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Abstract

The existing methods for measurement of Cu(II), Pb(II) and Cd(II) in whole blood need expensive compli-
cated equipment, require preliminary destruction of the blood matrix, and generally cannot provide the
necessary detection limit. We have reported the use of the stripping voltammetric method with modified
thick-film electrodes for the analysis of whole blood and its fractions. The said electrodes, a quick potential
sweep rate, and recording of differential voltammograms excluded extremely toxic mercury and its soluble
salts from analysis, made the operations of the solution deaeration and chemical and electrochemical sample
pretreatment unnecessary, and allowed decreasing the volume of test samples to 25—400 pl

INTRODUCTION

The vigorous industrial development and,
hence, the global problem of the technogenic
environmental pollution forces out purely
natural forms of pathological states of all liv-
ing creatures. For example, cardiovascular dis-
eases, which were of low occurrence in the
17th and 18th centuries, are the main cause
of death in highly industrialized countries to-
day [1]. Modern researchers think [2, 3] that
an unbalance of elements in the organism is
most intimately related to malfunctions of the
cardiovascular system [2], impairment of im-
munity, diseases of the skin, hair and nails,
allergoses (including bronchial asthma), hy-
pertension, scoliosis, osteoporosis, osteochon-
drosis, diseases connected with the formation
of stones in the liver and in the kidneys,
blood diseases, anemia, chronic gastritis and

colitis, retardation of growth and develop-
ment of children [3].

Versatile methods have been available for
the determination of microelements in clinical
materials [4—13]. Each of them has its advan-
tages and drawbacks and can be used to solve
a particular clinical problem. However, rela-
tively low sensitivity of, e. g., X-ray fluores-
cent [4] and photocolorimetric [5] methods re-
quires preliminary accumulation of the majo-
rity of analytes. Studies of the microelemen-
tal status of the organism by means of the
highly sensitive neutron activation analysis [6]
are limited by laborious procedures and a large
cost of the analysis. Inductively coupled plas-
ma mass spectrometry [7—9] is available only
to large research centres because of very ex-
pensive equipment. Atomic absorption spectro-
scopy (AAS) takes the lead today in the analy-
sis of biological specimens [5, 10—15]. AAS can
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be used directly for determination of elements
in some biological fluids with the concentra-
tion of not less than 500 pg/1 (Cu, Zn, Fe) if
samples are diluted with an appropriate buf-
fer solution [11, 13]. Elements, the concentra-
tions of which are is lower, can be measured
using electrothermal atomization. For example,
Pb [14] and Cd [15] were measured directly in
urine. It should be noted that the composition
of samples has a considerable effect on analy-
sis results. It is for this reason probably that
AAS methods of direct analysis of whole blood
are so rare. Most methods deal with the analy-
sis of serum [5, 11]. The elimination of the
adverse effect of the matrix [16] by minerali-
zation represents the most complex and labo-
rious task in the development of particular
methods for measuring microelements in real
materials [17]. Also, AAS equipment is rather
expensive and is almost unavailable to small
clinical laboratories. The examination of the
microelemental status of a living organism in
the medical practice requires primarily the
availability of accessible inexpensive equip-
ment. The method should provide an express
analysis, which is very important for urgent
diagnosis of diseases, and a very simple analysis
procedure without time-consuming laborious
preparation of samples. It should be extremely
sensitive and capable of analyzing microdoses
of test materials (for example, blood, all its
fractions, the cerebrospinal fluid, and inter-
nal tissues) not only at toxic levels, but also at
the level of essential, 7. e. vital, concentrations.
The stripping voltammetric method [18] may
prove to be comprehensively competitive in
the analysis of the microelemental status of
the organism. It is distinguished for high sensi-
tivity, low detection limit, selectivity, versa-
tility, and simplicity of both the analysis pro-
cedure and processing of analysis results. This
method often allows simultaneous determina-
tion of several metals including Zn, Cd, TI,
Bi and Cu [19, 20]. It does not require expen-
sive complicated equipment and can be im-
plemented as on-line variants. In recent years
the SVA method has been used on a progres-
sively wider scale in analytical control of the
environment. The scope of clinical test sam-
ples has been expanded [21-29]. SVA equip-
ment uses small quantities of test materials,

