the present chemiluminescence method for 

the detection of bilirubin should be performed. It may be possible to modify the 

present chemiluminescence detection scheme for the rapid screening of total bilirubin 

concentration in human serum or plasma by direct injection of samples into a flow 

injection analysis system. If quantitation of individual bilirubin species is required, the 

use of high-performance liquid chromatography in conjunction with chemiluminescence 

detection could potentially offer a number of unique analytical advantages [C29]. 
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CHAPTER 4. NEW METHOD FOR THE BIOWGICAL TETRAPYRROLES 

ANALYSIS USING MICELLAR ELECTROKINETIC CHROMATOGRPHY 

I. Separation of Serum Bilirubin Species with Micellar Electrokinetic 

Chromatography By Direct Sample Injection 

INTRODUCTION 

Measurement of bilirubin, a catabolic product of hemoglobin and heme proteins, 

is invaluable in the diagnosis of a variety of liver diseases [Dl]. Bilirubin is normally 

conjugated in the liver by esterification and excreted in bile as bilirubin monoester 

(b-fraction) and diester (g-fraction), with glucuronic acid as the predominant ester 

group. In sera of healthy individuals, bilirubin exists almost completely ( > 95 % ) in 

the unconjugated form (a-fraction), indicating efficient disposal of bilirubin conjugates 

from liver to bile. However, when certain liver diseases develop, e.g., biliary 

obstruction, excess amounts of conjugated bilirubins appear in serum. On the other 

hand, abnormal concentrations of unconjugated bilirubin can be found in serum due to 

inefficient hepatic uptake or conjugation of bilirubin in diseases such as neonatal 

jaundice. In addition to the three major chemical forms of bilirubin (a-, b- and 
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g-fractions), there exists a fourth form of bilirubin that is covalently bound to albumin 

(d-fraction) in human serum [02]. Interestingly, it has been recently reported that 

concentration profiles of delta (d) and conjugated bilirubins in serum could be used for 

identifying rejection in patients undergoing orthotropic liver transplant [03]. 

Most clinical laboratories utilize methods based on modifications of the traditional 

Jendrassik-Gr6f diazo reaction for fractionation of "direct" reacting (b- and g-fractions) 

and "indirect" reacting (a-fraction) bilirubins. However, since 10 % to 15 % of the 

a-fraction may be direct reacting, the direct diazo reaction could overestimate the level 

of conjugated bililrubin. Moreover, the albumin-bound fraction (d) of serum also 

exhibits a direct diazo reaction, resulting in a possible overestimation of b- and 

g-fractions [Dl]. 

To overcome some of these limitations of diazo methods, a number of 

high-performance liquid chromatographic (HPLC) techniques have been developed in 

recent years that are capable of accurate quantitation of individual bilirubin species in 

human serum [04-D9]. However, HPLC methods for bilirubin analyses are currently 

too expensive and, since these methods always require some types of sample 

preparation procedures to remove serum proteins prior to chromatographic analyses, 

they are too elaborate and time-consuming for use in most routine clinical laboratories. 

Capillary zone electrophoresis (CZE) has proved to be a highly efficient technique 

for the separation and determination of ionized substances with short analysis time and 

at low cost. By the introduction of surfactants above their critical micelle 
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concentrations (CMC) in the run buffer while maintaining the same equipment design 

of CZE, i.e., in an open-tubular capillary of very small ·internal diameter, a new type 

of separation method based on micellar partitioning of the solute and electrophoretic 

migration of the micelle - micellar electrokinetic chromatography (MEKC) - has been 

shown to be a powerful technique for the separation of electrically neutral molecules. 

Interestingly, the selectivity and peak shapes were found to be even better for the 

MEKC separation of some ionic substances as compared to CZE. Using MEKC, for 

example, separation of porphyrins [DlO], phenols [Dll], some amino acid derivatives 

[Dl2, Dl3], nucleosides [Dl4] and drugs [Dl5] have been reported. Importantly it has 

been demonstrated that plasma or serum proteins, which must be at least partially 

removed prior to HPLC analyses, were solubilized by the surfactants employed in 

MEKC, thus allowing for the determination of drugs in plasma by direct sample 

injection methods [Dl6]. 

In this paper we describe the application of a MEKC method for the determination 

of serum bilirubin using the anionic surfactant-sodium dodecyl sulfate (SDS) in the run 

buffer to solubilize serum proteins. Using this method, a direct sample injection 

analysis of four bilirubin fractions can be performed without the use of any 

deproteinization or extraction procedures. Separation performances and detectabilities 

for the measurement of these individual bilirubin species were investigated using spiked 

model serum and pathological human serum samples. 
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EXPERIMENTAL 

Apparatus 

A commercially available CE instrument (Model SpectraPHORESIS 1000, 

Spectraphysics, San Jose, CA, USA) was used to perform both CZE and MEKC 

experiments with absorption detection at 450 nm or 280 nm. An untreated 50-cm x 

75-mm I.D. fused-silica capillary tube (Polymicro Technologies, Phoenix, AZ, USA) 

was used for all separations and an integrator (Chromjet, Spectraphysics, San Jose, CA, 

USA) interfaced to the CE instrument was used for data processing. 

Chemicals and Buffers 

SDS, Woodward's reagent Kand essentially fatty acid-free human serum albumin 

were purchased from Sigma (St. Louis, MO, USA) and all other chemicals (except for 

bilirubin standards) were of analytical grade and purchased from Aldrich (Milwaukee, 

WI, USA) or Fisher (Springfield, NJ, USA). Buffer solutions used for performing 

CZE experiments were prepared by mixing appropriate volumes of 0.02 M sodium 

tetraborate (borax) and 0.1 M boric acid to give buffer solutions of appropriate pH 

values. Afterward, methanol was added to the run buffer to prepare working buffer 

solutions of appropriate concentrations. To prepare run buffer for MEKC experiments, 

appropriate amounts of SDS were added to the CZE run buffer solutions and filtered 

through an 0.2-mm membrane before methanol was added to give the buffer solutions 

of the desired concentration. 
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Bilirubin Standards 

Unconjugated bilirubin (bilirubin IXa) and diconjugated bilirubin (bilirubin 

ditaurite·Na) were obtained from U.S. Biochemical (Cleveland, OH, USA). 

Unconjugated bilirubin was used as received since its extinction coefficient was in 

agreement with accepted value for pure pigment and its separation using 

high-performance thin-layer chromatograph (HPTLC) and MEKC showed no detectable 

impurity. However, diconjugated bilirubin was purified using HPTLC according to 

previously described procedures [D 17] since the electropherogram showed - 5 % 

impurity. Monoconjugated bilirubin was extracted from rabbit bile using Eberlein' s 

method [D 18] and further purified on HPTLC plates. Covalent complex of bilirubin 

and albumin (biliprotein) was synthesized from unconjugated bilirubin and Woodward's 

reagent K (N-ethylphenylisoxazolium-3' -sulfonate) according to the method of Kuenzle 

et al. [Dl9]. To prepare spiked model serum samples, appropriate amounts of a 

mixture of the four bilirubin standards were dissolved in 0.02 M borax buffer solutions 

containing 6% human serum albumin. Before direct injection of the model serum 

sample, a 1:1 (v/v) dilution with the run buffer was made for each sample. 

Rabbit Bile and Human Serum Samples 

Fresh bile from young rabbits was purchased from PEL-Freez Biologicals (Rogers, 

AR, USA) and pathological serum samples were obtained from six patients in Moses 

Taylor Hospital (Scranton, PA, USA). These bile and serum samples were kept frozen 
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and stored in the dark before the experiments. Before direct injection of the samples, 

a 1:2 or 1:3 (v/v) dilution with the run buffer was made for each sample. 

Capillary Conditions 

New capillaries were treated by purging with 0.5-M NaOH for about 1.5 h and 

then filling capillary with the run buffer for 12 h before use. 

CE Instrument Conditions 

The parameters employed for operation of the SpectraPHORESIS 1000 instrument 

were as follows: the detector was set for 450 nm or 280 nm with a rise time of 0.3 

s, injection was set for vacuum at 2.0 s injection time, column temperature was 

maintained at 20° C, voltage was at 16 kV and polarity +. The run time was 15 min 

and the current draw was 45 mA using 25-mM SDS and 20-mM borax buffer solutions. 

Between runs washing of the capillary was performed with 0.1-M NaOH for 2 min and 

then with the run buffer for another 2 min. 

RESULTS AND DISCUSSION 

CZE of Bilirubin Standards 

Figures 4-1-1 (a) and (b) show the electropherograms of unconjugated and 

diconjugated bilirubin standards, respectively, obtained by free solution , counter 

migration capillary electrophoresis. It is important to note that the run buffer used for 
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obtaining these two electropherograms contained 5 % methanol. Without the methanol, 

asymmetric peaks were found for both unconjugated and diconjugated bilirubins. 

Interestingly, similar observations have also been reported for the CZE separation of 

hydrophobic porphyrin standards [D 1 O], i.e., coproporphyrin and mesoporphyrin ( cyclic 

tetrapyrroles), which possess similar structures as bilirubin ("linear" tetrapyrroles). It 

was suggested that poor solubilities of these hydrophobic porphyrins in the run buffer 

without the presence of methanol contribute to asymmetric peak shapes and, 

furthermore, may mediate the adsorption of these porphyrins onto the capillary wall 

[D10]. 

The diconjugated bilirubin standard appears in Figure 4-1-1 (b) is a synthetic 

ditaurine derivative of unconjugated bilirubin. The chemical and physical properties 

of this compound, e.g., diazo reactivity and chromatographic behaviors, have been 

shown to be very similar to those of the bilirubin diglucuronide - the predominant 

bilirubin diester excreted in human bile [D20,D21]. More importantly, since the 

molecular size and charge of this compound are also comparable to those of bilirubin 

diglucuronide, the electrophoretic mobilities of these two forms of diconjugated 

bilirubin should be quite similar, suggesting that bilirubin ditaurite should be suitable 

for use as a diconjugated bilirubin standard in CZE and MEKC analyses of serum 

bilirubins. 

As shown in Figures 4-1-1 (a) and (b), the diconjugated bilirubin migrated slightly 

slower than the unconjugated bilirubin towards the detector under identical 
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electrophoretic conditions. This elution order could be explained in terms of charge 

and perhaps hydrophobicity and conformational differences between these two 

molecules. In CZE the electroosmotic flow directs the bulk flow of the buffer solution 

in the direction of the negative electrode towards the detector while the electrophoretic 

mobility directs the negatively charged solutes towards the positive electrode away from 

the detector. Thus, in general, the least negative charged solute will elute first, 

followed by solutes with increasing negatively charge when the velocity of 

electroosmosis is larger than electrophoretic velocities of the solutes ( counter migration 

mechanism). 

In Figures 4-1-1 (a) and (b) the least negative charge solute appears to be the 

unconjugated bilirubin, which is not surprising since it is well known that this molecule 

is highly non-polar and water insoluble in aqueous solution at pH below 8.0 [D22,D23]. 

Its non-polar characteristic has been explained in terms of the intramolecular hydrogen 

bonding that twist the bilirubin molecule in such a way that all the polar head groups 

are buried inside the hydrophobic core of the molecule. At pH 8.5, the molecule 

becomes more polar and water soluble, indicating that the two carboxylic side groups 

within the molecule should be at least partially ionized and increasing its electrophoretic 

mobility. However, the hydrophobicity and conformation of unconjugated bilirubin 

may have a negative impact on its electrophoretic mobility, possibly counteracting the 

effect of increasing negative charge on the migration of this molecule towards the 

positive electrode away from the detector [D24]. On the other hand, diconjugated 
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bilirubin (in the form of ditaurite or diglucuronide) is polar and water soluble over a 

wide range of pH due to lack of intrahydrogen bonding and the possession of two 

highly acidic moieties on the ditaurine or diglucuronic functional groups (doubly 

negative charge at pH 8.5), thus resulting in higher electrophoretic mobility towards the 

positive electrode but longer migration time towards the detector when compared to 

unconjugated bilirubin. 

