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Abstract

A rapid method to analyze the whole blood and its fractions for zinc content involving stripping
voltammetry with the use of the modified thick-film carbon-containing electrodes is proposed. The method
allows one to make the analysis free from metal mercury and its soluble salts, preliminary deproteinization
of samples, and also to decrease the sample necessary for analysis to 5—50 pl. The measurable range of zinc
concentration in blood and in its fractions is 100—20 000 pg/L

INTRODUCTION

As long ago as in 1869, John Roulin showed
that zinc is one of the most important essential
microelements necessary for the harmonious
growth of a living organism [1]. By present, it
has been reliably established that zinc is a part
of the genetic apparatus of a cell and is
incorporated in more than 300 metalloenzymes.
Thus, one molecule of a widespread enzyme
carbonic anhydrase which exhibits especially
high activity in cells and tissues participating
in breathing processes, contains about 260
amino acids and one ion Zn** tightly bound with
them. It is zinc that renders this enzyme
tremendous catalytic activity. The first-order
rate constant of the reaction CO, + H,O - H'
+ HCO, [3] which is very important for any
living organisms is equal to 0.03s™' without
catalysts reaches 10°s™ in the presence of
carbonic anhydrase [3]. Zinc plays an important
part in the immune response [4], in nucleic

exchange, transcription, stabilization of nucleic
acids, proteins and especially the components
of biological membranes, in providing the cells
with energy, in ensuring the stability to stress
[5]. In addition, zinc is an essential microelement
necessary for the development of brain. The
importance of zinc for the formation of higher
psychical functions is due to its general biological
properties, the presence of proteins bound with
zinc in brain; these proteins provide structural
and functional maturing of brain and zinc-
containing mediators that participate in the
formation of memory [1]. This is a powerful
factor of antioxidant protection [6, 7] playing
an important part in the synthesis of insulin.
Lack of zinc is especially dangerous [8, 9]; its
deficiency in an organism causes a number of
grave diseases, such as chronic diseases of lungs
and bronchi, degradation of
immunity, changes in appetite, growth and
pubescence inhibition [10], sterility,
parakeratosis with baldness, poor growth of

anemia,
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the hair and nails, rash on face and extremities,
skin ulcer [8, 11], mental confusion, lagging in
psychic development, bad memory, apathy,
depression, loss of the sense of smell and
gustatory sense [12], overweight. As a rule,
deficiency of this microelement is accompanied
by depression of the formation of antibodies,
a decrease in the number of lymphocytes,
causes impairment of gastrointestinal tract and
kidneys [13]. The lack of zinc is especially
dangerous for expectant mothers because it
causes severe impairment of the health of
newborn children: low mass, indices of
immaturity, prematurity [14]. Zinc in excess
(more than 153 mmol/l) is often observed in
the patients suffering from pancreatic diabetes
[13]. It is not surprising that at present we
survive a sharp increase in the attention to more
thorough investigation of the biological role of
this element, its exchange with other
microelements, their participation in pre-
disease, aetiology and pathogenesis of human
diseases and corresponding approaches to their
diagnostics, prophylactics and treatment [14—
26]. Investigations of this kind require reliable
analysis procedures.

One of these methods is stripping
voltammetry (SV) [27, 28]. Thanks to unique
thick-film modified carbon-containing electrodes
[29, 30], direct analysis of blood and its
fractions has become possible, without labour-
intensive, rather complicated sample
preparation procedures [31] which are an
additional source of errors in the analysis of
biological samples. Discussion of the applicability
of other methods for determination of elements
in biological samples would take too much space
in the present paper. Because of this, we will
only note that almost all the analytical methods
make way for stripping voltammetry in the
direct analysis of biological samples. Moreover,
the existing voltammetric procedures of the
analysis of biological samples for the presence
of metal microimpurities [16, 32—35] in the
majority of
mineralization of blood or extraction of
microelements before analysis [36]. Stripping
voltammetry, which is less sensitive to the effect
of sample matrix composition, with the
working electrode in the form of glass carbon
disc modified with mercury in the in situ mode

cases require preliminary

was used by the authors of [37, 38] to
investigate the level of cadmium, lead, copper
and zinc in blood serum of smokers and the
level of lead in whole blood of school children.

