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Abstract

In this contribution, the predicted possibility of separation and focusing of strong electrolytes in a conductivity gradient
was verified. Homologous series of derivatized polyethylene glycols and oligomaltoses were separated and focused in
combined pH and conductivity gradient generated by isotachophoretic moving of a stack of carrier polyampholytes. Since
the chosen analytes were anions of sulfonic acids, the influence of pH gradient on analyte mobility could be neglected. The
experimentally found peak widths and resolutions were comparable with calculated ones. The dependencies of the peak
resolution on the composition of leading and terminating electrolytes as well as on the amount of carrier ampholytes and the

electric current were studied. [0 1998 Elsevier Science BV.
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1. Introduction

Isotachophoresis (ITP) is an electrophoretic sepa-
ration technique that is able to separate and focus
strong, weak as well as ampholytic analytes. Due to
its high separation power, it is used both in analytical
practice and for preparative purposes [1,2]. Under
the steady state, the analytes are focused into adja-
cent sguare-wave zones. The evauation of the
detection record is therefore more difficult in com-
parison with separated Gaussian zones which are
common, e.g., in zone electrophoresis and chroma-
tography. This disadvantage can be eliminated by
severa approaches. (i) by use of discrete spacers
with suitable detector response which are focused
between the zones of analytes [3,4]; (ii) by coupling
of ITP with capillary zone electrophoresis (CZE) [5]
(in this mode, the squarewave ITP zones are
separated on-line into the Gaussian shape peaks by

*Corresponding author. Fax: +420-5-41212113.

CZE); (iii) by use of carrier electrolytes, eg.,
polyampholytes. In the carrier polyampholyte back-
ground, the ampholytes are focused into the Gaus-
sian peaks which are included in the stack of ordered
and focused background components. This type of
separation was used by Mikkers ([1] pp. 322—336)
for the analysis of proteins. Such an electrophoretic
separation mode is called either isotachophoresis
with carrier ampholytes [6—10], capillary isoelectric
focusing (IEF) with electrophoretic mobilization
[11,12], isotachophoresis—isoelectrofocusing [13] or
isotachophoretic focusing (ITF) [14,15]. In most of
the references, an approximately linear pH gradient
is considered and the separation mechanism is
supposed to be similar to that of IEF. Nevertheless,
the gradient of field strength and thus the gradient of
conductivity occurs in the isotachophoretically mov-
ing stack of carrier ampholytes [1,6]. Charlionet et
al. [14,15] published equations for the description of
the behavior of ampholytes in the conductivity
gradient without consideration of the pH. The sepa-
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ration and focusing of nuclectides in combined
conductivity and very shalow pH gradient was
demonstrated [6]. Since the nucleotides behave as
strong electrolytes under conditions used, their sepa-
ration cannot be explained by focusing in the pH
gradient. Thus, their separation occurs due to the
present conductivity gradient.

A recently published theory [16] describes focus-
ing of both weak and strong electrolytes in pH and
conductivity gradients. The aim of this paper is to
verify the predicted features of separation and focus-
ing of strong electrolytes in a conductivity gradient.
Homologous series of UV-detectable hydrophilic
strong analytes were separated and focused in the
combined pH and conductivity gradient generated by
isotachophoretic moving of carrier polyampholytes.
Since the chosen anaytes are anions of sulfonic
acids, the influence of the pH gradient on analyte
mobility can be neglected. The dependence of the
composition of leading and terminating electrolytes
on the separation was studied. Further, the influence
of the amount of carrier ampholytes and the electric
current were demonstrated.

