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Small changes (down to 0.1%) of Ca®* ion activity in pure solutions of CaCly, model solutions mimicking blood
serum, and blood serum sample are registered by constant potential coulometric measurements, using solid
contact ion-selective electrodes (ISEs) with poly(vinyl chloride) (PVC) membrane containing ETH 1001 as
neutral ionophore. A new measurement protocol is proposed aimed at a significant improvement of the signal-to-
noise ratio in the current measurements. A procedure is developed for the PEDOT-PSS deposition on glassy

carbon from mixed water-acetonitrile solution. Data are obtained in support of Kragh-Hansen and Vorum’s
approach for the quantification of the interaction between Ca®* ions and bovine serum albumin (BSA).

1. Introduction

Ion-selective electrodes (ISEs) with sensor membranes containing
ionophores, for several decades, are successfully used as potentiometric
sensors in various applications. Enormously broad linear working range:
up to ten decades in concentration [1,2] together with a constant value
of the resolution of the measurements make the potentiometry with ISEs
advantageous in comparison with many other analytical techniques. On
the other hand, in the potentiometric measurements the resolution,
being constant over the whole response range, is, per se, too high for
many applications. This resolution is directly proportional to the charge
value of the analyte ion, and therefore measurements with high reso-
lution are especially challenging in the case of divalent ions e.g. Ca®".
The constant potential coulometry method invented in the Bobacka’s
group addresses this issue [3-5]. This method allows for a drastic
improvement of the sensitivity of the measurements [6]. Initially, this
method was verified with K™ -selective SC ISEs as a model system [3-6].
Later the constant potential coulometry was applied successfully for the
assay of divalent ions [7] and anions [8]. The quantitative theory of the
current and charge response considers the electrode as a resistor (sensor
membrane) connected with a capacitor (a conducting polymer (CP)
layer) in series [9]. The modified theory also considers the concentration
polarization in the membrane caused by the current flow [10].

It is tempting to use the peak current as the analytically relevant
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signal because its value is large and therefore promising for a high
sensitivity and resolution. However, the procedure of changing the so-
lution composition takes time resulting in an ambiguity about the tg
value. At longer values of time the uncertainty about the t is less
important, however the current value is well below the peak. Also, the
modification of the composition of the sample requires stirring, and the
latter makes the signal noisy. On the contrary, the charge value obtained
by integration of the current over time is low sensitive to the uncertainty
about ty, and less noisy because of integration. It is especially important
that the charge value is proportional to the capacitance of the CP [5,9,
10]. Relatively large capacitance value is the reason for higher resolu-
tion of the constant potential coulometry over potentiometry.

Unfortunately, obtaining a steady value of charge requires long time.
In our group it was proposed to cut off the measurements, and it was
shown that both current and charge recorded at a certain time are lin-
early dependent on the logarithm of the activity of the target ion. This
allows plotting calibration graphs for further interpretation of the
measurements in samples [10].

Another approach aimed at reducing the response time in the con-
stant potential coulometry was proposed by the Bakker’s group [11].
The use of an electronic capacitor in series with the electrode allows for
a significant decrease of the time needed for the saturation of charge.
Furthermore, the electronic capacitor may play the same role as the CP
layer, so the constant potential coulometry can be implemented also
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with classical ISEs with internal aqueous solution [12,13].

In this work we have modified the protocol of the measurements in
the constant potential coulometry mode. The new protocol allowed for a
significant improvement of the signal-to-noise ratio. The study was
performed with Ca?* SC ISEs as a model system because a precise con-
trol of Ca®" is especially important in the clinical diagnostics [14-16].
For the first time, we used Ca®" sensor in the constant potential coul-
ometry mode in blood model solutions with a constant ionic strength,
and in blood serum, and achieved 0.1% resolution in the measurements
of Ca?* ion concentration in these complex matrices. Like it was shown
elsewhere [13], we confirm that in the case of small additions it is useful
to plot the signal against concentration (not logarithm) of the analyte.
Additionally, we describe here a simplified procedure for obtaining the
CP layer on the surface of the glassy carbon.