Although the difference in migration time between unconjugated and conjugated 

bilirubin was not significant as shown in Figures 4-1-1 (a) and (b) , it appears that the 

separation of a mixture of approximately equal amounts of these bilirubin species into 

two well-resolved peaks with relatively good efficiency and peak shape using CZE 

should be feasible. Surprising} y, Figure 4-1-1 ( c) shows that this is not the case. The 

injection of a mixture of unconjugated and conjugated bilirubins into the CE instrument 

resulted in longer migration times and significant peak broadening and distortion for 

both bilirubin species. In an attempt to explain this phenomenon, it is helpful to note 

that rapid and reversible dimerization of bilirubin is known to occur at high 

concentrations [Dl]. Therefore, it is possible that under the influence of high electric 

field, there may exist strong interaction between unconjugated and diconjugated 

bilirubins in the run buffer, perhaps due to intermolecular hydrogen bonding between 

these two molecules. This aggregation effect may lead to an increase in the 

electrophoretic mobilities and decrease in the solubilities of the bilirubin species, 

resulting in longer migration times and perhaps in enhanced interactions of these species 
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with the capillary wall, respectively. 

MEKC of Spiked Model Serum 

Figure 4-1-2 shows the separation of a model serum sample consisting of a mixture 

of the four bilirubin standards using run buffer containing SOS. It can be seen that the 

resolution and peak shape obtained for the separation of unconjugated and diconjugated 

bilirubins (peaks 1 and 3) are significantly improved over those obtained by CZE as 

shown in Figure 4-1-1 (c). Also, the migration times of these peaks were found to be 

identical to those obtained from injecting model serum spiked with the individual 

bilirubin standard into the CE system. These results suggest that SDS was quite 

effective in minimizing aggregation that occurred between unconjugated and 

diconjugated bilirubins and possibly also reducing adsorption of bilirubins onto the 

capillary wall due to solubilization of the bilirubin molecules with the SDS micelles 

[D25] and binding of SDS onto electrostatic and hydrophobic sites on the capillary wall 

[D10]. The solubilization or interaction of SDS micelles with bilirubin could explain 

the increase in migration times found for both unconjugated and diconjugated bilirubins 

due to an increase in the negative charge of these micelle-bound bilirubin species and 

consequently retarding the counter migration of these species towards the detector. 

However, a larger change in migration time was obtained for diconjugated bilirubin as 

shown in Figure 4-1-2. This may be due to the presence of a larger hydrophobic 

region (additional ditaurine functional groups) for interactions with SDS, thus increasing 
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the negative charge and resulting in higher electrophoretic mobility when compared to 

unconjugated bilirubin. 

As shown in Figure 4-1-2, a relatively large difference in migration times between 

unconjugated and diconjugated bilirubin was obtained as a result of the use of SOS in 

the run buffer, allowing for another bilirubin species (peak 2) to be separated in this 

migration window. This particular bilirubin species was obtained from the bile of 

rabbit because it has been shown that monoconjugated bilirubin (b-fraction) in bile 

predominates in lower animals such as rabbit and decomposition profiles of this 

particular bilirubin fraction, along with g- and a-fractions, were consistent with 

hydrolysis of esters [D26,D27]. Figure 4-1-3 shows an electropherogram of a rabbit 

bile sample using MEKC. It is clear that the predominant peak (peak 2) appears at a 

migration time of - 7 .5 min and was, therefore, isolated for use as the monoconjugated 

bilirubin standard as shown in Figure 4-1-2. Peaks 1, 3 and 4 in Figure 4-1-3 were 

tentatively assigned as the a-, g-, and d-fractions, respectively, since their migration 

times correlate with those obtained from the corresponding bilirubin standards as shown 

in Figure 4-1-2. Also, the identities of these species were also previously assigned as 

such in the reversed-phase HPLC separation of rabbit bile [D27]. 

Peak 4 in Figure 4-1-2 was identified as the bilirubin species covalently bound to 

human serum albumin (biliprotein), which was synthesized from standard procedures 

[D19]. It can be seen that biliprotein has the highest electrophoretic mobility and eluted 

the latest among the four bilirubin standards separated by MEKC. This is reasonably 
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concentrations of unconjugated bilirubin in human sera are in the range of 6 - 17 mM 

and for conjugated bilirubin, in the range of 0.1 - 0.2 mM [D22], the detectabilities that 

can be achieved using the present method are adequate for the diagnosis of mild to 

acute cases of certain types of unconjugated and conjugated hyperbilirubinemia. Table 

4-1-2 presents the relative standard deviation (RSD) calculated for migration times and 

peak areas of the four bilirubin standards spiked in model serum and bilirubin species 

found in pathological human serum samples. These data show that the precision of this 

method is comparable to those obtained in other MEKC methods developed for the 

determinations of analytes in plasma or serum samples [D 16]. 

Recovery tests were performed by adding various bilirubin standards (20 - 100 

mg/ml) into healthy adult sera and the individual bilirubin concentrations were 

determined by employing MEKC. The average recovery (R) calculated for each 

bilirubin standard was as follows: unconjugated bilirubin (R = 101 % , n = 5); 

diconjugated bilirubin (R = 98.6% n = 5); and biliprotein (R = 94.3% n = 4). These 

results indicate that good recovery can be obtained for unconjugated and conjugated 

bilirubins using the present method. 

Patient Samples 

Figures 4-1-6 (a) and (b) show two MEKC electropherograms of serum samples 

obtained from patients with bone cancer and jaundice, respectively. Importantly, the 

migration times of peaks 1 to 4 in these electropherograms show good correlation with 

those of unconjugated and conjugated bilirubin standards spiked in model serum as 
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shown in Figure 4-1-2. Using calibration plots obtained from measuring peak areas of 

unconjugated bilirubin, diconjugated bilirubin and biliprotein standards, the 

concentrations of peaks 1 to 4 as appeared in Figure 4-1-6 (a) were calculated to be 

46.7 mM, 69.2 mM, 14.5 mM and 8.1 mM, respectively, and in Figure 4-1-6 (b) the 

concentrations were 63.1 mM, 132.2 mM, 27.1 mM and 5.8 mM, respectively 

(concentrations of peak 2 in Figures 4-1-6 (a) and (b) were calculated using calibration 

plots of diconjugated bilirubin). These values are significantly higher than those found 

in normal human serum [D2], indicating that these patients may be suffering from some 

type of hemolytic disorders and/or hepatic dysfunction. An unknown asymmetric peak 

(peak 5) appears in both electropherograms at a migration time of - 12 min, which may 

be due to binding of small amounts of various bilirubin species adsorbed to serum 

proteins and/or the presence of some other protein-bound pigments which absorb at 450 

nm. 

CONCLUSION 

In summary, we have demonstrated that MEKC can be successfully used for the 

separation of major bilirubin species present in serum with good selectivity and 

reproducibility. The major advantages over conventional HPLC methods are direct 

sample injection capability, instrumental simplicity, minimal sample usage, and lower 

cost"of MEKC, suggesting it could be a practical method for the fractionation and 

measurement of serum bilirubin species in routine clinical laboratories. Further 
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improvement in detectability of this method is necessary, which may be accomplished 

by employing multireflection absorption [D28] or laser-i~duced fluorescence detection 

techniques [D29]. 

Table 4-1-1 Detection Limits and Linearity 

Bilirubin Detection limit Q! Linearity 

(µM) upper limit (µM) linear regression constant~ 

Unconjugated 6.0 170 0.995 

Diconjugated 5.8 284 0.993 

Bili protein 6.5 162 0.998 

etection 1m1ts 

bLinear regression constants determined from detection limits up to the amounts listed 

for the upper limits. 

Table 4-1-2 Reproducibility of Migration Times and Peak Areas* 

Bilirubin 

Unconjugated 
Monoconjugated 

Diconjugated 
Bili protein 

R.S.D. (%) 
Migration time 

(n=4) 
Model serum Patient serum 

0.23 0.16 
0.25 0.28 
0.18 0.25 
0.32 0.38 

Peak area 
(n=4) 

Model serum 

3.04 
2.66 
2.48 
2.73 

*Determined by sequential injections over ca. 1.5 h time period for n = 4. 
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4.20 
3.20 
3.50 
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FigUre 4-1-1 CZE electropherograms of (a) 35 mM unconjugated bilirubin, (b) 39 mM 

diconjugated bilirubin, and (c) a mixture of 35 mM unconjugated bilirubin (peak 1) and 

39 mM diconjugated bilirubin (peak 2). Buffer: 20 mM borax buffer of pH 8.5 with 

5% methanol. Absorbance detection at 450 nm. 
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Figure 4-1-2 MEKC separation of four bilirubin standards in the presence of 3 % 

human serum albumin. Buffer: 25 mM SDS in 20 mM borax buffer of pH = 8.5 with 

3 % methanol. Absorbance detection at 450 nm. Peaks: 1 = 41 mM unconjugated 

bilirubin; 2 = 25 mM monoconjugated bilirubin, 3 = 57 mM diconjugated bilirubin 

and 4 = 36 mM biliprotein. 
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Figure 4-1-3 MEKC separation of rabbit bile (1:3, v/v dilution). Buffer and detection 

conditions same as Figure 4-1-2. Peaks: I = a-fraction, 2 = b-fraction, 3 = 

g-fraction, 4 = d-fraction. 
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Figure 4-1-4 MEKC electropherogram of 3 % human serum albumin. Buffer conditions 

same as Figure 4-1-2. Absorbance detection at 280 nm. 
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Figure 4-1-5 Effect of SDS concentration on the migration time of four bilirubin 

standards: 1 = 41 mM unconjugated bilirubin, 2 = 25 mM monoconjugated bilirubin, 

3 = 57 mM diconjugated bilirubin and 4 = 36 mM biliprotein. Buffer: 20 mM 

borax buffer of pH = 8.5 with 3 % methanol. Absorbance detection at 450 nm. 
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Figure 4-1-6 MEKC separation of patient serum samples (a) bone cancer (1 :2, v/v 

dilution) and (b) jaundice (1:3, v/v dilution). Buffer and detection conditions same as 

Figure 4-1-2. 
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II. Enhanced Separation of Urinary Porphyrins in Miceelar Electrokinetic 

Chromatography with Bovine Serum Albumin as a Buffer Additive 

INTRODUCTION 

Bile salt micelles have been successfully applied to the resolution of optical isomers 

and hydrophobic compounds in HPLC (high-performance liquid chromatography) and 

MEKC (micellar electrokinetic chromatography)[El, E2]. It possesses a flexible 

structure of helical aggregates [E3] and the lateral surface of the helix comprises the 

bile salt steroidal backbone with the angular methyl and hydroxyl groups protruding 

outside and inside the helix, respectively. The bile salt interior is filled with cationic 

sodium counter-ions surrounded by water molecules. SDS is a well-known surfactant 

and is widely used in MEKC. BSA has been used successfully in HPLC as a chiral 

stationary phase [Ell, and in capillary affinity electrophoresis as a stereospecific run 

buffer additive [E4]. The major limitation of using BSA as a run buffer additive in 

capillary electrophoresis (CE) is the problem of irreversible adsorption of the protein 

to the capillary wall. The purpose of this study is to invesigate the feasibility of the 

combination of BSA and micelles and to improve the selectivity of MEKC in the use 

of bile salt and SDS micelles while minimizing the phenomena of protein-wall­

adsorption. The urinary porphyrin was chosen as a model molecule to evaluate the 

BSA-bile salt micelle system since the bile salt micelles were shown to be incapable 

of separating negatively charged or high polar racemic compounds in previous reports 

[ES]. The porphyrins can be separated by MEKC using a SDS-CAPS (3-

cyclohexylamino-1-propanesulfonic acid) run buffer with relatively large percentages 
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of methanol added under rigorous pH conditions, whereas the SDS acts more to 

compete with the samples for wall sites than as a means of enhancing the selectivity of 

the system [E6]. 

EXPERIMENTAL 

Chemicals The pure stardards of copro- (I and III), penta-, meso-, hexa-, hepta-, and 

uro- (I and III) porphyrin were purchased from Porphyrin Products (Logan, Utah). 

TDCA (taurodeoxycholic acid, sodium salt), SDS, CAPS and essentially fatty-acid free 

BSA were purchased from Sigma (St. Louis, MO). All other chemicals were of 

analytical grade from Fisher (Springfield, NJ) or Aldrich (Milwaukee, WI). The run 

buffer solutions were prepared in doubly deionized water and filtered through a 0.4 µm 

membrance. 