2. Theory

A model of focusing and separation of charged
compounds in a gradient of conductivity was pre-
sented previously [16]. The principle of the method
is outlined in Fig. 1. Prior to the analysis, the
separation compartment is filled by a leading elec-
trolyte, LE; the carriers, CA, and sample, S, are
injected between the LE and the terminating elec-
trolyte, TE, see Fig. la. After switching the current
on, dl anions move to the detection end of the
capillary and are ordered according to their effective
mobilities, see Fig. 1b. In this way, the conductivity
gradient is formed from a great number of good
ampholytes which are focused into the Gaussian
shape peaks under isotachophoretic conditions, see
Fig. 1c. This conductivity gradient is considered as
continuous and the analytes are focused and sepa-
rated on its background. Though it should be kept in
mind that gradient steepness and shape depends on
the composition of leading and terminating elec-
trolytes, the linear gradient can be considered when
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Fig. 1. llustration of the separation principle. a: electrolyte design
after the injection; b: electrolyte design in the steady state; c:
gradient of field strength and concentration of focused analytes.
Symbols: TE: terminating electrolyte, CA: carrier ampholytes, S:
sample, LE: leading electrolyte, v: isotachophoretic velocity, D:
detector, E: field strength, c,: concentration of analytes, L:
separation distance, u,,: mobilities of analytes.

discussing the peak shape and resolution of closely
separated peaks [17].

For the zone of the analyte in the steady state, the
peak variance, 0')2(, can be expressed in the following
way [16]:

2 D __ (1)
- _dlIn
E daifp

X dM
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(o

where D is a diffusion coefficient of analyte, E is
electric field strength, v is isotachophoretic velocity,
p isresistivity (p =1/, where k is conductivity), u
is analyte effective mobility and x is the length
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coordinate along the moving gradient with x=0 at
the peak maximum. The derivation dp/dx represents
the steepness of the resistivity gradient along the
zone. This is a general eguation considering the
influence of both resistivity and pH gradients. For
strong electrolytes which do not change their mobili-
ty with pH (and dw/dx=0), it follows from Eq. (1),
according to [16]:

.__ D
X E _dp
A dx

where | is electric current and A is cross section. By
insertion of the Nernst—Einstein equation:

_ZFD 3
K= RT (3)

)

o

into Eqg. (2), the following equation can be derived,
see [16]:

2 _ RT 4
Ux_ﬁ—dp (4)
A dx

where z is an effective electric charge of analyte. For
monoprotic strong anionic electrolytes, it is z=—1.
Symbols R, T and F have usua meaning. After
rearrangement of Eq. (4), the final form suitable for
the calculation of peak variance from detector record
is obtained.

) RT
o= (5)

xT zZF /1 du
7(5 W)

where du/dt is the time change of the mobility
which would be monitored at the detector position.
When the analytes are strong electrolytes, this
quantity can be approximated from differences in
their known ionic mobilities and measured migration
times.

For expression of peak variance in the time units,
Eq. (6) is used:

0,

> (6)

v
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Further, final form of the equation for theoretical
resolution between peaks n and n+ 1 can be derived
[16]:

—2
Mo = Mg, Fv (7
A\ grdm
dt

where the term in front of the root represents
selectivity similarly as in CZE.

In order to compare the theoretical peak variances
with the experimental ones it is necessary to correct
the theoretical values for o, the detector time con-
stant and for the light beam diameter [18,32]. The
corrected peak variance o, is then calculated as a
root of sum of the squares of all contributions.

Since Eq. (7) does not allow the inclusion of the
above described corrections, the corrected resolution
will be calculated according to the following equa-
tion:

R(nn+1)=

_ t— 6 8
o = 200 () + oo (n + 1) (8)

R (n,n + 1)

3. Experimental
3.1. Equipment

All of the experiments were carried out on the
automated miniaturized instrument which has been
described previously [18,19]. The instrument consists
of the liquid handling device controlled by a micro-
processor and the separation compartment with the
detection system. The separation channd had a
tapered shape with inner diameter decreasing from
0.8 to 0.4 mm, length 9 mm and total volume 3 pl.
This tapered shape was used to decrease the total
applied voltage [18-21]. The fused-silica capillary
with 0.25 mm inner diameter and length 5 cm, was
used for detection. The 5-cm long capillary of 0.32
mm |.D. was inserted between the tapered channel
and the detection capillary in order to increase the
total volume of the separation compartment. The on
column UV—Vis detector LCD 2082 (Ecom, Prague,
Czech Republic) was connected to the detection
capillary by optica fibers [22]. The analytical signal
was collected by personal computer equipped with
CSW data handling software (DataApex, Prague,
Czech Republic). A line recorder TZ 4620 (Labora-
tory Instruments, Prague, Czech Republic) was used
for registration of the total voltage along the sepa-
ration compartment.
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32 Chemicals

