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Abstract

ABSTRACT

Nickel is a widely used metal which is toxic to hams. In particular, workers in the
nickel industry are exposed to high levels of nickéost dangerous are airborne nickel
compounds, which are increasing significantly thevplence of disease of the
respiratory tract in occupationally exposed peofdle. minimise long-term health
effects, a proper and frequent nickel exposuresagsent is crucial. Urine has shown to
be an accurate matrix to analyse for nickel expmswith 10 pg L' nickel exceed
normal levels found in urine and a detection ranfjinterest of 5 to 150 pgLfor
exposure assessment. An in depth literature rewiagvconducted to locate all available
rapid, cheap and portable nickel detection techesquvith a focus on spectroscopic,
bioanalytical and electrochemical methods. It wasnfl that the best technique to
detect nickel is adsorptive stripping voltammet&d$V), with dimethylglyoxime
(DMG) as chelating agent. Environmentally friengdlyreen-printed sensors were used,
based either on carbon, bismuth or gold workingtedeles. Factors influencing the
stripping performance at the electrodes, includingmonia buffer, bismuth and DMG
concentration, deposition time and interferencegaiton, were examined. The best
performance was achieved using either bare carbacrarelectrodes (BCE) covered
with Nafion or bare carbon microband-electrodes NHE}. After a preconcentration
time of 90 seconds the limit of detection was dateed at 3.0 pg tand 0.9 ug t for
the BCE and BCME, respectively. A good linearity? R0.99) up to 200 pgLnickel
was obtained at both electrodes. The applicalilitthe BCE covered with Nafion and
BCME in a direct measurement of nickel in a spikede sample was tested. However,
no meaningful results were achieved due to orgaampounds in urine, which
complex with nickel ions. Hence, for a feasibleedetination it is suggested to use a
pretreat method to extract the nickel ions, such aagification or magnetic

nanoparticles.

Keywords: Adsorptive Stripping Voltammetry, DimethylglyoximeMicroband-
Electrode, Nafion, Screen-printed Electrodes.






Abstract

ABSTRACT (GERMAN)

Nickel ist ein weit verbreitetes Metall, welchesi bdenschen Gesundheitsschaden
verursachen kann. Besonders betroffen sind Arbeiteler Nickel Industrie, die teils
hohen Nickelkonzentrationen in der Atemluft ausgdsesind. Diese berufliche
Exposition erhoht vorwiegend die Pravalenz von Kresiten des respiratorischen
Trakts. Um die gesundheitlichen Folgen zu minimerst es notwendig in
regelmaligen Abstdanden die Nickel Exposition zu tibmsen. Da die
Nickelkonzentration im Urin eine hohe Korrelation gner in Luft besitzt, ist sie
besonders dafur geeignet. Die normale KonzentratmonUrin liegt bei gesunden
Erwachsenen unter 10 pg/L und zur Bestimmung deo&&on am Arbeitsplatz wurde
ein Messbereich von 5 bis 150 pg/L gewahlt. AlsiB&dr die weitere Arbeit wurde
eine Literaturrecherche Uber schnelle, billige podtable Nickelsensoren, im Bereich
spektroskopischer, bioanalytischer und elektroceeh@r Methoden, durchgefuhrt. Als
besonders geeignet stellte sich das Verfahren Aldsgrptive Stripping Voltammetrie
(AdSV)“ mit Diacetyldioxim (DMG) als Chelatbildneheraus. Umweltfreundliche
Siebdruck-Elektroden, welche entweder aus Kohléndsmut oder Gold bestanden,
wurden zur Messung benutzt. Faktoren welche die sieg beeinflussen, wie
Ammonium Puffer, Bismut und DMG Konzentration, Afdaiungszeit und Methoden
zur Interferenz Verringerung, wurden untersuche Besten Ergebnisse wurden mit den
Kohlenstoff Elektroden (BCE) beschichtet mit Nafiomd den Kohlenstoff Microband-
Elektroden (BCME) erreicht. Nach 90-sekindiger Achrerungszeit wurde eine
Detektionsgrenze von 3.0 pg/L an der BCE und 0/ ag der BCME bestimmt. Des
Weiteren wurde eine hohe Linearitat (R?2 > 0.99)baiden Elektrodentypen und bei
Nickelkonzentrationen bis zu 200 pg/L beobachtet. Elgnung beider Elektrodentypen
wurde in einer direkten Messung einer mit Nicketsetzten Urinprobe untersucht.
Allerdings wurden keine aussagefahigen Ergebnissgele Dies lasst sich auf
organische Verbindungen im Urin, welche mit Nickemplexieren, zurickflihren. Es
wird daher vorgeschlagen die Nickel lonen zu exéram, etwa durch Sauerung der
Probe oder mit Hilfe von magnetischen Nanopartikeln

Schlagworter: Adsorptive Stripping Voltammetrie, DiacetyldioximMicroband-
Elektrode, Nafion, Siebdruck-Elektroden.
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General Introduction

1.1 OUTLINE

Nickel is a widely used metal in industrial apptioas and is also present in various
foods and beverages (ATSDR, 2005). It is toxic &ndwn to cause diseases of the
respiratory tract and the central nervous systenp{(&et al, 1997). Furthermore, its
classification as “carcinogenic to humans” is iagaration for nickel compounds by the
International Agency for Research on Cancer (IARQ10). In particular, exposure in
the nickel processing industry may be very highnt¢¢se occupational legal limits of

exposure are becoming lower to protect workersk@litstitute, 2007a).

The focus of this research is to develop a rapg@ap, portable and environmentally
friendly sensor for the determination of nickel egpre for mine workers. Urine as the
method of sampling has been chosen because @dewenient specimen for relating to
nickel exposure from inhalation and ingestion (Samthnet al, 1986a). Moreover, it is

possible to collect samples in a non-invasive aaslyevay. A literature review was
carried out to gain background information and ladé detection methods currently

used or developed for nickel. The results are sumsedhin chapter 1.

At the beginning a short discussion on backgrounfdrination is presented, including
chemical and physical properties as well as ocooage applications, and fate and
behaviour in the environment. The toxicologicalfpeoof nickel is then assessed with
an evaluation of the human exposure. The focusni®arupational exposure in the
nickel industry and occupational limits. All nickebmpounds present in air and their
influence on the nickel concentration in urine e&eitmined. In the following sections
the results of a literature review on all availabdgid detection techniques and their
properties with a focus on field based tools aszulsed, starting with spectrometric
methods, and followed by bioanalytical and electedgtical methods. Furthermore, a
short section is included dealing with the most own and referenced lab-based
methods, as well as the availability of alreadychasable sensors for the determination

of nickel in urine. In the final section the aimsdaobjectives of this study are presented.



General Introduction

1.2 NICKEL — BACKGROUND

Nickel is a silver white metal which was first disered in kupfernickeniccolite) by
Axel Fredrik Cronstedt in 1751 (Lide, 2008). Iltas element and in place 28 of the
periodic table. A picture of various nickel prodaican be seen in Figure 1.1.

Figure 1.1: Picture of various products made ousolid nickel (Nickel
Institute, 2007b).

The most important properties can be seen in ThldleFor the discussion of nickel and
its compounds it is important to know that nicketors in the oxidation states O, |, Il
and Ill. However, the most common form is*Nand states | and Il are not stable in
agueous solutions and can only exist under speciatiitions (Bradlet al, 2005).
Cobalt (atomic number 27) and copper (atomic nun2$rare the two neighbours of
nickel in the periodic table. These two elementgehguite similar properties compared
to nickel, primarily cobalt with an atomic weight $8.9332 (Lide, 2008). Hence, many
nickel detection techniques are particularly infloed by the presence of cobalt and
copper. Some further properties of nickel are thas one of three elements to be
ferromagnetic at room temperature, its mallealhe, ia a fair conductor of electricity
and heat (Lide, 2008).
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Table 1.1: Properties of nickel.

Symbol Ni
Atomic Number 28
Atomic Weight 58.6934 g mol**
Phase Solid
Group Metallic solids
Electron Configuration 2-8-16-2
Oxidation States 0, +1, +2, +3**
Melting Point 1455 °C*
Boiling Point 2913 °C*
Density 8.902 g cm3 (25 °C)*
* Lide (2008) ** Bradl et al. (2005)

Since nickel can form various compounds thesewanen appropriate, summarised in
groups with similar properties to simplify the dission in the different section. These
groups are metallic nickel (Ni), soluble nickel qooonds (such as nickel chloride
(NICly), nickel nitrate (Ni(NQ).), and nickel sulfate (NiS§) and less- or insoluble

nickel compounds (such as nickel subsulfide$Niand nickel oxide (NiO)).

A special case is nickel carbonyl (Ni(C@)a colourless liquid-metal compound, which
is highly volatilized and readily dissociates in ¢hi, 1994). It is considered to be one
of the most hazardous chemicals in the nickel ittgusiowever, it is industrially
produced by and for special procedures. Hencelaiispno role in the majority of

industrial processes and will not be discussedunhdetail in this thesis.

1.2.1 Occurrence and Applications

In order of abundance, nickel ranks"24 Earth's crust and"over all on Earth (Duke,
1980). The average concentration is 0.0086% andr@8pgectively. The typical average
concentration in ore deposits is between 1% and (Buke, 1980) and the most
important deposits can be found (in order of minmgput) in Russia, Indonesia,
Canada, Australia, and New Caledonia, all aboveQD@Otons in 2009 (Kuck, 2010). A
map showing all major nickel deposits worldwide ¢e@nseen in Figure 1.2. In Europe
nickel mines are found in Albania, Finland, Greeglacedonia, Norway, Russia and
Spain (Kuck, 2009).
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Figure 1.2: World distribution of significant sud® and laterite nickel deposits
(BGS, 2008).

In general there are two different types of niokeed mines (Warner, 1984). On the one
hand there are underground mines where magmafidesdre is raised. The igneous
rocks contain high concentrations of iron and magneVarious metals, but mainly
iron, nickel, copper and cobalt, are collected by tsulphur and form different
compounds. The nickel concentrations are in thgedmm 1% to 3%. On the other
hand there are surface mines where oxide ore oniegdes are raised. As before, the
igneous rocks contain high concentrations of irod magnesia. However, no agent is
collecting the metals. A process called chemicahtivering (occurs under tropical
climate conditions) forms compounds containing eickron and cobalt. Since this
process is known as laterization, the rocks arenofeferred to as laterite ore. These

rocks only contain 0.2% to 0.3% nickel.

Recovering nickel from ore usually includes crughiroasting, smelting and a refining
step (BGS, 2008). As discussed in the paragrapbréein nickel ore composition, the
majority of metals found in these industries nexnickel are iron, magnesia, copper
and cobalt. In particular, cobalt, due to its samiphysical and chemical properties
when compared to nickel, can occur in high conegioins. Before the refining step the
metal mixture consists of approximately 70% nickedl the rest is mainly cobalt (BGS,
2008).



General Introduction

The reported world consumption of nickel was 1.3fion tons in 2007, after an all
time high of 1.40 million tons in 2006 (Kuck, 2009he field of application is, first of
all, in the production of stainless steel and ottw@rosion-resistant alloys, but nickel is
also used in coins, ceramics, magnets, batteriégcagive glass a green colour (Lide,
2008). Nickel can be recovered from scrap; howeegorts from the United States of
America indicate that, due to the recession whielntesd in 2008, less scrap is now
collected and the low prices for nickel are makitsgrecycling less attractive (Kuck,
2009).

1.2.2 Fate and Behaviour in the Environment

The nickel cycle starts with the release of nicaafticulates, which are adsorbed to
particular matters, into the air from sediments amcks. Particles are distributed by
wind and are removed either through washout by aauh rainout or dry deposition or
gravitational settling (Schroedet al, 1987). Afterwards the nickel is deposited in the
world's oceans with an amount of 8 to 11 gigagrdmet deposition), 14 to 17
gigagrams (dry deposition) and 1,411 gigagrame(ire input) per year (Duce, 1991).

The nickel then sinks to the sea bed and is degzbaijain in the earth's crust.

Since most of the analytical methods provide dauanickel content rather than its
specific compounds or species, little is known d@btsuchemical form or chemical and
physical transformation (ATSDR, 2005). Nickel franthropogenic sources is thought
to be mainly present as oxide in air, whereas wowlb dust may contain mineral
species (Schroedast al, 1987). With OH, SQ? and HCQ, nickel forms strong
complexes in natural water; however, most of thistisg complexes are hydrated?Ni
(Rai and Zachara, 1984). The compounds and sptaies in soil depend largely on
the pH value of the soil (Sadiq and Enfield, 198d)acidic soils the major compounds
are NF*, NiHPQ, and NiSQ, and in alkaline soils these areNind Ni(OHY).

1.3 TOXICOLOGICAL PROFILE

In this report the focus is on human studies. Haxesgtudies on animals will be
considered when data from human studies are missinigsufficient. Furthermore,

within all exposure routes the emphasis will benakel inhalation, because this is the
major route workers are exposed to at their wodgla
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1.3.1 Toxicokinetics

Absorption: Nickel in air is absorbed in the upper and lowespiratory tract.
Approximately 20% to 30% of inhaled nickel is alis into the bloodstream, the rest
either stays in the respiratory tract, is swallowedexpectorated (ATSDR, 2005). The
absorption pattern depends on the respiratory arghthe chemical form, size, shape
and electrical charge of the nickel compound (ATSRB05). Particle size decreases
from the nasopharyngeal area (5 to 30 um) towdrdspulmonary alveoli (<lum).
Soluble nickel compounds are easily absorbed dsehion (N#*), whereas insoluble
compounds may be phagocytized or are stored imehgiratory tract (Torjussen and
Andersen, 1979; Dast al, 2008 ). According to a study by Patriareqal. (1997)
conducted on four human volunteers, 28.7% to 4Mmitgested stable nickel isotopes
were absorbed into the digestive tract. This wasethbaon data from faecal excretion.
Four days after administration, up to 49.6% ofdheorbed nickel was still not excreted
in the urine. Nickel may also be absorbed through sontact. According to a review
by the ATSDR (2005), absorption ability dependorsgty on the particular nickel
compound. Whereas 55-57% of nickel sulfate peregratiman skin within 24 hours,
only 0.23% to 3.5% of nickel chloride penetratderat 55 hours.

Distribution: Rezukeet al. (1987) carried out an autopsy study to examine the
distribution of nickel in non occupational exposadividuals (six men, four women).
The highest concentration in the contaminated argam be seen in Table 1.2. A study
on 15 deceasedccupational exposed workers revealed that theageeamount of
nickel in a lung is 50+150 mg Kgdry-weight (Svenes and Andersen, 1998) and in
general 100 to 150 times higher then in a controug (five men, five women). High
nickel levels can also be found in the nasal muadsaorkers exposed to insoluble
nickel compounds (Torjussen and Andersen, 1979)mpgamed to non exposed
individuals, higher concentrations of nickel can foeind in occupational exposed
workers (Torjussen and Andersen, 1979; Angererlaidhert, 1990). However, levels
are higher in workers exposed to soluble nickel poamds than in workers exposed to
insoluble nickel compounds (Torjussen and Andel€¥f9). Ingested nickel leads, after
1.5 and 2.5 hours, to a peak in serum (Patriared., 1997).
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Table 1.2: Nickel concentration in different
human organs (Data taken from Rezuke et

al., 1987).

Organ Mean Ni concentration
(kg kg * dry-weight)

Lungs 173194

Thyroid 141+83

Adrenals 132484

Kidneys 62+43

Heart 54+40

Liver 5031

Whole brain 44+16

Spleen 37+31

Pancreas 34425

Metabolism: Nickel binds mainly to albumin, but also to L-Hdhe, and a2-
macroglobulin in human serum to travel around witthe body. The low molecular
nickel-L-Histidine complex is able to cross cellmiganes (Sarkar, 1984). On the other
hand nickel forms strong non-exchangeable complexidsspecifica2-macroglobulins
(Sunderman, 1986a).

Excretion: Absorbed nickel in the respiratory tract is exedein urine (Torjussen and
Andersen, 1979; Hasslet al, 1983; Angerer and Lehnert, 1990). Excretion iects
can occur through mucociliary clearance via thetrgagestinal tract (Hasslest al,
1983). Higher nickel levels in urine are found imrikers exposed to soluble nickel
compounds compared to those exposed to insolubés ¢Bernakiet al, 1978;
Torjussen and Andersen 1979). Most ingested nickelot absorbed and excreted in
faeces; the nickel which is absorbed is mainly etext in urine (Patriarcat al., 1997).
However, their study showed that four days aftgestion between 18.0% and 49.6%
of the absorbed nickel was still not excreted imeirA minor amount of the absorbed
nickel is also excreted through sweat, bile, salhar and mother's milk (Sunderman,
1993). For more detailed informations about exoretsee also section 1.6 (Nickel

concentration in urine).
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1.3.2 Health Effects after Inhalation Exposure

Death: 13 days after a 38 year old man was exposed tao@881° metallic nickel in air
for 90 minutes he died due to an Adult Respiraistress Syndrome (Rendait al,
1994). Of the particles 64.6% had a diameter belodv um and it was estimated,
therefore, that he had inhaled one gramme of nidies lethal dose in air after 12 days
(during a 16 day period), and 6 hours and 10 mgeigosure per day is 10 mgirand
10 mg m® nickel subsulfite, and 30 mg3rand 7 mg M nickel sulfate for rats and
mice, respectively (NTP, 1996a and 1996b). No deatbre observed in the nickel
oxide groups, in levels up to 30 mg@rNTP, 1996c¢).

Systemic ToxicityA 38 old man who had been accidentally exposed8® &g n?
metallic nickel in air for 90 minutes showed a welhrked tubular necrosis of the
kidneys, alveolar wall damage and oedema in theotdv spaces (Rendat al, 1994).
However, this is just an isolated case. Many otftedies have investigated the effects
of nickel in air on all kinds of organs and systefseview by ATSDR (2005) came to
the following conclusion: There is no increased taddy among nickel exposed people
regarding non-malignamespiratory diseases. However, there is a highedemce rate
of chronic bronchitis and moderate pulmonary fimo&urthermore, human levels of
B-microglobolin in urine were influenced due to #aeretion of nickel from serum by
the kidneys. Among nickel exposed workers themoisncreased risk of suffering from
a cardiovascular disease. Animal studies showdanmmhation of the lungs and atrophy
of the nasal olfactory epithelium, but no muscué@setal, hepatic and endocrine effects
(NTP, 1996a, 1996b and 1996c¢). The results fronmlad@ogical, metabolic and body
weight animal studies were influenced by inflammatof the lungs. All animal studies
included rats and mice, lasted for 12 days (duaiig day period), exposure took place
via inhalation 6 hours and 10 minutes per day, r@inklel subsulfite, nickel sulfate and

nickel oxide were used.

Immunological Toxicity38 production workers in the nickel industry showedteased
levels of some immunoglobulins (IgG, IgA, IgM) asome proteinso@-macroglobulin,

al-antitrypsin, ceruloplasmin, lysozyme), as well decreased levels of the
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immunoglobulin IgE in serum (Benclkat al, 1986). Levels of exposure and the types

of nickel compounds were not evaluated.

Neurological ToxicityMaximum exposure level (up to 60 mg)ror 12 days (during a
16 day period) and 6 hours and 10 minutes pertdayickel subsulfite, nickel sulfate
and nickel oxide in air did not show any changehebrains of rats and mice, but there
was atrophy of the olfactory epithelium (NTP, 1996296b and 1996c).

Reproductive and Developmental ToxiciBpontaneous and threatening abortions were
reported twice as often from 758 women (232 pregesh working in a
hydrometallurgy refining plant compared to a cohgnmup (Chashschiet al., 1994).
Moreover, malformations among offspring from femalerkers were reported to be
three times higher as compared to a control grotp. nickel level in air was between
0.13 mg n# and 0.2 mg 4, and mostly present in the form of nickel sulfailewever,
their study struggles with some confounders, thestmimportant ones being heavy
lifting and exposure to heat. A study by Vaktskjetdal. (2008) did not find a statistical
significant risk for female nickel refinery workens Norway for an increased risk of
spontaneous abortions. However, a weak excesssrisst excluded. Exposure for two
years to nickel subsulfite (0.73 and 0.88 mg)mmickel sulfate (0.11 and 0.22 mg®mn

or nickel oxide (2 and 3.9 mg by rats and mice, respectively, did not show any
changes in the reproductive organs (NTP, 1996a6d.88d 1996c).

Carcinogenicity: Several epidemiological studies have already beemducted to
investigate the cancer rate among people occudiyoexposed to nickel. Two studies
which evaluated all kinds of cancer from nickel ex@d workers can be seen in Table
1.3. The cohorts were composed of 1155 nickel smahd refinery workers (Antillat

al., 1998) and 4764 nickel refinery workers (Anderséral, 1996). All workers were
mainly exposed to soluble nickel compounds andvaiked for at least three months
and one year in the nickel industry, respectivielyboth studies a statistically increased
incidence rate was found for lung, nasal and neaaty cancers. These outcomes are
supported by other studies which had their focugipan cancer of the respiratory
tract (Robertset al, 1989; Sandstromat al, 1989; Muiret al, 1994; Grimsrucet al,

10
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2002). A statistical small increased lung canceidience was also observed for workers
exposed to insoluble nickel compounds (Antiéfaal, 1998). However, the latency is
longer compared to workers exposed to soluble hickenpounds and exceeds 20

years.