The goal of the present work was to study
the possibility to use modified thick-film
electrodes for SV analyses of the whole blood
and its fractions for zinc content without
preliminary destruction of the organic
components of the samples.

EXPERIMENTAL
Apparatus and electrodes

An automatic software-programmable
voltammetric IVA-5 analyzer (JSC NPVPIVA,
Yekaterinburg, Russia) with an IBM PC
computer (OS Windows 95/98) was used.

The voltammetric
(voltammograms) of the metals under
determination were recorded in the differential
mode of the direct current SV with linear scan
of potential. The analytical signal was the
amplitude of changes in the (dI/dE) derivative
(below it is designated as R — response). A
three-electrode electrochemical cell 5 ml in
volume was used. Oxidizers dissolved in the
electrolyte (oxygen) were not removed. The
auxiliary electrode was graphite or glass carbon
rod, the reference electrode was silver chloride
electrode (Ag/AgCl) filled with the saturated
KCI solution, or a track composed of silver-
containing paste (JSC ELMA-Pasty,
Zelenograd, Russia) applied on a polymeric
substrate by means of screen printing. The
working electrodes (sensors) were thick-film
modified carbon-containing electrodes (TMCE)
(JSC NPVP1IVA, Yekaterinburg). Preliminary
formation of the working surface of the
electrode was carried out by means of its
stepwise polarization for several potential values
in 0.5 M HCI solution. The work capacity of
such an electrode is conserved, as a rule, during
the whole working day. The solution was mixed
with a magnetic mixer during electrolysis. All
the experiments except those considered below
were carried out under the following conditions:
potential E, . =-14V,

acc
accumulation duration t,.. = 30 s, potential scan

inverse curves

accumulation

acc
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rate v = 1.0 V/s. In order to estimate the
correctness of the results of analysis of whole
blood for zinc content, the samples were
analyzed using independent physicochemical
methods: atomic absorption spectrometry (AAS)
and atomic emission chemical spectral analysis
(AECSA) after acidic mineralization of the
sample under analysis, and also by means of
SV after acidic decomposition in the Hach set-
up (USA).

Reagents

Reagents of ultrapure grade were used in
the work. Tridistilled water was used to prepare
solutions and to wash the equipment.
Hydrochloric acid was additionally purified by
the isopiestic method. Solutions containing 1.0,
0.5 and 0.2 mg/1 of zinc (II) ions were prepared
from the State Standard samples of zinc ions
with the concentration of 1 g/l by consecutive
dilution with 0.005 M HCI solution. The solutions
with the concentration of 1 mg/l were prepared
once a week, 0.5 mg/l every three days, and
0.2 mg/l every day.

Samples and their preparation

Venous blood in the amount of 1 to 5ml
was placed in a test tube containing
anticoagulant (b % solution of EDTA or 4 %
solution of glugicir, 0.04 and 0.25 ml per one
milliliter of blood). Blood with anticoagulant will
be referred to as the blood sample. The degree
of dilution of blood in the samples f; = (V,,, +
Vi)/Vy, where V. and V; are the volumes
of anticoagulant and blood, was 1.04 and 1.25
for EDTA and glugicir, respectively. The
samples were thoroughly mixed and stored in
a refrigerator at a temperature of 4—5 °C or in
a cooler (—18 °C). Unlike for [39], under these
conditions of blood stabilization, we did not
observe any effect of the types of containers
or of temperature on the results of zinc
determination during 30 days and more. The
degree of blood dilution in the cell f was calculated
according to the equation f = f,[(Vy + Van)/
Veaml, where V, and V., are aliquots (ml) of
the electrolyte and the blood sample,
f; in the initial degree of blood dilution.

