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1 INTRODUCTION 

Recently (2nd~6th September, 1984), the 4th International SYmPOSlum on 

Isotachophoresls, ITP-84’, was successfully held in Hradec Krklovk Czechoslovakia, 
and included basic and advanced courses2. The symposium illustrated that CaPillW 
isotachophoresls has successfully matured both as an analytical separation method 
and as a micropreparative method. Isotachophoresis is now a fairly advanced ana- 
lytical method with a theory permitting the establishment of the possibilities of both 
its separation capabilities and its qualitative and quantitative aspects. In addition, 
advanced instrumentation allowing the realization of theoretical predictions is now 
available. From the viewpoint of information theory, lsotachophoresis seems3 to be 
comparable to other advanced separation methods, e.g., liquid chromatography, as 
an identification method. 

The number of published practical applications of analytical isotachophoresis 
continues to grow and we may presume that this method (together with ion chro- 
matography) will soon dominate in the analysis of ionogenic substances in solutions. 
This conclusion is supported by a number of reviews that have appeared since 1981; 
the contents of these reviews can be characterized as follows: 

(1) Brief descriptions of the basic principles of isotachophoresis4-17 with ap- 
propriate examples of possible analytlcal applicatlons18-20, aimed, in a number of 
instances, at a certain field, eg., pharmacyz1-23, analysis of beveragesz4, inorganic 
chemistry2 s or biochemistry2 6. 

(2) Reviews of apphcations of analytical isotachophoresis in a certain field, 
e.g., the food mdustryz7 or the chemical industryz8; analyses of compounds of a 
certam typez9, e.g., Inorganic compounds30,31, amino acids, peptldes and pro- 
teins3 2-34 or nuc1eotides3 5, 

(3) Methodological reviews devoted, e.g., to qualitative aspects36, to the selec- 
tion of electrolyte systems 37, to electrolyte systems for Iow-~* and high-molecular- 
welght39 compounds, to the isotachophoresis of complexes4*-43 or cations+Q+S or to 
classification of isotachophoresis from the viewpoint of moving boundary 
methods46-48. 

(4) Reviews of the physlco-chemical principles of isotachophoresJs49-52. 
(5) Reviews of instrumentatlon53-56. 
Unfortunately. the current literature on isotachophoresis is confused as the 

fundamental book on the subjects7 is 9 years old, there was a considerable delay in 
the publication of papers presented at the 3rd International Symposium on Isotach- 
ophoresis in Goslars8, complete, crltical reviews covering the recent isotachophoretlc 
literature are lacking (the most recent reviews date back to 198159,6*; see also ref. 
19) and, in 1980, the regular publication of a chronological literature reference list61 
was stopped. 

The aim of this review is to summarize critically and as completely as possible 

original papers and reviews from the period 1981-84, particularly the last three in- 
ternational symposia on isotachophoresis (ITP-80, Eindhoven, The Netherlands; 
ITP-82, Gosh F.R.G., and ITP-84, Hradec KrAlov& Czechoslovakia), and to char- 
acterize the present state of analytical isotachophoreas. 
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2 THEORY 

2.1. Mathematical description of isotachophoresls 

The basic descnption ofisotachophoretic systems starts from general equations 
for the electrophoretic process, whrch include the following. 

(1) transport processes in the presence of homogeneous chemical reactions in 
solutions of electrolytes (usually in a one-dimensional form, where time and migra- 
tion path are independent variables); 

(ii) the relationship between electric current and ion migration; 
(iii) Ohm’s law for electrolyte systems; 
(iv) electroneutrahty in solution; 
(v) definition of the equilibrium constants; 
(vi) definition of analytical concentrattons of substances present in the form 

of various sub-species in the solution, 
(vii) protolytic equilibria of the solvent (up to now always water). 
The analytical solution of such a system of equations is very difficult even for 

a simple case and an explicit solution grving the dependence of the concentrations of 
various substances on time and migration path is apparently not obtainable. The 
present approach is to formulate and solve mathematrcal descriptions of simplified 
physico-chemical models, corresponding to calculations with one of the followmg 
aims: 

(i) Calculation of the composrtion of equilibrium isotachophoretic zones and 
respective eflective mobilities for qualitative and quantitative analysis. Here, diffusion 
is neglected and steady-state zones are assumed. Transport processes are described 
by algebraic equations and a mathematical description of the whole system is repre- 
sented by a system of algebraic equations The required equations (for the case of 
weak polybastc acids and bases) and the iterative procedure (the so-called RFQ 
method) were described earlier 57 The applicability of this method was extended to . 
systems in which complex-formmg equillbna62 are present, including the case63 
where several hgands are coordinated to a metal. This method has recently been used 
for the calculation of the equilibrium zone characteristics m the construction of zone 
existence diagrams, which are important tools for the evaluation of zone stability 
and separability (see section 3.2). 

(ii) Modeliing of the separation dvnamics. Transport processes are described 
here by partial differential equations and the system of equations 1s solved by com- 
putation. This enables the processes in an electrophoretic system to be modelled with 
respect to space and time. The physico-chemical model IS considerably simplified and 
the corresponding simplified transport equations contain only a few terms. 

The dynamics of the tsotachophoretic process in a simple case of uni-univalent 
electrolytes, where transport equations included only the electromigration term, was 
studied in this manner64,65. The separation of a two-component sample, including 
various cases of non-ideal inlection and the effects of an impurity present in the 
leading electrolyte or in the termmator, was described. 

A more general procedure66,67 also takes into consideration the influence of 
diffuston on the dynamics of the electrophoretrc process. Relatively low current den- 
sities were used and the influence of diffusion on the character of the migrating 



160 P BOCEK et al 

boundaries is well illustrated by the simulation results. Three fundamental boundary 
types appearing in the isotachophoresis of protolytes were analysed68 by means of 
the above method: the classical sigmoid shape of the boundary between the two 
zones, the boundary with a decrease in the electric field intensity (appearing in the 
case of inversion of effective mobilities), and the boundary between a zone and the 
zone of a free weak acid (H+ termination, see section 3.1). It can be concluded from 
the results that diffusion can, in some mstances, disturb the isotachophoretic effect 
or to prevail over it, despite the fact that the basic model predicts stable zones. 

Thormann and Mosher69 dealt with the theoretical and numerical analysis of 
the shape and the width of the boundary between weak electrolytes. With the as- 
sumption of sufficiently weak electrolytes and equality of ionic mobilities, U, they 
obtained for the boundary width (characterized by the change in the molar fraction 
of one component from p to 1 -p) the relationship 

W = (p’ + 2) In 
FRTcl (u + ux) 

IP’ 1 
[p’ = (K, - K,)/K,, Ki and K2 are the dissociation constants, X = counter ion, 
T = absolute temperature, R = gas constant, F = Faraday’s constant], from which 
it follows that the boundary sharpness improves with the difference m dissociation 
constants and with increasmg current, I, whereas the increase in the concentration 
cl reduces the boundary sharpness. It is of interest that the theory here predicts an 
asymmetric shape of the boundary for weak electrolytes, which is also supported by 
computer-simulated model examples. 

A very general approach has recently been presented7* in which the system 
incorporating also the kinetics of chemical processes has been solved numerically. 
The simulation of model cases was limited, however, to the Na+ -+ H+ (acetic acid) 
boundary, where, with regard to the high rate constants of acid-base reactions, no 
quantitative statement about the real width of the mentioned boundary could be 
made. Simulation with substantially lower rate constants indicated that the boundary 
width increases with the decreasing recombmation rate constant. 

ju?) Analytical solutionbr a certain simpIiJied model. A general mathematical 
theory of electrophoresis, very widely conceived, and which has been presented only 
recently71.72 should be mentioned here. This theory, however, when applied to iso- 
tachophoresis72,73, is considerably simpiified, including neglect of diffusion. The 
mathematical solution is performed only for the case of migration of strong or weak 
acids with H+ as the counter ion. This leads to a series of Riemann mvariants, the 
first one being constant in any position of the separation tube. This led Babskii and 
co-workers to the formulation of the concept of “electrolytic memory”. The expres- 
sion of the first invariant in the form 

(r, = ui/uH) leads to its identity with the classical forms7 of the Kohlrausch regulating 
function, and “electrolytic memory” can therefore be understood only as the classical 
principle of the concentration adjustment formulated in another way. 
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2.2. Application of isotachophoresis to the evaluation of physico-chemical data 

Primary information that can be obtained from isotachophoretic measure- 
ments and that serves for phyaco-chemical interpretations is the step height provided 
by a conductometric or potential gradient detector. Thts value reflects the specific 
conductivity and/or effective mobility of the compound in its zone. In general, it 1s 
a function of(i) the physico-chemical constants of separated compounds, and hence 
of ionic mobihties and equilibrium constants of the chemical equilibria involved, and 
(ii) the working conditions, especially the leading electrolyte composition, which de- 
termines the concentration and pH in the zone for given physico-chemical constants. 

Obviously, for the evaluation of ionic mobilities and equilibrium constants it 
is necessary to know the effective mobility and the pH of the zone. The latter is, 
however, difficult to obtain by experiment. This problem was overcome by Kiso and 
co-workers74-s l, who developed a method based on iterative calculation starting from 
the dependence of the pH of the zone on the equrlibrium constants and on computer 
simulation of the isotachophoretic steady state. To achieve the maximum accuracy 
of the results, ionic mobilities are measured first under conditions of total dissocia- 
tion, then the complete simulation is performed with the values of the studied con- 
stants changing parametrically, until a good fit 1s obtained with the experimental 
dependence of the effective mobility on the parameters of the leading electrolyte. 
Kiso and co-workers applied the above method to the determination of the dissocia- 
tion constants74-76 of some weak acrds and the stability constants of complexes of a 
number of cations with some organic hydroxy acids 77-*o. The ionic mobihties, dis- 

sociation constants, effective mobilities, effective charges, pII values of zones and 
slopes of cahbration graphs were tabulatedsl for 287 anions in 31 electrolyte systems. 