Table 1.3: Observed and expected numbers and SlIRslected cancer types. (Data
taken from Andersen et al., 1996 and Antilla et998).

Antilla et al. (1998) Andersen et al. (1996)
Type of cancer Obs Exp SIR 95% Cl Obs Exp SIR  95%CI
All sites 71 69.5 1.02 0.80+1.28 749 531.2 14 1315
Stomach 9 5.7 157 0.72+2.97 45 48.2 09 0713
Colon 2 3.2 0.63 0.08+2.27 76° 69.2 1.1 00914
Rectum 2 2.6 0.76  0.09+2.74 76° 69.2 1.1 0914
Nose, sinuses 2 0.2 8.79 1.06+31.7* 32 1.8 18.0 12.3-25.4
Larynx 1 1.3 0.79  0.02+4.40 11 7.0 16 0828
Lung 21 15.1 1.39 0.86+2.13 203 68.3 3.0 26-34
Pleura 0 0.3 0.00 0.00+13.0 3 1.9 16 0.34.6
Prostate 6 7.1 0.85 0.31+1.84 129 91.1 1.4 1.2-1.7
Testis 0 0.9 0.00 0.00+4.17 7 7.8 09 0418
Kidney 3 3.0 1.00 0.21+2.90 19 19.6 1.0 0.6-15
Bladder 2 3.5 0.57 0.07+2.04 33 36.2 09 0.6-1.3
Skin melanoma 3 25 1.22 0.2545.36 21 17.3 1.2 0.819
Nenous system 3 2.9 1.02 0.21+2.98 12# 15.7 0.8 04-1.3
Haematopoietic tissue n.s. 34 43.0 0.8 0.6-1.1
Other specified sites n.s. 95 82.6 1.2 0914
Unspecified sites n.s. 29 21.5 1.4 0.9-1.9
Obs Obsened
Exp Expected
SIR Standardised Incidence Rate
Cl Confidential Interval
° Colon and rectum
* P <0.05
# Brain only

Amongst other evidence, these studies are the masbky the International Agency for
Research on Cancer will shortly classify nickel pounds “as carcinogenic to humans”
(IARC, 2010). In 1990, metallic nickel and nickdlogs had already been classified as

“possibly carcinogenic to humans”.

1.3.3 Health Effects after Oral Exposure

Death: Nickel subsulfate L) among male and female rats is 325 and 275 mdokg.,
respectively. Whereas for nickel oxide these valhres>5000 and >5000 mgkg.w.,
respetively (Mastromatteo, 1986).

11
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Systemic and Immunological Toxici§2 workers in an electroplating plant developed
symptoms including diarrhoea, vomiting, nausea,oabdal discomfort, cough and
shortness of breath after they drank water contat®ih with 1.63 g £ nickel
(Sundermaret al, 1988). The amount of nickel (sulfate and chloridegested was
estimated to be in the range of 0.5 g to 2.5 gvditx levels of blood reticulocytes,
serum bilirubin, and urine albumin were observeds@ven, three and two workers,
respectively. Symptoms disappeared within a fewrdhi@nd the workers returned to
their workplace after eight days. Furthermore, lgriamgested nickel sulfate can cause a
nickel contact allergy. Two studies (Hindsétal, 2001; Jensegt al, 2003) revealed
that the number of people which had flare-up reasticorrelates with the dose of nickel
sulphate ingested. In both studies the experimeat garried out one month after a

patch test and only nickel sensitive individualsevehosen for the experiment.

Neurological Toxicity:From 32 workers who ingested by accident 0.5 @.8og of
sulfate and chloride nickel in water, seven rembigeldiness, six weariness and five
headache (Sundermanal, 1988). Seven hours after ingestion of 50 ¢ lkgv. nickel
sulfate, a 55 year old volunteer developed a leffimbnymous hemianopsia
(Sundermaret al, 1989a). The visual impairment lasted for two Isopumowever, this
effect was not seen in any of the other volunteers) ingested 12 or 18 pg kdp.w.

nickel sulfate in water.

Reproductive and Developmental Toxiciys reviewed by ATSDR (2005), the results
regarding animal tests on reproductive toxicity em@nsistent. The studies regarding
animal developmental toxicity indicate an increakess and decreased survival rate of
mice (90.6 mg kg b.w. per day on gestational days 8-12) and r&sr(§ kg' b.w. per
day for 4 weeks prior to mating until lactationjspiring. Neurodevelopmental toxicity,
change in body weights and gross necropsy of abaldres was observed in offspring
from rats (30 mg kg b.w. per day for two generations). In all studieiskel chloride

was used.

Carcinogenicity: Female and male mice were exposed to 5 mMgickel acetate in

drinking water for a whole lifetime. Compared tcetbontrol groups there was no

12
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elevated risk of developing any kind of cancer {Belderet al, 1964; Schroeder and
Mitchener, 1975).

1.3.4 Health Effects after Dermal Exposure

Death:No reliable human or animal studies were locatgdnding dermal exposure.

Systemic and Immunological Toxicitilickel contact allergy is the main problem
concerning dermal exposure to nickel. A study catel by Uteret al. (2003) revealed
that 15.5% of 74,940 patients tested suffer fromtact dermatitis. The study was
carried out incontact dermatitis units iGermany and Austria with a patch test using
nickel sulfate, 5% irpetrolatum Another study by Menné (1994) shows that sweat ca
also release nickel chloride from nickel alloyscluding jewellery) and is more
allergenic than nickel sulfate. Moreover, Mennéniduhat the number of people with
nickel sensitisation increases after prolonged déoontact with nickel.

Neurological Toxicity:No reliable human or animal studies were locategiarding

dermal exposure.

Reproductive and Developmental Toxiciyo reliable human or animal studies were

located regarding dermal exposure.

Carcinogenicity:No reliable human or animal studies were locatghrding dermal

exposure.

1.4 HUMAN EXPOSURE

For the general population, the major source okeliexposure is from foods and
beverages (ATSDR, 2005). The highest concentrattansbe found in chocolate, nuts,
oatmeal and soybeans. The overall oral daily intakeound 130 pg nickel, compared
to 0.06 pg through breathing the nickel which osauaturally in air (EA, 2009). Nickel
uptake also takes place every time a cigarettenisked. Each cigarette contains 1 to
3 g, of which 10 to 20% is released into the sntbkeis inhaled (ATSDR, 2005).

13
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1.4.1 Occupational Exposure

The highest concentration of nickel is found inustties which are working with
nickel. The level and kind of exposure dependselgrgn the work areas in these

industries. The concentration ranges in differadustries are summarised in Table 1.4.

Table 1.4: Airborne nickel concentration in diffetendustries (ATSDR, 2005).

Industry Concentration range (uQgm -3)
Laterite mining and smelting 4-420
Stainless steel workers <1-189
Foundry operators LOD-900
Electroplating <2-<16
Nickel-cadmium battery manufacture 20-1,910
Nickel catalyst production from nickel sulfate 1-1,240
Production of nickel salts from nickel or nickel oxide 9-590
Production of wrought nickel and alloy from metal powder 1-60,000

LOD — Limit of Detection

Unfortunately, only one study on the level in akeicmine was located, from Riddle,
Oregon. Furthermore, the mine was decommission2@@®i (Kuck, 2002) and the data
are from the year 1984. However, it can be sedmlie 1.4 that the concentration in air
of other work areas may be, partly, much highen tinaa nickel mine. This is due to the
fact that nickel in ore only ranges from 1% to 386l ®.2% to 0.3% in sulfide ores and
oxide ores, respectively (Warner, 1984). Hencenibkel concentration in air may also
be relatively low. In general, workers assigned ojgerations involving grinding,
welding and handling powder are exposed to the dsgltoncentration of airborne
levels of nickel. In Table 1.5 the distributionfolir different nickel forms is illustrated.
During crushing and grinding, which can be expedtedake place in a mine, most
nickel occurs as sulfidic nickel. In the smeltingdaroasting process, the majority of
nickel is present in form of oxidic nickel, whereasall other processes it is soluble
nickel.

14
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Table 1.5: Nickel levels in air and distribution$ different forms of nickel as a
proportion (by weight) of total nickel in selectddpartments and time periods at a
nickel refinery in Norway (Grimsrud et al., 2002).

Department and Total nickel in Proportion of total ni ckel

period Air (mg m -3) Soluble nickel  Sulfidic nickel Metallic nickel Oxidic nickel
Crushing and grinding

1990-1994 0.7-1.4 0.12 0.72 0.11 0.04
Smelter

1910-1929 4.0 0.10 0.05 0.01 0.84
1930-1950 4.0 0.10 0.05 0.08 0.77
1951-1977 2.6-4.4 0.10 0.04 0.18 0.68
Calcining, smelting

1951-1977 1534 0.10 0.05 0.01 0.84
1978-1994 0.5 0.12 0.13 0.01 0.74
Roasting

1910-1977 1.9-53 0.10 0.15 0.03 0.72
1978-1994 0.4 0.15 0.05 0.00 0.80
Copper leaching

1910-1994 0.1-1.5 0.49 0.01 0.01 0.49
Copper electrolysis

1910-1994 0.03-0.2 0.80 0.04 0.04 0.13
Copper cementation

1927-1977 0.6-1.2 0.45 0.05 0.45 0.05
Electrolytic purification

1927-1977 0.2-0.5 0.80 0.03 0.15 0.02
1978-1994 0.03-0.2 0.98 0.01 0.00 0.01
Nickel electrolysis

1910-1977 0.1-0.2 0.87 0.05 0.01 0.08
1978-1994 0.03-0.1 0.83 0.04 0.02 0.11

1.5 LEGISLATION CONCERNING NICKEL EXPOSURE

For nickel exposure from air, water and food itriesre common to establish guidelines
rather than legal limits. In the United Kingdome ttlietary intake should not exceed 4.3
ug kgt b.w. per day and concentration in air should bdoasas 0.02 mg ra (EA,
2009). The tolerable daily intake proposed by tharl@vVHealth Organisation is 12 ug
kg! b.w. per day (WHO, 2006) and the lifetime riskdef/eloping cancer from nickel in
air is 1 in 100,000 at a concentration of 25 ng (WHO, 2000). Furthermore, there is
the European Directive 94/27/EC to limit nickelj@wellery and other materials which
may be in contact with skin (EU, 1994).

For occupational exposure, legal limits have beeh is many countries (Nickel
Institute, 2008). A selection of different limitart be seen in Table 1.6, with Finland and
South Africa having active nickel mines. As emasdtem the data, there are separate
limits for different nickel compounds and the limiwithin the European Union are not

uniform.
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Table 1.6: Occupational exposure limits establish®gd some major jurisdiction
(Adapted from Nickel Institute, 2008).

Country/Body Status of Standard Values of Standards *(mg Nim3) Reference
Metallic Insoluble Nickel Soluble Nickel Nickel
Nickel Species Species Carbonyl
Austria Current 0.05?[2.0 °] 0.052[2.0 %] 0.05?[2.0 ] 0.35[1.47] GKV 2007, 2010
Finland Current 1.0 0.1 0.1 0.007[0.021°]  Nickel Institute, 2008
South Africa Current 05 0.5[0.1 for subsulfide] 0.1 [0.2479 Nickel Institute, 2008
United Kingdom Current 05 05 0.1 0.24° HPA, 2009
United States Current* 1.0 1.0 1.0 0.007 Nickel Institute, 2008

1: 8-hour time-weighted average unless otherwise noted. All values refer to ‘total’ nickel unless otherwise noted.

2: This threshold limit value applies to nickel metal and alloys, nickel sulfide, sulfidic ores, oxidic nickel, and nickel carbonate in inhalable dust,
as well as any nickel compound in the form of inhalable droplets.

3. STEL=15-minutes, short-term standard.

4: In 1989, OSHA reduced the PEL for soluble nickel compounds to 0.1 mg Ni m. However, in July 1992, the U. S. Eleventh Circuit Court of Appeals set
aside and remanded the entire Air Contaminants Standard on the ground that OSHA's generic approach dealing with over 400 chemicals, including nickel,
in a single rulemaking effectively precluded OSHA from making the substance-specific findings of significant risk and the industry-specific findings of
technological and economic feasibility that are required by the Occupational Safety and Health Act. Accordingly, the PEL for soluble nickel compounds
rewerted to a level of 1.0 mg Ni m?, the same as the PEL for nickel metal and insoluble nickel compounds. The PEL for soluble nickel compounds may,
however, be lower than 1.0 mg Ni m® in individual states that have obtained OSHA's approval.

5: PEL = Permissible exposure limit.

1.6 NICKEL CONCENTRATION IN URINE

As defined in the Encyclopeaedia Britannica (20108§ tain constituents in urine are
water, urea, sodium, chloride, sulphate, potassiand phosphate. The exact

composition of urine and plasma can be seen ineThfl

Table 1.7: Relative composition of plasma and utm@&ormal men (Adapted
from Encyclopaedia Britannica, 2010).

plasma urine concentration molecular
gL!? gL! in urine formula

Water 900-930 950 — H,0
Protein 70-85 — —
Urea 0.3 20 x60 CHN,O
Uric acid 0.02 0.3 x15 CHN,O,
Glucose 1 — — CH,,0;
Creatinine 0.01 1 x100 CHN.O
Sodium 3.2 6 x2 Na
Potassium 0.2 1.5 x7 K
Calcium 0.1 0.15 x1.5 Ca
Magnesium 0.025 0.1 x4 Mg
Chloride 3.7 6 x2 Cl
Phosphate 0.03 1.2 x40 PO*,
Sulfate 0.03 1.8 x60 [SO,*
Ammonia 0.001 0.5 x500 NH,
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Urine is the by-product of the kidneys, when thggrete waste from plasma, which is
part of the blood. The pH value of urine of healff@pple is in the range from 4.8 to 8.4

(Lide, 2008). High values are mainly found amongetarians.

In section 1.3, it was discussed that absorbecdehielither through inhalation, ingestion
or skin contact, is mainly excreted in urine. Ttireate the range of concentration in
urine, studies on healthy adults, people with s&mé of nickel history and workers in
the nickel industry were reviewed. In Table 1.8ist apparent that the mean
concentration of nickel in healthy adults is beldwug L* and hardly any sample
exceeded 10 pug™L(ug g' creatinine). However, Ohaskt al. (2006) have reported

concentrations of up to 57 pugL

Table 1.8: Nickel concentrations in urine of hegjtadult persons (Adapted from
Templeton et al., 1994).

Country No. Mean £S.D. Range  Units Reference

USA 32 20+1.5 0.5-6.0 pglL? Sunderman et al., 1986b
Finland 299 4.1* 10.0° pglLt Kiilunen et al., 1987
France 55 1.59 + 1.67 NS ugt creatinine  Elias et al., 1989

USA 44 1.5+0.2 <0.5-4.6 pg*'creatinine Sunderman et al., 1989b
ltaly 878 0.9 0.1-3.9 pglL? Minoia et al., 1990
Taiwan 30 3.2+1.7 1.2-7.8 puglL? Lin, 1991

China 6 n.s. 0.94.7 puglL? Yang et al., 1998
Austria 100 0.85 0.01-9.48 pg!creatinine Zeiner et al., 2006
Japan 1000 2.1 <LOD-57 pgL? Ohashi et al., 2006

* Geometric Mean
°95™ Percentile
LOD - Limit of Detection

For the purpose of comparison, data from peopla soime kind of nickel history were
also looked at. In Table 1.9, the nickel concemmatin urine of people with
dermatological diseases (correlated to nickel) padple who live next to a nickel
processing industry are listed. The range is frotnup to 121.77 pggcreatinine. The
results are comparable to the concentration oftimegleople, except for one study of
people living next to various electroplating fagtsr(Changet al, 2006). In their study,
the 99" percentile value is up to 16.63 ug greatinine and individual results up to

121.77 ug g creatinine.
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Table 1.9: Nickel concentrations in urine of adpkrsons with a nickel exposure
history.

Country No. Mean(S.D.) Range 95" Percentile Units History Reference
-1
Germany 163 n.s. 0.2-46.1 3.9 (ug LY t:l?egtinine Dermatological patients Schwegler et al., 2009

'1 . o
Tawan 522 608-674 09312177 1663 M99 Residents of areas with a high

creatinine density of electroplating factories Chang et al., 2006

) 371 4.9 0.3-61.9 n.s. ug L* Populations living in the proximity o .. .
Russia 418 2.8 0.3-24.2 n.s. ug L? of a Russian nickel refinery Smith-Sivertsen et al., 1998
Hg gt
Denmark 35 1.1(15) <LOD-5.2 n.s. creatinine Patients with nickel eczema Christensen et al., 1999

LOD - Limit of Detection

The nickel concentration of workers in the nickadlustry was also evaluated and can
be seen in Table 1.10. Two points are obvioust,Riie concentrations are partly much
higher than in the general population. Secondptban nickel concentration in urine of
occupational exposed workers is mostly between @OLfi and 30 pg £ (ug ¢*
creatinine levels are normally lower, anyway). Utioately, the results are from

different countries, industries and years and, @earce not fully comparable.

Table 1.10: Nickel concentrations in urine of woegka the nickel industry.

Country No. Mean*SD Range Units Working Area Reference

USA/Canada 6 11.7+7.7 3.4-25.0 Mg Lt Nickel battery workers Bernaki et al., 1978
USA/Canada 21 27.5+21.2 3.6-65.0 pg Lt Nickel platers Bernaki et al., 1978
USA/Canada 15 222 + 226 8.6-813.0 png Lt Nickel refinery workers Bernaki et al., 1978
Germany 103 18.5+28,5 0.1-209.4 Mg Lt Stainless steel welders ~ Angerer and Lehnert, 1990

Italy 6 17.85+11.74 5.8-36.2 pg Lt Hard metal workers Scansetti et al., 1998
Italy 6 24.36+17.04 6.4-48.0 pg Lt Hard metal workers Scansetti et al., 1998
Russia 14 10.3 28.6* pg L't Smelting Smith-Sivertsen et al., 1998
Russia 11 5.5 18.2* pg L't Ore roasting Smith-Sivertsen et al., 1998
Russia 8 6.2 25* pg Lt Ore mlllln_g, concentration, Smith-Sivertsen et al., 1998
and flotation
Taiwan 23 36.6+16.5 17.0-79.5 pg Lt Steel production workers Horng et al., 2003
Taiwan 23 29.8+13.1 4.4551.0 Mg L Quality control workers Horng et al., 2003
Pakistan 56 9.47+295 4.63-18.39 pugL*! Production workers Afridi et al., 2006
-1
Russia 9 4.0 0.6828.0 M99 welders Ellingsen et al., 2006
creatinine
-1
Norway 9 3,72 0.25-11.1 HI9" gtainless steel grinders  Stridsklev et al., 2007
creatinine

*Percent with 210 pg*L*

In conclusion of the last section, the normal lewdl nickel in urine is up to
approximately 10 pg 't Among residents in close proximity to nickel peesing
industry and among workers in those factories, vihleies are higher. Unfortunately,

studies on mine workers were not located.
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1.6.1 Correlation of Nickel Exposure and Nickel Conentration in Urine

Correlation of nickel in air and urineThe correlation of nickel in air and nickel
concentration in urine depends on the nickel comgsun air and on the time the urine
samples are collected. The influences of both factm the nickel concentration in

urine are discussed below.

If the samples should be collected before or &ftshift is not clear at the moment. A
study from Oliveiraet al. (2000) recommends collecting post-shift samplingdach
the highest correlation for exposure to nickelssdttowever, most of the other studies
that investigated the correlation of nickel in and urine used pre-shift urine samples
(Sundermaret al, 1986a; Werneet al, 1999; Yokotaet al, 2007). The only point
which is evident, is that the concentration of eick urine changes over the course of
the day. However, some studies are reporting highershift values (Bernaket al,
1980; Roelst al, 1993) and others higher post-shift values (ReteH, 1993; Oliveira

et al., 2000; Yokotaet al, 2007). These differences are probably dependenthe

nickel uptake, which is related to the compound ismdharacteristics (e.g. size).

As can be seen in Figure 1.3, exposure to insoloiglkeel compounds correlates with
the concentration in urine. The samples were tdk@n hydrogen plant workers (H),
engineering department workers (E), kiln workerg, (Bowder plant workers (P) and
wet treatment plant workers (M. The two groups of workers exposed to high lewéls

nickel were wearing protective clotheso(Bnd (Wy)).

10
Plo)
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WiR)

NICKEL IN SERUM (ug/1)
o
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@ v=13.34x + 2.58

| I | 1 ! | | [
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NICKEL IN AIR {mg/m?)

Figure 1.3: Relationship between nickel concentratin pre-shift
urine specimens and personal air samples from Watdtel refinery
workers, exposed to insoluble nickel compoundsd&uman et al.,
1986a).
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A significant correlation of soluble nickel compasnand nickel concentration in urine

among different industries is illustrated in Figard.

