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Neutral Carrier Based lon-Selective Electrode for the
Determination of Total Calcium in Blood Serum
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A simple potentiometric determination of the total calcium
concentration in human blood serum using a liquid membrane
electrode is described. The bound calcium is displaced from
its complexes through acidification of the serum sample with
an acetate buffer to pH 3.5. A novel neutral carrier based
Ca?*-selective electrode showing a much higher rejection of
H™ lons in comparison to previously described carrier mem-
branes as well as classical ion-exchanger membranes permits
the Ca®* determination at such a low pH value. A correlation
of the total calcium concentrations determined by ion-selec-
tive electrodes with those obtained by atomic absorption
spectrometry gives a residual standard deviation of = 0.04
mM over the 1.48-3.00 mM Ca?* range.

Through the introduction of Ca?*-selective electrodes es-
pecially by Ross (1, 2) the determination of ionized Ca?* in
blood serum became possible. Today improved electrodes
based on organic phosphates (3, 4) and on neutral carriers (5,
6) are used in several routine instruments (7-10). Although
the activity of the ionized Ca?* is claimed to be physiologically
more relevant (11-13), the determination of the total calcium
concentration remains a useful diagnostic parameter (14-16).
For the assessment of total calcium, e.g., the sum of the
concentrations of the ionized Ca?* and the calcium bound to
proteins and various other complexing agents, atomic ab-
sorption spectrometry (AAS) and colorimetry predominate
in daily use (see ref 13 and 14). AAS is rather complex for
clinical environments and colorimetry necessitates an extended
and involved sample treatment (17-21). Several components
interfere with the colorimetric detection (13, 14, 20, 21I).
Potentiometric sensors would offer an attractive alternative
if it became possible to displace the bound calcium by a simple
procedure. It has been shown that calcium can be displaced
by hydrogen ions (13, 14, 22-25). This requires ion-selective
electrodes with sufficient preference of Ca®* over H;0%.
Neutral carrier based Ca?*-selective electrodes are unique in
this respect (5). Here we report on the use of a newly de-
veloped membrane for the measurement of total Ca2* in di-
luted, acidified human blood serum.

EXPERIMENTAL SECTION

Macroelectrode Systems. Cells of the type Hg,Hg,Cly;KCl
(satd.)]3 M KCljsample solution|jmembrane||0.001 M CaCly;
AgCl,Ag were used for macroelectrodes. The external macrore-
ference electrode was a double junction calomel electrode Philips
R 44/2 SD-1. Two different membranes were examined, one
consisted of 1.0 wt % ligand ETH 1001, 0.7 wt % potassium
tetrakis(p-chlorophenyl)borate (KTpCIPB), 65.3 wt % o-nitro-
phenyl n-octyl ether (o-NPOE), and 33.0 wt % poly(vinyl chloride)
(PVC) and the other of 3.4 wt % ligand ETH 1001, 2.0 wt %
potassium tetrakis(p-chlorophenyl)borate, 62.9 wt % bis(2-
ethylhexyl) sebacate (DOS), and 31.7 wt % poly(vinyl chloride).
Both membranes were prepared by dissolving the four membrane
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components (total weight 180 mg) in about 2 mL of tetrahydro-
furan and pouring the solution into a glass ring (23 mm i.d.) which
rested on a glass plate. After overnight solvent evaporation, the
resulting membrane, about 0.2 mm thick, was peeled away from
the glass, and disks of 7 mm diameter were stamped out. The
membranes were mounted in Philips electrode bodies type IS 561
(N.V. Philips, Gloeilampenfabrieken, Eindhoven, The Nether-
lands).

Flow-Through Electrode System. All measurements were
carried out with cells of the type Ag,AgCl;1 M KNO; + 0.01 M
KCl|sample solution||membrane||0.001 M CaCl;AgCl,Ag. The
potential difference between the reference electrode and the
calcium-selective electrode was measured differentially relative
to the common electrode (Pt wire).