TO calculate hmiting ionic mobilities from experimental lsotachophoretic data, 
a method was proposed** that is based on a computer solution of the system of 
equations descnbmg the steady state and also including corrections for temperature 
and ionic mobility. A similar model was used by other workers*3, who evaluated the 
dissociation constants of weak acids from the dependence of experimental effective 
mobilities on the pH of the leading electrolyte. 

A methods4 based on the measurement of the electric potential gradient was 
described for the determination of relative ionic mobilities. The arrangement used 
eliminates some interferences and leads to reproducible and precise results; the values 
are related to constant ionic strength in the zone. 

For qualitative purposes, the measurement of the so-called “relative apparent 
mobihty” by lsotachophoretic experiments carried out at a constant voltage across 
the column wrth the use of the measured sample as the terminator was described85-87. 

The relative apparent mobility IS obtained as the reciprocal of the time of 
passage of the boundary through the detector. The practical use of this parameter 
1% however, very restricted as it is not directly proportional to the electrophoretic 
mobility. 

Determination of the Kohlrausch regulating function was described by Hjertkn 
et aLB8, who used for Its calculation the values of the mobilities and concentrations 
determined expenmentally. For a fully dissociated bivalent anion (5-sulphosalicylate) 
they found good coincidence for the leading and the sample zones. For cationic 
analysis of the copper and cobalt zones with acetate as the counter ion they obtained 
different values, which was explained by the formation of complexes. 
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The possibrlity of determining complex for-matron constants of metals with 
neutral ligands was described by Stovers9, who reported the separation of alkali 

metals and ammonium with the use of 1%crown-6-ether neutral ligand in the leading 
electrolyte. 

Fujishita et al. 9o described a method for the determination of relative ionic 
weight (M), which is based on an empirical correlation of experimental data. They 
showed that the currently used equation”’ containing M- li2 can be substituted, to 
a good approximation, by the expression h, = a + b M/lZj where h, is the relative 

step height and lZl the effective charge. 

3 FUNDAMENTAL ANALYTICAL ASPECTS 

In order to perform successful isotachophoretic analyses, it is necessary that 
a suitable electrolyte system, in which the sample substances separate, is available. 
Further, qualitative data permitting the identification of steps in the record and quan- 
titative data permittmg conversion of step fengths to analysed quantities should also 
be available. 

3.1. Selection of electrolyte systems 

The selection of an electrolyte system for every given analytical problem is 
aimed not only at a complete separatron but also at the possibility of quantitative 
evaluation within the minimum possrble time g2. The following procedure was pro- 
posed for the selection of electrolyte systemsg3: 

(1) a preliminary system is chosen; 
(ii) whether all the substances in question, when analysed, form stable zones 

in this system IS mvestigated; and 
(iii) whether all of these substances can be separated from one another is in- 

vestigated. 
If the system according to (ii) or (iii) is not satrsfactory, another system is taken 

and the procedure is repeated, starting from (i). 
When all the zones are stable and all the substances are separable, it is neces- 

sary for the suitability of the electrolyte system to be tested by additional criteria: 
(IV) by investigating whether the given electrolyte system is also convenient in 

the instrumentation used from the viewpoint of the amounts and ratios of the sample 
components; and 

(v) when the procedure is developed for routine analysis, it is necessary to 
optimize it also from the viewpoint of the analysis time. It is possible, m principle, 
that the optimization procedure will again lead to the starting point (i). 

3.2. Stability of zones 

The stability of zones has two independent, but not unrelated, aspects, which 
are specified as follows. 

fr) Correctness of isotachophoretic migration 
From this viewpoint the zone 1s stable as long as it migrates between correctly 
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selected leading and terminating electrolytes where its front and rear boundaries are 

assoctated with the migration order and was formuIatedQ4 for the boundary between 
Permanently sharp. The general condttron of the sharp zone boundary is closely 

the front zone X and the rear zone Y as follows 

(W 

(3b) 
where I~x,Y is the effective mobility of substance X in zone Y. Its validity suggests 
that substance X possesses a higher effective mob&y than substance Y in both zones 
r( pnd Y. 

1 Provided *ha* *he zone fulfills the above conditions in the sense of migration 
‘Mween the leading and the terminating zones, then the system of electrolytes is 
:&idered to be correct44. 

’ From this viewpoint, the ions of the solvent play a significant role, as they can 

jenetrate through the whole electrolyte system and disturb correct migration sub- 
tantially. An aqueous medium, where both H+ and OH- have absolutely the highest 
nit mobilities, is particularly concerned. The mrgration behaviour of H+ in acidic 

systems was described9 s-Q7 and conditions were defined under which the 

stem is correct with respect to H + and H+ can serve as the terminator. Further, 
of the effective mobihty of Hf , iin,n, was introduced, with the aid of 

which correct mrgratlon can be described by condition 3b for Y = H. It holds in 
general that the effective mobility of H + increases with a decrease in the leading 

electrolyte concentratron and in the pK, value of the acid of the counter ion and with 
an increase in the content of the free acid in the leading electrolyte. The concept of 
the effective mobility of OH- in anionic systems was formulatedg3 m a similar man- 
ner. 

The zone existence dragram was proposed 94 to define the range of substances 

that provide stable zones m a given system. Calculated effective mobilities of sub- 
stances in then zones are plotted agamst the pH of these zones. With the aid of the 
parametric network in this diagram, the determination of equilibrium parameters of 
the zones of substances of known ionic mobilities and dissocration constants IS 
simple. Hence the diagram permits a simple determination of zone stabtlities of given 
substances, as the margin contours in the diagram define the range of existence of 
correct zones and thus the point corresponding to a sample substance must lie insrde 
this area. 

(li) Analytid stability of ZOYWS 
From this viewpoint the stable zone can be characterized as a zone that con- 

tains, independent of time, a constant amount of the analyte. This means that outside 
the sample zone proper no sample is present. Hence the zone of an analyte neither 
is enriched with this anaiyte from the leading or the terminating electrolyte nor de- 
creases owing to migration of the analyte into the leading or terminating zone. At 
a constant composition of the leading electrolyte, the volume of the zone and its 
steady-state characteristics (concentration, pH) are also constant; in a tube of con- 
stant cross-section both the front and rear zone boundaries rnI@rate at the same 
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The analytical stability of the zone 1s a natural property given by the chemical 
nature of substances, especially by the chemical stability of the separated substance 
in the subsequent zone. Analytically unstable zones can appear in practice particu- 
larly when the selectivity between the separated substances is affected by complex 
formation. According to the mechanism that ensures stability or causes the instability 
of a zone, zones can be classified into certain types41T98, as follows. 

(a) In simple stable zones, complex-forming reactions do not proceed and it 
is therefore migration of either uncomplexed metal cations or kinetically inert com- 
plexes. 

(b) Equilibrium stable zones are characterized by the Presence of fast corn--œ 
plex_foming equilibria. The separated substance migrates as a mixture of various 
ionic sub-species that are chemically unstable outside the zone Proper and are inter- 
converted by fast reactions on the boundary. 

(c) Tailing unstable zones are characterized by a slow reaction rate at the .rpar 
zone boundary that is comparable to the migration velocity. The existence of ta@l; 
zones was shown98T99 for the cationic migration of lanthanum with the use of ‘cy 
clohexanedraminetetraacetlc acid as the counter ion. It follows from theoretjcr 
analysis that the amount of the substance escaping from the zone and 
contained in the tail IS proportional to the mtensity of the electric field in the 
zone. 

(d) Bleeding unstable zones are characterized by the fact that a certain c 
Ponent of’ the substance can leave the zone via the rear boundary and is chemically 
stable in the next zone. Bleeding zones were mvestigatedlDO~‘Ol by studying the ex_ 

ample of anionic migration of EDTA and NTA complexes. The theoretical model 
shows that the zone instability is proportional to the conditional complex stability 

constant (and hence to pH). 

3 3. Separabif~ty of compounds 

In the 1970~~ the separabihty of substances was commonly investigated by a 
procedure based on the measurement of eflective mobilities (or proportional detec- 
tion signals) of separated substances in several systems and on findmg a system where 
the differences in the effective mob&ties obtained are maximal. This system was then 
considered as the separation optimum. In practice, this already classical procedure 
has often been combined with graphlcal processing, e.g., of the U = f(pH,) type. 
Recently. the possibility has been shown of obtaming the required dependences of 
effective mobilitles by computer simulation102,103 f instead of by elaborate measure- 
ments. This procedure was used to find the separation conditions for some organic 
acids with the use of Ca2+ as a compIexing counter ion and to find the conditions 
for the determination of trifluoroacetic acid in urine. 

Thus procedure IS obviously based on experimental determination and/or cal- 
culation of the mobilities of mdividual compounds m their zones (z.e., parameters of 
the U,,, type). As shown earlierQ2sg4, such a procedure is not generally correct and, in 
principle, It may fall. The reason is that the separability is affected by the effective 
mobStIes of compounds m the mixed zone. Unfortunately, these values are not ac- 
cessible by direct measurement. This difficulty can be overcome by a procedureg3,*Q4 
that converts the problem of separabihty mto the problem of the determination of 
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migration order. This procedure. in pr&iple, eliminates the necessity for knowing 

parameters of the mixed zone, as it starts from the evaluation of the equilibrium 

state. Data of two types are the basis here. (i) ~2,,~ and pH,, corresponding to the 
evaIuation of the steady state; and (ii) z&J determined by calculation from a known 

pH,. If the compounds are separable: then their migration order can be determined 
unambiguously on the basis of conditions for their self-sharpening boundary (con- 
ditions 3a and 3b). 

To evaluate the separability of a group of substances X from one given sub- 
stance Y, the zone existence diagram 93.g4S104 can be utilized, m which the sequence 

contours, corresponding to equalities in conditions 3a and 3b, are drawn through the 
point corresponding to the substance Y The whole diagram is then divided into 

regions containing points of compounds migrating in the X + Y and/or Y + X zone 
order and, moreover, a third region where both conditions 3a and 3b do not apply 
simultaneously and the zone order cannot be determined unambiguously. Here sub- 
stances X and Y are not separable and create a stable mixed zone. As has been 
shown94 the composition of such a mixed zone must be constant, which indicates 
that a simple will give, in principle, a zone of the pure substance that is in excess, 
migrating in front of the stable mixed zone. Although the risk of the confusion of 

such a pair of zones with a totally separated pair is high, calibration with a standard 
sample of variable composition usually permits a correct evaluation. 