0.20 —

0.15 —

0.10 —

NICKEL IN AIR (mp/m?)

=0.97
0.0053 + 0.0074x

° T T 7 T
o 0.5 1.0 1.6 2.0 25

NICKEL IN URINE {amol/l)
{MULTIPLY BY 58.7 TO CONVERT TO pa/l]

Figure 1.4: Weekly mean concentration in air samapénd
urine samples of workers exposed to soluble nickds.
Squares and circles: nickel plant workers; Triargle
electrolytic nickel refinery workers (Sundermaraket 1986a).

Furthermore, nickel sulfate particularly shows aifppee correlation (Oliveiraet al.,
2000). Concerning nickel hydroxide, more reseascimgcessary. Recent results were

inconclusive due to the use of respiratory protec{ivokotaet al, 2007).

However, the most interesting is the total nickahaentration in air and its relationship

to the nickel concentration in urine. A good caateln of workers from a nickel-

cadmium battery factory can be seen in Figure 1.5.
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Figure 1.5: Relationship between mean nickel cotreéons in
personal air samples and urine samples (Sunderrhah,e1986a).
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On the contrary to these results, studies fromckehirefinery in Finland (Kiiluneret
al., 1997a) and from different industries in Norwayofjdtveitet al, 1978) showed no,

or only a poor, correlation.

Although otherwise indicated by Kiilunen and Hogatwand their teams, other studies
recommend the use of urine to assess the expasarekel in air (Angerer and Lehnert,
1990; Werneret al, 1999; Oliveiraet al., 2000), but also to evaluate a combined
exposure through inhalation and ingestion (McNesthal, 1972; Sundermaet al,
1986a). The combined exposure evaluation is neceshsée to the fact that nickel
ingestion can falsify the nickel inhalation expasassessment. There are two routes
which have to be taken into account. First, ingestf contaminated dust is an often
overlooked route of exposure (Sundermenal, 1986a). Second, the environment
around nickel mines may also be contaminated witkeh and, hence, water and food
(Heikkinenet al, 2002) or lifestyle, dietary habits, and socioawait conditions lead
to an increased intake (Smith-Sivertgtml, 1998).

Correlation of nickel in blood and urindo relate health risk to the nickel concentration
in urine, it is also important to evaluate the tielaship with the concentrations in blood
or plasma. Whereas the correlation of nickel irspla and urine was not statistically
significant in non-exposed people (Torjussen andeksen, 1979), there is a correlation
in exposed workers in miscellaneous industriesrélation was reported from stainless
steel welders (Angerer and Lehnert, 1990), plantkess doing crushing, roasting,
smelting and electrolysis (Torjussen and Anderd®79) and nickel refinery workers
(Bernackiet al, 1978). The results of the latter can be seengarg 1.6. As shown in
the graph there is a perfect correlation in the letszope of nickel concentrations in

urine up to nearly 400 pg'L
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Figure 1.6: Correlation between nickel concentratia the
serum and urine of non-exposed industrial workedid
circles) and nickel refinery workers (open circles)
(Adapted from Bernacki et al., 1978).

Conclusion:In conclusion of the previous section, the coneian of nickel in air and
urine may not correlate. On the one hand this abse workers may wear protective
clothes (see Figure 1.3Rand (Wa)). On the other hand, the results can be influence
by the ingestion of high amounts of nickel in waded food (Kiilunenet al, 1997b)
and also from the absorption characteristics oftifferent nickel compounds (ATSDR,
2005). Generally, a simultaneous measurement &Ehmmpounds and concentration
in air is recommended, because these values have kmown when urine is used for

exposure assessment (Sunderman, 1993).

However, the results from the relationship of niad@ncentration in blood and urine are
statistically significant. This is due to the fattat nickel ingestion and protective
clothes no longer play a role. Hence, the deteriminaf nickel concentration in urine

may not be completely related to exposure in air,tb nickel concentrations within the
human circulatory system. Once again, simultanecessurement of nickel compounds
and concentration in air is recommended, becawkelnstored in the respiratory tract is

not taken into account.
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1.7 ANALYTICAL NICKEL DETECTION TECHNIQUES

1.7.1 Introduction

In the field of trace nickel analysis in body flajdhere are some standard determination
methods on the one hand, but on the other thersamne efforts to develop a rapid,

cheap and portable technique.

The standard analytical techniques for nickel &aflerman, 1993; ATSDR, 2005):

Electrothermal Atomic Absorption Spectrometry (EAAS

* Inductively Coupled Plasma - Atomic Emission Spaestopy (ICP-AES)

Inductively Coupled Plasma - Mass Spectrometry {M¥)
* Isotope Dilution - Mass Spectrometry (ID-MS)

However, the ICP-AES shows the second worst acguaatong all metals in urine
(£102%) as reported by NIOSH (2003). Hence, thishae will not be discussed in

detail.

Although the standard analytical techniques are ctwap and portable, they are
discussed in this section because they are morespre@r are even classified as
reference techniques. Hence, they are used to cemntipaaccuracy of newly developed

Sensors.

The areas in which rapid, portable and cheap ssrserdeveloped at the moment can

be roughly divided into:
» Spectroscopic Detection Techniques
* Bioanalytical Detection Techniques
* Electrochemical Detection Techniques

Most of these rapid, portable and cheap sensootioous on nickel detection in urine.
However, they are discussed to gain informationualioe state-of-the-art of science
and technology and to find the best available nidetection technique. This method

can then be adapted for nickel detection in urine.
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1.7.2 Standard Analytical Nickel Detection Technique

1.7.2.1 Electrothermal Atomic Absorption Spectrometry

The analyte is atomised in a chamber at a temperatfu2000°C to 3000°C (Higson,
2003). The most popular form uses a graphite saréacthe nebuliser. Once a potential
is applied, current flows and the graphite tubedep. The atomisation normally takes
place in more than one step and its efficiencyearly 100%, compared to 0.1% for
systems based on flames. During the procedure ra bédight is sent from one end of
the tube to the other. The principle experimengglup can be seen in Figure 1.7. For
cooling purposes there is also a connection taart gas source. This spectrum of the
beam is influenced by the atoms present in the Eampdefined wave length can
stimulate electrons to higher energy levels, complarwith the spectroscopic sensors
described in the next section (see also Figure Héhce, the energy is absorbed and

the absorption coefficient correlates with the amaf nickel in the sample solution.

Permeable window
for sample entry

Gas in [ —

b

- 4, ________ _{ > Optical path
: and gas out

—

Graphite tube Metal jacket and electrical connection
to graphite tube

Figure 1.7: Principle experimental set-up for theAAS
(Adapted from Higson, 2003).

The most important wave length affected by nicke232.00 nm (Patnaik, 2004). The
detailed procedure for nickel in serum and urinedéscribed by Todorovsket al.
(2002). The reported limit of detection is 0.2 py L
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The stabilised temperature graphite furnace at@dsorption procedure for nickel in
urine was published by Oliveirt al. (2000). For this kind of technique, measures are
taken to optimise the analytical method and mingmigerferences in the graphite tube.
The limit of detection is 0.56 pg'i

1.7.2.2 Inductively Coupled Plasma - Mass Spectrometry

The principle design of an ICP torch can be seeRigure 1.8. At the beginning the
sample solution is pressed through a nebulisermaix@¢d with an inert gas (usually
argon). The mixture stream is then directed tobe tuvhich is surrounded by a helical
coil. This load coil is connected to a high-powadio-frequency source. The stream of
gas is ignited and maintained through the inductitom the load coil. lonisation takes
place and the stream reaches temperatures up @D0LXK. Now the stream is

accelerated to a Mass Spectrometer (MS) with thedfean electromagnetic field.

Torch

F—- Ui

&

Auxiliary

4
argon ﬂ_

Spray l
chamber
Drain

Figure 1.8: Schematic diagram of an inductively pled
plasma torch without MS (Hargis, 1988).
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In the MS the different properties and concentretiof the sample solution can be
determined. Various techniques are available (Hig2003). The principle they all have
in common is that they separate the ionised sanguesrding to their mass-to-charge
ratio after they have been accelerated in an eleetgnetic field. lons with the greatest
mass will travel with the lowest velocity and thoaéh the lowest mass with the
highest velocity. As an ion analyser electron rpligr, a Faraday cup or scintillation

detectors may be used.

The ICP-MS method for the detection of nickel ininar struggles with strong
interference from calcium, sodium and potassiumu@Vian and Templeton1990).
Hence, this technigue has a limit of detectiorust jL pg L.

1.7.2.3 Isotope Dilution - Mass Spectrometry

The principle approach of an ID-MS is describedtly Royal Society of Chemistry
Analytical Methods Committee (2002) as follows (ptal for nickel): a nickel solution
with the highest purity possible has to be preparéése nickel atoms are then labelled,
for example radioactively. Afterwards a known weigth this solution is added to a
defined amount of the analyte sample, which is sones referred to as spiking the
sample. After the mixture is equilibrated for sotimee it is introduced into a MS. The
ratio of analyte to its labelled analogue can basueed and the mass of non-labelled

nickel (M) calculated with the following formula (Higson, @%):

R,

MI:R_M

(MM_MT) (1)

With My as the mass of the isolated and purified mixtiteas the mass of the trace

and R and R, as the count rates for the tracer and mixturgeesvely.

ID-MS is a very accurate method with a limit of eetton of 1ug L%, but the approach
is difficult, expensive and laborious (Sunderma@93). The procedure for nickel in
body fluids was published by Aggarwetlial. (1989a and 1989b).
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1.7.3 Spectroscopic Nickel Detection Techniques

1.7.3.1 Introduction

Spectroscopy is a very popular analytic measureteehnhique. The methods are based
on light and other forms of electromagnetic radmti including radio frequency,
microwave, infrared, visible light, ultraviolet, b&y andy-ray. All techniques using any
kind of electromagnetic radiation are summarised thgy term spectroscopy. The
techniques can be distinguished between whetheathation is simply absorbed or the

absorbed radiation is also emitted again, whicaled photoluminescence.

The principle components for spectroscopy are acegowa wave length selector, the
sample, a detector and a signal processor anduté8kooget al, 2000). The source
and detector depend on the type of radiation. koble light this can be some kind of

lamp and a photon detector, including phototubbetgmultiplier and photodiodes.

The two principles and their applications in detaing nickel as described in the

literature are discussed in detail below.

1.7.3.2 Absorption Methods

Principle: The physical principle can be seen in Figure 1l8e Tadiation is gleamed
through the sample with a defined power (a). On atmmic or molecule level the
analyte is stimulated and undergoes a transitiom fits ground state to a higher state or

excited state (b).

I
1 [— Ez = hpz = hﬂu"’lz
&
Incident Transmitted _ _
radiation radiation - Ey = hvy = heldy
Py P 0
(a) (b)
A
L i
0 4, 4

(c}

Figure 1.9: The absorption principle for differewave lengths
(Skoog et al., 2000).
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As illustrated there are different higher stated aach one correlates with a defined
wave length. The energy needed for the stimulatmnthe loss of power from the

primary radiation can be calculated as follows:

h-c
E h-v 7 (2)

With E as energy, h as Planck constargs frequency, ¢ as speed of light aras wave

length.

The loss of energy is related to the excited saatkleads to an absorption spectrum as
shown at (c). The analyte returns radiationlesgstgyround state, and the energy is

otherwise released, such as through heat or \alorati

Available SensorsVarious sensors can be found in the literatureclvhare able to
detect nickel in solution using visible light (Maeidet al, 1996; Ensafi and Bakhshi,
2003; Aminiet al, 2004;Kaur and Kumar, 200Zi et al, 2010). The principle they all
have in common is that they use a chemical wittafinity to form a complex with
Ni(Il) and, hence, change the maximum absorpticakp# the solution. This change is
used to determine the nickel concentration. Unfaataly, all of them are strongly
influenced by the pH value. This characteristichighly undesirable for a fluid like
urine with a pH range from 4.8 — 8.4 (Lide, 2008)rthermore, the limit of detection is
in no case better than 30 pug (Ensafi and Bakhshi, 2003) and in general a good
selectivity was not observed. The only exceptiomaris-aminoanthracene-9,10-dione
based chromogenic sensdescribed byKaur and Kumar (2007) which is solely
selective for nickel and copper. A sensor on theisha-(5-bromo-2-pyridylazo)-5-
(diethylamino)phenoin Nafion to bind nickel was developed in 2004 Rgsendizet
al.. It shows, among all heavy metals, the highesnhiaff for nickel. However, the

design was only enhanced for metals others tha®ehic

The same properties were reported from a sensectd®d ultraviolet light by Baxter
(2001).
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1.7.3.3 Photoluminescence Methods

Principle: A similar principle to the absorption method is f@lominescence. As
illustrated in Figure 1.10 (a) radiation is onceaiaggleamed through the sample and
once again the analyte becomes stimulated frogrdasnd state to an excited state (b).
However, the resulting radiation is more complexpared to the simple absorption
technique. The analyte is transformed from thetegslcstate to a lower energy level, or
even back to its original state. This transitioma longer radiationless but causes a
photon to be emitted. Whether emission takes ptaceot depends on the chemical
used. At (c) the emitted spectrum is shown. TheenNamgth depends on the difference
between the energy levels and can be calculatedh wijuation number 2.
Photoluminescence can be distinguished more pigcige fluorescence and
phosphorescence. Simply described, the differendleait in fluorescence the transition
of the analyte back to a lower level takes placemadiately, compared to

phosphorescence where the emission that takesipldetayed (Skoogt al, 2000).

&

Luminescence +
P 1

E21 = hille = hfflz]

] il Ez = h]'r’2 = hCﬂle_
} " "‘_El =h!"1 =hC|"‘.l|
i

. (b)
Incident Transmitted
radiation radiation

Pﬂ P PL

(a)
1 1 JT\_ A
As A Ax
(c)

Figure 1.10: The photoluminescence principle foffedent wave
lengths (Skoog et al., 2000).
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In principle, chemicals can be used as a photolasu@nce sensor for nickel; however,
most of these kind of sensors use a biological etenThis element changes its mainly
fluorescent characteristic correlated to the cotraéion. This can have an inhibiting as
well as enhancing effect. Located sensors usingladical component are discussed in

the next section (bioanalytical nickel detectiortimoels).

Available SensorsThree photoluminescence sensors, on the basiseohichls, were
located in the literature. A first generation palydoamine dendrimer with a peripheral
4-dimethylaminoethylamine-1,8-naphthalimidgoup sensor from Grabchest al.
(2003) has poor selectivity and a limit of detegctin the range of mg L A sensor
based or8-hydroxy-3-phenyl-1-o-carboxyphenyltriazesable to detect concentrations
of nickel down to 2.9 pugL(Ressalan and lyer, 2005). However, the influesagon-
linear and the sensor is also selective for zind empper. To solve the problem of
selectivity, a minimal size sensor array was dgwaio (Palacioset al, 2008). Ten
different heavy metals were determined simultankyobg evaluating their effect on
various chromophores which were conjugated &hydroxyquinoline Since this
technique is not yet fully developed the conceimtrabf each heavy metal can not be

determined properly at the present time.

1.7.4 Bioanalytical Nickel Detection Techniques

1.7.4.1 Introduction

Biosensors are “analytical devices incorporatingi@ogical material, a biologically
derived material or a biomimic as the recognitiooleoules, which is either intimately
associated with or integrated within a physiochamnitransducer or transducing
microsystems” (Tothill and Turner, 2003). Normdilhe concentration of an analyte or a
group of analytes is transformed into a proporti@lectronic signal. The principle can

be seen in Figure 1.11.

Measurement of the biological reaction is done wihtransducer, for which
electrochemical, calorimetric, optical or mass dateation sensors are used. This

principle, in many cases allows, the design of §rfet, sensitive and selective sensors.
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signal

Analytes  Bioreceptor Transducer Electronics
(affinity or
catalytic)

Figure 1.11: Principle arrangement of a
biosensor (Tothill and Turner, 2003).

A slightly different concept, compared to a bioseng a bioassay, which is defined by
the IUPAC (1997) as “a procedure for determining toncentration or biological
activity of a substance (e.g. vitamin, hormone,nplgrowth factor, antibiotic) by
measuring its effect on an organism or tissue coetpt a standard preparation”.

For the detection of nickel, biosensors on thea$iDNA, proteins, organelles and
cells, and also methods using cells and organellbgassays, have been located in the
literature. Most of the techniques are not relevantthe detection of nickel in urine.
However, some sensors have good characteristiasdieg nickel and will be described
in detail.

1.7.4.2 Biosensors

Since DNA has four different binding sites for metas, it can be used to detect nickel
(Bin and Kraatz, 2009). However, these sensors pawe selectivity and the detection
range has in all cases not yet been determinedsadime is also true for the organelle
sensors from Erat and Siegel (2008), which deteetimhibitory effect on the self-
splicing reaction of group Il intron cRi5y in the yeast mitochondrial. Detailed
properties of all DNA and organelle sensors casdsn in Table 1.11.
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Table 1.11: List of biosensors for nickel detectand their most important properties.

Biological Element Principle ._.qmuwnmc%mq Selectivity mmﬁwﬁ__.x_w\ Reference

DNA Denaturation SPR Poor n. s. Wood and Lee, 2005

DNA Dye which attachs Spectroscopic Poor n. s. Breimer et al., 2003

DNA Oxidation Electrochemical Poor n. s. Oliveira et al., 2008

DNA Impedance change  Electrochemical Poor n. s. Bin and Kraatz, 2009

DNA Adsorption patterns  Electrochemical Poor n.s. Chiorcea-Paquim et al., 2009
DNA Denaturation AFM Poor n.s. Chiorcea-Paquim et al., 2009
Organelle Group Il intron Sc.ai5y Inhibition n.a.° Poor n.s.* Erat and Siegel, 2008
Protein Glutathione Complex Formation  Electrochemical Poor 147 — 587 Huaska et al., 2007

Protein Mammalian metallothionein ~ Absorption change SPR Poor 0.6 —5900 Wu and Lin, 2004

Protein Bovine serum albumin Absorption change SPR Poor no response  Wu and Lin, 2005

Protein E.coli nickel binding protein Inhibition Spectroscopic Excellent 4.7 —n.s. Salins et. al., 2002

Enzyme  Carbonic anhydrase Il Inhibition Spectroscopic Poor n. s. McCall and Fierke, 2000
Enzyme  Jack bean urease Inhibition FET Poor 117 —n.s. Soldakin et al., 2000
Enzyme  Urease Inhibition Spectroscopic Poor 3000 —n.s. Preininger and Wolfbeis, 1996
Enzyme Urease Inhibition Spectroscopic Poor n.s. Gabrovska and Godjevargova , 2009
Enzyme  Jack bean urease Inhibition n. a.° Poor 3,000 — 70,000 Zaborska et al., 2001
Enzyme  Alcohol oxidase Inhibition Electrochemical Poor n.s. Compagnone et al., 2001
Enzyme  Glycerol-3-P oxidase Inhibition Electrochemical Poor n. s. Compagnone et al., 2001
Enzyme Sarcosine oxidase Inhibition Electrochemical Good n. s. Compagnone et al., 2001
Cell Ralstonia eutropha Genetic modified Spectroscopic Excellent 5.87 —3,520 Tibazarwa et al., 2001

Cell Bacillus sphaericus Inhibition Electrochemical n.s. 2-40 Verma and Singh, 2006

Cell Lung cells (human and rat) Inhibition n. a.° Poor 600-117,000 Riley et al., 2005

* main focus was on a different chemical

°no fast transducer element developed yet

n. a. - not applicable
n. s. - not specified

AFM - Atomic Force Microscopy; FET - Field Effect Transistors; SPR - Surface Plasmon Resonance
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In principle all the various kinds of proteins che the basis of a protein based
biosensor (Tothill, 2001), but there is an overwiiag amount of published papers
examining the inhibitory effect of metals, suchraskel, on enzymes. In Table 1.11,
different protein based sensors with their propsrtre listed. Most of these have very
poor characteristics concerning nickel. All enzyimdtased biosensors, for example,
work solely on the principle of inhibiting the emagtic catalysis ability. Although the
catalysis is highly selective, the inhibition efféx not selective at all (Luque de Castro
and Herrera, 2003). Hence, selectivity is in gelneod good in these types of sensors.
However, there are two exceptions. The fluoresceecsor from Salinst al. (2002),
based on the nickel binding protein, shows a hgs#ivity, the detection limit is 4.7
ug L? but has only a moderate selectivity. Cobalt catregion only up to 10 folds
higher than nickel can be tolerated. This valudigher for other heavy metals. The
sensor works with a fluorophore linked to the nickmding protein ofE.coli and a
fibre optic sensor device. Unfortunately, the remseotime is very long and in the range
of a couple of minutes. The second example is adasg enzyme, based on an
amperometric sensor (Compagnaateal., 2001). Assessed was the inhibitory effect of
different heavy metals on alcohol oxidase, glyc&® oxidase, and sarcosine oxidase.
The concentration added was 10 myfar each metal and the incubation time was as
long as 30 minutes. The results can be seen ineTAldI2. In particular, sarcosine
oxidase is somewhat selective for nickel. Howevee, concentration range was not

evaluated and the response time is very long.