2. Experimental
2.1. Chemicals and materials

Calcium ionophore I diethyl N,N’-[(4R,5R)-4,5-dimethyl-1,8-dioxo-
3,6-dioxaoctamethylene]  bis(12-methylaminododecanoate)] (ETH
1001), cation-exchanger potassium tetrakis(p-Cl-phenyl)borate
(KCITPB), lipophilic electrolyte tetradodecyl ammonium tetrakis(p-Cl-
phenyl)borate (ETH 500), plasticizer 2-nitrophenyloctyl ether
(oNPOE) were from Merck (Germany), ethylenedioxythiophene (EDOT)
was from Fluorochem (UK) and sodium polystyrene sulfonate (NaPSS)
was from Aldrich (USA). High molecular weight poly(vinyl chloride)
(PVC) was from Ohtalen (Russia). Tetrahydrofuran (THF) was from
Vekton, and distilled before use. Inorganic salts (analytical grade) were
from Reaktiv (Russia). Bovine serum albumin (BSA) was from Dia.M
(Russia).  2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic  acid
(HEPES) was from Carl Roth (Germany). Serum samples uTroll Control
serum were from Thermo Scientific (Finland). Model solutions
mimicking serum were prepared by dissolving suitable amounts of
inorganic salts, BSA and HEPES in DI water. After that the pH of the
solutions was adjusted at 7.35 by small additions of NaOH. All aqueous
solutions were prepared with deionized (DI) water with resistivity of
18.2 MQ.cm (Milli-Q Reference, Millipore).

The membrane cocktail contained PVC (460 mg), oNPOE (920 mg),
ETH 1001 (14.3 mg), KCITPB (4.5 mg), ETH 500 (21.0 mg) in 7.8 mL of
THF. The mixture was gently mixed for 30 min using roller-mixer Selecta
Movil Rod (Spain).

2.2. Electrode preparation

Glassy carbon electrodes representing glassy carbon rods (GC) with
diameter of 3 mm, in Teflon bodies with outer diameter of 7 mm were
from Volta (Russia). Prior to deposition of the CP layer, the electrodes
were modified as follows. Plasticized PVC tubes with a diameter of 8 mm
were soaked in acetone for 1 day. As a result, the tubes became swollen,
while the plasticizer was extracted to acetone. The electrodes were
placed into swollen tubes and let for the acetone evaporation. During the
evaporation of acetone, the tubes shrunk tightly on the Teflon bodies,
forming outer PVC coating, as shown in Fig. S1 (Supporting Informa-
tion). After that, the surfaces of glassy carbon rods were thoroughly
polished on shammy leather with diamond slurry P/N 250.1030 on P/N
259.1025 substrate from Antec Scientific (The Netherlands) and then
with 0.3 mm alumina paste from Buehler (USA). Then the electrodes
were rinsed with DI water, placed into 1 M HNOs for 5 min, rinsed with
DI water and sonicated in ethanol for 5 min (Elmasonic L15H, Elma).
Finally, the electrodes were sonicated for another 5 min in DI water.

The polyethylenedioxythiophene (PEDOT) layer on the surface of GC
electrodes was formed by galvanostatic electropolymerization as
described in detail in Section 3.1.

The membranes were formed by drop-casting of 70 pL of the mem-
brane cocktail on the top of the electrode, in two equal consecutive
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drops. The cocktail covered the whole surface: PEDOT + Teflon + PVC
coating. The direct contact of the membrane layer with the PVC outer
coating helped to prevent delamination of the membranes from the
electrodes.

2.3. Measurements

Zero-current potentiometric measurements were performed with 8-
channel potentiometric station Ecotest 120 (Econix, Russia). Electro-
polymerization procedure and non-zero current measurements were
carried out with potentiostat-galvanostat Autolab 302 N (Metrohm,
Switzerland). The reference electrode in all measurements was Ag/AgCl
in saturated KCl, with a custom-made flexible low-leak salt bridge filled
with the same solution. The counter electrode in the non-zero current
measurements was bare glassy carbon rod. Automatic sequential dilu-
tion of samples was done with 700 Dosino / 711 Liquino system (Met-
rohm, Switzerland).

The measurements were performed in the potentiometric mode and
in the chronoamperometric mode. The coulometric signal was obtained
by integration of the chronoamperometric curve. The measurements in
pure CaCly were performed either using sequential 10-fold dilution of
the initial 0.1 M CaCl,, or by additions of suitable aliquots of CaCl; to
initial 0.1 mM CacCl, solution. In model solutions the ISEs were cali-
brated in the potentiometric mode, while for the chronoamperometric/
coulometric measurements suitable aliquots of CaCl, were added to
model solution with 1 mM CaCl,. When working with serum samples,
the ISE potential was registered in the zero-current mode in an unaltered
sample, and then a current was recorded along with small additions of
CaClz.

