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1. INTRODUCTION

We all, citizens of this industrial world, living in an environment different from
the natural. Making our lives more and more comfortable we are forced up the
production of the goods we want to have. Unfortunately we have no absolutely
clean technologies in our service. Every production stage pollutes in its own
way the environment in which we are living. Very often harmful trace metals
are released and precipitated into surrounding [1]. There they will be introduced
into biological chain ending very often inside us — in humans. The most
common toxic heavy metal ions are Pb*", Cd*", Hg*", As®" and Cu’" causing
different disease [2]. Therefore it is essential to monitor the situation in the
environment. When a human has been exposed to some kind of harm, it is very
critical to find quickly the substance causing poisoning. But critical is not only
to identify this substance/compound but also to measure the amount (concent-
ration) of this pollutant to find the best and reliable way for cure.

On the other hand sometimes the deficiency of some kind of trace metal ions
can be a reason or indicator of some kind of disease [3]. Clinical features of
deficiency include testicular atrophy, skeletal maturation and retardation of
growth [4]. For health and environmental monitoring several parts of body are
used. Commonly hair [5-9], sweat [10—12], urine [7, 9, 12-21], some tissue
[22] and blood [12, 21, 23-31] or other body fluids [32, 33] are used as
samples. Mainly AAS [34-41] or ICP-MS [42-46] instruments are used for
analysis, which have a need for time consuming sample pretreatment. It must be
mentioned that these analytical instruments are also expensive and not portable.
Therefore we have interest for cheaper and more rapid analytical methods.

One of the cheapest ways to perform analyses of large variety of heavy metal
ions is to use electrochemical methods [47]. The most sensitive are stripping
voltammetric methods allowing the determination of these metals amount of
down to 10°~10"° mol/dm’ on a routine basis [48]. The metals, which cations
can be analysed by stripping analysis, are: Ag, As, Au, Ba, Bi, Cd, Co, Cs, Cu,
Fe, Ga, Hg, In, K, Mg, Mn, Mo, Na, Ni, Pb, Pd, Pt, Rb, Sb, Se, Sn, Sr, Tc, Te,
Ti, TL, U, V and Zn [47, 48]. Cations of metals like Al, Cr, La, Mn, Th and Zr
can be analysed via reduction of a suitable ligand [48]. From medical point of
view interesting metals from this list include: Al, As, Bi, Cd, Cr, Co, Fe, Mn,
Hg, Ni, Pb, Pt, Cu, Se, Sn, Tl and Zn [15]. They are sources or indicators of
illness [15].

Unfortunately voltammetric analytical methods, when applied to analyses
with a high organic content (i.e. body fluids) require sample pretreatment just as
atomic absorption spectrometric or mass-spectrometric methods because of the
likely passivation of the surface by surface-active compounds adsorbing on the
electrode surface. To overcome this kind of problem the ultrasound has been
taken into arsenal of electrochemistry [49—60]. The applied ultrasound provides



continues cleaning of the electrode surface and removal of passivating organic
complexes during deposition step of these metals. The cavitational effects of
ultrasound have been studied in detail [50, 55, 56, 58-64] and shown to
facilitate the determination of low metal ions concentrations in highly passi-
vating media via in situ cavitational cleaning of the electrode [49-51, 53, 59,
65]. In addition, acoustic streaming significantly increases the rate of mass
transport resulting in faster deposition, higher sensitivity and reduced detection
limits [50, 54, 57, 58]. Sonovoltammetric stripping analysis has been success-
fully utilised in the determination of copper ions in beer [59] and blood [31],
lead ions in wine [65] and river sediments [66], as well as manganese ions in tea
[67].

Traditionally such metals like Au, Pt, Hg and non-metallic conducting mate-
rials like glassy carbon are used as working electrode materials. Unfortunately
all they have specific complications. Noble metals have a narrow region of ideal
polarisability and they are not very sensitive. Glassy carbon has a wider region
of ideal polarisability and better sensitivity, then noble metals, but much less,
than the mercury-drop or Hg-film electrodes [47, 48, 68]. It seems that Hg-type
electrodes should be the best ones, but they are not perfect also. The lack of
mechanical robustness and environmental toxicity are limiting factors for the
application of mercury in modern science and analytical tests. Therefore is it
useful to explore and apply new and better working electrode materials. The
most promising of these are boron doped diamond [66, 67, 69—72] and bismuth-
coated electrodes [73—-83].

The aim of this thesis is to demonstrate the versatility of anodic stripping
voltammetry coupled with the ultrasound as a tool for the detection of some
heavy metals ions (Cd**, Pb*" and Zn*") in human blood. Analyses of these
metal ions using voltammetric methods are highly advantageous due to the
compact size of the equipment allowing potential portability and the relatively
low cost compared to the spectroscopic analytical methods. Also the use of
toxic mercury electrode is minimised. Our attention is turned to blood analysis
while it is most common media for this kind of analyses giving detail overview
due being in direct contact with almost intestinal organs. In blood metal cations
like Cd*" and Pb*" are bound almost completely with red blood cells [15].
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3. THEORETICAL BACKGROUND

3.1 Cavitation phenomenon

The application of ultrasound in chemistry is quite old — the first work was
done in the 1930’s and was connected with the lowering of the potential for
electrochemical synthesis of gases down to the equilibrium potential [84].
Today sonication is applied in electroplating enhancing adhesion, giving a
brighter finish and increasing the deposition current density. In organic
chemistry ultrasound is used assisting electropolymerisation [84] and synthesis
[85-87]. Ultrasonic agitation was applied also for high-rate controlled potential
coulometry [85] and amperometry [60, 88], enhancement of the sensitivity of
flow-cell electrochemical sensors, variation of the convection rate of the
solution at GCE in hydrodynamic modulation voltammetry [84] and for
different type of electron transfer rate measurements [89—92]. Compton et al
[31-33, 55, 65, 93-96] have successfully shown that sonification can be used
for reactivation of WE in highly passivating media.

Sonification can accelerate mass transport to WE mainly in two ways: 1) via
acoustic streaming and 2) by micro jet formation after cavitational collapse of
gas bubbles in the vicinity of the WE surface [50, 54, 60, 84, 87, 88, 97-100].
The studies of Marken et al [101] and Maisonhaute et al [102] showed that the
acoustic streaming plays the most important role in mass transport giving value
for steady state sono limiting current. Despite of this fact the cavitationaly
collapsing gas bubbles have very important position in sonochemistry. These
gas bubbles will preferentially form randomly where “cavitation nuclei” are
present. Such nucleus can be surface inhomogenities like holes and cracks,
bubbles remaining from previous cavitation events or impurities [103]. The
formation of cavitating and expanding gas bubbles going to collapse at radius
Ry presumes the presence of microbubbles filled with gas and vapour [84]. The
collapse of an empty spherical cavity (bubble) with initial radius Ry in a liquid
with density p under constant external pressure P, was first studied in 1917 by
Rayleigh [84]. Noltingk and Neppiras [84] modified his equation to a more
general form. After neglecting the compressibility and viscosity of the liquid
they described the instant bubble radius R as follows:

Ldir 3[dRT] ap
dt’ 2| dt¢ p

(M

In that equation p is density of the liquid while AP is difference between the
external and pressure of liquid Py and the internal pressure of gas and/or solvent
vapour P, inside cavitating bubble:
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AP =P, —P, 2)

The pressure Py itself is sum of the external ambient pressure P, the surface
tension pressure P, (P, = 2p / R) due to the surface tension p, and the acoustic
(ultrasonic) pressure P, (P, = P4 sin 2nft) where Py (Po = (2 pcl)” ) is the
ultrasonic pressure amplitude:

PL=P.+2p/R+ Py sin 2nft 3)

The f'is the applied ultrasonic frequency, t is time, ¢ is velocity of sound
in a liquid being under study and I is ultrasonic intensity.
If the P4 is larger than internal pressure inside the bubble:

PA>P.+2p/R 4)

a negative pressure is formed in the underpressure phase (the minimal Py value
is P. + (2 p/ R) — P4) and the bubble starts fast to grow. The underpressure will
be changed sinusoidally to overpressure in compression phase and the
expansion of the bubble ceases at the time ty; when the maximum radius Ry, is
obtained. This compression can lead to violent collapse of bubble [84] to very
small microbubble as far as the sphericity of the bubble is not disturbed by
some external influence. Consequently the gas compression is almost adiabatic,
obtaining instantaneous temperatures up to 5000° K and pressures up to
500 atm [106]. Cum et al [107] found experimental evidences suggesting, that
gas bubble radii in a real liquid follows a Gaussian distribution, when an
external gas atmosphere is present.