Apparatus A commercially available automative CE instrument (model spectra 

PHORESIS 1000, Spectra Physics, Freemont, CA) connected to an integrator 

(Chromjet, Spectra Physics) was used to obtain the data. The wavelength spectra were 

obtained from the output signal using the data software supplied with the CE instrument 

on an IBM model 70 computer. The MEKC experiments were performed in untreated 

fused silica capillaries (Polymicro Technologies, Phoenix, AZ) with dimensions 375 µm 

x 75 µm and a length of 55 cm. 

Procedures New capillaries were conditioned with 20 mM borate-H3PO4 buffer for 

12 h. before use. The capillary was cleaned between runs with 20 mM borate-H3PO4 

buffer. _ The sample injection was set for vaccum ( - 78 mmHg below) at 2 s injection 

time and detection was measured at 400 nm. Column temperature was maintained at 

35°c. 
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RESULTS AND DISCUSSION 

Coproporphyrin isomers of type I and ill were well resolved in 22 minutes using 

a sodium taurodexyocholate solution with butanol and methanol as organic run buffer 

modifiers on a bare silica capillary (Figure 4-2-1). The attempt to separate 

uroporphyrin isomers of type I and ill was unsuccessful using this buffer system, since 

the hydrophobicity of the bile salt micelle has poor retentivity for hydrophilic molecules 

such as uroporphyrin. The mixture of six urinary porphyrins was separated in the bile 

salt micelle solution with relatively poor efficiency, while the efficiency was 

unacceptable when using the BSA solution. The separation of the urinary porphyrins 

was achieved with good efficiency using the mobile phase containing BSA and sodium 

taurodexyocholate at pH 7.4 (Figure 4-2-2). To evaluate the separation efficiency the 

retention behavior in the bile salt micellar-BSA (BS-BSA) solution must be 

investigated .. 

Since the major interactions between bile salt and BSA are thought to be the Van 

der Waals forces acting through the hydrophobic face of the bile salt molecule and 

hydrophobic amino acid residues of the protein, commonly referred to as a "steroidal 

backbone -to-steroidal backbone" association [E7], it is also suggested that the 

hydrophobic lateral external surface of the bile salt micelle can be adsorbed onto the 

BSA phase by hydrophobic interactions while maintaning its micellar structure. Figure 

4-2-3 (c) represents an electropherogram showing the net electrophoretic mobility of the 

BS-BSA complex formed in a 10 mM sodium borate-phosphate solution (pH=7.4) with 

50 mM sodium taurodexyocholate and 0.015 mM BSA. The UV spectrum obtained for 

the micelle-BSA solution shows a single peak (Figure 4-2-2c). This suggests that the 
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the micelle-BSA solution shows a single peak (Figure 4-2-2c). This suggests that the 

mixed micelle-BSA solution formed in the system is electrophoretically monodispere. 

The retention behavior characteristics of electrokinetic chromatography for ionized 

species has been described in literature [E8], here we use the similar assumption to 

express the velocity of the negative charged species, v*(s), as follows: 

where v(aq), v(BSA), v(Ms), and v(Mc) are the electrophoretic velocities of the solute 

in aqueous buffer, BSA solution, the bile salt micelle bonded to BSA, and the bile salt 

micelle (free), respectively. Then term is the molar fraction of the solute in the above 

phases denoted by subscripts aq, BSA, Ms, Mc, and nT is the total molar 

concentration. Equation 1. is true only if v(BSA), v(Ms), and v(Mc) remain constant 

when incorporating the solute. Since the mixed BS-BSA complex is electrophoretic 

monodispere, v(BSA) must be equal to v(Ms), and therefore v(BSA) = v(Ms) = 

v(BSA-Ms) and it is reasonable to assume that all bile salts are bonded to BSA when 

using a relatively high concentration of BSA, forcing l\nc to approach zero and 

consequently the last term in equation 1. can be dropped: 

(2) 

The capacity factor of the solute is defined in the usual way as: 

(3) 

and substitution of equation 3. into equation 2. yields the following expression for the 
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capacity factor: 

k'= V*(s) -v(aq) 
v (BSA-Ms) - v * ( s) 

(4) 

By using equation 4, the capacity factor of the solutes and separation factor of the 

isomers, ex (ex= k'1 /k'2; for k'1 > k'i) can be calculated as shown in the table 4-2-1. 

BSA is throught to have a molecular dimension of - 42A x 141A [E9] and the 

micellar radius of taurodexyocholate is approximately 20 to 24 A [E3]. At the 

optimum . experimental conditions the molar ratio of the bile salt to BSA is greater than 

3000, and it is presumed the bile salt micelle incorporates the BSA and a secondary 

micelle is formed on the BSA psuedostationary phase [E3]. The UV spectrum of the 

micelle - BSA solution shows an enhancement of absorption at approximately 280 nm 

which indicates that a strong interaction between the micelle and BSA occurs (Figure 

4-2-2(d)). It was found that coproporphyrin experienced a wavelength "red" shift at its 

maximum absorption band in the BSA run buffer while remaining essentially constant 

in the micelle - BSA solution when compared to the micellar run buffer (Figure 4-2-4). 

In an attempt to explain the retention behavior of the solutes in the micelle - BSA 

system, it is proposed that the solutes are incorporated into the micelle and the micelle 

complexed with BSA, since the electrophoresed protein has a substantially higher 

mobility than the uncomplexed solute-micelle. The electrophoretic mobility (µ) of a 

protein-ligand complex is dependent on the charge of Protein (Z) and ligand (z), and 

the mass of protein (M) and ligand (m) as shown by equation 5 [EIO] 

Since the change in charge is large in comparison with the change in mass, the 
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µ = 
( Z±z ) 

( M+m ) 2/3 
(5) 

protein-ligand complex will migrate at a different rate than an uncomplexed protein. 

Since the electroosmotic flow is the dominate driving force in a bare capillary, the 

solute with the greater anionic charge will migrate slower (counter-migration), but the 

more negatively charged anion will spend more time in the micellar phase (either inside 

or outside of the micelle). The reason that only one pair of the isomers can be 

separated using BSA in a bare capillary may be due to the fact that the solutes exhibit 

a minimal difference in charge density (stereo-selectivity is independent of the charge 

density and electroosmotic flow is the dominate driving force in this system) . Previous 

work shows that a mixture of both isomers of coproporphyrin and uroporphyrin can be 

separated in a single run using BSA as the run buffer additive with inner treated 

capillaries, since the electrophoretic mobility is the dominate driving force and the 

negative charge on uroporphyrin molecule is two times that of the coprophyrin molecule 

[Ell] . However, the separation of a mixture of the six urinary porphyrins was 

unsuccessful. In a micelle-BSA run buffer, if the equilibrium between the aqueous 

phase and BSA is neligible when compared to the equilibrium between the aqueous 

phase and the micelle, the retention mechanism is partly dependent on the behavior of 

the solute in the micellar solution. The rate of exchange between the micelle and BSA 

is fast enough to enhance the retentivity of the bile salt micelle to incorporate the 

hydrophilic molecules, while still limiting the resolution of the more hydrophilic uro­

isomers. The resolution (R8) between the two adjacent peaks of copro- and hexa­

porphyrin isomers is given by the traditional MEKC equation [E8] 

where to is measured with acetone and tMc-BSA is measured with Sudan III, the ratio 
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(6) 

of to to tMs-BSA is approximately 0.35. Thus, the R8 for coproporphyrin isomers is 

calculated to be approximately 1.52 and approximately 1.57 for hexaporphyrin isomers. 

Similar results were obtained for the SDS-BSA run buffer (Figure 4-2-4). The 

peak shapes remained nearly the same as compared with the SDS run buffer, 

selectivity improved, and more importantly, solubility of the solutes increased as a 

result of the SDS-BSA run buffer exhibiting a pH 4 units lower than the SDS run 

buffer. The efficiency of the separation decreased with increasing concentrations of 

BSA. BSA was found to be extremely stable in a taurodexyocholate run buffer for a 

period of several weeks but was found to precipitate in an SDS run buffer in only a 

week. This is not suprising since SDS is an efficient detergent for denaturing BSA, 

whereby the tertiary structure or folding structure of BSA is destroyed [El2]. 

The major limitation of the system is that at a fixed molar ratio of the micelle to 

BSA, the resolution can be improved by increasing the concentration of the run buffer 

and the column temperature, but at the expense of increasing current caused by 

increasing ionic strength. Figure 4-2-6 and 4-2-7 show the influence of field and 

concentration of TDCA or TDCA-BSA on the current. Similarly, a direct relationship 

between current and temperature is found at a rate of ~ 5 µAllOC' in the range of 25 -

55C0 • Although the terteriary structure of the protein may not be an important factor 

in the retention mechanism due to BSA acting primarily as a supporting medium (in the 

case of SDS), the performance of separation is still influenced by pH. The optimum 

pH was determined to be in the range of 7.2 to 7.6 and is dictated by the nature of the 

protein, which is similar to a previous study using BSA affinity CE [E4]. At a pH 
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greater than 8.5, precipitation occurs in the SDS-BSA run buffer, while the protein is 

quite stable in the TDAC-BSA run buffer below pH = 10. Table 4-2-2 shows that the 

average limit of detection was found to be approximately 1. 7 µM ( - 5 fmol, SIN= 3) in 

the bile salt micelle-BSA buffer system which was about 8 % higher than in the SDS­

BSA buffer system ( ~ 1.1 µmol/or ~ 4 fmol). Itis because the "baseline" appeared to be 

more noisy in the bile salt micelle -BSA buffer system as mentioned above. The 

reproducibility of migration time and peak areas was very similar in both the buff er 

systems (Table 4-2-2). 

CONCLUSION 

It has been demonstrated that a mixed miceller and BSA buffer is very useful 

system, and although the characteristics of the MEKC system have been preserved, the 

electrophoretic performance of the system has been improved via modification of the 

run buffer with BSA. Using BSA as a run buffer modifier in micellar electrokinetic 

chromatography can significantly improve separation efficiency, and increase sample 

solubilization via pH changes of a run buffer. 
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Table 4-2-1 The k' values in different systems. 

Porphyrin k'(l) k"(2) k'"(3) 

Copro III 3.40 

Copro I 2.39 3.43 1.35 

Meso 0.32 0.12 1.37 

Penta 1.65 0.91 0.56 

Hexa III 1.32 0.88 0.38 

Hexa I 1.13 0.78 0.29 

Hepta 1.09 0.74 0.27 

Uro 1.03 0.72 0.26 

(1) in 6 mM sodium borate-phosphoric acid (SBP) buffer (pH=7.4) containing 40 mM 

sodium taurodeoxycholate-0.013 mM BSA. 

(2) in 10 mM SBP buffer (pH=7.4) containing 50 mM SDS-0.015 mM BSA. 

(3) in 15% methanol of 20 mM CAPS buffer (pH=ll.0) containing 100 mM SDS. 
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Table 4-2-2 The Relative Stanclardard Deviation (%) on the Reproducibility of 

Migration Time and Peak Areas.* 

Porphyrin (1) n=5 (2) n=5 

Migration time Peak area Migration time Peak area 

Copro III 0.29 2.91 ---- ----

Copro I 0.30 2.87 0.35 2.13 

Meso 0.16 3.19 0.28 3.10 

Penta 0.31 2.54 0.11 2.07 

Hexa III 0.21 3.21 0.15 2.42 

Hexa I 0.22 3.52 0.14 2.38 

Hepta 0.35 3.83 0.25 2.93 

Uro 0.38 4.15 0.27 2.86 

* Measured on sequential injections over ca. 2h period for n=5. 