Table 1.12: Relative activity of the oxidase
enzymes (Adapted from Compagnone et al., 2001).

Heaw Alcohol Glycerol-3-P  Sarcosine
Metal Oxidase Oxidase Oxidase
Arsenic 108 92 98
Cadmium 102 93 105
Chromium 103 97 108
Mercury 0? 0 81°
Lead 98 94 106
Nickel 88° 101 22
Copper 22 95 96
Zinc 96 100 112
Tin 101 99 86
Molybdenum 95 97 96
Vanadium 20 93 754
Selenium 108 99 93

aAt 0.25 ppm = 58%.
At 4 ppm = 100%.
°At 5 ppm = 100%.
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As it can be seen in Table 1.11, three cell basesehsors were also located. However,
the only sensor with good properties concerningelidetection is the one described by
Tibazarwaet al. (2001). For the construction, th@stonia eutrophastrain AE2515 was
used. Emitted bioluminescence correlates highly witkel and cobalt. The response is
linear in the range from 5.87 pg*lto 3.52 mg t* (0.1 uM to 60 M) nickel
concentration. Zinc, cadmium, manganese, coppercar@mium do not influence the

sensor. Sensitivity decreases in the presence7’o81ing L (2 mM) cobalt or more.

1.7.4.3 Bioassays

No bioassays technique located in the literatur@akike to correlate the effects of
observing, either inhibiting or enhancing cell aity, to a specific chemical or metal,
respectively. It does not matter whether singldéscate usede.g. Kelly et al. (2004)
who inserted the Shkilix gene in different bacteria, or tl@oxybacillus amylolyticus
bacteria (Poliet al, 2009) or theanabaena doliolunbacteria (Shuklat al, 2009), or
plants, like the marindinoflagellate pyrocystis lunul@Heimannet al, 2002).

1.7.5 Electrochemical Nickel Detection Techniques

1.7.5.1 Introduction

With electroanalytical techniques, it is possildarieasure electrical quantities, such as
charge, potential, and current which are relatedhemical parameters (Wang, 2006).
One of the most important chemical reactions ig tifaoxidation-reduction, the so-
called redox reaction (Hargis, 1988). During thesaation, one reactant loses an
electron, which means there is an increase in xaton number. This free electron
passes to a second reactant. The first step isibeddy oxidation, whereas the gain of
an electron is called reduction (Skoetgal, 2000):

Oxidisec form (O) + ne « Reduce form (R) 3)

At the working electrode, the analyte in soluticecbmes oxidised or reduced at the
surface of the electrode. The separation of chamgeshe surface leads to the

development of a potential (E). The potential iBreil by the Nernst equation:
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RT | ak

E=E - —
nF ao

(4)

The potential is measured compared to the poteltiaf standard hydrogen reference
electrode (SHE), which is defined to have zero.\WRlis the gas constant (8.314419 K
mol™), T the temperature [K], n the number of electrdnshe Faraday constant (96,485
C) and aR and aO the activities of all reactanteatlectrode surface.

Since the standard hydrogen reference electrodetia convenient electrode (Hargis,
1988) and hydrogen gas, flow regulators and aswatipressure are needed, other
electrodes are more practical for routine measunénféese are namely the saturated
calomel electrode (SCE) and the silver-silver dderelectrode (SSCE). However, the
SCE has two disadvantages. On the one hand itinemaercury, which is toxic and
dangerous for the environment (HPA, 2007), andhenother hand it can not be built as
small as a SSCE (Hargis, 1988). These are thensagoy the SSCE is one of the most
common choices as a reference electrode. The cheméaction at the SSCE

surface is:

AgCl(s) + € o Ag’(s) + CI ()

The reference potential of the SSCE depends oardiit factors. The crucial ones are
the temperature and the chloride concentratiom@fsblution in which the electrode is
immersed. Tables with the value of the potentialddferent test arrangements are
published elsewhere (Patnaik, 2004). At a tempezaiti20°C and in a 1.0 M solution

of potassium chloride, the potential is, for exaa@.22557 V.

The desired properties of the working electrodesddpstrongly on the electroanalytical
techniqgue which is used and, hence, the desigrh@felectrode. In general these
properties are, to be environmental friendly angrevent any interaction of the surface
during the chemical reaction (inert). The seconimtpmade here is a problem because
mercury containing electrodes are quite effectind, ehence, very popular. Mercury
readily interacts with a huge amount of other heangtals (formation of amalgam), is
liquid at room temperature and resists the evalutid hydrogen (Higson, 2003).
However, new environmentally friendly and easilgptisable electrodes are available

and are discussed in detail in the sections albeudifferent methods.
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There are plenty of different test arrangementsrni@=d in the literature. The two main
important techniques are potentiometry and comtdoiotential ones (Wang, 2006). For
the first method the potential between the workangl the reference electrode is
measured. In the second, the current is measurdatieaapplied potential is varied,
which is called voltammetry. If there is a constqtential applied it is called
amperometry. Within these methods it is commonde a third electrode, the counter
electrode, for the current to flow to or from thenking electrode. This is done to keep
the potential at the reference electrode stable raale an accurate measurement
possible. Furthermore the techniques can be digshgd more precisely in methods
such as, ion-selective electrodes, potentiometiti@tion, linear potential sweep
voltammetry, cyclic potential sweep voltammetryjpgiing voltammetry, amperometric
titration, chronopotentiometryetc. During the literature review on nickel detection
methods, it became apparent that the main focuseséarch is on ion-selective
electrodes and stripping voltammetry. Hence, thege techniques are the most
promising to make the development of a rapid aneaphmeasurement method for
nickel concentration in urine feasible, and will thecussed in detail in the following

two sub sections.

1.7.5.2 lon-Selective Electrodes

Principle: This kind of technique is at the moment quite papuh environmental

monitoring, clinical diagnostics and physiology (Wja 2006). The measurement
principle is simple, but actually measures thevagtiof the ion analyte and not directly
the concentration. However, such electrodes argernesive, have a wide linear range,
are not influenced by colour or turbidity and aret mestructive (Wang, 2006).

Moreover, they are also adaptable to a small sanglene (Singh and Harsh-Vardhan,
1995). All these properties make an ion-selectleeteode (ISE) suitable for a rapid and

cheap detection method for nickel in urine.

The most important part is an ion semi-permeablmbrane. This membrane separates
the working electrode from the solution. Howevére ion analyte can still pass the
membrane and, hence, the activity at the surfacéh@fworking electrode can be
determined by measuring the potential against ereate electrode. The principle test

arrangement can be seen in Figure 1.12.
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Figure 1.12: Principle arrangement of an electrooheal cell for
potentiometric measurements (Wang, 2006).

And a symbol image of an analyser with an ion-gele®lectrode can be seen in Figure
1.13. However, since no commercially available aidensor was found, this sensor for

measurement of the pH value and temperature wak use

Figure 1.13: Symbol image of an ion selective
electrode analyser (GlobalWater, 2010).
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Available Sensorsin the 1990's, macrocyclic compounds were foundital metal
cations selectively and can be used as an ionospberansport nickel. Among the first
researchers who used macrocyclic compounds embeadegdolyvinyl chloride (PVC)
matrix to determine nickel were Singh and HarshdWan (1995). The sensor was
selective to nickel, compared to other heavy mehals unfortunately not to potassium
and ammonium which are found in high concentrationsurine. Hence, it is not
applicable for the detection of nickel in urine.Wver, the research proceeded and a
whole range of different carriers for nickel, masiportantly on the basis of crown
ethers, cryptands and macrocycles, were develdpkst. of all published papers found
on nickel selective membranes and their propert@s be found in the appendix
(Appendix A). The three sensors which show thetlgesmeability to other ions
occurring in urine (see table 1.7 for the exact gosition of urine) and other heavy
metals and can operate in the pH range of urir&~43.4 (Lide, 2008), are listed in
Table 1.13.

The first sensor uses 3-hydroxy-N-{2-[(3-hydroxygkdenylbutyrimidoyl)-amino]-
phenyl}-N-phenylbutyramidine, the second one Glydxa(S-benzyldithiocarbazate)
and third one 2,9-(2-methoxyaniline),11-Me-[14]-1,4,8,11-tetraene-1,5,8,12-Ns
ionosphere for the PVC based membrane. The fidtthind sensor from Table 1.13,
which were developed by Guptd al. (2008) and Singlet al. (2009), respectively, fit
reasonably in matters of pH range and specifiaity also use a silver-silver chloride
electrode as working and reference electrode. €hersl sensor from Met al. (2009)
struggles not only with the pH range, but also usesaturated calomel electrode as
working electrode. Moreover, the selectivity of ket compared to sodium was not
evaluated, which is a crucial factor for measuresith urine. All three sensors from
Table 1.13 were successfully used for potentiomeitiation and also to detect nickel
levels in some groceries, such as chocolate, milike and different juices. The main
crucial point is the sensitivity of the ion-seleetielectrodes. The linear range and
detection limit in pg t* are also presented in Table 1.13. As can be s$kersecond
sensor has problems detecting 10 gniickel in solution and the performance of the
first sensor is not much better. With the third ssen a detection below 10 pg'lis

possible.

38



General Introduction

anjos — areydsoyd [Ainqu

Japn|ox3 uoluy — aleloq |Auaydelial wnIpos
siseg XU — apuojyo |Auinkjod

wanjos — Jaye |A100 |Auaydoniu-g

oS — ausfeyydeuoiolyd

dgal
ad1S
OANd
J0OdN
NO

a|qeredwod Aj919|dwod Jou are pue SpoylaW WaIaHIP AQ pPaleNofed pue PaINSeaw a1am SIUSIdIYR09 ALAINISIES «

(6002) ‘1e 18 ybuis (6002) e 18 BN
MO|a( Siaylo

‘ . . 'S'U . BN ‘M0|ag S4al10 ||e ‘e XT +m
0T X 0°G PUNDIE P2 PUR 103 ‘N BN N ‘MOJaq SIBU10 [|e ‘0T X T'8 BV

syuow g syuow ¢

08—-0¢ S'L-0V
8 14
S'6¢ 6'1€

(9T)s0TX 22 (02 ,0Tx2T

(GOT X8'G—G1) 10T X0T—g0T XL (GOTX8G—9T) T-0TX0T—.L-0TX8%C

00T:5:06:9 €L9TELT

dg1l :9d1S :OAd :818ydsouol J0dN :DAd :8laydsouo|

anydesb ul pareod " N-ZT'8'G T-ausea)

o 4 . _ (srezequesoiyup|Azuag-s)siq-|exoh|9
TU'8'Y'T-[PT]-aN-TT v~ (BujiueAxoyiaw-z)-6'2

(8002) e 18 ®1dno

0T punole ) ‘.eN 2-0T
Jo abuel ay) ul sjelaw Aneay 1ayio e Ajurew

syiuow
§6-6¢C
0T
0°0€
(6'S) -0TX 0T

(GOT XE€6'Z—¥'6) 20T X0'G—,-0T X9'T

0GT:S:0ST:S
NO :dd LS :0Ad :31aydsouoj

auipiwelAing|Auayd-N-{ |Auayd-[ouiure
~(1fopiwnfingjAuayd-N -AxoIpAy-€)]-g}-N -Axo1pAy-€

S9JUBIB)oYy

x| 21U 01 pasedwod
S1UBI01}} 909 ANAINDB|BS

swnayT

anjeA-Hd wouy yuspuadapuy
[s] swi] asuodsay
[epeoaqg/Aw] adojs

(- 7 60]) [n] uonoaraq Jo nwiry

([ 7 6r]) []
abuel uoneauaduod Bujiop

oirel ay) ul

uonisodwo)d

alaydsouo|

€ losuss ¢ losuss

T JOsSuas

|991u Jojaapad SaueiqiawW JualayIp Jo samiadoid :€T'T 9|gel

39



General Introduction

Jainet al. (2005) were able to measure nickel concentratoarine, with their PVC
based membrane usiniy-(2-hydroxybenzylideneN-(2-picolyl)ethylenediamine as
ionosphere. However, the pH range is very narroavtan low for urine, and the lower
working concentration limit is two orders of magmieé higher than those of the three
sensors discussed above. For detection in urinayag necessary to add nickel
artificially and pretreat the urine sample usingt wikgestion. Nevertheless the
selectivity is comparable, which proves that a meawent is theoretically possible

with an ion-selective electrode.

1.7.5.3 Stripping Voltammetry

Principle: Voltammetry is a very easy and inexpensive elebi&otdcal technique to

detect metals (Wang, 2006). Figure 1.14 illustrédtesprinciple composition of a three
electrode system used for voltammetric measuremeévitsst sensors control the
potential at the working electrode, which is regeda by comparing the potential
between the working and reference electrode (dé@texdnwith the voltmeter in Figure

1.14) with the desired potential that is applied, JESometimes, though, the current is
controlled instead, but this principle is not désed any further. During the controlled
potential measurement the current which yields easared (amperemeter in Figure
1.14). If the applied potential is varied the réswdre displayed in a voltammogram,

where the current is related against the applieential.

0

5 3 S
= ] =
5' D —
@ > D
N'Zi 8 S04 -
 m ol N m
) = 2kr m Io)
o | NT o o
— (@] —
8 = 12+ o
o Ni =
o o o
D ) ]
. Ni
N|2+ Ni2* Nj2+

Figure 1.14: Principle arrangement of a three
electrode system.
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A sensor for voltammetric measurements normallysists of a three electrode system,
which is described above. The schematic diagrathrek electrode potentiostat, which
is the electronic part of the sensor, can be seé&igure 1.15. During the measurement
procedure the potential at the working electroaen(gared to the reference electrode) is
controlled and the current is measured. The worlalegtrode is in contact with the

analyte and facilitate the charge to or from thalge. This current, caused by the half
cell reactivity of the analyte at the working etede, is measured with a current
amplifier, which is usually a current to potentiebnverter. Furthermore, a scan
amplifier provides the desired potential at the kirny. Therefore, the potential at the
working electrode is determined compared to andtiaércell which provides a known

and constant potential, the reference electrodes. ¢rucial that at no point current is

passed from or to the reference electrode, beddisevould influence the chemical

equilibrium and, hence, change its half cell po&rdand falsify the measurment. The
determined potential between the working and tfereace electrode is then compared
to the desired potential applied to the sensqpy)(ETo regulate the potential at the
working electrode the counter electrode passesctiieent needed to maintain the
potential at the desired level, which is appliethatsensor (&y). This is either done by

oxidising or reducing the electrolyte at the suefad the counter electrode by varying

the potential of the electrode by the scan amplifie

Current
amplifier
\h\“\x
Reference Readout
glectrode //,/)—_
Feedback T - o
amplifier ’] f(:f A ':\:'ﬁl ——— — Working electrode
K"\\\_\.‘\J II.\\-‘-\_ 3/'
™~ 7~ - Counter electrode
Eapp Mh—
.-"',f
Scan
amplifier

Figure 1.15:Schematic diagram of a three electrode potentiq¥ng, 2006).
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The surface and composition of working electrodersgly influences the performance
of sensors which are used for voltammetric measenesn(\Wang, 1994). The basis of
the most popular electrodes used for the determnmadf metals is mercury, for
example the hanging mercury drop electrode (HMCHEggon, 2003) or the mercury
film electrode (MFE) (Kokkinoset al, 2008). To design an environmental friendly
sensor an alternative has to be used, such asetlgepopular gold electrode. Hence,

sensors containing mercury are not consideredsrthbsis.

All the different kinds of voltammetric methods afescribed in the literature, such as
stripping voltammetry (Higson, 2003; Patnaik, 200dang, 2006). This is a very
sensitive and inexpensive method to detect trac&alsngWang, 2006). The high
sensitivity is due to the fact that the first stéghe measurement is a pre-concentration
of the metals at the working electrode using aatirel agent. Unfortunately, the design
of a proper stripping voltammetric method for nickens is complex for several
reasons. One of the most important reason is tmatréduction of Ni(ll) may be
irreversible and, once reduced, nickel shows axgttendency to form compounds with
other metals, which influences the stripping pracedand, hence, falsifies the results
(Baldwin et al, 1986). One method which does not struggles whiksé kind of
problems is adsorptive stripping voltammetry (AdSVhis is the reason why for the
detection of nickel this technique is by far thestmoommon one described in the
literature. Moreover, AdSV is a very powerful methdo determine analyte
concentrations down to parts per billion (Higsob02). The lower detection limit may

be as low as 1 x @M, when no contamination takes place (Wang, 2006).

Before the determination of the nickel concentratiosing adsorptive stripping
voltammetry a chelating agent has to be added ¢osdmple solution. For nickel
primarily dimethylglyoxime (DMG) is used (Wang, Z)0This ligand forms a complex
with nickel. The following reaction takes place éagjgested by Baxtet al, 1998):

Ni** + 2dmgH, < Ni(dmgH) + 2H" (6)
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The actual measurement procedure is separatedwaicsteps. These two steps are
called accumulation and stripping. The principleasweement procedure (a) and the

resulting voltammogram (b) can be seen in Figuté.1.
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Figure 1.16: Adsorptive stripping voltammetry: (Atcumulation and
stripping steps in adsorptive stripping measuremenit a metal ion
(M™) in the presence of an appropriate chelate agept(p) along with
the resulting voltammogram (adapted from Wang, 2006

During the accumulation step a constant negatitential is applied, which causes the
analyte (nickel-DMG complex) to be adsorbed towleking electrode. The maximum
adsorbed density depends on the surface concenteaid size of the adsorbed complex

(Wang, 2006). The following reaction takes placegqaggested by Baxtet al, 1998):

Ni(dmgH, < Ni(dmgH (7)

.2,adsorbe:
When enough of the analyte is adsorbed to the uréd the working electrode a

negative going potential scan is initiated, whisltalled stripping. During this step the

complex reduces and dissolutes from the workingtedde again at a certain potential.
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The reduction of the nickel-DMG complexes generalestrons, which are increasing
the current. This can be measured and displayadvisitammogram. Since the binding
energy of each metal is different from the othe@ch metal dissolves at a different
potential. Hence, the potential at which the curiienincreasing can be related to a
specific metal. Moreover, the current peak areabearelated to the metal concentration
(see Figure 1.16 (b)). During the reduction of @halyte following reaction takes place
(as suggested by Baxtetral, 1998):

Ni(dmgH)Z,adsorbed + 2e + 2H+ - NI + (dmgHZ)desorbed (8)

Available SensorsThe use of chemically modified electrodes has hegorted for
nickel analysis where a carbon paste is mixed WMG and used as the working
electrode (Baldwiret al., 1986). If the DMG ligand is also added to the dolt a
complex with Ni(ll) is formed and can be detect€de DMG ligand is still used today
to detect nickel with adsorptive stripping voltanmirgehowever, the materials used for
the working electrode are bismuth (Wang and Lu,020Quttonet al, 2005; Kokkinos
et al, 2008) and lead (Korolczuk and Tyszczuk, 2006z¢ysk and Korolczuk, 2007).
The bismuth film electrode (BFE) and lead film étede (LFE) may increase
sensitivity and selectivity. Lead, of course, i€ pavironmentally friendly, especially
not compared to bismuth which can be considerdwte this characteristic (Wang and
Lu, 2000). Recently a new electrode based on antymeas developed (Jovanovski
al., 2009; Kokkinoset al, 2009). The antimony film electrode (SbFE) carm dle used
to detect nickel. However, the toxicity data ofiarny are limited, but it is considered

to be less toxic than mercury (Kokkinesal, 2009).

A list of all located sensors in the literaturettiige stripping voltammetry for nickel
detection can be seen in Table 1.14. In this tdi®¥emost important properties of the
sensors are illustrated as well as their appliocation the detection of nickel

concentration.
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Adsorptive stripping voltammetry for the detectioh nickel ions, with DMG as a
ligand, is already an established technique. In1880's carbon ink based working
electrodes were used. Wamg al. (1996) described the use of a disposable nickel
screen-printed electrode on the basis of a DMGainimg carbon ink. The sensor is
able to detect Ni(ll) in a linear range from 5 pugth 200 pg t* Ni(ll) after a 30 second
accumulation time period. Furthermore, the sensas wuccessfully tested to detect
nickel in a river water sample. In the same yeas #ind of arrangement was
successfully used to determine nickel, cobalt, omgr@nd palladium simultaneously.
After 120 seconds' pre-concentration, a detectimit of 0.5 pug L' is feasible. This
technique was also used for rice, hair and tea kesmmp

Wang and Lu (2000) described an AdSV sensor withdsorption time of 180 seconds
and a linear working range from 0.8 ug to 80 pg L*. Huttonet al. (2003) were able
to detect cobalt and nickel ions simultaneouslye @etection limit for Ni(ll) was 0.25
pg L* after an accumulation time of 60 seconds, in tresgnce of 2 pg tcobalt.
However, a chronopotentiometric mode was usedeadsbf AdSV. Morofobot al.
(2004) measured the nickel concentration of duralium, iron ore and water with a
bismuth rotating disc electrode after an accunutatime of 300 seconds. With a
bismuth film microelectrode, nickel determinati@possible in the presence of cobalt,
cadmium and lead ions (Huttat al, 2005). The detection limit of nickel is 90 ng L
when pre-concentrated for 120 seconds. Measureafantkel in an AASV mode was
possible in a solution containing 20 pd hickel, cobalt, cadmium and lead. This
technigue was also used to measure successfukglraoncentrations in simulated and
real body fluids (Huttoret al, 2006). The properties of the electrode are aliow of
detection of 56 ng t after an adsorptive time of 60 seconds. Cobalt masasured
simultaneously. The bismuth film electrode was sgstully tested in simulated saliva
and sweat, and was not compromised in complex diicdd matrices of cerebrospinal
fluid and aqueous humour. After an accumulatioretioh 900 seconds it is possible to
measure the nickel concentration of industrial tebdgtic baths, ground water and tap
water, with a copper electrode plated with bisn{u#geaiet al, 2006). Kokkinoset al.
(2008) described a disposable cell-on-chip bisnfilith electrode. After 90 seconds of
pre-concentration, the linear range is from 0.1Lftdgo 40 pg L* in square wave AdSV

mode. The interference of other metals was alsesiiyated. Lead, mercury, copper,
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iron, aluminium, cadmium, thallium, calcium and rganese do not influence the
results (error £ 10%) up to a 100 fold higher conicagtion than nickel. For cobalt only a
10 fold higher concentration is tolerable. Furtherey the sensor was successfully

tested to detect nickel in a river water sample.