This phenomenon, called transient cavitation is believed to affect chemical
effects in homogeneous sonochemistry [84].

This collapse process differs when it occurs in the vicinity of solid material
(i.e. at working electrode), this means that the spherical symmetry of the system
will be lost. The resistance of the motion of the liquid from the boundary side
results in the deformation of the bubble, and consequently to the formation of
the liquid jet toward to the solid boundary (Fig. 1) [84].

S T e A A A TR R T
A B cC D

Figure 1. Asymmetric collapse of the oscillating bubbles at solid surface.
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The existence of such jets was proved experimentally by Benjamin and Ellis
[73] by a series of photographs. The gas compression in the bubble collapsing at
the solid surface is much smaller and slower compared to the case of
unperturbed collapse, while the bubble decomposes long before large compres-
sion. Therefore the influence of ultrasound on heterogeneous processes is
mainly brought about by the effects of the jets of liquid on the solid surface
properties and their contribution to mass transport [84] (see Fig.2).
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Figure 2. Expected bubble collapse jet history after the moment when it touches the
surface [84].

When the jet is once formed the speed of its tip is high enough to produce an
initially high impact pressure when it strikes solid boundary. This short duration
pressure is called as “liquid hammer pressure”. The pressure and duration for
water are 2000 atm and 0.1 ps if AP = 10° Pa [84]. This pressure is strong
enough to make serious damage to working electrode as is noted in previous
works [55, 108]. After collision this pressure decreases rapidly down to lower
value (ca. 80 atm) called as the “stagnation pressure” [84].

When the bubble is not initially in contact with the wall a similar jet is
formed, but its length and duration are shorter. The jet flow will be impeded by
the bulk solution before it reaches the solid surface and therefore the effect of
the jet on solid surface (WE) and the mass transport are lower [84].
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3.2 Diffusion layer reduction. The enhancing effect
of sonification on the electrochemical measurements

The numerous studies [54, 84, 92, 98, 101, 109-111] of the enhancing effect of
the sonification to controlled potential electrochemical measurements have
shown large increase of the limiting diffusion current of the electrochemical
reaction compared to non agitated media. The limiting current obtained by
sonification has specific “noisy” shape when the electrochemical process is
occurring. Under more careful study of these voltammograms it is visible that it
contains some kind of current jumps — peaks having different amplitude. In the
absence of either ultrasound or electroactive compounds no current peaks were
observed (Fig. 3.) [100].

Using microelectrodes it was showed that these current peaks have shape
similar to these observed in chronoamperometry reflecting just the current
decay due diffusion layer thickness expansion [102] (Fig. 4 [100]). According
to Birkin and Silva-Martinez [100] the peak maximum corresponds to the
minimal diffusion layer thickness (Fig. 5 [54]). Maisonhaute et al [102—-105]
observed on the platinum microelectrodes some decay of limiting current before
the current spike. They explained this as a result of very fast collapse of gas
bubble bringing new portion of electroactive spices to working electrode
covered previously by the collapsed bubble.
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Figure 3. Voltammograms of 0.5 mM methylviologen (MV*") obtained at stationary
Pt wire electrode: 1 — without sonification, 2 — with sonification (I = 5W/em?,
v=0.1 V/s, A= 16 mm?®), 3 — at Pt RDE (A=3.14 mm?, » = 80 rpm, v = 0.020 V/s).
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The limiting current of an electrochemical reaction will be not completely
damped by the bubble blocking the microelectrode indicating that some kind of
thin layer in the range 45—75 nm will remain between electrodes surface and the
bubble. This is due net force caused by the viscosity shear stress on the surface,
resulting that the collapse can not occur if the bubble touches the electrode
while fluid velocity on the surface is zero [104].
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Figure 4. A figure presenting a single normalised current-time (micro jet current /
steady state current) transient recorded at a 25 mm Au microelectrode exposed to ultra-
sound.
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Figure 5. Supposed thinning of the diffusion layer caused by ultrasonically caused
cavitation in solution.
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Measuring diffusion limited currents Iy, the diffusion layer thicknesses can be
calculated using simple and well known equation [50, 53, 59, 98, 101]:

_nFADC,
Ilim - 8 ( 2 0)

were n is the number of electrons, F is Faraday constant, A is WE area, D is
diffusion constant of electro active substance, Cy is bulk concentration of this
electroactive compound and & is diffusion layer thickness. The value of
0 depends upon intensity of applied ultrasound and sono tip (ultrasound source)
to WE distance due I, [59, 90, 91, 100]. Minimal values of & are measured
using “sonotrodes” being only few microns under “face-on” conditions [59,
101]. Applying high sono intensity (power) or very close electrode to horn
distance in aqueous media, the diffusion layer thickness for “face-on” electrode
geometry converges towards the value found for the sonotrode. This means that
the sonotrode can be regarded as the “limiting case” of the “face-on” geometry
[101].

Birkin and Silva-Martinez showed [92] also that sonification does not affect
the rate of electron transfer, so that it can be used for determination of electron
transfer rate constants in aqueous as well as in non-aqueous media [63, 91, 92,
100].

For any kind of voltammetric measurements it is needed to know the power
emitted by sono source. Mechanic methods are not simple and precise due to
erosion of sono probe tip. Margulis and Maltsev suggested to use calorimetric
measurements for determination of emitted sonopower P [112]:

P=(dT/d)C,M (21)

were (dT / dt) is temperature increase (gradient) per time unit, C, is specific
heat capacity and M is mass of used liquid. Since sono probes have different
sizes it is better to report not the power of the emitting tip, but the power per
area A of emitting tip i.e. the intensity of applied power I [113]:

[=P/A, (22)

Many authors [60, 84, 113] confirmed the validity of the method, which is
commonly used now.
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3.3 Additional factors affecting the cavitational collapse of
bubbles and sono analyse

Analysing the influence of temperature on the cavitation process Mason et al
[113] found that when systems temperature is increased, the ultrasonic power
need to be increased to keep cavitational collapse time i.e. process intensity
constant. Alternatively, if the ultrasonic power is fixed, then the lower is system
temperature the greater will be the sonochemical effect.

Birkin and Silva-Martinez [100] have given some information about this
phenomenon. According to their explanation the process of cavitation depends
strongly upon the pressure differential acting the exterior and interior of the
particular cavitation bubble. The energies of transient cavitation will be
dependent upon vapour pressure of the solvent employed. A solvent with high
vapour pressure will be expected to cavitate at low acoustic pressures but
produces cavitation, which will have relatively low energy in comparison with
cavitation in a liquid with low vapour pressure. Suslick et al [114-116]
demonstrated the effect of solution vapour pressure on a chemical reaction
known to be affected by irradiation with ultrasound. It was found that
decreasing the vapour pressure of the solvent accelerated the reaction, so giving
evidence for an increased sonochemical reaction rate with increased cavitation
bubble collapse energy.

While ultrasound affects chemical reactions and enhances mass transfer to
WE surface due cavitationing and collapsing bubbles, it is important to know
circumstances affecting the efficiency of the formation of these bubbles. To
have more reproducible results a bubbled gas has been used. Most effective for
such processes are monoatomic gases like argon in comparison with diatomics
like nitrogen. The polyatomics gases have very poor effect [113]. This is
directly related to the ratio for specific heats of these gases and the highest
ratios will give the greatest cavitational effects [113].

The influence of ultrasound frequency on this process is still not very well
established and is mathematically not explained although many papers [59, 97,
107, 111, 113, 117-119] have been published. Despite of this some important
conclusions can be made. The studies of Petrier and co-workers [117-119] have
shown that if sono frequency grows, it produces more free radicals. Especially
due to the destruction of water and dissolved oxygen molecules in aqueous
media:

H,0 - H + HO (23)
0,>0+0 (24)
These free radicals formed in collapsed bubble can recombine or escape to bulk
solution to react with other molecules. Mainly the organic compounds are

decomposed in the radical reactions. Petrier et al [119] found that sonosystem
emitting frequency 500 kHz, produces 6.2 times more hydrogen peroxide, then
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low frequency (20 kHz) system. Petrier et al have supposed that at least for
halocarbons this destruction process has performed inside a cavitationing
bubble leading mostly to formation of carbon dioxide and chloride ions [117].

