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Abstract

This thesis mncorporates reports of research on the development and application of

mnovattve chemical and biochemical techniques to the study of mechamsms of metal
toxicity m sumple sigle-celled organisms and more complex multicellular organisms
mcluding humans. The thesis 1s based on research undertaken over the last 10 years

and published i 26 refereed scientific papers

Single-celled algae are the foundation of most aquatic food chans and account for
much of the productivity of aquatic ecosystems Marine and freshwater algae are
particularly sensitive to a wide range of metals and organic compounds, and their
viability can be used as an indicator of environmental change. Chronic toxicity tests,
based on algal growth and enzyme mhibition, have been developed and applied to
assessments of the bioavailability and toxicity of metals in aquatic systems Specific
applications of the algal bioassays for assessing mine-derived contaminants in natural

systems has been described

Knowledge of modes of action of different metal species at a sub-cellular level 1s
essential to understanding and predicting the bioavailability and toxicity of metals in
natural waters. Research on the mechamsms of toxicity of copper and zinc to
microalgae has been described, with particular emphasis on the link between chemical

speciation and toxicity

Research on the mechamsms of toxicity of metals was extended from the study of
simple unicellular organisms to mvestigating metal toxicity m humans. Novel
methods for analysing metals i human sweat, urme and hair were developed, with
particular emphasis on lead and manganese These techmques were used to study skin
absorption of lead in occupationally-exposed workers and in the study of manganese

toxicity in Australian aborigies from Groote Eylandt, Northern Ternitory

Skin absorption was identified as a new route of exposure to morgamc lead mn

humans The ability of lead salts to enter the body through the skin without
significantly raising blood lead levels has important implications for occupational
health control because measurement of lead m blood 1s the main criterion which has
previously been used to assess exposure Additional biological monitormng techniques
that can detect skin-absorbed lead are now required by occupational health and safety

authorities
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The research described m this thesis has shown that the mechanisms of toxicity of
metals is largely dependant on the chemical form of the metal By taking into account
the speciation of the metal and 1ts mode of action within the cell, 1t 1s now possible to
predict the toxicity of metals and to 1dentify those factors which ameliorate toxicity in
natural waters and biological systems, thus facilitating timely and cost-effective

remediation.



v

Table of Contents

Page

PN 01 5 T PRSPPI ii
ACKNOWIEdZEmENLS .......uueeeuerenrnneriireericcnrininstneenecscsiesssisssessssesasssssanassanes vi
Introduction - Thesis Outline and Scope..........cccceecvrteeeccricrercncneecrrsneeennne 1
Chapter 1 Toxicity of Heavy Metals - An OVerview .........ccoceeeereccneeeseneene 3
L1 INtrodUCtiON .....cvcveninenriiiiesaiisenstirtnsascisiscessstssssssssssssoscssssassssssaasesssssens 3
1.2 Metal SPeCiation.......occcveereccueecarecrsecsiossanoserassesonsssassssassesssssassasssasssassssessassans 3
1.3 Metal UPLaKe......ccovuiiruicneeneinssicsnsessessissansssnsssssressstosasssssossessaasssnsesasesssess 4
1.4 Metal Bioaccumulation and EXCretion ...........ceeeiiicniecccrcsicssssnesenrsasessenas 6
1.5 DetOXIfICALION ..coecerernuinririirereerervossuecsoeesecsssssnsssesssosssssnssassssssesossasssassasssns 7
1.6 Mechanisms of TOXICIEY.....ccceerreeercserctneanranncseessnsoseesssasssssssssssssossssaaasssnssase 8
LT COnCIUSIONS ....covvviiniirintiiiieiciicsincisesnsesassnsssasssessssssnesesssssssssosssssasssssens 10
Chapter 2 Mechanisms of Toxicity of Metals to Unicellular Algae......... 11
2.1 INtrOdUCHION ...ccueeeerireiitiinircnniccatessseeictisisssesseesssessessssesssessesssnnesssessasas 11
2.2 Ecotoxicology of Copper and Zinc to Algae ..........coeciveinnenecsveecnneccacecas 12
2.3 Mechanisms of Toxicity of Copper to Algae..........cccuvvvuivvrvieicnvisiuicnsuennne 14
2.3.1 JOMIC COPPET c..coveueernerrrirerercsscrrsssseessorsrssessessnsssssasssssssnossessasssssasssnssssansen 14
2.3.2 Copper COMPIEXES........ccoriericerenreeisoranrecnesssnsssnesssiassessesssecssstesssseesssese 16
2.3.3 Amelioration of copper tOXICItY ...c.ccccvvvmriiruecnrumrniiisuicserinrssseensuenesances 17

2.4 Mechanism of Toxicity of Zinc to Algae.........ccovruveeuevuenriisiensnrensecacannen. 19
2.5 CoNCIUSIONS .....couuereirerinriiniririicneecnttenssieiinisssssessssessesssessssssnsssassssassssssess 19

Chapter 3 Development and Application of Bioassays with Unicellular

L T S 21
3.1 INtroduction ......eeeiiieniiniiinreenieeenstenin i aeesssteneessaissnessaesasssanessssaes 21
3.2 Development of Growth Inhibition Bioassays.........ccecvveurrccrevecriierireccsnes 21
3.3 Development of Enzyme Inhibition Bioassays.........ccoccvivinnuniirceniisosaennane 23
3.4 Application of Algal Toxicity TestS....ccococevvirinrrmiriirieriensncsecsrensnnsncssssssnees 25

3.4.1 INtroduction.......c.ccovuimeenniecsreecsisnnensiineesisiessnenssssncssesssassssasossasessens 25
3.4.2 ITmpacts of MININE ...ccccceerrieiiiiirintiettiirireessnnttiesicnsesss e s sasssnes 25

3.5 CONCIUSIONS ..covueererererrerremteeeeseeeremsescesssssseesseersosasessosssesssssssssssssssorssssssnssesssss 28



Chapter 4 Toxicity of Metals to HUMANS......cccceeecventrrenrecmorresccsncsnssnnenes 29
4.1 INtrodUCLION .....ceeiruiiriinniierecieierensseenseccaresisssssssssnrssenssnsosasssssssssessassssaones 29
4.2 Lead ............. eeereeeiebeatesesssatte sttt tes s b et b a s st e e et as s se s baa st s et sa b eacnanse 29

4.2.1 Development of biological monitoring techniques .........cccceeveeccrrciesraanne 30
4.2.2 Application to monitoring toxic metals such as lead in humans .......... 30
4.3 MANGANESC.....uvierierreiisriisvisserietessssssssessssssecssorsasssnessisssssasssesossssstossonsossosnes 32
4.4 CONCIUSIONS ...ovvivriineiireiinncicnrenessereanesessnsosessissasssasessrsnssnsossssssssasssssssossesaes 35

Chapter 5 Extent of Originality and Participation in Collaborative

| LT T+ 36
REfErenNCeS cuoccuecriniiiiienriiieiiceneeerenrcciecssssssssssnssssssscssastaessssssssessssasessssnnsans 42
Appendix 1 List of Research Publications - J. L. Stauber..............c....... 49

Appendix 2 Principal Publications In Full........ccccccereurivvvircricecnsienccncenae 56



vi

Acknowledgements

Research for this thesis was carried out at CSIRO Coal and Energy Technology,
Lucas Heights, NSW

I would like to thank my supervisor Dr Barry Munday for encouraging me to
undertake a PhD by publication through the Department of Aquaculture and for his
help in planning the work I am indebted to my mentor and co-author Dr Mark
Florence for giving me guidance and opportunities throughout my early research
career I would also like to thank Dr Graeme Batley and Dr Gary Vaughan for their

interest and valuable criticism of the thesis



Introduction - Thesis Outline and Scope
This thesis describes research into metal toxicity in biological systems, evolving from
early studies on whole organism effects, such as mortality and physiological change,
to biochemical studies at the cellular and sub-cellular level. It incorporates the
development and application of innovative chemical and biochemical techniques to the
study of mechanisms of metal toxicity in simple single-celled organisms and more

complex multicellular organisms including humans.

The research has been undertaken at CSIRO over the 10 years prior to enrolment at
the Umiversity of Tasmania. It has led to the publication of 82 journal papers and
reports, of which 26 journal papers are submitted in this thesis to the University of

Tasmania, under the rules for Research Higher Degrees based on published work.

Chanter 1 is a general overview of metal toxicity, including a brief description of
met;i uptake, partitioning, mode of action and detoxification in organisms. In
Chapter 2, the blochemical mechanisms of (oxicily of coppet and zine to microalgac
are explored, incorporating my research from 1985-1990 (10 papers). The innovative
techniques developed to study the toxicity of metals to algae were then more generally
applied to establishing bioassays to assess the bioavailability and toxicity of metals in
aquatic systems Research on the development of these rapid toxicity tests based on

algal growth and enzyme activity is discussed in Chapter 3 (8 papers).

This research on metal toxicity in single-celled organisms was then extended to more
complex organisms. Development of new biological monitoring techniques for metals
in humans are described in Chapter 4 (13 papers). Applications of these techniques to
the study of lead absorption through human skin, and manganese toxicity in Groote
Eylandt aborigines, are given. Implications for the protection of occupationally-

exposed workers, the public and the environment are discussed.

Chapter 5 outlines my contribution to collaborative research and joint authorship of

the papers submitted as part of this thesis.

The text of the thesis summarises the work in each section and refers the reader to the
relevant publications, it does not attempt to present the work in each section in full

detail where this is present in the published work. The 26 principal publications have



been incorporated in full into Appendix 2, which constitutes an important part of the

thesis



Chapter 1
Toxicity of Heavy Metals - An Overview

1.1 Introduction

Ecotoxicologists generally use the term heavy metals to refer to metals that have been
shown to cause environmental problems (Depledge ef al., 1993). These include Cd,
Hg, Zn, Cu, Nj, Cr, Pb, Co, V, Ti, Fe, Mn, Ag and Sn, together with the metalloids
As and Se. These metals are continually released into the environment by natural
sources, such as volcanoes and weathering of rocks, and from anthropogenic inputs
including mining activities, sewage/stormwater, land application of fertilizers and
pesticides, and combustion of fossil fuels. Human activities ar¢increasingly
disturbing the natural biogeochemical cycling of metals e.g. Schindler (1991)
estimated that anthropogenic releases of Hg, Pb, Zn, Cd and Cu into the oceans are
one-to-three orders of magnitude higher than natural fluxes

Many metals such as zinc, copper and manganese, are essential components of
enzymes involved in transfer, redox and hydrolytic reactions in cells, respiratory
proteins and structural elements of organisms. However, at concentrations above a
certain threshold, essential metals can disrupt cell metabolic processes leading to toxic
, effects in whole organisms. Non-essential metals such as mercury, have no biological
role and may be toxic even at low concentrations. Ammals and plants must therefore
regulate their uptake of these metals. There is an extensive literature on the
accumulation and toxicity of metals in plants and animals in both aquatic and

terrestrial ecosystems (Fowler, 1990; Bryan and Langston, 1992)

In order to understand the interactions of metals with biota, it 1s important to take mto
account metal speciation in the external environment, metal interactions and uptake at
the biomembrane, metal bioaccumulation and partitioning in the organism, and

mechanisms of toxicity.

1.2 Metal Speciation

It is now well established that the physico-chemical form of a metal (its speciation) is
a critical factor controlling metal bioavailability In natural waters, factors such as
pH, hardness, dissolved organic mater and the presence of inorganic colloids, all

control metal speciation and, consequently, metal toxicity. Similarly, in sediments and



soils, organic matter, clay content, pH, cation exchange capacity and particle size all

determine metal bioaccumulation and toxicity.

In aquatic systems, it is generally accepted that the free metal ion 1s the most
bioavailable form of a metal (Sunda and Guillard, 1976; Anderson and Morel, 1978).
The free metal ion concentration is determined not only by the total dissolved metal
concentration, but also by the concentration and nature of the ligands present In
natural waters, however, knowledge of the free-ion activity is not sufficient to predict
biological response. In addition, competition for metal binding sites by H', and

hardness cations Ca*" and Mg?* must be considered.
£

In human toxicology, the form of the metal has important consequences for
absorption, transport, distribution, accumulation and toxicity of{ the metal. For
example, organic forms of arsenic and mercury may be more easily absorbed in the
gastrointestinal tract than morganic forms (Vercruysse, 1984). Similarly, aluminium
as an alummium citrate complex, 1s more bioavailable than other species of

aluminium in the gut

1.3 Metal Uptake

Metal accumulation in biota can occur by either direct uptake from the surroundings

across the body wall or respiratory surfaces, or via food.

At the surfaces of living organisms, a metal will first encounter a protective
polysaccharide or glycoprotein layer such as a plant cell wall or mucus for animal
cells This external layer consists of a number of macromolecules dominated by
oxygen-containing donor groups which are negatively-charged at neutral pH. Metals
first have to migrate through this negatively charged matrix to the plasma membrane,
which 1n all organisms consists of a hydrophobic, phospholipid bilayer traversed by
proteins and ion channels. The membrane, therefore, contains a wide variety of
binding sites mncluding active sites at which metal binding can affect metabolic
function (Campbell, 1995).

Some organisms such as algae and fish are actively able to exclude metals by
excreting polysaccharides or mucus which bind the metals and prevent their uptake
into cells. In general, the amount of exudate increases with increasing metal

concentration (Zhou et al., 1989)



Dissolved metals in aquatic systems interact at the surface of the cell membrane as a
free ion (M*") or as a metal complex (ML) to form metal-ligand surface complexes.
Morel (1983) formulated the free-ion-activity model (FIAM) which described the
importance of free metal ion activities in determining the uptake, nutrition and toxicity
of cationic metals. The model assumes that the metal uptake and consequent
biological response is strictly dependant on the concentration of the metal surface

complex and the stability of the complex.

A number of exceptions to the FIAM have been noted by Florence et al. (1984) and
Campbell (1995). These include lipophilic metal complexes which can diffuse directly
through the cell membrane, some inorganic anions of silver and aluminium which can
form ternary surface complexes, and low molecular weight organic ligands forming
hydrophilic metal complexes (Cu-glycine, Cu-citrate) which are accidentally
transported through the cell. In natural waters 1 particular, the FIAM is not always
applicable. It appears that dissolved organic matter can sorb to biological surfaces
and its surfactive properties may modify metal-organism interactions in natural waters

(Campbell, 1995)

In aquatic orgamnsms, it was generally assumed that the predominant route of uptake
of metals was via passive diffusion across the body surface, gills or lungs or by active
transport via calcium pumps. However, Bryan (1984) concluded that for many
mc;lluscs, crustaceans and annelids, metal uptake via food was more important.
Benthic organisms that ingest particles tend to select the smaller particles to maximise
the ingestion of organic carbon in the form of attached bacteria or surface bound
organic coatings. In so doing, they also ingest fine-grained sediment particles rich in
metals. Assimilation of particle-bound metals involves their conversion to dissolved
forms in the gut and facilitated diffusion across the intestinal membrane (Luoma,
1983) Thus, the amount of metal taken up is dependant on the, pH, digestion time,
and redox status in the gut (Campbell and Tessier, 1996). Metals are not only
absorbed through the intestine, but in some brvalves, a fraction of food 1s processed
by a slower intracellular glandular digestion, during which metals can be assimilated.
Uptake from solution can also take place in the alimentary tract, when water is taken
in duning food ingestion. Teleosts in the sea mantain their water balance by drinking
seawater and excreting Na* and CI' across the gills. This represents a source of

dissolved toxicants additional to food and absorption across the gills.



In some invertebrates, solution and particles may also be absorbed through
membranes by the process of endocytosis Metal-bearing particles are engulfed by the
epithelial membrane which then pinches off and forms a membrane-limited vesicle
within the cell. Such processes have also been shown to be mvolved in the uptake of
metal rich particles in the gills and pharynx of molluscs and ascidians (Kalk, 1963;
Hobden, 1967). Although this may be a major digestive pathway for some benthic

mvertebrates, its significance as a route of metal uptake is unknown.

In terrestrial organisms, uptake via food is generally the predominant route, with the
exception of earthworms which take up a proportion of metals directly from the soil
and pore waters through their moist, permeable body surface. Very few studies have
investigated the species of metal that is taken up across the lining of the digestive

system after ingestion of soil particles.

In humans, metals are taken up by resorption in the gastrointestinal tract, the lungs
and the skin. The exact mechanisms of uptake are not fully understood, although it is
believed that lead in the gut is absorbed by means ot a calcium-hinding pratein
(Barton, 1978). About 10% of lead in the gut is absorbed in adults, whereas children
absorb up to 50% of lead ingested. Resorption of lead in the lungs depends on
particle size, but is typically 1-50 pg/day m urban populations. Apart from
quantitative studies with lead and mercury, there is very little information on

resorption mechanisms for other metals

1.4 Metal Bioaccumulation and Excretion

Tissue concentrations of metals in biota depend on the amount of metal taken up, its
distribution between tissues, metabolic requirements for that metal and
detoxification/excretion mechanisms Most of our information on heavy metal
concentrations in aquatic organisms comes from studies with fish, molluscs and
crustaceans, particularly edible species due to concerns about metal transfer to
humans through ingestion of seafood (Furnass and Rambow, 1990). However, data
on bioaccumulation of metals in polychaete worms, coelenterates, echinoderms and
algae have also been published (Hellawell, 1986; Depledge ef al., 1993). Studies on
terrestrial animals have focused on a few species of annelids (earthworms), arthropods
and molluscs (Hopkin, 1989). Mammalian data are largely restricted to small
rodents, bats, birds and domestic animals (Zook ef al., 1979; Samiullah, 1990)



Some organisms have the ability to tolerate high metal concentrations in their tissues.
Bamacles in the Thames estuary have been found to contain zinc concentrations of
153,000 pg Zn/g dry weight, equivalent to 15% of therr dry weight (Rainbow, 1987).
Metal hyperaccumulation (particularly Cu, Cr, Pb and Ni) is also found in plants e.g.
concentrations of up to 230,000pug Ni/g ash weight have been found in Aeolanthus
Aortbundus (Severne and Brooks, 1972).

Excretion (depuration) of metals from the bodies of invertebrates takes place by a
variety of routes. Passive desorption can occur if external concentrations change and
defecation will also remove the non-available fraction of metal in the gut. Metals may
also be excreted through permeable surfaces including the gills and in urine, in both

soluble and particulate form (Florence and Stauber, 1991).

In humans, following resorption from the lungs, skin or gut, metals are transported in
the blood stream bound to plasma proteins or low molecular weight compounds.
Metals such as mercury and arsenic undergo biotransformation reactions including
methylation, oxidation/reduction and binding with macromolecules. From the blood,
metals partition mto cellular fluids and tissues, with different metals and metal species
having different affinities for particular organs. Inorganic mercury accumulates in the
kidney, whereas methylmercury accumulates in the kidney, liver and brain
(Vercruysse, 1984). Lead is retained in three exchangeable pools, including blood and
reédily exchangeable soft tissue, soft tissue and readily exchangeable bone, and bone

(Rabinowitz ef al, 1974)

In common with other vertebrates, humans excrete metals via the kidneys (urine) and
the bile and gastrointestinal tract (facces) Approximately 75% of absorbed lead is
excreted in urine, with 16% of absorbed lead and all non-absorbed lead excreted via

facces. Smaller amounts of metals are also excreted in sweat, nails and hair.

1.5 Detoxification

Apart from excretion, ingested metals may be detoxified in the liver, kidney and spleen
of vertebrates, invertebrates and procaryotes, by binding to specific proteins called
metallothioneins. Metallothioneins are cysteine-rich low molecular weight proteins
(6000-10000 daltons) which are synthesised in response to specific metals,
particularly Cd, Zn, Hg and Cu. These metals trigger a specific messenger RNA for
thionein synthesis (Morrison ef al , 1989). They bind metals 1n the cytoplasm as



mercaptide complexes and, although they have a half life of 4-5 days, continued

synthesis allows long-term metal retention.

Metallothioneins also play a role in funnelling metals to other complementary sinks
such as lysosomes and granules. They may also be involved in homeostatic control of
copper and zinc e.g they play a central role in the moulting cycle of marine
crustaceans (Engel and Brouwer, 1987). It is possible that metallothionein binding of
metals may not be purely protective - it could be a deleterious event if a toxic metal
displaces an essential metal in the metallothionein, leading to disruption of the

protein’s homeostatic function (Campbell and Tessier, 1996).

Like metallothioneins in animals and procaryotes, phytochelatins are metal-binding
proteins produced enzymatically by higher plants, fungi and algae In response to many
metals particularly cadmium (Ahner ef al., 1995). They are polypeptides with the
amino acid structure (gamma-glu-cys),-gly, where n ranges from 2-11 (Grill ez al.,
1985) An enzyme, phytochelatin synthase (isolated from higher plants), catalyses
phytochelatin formation by cleaving the terminal glycine from one glutathione
(gamma-glu-cys)-gly and joining the gamma-glu-cys to the amino terminus of another
glutathione. Phytochelatins detoxify metals by chelation through co-ordination with
the sulfhydryl group in cysteine Ahner ez al. (1995) have recently detected low
background levels of phytochelatins in algae, even before induction by the addition of

cadmium at environmentally relevant concentrations.

Other mechanisms for detoxification of metals in algae have been described. It has
been suggested that the production of dimethylsulfide by the marine alga
Phaeodactylum tricornutum confers copper tolerance on this alga by intracellular

copper sulfide precipitation (Armstrong and Boalch, 1960).

1.6 Mechanisms of Toxicity

Much of the early work on the mechanisms of toxicity of metals explored growth
effects and related these to elemental composition of the cells such as total cellular
phosphorus and sulphur. More recently, toxic effects of metals have been studied at
the biochemical and molecular levels to understand the specific modes of action of

different metals on enzyme pathways and cell membrane function



Metals exert their toxicity by a diverse array of mechanisms (Goyer, 1991). If the
metal is excluded from the cell and retained in the cell membrane, it may deactivate
membrane-bound enzymes essential to the functioning of the cell or interfere with
membrane structural integrity, leading to leaky membranes and cell lysis. The metal
can also catalyse the production of free radicals and activated oxygen species which

can cause membrane lipid peroxidation (Florence, 1984).

Many theories of metal toxicity to algae propose that the toxic metal competitively
inhibits the uptake of an essential trace metal at the membrane. Harrison and Morel
(1983) proposed that cadmium displaced iron uptake at low iron concentrations,
leading to displacement of iron in the algal cell Similarly, Jones (1986) proposed that
metals interfere with the ability of algae to utilise organophosphate, so that metal-
treated algal cells are phosphorous limited. Reduction in algal cell growth rates due to
inhibition by the toxic metal of the uptake and/or metabolism of a nutrient metal has
been proposed for copper and zinc (Rueter and Morel, 1981), cadmium and zinc
(Braek et al., 1980), cadmium and manganese (Van Duijvendijk-Matteoli and

Desmat, 1975) and copper and manganese (Sunda and Huntsman, 1983)

When heavy metals are transported into the cell by facilitated diffusion, intracellular

toxic effects can occur. When the capacity of a cell to detoxify accumulated metal is
exgeeded, damage to the cell and consequently the whole organism may occur. Signs
of intracellular damage include morphological and ultrastructural deformities, as well
as reduction in cell division rates, respiration, motility and enzyme activity (Morrison

et al, 1989).

In plants and algae, metals at low concentrations can inhibit cell division without
seriously affecting other cell processes such as photosynthesis, so the cells continue to
grow without dividing. This has been noted for Cu, Co, Hg, Zn, Pb and Se (Davies,
1974, Fisher et al., 1981). At higher concentrations, metals inhibit other metabolic
processes such as ATP production, enzyme activity, photosynthesis, pigment

production and membrane structure and integrity

Effects on invertebrates include inhibition of growth, reproduction and oxygen
consumption, damage to gills, and impairment of tissue repair processes. Ata
molecular level, damage to plasma membranes, DNA synthesis and repair, inhibition

of ATPases and other enzymes, lipid peroxidation and depletion of reduced
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glutathione may occur (Viarengo, 1989). Lysosomes when ruptured can also release

hydrolytic enzymes such as trypsin which rapidly destroy the cell.