More recently Jovanovslgt al. (2009) and Kokkino®t al. (2009) used an antimony
film electrode for nickel analyses. However, Koldgret al. (2009) researched mainly
the characterisation of the electrode (wide pH eaisgpossible) and Jovanovs#i al.

(2009) had their main focus on lead and cadmiunhigh sensitivity was observed

already after only 30 seconds of accumulation.

1.8 NICKEL DETECTION IN URINE

The state-of-the-art analytical techniques used rimkel detection in biological
samples, such as urine, are atomic absorption repeetry and inductively coupled
plasma - atomic emission spectroscopy (ICP-AES)S@IR, 2005). Both detection
techniques are laboratory based and hence, hawegaturn around time. However, in
particular voltammetric methods, which are hightynstive, precise and accurate, are

becoming important for nickel determination in bigical materials (ATSDR, 2005).

So far, different electrochemical techniques hagenbused for nickel determination in
urine, such as amperometry (Boatlal, 1986), ion-selective electrodes (Jainal,
2005) and adsorptive stripping voltammetry (Mahagawd Kaur, 1996; Horngt al.,
2003). In all these methods either wet digestion aeidification was used as
pretreatment of the urine samples. This was doreause in urine, surface active
substances are present (Baetdal, 1986). It is also known that heavy metals interac
with proteins in human body fluids (Wang, 1982),ieth can lead to unexpected
interferences. These interferences can be minimisedy wet digestion or acidification
(Bond et al, 1986). However, it is proven that many heavy isete.g. thallium,
cadmium, lead and copper, can be detected in wvitteout any pretreatment using
stripping voltammetry (Wang, 1982). For example dluand Eriksen (1979) used
differential pulse anodic stripping voltammetry detect cadmium and lead in urine
without any pretreatment, even the pH was not &eljusA significant increase of the

peak current was reported at temperature leveld06C compared to 25°C. It was
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achieved to measure concentrations of 0.6 fgaddmium and 17 pg™Llead in real

urine samples. An even higher sensitivity was reggbiafter urine was digested and
interference of organic compounds (see Table T.@lfanajor compounds in urine) was
minimised. The authors recommended using some dirghmple pretreatment before
measurement. However, such a pretreatment of the sample introduces a high risk
of contamination, and is very time consuming anpgegsive (Bond and Reust, 1984).
These arguments are the reason why a measurentboutvany pretreatment is desired

for a rapid, cheap and portable nickel sensor.

1.8.1 Commercially Available Portable Detection Teahiques

During the online research no portable commerciallgilable sensor was located for
nickel exposure assessment in urine. The reseaashfecused on websites in English
and German. Only laboratory systems, as describethe section above, with a
procedure description for nickel concentration rmueasent in urine are currently

available.

However, as discussed in the sections above regpspiectroscopic, bioanalytical and
electroanalytical sensors (chapters 1.7.3 to 1.Th&ye are various papers published,
which deal with the determination of nickel coneation in different media. Although

mainly water, air and soil, some also focus on hubady fluids.

Furthermore, there are also sensors commercialifadole that detect nickel in water
and soil, for example the QUANTOFIX® Nickel dip cdis (Machery-Nagel, 2009a)

and VISOCOLOR® ECO Nickel test kits (Machery-Nag&d09b). These sensors use
dimethylglyoxime (DMG) powder, which binds with kel and changes the colour to
red (Machery-Nagel, 2009b). The results can be @vetpwith a colour scale. Although
they can be used for a huge pH range (2 to 7), #reyinfluenced by other heavy
metals,i.e. mainly iron and cobalt (Machery-Nagel, 2010), éinel dip stick has a limit

of detection of 1 mg t and the test kit of 100 pg'LHowever, the sensitivity depicted

in these devices is not sufficient for urine anislys
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1.9 AIMS AND OBJECTIVES

It is beyond question that nickel and its compouads toxic and carcinogenic to
humans, especially after exposure to nickel in lairparticular workers in the nickel

industry, from mining to refining, may be exposedhigh concentrations. Hence, they
have to be protected and in fact the legal exposmits have been already reduced in
recent years, at least in industrialised countifesmonitor these limits, urine is in the
focus of interest. It is not only easy to collecing but it is also non-invasive and a

targeted exposure measurement for each individual.

However, urine is a complex medium and it is difficco measure trace metals in it.
Hence, powerful methods like EAAS, ICP-MS or ID-M&e currently used to
determine the nickel concentration in urine. Sitlese techniques are expensive, time
consuming and laboratory based, there is a needafcheap, rapid and portable
alternative. Various methods were evaluated in th&oduction. In summary,
spectroscopic methods are not sensitive enougtbimsensors are struggling with low
selectivity. Fortunately, electrochemical techngjhave better properties. These are, on
the one hand, ion-selective electrodes and, orother hand, stripping voltammetric
based sensors. In particular, the latter showst gneamise for a highly selective and

sensitivain situ measurement of nickel.

The aim of the work presented in this thesis isceomed with the development of an
electrochemical sensor, based on AdSV, for thectlete of nickel in urine. The

envisaged device is a disposable three electrodeers@rinted sensor attached to a
portable electrochemical analyser. The device thacss the response of nickel ions

into an electrical signal (voltammogram), which ¢enevaluated.

1.9.1 Specific Aims

»  Assess optimal operational parameters for a babmoavorking electrode

»  Design a screen-printed sensor with a bismuthyionking electrode
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»  Assess the potential of using a gold film workimhgcerode

»  Enhance the detection performance of the best seiesagyn to detect nickel

concentrations in the range from 5 to 150 fig L

>  Apply the best sensor design in a direct nickelsneament of a spiked real

urine sample
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Experimental

2.1 DETECTION OF NICKEL (Il) USING SCREEN-PRINTED MA CRO-
ELECTRODES

2.1.1 Reagents and Solutions

All chemicals were of analytical grade and usedeagived. Ammonia solution (25%)
and ammonium chloride (NJ&I) were obtained from Merck (Darmstadt, Germany).
Bismuth(lll) oxide (BkOs), dimethylglyoxime (GHsN.O,), ethanol (95%, &HsOH), L-
Histidine, Nafion®, nickel atomic absorption stardiagolution (1000 mg L in 2%
nitric acid solution), nitric acid (69%, HN{) potassium ferrocyanide {8sFeK,) and
HPLC water were received from Sigma-Aldrich (Giglram, Dorset, United Kingdom).
The carbon ink was a E423-SS graphite-based ink fkaheson Colloids (Plymouth,
United Kingdom). The determination of the pH valuas done with a pH-meter from

Hanna Instruments (Portugal).

All laboratory glassware and tubes were of analytade. Glassware was washed using
nitric acid (1%) and rinsed with HPLC water.

A dimethylglyoxime (DMG) stock solution (0.02 M) warepared by dissolving an
appropriate amount of DMG in ethanol (95%). For e¢hectrolyte, appropriate amounts
of the ammonia solution (25%) and ammonium chlondee mixed together to obtain

an ammonia buffer solution with a pH value of 92 @ concentration of 0.2 M.

The preparation details of all solutions, with teact production process and used

volumes, can be found in Appendix B.

2.1.2 Apparatus

For square-wave adsorptive stripping voltammetB8&V{/) and cyclic voltammetry
(CV) measurements a laptop-controlled PalmSendwaoé version 4.1) driven by
PSTrace for PalmSens and EmStat version 1.4.1lin§eas Instruments B. V., The
Netherlands) was used. The PalmSens device caredre ia Figure 2.1 and the

experimental set-up used is shown in Figure 2.2.
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Dalen!Canc
Trianmitruviio

= \ \_Slcreen-Pn'nted Sensof

Figure 2.2: Photo of the experimental set-up.

2.1.3 Electrodes and Electrodes Preparation

Two types of screen-printed electrodes were useithismwork. The first was printed
using the fabrication facilities at DuPont Limité@8ristol, United Kingdom) through a
collaboration programme between Cranfield and DuP®he DuPont sensors were,
during fabrication, either dried conventionallytlre oven or with infra-red light (IR).
The exact composition details of the electrodesdaszribed elsewhere (Abdul Kadir
and Tothill, 2010). The second type of sensor wammercially available and
purchased from EcoBioServices and Research S.Rdrefice, Italy). (see Figure 2.3)
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(@)

(b)

Figure 2.3: The gold screen-printed sensors used;
a: DuPont; b: Florence.

The design and dimensions of the DuPont sensatenen in Figure 2.4.

— 10 mm —

Electrical
contact

L

Carbon

Ag/Ao(Cl] reference
counter electrode R

electrode

/

Insulation layer
overprinted

Drop-on electrochemical
cell (38.5 mm®)

Au working
electrode

Figure 2.4: Design of the DuPont screen-printedsser(Adapted
from Kadara, 2004).

All procedures described below were the same ferotren dried and IR dried DuPont
sensors as well as for the Florence sensors.

Before using the screen-printed sensors, they wkraned by heating them for 30
minutes at 120°C, then washed with HPLC water aretidvith nitrogen gas ()
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Gold Film ElectrodeThe gold film electrodes (GFE) were used withaut asubsequent
treatment after the washing.

Bare Carbon Electrodefo obtain a bare carbon electrode (BCE) the citewrinals of
the CE and WE were changed. Hence, the gold fieotedde was used as CE and the

carbon electrode as WE.

Bismuth Film ElectrodeTo obtain a bismuth film screen-printed carborctetale, the
screen-printed sensors were prepared as describb@ee dor the unmodified bare
electrodes. Afterwards carbon ink with a bismuth@kide content of 2, 5 or 10% was
mixed in a mortar and then homogenised (KadaraTatfill, 2008). This mixture was
then brushed on the carbon electrode and drie@@fCLfor 60 minutes (Figure 2.5).
Following the heating, the sensors were washed WiRhC water and dried with N

Once again the circuit terminals of the CE and Wé&teanchanged to use the modified

carbon electrode as WE. These sensors are retereedbismuth film electrodes (BFE).

Figure 2.5: Electrochemical cell of a
DuPont sensor with a bismuth film brushed
on the carbon electrode.

Bare Carbon Electrode covered with Nafiddafion modified electrodes (Palchetti
al., 2000) were prepared by drop-coating 1 pl of Nafis% w.t. in alcohol and water)
with a microliter pipette onto the working or reface electrode, respectively. To cover
the whole electrochemical cell on the screen-pdirgensor, 5 pl of Nafion were used.
The sensors were then left to dry at room tempegafior at least ten minutes. The
sensors treated with Nafion were solely operateBiGESs.
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2.1.4 Measurement Procedures

All measurements were carried out by placing a il0@ample drop on the sensor.
Particular emphasis was placed on covering the evblgictrochemical drop-on cell (see
Figure 2.4) with the sample drop. If not specifittierwise, for each measurement a

new sensor was used.

Electrochemical characterisation of the electrodess investigated using cyclic
voltammetry and potassium ferrocyanide as the bmaadkh compound. Therefore, a 2
mM solution of potassium ferrocyanide in an ammoigfer (0.2 M, pH 9.2) was

prepared. The scanning was carried out in the pateange from -0.6 to 1 V and with
a varying scan rate from 10 to 40 m¥ s

The nickel peaks were determined using SWV. Thetexaerating conditions are listed
in Table 2.1. The experiments were carried outgusither DuPont BCE, BCE covered
with Nafion, BFE, or GFE sensors or Florence BCH® nickel solution samples were
prepared by diluting various concentrations (0 © 2@ L') of the nickel standard
solution in the 0.2 M ammonia buffer solution. btrstated otherwise 30 uM DMG
(from the DMG stock solution), as complexing agemés also added to the sample
solution.

Table 2.1: Operating Conditions for SWV (As
used by Hutton et al., 2005 and 2006).

Square Wave Voltammetry Operating

Conditions

Conditioning Potential ov
Duration Os
Deposition -0.7v
Duration 90s*°
Equilibration Time 15s#
Cell off after Measurement Yes
Frequency 10Hz
Initial Potential -0.7v
End Potential -1.3Vv
Step Potential (Scan Rate) 5mVv
Amplitude 25mVv
Standby Potential ov

* if not stated otherw ise
°taken for nickel determination (w ithout cobalt)
#for stirred and unstirred experiments
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All experiments were conducted under standard &boy conditions. Furthermore, for
all procedures a CoSHH (Control of Substances Hazmr to Health) and
environmental risk assessment were carried out éetr@ranfield Health's Code of

Practice specifications and legal requirements.

2.2 DETECTION OF NICKEL (II) USING SCREEN-PRINTED MI CROBAND-
ELECTRODES

2.2.1 Reagents and Solutions

Reagents and solutions were the same as usedtiorS2cl.1. The preparation details
of all solutions, with the exact production processl volumes used, can be found in
Appendix B.

2.2.2 Apparatus

The experimental set-up was similar to the one ritgestt in Section 2.1.2, with the

difference that the sensor was put in a glass bgd&eed on a magnetic stirrer.

2.2.3 Electrodes and Electrodes Preparation

The screen-printed sensors fabricated by DuPonitédn(Bristol, United Kingdom)

were used. Further details about the sensor céoube in Section 2.1.3.
All procedures described below were the same #tren dried and IR dried sensors.

The front part of the sensor was cut away usingciasers (Dudeney, 2008). The
separating line was directly at the upper end ef dnop-on-cell (see Figure 2.6). A

photo of the front and top view of the microbandetiode can be seen in Figure 2.7.

Gold Film Microband-ElectrodesThe gold film microband-electrodes (GFME) were

used without any subsequent treatment after th@ings

Bare Carbon Microband-ElectrodeTo obtain a bare carbon microband-electrode
(BCME) the circuit terminals of the CE and WE wetenged. Hence, the gold film

electrode was used as CE and the carbon electsodé=a
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- - Separating line

Figure 2.6: Position of the separating line for
the production of a microband-electrode.

(@)

(b)

Figure 2.7: Photo of a microband-electrode; a: Top
view; b: Frontal view.

2.2.4 Measurement Procedures

The nickel peaks were determined using SWV andrelgtemical characterisation of
the electrodes was carried out with CV. The exasrating conditions for SWV are
listed in Table 2.1. The experiments were carrietiusing either BCMEs or GFMEs.
All measurements were carried out by placing thessein a 10 ml glass beaker
containing 7 ml of the sample solution. Under stgrconditions the solution was
stirred at 350 rpm during the 90 second depostime. Equilibrium and measurement

took place in quiescent solution.

The electrochemical characterisation was carrigdroan ammonia buffer solution (0.2
M, pH 9.2) with 2 mM potassium ferrocyanide as ltenark. The scans were carried
out in the potential range from -0.6 to 1 V. Unlikke the nickel measurement described

below, for each scan rate (10 to 40 mY & new sensor was used.
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For the nickel measurement, the nickel concentratiothe 0.2 M ammonia buffer
solution was successively increased from 0 to 20Q frand was measured using the
same sensor without any treatment from one corat@mir step to the next.
Furthermore, at the beginning of the measuremefibyé 30 uM DMG (from the DMG
stock solution) as complexing agent was added @ostimple, a blank voltammogram
was recorded by measuring the plain buffer solution

2.3 DETECTION OF NICKEL IN URINE

2.3.1 Reagents and Solutions

Reagents and solutions were nearly the same as ios&eéction 2.1.1. However,
different ammonia buffer solution concentration®©{0M, 0.1 M, 0.2 M, 0.267 M and
0.5 M) were used. The preparation details of allitsans, with the exact production

process and used volumes, can be found in Appdhdix

2.3.2 Apparatus

The experimental set-up was the same as descmb8dadtions 2.1.2 and 2.2.2 for the

macro-electrode and microband-electrode, respégtive

2.3.3 Sample and Sample Preparation

The urine samples were collected from a 26 yearnwdde volunteer (80kg, healthy,
non-occupationally exposed to nickel). Early mognhurine was collected in a standard
glass laboratory vessel. Urine was kept in theg&idintil used and all measurements

took place within three days of collection.

Before the actual measurement, the urine sample divated with ammonia buffer

solution. For the buffer capability measurementsnauwas diluted in the ammonia
buffer solution in a ratio of 1:3, in buffer con¢eations of 0.01, 0.1, 0.2, 0.267 or 0.5 M
to adjust the pH value of urine to 9.2. For thekaeilaneasurements, urine was diluted in
various amounts (0, 1, 2.5, 5, 7.5, 10, or 25%) ;267 M buffer solution, to evaluate
the influence of interference at different urinencentrations. Into the sample, 150
pug L* of the nickel stock solution and, if not statedhestvise, 30 uM DMG as

complexing agent, were added.
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2.3.4 Measurement Procedures

The pH values were determined with a pH-meter fidamna Instruments (Portugal),
which was calibrated before each measurement.|a¢trchemical experiments were
either carried out using BCEs covered with NafionB&€MEs (both IR dried). The

nickel peaks were determined using SWV. The expetaiing conditions can be found
in Table 2.1.

The macro-electrode nickel measurements were daoté by placing a 100 pl sample
drop on the sensor. Particular emphasis was plamedcovering the whole
electrochemical drop-on cell (see Figure 2.4) witte sample drop. For each

measurement a new sensor was used.

The microband-electrode nickel measurements wereedaut by placing the sensor in
a 10 ml glass beaker containing 7 ml of the samsplation. For each measurement a

new sensor was used.
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3.1 DETECTION OF NICKEL (Il) USING SCREEN-PRINTED MA CRO-
ELECTRODES

3.1.1 Electrochemical Characterisation of the ScreeRrinted Macro-Electrodes

To characterise the working electrode (WE), cyebtammetry was used. For a 2 mM
potassium ferrocyanide solution in ammonia buffed a scan rate of 30 mV*sthe
cyclic voltammograms at the bare carbon electrd@€H), bismuth film electrode
(BFE) and gold film electrode (GFE) are depictedFigure 3.1. The peak-to-peak
separations obtained for the BCE, BFE and GFE Wes85 V, 0.410 V and 0.445 V,
respectively.

To evaluate the electrochemical behaviour of patasderrocyanide at the BCE, BFE
and GFE, cyclic voltammograms were also obtainestanh rates of 10, 20, 30 and 40
mV s* (Figure 3.2).

25

BCE

BFE
GFE
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10

Current [uA]
(6]
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-15
-0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2

Potential [V]

Figure 3.1: Comparison of the cyclic voltammogrash® mM potassium ferrocyanide
in ammonia buffer solution. BCE, BFE and GFE (Scate: 30 mV 3, all sensors IR
dried).
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Figure 3.2: Cyclic voltammograms showing the vaoatin scan rates (10, 20, 30 and
40 mV 8) for 2 mM potassium ferrocyanide in ammonia busf@ution. Top left: BCE;
Top right: BFE; Bottom: GFE. All sensors IR dried.