All chemicals were analytical grade. Picric acid,
4-hydroxy-3-nitrobenzoic acid, poly(ethylene glycol)
(PEG) M,=200 and 400 g/mol, 1-amino-4-naph-
thalenesulfonic acid (ANSA), B-cyclodextrin hydrate
(B-CD) and mesityl oxide were obtained from
Aldrich  (Milwaukee, WI, USA); tris(hydoxy-
methyl)aminomethane (Tris), 2-sulfobenzoic acid
cyclic anhydride, methyl orange, sodium hydroxide
and cetyltrimethylammonium bromide (CTAB) from
Lachema (Brno, Czech Republic), 2-hydroxy-
isobutyric acid (HIBA) and phenol red from Fluka
(Switzerland), hydroxypropylmethyl cellulose
(HPMC), 2-amino-2-methyl-1-propanol (AMP) and
sodium cyanoborohydride from Sigma (St. Louis,
MO, USA), tris(hydoxymethyl)aminomethane hydro-
chloride (Tris‘HCI), 2-(cyclohexylamino)ethane-
sulfonic acid (CHES) and 3-morpholinopropanesul -
fonic acid (MOPS) from Merck (Darmstadt, Ger-
many), polyethylenimine (PEI) from Serva (Heidel-
berg, Germany).

The low-molecular-mass colored ampholytes (pl
markers) 2,6-big[(4-methyl-1-piperazinyl)methyl]-4-
nitrophenol  [95380-45-3] (3) and 2-(4-mor-
pholinylmethyl)-4-nitrophenol [69245-0] (15) were
prepared in the Ingtitute of Analytical Chemistry
(Academy of Sciences, Brno, Czech Republic). The
number of pl markers in the squared brackets were
taken from Chemica Abstracts (CA registry num-
bers) and the numbers in brackets are according to
[23,24].

The solution of synthetic carrier ampholyte Am-
pholine pH 3.5-10.0 was purchased from Pharmacia
LKB (Uppsaa, Sweden).

3.3. Electrolyte system

A solution of 10 mM HIBA (leader) and 11 mM
Tris (counterion) was used in most of the cases as the
leading electrolyte (LE). The pH of the leading
electrolyte was varied from 6.6 to 9.2 by changing
the concentration of Tris. In some of the experi-
ments, the system chloride/ Tris (leader/counterions)
was used. As the terminating electrolytes solution of
AMP or mixture of CHES and NaOH were used.

All of the experiments were carried out in the
closed mode of ITP and due to this the modification
of the fused-silica inner wall and the control of

electrosmosis were necessary [25-27]. The dynamic
coating of detection capillary by adding HPMC and
PEI [28] into the leading electrolyte was chosen. The
1-8% (v/v) solution of Ampholine was used as
carrier ampholyte.

3.4. Preparation of model analytes

Esterification reaction of polyethylene glycol was
performed by mixing 1.0 g of PEG with 0.1 g of
2-sulfobenzoic acid cyclic anhydride. This mixture
was incubated for 7 h at 100°C. For anaysis, a
hundred times diluted solution was used.

Aminonaphtalenesulfonic acid derivatization re-
action of oligomaltoses was performed by adaptation
of the Jackson's method [29,30]. The mixture of
oligomaltoses was prepared by hydrolysis of B-CD
by HCI: 50 mg of 3-CD, 10 ul concentrated HCI and
0.1 ml of water was incubated for 3 h a 80°C. The
derivatization was done by the following procedure:
1 mg of ANSA, 20 pl of concentrated acetic acid
and 50 pl of hydrolyzed B-CD were dissolved in 1
ml of water. This mixture was incubated for 1.5 h at
80°C and then 5 mg of sodium cyanoborohydride
was added and again heated for 1 h at 80°C. For the
analysis, ten times diluted solution was used. The
derivatized oligomaltoses were stored at —18°C and
kept at room temperature as little as possible.