In humans, the mechanisms of toxicity of metals, particularly lead and mercury, have
been well studied. Mercury toxicity is due largely to binding of the Hg** to enzyme
thiol groups and macromolecules. Lead at low levels of exposure affects the
biosynthesis of haem (the iron porphyrin component of haemoglobin). Specifically,
lead interferes at 5 different sites in the biosynthetic pathway from glycine to succinyl
CoA. The enzyme delta-aminolevulinic acid dehydrase is severely inhibited by lead,
leading to delta-aminolevulinic acid build up in urine and plasma. In the renal system,
lead damages the peripheral tubular system, resulting in reduced re-absorption of
glucose and amino acids and with chronic exposure, glomerular, atrophy and renal
failure (Fergusson, 1990). The exact biochemical basis of lead toxicity to human

reproductive and central nervous system functions has not been established.

1.7 Conclusions

Research on metal toxicity suggests that the biochemical mode of action of a
particular metal is similar in many cells, whether they be simple microorganisms or
more complex multicellular organisms. Similarly, metal detoxification mechanisms
such as the induction of metal binding proteins, share common characteristics

amongst plants and animals.

In the following chapter, specific toxic mechanisms of two metals, copper and zinc, to
microalgae are explored in detail. This research has yielded new insights into the

chemistry of the toxic process at the cellular level.
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Chapter 2
Mechanisms of Toxicity of Metals to Unicellular Algae

2.1 Introduction

Single-celled algae are the foundation of most aquatic food chains and account for
much of the productivity of aquatic ecosystems Any adverse impact on algae may
directly or indirectly affect orgamsms at higher trophic levels. Marine and freshwater
algae are particularly sensitive to a wide range of metals and organic compounds, and
their viability can be used as an indicator of environmental change. Diatoms, which
are abundant and widely distributed, are particularly useful for detecting toxic

impacts and low levels of environmental stress. v

It is now well established that the physico-chemical form of a metal (its speciation) is
a critical factor controlling metal bioavailability in natural waters. Natural waters
contain a variety of organic (e.g. humic, fulvic, tannic acids, lignin) and inorganic
(iron and manganese oxides) compounds which complex or adsorb mctals and reducc

metal bioavailability and toxicity.

Generally, the free metal ion (e.g. Cu®") is the most bioavailable and toxic form of a
metal (Sunda and Guillard, 1976, Anderson and Morel, 1978). Exceptions to the
free-1on activity model include hydrophilic metal-citrate complexes (Guy and Kean,
1980) and the highly toxic lipid-soluble copper complexes that can diffuse rapidly into
cells, transporting both the ligand and copper into the cell (Florence and Stauber,
1986). Whether these complexes are significant in natural waters is still unknown.

The toxicity of free metal ion towards phytoplankton is usually found to decrease in
the order Hg*">Ag"™>Cu**>Pb**>Cd*>Zn** | which 1s approximately the order of the
decreasing solubility product of the metal sulfides, or the stability constants of the
metals with thiol ligands (Canterford and Canterford, 1980). Because mercury, silver
and copper are strongly bound by organic matter in natural waters, and lead is largely
hydrolysed, cadmium is often found to be the metal of most concern in natural

systems

Metal speciation measurements have been made by a variety of techmques including
electroanalysis, ion exchange, dialysis, ultrafiltration, solvent extraction and computer

modelling. Many attempts have been made to chemically determuine the bioavailable
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or toxic fraction of the metal i.e. the fraction of its total concentration that is toxic to
aquatic organisms (Paper 25; Zhang and Florence, 1987, Florence, 1983). However,
many of these chemical methods seriously underestimate the toxic fraction. On the
other hand, bioassays with single-celled algae give a direct measure of bioavailability

of metals m polluted waters

Knowledge of modes of action of different metal species at a sub-cellular level is
essential to understanding and predicting the bioavailability and toxicity of metals in
natural waters. This chapter describes research on the mechanisms of toxicity of
copper and zinc to microalgae, with particular emphasis on the link between

speciation and toxicity.

2.2 Ecotoxicology of Copper and Zinc to Algae

Large quantities of copper and zinc from mining processes and industrial/domestic
sewage are released annually into coastal marine waters. Zinc in seawater is present
partly as inorganic species (Zn**, ZnOH' and ZnCO°), in contrast to copper which is
present almost entirely in the organically-bound form. The Australian and New
Zealand Environment Conservation Council (ANZECC) water quality guidelines for
copper and zinc for the protection of marine and estuarine hife are 5 pg Cu/L and 86

ug Zn/L (ANZECC, 1992).

Although zinc is an essential element for almost all forms of life, it can, like other
essential elements, show toxic effects if present in excess. Acute 48-96 h LC50
values for zinc for a variety of marine organisms range from 0.046 to 55 mg/L, with
an acute to chronic ratio of 100-200 (USEPA,1987). The most sensitive group are
the crustaceans, particularly early life stages of brine shrimp (4rtemia salina), crab
zoeae (Cancer magister) and juvenile shrimp (Mysidopsis bahia). Sublethal effects
of zinc on marine organisms, however, may occur at much lower zinc concentrations.
For freshwater species, the acute toxicity of zinc is slightly higher, with LC50 values
in the range 0.051-81 mg/L (Vaughan and Lim 1996).

Some species of algae are particularly sensitive to copper and both marine and
freshwater algae vary considerably in their sensitivity. The concentration of copper
reported in the literature to cause a 50% decrease in algal growth (EC50) ranges from
7 ng/L to 58,000 ug/L (Fisher et al., 1981; Gavis ef al 1981). Most of these data,

however, were obtained from bioassays mn culture media, which can seriously
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underestimate the toxicity of copper. Culture media contain phosphate, silicate,
EDTA, manganese and iron, which complex or adsorb copper and reduce its
bioaccumulation and toxicity (Paper 19) For this reason all of my research on the
toxicity of copper to algae used either seawater for marmne algae or synthetic softwater
for freshwater algae, with no additional nutrients (Paper 19). In the case of the
marine alga, the EC50 for copper was 10 pg Cuw/L in unsupplemented seawater,
whereas a value of 200 pg Cu/L was found when the assay was carried out in medium
f (Guillard and Ryther, 1962). (The lower the EC50, the more toxic the copper).
Thus most of the literature data available for copper toxicity to algae is not very
useful because chelation by culture media itself was not taken into account e.g.

Bentley-Mowatt and Reid (1977), Ovemell (1975).

«
The toxicity of copper to algae in well-defined culture media containing synthetic
chelators such ethylene diamine tetra-acetic acid (EDTA) or nitrilotriacetic acid
(NTA) to control the free metal ion concentration, has been repeatedly studied. This
enables computation of the free copper(Il) ion activity from thermodynamic
equilibrium constants. Such studies show that the toxicity of copper is related to the
copper activity rather than to total copper concentration (Sunda and Guillard, 1976)
However, whether these studies are applicable to natural waters is debatable because
natural waters contain a wide range of ligands, the stability constants of which are
unknown. Furthermore, kinetic factors are not taken into account in the equilibrium

calculations.

Apart from factors such as water hardness and pH which affect metal speciation, the
toxicity of copper and zinc to algae is also dependant on seasonal vanability,
synergistic interaction of metals, algal biomass and algal exudates. The toxicity of
copper and zinc can be ameliorated by exudates such as glycollic acid, oxalic acid,
pyruvic acid, amuno acids and carbohydrates produced by algal cells (Zhou ef al ,
1989) In general, the amount of exudate produced by the cells increases with
increasing copper concentration. Obernosterer and Herndl (1995) showed that the
marine alga Chaetoceros affinis, grown under nitrogen- (N:P=5) or phosphorus-
(N'P=100) limiting conditions, exhibited higher rates of photosynthetic exudate
release during exponential phase growth (40% and 93% respectively) than when
grown under balanced nutrient conditions (N:P=16). Thus the nutrient status of the

algae could also have a profound effect on the toxicity of metals observed
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2.3 Mechanisms of Toxicity of Copper to Algae

2.3.1 Ionic copper

Ionic copper may exert 1ts toxic effect at the cell membrane, by interfering with cell
permeability or the binding of essential metals (Sunda and Huntsman, 1983) or after
transport into the cell where it can affect cell division, photosynthesis or other

metabolic processes.

All algae have the abulity to accumulate copper, with ranges from 1 pg Cu/g dry
weight for algae in pristine areas (Denton and Burdon-Jones, 1986) to 300 pug Cu/g in
polluted waters. Copper is adsorbed rapidly at the algal cell surface. Gonzalez-Davila
et al (1995) found that copper was bound to the green alga Dugaliella tertiolecta by
two functional groups, one with a high affinity for copper (possible algal exudate) and
another with low affinity for copper. Florence ef al. (1983) proposed that initial
copper binding to the alga Nitzschia closterium may be to membrane protein,
carboxyhic and ammo acid groups, rather than thiol groups because the Cu-algae

stability constant was ordcrs of magnitude lower than the thiol-Cu binding constant

If the copper is retained in the cell membrane, 1t may deactivate membrane-bound
enzymes essential to the functioning of the cell or it may interfere with membrane

structural integrity, leading to leaky membranes or cell lysis.

The rapid binding of copper to algal cell walls 1s followed by a much slower active
uptake in which copper is transported across the cell membrane by a carrier protein.
This process of facilitated diffusion removes copper from its hydrophilic complex in
solution and transports it as a more hydrophobic complex through the membrane
(Gonzalez-Davilla et al., 1995) Once inside the cell, copper is released while the

ligand to which it was bound remains in solution

Following copper transport into the cell, copper may react with -SH enzyme groups in
the cytoplasm, disrupting enzyme active sites and cell division, or it may exert 1ts
toxicity in subcellular organelles, interfering with mitochondrial electron transport,
respiration (Cedono-Maldonado and Swader, 1974), ATP production (Viarengo ef al.,
1981) and photosynthesis in the chloroplast (Overnell, 1975)

To obtamn more direct evidence of the mechanisms of copper toxicity in algae, 1

investigated the effect of copper on the growth, photosynthesis, respiration, ATP



15

production and mitochondrial electron-transport chain activity in two marine diatoms
and one freshwater green alga (Paper 6). Copper ions depressed both cell division
and photosynthesis in Asterionella glacialis and Chlorella pyrenoidosa, whereas
ionic copper concentrations which were inhibitory to cell division in Nitzschia
closterium had no effect on photosynthesis, respiration, ATP production, electron
transport or membrane ultrastructure. Photosynthetic products accumulated, leading
to enlarged cells which were unable to divide. A similar uncoupling of cell division
and photosynthesis has also been observed in Asterionella japonica (Fisher and Jones,

1981). My results suggested that in Nitzschia closterium, copper does not act on the

chloroplast, the mitochondrion or the cell membrane.

Using a lipid-soluble thiol reagent, I showed that the treatment of Nitzschia with
copper ions significantly reduced the concentration of mtracellular thiol groups
(Paper 5). Compounds such as cysteine, glutathuone (GSH), EDTA and
bathocuproine disulfonate could reverse copper toxicity, whereas oxidised glutathione
(GSSGQG), cystine and glycine had no effect. It was proposed that copper(Il) adsorbed
to algae is reduced to copper(I) by -SH groups and bound as a Cu(I)-S complex. A
large proportion of intracellular -SH groups would be present as free glutathione
(GSH). Copper toxicity may principally be due to copper binding to intracellular
rather than membrane thiols, since protein thiol-Cu binding would completely disrupt
membrane functions. In addition, sulfhydryl compounds such as cysteine, which
penetrate the cell, could reverse toxicity through thiol-disulfide interchange reactions,
allowing algal growth to recommence. Powerful copper chelating agents produced the

same effect by withdrawing copper from the cell.

This work was extended and it was proposed that ionic copper toxicity in this species
may result from an intracellular reaction between copper and reduced glutathione in
the cytoplasm, leading to a lowering of the reduced to oxidised glutathione ratio and
suppression of mitosis (Paper 6). The ratio of GSH.GSSG has been found by other
workers to be important mn cell division, a high GSH concentration favouring cell
division in sea urchin eggs and algae (Kosower and Kosower, 1978; Hare and
Schmidt, 1969). Nath and Rebhun (1976) suggested several possible mechanisms by
which GSH acts on target systems involved in mitosis. Both regulation of calcium
uptake (via Ca**-activated ATPase ) necessary for cell division, and the tubulin
molecule itself, may be regulated by reduction and oxidation of sulthydryls. In
addition, accumulation of GSSG, when glutathione reductase is inhibited by copper,
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may shut off protein synthesis which in turn inhibits cell division. The concentration
of copper in algal cells was found to be more than sufficient to oxidise all the
intracellular GSH to GSSG and that compounds which oxidised GSH also inhibited
cell division in this alga (Paper 6).

It is also possible that copper toxicity may be due to its ability to reduce cell defence
mechanisms against hydrogen peroxide and oxygen free radicals, which can inhibit
algal growth (Florence ef al., 1984) or that copper catalyses the oxidation of
membrane lipids (Hochstein et al., 1980). Copper was shown to inhibit the H,0,-
dissociating enzyme catalase, possibly by displacing iron from the active centre
(Paper 6). Copper also has superoxide dismutase activity, leading to the formation
of more H,0, from the superoxide radical. Copper can also catalyse the
decomposition of H,0, to produce hydroxyl radical which may accelerate oxidative

deterioration of membrane lipids.

Recent collaborative work with Dr Elizabetta Morelli (CNR Instituto di Biophysica,
Pisa, Italy) has shown that coppcr in Nitzschia closterium induces the formation of
phytochelatins, small cysteine-rich peptides involved in detoxification of copper in the
cell. These peptides, formed from glutathione or its precursor gamma-glutamyl
cysteine, are similar to metallothioneins induced by cadmium, copper and zinc 1n

animals.

2.3.2 Copper complexes

Most studies of copper toxicity to aquatic organisms have assumed that the free
hydrated Cu®" 1s the most toxic physicochemical form of copper Water-soluble
copper complexes mncluding Cu-nitrilotriacetic acid have been shown to be less toxic
to the marine diatom Nitzschia closterium than ionic copper, whereas lipid-soluble
organo-copper complexes were much more toxic (Florence ef al., 1983). Lipid-
soluble copper complexes, which occur in industrial effluents, can diffuse directly
through the cell membrane mto the cell, where both copper and the ligand may exert
separate toxicity. Prior to our work, very little was known about the mechanism of

toxicity of these lipid-soluble copper complexes

The toxicity of a wide range of lipid-soluble copper complexes to Nitzschia
closterium was investigated (Paper 4). The most toxic copper complexes tested were

those of the phenanthrolines, oxine, and pyridyl- and thiazolyl- hydroxyazo



17

compounds, possibly due to mtracellular generation of hydrogen peroxide. Lipid
solubility and strong chelation with copper were known to be essential for high
toxicity. For example, copper(Il) complexes of oxine, 4-(2-pyridylazo) naphthol
(PAN) and 1-(2-thiazolylazo)-2-naphthol (TAN), were exceptionally toxic to this
alga, whereas the non-chelating isomers of these ligands (4-hydroxyquinoline, 1-(3-
pyridylazo) 2-naphthol and 1-(3-thiazolylazo)-2-naphthol) did not enhance copper
toxicity. Addition of substituents to a ligand which increased its water solubility

substantially reduced the toxicity of its copper(II) complex.

Copper(IT)(oxinate), is a common fungicide. Both oxine and its copper complex
severely inhibited both photosynthesis and growth in Nitzschia. Copper oxinate,
which was completely adsorbed by Nitzsehia cells within a few hours, dissociated
within the algal cell. Copper was retained in the cell and the oxine was expelled
unchanged (Paper 4).

Ethylxanthate, which is nsed in industrial flatation processes for ore concentration,
forms a toxic hydrophobic copper complex that stimulated respiration, nutochondtial
electron transport, ATP formation and photosynthesis in Nitzschia under conditions

of strongly inhibited cell division (Paper 6).

Phenanthroline derivatives form some of the most toxic copper complexes. The
toxicity of one copper complex, copper-2,9-dimethyl-1,10-phenanthroline, to algae is
described (Paper 2). Concentrations as low as 5 nM significantly decreased the .
growth of Mitzschia closterium Bioaccumulation of this highly toxic lipid-soluble
copper complex depended on the reduction of copper(Il) to (I), since only the
copper(I) complex was lipophilic. It was proposed (Paper 2) that hydrogen peroxide,
produced by the alga during photosynthesis was the reductant which rapidly reduces
the copper(I)-2,9-DMP A reaction mechanism was proposed which leads to the
destruction of the copper(I) complex when excess hydrogen peroxide is present and
liberation of singlet oxygen, copper ions, oxygen free radicals and bipyridyl

compounds, all of which contribute to the extreme toxicity of this copper complex.

2.3.3 Amelioration of copper toxicity
The toxicity of some lipid-soluble complexes can be ameliorated by humic and fulvic
acids (Paper 24). Using a combination of algal bioassays, visible spectroscopy and

anodic stripping voltammetry, it was shown that humic acid sequestered copper(Il)
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from the hydrophobic complex of copper oxine, releasing the ligand molecule.
Toxicity was reduced providing that the ligand itself was not toxic. Humic acid,
which forms more stable complexes with copper, was more effective in reducing

toxicity than fulvic acid.

The toxicity of ionic copper, but not lipid-soluble complexes, can be ameliorated by
trivalent metal ions such as iron, manganese, cobalt, aluminium and chromium
(Papers 1, 3 and 6). Measurements of intracellular and extracellular iron and copper,
and algal growth rate bioassays were used to show that iron, carried over from culture
media, forms a layer of 1ron (III) hydroxide around the algal cell. Copper is adsorbed
to this colloidal iron layer at the cell surface and is therefore unable to penetrate the
cell to cause a toxic effect (Paper 1). This work was extended to mnvestigate
amelioration of copper toxicity by manganese (Paper 3) Manganese, like iron, was
shown to form a layer of manganese(III) oxide around the cell which prevented copper
penetration into the algal cell This research was particularly important because it
disproved Sunda and Huntsman’s theory (1983) that copper toxicity was caused by
competition between copper and manganese for cellular uptake of manganese. It was
shown that although there is competitive binding of copper and manganese at the algal
cell surface, copper has no effect on intracellular manganese Thus the primary toxic
effect of copper is not that it induces cellular manganese deficiency but rather that it
oxidises thiol groups in the cell, disrupting cell division Manganese was particularly
effective in reducing copper toxicity because it could also catalytically scavenge

superoxide radicals, produced by the reduction of molecular oxygen in the chloroplast.

Further work showed that other metals including Co(III), Al(III) and Cr(III) could
also protect against copper toxicity by the same mechanism, providing that they
formed metal(III) hydroxides in seawater (Paper 6). The degree of insolubility of the
metal(Ill) hydroxide and 1ts stability indicated its abulity to protect against copper
toxicity. Cobalt and manganese were the most effective, followed by iron, chromium
and aluminium. As Iittle as 2.5 pg Co/L, 5 pg Mn/L, 50 pg Fe/L and 100 pg A/L
reduced the toxicity of copper to Nitzschia by a factor of ten. Cobalt(IIl) was even
more effective that manganese because 1t could also scavenge hydrogen peroxide. The
trivalent metals did not afford any protection against copper to the freshwater green
alga Chlorella protothecoides, presumably because the pH of the growth medium

(7 0) was too low to promote sufficient hydrolysis of the metals.
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2.4 Mechanism of Toxicity of Zinc to Algae

Few studies have investigated the mechanism of toxicity of zinc to phytoplankton.
Fisher and Jones (1981) found that zinc can depress algal cell division, leading to an
uncoupling of cell division and photosynthesis. Zinc can also inhubit fucoxanthin
synthesis in algae (Gillan er al., 1983). Some workers have suggested that zinc is
bound intracellularly to protein or polyphosphate (Davies, 1978; Bates ef al., 1985). .

I investigated the effect of zinc on cell division, photosynthesis, ultrastructure,
respiration, ATP levels, mitochondrial electron transport (ETC), total thiols and
glutathione 1n Nitzschia closterium (Paper 21). Although 65 pg Zn/L halved the cell
division rate, photosynthesis and respiration were unaffected by zinc concentrations
up to 500 pg/L. Most of the zinc was bo'und to the algal cell sﬁ{rface, with only 3-4%
of the extracellular zinc penetrating the cell membrane. Once inside the cell, zinc
exerted its toxicity at a number of sites. Zinc enhanced ATP production, ETC,
cellular thiols and total glutathione in this alga, indicative of the possible production
of phytochelatins to bind and detoxify zinc. Incrcascd ATP production may providc
the energy required to synthesise these metal-binding proteins, at the expense of other
energy-requiring processes such as cell division. Some zinc-treated cells also
contained more thylakoids 1n the chloroplast than control cells, although

photosynthetic rates on a per cell basis were similar.

Both copper and zinc induce the production of phytochelatins in this alga. Zinc binds
the phytochelatins as Zn-SH, effectively detoxifying much of the zinc, whereas coppér
binds and oxidises the -SH to Cu-S. This oxidation of thiols by copper alters the ratio
of oxidised to reduced thiols in the cells, causing toxic effects on cell division. Thus
much lower concentrations of copper are required to cause toxic effects in this

species, compared to zinc.

2.5 Conclusions

My research has shown that the mechanisms of toxicity of copper and zinc to algae
differs between species and is largely dependant on the chemical form of the metal
With a basic understanding of modes of action of these metals, microalgae can
increasingly been used as tools to assess metal bioavailability in polluted waters. By
taking mto account the chemical speciation of the metal, which in turn controls its
bioavailability, we are now in a better position to be able to predict the toxicity of

copper and zinc and to identify those factors which ameliorate toxicity in natural



waters.
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Chapter 3

Development and Application of Bioassays with Unicellular Algae

3.1 Introduction

Until recently in Australia, the assessment and control of potentially toxic effluents
has been based on chemical analyses. These are not only expensive, but often fail to
detect all of the chemical species which may elicit a toxic response. Toxicity tests or
bioassays use living organisms as indicators of the potential toxicity of a sample It
has been traditional to use acute toxicity tests based on fish or mvertebrate mortality,
however, ethical constraints on using fish are restricting the continued use of such
bioassays. Moreover, regulatory agencies worldwide now recognise the inadequate
environmental protection offered by criteria based on acute lethality tests. There is
now a major research thrust towards the development of bioassays based on sub-lethal

or chronic responses, rather than mortality

Chronic toxicity tests with unicellular algae were originally developed by the USEPA
to assess the eutrophication potential in freshwaters receiving effluents (USEPA,
1971). However, because of their sensitivity, reproducibility and ecological
relévance, algal bioassays have been more widely used to assess biostimulatory and
inhibitory effects of natural waters, wastewaters, specific chemicals and sediment
leachates (Van Coillie et al., 1983; Soniassy ef al., 1977; Florence et al., 1994).

Species commonly used in North America include the freshwater green alga
Selenastrum capricornutum and the marine diatom Minutocellus polymorphus which
are not widely distributed in Australian waters. There was a need to develop sensitive
tests with local species suitable for monitoring impacts in our warmer waters. This
chapter describes the development of algal growth and enzyme bioassays and
illustrates their use in batteries of toxicity tests for monitoring discharges for the

mining and pulp/paper industries.

3.2 Development of Growth Inhibition Bioassays

Most algal bioassays are growth mhibition tests which measure the decrease in the

growth rate (cell division rate) or final cell biomass after a few days 1n the presence of
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toxicant, compared to controls in dilution water. Other effect parameters, apart from
growth inhibition, have also been used, including carbon assimilation in
photosynthesis (Van Coillie ef al., 1983; Kusk and Nyholm, 1991), respiration (Paper
6), ATP (Kwan, 1989; Hickey et al., 1991) and enzyme activity (Paper 21).