The flow-through electrode system used (see Figure 1) repre-
sents a further modification of two similar arrangements that were
described earlier (26, 27). In the figure only one ion-selective
electrode is depicted though up to four such units were connected
in series to perform the experiments described here. The electrode
modules were machined from poly(methyl methacrylate) blocks.
Reference electrode and common electrode were interconnected
with a poly(tetrafluoroethylene) cone, while the other junctions
were realized by means of silicone rubber O-rings. The whole
arrangement was mounted inside an aluminum block. A peristaltic
pump (Perpex Modell A, H. J. Guldener, Zurich, Switzerland)
downstream of the common electrode aspirated the sample so-
lution at a flow rate of 18 mL/h. A second peristaltic pump
located upstream of the common electrode forced the reference
electrolyte (0.9 mL/h) through a restriction into the sample so-
lution. A cellulose ester filter (MF-Millipore, Millipore S.A., 67120
Molsheim, France) was used as restriction (see Figure 1). In order
to eliminate electrostatic charging effects, the plastic pump covers
were contacted with metal screens, all poly(tetrafluoroethylene)
tubing was sleeved with wire mesh, and the screens, the mesh,
and the aluminum block were grounded.

The membrane was composed of 3.4 wt % ligand ETH 1001,
2.1 wt % potassium tetrakis(p-chlorophenyl)borate, 63.5 wt %
bis(2-ethylhexyl) sebacate, and 31.0 wt % poly(vinyl chloride).
The preparation of such flow-through ion-selective electrodes is
described in ref 26.

EMF Measurements. The measurements were performed
at 21 £ 1 °C using for the macroelectrodes a unity gain buffer
(Teledyne Philbrick, Model 1702) in combination with a Solartron
A 240 digital voltmeter (see ref 28). The reference and the ion-
selective electrodes of the flow-through system were provided with
FET operational amplifiers AD 515 KH (Analog Devices, Nor-
wood, MA) and the potential differences were measured differ-
entially relative to the Pt-wire common. The analogue signal of
the difference amplifier (see ref 26) was processed by a digital
voltmeter (Solartron LM 1604 DC, Solartron Electronic Group
Ltd., Farnborough, Hampshire, England; operating sensitivity
+ 0.01 mV). EMF, time, and channel information were punched
on paper tape (Facit 4070, Facit AB, Central Service Department,
$-59700 Atvidaberg, Sweden) for off-line processing on a Hew-
lett-Packard HP 9830 calculator system.

Selectivity Factors, Electrode Function. The selectivity
factors were obtained by the separate solution method (SSM, 0.1
M chlorides (29)) for the macroelectrodes of both membrane
compositions. The KE%; values were also determined by the fixed
primary ion method (FPM, 0.001 M calcium chloride (30) (see
Figure 2)). The electrode function of the flow-through electrode
system was determined by linear regression over the Ca?* activity
range 5 X 10 to 10 M (Figure 4). The experimental EMF values
were corrected for changes in the liquid junction potential using
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Figure 1. Schematic cross section of the flow-through electrode system.

the Henderson formalism (6, 31). The activity coefficients were
calculated according to the Debye—Hiickel formalism and the
parameters given in ref 6 and 31.

Blood Serum Measurements. The same measuring proce-
dure was applied to both the macroelectrodes and the flow-through
electrode system. The sera as well as the calibration solutions
were diluted with a buffer solution to obtain a constant pH value
of the sample solution of 3.5. The buffer contained 0.382 mol-L!
acetic acid (Essigsaure 100%, p.a., E. Merck, Darmstadt, GFR)
and 0.020 mol-L! sodium hydroxide (1 N Natronlauge, Titrisol,
E. Merck, Darmstadt, GFR) yielding a pH value of 3.50. Calcium
calibration solutions, solutions of 1.0, 2.0, and 9.0 mM Ca?®*, in
the presence of 140 mM Na*, 4 mM K*, and 0.6 mM Mg** were
diluted with a 20-fold volume of acetate buffer of the composition
given above. The electrodes, including the macro reference
electrode, were conditioned overnight in the diluted 2 mM Ca**
calibration solution and before beginning the serum measurements
the slopes were determined twice by measuring the three calcium
calibration solutions. The 2 mM solution was then measured in
alternation with a blood serum, also diluted with a 20-fold volume
of acetate buffer. At the end of the serum measurements, the
three Ca?* calibration solutions were measured once more to check
the electrodes. To reduce contamination of the sample solutions,
we injected 10 air segments during sample changes.