3.1.2 Background Signal of the Electrolyte

The background signal of the ammonia buffer sotuib concentrations of 0.01 M and
0.2 M were evaluated. This was carried out becaosmally low concentrated buffers
are used for adsorptive stripping analysis of rlicke minimise interference effects.
However, to buffer urine to a pH value of 9.2, ghi@r concentration is required.
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In Figure 3.3 the background signal of the ammdmiier solutions at the BCE, BFE

and GFE are depicted. BCE and BFE show a slightseiased background signal at the
0.2 M concentrated buffer, compared to the 0.01nMnania buffer. The GFE, on the

other hand, shows a strong increase of the backdrtavel. The BCE electrode is not

only the one with the lowest background signal &#lsb becomes more flat when the
buffer concentration is increased.
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Figure 3.3: Difference of the ammonia buffer sauaot(pH 9.2, with DMG) background
signal of a 0.01 M and 0.2 M concentration. Top: IBICE; Top right: BFE; Bottom:
GFE. All sensor IR dried.
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A stable background signal is essential for an i@teuand repeatable determination of
the nickel concentration. To assess the reprodigilaf the background signal, two
measurements were conducted with the buffer arethreasurements with the buffer
and 30 uM dimethylglyoxime (DMG) at each electrddgen and IR dried sensors).
The results for the BCE, BFE and GFE are illusttate Figures 3.4, 3.5 and 3.6,
respectively. As can be seen, the signals varlf atetrodes and the signal levels are in
general higher at the oven dried sensors. Thetseatithe GFE seem to be the most
uniform. However, this is mainly because the signate much higher than the

background signals at the BCE and BFE and, herppeeaa better when compared to
the other electrodes.
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Figure 3.4: Reproducibility of the ammonia buffeiution background signal when
measured at a BCE. Two measurements of plain bafidr three measurements of
buffer with DMG. Left: IR dried sensor; Right: Ovened sensor.
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Figure 3.5: Reproducibility of the ammonia buffedlwgion background signal when
measured at a BFE. Two measurements of plain baffiek three measurements of
buffer with DMG. Left: IR dried sensor; Right: Ovened sensor.
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Figure 3.6: Reproducibility of the ammonia buffelwgion background signal when
measured at a GFE. Two measurements of plain baffer three measurements of
buffer with DMG. Left: IR dried sensor; Right: Overed sensor.
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To gain more information about the background digitavas also obtained from a

longer potential range at the BCE, BFE and GFEue@@.7 displays the signals from
-0.7 V to -2.0 V in ammonia buffer solution with OB/ It can be seen that at all three
electrodes there is a huge interference peak. igmals are quite similar; the only

difference is that the potential at which they appearing is shifting towards lower
potentials, starting from the highest potentialtte# BCE (-1.93 V), over the BFE

(-1.75 V) to the lowest potential at the GFE (-1\§3
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Figure 3.7: Extended background signal of the ammdmffer solution (with DMG)
from -0.7 V to -2.0 V at the BCE, BFE and GFE ¢alhsors IR dried).

In conclusion, of the last section, the backgrosighal is highly variable. The best
behaviour was observed at the BCE and the poarédst &FE.

3.1.3 Assessment and Optimisation of the Sensors @agonal Parameters

A number of variables have an influence on the igudgm capability of the nickel at the
electrode. The most important, which could be irflced, were optimised. These are

the bismuth concentration in the BFE, the DMG comi@agion and the deposition time.

67



Results

Three different bismuth concentrations (2, 5 anélo)L@f the BFE were evaluated by
measuring 150 pgtnickel in ammonia buffer solution containing 30 DMG. As

can be seen in Figure 3.8, with increasing bisnmaghcentration the influence of
interference phenomena also rises. In fact, onlY%t bismuth concentration is it
possible to see a nickel peak around -1.2 V, wipleak area of 62.3 nAV. Hence, for all

BFE a bismuth concentration of 2% was used.
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Figure 3.8: Comparison of BFEs with an amount of52and 10% bismuth.
(Ammonia buffer with DMG and 150 pg hickel, all sensors IR dried).

Sufficient DMG in the sample solution is necesdargllow each nickel ion to complex
with two DMG molecules and, hence, be detectabldeklectrode. Concentrations of
0, 10, 20, 30 and 40 uM were added and measuri 8CE, BFE and GFE, and the
results are depicted in Figures 3.9, 3.10 and 3ddpectively. Unfortunately, due to
strong interference it was not possible to complagenickel peak areas accurately and,
hence, only the graphs are displayed. The highekelnpeak (area: 67.34 nAV) was
obtained with an IR dried BCE and 30 uM DMG at 5LX. Therefore all other
experiments were conducted using 30 uM DMG. Theasggof the oven dried BCEs
and IR and oven dried BFEs are strongly influenlogdnterference phenomena. The
largest nickel peaks are 39.49 nAV with 30 uM DM@ &27.16 nAV and 28.67 nAV
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using 40 uM DMG, respectively. However, the niclgdaks still appear at these
electrodes, whereas there are no nickel peaksl @t #he GFEs. Due to the totally

missing nickel peak at the GFE, no more investigatiwere conducted at the GFE.
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Figure 3.9: Effect of DMG concentration (0, 10, 20, and 40 uM) on the nickel peak
area (150 pg t nickel) when measured with a BCE (Buffer measunéméhout any
nickel and DMG). Left: IR dried sensors; Right: @wied sensors.
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Figure 3.10: Effect of DMG concentration (0, 10, 20 and 40 uM) on the nickel peak
area (150 pg t nickel) when measured with a BFE (Buffer measunémithout any
nickel and DMG). Left: IR dried sensors; Right: @wied sensors.
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Figure 3.11: Effect of DMG concentration (0, 10, 20 and 40 puM) on the nickel peak
area (150 pg L nickel) when measured with a GFE (Buffer measuneéméthout any
nickel and DMG). Left: IR dried sensors; Right: @wied sensors.

An optimal deposition time ensures the pre-conegioin of a maximum of nickel-
DMG complexes at the electrode in as short a peasodossible. To assess the optimal
deposition time two different experiments were awmtdd. Relatively short deposition
times of 30, 90, 150, 210 and 270 seconds were wghdhe BCE sensor. The results,
which are shown in Figure 3.12, indicate strongateims in the signal achieved. The
greatest nickel peak areas were obtained with agiggn time of 90 (67.34 nAV), 150
(51.92 nAV) and 210 (38.90 nAV) seconds.

On the other hand more information about the bamkgl signal was obtained.
Therefore, long deposition times up to 22.5 minated a larger potential range down to
-2.0 V were examined. The results are illustrateBigure 3.13. It can be seen that with
a longer deposition time the peak of the backgrosigdal is shifting towards lower
potentials and then covering the nickel peak al51V. Furthermore, a second

interference peak is emerging between -0.8 and\:1.0

To minimise interference caused by long depositiores, a deposition time of 90

seconds was used for further experiments.
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Figure 3.12: Effect of deposition time (30, 90, 1280, 210 and 270 seconds) on the
nickel peak area (150 pg'lnickel) when measured with a BCE (all sensorsrigd)l.
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Figure 3.13: Effect on the background signal anckel peak area (150 pg*Lnickel)
when measured with a BCE and very long deposiiioes of 0, 450, 900 and 1350

seconds. The enhanced graph on the left depictsftéet of time on the nickel peak (at
-1.15 V) in more detail. (all sensors IR dried).
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3.1.4 Measurement Reproducibility

The reproducibility of the measurements was testgdhree experiments. First, an
ammonia buffer (with DMG) measurement was condu@ed then the sensor was
washed with HPLC water and dried with. M\fterwards the same sensor was once
again used to measure 150 pgnickel added to the same solution. The resulthef
two different sensors measurements at each elect(tB€E, BFE and GFE) are
depicted in Figure 3.14. At all electrodes no nigkeak is appearing after washing and
reusing the sensor and, in general, the signaldeme becoming much lower. This

indicates that something important, such as silgatissolving from the sensor.
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Figure 3.14: Effect on a BCE (top left), BFE (toght) and GFE (bottom) when
washed after a buffer measurement and afterwarngse@ to measure nickel (150 pg L
nickel, all sensors IR dried). 1: First sensor;Second sensor.
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Second, two measurements with buffers (with add&iGIp and three measurements
with 150 pg L[* nickel conducted at BCEs and BFEs. Once again, €ach
measurement, a new sensor was used. Whereas, BCtha well-defined nickel peak
appears, at the BFE the results are more randogur@i3.15). However, at both
electrodes the results cannot be considered aatedpe.
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(1) Buffer + DMG (1) Nicke
(2) Buffer + DMG ——  (2) Nicke
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Figure 3.15: Reproducibility of two buffer (with BBJ measurements and three nickel
measurements (150 pd)lat the BCE (left) and BFE (right) (all sensorsdRed).

The final experiment was to look at the effect iofie on the nickel-DMG complex
forming. Therefore a single measurement of 1 rignickel at an IR dried BCE was
conducted and then the sample solution was kemnirupright position overnight
without moving. On the next day the measurement rgpeated with a sample drop
from the upper part of the solution with a differeansor. In addition a photo was taken
of the solution. Both can be seen in Figure 3.1fceédthe nickel forms a complex with
the DMG they start to drop to the bottom of theetaimd no nickel peak measurement is
possible in the mixed solution.
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Figure 3.16: Effect of time on the nickel-DMG coexl(1 mg [ Nickel). Left:

Influence on the nickel peak measurement. Righdtd’bf the nickel-DMG complexes
dropped to the bottom of the tube after one day.

3.1.5 Nickel Detection Using the Florence Sensor

The performance of the Florence sensor for nickétcion was also investigated. The
sensor used was based on a gold working electiddeiever, the carbon counter
electrode was used as working electrode. Florerosass, which are distributed by
PalmSens Instruments B. V., were used and strippéae potential range from -0.7 V
to -2.0 V to see the whole background signal. Tésults are depicted in Figure 3.17,
which show measurements of ammonia buffer, 30 uM@ahd a 150 pg tnickel.
For every measurement a new sensor was used. Howmthing more than a high
interference signal was measured. In fact, dufr@gmieasurement, the dissolving of the
silver of the reference electrode was observable.
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Figure 3.17: Performance of the Florence sensomin50 pg t* nickel and DMG,
DMG and plain buffer solution.

3.1.6 Interference Mitigation Using Nafion

Since the BCE sensors are giving the best resultsi¢kel detection these were further
examined by using Nafion as an interference baffaichettiet al, 2000; Kadara,
2004). To minimise interference and increase regiudity the sensors were covered
with Nafion and the performance was evaluated. ittufeé 3.18 a 150 pgLnickel
measurement was conducted with Nafion either onwhele drop-on-cell or the
reference electrode only or the working electrodl.oThe best results were observed
when Nafion was deposited on the working electroHence, a reproducibility
experiment was carried out with Nafion on the wogkielectrode. Three sensors
without and three covered with Nafion were usedn@asure 150 pg™Lnickel. The

results are illustrated in Figure 3.19.
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Figure 3.18: Comparison of a 150 p¢ hickel measurement when Nafion is deposited
on the whole drop-on-cell, RE and WE of the BCEd{iRd sensors).
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Figure 3.19: Reproducibility of the nickel peak Q1fig L) voltammogram when
measured three times with a BCE not covered wittioNgleft) and three times with a
BCE covered with Nafion (right); (all sensors IRedt).
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In Table 3.1 the nickel peak areas and the avanajel peak area are compared. The
nickel peaks at the untreated electrodes are higbmpared to the electrodes covered
with Nafion. However, the standard deviations & tfickel peak areas are £39.19 nAV
at the untreated electrodes and just £2.22 nAVhattteated electrodes, which shows
that the signal is much more repeatable when uBlafion. Hence, in all further

experiments the sensors were treated with Nafion.

Table 3.1: Comparison of the nickel peak area otedh
uncovered and three covered BCE with Nafion (150Lfig
nickel, IR dried sensors).

Peak Area untreated Peak Area BCE with

Sensor BCE [nAV]  Nafion on WE [nAV]
1 73.3 33.4
2 115.4 20.6
3 37.1 33.5
Average (SD) __ 53.72 (39.19) 3217 (2.22)

3.1.7 Effect of L-Histidine on the Nickel Peak Area

Metal-binding proteins and peptides are known tonfetrong complexes with metals
and can improve measurement performance by entlmati@npeak area of heavy metals
in the voltammogram (Goodingt al, 2001; Md Noh, 2005). One peptide with a high
affinity to form a complex with nickel is L-Histide (Sarkar, 1984).

To investigate the effect of L-Histidine on theketpeak area, it was added to a sample
solution with 150 pg £ nickel to complex with nickel. However, neithertiwinor
without 30 uM DMG in the sample solution was anréase of the peak area observed
at any L-Histidine concentrations (0, 5 and 10 mM)fact, no nickel peak can be seen
after the adding of L-Histidine (Figure 3.20).

This may need to be investigated further sinceeinss that the nickel complexed with
the L-Histidine and did not give a clear peak. &xfint operational conditions,

especially other potentials, may need to be usédriher tests.
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Figure 3.20: Effect on the peak area when L-Hisigdis added in the amount of 0, 5
and 10 mM to the solution (IR dried BCEs covereith Wiafion, 150 pg £). Left: With
DMG,; Right: Without DMG.

3.1.8 Calibration Plot, Limit of Detection and Precsion

The best sensor design, BCE covered with Nafiors wsed to generate a calibration

plot and determine the limit of detection and psixi.

Figure 3.21 displays the voltammograms of the dickeaks for increasing
concentrations of nickel in ammonia buffer solutmntaining 30 uM DMG. For the
measurement, IR dried BCEs covered with Nafion wesed. For the calibration plot
(Figure 3.22) each concentration was measured tmess, each time with a new
sensor. A linear plot was obtained in the concéiotnaange from 5 to 200 pg*'l(R2? =
0.99) and a limit of detection of 3 pg'lLbased on the use of S/N = 3 criterion (of the
ammonia buffer sample with DMG), was determinecke Vhriability, especially at high
concentration, is quite high. More research is ss@g/ to ensure a good reproducibility.

This can done, for example, with a second Nafigera
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Figure 3.21: Voltammograms of 0, 1, 5, 10, 20, BI), 150, 200 pg tnickel at
an IR dried BCE covered with Nafion.
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79



Results

3.2 DETECTION OF NICKEL (II) USING SCREEN-PRINTED MI CROBAND-
ELECTRODES

3.2.1 Electrochemical Characterisation of the ScreeRrinted Microband-

Electrodes

Cyclic voltammetry was used to characterise thekimgrelectrode of the micro-band
electrodes. Therefore 2 mM of potassium ferrocyammd0.2 M ammonia buffer were
prepared. The cyclic voltammograms of the bareararnicroband-electrode (BCME)
and the gold film microband-electrode were compatad scan rate of 30 mV* &
Figure 3.23. At both electrodes neither an oxidatmeak nor a reduction peak is
evolving.

To evaluate the electrochemical behaviour of patas$errocyanide at the BCME and
GFME, cyclic voltammograms were also obtained anscates of 10, 20, 30 and
40 mV s' (Figure 3.24).

0,5

BCME
GFME

0,4

0,3

0,2

Current [uA]

0,1

-0,1
-0.4 -0.2 0 0.2 0.4 0.6 0.8 1 1.2

Potential [V]

Figure 3.23: Comparison of the cyclic voltammogrash2 mM potassium ferrocyanide
in ammonia buffer solution. BCME and GFME (Scarer&0 mV 3, both sensors IR
dried).
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Figure 3.24: Cyclic voltammograms showing the véoia in scan rates (10, 20, 30 and
40 mV 3) for 2 mM potassium ferrocyanide in ammonia buffelution. Left: BCME;
Right: GFME. All sensors IR dried.

3.2.2 Capability of a Gold Film Microband-Electrode

Figure 3.25 shows the results of a 150 gnickel measurement at oven and IR dried
GFME. All measurements were conducted with the saleetrode in a stirred sample
solution. First the buffer was measured, then DM@ afterwards nickel was added.
The background signal at -1.15 V is high and thekeli peak area at 150 pg' lare as
low as 2.39 and 8.38 nAV at the oven and IR driedteodes, respectively.

By using the microband-electrode, the nickel peak lse seen, when compared to the
macro-electrode sensor, due to the reduction ob#ukground signal. However, it is

still much lower than the bare carbon microbandiedele which is described below.
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Figure 3.25: Capability of an oven dried (top) aad IR dried (bottom) GFME for
nickel measurement (150 pg Nickel).
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3.2.3 Calibration Plot, Limit of Detection and Precsion of the Bare Carbon

Microband-Electrode

Figure 3.26 displays the voltammograms of nickelksefor increasing concentrations
of nickel in ammonia buffer solution containing @M DMG at the oven and IR dried
BCME under stirring conditions. The calibration fgldfor three measurements are
depicted in Figure 3.27. A linear plot was obtaimedhe concentration range of 1 to
200 pg ! (R2 = 0.93) and 1 to 200 pg'L(R? = 0.98) at the oven and IR dried
electrodes, respectively. The limits of detectiogrevdetermined with 0.22 pg*lat the
oven dried electrode and 0.36 pg at the IR dried electrode, based on the use o=S/N

3 criterion (of the ammonia buffer sample with DMG)

The voltammograms of nickel peaks were also recbndben the sample was not
stirred. The nickel was successively increasediaramonia buffer solution containing
30 uM DMG at the oven and IR dried bare carbon oiand-electrode (BCME). The
results are illustrated in Figure 3.28. Since theda at the oven dried electrode was too
small for a proper measurement (first clear pegkeas at 100 pgLnickel at two
different sensors), in Figure 3.29 only the caliiora plot of the IR dried sensor can be
found. Due to a measurement error for one 1 ftgnickel measurement, only two,
instead of three values, were used. A linear pb wbtained in the concentration range
from 1 to 200 pg £ (R2 = 0.99) and the limit of detection was detewedi at 0.9 ug t,
based on the use of S/N = 3 criterion (of the amebunffer sample with DMG).

For all sensors a strong variability of the reswitass observed, especially at high
concentrations. To increase the reproducibilitythfer investigations are necessary,
most importantly an automatic production of the noli@nd-electrodes to ensure the
same surface area of all electrodes.
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Figure 3.26: Voltammograms of 0, 1, 5, 10, 20, B0), 150, 200 ugtnickel at an
oven dried (top) and IR dried (bottom) BCME (Stiye
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Figure 3.27: Calibration plot for nickel using oveinied (top)
and IR dried (bottom) BCMEs (Error bars =1 SD, 8%
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Figure 3.28: Voltammograms of 0, 1, 5, 10, 20, B0), 150, 200 pgtnickel at an
oven dried (top) and IR dried (bottom) BCME (Unsi).
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Figure 3.29: Calibration plot for nickel using IRried
BCMEs (Error bars = 1 SD, n = 3, unstirred).

3.3 DETECTION OF NICKEL IN URINE

3.3.1 Assessment of the Optimal Buffer Concentration

The buffer performance of a 0.01, 0.1, 0.2, 0.26F @5 M ammonia buffer solution in

urine was examined. The urine sample had a pH \&l%e4 and was diluted 1:3 in the

buffer 25% (Huttoret al, 2006), meaning for each part of urine three paufter were

added. In Table 3.2 the results are presentedloMrest concentrated ammonia buffer

solution which was able to buffer the urine sanipla pH value of 9.2 was the 2.67 M

one. Once the 2.67 M ammonia buffer is mixed wiihej due to dilution, the ammonia

buffer concentration in the mixed sample is adgigte0.2 M. This is the reason why,

for all experiments assessing the optimal desigh @rerational parameters, a 0.2 M

ammonia buffer solution was used.
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Table 3.2: Buffer availability of different ammorbaffer solution concentrations when

mixed with urine (pH 5.4, 25% urine).

Before mixing with urine
Ammonia buffer solution

After mixing with urine
Ammonia buffer solution

concentration pH-Value concentration pH-Value
0.01 M 9.2 0.0075 M 58
0.1M 9.2 0.75M 1.7
0.2M 9.2 0.15M 9.15
0.267 M 9.2 0.2M 9.2
05M 9.2 0.375 M 9.2

3.3.2 Nickel Measurement in Spiked Urine Samples

Urine (pH 6.0) was diluted (1:3) in a 0.267 M amnaobuffer solution and was spiked
with 150 pg ! nickel and 30 uM DMG. This sample was measuredh &itBCE
covered with Nafion and a BCME (not stirred). Irgdiie 3.30 the results are displayed
and compared with the same sample without nickel aithout nickel and DMG.
Around -1.15 V, which was determined as specifiteptial for nickel, no peak is
appearing at both electrodes. At the BCE, the wohagrams of the nickel, DMG and
plain buffer measurement do not really differ, wdeex at the BCME the background

signal is decreasing when DMG is added and ever mvben nickel is also added.
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Figure 3.30: Plain buffer, buffer with DMG and 15@ L* nickel measurement in a
spiked and diluted (1:3) urine sample (pH 6.0) Wt8Es covered with Nafion (left)
and BCMEs (right, unstrirred); (all sensors IR dije
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To minimise the background signal, the urine sanm@e diluted to O, 1, 2.5, 5, 7.7, 10
and 25% in a 0.267 M ammonia buffer solution. Thmgle was spiked with 150 pg'L
nickel and 30 uM DMG. Table 3.3 shows the theoatticckel concentration in urine,
when the dilution due to the buffer is considereak example a concentration of 1,500
ug L* of nickel in urine is necessary to achieve 150 tqickel in the mixed sample,
when urine is diluted to 10%.

Table 3.3: Calculated theoretical nickel concentyas
in urine, when dilution factor is considered.

Corresponding

Dilution of Nickel Concentration in LS
Concentration in

urine in buffer Sample [ug L1

Urine [ug LY

0% 150 n.a.