such as 50 pl of blood [21]. The SVA analysis
of biological fluids encounters two problems.
The first problem is due to oxygen dissolved in
test samples, which decreases the signal-to-
noise ratio. It is difficult to remove oxygen from
these fluids with an inert gas flow, because in
most cases this procedure is accompanied by
superfluous foaming and splashing [22]. The se-
cond problem involves, as in other methods
of analysis, the interference of albumen com-
ponents of samples, e. g., proteins and amino
acids. Adsorption-desorption of surface-active
proteins at the working electrode decreases or
completely disguises responses of metals [24,
25]. For these reasons, most researchers think
it is necessary to mineralize the matrix of samp-
les before the SVA analysis [21, 26—31]. Di-
verse methods are used for sample mineraliza-
tion, but all of them are laborious, incur er-
rors caused by contaminants in reagents (a
“blank” test), and involve high risk of acci-
dental contamination of samples. The latter
factors are especially harmful for the deter-
mination of cadmium, because its concentra-
tion in biological materials is low. Instead of
acid mineralization of samples for measure-
ments of lead in whole blood, researchers
[32] proposed to use reagents (mainly acid so-
lutions of chromium and calcium salts) capa-
ble of replacing some ions of heavy metals
in metal-containing biological molecules. It was
found however [29] that these reagents can-
not eliminate completely the effect of dis-
solved oxygen and the matrix on the electro-
chemical behaviour of lead. Despite this fact,
the method has found its advocates [33]. When
acidified samples were filtered through mi-
crocellulose instead of mineralization, lead was
determined in whole blood at a level of 40 to
300 pg/l with an accuracy of 13.5 % [22]. The
method of stripping potentiometry, which is
less sensitive to the adverse effect of oxygen
and organic compounds, was used successfully
for direct measurements of lead [34—37] and,
also, of lead and cadmium [38, 39] in whole
blood. The volume of blood samples was re-
duced to 2.5 pl [37] thanks to refinement of
the experimental technique. In our opinion,
the question of the validity of samples less
than 5 pl in volume is still open. Studies con-
cerned with working electrodes, which are in-
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different to the interference of both the ma-
trix and dissolved oxygen, may prove to be
most promising for the analysis of biological
fluids without sample pretreatment. Using a
special polymer membrane to protect the
working surface of a glassy carbon electrode,
B. Hoyer and M. Florence [40] measured lead
concentrations in whole blood immediately
after acidification of samples. However, de-
proteinization was required before copper
measurements. Thick-film graphite electrodes
(TGE’s) [41] operating at a fast potential sweep
rate proved to be little sensitive to the effect
of dissolved oxygen [42] and the blood ma-
trix [43]. Therefore, it was possible to propose
a method for the determination of not only
lead, but also copper and cadmium in whole
blood omitting a special treatment of sam-
ples. Analyte ions and mercury were pre-con-
centrated on the TGE surface and then the
oxidation current was recorded at a linear
potential sweep under the integral or differ-
ential regime (the latter eliminated the ad-
verse effect of oxygen completely). However,
toxic soluble salts of mercury (II) had to be
added to the electrolyte during the analysis.
This operation presents a considerable draw-
back.

According to the literature data [10, 11,
44-46], the concentration of copper in blood
is 630 to 1550 pg/l. The information about the
concentration of lead in blood is contradictory.
The normal concentrations of 220 to 300 pg/1
[11, 46] and 70 to 190 pg/l [28] have been
reported. Similarly to lead, reported normal
concentrations of cadmium in blood are con-
flicting: 0.3 to 2.0 [28], 3 to 4 [10], and 27 pg/1
[46].

The objective of this study was to:

— eliminate mercury and toxic mercury salts
from the analysis;

— examine the electrochemical behavior of
copper, lead and cadmium in the presence of
surface-active proteins in blood;

— simplify the analysis procedure;

— decrease minimum measurable concentra-
tions of lead and cadmium in whole blood and
reduce the measurement error of the three
elements;

— make the method more rapid.