3.5. Measurement of the model analytes mobilities

The preparation of the model analytes was de-
scribed in Section 3.4. Since only some of the
mobilities of these compounds are available from the
literature, they had to be measured. The CZE electro-
phoretic mode with 200 wm 1.D. fused-silica capil-
lary was chosen. The total length of the capillary was
47 cm (32 cm to the detection). The UV detector
Jasco 970 (Jasco, Tokyo, Japan) and high power
supplier VN Spellman CZE 1000R (New York, USA)
were used. The background electrolyte was com-
posed of 10 mM MOPS and 7 mM Tris, pH=7.3.
Moreover 0.06% (w/v) HPMC and 0.2 mM CTAB
were added into the background electrolyte to reduce
the endoosmotic flow. Further 0.05% mesityl oxide
was used as a marker of endoosmosis. The vaue of
the measured mobilities of model analytes are in
Table 1, third column.
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Table 1

Calculation of theoretical peak variance and peak resolution. Comparison with experimental values

ot —u AplAt o Teor Tep R(N+1),  RN+1),,
(min) (0°m?VvtsY (107m*V7t s7%) © ©® ©

Derivatized PEGs

1 26.88 26.3 —0.867 414 4.28 2.88 2.26 314

2 27.49 231 —0.847 3.68 3.84 2.98 151 1.77

3 27.88 211 —0.710 3.68 3.83 357 175 134

4 28.27 194 —1.130 2.69 2.90 5.27 121 0.70

5 28.51 17.8 —0.853 2.83 3.03 5.02 1.32 111

6 28.80 16.4 —0.551 324 3.41 2.62 1.65 2.10

7 29.18 15.1 —0.445 333 3.50 222 - 152

Derivatized oligomaltoses

0 25.99° 214 —0.246 6.34 6.43 5.78 7.49 6.98

1 28.50" 17.7 —0.566 3.45 3.62 5.02 3.49 2.84

2 29.38" 14.7 -0.329 3.77 3.92 4.26 4.29 3.01

3 30.32° 129 —0.585 247 2.69 517 1.98 115

4 30.70° 115 —0.380 2.75 2.95 459 214 153

5 31.13° 10.6 —0.287 2.89 3.09 3.82 - 1.52

“Number of monomers in oligomer. Reagent represents n=0.

® Migration times corrected for the presence of electrolytes. See Section 4.2.

3.6. Measurement of the linear velocity of moving
stack

For computing the theoretical values of peak
variances and resolution, it is necessary to know the
linear ITP velocity of the moving stack. This ve-
locity is a function of electrical current and com-
position of leading electrolyte. The leading elec-
trolyte consisted of 10 mM HIBA, 12 mM Tris,
0.6% (w/v) HPMC and 5 pg/ml PEI. As a ter-
minating electrolyte 0.1 M AMP was used. The
electric current 12 pA was applied. The time in
which the zone of 1.0 mg/ml concentrated phenol
red travelled the 30-mm distance in the detection
capillary was measured. Under the assumption that
the zone is at the steady state, the linear velocity is
equal to the ratio of the passed distance and the
corresponding measured time.

4. Results and discussion
4.1. Minimization of endoosmotic flow

The modification of the inner fused-silica capillary
wall and the control of endoosmotic flow was

necessary because all experiments were done in the
closed mode of ITP. Many experiments were per-

formed in a longer time period and the covaent
coating [31] of the fused-silica capillary would not
ensure the required stability. That is why the dy-
namic coating of endoosmotic flow was chosen. It
was done by adding HPMC and PEI into the leading
electrolyte. The optimal HPMC concentration 0.06%
(w/v) and PEI concentration 5 w.g/ml were found for
the mixture of 4-hydroxy-3-nitro-benzoic acid, picric
acid, methyl orange, pl markers (3) and (15). The
leading €electrolyte consisted of 10 mM Tris-HCI, 10
mM Tris (pH=8.0) and additives. Terminating
electrolyte was 0.1 M AMP, electric current 12 pA,
A=400 nm. As a background, 400 nl 1.4% am-
pholine was used.