3.4 Ultrasonic cleaning

As noted in introduction one advantage of ultrasound is the cleaning effect.
Traditionally it was explained by micro jet formed in final stage of collapse of
cavitating bubble close to electrodes surface [49-51, 53, 59, 65]. According to
Maisonhaute et al [105] this process is more complex. As they found in
previous studies [102, 104] the gas bubble will detach from the electrode
surface to allow collapse occur. Therefore the micro jet if it is formed at all is
weak [103, 104]. Shear stress involved during the collapse is suggested to be an
important factor. The efficiency of the ultrasonic cleaning itself strongly
depends upon the size of the adsorbed particle to be removed and on the
electrode to horn distance. Another parameter to take into account may also be
the cavitation frequency and the bubble sizes. While cavitating bubbles
preferentially forms in surface holes or cracks the collapse and following
cleaning can occur locally.

To characterise better the cleaning process a parameter like o
(o = oR, / 1.5 W,, where o is the surface tangential stress, R, is spherical
particle radius to be moved from the electrode and W, is the work of adhesion,
which is the sum of the surface energy of the two contacting materials minus the
interfacial energy) was introduced [103]. It is difficult to determine which value
of a leads to an effective cleaning since other parameters like time and surface
roughness also play an important role [103]. Also a non-spherical adsorbate has
higher adsorption energy than spherical one and then needs higher stresses to be
removed. Value of o decreases with the particle radius and reaches very low
values for molecular adsorbates. It was observed that for example oxidised
ascorbic acid was impossible to remove from platinum electrodes by ultrasound
[103]. The use of shorter horn to electrode distances down to 1 mm did not
improve desorption rate. When ultrasound effects are observed with small
adsorbates, they should be attributed to a mass transport increase, which may
enhance dissolution of the adsorbates, rather than to mechanical cavitation
effects. As soon as a and then the size of adsorbed particles reaches some
critical value (which depends on the adsorbate size and adsorption energy but
also on the sonication power and time and on the electrode to horn distance)
ultrasound may be very beneficial. In natural samples, a major drawback for
electroanalysis is protein or surfactants adsorption. Since they are large mole-
cules, they are readily removed by sonication, which is then beneficial both for
cleaning purposes and increase of mass transport [103].

17



3.5 Sono electrodes

Three types of sono electrodes having different geometries have been used and
described [50, 91, 101, 120] and are illustrated on figure 6 [101].

electrode

electrode electrode
A B c
" face on " " gide aon " " zonotrode

Figure 6. Three types of electrode geometries used in sonovoltammetric experiments.

The most conventional configuration of electrodes is “face on” geometry where
WE is locating “face to face” with sono horn (Fig. 6A). Acoustic stream is trai-
ned directly to WE surface and the turbulent liquid flow is passing normally to
the surface as with a rotating disk electrode. In this mode excellent solution
mixing and mass transfer conditions are achieved. Also due ability to change
sono tip to WE distance (typically 5 (3) — 40 mm [(31, 32), 89, 95, 120) and
applied sono intensity (typically 0-300W/cm® [31, 60, 120]) it is the most
flexible system for sono electrochemical studies and analyses. Approximately
uniform diffusion layer with average thickness ca. 6—7 um is calculated using
Eq. 20. Common electrode materials like Au, Pt, GC, and Hg [31-33, 65, 94—
96, 100] are used to prepare WE. Novel electrode materials are BDDE and Bi-
coated GC or other carbon based electrodes. The BDDE is remarkable because
of its very low background current, mechanical durability and wide region of
ideal polarisation [121].

S configuration type is “side on” (Fig. 6B) with the WE placed perpendicular
to the tip of ultrasonic horn [50]. Electrode to horn tip distance is measured
from the centre of WE and mass transport conditions are similar to WE placed
in flow cell [47, 48]. Characteristic for the “side on” placed electrode is this that
the diffusion layer thickness is not uniform. The minimal thickness can be ca.
10—12 um at the downstream edge of electrode.
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The third type (Fig. 6C) of electrode is “sonotrode”. Characteristic to this is
that WE 1is directly connected to sono horn which is supplying it with energy.
The estimated diffusion layer is approximately uniformly thinned and has
thickness much less than 1 um [120]. Marken et al [101] found also that within
experimental error the observed limiting current is almost constant, and
therefore independent of the applied range of ultrasound intensities. So the
minimal value for diffusion layer thickness can be 0.7 = 0.1 um. Pt-disk is used
as WE and normally it is connected to and isolated from sono horn by an epoxy
resin [50, 91, 121-124]. Due to non-stability of adhesives (or even in the case of
strong cement) only relatively low sonopower can be used [123].
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4. DETERMINATION OF SOME HEAVY
METAL IONS IN HUMAN BLOOD

4.1 Determination of Cd*" ions in human blood applying
Nafion® coated glassy carbon mercury film electrode

Environmental contamination by cadmium ions often occurs: a) in areas
surrounding zinc, copper and lead smelters; b) as a result of coal burning, as in
the case for the other heavy metals; c) in the disposal via incineration of waste
materials containing cadmium or cadmium ions [125]. Normal dietary intakes
of cadmium ions are in the range of 0.21-0.42 mg per week, which are close to
the WHO recommended maximum [126]. Cadmium ions are nephrotoxic and
can cause renal dysfusion with proteinuria, the slow onset of which may not
become apparent for some years [127]. Normal levels of cadmium ions in blood
are under 5 ugL ™' [128], but acute toxic effects are observed when this level
exceeds 50 pugL ™' [I]. The most common sources of chronic exposure, which
elevate blood cadmium ions levels, are spray painting of organic based paints
without the use of protective breathing apparatus, and smoking [129, 130].

As obvious from previous introduction very low concentration of Cd*" ions
in blood is present. Therefore a sensitive analytical method is needed. Preli-
minary experimental studies showed that Nafion® coated GCE does not have
needed sensitivity and resolution (Fig. 7) and therefore it was returned to more
traditional applications.

Wang et al and Esteban et al [47, 131] used Hg drop electrode for the
determination of low concentrations of Cd*" ions. The authors in [33, 53, 65,
95] successfully used in-situ as well ex-situ mercury coated working electrodes
in surface active compounds containing media for determination of Cd*" and
Pb*" ions applying optimised ultrasound intensity.

Unfortunately Marken et al and Agra-Gutiérrez et al [53, 58] observed that
Hg droplets are unstable under intensive ultrasound field due ablation pheno-
menon of ultrasound. Agra-Gutiérrez et al [132] successfully resolved this
problem covering the GC working electrode with thin Nafion® film. This film
is strong enough being stabile under intensive ultrasound. It can decompose
only if significant amount of Hg is collected onto WE surface or if hydrogen
evolution is too intensive [132].
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Figure 7. Sono DP-ASV of Zn?'—, Cd*'— and Pb*" ions at the concentration 4.02:10° M
and 1.75:10% M Zn*" ions on NCGCE (scored line). The solid line indicates the
situation, when 1.4-10* M Hg?' ions are present in the same solution. (Deposition time:
60 s, I =27.2 W/em?, used reference electrode was Ag/AgCl in 3M KCl solution).

The thermostated (25.0£0.5°C) electrochemical cell used for voltammetric and
sonovoltammetric experiments has been described previously [109]. The cell
used throughout this work (figure 1 [I]) had three necks — for the counter
electrode, the reference electrode and a pH electrode. All experiments were
performed using a computer-controlled PGSTAT30 Autolab potentiostat (Eco-
Chemie, Utrecht, Netherlands). Platinum gauze served as a counter electrode
and Ag/AgCl electrode in 3 M KCI solution (Metrohm, Switzerland) as a
reference electrode. The working electrode was prepared using as substrate a
glassy carbon electrode with a diameter of 3 mm (Metrohm, Switzerland). The
positioning of the working electrode in the cell was directly opposite the
transducer sonic horn (equipped with 3 mm diameter titanium microtip emitting
20 kHz ultrasound with an intensity of 102.3 Wem ?) and located near the cell
bottom with a transducer to working electrode distance of 5 mm. All reagents
were used as received without any further treatment. All solutions were
prepared using Milli-Q+ (Millipore) water of resistivity not less than 18 MQ
cm. All glassware, electrodes, the ultrasonic probe and the stainless steel
cooling coil were soaked into diluted nitric acid (ca. 1 M) and thoroughly rinsed
with purified water before use. The pH of the blood solution was measured
using an E6121 pH-meter (Evikon, Estonia). The content of Cd*", Pb*" and
Zn*" ions in used buffer/supporting electrolyte was electroanalytically measured
using a hanging mercury drop electrode system. Obtained results were taken
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into account in the selection of buffer/supporting electrolyte concentration for
following electrochemical studies. (See reference [I] for additional details.)