Cell density measurements in growth mhibition bioassays are usually detcrmined by
counting cells in a haemocytometer under a phase contrast microscope This method
is both imprecise and time consuming, so automation of the counting procedure was
desirable. The counting technique was successfully automated with a Coulter
Multisizer II particle analyser (Paper 35). This had a number of advantages over the
manual techniques as both cell numbers and cell size distribution in the presence of

toxicant could be determined precisely and quickly. <

Development of algal growth inhibition tests with local species of marine and
freshwater algae is reviewed in the context of protocols used overseas (Paper 35).
These bioassays differed from standard USEPA protocols in the type of media used,
inoculum pretreatment, incubation conditions and test duration, all factors which

affect toxicity.

The algal bioassays were unique in that the tests were carried out in minimal media,
without the addition of nutrients such as EDTA, silica and iron, which would complex
or adsorb metals and reduce toxicity. We showed that the concentration of copper
giving a 50% reduction in growth rate (EC50) of the freshwater green alga Chlorella
pyrenoidosa increased from 16 pg/L in synthetic softwater to greater than 200 pg/L
mn high nutrient MBL medium (Paper 19). Similarly, marine medium f reduced
copper and zinc toxicity to Nitzschia closterium by 10-20 fold compared to
unsupplemented seawater For this reason, our protocols for toxicity testing with
marine and freshwater algae recommended using natural filtered seawater or synthetic
water enriched only with nitrate and phosphate to maximise the sensitivity of the test.
Protocols in use overseas (USEPA, Environment Canada, OECD) use nutrient
medium in the bioassay which grossly underestimates toxicity. Most of the toxicity
data currently available for algae are therefore of limited use. With increasing use of
algal bioasssays to generate toxicity data for risk assessments, such underestimation

of toxicity could have dire consequences.
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Another factor not usually considered in bioassay test protocols is inoculum
pretreatment. For example, the toxicity of copper to Nitzschia depended on the
concentration of iron in the culture medium used to grow the cells prior to their
inoculation nto the assay flasks (Paper 1) Cells cultured under the 1ron levels in
normal £ medium (790 pg/L) were more tolerant to copper than cells cultured mn iron
deficient medium Similarly, manganese, cobalt, aluminium and chromium (III)
protected against copper toxicity by forming metal(IIT) hydroxides around the cells
which adsorbed copper and reduced copper penetration into the cells (Papers 3 and
6). This led to the recommendation to standardise the trace metal concentrations in
culture media used to grow cells for test inocula and to wash the cells prior to use in

the algal bioassays.
¥

USEPA protocols originally used 14-day tests, which were reduced to 96-h test
durations to prevent loss of toxicants by degradation or evaporation. Test duration
has been further reduced to 72 h to avoid changes in pH which may alter algal

metabolism and chemical behaviour of the toxicant (Paper 35)

The sensitivity of our algal bioassays to a range of metals and chlorophenolic
compounds was compared with standard North American test species (Paper 35).
Our bioassays were generally more sensitive than overseas test species and also

compared favourably with higher orgamsm tests.

3.3 Development of Enzyme Inhibition Bioassays

Although growth inhibition tests are sensitive and use an ecologically relevant test
endpoint, their duration of 72 h is long when rapid results are required. Serious
environmental damage could be averted 1if the hazard of an effluent could be
determined and managed in hours rather than days. There has therefore been an
increasing demand for tests that are both rapid and inexpensive. Bioassays that detect
sub-lethal endpoints such as inhibition of enzyme activity (Gilbert et al., 1992; Jung

et al., 1995; Mariscal ef al., 1995) show promise in meeting these requirements.

The enzyme B-D-galactosidase has recently been used in rapid toxicity tests with
bacteria such as Escherichia coli (Dutton et al., 1988; 1990) and the invertebrate
Daphria magna (Janssen and Persoone, 1993). B-D-galactosidase is a catabolic
enzyme that hydrolyses 1,4-B-glucosidic linkages in carbohydrates. Specifically, thus

enzyme breaks down the sugar lactose into galactose and glucose.
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A B-D-galactosidase assay has been developed in our laboratory to detect coliforms
and sewage pollution in seawater and drinking waters (Apte and Batley, 1994). With
the recent discovery of this enzyme in some algae, enabling these algae to grow
heterotrophically as well photosynthetically (Davies et al , 1994), it was decided to
use this enzyme as the basis for developing a rapid algal toxicity test applicable to
marine and freshwaters. A wide range of algae were screened for B-D-galactosidase
activity. High activity was found in two marine and three freshwater species of green
algae. Of these, the marine alga Dunaliella tertiolecta and the freshwater alga
Chlamydomonas reinhardii, were chosen as test species because they were available
in axenic culture (bacteria-free), were amenable to automatic cell counting and were

ecologically relevant to Australian waters (Report 71).

<
A rapid 2-h test based on enzyme inhibition in the marine alga Dunaliella tertiolecta
was developed (Paper 42). The bioassay uses a fluorescent-labelled substrate 4-
methylumbelliferyl B-D-galactoside, which is cleaved by the algal enzyme and then the
fluorescent moiety released into solution 1s detected by fluorimetry. Toxicants
decrease enzyme activity and consequently less fluorescence is detected mn solution.
The new bioassay was particularly sensitive to metals, with 2-h EC50 values as low
as 0.035 mg/L for copper. The bioassay was rapid, sensitive and reproducible, with
coefficients of variation of 3-22% between experiments. Results correlated well with
other ecologically relevant endpoints such as algal growth and proved superior to
other enzyme assays with bacteria and invertebrates in terms of sensitivity and
reproducibility The major advantage of the new test 1s that toxicity mformation can
be obtained in 2 h, rather than 72 h in a typical algal growth test, making the algal

enzyme bioassay a cost effective way to monitor the toxicity of a range of samples.

An improved bioassay protocol, together with its application to monitoring complex
effluents and natural waters is given in Stauber et. al (1995). By optimising the
substrate concentration, the sensitivity of the enzyme bioassay was further improved,
with the EC50 for copper being reduced to 9ug Cu/L  In addition, no pre-incubation
with toxicant is required, further reducing the time of the bioassay to just 1 h. A
similar bioassay with the freshwater green alga Chlamydomonas reinhardn was also

developed, for application in freshwater aquatic systems.

It is proposed to further develop the rapid enzyme bioassay into a commercially-
available toxicity test kit for use in field testing. Such a toxicity test will have
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immediate applicability to assessing potential impacts of urban and industrial
pollution. Instrumentation currently being developed by the Commonwealth Scientific
and Industrial Research Organisation (CSIRO) and the Australian Defence Industries
(ADI) for a faecal coliform test, based on fluorescence measurement, will be adapted
to the rapid algal assay. For such a test kit to be useful, techniques for preserving
algae indefinitely, without loss of enzyme activity, will need to be developed.

3.4 Application of Algal Toxicity Tests

3.4.1 Introduction

The growth inhibition bioassays with the marine alga Nitzschia closterium have been
extensively applied to monitoring the toxicity of pollutants in aquatic systems.
Because different organisms from different trophic levels have different sensttivities to
pollutants, algal tests have been used as part of a suite of tests for hazard assessment.
Papers 30 and 35 describe specific applications of the Nitzschia bioassay to
assessing the toxicity of effluents, natural waters receiving industrial discharges, and

ore elutriates.

3.4.2 Impacts of mining

Specific applications of the algal bioassays to the mining industry mnclude a risk
assessment of the movement of nickel ores, a study of the bioavailability of copper in
the Fly River system, Papua New Guinea (PNG) and a toxicity assessment of the
mine-impacted Macquarie Harbour in South-western Tasmania. Although these
studies were performed under contract and were often documented in restricted
reports, aspects of each study have been published in journal papers. These studies
demonstrated the broad applicability of algal bioassays for assessing mine-derived

contaminants 1n natural systems.

Toxicity of mickel ores, North Queensland

A battery of chemical and biological tests were used m a risk assessment for
Queensland Nickel, who proposed to import nickel ores from New Caledonia and
Indonesia through Halifax Bay in North Queensland This study investigated the
potential for impacts of spilt ore on the ecological health of the Bay (Paper 30).

Chemucal leaching studies showed that nickel and chrommum (VI) were the only metals

released 1n sufficient quantities to be of concern. The toxicity of the ore leachates,
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nickel and chromium was determined using bioassays with temperate and tropical
clones of the alga Nitzschia closterium. The algal bioassays showed that toxicity of
the ore leachates was due entirely to chromium(VI) leached from the ores and that the
tropical strain was less sensitive than the temperate algal strain. Similar toxicity was
observed using the juvenile banana prawn Penaeus merguiensis and the amphipod
Allorchestes compressa in a series of experiments carried out in collaboration with
the Australian Nuclear Science and Technology Organisation. From all the toxicity
data, a conservative maxmmum safe concentration of nickel in seawater was
calculated. The nickel ore was not highly toxic and if spilt in the quantities estimated,
it was predicted that it would not have a significant impact on the ecological health of
the Bay.

Toxicity of copper tailings, Papua New Guinea

Ok Tedi Mimning Ltd (OTML) commenced operation of a large copper mine at Mt
Fubilan, Western Province, Papua New Guinea in 1984. Due to the high rainfall and
geological instability of the region, it was not possible to build a tailings dam to rctain
waste rock and tailings from the copper mine. Consequently, 80,000 tonnes of
tailings/day and 55,000 tonnes of waste rock overburden/day have been discharged
directly into the Ok Tedi River. OTML is currently investigating the aquatic
behaviour and fate of mine-derived sediments in the Ok Tedi/Fly River systems, with
the ultimate aim of determining the bioavailability of copper released from the

tailings.

Earlier studies had shown that particulate copper in this system was not toxic to
invertebrates and fish (Smith, Ahsanullah and Batley, 1990). My interest was in the
bioavailability of the dissolved copper, which can reach concentrations of 20 pg/L in
the Fly River, hundreds of kilometres from the source of the tailings. Using bioassays
with local species of copper-sensitive freshwater algae, it was possible to detect
copper toxicity at dissolved copper concentrations as low as 3 pg/L if the copper
the riverwater was bioavailable. It was shown that none of the Fly River waters were
toxic, with growth rates in the river waters being the same as the controls (Paper 35).
This suggested that less than 3 pg Cu/L was bioavailable, otherwise significant
decreases in algal growth would have been observed. Even waters containing up to 15
ng Cw/L were not toxic, suggesting that copper in the Fly River was complexed or

bound to dissolved organic matter and unavailable for uptake into algal cells This
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was a particularly significant finding for OTML because it confirmed earlier chemical
studies that showed that the complexing capacity of the river waters was greater than
the niverine dissolved copper concentrations. It was concluded that copper was

unlikely to be available to cause an impact on aquatic organisms in this system.

Impact of copper tailings, Tasmana

The 100-year operation of the Mount Lyell Mining and Railway Co. Ltd’s copper
mine i Queenstown, Tasmania, has resulted in the deposition of over 100 million
cubic metres of mine tailings, smelter slag and topsoil into the King River and
Macquarie Harbour. Following cessation of tailings discharge into the rivers in
December 1994, the Commonwealth and Tasmaman governments undertook the
Mount Lyell Remediation, Research and i)emonstration Prografn to assess the
environmental impact of metal release from the mine and smelter, as part of the
development of a remediation strategy. In particular, the potential biological impact
of elevated copper levels in Macquarie Harbour waters was required. A suite of
toxicity tests, including our Nitzschia closterium growth inhibition test and
Dunaliella tertiolecta enzyme mhibition test, was used to determine the concentration
of copper which could be tolerated in Macquarie Harbour waters without causing

detriment to aquatic life (Report 77)

Total dissolved copper in Macquarie Harbour waters collected for use in the
bioassays, ranged from 10-42 pg Cu/L, with the highest concentrations immediately
below the outflow of the King River. Dissolved copper concentrations exceeded the |
complexing capacity of the dissolved organic matter in all samples. Electrochemical
methods showed that significant amounts of dissolved copper in the Macquarie
Harbour waters were present in labile forms (6-24 pg Cu/L) and potentially

bioavailable.

Toxicity testing of mid-salinity Macquarie Harbour waters revealed that there were no
significant effects on algal growth, amphipod and juvenile flounder survival, or
osmoregulation and copper accumulation mn flounder, although chemical
measurements of copper in the Macquarie Harbour waters, together with the
preliminary risk assessment, suggested that copper was potentially bioavailable. Of
these biological endpoints, only algal growth inhibition and copper accumulation in
flounder were sufficiently sensitive to detect potential effects at copper concentrations

found in Macquane Harbour



28

The growth inhibition bioassay with the marine alga Nitzschia closterium was
particularly sensitive to copper, with ionic copper concentrations as low as 5 pg/L
causing a significant reduction in algal cell division rate over 72 h. However, in
general, no toxicity of either filtered or unfiltered Macquarie Harbour waters was
observed, suggesting that copper in these waters was not present in bioavailable
forms. There was, however, sufficient bioavailable copper to cause inhibition of
enzyme activity (B-D-galactosidase) in the marine alga Dunaliella tertiolecta and this
bioavailable copper was weakly correlated with labile copper in the Macquarie
Harbour waters measured using anodic stripping voltammetry. It 1s possible that
colloidal iron, manganese and aluminium oxyhydroxides bind copper at the algal cell
surface, preventing its uptake into the cell Enzyme mhibition may occur at the cell
membrane, whereas growth is not affecteLi because copper adso!rbed to metal

hydroxides cannot penetrate the cell membrane.

Taking into account these results, and using the results of the risk analysis of
literature values of copper toxicity in marine and estuarine waters, we estimated that
the maximum acceptable concentration of copper in Macquarie Harbour mid-depth
waters lies between 10 and 20 pg/L. This study indicated the useful information that
a combination of bioassays can provide and highlighted the value of such data in risk

prediction.

3.5 Conclusions

Both the marine and freshwater algal bioassays developed in our laboratory are an
important component of batteries of tests with organisms from all trophic levels for
use in environmental risk assessments. Their sensitivity and reproducibility makes
them a convenient and cost effective tool for monitoring the potential toxicity of
chemicals, complex effluents and polluted natural waters. With increasing restrictions
by animal ethics legislation on the use of fish lethality tests, such short-term chronic
microbial tests will play an important role in the protection of the aquatic environment

m future.
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Chapter 4
Toxicity of Metals to Humans

4.1 Introduction

While much of my research focused on the development of techniques for
understanding the mechanisms of toxicity of metals to simple organisms such as
algae, this work was extended to developing novel monitoring methods for metals in
humans. With the increase, throughout the world, of blood-related communicable
diseases, non-invasive techniques for biological monitoring were required. In
particular, there was a need for methods for analysing metals uf non-invasive samples
such as urine, faeces, hair, saliva and sweat, for comparison to blood analyses to

determine body burdens of metals.

This chapter describes the development of methods for analysing metals in urine,
sweat and hair, with particular emphasis on lead and manganese. These techniques
have been used to study skin absorption of lead in occupationally-exposed workers
and in the study of manganese toxicity in aborigines from Groote Eylandt, Northern

Territory, Australia.

4.2 Lead

The major sources of lead exposure for humans are inhalation and ingestion. Skin
absorption has been largely ignored, although considerable quantities of lead from
sources such as soil, water and dust, and from workplace exposure, can be in

continuous contact with the skin.

Lead can affect the nervous system, bone formation, haem synthesis, kidney function
and reproduction. It accumulates in red blood cells (3%), soft tissue (up to 5%) and
bones and teeth (90-95%), with lead excretion via the kidneys, renal tubules, sweat,
hair, nails and through the gut (Coyle et al., 1994). Recent studies have suggested
that even small intakes of lead can reduce intelligence n children (McMichael ef al.,
1988) A 10 pg/dL increase m blood lead concentration has been associated with a

decrease between 2-8 IQ points in young children.
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4.2.1 Development of biological monitoring techniques

Electrochemical techniques such as anodic stripping voltammetry (ASV) have been
widely used for measuring toxic metals in body fluids, including blood, sweat and
urme However, direct determination of metals 1n urine posed considerable problems
1 electroanalysis due to its high orgamc content which leads to adsorption at the
electrode and suppression of ASV waves. More usually, a pre-treatment step such as

acid digestion to remove organic interferences is required.

A novel method was developed for the direct determination of lead in urine (Paper
22). Fumed silica, added to urine directly in the ASV cell, completely removed
sorption interferences by urinary organic constituents This simple, rapid method was

successfully used to measure lead in urine at the pg/L level in unexposed individuals.

While chloride levels in sweat have been used extensively for the detection of cystic
fibrosis in newbom babies, metals in sweat have only recently been used to indicate
nutritional status and toxicity in humans There had been little previous interest in the
determination of trace metals in sweat due to the problems of collecting
uncontaminated samples of sufficient size for analysis. A technique was developed
for collecting sweat onto membrane filters using pilocarpine iontophoresis (Paper 7).
After leaching the membrane filter, zinc, copper, cadmium and lead in sweat could be
det‘ermined using ASV. Choice of the membrane filter type was critical to prevent
adsorption of the metals and to avoid mnterferences by wetting agents. This method
was used to compare sweat metal levels in males and females It was hoped to use
metals in sweat as a convenient non-invasive technique for measuring occupational
exposure to toxic heavy metals and to 1dentify abnormal copper/zinc ratios in various

disease states in humans.

4.2.2 Application to monitoring toxic metals such as lead in humans

A new method for determining metals in sweat after collection by pilocarpine
1ontophoresis was used to provide background data on the levels of copper, cadmium,
zinc and lead in 63 volunteers (Paper 12). Copper, cadmium, zinc and lead in human
sweat were compared with ceruloplasmin, alkaline phosphatase, and total and mobile
metal levels in blood sera in males and females. Although concentrations of lead and
cadmium in serum and sweat were similar, zinc and copper in sweat were much lower

than in serum. This lack of correlation for zinc and copper limited the usefulness of
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sweat as as surrogate for blood measurements Sweat was identified as an important
route of excretion for heavy metals, as high metal concentrations were detected in the
sweat of exposed individuals when blood concentrations were in the normal range.

This suggested that sweat may be a useful tool for screening occupationally-exposed

workers.

While pursuing the usefulness of sweat as a monitoring tool, it was discovered that
some lead workers had extremely high levels of lead in their sweat. To avoid surface
contamination of the skin during sweat collection, a number of skin washing
procedures were tested. During these control experiments, it was noticed that if lead
was applied to the skin surface on one arm, high levels of lead were detected in sweat
collected from the opposite arm, suggesting that inorganic lead svas absorbed through
the skin and circulated throughout the body in the blood and lymph systems (Papers
13 and 14).

This work represented a major breakthrough in understanding the routes of exposure
fo1 murganic lead. Skin absorption of lead was not usually considered to be a
significant mode of uptake unless the lead was present as lipid-soluble organic
complexes, such as tetraethyl lead (Rastogi and Clausen, 1976). However, a variety
of morganic lead compounds (lead chloride, lead nitrate, lead acetate, lead oxide and
finely powdered lead metal) were shown to be rapidly absorbed through human skin
vivo (Paper 13) When solutions of the lead compound were placed on a small area
of forearm skin for 1-24 h, increased concentrations of lead were subsequently found-
in sweat and saliva within one hour of skin application However, no increase m lead

in blood or urine was detected using anodic stripping voltammetry.

The stable lead isotope ***Pb was used with more sensitive analytical techniques
(thermal ionisation mass spectrometry and inductively coupled plasma mass
spectrometry), to show that skin-absorbed lead was detectable in blood and urine
withmn 6 h of skin application (Papers 26 and 29). Increases in “**Pb concentration
and abundance in blood and urine were found, however, no increase in fofal lead in
blood was detected. It was proposed that trans-dermal transport of lead occurred by
two distinct mechanisms: rapid diffusion through the sweat glands and hair follicles,

and slower diffusion through the stratum corneum, the skin’s upper layer
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Although skin-absorbed lead appeared in high concentrations in sweat and saliva, very
little was detectable in blood. Similarly, Moore et al (1980) found only minute
quantities of lead m blood (0-0.3% of the applied dose) in human volunteers using
hair dyes containing lead acetate. It appears that lead absorbed through the skin was
in a different physico-chemical form (presumably a protein complex) which has a low
affinity for red blood cells, but partitions strongly into extracellular fluid. This was
quite different to the behaviour of inorganic lead salts injected directly into the blood
stream, where 50% of the lead is associated with red blood cells after 1 h
(Chamberlain, 1985, Campbell ef al., 1984).

Although these human experiments established that inorganic lead compounds can be
absorbed through the skin, the fate of skin-absorbed lead was ugknown. If all the
absorbed lead is exported from the body via sweat and saliva, it is unlikely that skin-
absorbed lead would be a health risk to occupationally-exposed workers. However, if
a significant fraction is retained in organs, tissues or bones, deleterious health effects
may result. In order to study the fate of skin-absorbed lead, animal studies were
required. With the help ot an ANZECC grant, the fate of skin-absorbed lead was
compared with intravenous (1.v.) -injected lead in mice. Skin-absorbed lead
concentrated in extracellular fluid, skin and muscle remote from the site of application
and was not detectable in blood, confirming our previous work with humans. In

contrast, i.v.-injected lead concentrated in blood and other organs (Paper 44).

The ability of lead salts to enter the body through the skin without significantly raising
blood lead levels has important implications for occupational health control because
measurement of lead in blood is the main criterion used to assess lead exposure. The
inadequacy of blood lead measurements to detect lead which has been absorbed
through the skin highlights the dangers of only using this monitoring technique to
determine lead body burden and lead exposure Consequently, other biological

monitoring techniques which can detect skin-absorbed lead need to be developed.

4.3 Manganese

Until recently, manganese salts were generally regarded as being of low toxicity to
humans. Manganese has recently been implicated in a number of neurological
diseases in occupationally-exposed workers, including manganese miners i Chile who
suffered similar symptoms to Parkinson’s disease. Manganese is absorbed through
the lungs and gastrointestinal tract and deposited in tissues, particularly liver, kidney,
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and brain. Manganese is excreted rapidly in the faeces via bile, with very little
excreted in urine. Because of its short biological half-life (4 days for the fast fraction
and 40 days for the slow fraction) monitoring manganese at the low concentrations

found 1 blood and urine, can only indicate relatively recent exposure.

The most convenient record of manganese exposure over a few months is the
manganese concentration in scalp hair. However, problems with using scalp hair
include pre-treatment of the hair before manganese analysis, and the need to
distinguish between endogenous (manganese that enters the hair via the blood supply

to the hair follicle) and exogenous sources of manganese, including dust and sweat.

A washing procedure was developed for the pre-treatment of hair before analysis of
metals, including manganese, by ASV and neutron activation analysis (Paper 8).
This washing effectively removed all surface dust and gave reproducible results for
multiple hair samples from the same person Manganese in dust trapped in the hair
before sampling may be solubilised in sweat, incorporated into the hair shaft and
measured as endogenous manganese Up to 15 pg Mn/g hair could be incorporated
into hair via this route. To obtain reliable estimates of manganese taken up from
blood, manganese in hair from these exogenous sources must be eliminated The
contribution of exogenous manganese to total manganese in hair was investigated and
a number of methods proposed to overcome this problem (Papers 8 and 17).
Selective leaching of hair with chemical chelators, thiols, acids and solvents was
unsuccessful because these agents also removed endogenous manganese in hair. More
useful was an extrapolation technique in which manganese along the length of the hair
strands were analysed and extrapolated back to zero length to estimate the amount of
manganese in the hair as it emerged from the scalp Using this technique, manganese

was determined i the scalp hair of aborigines living on Groote Eylandt.

Aborigines from Angurugu, a small township on Groote Eylandt in the Gulf of
Carpentaria, have a high mncidence of neurological disturbances, referred to as the
Groote Eylandt Syndromes (Cawte, 1984). One syndrome, probably a form of motor
neurone disease, is characterised by weakness in the legs and onset occurs in early
childhood. The second syndrome is characterised by a cerebellar syndrome and
oculomotor disturbances, with onset in middle age. It has been suggested that this
endemic disease may be caused by environmental manganese, as similar neurological

symptoms have been associated with Chilean miners suffering from manganese
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poisoning (Cotzias ef al., 1968). The Angurugu population is exposed to an
environment naturally high in manganese, with soils containing up to 4% manganese.
In addition, the Groote Eylandt Mining Company (GEMCO) has mined manganese
since the early 1960s.