In order to obtain serum, venous blood was
placed in a test tube without adding any
anticoagulant, heated to 37 °C and settled (or
centrifuged) with the rotation frequency of
1500 min~!, The filtrate was used for analysis.
In order to obtain plasma, blood with
anticoagulant was heated to 37 °C and
centrifuged with the rotation frequency of
1500 min"!; the filtrate was analyzed in this
case, too. In order to obtain the erythrocyte
mass, after centrifuging of blood with
anticoagulant and separation of plasma, the
precipitate was several times washed with the
physiological solution till the washing solution
became completely colourless. All the
erythrocytes were collected with the volumetric
pipette, their volume was measured, they were
transferred into another test tube and twice
diluted with the physiological solution. The
contents of the test tube was centrifuged with
the rotation frequency of 6000 min?;
the filtrate was analyzed.

RESULTS AND DISCUSSION
Choosing the supporting electrolyte

Determination of zinc by means of
stripping voltammetry in various samples [27,
28, 40] including biological ones after
preliminary mineralization of sample [16, 32—
35, 41, 42] is usually carried out in solutions
with pH 5 = 0.5. This is most often the acetate
buffer, a mixture of sodium (potassium)
chloride and acetate, or sodium (potassium)
chloride. In order to eliminate the effect of
copper on the height of zinc signals, a gallium
salt is added into the solution. For whole blood,
the indicated electrolytes are physiological
solutions; no hemolysis of blood occurs in them,
the solution remains gently pink; the analytical
signal of the
voltammograms. In addition, blood samples to
be analyzed always contain anticoagulants
(usually glugicir or EDTA); their effect on the
signal of zinc is not studied yet. The same is

zinc is absent from

true for gallium; its action under the indicated
conditions is unknown.

The data characterizing the effect of the
composition of supporting electrolyte on the
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Effect of the composition of supporting electrolyte on the results of analysis of whole blood for zinc content (n = 8, P = 0.95)

Blood Anticoagulant Composition of the supporting SV Independent method
sample electrolyte C, pg/l S, C, pg/l S,
Blood No. 1 Glugicir 0.1 M NaCl + 0.003 M HCl 5650 0.07 5600% 0.12
0.04 M NaCl + 0.003 M HC1 5600 0.04
0.04 M NaCl + 0.003 M HC1
+ 800 pg/1 Ga(III) 11 250 0.05
0.04 M NaCl + 0.02 M HCI 5500 0.04
0.04 M NaCl + 0.02 M HCI
+ 800 pg/1 Ga(III) 7550 0.05
EDTA 0.04 M NaCl + 0.003 M HCI No signal
0.04 M NaCl + 0.003 M HCI
+ 1200 pg/1 Ga(III) 6500 0.09
0.04 M NaCl + 0.02 M HCI 5650 0.04
0.04 M NaCl + 0.02 M HC1
+ 800 pg/l Ga(III) 6600 0.05
Blood No. 2 Glugicir 0.04 M NaCl + 0.02 M HCI 9200 0.04  9300° 0.15
EDTA 9300 0.05
Blood No. 3 Glugicir 0.04 M NaCl + 0.003 M HC1
+ 600 pg/1 Ga(III) 9800 0.03 5300° 0.09
EDTA 0.04 M NaCl + 0.02 M HCI 5350 0.06
5400 0.05

#Atomic absorption spectroscopy.

PAtomic emission chemical spectral analysis

‘Stripping voltammetry after mineralization of the sample.

results of analyses of whole blood are
generalized in Table 1. One can see that the
analysis of blood stabilized with EDTA is
impossible with weakly acidic electrolytes. In
order to detect the signal of zinc, it is necessary
to add rather large amount of gallium ions into
the solution. However, the result of analysis
turns out to be overstated in this case. In weakly
acidic solutions in the presence of gallium, even
more overstated results were obtained when
analyzing the samples of blood stabilized with
glugicir. The effect of acidity, concentrations
of chlorides, anticoagulants and gallium was
further examined both using the model solutions
and using blood samples analyzed preliminarily
with the help of independent methods. The
microelement content of them is shown below
in the corresponding Tables.