For the analyse amount of 0.01 M acetic buffer (pH = 4.60) supporting
electrolyte solution was 50 mL. The low concentration of buffer/supporting
electrolyte solution was used to minimise solution contamination due impurity
of used reagents. Human blood samples were analysed without any additional
preparation except dilution with the buffer/supporting electrolyte solution. The
best results were obtained at the 50 times dilution of the blood sample in
buffer/supporting electrolyte solution. Less diluted blood samples (for example
at 25 time’s dilution) caused blocking of the electrode surface and after 3—4
potential sweeps the peaks corresponding to the cadmium oxidation
disappeared. At the 100 times dilution of blood samples the cadmium oxidation
peaks were not clearly expressed.

To visualise destructive effect of 20 kHz ultrasound we made some optical
photos. First 1.0 ml of blood sample was taken to make 50 ml of 1:50 diluted
blood in 0.01 M acetic buffer (pH = 4.60) solution. Some drops of this blood
solution was taken and fixed between two glass plates and exposed under
microscope system “Axiophot 2” (Zeiss, Germany). Healthy red blood cells
were observed. One ordinary red cell was exposed and photographed (figure
8 A). Next we sonicated previously obtained solution for 30 s (I = 67.2 W/cm?)
using the same apparatus and electrochemical cell as for sono electrochemical
studies. Healthy red blood cells were disrupted completely to little particles and
no non-disrupted cell were found (figure 8 B). This disruption process should
enhance the liberation process of trace metal ions.

Prior to obtaining the voltammetric measurements, all solutions were
deoxygenated for at least 20 min using Ar gas (MESSER, purity 99.993%).
After addition of Cd*" standard solution, the samples were deoxygenated and
mixed for a period of 180 s. Cadmium was preconcentrated i.e. deposited in the
presence of ultrasound at a potential of —1.4 V vs. Ag/AgCl. The equilibration
time between preconcentration and anodic stripping was 20 s. During the
analytical oxidation step the potential was swept over the range —1.0 V to
—0.6 V, thereafter the standby potential +0.15 V was applied. The differential
pulse parameters used were: 5 mV step potential, 50 mV modulation amplitude,
0.01 s pulse modulation and 0.1 s interval times. The background concentration
of cadmium ions in the supporting electrolyte solution, detected using the
scheme described above was subtracted from the results obtained. In order to
stabilise the working electrode four deposition — stripping (reduction-
oxidation) cycles were carried out before recording the series of anodic
stripping voltammograms for Cd*" ions.
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Figure 8. The disrupting effect of applied ultrasound. A — a red cell image in 1:50
diluted blood (0.01 M acetic buffer, pH = 4.60). B — the same blood solution after 30 s
sonification (I = 67.2 W/em®). A digital microscope “Axiophot 2” (Zeiss, Germany) was
used for making blood cells images. Scale unit on the images is 20 pm.

The anodic stripping peaks corresponding to the oxidation of cadmium
deposited on the electrode occurred at — 0.74 V vs. Ag/AgCl. In the presence
of 2% whole human blood, anodic stripping peaks corresponding to the
oxidation of cadmium preconcentrated at the working electrode were followed
at — 0.72 V vs. Ag/AgCl. Typical differential pulse voltammograms in the
presence of ultrasound for the samples containing 2% blood are shown in figure
9. The calibration plot, showing the dependence of the cadmium oxidation peak
height on cadmium ions concentration in the sample, obtained using
microadditions of 1.0 x 10°M Cd*" solution, was linear in the range
1.0 x 10"°M to 4.0 x 10° M Cd*" with excellent correlation of the experimental
results (R*=0.999). This demonstrates that sensitive quantitative measurements
of cadmium ions content can be obtained (Fig. 10). At concentrations above
4.0 x 10 M the calibration curve became non-linear.

The value of the background concentration of cadmium ions in the suppor-
ting electrolyte (5.3 + 0.4) x 10" M (0.0060 + 0.0004 pgL ™) was subtracted
from the total value obtained for the analysed sample. The standard
microaddition method provided average cadmium content of 9.8 + 0.6 nM
(1.10 £ 0.07 ugL™") in whole human blood (background corrected). This result
was close to the value of the reference analyse 11.8 = 0.4 nM (1.30 + 0.05 pgL ™)
obtained using atomic absorption spectroscopy, analytical method described in
detail in [133]. The results of individual measurements can be seen in Table 1

[1].
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Figure 9. Differential pulse anodic stripping voltammogram of aqueous solutions
prepared by mixing of 1 cm® human blood and 50 cm® 0.01 M acetic buffer supporting
electrolyte (pH = 4.6): A — sample, B — 10 uL, C — 20 uL, D — 55 puL, E — 80 uL and
F — 130 pL of 1.0x10° M Cd*" standard solution added. An Ag/AgCl (in 3 M KCl
solution) reference electrode was used.
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Figure 10. Standard additions plot of Cd*" ions in the aqueous solutions prepared by

mixing of 1 cm® human blood and 50 cm® 0.01 M acetic buffer supporting electrolyte,
R*=0.999.
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Table 1. Determination of cadmium ions in 2% human blood solution using sono
DP-ASV and independent AAS analysis.

Test  [Cd*]/nM Mean RSD/%  [Cd*'Y/ Mean  RSD/%

No (DP-ASV) [Cd*)/nM  (DP-ASV) nM  [Cd*')/nM (AAS)
(DP-ASV) (AAS) (AAS)

1 9.52 11.9

2 9.25 9.81 6.2 11.4 11.8 3.1

3 10.7 12.1

The cadmium ion concentrations in human blood of medical interest are above
10 pgL " (ca. 90 nM) [128] and the corresponding relative errors of the results
obtained using sonovoltammetric stripping measurements were within + 5%.
The results obtained for the blood samples spiked up to level 10.0 pgL™
(89.0 nM) Cd** can be seen in Table 2 [I].

Table 2. Determination of cadmium ions from spiked blood sample containing
10.0 pgL™" (89.0 nM) Cd** using ASV.

TestNo [Cd*]/nM  Mean [Cd*"]/nM Recovery /% SDV/nM  RSD /%
1 87.2

2 92.5 87.8 99 4.2 4.8
3 83.6

4.2 Determination of Zn** ions from blood
by sono-double extraction method

Zinc ions are naturally present in blood at a high level (typically 10~ M [134])
with deviations from normal used for the early diagnosis of certain illnesses
[135]. In human beings, chronic metabolic disturbances may result from an
excess or deficiency of zinc ions [136]; clinical features of deficiency include
testicular atrophy, skeletal maturation and retardation of growth [4]. The
measurement of red blood cell zinc ions concentration has been reported to be
able to discriminate between hyperthyroid Grave’s disease and transient
thyrotoxicosis [137] while it may be a prognostic indicator of the sepsis
syndrome in infancy [138].

Zinc ions in blood are usually analysed using variations of atomic absorption
spectroscopy (AAS) [139, 140], such as graphite furnace AAS [141],
microwave assisted mineralization and flow injection AAS [142], derivative
microsampling flame AAS [143] or inductively coupled plasma mass
spectrometry (ICP-MS) method [144, 145]. Szpunar et al [135] has pointed out
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that although ICP-MS plays an important role in analytical laboratories, the
determination of copper- and zinc ions can be plagued by several spectral
interferences [135].

Uniquely Sun [146] has determined zinc ions in blood by digesting the
sample by heating with nitric and perchloroic acids followed by analysing via
differential stripping potentiometry.

Trying to find the best solution for zinc ions electroanalytical determination
in blood it was studied at bare GC and BDD as well as Nafion® film coated GC
working electrodes [V].

The most reliable results were obtained using sono-double extraction method
using dithiazone as complexing agent [II, III, V]. Test of this analytical method
was performed using artificial, toothpaste and shampoo samples [I1].