Another approach to the question of separability, including alSO quantitative 

aspects, was described by Gebauer and BoEek 92. They started from a model of the 

separation process of a binary mixture. The quantitative description of separability 

is based on the concept of selectivity expressed in terms of the relative difference in 
effective mobilities in the mixed zone. This quantity is accessible directly from a 
simple experiment and expresses the maximum separable volume of the mixed zone 
relative to the volume of the leading electrolyte. The concept of separation speed 
expresses the volume velocity of separation and makes it possible to take the analysis 
time into account. The two quantities mentioned above permit a simple and rapid 

optimization procedure, partiCUhrly for mixtures, where the pro&m can be simpli_ 
fied to the separation of a binary mixture, 

3.4. ModiJicatzons of the isotachophoretic system 

Recently, some papers have appeared that describe the theory and/or experi- 
ments for systems different from the basic “classical” structure of isotachophoretic 
systems. 

The first modification represents a simplification m which, instead of a com- 
mon counter ion, only a solvent ion (here H+) migrates in the opposite direction, 
These systems were described earlierlo (“buffer-free” isotachophoresis 

lo”). A more detailed description of such systems, starting from the application of the genera] 
moving boundary theory, has recently been presented 
for equilibrium zone parameters extend existing 107J08. The results obtained 

simple theoretical models for basic 

than a complex mathematical elaboration71 
systems and thus represent a more valuable contribution for practical applications 

parable results. of the same system that provides com- 

The system in which a mixture of several compounds is used as the counter 
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ion is another possibility. A detailed description of such systems using counter ions 
consisting of up to six components has been published109~1 lo. These systems provide 
a better correlatton between the pH of the leading electrolyte and the effecttve mo- 
bilities of the separated compounds and hence permit a simple selection of the sep- 
aratron condrtions by pH changes. Another case of the use of a mixed counter ion 
comes from the field of isotachophoresis of inorganic cationsg7, where one counter 
ion provides complexing effects and the second counter ion provides sufficient buf- 
fering of the system, which the complex-forming counter ion of a strong acid IS not 
able to ensure. 

Further modifications of electrolyte systems were shown by the descrip- 
tionlll,llZ of “combined" systems (see also ref. 113), where the leading electrolyte 
contams a certain amount of the terminator or the terminator contains a certain 
amount of the leading compound, or both the possibilities are combined. In these 
systems, the number of compounds that migrate isotachophoretically decreases. This 
is considered to be the advantage of the system in the sense of an increase in the 
selectivity. 

Although the systems mentioned above are sometimes designated as “non- 
isotachophoretic”, they belong to the general concept of isotachophoresis. Even these 
systems Permit isotachophoretic migration of stable isotachophoretic zones in the 
sense of the present understanding (see section 3.2). 

3 5. Quantitative aspects 

Some authors have recently treated quantrtative analysis from the viewpoint 
of its simplification. The basic equation relating the zone length (in units of charge, 
Q, or time, t) with the amount of compound i, n,: 

Q, = tr I = n, FIT, 

suggests that the calibratron factor is grven virtually only by the reciprocal transfer- 
ence number, T,, of compound i m its zone. 

With a suitable chotce of the leading electrolyte, the influence of the variations 
in its composition on the accuracy of the determination of the transference number 
(and hence also of the calibration factor) was shown] l4 to be negligible. The so- 
called tolerance diagrams. showing the inffuence of vat-rations in pH and concentra- 
tion of the leading electrolyte on the accuracy of anionic analyses, indicate that the 
tolerance range increases rapidly with Increasing pH above 5. 

Hirokawa and Ktso’ 1 5 
affect the bias of the values of 

used computer simulation to analyse the factors that 
T, in eqn. 4 caused by neglecting the influence of H+ 

and OH- ions. They also concluded that the stmpltfication is justified (and the bias 
is in the range of a few percents) as long as the pH of the leading electrolyte is in the 
range 5-9. Wrth a knowledge of respective ionic mobilities, the calculated calibratton 
constants can then be used instead of the experImenta calibration graph. 

Eqn. 4 was also discussed by Svoboda et al 116 in connection with the possi- 
bility of using isotachophoresis as an absolute analytical method. In the view of 
Svoboda et al., prerequisites are precise experimental values of the effectrve mobilitres 
or the concentratrons of substances in their zones. 
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An important factor, directly related to quantitative aspects, is the width of 
the zone boundary, which influences the detection limit of the analysis. Electroos- 
motlc flow is one of the quantities that can influence the boundary width substan- 
tially. The possibility of affecting the electroosmotic flow (and hence the boundary 
sharpness) by the addition of surface-active agents to the leading electrolyte was 
studied’ l7 both theoretically and expenmentally. The zeta potentials of the separa- 
tion capillary walls were measured in commonly used solutions containing various 
non-ionogenic or cationic detergents. The boundary widths in a model mixture sep- 
arated in these systems were also determined. The concluston was that the disturbing 
effects can be eliminated best by means of a higher concentration and a lower pH of 
the leading electrolyte containing an additive admixture. 

For evaluation of very short zones using UV detection, the zone area (in terms 
of integrated zone absorbance) was suggested’ * 8 as a parameter suitable for quan- 
titation. 

4. INSTRUMENTATION 

4 1. Introduction 

The instrumentation aspects of isotachophoresis are well developed. Basic in- 
strumentation for analytical isotachophoresis resulted from developments in the 
~170s and a detailed description can be found in a comprehensive books7 and a 
review60. The heart of the mstrumentation is an tsotachophoretic column, which 1s 
composed of a separation capillary, mjection system, electrode chambers and detec- 
tion cell. The column IS connected to a stabilized power supply. The detector response 
to the isotachophoretic zones passing through the detection cell is processed in the 
detection device and the resultmg signal is registered by a recorder as an isotacho- 
pherogram There are two types of design of the main separation unit, viz., the iso- 
tachophoretlc column. The first is of the module typeS7, i.e , the components such 
as the injection system, electrolyte chambers and detection cell are independent mod- 
ules and can be assembled as desired. The advantages of the modular equipment are 
its versatility and the possibilities of replacing various units and of adjusting the 
equipment to the demands imposed by a given analytical problem. In the second 
type11g,120, the isotachophoretic column is formed by a compact block and the sep- 
aration capillary is created as a flat groove in this block. The compact equipment 
offers the advantages that both the separation capillary and the detection cell are 
thermostated with the same efficiency (the cell IS made up from a part of the capillary 
without any connections or any changes in the inner diameter) and, moreover, a 
series of detection contacts can be placed along the separation path. The instrumen- 
tation used at present utilizes the advantages of both of the above possibilities. Var- 
ious functional elements of the basic instrumentation have been developed fairly 
diversely since the end of the 1970s and their present state can be discussed separ- 
ately. 

Micropreparative systems are also discussed separately; either their construc- 
tion is a modification of the basic analytical equipment in continuous preparation or 
these systems differ from the basic analytical arrangement substantially in continuous 
preparation with hydrodynamic flow perpendicular to the direction of electromigra- 
tion. 
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4.2. Injectron system 

An accurate and reproducible injection of a known and/or constant volume 
of the sample between of the leading and the terminating solutions is a fundamental 
requirement for the performance of quantitative analyses. By using the experience 
gained with chromatography, several sattsfactory constructions are now available for 
sample injection, microsyringes and sampling valves made of electrically insulating 
material (e.g., FTFE) being used to introduce the samples. Therefore, descriptions 
of new types of injection systems now appear only rarely; mostly sampling valves of 
simple constructioni2’ are involved or sampling systems are used the constructton 
of which is motivated by special demands, such as sampling of extremely large sample 
volumes (up to 1 ml) (see section 4.3)lz2. 

In general, present-day sampling systems make it possible to inject volumes up 
to 30 ~1 and meet the demand of a sharply focused sample zone between the leading 
and the terminating soiutions. 

4.3. Separation capillary 

The development of separation capillaries from the basic instrumentation to 

the present state has made considerable progress as a result of demands for an in- 
crease in the separation capacity for the purposes of analytical separations of mix- 
tures of components with considerably different concentrations (e g., body fluids). 
The separation capacity can be increased by extending the length of the separation 
capillary, but the analysis time and the maximum voltage required also increase. An 
elegant solution to this problem was the use of a concentration cascade123 based on 
the principle of two different concentration levels of the leading electrolyte, where 
the separation capacity is increased m a chemical manner. The separation capillary 
is divided into two virtually independent units, which can be considered as two con- 
nected columns. 

From the instrumental pomt of vrew, the column coupling system’24 fre- 
quently used today 54~5s has led to significant progress. Essentially, it consists of the 
pre-separation unit with a captllary of larger diameter (e.g., 0.8 mm) equipped with 
the tell-tale detector and bifurcation block, behind whrch an analytical capillary of 
small inner diameter (e.g., 0.2 mm) is connected. At the beginning of the analysis, 
the driving current passes through the pre-separation capillary only. At the end of 
this capillary, within a short distance before the bifurcation block, the tell-tale de- 
tector is located, which enables one to follow the sample migration and the level of 
the separation obtained. At a suitable moment, the driving current is switched so 
that it passes through the analytical caprllary and thus introduces the required sample 
zones into it. This 1s analogous to the so-called “heart cutting” technique, a procedure 
used in chromatography to separate a group of microcomponents from macrocom- 
ponents. Microcomponents mtroduced into the analytical capillary are then further 
analysed separately. The use of the column coupling system also makes it possible 
to use different leading electrolytes in the pre-separation and analytical capillaries 
and thereby to affect the subsequent separation. The column coupling system is now 
being used with advanced home-mades7 and commercial125, or commercial equip- 
ment can be adapted to thus purpose lz6 The column coupling system enables one to 
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separate mixtures containing components in ratios up to 1: 1000 wlthout increasing 
demands on the power supply voltage and without prolonging the analysis time in 
comparison with a simple system. 