In all measurements we used 10 mL samples. The choice of this
volume values is explained below. If the sample initially contains 1 mM
Ca*, a change of this value in 0.1% means adding 1 uM of CaCl,. Use of
stock solutions with high concentrations, e.g. 1 M, requires addition of
volumes below 1 uL, which we avoided. Use of diluted stock solutions
results in significant increase of the sample volume, so small amounts of
CaCl; do not cause increase of the concentration of the analyte. For small
changes we therefore used 10 mM CaCl, as stock solution, and made
additions of 1 or a few microliters to 10 mL samples.

The pH measurements were carried out with a glass pH electrode
ESL-43-07 (Izmeritel, Belarus). All measurements were performed with
3 replicate electrodes.

For the improvement of the signal-to-noise ratio, the procedure of
the chronoamperometric measurements was modified as described in
Section 3.3.

3. Results and discussion

3.1. Modification of the technique of the deposition of PEDOT-PSS layer
on glassy carbon

Normally, PEDOT-PSS layer is deposited on a substrate electro-
chemically, most often galvanostatically, from aqueous solution con-
taining EDOT and NaPSS [17-20]. The polymerization stage, per se,
takes a few minutes. However, the preparation of a solution of EDOT in
water takes several hours, with a continuous stirring to obtain a clear
solution. This makes the whole procedure of the deposition of
PEDOT-PSS layer on a substrate time-consuming. Organic solvents (e.g.
acetonitrile) or mixed aqueous-organic solvents (water/methanol) are
also used in the polymerization of EDOT [21,22]. We therefore explored
a new procedure which, to the best of our knowledge, has never been
used before. It is known that EDOT and NaPSS readily dissolve,
respectively, in acetonitrile and in water. We therefore prepared two
separate solutions: 0.1 M EDOT in acetonitrile and 0.1 M NaPSS in
water. Then we mixed 1 mL of EDOT in acetonitrile with 9 mL of NaPSS
in water, immediately obtaining a clear solution ready for the
polymerization.
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Fig. 1. Chronopotentiometric curves of the galvanostatic deposition of PEDOT-
PSS layer on glassy carbon electrodes from aqueous (black line) and mixed
aqueous-organic (red line) solutions of EDOT and NaPSS. The inset shows the
initial part of the deposition procedure.

The PEDOT-PSS layer on the surface of GC was formed galvanos-
tatically, by passing current with the density of 0.2 mA/cm?. Initially,
the current was passed for 70 s as suggested earlier for glassy carbon
rods with the diameter of 3 mm [5]. However, it turned out that this time
is not enough for the formation of the PEDOT-PSS film from mixed
aqueous-organic solution. We therefore tried other time protocols: 240,
480 and 720 s, and it turned out that 240 s was enough to obtain the
film. The polymerization curves recorded in aqueous and mixed
aqueous-organic solutions are presented in Fig. 1. Both curves contain a
maximum in the initial part of the curve. This maximum is typical for
galvanostatic electropolymerization of EDOT-PSS and may be ascribed
to the formation of oligomers of EDOT or to the initial nucleation of the
polymer species at the glassy carbon surface (a preliminary stage of the
process). The width of this maximum was ca. 20 s when we used aqueous
solution, and ca. 70 s in the case of mixed water-acetonitrile solution.
Apparently, the preliminary stage of the formation of the PEDOT-PSS
film on glassy carbon in mixed aqueous-organic solution requires
more time than in water.

The polymerization charge was calculated assuming the initial stage
did not contribute to the polymer film formation, so the time value used
in the calculations was 170 s. The estimated charge was therefore 2.4
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mC, and the estimated film thickness was 0.5 um. The capacitance of the
film was estimated by the impedance measurements. The results are
presented in Figs. S2, S3 (Supplementary Material). The shape of the
spectrum was typical for a capacitive behavior and the estimated
capacitance value was 9.2.10°F.