All reagents were used as received without any further treatment. Shampoo
and toothpaste were obtained from a local pharmacy. All subsequent solutions
were made using deionised water of resistivity not less than 18.2 MQ cm
(Vivendi water systems, UK) (See [II] for additional details). A three electrode
arrangement was used in the electrochemical cell with a glassy carbon (3 mm
diameter, BAS, Indiana, USA) or boron-doped diamond (5§ mm X S5mm,
DeBeers Industrial Diamond Division, Ascot, UK) serving as the working
electrodes, with a bright platinum wire used as the counter electrode. A
saturated calomel reference electrode (SCE) (Radiometer, Copenhagen,
Denmark) completed the circuit (following values of working electrode
potentials are recalculated to Ag/AgCl (in 3 M KCI) reference electrode values
for better comparing). The glassy carbon-working electrode was polished in
between experiments using diamond-lapping compounds. The BDD was
cleaned using 3 uM alumina polishing compound, then rinsed to remove any
surface residue. Voltammetric measurements were carried out on a
p — Autolab (ECO-Chemie, Utrecht, Netherlands) potentiostat.

The ultrasonic horn used in this work was a model CV 26 (Sonics and
Materials Inc. USA) with operating frequency of 20 kHz fitted with a 3 mm
diameter titanium alloy microtip (Jencons, Leyton Buzzard, UK), with the
intensity of the ultrasound being determined calorimetrically [95]. The working
electrode was placed in a face-on arrangement to the ultrasonic horn [II].

The electrochemical cell was thermostated with a stainless steel cooling coil
at a constant temperature of 221°C (£2°C). The volume of the extraction
solution was sufficient for the horn to be immersed beyond the shoulder of
stepped tip. This was essential to ensure an efficient mixing regime in the
biphasic system. Solutions were de-aerated and mixed with nitrogen gas
(99.99+%, BOC, Manchester, UK).

Square-wave anodic stripping voltammetry was explored using a —1.97 V vs.
Ag/AgCl deposition potential for 120 s followed by a potential sweep in the
potential range of —1.87 V to 0.03 V vs. Ag/AgCl, for increasing additions of
zinc ions to pH = 6.7 phosphate buffer (amplitude 25 mV, frequency 50 Hz).
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A linear response over the range 0.1-5.1 uM was observed with the limit of
detection found to be 8.1 x 10°* M, further additions resulted in the calibration
plot “curving”. Next, the deposition Zn>" was investigated with the application
of an (non-optimised) acoustic field during the deposition procedure. It was
found in order to achieve a similar limit of detection, a much shorter 20 s
deposition time was required at — 1.97 V vs. Ag/AgCl, with the application of
the acoustic field (120 W cm ). Well-defined voltammograms were observed
for a horn to electrode distance of 5 mm. Clearly, the silent deposition of BDDE
has a lower limit of detection compared to glassy carbon, consistent with the
low background currents, which is characteristic for this material [II], while
applying ultrasound during the deposition procedure, the analytical sampling
time may be decreased.

The double extraction procedure was investigated for the detection of zinc
ions using the ligand dithiazone. 10.0 mL (5.0 mM) dithiazone in chloroform
was insonated with 10.0 ml aqueous solution of zinc ions (pH = 10) containing
0.50 mL of 0.050 M sodium thiocyanate in ethanol, 10.0 mL (0.40 M)
ammonium citrate and 10.0 mL (9 M) ammonia. The microemulsion was then
left to equilibrate back into two phases (within minutes). The organic phase was
separated and insonated with 1 M sulphuric acid for 60 s. This aqueous phase
containing the zinc ions was then added to an electrochemically clean aqueous
volume of 0.7 M phosphate buffer in which the electrochemistry was done. This
involved an insonated deposition step of 60 s —1.97 vs. Ag/AgCl on either
glassy carbon or boron doped diamond followed by silent stripping step in the
potential range of —1.97 V to 0.03 V vs. Ag/AgCl. The extraction process using
the dithiazone ligand was investigated for various ranges of zinc ions
concentrations. These are summarised in Table 3 [II].

Table 3. Extraction results for the determination of zinc ions extracted from 40 mL of
aqueous phases contained: 10.0 mL of zinc ions samples with different concentrations,
10.0 mL chloroform solution of [L] = 5.0 x 10° M, 10.0 mL (0.40 M) ammonium
citrate, 0.5 mL 0.050 M sodium thiocyanate in ethanol, 10.0 mL (9 M) ammonia. For
back-extraction to aqueous phase 10.0 mL of 1.0 M sulphuric acid water solution was
used.

[L]:[Zn*"] Spiked Zn*"/ M Detected Zn’'/ M Extraction efficiency / %
5:1 1.00 x 10°° 8.50x 10" 8542
50:1 1.00 x 107 9.60 x 10~ 96 +2
500:1 1.00 x 107 1.01 x 107 101 £ 1

For the determining the amount of zinc ions in toothpaste 1.10 g of toothpaste
was dissolved in 10.0 mL (0.40 M) ammonium citrate. This formed solution
was then filtered to remove non-dissolved species deriving from toothpaste
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additives. Finally 10.0 mL water, 0.50 mL of 0.050 M sodium thiocyanate in
ethanol, and 10.0 mL (9 M) ammonia was added giving total volume 30.0 mL
of sample solution. This solution was then insonated with 10.0 mL of 5.0 mM
dithiazone in chloroform for 240 s. Two different phases were allowed to sepa-
rate and the organic phase containing the bound ligand was removed and
insonated with 1.0 M sulphuric acid for 240 s. 2.0 mL sample of the aqueous
phase containing zinc ions was transferred into the sonoelectroanalytical cell
and diluted with 18.0 mL water. Using square-wave anodic stripping
voltammetry, the zinc ions content was quantified by using the standard
addition technique, which involved applying a 20 s deposition at —1.97 V vs.
Ag/AgCl (in 3M KCI) for the silent case, or a 5 s deposition step at —1.97 V vs.
Ag/AgCl (in 3 M KCl) with the application of 120 W c¢m > ultrasound at a horn
to electrode distance of 10 mm.

The corresponding voltammograms of standard additions of Zn*" ions for a
5 s deposition at 1.97 V vs. Ag/AgCl using ultrasound is shown in figure 11,
with the standard addition plot found to be linear (figure 12). The measured
amount of zinc ions was 1.30 x 10°* M (8.5 mg dm™), which is in close
agreement with the manufactures reported value of 1.1 x 10* M (7.2 mg dm™).
It was observed in the absence of ultrasound that the voltammetric signals were
non-linear and unresponsive to increasing additions of zinc ions, however the
application of an acoustic field produced quantifiable and reproducible signals.
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Figure 11. Voltammograms of zinc (II) ions measured in the toothpaste extract: A —
sample, B— 0.5 uL, C—5.5uL, D - 15.5 uL, E—-25.5 uL, F - 35.5 uL and G — 65.5 uL
of 0.1 M Zn*" standard solution added. Deposition time 5 s under sonification horn to
working electrode distance 10 mm and I = 120 W/cm?® applying deposition potential —
1.97 V vs. Ag/AgCl (in 3 M KCl).
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Figure 12. Standard additions plot of Zn*" ions in the back extract of toothpaste sample
in 0.5 M sulphuric acid supporting electrolyte, R* = 0.990.

For blood analysis same electroanalytical condition were used as noted above.
The ultrasonic generator used was a model VCX 5000 (Sonics and Materials,
USA) horn equipped with 3 mm diameter titanium microtip emitting 20 kHz
ultrasound with an intensity of 49 Wem * as determined calorimetrically which
was used for emulsifying the aqueous and organic phases. The volume of the
extraction solution was sufficient for the horn to be immersed beyond the
shoulder of stepped tip; this is essential to ensure an efficient regime in the
biphasic system.

The optimum deposition potential of zinc ions on boron-doped diamond
working electrode was investigated and found again that a potential of —1.97 V
vs. Ag/AgCl (in 3 M KCI) produced the optimum amount of deposition material
(avoiding intensive hydrogen gas evolution). An optimised deposition potential
of 300 s was found to produce a detection limit of 1.55 x 10°® M with additions
of increasing concentrations of zinc ions found to be linear over the range
0.2-1.3 x 107 M.

100 pL of the sample was diluted with 9.9 mL of water, 10.0 mL (0.40 M)
ammonia citrate, 500 pL of 0.050 M potassium thiocyanate (ethanolic solution)
and 10.0 mL (9 M, pH = 10) ammonia solution. Finally, 10.0 mL (5.0 mM)
dithiazone in chloroform was added and insonated for 240 s applying an
intensity of 49 W cm >, Than, the lower chloroform phase was separated and
insonated with an equal volume of 1 M sulphuric acid to decompose metal-
ligand complex. The formed mixture was allowed to separate again, before the
lower organic phase containing impurities was discarded, while the acidic
aqueous phase (pH ca. 1) was allowed to analyse. The aqueous extraction
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sample (10 mL) was diluted with an equal volume of pure water within which
the electroanalysis was performed. Electrochemical anodic stripping
voltammetric measurement was performed on bare boron doped diamond
electrode having better sensitivity than ordinary GCE [II, V]. The volume of the
initial blood sample was sufficient to provide accurate and low volume
sampling (less hazardous), while increasing volume resulted in longer and poor
separation during the extraction process.