A mechanical manner of increasing the separation capacity is volume cou- 
pling12’, where the separation capillary is divided into two parts: a replaceable part 
of the capillary of an optionally larger diameter and thus also with a greater sepa- 
ration capacity and a permanent part with the detector. The parts are assembled with 
the aid of suitable centring rings without flexible sealings. This design provides simple 
adaptability of the equipment to the demand of a Bven analysis without extra de- 
mands on the voltage applied across the column. 

Direct analysis of trace components in biological materials is, however, still 
beyond the possibilities of current lsotachophoretic mstrumentation. For this pur- 
pose, a column has recently been developed with which large sample volumes (up to 
1 ml) can be analysed12’. It permits the determination of microcomponents at con- 
centrations up to lo5 times higher than those of macrocomponents. The sample is 
introduced by a large-volume sampling valve and the pre-separation run is carried 
out in a channel with a larger cross-section (e.g , 1 x 20 mm). Isotachophoretic zones 
are stabilized in this part of the column with the aid of a granulated hydrophilic gel. 
Major components of the sample are cut out from the separation channel m a similar 
manner to the procedure with the column coupling capillary system. Microcompo- 
nents are then introduced via a tapered channel into an analytical capillary (0.2 mm 
I.D.), where the final separation and detection are effected. 

4.4. Detection 

DetectIon is of key importance to practical applications of separation methods, 
and therefore also to isotachophoresis. For this reason, the detectors for isotacho- 
phoresis have been of central research interest since the beginning of the renaissance 
of isotachophoresis as an instrumental analytical method. The first universal on-line 
detector, which played a very significant role in the development of isotachophoresis, 
was the thermocouple detectors’, which senses the temperature of the migrating 
zones. Owing to its low resolving power (i.e., its ability to detect zones shorter than 
about 5 mm) in the early 1970s. the thermocouple was replaced with universal contact 
detectors, which sense the electric resistance or potential gradient in zones. 

The detection cell of these detectors is incorporated in the separation capillary 
and sensing platinum contacts are placed directly in its walls. The measured electric 
voltage or resistance is amplified by an electronic device and registered by the re- 
corder as an isotachopherogram. The input part of the detection electronics 1s in- 
sulated galvanically from the output, e.g., by means of a transformers7 or an optical 
coupler. The design of the detection cells used allows zones shorter than 0.1 mm to 
be detected, which ensures the detection of zone volumes of the order of nanolitres 
in commonly used capillaries. A number of papers were devoted to the construction 
of suitable detection cells and to the processing electromcs during the 1970s. Sub- 
sequently, descriptions of new designs appeared only rarely12s~129 and their contri- 
bution was the improvement or simplification of the fabrication technology of the 
detection cell. 

Remarkable progress in the development of contact detections in recent years 
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was made by multi-channel detection 119J3O,r31. Here, equidistant electrodes creating 
the sensing array are placed along the whole separation capillary. The electrodes are 
formed by vapour deposition of SnOz layers on a glass support plate, which serves 
as the bottom part of the separation capillary of the compact-type isotachophero- 
graph. In the course of the analysis the voltage across the neighbouring contacts is 
scanned periodically with the aid of carbon contacts moved by a stepping motor. 
This zone-scanning system has been used mainly for automation of isotachophoretic 
analyses and for the investigation of separation dynamics (see section 4.6). 

The disadvantage of contact detectors is the polarization of the sensing elec- 
trodes, which has an adverse effect on the utility of the signal magnitude for quali- 
tative analysis (the step height is distorted). To solve this problem, a contactless 
high-frequency conductivity detector132 was proposed in the 1970s. The measuring 
electrodes of this detector are placed on the outer walls of the separation capillary 
and the zone conductivity is measured through the capillary wall with the aid of a 
high-frequency voltage (1 MHz). Although this detection procedure is not yet used 
in practical apphcations, recent work’ 3 3 showed that an improved design of the 
electronic section and especially thermostatting of the whole system provide prom- 
ising results. The equipment described here has considerable sensitivity (detection of 
zones 0.3 mm in length), which, however, depends of the electrolyte concentration. 
A concentration of 10e3 A4 Cl- was found to be optimal for the leading electrolyte. 

Detection based on differences in the refractive index of various zones was one 
of the first methods used m electrophoresis. In capillary isotachophoresis, the com- 
mercial instrumentation described most recently134 is equipped with refractometnc 
detection. This enables one to perform isotachophoretic analyses in glass capillaries 
of 0.1 mm diameter in which the zone migration is compensated with a counter flow 
of the leading electrolyte at a high concentration (of the order of moles per litre). 
Refractometric detection is performed in such a manner that the capillary is irradi- 
ated along its total length with a narrow light beam and the diffraction image is 
projected on a screen. The disadvantage of this system is the necessity to work with 
high electrolyte concentrations, which results m slow analyses (hours or tens of 
hours). 

The development of a selective UV-absorption detectors7 for this technique 
was an outstanding contribution to the development of isotachophoresis in the 1970s. 
The UV detector IS now a common component of commercial apparatus. In the ideal 
case, the zones of substances absorbmg light at a selected wavelength (254 or 280 
nm) are registered as rectangular pulses on passage through the detection cell. The 
IJV detector was also proposed for universal detection135,136 by using a counter ion 

the absorption of which is dependent on concentration and pH. 
A commercial photometric detector for high-performance liquid chromato- 

graphy (HPLC) was modified for the UV detection of isotachophoretic zonesi37. It 
permits the easy selection of wavelengths in the range 200400 nm. 

Simultaneous detection at two different wavelengths represented significant 
progress in the use of the UV detector for capillary isotachophoresis. Sometimes, 
when detecting zones of compounds that have similar molar absorptivities at a given 
constant wavelength, the resulting steps in the detection record can hardly be distin- 
guished. In this instance. simultaneous measurement of UV absorption at two dif- 
ferent wavelengths* 38 enables one to obtain two mutually different qualitative data 
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on the same zone, which significantly aids in the identification of the compound in 
the given zone. The detector is designed in such a way that two independent and 
mutually perpendicular light beams of suitable wavelengths pass through a given 
point of the capillary - the detection cell. The changes m the intensities of the light 
beams are then detected and registered simultaneously. 

A very simple UV detector has recently been deveIoped13g for use in com- 
125 mercial apparatus . A suitable wavelength of the UV light of a contactless mercury 

lamp is selected with the aid of an interference filter and the light passes through a 
slit (0.2 x 0.3 mm) placed directly on the separation capillary. For detection a pho- 
totransistor is employed, in front of which IS placed a wavelength shifter that converts 
UV hght to the wavelength required by the phototransistor. 

Great attention has recently been devoted to the development of new selective 
detectors for capillary isotachophoresis, which would facilitate the identification of 
compounds in the detected zones. Sensing of absorption spectra in isotachophoretic 
zones 140 is one of the possibilities. A common spectrophotometer is used, the mea- 
suring cuvette being replaced with a suitable window through which the separation 
capillary passes. On passage of the zone through the window, the analysis is inter- 
rupted and the absorption spectrum, which can then be compared with the spectrum 
of the pure compound, is recorded. To record the spectrum, it is necessary for the 
investigated zone to fill reliably the whole detection cell (the required zone length 
was 0.3 mm with the equipment described). 

Fluorimetric detection is a highly selective method. In isotachophoresis, the 
equipment designed initially for the dual-wavelength UV detection was employed for 
fluorimetric zone detection141. Zones of fluorescmg compounds or of compounds 
quenching counter-ion fluorescence were detected. Although the material of the sep- 
aration capillary used forming the detection cell walls (PTFE) absorbs 96% of the 
incident light and, subsequently, also a portion of the passed or emitted light, good 
results were obtained with this arrangement for the reliable selective detection of a 
whole series of compounds, e.g., B vitamins, quinine. 

Radiometric detection of compounds labelled with radioactive isotopes142 is 
a specific detection method. Its principle is the detection of the radiation emitted 
from the labelled compound zone passing the window of a Geiger-Muller (GM) 
tube. The material used for the separation capillary (PTFE) permits the detection of 
B-radiation, the energy of which is 0.7 MeV and higher (e.g., 24Na, 3zP, 36C1, 40K, 
42K, 8QSr). In experiments describedr4*, a separation capillary of I.D. 0.3 mm and 
a wall thickness of 0.13 mm was pressed into a slit of width 2 mm shielded with lead 
and situated directly on the inlet window of the GM tube. Although the optimum 
arrangement has probably not yet been achieved, the sensitivity obtained is consider- 
able. For instance, in the case of 32POi-, the zone, which could not be distinguished 
in the conductivity record, was detected reliably with a radiometric detector. 

Electrochemical detection, owing to its high sensitivity and specificity, is widely 
utilized in modern liquid chromatography. Its direct use in isotachophoresis is 
hindered bY the presence of the driving electric field. Although this detection pro- 

cedure has already been tested in isotachophoresis143, where the electrochemical de_ 
tector was attached to the separation capillary via an elution block in which the 
separated zones were flushed continuously into the detection cell, it seems likely that, 

after establishing a suitable geometrrcal arrangement and electric separation, iso- 
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tachophoresis will gain another sensitrve specific detector. A two electrode arrange- 
ment (Pt, glassy carbon) was used and the detection limit found for easily oxidizable 
compounds (ascorbic acid) was about 1 pmole. 

4.5. Electrode chambers, electrodes and power supply 

Since the end of the 1970s electrode chambers and the means of their con- 
nection to the separatron capillary, electrodes and stabilized current supply have not 
changed significantly and detailed descrrptions can be found in a book” and a re- 
view60. 

The chamber, filled with the leading electrolyte, IS connected to the separation 
capillary via a semrpermeable membrane (Cellophane). The terminator chamber is 
connected via a multi-way switchmg vahre, which is open in the course of the analysis. 
Recent modificatrons have concerned only the material of the chambers, e.g., simple 
equipment l 44 made of fluorinated polymers [PTFE, poly(chlorotrifluoroethylene)] 
was developed for isotachophoresis in non-aqueous media. 

A modification of the electrode chamber construction was described145 in con- 
nection with anionic analyses at high pH. Here, interference by carbonates is a serious 
problem and can be solved 145 by using a closed system where the solutions in the 
electrode chambers are not accessible to atmospheric carbon dioxide. 