EXPERIMENTAL

Equipment and electrodes

Automatic program-controlled voltammet-
ric analyzers of IVA-3AK and IVA-5 types
(IVA Co. Ltd.,, Ekaterinburg, Russia) and an
“Autolab” analyzer (Eco Chemie, Netherlands)
were used. Anodic voltammograms of analyte
metals were recorded under the standard in-
tegral and differential regimes of DC strip-
ping voltammetry with a linear potential sweep.
The maximum current (I ,,) and the variation
amplitude of the derivative dI/dU (R — re-
sponse) served as the response in the first and
second cases, respectively. A 5-ml three-elect-
rode electrochemical cell was used. Oxidants
(oxygen), which were dissolved in the electro-
lyte, were not removed. A graphite or glassy-
carbon rod served as the auxiliary electrode.
The reference electrode was a silver/silver chlo-
ride (Ag/AgCl) electrode filled with a saturat-
ed KCI solution or a strip of a silver-contain-
ing paste, which was screen-printed on a poly-
mer substrate. A modified thick-film graphite
electrode (MTGE) or a modified thick-film car-
bon-containing electrode (MTCE) (IVA Co. Ltd,,
Ekaterinburg, Russia) served as the working
sensors. The indicator electrodes were prepared
by the screen printing method using graphite-
containing (IVA Co. Ltd., Ekaterinburg, Rus-
sia) and carbon-containing (Metech, USA) pastes.
The reference electrode was made of a silver-
containing paste (ELMA-Pastes, Zelenograd,
Russia). The surface of the working electrodes
was modified by consecutive application of
modifying solutions and their drying in air. The
sensor working surface was formed before the
analysis by five-fold cycling of the potential
between —0.05 and —1.2 V at a rate v = 045 V/s.
The potential sweep was stopped at —1.2 V for
60 s after each cycle and the electrode was held
at a potential of —0.05 V for 30—60 s in 0.5 M
HCI. Generally, the electrode remained service-
able throughout the working day. A magnetic
stirrer agitated the solution during electrolysis.

Reagents

The solutions were prepared and the devic-
es were washed using tridistilled water. Rea-
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gents of the “os. ch.” (extra pure) grade were
used. Hydrochloric acid was purified additio-
nally by the isopiestic method. Solutions con-
taining 1.0, 0.5 and 0.2 mg/1 of copper (II),
lead (II) and cadmium (II) ions were prepared
from State standard samples of the correspond-
ing ions having the concentration of 1 g/I by
consecutive dilution with 0.5 M HCI Solutions
of 1 mg/l were prepared once a week, 0.5 mg/I
every three days, and 0.2 mg/]1 daily.

Samples and their preparation

The objects of study were whole blood and
hemolysate. Venous blood in the amount of 5
(10) ml was placed in a test tube containing 0.2
(0.4) ml of a 5 % EDTA solution or 1.25 (2.50)
ml of a 4 9% glugicir solution as the anticoagu-
lant. Thus, the initial degree of dilution of
the test blood samples was 1.04 and 1.25, re-
spectively (f; = (V« + Vi,)/ VY, where V. and
V, denote the volume of the antioxidant and
blood). In some cases, the CPDA blood stabiliz-
er (USA) was used as the anticoagulant and the
blood samples were diluted 1.14 times. The test
samples were stirred thoroughly and were
placed in a cooler at a temperature of —18 °C.
This treatment stabilized the blood samples for
a term of up to 30 days or more. Blood (0.025—
0.100 ml) was taken from a finger directly into
a pipette wetted with an anticoagulant and
was placed immediately into the electrolytic
cell. To prepare hemolysate, blood and an an-
ticoagulant were centrifuged for 15 min at
6000 rpm (erythrocytes burst at this speed and
their colorless membranes only settle to the
bottom; as distinct from the plasma, this li-
quid fraction of blood includes contents of
erythrocytes). The data in Table 1 and the fig-
ures were obtained for the blood sample No. 1,
which was analyzed by the methods of atomic
emission chemical spectral analysis with exci-
tation of the spectrum in a DC arc after min-
eralization of the sample (Cu, Pb) and atomic
absorption spectroscopy in a graphite cuvette
after mineralization of the sample (Cd). The
concentration of Cu(Il), Pb(II) and Cd(II) ions
in the sample was (1386 = 180), (295 = 35)
and (20.5 = 4.2) ug/1, respectively. The model
sample was a 0.01 M HCI solution containing

25 pg/1 Cd(II), 250 pg/1 Pb(II), and 1000 pg/1
Cu(II). Blood samples having a certain degree
of dilution were prepared by mixing corre-
sponding volumes of 0.5 M HCI and the sta-
bilized blood samples directly in the electro-
chemical cell. The total dilution of the blood
samples, f, was calculated from the formula
f=hHl(Vy + Vy)/Vyl, where V, and Vy, de-
note aliquots (ml) of the electrolyte and blood
respectively and f; is the initial degree of
the blood dilution.