The EMF readings were taken over periods of 20 min (ma-
croelectrodes), respectively, of 10 min (flow-through system) after
sample change. The response times, however, were considerably
shorter (typical response time (29) observed in the flow-through
electrode system: tgy =< 60 s).

The evaluation of total calcium in the blood sera was performed
with the following relation:

Coar = 2 X 1078E/s

where ¢+ is the total calcium concentration [mmol-L™'] in the
blood serum, AE is the EMF difference [mV] of the cell assembly
between the 2 mM Ca®* calibration solution and the following
serum sample, and s is the actual slope of the electrode.
Reagents. All aqueous electrolyte solutions were made from
doubly quartz distilled water and salts of the highest purity
available. Poly(vinyl chloride) (PVC S 704 hochmolekular) was
obtained from Lonza AG, CH-3930 Visp, Switzerland, and bis-
(2-ethylhexyl) sebacate (DOS, pract.) from Fluka AG, CH-9470
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Figure 2. Selectivity factors, log iﬁ'u for membranes based on a
neutral carrier (columns 1 and 2) or on organic phosphates (columns
3 (3) and 4 (4)) as determined by the separate solution method (29)
or by the fixed primary ion method (FPM (30)) (for details see Ex-
perimental Section).

Buchs, Switzerland. The synthesis of (-)-(R,R)-N,N -bis[(11-
ethoxycarbonyl)undecyl]-N,N’4,5-tetramethyl-3,6-dioxaoctane-
diamide (ligand ETH 1001) is described in detail in ref 32 and
corresponds to the Ca?* ligand Fluka No. 21192 (Fluka AG,
CH-9470 Buchs, Switzerland), while o-nitrophenyl n-octyl ether
(o-NPOE) and potassium tetrakis(p-chlorophenyl)borate
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Figure 3. Displacement of calcium from its complexes by hydrogen

ions in diluted blood serum investigated with a Ca®*-selective ma-
croelectrode.

(KTpCIPB) were prepared according to ref 33 and 34, respectively.
Tetrahydrofurane (THF, puriss. p.a.) was obtained from Fluka
AG and was distilled prior to use. The sera were the remains of
blood samples drawn at the University Hospital, Zurich, for
routine investigations.

Atomic Absorption Spectrometry. For the determination
of calcium by atomic absorption spectrometry, 100 pL of serum
was diluted with 4.9 mL of a solution containing 0.1 M HCI and
0.76 mM CsCl as ionization suppressor. The measurements were
carried out on a single-beam atomic absorption spectrometer
(Elektrolytautomat FL6, Carl Zeiss, 7082 Oberkochen, GFR)
employing an oxidizing air/acetylene flame as atom reservoir and
a pulsed calcium/magnesium hollow cathode lamp. Behind the
flame the light passed through an interference filter. The resulting
signal (Ca) was processed by a photomultiplier and compared with
the signal (Cs) of the dilution solution which was chosen as internal
standard. The calibration of the instrument was performed with
the CsCl solution and a reference solution containing 145 mM
Na*, 5 mM K*, 25 mM Ca?*, 1 mM Mg?*, and 1.5 mM Li*.