The basic parameters of the sources of stabilized d.c. currents have not changed 
since the end of the 1970~~~. A source with a maximum voltage of up to 30 kV, 
capable of supplying lo-500 PA of stabilized current, can be used for common ap- 
plications. 

4.6. Automation and data processing 

Considerable attention has recently been devoted to simplification of the iso- 
tachophoretic analyser operation with the aid of control units that permit pro- 
grammed control of the analysis and its record. Such control units are particularly 
suitable for work with column coupling systems53J2s~146. They make it possible to 
programme the entire analysis in which the zone system obtained by a preliminary 
sample separation can be cut into four segments, two of which are further analysed 
and the other two are excluded from the subsequent analysis. A control unit147J48, 
which permits flow programming and recorder control in the course of the analysis, 
was also described for the LKB commercial analyser14g. 

Several procedures aimed at simplifying the quantitative evaluation of analyses 
have been proposed. The coulometric systemr50 is based on an unambiguous 
relationship between the mass transfer by the electric current and the electric charge 
passed. Here, the analysis record resembles a common time record, but the time axis 
is replaced with the electric charge passed. The analysis record is independent of the 
separation equipment used and the separation current. The advantage of the principle 
is a high accuracy and uniformity of the output information, suitable for automation. 

Another procedure for processmg measured records is based on electronic evaI- 
uation of the step lengths by a modified chromatographic integrator (Shimadzu) or 
on an on-line microcomputer148.151. T o permit the use of common chromatographic 
integrators for the quantitative evaluation of the rsotachopherogram, a procedure 
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was developed for the conversion of the isotachopherogram into a record similar to 

a chromatogram 15 ~~15 3. In this Instance, the time dependence of the signal, which is 
equal to &/&, where t is time and h the magnitude of the conductivity detector 
signal, is recorded. The conversion is performed by a microcomputer, which Processes 
the signal of an A,/D converter connected to the detector. Quantitative evaluation is 
then performed with a common chromatographic integrator. 

An important contribution to qualitative assessment of the analysis record is 
based on computer processing of the signals from a dual-wavelength UV detector1 38. 
The processing is based on the calculation of the ratio of absorbances at different 
applied wavelengths in various zones. This ratio has a characteristic Constant value 

for a certain group of related compounds, and then one can reliably interpret the 
analysis record. To investrgate the course of the separation process and to evaluate 
automtlcally analyses immediately after the steady state has been reached, multi- 
channel detection130,154 is employed, where a detection array of sensing electrodes 
is in contact with the electrolyte along the separation path. The potential gradient 
distnbution along the separation path is scanned by means of a movmg contact at 
short time intervals, and is processed by a microcomputer. The processing is based 
on rapid periodical evaluation of the lengths of separate zones, (e.g., every second). 
Constancy of zone lengths in several subsequent evaluations indicates that the steady 
state has been reached. The analysis is then evaluated and the results are printed out. 

4.7. Micropreparative systems 

Current capillary isotachophoretic analysers can be used for micropreparative 
purposes in a discontinuous arrangement only. Once the separation has been per- 
formed, the analysis is discontinued and the analysed compound zone is isolated by 
a suitable method. Either direct cutting of the capillary section containing the com- 
pound under analysis1 s5 or isolation with the aid of a microsyringe1s6-15* can be used 
for this purpose. A fractionation valve1 5g, which is placed at the end of the separation 
capillary, was developed for the same purpose. When the zone in question passes 
through thus valve, the driving current is switched off and the compound is flushed 
out for subsequent treatment. With a suitably selected amount of sample the yield 
is 90-100%. With the aid of those micropreparative techniques, isotachophoresis was 
coupled with mass spectrometry160~161 and liquid chromatographyl55. 

The Tachofrac162 is a device that permits the trapping of separated zones on 
a strip Of cellulose acetate. This device IS supplied with the LKB 2127 Tachophor 
commercial analyser. 

Continuous free-flow isotachophoresisl63p165 1s used for micropreparative pur- 
Poses m an entirely different way. This technique, developed especially for micro- 