RESULTS AND DISCUSSION

Figures 1 and 2 present stripping integral
(see Fig. 1) and differential (see Fig. 2) voltam-
mograms, which were recorded after elect-
rodeposition of copper, lead and cadmium from
a 0.5 M HCI solution containing an aliquot of
the model solution (see Fig. 1, a) and whole
blood (see Fig. 1, b and c, Fig. 2). From these
figures it is seen that the shape of the curves,
which were recorded in solutions in the ab-
sence of blood and those containing different
quantities of blood, change little. Response
characteristics are given in Table 1. Cyq) in
the cell were calculated as the ratio between
Cheary 1n blood (results of independent analy-
sis methods) and f. Thus, blood has little effect
on the oxidation potentials of lead and cadmi-
um and causes a slight shift of the copper ox-
idation potential to the positive side. However,
blood has a passivation effect, which shows up
as the decrease in the response as compared to
the model solution. The sensitivity coefficient
diminishes by 20—40 % (see Table 1). If one
considers the effect of the blood matrix on
determination of the concentration of micro-
elements as was observed in [23—25] and in
this study, he should take into account at least
three possible factors:

1) the change of the electrode process ki-
netics as a result of adsorption of surfactants
present in blood [18, 47—49];

2) an incomplete release of ions of the ana-
lyte metals from their complexes or enzymatic
and protein elements of blood during its dilu-
tion with the electrolyte [11, 52];

3) the retardation of diffusion of the ana-
lyte ions to the electrode surface by a layer of
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n = 3)

0.95,

Composition of the test solution and characteristics of responses of cadmium, lead and copper (P

DIRECT MEASUREMENTS OF CADMIUM, LEAD AND COPPER IN WHOLE BLOOD USING THE STRIPPING VOLTAMMETRIC METHOD 779

Sensitivity coefficient R/Cyoqp, HA 1/Ug

Response value
(R = 9), mA

Response potential

(E, = 0), V

Composition and concentration

of analyte ions in solution

Cu

Pb

Cd

Cu

Pb

Cd

Cu

Pbh

Cd

48 ml of 0.5 M HCI + 0.2 ml

of model solution 1.0, 10.0

and 40.0 mg/1

and Cu(Il)
48 ml of 05 M HCI + 0.2 ml

Cd(II), Ph(II)

-0.26 = 006 063 = 0.07 35 % 0.30 7.75 = 047 0.63 0.35 0.19

—0.45 = 0.05

0.65 * 0.05

of blood stabilized with EDTA
0.9, 11.3 and 53.3 mg/l Cd(II),

Ph(II) and Cu(Il)
48 ml of 05 M HCI + 0.2 ml

0.25 0.12

0.56

* (.42

—0.46 = 0.05 —0.22 £ 0.06 0.50 = 0.05 2.8 * 0.18 6.5

—-0.65 = 0.05

of blood stabilized with glugicir
0.7, 9.4and 44.3 mg/l Cd(II),

Pb(II) and Cu(Il)

0.25 0.12

0.53

+ 0.34

-0.47 = 0.05 -0.21 = 0.06 037 = 003 23 =% 0.16 5.4

-0.67 = 0.05

adsorbed organic molecules at the stage of ac-
cumulation [49].

These factors may show up as the shift of
discharge and ionization potentials of the me-
tals, a change in the shape of voltammograms,
an expansion of the oxidation potential inter-
val of the metals, and a drop of the maxi-
mum current, i. e. attenuation of the response.
Unfortunately, a rigorous mathematical theo-

I, uA
-6.01

-3.01

0- Pb

3.0

6.0 T T T T T T T
-0.8 -0.6 -0.4 -0.2

I, A b
-6.0

o—
=
<1

-3.01 AC

0_

3.0+

6'0 T T T T T T
-0.8 -0.6 -0.4 -0.2
I, nA c

-4.0
. Cd
-2.04

0.8 -06 -04 202 0 E,v

Fig. 1. Integral voltammograms of oxidation of Cu, Pb
and Cd accumulated at E,; = =12 V and t,; = 30 s from
a 0.5 M HCI solution containing (a) a model sample (f =
25), (b) whole blood stabilized with EDTA (f = 26), and
(¢) whole blood stabilized with glugicir (f = 31.25). v =
0.3 V/s.
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Fig. 2. Differential voltammograms of oxidation of Cu,
Pb and Cd accumulated at E,; = =12 V and t, = 30 s
from a 0.5 M HCI solution containing whole blood stabi-
lized with EDTA (v = 03 V/s): 1 — f = 26; 2 — f = 13.
For the solution compositions refer to the text.

