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SUMMARY

An isotachophoretic device for the analysis of trace components in a sample
with the efficient pre-separation and elimination of bulk components has been sug-
gested and realized. A large volume of the sample in question is separated in a rec-
tangular wide-bore channel packed with a suspension of a granulated polyacrylamide
gel and analyzed in free electrolytes in a narrow-bore tube. Trace components, the
concentrations of which are 10~ mol/l, can be analyzed in 60-70 min applying ca.
1 ml of the sample even in the presence of bulk excess of a major component the
concentration of which is by 5 orders of magnitude higher.

INTRODUCTION

Isotachophoresis has already been successfully used in various fields especially
in clinical chemistry for analyzing various compounds in body fluids. However, with-
out any sample pretreatment the analyzed substance levels of 10~ * mol/l are reached
when analyzing ca. 1-10 ul of sample, so that a relatively low number of compounds
can be determined by direct isotachophoretic analysis of plasma or urine.

In isotachophoresis the efforts made analyse compounds present in low con-
centrations has led to the use of (i) selective detectors!-2, (ii) low concentrations of
leading electrolyte3, (iii) small detection cells* and (iv) large sample volumes. The
last approach seems to be the most promising because of its universality and flexi-
bility, but results in another problem: interference by bulk components. To eliminate
these disturbances, the minor components are separated from bulk components by
applying a high electric charge®.

Attempts to solve this problem have been based on (i) hydrodynamic coun-
ter-flow?, (ii) concentration cascade’ and (iii) enhancement of separation volume
(i.e., use of longer narrow-bore tubing or more advantageous column coupling® and
volume coupling®). Of these procedures, column coupling is the most frequently used,
however, only ca. 30 ul of sample can be analyzed with, of course, a prolonged
analysis time.

This led us to develop an isotachophoretic device for the separation of large
volume samples in a wide-bore channel packed with a suspension of granulated po-
lyacrylamide gel, followed by detection in free electrolyte in a narrow-bore tube.
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THEORETICAL

Required volume of sample

A large number of clinically significant ionogenic substances occur in plasma
and urine at concentrations of 10~*-10~° mol/l, i.e., below the usual detection limit
in isotachophoresis. That is why only few compounds in body fluids can be quanti-
tated by isotachophoresis without any sample pretreatment. As ca. 10~ ° mol of a
sample component is required for reproducible isotachophoretic analysis, 1 ml of a
sample must be injected for reliable determination of compounds at the 10~¢ mol/l
level.

Requirements of separation charge and column hold-up
The separation charge, Qs, and column hold-up, Oy, required for separation
of weak ions can be calculated® from

.NAZA(uA + ug) + NpZp(ug + ug)
usZa — upZp

F

Os (D

QL = Qs — NaF [l + (ug/ua)l 2

where N4, Np are the amounts of ions to be separated, Z,, Zy their effective charges
in their mixed zone, u,, ug, tg are the ionic mobilities of these ions and of the counter
ion and F is the Faraday constant.

The requirements for separation of 1 ml of plasma can be estimated by cal-
culating Q; and Qs for a pair consisting of the bulk component and one trace com-
ponent in the sample components. The separation of creatinine and sodium in a
leading electrolyte of 10 mmol/l potassium acetate + acetic acid and of chloride and
pyruvate in a leading electrolyte of 10 mmol/l HCl + pf-alanine were selected as
models for estimation of the Qg and Q, values required for analyses of plasma cations
and anions, respectively. Data used in those calculations and the calculated values
of Q1 and Qg are summarized in Table I. For both cationic and anionic analyses, a
column hold-up of ca. 17 C is required.

TABLE 1
REQUIRED SEPARATION CHARGE AND COLUMN HOLD-UP

Data used for calculations and calculated values.

Component  Plasma 1081413 VAR 108ug 14 Os oL
concn.3 (m?/V . sec) (m2(V .sec) (C) (C)
(molfl)

Sodium 0.14 5.19 1.0

Creatinine 10~ 372 0.57 424 415 17.0

Chloride 0.1 7.91 1.0 167 304 163

Pyruvate 1074 423 1.0
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Optimization of migration unit and minimization of analysis time

For the passage of a large electric charge through a separation channel in an
acceptable time, a high driving current must be applied, using a high concentration
leading electrolyte and/or wide-bore channel. The separated zones must be detected
in a narrow-bore channel in order to maintain detection sensitivity, and that is why
zones after separation in a wide-bore channel must be transferred to the detection
capillary by migration through a tapered channel. However, the zones and their
boundaries deteriorate during such migration and therefore an additional channel
must be introduced behind each tapered channel in order to re-establish them.