Preparative Purposes, uses a laminary flow of thin (ca. 0.5 mm) layers of the liquid 
leading and terminating electrolytes for zone stabilization. The sample is pumped 

~~~ti~~~uS~Y between these two flows, electric current is applied and hence isotach- 
ophoresis proceeds perpendicularly to the electrolyte Bows. At a smtably selected 
flow-rate and electric current, individual zones of the substances separated can be 
collected by means of a fraction collector at the outlet of the system. up to several 
grams of Pure chemrcals can be prepared daily by this means. A commercially avail_ 
able apparatus’66 makes it possible to perform continuous isotachophoresis'67,168 

in addition to e.g., zone electrophoresis or isoelectric focusing. 
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The apparatus for isotachophoretic electrodesorption, developed mainly for 
the characterization and determination of biologically active compounds16g, was 
modified also for the micropreparative electrodesorption of monoclonal antibodies 
(for milligram amounts) l’*. Here, the adsorption element with an affinity sorbent is 
employed in which the protein m question is adsorbed. Then, this element is inserted 
into the isotachophoretic separation capillary and, in the subsequent isotachopho- 
retie analysis, the determined protein is released by electrodesorption and, after the 
separation, is isolated with a microsyringe. 

4.8. Commercial instrumentation 

At present there are commercially available three analytical capillary isotacho- 
phoretic analysers and one instrument for continuous flow isotachophoresis. 

The LKB Tachophor 2127149, still available, was the first commercially avail- 
able isotachophoretic analyser. It is equipped with a PTFE separation capillary, 0.5 
mm in diameter, in lengths of 230-800 mm. The capillary is thermostated within the 
range 3-29°C. The sample is injected with the aid of a microsynnge via a septum. 
The power supply, with a maximum voltage of 30 kV, provides a stabilized d.c. 
current up to 500 PA. Either UV (254,280, 340 and 365 nm) or conductivity detection 
is used. The Tachofrac fraction collector162 is an optional device making it possible 
to trap separated zones on a cellulose acetate strip and subject them to additional, 
e.g., immunological analysis. To simplify the operation, the instrument is equipped 
with a control unit. Replaceable elements of resistant TPX plastic are supplied for 
work with non-aqueous solvents. 

Shimadzu (Japan) introduced the second commercially available apparatus for 
capillary isotachophoresis. The IP- 1 B apparatus’ 7 l is supplied with a PTFE capil- 
lary, 0.5 mm in diameter, 200-1000 mm in length, with the possibility of thermo- 
stating at 5-20°C. 

The later IP-2A apparatus’ 72 is equipped with capillaries of diameter 1 and 
0.5 mm, with optional lengths. By this means (volume coupling) the separation ca- 
pacity can be optimized for a given problem. The power supply, with a maximum 
voltage of 30 kV, provides up to 500 PA of stabihzed d.c. current. The sample is 
injected with a microsyringe via a septum. The materials of construction used (PTFE, 
glass) permit the use of non-aqueous solvents. UV and potential gradient detection 
are used. In addition to the basic unit, equipment for establishing a counter flow and 
a device for electronic measurement of step lengths in the isotachopherogram are 
also available. 

An analyseri 2 5 equipped with a column coupling system is manufactured in 
Czechoslovakia. The pre-separation capillary, 0.8 mm in diameter, and the attached 
analytical capillary, 0.3 mm in diameter, are each 200 mm long. The sample is intro- 
duced either with an injection valve 25 ~1 in volume or with a microsyringe via a 
septum. The use of Perspex as the material of construction for electrode chambers 
restricts the working range to aqueous solutions. The power supp!y, with a maximum 
voltage of 16 kV, provides a stabilized d.c. current of up to 500 PA. Conductivity 
detection IS used with the detection cells at the ends of both capillaries. The instru- 
ment is equipped with an automation unit controlling the column-coupling system 
and analysis timmg. 
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Although the apparatus for continuous free-flow electrophorens, the Elphor 
VaP 21166, is not an analytical one, it can be classified as such in view of the sepa- 
ration efficiency obtained and its operation in a free solution. It makes it possible to 
perform isotachophoretic separations in a flat rectangular channel of optional di- 
mensions, 50-200 x 250 x 0.3-I mm, between two glass plates of good thermal 
conductivity. The sample is introduced continuously into the system at a flow-rate 
of 0.3-100 ml/h. A 90-piece fraction collector is placed at the outlet. The driving 
current power supply operates within the ranges 750 V/1330 mA to 3000 V/330 mA. 
The cooling system enables one to work in the temperature range 425°C and its 
cooling power allows the dissipation of up to 1200 W of electric power in the sepa- 
ration system. The apparatus is provided with a scanning W detector (Elphor Scan) 
and for automatic control and evaluation of the separation an Apple II microcom- 
puter with software on a floppy disc is available. 

5 APPLICATIONS OF ISOTACHOPHORESIS 

In the past, many reviews have been devoted to practical applications of iso- 
tachophoresis. The last review60 covers the literature up to the end of 1980. This 
section is aimed at reviewing applications published since 1981 and earlier applica- 
tions that were not included in the last review 60. The section is divided up according 
to the origin of the samples, which enabled us to draw together the papers dealing 
with similar analytical problems, such as the presence of identical or similar major 
components or comparable analytical concentrations. In the field of clinical apph- 
cations, the material is further classified according to the character of the analysed 
substances. 

5.1. Analysis of body JEuzds 

5.1. I. Inorganic anions 
The heavy metals Ca, Fe, Zn, Pb, Cu and Al were analysed by isotachopho- 

resis in deproteinated serum 173. Prior to the analysis, the metals were concentrated 
by chromatography on Chelex. A selective complex-forming counter ran of a-hy- 
droxyisobutyric acid was used to achieve the separation. 

Sulphate was analysed in body fluids of urological patients174. Their urine was 
analysed after acidification with 0.1 M HCl and their plasma after ultrafiltration. The 
recovery of exogenic sulphate in plasma was 92-104% and in urine 87-103%. 

5.1.2. Organic acids 
Pyruvate, lactate, acetoacetate and @-hydroxybutyrate, i.e., acids that play the 

most significant role in the acid-base balance, were determined in serum within 25 
min by direct analysis’ 7 s 9 l 7 CI. A good correlation between isotachophoresis and en- 
zymatic tests was found for the determination of lactate in plasma for both normal 
and elevated values l7 7. Lactic acidosis, ketoacidosis and their mixed forms were thus 
easily distinguished. When the clinical state of the patient became critical, some ad- 
ditional acids appeared in the record. Both the patient’s state and his chance of 
surviving could be evaluated reliably from the general profile of the isotachophero- 
gram. 
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Citrate, which forms a complex with calcium ions and thus affects the for- 
mation of urinary calculi, was determined directly in urine”*. To dissolve the citrate 
complex prior to the analyses, urme had to be kept at room temperature for at least 
2.5 h. The minimum detectable amount was 0.2-0.4 nmole. The results correlated 
well with the enzymatic test with citrate lyase. The specificity of isotachophoretic 
analysis was confirmed by the disappearance of the citrate zone when analysmg urine 
incubated with citrate lyase. Simultaneous determination of oxalate and citrate in 
24-h urine was also described17g. After adding ZnClz to m-me, a phosphate zone was 
also observed in the isotachopherogram and, in the urine of a patient suffering from 
oxalosis, glycolate was also found. Citrate was also determined in human semen 
plasma’ 8o, physiological values ranged from 32 to 44 nmol/l. 

Anions in urinary calculi were analysed by isotachophoresis in 14 min’ 8 l. The 
calculus was ground and, after its dissolution in 1 M HCl, oxalate and phosphate 
were determined at pH 3.68 and, after dissolution in 1 M NaOH, urate, xanthine and 
cystme were determined at pH 7.7. 

Methylmalonic acid levels were investigated in the urine of ratsIs and of 
patients with methylmalonic aciduria la3. Regarding the detection limit of 0.5 pg and 
the physiological concentration range, methylmalonic acid was not found in the m-me 
of healthy individuals. 

Ascorbic acid was determmed in leucocytes and in the urine of healthy per- 
sonsls4. The ascorbic acid zone was identified in the isotachopherogram by the pro- 
longation of the zone after the addition of ascorbate and by the disappearance of 
the zone when the sample was incubated with ascorbate oxrdase. Concentrations of 
5-35 mg/l of ascorbic acid and 18-46 pg of ascorbic acid per lo8 cells were found in 
undiluted urine by analysis m 3&35 min and, after ultrasonic treatment, m leuco- 
cytes. 

The use of 95% methanol as the solvent permitted the determination of tau- 
rochendeoxycholic, taurocholic, glycocholic and glycochendeoxycholic acids in 
human bile1 8 5. 

A series of papers on the determination of oxalate in urine was supplemented 
with additional work186-18g. The two most frequently used leading electrolytes 
(HCl-NaCl and HC1-~-alanine)lgo were compared. HCl-NaCl gave a higher repro- 
ducibility and a better recovery of oxalate. 

Valproate, which is used for the treatment of primary epilepsy, was determined 
by direct isotachophoretic analysis of serum with a reproducibility of better than 
2%‘9l. 

Analytical isotachophoresis was also used rg2,1g3 for the determination of ace- 
tate m the blood of patients during haemodialysis and the results were comparable 
to those obtained by an enzymatic method (I = 0.95) the reproducibility being 3.9%. 
The maximum acetate levels were found 180 min after the start of haemodialysis. 

The content of trifluoroacetic acid, a metabohte of halothane, an inhalation 
anaesthetic, in the blood and urine of anaesthetized patients was monitored by iso- 
tachophoresis103Jg4Jg5. The presence of trifluoroacetate in urme could be detected 
by isotachophoresis eleven days after the operation. 

Thlodiacetic acid, a major metabolite of carcinogenic vinyl chloride, was de- 
termined in the urine of persons exposed to vinyl chloride vapour196,1g7. The repro- 
ducibility of the analysis was about 3%, the minimum detectable concentration was 
6 . lo- 6 mol/l and the analysis time was 45 min. 
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Formate was determined m serum and haemolysed blood after methanol in- 
toxication with a reproducibility 3 /o O lg8. The maximum concentration of formate in 
serum was 17 mmol/l. 

The metabolites of ethylene glycol,i.e., glycolate, glyoxalate and oxalate, were 
determined in the blood of intoxicated persons lgg. Whereas negligible amounts of 

glyoxalate and oxalate were found, the level of glycolic acid reached 17-29 mmol/l. 

5.1.3. Amino acids andpeptides 
y-Aminobutyric acid was determined in rat brain by cationic isotachophores- 

is2OO. Rat brain was homogenized, y-aminobutyric acid was concentrated by ion- 
exchange chromatography and the eluate was then analysed for y-aminobutyric acid 
with a detection limit of 1 nmol. 

Cystathionine and its derivatives201+202 were determined by anionic isotacho- 
phoresis in different rat tissues and in the urine of patients with cystathioninuria. The 
minimum detectable amount was about 1 nmol and the recovery was 9295%. 

Carnitine, which is important for activated fatty acid transfer and whose in- 
sufficiency in the organism manifests itself clinically, was determined in serum by 
cationic isotachophoresis . 203 The serum was incubated in alkaline medium, carnitine 
was trapped on an ion-exchange resin and 20-30 ~1 of the sample were analysed 
within IO-15 mm with a detection limit of 0.2 nmol. The reproducibility was about 
2.7% and the recovery was 108-116%. The method enables one to determine free 
carnitine and carnitine bearing short acyl groups. Levels of 42-62 pmol/l were found 
in the serum of blood donors. 

Cysteine derivatives have been determined in human urine204 and taurine in 
various rat tissues205,206. 

Isotachophoresis has been used several times for the determination of uniden- 
tified peptides in urine or the ultrafiltrate of serum from uraemic patients (or after 