Manganese, as a potential causative agent i the Groote Eylandt syndromes, was
investigated (Papers 8, 11 and 17). Manganese body burdens in both unaffected and
affected aborigines, together with caucasians in the township, were estimated using
analyses of blood, urine, sweat and hair. Aborigines had scalp hair manganese
concentrations which were much higher than aborigines living in other parts of
Northern Australia, however there was no significant difference in hair manganese
between affected and unaffected individuals. Those with the disease, however, had

elevated levels of manganese in blood.

It was concluded that all Angurugu aborigines had a high intake of manganese due to
their “close to the earth living”, relatively poor hygiene and their diet. Only some
aborigines developed the disease however, and these individuals were closely related,
suggesting that at least some genetic factor was also mvolved. It is possible that some
susceptible individuals had genetic/metabolic defects which either enhanced their
uptake of manganese or reduced their ability to clear manganese from the body.

While manganese was strongly implicated in the disease, a causal-effect relationship

was not clearly established

In order to understand the possible role of manganese in the Groote Eylandt
syndromes, the mechanism of manganese toxicity was investigated (Paper 18). The
neurotoxicity of manganese was believed to result from its catalysis of the oxidation
of dopamine by oxygen, causing depletion of this neurotransmitter In the presence of
manganese, oxidation of dopamine by oxygen proceeds via a manganese(I)/(III)
redox couple, the superoxide radical and a semiquinone intermediate Neurotoxicity
of manganese results from depletion of dopamine and from the production of

neurotoxic oxidation products dopamine quinone and hydrogen peroxide.

The ability of a wide range of compounds to inhtbit dopamine oxidation in vitro was
examined (Paper 15). Some electrophilic compounds such as ascorbic acid (vitamin
C) and thiamine (vitamin B1) effectively inhibited dopamine oxidation by stabilising

the intermediate semiquinone free radical. Groote Eylandt Aborigines, who are likely
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to be deficient in vitamin C and thiamine at some stages of the year due to poor diet
and alcohol intake, may therefore be predisposed to manganese intoxication The
significance of this work is reflected in its publication in the highly prestigious
medical journal The Lancet (Paper 15).

4.4 Conclusions

This novel research on the uptake and mechanism of toxicity of lead and manganese
has important implications in human health. It identified skin absorption as a new
route for lead exposure in humans. The National Institute of Occupational Safety and
Health in the USA has recognised this work and has now introduced safety
precautions for occupationally-exposed workers to prevent lead{uptake through the
skin. Because lead which is skin-absorbed is not detectable in blood, new monitoring
procedures to identify skin-absorbed lead in the body are urgently required
Manganese is now recognised as a potential toxicant and precautions, such as
minimising manganese dust exposure, are being implemented throughout mining

communities.
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Chapter S

Extent of Originality and Participation in Collaborative Research

Many of the publications used as the basis for this thesis involved co-authorship In
most cases, I was the senior and corresponding author. In some instances, the co-
authors were staff undertaking research under my direction, while in others the
collaboration involved scientists who contributed a new and complementary expertise
to the study. In all cases, I made original and significant contributions to the research.
In general, a listing as first author in the research papers indicates the person who

wrote the majority of the paper.
¥

Much of my initial research was undertaken jointly with Dr Mark Florence, who was
my immediate supervisor until 1989. His expertise in analytical and environmental
chemistry complemented my own background in biochemistry and microbiology.
Together we made a number of significant advances 1n the understanding of

mechanisms of metal toxicity in microalgae and humans.

My research interest in the development of new bioassay techniques has increasingly
extended beyond the chemical focus of my joint work with Florence, and encompasses
aspects of ecotoxicology including plant, invertebrate and fish bioassays I have co-
ordmated a number of large multi-disciplinary research projects for the National Pulp
Mills Research Program, the Australian pulp/paper industry, state government
departments and mining companies, mvolving collaboration with researchers in
universities and environmental protection agencies throughout Australia. I was the
senior author in joint publications arising from these collaborations and was
responsible for the research program, interpreting the data and writing the final papers

and reports.

My contribution to each of these jomnt publications is summarised in the following

table



Table 1. Contribution of the Candidate to Joint Publications Submitted as Part of this Thesis

Publication Authors Title Contribution of the Candidate Summary of
No. Candidate’s
contribution
1 Stauber and Florence  The influence of iron on copper I planned the research, carried out the experimental work, Major
toxicity to the marine diatom mterpreted the results and wrote the paper.
Nitzschia closterium.
2 Florence, Stauber and The reaction of copper-2,9- I carried out part of the experimental work and interpreted the Minor
Mann dimethyl-1,10-phenanthroline with ~ appropriate parts of the results.
hydrogen peroxide
3 Stauber and Florence  Interactions of copper and I planned the research, carried out the experimental work, Major
manganese: a mechanism by interpreted the results and wrote the paper
which manganese alleviates
copper toxicity to the marine
diatom Nitzschia closterium
4 Florence and Stauber  Toxacity of copper complexes to I carried out the experimental work, and interpreted and discussed Substantial
the marine diatom Nitzschia the results.
closterium «
5 Stauber and Florence  Reversibility of copper-thiol I planned the research, carried out the experimental work, Major
binding in Nitzschia closterium interpreted the results and wrote the paper.
6 Stauber and Florence  The mechanism of toxicity of I planned the research, carried out the experimental work, Major

ionic copper and copper
complexes to algae.

interpreted the results and wrote the paper.




Publication Authors Title Contribution of the Candidate Summary of
No. Candidate’s
contribution
7 Stauber and Florence  The determination of trace metals I planned the research, carried out the experimental work, Major
in sweat by anodic stripping interpreted the results and wrote the paper.
voltammetry
8 Stauber, Florence and The use of scalp hair to monitor I planned the research, carried out the experimental work, Major
Webster manganese in aborigines from interpreted the results and wrote the paper.
Groote Eylandt
11 Florence, Stauber and Ecological studies of manganese I carried out the experimental work, and interpreted the results. Minor
Fardy on Groote Eylandt '
12 Stauber and Florence A comparative study of copper, I planned the research, carried out the experimental work, Major
lead, cadmium and zinc in human  interpreted the results and wrote the paper.
sweat and blood
13 Lilley, Florence and The use of sweat to monitor lead I initially planned the research, and helped supervise the Minor
Stauber absorption through the skin experimental work. The research was funded by a Worksafe Grant.
14 Florence, Lilley and  Skin absorption of lead I initially planned the research, and helped supervise the Minor
Stauber experimental work.
15 Florence and Stauber  Neurotoxicity of manganese I planned the research, carried out the experimental work and Substantial

interpreted the results.




Publication
No.

Authors

Title

Contribution of the Candidate

Summary of
Candidate’s
Contribution

17

18

19

21

22

Stauber and Florence

Florence and Stauber

Stauber and Florence

Stauber and Florence

Stauber and Florence

Manganese in scalp hair:
problems of exogenous manganese
and implications for manganese
monitoring in Groote Eylandt
Aborigines

Manganese catalysis of dopamine
oxidation

The effect of culture medium on
metal toxicity to the marine
diatom Nitzschia closterium

Mechanism of toxicity of zinc to
the marine diatom Nitzschia
closterium

Fumed silica for the direct
determination of lead in urine by
differential pulse ASV

I planned the research, carried out the experimental work,
interpreted the results and wrote the paper

I carried out the experimental work and interpreted the results.

I planned the research, carried out the experimental work,
interpreted the results and wrote the paper.

I initiated and planned the research, carried out the experimental
work, interpreted the results and wrote the paper.

I carried out the experimental works interpreted the results and
wrote the paper.

Major

Substantial

Major

Major

Major




Publication
No.

Authors

Title

Contribution of the Candidate

Summary of
Candidate’s
Contribution

24

25

26

29

30

Florence, Powell,
Stauber, Town

Florence, Morrison
and Stauber

Dale, Stauber,
Farrell, Florence and
Gulson

Stauber, Florence,
Gulson and Dale

Florence, Stauber and
Ahsanullah

Toxicity of lipid-soluble
copper(IT) complexes to the
marine diatom Nitzschia
closterium: amelioration by humic
substances

Determination of trace element
speciation and the role of
speciation in aquatic toxicity

A comparative study of ICPMS
and TIMS for measuring skin
absorption of lead

Percutaneous absorption of
inorganic lead compounds

Toxicity of nickel ores to marine
organisms

This research was part of a PhD project by Town. I helped
supervise the algal part of the work and helped in interpretation of
these results.

I carried out some of the experimental work used in this review and
contributed to the ideas through discussions with the major authors.

I initiated and planned the research, supervised or carried out part
of the experimental work, interpreted the results and helped write
the paper.

I initiated and planned the research, supervised or carried out the
experimental work, interpreted the results and wrote the paper.

l{
I planned and carried out the experimental work, helped interpret
the results and wrote the paper.

Minor

Minor

Major

Major

Major




Publication Authors Title Contribution of the Candidate Summary of
No. Candidate’s
Contribution
35 Stauber Toxicity testing using marine and  This was an invited review for the first issue of the new Sole author
freshwater unicellular algae Australasian Journal of Ecotoxicology
42 Peterson and Stauber A new algal enzyme bioassay for ~ This paper describes research undertaken with an Environmental Major
the rapid assessment of aquatic Trust Grant from the NSWEPA. I obtained the grant, planned the
toxicity experimental work, supervised the project, interpreted the results
and co-wrote the paper.
44 Florence, Stauber, Skin absorption of lead This research was funded by ANZECC. I obtained the funding, Major
Dale, Henderson, compounds helped design the experimental program, supervised the work,

Izard and Belbin

interpreted the results and wrote the final report to ANZECC.




10.

1.

12

13.

42

References

Ahner, B A, Kong, S. and Morel, F M.M. (1995) Phytochelatin production in
marme algae. 1. An interspecies comparison. Limnol. Oceanogr 40, 649-657.

Anderson, D.M. and Morel, F. M.M. (1978) Copper sensitivity of Gonyaulax
tamarensis. Limnol. Oceanogr. 23, 283-295.

ANZECC (1992) Australian Water Quality Guidelines for Marine and
Freshwaters. Australian and New Zealand Environment Conservation Council,
Canberra, pp 146.

Apte, S.C. and Batley, G.E. (1994) Rapid detection of sewage contamination in
marine waters using a fluorimetric assay of B—D-galactosidg.se activity. Sci. Total
Environ. 141, 175-180.

Armstrong, F.A.J. and Boalch, G T (1960) Heavy metal tolerance in plants.
Aav. Ecol. Res. 7, 1-85.

Barton, J.C., Conrad, M.E., Harnison, L. and Nuby, S. (1978) Effects of calcium
on the absorption and retention of lead J. Lab. Chin. Med. 3, 366-376.

Bates, S.S., Tessier, A., Campbell. P.G.C. and Letourneau, M. (1985) Zinc-
phosphorus interactions and variation in zinc accumulation during growth of
Chlamydomonas variabilis (Chlorophyceae) in batch culture. Can. J. Fish.
Aquat. Sciences 42, 86-94.

Bentley-Mowatt, J.A. and Reid, S.M (1977) Survival of marine phytoplankton

" in high concentrations of heavy metals, and uptake of copper .J. exp. Mar. Biol.

Ecol 26, 249-264.

Braek, G.S., Maines, D. and Jensen, A (1980) Heavy metal tolerance of marine
phytoplankton. IV. Combined effect of zinc and cadmium on growth and uptake
in some marine diatoms. J. exp. Mar. Biol. Ecol. 42, 39-54.

Bryan, G W. (1984) Pollution due to heavy metals and their compounds. In:
Marine Ecology, Kinne, O (ed), John Wiley and Sons, Chichester, pp 1289-
1431

Bryan, G W. and Langston, W.J. (1992) Bioavailability, accumulation and
effects of heavy metals in sediments with special reference to United Kingdom
estuaries: a review Environ. Pollut. 76, 89-131.

Campbell, P.G.C (1995) Interactions between trace metals and aquatic
organisms a critique of the free-ion activity model. In: Metal Speciation and
Bioavailability in Aquatic Systems, Tessier, A and Tumer, D.R. (eds), IUPAC,
John Wiley and Sons Ltd, Chichester, pp 45-102.

Campbell, P.G.C. and Tessier, A. (1996) Ecotoxicology of metals in the aquatic
environment: geochemical aspects In: Ecofoxicology: A Hierarchical



14.

15.

16

17.

18.

19.

20.

21

22.

23.

24.

25

26

27

43

Treatment, Newman, M.C. and Jagoe, C.H (eds), CRC Lewis Publishers, New
York, pp 17-82

Campbell, B.C., Meredith, P.A., Moore, M.R. and Watson, W.S. (1984)
Kinetics of lead following intravenous administration in man. Toxicol. Lett. 21,
231-235

Canterford, G.S. and Canterford, D.R. (1980) Toxicity of heavy metals to the
marine diatom Ditylum brightwellin (West) Grunow: correlation between toxicity
and metal speciation. J. Mar. Biol Assoc UK 60, 227-242.

Cawte, J. (1984) Emic accounts of a mystery illness: The Groote Eylandt
syndrome. Aust. New Zealand J. Psychiat. 18, 179-187.

Cedeno-Maldonado, A. and Swader, J.A. (1974) Studies on the mechanisms of
copper toxicity in Chlorella. Weed Sci. 22, 443-449.

b e
Chamberlain, A.C. (1985) Prediction of response of blood lead to airborne and
dietary lead from volunteer experiments with lead isotopes. Proc. R Soc. Lond.
B 224, 149-182.

Cotzias, G.C., Horiuchi, K., Fuenzalida, S and Mena, 1. (1968) Chronic
manganese poisoning” Clearance of tissue manganese concentrations with
persistence of the neurological picture  Neurology 18, 376-382.

Coyle, P., Haywood, M.R. and Rofe, A M (1994) Living with lead - an
Australian overview. Clin. Biochem. Revs 15, 179-187.

Dawvies, A.G. (1974) The growth kinetics of Isochrysis galbana in cultures
containing sublethal concentrations of mercuric chloride. J. Mar. Biol. Assoc.

. UK 54, 157-169.

Davies, A.G. (1978) Pollution studies with marine plankton. Part II Heavy
metals. In: Radioactive Contamination of the Marine Environment. Proceedings
of a symposium, Seattle. International Atomic Energy Agency, Vienna, pp 403-
420.

Davies, C.M., Apte, S.C., Peterson, S.M. and Stauber, J.L (1994) Plant and
algal interference in bacterial B-D-galactosidase and B-D-glucuronidase assays.
Appl. Environ. Microbiol. 60, 3959-3964.

Denton, G.R.W. and Burdon-Jones, C. (1986) Trace metals in algae from the
Great Barrier Reef. Mar. Poll. Bull. 17, 98-107

Depledge, M.H., Weeks, J.M and Bjerregaard, P (1993) Heavy Metals. In
Handbook of Ecotoxicology, Calow, P. (ed), Vol 2, Blackwell Scientific
Publications, Oxford, pp 79-105

Dutton, R.J., Bitton, G., and Koopman, B (1988) Enzyme biosynthesis versus
enzyme activity as a basis for microbial testing. Tox. Assess 3, 245-253.

Engel, D.W. and Brouwer, M. (1987) Metal regulation and moulting in the blue
crab, Callinectes sapidus: metallothionemn function in metal metabolism. Biol.
Bull. 173, 239-251.



28.

29.

30.

31.

32.

33.

34.

35

36

37.

38.

39.

40.

41.

44

Fergusson, J.E. (1990) The Heavy Elements: Chemistry, Environmental Impact
and Health Effects Permagon Press, Oxford, pp 614.

Fisher, N S. and Jones, G.J. (1981) Effects of copper and zinc on growth,
morphology and metabolism of Asterionella japonica (Cleve). J exp. Mar. Biol.
Ecol. 51, 37-56.

Fisher, N.S., Jones, G J and Nelson, D.M. (1981) Effects of copper and zinc on
growth, morphology, and metabolism of Asterionella japonica (Cleve). J. exp.
Mar Biol. Ecol 51, 37-56.

Florence, T.M. (1984) The production of hydroxyl radical from hydrogen
peroxide J. Inorg. Biochem. 22, 221-230.

Florence, T.M. and Stauber, J.L. (1991) The toxicity of heavy metals to aquatic
organisms. In- Proceedings of IIR Conference on Environmental Monitoring,
Sydney, Australia, September, 1991.

¥

Florence, T.M., Lumsden, B.G. and Fardy, J.J. (1983) Evaluation of some
physico-chemical techniques for the determination of the fraction of dissolved
copper toxic to the marine diatom Nitzschia closterium. Anal. Chim. Acta. 151,
281-295.

Florence, T.M., Lumsden, B.G. and Fardy, J.J. (1984) Algae as indicators of
copper speciation In: Complexation of Trace Metals in Natural Waters.
Kramer, C.J. and Duinker, J.C. (eds), Martinus Nijhoff/Junk Publishers, The
Hague, pp 411-418.

Florence, T. M., Stauber, J. L. and Ahsanullah, M. (1994) Toxicity of nickel
ores to marine organisms. Sci. Total Environ. 148, 139-155.

Fowler, S W. (1990) Critical review of selected heavy metal and chlorinated
hydrocarbon concentrations in the marine environment. Mar Environ. Res. 29, 1-
64,

Fumess, R. W. and Rainbow, P.S. (1990) Heavy Metals in the Marine
Environment. CRC Press, Boca Raton, pp 256.

Gavis, J., Guillard, R R and Woodward, B.L. (1981) Cupric ion activity and the
growth of phytoplankton clones isolated from different marine environments. J.
Mar. Res. 39, 315-333.

Gilbert, F., Galgani, F. and Cadiou, Y. (1992) Rapid assessment of metabolic
activity in marine microalgae: application in ecotoxicological tests and evaluation
of water quality. Mar Biol 112, 199-205

Gillan, F.T., Fisher, N.S. and Johns, R.B. (1983) The effects of copper and zinc
on the fatty acids and carotenoids in the marine diatom Asterionella japonica.
Botanica Mar. 26, 255-257.

Gonzalez-Davila, M., Santana-Casiano, ] M , Perez-Pena, J. and Millero, F.J.
(1995) Binding of Cu(Il) to the surface and exudates of the alga Dunaliella
tertiolecta in seawater Environ. Sci. Technol. 29, 289-301.



42.

43.

44

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

45

Goyer, R.A. (1991) Toxic effects of metals. In: Casarett and Doull’s
Toxicology, 4th edition, Amdur, M.O., Doull, J. and Klaasen, C.D. (eds),
Permagon Press, New York, pp 623-680.

Grll, E., Winnacker, E.-L. and Zenk, M.H. (1985) Phytochelatins: The principal
heavy-metal complexing peptides of hugher plants. Science 230, 674-676.

Guillard, R.R.L. and Ryther, J.H. (1962) Studies of marine planktonic diatoms.
I. Cyclotella nana Hustedt, and Detonula confervaceae (Cleve) Gran. Can. J.
Microbiol 8,229-239,

Hare, T A. and Schmidt, R.R. (1969) Synthesis of reduced glutathione from an
endogenous source of sulfur immediately prior to nuclear division in synchronised
Chlorella Biochim. Biophys. Acta 192, 537-539.

Harrison, G.I and Morel, FM.M (1983) Antagonism between cadmium and
iron in the marine diatom Thalassiosira weissflogn J. Phycol. 19, 495-507.

Hellawell, J.M. (1986) Biological Indicators of Freshwater Pollution and
Environmental Management. Elsevier Applied Science Publishers, London, pp
546.

Hickey, C. W, Blaise, C. and Costan, G. (1991) Microtesting appraisal of ATP
and cell recovery toxicity endpoints after acute exposure of Selenastrum
capricormutum to eelected chemicals. Emviren. Toxicol. Wat. Qual. 6, 383-103.

Hobden, D J. (1967) Iron metabolism in Myfilus edulis, 1. Vanation in total
content and distribution. J. Mar. Biol. Assoc. UK 47, 597-606.

Hochstemn, P , Kumar, K S and Forman, S.J. (1980) Lipid peroxidation and the
cytotoxicity of copper. Ann N.Y. Acad Sci. 355, 240-248

Hopkin, S.P. (1989) Ecophysiology of Metals in Terrestrial Invertebrates.
Elsevier Applied Science Publishers, London, pp 354.

Janssen, C.R, Persoone, G. (1993) Rapid toxicity screening tests for aquatic
biota. 1 Methodology and expenments with Daphnia magna Environ Toxicol.
Chem. 12, 711-717.

Jones, G. J. (1986) Aspects of phytoplankton-trace metal interactions. PhD
thesis, University of Melbourne, pp199.

Jung, K., Bitton, G. and Koopman, B (1995) Assessment of urease inhibition
assays for measuring toxicity of environmental samples. Wat Res 29, 1929-1933.

Kalk, M (1963) Absorption of vanadium by tunicates. Nature 198, 1010-1011.
Kosower, N.S. and Kosower, E.M. (1978) The glutathione status of cells. Int.

Rev Cytol. 54, 109-160.

Kusk, K.O. and Nyholm, N. (1991) Evaluation of a phytoplankton toxicity test
for water pollution assessment and control Arch. Environ. Contamin. Toxicol.
20, 375-379

Kwan, K. K. (1989) Testing of coloured samples for toxicity by the algal-ATP
bioassay microplate technique. Environ. Pollut 60, 47-53.



59.

60.

61.

62.

63.

64

65.

66.

67.

68.

69.

70.

71

72.

73

46

Luoma, S.N. (1983) Bioavailability of trace metals to aquatic organisms - a
review. Sci. Total Environ 28, 1-22.

McMichael, A.J., Baghurst, P.A., Wigg, N.R., Vimpani, G.V., Robertson, E.F.
and Roberts, R.J (1988) Port Pirie cohort study: Environment Exposure to lead
and children’s abuilities at the age of four years. New Eng. J. Med. 319, 468-475.

Mariscal, A., Garcia, A., Camero, M., Gomez, J., Pmedo, A. and Fernandez-
Crehuet, J. (1995) Evaluation of the toxicity of several heavy metals by a
fluorescent bacterial bioassay. J Appl Toxicol. 15, 103-107

Moore, M.R., Meredith, W.S., Watson, W.S., Sumner, D.J., Taylor, M.K. and
Goldberg, A. (1980) The percutaneous absorption of lead-203 in humans from
cosmetic preparations containing lead acetate, as assessed by whole-body
counting and other techniques. Fd Cosmet. Toxicol. 18, 399-405.

Morel, F.M.M. (1983) Principles of Aquatic Chemistry, Wiley-Interscience, New
York, pp 446.

Morrison, G.M.P , Batley, G.E and Florence, T.M. (1989) Metal speciation and
toxicity. Chem. in Britain August, 791-796.

Nath, J and Rebhun, L.I. (1976) Effects of caffeine and other methylxanthines
on the development and mctabolism of sca urchin cggs. Involvement of NADP+
and glutathione. J. Cell Biol. 68, 440-450.

Obemosterer, 1. and Herndl, G J. (1995) Phytoplankton extracellular release and
bacterial growth: dependence on the inorganic N:P ratio. Mar. Ecol. Prog. Ser.
116, 247-257.

Ovemell, J. (1975) The effect of heavy metals on photosynthesis and loss of cell
potassium in two species of marine algae, Dunaliella tertiolecta and
Phaeodactylum tricornutum. Mar. Brol. 29, 99-103.

Rabinowitz, M.B., Wetherhill, G.W. and Kopple, J.D. (1974) Environ. Health
Perspect. 7, 145-153.