The total analysis time is minimal if the sum of the times of all migration steps
(i.e. separation, zone cross-section reduction, re-establishment of separated zones and
detection) is minimal. In this case, the migration unit comprises a separation channel,
a series of tapered channels and re-establishing channels and a detection capillary.
The cross-sections of the individual channels, their shapes, cross-sectional ratios and
the number of tapered channels can be optimized to achieve the minimum analysis
time.

Selection of channel shape

To obtain short analysis times, the channel shape has to such as to enable
efficient dissipation of generated Joule heat. For construction of migration channels,
only two kinds of shape were considered from a technological point of view: rectan-
gular and circular. Let us consider a circular channel with diameter r which is cooled
across its whole circumference and a rectangular channel which is cooled only from
side 4, the cooling effect of the remaining sides (¢ + 2b) being neglected. Both chan-
nels have equal cross-section, hold-up and thermal conductivity of the cooled wall.
Let us neglect radial temperature profiles, so that the temperature at all points of the
channel is the same. The minimum time, fn;,., for isotachophoretic migration through
both channels is given by

tmin. = Qu/VPr1Sd (3)

where P is the maximum Joule heat which can be dissipated through unit area of the
channel wall, 4 is the length of cooled channel perimeter, S is the cross-section of the
channel and xq is the conductivity of the terminating electrolyte.

The ratio of the minimum times of migration in both channels can be expressed

tmin.. cire. = drect. — a = a4 a (4)
Imin., rect. dcirc. \Y 2nr 4nb

In this model the times for isotachophoretic migration are the same in both types of
channels, when a/b = 4n. At higher ratios the minimum time for migration is shorter
in the rectangular channel. In real channels a rectangular shape is favoured because
the presumptions made (neglect of radial temperature profiles and cooling effect of
the remaining rectangular sides) are more advantageous for a circular shape. For
these reasons a rectangular shape of separation channel has been preferred.

as:
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Fig. 1. Schematic arrangement of tapered and re-establishing channels. a,, a, = The widths of the re-
establishing channels; a5 = the width of the separation channel; /;, [, = the lengths of the re-establishing
channels.

Determination of parameters of migration unit

As shown earlier the minimum analysis time is achieved when the sum of the
times of the individual steps is minimal. A schematic diagram of a migration unit is
shown in Fig. 1. It consists of one separation channel and two pairs of tapered
channels and re-establishing channels. The ratio, K, of the inlet cross-section to the
outlet cross-section is the same for all tapered channels. It is equal to the width ratio
in rectangular channels and also to the length ratio of the re-establishing channels:

!
k=2_-5B_2~%2 )
ay as 11

The minimum time for isotachophoretic migration through the last pair of tapered
and re-establishing channels is given by

bF
H, min. = “ (aily + at A) (1 + @) (6)

1, max. UL

where ¢y is the concentration of the leading ion, #;, ug are the ionic mobilities of the
leading ion and counter ion, b is the height of the channel and A is a parameter which
depends on the ratio K and on the shape of the reduction channels (volume of tapered
channel = g2b A).

The minimum time for isotachophoretic migration in the ith pair of channels
can be expressed as:

ti, min. K(ifl)tl, min. (7)

The minimum time for isotachophoretic migration through a migration unit con-
sisting of a separation channel and » pairs of tapered and re-establishing channels is
given by:

l Os ug . .
otal, min. — = + I +at 4 1 + — |bFey - K~ 8
Liotal, min. It o [K" (aify ai A) ( uL) L i §1 ] 3

The required length of the last re-establishing channel can be calculated from

ll - Qmix.uLuD (9)
aybe Fuy, + ug) (up — ug)
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where D, E are strong electrolyte ions which form the largest mixed zone during their
migration through the tapered channel, Qn;,. is the charge of this mixed zone and
up, g are the ionic mobilities of ions D, E. Qmi,. and its dependence on the ratio K
can be obtained by recording the detector signal at the end of tapered channels having
different X values.