fracttonation of these samples by gel chromatography, gradient elution chromato- 
graphy etc.)207-21 2. In the UV detector record characteristic zones were observed, the 
peptidic character of which was confirmed by amino acid analysis. 

Tripeptide glutathione and its dimer glutathione disulphide were determined 
by isotachophoresis in homogenates from various rat tissues213,214. The purity of 
the isotachophoretic zones was checked by mcubation of the sample with N-ethyl- 
maleimide, dithiothreitol and glutathioreductase. 

Iminopeptides were determined by isotachophoresis in the urine of patients 
with prolidase deficiency, which manifests itself clinically as iminopeptiduria215. Al- 
kalinized urine was subjected to chromatography on Chelex, the fractions were evap- 
orated to dryness and again chromatographed on Diaion. By applying this procedure 
to samples of urine from healthy persons, all peptides were removed. In the urine of 
patients with immopeptiduria, five characteristic zones, which contained twelve di- 
peptides with terminal proline, were found by isotachophoresis. 

Cytostatic methotrexate was determined in plasma by isotachophoresis2i6J17. 
Prior to the analysis, methotrexate m plasma was precipitated with silver ions and 
the precipitate was washed, dissolved in Tris buffer and analysed by anionic isotacho- 
phoresis. The minimum detectable concentration of methotrexate in plasma was 2.5 
pg/l when the column coupling system was used. 
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5.1.4. Purines, pyrwrudines and orgamc bases 
Uric acid, an increased level of which in blood is a symptom of gout, was 

determined by isotachophoresis with a reproducibility of better than 2%218. The 
purity of the uric acid zone was illustrated by the disappearance of the zone after 
incubation of the sample with uricase. The results correlated well with those of an 
enzymatic determination (r = 0.98). 

Everaerts and co-workers219--z23 determined purines and pyrimidines m urine, 
serum and in the ultrafiltrate of serum from healthy persons, hyperuraemic patients 
and patients with Lesch-Nyhan syndrome. Orotic, uric and hippuric acids, xanthine, 
hypoxanthine, allopurinol, guanosine and adenine were found in the isotachopher- 
ogram. In analysis of urine, steps due to orotidine and pseudoxanthine also appeared. 
When medical treatment with allopurinol was applied, steps due to oxopurinol and 

m220 allopurinol also appeared . In order to distinguish the zones in the UV record more 
clearly, non-UV-absorbing spacers were used. The purity of some zones (hypoxan- 
thine, xanthine, allopurinol, uric acid) was checked by analysing samples incubated 
with enzymes that react with these compounds prior to the analysis2 l g,2 2 I. 

Hypoxanthine, as a marker of tissue hypoxia, was determined in serum by 
isotachophoresis after deproteinization and ion-exchange chromatography224. An 
average hypoxanthine concentration of 0.91 pmol/l was found in the blood of 18 
healthy blood donors; in the umbilical blood of newborns the hypoxanthine range 
was 3-75 pmol/l. The reproducibility was about 5% and the minimum determinable 
concentration was 10 nmoljl. 

The composition of RNA bases from rat livers was determined by isotacho- 
phoresis after extraction and hydrolysis with KOH 225. Isotachophoresls was used to 
study the influence of 5-fluoroorotate on nucleotide labelling with [3H]orotate226. 

Theophylline, which is used to treat asthma, was determined in ultrafiltered 
serum227. For quantitation the absorbance of the spike between serine and bicine 
spacers was measured. The detection limit was 1 mg/l with an analysis time of 12 
min. Theophylline bound to some proteins was also studied. 

Cytostatic adriamycin and its main metabolite adriamycinol were determined 
in plasma after extraction with butanol 228. Isotachophoresis did not separate these 
two cytostatics from one another. 

The local anaesthetic trimecaine and both its des-ethylated metabohtes were 
determined by isotachophoresis in plasma after deproteinization and extraction with 
chloroform229. The minimum determinable concentration was 50 pg/l and the re- 
producibility was 5%. The newer local anaesthetics heptacaine and its 2-alkoxy de- 
rivatives were determined m an analogous manner. 

Quinine was determined in the extract of urine extracted with isopropanol- 
dichloromethane230. It was found that 2-15% of administered quinine was excreted 
by urine; the detection limit was 69 pg per 48 h. 

Isotachophoresis was also used to determine sperrnine in semenz3i. 

5.1.5. Nucleotides and nucleosides 
Nucleotide levels in muscles were determined in order to study their metab- 

olism in Duchenne muscular dystrophy 232. Suppressed levels of ATP, ADP and 
AMP were found in the isotachopherogram when muscle extract from patients with 
the above disease was analysed. 
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Isotachophoresis was also used to study the levels of ATP, diphosphoglycerate, 
phosphate and lactate in erythrocytes in stored blood 233,234. The reproducibility of 
the analyses was better than 3% and enabled one to monitor concentration changes 
of these compounds dunng storage. 

The contents of ATP, ADP, AMP, c-AMP, IMP, NADH, NAD+, creatine 
phosphate, glucose-&phosphate and pyruvate 235 were determined m heart and bone 
muscles of the dog, pig, frog and hamster. The values found were in agreement with 
literature data obtained by other methods. 

Various rat tissues were analysed for ATP and ADP, using non-absorbing 
spacers236q237. Th e reproducibility of the determination of ATP was 2.2% and the 
recovery was lO&lOl%. Levels of UDP glucuronate in rat liver after narcosis with 
diethyl ether, halothane, enflurane, isoflurane and ketamine with diazepam were sup- 
pressed, as shown by an isotachophoretic study 238,239. Isotachophoresis was used to 
study some nucleotides in human lymphocytes and in the culture of human fibro- 
blasts240. Malignant hyperthermia was studied on a pig model. Levels of purine nu- 
cleotides, phosphocreatine, lactate and phosphate, as possible markers of malignant 
hyperthermia susceptibillty24 l, were investigated. Some further papers242-245 also re- 
ported the determination of nucleotides, especially ATP. 

Cytostatic 54uorouracil and its analogue 5-deoxy-5-fluorouridine were deter- 
mined in plasma and serum by isotachophoresis, using a UV detector after depro- 
teinization and ion-exchange chromatography 246 Five minutes after their intrave- . 
nous application (15 mg/kg body weight) the maximum concentration in plasma 
(120-260 pmol/l) was reached. The reproducibility of the analysis was 47%. A cy- 
tostatic arabinofuranosylcytosmetnphosphate was analysed in leukaemic cells after 
incubation and repeated washing 247. The minimum detectable amount was 15 pmol 
with the use of the UV detection. 

5.1 A. Proteins 
In the past, protein analyses mainly involved the analysis of cerebrospinal 

fluid, particularly in cases of multiple sclerosis 248-2 54. Isotachophoresis permitted the 
determination of the permeability of the bloodcerebrospinal fluid barrier for various 
IgG fractions and for albumin and also permitted a quantitative study of the synthesis 
of immunoglobulins G inside this barrier. Proteins were determined in cerebrospinal 
fluid m cases of neurinoma2j5, meningitisZ56, meningoencephalitis248-250, acute leu- 
kaemia2 57 and subarachnoid haemorrhage 250~258. In the presence of high salt con- 
tents, dialysis of the sample is recommended prior to starting the analysiszs9. 

A number of studies have dealt with the isotachophoresis of serum protems. 
To distinguish and characterize the zones better, mixtures of defined substances 
(ammo acids and Good buffers) are frequently used as spacers248-250,255~260-262. 
Small, sharp peaks, the appearance of which is poorly reproducible, often appear in 
isotachopherograms of serum proteins. The existence of such peaks was explained 
as the presence of proteins that could have been denatured in the course of the 
isotachophoretic separation263. 

Isotachophoresis was used to determine immunoglobulins G in the serum of 
patients suffering from some infectious and non-infectious diseases. Significant dif- 
ferences were found in the composition of serum proteins of patients with liver cir- 
rhosis and paraproteinaemia2 5 5. 
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Serum lipoproteins pre-stained with Sudan Black B were determined by cap- 
illary isotachophoresis with photometric detection at 570 nm264. As the preparation 
proceeded in a free solution, chylomicrons did not remam at the start as in gel elec- 
trophoresis but migrated between low-density and very-low-density lipoproteins. 
High-density lipoproteins were successfully determined using UV detection265J66. 

Thrombin was determined in human blood by isotachophoresis within less 
than 20 min267J68. The purity of thrombin m the isotachophoretic zone was verified 
by incubation of the sample with heparin prior to the analysis; the thrombin zone 
disappeared from the isotachopherogram. 

In order to determine proteins in body fluids, capillary isotachophoresis was 
combined with electrophoresis in agarose269, with isotachophoresis in polyacrylam- 
ide ge12’0 and with immunoelectrophoresis *’ l. Further, isotachophoresis was applied 
to the determination of protems in bovine serum, cerebrospinal fluid and bovine 
aqueous humour 7 * and to the determination of crystallines in eye lens273,274. 

5.2. Drugs and their productron 

Arabonic acid, an intermediate in riboflavine production, was determined in 
samples of glucose oxidized m aqueous alkaline solutions with a reproducibility of 
3.5°h275. In addition to arabonic acid, oxaloacetic, formic, glycolic, lactic, gluconic 
and 3-hydroxypropionic acids were identified. The content of arabonic acid in mother 
liquors was about 0.1 mol/l and in crystalloids it was higher than 89%. Isotacho- 
phoresis was used for monitoring the enzymatic cleavage of deacetoxycephalosporin 
G, in which phenylacetic and 7-aminodeacetoxycephalosporanic acids276 are pro- 
duced; the latter 1s an intermediate in the preparation of new antibiotics of the ce- 
phalosporm type. The course of the enzymatic reaction could easily be studied by 
determining any of the three components of the reaction mixture. 

Mucolytic S-carboxymethylcysteme was determined in syrups and capsules 
with a reproducibility of 0.7% and a detection limit of lo- lo mo121. In preparations 
kept for 6 weeks at 50°C cysteinesulphinic acid was found as the main degradation 
product. 

Sulphites, which are frequently added to drugs as antioxidants, and sulphates, 
produced by their oxidation, were determined by isotachophoresis, among other 
methods, in infusion solutions of ammo acids 277. The minimum detectable amounts 
were 0.2 mmol/l for sulphites and 0.1 mmol/l for sulphates. 

The synthetic peptides alanylglutamine and tyrosinyllysyltyrosme, which are 
suitable for parenteral administration of glutamine and tyrosine because of their 
solubility in water and their thermal stability, were determined by isotachophoresis 
m less than 20 min218-2so. 

Ascorbic and nicotinic acids, thiamine, pyridoxol, pyridoxal, pyrodoxamine 
and nicotinamide were determined in vitamin preparations by isotachophoresis281. 
The recovery was 93-101% and the reproducibility was better than 2%. 

Isotachophoresis was also used to determine the following drugs: quininez30, 
insulin2s2, inorganic ions in crude drug preparations* 83, valproatezB4, codeine and 
phenyltoloxamine (reproducibihty 1 .O%, minimum detectable concentration 0.5 
ppm)285, the aminoglycoside antibiotics tobramycin, spectinomycin, clindamycin 
and lincomycin (mmimum detectable amount 1.6 nmol, reproducibility 2%)286, the 
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local anaesthettcs procame, lidocaine and tetracaine (reproducibility about 1.7%, 
detection limit 1.8 nmo1)287, ephedrine, norephedrme, norpseudoephedrine, pheny- 
lephedrine, carbinoxamine, methoxymethylmorphine and yohimbine (reproducibility 
3-5%)288, the peptide drugs saralasm, gonadorelin and protirelin (reproducibility 
about 2%)28g, ephedrine (reproducibility 1 XV!!), pyridine-4-aldoxime (minimum de- 
tectable amount 10 pmo1)2gu and phosphonoacetate2g *. Paper isotachopho- 
resis292J93 with an on-line conductivity detector was used successfully for cationic 
and anionic determmations of various drugs (quinine, ephedrine, codeine and ami- 
nophenazone). 

5.3. Food production 

In this field, isotachophoresis has been used especially for determinations of 
organic acids, preservatives and llavours. 