The voltammograms of zinc and the
dependence of the signal of zinc on the

concentration of hydrochloric acid in the
solutions containing sodium chloride and blood
stabilized with EDTA or glugicir are shown in
Fig. 1. One can see that the signal height is
substantially dependent on HCI concentration;
the character of this dependence is determined
by the nature of anticoagulant. In the case of
EDTA, with low concentration of the acid, the
signal does not appear at all; the likely reason
may be the formation of a strong complex with
zinc [43]. Since the goal of the present work is
to choose the conditions of zinc determination
in blood samples independently of the coagulant
used, as a rule, further investigations involved
the solutions containing HCI not less than 0.02 M.

The effect of sodium chloride concentration
on the height of zinc signals is shown in Fig. 2.
One can see that an in NaCl
concentration causes a decrease in the signal
of zinc; however, with NaCl concentration

increase
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Fig. 1. Differential stripping voltammetric curves (a) and dependence of the maximal analytical signal of zinc R
on HCI concentration (b) in 0.04 M NaCl + xM HCI solution containing blood stabilized with EDTA (1) or glugicir (2).
Blood sample No. 3, f = 250.
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Fig. 2. Differential stripping voltammetric curves (a) and the dependence of the maximal analytical signal of zinc R
on NaCl concentration (b) in M NaCl + 0.02 M HCI solution containing blood stabilized with EDTA (1) and glugicir (2).
Blood sample No. 3, f = 250.
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Fig. 3. Differential stripping voltammetric curves (1) and the dependence of the maximal analytical signal of zinc R (2)
on the concentrations of HCI (a) and NaCl (b) in the solutions: 0.04 M NaCl (a) and xM NaCl + 0.02 M HCI (b) containing
erythrocyte mass of blood stabilized with EDTA. Blood sample No. 3, f = 250.

above 0.02 M this dependence disappears.
Further, the supporting solutions with NaCl
concentration 0.04—0.08 mol/l were used. This
allowed us to level the effect of dilution degree
of blood containing NaCl with respect to NaCl
concentration and to obtain stable results.

One can see in Figs. 1-3 that the R = f(Cy))
and R = f(Cy,c)) dependences in the solutions
containing blood or erythrocyte mass are of
similar character. The same is observed in the
investigation of plasma and serum.

Choosing the accumulation potential
and the potential scan rate

The dependences of the analytical signal R
(in LA /V) on the potential of zinc accumulation

(a) and on potential scan rate (b) are shown in
Fig. 4. One can see that at the background of
the solution containing 0.02 M HCI + 0.04 M NaCl
the R = f(E,..) dependence has a rather narrow
border of potential —1.3...—1.4 V, where a
plateau is observed. For the accumulation
potential more negative than —1.4 V, a decrease
in the analytical signal is observed. For a
potential more positive than —1.3 V, the
analytical signal is unstable since it is on the
kinetic part of the so-called pseudo-polarogram.
The signal of zinc obtained by the analysis of
blood increases linearly with an increase in the
potential scanning rate u up to 1.2 V/s.

So, the value of zinc accumulation potential
involved in the previous and subsequent
experiments, which is equal to —1.4 V, can be
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Fig. 4. Dependences of the analytical signal of zinc R
on accumulation potential (a) and potential scan rate (b)
in 0.04 M NaCl + 0.02 M HCI solution containing blood
stabilized with EDTA. Blood sample No. 1, f = 250.

considered to be optimal. The potential scanning
rate of 1V/s allows obtaining a clearly
expressed zinc signal.

