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Summary: Separation and determination of sample constituents by capillary isotachophoresis are entirely
based on physical phenomena. The method has therefore been proposed as a universal reference method for
ionic constituents. The present paper shows that even neutral species can be adequately determined after
suitable preceding reactions. Urea was completely hydrolysed by urease (EC 3.5.1.5) to ammonia and
bicarbonate, followed by direct measurement of the ammonium ion concentration by capillary isotachopho-
resis. Standard Reference Material No. 912a urea (National Bureau of Standards) was used as a primary
standard. The analytical linear range of the method extends to 64 mmol urea per litre. The precision of the
method was in the range of 1.05 — 2.64% (CV) and the analytical recovery of added urea was excellent (99.4%,
SD 1.13%). Further proof of accuracy was obtained by analysing the NBS human reference serum (standard
reference material 909). The mean result by the capillary isotachophoretic method, 9.52 ± 0.085 mmol/1,
agrees well with the reference value, 9.64 mmol/1. The results obtained by capillary isotachophoresis showed
good agreement with those obtained by the coupled-enzyme method (r = 0.995).

Introduction

Capillary isotachophoresis is an electrophoretic sep-
aration technique. In general, its major advantages
are specificity, accuracy and simplicity. However,
there are several disadvantages: need of special equip-
ment for the analysis and lower sensitivity (quanti-
tative detection limit of 5 χ 10~10 mol) than Chro-
matographie methods. Therefore it has not yet been
widely used in clinical chemistry. It is a purely physical
method separating different ionic species according to
their electrophoretic mobilities. Since the experimen-
tal conditions influencing the electric mobility (e. g.
pH, complexing counter ions, temperature) can easily
be controlled, isotachophoresis yields highly repro-
ducible results for a wide range of concentrations. In
addition, and most important, the isotachophoretic
technique shows no matrix effect (e. g. plasma inter-
ferences from high bilirubin, lipid and haemoglobin).
Proteins, which must in general be removed for Chro-
matographie techniques, do not interfere with other
ionic species if the pH and ionic strength of the

electrolytes are appropriate. The use of unphysiol-
ogical ionic compounds as internal standards is yet
another advantage of this technique. For all these
reasons capillary isotachophoresis seems to be an ideal
candidate reference method for a number of com-
pounds. A candidate reference method should have a
well defined theoretical basis and high accuracy and
precision. Lemmens et al. proposed the use of this
technique as a reference method for sodium (1). Under
suitable conditions, e. g. leading ion with a high mo-
bility and a terminating ion which has a very low
mobility, a number of anionic and cationic species
can be adequately quantified. This is shown by our
recent reports on separation and measurement of an-
ionic and cationic constituents in urine (2, 3). On the
other hand, by optimizing the electrolytes, it is pos-
sible to choose leading and terminating ions with
mobilities very close to those of the sample ions. By
this technique it is easier to separate a specific com-
pound in a complex mixture, and it becomes possible
to avoid interfering substances.

J. Clin. Chem. Clin. Biochem. / Vol. 28, 1990 / No. 7



448 Pei et al.: Urea determination by isotachophoresis

This paper illustrates that the method is by no means
limited to the determination of ionic components, and
that it is easily possible to design reference methods
for a non-ionized metabolite, if a suitable and well
defined reaction is available to transform the metab-
olite into a measurable ionic form.

In the clinical laboratory, plasma or serum urea is
usually determined by simple colorimetric (4 — 6) or
enzymatic methods (7, 8). Such methods often lack
specificity and their accuracy is limited in the presence
of higher concentrations of bilirubin or haemoglobin
or in lipaemic samples. A study group on urea of the
American Association for Clinical Chemistry has rec-
ommended an end-point coupled-enzyme method,
which is rapid and very specific, as a candidate ref-
erence method for urea determination in serum (9).
The following procedure is also based on the specific
urea reaction.