(1) Buffer condition was the same as in Table 4-2-1 (l); (2) Buffer condition was 

the same as in Table 4-2-1 (2). 
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Figure 4-2-1 Electropherogram of coproporphyrin III (12.5 µM) and I (lOµM) in 

50mM TDCA-6 mM borate-H3P04 , pH = 8.0, 5% butanol and 10% methanol (v/v) 

added. 18 kv. 
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Figure 4-2-2 Electropherogram of urinary porphyrins: 1. copro (III and 1)-, 2. penta-, 

meso-, 4. hexa (isomers)-, 5. hepta- and 6. uro-porphyrin (10 µM) in 40 mM TDCA-

0.012 mM BSA and 6 mM borate-H3P04 , pH= 7.4. 18 kv . 
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Figure 4-2-3 Electropherograms of (a) 0.015 mM BSA, (b) 50 mM TDCA, (C) a 

mixture of 50 mM TDCA-0.015 mM BSA and (D) UV spectra of (a) as (1) and (c) 

as (2) in 10 mM borate-H3PO4 , pH= 7.4. 16.5 kv. 
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Figure 4-2-4 Spectrum of coproporphyrin III in (1) 50 mM TDCA, (2) 10 mM borate­

H3P04 , (3) 50 mM TDCA-0.015 mM BSA and (4) 0.015 mM BSA, pH= 7.4. 
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Figure 4-2-5 Electropherograms of urinary porphyrins in (a) 100 mM SDS-20 mM 

CAPS, 15% methanol (v/v) added, pH= 11, (b) 25 mM SDS-30 mM TADC in 6 mM 

borate-H3P04, pH= 7.8, 3% butanol added and (c) 50 mM SDS-0.015 mM BSA in 10 

mM borate-H3PO4, pH=7.4. 18 kv. 
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CHAPfER S SPECIA TION OF ALUMINUM USING CAPILLARY ZONE 

ELECTROPHORESIS WITII INDIRECT UV DETECTION 

INTRODUCTION 

The role of aluminum (Al) as a toxic agent in neurodegenerative disorders such as 

Alzheimer's disease (AD) is a controversial but important topic. In recent years there 

is growing evidence which suggests that some chemical form(s) of Al could play an 

important role in governing the absorption and transport of Al in humans [Fl-F5]. 

Unfortunately, very little is known about the concentrations and identities of Al species 

present in the environment and in biological systems. This problem is in large part due 

to the lack of analytical techniques capable of rapid and accurate determination of Al 

species present in various sample matrices. 

Recently a controversial study which statistically links the ingestion of Al through 

drinking water and the increase frequency of AD has been reported [F6]. Although in 

this study no evidence of direct relationship between Al and AD has been established, 

it points out the possibility that Al in drinking water may be present in some unique 

chemical form(s) that makes it more bioavailable than Al found in food stuffs or 

medications. In this regard it is interesting to note that among the potential inorganic 

ligands normally present in water, equilibrium calculations suggested that only the 

fluoride ion will significantly affect Al speciation [F7]. The distribution of 

mononuclear fluoroaluminum species, e.g., AlF2+, AlF2 +, AlF3 and AlF 4-, in water 

is of particular interest since some of these monomeric Al species have been postulated 

to facilitate the transport of hydrolyzable Al species through hydrophobic membranes 
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and/or demonstrated to possess properties which alter biochemical pathways [F8] . 

Early analytical methods employed for Al speciation mainly involved some type of 

indirect method [F9]. The key step in all these methods was the use of cation-exchange 

columns to separate the labile monomeric (inorganic) from the non-labile monomeric 

(organic) fractions. Based on the concentration of the total monomeric Al, the labile 

monomeric concentration can then be calculated using thermodynamic-based speciation 

models. Recently direct determination of inorganic as well as organic Al species have 

been shown to be possible using ion chromatography (IC). For example, Bertsch and 

Anderson [FlO] have demonstrated that fluoro- oxalato-, and citratoaluminum 

complexes can be separated and quantitated by IC, and that excellent quantitative 

agreement between predicted species concentrations (calculated from thermodynamic 

speciation model) and those determined by IC were obtained under various experimental 

conditions. More recently, Jones [Fl l] has applied an IC technique for the speciation 

· of AI in reservoir and drinking water samples. In these studies major disadvantages of 

the use of IC methods for Al speciation included their inabilities to separate various 

inorganic or organic Al species with good efficiency and to resolve mixtures of 

inorganic and organic Al species into discrete chromatographic peaks under isocratic 

conditions. 

In recent years capillary zone electrophoresis (CZE) has been shown to be a highly 

efficient technique for the separation of small inorganic as well as organic cations and 

anions. For example, simultaneous separation of - 10 alkali, alkaline earth and 

lanthanide metal cations within a single run has been demonstrated using CZE [Fl2]; 

also, the simultaneous analysis of weak organic acid anions (oxalate and citrate) and 

inorganic anions (chloride, sulfate, phosphate and carbonate) in diluted urine has been 
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achieved within the same analytical run in a simple and rapid manner [Fl3]. On the 

other hand, the use of CZE for the efficient separatioi:i of metal species with good 

resolution has also been shown to be feasible. For example, the determination of the 

oxyanionic species of arsenic, i.e., arsenite and arsenate, in urine was demonstrated 

[Fl3] and the separation of a mixture of metal complexes present in electroplating 

solutions, i.e., Fe(CN)/-, Fe(CN)l-, Cu(CN)/- and Zn(OH)/- were also reported 

[Fl4]. 

In this chapter the separation performance of CZE for the speciation of fluoro- and 

oxalatoaluminum complexes present in aqueous solutions was evaluated. Detection was 

performed using indirect absorption method with a background electrolyte containing 

imidazole as the UV absorber, which was first used by Beck and Engelhardt [Fl5] for 

the rapid CZE determination inorganic cations and aliphalic amines with excellent 

detection limits and separation efficiencies. Furthermore, the stability of Al species 

during CZE separation was examined by comparing measured and predicted 

concentration values (via the thermodynamic speciation model: SOILCHEM) obtained 

for the various fluoro- and oxalatoaluminum complexes and the uncomplexed Al under 

various experimental conditions. 

EXPERIMENTAL 

Chemical and Materials Aluminum nitrate, sodium fluoride, sodium oxalate and 

imidazole were analytical grade and purchased from J. K. Baker (Phillipsburg, NJ, 

USA) or Sigma (St. Louis, MO, USA). Doubly distilled deionized water obtained from 

a Barnstead Nanopure System (Dubuque, IA, USA) was used for the preparation of all 

buffer and sample solutions. Polyimide-coated fused-silica capillary with 75 µm i.d. 
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and 360 µm o.d. was obtained from Polymicro Technologies (Phoenix, AZ, USA). 

Buffer and sample Solutions All buffer solutions were prepared with a background 

electrolyte containing 5 mM of imidazole. Sample solutions were prepared by adding 

solution containing the ligand of interest to an appropriate volume of Al(N~h standard 

solution in a 100-ml polyethylene (PE) volumetric flask such that the final Al 

concentration was 0.25 mM. The pH of the buffer and sample solutions were adjusted 

with small amounts of 1 M sulfuric acid. Prior to use all solutions were filtered 

through a 0.45 M membrane filter and stored in the PE bottles to age for a minimum 

period of 24 h. 

Instrumentation A home-built CZE instrument was used for all separations. An 

acrylic box with a safety-interlocked door designed to prevent operator contact with 

high voltage contained the Speelman voltage source (Model CZE 1000/30PN, 

Plainview, NY, USA) and a Linear Instrument UV/Vis absorbance detector (Model 

204, Reno, NV, USA) which has been modified for on-line detection at 214 nm. 

Contact with solution was made via platinum electrodes. All CZE separations were 

carried out using 350 V/cm field strength. Samples were injected hydrodynamically at 

the anode (positive polarity) by raising the sample solution reservoir to a height of 10 

cm for 10 s. Data were recorded using a Chromjet integrator (Spectra Physics, San 

Jose, CA, USA). 

Capillary Preparation Capillary length was 45 cm with a detection window made by 

burning off 2mm of the polyimide coating at approximately 35 cm from the anode end 

of the capillary. Capillaries were washed with 1 N NaOH for 30 min, followed by 

rinsing with the buffer solution for 1 h and equilibration with the buffer solution 

overnight. 
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Speciation Calculations The theoretical species concentrations of Al in the sample 

solutions was calculated by utilizing the SOILCHEM program: an improved version 

of the thermodynamic geochemical speciation model-GEOCHEM [F16]. 

RESULTS AND DISCUSSION 

Figure 5-l(a) shows the CZE separation of a standard solution of Al(NO:Jh using 

a background electrolyte buffer containing 5 mM imidizole at pH 3.5, and two sharp 

and well-defined peaks can be observed in the electropherogram. The early peak 

which appears at a migration time of - 3.5 min can be assigned to the "free" Al ion 

(Al+ 3) since this species predominates in aqueous solution at pH less than 5. This 

positively-charged species would be expected to migrate faster toward the cathode (or 

detector) when compared to the predominant negatively charged solute present in the 

sample solution: N03-, which appears as an "inverted" peak at a migration time of -

6.5 min. Appropriate amounts of nitric, hydrochloric and sulfuric acids were added to 

the buffer and sample solutions for pH adjustments and it was found that separation 

performance was dependent on the type of acid used. Sulfuric acid was found to 

provide the best resolution for the CZE separation of various Al species, vide infra, but 

it is not clear at this time why this is the case. It should be noted that based on 

thermodynamic calculations, the so/- ion could interact with the Al ion to form 

sulfatoaluminum complexes in the sample solutions. However, by adding a relatively 

large amount of so/- to the Al standard solutions (mole ratio SO4: Al = 20: 1), we 

found no significant difference in the retention time or peak area of the free Al ion peak 

as shown in Figure 5-1 (a). This observation suggests that any sulfatoaluminum 

complexes formed in the sample solution are likely to exist as weak, electrostatic outer-
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sphere complexes and are apparently readily dissociated during CZE separation. 

Similar observations have also been reported for the separation of sulfatoaluminum 

complexes using IC [F 10]. 

Figure 5-1 (b) shows that with the addition of F (as NaF) into the Al standard 

solutions, the peak area of the free Al ion peak was reduced significantly and additional 

peaks were produced in the CZE electropherogram. The major peak which appears at 

- 2.4 min can be assigned to Na+ (comfirmed by the injection of NaF without the 

presence of Al(NO3)J). On the other hand, assignments of the two smaller peaks 

which appear at - 3.2 and 3.8 min, respectively, are not as straightforward. Table 5-1 

compares experimental data and theoretical values generated by the SOILCHEM 

program. At a F/Al ratio of 0.5:1 and sample and buffer pH = 3.5 (experimental 

conditions of Figure 5-1 (b)), the predicted concentration values of Al3 +, AlF2 + and 

AlF2 + are shown to be in good agreement with experimental measurements, which 

suggests the formation of AIF2+ and AIF2 + species upon the addition of NaF into the 

Al standard solution. Furthermore, it was found that the total integrated areas of the 

free Al ion as shown in Figure 5-1 (a) and the cluster of three adjacent peaks (between 

3.0 and 4.0 min) as shown in Figure 5-1 (b) are similar. These results, along with the 

fact that no interference peaks were obtained from the CZE separation of NaF alone, 

suggest that the two smaller peaks which are centered at - 3.2 and 3.8 min in Figure 5-

1 (b) are probably a result of a redistribution of Al between species of differing positive 

charges upon the addition of NaF and assignments of AlF2+ and AlF2 + could be made 

for these two additional peaks. In this case, it would be reasonable to assign AlF2+ 

as the early peak which appears at - 3.2 min since it possesses a higher positive charge 

and would be expected to migrate faster toward the detector when compared to A1F2 +, 
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which was assigned as the latter peak appearing at ~ 3.8 min. However, using the same 

argument, it would be unreasonable to expect the Na+ to migrate faster than AlF2+ as 

shown in Figure 5-l(b) and, similarly, the early appearance of AlF2+ when compared 

to the free Al ion (a positively triple charge species which appears at ~ 3.5 min) is not 

expected. 

In an attempt to understand the migration order of the assigned peaks as shown in 

Figure 5-l(b), it is important to note that the mobility (or migration time) of a 

particular ion in CZE separation is dependent not only on the charge but also the size 

of the ion [Fl 7]. For electrolytes dissolved in aqueous solutions the number of water 

molecules associated with the ions during their movement through the solution is likely 

to influence their overall size and mobility. Many experiments have been devised in 

attempts to determine the hydration of ions in aqueous solutions [Fl8,Fl9]. 

Unfortunately, the solvation (or hydration) number of many ions is not known with 

certainty. However, it is interesting to note that under the influence of intense 

electrical forces, the hydration numbers of NaCl and AIC13 have been reported to be 

7 and 31, respectively [F 18]. It is possible that under the experimental conditions 

described in Figure 5-l(b), the mobilities of the various ions are influenced by the 

degrees of hydration. The hydration number of the uncomplexed Al ions may be higher 

than that of Na+ and AIF2+, thus leading to an increase in the size and/or decrease of 

the charge of the free Al ion and resulting in a longer migration time. 