The voltammetric response of zinc ions after sono double extraction of blood
sample was studied in quiescent mode on BDDE using square-wave anodic
stripping voltammetry (amplitude 25 mV, frequency 50 Hz) in 20.0 mL of
solution containing 0.5 M sulphuric acid as supporting electrolyte. Using a
deposition potential of —1.97 V vs. Ag/AgCl (in 3 M KCI) for 300 s, an
equilibration time of 5 s and a potential sweep over the range —1.97 to —0.07 V
vs. Ag/AgCl, a well-defined oxidation signal was observed at —0.97 V wvs.
Ag/AgCl (Fig. 13).

The average amount of zinc ions was found to be 1.99 (+ 0.02) x 10° M
(1.30 £ 0.01 mg dm ) (number of analysis, n = 3), which is in good agreement
with the value of (1.74 + 0.1) x 10° M (1.14 + 0.07 mg dm™) (n = 3) obtained
from independent AAS analysis. An example of standard addition plot is
presented on figure 14.

Thus benefits of double extraction are clear. If these results are compared
with conventional ASV, in which a glassy carbon electrode is used in diluted
blood with an applied deposition time of 600 s —1.97 V vs. Ag/AgCl, a limit of
detection of ca. 100 times higher was found than is required for the direct
determination.

The rapid analysis (total time less than 60 minutes) and simple detection of
the zinc ions in blood has been shown to be possible by applying the
acoustically assisted double extraction technique, which requires only pinprick
size volumes of blood. Direct sonoelectroanalysis requires much larger volumes
of blood [31], while ASV analysis in diluted blood was unreliable [V].

This rapid technique is advantageous due to the low levels of target metal
ions that can be extracted and consequently analysed. Contaminants present in
the test solution will ‘prefer’ to remain in the initial aqueous phase, or will
transfer to the extractive organic phase, but are unlikely to be doubly transferred
into the clean final aqueous phase [147, II, III]. The application of ultrasound
(as opposed to mechanical stirring) is advantageous in creating an efficient
emulsification [148, 149], increasing the extraction rate and decreasing the
analytical analysis time.
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Figure 13. Square wave anodic stripping voltammograms of increasing additions of
zinc ions over the concentration in 0.5 M sulphuric acid solution: A — sample, B —
10 uL, C — 20 uL and D — 30 pL of 1.0x10* M Zn®" standard solution added.
A deposition potential —1.97 V vs. Ag/AgCl (in 3 M KCI) was applied during 300 s in
quiescent mode prior to the anodic stripping scan.
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Figure 14. Standard additions plot of Zn®" ions in the back extract of 100 uL blood
sample in 0.5 M sulphuric acid supporting electrolyte, R* = 0.999.
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4.3 Determination of Pb** ions in blood applying in-situ
deposited Bi boron doped diamond electrode

The toxicity of lead ions is well documented [33] and is of particular concern
due to the acute toxic effects experienced by children [150-152]. Normal lead
ion levels in blood lie in the range from 0 to 2 x 10”” M. [33] Jagner et al [150]
and Hoyer and Florence [12] reported that the clinically significant levels of
exposure to lead ions are in the micro-molar range.

Traditionally mercury film electrodes have been used in electroanalysis. For
example Jagner et al [153] investigated potentiometric stripping analysis for the
determination of lead ions in blood utilising a glassy carbon mercury film
electrode. Subsequently, Hoyer and Florence used Nafion® coated mercury
film electrodes for the determination of lead- and copper ions in clinical
samples via anodic stripping voltammetry [12]. They demonstrated, that the
only sample pre-treatment of the blood required was dilution with hydrochloric
acid. Recently Mathieu and co-worker have reported potentiometric stripping
analysis for lead ions in blood [154]. Nevertheless, the preparation of the
Nafion® coating is time consuming, difficult to prepare and potentially
irreproducible [V]. As noted in the introduction section, the toxic nature and
risks associated with mercury have led to some restriction in its use with
complete bans in some countries. One possible way to avoid the use of mercury
is the use of new electrode substrates like BDD which has a low level
background currents and an attractive wide range of ideal polarisability in
aqueous media [67, 155-158]. For example, BDD has been used in the
electroanalytical quantification of manganese ions in instant tea [67] and
cytochrome C [158]. The sensitivity of these bare-electrodes can be increased
applying sonication during the deposition period, permitting the detection of
trace metal ions in otherwise passivating media where normal electroanalysis
can fail [159].

Recently bismuth modified electrodes have attracted attention and have been
described as “environmentally friendly” having a low toxicity compared to that
of mercury [72, 73]. Wittstock and co workers [76] first described the use of a
bismuth-modified platinum electrodes for glucose oxidation. Later, Wang has
tested the bismuth film electrode and exploited its use in electroanalytical
detection of trace metal ions [72-74, 79-81, 160, 161]. Bismuth-film carbon
paste electrodes have been also been proposed [83, 162]. These can be
generated in-situ by involving bismuth (III) ions, alternatively the bulk of the
carbon paste is modified with bismuth (III) oxide which can be reduced to
bismuth at the electrode surface [83, 162]. However, the limited number of
published work on bismuth film electrodes deals with insights into the
behaviour of bismuth film electrodes in ASV. To our knowledge Kefala and co-
workers are the only group to have used bismuth for real sample analysis,

32



namely in the quantification of lead- and zinc ions in tap water and lead ions in
human hair using a rotating bismuth film glassy carbon disc electrode [163].

Our target was to study the applicability of bismuth coated electrode [VI] for
the determination of lead ions in blood instead of mercury coated ones. As first,
we studied the stability of Bi coating on GCE. All reagents were used as
received without any further purification [VI].

A three electrode electrochemical measurement system was used in the
electrochemical cell with a glassy carbon disc (3 mm diameter, BAS, USA)
serving as the working electrode, and a large area bright platinum wire used as
the counter electrode. A saturated calomel reference (Radiometer, Copenhagen,
Denmark) electrode completed the circuit (following values of the working
electrode potentials are recalculated to Ag/AgCl (in 3 M KCI) reference
electrode values for better comparing with other data). Voltammetric
measurements were carried out on a p-Autolab (Eco-Chemie) potentiostat. The
glassy carbon working electrode was polished between experiments using
diamond-lapping compounds [IV]. The ultrasonic generator used was a model
VCX 5000 (Sonics and Materials, USA) horn equipped with 3 mm diameter
titanium microtip emitting 25 kHz ultrasound where an amplitude of 10% was
found to correspond to 57 Wem @ as determined calorimetrically [IV]. The
electrochemical cell was thermostated with a stainless steel cooling coil at a
constant temperature 22°C (£2°C). Solutions were de-aerated and mixed with
nitrogen gas (99.99+%, BOC, Manchester, UK). AFM measurements were
performed using a Digital instruments MultiMode SPM system operating in
contact mode. A type ‘J’ scanner with x and y limits of 125 um and a z limit of
6 um was used with standard silicon nitride tip (type 'NP') (supplied by Digital
Instruments) with a force constant of approximately 0.32 N m'. Scans were
collected at a scan rate of 1 Hz [IV].

A polished glassy carbon working electrode was modified with bismuth by
deposition from a 0.48 mM solution of bismuth (III) nitrate in 0.1 M sodium
acetate buffer (pH = 5.2) at a potential of —1.17 V vs. Ag/AgCl for 360 s; this is
similar to the procedure of Wang et al. The deposited bismuth was then
electrolytically oxidised by sweeping the potential from —1.17 V to 0.43 V vs.
Ag/AgCl. This plating — sweeping (reduction-oxidation) sequence was
repeated until a consistent oxidation peak was achieved. Under these conditions
well-defined oxidation (stripping) peak of bismuth was observed at —0.005 V
vs. Ag/AgCl, which is in excellent agreement with that reported by Wang et al
[72, 79]. From integration of the bismuth-oxidation peak, the mean thickness of
the deposit was found to be ca. 75 nm. Then a bismuth modified glassy carbon
electrode, newly prepared as described above, was placed into a 0.1 M sodium
acetate solution (pH = 4.6) in a face-on arrangement under the ultrasound
source (10 mm horn-to-electrode distance) and subjected to 60 s of insonation
(I =57 W cm ). Upon termination of the ultrasound, the bismuth deposit was
swept in the potential range —1.17 V to 0.53 V vs. Ag/AgCl (under quiescent
conditions), to see if any bismuth had been ablated from the applied ultrasound.
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This was then repeated at longer insonation times. A plot of peak area i.e.
charge of the bismuth oxidation peak plotted against increasing periods of
ultrasound is shown in figure 15 [IV].