Materials and Methods
Reagents

All reagents used were of analytical grade, and water was
distilled twice in Pyrex glass. Standard urea (Standard Refer-
ence Material No. 912a, purity 99.9%) and the certified refer-
ence preparation of human serum (Standard Reference Material
No. 909) were obtained from the U. S. National Bureau of
Standards (NBS), Washington, D. C., USA. Control Sera Pre-
cinorm® U, Precipath® U and Calibrator were from Boehringer
Mannheim GmbH, Mannheim, West Germany. Urease (75
U/mg; from jack beans) and tetraethylammonium bromide were
from Fluka AG, Buchs, Switzerland.

Appara tus

We used a Shimadzu capillary-type isotachophoretic analyzer
IP-2A (Shimadzu Corporation, Tokyo, Japan) equipped with a
potential gradient detector and a UV (254 nm) detector. The
human sera were analysed in a two-column isotachophoretic
analyzer at an operating current of 300 μΑ in the preseparation
column (1.0 mm I.D.) and 125 μΑ in the analytical column
(0.5 mm I. D.). The samples were injected by Hamilton micro-
syringes (volumes 0.1—5 μΐ). The isotachophoretic patterns for
these samples were recorded at a chart speed of 1.0 cm/min.
The data processor used was the Isotachopac I-E1B (Shimadzu
Corporation, Kyoto, Japan), which calculated the intervals be-
tween peaks (zone length), potential gradient values and time
between two arbitrary potential values. To compare isotacho-
phoretic results with the coupled-enzyme method we used the
Hitachi Model 737 Automatic "Analyzer. The urea assay kit,
urea (BUN kin.) for BM/Hitachi System 737 was purchased
from Boehringer Mannheim GmbH, Mannheim, West Ger-
many.

Procedure

Electrolyte systems and other operational conditions are sum-
marized in table 1. To increase the experimental performance,
0.20 g/1 hydroxypropylmethylcellulose was used as a viscous
additive. The leading electrolyte was a methanolic solution of
tetramethylammoniumhydroxide, 10 mmol/1, adjusted to pH
5.62 with glacial acetic acid. The terminating electrolyte was
adjusted to pH 5.80 with glacial acetic acid. A urease/tetra-
ethylammonium bromide solution was prepared by dissolving
0.20 g of the commercial urease preparation in 100 ml 20 mmol/1

Tab. 1. Operational system for the determination of urea in
plasma.

Para-
meter

Leading electrolyte Terminating
electrolyte

Solvent 950 ml/1 methanol/
water

Cation 10 mmol/1 tetramethyl-
ammonium

Counter acetate, 168 mmol/1
ion acetic acid

Additives 0.20 g/1 hydroxypropyl-
methylcellulose
8.0 g/1 Triton X-100

pH 5.62

950 ml/1 methanol/
water

20 mmol/1 sodium

acetate, 140 mmol/1
acetic acid

none

5.80

tetraethylammonium bromide solution. Human plasma or urea
standard (300 μΐ) and urease/tetraethylammonium bromide so-
lution (300 μΐ) were mixed and the mixture allowed to stand
for 15 min at room temperature. Without further pretreatment,
1.0 μΐ of the sample was injected into the isotachophorectic
analyzer. The ratio of the zone length of ammonium (NtLf)
(derived from urea) to the zone length of the internal standard
tetraethylammonium was calculated. Figure 1 shows a typical
example of the resulting isotachopherogram of a plasma sam-
ple. With a constant sample volume the concentration of urea
was determined from the zone length ratio NH//
N(-CH2-CH3)/ by interpolation from the standard curve. The
calibration plot for urea was linear over the whole range used
in these experiment (r2 = 1.000) and no duplicate measurements
were made. The analysis time was about 20 min.

Results

Linearity

The linearity of the method was determined from
eight urea concentrations, 0.5, 1.0, 2.0, 4.0, 8.0. 16.0,
32.0 and 64.0 mmol/1 after 2-fold dilution with urease/
tetraethylammonium bromide solution. Each diluted
standard was analysed twice. In figure 2, the ratio of
the zone length of NH4+/N(-CH2-CH3)4+ is plotted
against the urea concentration.