3.2. Control of the quality of the ISEs

Prior to chronoamperometric/coulometric measurements, the ISE
response to Ca®" in pure CaCl, and in model solutions was controlled by
the EMF measurements. Calcium ion activity coefficients in pure and in
mixed solutions were calculated by the Davies equation (the 3rd
approximation of the Debye-Hiickel theory), using 6 as the Kielland
parameter for Ca?" [23]. The results are presented in Fig. $4 (Supporting
Information).

3.3. Modification of the chronoamperometric measurements procedure

The measurements with ISEs in the constant potential coulometry
mode suggest integration of the recorded current to obtain the cumu-
lated charge. Integration largely suppresses noise, therefore the charge
curve is much smoother than the current curve, as indicated elsewhere
[6]. The most attractive feature of the constant potential coulometry
mode of the measurements with ISEs is the enhanced sensitivity to small
changes in the concentration of the analyte. Small changes of the con-
centration result in small currents, and the current signal becomes
increasingly noisy [6]. Therefore, it is desirable to improve the
signal-to-noise ratio in the chronoamperometric measurements. The
noise is produced primarily by stirring. On the other hand, stirring is
necessary to make the sample uniform after it is diluted or spiked with
an addition. To circumvent this problem, we modified the measure-
ments procedure as described below and shown in Fig. 2A.

In the modified procedure of the measurements, immediately before
any modification of the composition of the sample the cell is turned off.
When the sample composition is modified, e.g., the sample is diluted, or
an addition is spiked, the stirrer is turned on for 20 s. Experiments with
dyes showed that this time is far enough to make the resulting compo-
sition of the sample solution uniform. After that the stirrer is turned off
and then the cell is turned on.

As shown in Fig. 2B, such a modification allows obtaining signifi-
cantly smoother curve than the ordinary mode with the stirrer contin-
uously on. Data shown in the right inset clearly show that in the end of
the current curve, in the ordinary mode of measurements the noise
prevails and implies the current is constant: I = (—4.6 + -3.0)-107° A.
On the contrary, the modified mode reveals that current is still regularly
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Fig. 2. A: scheme of the modified measurements procedure. B: Comparison of the current curves recorded using the ordinary and the modified procedures of the
measurements. The data refer to the change of the CaCl, concentration from 0.25 to 0.50 mM. The inset in the left part of the figure refers to sequential two-fold
increase of the concentration of CaCl,: from 0.25 mM to 0.50 mM, to 1 mM, to 2 mM, to 4 mM, and finally to 8 mM. The inset in the right part refers to the end of the

current curve.
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Fig. 3. Additions of pure CaCl, to 1 mM CaCl,. A: current caused by five sequential additions of 0.001 mM to the initial 1 mM CaCl,. B: the respective charge curve
(integration of the current curve). C: cumulated charge (100 s after addition) plotted vs. logarithm of the molar concentration of CaCl,. D: cumulated charge plotted

vs. the concentration of CaCl, in mM.

changing. Even if the data are treated as a constant value, the respective
resultisI = (—6.45 + -0.17)-10° A, thus the SD is 50 times lower. Also,
the current peak is sharper, and a larger initial current is registered.

3.4. Sensitivity to small additions of CaCl

The main advantage of the constant potential coulometry with ISEs
over the potentiometric readout is the significant improvement of the
sensitivity. Therefore, we focused our further study on small additions of
CaClj to (i) pure solutions of CaCl, in water, to (ii) blood model solutions
containing inorganic salts and glucose, to (iii) blood model solutions
containing also BSA, and to (iv) blood serum samples.

3.4.1. Pure solutions of CaCly

The total concentration of calcium in blood serum varies from 2.10 to
2.55 mM, while the ionized calcium (Ca2+) makes roughly one half of
the total value and varies from 1.16 to 1.32 mM [14]. Therefore, for
measurements in pure aqueous media we have chosen 1 mM CaCl, as
the initial solution. Next, by adding suitable aliquots of 10 mM CacCl, the
Ca2" concentration in the sample increased to 1.005mM, in five
sequential steps, 0.001 mM each. Thus, in each step the Ca®" concen-
tration increased by 0.1%. The results are presented in Fig. 3. The cur-
rent curve (see Fig. 3A) is very much noisier than that shown in Fig. 2B.
This is because the results shown in Fig. 2B refer to two-fold additions
which caused currents in the range of 1077 A, whereas 0.1%- additions
resulted in currents in the range of 10~ A. The charge curve (Fig. 3B) is

much smoother because charge is obtained by integration of current
over time.