Table 5-1 and Figure 5-2 show that good agreement between measured and 

predicted values extend over a range of pH and mole ratio values when the pH of the 

sample and background electrolyte buffer were matched. On the other hand, when the 

pH of the sample and buffer was unmatched, the experimental values of uncomplexed 

122 



Al and complexed fluoroaluminum species showed minimal changes and also exhibit 

good agreement with thermodynamic calculated values over a pH range of about one 

order of magnitude. These results suggest that these fluoroaluminum species exhibited 

good kinetic stability and maintained their integrity, i.e., minimal redistribution during 

CZE separation, under the present experimental conditions. The average limits of 

detection (LOD) for uncomplexed Al and complexed fluoroaluminum species was found 

to be about 0.3 ppm (SIN = 3) and the average relative standard deviations (n = 8) 

for mobilities and peak areas were < 0.5 % and 4 % , respectively. The relationship 

between peak area and concentration was linear in the range 0.3 to 15 ppm with the 

regression equation: A (peak area) = 1.04 x 104C (concentration) + 1.09 x 103. The 

correlation coefficient (r2) was 0.9989 (n = 8). 

Figure 5-3 shows the CZE separation of a sample solution containing mixed F and 

oxalate ligands (mole ratio Al:F:oxalate = 1:0.5: 1). When compared to Figure l(b), 

an additional peak which appears at ~ 4.0 min was produced with the presence of oxalate 

anion. Similarly, a peak which appears at ~ 4.0 min was also produced upon the 

addition of oxalate into Al standard solutions without the present of F. Figure 5-4 

compares the experimental and thermodynamic calculated values of uncomplexed Al 

and monooxalatoaluminum species at varying mole ratio of oxalate and Al (in the 

absence of F) and indicates good agreement for these particular species, suggesting that 

that additional peak at ~ 4.0 min probably arose from the formation of 

monooxalatoaluminum species. The relatively long migration time obtained for this 

organic Al species is reasonable since it would have the smallest charge density due to 

its single positive charge and relatively large size (neglecting hydrating number), thus 

leading to lower mobility relative to the other positively charged species present in the 
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sample solution. Figure 5-3 shows that good resolution can be obtained for the 

simultaneous separation of inorganic and organic Al comp_lexes within a single CZE run 

during a period of less than 5 min. This capability demonstrates that CZE possesses 

a distinct advantage over IC for the separation of sample solutions containing these 

particular mixed inorganic and organic ligands. Using IC only the uncomplexed Al 

and AlF2+ produced discrete chromatographic peaks while AlF + 2 and 

monooxalatoaluminum species were observed to co-elute as a single peak under 

isocratic conditions [FlO]. 

CONCLUSION 

In summary, this work demonstrates that CZE can be used as a powerful technique 

for the rapid and efficient separation of fluoro- and oxalatoaluminum species present 

in aqueous solutions. More research is needed to examine the feasibility of using CZE 

for the separation of other small inorganic and organic Al complexes, as well as 

protein-bound and macromolecular Al species. In particular, experimental factors 

which affect the stability or integrity of the Al species during CZE separation and the 

effects of potential interference ions present in real samples which might form 

complexes with alumininum should be investigated in detail by comparing experimental 

and theoretical values. 
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Table S-1 Measured (CZE) and Predicted (SOILCHEM-SOIL) Concentrations of 

Uncomplexed Al and Complex Fluoroaluminum Species in Solutions of Varying F:Al 

Mole Ratios and pH Values. 

Al3+ Afp2+ AIF2 + 

FIAia pH czEb CZEc SOIL czEb CZEc SOIL czEb CZEc SOIL 

0.5:1 3.2 .143 .141 .127 . 104 .101 .115 .003 .008 .005 

3.5 .129 .134 .132 .115 .111 .113 .006 .005 .005 

4.0 .135 .130 .122 .112 .114 .124 .003 .006 .004 

4.2 .132 .137 .130 .113 .108 .114 .005 .005 .006 

1:1 3.2 .075 .073 .058 .138 .148 .144 .037 .029 .048 

3.5 .068 .069 .059 .150 .149 .145 .031 .032 .046 

4.0 .066 .069 .060 .155 .156 .148 .029 .025 .042 

4.2 .075 .069 .059 .139 .139 .147 .036 .041 .044 

arotal Al concentration = 0.25 mM 

hpH of the sample and buffer solutions was matched in the range of 3.2 to 4.2 

cpH of the buffer was fixed at 3.5 and pH of the sample solutions was adjusted from 3.2 
to 4.2. 
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Figure 5-1 CZE electropherogram of a 0.25 mM Al(N03h solution with (a) no F and 

(b) the addition of 0.12 mM of NaF. The pH of buffer and sample solutions was 

matched at 3. 5. 
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Fgure 5-2 Measured (symbols) and predicted (solid lines) concentrations of the 

uncomplexed and fluoro-complexed Al species at varying F:Al mole ratios with total 

Al concentration equal to 0.25 mM and pH of buffer and sample solutions equal to 

3.5. (" =Al3+, □ =AlF2+ and O =AlF2 +) 
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Figure 5-3 CZE electropherogram of a 0.25 mM Al(NO3h solution with the presence 

of 0.13 mM F and 0.25mM oxalate.The pH of buffer and sample solutions was 

matched at 3.5. 
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Figure 5-4. Measured (symbols) and predicted (solid lines) concentrations of the 

uncomplexed and monooxalato-complexed Al species at varying oxalate:Al mole ratios 

with total Al concentration equal to 0.25 mM and pH of buffer and sample solutions 

equal to 3.5. (T =Al3 +, 0 =Al-oxalate+) 
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CHAPTER 6 IMPROVEMENT OF DETECIBILITY IN CAPILLARY 

ELECTROPHORESIS 

I. Peroxyoxalate Chemiluminescence Detection in Capillary Electrophoresis 

INTRODUCTION 

Due to the small sample volume requirement in capillary electrophoresis (CE), the 

development of new detection methods capable of providing improvements in limits of 

detection (LOD) is an important area of research. A wide range of methods based on 

well-known detection principles have been demonstrated to be quite useful for CE, 

including UV absorption [G 1-G3], fluorescence [G4-G6], mass spectrometry [G7, G8], 

conductivity [G9] and electrochemistry [GlO, Gll]. Among these methods UV 

absorption is the most popular because most organic analytes posses high molar 

absorptivities at 210-nm region; nevertheless, UV absorption method lacks sensitivity 

primarily due to the short optical pathlength available across the capillary column. To 

achieve significant gain in LOD, detection methods based on phenomena of high 

inherent sensitivity, such as fluorescence, should be used. For example, using a laser 

for fluorimetric excitation, detection of zeptomole (10-21 mol) quantities of analytes has 

been reported [G5,G6]. However, laser-induced fluorescence methods posses some 

disadvantages, such as the presence of significant background noise, e.g., Rayleigh and 

Raman scattering generated by the high-intensity laser, and the high price and 

complexity of most laser systems. These particular disadvantages could be, however, 

largely overcome by performing the fluorescence measurement via chemical excitation, . 
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i.e., the generation of fluorescence in which the electronically excited state of the 

molecule is provided by a chemical reaction (chemilumii:iescence). 

Chemiluminescence (CL) has been shown to be a highly sensitive method for 

detection in conventional [G12,G13] and microcolumn [Gl4] high-performance liquid 

chromatography (HPLC). Recently the feasibility of using CL as a detection scheme 

in CE has been demonstrated as well using the luminol CL system for sensitive 

detection of two luminol derivatives [G15]. It should be noted that, however, among 

the most common CL system, e.g., luminol, lucigenin and peroxyoxalate (PO)-CL 

reaction, the PO-CL system has been most widely used for post column detection in 

HPLC [Gl6] . The popularity of the PO-CL reaction, which is based on the oxidation 

of oxalate derivative in presence of a suitable fluorophore, is in part due to its high 

quantum efficiency and, perhaps more importantly, its ability to excite a wide range of 

different fluorophores when compared to other CL systems. Although the use of 

organic solvents is required in most common applications of PO-CL detection in HPLC 

involving reversed-phase columns due to the low solubility and instability of most 

oxalate derivatives in aqueous solutions, the post-column addition of PO-CL reagents 

to the column effluent containing the fluorophores to generate CL emission can be 

achieved with excellent sensitivity while maintaining good separation performance under 

optimized experimental conditions [G 17]. The involvement of mixed aqueous-organic 

phase solvent systems, however, could present some major difficulties in the use of PO­

CL reaction as a detection scheme in CE due to, for example, the influence of organic 

solvents on the migration behaviors of the analytes, which are strongly dependent on 

their mobilities in the aqueous electrophoretic buffer, and the possible effect of high 

electric field strength on the stability of the PO-CL reagents [Gl8]. 
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Camilleri et al. [G 19] have recently demonstrated that CE separation of proteins and 

peptides followed by elution under pressure (dynamic elution) can be achieved with 

little loss of resolution, thus allowing the possible use of CE as a micropreparative 

technique. In this section a similar two-step approach, involving switching off the CE 

power supply at an appropriate time and connecting the capillary to a syringe pump to 

effect dynamic flow, was demonstrated for the post-column detection of analytes in CE 

using the PO-CL reaction. Using dynamic elution, potential problems associated with 

incompatibilities between mixed aqueous-organic solvent and electrically driven 

separation systems are avoided. The effects of dynamic flow-rate and PO-CL reagent 

concentration on the CL signal intensity and /or peak width were examined for the 

measurements of three dansylated (Dns)-amino acids. LOD obtained using the present 

PO-CL method were compared to those of UV absorption method. 

EXPERIMENTAL 

Chemicals 

Bis-(2,4,6-trichlorophenyl)oxalate (TCPO) was prepared using the procedures 

described by Mohan and Turro [G20]. Dns-glycine, Dns-L-arginine and Dns-L-leucine 

were purchased from Sigma (St. Louis, MO). Hydrogen peroxide (30%) and all other 

chemicals were of analytical grade from Aldrich (Milwaukee, WI). TCPO was 

dissolved in ethyl acetate and hydrogen peroxide was diluted with acetonitrile. All 

buffer solutions were made with distilled and deionized water. 

Apparatus 

CE separation was performed on a in-house-built instrument consisting of an acrylic 

box designed with a safety-interlocked door to prevent operator contact with a+ 30 kV 
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high-voltage power (Glassman High Voltage, Whitehouse Station, NY), which was 

connected to the buffer reservoirs with platinum electrodes to effect CE separation. For 

on-line UV absorption detection, a detection window was made by burning off a small 

section of the polyimide coating at 40 cm from the anodic end of the electrophoretic 

capillary (55 cm x 75 µm I.D. x 144 µm O.D.) purchased from Polymicrotech 

(Phoenix, AZ). Absorption of analytes which migrate pass the detection window was 

measured using a Spectra-100 UV-Vis detector (Spectra Physics, San Jose, CA) set at 

210 nm. For post-column CL detection, a post-column reactor which consisted of 

various fused silica capillaries held within a Swagelock stainless-steel tee and a 

detection cell was constructed. 

Fig. 6-1-1 shows a schematic diagram of the post-column reactor. One arm of the 

tee contained the electrophoretic capillary which was inserted into the reaction capillary 

(10 cm x 200 µm I.D.x 400 µm O.D.; Supelo, Bellefonte, PA) situated at the opposite 

arm of the tee. The tee was connected to the detection cell via an adaptor and both the 

electrophoretic and reaction capillaries were inserted into the detection cell through the 

inner core of a PTFE tubing (400 µm I.D. x 1.5 mm O.D.), which served to protect 

the thin and fragile wall of the fused silica capillaries. The reaction capillary extended 

from the tee through the entire length of the detection cell whereas the electrophoretic 

capillary terminated at a fixed distance near the center of the detection cell; outlet 

capillary with smaller dimensions (20 cm x 100 µm I.D. x 195 µm O.D., 

Polymicrotech) was inserted into the opposite end of the reaction capillary to create a 

restricted area adjacent to the terminating end of the electrophoretic capillary to allow 

for mixing of PO-CL reagents and column effluent containing analytes to occur within 

this post-column region. Two reagent capillaries (15 cm x 75 µm I.D. x 144 µm O.D., 
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Polymicrotech) inserted into the central arm of the tee were u~ to deliver the PO-CL 

reagents (TCPO and H2Oi) into the mixing area through the small gaps that exist 

between outer surface of the electrophoretic capillary and inner surface of the reaction 

capillary. Dynamic elution of electrophoretic buffer and transport of the PO-CL 

reagents under pressure were achieved using two Sage syringe pumps (Model 341 B; 

Orion, Boston, MA). 