Rainbow, P.S. (1987) Heavy metals in bamacles. In: Barnacle Biology,
Southward, A.J. (ed), A.A Balkema, Rotterdam, pp 405-418.

Rastogi, S.C. and Clausen, J. (1976) Absorption of lead through the skin.
Toxicol 6, 371-376.

Rueter, J.G. and Morel, FM.M. (1981) The interaction between zinc deficiency
and copper toxicity as it affects the silicic acid uptake mechanisms in
Thalassiosira pseudonana. Limnol Oceanogr. 26, 67-73.

Samiullah, Y. (1990) Biological Mowmitoring of Environmental Contaminants:
Animals. MARC Report No. 37, Global Environmental Monitoring Program.

Schindler, P.W. (1991) The regulation of heavy metals in natural aquatic
systems. In: Heavy Metals in the Environment, J.P. Vemet (ed), Elsevier,
Amsterdam, pp 95-123.



74.

75.

76.

77.

78.

79.

80.

81

82

83.

84.

85.

86

87.

88

89

47

Severne, B.C. and Brooks, R.R. (1972) A nickel accumulating plant from
Western Australia. Planta 103, 91-94.

Smith, R.E.W., Ahsanullah, M. and Batley, G E. (1990) Investigation of the
impact of effluent from the Ok Tedi copper mine on the fisheries resource in the
Fly River, Papua New Guinea. Environ. Monit. Assess 14,315-331.

Soniassy, R. N., Mueller, J. C. and Walden, B. C (1977) The effects of BKME
colour and toxic constituents on algal growth. Pulp Paper Can. 78, T179-T184

Stauber, J.L., Peterson, S.M. and Adams, M.S. (1995) Novel bioassays for rapid
assessment of toxicity. CSIRO Investigation Report CET/IR416, pp 51.

Stauber, J.L., Ahsanullah, M., Nowak, B., Eriksen, R. and Florence, T.M. (1996)
Toxicity assessment of waters from Macquarie Harbour, western Tasmania, using
algae, invertebrates and fish. Mount Lyell Remediation, Supervising Scientist
Report 112, Commonwealth of Australia, pp 82.

E'e

Sunda, W.G. and Guillard, R. R L. (1976) The relationship between cupric ion
activity and the toxicity of copper to phytoplankton J. Mar. Res. 34, 511-529.

Sunda, W. and Huntsman, S A. (1983) Effect of competitive interaction between
manganese and copper on cellular manganese and growth in estuarine and oceanic
species of the diatom Thalassiosira. Limnol. Oceanogr. 28, 924-934.

USEPA. (1971) Algal assay procedures: bottle test. United States
Environmental Protection Agency, Corvallis, PB-258 419/1, pp 85.

USEPA (1987) Quality Critenia for Water. United States Environmental
Protection Agency, Washington, EPA 440/5-86-001, pp 398.

Van Coillie, R., Couture, P. and Visser, S.A. (1983) Use of algae in aquatic
ecotoxicology. In: Aquaric Toxicology Vol 13, Nriagu, J. O. (ed), John Wiley &
Sons, Burlington, pp 487-502. .

Van Duijvendijk-Matteoli, M.A. and Desmet, C.M (1975) On the inhibitory
action of cadmium on the donor side of Photosystem II in isolated chloroplasts.
Biochim Biophys. Acta 408, 164-169.

Vaughan, G T. and Lim, R P. (1996) Release pond discharge strategy. CSIRO
Investigation Report CET/IR467, pp 124.

Vercruysse, A (1984) Metals in human toxicology. In: Hazardous Metals in
Human Toxicology, Part B, Vercruysse, A (ed), Elsevier, Amsterdam, pp 3-16.

Viarengo, A (1989) Heavy metals in marne invertebrates: Mechanisms of
regulation and toxicity at the cellular level. Rev. Aquar Sci 1, 295-317.

Viarengo, A.M,, Pertica, M., Mancinell, G., Capell, R. and Orunesu, M. (1981)
Effects of copper on the uptake of amino acids, on protein synthesis and on ATP
content in different tissues of Mytilus galloprovincialis. Mar. Environ. Res. 4,
145-152.

Zhang, M. and Florence, T.M. (1987) A novel adsorbent for the determination of
the toxic fraction of copper mn natural waters Anal. Chim Acta 197, 137-148.



48

90. Zhou, X., Slauenwhite, D.E., Pett, R.J. and Wangersky, P.J. (1989) Production

of copper complexing organic ligands during a diatom bloom' tower tank and
batch culture experiments. Mar Chem. 27, 19-30.

91. Zook, B.C., Sauer, R M. and Gamer, F.M. (1970) Lead poisoning in Australian
fruit bats Pteropus poliocephalus. J Am. Vet Med. Assoc. 157, 691-694.



49

Appendix 1

List of Research Publications - J. L. Stauber

The following is a complete listing of the research publications of the
candidate. Publications in bold type in Part A are those which relate
specifically to the topic of this submission, and are included in full in Appendix
2. Part B is a listing of reports prepared as part of the CSIRO report series.
These reports include those in the public domain, together with restricted
reports (denoted by an R in the report number) prepared for companies under
commercial-in-confidence arrangements

A. External Publications
1. Stauber, J.L. and Florence, T.M. (1985) The influence of iron on
copper toxicity to the marine diatom Nitzschia closterium (Ehrenberg)
W. Smith. Aquatic Toxicology 6, 297-305.

2. Florence, T.M., Stauber, J.L.. and Mann, K.J. (1985) The reaction of
copper-2,9-dimethyl-1, 10-phenanthroline with hydrogen peroxide.
Journal of Inorganic Diochemistry 24, 243-254.

3. Stauber, J.L. and Florence, T.M. (1985) Interactions of copper and
manganese: A mechanism by which manganese alleviates copper
toxicity to the marine diatom, Nitzschia closterium (Ehrenberg) W.
Smith. Aquatic Toxicology 7, 241-254.

4.. Florence, T.M. and Stauber, J.L. (1986) Toxicity of copper complexes
to the marine diatom Nitzschia closterium. Aquatic Toxicology 8, 11-
26.

5. Stauber, J.L. and Florence, T.M. (1986) Reversibility of copper-thiol
binding in Nitzschia closterium and Chlorella pyrenoidosa. Aquatic
Toxicology 8, 223-229.,

6. Stauber, J.L. and Florence, T.M. (1987) The mechanism of toxicity of
ionic copper and copper complexes to algae. Marine Biology 94, 511-
519.

7. Stauber, J.L. and Florence, T.M. (1987) The determination of trace
metals in sweat by anodic stripping voltammetry. The Science of the
Total Environment 60, 263-271.

8. Stauber, J.L., Florence, T.M. and Webster, W.S. (1987) The use of
scalp hair to monitor manganese in aborigines from Groote Eylandt.
Neurotoxicology 8, 431-436.

9. Stauber, J.L. and Florence, T M. (1987) The determination of trace metals
in sweat by anodic stripping voltammetry. Proceedings of the Ninth
Australian Sympostum on Analytical Chemistry, Sydney, 27th April - 1st
May 1987, 569-572.



10

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

50

Stauber, J.L. and Florence, T.M. (1987) The use of scalp hair to monitor
manganese in Aborigines from Groote Eylandt. Proceedings of the Ninth
Australian Symposium on Analytical Chemistry, Sydney, 27th April - 1st
May 1987, 510-513.

Florence, T.M., Stauber, J.L. and Fardy, J.J. (1987) Ecological
studies of manganese on Groote Eylandt. In: Manganese and
metabolism - Groote Eylandt, Northern Territory - Conference
Proceedings, June 1987, Darwin, N.T., 23-34.

Stauber, J.L. and Florence, T.M. (1988) A comparative study of
copper, lead, cadmium and zinc in human sweat and blood. The
Science of the Total Environment 74, 235-247.

Lilley, S.G., Florence, T.M. and Stauber, J.L. (1988) The use of sweat
to monitor lead absorption through the skin. The Science of the Total
Environment 76, 267-278.

‘ ¥
Florence, T.M., Lilley, S.G. and Stauber, J.L. (1988) Skin absorption
of lead. The Lancet, July 16, 157-158.

Florence, T.M. and Stauber, J.L. (1988) Neurotoxicity of manganese.
The Lancet, February 13, 363.

Stauber, J.L. and Jeffrey, S.W. (1988) Photosynthetic pigments in
diatoms. Journal of Phycology 24, 158-172

Stauber, J.L. and Florence, T.M. (1989) Manganese in scalp hair:
problems of exogenous manganese and implications for manganese
monitoring in Groote Eylandt Aborigines. The Science of the Total
Environment 83, 85-98.

Florence, T.M. and Stauber, J.L. (1989) Manganese catalysis of
dopamine oxidation. The Science of the Total Environment 78, 233-
240.

Stauber, J.L. and Florence, T.M. (1989) The effect of culture medium
on metal toxicity to the marine diatom Nitzschia closterium and the
freshwater green alga Chlorella pyrenoidosa. Water Research 23, 907-
911.

Morrison, G.M.P., Florence, T M and Stauber, J.L. (1990) The effects of
complexing agents and surfactants on the deposition and stripping
processes in differential pulse anodic stripping voltammetry of metals at
the hanging mercury drop electrode. Electroanalysis 2, 9-14.

Stauber, J.L. and Florence, T.M. (1990) Mechanism of toxicity of
zinc to the marine diatom Nitzschia closterium. Marine Biology 105,
519-524.

Stauber, J.L. and Florence, T.M. (1990) Fumed silica for the direct
determination of lead in urine by differential pulse anodic stripping
voltammetry. Analytica Chimica Acta 237, 177-180.



23.

24.

25.

26.

27.

28.

29.

51

Florence, T M and Stauber, J.L. (1991) The toxicity of heavy metals to
aquatic organisms. Proceedings of IIR Conference on Environmental
Monitoring, September, Sydney.

Florence, T.M., Powell, H.K.J., Stauber, J.L. and Town, R.M. (1992)
Toxicity of lipid-soluble copper(IT) complexes to the marine diatom
Nitzschia closterium : amelioration by humic substances. Water
Research 26, 1187-1193.

Florence, T.M., Morrison, G.M. and Stauber, J.L. (1992)
Determination of trace element speciation and the role of speciation
in aquatic toxicity. The Science of the Total Environment 125, 1-13.

Dale, L.S., Stauber, J.L., Farrell, O.P., Florence, T.M. and Gulson,
B.L. (1993) A comparative study of ICPMS and TIMS for measuring
skin absorption of lead. In: Application of Plasma Source Mass
Spectroscopy G.Holland (ed.) Royal Society of Chemistry, Cambridge,
UK, 125-129. ’

Stauber, J.L (1993) Development and application of algal bioassays for
determining the toxicity of bleached eucalypt Kraft mill effluents.
Proceedings of the 47th Annual APPITA Conference, April 1993,
Rotorua, New Zealand, 789-796.

Stauber, J.L. and Tsai, J. (1993) Application of algal bioassays for
determining the toxicity of bleached eucalypt Kraft mill effluents.
Proceedings of the 3rd Environmental Chemistry Conference, September,
1993, Perth.

Stauber, J.L., Florence, T.M., Gulson, B.L. and Dale, L.S. (1994)
Percutaneous absorption of inorganic lead compounds. The Science of

- the Total Environment 145, 55-70.

30.

31

32.

33

34.

Florence, T.M., Stauber, J.L. and Ahsanullah, M. (1994) Toxicity of
nickel ores to marine organisms. The Science of the Total
Environment 148, 139-156.

Stauber, J L , Gunthorpe, L., Deavin, J.G., Munday, B.L. and Ahsanullah,
M. (1994) Application of new marine bioassays for assessing the toxicity
of bleached eucalypt kraft mill effluents Appita 47, 472-476.

Stauber, J.L., Gunthorpe, L., Deavin, J.G., Munday, B.L. and Ahsanullah,
M. (1994) Application of new marine bioassays for assessing the toxicity
of bleached eucalypt kraft mill effluents (BEKME). Proceedings of the
48th Annual Appita Conference, May 1994, Melbourne

Stauber, J.L., Gunthorpe, L., Deavin, J G., Munday, B.L., Krassoi, R. and
Simon, J. (1994) Single species Australian bioassays for monitoring new
BEK pulp mills. Proceedings of the National Forum on Bleached
Eucalypt Kraft Pulp Mills in Australia, Melbourne, October 1994.

Davies, C.M., Apte, S.G., Peterson, S.M. and Stauber, J.L. (1994) Plant
and algal interferences in bacterial 3-D-galactosidase and B-D-
glucuronidase assays. Applied and Environmental Microbiology 60,
3959-3964.



35.

36.

37.

38

39.

40.

41.

52

Stauber, J.L. (1995) Toxicity testing using marine and freshwater
unicellular algae. Australasian Journal of Ecotoxicology 1, 15-24,

Nelson, P., Stauber, J.L., Gunthorpe, L., Deavin, J.G., Munday, B.L,
Krassoi, R. and Simon, J. (1995) Toxicity testing of effluents from ECF
and TCF bleaching of eucalypt kraft pulps. Pulp and Paper August 1995,
103-109.

Nelson, P., Stauber, J.L., Gunthorpe, L., Deavin, J.G., Munday, B.L,
Krassoi, R. and Simon, J. (1995) Toxicity testing of effluents from ECF
and TCF bleaching of eucalypt kraft pulps. Proceedings of the
International Conference on Non-Chlorine Bleaching, Florida, USA,
March 1995.

Stauber, J.L., Gunthorpe, L., Deavin, J.G., Munday, B.L., Krassoi, R. and
Simon, J. (1995) Comparative toxicity of effluents from ECF and TCF
bleaching of eucalypt kraft pulps. Proceedings of the 49th Appita Annual
Conference, April 1995, Hobart

Haynes, D., Lee, K., Palmer, D. and Stauber, J. (1995) A multi-species
toxicity comparison on a complex effluent discharged from the Latrobe
Valley to Bass Strait, Victoria, Australia. Australasian Journal of
Ecotoxicology 1, 117-126.

Stauber, J.L., Gunthorpe, L., Deavin, J G., Munday, B.L., Krassoi, R. and
Simon, J. (1995) Comparative toxicity of effluents from chlorine free
bleaching of eucalypt kraft pulps. Proceedings of the 4th Environmental
Chemistry Conference, Darwin, July, 1995.

Apte, S.C,, Batley, G.E., Davies, C.M. and Stauber, J.L. (1995) Assessing
the fate, transport and toxicity of mine-derived contaminants. Proceedings

. of 20th Annual Environmental Workshop Managing Environmental

42.

43.

44,

45.

Impacts - Policy and Practice. Minerals Council of Australia, Darwin,
October 1995, 377-384

Peterson, S.M. and Stauber, J.L. (1996) A new algal enzyme bioassay
for the rapid assessment of aquatic toxicity. Bulletin of Environmental
Contamination and Toxicology 56, 750-757.

Stauber, J.L., Gunthorpe, L., Deavin, J.G., Munday, B.L., Krassoi, R. and
Simon, J. (1996) Comparative toxicity of effluents from ECF and TCF
bleaching of eucalypt kraft pulps. Appita 49, 184-188

Florence, T.M., Stauber, J.L., Dale, L., Henderson, D., Izard, B.E.
and Belbin, K. Skin absorption of ionic lead compounds. Journal of
Nutritional and Environmental Medicine (in press).

Florence, T.M., Stauber, J.L.., Dale, L. S. and Jones, L. The silver content
of the ascidian Pyura stolonifera as an indicator of sewage pollution on the
metropolitan beaches of Sydney, Australia In: Environmental
Biomonitoring and Specimen Banking, American Chemical Society
Symposium Series (in press)



46

47.

48.

49

50.

51

52.

53.

54

55.

56

57.

53
B. Reports

Florence, T M, Stauber, J.L. and Evans, H (1988) Comparative testing
of the effectiveness of commercially available antioxidant preparations.
CSIRO Division of Fuel Technology Investigation Report FT/IR002, 23
pages.

Florence, T.M., Stauber, J L. and Fardy, J.J. (1989) Ecological studies of
manganese on Groote Eylandt, CSIRO Division of Fuel Technology
Investigation Report, 91 pages.

Lilley, S G., Florence, T.M., Stauber, J L. and Connor, T. (1989) The use
of sweat and hair to monitor exposure to toxic elements. CSIRO Division
of Fuel Technology Final Report to Worksafe Australia, 52 pages.

Florence, T.M. and Stauber, J.L. (1989) Extraction and toxicity studies on
some nickel ores. CSIRO Division of Fuel Technology Investigation
Report No. FT/IR027, 30 pages.

Florence, T.M., Stauber, J.L. and Ahsanullah, M. (1991) Further toxicity
and extraction studies on some nickel ores. CSIRO Division of Coal and
Energy Technology Investigation Report CET/LH/IR016, 46 pages.

Stauber, J L. and Tsai, J. (1992) Toxicity of saline power station
wastewater to the marine diatom, Nitzschia closterium. CSIRO Division of
Coal and Energy Technology Investigation Report CET/IR031, 9 pages.

Florence, T.M., Ahsanullah, M and Stauber, J.L. (1992) Leaching and
toxicity studies on zinc and lead concentrates from Century Mine. CSIRO
Division of Coal and Energy Technology Investigation Report
CET/IR041, 25 pages.

Florence, T.M , Ahsanullah, M. and Stauber, J L. (1992) Leaching and
toxicity studies on a zinc/lead concentrate from the MIM Macarthur River
project. CSIRO Division of Coal and Energy Technology Investigation
Report CET/IR052, 24 pages.

Stauber, J.L. and Tsai, J. (1992) Toxicity of eucalypt kraft bleach
effluents to the marine diatom, Nitzschia closterium, the freshwater green
alga, Chlorella pyrenoidosa and the marine bacterium, Photobacterium
phosphoreum. CSIRO Division of Coal and Energy Technology
Investigation Report CET/IR054, 20 pages

Stauber, J.L. (1992) Toxicity of saline waters and sediment leachates to
the marine diatom Nitzschia closterium. CSIRO Division of Coal and
Energy Investigation Report CET/IR060, 9 pages

Vaughan, G.T., Kenyon, R S., Florence, T M., Wooller, K K. and Stauber,
JL. (1992) Monitoring of workers exposed to aromatic amines. CSIRO
Division of Coal and Energy Technology Investigation Report
CET/IR102, 57 pages

Stauber, J.L. and Ahsanullah, M. (1993) Toxicity testing of treated
wastewaters from the APPM Shoalhaven paper mill (Recycled Papers



58.

59.

60.

61.

62.

63

64.

65.

66.

67.

68.

69.

70.

54

Project). CSIRO Division of Coal and Energy Technology Investigation
Report CET/IR126, 23 pages.

Stauber, J L (1993) Toxicity of the herbicide Fusilade to the marine
diatom Nitzschia closterium. CSIRO Division of Coal and Energy
Technology Investigation Report CET/IR142, 6 pages.

Stauber, J.L. (1993) Toxicity of a treated complex effluent to the marine
diatom, Nitzschia closterium. CSIRO Division of Coal and Energy
Technology Investigation Report CET/IR151, 7 pages.

Stauber, J.L. and Critelli, C. (1993) Toxicity of treated pulp/paper mill
effluents. CSIRO Investigation Report CET/IR179, 17 pages.

Stauber, J.L. and Critelli, C. (1993) Toxicity of waters from the Fly River
system to freshwater and estuarine algae. CSIRO Investigation Report
CET/IR187, 20 pages.

Stauber, J.L., Tsai, J., Vaughan, G., Peterson, S.M. arid Brockbank, C.I.
(1994) Algae as indicators of toxicity of BEKM effluents. National Pulp
Mills Research Program Technical Report Series No. 3, Canberra: CSIRO,
82 pages.

Stauber, J.L., Gunthorpe, L., Munday, B.L., Deavin, J.G. and Ahsanullah,
M. (1994) Validation of new marine bioassays using synthetic treated and
untreated BEKM effluents National Pulp Mills Research Program
Technical Report Series No 8, Canberra: CSIRO, 58 pages.

Florence, T.M., Ahsanullah, M., Stauber, J L. and Gannon, M. (1994)
Leaching and toxicity studies on a zinc concentrate from Century Mine.
CSIRO Investigation Report CET/IR294R, 28 pages.

Vaughan, G.T. and Stauber, J.L. (1994) Technical review of the potential
application of ecotoxicity tests in the risk assessment of multiple-
contaminated sites CSIRO Investigaton Report CET/IR289, 117 pages .

Abel, K., Nelson, P., Johannes, B , Stauber, J., Vaughan, G., Bond, W.,
Kookana, R. and Rogers, S (1994) Bagasse pulp mill effluent. literature
review CSIRO Report, May 1994, 108 pages

Stauber, J.L. (1995) Toxicity assessment of primary treated effluent from
Australian Paper’s Shoalhaven mill. CSIRO Progress Report
CET/IR374R, 31 pages.

Stauber, J.L. (1995) Toxicity assessment of primary treated effluent from
Australian Paper’s Shoalhaven mill. CSIRO Progress Report
CET/IR392R, 22 pages.

Stauber, J.L. (1995) Toxicity assessment of wastewaters from Century
Zinc concentrates Report CET/IR395, 15 pages

Stauber, J.L , Lim, R.P. and Ahsanullah, M. (1995) Toxicity assessment
of primary treated effluent from Australian Paper’s Shoalhaven mill.
CSIRO Final Report CET/IR400R, 55 pages.



71.

72.

73

74

75

76.

77.

78.

55

Stauber, J.L., Peterson, S.M. and Adams, M.S (1995) Novel bioassays
for rapid assessment of toxicity. CSIRO Investigation Report CET/IR416,
51 pages

Ahsanullah, M, Florence, T M. and Stauber, J.L. (1995) Ecotoxicology of
copper to marine and brackish water organisms. Report CET/IR402, 69

pages.

Apte, S.C. and Stauber, J.L. (1996) Speciation and toxicity of dissolved
metals in the Molonglo/Murrumbidgee River system. CSIRO Investigation
Report, 17 pages.

Stauber, J.L. (1996) Review of the Maryvale Pulp mill biological
monitoring data. CSIRO Investigation Report CET/IR434R, 32 pages.

Stauber, J.L., Florence, T.M., Dale, L S., Henderson,p., Izard, B.E. and
Belbin, K. (1996) The fate of skin-absorbed lead. CSIRO Investigation
Report CET/IR444, 46 pages.

Stauber, J.L. and Apte, S.C. (1996) Bioavailability of copper to algae in
the Fly River System, PNG. CSIRO Investigation Report CET/IR464R,
78 pages

Stauber, J.L., Ahsanullah, M., Nowak, B., Eriksen, R. and Florence, T.M.
(1996) Toxicity assessment of waters from Macquarie Harbour, Western
Tasmania using algae, invertebrates and fish. Mount Lyell Remediation,
Supervising Scientist Report 112, Commonwealth of Australia, 82 pages

Stauber, J.L. (1996) Toxicity of copper discharged from the Marcopper

 tailings spill, the Philippines CSIRO Investigation Report CET/IR 479R,

79.

80.

81.

82.

9 pages

Vaughan, G.T., Stauber, J.L. and Matthews, J. (1996) Toxicity of laundry
detergents to Selenastrum capricornutum and Vibrio fisheri. CSIRO
Investigation Report CET/IR475, 12 pages.

Stauber, J.L.. and Adams, M (1996) Toxicity of GST to the green alga
Selenastrum capricornutum. CSIRO Investigation Report CET/IR516, 10
pages

Stauber, J.L. and Gunthorpe, L. (1996) Toxicity of totally-chlorine-free

(TCF) bleach effluents to marine organisms National Pulp Mills Research
Program Technical Report No 18. CSIRO, Canberra. 48 pages.