The values of charge cumulated after the sequential additions are
plotted vs. log(Ccy): the logarithm of the Ca?" molar concentration
(Fig. 3 C) and vs. Ccy (Fig. 3 D). Ideally, equal changes in the Ca®" ion
concentration must result in equal values of the cumulated charge. The
error bars in the calibration graphs are calculated as standard deviations
of the values obtained in individual measurements from the respective
mean value. The sensitivity to small concentration changes is excellent:
the concentration of Ca?* ions (C¢,) increased from 1 mM to 1.005 mM,
i.e. the whole range of log(Cc¢,) is only 0.0174 logarithmic units, and in
Cca the whole variation is within 0.5%. Since the overall change of the
concentration (and of the ionic strength) was so small, plotting against
logarithm of the concentration (not the activity) is justified, and the
obtained linearity is very encouraging. From the practical point of view,
it is especially important that the cumulated charge linearly depends
also on the analyte concentration (not the logarithm). This is because the
additions are small in comparison with the initial value of the Ca%*
valid, like it was shown for Na™ measurements by the Bakker’s group
[13].

3.4.2. Model solutions without albumin

Ca?*-ISE, as well as other ISEs with ionophore-based membranes are
widely used in clinical analyzers for the measurements of blood elec-
trolytes, and it is known that ISEs normally deliver reliable data [15].
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Fig. 4. Cumulated charge (100 s after addition) obtained after sequential additions of pure CaCl, to model solution with 1 mM CaCl,. A: cumulated charge plotted vs.
logarithm of the molar concentration of CaCl,. B: cumulated charge plotted vs. the concentration of CaCl, (mM).

However, in clinical analyzers the ISEs are in contact with serum sam-
ples for a relatively short time, and in between the samples the ISEs are
in contact with calibrator solutions and, from time to time, also with
washing solutions. This allows for minimizing of biofouling of the ISE
membranes caused by the adsorption of proteins at the ISE membrane
surface [15]. In the constant potential coulometric measurements the
ISEs may be in contact with the sample for a longer time, so biofouling
could deteriorate the response. Therefore, in this study we used two
kinds of model solutions mimicking blood serum: without proteins, and
with bovine serum albumin (BSA). This was done to reveal whether a
prolongated contact with albumin is critical for the ISE response.

The basic model solution contained 100.0 mM NaCl, 34.0 mM
NaHCOs3, 4.0 mM KCl, 0.5 mM MgCl,, 5.5 mM Glucose, 5.5 mM Urea
and also HEPES, 12 g/L. HEPES is often used for the pH stabilization in
solutions containing calcium [1,14]. The initial pH of the basic solution
was 6.8, and the final value pH 7.35 was adjusted by adding small
amounts of NaOH, under a continuous potentiometric control of the pH
with a glass pH electrode.

Aliquots of CaCl, producing Ca®* concentrations from 0.25 to 8 mM
were added to the basic solution immediately before the measurements.
The potentiometric response of the ISEs in the model solutions (together
with that in pure solutions of CaCly) is shown in Fig. S4 (Supporting
Information). One can see that the potentials recorded in model solu-
tions are consistent with those recorded in pure solutions of CaCly: the
EMF values recorded in the two kinds of solutions belong to the same
straight line with the slope 30.2 mV/log(ac,). Only at the lowest con-
centration of CaCl; (0.25 mM) in model solution the potential slightly
deviates from the Nernstian response, obviously, due to the interference
from Na' and other cations.

Chronoamperometric/coulometric measurements in model solutions
were carried out in the same way as in pure aqueous CaCly. The initial
concentration of Ca>" was 1 mM. Then it was increased to 1.006 mM (in
three steps, 0.2% each), next to 1.021 mM (in three steps, 0.5% each),
and finally to 1.051 mM (in three steps, 1% each). The recorded current
curve and charge curve are shown in Fig. S5 (Supporting Information),
and the respective calibration curves are presented in Fig. 4 A, B. One
can see that the linearity in both plots is excellent, and it is possible to
detect the change of Ca?* concentration of 0.2%.