Combining egns. 8 and 9 we obtain:

1 QS " . Up
Lotal, min. — {_ + Z K¢-v Qmix. +
i =1

11, max. K" Up — Ug

+ a%bcLFA(l + @)}}
Uy

The equation can be used directly for optimization of the migration unit. Based on
preliminary experiments phosphate and lactate have been selected as the model pair
of ions D, E. The dependence of their Q. on the ratio XK has been determined by
measuring the electric charge required for passage of the mixed zone through the
boundary between the tapered and re-establishing channels using tapered channels
having different values of the ratio K. For our purposes, a simple plot of log Qnmisx.
vs. K was sufficient (Fig. 2), and can be expressed by:

13

(10)

Q = 0.00485 - 10°924% _ 0.00513

Using the minimum dimensions of a; and b, the minimum analysis time has been
found for a migration unit with three tapered channels and a width ratio X = 4.
However, in real experiments, disconnections and connections of the power supply
take time and therefore only one tapered channel with a width ratio X = 20 has been
used in a compartment of the rectangular bore.

Hydrophilic gels have been suggested for stabilization of migrating zones in
separation channels.

Requirements for electrolyte purity
The limiting concentration of impurity in the leading electrolyte, Cimp., 1im., at

Qnix,
(mC)
30
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4 1 1 L

0 10 20 30 K

Fig. 2. Dependence of mixed zone charge, Qmix, On the ratio K. For explanation see text,
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which the impurity is just detected can be calculated from eqn. 11 obtained by mod-
ifying eqn. 1
= cZi(u + ug)
QS(ZLuL - Zimp.uimp.) _
FNimp.

(1mn

Cimp., lim.

Zimp.(uimp. + uR)

where the subscript L refers to the leading ion and imp. to impurity, Nim,. is the
amount of impurity corresponding to its detection limit (10~ ° mol taken in calcu-
lations) and the other symbols have the same meanings as in eqn. 1.

The calculated limiting concentrations of impurities in the leading electrolytes
(a) 10 mmol/1 HCl + B-alanine, pH 3.3 and (b) 10 mmol/l potassium acetate +
acetic acid, pH 4.7 are shown in Fig. 3 for some real examples. Obviously, the con-
centration of impurities in the leading electrolyte should be kept under 3-10 nmol/l.

The relative admissible content of impurities in chemicals used for the prepa-
ration of leading electrolytes can also be determined in this manner.

The described procedure can also be applied to the determination of purity
requirements in terminating electrolytes. However, in this case it is necessary to take
account of the volume of the terminating electrolyte and of the difference between
the pH of the terminating electrolyte and of the adjusted zone of the terminating ion.

(a) (b) pK, >8
Cimp_ - cimp,
(nmol/1) (nmol /1)
30 30
20 20
10 10

L A, |, S 3
2 3 4 5 u10®m¥V.sec) 2 3 4 5 u(10®n?V.sec)

Fig. 3. Dependence of the limiting concentration of impurity in the leading electrolyte on pK, and the
ionic mobility of the impurity. Leading electrolytes: a, 10 mmol/l HCl + f-alanine, pH 3.3; b, 10 mmol/l
potassium acetate + acetic acid, pH 4.7. A = Acetate; L = lactate; P = pyruvate; B = f-alanine; C
= creatinine; E = ethanolamine.

EXPERIMENTAL

All chemicals were supplied by Lachema (Brno, Czechoslovakia) except for
Cyanogum 41 and y-aminobutyric acid (Serva, Heidelberg, F.R.G.).

The synthetic resin ChS Polyester 104 (Spolek pro chemickou a hutni vyrobu,
Usti nad Labem, Czechoslovakia) was used for preparation of the migration unit
block.
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Granulated polyacrylamide gel for stabilization of zones in the separation
channel was prepared as follows: 5% Cyanogum 41 and 1% triethanolamine were
dissolved in water and impurities were removed by filtration. 1% ammonium per-
sulphate was added and after its dissolution the solution was overlayered by parafffin
oil and left for ca. 60 min to polymerize. After complete polymerization the gel was
forced through a sieve (mesh dimension 0.2 mm). Very small particles of gel were
removed by washing on a sieve (mesh dimension 0.1 mm) and by repeated decan-
tation. The remaining polyacrylamide gel was washed with distilled water and deion-
ized water until the conductivity of the gel suspension was ca. 1074 S m~*. Then
chemicals used for preparation of the leading electrolyte were added to the required
concentration. This procedure was also applied for regeneration of gels.