4.2. Separation and focusing of model mixtures

Examples of separation and focusing of model
mixtures are presented in Fig. 2a and b. The numbers
of monomers in oligomers belonging to peaksin Fig.
2a and b and in Table 1 (symbol n) were obtained
from experiments with first three monodisperse
members of oligomeric series.

The electrolyte system was chosen to establish the
conductivity gradient with shallow pH gradient.
Since al of the model analytes were strong elec-
trolytes, their migration can not be influenced by pH
gradient; the separation takes place only by the
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Fig. 2. Analysis of derivatized a: PEG, b: oligomaltoses. R: peak
of reagent, numbers represent the n in the anayte formula
structure. E/E, is aratio of field strength during analysis to the
beginning of analysis. LE: leading electrolyte, CA: carrier am-
pholyte, TE: terminating electrolyte. Conditions: LE (pH=7.2) 10
mM HIBA, 11 mM Tris, 0.06% (w/v) HPMC, 5 pg/ml PEI; TE
50 mM CHES, 5 mM NaOH; background 4% Ampholine pH
3.5-10.0; sample volume 500 nl, background 400 nl; | =12 pA,
inaA=270 nm, in b A=330 nm.
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focusing in conductivity gradient. However, the
composition and pH of leading electrolyte influence
the process of establishing the conductivity profile.
This is caused by the fact that carrier ampholytes are
a non-homogenous mixture of ampholytes and the
extent of their ionization depends on the pH of the
leading electrolyte.

Since the conductivity gradient is related to mo-
bilities of ordered stack components, the shape of
conductivity profile can by visualized by Fig. 3,
where the mobility profiles for several pH values of
LE are plotted against the distance of a particular
peak from the peak of reagent (1-amino-4-naph-
thalenesulfonic acid). It was found that for the lower
value of pH of leading electrolyte (6.6-7.9) it is
amost an exponential decrease of mobility in the
gradient. This makes the conditions found, similar to
the model [16] where resistivity linearly increases
with separation distance. It means the inverse pro-
portional decrease of mobility with separation dis-
tance. The dependence on a higher value of pH (8
and higher) shows the curvature in the range of lower

24

21

18

15

Mobility [109m2v-1s1]

0 15 30 45 60

Position in gradient [mm]

Fig. 3. Dependence of mobility in the gradient on the distance of
peaks from the peak of reagent for various pH of leading
electrolyte. Hollow symbols are for derivatized PEG, filled
symbols for derivatized oligomaltoses. Conditions: leading elec-
trolyte 10 mM HIBA and Tris pH: 1=6.62, 2=7.23, 3=7.90,
4=8.59. Other conditions as in Fig. 2a, b.
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mobilities. This is probably caused by the lack of
low mobility carrier ampholytes at higher pH values.

It was found that the observed conductivity gra-
dient is not free from local fluctuations of the
steepness, see curves in Fig. 3. The gradient is not
smooth due to non-uniform distribution of com-
ponents of carrier ampholytes. Also, the separation
distance between the model analytes are not mono-
tonously decreasing as it is supposed in the model.
Of course, the carrier ampholytes were primarily
developed and optimized for smooth pH gradient in
IEF. Nevertheless, they are the only available com-
pounds for generation of conductivity gradient in ITF
now.

In Fig. 4, the dependence of the resolution of
derivatized oligomaltoses on the pH of the leading
electrolyte is shown. For the electrolyte system used,
it is possible to change the pH approximately from 7
to 9. For a pH lower then 7, the overall resistance of
the system is too big and for a pH higher then 9 the
resolution decreases. The working pH range is
restricted by pK, of the counterion (Tris, pK,=8.07).
The use of another counterion would enable work in
another pH range. A not very apparent optimum at
pH=7.2 was chosen for further studies.