3.4.3. Model solutions with bovine serum albumin

In real blood and serum samples calcium is largely complexed by
albumin, other proteins and phosphates. For the interpretation of the
data obtained for calcium different quantities are discussed. The so-
called “corrected ionized calcium™ refers to value obtained at an
actual pH and corrected to pH 7.4 [16]. The so-called “albumin adjusted

total calcium” refers to value obtained at an actual concentration of
albumin and corrected to albumin concentration of 37 g/L [23-28]. The
ratio of the ionized calcium concentration over the total calcium is ca.
45-55% [29-31], although the correlation between these two values is
sometimes poor [32].

Since albumin is present in real serum and blood, it appears
reasonable to add it to model solutions used in studies of sensors. To
prepare these solutions BSA was added to the basic model solution (pH
7.35) in concentrations 10, 20, 30, 40 and 50 g/L. Given the molar ratio
of BSA is 66,500, the respective values of the total concentration of BSA
were 0.150, 0.301, 0.451, 0.602 and 0.752 mM. Therefore, unlike in
solutions without BSA, the activity of Ca®" ions cannot be calculated
directly using the value of the total concentration of calcium and the
ionic strength of the solution. A correction must be made for the
complexation of Ca®* with BSA. This correction can be introduced in
different ways. It is possible to consider a number of equilibria involving
Ca?" ion and different binding sites in a protein (e.g. albumin), so that
the interaction of Ca?* ion with each of the sites is described by a spe-
cific association constant, also known as Scatchard binding constants
[33-35]. A simplified approach [34] considers only two association
equilibria:

Ca** + BSA™™ < CaBSA“ 2~ (1a)
K, = [CaBSA" "]/ (ac,+[BSA*]) (1b)
2Ca*" + BSA*™ « Ca,BSA™ 4~ (2a)
K, = [Ca;BSA“ 7]/ (ac,*+«[BSA*)) (2b)

Kragh-Hansen and Vorum [34] performed dialysis experiments using
cells divided into two equal compartments by a cellulose membrane.
Initially, one compartment contained calcium salt, albumin, and a pH
buffer, whereas the other compartment contained the buffer only. Free
Ca2" ions were able to penetrate the membrane, and the equilibrium
content of the total calcium in both compartments was measured using
radio tracers (*°Ca). In this way it was shown that at pH 7.40 the
aforementioned equilibrium constants are K; = 1513 and K, = 647.

We have measured ac,: the activity of Ca®" ions in model solutions
containing different concentrations of BSA using our ISEs in the poten-
tiometric mode, the results are presented in Fig. S4 (Supplementary
Material). After measurements, the ISEs reproduced the calibration in
pure CaCly solutions. We therefore ascribe the changes in the ISE po-
tentials to decrease in the Ca?* concentration due to complexation with
albumin.
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Table 1

Concentrations of Ca®* ions (measured), free BSA (calculated with Eq. (3)), and
the total calcium (calculated as [Ca]™t = [Ca?*]+[CaBSA]+[Ca,BSA] in model
solutions with constant [Ca]™" = 2.00 mM and different concentrations of total

BSA.

Total BSA [Ca®'], mM [BSA], mM [Cal®, mM
g/L mM

10 0.150 1.98 +0.01 0.038 2.10 + 0.02
20 0.301 1.81 £0.01 0.080 2.03 + 0.02
30 0.451 1.66 + 0.02 0.128 1.98 +0.03
40 0.602 1.56 + 0.02 0.179 1.98 +0.03
50 0.752 1.43 +0.03 0.237 1.95 £ 0.05

The data on the activity of free Ca®* ions allow for calculation of the
concentration of free BSA in solution with a known total content of BSA:

[BSA] = [BSA™] /(1 +aca*K; +ac.>+K>) 3)

Once ag, is measured and the concentrations of CaBSA and Ca;BSA
are calculated using K;, Ky and Cpsa, one can obtain the total concen-
tration of calcium, and in this way estimate the reliability of the calcu-
lations. Our results obtained for the total Cc,™*'= 2.0 mM and different
values of the total concentrations of BSA are presented in Table 1.