Experiments showed initial decrease in the bismuth oxidation signal (to ca.
21% of the original peak) after 15 s of applied ultrasound, but further insonation
of the bismuth-modified electrode leads to no further change [IV]. Additional
voltammetric tests of sensitivity with Zn- and Cd ions [[V] showed again the
applicability of Bi coated electrodes in electroanalysis. As follows, the
elaborated analytical method was tested on blood samples. All reagents needed
for this test used as received without any further purification (see for details in
[VI]). A three electrode system was used in the electrochemical cell with a
boron-doped diamond electrode (3 mm diameter, available from Windsor
Scientific Ltd, UK) serving as the working electrode, with a large area bright
platinum wire used as the counter electrode. An Ag/AgCl (in 3 M KCI)
reference electrode (Metrohm, Switzerland) electrode completed the circuit.
Voltammetric measurements were carried out on a PGSTAT 30 Autolab
potentiostat (Eco-Chemie, Utrecht, Netherlands). The BDD electrode was
polished with alumina gel (0.05 micron, Buehler, USA) which was rinsed
before use with ethanol.
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Figure 15. Stability of a bismuth film coated glassy carbon electrode monitored by the
bismuth oxidation signal as a function of the duration of applied ultrasound to the
bismuth film. The bismuth film was prepared using square-wave anodic stripping
voltammetry from a 0.48 mM bismuth (III) solution in 0.1 M sodium acetate buffer
(pH = 4.6) using a 360 s deposition at a potential of —1.17 V vs. Ag/AgCl. Applied
ultrasonic intensity was 57 W/cm® at the electrode to horn distance 10 mm.
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The used ultrasonic generator was a model VCX 5000 (Sonics and Materials,
USA) horn equipped with 3 mm diameter titanium microtip emitting 20 kHz
ultrasound with an amplitude of 20% found to correspond to an intensity of 24
W cm as determined calorimetrically [VI]. Blood samples were prepared and
supplied by Clinic of the University of Tartu. The blood samples were prepared
as follows: 200 mL of blood sample was mixed with 100 mL of a solution
containing 327 mg citric acid monohydrate, 2.63 g sodium citrate, 251 mg
sodium dihydrogenphosphate dihydrate and 2.55 g D-glucose monohydrate in a
total aqueous volume of 100 mL. The samples were centrifuged into two phases
with the phase containing the erythrocytes used for analysis.

The concentrations of lead ions in blood were verified via independent AAS
using the method of Muzyka et al [133]. Then knowing the starting
concentration of lead ions in blood, the blood was easily and accurately spiked
to the required levels.

A 0.1 M nitric acid (pH 0.9) solution containing 4.0 x 10~ M (82 ppb) lead
ions was first prepared. Low pH value was selected since Jagner with co-
workers [153] and Florence with co-worker [12] have previously shown that
lead ions are completely and instantly released from the blood matrix under
these conditions. Square-wave anodic voltammetry at BDD electrode using a
deposition potential of —1.4 V vs. Ag/AgCl for 120 s was explored. As can be
seen in figure 16 wave A, a relatively small lead oxidation peak is observable at
— 0.5 V vs. Ag/AgCl. Next, the SW-ASV was re-run with an addition of
1.2 x 10° M Bi*" ions. As is shown in figure 16, wave B, the bismuth oxidation
peak is clearly visible at 0.0 V vs. Ag/AgCl while the lead oxidation peak has
considerable increased in magnitude, suggesting bismuth can be used to
increase the sensitivity of lead ions detection. At this pH, good separation of the
two oxidation peaks is visible.

A sample of blood was spiked with Pb*" ions to give a final concentration of
5.00 x 10° M. This value in the undiluted blood sample corresponds to an
exposed person, which is in the clinical range of interest [33]. The sample was
then diluted by a factor of one part blood to 50 parts 0.1 M nitric acid
(pH = 0.9) to give a final concentration of 1 x 10" M (21 ppb) of Pb*" ions.
Using SW-ASYV via an insonated deposition time of 300 s, the magnitude of the
lead oxidation peak was monitored as the deposition potential was changed.
A sharp increase in the lead oxidation peak was observed between —1.0 V and
—1.7 V vs. Ag/AgCl. After this potential the peak height slowly increased
reaching a plateau at —2.7 V vs. Ag/AgCl. A large overpotential is required to
achieve optimised conditions.
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Figure 16. Square-wave anodic stripping voltammetry for 4.0 x 10~ M lead ions (curve
A) in a 0.1 M nitric acid solution, and then with 1.2 x 10°° M bismuth (III) (curve B) at
a boron-doped diamond electrode. Parameters: —1.4 V vs. Ag/AgCl deposition for
120 s, frequency 50 Hz, step potential 5 mV and amplitude S0 mV [VI].

It was noted that the mass transport effects of ultrasound removing gas formed
at the electrode surface and any possible surface passivating species make the
electroanalytical signal reproducible at this highly negative deposition potential.
The ultrasound intensity and working electrode to sono source tip optimisation
studies showed that an ultrasound intensity of 34.3 W cm > with a horn-to-
electrode distance of 10 mm produced the most enhancement [VI].

Next, the horn-to-electrode distance and intensity in blood was investigated
by monitoring the variation in peak height, as described above. It was found that
an ultrasound intensity of 34.3 W c¢cm* with a horn-to-electrode distance of
10 mm produced the most enhancement.

After optimisation of all needed technical parameters new clean blood
solution was prepared as described above, with the response of increasing
concentration of lead ions added to the solution was explored. Using SW-ASV
with a 300 s accumulation period at — 2.7 V vs. Ag/AgCl and insonation
(I = 343 W cm?), a linear response was observed over the range 4.3 x 107’
(89 pg dm™) to 3.0 x 10 M (6.2 ug dm) with a limit of detection found to
correspond to 4.2 x 10°® M (8.7 ug dm™) Pb*". Thus, the sensitivity seen in the
blood solution under quiescent conditions has increased from 35.8 A M
(silent) to 411.9 A M"' (insonated), which can be attributed to enhanced mass
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transport effects removing gas formation at the electrode surface and allowing
more negative deposition potentials to be used [VI].

Next sample of blood was spiked with Pb>" ions to give a concentration of
5.00 x 10°® M (1 ppm). This was diluted by a factor of one part blood to
50 parts 0.1 M nitric acid (pH = 0.9) to give a final concentration of
1.0 x 107 M (21 pg dm™) Pb*" jons in measurement cell. Previous experimental
tests showed that 1: 50 dilution is the minimum dilution to provide accurate
quantifications. Using SW-ASV applying an insonated accumulation time of
300 s at —2.7 V vs. Ag/AgCl, standard additions were performed on the blood
sample. Figure 17 shows typical voltammetric response from such addition to a
blood sample and figure 18 appropriate standard solution addition plot. The
average value of lead ions was found to be (4.85 + 0.02) x 10° M
(1.005 + 0.004 mg dm™) (n = 3), which is in excellent agreement with the
spiked value of 5.00 x 10° M (1.03 mg dm ) Pb*".

The inherent sensitivity of the above protocol is useful for distinguishing
between exposed (10°-10° M) and healthy persons (10 '—10"° M). This
suggests the above method could be used for clinical testing of lead ions in
other complex media such as urine and saliva.

20 ps

=me oM oT

-0 .8 -0 6 -0 .4 -0.2 o
E, W va. AglAgCl

Figure 17. An example of standard additions of Pb*" to a 1:50 diluted blood solution
using SW-ASV with an insonated accumulation time of 300 s at — 2.7 V vs. Ag/AgCl:
A — blank (1:50 diluted blood), B — after addition of 60 ul 4.8 mM Bi’*, C — 25.1 uL
(spikeing up to level 5.0 x 10° M level of Pb*" in blood), D — 2.5 uL, E — 7.5 pL,
F-12.5uL, G- 17.5 uL and H—27.5 uL of 1.0 x 10 *M Pb*" standard solution added.
An Ag/AgCl (in 3 M KCI solution) reference electrode was used.
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Figure 18. Standard additions plot of Pb*" ions to the aqueous solutions of 1:50 diluted
up to level 5.0 x 10°® M spiked human blood in 0.01 M acetic buffer supporting
electrolyte, R? = 0.993.
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CONCLUSION

In the present work the determination of Cd*, Zn*" and Pb*" ions in human
blood were studied employing sono voltammetric measurements.