Precision and accuracy

The within-day variation (CV) obtained by assaying
three commercial lyophilized control sera 15 times
each in one run, ranged from 1.05 — 1.96%. The be-
tween-day variations for the same samples assayed
once each in 13 different runs ranged from 1.98 —
2.64% (tab. 2). The proof of accuracy was obtained
by analysing repeatedly the same commercial control
sera and the NBS human reference serum. The target
values of control sera quoted by Boehringer Mann-
heim were determined by the coupled-enzyme method;
the analysis of this reference material was certified by
NBS after assay by isotope dilution mass spectro-
metry (tab. 3).
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Fig. 1. Isotachopherogram of a human plasma.

tetramethylarnmonium = leading ion, sodium = terminating ion, tetraethylammonium = internal standard;
ammonium = ammonium of urea formed by the urease reaction;
sample ions potassium, calcium, magnesium etc. have lower effective mobility than sodium under the operational conditions
(tab. 1).
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Fig. 2. Linearity of analysis of urea.
One microlitre of the urea standards (concentrations
ranging from 0.5 to 64.0 mmol/l) diluted 1:1 with
urease/tetraethylammonium bromide solution were an-
alysed and no duplicate measurements were made,
linear regression: y = 0.00632 + 0.20615x (mmol/l);
r = 0.99999

Analytical recovery

To estimate the accuracy of the method, we performed
a recovery experiment. We evaluated analytical re-
covery of the present method by dissolving 0.15 —
0.60 mmol of solid urea in 50.0 ml of each of the four
different pooled plasmas. Recovery was calculated by
dividing the difference between mean values (n = 5),

Tab. 2. Precision of analysis of urea (mmol/l).
Results are mean ± SD of determination with three
control sera. One microlitre of the control sera after
1 :1 dilution with urease solution was analysed repeat-
edly.

Control
serum

Precinorm U
Precipath U
Calibrator*

Within-day
(n = 15)
c, mmol/l

9.35 ± 0.098
23.97 + 0.350
17.39 + 0.341

cv,
%
1.05
1.46
1.96

Between-day
(n = 13)
c, mmol/l CV,

%

9.34 + 0.218 2.33
23.81 4- 0.628 2.64
16.85 + 0.334 1.98

Calibrator for automated systems

Tab. 3. Urea concentrations (mmol/l) determined in the refer-
ence sera.

Control serum Found (± SD) Target value (± SD)

Precinorm U
Precipath U
Calibrator
Human refer-
ence serum**

9.35 + 0.098
23.97 ± 0.350
17.39 + 0.341
9.52 + 0.085

9.4 + 0.45
25.3 + 1.25
17.1
9.64

** Human reference serum (Standard Reference Material No.
909) was obtained from the National Bureau of Standards,
Washington, DC.
The found values were obtained from within-day values
(tab. 2).

before and after addition of urea, by the added urea
concentration, and multiplying by 100 (tab. 4). The
results of the analytical recovery of added urea was
excellent (mean 99.4%, SD 1.1%).
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Tab. 4. Analytical recovery of urea added to different pooled
plasma.

Specimen

Pooled
plasma 1

Pooled
plasma 2

Pooled
plasma 3

Pooled
plasma 4

Pooled
plasma 4

Urea concentration, mmol/la) (n = 5)
Initial")
(±SD)

7.51 ± 0.22

8.44 ± 0.06

9.08 ± 0.07

7.32 ± 0.22

7.32 ± 0.22

Added

12.15

10.19

12.00

6.00

3.00

Found
(±SD)

19.67 ± 0.38

18.41 ± 0.14

20.93 ± 0.70

13.39 ± 0.19

10.30 ± 0.19

Recov-
ery,

100.08

97.84

98.75

101.17

99.33

a) Means of five values.
b) The initial values before urea was added.
c) The found values minus initial values divided by added urea

values and multiplied by 100.