ry, which would provide a quantitative de-
scription of the effect of the said factors on
measured parameters, has been unavailable.
It was shown earlier [50] that an ensemble
of mercury microdroplets appears on the sur-
face of a modified electrode during its elect-
rochemical pretreatment. Since the metal is
deposited at a lower overvoltage across mer-
cury than across graphite and the crystalliza-
tion overvoltage is absent in the first case, this
electrode can be assumed as the one approach-
ing an ensemble of microelectrodes. Therefore,
the electroactive substance is transported to
the electrode surface both through semi-finite
and radial diffusion. Qualitative estimates can
be made from the dependencies of the maxi-
mum stripping current or response value (I, .,
or R) and its potential (E,,,) on the potential
sweep rate (v) and the log potential sweep rate
(Epax — 18 v and I,,.(R) — v, respectively),
which were obtained by solving the problem
of the metal discharge-ionization on the sur-
face of solid [47, 48] and thin-film electrodes
[61]. It follows from the cited studies that the
slope ratio of the E_,. — Ig v curve increases
when the reversible process is replaced by the
irreversible one. The directly proportional beha-
vior of the R — v dependence suggests that
the electrode process does not include the dif-
fusion transport of the electroactive substance
to the electrode reaction zone, 7. e. the dis-
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Fig. 3. Dependencies of the potential of maximums of
copper (a), lead (b) and cadmium (c) responses on the
logarithmic variation rate of the potential (v). The de-
pendencies were recorded in a 0.5 M HCI solution con-
taining (1) a model sample (f = 25), (2) whole blood
stabilized with EDTA (f = 25), and (3) whole blood
stabilized with glugicir (f = 31.25). Experimental condi-
tions: E,, = —-1.2 V, t, = 60 s.

s Lel

solved metal either represents a solid phase or
resides in the amalgam film, the thickness of
which is comparable with that of the diffusion
layer. In the case of the diffusion transport,
the response value is proportional to »'/%
Figure 3 presents E_,, — 1g v dependen-
cies, which were recorded during ionization
of Cu, Pb and Cd against the background of
the model solution (curve 1) and in the pres-
ence of blood (curves 2 and 3). Each point of
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Fig. 4. Dependencies of copper (a), lead (b) and cadmi-
um (c) responses on the potential sweep rate (v). The
dependences were recorded in a 0.5 M HCI solution con-
taining (1) a model sample (f = 25), (2) whole blood
stabilized with EDTA (f = 25), and (3) whole blood
stabilized with glugicir (f = 31.25). Experimental condi-
tions: E, = —-12 V, t, = 60 s.

s el
the curves in this figure and all the subsequent
curves is an arithmetic mean of 3 to 4 parallel
measurements. One can see in Fig. 3 that the
slopes of these dependencies do not change when
blood is added to the solution if the potential
sweep rate is not over 0.30 and 0.50 V/s (Ig v <
—0.6) during ionization of copper and lead, re-
spectively, and over the whole interval of the
potential sweep rates during ionization of cad-
mium. This is an indication that the electrode
process Kkinetics remains unchanged over the

ImaxCu, UA a
10

-0.6 -0.8 -1.0 -12 -14

Fig. 5. Dependencies of copper (a), lead (b) and cadmi-
um (c) responses on the electrolysis potential in a 0.5 M
HCI solution containing (1) a model sample (f = 25), (2)
whole blood stabilized with EDTA (f = 25), and (3)
whole blood stabilized with glugicir (f = 31.25). Experi-
mental conditions: t, = 60 s, v = 0.3 V/s.

given intervals of the potential sweep rates
when blood is added to the solution. The in-
crease in the slope ratio with growing poten-
tial sweep rate suggests that the limiting stage
of the process is the electron transport.