Stauber, J.L., Krassoi, R., Simon, J. and Laginestra, E. (1996) Toxicity to
marine organisms of effluents from ECF and TCF bleaching of eucalypt
kraft pulps. National Pulp Mills Research Program Technical Report

No 19, CSIRO, Canberra, 38 pages



56

Appendix 2

Principal Publications In Full



Paper 1

Aquatic Toxicology, 6 (1985) 297305 297
Elsevier

AQT 00158

THE INFLUENCE OF IRON ON COPPER TOXICITY TO THE MARINE
DIATOM, NITZSCHIA CLOSTERIUM (EHRENBERG) W. SMITH
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The effect of iron on the toxicity of copper (0-60 pg Cul~ ") to the marine diatom, Nutzschia closterium
(Ehrenberg) W. Smith was studied using unsupplemented sea water for growth rate experiments. In-
tracellular and extracellular iron and copper concentrations were determined by inductively coupled
plastia emission spectrometry and anodic stripping voltammetry.

Cells cultured under normal f medium 1ron levels (790 ug Fe-1~ ') were more tolerant to copper than
cells cultured in 1ron deficient medium (79 g Fe 17! and 7.9 pg Fe-1~"). Lower extracellular iron and
higher intracellular copper concentrations were found in cells grown previously in iron deficient medium
compared to cells grown in normal iron medium. Iron, however, had no effect on the toxicity of the lipid
soluble copper complex, copper-oxine

It 1s proposed that copper toxicity is reduced by colloidal ferric hydroxide, carried over in the assay
inoculum, which binds to the diatom cell membrane, absorbs copper and prevents copper penetration
into the cell.

Key words: Nitzschia closterium; iron; copper; toxicity

INTRODUCTION

Copper, at concentrations as low as 1 ppb, has been shown to be toxic to a
number of marine unicellular algae (Mandelli, 1969; Erickson, 1972; Lumsden and
Florence, 1983). Copper reacts at the cell membrane, affecting cell division and
permeability. Within the cell, copper may inactivate the Hill reaction in photosyn-
thesis, or it may inactivate essential enzymes by displacing the active metal or
binding sulphydryl, amino or carboxylic groups (Huntsman and Sunda, 1980).

Copper toxicity to a species depends on growth conditions - cell density, composi-
tion of the medium, including salinity and pH, and culture conditions including
light, light/dark cycles and temperature (Whitton, 1968; Mandelli, 1969). In par-
ticular, addition of certain micronutrients to the medium can partially overcome the
inhibitory effects of copper and other trace metals, e.g. iron, and chelators such as
citric acid and EDTA.

The toxicity of copper to estuarine algae may be reduced due to the presence of
iron and organic chelators, e.g. humic and fulvic acids, from land runoff, coriipared
to algae growing in the open ocean environment. Iron at a level of 1 mg-1~" has

0166-445X/85/303.30 © 1985 Elsevier Science Publishers B.V. (Biomedical Division)
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been shown to reduce cadmium toxicity to Chlorella pyrenoidosa (Gipps and Coller,
1982).

Steeman Nielsen and Kamp-Nielsen (1970) suggested that the influence of iron on
copper toxicity may be due to the adsorption of copper onto colloidal ferric hydrox-
ide in the alkaline growth medium. Hydrous ferric oxide may also adhere to the sur-
faces of diatoms by intermolecular attraction (Davies, 1966). It has also been sug-
gested that iron might compete with copper for binding sites on the cell membrane
(Kanazawa and Kanazawa, 1969).

Increased toxicity of copper in cultures of Nitzschia closterium grown under low
iron conditions has been noted elsewhere (Lumsden and Florence, 1983). It is possi-
ble that colloidal ferric hydroxide bound to the organic layer surrounding the
diatom silica frustule, may prevent penetration of copper into the cell. This
hypothesis was tested by growing the diatom N. closterium in culture media of vary-
ing iron concentrations, before exposure to copper concentrations of 0-60 ug
Cu-17"' in unsupplemented sea water, and measurement of intracellular and ex-
tracellulai iton and copper.

MATERIALS AND METHODS

Sea water

Surface sea water was collected off Port Hacking, New South Wales, in carefully
cleaned polyethylene bottles and passed immediately through a 0.45 um filter.
Filtered sea water was stored at 4°C until used in the culture medium and algal
assays. Total copper was in the range 0.07-0.3 ug-1~ " and total iron was 1.2-2.0
pg-17 1

Algae maintenance

The unicellular marine diatom, Nitzschia closterium (Ehrenberg) W. Smith®
(originally obtained from CSIRO Division of Fisheries Algal Culture Collection)
was cultured in f medium (Guillard and Ryther, 1962), except that ferric
citrate/citric acid (4.5 mg-1~"' ferric citrate-7 H,O + 4.5 mg-17" citric acid)
replaced iron-EDTA, and the trace metal concentration was halved. The algal
cultures were maintained at 21°C, on a 12 h light/dark cycle at 6,400 lux, transfer
being made under axenic conditions every 2 wk.

Cultures for the algal assays were maintained in f medium, minus the trace
metals, at three different iron concentrations (iron added as ferric citrate/citric acid
in a 1:1.6 mole ratio): ‘normal’ iron — 790 ug Fe-17'; iron/10 - 79 pug Fe-17%;
iron/100 - 7.9 ug Fe-17'. Cells in exponential phase growth were used for all
experiments.

2 The name Niutzschia closterium, rather than Cylindrotheca clostertum, was used 1n agreement with
Hasle (1964).
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The effect of different forms of iron on growth was also determined by adding
iron (750 pg Fe-171) as ferric citrate/citric acid, ferric citrate alone, ferric chloride,
iron-EDTA complex and iron-desferrioxamine complex. Age and size of inoculum,
together with medium age after autoclaving were kept constant (Levandowsky and
Hutner, 1975).

Algal assays

These were carried out in siliconised 150-ml conical flasks, containing 50 ml of
sea water with an initial cell density of 2.75 x 10* cells- mi~!, according to the
method of Lumsden and Florence (1983). The inoculum was washed three times in
sea water by centrifugation before use. Cultures were incubated at 21°C at 16,000
lux. Cell density was measured daily for 3 days, by counting microscopically in a
haemocytometer. A regression line was fitted to a plot of log;o (cell density/initial
cell density) versus time (in hours) for each sample, and the growth rate determined.

Iron determinations

Iron on the cells (intracellular and extracellular), in the medium, and on the walls
of the culture flask, was determined by inductively coupled plasma emission spec-
trometry (ICP). A 12 ml aliquot of the algae inoculum, to be used in the algal
assays, was centrifuged for 10 min at medium speed. The supernatant (10 ml) was
acidified with 0.1 ml of 10 M HCI, and used directly to determine the iron in the
medium by ICP. The cell pellet was resuspended in 0.5 ml of sea water and transfer-
red to a covered 50-ml beaker for acid digestion. Cells were digested with 1 ml of
15 M HNOj; and 0.5 ml of 72% HCIO, to strong fumes of HCIOq, then diluted to
10 ml for iron determination on the cells. Iron in the f medium, to which no iron
had been added, was also determined. Reagent blanks were subtracted from all iron
measurements.

Intracellular and extracellular iron was determined by centrifuging 2 X 12 ml ali-
quots of N. closterium suspension. One aliquot was resuspended in culture medium,
and the other was resuspended in 10 ml 0.02 M EDTA in sea water. The EDTA wash
removed iron attached to the outside of the cells, without causing cell lysis. This
enabled intracellular or metabolic iron (Davies, 1970) to be determined. After stand-
ing for 10 min, the tubes were centrifuged and the cells resuspended in 0.5 ml sea
water, then transferred to a covered 50-ml beaker for acid digestion and iron deter-
mination as above.

A significant fraction of the iron adhered to the glass walls of the culture flask
(Hayward, 1968; Lewin and Chen, 1971, 1973). The culture flask was emptied, and,
after rinsing with distilled water, 10 ml of hot 2 M HCI was added. After transfer
to a 10-m] volumetric, iron was determined by ICP. The error in iron determination
by ICP was 1-5% for iron on theells, and 10-20% for iron in the supernatant.
All glassware was acid washed before use.
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Iron associated with the cells during the assay was also determined. Before the
algal assay, cells were grown in f medium containing radioactively labelled iron -
59Fe (634 ug Fe -1~ 1). Aliquots taken over the 3-day assay were counted in a gamma
well counter for 30 min to determine iron on the cells, in the supernatant and on
the glass.

Copper determinations

Labile and total copper on algae were determined by anodic stripping voltam-
metry (a.s.v.) (E.G. and G. Princeton Applied Research model 384 Polarographic
Analyser, with a model 303 static mercury drop electrode assembly). All analytical
procedures were carried out at 25 + 0.5°C in a class 100 clean room.

At the end of the assay (day 3), copper on the algae was determined by passing
20 ml of algal suspension through an acid-washed, 25 uun diarneter 0.45 pm mein-
brane filter. The filter was digested in a 50-ml covered beaker in a clean air cupboard
with 1 ml of 15 M HNO; and 0.5 ml 72% HCIO4 to strong fumes of perchloric acid,
then diluted to 10 ml with water. Copper was determined directly on this solution.
An acid-washed membrane filter was used as a blank.

Intracellular copper concentration was measured by centrifuging 11 ml of algal
suspension, resuspending in 0.02 M EDTA in sea water to remove copper adhering
to the outside of the cells, passing through an acid-washed 0.45 um filter and
digesting with acid as above. The extracellular copper concentration was determined
by subtracting the intracellular copper concentration from the total copper bound
to the cells.

Total copper in the filtrate was determined by a.s.v. after adding 0.2 ml 4 M
HNOj3 and 0.05 ml 30% H,0, to 10 ml of filtrate, and irradiating with a 550 W mer-
cury lamp for 12 hours. Sodium acetate (0.4 ml of 4 M) and 0.4 ml of 2%
(NH,OH), - H,SO4 were added to the irradiation tubes, which were heated in a boil-
ing water bath for 20 minutes and cooled before measurement by a.s.v. (Florence
et al., 1983).

RESULTS

N. closterium cells cultured under low iron conditions before the assay, were more
sensitive to copper than cells cultured previously in ‘normal’ (f) iron medium (Table
I). Control cultures, not exposed to copper, had a specific growth rate of 0.84 divi-
sions/day.

Iron content of the cells

The iron content of the cells increased with increasing iron concentration in the
medium (Table II) in agreement with the work of Hayward (1968). In particular,
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TABLE 1

Toxicity of copper to Nitzschia closterium, grown at iron concentrations from 7 9 to 790 pg Fe 1!

Culture Iron concentra- Cell density after 3 days Copper concentration
tion m medium (20 pg Cu-1"" added) causing 50% inhibition
(g-17Y (cells ml™") of growth rate (ug 17")

Normal iron 790 9.98 x 10* > 50

(+ trace metals)

Normal 1ron 790 9.00 x 10* > 50

(~ trace metals)

Iron/10 79 502 x 10* 20

(— trace metals)

Iron/100 7.9 2.75 x 10* 6

(— trace metals)

cxtracellular iron increased from 2 x 1072 ng/cell in low iton-grown cells (7.9 ug
Fe-171) to 56 x 103 ng/cell in ‘normal’ iron cells (790 ug Fe-17"). Intracellular
iron concentrations were somewhat lower in low iron cultures than in the ‘normal’
iron culture.

Mass balance was obtained between iron added to the flask (from medium and
inoculum) and iron recovered (iron on cells, iron in medium and iron on flask) at
the three iron growth levels used.

Copper content of the cells
Total copper bound to the cells varied between 55 and 68% of total copper added,

and was not significantly affected by the iron concentration in the culture medium
or by added copper in the range 10-50 pg-1~'.

TABLE 11

Intracellular and extracellular iron content of Nuzschia closterium.

Iron content (ug-17") Iron content
(x 1077
ng/cell)

Culture Iron added Iron recovered Intra- Extra- Intra- Enxtra-

Iron Iron TIron Total Iron TIron TIron Total cellu- cellu- cellu- cellu-

stock in on on n on lar lar lar lar
me-  ino- cells me- glass ron iron  iron  1ron
dium culum dium .

Normal 790 53 2 845 763 6 40 809 173 590 16 56

iron

Iron/10 79 51 1 131 115 12 8 135 29 86 4 11

Iron/100 79 51 1 60 39 11 20 70 31 8 7 2
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Intracellular copper concentration was highest in cells previously cultured in the
lowest iron medium (iron/100), and ranged from 12.0 down to 3.3 pug Cu-1""!in
‘normal’ iron-grown cells. Extracellular copper was highest in ‘normal’ iron-grown
cells (6.9 ug Cu-17"') and lowest (0.5 g Cu-17) in iron/100 cells (Table I1D).

On a per cell basis, the same trend is observed, with greater intracellular copper
concentration (30 x 107° ng/cell) in lowest iron-grown cells. Less copper
penetrates the cell when grown previously in ‘normal’ iron medium (2.8 x 107° ng
Cu/cell).

Although extracellular copper (ug -1~ ') decreased as iron concentration decreas-
ed, extracellular copper on a per cell basis in the iron/10 culture was higher than
expected. This may be due to the lower cell density in this culture (Table I); i.e.,
the same amount of copper is bound to fewer cells, leading to higher extracellular
copper when expressed per cell. In the iron/100 culture, a similar amount of copper
is bound, but more penetrates the cell (Table III), therefore extracellular copper is
again low (1.3 % 107> ng/cell).

To determine whether copper interferes with iron uptake into the cell, iron-limited
cells (grown in 7.9 ug Fe-17') were assayed in the presence of 790 pg Fe-17! and
copper in the range 0-70 pg-1~'. Both intracellular and extracellular iron were
similar at all copper concentrations, showing that copper does not inhibit cellular
iron uptake in this species.

Effect of iron complexes on growth

When establishing N. closterium in low iron medium for copper toxicity studies,
it was noted that there was a much longer lag phase, reduced final cell densities, and
less pigment compared to ‘normal’ iron-grown cells. This suggests that 7.9 ug
Fe-17!is limiting under culture conditions for N. closterium. Cell densities improv-
ed with continued subculture in iron deficient medium, in agreement with Hayward
(1968) and Davies (1970). The effect of different forms of iron on growth was deter-
mined by adding iron (750 pg Fe-17!) as ferric citrate/citric acid, ferric citrate

TABLE IH

Intracellular and extracellular copper concentrations of Mitzschia closterium, grown n varying concen-
trations of 1ron®

Culture Intracellular Extracellular Intracellular Extracellular
copper copper copper copper
(kg 174 (e 1I7YH (x 107 % ng/cell) (x 10~ ng/cell)
Normal iron 33 6.9 2.8 6.0
Iron/10 4.3 6.6 96 14.6
Iron/100 120 0.5 29.9 1.3

“Total copper concentration in assay flasks was 20 pg 17’
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alone, ferric chloride, 1ron-EDTA complex and iron-desferrioxamine complex.
Growth of N. closterium with and without preadaptation to different iron com-
plexes, was identical 1n all types of iron medium, except iron-desferrioxamine. Cells
grown in this medium appeared large and swollen, had a longer lag period (2-5 days)
and lower maximum cell densities than with other iron complexes. Desferrioxamine,
believed to be a complexing agent released by bacteria and blue-green algae
(McKnight and Morel, 1980), enhances iron uptake by specifically complexing ferric
iron for transport across the cell membrane (Anderson and Morel, 1982). Desfer-
rioxamine, however, appears to make iron unavailable for the growth of M.
closterium. This may be a significant factor enabling blue-green algae to dominate
shallow environments, at the expense of other algal groups (Murphy et al., 1976).

DISCUSSION

Cells cultured before the assay under normal (f-medium) iron conditions, were
more tolerant to copper than cells cultured in low iron medium (Table I). This may
be due to colloidal ferric hydroxide which binds to the diatom cell surfaces (Davies,
1966), adsorbs the copper, and prevents copper penetration into the cell. In support
of this hypothesis, very little extiacellular iton was found arouud cells growi in low
iron medium, compared to cells grown in high iron medium (Table II). Copper may
therefore be more able to penetrate the cell, as is shown by the very high intracellular
and low extracellular copper concentrations in cells grown in iron/100 medium
(Table III).

The algal assay was carried out in raw, unenriched sea water, with no iron added.
As the cells divide, the ferric hydroxide coating the cells, carried over from the in-
oculum, may be sufficient to prevent copper penetration into the cells or, alter-
natively, the colloidal ferric hydroxide may be shed from the cell surface and copper
adsorbed to this, preventing copper binding the diatom cell membrane. To test these
alternative theories, iron associated with the cells during the assay was determined
(Table IV). Most of the ferric hydroxide coating the cells, carried over from the in-

TABLE 1V

Iron associated with dividing cells of Nitzschia clostertum over the 4 day assay (measured by *°Fe v
counts).

Day Cell count Iron on cells Iron on cells Iron 1n Iron on Total 1ron
(x 10* (¢g/100 ml) (X 10~ °ng/ supernatant glass recovered
cells/ml) cell) (ug/100 ml) (ug/100 ml)  (pg/100 ml)

0 448 1.60 35.71 - — 1.6

1 6.25 1.71 27.33 <0 004 0 037 1.75

2 7.63 1.59 20 79 <0 004 0 050 1.64

3 9.25 137 14.75 0.061 0 037 147
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oculum, remained associated with the cells as they divided. Only a small amount of
iron was shed from the cell surface, appearing in the sea water and on the walls of
the flask.

In the competitive uptake experiments, intracellular and extracellular iron were
not affected by copper in the range 0-70 ug Cu-17 . For this species, it appears cop-
per toxicity is not due to competitive cellular uptake of copper at the expense of
iron. Competitive cellular uptake between nutrient and toxic metal ions has been
proposed to explain the effect of copper ions on manganese-limited algal cultures
(Sunda and Huntsman, 1983) and of cadmium ions on iron-limited cultures (Foster
and Morel, 1982; Harrison and Morel, 1983). Their experiments, however, were car-
ried out in synthetic media containing EDTA, with both toxic and nutrient metals
present, whereas our assays were made in natural, unsupplemented sea water, using
washed algal cells which had previously been equilibrated with iron. Under these
conditions, competitive processes could not be involved. Manganese dioxide, like
hydrated ferric oxide, may also form a protective layer around N. closterium since
cells cultured in manganese-supplemented (50 ug Mn-1~') low iron medium were
as resistant as those grown in ‘normal’ iron medium (790 pg Fe-1~1) (Stauber and
Florence, to be publ.).

Whereas iron paitially overcame the inhibitory effect of ionic copper on algal
growth, it had no effect on the toxicity of the lipid-soluble copper complex, cop-
per—-oxine (5 x 107% M oxine plus 2 gg Cu-17") which completely depressed algal
growth at all iron concentrations, in agreement with Florence et al. (1983). Ap-
parently, the copper-oxine complex readily diffuses through the hydrated iron oxide
coating around the cells. _

Low iron-grown cells may have decreased levels of iron enzymes e.g. the
haemoprotein catalase, and possibly superoxide dismutase, which catalyse the
removal of damaging H,O, and superoxide dismutase. In addition, copper can
catalyse the decomposition of H>O; to produce hydroxyl radicals, which accelerate
oxidative deterioration of membrane lipids (Florence, 1983). Thus increased copper
toxicity to low iron-grown cells may be due not only to greater copper penetration
into the cell, but also to reduced cell defence mechanisms against oxygen free
radicals.
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The Reaction of
Copper-2,9-Dimethyl-1,10-Phenanthroline
with Hydrogen Peroxide
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ABSTRACT

The copper complex of 2,9-dimethyl-1,10-phenanthroline(2,9-dmp) is accumulated by a
variety of organisms and is highly toxic. Bioaccumulation depends on reduction of
copper(II) to (I), since only the copper(I)-2,9-dmp complex is lipophilic. In the case of the
marine diatom, Nitzschia closterium, it is proposed that hydrogen peroxide, produced by
the algae during photosynthesis, is the in vivo reductant. Hydrogen peroxide rapidly
reduces copper(ll)-2,9-dmp, but an excess of H,0, leads to destruction of the yellow
copper(I) complex. Rate constants for the formation and degradation of the yellow complex
are reported. Oxygen, light, and a hydroxylating agent are released during the degradation
reaction. A reaction mechanism is proposed for the destruction of copper-2,9-dmp by
excess H,0,, involving attack on the 5, 6 positions of the phenanthroline ring by hydroxyl
radical, then further oxidation by singlet oxygen and H,0,. These in vivo degradation
reactions are believed to be the cause of the extreme toxicity of the complex.

INTRODUCTION

The copper complex of 2,9-dimethyl-1,10-phenanthroline (2,9-dmp)(I) has been
shown to be highly toxic towards bacteria [1], fungi [2], mycoplasmas [3], tumor
cells [4, 5], algae [6-8], and amphipods [9]. It was the most potent of all
phenanthroline and bipyridyl compounds tested [1-3, 6-9]. Chelation with copper
(log B, for Cu(I)(2,9-dmp), is 19.1) [10] was

H,C CH,
I. 2,9-dimethyl-1,10-phenanthroline
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essential for the toxic effect. Smit et al. [1] concluded that the site of action of
copper-2,9-dmp on Paracoccus denitrificans was the cytoplasmic membrane,
resulting in the inhibition of respiratory electron transport.

Concentrations of copper-2,9-dmp as low as 5 X 10~? M decreased the growth
rate of the marine alga Nitzschia closterium [6-8]. The complex was strongly
accumulated by the algal cells, and uptake was very rapid (95% in 3 hr),
suggesting that copper-2,9-dmp has a high solubility in the cell membrane.
Copper(I1)-2,9-dmp is poorly soluble in n-octanol and other lipid-model solvents
[7]1, and reduction to the yellow tetrahedral copper(I) complex is necessary for
extraction into these solvents [7, 11]. It is likely, then, that reduction is also a
prerequisite for strong bioaccumulation. Copper(II)-2,9-dmp underwent only very
slow autoreduction (18% in 24 hr) in seawater [8], and the rapid uptake of the
complex by Nitzschia indicates that the alga itself produced the reductant which
yields the lipid-soluble copper(I) complex.

Hydrogen peroxide is an efficient reagent for the reduction of copper(ll)-2,9-
dmp [7, 12], and many algae, including Nifzschia, are known to produce H,0,
continuously during photosynthesis, and to release it into the growth medium [13].
It has been suggested [7] that H,O, production by algaé imposes a self-limiting
control on their growth. Indeed, the addition of 0.02 mg ml-! of catalase to a
Nitzschia culture more than doubled the growth rate [7]. Hydrogen peroxide,
therefore, is a likely candidate as the in vivo reductant of copper(II)-2,9-dmp.

Although stoichiometric concentrations of H,O, produce the yellow copper(l)-
2,9-dmp complex (reaction(1)) [12],

2 Cu()(2,9-dmp),?* + H,0,~2 Cu(l)(2,9-dmp),* + O, +2H* 1)

yellow

excess H,O, causes the yellow color to fade, possibly as a result of the opening of
the phenanthroline ring [14, 15]. The present study was carried out to determine
the mechanism and products of the reaction between copper-2,9-dmp and excess
H,0,, in an attempt to explain the extreme toxicity of this complex.

EXPERIMENTAL

Algal assays were carried out in filtered, unsupplemented seawater, as described
previously [6, 16]. The total copper concentration naturally present in the seawater
was 0.1-0.7 ug liter—!, with labile copper, as measured by anodic stripping
voltammetry [6], being in the range <0.1-0.3 pug liter—!.

Spectrophotometric measurements were made on Cary model 16 manual, and
model 118 recording, spectrophotometers. Dissolved oxygen was measured with
an Orion model 97-08 oxygen electrode. A JEOL model JMS DX300 gas
chromatégraph mass spectrometer with a fast atom bombardment (FAB) probe was
used to identify copper-2,9-dmp degradation products. Chemiluminescence
measurements were made in scintillation vials (15 ml sample) using a Packard Tri-
Carb model 3330 liquid scintillation counter with fully open windows and 90%
gain. Hydrogen peroxide was determined by the titanium spectrophotometric
method [17], and stock H,0, solutions were standardized by titration with
cerium(IV). Hydroxyl radical production was determined [18] by the hydroxyl-
ation of 4-nitrophenol to 4-nitrocatechol, which was measured spectrophotometri-
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TABLE 1. Toxicity of Copper-Phenanthroline Complexes to the Marine Diatom Nitzschia

closterium

n-Octanol Copper adsorbed Relative
Ligand® extraction (%)® by algae (%)¢ toxicityd
None (CuSOy) <10 42 1.0
1,10-phenanthroline 54 46 1.2
2,2’ -bipyndyl 49 45 0.35
5,6-dmp 59 85 3.0
4,7-dmp 67 87 4.5
2,9-dmp 95¢ >95 >20
Bathocuproine 93¢ >95 7.3

71x10-7 M Cu?* + 2 X 10~" M ligand in unsupplemented seawater, pH 8.2. dmp = dimethyl-1,10-
phenanthroline.