Isotachophoresis has proved to be an excellent analytical method for food 
preservatives, e.g., sorbic, benzoic and propionic acids and p-benzoic acid esters (re- 
producibility better than 2%) 294--297, thiabendazole and diphenylol (reproducibility 
about 2°h)2g8, and food additives, e.g., glutamate, GMP, IMP29g, mono-, di- and 
triphosphates, citrate, glutamic and ascorbic acids, glucono-b-lactone in meat prod- 
ucts (reproducibility about 1 %)300, glutamate in soup (reproducibility better than 
2%)301, cyclamate and saccharin sweeteners in dietetic drinks, tins and some other 
foodstuffs (reproducibihty O&2%)3*2 and quinine in drinks (detection limit 5 
mg/1)230. 

Great attention was devoted to determinations of acids in wines303-30g. Acetic, 
succmic, gluconic, lactic, malic, malonic, phosphoric and sulphuric acids were deter- 
mined m wines by using chlorate as the internal standard, and the reproducibility 
was about 2%303. 

The following acids were also determined in foods: citric acid m citrus fruit 
juices3 lo, succinic acid in fish extract3 l l, ascorbic and dehydroascorbic acids in citrus 
frmt concentrate (reproducibility l-2%) 312, 2-pyrrohdone-5-carboxylic acid in to- 
matoes and tomato products 313, lactic, acetic, citric and phosphoric acids in sauer- 
kraut brine (reproducibility about 1 %, minimum determinable amount 3-5 ng)” l4 
and phosphoric, formic, citric, malic, glycolic, lactic and acetic acids in coffee3 l 5. 

Tetrodotoxin, which is the main toxin in poisoning by puffer fish, was deter- 
mined by tsotachophoresis in the fish extract with a limit of determination of 0.25 

316 Fg * 
The histamine content in fish and fish products3 * ‘v318 was determmed by iso- 

tachophoresis within 30 mm. Isotachophoretic analysis of extracts from mackerel, 
tuna and herring (reproductbility about 1 %, recovery 99%) revealed a raped increase 
in histamine concentration after storage of the fish for 3-4 days at 4°C. 

Isotachophoresis also proved to be very useful m the following food analyses; 
EDTA determination m mayonnaise and margarme (reproducibility 3-6%, minimum 
detectable concentration 10 ppm)31g, nucleotide determination in muscles of frozen 
carps320, sinalbin and sinigrin determination in mustard seeds (reproducibility 2%, 
detection limit 2.4 nmol) 321, determination of inorganic acids in Miso322, determi- 
nation of cyanides in apricot kernel and plums and in products made from these 
fruits323, determination of theanme, aspartic and glutamic acids in various species 
of green tea324, and determination of amino acids in sweet pepper fruits325. 
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5.4. Environmental analysis 

The herbicide Asulam was determined m soil after extraction, centrifugation, 
filtration and repeated concentration 326 The detection limit was 0.5 ng. If prepar- 
ative isotachophoresis was performed pnor to the analysis, 0.02 ppm of Asulam 
could be detected and 0.14.2 ppm determined. 

Cationic triazine and quaternary herbicides were determined by lsotachopho- 
resis in water and soi1327. For the determination of quatemary herbicides (chlor- 
mequat, paraquat, diquat) the soil was boiled with 50% sulphuric acid, the herbicides 
were extracted into dichloromethane, the organic layer was evaporated to dryness 
and an aqueous solution of residue was analysed. The analysis gave a 70-80% re- 
covery and the sensitivity of the method was ca. IO ppb. Triazine herbicides (atrazine, 
simazine and prometryne) were derivatized to quaternary ammonium salts poor to 
analysis. The recovery was 95-98% and the limit of determination was 10 ppb 

Phenol was determined in industrial waste waters by direct analysis with a 
detection limit of 0.1 ppm 328 A 50-4 volume of the sample was required for the . 
analysis and the analysis time was 20 min. Phenol concentrations of 76 ppm were 
found in waste waters and 33 ppm in punfied waste waters. 

Butylamme, which is used in numerous industrial applications, was determined 
in air32g. The air was bubbled through 0.1 M HCl, the solution was evaporated in 
a stream of nitrogen and the residue was dissolved in water and analysed. The de- 
tection limit of the method was 1 nmol and the recovery was 99.5-l 18%. The time 
of the isotachophoretic analysis was 10 min. 

Triethylamme and 2-dimethylammoethanol were determined in air samples 
from polyuretane foam production 33G. The air was bubbled through 20 mmol/l HCI 
and the trapped ammes were concentrated by adsorption on silica gel. The recoveries 
were 97-l 17 and 75-95% for triethylamme and dimethylammoethanol, respectively. 

Chloride, sulphate, nitrate, nitrite, fluoride and phosphate were determined m 
river water by isotachophoresis 331. The reproducibility of the determinations of sul- 
phate, nitrate and chloride was better than 2%, and that of nitrite, fluoride and 
phosphate was better than 5%. The detection limits were 60 ppm for nitrite and 30 
ppm for phosphate and fluoride. The analysis time was 25 min. 

Isotachophoresis was also used to determine sulphate, phosphate and organic 
acids m sewage 332 heavy metals (Fe, Cu, Ni, Cd, Co, Zn and Pb) in river waterzo5 
and chloride, sulpiate, nitrate, potassium, sodium, calcium and magnesium in surface 
water333. 

5.5. Chemical industry 

In the analysis of industrial or, more often, potential industrial samples, iso- 
tachophoresls was used most frequently for the determination of phosphoric acid 
derivatives such as condensed phosphates334-340, aminoalkylphosphonates341 and 
acid alkyl phosphonates342-344. 

In connection with the growing use of biological technology for the prepara- 
tion of new compounds, isotachophoresis was used to analyse lysine in fermentation 
broth345, lower fatty acids346 in cultures of microorganisms and organic acid prod- 
ucts347-349 from alkane fermentation. Some papers were devoted to the analysis of 
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acidic products from the degradation of saccharides3 5 OP3 5 5 and methoxybenzene de- 
rivatives in degradation products from cellulose hydrothermolysis3 5 6. 

The analysis of waste water from metal coatings for Cu complexes357, ball- 
point pen ink for chloride and sulphate35s, cosmetic preparations for chondroitin 
sulphate3 59, permanent waving lotion for thioglycohc and dithioglycolic acids and 
cysteine360 and industrial samples for Fe2+ and Fe3+ (ref. 361), the determmation 
of chlorocarboxylic acid produced by phenol chlorination362, sulphur 0x0 acids in 
sodium sulphide3 63, inorganic ions m crude phosphoric acid364, the veterinary drug 
amprolium m feedstuffs365, sulphur 0x0 acids 366, the explosive 2-(5cyanotetraazo- 
lato)pentaminecobalt(III)367 and halogenated cobaltocarboranes, used as extraction 
agents in nuclear chemistryj6*, are additional industrial applications of isotacho- 
phoresis. 

5.6. MisceIlaneous 

Isotachophoresis was used in enzymology to measure prolidase activity in the 
serum of iminoaciduric patients369 and to study the enzymatic transfer of sul- 
phate370, and to study glucuronidation 371, the metabohsm of ascorbic acid372 and 
methionine3 73, nucleotide-dependent enzymatic processes374 and reactions of glu- 
tathione-S-reductase37s and adenylate kinase376. 

In protein chemistry, isotachophoresis served to study substitution of dog ser- 
um albumm377, to investigate the bound of 8-aniline-naphthalenesulphomc acid to 
serum albumin378, to determine enzyme-immunoglobulin conjugates used in enzyme 
immunoassay 379, to determine proteins 380, to control the synthesis of the C-terminal 
pentapeptide bombinine381~382, t o determine virus membrane glycoproteins383, to 
study the influence of lyophilization on the protein composition in reference sera384, 
to investigate formate dehydrogenase inactivation385+386, and to determine fetum in 
nasal secretion387 and nuclear proteins m regenerating rat livers388. 

In peptide chemistry, isotachophoresis was applied to the determination of 
low-molecular-weight compounds in peptide preparations3 8g-39 l, the reduced and 
oxidized forms of glutathione3g2 and lysylalanine3g3 and to the investigation of the 
deiodination of iodotyrosine during peptide hydrolysis3g4. 

In the chemistry of nucleotides, isotachophoresis was applied to the determi- 
nation of nucleotides produced by microorgamsms after high-voltage and ultrasonic 
treatment39s, to the determination of adenme nucleotides3g6*397 and to the control 
of nucleotide synthesis398. 

Isotachophoresis further served to analyse venom from spiders and 
snakes39gv400 and stinging insects401,402, plant alkaloids403 and allergens404+05, 
royal jelly for lo-hydroxy-d2-decenic acid406, 
cadaverine and agmatine 

incubated human saliva for putrescine, 
407,408 the composition of the polar lobe of the first cleav- , 

age stage of Nassarius retmdatus embryos409, products from the reaction of ammona 
and acetone410, humic acid4”, dithiocarbamates4’*, alginates413, hyaluronates414, 
cyclohexylamine 415, hydroxybiphenyl conjugates 416, 5-ammolevulic acid and its de- 
rivatives porfobilinogen and 45dioxovaleric acid41 7, formaldehyde and formic 
acid4* 8, acids produced by Candida albzcans41g and sialic acid420 

Successful separations of model mixtures suggest possibilities of using iso- 
tachophoresis m practice. Cationic analyses m the past 4 years include separations 
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of alkali metals and ammonmm in a methanolic medium42 ‘, using associates with 
ls-crown-6-ether89,422 of varying stability, separations of alkaline earth metals with 
cyclohexanediaminetetraacetic acid423 and ol-hydroxybutyrate79 counter ions, sepa- 
rations of K, Na, Ca and Mg with sulphate”’ and the N-oxide of nitrilotris(meth- 
ylphosphonic) acid333 counter ions, the complete separation of lanthanides with 
u-hydroxyisobutyrate as a complex-formmg counter ion424 and the separation of a 
mixture of Ba, Na, Ca, Mg, Mn, Cd, Co, Zn, Ni, Pb and CU’~~. 

Anionic isotachophoretic separations of morgamc compounds include sepa- 
rations of iodide, bromide and chloride and [Fe(CN)6]3-, [Fe(CN)6]4- and per- 
chlorate with the addition of ol-cyclodextrin to the leading electrolyte422, the sepa- 
ration of chloride, bromide and iodide m a methanolic medium421 and the investi- 
gation of condensation of chromate into bichromate134 and the formation of various 
polyvanadates425. 

Separations of coordination compounds include those of cis and tvans isomers 
produced by the pyrolysis of the green complex of trunr;-[CoCl(en)$Zl in which Cl 
was replaced with water426, nine cationic nitrosylnitrato complexes of ruthenium 
with three pairs of m-tram isomers produced by acidic hydrolysis of 
[RuNO(NO&(H~O)~]~~~-~~* and chelates of Fe(II), Co(II), Cu(I1) and Ni(I1) with 
l,lO-phenanthroline in acetonitrile medium429. 

Fatty acids430, nucleotides with Mg2 + counter ion43 l, polyamines with citrate 
counter ion432 and organic acids433 were separated among organic model mixtures. 

Finally, we can also mention some papers 434-438 that involve isotachophoresis 
to a small extent and do not fit the above classifications. 

6. SUMMARY 

This paper is summarizing the contributions to the analytical capillary iso- 
tachophoresis published during the period 1981-1984. It characterizes the present 
state of the method and covers theory, fundamental analytical aspects, instrumen- 
tation and applications. 

Special attention was payed to the fundamental analytical aspects, and a de- 
tailed discussion is given of the selection of electrolyte systems, stability of zones and 
separability of substances. 

The present commercial mstrumentation is also briefly described. 

7. ADDENDUM 

To cover more recent progress in isotachophoresis as represented by the last 
International Symposium on Isotachophoresis, ITP-84, as completely as possible, the 
preparation of the manuscript was based on the book of the symposium abstracts’ 
and on the actual presentations in the lectures and poster sessions. Hence this text 
includes a number of papers that did not appear in the symposium volume (J. Chro- 
matogr., Vol. 320, No. 1). On the other hand, owing to some differences between the 
actual symposium presentations and the final proceedings, which appeared just when 
this manuscript was submitted for publication, a few papers from this volume must 
be referred to here. They concern the use of the concentration cascade technique on 
the commercial LKB instrument 439, desorption isotachophoresis440, UV detection 
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at 206 nm441, the determination of mobilities and pK values442, dynamics of iso- 
tachophoretic separations443 and the determination of sodium in serum444. 
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