Colorimetry (SMA II (19)). The colorimetric determination
of calcium was performed with a computer-controlled multi-
channel biomedical analyser SMA II (Technicon Instruments
Corp., Tarrytown, NY). The serum sample was mixed with the
1.9-fold volume of a 0.3 M hydrochloric acid containing 0.25 wt
% 8-hydroxyquinoline. This diluted serum was dialyzed into a
0.2 M HCl solution containing 0.25 wt % 8-hydroxyquinoline and
0.007 wt % cresolphthalein complexone. To eliminate heavy metal
interference and to increase the pH, we added a solution of po-
tassium cyanide in diethylamine to the dialyzate. The solution
was then measured at 570 nm with a flow-through photometer;
1.1 mL of serum was needed, but 11 other parameters were si-
multaneously determined with this sample volume.

RESULTS AND DISCUSSION

Selectivity factors heavily depend on the method of de-
termination as well as on the conditions chosen for a given
method (5). This leads to discrepancies in the reported K%
values and makes difficult the comparison of selectivities of
different Ca®*-selective electrodes. Even by considering this
fact the values KEh for the neutral carrier based membranes
are significantly lower than for those based on organic

Table I. Total Calcium Concentration in Blood Sera
as Obtained by Different Methods (in mmol/L)

potentiometry
sam- color- macro-  fiow through
ple imetry elec-
no. (SMAII) AAS trode Sipciiedewystem
1 2.47 2.60 2.64 2.62 2.60
29 2.60 2.64 2.63 2.62
39 2.57 2.64 2.62
4 2:35 3.00 2.90 2.92 2.92
5 2.32 2.32 2.30 2.82 2.31
6 2.87 2.44 2.41 2.39 2.40
ki 2.07 2.08 2.07 2.10 2.10
8 2.10 212 2:12 2.16 2.16
9 2.30 2.24 2.23 2.29 2.28
10 2.62 2.48 2.41 2.45 2.47
11 2.15 2.16 2.08 2.13 2.13
12 2.37 2.36 2.23 2.25 2.25
13 2.25 2.24 2.20 2.20 2.24
14 2.20 2.28 2.24 2.29 2.29
15 2.06 2.08 2.05 2.09 2.09
16 2.25 2.20 2.17 2.18 2.19
17 2.22 2.28 2.20 2.24 2.26
18 1.85 1.96 1.83 1.92 1.91
19 2.27 2.28 2.23 2.26 2.27
20 2.42 2.40 2.31 2:32 2.34
21 2.12 2.16 2.10 211 2.10
22 2.20 232 2.26 2.26 2.27
23 1.38 1.48 1.48 1.48 1.49
24 2.32 2.28 2.22 2.28 2.27
26¢ 2.27 2.20 2.25 2.25
2649 2,42 2.40 2.36 2.34
279 2.30 2.24 2.28 2.26
289 2.34 2.32 2.31 2.31
294 2.00 2.00 1.97 1.99
302 2.47 2.44 2.44 2.46
3149 2.49 2.48 2.48 2.44
32¢ 2,52 2,44 2.43 2.41
33¢ 2.32 2.32 2.32 2.87
349 2.39 2.36 2.36 2.36
356¢ 2.44 2.44 2.39 2.39
36¢ 2.20 2.16 2.13 2.11
3 ol 2.37 2.36 2.35 2.38
384a 2:12 2.16 2.16 2.12

@ Not sufficient serum was available to carry out all
determinations in columns 3 and 4.

phosphates. Values of K& for some membranes (neutral
carrier: columns 1 and 2; organic phosphates: columns 3 and
4) determined by different methods are given in Figure 2. This
figure indicates that a PVC membrane with the carrier ETH
1001 and potassium tetrakis(p-chlorophenyl)borate in bis(2-
ethylhexyl) sebacate is particularly suited for work in low pH
sample solutions. By use of this electrode, the replacement
of calcium in its complexes by hydrogen ions in diluted blood
serum has been studied (Figure 3). To this end a serum
sample was diluted with a 20-fold volume of water and con-
centrated hydrochloric acid was then added stepwise. The
measured EMFs were corrected for the liquid junction po-
tential (Henderson equation, ref 6 and 31) and for the decrease
of the Ca?* activity due to the addition of the acid (the activity
coefficient vy, is a function of the ionic strength; cf. Debye-
Hiickel formalism, ref 6 and 31). The addition of hydrochloric
acid leads to increasing Ca®* activities in the sample solution
from pH 8 to 4. In the range of pH 4-2 the sample Ca®*
activity is unaffected. The bound calcium therefore seems
to be fully replaced at a pH of about 3.5. The constant Ca®*
activity observed in the pH range 4-2 corroborates the high
rejection of H* relative to Ca?* by the electrode. This is very
much in contrast to membranes based on organic phosphates.
The best recently described membranes based on bis[4-
(1,1,3,3-tetramethylbutyl)]phenyl phosphate are only claimed
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Table II. Correlations @ among Different Assays for Total Calcium (See Table I)