One can see that the calculated value of the total concentration of
calcium is rather close to the target value of 2 mM, suggesting reliability
of the estimations made. We therefore used values K; = 1513 and K, =
647 for calculations of the concentrations of free Ca®* ions when ali-
quots of CaCly were added to model solutions with 40 g/L total BSA.
Within the range of [Ca]"" from 1 mM to 1.05 mM the calculated value
of the fraction of ionized calcium was practically constant: [Ca2+] /
[Ca]™® ~ 0.7868. Thus, the relative changes of the total concentration of
calcium and those of the ionized calcium are the same, e.g., an addition
of 0.1% total calcium results in 0.1% increase of ionized calcium, etc.

The results of the measurements of the effect of small additions of
CaCly to model solutions containing 40 g/L BSA (i.e., 0.602 mM total
BSA) are presented in Figs. 5 and S5 (Supporting Information). One can
see that 0.1% change in calcium content in model solutions containing
BSA can be detected.

3.4.4. Measurements in serum samples

Thermo uTroll Control serum samples were used in this study.
Potentiometric measurements with 3 replicate Ca*-ISEs showed that
the ionized calcium concentration in samples was ca. 1 mM. Aliquots of
10 mM CaCly (always 1 uL) were sequentially added to 10 mL serum
sample. The original current/time curves and the respective cumulated
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charge curves are presented in Figs. S8, S9 (Supporting Information).
Due to tiny values of currents, the current curves are noisy, especially in
the case of ISE 1, see Fig. S8. Furthermore, noise caused by the manip-
ulations when additions were spiked resulted in noise in the charge
curve so that the charge signal was not always monotonous, see Fig. S9.
Therefore, the results obtained in serum samples are shown here as
follows. For each of the ISEs, currents recorded once the cell is on after
each of the additions are plotted together, see Figs. 6 and S10. This
representation allows for better visualization of the current peaks and of
their reproducibility in between sequential additions.

Charge values cumulated in the course of sequential additions are
shown in the analogous way, see Figs. 7 and S11.

Charge values cumulated by 100 s after additions were used to plot
calibration graphs shown in Figs. 8 and S12. Ideally, the charge curves
should coincide. The error bars in the calibration graphs are calculated
as standard deviations of the values obtained in individual curves from
the mean value. High values of the correlation coefficients % > 0.999)
indicate good linearity of the calibration graphs. Like in Sections
3.4.1.-3.4.3., the linearity vs. the concentration changes (not loga-
rithms) is because the additions are small in comparison with the initial
value of the Ca®" concentration. It is also important that the extrapo-
lation of the graphs to zero addition results in a virtually zero charge
value.

Addition #
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Fig. 6. Currents recorded with ISE 1 after sequential 0.1% additions of CaCl; to
serum sample.
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Fig. 5. Cumulated charge (100 s after addition) obtained after sequential additions of pure CaCl, to model solution with 40 g/L total BSA and 1 mM CaCl,: 0.1%,
0.2% (three times), 0.3% (three times), 0.4% (three times) and 0.5%. A: the cumulated charge plotted vs. logarithm of the molar concentration of CaCl,. B: the

cumulated charge plotted vs. the concentration of CaCl, in mM.
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Fig. 7. Charge values obtained using ISE 1 after sequential 0.1% additions of
CaCl; to serum sample.
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Fig. 8. Calibration graph obtained with charge values cumulated by 100 s after
additions of CaCl, to serum sample, ISE 1.

4. Conclusions

This study confirms new opportunities offered by the constant po-
tential coulometry method for detection of small changes of the
composition of samples. With Ca2*-ISEs as model system, a concentra-
tion changes of 1 uM at a concentration level of 1 mM, i.e., a 0.1%
change in the Ca®*ion activity, were detected in pure solutions of CaCl,,
as well as in solutions mimicking blood serum, and in Thermo uTroll
control serum samples.

For the chronoamperometric measurements a novel protocol is
proposed which allows for a significant decrease of the electrostatic
noise. The protocol is especially useful in the case of small differences in
the analyte concentrations in samples since the respective currents are
rather small and otherwise prone to electrostatic interferences [6].

The interaction of Ca?* with BSA is studied in the potentiometric
mode, and it is shown that the simple approach proposed by Kragh-
Hansen and Vorum [34] can be utilized for the calculation of free
(ionized) calcium content in solutions with known total calcium and
total BSA concentrations.

A convenient procedure is developed for a galvanostatic deposition
of PEDOT-PSS films on glassy carbon surface.
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