Resolution

7 8 9
pH,
Fig. 4. Dependence of resolution on the pH of leading electrolyte.

(1D)=R,,, (2)=R,,, (3)=R,; and (4)=R,,. Other conditions as
in Fig. 3.

From the known conductivity gradient profile and
Egs. (5)—(7), it is possible to calculate the theoretical
peak variance and resolution. The measurement of a
moving stack linear velocity was described in Sec-
tion 3.6 and the value 0.11 mm/s was found. The
results are presented in Table 1. The presence of
acetic acid and hydrochloric acid from the derivatiz-
ing procedure in the sampled solution of oligomal-
toses makes the measured migration times longer
because acetic acid and hydrochloric acid migrate as
typical square wave ITP zones at the leading edge of
the stack of carrier ampholytes. That is why the
values of migration times found, presented in Table
1 and Fig. 2b, were shortened correspondingly. The
measurement of mobilities of model analytes was
described in Section 3.5. The du/dt term was
approximated by three different ways of calculation:
(i) as the ratio of differences of mobilities and
separation times between neighboring zones of ana-
Iytes (in this case, the value of derivatization does
not exactly match the calculated point); (ii) from the
differences between the lower and the higher neigh-
bors of calculated peak and (iii) from derivatized
regression of the dependence in Fig. 3. The differ-
ences in the calculated values of Au/At term be-
tween the above three approaches were lower than
+20%. For further calculation, the approach under
(i) was chosen. The reproducibility of the mobility
gradient was verified. The relative standard deviation
of the term Au/At from four experiments was found
to be 7%. This means that the reproducibility of the
experiment is better than the error caused by the
calculation of Au/At and that is why values from a
single typical experiment were used for further
calculation. The calculated o, values summarized in
Table 1 were calculated from Egs. (5) and (6). The
theoretical peak variances o, were corrected (o)
for the detection time constant (1 s) and for the light
beam diameter (0.4 s) [18,32].

For derivatized PEG, the experimental peak vari-
ances, o,,, are smaler than the theoretical one, o,
in some cases. This can be caused by local changes
in steepness of gradient since the local increase in
conductivity gradient can induce more significant
focusing. For derivatized oligomaltoses, the ex-
perimental peak variances are comparable to the
theoretical ones. In both homologous series, the
tendency of decrease of peak variances with decrease
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in the mobility can be seen which can be expected
from the theory.

The sampled analyte is present in a volume of
about 1 pl (sample volume+ background volume+
dispersion during sampling) at the beginning of the
focusing run. Under the conditions used, a focused
peak volume of about 0.05 .l (peak width ca. 1 mm,
detection capillary cross-section 0.05 mm?) is ob-
tained. Thus, the analyte concentration in the detec-
tor is about 20X higher than at the beginning of
separation run.

From the Eq. (8), the corrected theoretical res-
olution was calculated. Their comparison with ex-
perimental values, Ry(n,n+1),,, is presented in
Table 1. The experimental resolution is comparable
with the corrected theoretical one. The resolutions of
derivatized PEGs are smdler than that of the
oligomaltoses as can be expected on the basis of
smaller differences in mobilities between the deriva-
tized PEGs.

4.3. Influence of the composition of leading and
terminating electrolytes

The analyses of the model mixture of derivatized
PEGs with different leading and terminating ions
were carried out. The examples of these analyses are
in Fig. 5. The comparison between the two analyses
differing in the type of terminating €electrolyte are
presented in Fig. 5a. It is obvious that the com-
position of terminating electrolyte did not influence
the separation pattern. For further study the pH and
mobility in the terminating zone was calculated by
Becker's procedure [33] modified for PC use. The
calculated values of pH for terminating electrolytes
in Fig. 5a are very close and the only differenceisin
their mobilities. The lower mobility of the termi-
nating electrolyte zone increases the span of the
mobility gradient. A broader mobility span is coun-
terbalanced by larger total voltage needed for the
separation. The ratio of conductivity of terminating
zones in Fig. 5a 1 (CHES) and 2 (OH ") was 2.6.