methods

AAS (Y) vs. colorimetry
(SMAII: X)
potentiometry (two electrodes, X and Y,
of the flow-through system)
potentiometry (flow-through system: Y)
vs. colorimetry (SMA II: X)
potentiometry (flow-through system: Y)
vs. AAS (X)
potentiometry (macroelectrode: Y)
vs. AAS (X)

residual

regression line std dev, mmol/L
Y=(0.19 + 0.21) + (0.93 = 0.09)-X +0.12
Yri:(obtga + 0.03) + (0.99 = 0.01)X £0.02
Y’i?o?f?a + 0.19) + (0.93 + 0.08)-X £0.11
Yriz(()??gs + 0.06) + (0.96 = 0.03)-X +0.04
y’iTo"’:gz + 0.08) + (0.97 + 0.03)-X +0.04

n= 22

@ The regression lines are given by the intercept (mmol/L), the slope, and their standard deviations, as well as the residual

standard deviation (mmol/L).
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Figure 4. Electrode functions measured with the flow-through electrode
system.

to have no hydrogen ion interference in 10~ M Ca?* solutions
at pH values above 4.9 (4). They are therefore unsuitable for
the application discussed here.

Obviously the components used to acidify the blood serum
should not interfere with the Ca?*-selective electrode and
should not complex Ca?*. A sodium acetate buffer was most
promising since it does not change the electrode response as
compared to pure CaCl, solutions (see Figure 4). The slope
of the function obtained with pure CaCl, solutions is 28.8 +
0.1 mV (standard deviation, N = 5) in the Ca®* range 5 x 107
to 10 M. The same solutions diluted with a 20-fold volume
of acetate buffer (see Experimental Section) yield a response
with a slope of 28.8 = 0.1 mV in the same activity range
(theoretical value, 29.2 mV (21 °C)). In both cases the de-
tection limit (29) is about 7 X 1077 M Ca?*. By use of the
buffer described in the Experimental Section, a dilution by
a factor of about 20 of the blood serum leads to a rather
constant ionic strength of the final sample solution given
mainly by the Na* present. The resulting calcium concen-
trations (0.7 X 107 to 1.9 X 10 M Ca?*) are well above the
detection limit of the electrode system (about 7 X 107 M Ca®*)
at the prevailing Na* background (see Figure 4). In addition,

the use of this buffer leads to extremely constant pH values

for different serum samples (pH = 3.53 + 0.01 (N, 30 serum
samples)).

A comparison of total calcium determinations carried out
by AAS and colorimetry (SMA II) indicates (columns 2 and
3 in Table I) that these clinical routine methods may create
problems in that they do not fully correlate (entry 1 in Table
II), e.g., sample 4 obviously led to problems. Surprisingly,
independent measurements by ion-selective electrodes on the
same samples show a high degree of reproducibility (Table
I, entry 2 in Table II). As documented in Table I, e.g., for
sample 4 (see also Table II), the colorimetric procedure is
responsible for the relatively large discrepancies. Although
flow-through electrode systems are especially suited for au-
tomation (27, 35, 36), conventional dip type ion-selective
macroelectrodes may be used as well to obtain highly reliable
results (column 4 in Table I and entry 5 in Table II). Entries
4 and 5 in Table II further indicate that the employed cali-
bration procedure leads to highly accurate results.
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