To detect CL emission generated within the post-column mixing region, a detection 

window on the reaction capillary was made by burning off 2 mm length of the 

polyimide coating. The CL emission was collected via one end of an optical fiber 

bundle: 61 cm long x 1.6 mm diameter with a numerical aperture of 0.55 and an 

acceptance angle of 68° (Part No. 77520; Oriel, Stratford, CT) situated directly above 

the detection window and, the other end of the fiber bundle was interfaced to the 

detection system. The CL emission was isolated by a 10-nm band-pass filter centered 

at 520 nm (Corion, Holiston, MA) and was detected using a photomultiplier tube 

(Model 9558 B; EMI, Plainview, NY) operated at voltage between 700 and 800 V. 

The photocurrent was fed to a picoammeter (Model 7080, Oriel) and the signal was 

recorded on an integrator ( Chromjet, Spectra-Physics). 

Procedures 

The CE separations were performed with a 20 mM sodium borate buffer (pH 8.9). 

Dns-amino acid stock solutions were prepared by dissolving appropriate amounts of the 

analytes into the buffer solutions. After making serial dilutions to obtained the desired 

concentrations, the sample solutions were electrokinetically injected into the CE system 

at anodic end by applying 9 k for 5 s. The electrophoretic capillary was treated by 

purging with 0.05 M NaOH for about 0.5 h and rinsed with the run buffer for 2 h 
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before use. 

The CE separation of analytes followed by dynamic elution was accomplished by 

first turning on the power supply at 16.5 k for 3.2 min. During this time, the syringe 

pump connected to the reagent capillaries was turned on momentarily to provide a fresh 

supply of PO-CL reagents into the post-column mixing region. After 3.2 min, both the 

reagent supply pump and high-voltage power supply were turned off. The anodic and 

cathodic ends of the electrophoretic capillary were then removed from buff er reservoirs 

and attached to a syringe pump and one arm of the tee as shown in Fig. 6-1-1, 

respectively. Immediately afterward, delivering of the PO-CL reagents was resumed 

and dynamic elution of the analytes was started by turning on the two separated syringe 

pumps that were adjusted to appropriate flow rates. 

RESULTS AND DISCUSSION 

One of the most important factors which limits detectibilities in PO-CL based HPLC 

systems is that without the presence of fluorescent analytes, a relative low background 

CL signal can be detected when the column effluent is mixed with the PO-CL reagents 

[Gl3,G21]. Recent evidence suggests that this background signal may arise from 

reaction intermediates and/or products of the PO-CL reaction, and its intensity can be 

influenced by various experimental factors [Gl 7,G22]. We found that the flow-rate of 

the PO-CL reagents (TCPO and H20i.) affected the background signal intensity as 

follows: at 2.5 µI/min or lower, the background current was found to remain relatively 

constant at 2.5 nA and it increased by a factor of about 2 at flow-rates higher than 4 

µI/min (dynamic flow-rate of the CE running buffer was kept at an optimum rate of 1. 7 

µI/min, see below). Using a flow-rate of 1.7 µI/min for both the CL reagents and 

135 



running buffer, Fig. 6-1-2a and b shows that the concentrations of TCPO and H20 2 

which produced the highest CL intensity for the post-column detection of Dns-L-leucine 

were found to be 5 mM and 0.3 m, respectively. 

A major concern in using the present approach is that after CE separation, peak 

broadening due to diffusion and/or other processes may occur, resulting in loss of 

resolution during the dynamic elution process. Fig. 6-1-3 shows the effects of flow-rate 

due to dynamic elution on the relative peak width (measured at baseline) of three Dos­

amino acids after CE separation. When compared to the normalized peak width of 

these analytes separated by CE without the influence of dynamic elution and detected 

by UV absorption method (Fig. 6-1-3: relative peak width = 1, at flow-rate = 0), it 

can be seen that broadening effects were reduced significantly as a result of an increase 

in the flow-rate, with the peak widths approaching those obtained without dynamic 

elution after about 2 µI/min; however, it should be noted that in conjunction with 

decrease in peak broadening a loss in separation selectivity was found at higher flow­

rates. Fig. 6-1-4 shows the effects of flow-rate due to dynamic elution on the relative 

CL intensity of three Dos-amino acids. It is clear that optimal CL intensity occurred 

at low flow-rates ( < 1.5 µI/min) and started to decrease significantly, in particular for 

Dns-L-leucine and Dos-glycine, at flow-rate higher than ca. 1. 7 µI/min. Importantly 

the results obtained in Fig. 6-1-3 and 6-1-4 indicated that in choosing a flow-rate for 

dynamic elution of the three Dos-amino acids, a compromise has to be made between 

separation and detection performance, and it appears that the optimum flow-rates fall 

in the range between ca. 1.5 and 2.0 µI/min. 

Using the optimized conditions that have been determined for the flow-rates and PO­

CL reagent concentrations, the separation and detection characteristics of the three Dns-
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amino acids after CE separation followed by dynamic elution and post-column PO-CL 

detection are shown in Fig. 6-1-Sa. For comparison purposes, Fig 6-1-Sb shows the 

CE separation and detection of the same Dns-amino acids without the influence of 

elution under pressure and using on-line UV absorption method. It can be seen that 

although the peak widths of the three analytes were broadened as a result of dynamic 

elution and post-column CL reaction (baseline peak widths increased by a factor of 

about 3 to 4 at a flow-rate of 1.7 µ1/min as shown in Fig. 6-1-3), the separation of all 

the Dns-amino acids can still be achieved with baseline resolution. The advantage of 

the present method is in the improvement of LOD using the PO-CL system for sensitive 

detection, Table 6-1 shows an improvement factor of 1 to 2 order of magnitude in mass 

or concentration LOD was achieved for measurements of the three Dns-amino acids 

using the present method. Average relative standard deviation (n=3) on peak height 

for the three dansyl amino acids measured using the PO-CL method as shown in Fig. 

6-1-5a was about 4.1 %. 

CONCLUSION 

In this study, the feasibility of using the PO-CL system for the post-column 

detection of analytes after CE separation followed by elution under pressure has been 

demonstrated. Clearly, more investigations are needed to optimize the various 

experimental factors which affect detection and separation performance using the 

present method. For examples, the use of deuterated running buffer may minimize the 

loss of resolution due to slower rate of analyte diffusion within the higher viscosity 

buffer solution [Gl9]; modifications of the volume and geometry of the detection cell 

and connecting hardware may lead to less dispersion and/or higher degree of mixing 
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between analytes and reagents; and also, the change in temperature, pH and the addition 

of catalyst and organic modifiers may affect CL efficiency and/or kinetics . . Many of 

these factors have already been investigated in detail for the optimal determination of 

analytes in post-column HPLC systems involving the PO-CL reaction [Gl2,Gl7] and 

the knowledge gain in this area could be directed toward the improvements of 

separation and detection performance using dynamic elution and PO-CL detection in 

CE. 
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Table 6-1 COMPARISON OF CONCENTRATION AND MASS DETECTION 

LIMITS BETWEEN ABSORBANCE AND CHEMILUMINESCENCE 

DETECTION METHODS 

Dns-Amino acids 

Dns-L-Argenine 

Dns-L-Leucine 

Dns-Glycine 

LOD (S/N = 3) 

UV absorption 

42 fmol (2.4 µm) 

32 fmol (2.3 µm) 

50 fmol (3.8 µm) 
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PO-CL 

1.2 fmol (71 nM) 

1.0 fmol (69 nM) 

1.5 fmol (114 nM) 
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Figure 6-1-1. Cross-sectional view of the post-column reactor 
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Figure 6-1-2 Effects of (a) TCPO and (b) H20 2 concentration on the relative CL 

intensity of 54 µM of Dns-L-leucine. The corresponding concentrations of TCPO and 

H2O2 in (a) and (b) were fixed at 5 mM and 0.29 M, respectively. Dynamic elution 

and PO-CL reagents flow-rate were set at 1. 7 µ1/min. 
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Figure 6-1-3 Effect of flow-rate due to dynamic elution on relative peak width (at 

baseline) of three Dns-Amino acids: (a) Dns-L-argenine= 1.24 µM; (b) Dns-L­

leucine= 1.08 µM; (c) Dns-glycine= 1.26 µM. Flow-rate for the PO-CL reagents was 

1.7 µ1/min and the respective concentrations for TCPO and H20 2 were 4.5 mM and 

0.29M. 
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Figure 6-1-4 Effect of flow-rate due to dynamic elution on the relative CL intensity of 

(a) Dns-L-argenine, (b) Dns-L-leucine and (c) Dns-glycine. Experimental conditions 

were as in Figure 6-1-3. 
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Figure 6-1-5 (a) CE separation of (1) 1.24 µM of Dns-L-argenine; (2) 1.08 µM of 

Dns-L-leucine and (3) 1.26 µM of Dos-glycine followed by dynamic elution and PO-CL 

detection. Dynamic elution and PO-CL reagents flow-rate were set at 1. 7 µ1/min. 

Concentrations of TCPO and H20 2 were 4.5 mM and 0.29 M, respectively. The arrow 

indicates the time at which the high-voltage power supply was turned off. (b) CE 

separation of (1) 62 µM of Dns-L-argenine; (2) 54 µM of Dns-L-leucine and (3) 63 µM 

of Dos-glycine and detected using on-line UV absorption method. 

144 



II. Improved Detection System for Whole Column Detection in Capillary 

Electric Focusing 

INTRODUCTION 

The success of capillary electrophoretic techniques have spawned interest in 

capillary isoelectric focusing (IEF) [Hl-H5]. In IEF typical capillary dimensions are 

25 - 200 µm i.d. and 12 - 20 cm long with on-column absorbance detection. Capillary 

IEF bears the general advantages of capillary electrophoresis, such as high efficiency, 

high speed and small amount of sample. In most reported capillary IEF techniques it 

is necessary to mobilize solutes after focusing in order to pass them through the 

detection region of the capillary. Mobilization can be accomplished by replacement of 

the basic catholyte with acid, or the acidic anolyte with base, by addition of salt to the 

catholyte or anolyte, or by hydrodynamic elution. 

Since a focused IEF separation represents an equilibrium situation, whole-column 

detection without mobilization offers potential advantages both in time and in 

maintaining separation integrity. Early work by Brumbaugh and Ackers [H6] attempted 

to scan a gel-chromatographic column 1 cm in diameter, with limited success. Rowlen 

et al. [H7] recently were able to perform whole column detection on an HPLC column. 

More recently, Wu and Pawliszyn [HS] constructed a concentration gradient imaging 

detector in which a segment of capillary was illuminated by a laser beam, using a 

photodiode mounted on a scanner to measure the transmitted light, or diode array. 

While attractive in many regards, a disadvantage of this approach is that only a small 

segment (2cm) can be scanned, mechanical noise is still present in the scanning diode, 
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and detection is limited to fixed available laser wavelengths, neccessitating 

derivatization in many cases. This research group [H9] bas recently demonstrated that 

a conventional light source can be used to scan the entire capillary by pulling the 

capillary past a fixed monochromator and diode, with results similar to that achieved 

using conventional (static) detection. In this paper a new whole column scanning device 

is demonstrated in which the SIN ratio was improved compared with earlier prototype. 

The advantages of this design are that examination of electropherograms during the 

course of development is possible and the need to handle the capillary after separation 

is eliminated. 