5 In the presence of hydroxylamine hydrochloride as reducing agent.

< After 4-day bioassay.

4 Ratio of growth rates (4-day) in absence and presence of ligand. Corrected for toxicity of excess ligand.
¢ Less than 10% extraction in absence of reducing agent.

cally. Standard copper solutions (EDTA titration) were prepared from reagent-
grade CuSO4-5H,0, and the phenanthrolines (Fluka) were analyzed by
spectrophotometric titration with copper, and found to have a purity greater than
98%.

RESULTS

The toxicities of some copper-phenanthroline compounds to the marine diatom
Nitzschia closterium are shown in Table 1. The copper-2,9-dmp complex was
highly toxic and was strongly adsorbed by Nitzschia. In the absence of 2,9-dmp,
only 42 % of the copper partitioned to the algae [6]. Analysis of the filtrate from the
algal suspension at the end of the 4-day growth experiments failed to detect any
2,9-dmp. The filtrate was treated with CuSO,4 and hydroxylamine hydrochloride,
and the absorbance of copper(I)-2,9-dmp was measured at 460 nm. However, it
was found that less than 3% of the added 2,9-dmp was in the filtrate. It appears,
then, that the 2,9-dmp ligand is either retained by the algae cells, or discharged in
an altered form.

The stoichiometry of the formation of copper(I)-2,9-dmp (reaction(l)) was
studied over the pH range 6.5-8.5 using a Job’s plot of the absorbance of the
yellow complex at 460 nm (¢ = 8413 liter mol~! cm~'), and by measurement of
the oxygen evolved. Use of the chemical equilibrium program SIAS [19] showed
that formation of copper(I)-2,9-dmp should be 99.5% complete under the above
conditions. The stoichiometry of reaction (1), as reported by Davies et al. [12],
was confirmed, but more than a twofold excess of H,0, led to fading of the yellow
complex (Fig. 1). With stoichiometric concentrations of the reactants in reaction
(1), a second-order plot of 1/(A4,, — A,), where A, is maximum absorbance and A4,
is absorbance at time ¢, was linear for at least 90% of the reaction (r = 0.985).
Second-order rate constants are shown in Table 2.

The kinetics of the destruction of the yellow complex were followed at 460 nm
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ABSORBANCE

350 400 450 500
WAVELENGTH (nm)

FIGURE 1. Visible spectrum of copper-2,9-dimethyl-1,10-phenanthroline (2,9-dmp). Phosphate
buffer, 0.05 M, pH 7.70; Cu?+, 1 x10-* M; 2,9-dmp, 2X 10~ M; Measured after 30 min.
1x 10~ M H;0,; -—— 4.8 x 1073 M H,0,.

TABLE 2. Kinetics of Formation (k;) and Degradation (k) of Copper-2,9-dimethyl-1,10-

phenanthroline at 25°C
Ky

Addition diter mol-! min~!x 10-4)° kmin-")°
None 4.15 0.132¢
HCO;~, 3X10-5 M 3.16 0.111
HCO;~, 3x107“M 2.40 0.096
Deacrate before adding H,0, — 0.130
Dimethylfuran, 1 X 10-5 M — 0.089
Mannitol, 0.2 M — 0.136
Superoxide dismutase, 0.1 mg ml-! - 0.084
Sodium chloride, 0.5 M — 0.288

7 Phosphate buffer, 0.05 M, pH 7.70; Cu?*, 1x10~4 M; 2,9-dmp, 2x10~* M; H,0,, 5x10~5 M.
Second-order rate constant.

b pseudo-first-order rate constant. Phosphate buffer, 0.05 M, pH 7.70; Cu?*, 1X10~* M; 2,9«dmp,
2% 1074 M; H,0;, 4.8 1073 M.

¢ Addition of 20% ethano! prevented degradation.
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FIGURE 2. Kinetics of the degradation of the yellow copper-2,9-dimethyl-1,10-phenanthroline (2,9-
dmp) complex by excess H,0, at 25°C. Phosphate buffer, 0.05 M, pH 7.70, Cu?*, 1 X 10~ M, 2,9-
dmp, 2x 10~* M; H,0,, 4.8X 1073 M.

(Fig. 2 and Table 2). With a large excess of H,0,, the reaction was pseudo-first-
order (r = 0.990), and the rate constant (k) was directly proportional to H,0,
concentration. Using a 1:2 molar ratio of copper to 2,9-dmp, a value of k; = 27.0
[H,0,1min~! at pH 7.7 and 25°C was calculated. In the pH range 6.5-8.5, a plot of
log k4 versus log [H*] was linear with a slope of —0.22 (rate increased with
increasing pH), yielding a rate constant of k; = 0.55 [H,O,][H*]1~ %22 min~! at
25°C.

The rate of fading decreased rapidly with increasing molar ratio of 2,9-dmp to
copper (Table 3), showing that, as bound 2,9-dmp is oxidized, it is rapidly
replaced by new, unaltered 2,9-dmp molecules to reform the yellow complex.
Activation of the 2,9-dmp molecule by chelation with copper is necessary for H,0,
attack, since uncomplexed 2,9-dmp was not affected by the H,0, concentrations
used in these experiments.

Using 1 x 10~* copper-2,9-dmp and 4 X 1073 M H,0,, 1.0 X 10~* M
oxygen was liberated during the formation and degradation of the complex. Since
0.5 mole O,/mole Cu is produced during formation of the complex (reaction (1)),
an extra 0.5 mole of O, must be generated during degradation. No oxygen was
produced when 4,7-dmp or 5,6-dmp were substituted for 2,9-dmp. Bathocuproine
(2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline) appeared to yield about half as
much oxygen as 2,9-dmp, but the concentration was difficult to quantify because
of precipitation of the yellow copper(l) complex. Excess H,0, caused little or no
fading of the color.
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TABLE 3. Effect of Concentration of 2,9-Dimethyl-
1,10-Phenanthroline (2,9-dmp) on Rate of
Degradation of Copper Complex at 25°C

2,9-dmp (M x 10%° ky(min~! x 102)°
1.00 272
2.00 132
300 1.12
4.00 0.84
5.00 0.72
10.0 038

¢ Phosphate buffer, 0.05 M, pH 7.70, Cu?*, 1x10-% M;
H,;0,, 4.8 x 1073 M.
b Pseudo-first-order rate constant for conditions shown.

When copper-2,9-dmp was reduced with hydroxylamine hydrochloride or
ascorbic acid, the yellow color was unaffected by the addition of Ha0Q,, no fading
occurring even after 24 hr. Reduction of the copper(II)-2,9-dmp complex by H,0,
is therefore a prerequisite for the destruction of the chromophore in 2,9-dmp by
excess H,0,.

The liberation of hydroxyl radical during the reaction between some copper—
phenanthroline complexes and H,0, was studied (Table 4). Most hydroxylation of
4-nitrophenol occurred when 2,9-dmp was the ligand. However, the small effect of
hydroxyl radical scavengers on hydroxylation suggests that free hydroxyl radical
was not significantly involved in the reaction. It is more likely that some type of
bound, or ‘‘crypto’’ hydroxyl radical [20, 21] is involved, where the OH- radical
is associated with the copper atom in the 2,9-dmp complex and, in this way, is
protected from OH- scavengers, but can react with 4-nitrophenol via a ternary
complex [22]. No hydroxylation of 4-nitrophenol occurred when stoichiometric
H,0, was used for the reduction of copper-2,9-dmp (Table 4).

TABLE 4. Hydroxylation of Nitrophenol by Copper-Phenanthroline Complexes plus Hydro-
gen Peroxide

4-Nitrocatechol formed

Ligand Addition WM x 109°
1,10-phenanthroline none 0.55
5,6-dmp none 1.11
4,7-dmp none 0.46
2,9-dmp none 2.200
no deaeration 0.49
0.05 M mannitol 1.89
0.013 M benzoate 1.31

“Deaerated phosphate buffer, 0.025 M, pH 7.70; 5§ x 10-4 M Cu2+*; 1 x 10~* M ligand (dmp =
dimethyl-1,10-phenanthroline); 4.8 x 10-3 M H;0,; 1 x 10-? M 4-nitrophenol; reaction time, 30
min.

bStoichiometric H,0; (2.5 x 10-4 M) gave less then 0.1 X 10~¢ M 4-nitrocatechol.
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FIGURE 3. Chemiluminescence from the degradation of copper-2,9-dimethyl-1,10-phenanthroline

(2,9-dmp) by hydrogen peroxide. Phosphate buffer, 0.05 M, pH 7.70; 1 X 10~* M Cu?+; 2x10~* M
2,9-dmp; 4.8 X 10-* M H;0,; 25°C.

The reaction of copper-2,9-dmp with excess H,O, was accompanied by the
emission of light (Fig. 3, Table 5). Count rate was proportional to H,0,
concentration, although a minimum of 1 mole H,O,/mole copper was needed to
produce chemiluminescence (Fig. 4). With a constant concentration of H,0,,
chemiluminescence increased with copper-2,9-dmp concentration, although the
increase was less than proportional. Chemiluminescence was reduced by the
hydroxyl radical scavengers ethanol, mannitol, and benzoate (Table 5). The
singlet oxygen scavengers, dimethylfuran and B-carotene, also diminished
chemiluminescence, as did sodium carbonate. A much higher light émission was
measured when the solution was made 0.5 M in NaCl, and an increase in pH also
increased the count rate. A plot of log (count rate) versus log [H*] was linear with
a slope of —0.87. The time to reach maximum chemiluminescence (39 min, Fig.
3) was long compared to the half-time of the fading reaction (5 min, Table 2).

Much less chemiluminescence was produced when copper-2,9-dmp was first
reduced with hydroxylamine hydrochloride, but deaeration of the solution before
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TABLE 5. Chemiluminescence from Reaction Between Hydrogen Peroxide and Copper-2,9-
Dimethyl-1,10-Phenanthroline (2,9-dmp)

Time (min) to reach

Addition® Maximum counts per minute maximum counts
None (pH 7.70) 7,900 39
None (pH 6.91) 2,080 45
None (pH 7.82) 21,030 25
None (1 X 10-3 M 2,9-dmp) <100 -
Mannitol, 0.036 M 5,400 49
Benzoate, 0.03 M 720 > 100
Dimethylfuran, 0.02 M 3,100 20
-Carotene, 0.001 M 3,500 30
Superoxide dismutase, 0.03 mg ml-! 6,000 48
Sodium chloride, 0.5 M 67,600 18
Sodium carbonate

33104 M 2,200 59

1.7x103 M 1,300 60
Deaerated before H,0, 16,400 22
Reduced with hydroxylamine 2,250¢ 5

¢ Phosphate buffer, 0.05 M, pH 7.70; 1 X 10~* M Cu?*; 2 x 10~ M 2,9-dmp; 4.8 X 10~? M H,0,; total
volume, 15 ml; 25°C.

b Deaerated with nitrogen before adding H,0,.

¢ Reduced with 2 X 10-* M hydroxylamine hydrochloride, then 6.8 x 10-3 M H,0, added. Little fading of
the yellow color occurred.

FIGURE 4. Effect of hydrogen peroxide concentration on chemiluminescence from the degradation of
copper-2,9-dimethyl-1,10-phenanthroline (2,9-dmp) by hydrogen peroxide. Phosphate buffer, 0.05 M,
pH 7.70; 1 X 10-* M Cu?*; 2 x 10~* M 2,9-dmp; 25°C.

COUNTS /MINUTE , x 107

3
H202, M x10
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or after the addition of H,O, significantly increased the count rate (Table 5). When
copper was complexed by 1,10-phenanthroline, 4,7-dmp, 5,6-dmp, or bathocu-
proine instead of 2,9-dmp, and excess H,0, added, the chemiluminescence was
less than 5% of that produced using 2,9-dmp. When a large excess of 2,9-dmp was
used, no chemiluminescence was produced (Table 5).

Degradation products of the reaction between stoichiometric copper-2,9-dmp
and excess H;O, were analyzed by FAB-mass spectrometry. After the yellow
complex had completely faded, the solution was adjusted to pH 4.2, and extracted
with diethyl ether. The ether extract was evaporated into a drop of glycerol on the
FAB source, and the spectrum recorded. The only peaks found, other than the
glycerol background peaks, were large peaks at mass numbers 385 and 399. When
copper-2,9-dmp was reduced with hydroxylamine hydrochloride or stoichiometric
H,0; so that no fading occurred, peaks at 271 and 479 mass number were obtained,
corresponding to the 1:1 and 1:2 copper-2,9-dmp complexes, respectively.

DISCUSSION

Although the free metal ion is usually cunsidered the physicochemical form of a
heavy metal most toxic to aquatic organisms, it was shown recently that some
lipid-soluble metal complexes are even more potent [6]. Lipid-soluble complexes
not only diffuse more rapidly through a biomembrane, but also carry the ligand
molecule, which may exert its own toxicity, into the cytosol. Of a wide range of
organocopper complexes tested for toxicity towards the marine diatom Nitzschia
closterium, copper-2,9-dmp was the most toxic [6-8]. The lipophilicity of copper-
2,9-dmp depends on copper being in the I valency state, since copper(Il)-2,9-dmp,
Cu?*, and free 2,9-dmp are not lipid soluble.

Mohindru et al. [5], using tritium-labeled 2,9-dmp, found that its copper
complex was taken up within 60 min by L1210 tumor cells, and that the
radioactivity then gradually escaped from the cells. Our results showed that if
absorbed 2,9-dmp is also ejected by Nitzschia, as is likely, the ligand must be
metabolized to a new species which does not form a colored complex with copper.

Copper-2,9-dmp was much more toxic to Nitzschia than the complexes of the
isomeric phenanthrolines substituted in the 4,7 and 5,6 positions (Table 1), and
even copper bathocuproine, which is as lipophilic as the 2,9-dmp complex, had a
lower toxicity. Redox potentials indicate that the copper(II) complexes of 4,7- and
5,6-dmp [23] would not oxidize H,0, to oxygen, but that copper(Il)-2,9-dmp, with
Ey = +594 mV versus NHE, would.

Excess H,0, is required in the reaction with copper-2,9-dmp to produce
chemiluminescence, a hydroxylating agent, and fading of the yellow complex. An
additional 0.5 mole of oxygen per mole of copper is produced during the fading
reaction. The most likely site of oxidative attack on copper-complexed 2,9-dmp is
the 5,6-bridge, as was found by Fedorova and co-workers [14, 15] to be the case
for 1,10-phenanthroline. The mass numbers of 385 and 399 found for the H,0,
degradation products of copper-2,9-dmp may be glycerol adducts; correction for
glycerol leads to mass numbers of 292 and 306. These considerations suggest the
following reactions for the degradation:

OH

|
-CH=CH- + OH* - -CH-CH- @)
5,6-bridge
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OH OH
[ l ;
'CH—CH— + H2 02 - —CH2 + - CH2 + 02 (3)
OH
1
~CH, + 0, - -COOH + H,0 (4)
CH, +H,0, - -CH; + HO; (5)

The two products formed from the opening of the 5,6-bridge, according to this
scheme, would be the 1:1 copper complexes of 3-hydroxymethyl-6,37,6'-
trimethyl-2,2 *-bipyridyl(II, M.W. 292), and 3-carboxy-6,3’,6’-trimethyl-2,2’-
bipyridyl(IIl, M. W. 306).

HOH,C CHj
7 N\_/ N
N N=
H;C CH,

II. 3-hydroxymethyl-6 3’ 6'-trimethyl-2,2"-bipyridyl

HOOC CHj

</ \>_</ \?
H3C CH;

III. 3-carboxy-6,3',6'-trimethyl-2,2'bipyridyl

The hydroxyl radical required in reaction (2) can be provided by
Cu(2,9-dmp),?* + H,0,— Cu(2,9-dmp),* +70,+H* + OH: 6)

Alternatively, initial oxidative attack on the 5,6 bridge (reaction(2)) could be by
singlet oxygen, liberated in reaction (1).

Some of the oxygen produced in reaction (3) may be in the excited, singlet state,
leading to chemiluminescence from minor side reactions, (reactions 7 and 8)
involving formation and dissociation of a 1,2-dioxetane. This unusual process is
believed to be the main cause of light emission from reactions between singlet
oxygen and olefins [22, 25].

0-0

(.
-CH=CH- + 10, - -CH-CH- O]
5,6-bridge
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0-0

i (8)
-CH-CH-— 2-C + hv

H

Maximum chemiluminescence is attained about 40 min from the addition of excess
H,0, (Fig. 3, Table S5), whereas the half-time of the degradation reaction,
calculated from the rate constant (Table 2), is 5.3 min. This discrepancy supports
the suggestion that chemiluminescence is produced by a side reaction, and not by
the main degradation reactions.

Low concentrations of sodium carbonate markedly depressed the rate of
formation of copper(I)-2,9-dmp, its degradation by H,0,, and the amount of
chemiluminescence (Tables 2 and 5). Although the bicarbonate ion is 2 hydroxyl
radical scavenger, its reaction with OH- is relatively slow [24]. It is possible,
however, that the small size of the bicarbonate ion may facilitate its reaction with
OH - bound in the copper-2,9-dmp molecule. The increase in chemiluminescence
when the solution was deaerated (Table S) was probably the result of removal of
carbon dioxide.

Chloride ion also caused a large increase in chemiluminescence, and in the rate
of the degradation reaction (Tables 2 and 5). This increase is probably due to the
formation of hypochlorite, leading to enhanced production of singlet oxygen [25]:

H,0, + Cl- »HOCI+ OH~ ©)
HOC! + H;0,~HCl + H,0 + 10, (10)

Certainly, addition of NaOCl to a solution containing copper-2,9-dmp and H,0,
caused rapid fading of the yellow color. Direct chemiluminescence from singlet
oxygen is unlikely to have contributed to the results in Table 5, since a mixture of
NaOCl and H,0,, known to produce 'O, (reaction(10)) [25], gave no chemi-
luminescence.

The inability of excess H,0, to cause degradation of the yellow complex formed
between copper(I) and bathocuproine (2,9-dimethyl-4,7-diphenyl-1,10-phenan-
throline) can be attributed to steric hindrance by the bulky 4,7 phenyl groups
protecting the 5,6 bridge from oxidative attack. The stability of copper(I)-
bathocuproine could explain why it is much less toxic than the 2,9-dmp complex,
despite the two complexes having similar lipid solubilities (Table 1). The
degradation of copper(I)-2,9-dmp by H;0; inside a cell, liberating singlet oxygen,
copper ions, oxygen free radicals, and bipyridyl compounds, may be the cause of
its extreme toxicity towards a variety of organisms.

The authors would like to acknowledge the assistance of K. L. Miller with the experiments, and
1. Liepa for carrying out the mass spectrometry measurements.
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INTERACTIONS OF COPPER AND MANGANESE: A MECHANISM BY
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The mechanism by which manganese (4.2 and 42 pg Mn-1~') ameliorates the toxicity of copper (0-60
zg Cu-17") to the marine diatom, Nitzschia closterium (Ehrenberg) W. Smith, was investigated using un-
supplemented sea water for growth rate experiments. Speciation of manganese associated with the cellls,
intracellular and extracellular manganese and copper concentrations, and competitive binding between
copper and manganese were studied using ultrafiltration, anodic stripping voltammetry and
radiochemical techniques,

Cells cultured before the sea-water assay and in the absence of manganese accumulated high in-
tracellular copper, and their growth rate was more sensitive to copper than cells cultured in the presence
of manganese. Manganese associated with the cells was present as manganese (I11) and/or (I11) hydrox-
ides, rather than as the fully oxidized MnO.. It is proposed that manganese (I11) hydroxide, like iron (11I)
hydroxide and cobalt (III) hydroxide, adsorbs copper very effectively on the membrane surface and
prevents its penetration into the cell. Competitive interactions between manganese and copper occurred
at the cell surface, but copper had no effect on intracellular manganese. Only 4 g Mn-1~! was required
to alleviate copper toxicity, compared to 790 g Fe-1~!. In the presence of algae, copper ions had a
greater affinity for manganese in sea water than iron at similar concentrations, which may partially ac-
count for the relative effectiveness of manganese as a protective agent. In addition, manganese can
scavenge the toxic superoxide radical (O3), catalyzing its dismutation to H,O; and Oa,. '

Manganese was unable to reverse copper toxicity, nor did it inhibit the toxicity of lipid-soluble copper
complexes, such as copper oxinate, to N. closterium.

Key words: Nitzschia closterium; copper; manganese

INTRODUCTION

Hydrous iron and manganese oxides are efficient scavengers of heavy metals in
natural aquatic systems due to their low solubility and large surface area (Singh and
Subramanian, 1984). Ferric hydroxide and manganese dioxide readily incorporate
metals by adsorption, ion exchange and coprecipitation.

Alleviation of copper toxicity to unicellular algae by iron and manganese has been
noted previously (Steeman Nielsen and Kamp-Nielsen, 1970; Stauber and Florence,
1985). Using measurements of intracellular and extracellular copper and iron,

0166-445X/85/%$03.30 © 1985 Elsevier Science Publishers B.V (Biomedical Division)



242

Stauber and Florence showed that the toxicity of copper to the marine diatom, Nitz-
schia closterium, was greatly reduced by ferric hydroxide bound to the algal cell
wall, which adsorbed copper and prevented copper penetration into the cell. They
noted that manganese, at much lower concentrations (50 ug Mn -1~ ") than iron, also
reduced copper toxicity.

Antagonistic interactions between copper and manganese have been reported for
both algal growth (Sunda et al., 1981) and photosynthesis (Habermann, 1969). Sun-
da and Huntsman (1983) proposed competition between manganese and copper for
a critical intracellular site, i.e., copper leads to manganese deficiency in the cell,
which can be reversed by the addition of manganese.

Manganese is also an effective scavenger of superoxide radical (O3) produced in
the chloroplast (Kono et al., 1976). Manganese catalyzes the dismutation of O3 to
H;0: and O,, its action being similar to that of superoxide dismutase which has
been shown (Florence et al., 1983) to stimulate algal growth. This function of
manganese, together with its physico-chemical speciation, may be important in
determining copper toxicity to algae.

Whether manganese protects against copper toxicity by competing with binding
sites within the cell, by acting as a redox catalyst, by adsorbing copper and prevent-
ing copper penetration into the cell, or by a combination of these effects, was
unclear. This paper investigates the mechanism which enables manganese to
ameliorate the toxicity of copper to the marine diatom N. closterium and, in par-
ticular, why it is more effective than iron.

MATERIALS AND METHODS

Sea water

Surface sea water was collected off Port Hacking, New South Wales, in clean
polyethylene bottles and passed immediately through a 0.45 um filter. Filtered sea
water was stored at 4°C until used in the culture medium and algal assays. Total
copper was in the range 0.07-0.3 pg-1"".

Algae maintenance

The unicellular marine diatom, Nitzschia closterium (Ehrenberg) W. Smith*
(originally obtained from CSIRO Division of Fisheries Algal Culture Collection)
was cultured in f medium (Guillard and Ryther, 1962), at one hundredth the normal
iron concentration (i.e. 7.9 ug Fe-1~! as ferric citrate) and without trace metals.
Manganese in the culture medium was < 1 ug-17'. Cultures for the algal assays
were grown in three media with the following added manganese concentrations
(manganese added as radioactively labelled **MnCl; - Amersham): 0 ug Mn-177,

* The name Niuzschia closterium, rather than Cylindrotheca closterium, was used in agreement with
Hasle (1964)
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4.2 yg Mn-17" and 42.3 ug Mn-17'. Cells in log phase growth were used for all
experiments.