The isotachophoretic migration unit!® developed on the basis of the theoretical
considerations described above is shown in Fig. 4. The migration unit consists of a
metal cooling block and a synthetic resin block equipped with electrode chambers
and valves. The migration channels are placed inside the resin block. The terminating
electrode chamber is connected to the separation channel via a four-way tap. Buffer
volumes contained in auxiliary electrode chambers are connected to the tapered chan-
nels via cylindrical valves. When closed, the cores of these valves create a channel
wall so that no dead-volumes are formed. The channels are filled with gel suspension
by a syringe via the buffer volumes and cylindrical valves. The separation channel is
rectangular with cross-section 20 x 1.3 mm, and the re-establishing channel is also
rectangular, with cross-section 1 x 1.3 mm. The detection capillary is a circular tube
(0.2 mm 1.D.). The distance between the rectangular channels and metal cooling
block is 0.2 mm.

Prior to the analysis the detection capillary is filled with leading electrolyte,
and the remaining channels are filled with & suspension of granulated polyacrylamide
in the leading electrolyte. The sample valve is filled with a sample, and the electrode
chambers with the corresponding electrolytes. The first cylindrical valve is opened,
and the second one is closed.

To start a separation, the power supply is connected to the first auxiliary elec-

SAMPLING VALVE é %
LE

LE DETECTOR LE MEMBRANE
| e R AT

TE

cosnensee wossssnsed  Jleeeesee Yol
O

COOLING BLOCK

Fig. 4. Diagram of migration unit. TE = Terminating elecrolyte; LE = leading electrolyte.
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signal

61 62 min
Fig. 5. Analysis of minor components in 1.2 ml of a model mixture containing 0.14 mol/l Na* and 1075
mol/l of creatinine (CREAT), y-aminobutyric acid (GABA), and f-alanine (BALA). Leading electrolyte:
10 mmol/! potassium acetate. Terminating electrolyte: 100 mmol/! acetic acid. Driving current in analytical
step: 20 uA. A potential gradient detector was used to record the analysis.

trode and to the terminating electrode, and maintained until the first zone of interest
reaches the first detector. Then the electric circuit is disconnected, the first cylindrical
valve is closed, the second one is opened and the second step is started by connecting
the power supply to the terminating electrode and to the second auxiliary electrode.
After recording the first zone on the second detector, the electric circuit is discon-
nected again, the second cylindrical valve is closed and analysis is completed in the
usual way by recording the signal of the analytical detector.

RESULTS AND DISCUSSION

The stabilization effect of polyacrylamide suspension was checked visually by
migrating small quantities of dyes [4,5-dihydroxy-3-(p-sulphophenylazo)-2,7-naph-
thalenedisulphonic acid in anionic electrolyte systems, ferroin in cationic electrolyte
systems]. The dyes migrated as sharp and symmetrical zones throughout the bore of
the separation channel.

With respect to the small bore of the detection capillary, the gel suspension
could not be used in it. The capillary was filled with a free electrolyte solution. A
migrating concentration boundary, which can be formed at the boundary between
the gel and free electrolyte during analysis!!, was not observed.

The analytical possibilities of the device described were demonstrated by an-
alyzing 1.2 ml of a model mixture containing 0.14 mol/l of Na* and 10~ ¢ mol/l -
alanine, y-aminobutyric acid and creatinine (Fig. 5). Using a driving current of 15-
5 mA in the separation step, 1 mA in the second step and 20 pA in the detection
step, the analysis was complete after 60-70 min, when the bulk of the sodium was
removed from the separation channel by migration to the first auxiliary electrode.
Minor components were separated and quantitated without any problems.

The theoretical detection limit calculated for a detection cell of comparable
size, 30 pmol2, represents the minimum detectable concentration of 25 nmol/l sub-
stance in a sample in our apparatus using an universal detector.

The major advantage of separation in a wide-bore channel packed with gel
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suspension together with detection in a narrow-bore tube in free electrolyte is the
potential for further reduction of the detection limit by applying larger and larger
volumes of sample, if disposable. However, the strict requirements of electrolyte pu-
rity even more crucial in this case. Probably this factor will limit further decreases
in the detection limit.
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