EXPERIMENTAL 

Instrumentation 

Figure 6-2-1 is a schematic diagram of the capillary scanning apparatus. The 

detector was a Linear model 204 UV /Vis dual wavelength HPLC detector (Linear, 

Reno, NV) with output recorded on an integrator (Chromajet, Spectra-Physics, San 

Jose, CA). An optical fiber bundle (Superguide G-ES 20, Fiberguide, Stirling, NJ) was 

used to deliver light from the lightsource housed with the HPLC detection system. This 

radiation was re-focused to a spot of dimension -0.5 mm onto the capillary using a bi­

convex fused silica lens (model SBx0IO, Newport, Fountain Valley, CA) placed at the 

terminal end of the optical fiber. The photodiode was mounted on the oposite side of 

the light source as shown in Figure 6-2-1. The position of the optical fiber and 

photodiode was adjustable using a micro-positioner (model 450A, Newport). A 

precision moving stage was constructed and was driven via a rubber belt by a 

synchronous DC motor (model DA-1, 1 r.p.m., Hurst, Princetone, IN). The scan 
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speed was variable by replacing the drive gear. Contact with buffer solution and 

electrical leads was achieved through the use of specially designed buffer wells. The 

capillary was held in the detection apparatus by two holes (360 µm x 10 mm) drilled 

on the side wall of the cell. The scan cycles were controlled using a latching relay and 

two momentary switches at the maximum travel of the stage. The entire apparatus was 

enclosed in a black acrylic light-tight enclosure. The equipment for capillary 

electrophoresis was described in reference [H9]. 

Materials and Methods 

Bovine albumin, ovalbumin, P-lactoglobulin B and carbonic anhydrase were 

obtained from Sigma (St. Louis, MO), pH 3-10 ampholytes from Fischer (Fair Lawn, 

NJ) and all other chemical were of analytical grade from Aldrich (Milwaukee, WI). 

Fused silica capillaries (various diameters) were purchased from Polymicro 

Technologies (Phoenix, AZ). The details of procedures for IEF and the pre-treatment 

of capillary were as described in our earlier report [H9] . 

RESULTS AND DISCUSSION 

Whole column detection is limited by the noise levels which can be achieved, at 

least in comparison with static, conventional detection. With chromophores exhibiting 

appreciable molar absorptivities in the 104 range, the detection limits for conventional, 

commercial instrumentation is typically in the µg/ml range. For IEF, original analyte 

concentrations can be even lower, since they are focused, and hence, concentrated in 

the solution. Preliminary data indicate that optical noise in moving column detection 

arises from mechnical vibrations and from optical imperfections of the capillary, as 
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evidenced by the reduced noise when the outer capillary coating was stripped as shown 

in Figure 6-2-2. The improvement in the SIN ratio is due to the decreased in dynamic 

noise using a steady moving stage instead of the pulling operation in which vibration 

and friction were the major sources of dynamic noise. The mechnical vibration was 

also minimized using a rubber drive belt to move the scanning stage while insulating 

it from motor vibration. Because the capillary on the moving stage was not directly in 

contact with the drive motor, mechnical noise was substantially reduced compared to 

the pulling mechanism [H9]. However, it is still difficult to fabricate a precision 

moving stage which minimizes variation along direction perpendicular to the capillary 

movment. This positional variation was -25µm in a 10 cm distance for this device 

which prevents the use of smaller i.d. capillaries. This positional variation is 

significantly decreased as larger capillaries are used. In Figure 6-2-2, the relationship 

between noise and capillary i.d. is presented. 

In order to reduce the positional variation during capillary movement, small 

apertures ( - 360µm) which held the outer diameter ( - 355 µm) of the capillary were made 

on the detection cell to align the position of capillary in the detection region. This 

enhancement in positional precision was accompanied by increased mechanical friction. 

In addition, we have found that the use of dual wavelength detection in order to further 

reduce noise due to capillary imperfections, light scattering, and vibration yields further 

improvements in SIN ratio. In order to maximize the effect of dual-wavelength 

detection the two wavelengths should be as far apart as possible. Limitations of the 

detector prevented experiments with wavelength variations larger than 10 nm due to the 

longer wavelength switching times required. Finally, the scanning electropherogram 

of several proteins in Figure 6-2-3 also shows an improvement in SIN ratio compared 
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to the previous design [H9]. 

CONCLUSION 

In conclusion, this whole column detection method has significantly improved upon 

previous designs by further minimizing sources of dynamic noise. The significance of 

the further development of such a device would be widespread. In the area of IEF, this 

method provides an improvement over standard IEF separations, in which a 

mobilization step is required for detection. Parabolic flow or the need to change the 

inlet buffer limit the efficiency and utility of capillary IEF in its present form. Whole 

capillary detection is a possible solution to these problems and provides new challenges 

in capillary detection technology. 
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Figure 6--2-1 Cross-sectional view of the whole column detection system 
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Figure 6-2-2 Comparision of noise levels of different capillaries and inner diameters: 

(■) UV-transparent coated capillary (75µm i.d.); ( □) stripped silica capillary (75µm 

i.d.) measured by pulling mechanism; ( ♦ )stripped silica capillary (75µm i.d.) and ( ◊) 

stripped silica capillary (254µm i.d.) measured by capillary scanning mode; ( - ) 

stripped silica capillary (75µm i.d.) measured by static. All capillaries were - 355 µm 

o.d. and filled with water, scanning or pulling speed was 0.25 mm/s. 

151 



a l O 00 1 a u b l 0 .004 au 

:l 
3 

4u 
4a 

l 
1 2 

2 4b 4b 

0 2 3 4 5 0 2 3 4 5 

n1 1n 1n1n 

Figure 6-2-3 Isoelectropherogram measured using the capillary scanning device. (A) 

separated on a PEG SM-10 treated capillary of 75µm i.d x 18 cm in 2 % ampholyte 

(pH 3-10) and (B) separated on a bare capillary of 75µm i.d. x 18 cm in 1 % Triton 100 

R - 2 % ampholyte (pH 3-10). Development voltage 8 kv; 6 min focusing time and 

scanning speed of 0.25 mm/s detection at 280 nm. Proteins: (1) ovalbumin; (2) bovine 

albumin; (3) P-lactoglobulin B; (4a) and (4b) carbonic anhydrase, 0.05mg/rnl each. 
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APPENDIX 

INVESTIGATIONS OF GAS-FWW PATTERNS WITHIN A CYLINDRICAL 

GLASS TUBE HAVING IDENTICAL DIMENSIONS AS A GRAPHITE 

FURNACEATOMIZERUNDERTHEINFLUENCEOFFORCEDCONVECTIVE 

FWW 

Summary 

Gas-flow patterns within a cylindrical glass tube having the same dimensions as a 

typical graphite furnace atomizer have been investigated by introducing two streams of 

argon gas seeded with a light scattering medium of TiO2 particles into the open ends 

of the tube and visualizing the scattering profiles of the particles. By placing a sample 

of 12 solution near the center or ends of the cylindrical glass tube, further insight into 

gas-flow patterns are gained by examining the spatial distributions of the 12 vapor under 

the influence of convective flow. The TiO2 particle and I2 spatial profiles suggest that 

at room temperature the argon streams follow a laminar-flow pattern in the bulk-flow 

region between the ends of the cylindrical tube and the sample introduction hole; 

however, at the junction region where the two argon streams converge and discharge 

from the dosing hole, local turbulences or eddies may be generated due to abrupt 

changes in gas-flow velocity and direction in the vicinity of an area (boundary layer) 

directly beneath the dosing hole. 
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INTRDUCTION 

Confined or semi-enclosed Massmann-type electroatomizers are usually fabricated 

in the form of cylindrical tubes made from graphite and equipped with the means to 

maintain an internal purge gas flow [Jl]. When applied in the drying and charring 

stages, the convective force of the purge gas is supposed to effectively clear vapors of 

the solvent and matrix, respectively, from the atomizer volume. During the atomization 

stage, the internal gas flow can be switched off, i.e., gas-stop condition, to prolong the 

residence time of the analyte vapor; on the other hand, it is sometimes desirable to 

maintain the internal purge gas flow even during the atomization cycle, i.e., gas-flow 

condition, to prolong the lifetime of the atomizer and/or to reduce sensitivity. A large 

number of papers have been published which deal with mechanisms of atom supply and 

removal within electroatomizers [J2-Jl0]. In general, under gas-stop condition, 

diffusion and vapor expulsion appear to be the dominant analyte loss mechanisms; 

however, under gas-flow condition in which forced convection is applied during the 

atomization stage, convection appears to play an important role in the removal of 

analyte from the atomizer. Although it has been shown that the effect of forced 

convection on mass transport within semi-enclosed electroatomizers is a function of the 

atomizer volume, the gas-flow rate, the atomizer temperature, and the gas-flow pattern 

within the atomizer, it is very difficult to quantitate the impact of forced convection on 

the removal of matrix and analyte because, in particular, very little is known about 

gas-flow patterns within the atomizer under various experimental conditions [J4]. 

In our earlier work involving the spatial mapping of sodium atom distribution with 

the graphite furnace atomizer under gas-stop and gas-flow conditions [Jl l], it was found 
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that the presence of internal gas flow appears to force most of the sodium atoms to 

localize on the bottom of the furnace rather than being immediately swept out of the 

furnace. This observation suggests that turbulences may be generated at various regions 

within the graphite tube and may have an impact on the redeposition of the analyte on 

the bottom of the furnace. In this work a first approximation of gas-flow patterns that 

may exist within the graphite furnace under the influence of forced convection is gained 

through the investigations of gas-flow patterns within a transparent cylindrical glass tube 

having the same dimensions as a typical graphite tube furnace by firstly, observing the 

scattering profiles of the purge gas (argon) flow after seeding it with a light scattering 

medium of TiO2 particles and secondly, observing the spatial distributions of a probe 

species (Ii) after placing the sample solution at various locations within the cylindrical 

glass tube. 

EXPERIMENTAL 

A versatile and simple technique originally developed for studying gas-flow 

dynamics in unlit inductively-coupled plasma torches was modified for the present study 

in which gas-flow patterns within a cylindrical glass tube were observed by introducing 

a light-scattering medium into the argon flow and passing a thin plane of laser light into 

the tube. The schematic of the particle generator for seeding argon with TiO2 particles 

can be found in detail elsewhere [112]. Briefly, the argon gas was first passed through 

a flow meter and then introduced into a flask consisting of 100 ml of water to humidify 

the argon for the production of TiO2 aerosol upon reaction of the water vapor carried 

by the argon flow with 20 ml of TiC14 (Alfa, Danver, MA, U.S.A.) placed in a second 

flask down stream. After the two flasks, mixing of the TiOi-seeded argon stream with 

a pure argon stream was performed to dilute the particle concentration and to remove 
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any large particles by passing the two streams of gases through a 120 cm length of 3 

mm i.d. Tygon tubing. The diluted gas stream was then made to pass through two 

drying tubes containing pellets of NaOH and CaS04 (Sigma, St. Louis, MO, U.S.A.) 

for the removal of hydrochloric acid and any residual moisture, respectively. 

Subsequently, the gas stream was split into two separate streams using a tee. 

Introduction of the two argon streams into a cylindrical glass tube fabricated to have 

the same dimensions as a Perkin-Elmer graphite tube furnace (28 mm long, 6 mm i.d., 

diameter of the sample introduction hole ~ 1.5 mm, Perkin-Elmer, Norwalk, CT, U.S.A., 

part number 0290-1821) was accomplished by inserting two 20-cm length Tygon 

tubings into the two opposite arms of the tee and the two open ends of the cylindrical 

glass tube. Scattering profiles of the argon flow were visualiz.ed at room temperature 

by projecting a thin plane of light into the cylindrical glass tube. Configuration of the 

optical system was similar to that shown in reference 12 in which the plane of light was 

produced by passing a laser beam from a 5 mW He-Ne laser (Uniphase, Sunnyvale, 

CA, U.S.A., Model 1105 P) through a series of spherical and cylindrical lenses. 