1% 150 15,000
2.5% 150 6,000

5% 150 3,000
7.5% 150 2,000
10% 150 1,500
25% 150 600

In Table 3.4 the nickel peak areas of the differdihition ratios are listed and the
proportion compared to the nickel peak area inlib#er (0% urine). At the BCE
covered with Nafion, a peak (0.93 nAV) is visibleup to 2.5% urine, whereas at the
BCME a peak (0.33 nAV) is occurring of up to 5%nari The voltammograms of all
dilution ratios and of the BCE and BCME are demldate Figure 3.31. Nickel peaks are
occurring around -1.2 V at the BCE and around -}.H the BCME. As can be seen, a
direct measurement is just possible in very limi@ttumstances. Hence, further
research is necessary to make a rapid nickel measmt in urine feasible.
Table 3.4: Nickel peak areas of diluted samplesl(®.5, 5, 7.5, 10 and 25%

urine in ammonia buffer solution) and a comparisorhe nickel peak area of
the undiluted sample as a percentage.

Macro-Electrode Microband-Electrode
I . Area compared . Area compared
uri[::e“ffgu‘;:er N'Cke'[rf’:\";‘]k A2 45 0% dilution N'Cke'[rfj‘\"‘/']‘ AT 5 09 dilution
[%0] [%0]
0% 27.42 100 7.56 100
1% 2.92 10.65 1.63 21.56
2.5% 0.93 3.39 0.65 8.6
5% 0 0 0.33 4.37
7.5% 0 0 0 0
10% 0 0 0 0
25% 0 0 0 0
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Figure 3.31: Comparison of nickel measurement vofteograms (150 pgLwith
DMG) at different dilutions ratios (0, 1, 2.5, 5,57 10 and 25%) of urine (pH 6.0)
in ammonia buffer solution (0.267 M, pH 9.2) at B€E (top) and BCME (bottom);
(all sensors IR dried).
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Discussion

4.1 DETECTION OF NICKEL (ll) USING SCREEN-PRINTED MA CRO-
ELECTRODES

4.1.1 Electrochemical Characterisation of the ScreeRrinted Macro-Electrodes

To obtain information about the electrochemicalctiems at the electrodes they were
characterised using cyclic voltammetry and potassferrocyanide in an ammonia
buffer solution as the benchmark. Potassium feaoie was used as the benchmark
chemical because the oxidation from ferrocyanidietacyanide is an almost reversible
reaction (Scholz, 2002). These results can be tsedmpare the performance of the

electrodes with other electrodes or in differerftdrs.

Only one oxidation peak and one reduction peak agoein the voltammograms,
which is a sign that the reaction of potassiumoieyanide in an ammonia buffer
solution at the electrodes is a one electron psodstsno electrode, neither at the bare
carbon electrode (BCE) nor bismuth film electroBEE) nor gold film electrode (GFE)
can the redox reaction of potassium ferrocyanidedesidered to be reversible. This
can be seen in the cyclic voltammograms in two waysthe one hand this is because
the peak-to-peak separation is in all cases mughehithan 59 mV, which is normally
achieved by a fast reversible one electron pro¢egmg, 2006). Furthermore, the
voltammograms are also more drawn out comparedageasible process. On the other
hand the position of the oxidation peak is slighghifting to a higher potential with
increased scan rates at all three electrodes. imtlisates for all electrodes that the

redox reaction is quasi-reversible (Wang, 2006).

The oxidation peak currents are indicating that tnigdation processes (loss of an
electron) of potassium ferrocyanide are taking @latthe BFE followed, after a huge
distance, by the GFE and then the BCE. Especiéié/,high discrepancy between the
BFE and the two other electrodes can be explaigdtdpreparation process. The BCE
and GFE remained untreated and have approximdtelgdame surface area, except for
small differences because the electrodes are tdafferethit degree covered by the
isolating layer, which covers more of the carboecetbde compared to the gold
electrode (see Figure 2.3: Design of the screartgutisensor). To obtain a bismuth
film, a layer was brushed on the carbon electrddes process resulted in a huge
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increase of surface area of the BFE. When the cirfaea is increased there is also
more space to exchange electrons; hence, a higigation, and also reduction, peak

current is entailed.

4.1.2 Background Signal of the Electrolyte

To achieve high sensitivity and also reproducijilés flat background signal of the
supporting electrolyte is desired. Most of the pamkealing with nickel detection using
adsorptive stripping voltammetry (AdSV) have a loancentrated ammonia buffer
solution of around 0.01 M (Wang and Lu, 2000; Haib al, 2003, 2005, 2006; Legeai
at al,, 2006; Jovanovsket al, 2009) to minimise the influence of the electrelyTo
buffer the pH-value of urine properly, a concendraiof 0.267 M was necessary, which
is adjusted to 0.2 M by mixing the buffer 3:1 withne (see also Section 3.3.1 and 4.3.1
for the results and discussion about the optim#Eebgoncentration for urine). For that

reason all experiments were conducted with a Olfuler solution.

The relatively high ammonia buffer solution conecatibn is the reason why the
difference in the background signal of a 0.01 M ar&iM buffer concentration was first
investigated. The increase is especially obvioub@atGFE. Here the background signal
is increasing by a factor of two around -1.0 V, véhéhe nickel peak is supposed to
occur (Kokkinoset al, 2008). A slight increase in this potential ramge also be found
at the BFE. At the BCE there is even a decreasheobackground level around the
nickel peak potential. However, when the backgrosighal is determined not only
until a potential of -1.3 V but down to -2.0 V, isbecoming obvious that at each
electrode there is a huge interference peak, wischust appearing at different
potentials. Whereas for the BCE this peak does ph@y any role for the nickel
measurement, it is already an issue at the BFEtatadly covers the nickel peak
potential (around -1.0 V) at the GFE. Moreovererthe interference peak reaches its
maximum it is dropping immediately to zero, thismadentifies the maximal potential
which can be applied. As described by Kokkiretsal. (2008) in ammonia buffer
solution hydrogen evolution occurs at potentialsdothan approximately -1.4 V. As it
was assessed, this effect mainly appears at thea@&Eakes an accurate measurement
nearly impossible.
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The background signal measured of the supportiagtrelyte is not repeatable at any
electrode used. This was evident for both IR as® @ven dried sensors. When two
sensors tested with buffer and three sensors tesitld buffer with DMG and the
signals were compared it became obvious that tfiereinces are large and random.
Furthermore, there is nearly no difference in tippemrance of the signals whether
DMG was added or not. The differences amongst tbasorements at all six electrodes
are between 2 and 3 pA. This large discrepancy@seeptable for a desired accuracy
down to a current of a few nA. The mismatch atBR&s can be partly explained by the
imprecise production process. During this proclsscarbon-bismuth layer is brushed
on the bare carbon electrode, which results irffardnt electrode surface structure for
each single sensor. However, the BCEs and GFEsa@trenanipulated and should
produce a repeatable measurement. These effecesfuréiner investigated during the
actual nickel measurements. At least, it cannaxwbuded that nickel peaks of different
measurements are comparable and the electrolydstisausing an offset, which can be

easily deducted from the signal.

4.1.3 Assessment and Optimisation of the Sensors Qagonal Parameters

All literature located dealing with the AdSV of kel follow similar measurement
procedures (Wangt al, 1996; Wang and Lu, 2000; Hutt@t al, 2003, 2005, 2006;
Morfoboset al, 2004; Kokkinoset al, 2008). Hence, the operational parameters served
as default settings, especially, those of Huetbal. (2005 and 2006), who were able to
measure the nickel concentration in various bodi$l (aqueous humour, cerebrospinal

fluid, saliva and sweat).

Most sensors commonly used for the stripping amalgt nickel, use mercury for the
interfacial accumulation of complexes on the etmtdr (Wang and Lu, 2000).
Unfortunately, mercury is not an environmentalliefidly material. For many heavy
metals applications, such as nickel, bismuth candeel as a mercury substitute without
any loss of detection performance (Wang, 2005; kudk and Economou, 2008). As
discussed in the introduction chapter, there ar@®wareports on bismuth based sensors
for the detection of nickel. Next to bismuth filfeetrodes (Wang and Lu, 2000; Hutton
et al, 2003; Morfoboset al, 2004; Legeaiet al, 2006) and bismuth film micro-
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electrodes (Huttoet al, 2005, 2006; Kokkinost al, 2008) there is also a report of a
small disposable cell-on-a-chip bismuth film seng@kkinoset al, 2008).

However, to the best knowledge of the author tHeae never been a bismuth film
screen-printed sensor used for the detection ddehiddence, for the carbon-bismuth
powder paste data from bismuth film screen-prirgedsors for the detection of lead,
cadmium and zinc (Krélickat al, 2002, Pauliukadtet al, 2002; Kadara and Tothill,
2008) were used. The performance of the BFE cantpibismuth concentrations of 2,
5 and 10% was investigated. With increasing bisnasthcentration, the background
interference peak is also playing a more importatg at around -1.0 V. Whereas with
2% a clear nickel peak is appearing close to -1.h& peak is masked by interference
phenomena at 5 and 10%. Hence, for all other exygats, a BFE with a bismuth

concentration of 2% was used.

The maximal nickel concentration measured was 260Lp, which is converted
3.4 uM. Since each nickel ion is complexing withotMG molecules (Meet al,
1997) a DMG concentration of 6.8 UM should be sidfit. However, there is the risk
that some DMG molecules are complexing with otheletules and heavy metals,
especially cobalt (Maet al, 1997). This is why a higher concentration may be
necessary. It was already reported by Kadara (288d) Dudeney (2008), who were
working with the same sensor design, that silves iare dissolving from the surface of
the screen-printed sensor itself. Hence, for measents in the buffer, the influence of
silver ions are of particular interest. Therefoldg0 pg L* nickel, the maximum
concentration, which was desired to be detectalds, measured with either 0, 10, 20,
30 or 40 uM DMG at all three electrodes. An optiIG concentration of 30 uM
was determined at both BCEs, the IR and oven drieg] and 40 uM at both BFEs.
Once again the signals at the BFE are quite ranedrith can be explained either by
the imprecise production process or with the higbemsitivity to interference from
other ions, which are probably dissolving from semsor. At both GFEs no nickel peak
was observed, and at all DMG concentrations theatsgare comparable to the blank
sample. Furthermore, at all electrodes (BCE, BHE @RE) the results of the IR dried
sensors are much better than of the oven driethicndase. The nickel peaks, when
appearing, are larger and the background sigrialer. After discussing this with the

producer of the sensor, DuPont Ltd. (Bristol), timest likely explanation of this
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outcome is the composition of the electrodes atthface. After conventional drying in
the oven more silver, gold or carbon can be founithe surface of the electrodes than
the polymers, used to retain the silver, gold abea. For IR dried it isvice versa
compared to the sensors dried in the oven. Thigliteem less interfering compounds

dissolving from the sensor surface .

At this point in the project, it was decided notitwvestigate the nickel measurement
performance of the GFE as well as all oven drietsaes any further, due to the strong

influence of interferences at these electrodes.

The optimal deposition time was investigated witlo tdifferent experiments with the
BCE: on the one hand with relative short depositiores up to 270 seconds, and on the
other hand with very long deposition times of 4900 and 1350 seconds and a longer
stripping potential range down to -2.0 V. The moderesting result is that with a
prolonged deposition time the huge interferencek psa moving towards lower
potentials; hence, covering the nickel peak arealal5 V. Moreover, a second
interference peak is emerging from -0.8 to -1.0rkis peak can also be seen after a
deposition time of 150 and 210 seconds. To avosdehinterference phenomena and
because the nickel peak has the highest area%fteeconds, this deposition time was

used for all other experiments.

The increasing interference peak with increaseasigpn time can also be explained
using the effect of dissolved silver ions from teérence electrode. If the sample drop
is longer on the surface of the electrodes, the@so more time to dissolve the silver.
Another explanation is described by Kokkireisal. (2008). In ammonia buffer solution
-1.4 V is the minimal potential before hydrogen letion takes place. However, Legeai
et al. (2006) also used ammonia buffer to detect nickéMath longer deposition times,
up to 900 seconds, and did not report any increagederence problems after very
long deposition times. The authors were aware afrdgen evolution at potentials
below -1.4 V and took measures to avoid them, sischulse plating of the bismuth on
the electrode to achieve a more homogeneous appear&dence, next to silver
dissolution, one contribution to the interferencealp at very low potentials below
-1.4 V could be hydrogen evolution due to an inhgereous surface appearance of the

electrodes.

96



Discussion

Due to the high variability at the BFE it was natspible to conduct a reasonable and

significant experiment regarding the assessmetiteobptimal deposition time.

4.1.4 Measurement Reproducibility

It was observed in the experiments of the previsestions that the signal of the
ammonia buffer solution with or without DMG and ket is very variable. To evaluate
the reproducibility three different experiments &epnducted.

In the first one, the sensor was washed after gebofeasurement and the same sensor
was then used to measure 150 pgnickel. Neither at the BCE nor BFE nor GFE was
it possible to obtain any nickel peak after one wag procedure. Furthermore, the
current of the signal is decreasing, especiallthatGFE. Hence, it is not possible to
reuse the sensor. More important, however, is tleetebehind this observation. It was
already reported that the silver of the refereneetede is dissolving at extreme pH
values (pH value around 2) of the very same scpegrted sensor design used for this
project (Dudeney, 2008). Assuming that the interiee peak is mainly caused by the
silver of the reference electrode, it is washedyaaiter the first measurement. This
would explain both observations: on the one hamrditlbility to measure any nickel
after the washing procedure, due to the lack ofopgr reference potential, and on the
other hand the massive decreasing background segycially at the GFE, which is in

particular influenced by interference.

The second experiment investigated the reproditgibdf a 150 pg [ nickel
measurement at the BCE and BFE. Whereas at the 8@istinct nickel peak is
appearing and the signal can clearly be distinguidhom the blank, at the BFE these
observations were not made. This can once agagxplained either by the imprecise
production process or by the higher sensitivityotber ions, which are probably

dissolving from the sensor.

However, at this point in the project it was dedideot to investigate the nickel

measurement performance of the BFE any further.

The influence of time on the nickel-DMG complex wemwestigated in the third
experiment. It became apparent that with time thrapiexes are dropping to the bottom
of the solution after one day. Then a nickel meam@nt from a sample of the upper
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part of the solution, even at concentrations ofdlLm, is no longer possible. Hence, it
is recommended to shake the solution well, befbeesample drop is collected and to

measure the sample on the same day the DMG is addkd solution.

4.1.5 Nickel Detection Using the Florence Sensor

Due to the fact that all measurements so far wefleenced by strong interference
phenomena, probably caused by the sensor itselast decided to investigate other
commercial sensors. Therefore, Florence sensoectljir distributed by PalmSens
Instruments B. V. (The Netherlands) were purcha3ée. sensors were used with the
carbon electrode as working electrode and all djpegra parameters were the same as
used for all other experiments; the only differemees that the signal was once again
obtained in an enlarged potential range down t@ M2.However, instead of obtaining
better results, the outcome was much worse compardite DuPont sensors. A large
interference peak was masking a possible nickek @eal the signals did not differ
whether plain buffer alone, or with DMG, or with and nickel, was measured. In
fact, it was literally possible to see the silvessdlving from the reference electrode and
drifting to the working electrode during the measunent. At -1.6 V the dissolving of
the silver stopped and at the same time the sipog@ped immediately to O A, concrete
proof that the silver of the reference electroda wignificant part of the interference
peak. Furthermore, when all the silver is dissolttesl signal is dropping to zero and
further measurements with the same sensor are lggoba longer possible. Therefore

this sensor was not used in further experiments.

4.1.6 Interference Mitigation Using Nafion

The change to Florence sensors resulted in ammijfythe problems caused by
interference rather than solving them. Hence, wiifie approaches were used to solve
the interference problems at the DuPont sensor.fifstewas covering the electrodes
with Nafion to minimise interference. This techréqwas already successfully used
during voltammetric measurements of trace metatseatury film electrodes (Brett and
Fungaro, 2000), gold film electrodes (Dudeney, 200&1 also bare carbon electrodes
(Palchettiet al, 2000; Kadara, 2004). An immobilised Nafion menmmargprevents
negatively charged ions, such as ahd the Ag-Cl complexes, from penetrating the
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electrode (Dudeney, 2008). Positively charged isunsh as Ni' can pass through this
membrane without any problems. However, reportthefbehaviour of the uncharged

nickel-DMG complex at the membrane were not found.

The neatest nickel peaks were obtained when th&imgoelectrode was covered with
Nafion but not the reference electrode or the wilivtgp-on-cell. Hence, BCEs where
the working electrode were covered with Nafion wesed to compare the performance
with unmodified BCEs. Although interference peakse astill occurring in the
voltammograms of BCEs covered with Nafion, the ltssare much more repeatable
compared to unmodified BCEs. The reproducibilityirgdlicate peak area measurement
is 32.17+2.22 nAV (x6.9%) and 53.72+39.19 nAV (#1%), respectively. Other effects
which were observed are a shift of the potentiaghefnickel peak from -1.15 V to -1.2
V and an increased offset of the nickel peak. Waera@ an unmodified BCE without
interference, the background signal is around AQ fhis offset is around -2.0 A at BCE
covered with Nafion. The shift of the nickel peakential was already observed before
and is related to the function of the ionophoreldetti et al, 2000). There was no
explanation found for the increased offset; howetlds is without much doubt also

somehow related to the Nafion membrane.

4.1.7 Effect of L-Histidine on the Nickel Peak Area

Another approach to improve the measurement pedoce is to increase the nickel
peak area. One way this can be done is by the t@ismetal-binding proteins
(metalloproteins). These proteins and peptides igugortant for the detoxification
process of many organisms and are produced in mespi the presence of a specific
metal. This specificity and the ability to releadbe metal ions from other complexes
make them ideal to improve the measurement perfocmaf metal ions in biological
fluids (Goodinget al, 2001; Md Noh, 2005). The peptides, or proteingnfestrong
complexes with the metals, and this can resultinnareased peak area. As described
by Sarkar (1984), nickel has a high affinity tonfocomplexes with L-Histidine (see
Figure 4.1 for the chemical structure). Hence, ittileience of L-Histidine on the peak

area was investigated.
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Figure 4.1: Chemical structure of
L-Histidine.

For the measurements, 150 pg hickel was added to ammonia buffer solution with
and without 30 uM DMG. For the experiment withoaydDMG no nickel peak was
observed at all in L-Histidine concentrations. Ehare several possible explanations for
this observation, for example either the wrong sufpg electrolyte or wrong sensor

design or wrong operational parameters; howeves ntost likely the potential range.

Highly interesting is the fact that in the samptduton containing DMG the nickel
peak is also disappearing after adding L-Histidifbis proves that nickel ions are
complexing with organic compounds in solution, wWhimfluences the complex
formation of nickel and DMG, and can have a masginegative effect on the nickel

peak area.

4.1.8 Calibration Plot, Limit of Detection and Precsion

The sensor design with the best performance s8I, covered with Nafion, was used
to generate a calibration plot. This was done terdene the linear range, limit of
detection and precision of the sensor with a seidbree repetitive measurements of
each concentration. The limit of detection was waled at 3 pg t (based on the use
of S/N = 3 criterion) and a linear plot was obtair®tween 5 and 200 pug'l(R? =
0.99). This performance characteristics are nostigee enough, because the urine
sample is diluted at least 1:3 and the aim is tasuee nickel concentrations in urine of
at least 5 pg £ Hence, when the dilution factor is consideretin@ar range from 1.25
to 50 pug ! would be necessary. Moreover, the signal is fitiituating, especially at

high nickel concentrations, which is caused byrfetence phenomena. As a result the
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standard deviation is up to 34.69+7.57 nAV (£21.39%hich was obtained at a
concentration of 150 pgiinickel. One way to reduce this variability mayasecond

Nafion layer.

Wang (2006) described that at high concentratibeslinearity of the calibration plot
can be influenced due to buffer effects of the duisth complexes on the surface of the
electrode. However, this effect was not observedthat BCE in the evaluated

concentration range.

4.2 DETECTION OF NICKEL (1) USING SCREEN-PRINTED MI CROBAND-
ELECTRODES

The sensor with the best performance regardingehigi&tection found in the literature
was developed by Huttoet al. (2005 and 2006). Using a micro-electrode and AdSV
was possible to achieve a limit of detection 068.Qxg L* nickel, a good linearity (R2 >
0.995) and an excellent reproducibility (SD of 3.8%0.5 pg [ nickel). Authieret al.
(2001) and Chang and Zen (2006) describe a methathke microband-electrodes out
of screen-printed sensors. In both papers the thlestrodes, reference, working and
counter electrode, are stacked and separated bhaiimg layers, like a sandwich. The
sandwich of layers is then cut through, leaving jhe ink edge exposed (see Figure
4.2). This approach was successfully used for #teation of arsenic with the DuPont
screen-printed sensors by Dudeney (2008). The tamsation of the surface area of
the electrodes was reported as an effective methaditigate interference caused by
silver dissolving from the reference electrode. Tiimt of detection was enhanced from
10 pg L* arsenic using the gold film macro-electrode tanested 1 pg I arsenic with
the gold film microband-electrode. Hence, to inseeaensitivity and reproducibility,
the approach to cut away the drop-on-cell and nstead the cross sectional area of the
conductive layers for the actual measurement wa® adapted for the nickel

measurement.
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Figure 4.2: Principle production process to obtain
a microband-electrode from a screen-printed
sensor (Adapted from Chang and Zen, 2006)

421 Electrochemical Characterisation of the ScreePRrinted Microband-

Electrodes

An explanation of cyclic voltammetry and the masportant information which can be
obtained are described in Section 3.1.1 aboutldatrechemical characterisation of the

macro-electrode.