Comparison of methods

The results of plasma urea determinations by the
capillary isotachophoretic procedure were compared
by linear regression analysis with those obtained by
the coupled-enzyme method (fig. 3). The regression
equation for the comparison was y = 0.2225 mmol/1
+ 0.9554x (n = 37, r = 0.995). The comparison of
the results shows good agreement.

60

"ο
E

Ϊ"

fu
I

20

20 40
Urea (coupled enzymic method) [mmol / l ]

60

Fig. 3. Comparison of results for urea in patients' specimens
as obtained by capillary isotachophoresis (y) and cou-
pled enzymic (x) method. The linear regression function
is y = 0.22251 mmol/1 + 0.95541x; the coefficient of
correlation is r = 0.995; the number of samples is
n = 37.

Interference studies

The specificity of the present method was checked
with a number of cationic constituents (9). The fol-
lowing cations did not interfere, because their effective
mobilities are all lower than the effective mobility of
the sample ion ammonium: Na+, Li+, Cs+, Rb+, Tl+,
Ca2+, Mg2+, Cu2+, Zn2+, Fe2+, Pb2+, Cd2+, A13+,
creatinine-H + , creatine-H+, histamine-H + , glycine-
H + , serine-H+, lysine-H+, histidine-H + , arginine-H+,
guanidine-H+ and -alanine-H + . Even strongly li-
paemic or haemolytic or icteric plasma did not inter-
fere with the determination of urea, because capillary
isotachophoresis is an electrophoretic separation tech-
nique and not a photometric method. In this respect,
capillary isotachophoresis is very appropriate as a
reference method in clinical chemistry.

Discussion

The most common method for determination of
plasma urea is the measurement of the ammonia
formed by the urease reaction, using a coupled-en-
zyme system employing an NAD/NADH indicator
reaction (10, 11). The present method allows meas-
urement of NH/ and, indirectly, of urea after its
hydrolysis by urease. Interference from endogenous
ammonia with the urea determination in plasma is
generally negligible: the normal ranges of plasma urea
and ammonia are 2.5 — 7.5 mmol/1 and 11 — 55 μιηοΐ/ΐ,
respectively.

However, for the determination of urinary urea by
capillary isotachophoresis, the total ammonium after
the addition of urease and ammonium before addition
of urease must be measured. The urea concentration
is the difference between the ammonium concentra-
tions before and after the addition of urease.

In clinical chemistry, traditionally one aims at a spe-
cific determination of each single parameter in the
matrix (e. g. by a photometric method) rather than
determination of constituents after separating them.
However, the accuracy and specificity of photometric
methods are usually limited by the presence of col-
oured or interfering substances (e. g. drugs), the com-
plexity of the procedure, and the narrow analytical
range of component concentration. Capillary iso-
tachophoretic is a classical analytical technique, which
separates the different constituents of a mixture and
then measures the amount or concentration of the
separated single substance. Depending on accuracy,
precision and specificity, the classical analytical meth-
ods were often proposed as definitive methods (e. g.
isotope dilution mass spectrometry) and reference
methods (e.g. GC and HPLC) in clinical chemistry
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(12, 13, 14, 15). The definition and the analytical
procedure of a reference method and the reference
materials in clinical chemistry were comprehensively
documented by Stamm (16, 17) and Tietz (18). We
evaluated our capillary isotachophoresis method in
terms of analytical recovery, precision, accuracy, ab-
sence of interference, and comparison with a coupled-
enzyme method.

Separation and quantification of cationic species in
aqueous solution and especially in biological body
fluids present a formidable problem. For example,
the mobilities (crrr/V · s) of K + and NHi in aqueous

solution are about the same, but in methanolic solu-
tion their mobilities differ considerably. However, the
effective mobilities of ammonium and potassium were
very close to one another. Using Triton X-100 as a
nonionic complex-forming agent, the appropriate
changes in ionic mobilities were established (3). The
specificity of the present method for urea determi-
nation was evaluated by determinating the effective
mobilities of various cationic species. None of the
cationic species was found to have a mobility similar
to that of ammonium. The mobilities of all the above
cations are lower than that of ammonium, and none
of them interfered with the present method.
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