The response value is directly proportional
to the potential sweep rate v (Fig. 4). This means
that the metals are dissolved from either a
solid phase or a very thin film, the thickness
of which is comparable with the thickness of
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Fig. 6. Intensity of copper (a), lead (b) and cadmium (c) responses versus the degree of blood dilution (f) and
concentrations of the analyte ions in a solution comprising (5 — n) ml 0.5 M HCI + n ml blood: (1) blood stabilized

with EDTA; (2) blood stabilized with glugicir. Experimental conditions: E,; = —1.2 V, ¢

the diffusion layer [47, 48, 51]. The variation
of the slope ratio at » > 0.3-0.5 V/s in the
presence of blood is due probably to the change
in the electrode process kinetics. This supposi-
tion is also confirmed by the fact that the slope
ratio of R — v changes at potential sweep rates,
at which we observe the variation of the slope
ratios of the E . — 1g v curves shown in Fig.
3. The responses (the sensitivity coetficients) di-
minish probably due to the retardation of the
metal accumulation on the electrode surface at
the cathodic stage.

=60s, v=203V/s

s el

The latter conclusion is supported by the
data in Fig. 5, which presents dependencies of
the maximum metal oxidation currents on the
accumulation potential. These dependencies
were recorded in solutions without blood (cur-
ves 1) and with blood stabilized by EDTA (cur-
ves 2) and glugicir (curves 3). The limiting cur-
rents are higher in the first case than in the
second and third cases. The deposition start
potentials of lead and copper shift little upon
addition of blood to the solution. The shift is
much more pronounced for cadmium in
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glugicir-stabilized blood. These results are an
indication that diffusion of metal ions to the
electrode surface is retarded at the accumula-
tion stage. The deceleration shows up as the
decrease in the sensitivity coefficient. The shift
of the start potential of cadmium accumula-
tion from blood to the negative region of po-
tentials may be caused by complex formation.

The main requirement imposed on the re-
sponse is that it should be related to the con-
centration of the analyte in the solution by a
unique functional dependence (preferably a
directly proportional one) and have, if possib-
le, a maximum value. Therefore, it is reason-
able to choose the following analysis condi-
tions:

— oxidation currents of copper and lead are
recorded at a potential sweep rate of not over
0.3 and 0.5 V/s, respectively;

—lead and cadmium are accumulated at
potentials more negative than —0.9 and —1.1 V,
respectively.

A more complicated situation arises during
cathodic deposition of copper (see Fig. 5, a).
This is due probably to a complex physical-
biochemical state of copper-containing proteins
and enzymes [52]. The R — E_ curve (curves 2
and 3 in Fig. 5, a) exhibits two plateaus: one
plateau is located between —0.6 and —0.9 V,
while the other plateau arises after —1.0 V. In
this case, it is absolutely clear that the analysis
result will depend on the chosen potential of
the electrode at the stage of cathodic deposi-
tion. One more important issue concerns calib-
ration curves. Figure 6 presents dependencies
of responses on the degree of blood dilution
and the concentration of metal ions in solu-
tions. The concentration of metal ions was
changed by adding different aliquots of blood
to the test solutions. One can see in Fig. 6 that
the response value changes directly with the
concentration of analyte ions in the solution
at all the degrees of blood dilution (f = 8.6 to
125). Therefore, different volumes of test samp-
les can be analyzed. This finding is especially
important for determination of cadmium, since
its normal concentration in blood has not been
established reliably yet, but can prove to be
extremely low. If so, test samples should be
diluted as little as possible. The applicability
of the method of standard additions to calcu-

lation of concentrations of analyte elements
in blood is proved by the calibration curves
shown in Fig. 7. The behavior of standard ad-
ditions of copper ions was studied in blood
diluted with a supporting electrolyte to f = 35
and 104 (see Fig. 7, a and b, respectively). The
first points in the curves are concentrations of
copper ions, which are due to the blood alig-
uot (here it is equal to 1386/35 and 1386/104 =
39.5 and 13.3 pg/l, respectively). It can be seen
from this figure that at a potential of =12 V
(curve 1), which is chosen for deposition of
copper, the response value is directly propor-
tional to the concentration of copper ions in
the solutions containing an aliquot of the test
sample and a standard addition of Cu(II). More-
over, standard additions do not change the slope
of the calibration curve and the R/C¢ ) ratio
remains equal to 0.12 (see Table 1 and the cur-
ve 1 in Fig. 6, a). Analogous calibration curves
were obtained for lead and cadmium. When E =