Another simple experiment was performed to observe the spatial profiles of a probe 

species (Ii) under the influence of forced convection. A 1-ml of an ethanol solution 

saturated with I2 (Sigma, St. Louis, MO, U.S.A.) was spotted with a 10-ml syringe into 

the center or near the ends of the cylindrical tube; subsequent vaporization of the 

sample solution and distribution of the I2 vapor within various regions in the cylindrical 

tube under the influence of argon flow were studied by simply visualizing the yellowish 

color of the 12 vapor under ambient room light and temperature. 
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RF.sULTS AND DISCUSSION 

Gas dynamics within a graphite tube atomizer has been studied theoretically by 

Holcombe using a simplified model [Jl3] and laminar gas-flow patterns were shown to 

exist within the atomizer under gas-stop condition since the Reynolds number (Re) 

calculated even for extreme experimental conditions (average gas velocity = 1500 cm 

min-1 and tube radius = 0.3 cm) is less than 1, which lies well below the threshold 

limit (Re - 2300) for the formation of turbulent flow to occur; thus, velocity profiles 

within the cylindrical graphite tube take on a parabolic-flow pattern in which velocity 

approaches zero at the tube walls and increases toward the center. However, the effects 

of both the sample introduction hole and forced convection imposed by the internal 

purge gas on the gas-flow patterns were not considered in this model. It is interesting 

to note that the formation of turbulences or eddies has been shown to occur at flow 

conditions in which the value of Re is much lower than the threshold limit [J14]; a 

common example of this particular situation is when laminar flow streams encounter 

angularity or solid bodies in which there are abrupt changes in the flow direction and/or 

velocity. This is an important point since possible discharge of the purge-gas streams 

from the central sample introduction hole under the influence of forced convection may 

lead to drastic change in the local velocity and flow direction of the streamlines in the 

regions immediately below the dosing hole, thereby causing the formation of eddies in 

the vicinity of these regions even though the gas velocity within the tube is too low to 

meet the Reynolds criterion for turbulent flow to occur. 

Qualitatively, Fig. 7-1 illustrates the scattering profiles of the medium of TiOi 

particles seeded in the argon flows that were introduced symmetrically at the open ends 
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of the cylindrical glass tube at a flow rate of 50 cc min-1• It was observed that at the 

bulk-flow region between the ends of the tube and the sample introduction hole the 

particles appear to follow streamlines with steady and regular profiles that are 

characterized by a sharp curvature at the junction area where the two argon streams 

converge and discharge from the dosing hole, suggesting that the argon flow in this 

bulk-flow region is laminar in nature. It is interesting to observe from Fig. 7-l(a) that 

there exists a relatively large area which resembles the shape of a delta directly below 

the sample introduction hole in which scattering from the TiO2 particles was not 

visually detectable, suggesting that convective force from the argon flow may be 

negligible in this "delta region". Furthermore, it was found that the size of this delta 

region decreased by - 30 % as shown in Fig. 7-1 (b) when the flow rate was increased to 

150 cc min-1 or when the diameter of the sample hole was reduced to 1.0 mm. Thus, 

from a macroscopic viewpoint, it appears from Figs. 7-l(a) and (b) that there are two 

distinct regions within the cylindrical tube that are characterized by different gas-flow 

patterns: one appears to be governed by the convective force of the argon flow 

(laminar region) and the other possibly by diffusion due to the apparent lack of forced 

convection flow in this area (delta region). However, it is possible that there are 

microscopic regions within the cylindrical tube, in particular an area between the 

laminar and delta regions (boundary layer), in which local turbulences or eddies may 

be established due to abrupt changes in flow velocity and direction and cannot be 

detected by this visualization method. 

Gas-flow patterns were further investigated by studying the spatial distributions of 

12 molecules within the cylindrical glass tube. Small amounts of a sample solution 

consisting of saturated 12 in ethanol was deposited immediately below the sample 
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introduction hole and was allowed to vaporize under the influence of forced convection 

of the two opposing streams of argon flows introduced at the tube ends at a flow rate 

of 50 cc min-1; qualitatively, Figs. 7-2(a-c) illustrate the density of I2 vapor observed 

in this particular experiment. It is interesting to observe that I2 molecules appear to 

concentrate in a region similar in size, shape, and location as the delta region 

immediately after vaporiz.ation has begun as shown in Fig. 7-l(a). This observation 

tends to support that there is indeed two distinct regions within the cylindrical tube with 

significantly different mass-transport mechanisms, resulting in the appearance of higher 

concentration of I2 molecules in the central delta region as shown in Fig. 7-2(a). 

Furthermore, it was found that a few seconds after vaporiz.ation has begun, the 

concentration of I2 molecules within the delta region appear to have partially dissipated 

while two narrow dark bands were found to build up along the boundary layer as shown 

in Fig. 7-2(b), suggesting an increase of I2 density in this area and that the rate of mass 

transport of I2 within the boundary layer is different than those in the laminar and delta 

regions. 

To gain further insights into the mass transport of I2 molecules within the 

cylindrical tube under the influence of symmetrical convective force of the argon flows, 

the experiment shown in Figs. 7-2(a) and (b) were repeated but this time the sample 

was placed near one end of the tube as shown in Fig. 7-2(c). It was very interesting 

to observe that a narrow dark band was produced a few seconds after vaporization had 

begun; however, there was no observable I2 molecules in the laminar or delta regions. 

A similar narrow band can also be produced on the opposite side of the delta region 

when the sample was deposited near the opposite end of the tube. 

The spatial distribution of I2 molecules shown in Fig. 7-2(c) suggests that mass 
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transport of I2 molecules within the boundary layer is perhaps governed by processes 

other than convection or molecular diffusion since I2 cannot be visually detected in 

either the laminar or delta region. Specifically, one might envision that the higher 

density of I2 in the boundary layer could be due to a decrease in the convective force 

(lower velocity) relative to the bulk flow; however, if this is the case, similar amounts 

of 12 should also be observed near the walls of the glass tube at which velocity 

approaches zero assuming laminar flow. On the other hand, if molecular diffusion 

were a major mass transport mechanism within the boundary layer, one would expect 

to see a gradual increase in 12 concentration in the delta region, but this is not the case. 

Thus, it is possible that some types of turbulences or eddies are generated in the 

boundary layer that may be responsible for the mass transport of I2 molecules in this 

region. Furthermore, it is interesting to note that the time it took for the 12 molecules 

to dissipate from the tube was about the same ( - 40 s) for both experiments as shown in 

Figs. 7-2(a) and (c) in which the sample was placed in the center and near the ends of 

the tube, respectively, suggesting the rate of 12 removal in these experiments was 

dictated by the rate of mass transport within the boundary layer, which could be 

dominated by mechanisms such as eddy diffusion [Jl4]. It should be noted that the 

time it took for the 12 molecules to dissipate from the tube without the influence of 

forced convection was about 2.5 minutes. 

Turbulence phenomena in cylindrical tubes has been a subject of great interest to 

chemical engineers for many years and numerous mathematical models have been 

developed in an attempt to quantitatively describe mass transfer of solute in turbulent 

flow; of particular importance is the Reynolds model which describes turbulent flow 

near solid surfaces by recognizing an analogy between momentum and mass transfer 
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[Jl5]. Although this is a simplified model, it may perhaps shed some light into mass 

transport processes occurring within the boundary layer as shown in Figs. 7-2(b) and 

(c). In Reynolds model the turbulent core extends from the bulk flow in the x-direction 

(parallel to the tube wall) all the way to the surface of the tube wall, and velocity and 

concentration changes are significant only in y-direction (perpendicular to the tube 

wall). In the turbulent core, eddies or fluctuations are envisioned as lumps or 

aggregates of fluid-transferring matters which move back and forth across the flow 

stream in the y-direction only, involving the transfer of momentum from fluids moving 

in the x-direction. Since mass transfer is analogous to momentum transfer, it can be 

imagined that when a pulse of fluid moves from one level (y 1) to another (yi.) with a 

certain fluctuation velocity, it carries with it the concentration (as well as its 

momentum) appropriate to level y1; at the same time another pulse of fluid moves from 

level y2 to y1, carrying with it momentum and concentration appropriate to level y2. 

Similar mass transport mechanisms as described by the Reynolds model may explain 

the observations as shown in Figs. 7-2(b) and (c). It is possible that once the 12 

molecules enter the boundary layer from the delta or laminar region by molecular 

diffusion or convection, the 12 molecules, like the velocity, fluctuate with the eddy 

movements within the boundary layer. Small "pulses" of argon gas carrying the 12 

molecules may be fluctuating back and forth across the bulk argon flow in opposite 

direction towards the sample introduction hole and the bottom of the tube wall, 

resulting in an increase in flow resistance and convective mixing of the 12 molecules 

within boundary layer. A closer examination of the dark narrow bands as shown in 

Figs. 7-2(b) and (c) supports this hypothesis since the bands appear to be comprised of 

a large number of small 12 particulates, possibly formed as a result of an increase in the 
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number of collisions between 12 molecules within the eddies in the boundary layer. 

Although in this work the gas-flow patterns observed within the cylindrical glass 

tube were obtained at room temperature, the results should be useful towards the 

unraveling and understanding of complex gas-flow dynamics that occur within the 

graphite tube atomizer under typical experimental conditions; in particular, similar 

gas-flow patterns may exist within the graphite furnace during the drying and beginning 

of the charring stages in which a significant portion of the furnace gas may escape 

through the sample introduction tube, thus resulting in the possible formation of 

turbulences or eddies at the junction region directly beneath the hole during these time 

periods and thereby affecting the initial location of the sample droplet and/or the 

effective removal of the vapor of solvent and matrix. 

The use of the present results for the correlation of gas-flow patterns that occur with 

the graphite furnace during the atomization stage would not be straightforward since 

expansion of hot gas towards the tube ends could occur during the initial heating period, 

especially under high heating rates as proposed by models developed by Holcombe 

[Jl3] and Chakrabarti et al. [Jl6]. On the other hand, Rademeyer et al. [J17] have 

made consideration in their model that in a furnace blocked at the ends, gas was 

assumed to escape mainly through the sample introduction hole and pointed out the 

unknown effects of combined convective force of the purge gas on the sample vapor 

beneath the hole. Furthermore, Welz er al. [Jl8] have recently suggested that since the 

furnace housing is semi-enclosed, i.e., windows exist on the ends of the furnace, the 

gas initially expands towards the tube ends would eventually exit out the dosing hole 

to relieve the internal pressure built up over time, thus increasing the rate of gas 

expulsion through the sample introduction hole a short period of time after the initial 
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heating period. If this is the case, the possible formation of turbulences or eddies due 

to abrupt changes in gas-flow velocity and direction as the gas discharge through the 

dosing hole would be of great interest since it might have a significant impact on the 

redeposition of analyte onto the graphite surface. Moreover, the present results suggest 

that the formation and distribution of particles within the furnace could be influenced 

by the gas-flow patterns. A recent paper published by L'vov et al. suggested that a 

cloud of carbon particles was formed in the course of the carbothermal reduction of 

A12O3• Interestingly, the scattering intensity of these particles was found to be highest 

near the dosing hole, suggesting that the density and/or siz.e of these particles may be 

influenced by the possible formation of turbulences near the dosing hole [119]. 

To obtain a more representative picture of gas-flow patterns within the graphite tube 

furnace using the present visualiz.ation methods, it is perhaps necessary to modify the 

experimental set-up in such a way that rapid heating of the cylindrical glass tube is 

made possible so that the effect of gas expansion towards the furnace ends and/or 

sample introduction hole on the gas-flow patterns can be investigated. Furthermore, 

the development of mathematical models using, for example, the Monte Carlo method 

[J9] which takes into account the effects of various experimental parameters such as 

atomirer shape and dimension, diameter of sample introduction hole, flow velocity of 

the internal purge gas, initial and final furnace temperature, etc., would represent 

another important step forward for the understanding of the formation of turbulences 

or eddies within various regions inside the furnace atomizer and of the subsequent 

impact of this interesting and complex phenomenon on the characteristics of analytical 

signals for various elements. 
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Figure 7-1 Scattering profiles of TiO2 particles carried by the argon streams at a flow 

rate of (a) 50 cc min-1 and (b) 150 cc min-1 from each side of the tube. Note: the dots 

do not intend to represent the size of the particles but serve to illustrate qualitatively the 

flow patterns and relative concentration of the particles observed. 
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(c) 

Figure 7-2 Spatial distributions of 12 molecules under the influence of forced 

convection of argon at a flow rate of 50 cc min•1 from each side of the tube for the 

following conditions: (a) -1 s after vaporization of 12 has begun; (b) -5 s after 

vaporization of 12 has begun; and (c) same condition as (b) except for initial sample 

location. The arrows indicate approximately where the sample droplet was initially 

placed. Note: the dots do not intend to represent the size of any 12 particulates formed 

but serve to illustrate qualitatively the relative concentration of 12 observed. 
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