At the bare carbon microband-electrodes (BCMESs)guoid film microband-electrodes
(GFMEs) no oxidation or reduction peak was obtaindéurthermore, the
voltammograms at all scan rates (10, 20, 30 anth¥Gs') are comparable. Even the
difference of the signals of the BCME and GFME iargnal, the latter is just slightly
more sensitive. Hence, the redox reaction of patas$errocyanide in ammonia buffer
solution at both microband-electrodes can be censtl as irreversible. This can be
seen in unchanging signals at different scan rates in the missing peak of the
backward shift (Wang, 2006).
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4.2.2 Capability of a Gold Film Microband-Electrode

The capability of the GFME was evaluated by meaguti50 g L nickel in ammonia
buffer solution containing DMG. Neither at the ovamed nor at the IR dried GFME
was a useful nickel concentration determinationsjims. However, it was possible to
obtain a small nickel peak at -1.15 V of 2.39 nAd&.38 nAV, respectively. A positive
observation from this experiment is the reductibthe size of the interference peak to
a degree, where it is no longer masking the niglealk, which can be considered as

huge progress in mitigating silver interference.

Although it was possible to prove that nickel can determined at a gold film, the
results did not reveal a feasible reason to ingatti the nickel measurement

performance of the GFME any further.

4.2.3 Calibration Plot, Limit of Detection and Precsion of the Bare Carbon

Microband-Electrode

At the beginning, the measurements at both BCMEsn@nd IR dried, were carried
out under stirring conditions, as described by étutet al. (2005, 2006). The
performance at the oven dried BCME was poor, wilim@ar plot from 1 to 200 ug't
(R? = 0.93) nickel and a maximum standard deviatibh3.83+2.46 nAV (x17.79%) at
200 ug L. The only beneficial attribute is a very low linaif detection of 0.22 pgt
(based on the use of S/N = 3 criterion). A betterfggmance was obtained at the IR
dried BCME. The limit of detection is 0.36 pg*l(based on the use of S/IN = 3
criterion) and also quite low, a theoretical urididution down to 7.2% in buffer is
possible and, hence, achieve a lower detection 6fb pg L* nickel in urine. A linear
plot was obtained for all concentrations evaludtedh 1 to 200 pg L nickel (R2 =
0.98). However, high standard deviations were datexd, with the worst result of
21.79+3.56 nAV (+16.34%) at a concentration of 2@PL". At the oven and IR dried
BCME, the standard deviation is increasing with tingkel concentration. It was also
observed that the results during one measuremei@sseere quite linear and this
variation is mainly caused by averaging the resfldifferent sensors. This is probably
caused by the imprecise preparation process ahtbeband-electrodes. It was already
reported by Chang and Zen (2006) that manual qutis resulting in a low
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reproducibility and that the cut would be probalhore repeatable if done by a
machine. Dudeney (2008) used several different oustito prepare the microband-
electrode, including scissors, knife, €l@ser and roller. The best results were reported
when using the roller; however, it was speculatet the use of an ultrasonic or drill

cutter could lead to better defined edges.

Due to the fact that the measurement procedureldhmias simple as possible, the
measurements were repeated without stirring. Atawen dried BCME it is was not
possible to differentiate the nickel peak from bi@nk sample up to concentrations of
50 pg LY, in two different measurement series with two sesnsThe first clear nickel
peak was obtained at 100 pg-.LHence, it was decided that the results were not
promising enough to conduct three measurementssand create a calibration plot.
The outcome at the IR dried electrode, however, sigsificantly better. A limit of
detection of 0.9 pg Lnickel (based on the use of S/N = 3 criterion)jolvimeans a
dilution down to 18% urine in buffer is possibl@daa linear plot from 1 to 200 pg'L
(R2 = 0.99) makes the BCME the most suitable defigmickel detection in urine. The
only negative attribute is once again the reprdullity, with a maximum standard
deviation at 150 pg L of 10.77+2.89 nAV (+26.83%). As discussed in thest|
paragraph this is probably caused by the impre@esparation process of the

microband-electrodes.

At all BCMEs the influence of interference on tlesults was minimal but the precision

was rather minimised by the imprecise manual ogitiising scissors.

The maximum detection limit of AdSV is defined byfter effects of the adsorbed
complexes at the surface of the electrode (Wan@6RT his effect is reported by Wang
et al. (1996) (carbon electrode containing DMG: over 2ap L") and Wang and Lu

(2000) (bismuth film electrode: over 100 pug)Lwho used a deposition time of 30
seconds for the detection of nickel. However, &tBLME designs and operating

conditions a linear plot was obtained until 200Xy
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4.3 DETECTION OF NICKEL IN URINE

4.3.1 Assessment of the Optimal Buffer Concentration

Different electrochemical techniques have alreadynbused to determine nickel
concentration in urine. However, the reports are end the results are unsatisfactory
regarding the aims of this research. Batdal. (1986) and Jairet al. (2005) were
measuring nickel in urine down to 10 pg and 400 pg t with amperometry and an
ion-selective electrode, respectively. Unfortunatbbth have a limit of detection above
the required 5 pg L Mahajan and Kaur (1996) and Hormg al. (2003) have
successfully determined nickel concentration imeising differential pulse adsorptive
stripping voltammetry. The LOD were 5 pu¢ and 0.69 pg t, respectively. However,
in all experiments a complex pretreatment of theeusample was carried out, which
was either acidification or wet digestion. Furtherey except for the ion-selective
electrode, where a silver-silver chloride workinteotrode was used, a working

electrode containing mercury was used.

Since there is no information available about ragdettrochemical nickel determination
in urine without pretreatment, the papers of Huttbal. (2005 and 2006) were used as
guidelines. They were measuring spiked simulatedl reéal human body fluids. This
was on the one hand simulated sweat and saliveoarttie other hand real aqueous
humour and cerebrospinal fluid. The only sampldrpegment used was a dilution of
1:3 in ammonia buffer solution with a concentratadr0.01 M and a pH of 9.2. Square-
wave voltammetry was used and nickel concentratadres least 0.25 pgtin sweat
and saliva and 4 pg'in agueous humour and cerebrospinal fluid weresoeal.

Since urine can have a pH value from 4.8 up to(Bde, 2008) a higher concentrated
ammonia buffer than used by Huttehal. (2005 and 2006) is necessary. A stable pH
value is necessary for a repeatable measuremera aalde between 8 and 9 is found to
be optimal for nickel and DMG to form a complex,iefhresults in high peak currents
(Zhang et al, 1996). Unfortunately, a quite high ammonia buféemcentration is
necessary to buffer urine to a pH value of 9.2nktbree urine samples the one with

the lowest pH value (5.4) was used, because itclesest to the worst case scenario of
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4.8. The lowest concentration found to buffer thiges sample properly to 9.2 was
0.267 M. In fact, the concentration is slightly gy than necessary in order to consider

the worst case scenario of 4.8.

Once the ammonia buffer is mixed with urine, thevamia concentration is decreasing
in relation to the dilution ratio. The mixed samplghich is used for the actual
electrochemical measurement with the screen-prirdedsor, has an ammonia
concentration of 0.2 M, when urine and an ammonitieb solution with 2.67 M are
mixed in the ratio 1:3. This is the reason whyzaN.ammonia buffer solution was used
for all previous experiments for the assessmentagtiehisation of the performance of
the screen-printed sensors.

4.3.2 Nickel Measurement in Spiked Urine Samples

The two most convenient sensor designs were usegésure the nickel concentration
in a spiked urine sample. These were, on the ond,lthe BCE covered with Nafion
and, on the other hand, the BCME (unstirred). A fi§ L nickel, which is the highest
concentration of the desired detection range, @h¢d DMG it was not possible to
detect a nickel peak in the voltammogram neithethat BCE nor at the BCME.
However, at around -1.0 V a huge interference pisalemerging. Surface active
substances are probably causing this peak, whiehoacurring in urine and are

interacting at the electrode and, hence, are cgusiarference (Bondt al, 1986).

To minimise interference from chemical and orgatdémpounds present in urine, the
dilution factor was increased. Especially, in th@tammograms of the BCE covered
with Nafion, it is apparent that the interferen@al is already at its maximum at just
2.5% urine. The interference peak at the BCME nsrelation, slightly smaller, but
therefore more random. The smallest detectableehpdak was as low as 2.5% urine at
the BCE and 5% at the BCME. These results areeailyrsatisfying, especially when
the high concentration of nickel is considered,alihivas not spiked in the urine sample
itself but in the diluted samples. Including th&uton factor, this would mean a nickel

concentration in urine of 6,000 pg land 3,000 pg t, respectively.
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It was already possible to determine thallium, cadm lead and copper in urine
without any pretreatment by using stripping voltastmy (Wang, 1982). Hence, the
interference peak in urine is probably not the aelyson for the missing nickel peak in
the voltammograms. The most likely explanation the failure of the nickel
measurement in urine is that a chemical or orgampound is influencing the
complex formation of nickel and DMG. In fact, it keown that heavy metal ions are
binding with proteins in biological samples (Waig§82; Linet al, 1999), which leads
to a decreased voltammetric response (Wang, 18B#prtunately, no study regarding
the appearance, fate or behaviour of nickel ineusvas found. However, as already
discussed in Section 4.1.7, L-Histidine for examplabits the formation of the nickel-
DMG complex. Hence, there may be a similar compoumdirine influencing the

reaction that is responsible for this complexation.

For further investigation two possible rapid andyeavays to extract the nickel ions
from the urine sample were discovered in the sifieniterature. The first is ion-
selective membranes, the very same that are useidrfeelective electrodes. These
membranes consist of macrocyclic compounds embeuidpdlyvinyl chloride, which
bind metal cations selectively and carry them tglothe matrix (Singh and Harsh-
Vardhan, 1995). The ionosphere 2,9-(2-methoxyasin,11-Me-[14]-1,4,8,11-
tetraene-1,5,8,12-Nor example is at least 1000-fold more selectoenickel ions than
for any other heavy metal or other ions appeanmgrine, such as calcium, potassium
and sodium (Singket al, 2009). Hence, when placed in front of the dropeel of the
screen-printed sensor, these membranes are mingrirgierference from chemical and
organic compounds and, moreover, also other heatglsn However, nickel has to be
present as an ion, and its exact form in urineoiskmown. This is a possible way, if

DMG rather than nickel is influenced in urine.

The second, more promising way, to determine nickelrine directly, is to use
electromagnetic electrodes. Yantasteal. (2008) used superparamagnetic iron oxide
(F&04) nanoparticles to extract lead from urine. Theeseaitic can be seen in Figure
4.3. On these nanoparticles dimercaptosuccinic @hSA) is immobilised (c), which
has a high selectivity of and affinity to differémavy metals, such as lead. This affinity
is utilised to release lead from the complexesriifs in urine and bind lead ions. Then

the nanoparticles are extracted with a magnetid digectly applied at the electrode (b),
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followed directly by stripping voltammetry in anidic medium (a). As described by

Sarkar (1984) nickel has a high affinity to albumlirHistidine, anda2-macroglobulin.

Hence, they may be immobilised on the superparastmgmon oxide nanoparticles to

extract nickel ions from urine. The complex formatiof nickel and L-Histidine in

buffer was already discussed in Section 4.1.7, vimekes it an ideal starting point for

further research, next to dimercaptosuccinic abdreover, nickel itself is already

ferromagnetic, and if the nickel-L-Histidine comyplé@as this characteristic as well,

superparamagnetic iron oxide nanoparticles are magh necessary. This technique is

the appropriate way if nickel rather than DMG iuanced in urine.
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Figure 4.3: Schematics of (a) magnetic electrodd @m) electromagnetic electrode
which preconcentrate metal ions using (c) DMSAEE@&anoparticles (Yantasee et al.,

2008).
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5.1 CONCLUSION

Nickel is present in various applications and atstood and beverages and is known to
be toxic and carcinogenic to humans (ATSDR, 20@5has already been repeatedly
demonstrated that urine can serve as an accuratgtarfior the assessment of nickel
exposure due to inhalation and ingestion (Sunderetaal., 1986a; McNeelyet al,
1972; Angerer and Lehnert, 1990; Wereral, 1999; Oliveiraet al., 2000). At the
moment atomic absorption spectrometry and indulgtiveoupled plasma-atomic
emission spectroscopy are the most commonly usdthigues to determine nickel
concentration in urine (ATSDR, 2005). Numerous dapgheap and portable nickel
detection methods were located in the literatudeeyTcan roughly be divided into
spectroscopic, bioanalytical and electrochemicatea®n methods. The most
promising approach for the development of a nickehsor for urine is to use a
technique based on voltammetry. In the desiredctidile concentration range from 5 to
150 pg L nickel, the most convenient method is adsorptiviming voltammetry,
which can provide, especially for the detectionnidkel ions, sensitive, selective,
precise and accurate results. The ideal chelatiogpex was found to be

dimethylglyoxime (DMG).

During the assessment of the optimal operation@rpaters in ammonia buffer solution
it was observed that the screen-printed sensovjged by DuPont Ltd. (Bristol, United
Kingdom) was not capable of operating under thé lplg value of 9.2, which is needed
for the complex formation of nickel and DMG. Appatlg, component parts of the
electrodes were dissolving during the measuremesdegure, mainly silver from the
reference electrode. These interference phenomaunsed a high variability of the

voltammograms and made a precise and repeatabkuneezent impossible.

To suppress the influence of interference on theadj four different strategies were
excogitated and their success regarding interferemtigation evaluated.

First, the DuPont sensors were changed to Florenes. However, their performance

was even worse and the nickel peak was totally etably a huge interference peak.

Second, the working electrode was covered with dafiThis membrane prevents
negatively charged ions, such as ahd the Ag-Cl complexes, from penetrating the
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electrode. This approach led to relatively goodiltesA linear plot from 5 to 200 pg'L
(R2=0.99) and a limit of detection of 3.0 ugWwere achieved.

Third, it was tried to increase the peak area bgiray L-Histidine to the sample
solution. It is known that L-Histidine has a higKiraty to bind with nickel. The
increased size of the adsorbed complex at thecdhthe electrode could have led to
a higher current at the stripping potential of eickHowever, no nickel peak was
obtained at all and it was not possible to deteentie exact reason for this observation.

Furthermore, L-Histidine was preventing the comgtexnation of nickel and DMG.

Fourth, the areas of the electrodes were minimigedroducing microband-electrodes.
With this approach the best results were achieVéé. interference phenomena were
nearly eliminated and a linear plot was obtaineth@range from 1 to 200 pg'l(R2 =
0.99). A limit of detection was determined of 0.9 L. However, only a poor
reproducibility was achieved, very probably caud®d the imprecise production

process.

All results discussed above were obtained usindrlBd bare carbon electrodes. Oven
dried electrodes had more problems in coping whih lhigh pH value of the buffer
solution and interference played an even greater fidhis is probably caused by the
different surface structure of the electrodes aagng from the drying process. The
performance of the bismuth film electrodes was lyigiegatively influenced by the
imprecise production process. Gold film electrodese determined not to be suitable
for a stripping analysis of nickel, due to hydrogsmlution at relative low potentials
compared to the carbon and bismuth electrodes.

The sensors showing the best performance (BCE amiterNafion and BCME) were
applied in a spiked urine sample. Unfortunatelyyats not possible to directly measure
the nickel concentration in urine. The major reaiorthe impossibility of performing a
direct nickel measurement is highly likely causgddoganic compounds occurring in
urine. They are binding with nickel ions and, henoBuencing the complex formation

of nickel and DMG, as it was illustrated with L-iHdine.
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5.2 FUTURE WORK

Although it was possible to design successfullgm@ssr for a concentration range from
5 to 150 pg & nickel, some improvements are still necessary. @dréormance of the
bare carbon microband-electrode can be enhancedrious way. At the moment the
main problem is reproducibility, which can be aele@ with a more precise cut, to
obtain well defined edges and comparable surfaeasaof the electrodes. Furthermore,
the working electrode of the microband-electrode loa covered with Nafion to reduce
interference further. A possible interference dfdlgons can be completely prevented by
using a carbon based counter electrode. The worklagtrode can be manipulated
much more accurately during the production of tleassr either with bismuth or
antimony to improve sensitivity, or with DMG to addts addition to the urine sample
and, thus, simplify the measurement procedurehhEuresearch is also necessary in the
field of metal-binding proteins and peptides, sashL-Histidine, and their influence on
the nickel peak area as well as the optimal measeme operating conditions, which

remain unknown.

However, the major obstacles were occurring dutireggdirect nickel measurement in
urine. Since the nickel ions are probably bindiagotganic compounds in urine it is
crucial to develop a method to extract the nickelsifrom the urine sample. The most
promising technique located in the literature i thse of superparamagnetic
nanoparticles and extracting the nickel ions witmagnet as described by Yantaste

al. (2008) for the direct measurement of lead in uriext to dimercaptosuccinic acid
it would be worth investigating the efficiency ofHistidine anda2-macroglobulin to

extract nickel from urine, when immobilised on syga@amagnetic nanopatrticles.

Once the sensor is successfully operating in uthe influence of other chemicals, in
particular heavy metals, on the nickel peak habetanvestigated, especially, if a not
particularly selective technique is used to extrackel ions from urine. Furthermore,

the sensor has to be tested in different urine BEsnwith all possible pH ranges and
from occupationally exposed people, to ensure nickel measurements are not only
possible in spiked urine samples. The results alf samples have to be compared with
standard methods, such as atomic absorption spsstrnyp or inductively coupled

plasma-atomic emission spectroscopy (ICP-AES) aluate the accuracy. At the end,

112



Conclusion

when all problems have been solved, the sensobedsnsted in a clinical trial and, if
successful in the trial, the sensor may be usedengially for the rapid assessment of

human nickel exposure.
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Table continued:

* Properties depending on the mixture of the compounds in the membrane; normally
properties of the mixture with the best performance are listed

#Only one mixture arrangement was used

°Selectivity coefficients were measured and calcul ated by different methods and are not
completely comparable

Abbreviations:
BA Butylacetate
CN Chloronaphthalene

DBBP Dibutyl butylphosphonate

DBP Dibutyl phthalate

DBS Dibutyl sebacate

DEP Diethylphthalate

DMS Dimethyl sebacate

DOA Dioctyl adipate

DOP Dioctyl phthalat

DOS Bis(2-ethylhexyl)sebacate

Dz Dithizone

HTAB Hexadecyltrimethylammonium bromide
KTCB Potassium tetrakis(p-chlorophenyl borate)
NPOE 2-nitrophenyl octyl ether

OA Oleic acid

PS Polystyrene

PVC Polyvinyl chloride

STPB Sodium tetraphenyl borate
TBP Tributyl phosphate

TEP Tris(2-ethylhexyl) phosphate
THF Tetrahydrofuran
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Appendix B: Solution preparation details

In alphabetic order:

> Ammonia buffer solution (pH 9.2, various concentraibns, ca. 500 ml)

1) Ammonia solution (250 ml)

0.01 M 0.1M 0.2M 0.267 M 0.5M

Ammonia (25%, 13.4 M) 0.19 mi 1.87 ml 3.74 ml 4.99 ml 9.35 ml
HPLC water 249.81 ml 248.13 ml 246.26 ml 245.01 ml 240.65 ml

2) Ammonium chloride solution* (250 ml)

0.01M 0.1 M 0.2 M 0.267 M 0.5M

Ammonium chloride (FW: 53.49 g mol') 0.13 g 1.34¢g 2.68 g 3.58¢g 6.79
HPLC water 249.92 ml 249.12 ml 248.25 ml 247.66 ml 245.62 ml

* based on a density of 1.53 g cm™

3) Afterwards the ammonia solution and ammonium chl oride solution were mixed
together until a pH value of 9.2 was obtained (appr  oximately 1:1)

> DMG stock solution* (0.02 M, 250 ml)

DMG (FW: 116.12 g mol?) 0.58 g
Ethanol (95%) 249.58 ml

* based on a density of 1.37 g cm™3
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Appendix B: Solution preparation details

> L-Histidine solution* (5 and 10 mM, 50 ml)

5mM 10mM
L-Histidine (FW: 155.15 g mol?) 38.8 mg 77.5mg
Ammonia buffer solution (0.2 M) 50 ml 50 ml

* density unknown; because of the small L-Histidine quantities
neglected

> Nickel stock solution (1 mg L, 40 ml)

Nickel stock solution (1 g L?) 40 ul
Ammonia buffer solution (0.2 M or 0.267 M) 39.96 ml

> Nitric acid wash buffer (1%, 500 ml)

Nitric acid solution (69%) 7.25 ml
HPLC water 492.75 ml

> Potassium ferrocyanide solution* (2 mM, 50 ml)

Potassium ferrocyanide (FW: 422.4 g mol?) 42.24 mg
Ammonia buffer solution (0.2 M) 49.977 ml

* based on a density of 1.85 g cm™
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