Imax, HA a

g I
; / i
4: ///
2: /////,/

0 10 20 30 40 50 60 70
Ceua, pg/l

I'max, LA
6 b
| 1
2
4_
2_
- ////.
o 10 2 = 30 40 50

Ceu), Mg/l

Fig. 7. Calibration curves for copper, which were ob-
tained in blood diluted with a 0.5 M HCI solution to f =
25 (a) and 104 (b) at the electrolysis potential of —1.2 (1)
and —0.9 V(2). The points (a) and (m) denote blood sam-
ples diluted to f = 35 (A) and 104 (m); (o) ditto + 10,
20, and 30 mg/l Cu (II) added in sequence. Experimen-
tal conditions: t, = 60 s, v = 0.3 V/s.
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—0.9 V (an optimal potential for accumulation
of copper during analysis of most materials),
only part of copper-containing molecules of
the matrix probably participate in the reac-
tion. In this case, the copper concentration is
largely underestimated. The R — Cc,, calibra-
tion curve (curve 2 in Fig. 7) cuts off a section
on the concentration axis, which corresponds
to the concentration of unreleased copper. One
may see from the Figure that the line 2 inter-
sects the abscissa at C,qp) = 14.6 (see Fig. 7, a)
and 4.9 (see Fig. 7, b) pg/l. This means that
copper ions, whose concentration in whole blood
was 510 pg/1 (14.6 x 35 or 4.9 x 104), did not par-
ticipate in the cathodic process. Therefore, blood
copper can be measured correctly only if elect-
rolysis is realized at potentials more negative
than —0.9 V. If Cey 1)/ Cppan and Ceyan/Cegar In
blood are not over 20 and 200, respectively,
all the three elements can be measured simul-
taneously after they are accumulated at E_; =
—1.2 V (these voltammograms are exemplified
in Figs. 1 and 2). In this case, zinc does not
affect copper measurements. The time required
for analysis of one sample in two parallel
measurements does not exceed 20—30 min. If
Ceun/Cruan > 20 and Ceyan/Ceqar > 200 in
blood, a much larger aliquot of the sample or
a longer electrolysis time (120—180 s) is required
for determination of lead and cadmium. In
this case, copper can be measured more cor-
rectly separately after the solution is electro-
lyzed at E,, = —1.0...-1.1 V.

Results of the SV analysis of whole blood,
which were obtained using the method of
standard additions, and of mineralized blood
only slightly differ from those obtained by in-
dependent methods (Table 2). Direct SVA meas-
urements (S, values in Table 2 are italicized)
provide a much better accuracy than SVA
measurements after acid decomposition of sam-
ples or independent methods. Despite the fact
that the sensitivity coefficient of responses di-
minishes in the presence of whole blood as
compared to its counterpart in the model solu-
tion, the method of standard additions en-
sures correct results. The conditions which were
proposed above for the analysis of venous blood
are quite acceptable for the measurements of

copper, lead and cadmium in hemolysate (see
Table 2, rows 11(v) and 11(h)). To ascertain the
origin of considerable differences between re-
sults of analysis of venous and arterial blood, it
is necessary to assay additionally blood taken
from several groups of patients and to use Wil-
coxon’s criterion for evaluation of the degree of
discrepancy. Probably, microelemental composi-
tions of venous and arterial blood differ and the
observed discrepancies (by Student’s criterion)
are due just to this difference. We are unaware
of any publications dealing with the study of
simultaneous concentrations of copper, lead and
cadmium in venous and arterial blood.

CONCLUSION

The reported data convincingly prove that
whole blood can be analyzed by the SVA meth-
od under the chosen conditions without pre-
liminary operations of decomposition and ac-
cumulation. The results agree fairly well both
with the results obtained by the SVA method
after chemical decomposition of blood and
those obtained by traditional methods of atom-
ic emission chemical spectral analysis with ex-
citation of the spectrum in a DC arc after min-
eralization of samples, atomic absorption spec-
troscopy in a graphite cuvette after minerali-
zation of samples, and atomic emission spec-
tral analysis with excitation of the spectrum
in a double-jet arc plasmatron with minerali-
zation of samples. The use of modified thick-
film carbon-containing electrodes, the appli-
cation of a faster potential sweep rate (as com-
pared to the rates commonly used in voltam-
metry), and recording of curves in the differ-
ential regime allowed eliminating toxic mer-
cury and its soluble salts from the analysis proc-
ess. Also, oxygen need not be removed from
test solutions.
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