Our attention was turned to blood analysis while it is most common media
for this kind of analyses giving detail overview due being in direct contact with
almost intestinal organs. In blood metal ions like Cd*" and Pb*" are bound
almost completely with red blood cells [15].

The accurate determination of the concentration of cadmium ions in human
blood [I] was demonstrated in an ultrasound enhanced electroanalytical system
without the additional need for previous sample treatment, which complicates
and lengthens the analytical protocol. The amount of cadmium ions detected in
human blood using the methodology of differential pulse sono anodic stripping
voltammetry on the ex-situ formed Nafion® coated glassy carbon mercury
(thin) film electrode was compared with the results obtained using AAS. These
results were in excellent agreement, showing the feasibility of the methodology
proposed here. We conclude that sonoelectroanalysis of cadmium ions from
human blood has the following advantages: minimal experimental procedure,
elimination of sample pretreatment, possibility for portable apparatus and
relatively inexpense compared with spectroscopic methods giving it the
potential to become a powerful and useful method for medical and environ-
mental purposes.

For the determination of zinc ions in media in which classical electro-
analytical methods are not viable, the double extraction approach based on
acoustic emulsification was used. Using the dithiazone as the ligand needed for
Zn*" ions extraction from the toothpaste and shampoo samples and the boron
doped diamond working electrode in the final electroanalytical step, the
measured concentration of zinc ions was found to be in close agreement with
the value obtained from independent AAS analysis [II]. The above described
and proved sono double extraction based approach for the determination of zinc
ions in highly passivating media was next applied for blood analysis [III]. The
amount of zinc ions found in the blood sample was again in close agreement
with the value obtained from independent AAS analysis.

A mercury free electroanalytical detection of Pb** ions in whole blood was
shown to be possible using an in-situ formed bismuth film modified boron-
doped diamond electrode. A sample of blood was spiked with Pb*" ions to give
a final concentration of 5.00 x 10°° M. This value in the undiluted blood sample
corresponds to an exposed person, which is in the clinical range of interest [33].
The average measured value of lead ions was in excellent agreement with the
spiked value of Pb*" ions. Detection limits in the order of 10® M in a 1:50
diluted blood solution are obtained with excellent inter- and intra reproduci-
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bility. This analytical protocol offers a rapid, sensitive, non-toxic method for the
clinical sensing of lead (II) ions in human blood over existing techniques.

As summary it can be concluded that three different methods for the
electrochemical analyse, employing ultrasound, of three main toxic trace metal
ions in human blood was developed [I, III, VI]. The connection of ultrasound to
the electroanalytical procedures improved the sensitivity as well as reduced the
total analyse time of the studied toxic metal ions in such complex matrix like
blood, toothpaste or shampoo [I, II, III, VI]. Also the continuous step for the
avoiding of the use of mercury in electrochemical analysis was done applying
bare as well bismuth coated BDDE for electroanalytical measurements [II, II1,
IV, VI]. These three different analytical methods of the determination of
Cd**, Zn** and Pb® ions in blood can be good base for the continuous
development of new series of electroanalytical methods for the determination of
the other trace metal ions in blood being under medical interest.
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SUMMARY IN ESTONIAN

Antud t66s uuriti Cd**, Zn*" ja Pb*" ioonide sonovoltamperomeetrilist mara-
mist inimverest, kuna meditsiinis on oluline teada lisaks haigust pShjustavale
toksilisele ainele/iihendile ka ta kontsentratsiooni. Meie téhelepanu koondus
vere uurimisele, kuna ta on kirjanduse andmete pdhjal iiks enamlevinumaid
analiiiisiobjekte andes tihtlasi nii meedikutele, kui ka analiiiitikutele {ipris tde-
truu pildi inimorganismis toimuvast. Enamlevinud uurimismeetodid eeldavad
tdnapdeval aatom absorbtsioonspektromeetrite voi induktiivpaar plasma mass-
spektromeetrite kasutamist raskmetallide analiiiiside tegemisel. Piilidsime luua
ja rakendada voltamperomeetrilisi analiliisimeetodeid, sest antud aparatuur on
odavam ja kaasaskantavam oma viiksemate mddtmete tottu. Lisaks sellele oli
eesmdrgiks lilhendada proovi ettevalmistusaega voi véltida seda hoopis
rakendades proovi eelddtlemiseks ja tooelektroodi pinna aktiivsena hoidmiseks
ultraheli.

Esimesena, rakendasime seda meetodit kaadmiumi-ioonide médramisel
inimverest ning kasutasime eelnevalt elavhobedaga kaetud Nafion® klaas-
siisinik elektroodi. Analiiiisiks kasutasime eelnevalt keemiliselt to6tlemata 2%
vere eriitrotsiiiitide (punaliblede) lahust. Kirjandusviite [15] pdhjal voib viita, et
Cd** ja Pb* ioonid ongi just vere eriitrotsiiiitides. Viljatootatud anaiitisimeeto-
diga médratud vere kaadmiumi-ioonide sisaldust vorreldi aatom absorbtsioon-
spektromeetrilisel (AAS) analiiiisil saadud tulemustega, mis olid omavahel viga
heas kooskdlas.

Tsingi ioonide voltamperomeetriliseks méaramiseks rakendasime sono to-
peltekstraktsioonilist proovi eelpuhastust kasutades ligandina ditisooni kloro-
formilahust. Tagasiekstraheerimisel saadud veefaasi analiilisiti voltampero-
meetriliselt boori lisandiga dopeeritud teemantelektroodil, mis omas korgemat
tundlikust tsingi-ioonide suhtes, kui klaassiisinik elektrood eelkdige tinu oma
madalamatele foonvoolu vaartustele [II, III]. Nenede mdotmiste tulemusena
madratud tsingi ioonide kontsentratsioonid langesid véga histi kokku sGltumatul
(AAS) analiiiisil saadud tulemustega [III].

Plii(Il) ioonide voltamperomeetriliseks madramiseks oli vaja veelgi suuren-
dada tooelektroodi tundlikust, kuna Pb*" ioonide sisaldus inimveres on ca. 100—
1000 viiksem, kui Zn*" ioonide oma, viltides seejuures elavobeda kasutamist,
kuna ta kasutamist piilitakse paljudaes maailma riikides piirata vdi hoopis
keelustada. Seepédrast otsustasime kasutada vismutiga kaetud todelektroodide,
kuna vismutit peetakse “keskkonnasobralikumaks” vorreldes elavhdbedaga [59,
60]. Meie [VI] kasutasime pidevalt taasmoodustuva vismutiga kaetud boori
lisandiga dopeeritud teemantelektroodi. Analiilisimeetodi véljatootamiseks ja
testimiseks lisasime Pb®" ioone vereproovile just nii palju, et saavutada
lahjendamata inimveres kontsentratsioon 5.0 pM, mis on meditsiiniliselt
kriitiliseks piiriks normaalse ja kdrgendatud plii (II) ioonide sisalduse vahel
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[33]. Viljatootatud analiilisimeetodi kontrollimisel saavutati hea kokkulangevus
analiiiisil méadratud ning eelnevalt lisatud Pb*" ioonide kontsentratsiooni vahel
[VI].

Kokkuvdtteks voib tddeda, et antud t6ds on viljatootatud kolm erinevat
meetodit kolme olulisima toksilise raskmetalli méadramiseks verest [I, 111, VI].
Samuti on edukalt tdestatud ultraheli kasulikkust elektrokeemilisel analiiiisil
[L, IL, III, 1V, V, VI] ja astutud jargmine samm elavhdbeda elektrokeemilises
analiiiisis véltimise suunas kasutades tema asemel piisavalt hea analiiiitilise
tundlikusega katmata ja vismutiga kaetud boori lisandiga dopeeritud teemant-
elektroodi [IV, VI]. Eelpoolnimetatud kolm viljatostatud Cd*", Zn®>" ja
Pb** ioonide verest miiramise elektroanaliiiitilist médaramismeetodit vdivad olla
uute meditsiiniliselt oluliste veres sisalduvate raskmetallide elektroanaliiiitiliste
midramismeetodite aluseks.
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