In the second example, the same terminating
electrolytes in combination with different leading
electrolytes were used. The leading electrolytes had
the same pH and differed only in the type of the
leader. In the records 1 and 2 in Fig. 5b, the leaders
were choride and HIBA, respectively. The analysis

R
A
1
R
2
26 27 28 29 30
time [min]
(@)
‘ R
A

16 20 24 28 32

time [min]
(b)

Fig. 5. a Influence of composition of terminating ion: leading
electrolyte 10 mM HIBA, 11 mM Tris, terminating electrolyte in
1, 50 mM CHES, 5 mM NaOH, in 2, 0.1 M AMP. b: Influence of
the leading electrolyte anion: 1-10 mM Tris-HCI, 1 mM Tris, 2,
as 1 in Fig. 5a. Terminating electrolyte 50 mM CHES, 5 mM
NaOH. In al cases 0.06% (w/v) HPMC, 5 p.g/ml PEI were added
to the leading electrolyte, background 4% Ampholine pH 3.5-
10.0, sample volume 500 nl, background volume 400 nl, 1 =12
rA, A=270 nm. R represents the peak of reagent.
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with chloride is faster than with HIBA by approxi-
mately 25% which corresponds to the ratio of
leading ions transfer numbers in the electrolytes
compared. As expected, the mobility of the leading
electrolyte determines the span of the mobility
gradient. The peak of the reagent in the case of
analysis with HIBA is not focused. Its mobility is
higher than that of the leading electrolyte and that is
why the reagent moved in the zone €electrophoretic
mode. The width of that zone corresponded to the
length of the injected sample plug.

The composition of leading electrolyte influences
the concentration in all other zones and due to this
also the profile of the conductivity gradient. The
change in the profile of the conductivity gradient
caused a change in the separation.

4.4. Influence of injected amount of carrier
ampholytes

From the theory [16], it follows that the resolution
increases with the square root of the length of the
conductivity gradient. When the composition of the
leading €electrolyte does not change, the conductivity
gradient length is approximately a linear function of
the amount of carrier ampholytes. According to this,
the resolution increases with an increasing amount of
carrier ampholytes up to some maximum. It corre-
sponds to the maximum amount of carrier am-
pholytes that can be still focused towards the steady
state. Further addition of carrier ampholytes causes
the decrease of resolution because the zones do not
reach the steady state, see also Ref. [19]. The
optimal amount of carrier ampholytes was 24 g
under conditions as in Fig. 2b.

4.5. Influence of eectric current

The dependence of resolution on electric current
for derivatized oligomaltoses was examined. The
resolution increased with increasing electric current
until the plateau was reached. In this part of the
dependence the resolution changed only dlightly.
Then the resolution decrease was indicated. The
initial increase of resolution is in agreement with Eq.
(4). The decrease can be explained by the overheat-
ing by developed Joule heat. Under conditions as in

Fig. 2b the optimal electric current obtained was 12
LA,

5. Conclusions

The separation and focusing of derivatized poly-
ethylene glycols and oligomaltoses performed are in
qualitative agreement with the theory of focusing of
strong electrolytes in the conductivity gradient [16].
The increase in analyte concentration by more than
one order of magnitude occurs during the separation
run. Since the conductivity gradient was generated
by ITP migration of carrier ampholytes, its shape is
influenced by the pH of the leading electrolyte.
Consequently, leading electrolytes in limited pH
range gave useful conductivity gradients. To avoid
this, it was suggested [34] to generate the con-
ductivity gradient by stacking of a series of strong
electrolytes. However, a suitable background based
on strong electrolytes has till to be synthesized. In
future, the possibilities for the generation of the
conductivity gradient consisting of strong elec-
trolytes will be studied.
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