The effect of copper and gallium

Binding of zinc into an intermetallic
compound with copper, in the opinion of the
authors of [40, 44], causes underestimation of
zinc determination results. In order to diminish
the systematic error of analysis, gallium ions
are introduced into the solution to be analyzed,;
their concentration is much higher than that
of Cu(Il) ions (till the signal of gallium oxidation
appears). According to the generalized data [45—
47], copper and zinc are present in human blood
in concentrations of 0.93—1.01 and 6.54—7.00 mg/1.
With these concentration ranges, a negative
effect of copper on zinc determination results
should be observed; the introduction of Ga(III)
into solution during analysis seems reasonable.
An additional argument in favour of the

introduction of gallium (III) into the solution
is the possibility of zinc (II) displacement from
the complexes with EDTA as a result of
formation of a stronger complex of EDTA
with Ga(III) [43].

The voltammograms recorded within the
potential range from —1.1 to +0.05 V are shown
in Fig. 5, a. The signals of zinc, gallium, lead
and copper are seen. The dependences of the
signals of zinc and copper on the concentration
of zinc (II) ions in model solutions with glugicir,
either containing gallium ions or not, are shown
in Fig. 5, b. One can see that the calibration
plot for zinc starts from the point of origin
only in the absence of gallium ions in solution
(curve 1). The dependence of zinc signal on the
concentration of zinc in the solution in the
absence of Ga(IIl) is directly proportional in
spite of the fact that some increase in the
intensity of copper signal is observed with an
increase in the concentration of zinc ions. The
calibration plot for zinc in the presence of
gallium (curve 2) is parallel to the first plot.
However, it does not pass through the point
of origin; it is likely that this may cause
overestimation of the analysis results. Similar
dependences were also obtained in the case of
analysis of the model solutions with EDTA
containing gallium ions and not containing them.

Since the introduction of copper ions into
the solution under the chosen conditions
(acidity, the presence of complex-forming
anticoagulants) has almost no effect on the
calibration plot for zinc, the use of gallium may
be not necessary under these conditions. The
correctness of the analysis results in this case
confirmed by the data of analysis blood using
independent methods: AAS and AECSA, and
SV after chemical mineralization of the sample
(Table 1).

As an example, the results of the analysis
of the model solution and blood stabilized with
EDTA are shown in Fig. 6. The same figure
illustrates the possibility of multiple use of
the once-formed electrode. The results obtained
when analyzing blood sample No. 1 stabilized
with EDTA or glugicir (Fig. 7) almost coincide
with the data of analysis carried out using the
independent methods.

So, the electrolyte containing 0.04—0.1 M
NaCl and 0.02—0.03 M HCI can be considered
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Fig. 5. Differential stripping voltammetric curves (a) and dependences of the analytical signals of zinc and copper on
the concentration of zinc ions (b) in model solutions: 1 — 0.02 M HCI + 0.04 M NaCl + 25 1073 % glugicir + 10 pg/1 Cu(II)
+ 2 pg/1 Po(Il) + x pg/1 Zn(II) solution; the same + 300 pg/1 Ga(IIl). Voltammetric curve 0 (experiment 2) was obtained
without adding gallium ions.
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of its ions (b) in the solution: 0.04 M NaCl + 0.02 M HCI + x pg/1 Zn(II) + blood stabilized with EDTA (1) or glugicir (2).

Blood sample No. 3, f = 250.

as a universal one and used for the analysis of
the erythrocyte mass, serum, plasma and blood
stabilized with EDTA or glugicir. The
introduction of gallium ions into the solution is
this
overestimation of the results of analyses.
Table 2 characterizes the correctness of the
results of analysis of blood and its fractions.
The estimation of correctness was carried out

unreasonable, because causes

TABLE 2

in agreement with the recommendation MI
2336—95 (algorithm 8) of the State System of
Provision of Unity of Measurements
(Yekaterinburg, 1998). We calculated the error
check standard; the results of check were
considered to be satisfactory if the condition
Kexp < Keaie was fulfilled. All the data reported
here are in rather good agreement with the
expected values. The detected concentration of

Estimation of the correctness of results of the SV analysis of whole blood stabilized with EDTA, and blood fractions
for zinc content using the method of standard additives in combination with the dilution method

Sample Test sample Diluted test Diluted test sample Coa Found Error
(f; = 1.04), sample (f; = 208), with Zn(II) added, pg/l  (C.—Cy), check
pg/1 pg/1 ug/1 pg/1 standard K
C, S, Cy Sy C. S, Caa Saa Koy Keate
Plasma of Blood No. 1 2320 120 1130 90 2610 150 1500 1480 110 80 178
The same, serum 1190 78 570 60 1150 58 600 590 65 70 96
Blood No. 4 8100 400 3900 230 7000 190 3000 3100 210 200 419
The same, plasma 3350 170 1700 110 3250 210 1500 1530 170 100 245
The same,
erythrocyte mass 14 650 850 7300 360 13200 460 6000 5900 420 150 866
Serum of blood No. 4 1250 90 610 50 1150 60 500 540 40 10 100

Note. Ko, = [C, + C, = C, = Cg ) Ky = 0,84\/(536)2 +(5,)" +(5,)" .
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TABLE 3

Comparative determination of Zn(II) content in test samples of blood from patients, carried out by means

of stripping voltammetry (SV) and using independent methods, pg/1

Patient, disease Anticoagulant SV Independent method
A, practically healthy EDTA 7000 = 380 (3) 68007 (1)
7900° (1)
Glugicir 7870 = 150 (3) 7000 + 540% (2)
B, practically healthy EDTA 8470 = 150 (2) 8620 = 210% (2)
C, eczema Glugicir:

before medical treatment

after medical treatment
D, practically healthy EDTA
F, acute leucemia »

G, leucogranulomatosis »

3700 = 170 (3)
6430 + 320° (3)

3850 = 120 (4)
6700 = 170 (4)

9408 (1) 9150 = 1807 (2)
6000 = 840 (4) 5640° (1)
6500 = 400 (3) 6360° (1)

2 AAS.
> AECSA.

an additive was close to the introduced one in
all the cases.

The results of examination of a number of
patients, both almost healthy ones and those
suffering from definite pathologies, are listed
in Table 3. In this case we again observe a good
agreement between the results of analyses
carried out using the proposed method and using
the conventional independent methods.

One can see in Table 4 giving an estimation
of the systematic deviation between the results
of SV analyses and the analyses performed

TABLE 4

with independent methods that the deviation
Is insignificant (o, < %) and the results of
analyses performed using different methods are

close to each other (Fg,, < Fi,y).

CONCLUSIONS

The reported data provide a convincing
evidence that under the chosen conditions it is
possible to carry out the SV analysis of plasma,
erythrocyte mass, serum and whole blood for

Estimation of the systematic deviation of results of SV analysis and the data obtained by independent methods for
the analysis of blood stabilized with EDTA, and its fractions for zinc content (n = 10 for SV, n = 3 for independent

methods, P = 0.95)

Sample SV Independent method F criterion t criterion
C, ug/l s C, pg/l S (Fexp) (texp)

Blood No. 3 5400 270 5300% 500 343 0.33
The same,

erythrocyte mass 12 100 730 11 250 1050 2.07 1.31
Blood No. 5 7100 550 7300° 650 1.40 048
The same, plasma 2800 170 2700¢ 270 2.52 0.61
Erythrocyte mass

of blood No. 5 13 750 1100 14 100° 1450 1.74 0.39

The same, serum 1250 65 1300¢ 110 2.86 0.75

Note. Fy,, = 3.71, t,,, = 2.20.

% b ¢SV after mineralization of blood, AECSA and AAS, respectively.
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the concentration of zinc (II); this method does
not require preliminary decomposition and
concentrating. The results obtained using the
proposed method and the existing ones (atomic
absorption spectroscopy, atomic emission
chemical spectral analysis) are in good
agreement with each other. The use of thin-
film modified carbon-containing electrodes, fast
potential scan and the differential regime of
curve recording allowed us to make the analysis
procedure free from toxic mercury and its
soluble salts and to eliminate oxygen removal
from the solution to be analyzed. Small volume
of the blood sample (5—50 pl) required for the
analysis is one more advantage for examination
of the population.
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