Algal assays

These were carried out in siliconized 150-ml conical flasks, containing 50 ml of
sea water with an initial cell density of 2.75-3.75 x 10* cells -ml ™!, according to the
method of Lumsden and Florence (1983). The inoculum was washed three times in
sea water by centrifugation before use. Cultures were incubated at 21°C on a 12:12
h light/dark cycle at 16000 lux (Philips TL 40 W white). Cell density was measured
daily for three days by counting microscopically in a haemocytometer. A regression
line was fitted to a plot of logjo (cell density/initial cell density) versus time (in
hours) for each sample, and the growth rate determined.

Total manganese determinations

Manganese on the cells (intracellular and extracellular), in the medium, and on
the walls of the culture flask was determined at the beginning (day 0) and the end
(day 3) of the algal assay in sea water by counting in a gamma well counter.

Intracellular and extracellular manganese concentrations were determined by cen-
trifuging 2x 10 ml aliquots of cell suspension at medium speed. To determine
manganese in the medium, 5 ml of supernatant was retained, The algae concentrate
from one aliquot was resuspended in 10 ml sea water for total Mn determination,
and the other in 10 ml of 0.02 M ascorbic acid in sea water for determination of
intracellular Mn. Preliminary experiments showed that MnO, (prepared by slowly
adding 150 ml of 0.1 M MnSO4.H>0 to 100 ml of hot 0.1 M KMnOy) was reduced
to Mn2* by 0.02 M ascorbic acid in sea water, and that ascorbic acid removed ex-
tracellular Mn(OH),, Mn(OH); and MnO; without causing cell lysis. This enabled
intracellular Mn to be determined on the washed cells. After standing for 5 min the
tubes were centrifuged and the cells resuspended in 5 ml sea water for counting in
a gamma well counter. Extracellular Mn was then determined by subtracting in-
tracellular from total Mn.

A significant fraction of the manganese adhered to the glass walls of the culture
flask. The flask was rinsed with 10 ml of 0.02 M ascorbic acid and 5 ml was counted
to determine manganese on the glass.

Determination of Mn** by anodic stripping voltammetry

Free Mn®* in the medium was determined by anodic stripping voltammetry
(ASV) using an E.G. and G. Princeton Applied Research model 384 Polarographic
Analyser with a model 303 static mercury drop electrode assembly. All analytical
procedures were carried out at 25 + 0.5°C in a class 100 clean room.

A 15 ml aliquot of algal suspension was centrifuged at medium speed. To 7 ml
of supernatant, 0.25 ml of 1 M citrate (pH 9) and 2.5 ml of 0.1 M borate buffer
(pH 9.5) were added and made up to 10 ml vol in sea water (Colombini and Fuoco,
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1983). Mn?* was determined by ASV, with 30 min deposition at — 1.75 V, scanning
to —0.9 V. Correction was made for a 10 ml sea-water blank.

Determination of Mn** by ultrafiltration

Mn?* in the medium was also determined by membrane ultrafiltration. 10 ml of
algae, grown in radioactively labelled manganese medium (42.3 pg Mn-1~ "), was
centrifuged for 8 min. Next, 5 ml of the supernatant was centrifuged for 25 min in
an Amicon Centriflo membrane ultrafilter cone (CF-25), which retains molecules
greater than 25,000 MW. The volume of the filtrate was measured and counted for
10 min in a gamma well counter. To ensure that all colloidal MnO; (and no Mn?*)
was retained on the cone, radioactively labelled MnCl; and MnQO; solutions were
run as standards. All colloidal MnO, was retained on the cone, while all the Mn?*
passed through the cone. This method was used to determine Mn2* and MnO; in
aged sea water and in medium, with and without algae.

Copper determinations

Copper on the algae and in the filtrate was determined by ASV (Florence et al.,
1983; Stauber and Florence, 1985). At the end of the assay (day 3), copper on
the algae was determined by passing 20 m! of algal suspension through an acid-
washed, 25 mm diameter, 0.45 pm membrane filter. The filter was digested in a 50
ml covered beaker in a clean air cupboard with 1 mi of 15 M HNO; and 0.5 ml 72%
HClO4 to stIOng fumes of perchloric acid, then diluted to 10 m! with water. Copper
was detérfmned directly on this solution. An acid-washed membrane filter was used
as a blank,

Intracellular copper concentration was measured by centrifuging 11 ml of algal
suspension, resuspending in 0.02 M EDTA in sea water to remove copper adhering
to the outside of the cells, passing through an acid-washed 0.45 pm membrane filter
and digesting with acid as above. The extracellular copper concentration was deter-
mined by subtracting the intracellular copper concentration from the total copper
bound to the cells.

Total copper in the fiitrate was determined by ASV after adding 0.2 ml 4 M HNO;
and 0.05 ml 30% H,0; to 10 ml of filtrate, and irradiating with a 550 W mercury
lamp for 12 h. Sodium acetate (0.4 ml of 4 M) and 0.4 mi of 2% (NH2OH).-H,SO4
were added to the irradiation tubes, which were heated in a boiling water bath for
20 min and cooled before measurement by ASV (Florence et al., 1983).

Determination of hydrogen peroxide and oxygen

Superoxide radical (O3) was generated from 1.67 x10~* M dihydroxyfumaric
acid in sea water. Oxygen consumed in the reaction was measured using an Orion
Research oxygen electrode in a sealed BOD bottle. Hydrogen peroxide was deter-
mined spectrophotometrically by the method of Sellers (1980).
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TABLE |

Toxicity of copper to Nitzschia closterium, grown at manganese concentrations from 0 to 42.3 pg
Mn 171,

Manganese Cell density Copper concentration®
concentration in after 3 days causing 50%
medium (20 pg Cu-17" added) inhibition of growth rate
g 171 (cells-ml™ ") (eg-17h
0 2.75 x 10 6
4.2 14.75 x 10* 65
42.3 : 7.25 x 10 37

2 Relative standard deviation was + 10%.

RESULTS

N. closterium cells grown before the assay in the presence of manganese (4.2 and
42.3 pg Mn-17"') were less sensitive to copper than cells cultured previously in
medium without manganese (Table I). However, cells cultured in low manganese
(4.2 pg Mn-17") were more tolerant to copper than cclls grown at high mangancsc
(42.3 pg Mn-17"). Growth rates of control cells assayed without copper were similar
at all manganese concentrations.

Manganese content of the cells

Cellular manganese (day 0) increased with increasing concentration of manganese
in the culture medium (Table II). Both intracellular and extracellular manganese
were higher in medium containing 42.3 pg Mn-1~! compared to low manganese (4.2
g Mn-171).

Most of the manganese added to the medium was associated with the cells,

TABLE 11

[ntracellular and extracellular manganese content of Nitzschia closterium before assay in sea water (day
0).

Manganese content (gg-1~") Intracel- Extracel- Intracel- Extracel-
Manga- lular lular lular lular
Cul- nese ad- Manga- Manganese Manganese Total manga- manga- manga- [Mmanga-
ture  ded nese on 1n super- on glass Manganese nese® nese nese nese
(ug 17" cells natant recovered (ug-17") (ug1™h) (x 1073 (x 10°°
ng/cell)  ng/cell)
Low
Mn 42° 42 0.01 0.26 4.50 1.10 3.13 014 0.40
High
Mn 423" 370 1.6 7.9 46.5 6.1 30.9 0.97 49

* Relative standard deviation in cellular manganese determinations was + 10%
® Blank Mn in the culture medium was less than 1 pg-17".
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TABLE 111
Intracellular and extracellular manganese and copper concentrations of Nitzschia closterturmn on day 3 of
the assay. Total copper concentration in the assay flask was 20 pg Cu-17".

Manganese Intracel- Extracel- Intracel- Extracel- Intracel- Extracel- Intracel- Extracel-

concentration lular lular lular lular lular lular lular lular

in culture manganese manganese manganese manganese copper>  copper copper® copper
medium e 1™ gl (x 1077 (1077 (ugrlTY (uelTh) (x 107% (x 1073
el™hH ng/cell) ng/cell) ng/cell) ng/cell)
0 - - - - 12.0 0.53 29.9 1.33

4.2 0.007 0.162 0.011 0.260 3.40 6.68 3.09 6.08
423 0.048 1.19 0.067 1.77 4.68 4.74 6.44 6.52

* Relative standard deviation in cellular copper determinations was + [1%.

although some manganese remained on the glass, similar to that found for iron
(Stauber and Florence, 1985). In the high manganese medium, 80% of the
manganese was associated with the cells, while -17% was retained on the glass and
3% in the medium. In the low manganese cells, 94% of the manganese was on the
cells and only 6% on the glass. Mass balance was obtained between manganese add-
ed and manganese recovered.

As expected, both intracellular and extracellular manganese were lower, on a per
cell basis, by the end of the assay in sea water (day 3; Table II1). Both intracellular
and extracellular manganese in cells cultured before the assay in high manganese re-
mained higher than that cultured in low manganese.

Cellular copper

Intracellular copper was highest in cells cultured previously without manganese
(29.9 x 1072 ng Cu/cell), correlating well with the extreme toxicity of copper to
cells grown in the absence of manganese (Table I1II). However, intracellular copper
in low-manganese grown cells (4.23 pg Mn-17") was slightly lower than cells
cultured previously in 42.3 g Mn-17! (3.09 x 10~ 3 ng Cu/cell and 6.44 x 10>
ng Cu/cell respectively). Extracellular copper increased with increasing concentra-
tion of manganese in the culture medium.

While manganese ameliorates the toxicity of ionic copper, it does not prevent the
lipid-soluble copper complex, copper oxinate (5 x 108 M oxine + 10 ug Cu-17")
penetrating the cell. Copper oxinate, which completely depressed algal growth after
2 days, readily penetrated the cell as shown by the high intracellular copper in both
high and low-manganese grown cells (25.0 x 10~° ng/cell and 25.2 x 10~ * ng/cell,
respectively) (Table [V). Manganese, like iron, does not alleviate the toxicity of lipid
soluble copper complexes to N. closterium.

Reversal of copper toxicity by manganese
To determine whether manganese could reverse copper toxicity, cells grown in low
iron (7.9 pg Fe-17!) were assayed in sea water in the presence of copper (0-60 ug



247

TABLE 1V
Intracellular and extracellular copper concentrations of Nitzschia closterium (grown at high and low
manganese) after 2 days of exposure to 5 x 1078 M oxine + 10 pg Cu 17").

Manganese  Final cell Intracellular Extracellular Intracellular Extracellular
concentration density after copper® copper copper copper

in culture 2 days g !™hH (ug-17h) (x 107° ng/cell) (x 107% ng/cell)
medium (cells ml™")

w17

Low

manganese 075 x 10° 1.89 3.64 25.2 48.5
(4.2pe17")

High

manganese  1.75 x 10° 4.37 5.53 25.0 31.6

423 pg-17h

 Relative standard deviation in cellular copper determinations was + 11%.

Cu-17'). On day 2, when growth was significantly reduced by copper, or no growth
at all had occurred (compared to the blank without copper), manganese (4.7 pg-1
and 47 pg-17") was added, and the effect on growth determined.

Manganese (4.7 pg-1~"' and 47 pg-17!) did not reverse copper toxicity to N.
closterium at any copper concentration. Manganese (47 pg Mn-1~1) did slightly
stimulate growth of N. closterium in sea water whether or not copper was present
(x = 0.0071) compared to the blank (x = 0.0050).

‘Competitive binding between copper and manganese

Cells cultured in the absence of manganese were assayed in sea water in duplicate
in the presence of 0-40 pg Cu-1"' and 21 pg Mn-17" (added as **MnCl,). On day
3 of the assay, intracellular and extracellular manganese were determined, as
previously, to establish whether copper interfered with manganese binding or up-
take (Table V). On a per cell basis, extracellular manganese, in the presence of cop-
per (2.5-2.9 x 10~ ® ng/cell), was significantly lower than the blank without copper

TABLE V

Intracellular and eatracellular manganese concentrations in Nizschia closterium, assayed n the presence
of 0-60 pg Cu 17! and 21.2 ug Mn-1~'. Results on day 3 of the assay expressed + ¢

Copper Intracellular Extracellular Intracellular Extracellular
concentration manganese manganese manganese manganese

g 179 g 1Y g 17h (x 107®ng/cell)  (x 107 ng/cell)

0 0062 + 0.002 1.22 =+ 0.012 0.4 + 0.10 8.3 + 1.7

10 0042 + 0.001 0418 + 0.007 0.3 + 0.05 29+ 04

20 0 047 + 0.001 0.349 + 0.007 03 001 2.5 £ 0.1

40 0.038 + 0.001 0248 + 0.006 04 +£010 29 + 0.8
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(8.3 x 107 % ng/cell). However, intracellular manganese was similar at all copper
concentrations in the range 0-40 ug Cu-1~'. Copper may interfere with extracellular
manganese binding but it has no effect on manganese uptake into the cell (in-
tracellular manganese).

Speciation of manganese

In all experiments, manganese was added to the medium as Mn(Il). As the rate
of oxidation of manganese in sea water is very slow, it is uncertain whether
manganese remains as Mn(I1) or is oxidized, perhaps at the cell surface, to Mn(lII)
or Mn(IV).

Sea water spiked with Mn(II) (42.3 ug Mn-17!) was allowed to stand for 3 mth
in the laboratory, and the Mn(II) remaining was determined using the Centriflo cone
ultrafiltration method. Ninety percent of the manganese passed through the cone,
while only 10% was retained. Thus, after 3 mth, most of the manganese was still
present as Mn(II), with only 10% oxidized to colloidal MnO; or other insoluble
species.

Mecdium to which 42.3 pg'Mn-17! was added, was allowed to stand on the light
platform for 4 wk, and the Mn(II) remaining determined as above. Only 8% of the
manganese passed through the Centriflo cone as Mn(II), with the remaining 92%
retained. The fraction retained may have included some colloidal MnO,; however,
most was probably Mn(II) adsorbed on silica and iron particles in the culture
medium.

This experiment was repeated with algae grown for 4 wk in culture medium on
the light platform. Cells were centrifuged, and Mn(II) in the supernatant was deter-
mined by Centriflo cone ultrafiltration. Ninety-seven percent of the manganese in
the supernatant was present as Mn(II), with only 3% retained on the cone.

Mn(II) in the supernatant was also determined by ASV. Total manganese in the
supernatant of the high manganese-grown cells was 1.6 ug Mn-17!, of which less
than 10% was ASV-labile.

To determine whether manganese around the cells was present as Mn(Il) and/or
Mn(III), i.e. Mn(OH), and Mn(OH)s, or Mn(IV), i.e. MnO,, cells which had been
grown in low iron, high manganese medium (42.3 ug Mn -1~ ') were washed with sea
water acidified to pH 2 with 0.01 M HNOs;. Preliminary experiments showed that
a 10-min wash in pH 2 sea water did not visibly lyse the cells. Manganese present
as Mn(OH); and Mn(OH); is soluble in 0.01 M HNQ3, whereas MnO; is not, and
can be removed only by using a reductant such as ascorbic acid. Manganese on the
cells and in each wash was determined by y-counting. The acidified sea-water wash
removed 98% of the extracellular manganese, with only a further 2% (MnQO;) being
removed by the ascorbic acid wash. To ensure that acidified sea water (pH 2) did
not simply cause the desorption of MnO; from the cells at this pH, any MnO; in
the acid wash was determined using the Centriflo cone ultrafiltration method. Only
0.9 ug Mn-1~' was retained on the cone, while 21.4 g Mn-1~! passed through as
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Mn(lI). Therefore, most extracellular manganese is present as Mn(OH). or
Mn(OH)s, and not as colloidal MnOa,.

Removal of copper from solution by iron and manganese

To determine how effectively iron and manganese remove copper from solution,
iron alone (7.9 and 790 pg Fe-1~ 1y, manganese alone, as Mn(II) (4.7 pg Mn-171)
and Mn(IV), (8.7 pg MnO,-17"), and iron and manganese together, were added to
flasks of f medium (without trace metals) and sea water. Medium flasks were
autoclaved and cooled, while sea water was used without autoclaving, and 20 pg
Cu-17! was added to the flasks, which were shaken and allowed to settle for at least
2 h. Copper remaining in solution was determined by ASV (5-min deposition at
—0.6 V) each day for 4 days. The experiments were repeated in sea water with the
addition of N. closterium (6.75 x 10* cells/ml).

Medium alone, without the addition of trace metals, removed all (95%) copper
from solution after 48 h, probably by adsorption onto silica in the medium
(Lumsden and Florence, 1983). Addition of iron or manganese did not cnhance cop-
per removal. In sea water alone, 18% of copper was lost after 48 h. Addition of
iron (790 pg Fe-17!) caused the loss of 87% of copper, but low iron (7.9 pg Fe-17 1),
MnO;, and Mn(lII) were ineffective. Manganese and iron together were similar to
iron alone at both iron levels (7.9 and 790 pg Fe-17").

In the presence of algae, 71% of copper was removed from sea water after 48 h
owing to adsorption of copper onto algal cells. Manganese(II) caused an additional
" loss of 12%. Iron alone (7.9 pg-1~") did not remove any additional copper com-
pared to the blank. In the presence of algae, manganese, as Mn(II), Mn(III) or
Mn(IV) appears to be more effective than iron (at similar concentrations) in adsorb-
ing copper.

Decomposition of H.O, by manganese
Thorne and Roberts (1948) showed that MnQ; catalytically decomposes H,O5.
Under akaline conditions the following reactions may occur:

MnO; + H20; —— Mn(OH): + O, (1
Mn(OH), + H;O0; —— MnO; + 2H,0 2)

We examined these reactions in sea water by measuring the oxygen produced, us-
ing an Orion Research oxygen electrode. If MnO; was catalyzing these reactions,
we would expect more than stoichiometric amounts of oxygen to be released.
However, MnO; produced only stoichiometric (reaction 1) amounts of oxygen. As
expected, no oxygen was produced in the presence of Mn(II). We conclude that reac-
tion 2 does not proceed and that MnO; does not catalyze the decomposition of H,O;
in sea water, pH 8.2.
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Dismutation of superoxide (O%) by manganese

The ability of manganese(II) to scavenge O3 catalytically in sea water was tested,
using the oxygen electrode and dihydroxyfumaric acid as a source of O3
(reaction 3):

HO (I)H HO| OH
HOOC—C=C—COOH +20; + 20H—— HOOC—C—C—COOH + 203 (3)
I
HO OH

Figure 1 shows that more oxygen was consumed (1.0 X 10~ ¢ M) in reaction 3
in the presence of 2 x 10> M Mn(lI), than in its absence (3.1 x 107> M O, con-
sumed). The ability of Mn(lI) to catalyze reaction 3 is probably due to its catalytic
decomposition of O3 (reactions 4-6):

Mn?* + 05 + 2H*—Mnr** + H,0, “)
Mot + “WH,0,——Mn®* + H* + W0, )
net: O; + H* — % H,0, + 1 O» (6)

Reactions 4-6 are believed to occur in illuminated chloroplasts (Kono et al.,
1976), and copper can produce O3 from H2Q, (Florence, 1984).

To investigate reactions 4-6, we measured the H>O, produced from O3 in the
presence and absence of manganese (Table VI). H,O, produced in the presence of
manganese was nearly double that measured in its absence. Manganese (1 x 10~°
M), with excess O3, produced 1.95 x 1074 M H;0, (20 times the stoichiometric
amount). Thus manganese must be acting as a catalyst for reactions 4 and 5.
The H,0, produced decreased with high concentrations of manganese. In the
presence of excess manganese, a complex may form with O3,

Mn’* + O —MnO;* )

The MnO,* complex is 10 times more stable than O3 (Bielski and Chan, 1978),
therefore less H,O, will be measured.

Manganese in sea water is an effective scavenger of O3 by catalyzing its dismuta-

TABLE VI
Hydrogen peroxide production in sea water at varying manganese concentrations, in the presence of
superoxide (O;) generated from dihydroxyfumaric acid.

Manganese (M) H;0; produced (M)
0 1.06 x 107*

1 x 10°°% 1.95 x 107*

1 x10°° 1.93 x 10°*

S x 1071 1.87 x 107*

2 x 107° 123 x 107*
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tion to H,0, and O,. The ability of other metals to catalyze this reaction was also
tested (Fig. 1); Ni(II), Co(1I) and Fe(II) led to the consumption of much less oxygen
than Mn(ID). It appears that, under the conditions used, these metals are unable to
catalyze the production of O3 from dihydroxyfumaric acid or the dismutation of O3.

DISCUSSION

Manganese(Il) in sea water is oxidized very slowly to MnO,. Manganese-oxidizing
bacteria have been shown to catalyze the oxidation of Mn(II) to Mn(IV) in fresh-
water lakes (Chapnick et al., 1982). Our ultrafiltration results showed that most of
the manganese added to sea water remained as Mn(Il), with only 10% oxidized to
MnO; after 3 mth. However, in the presence of algae, manganese (II) may be ox-
idized by O3 at the cell surface to manganese (III). Of the extracelldlar manganese
on Nitzschia, 98% was present as manganese (II) and/or (III) hydroxides.

Cells cultured in the presence of manganese, before the sea-water assay, were
much more tolerant to copper than cells cultured in the absence of manganese. Cells
grown without manganese had high intracellular copper, correlating with the ex-

70
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Fig. 1. Oxygen consumed in the reaction of oxygen and dihydroxyfumaric acid (1.67 x 10™* M) in sea
water, in the presence of different metals (2 X 107° M). (e—=e) Blank; (c—a) iron(ll); (0—0)
nickel(11); (A—a) cobalt(ll); (w—m=) manganese(il).
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treme toxicity of copper to these cells, compared to cells grown with manganese,
which had low intracellular copper. Manganese hydroxides, like iron(I1I) hydroxide
(Stauber and Florence, 1985), effectively adsorb copper and prevent its penetration
into the cell.

Only very small amounts of manganese (4 ug-1~*) are needed to protect against
copper toxicity. Extracellular binding sites must be saturated with manganese at this
level, as increasing manganese (42 pg-17") gives no additional protection. In fact,
intracellular copper was slightly higher in high-manganese grown cells, correspon-
ding to greater copper toxicity to these cells, compared to cells grown in low
manganese. We have no evidence to suggest that manganese (42 pg-1™ 1) is itself tox-
ic, as cells grown in culture medium at different levels of manganese had similar
growth rates.

Manganese is much more effective in protecting against copper toxicity than is
iron (Stauber and Florence, 1985). Huntsman and Sunda (1980) noted that one
thousand times more iron than manganese is needed to stimulate algal growth in
deep sea water. Hydrous iron oxides are believed to have slightly greater affinity for
cupric ions than mangancsc oxides in fresh-water (Vuceta and Morgan, 1978). Oul
results suggest that in the presence of algae, manganese (4-8 pg-17 ") is more effec-
tive than iron at similar concentrations in removing copper from sea water. Greater
affinity for copper ions may account in part for the greater effectiveness of
manganese than iron in alleviating copper toxicity. Also, manganese (II) is much
more soluble in sea water than is iron (I1II); the solubility products, pX values, for
Fe(OH); and Mn(OH), are 37.4 and 12.7, respectively (Meites, 1963). Because the
oxidation of Mn(II) to either Mn(IiI) or Mn(IV) by dissolved oxygen in sea water
was found to be very slow, and manganese was an effective adsorbent for copper
ions only in the presence of Nitzschia, it is likely that there is a de novo formation
of Mn(OH); on the surface of the algal membrane. This oxidation of Mn(II) to (III)
is probably caused by superoxide radical, Q5 (Davies, 1969), and may involve a
manganese-algal exudate complex. Our selective leaching experiments showed that
the oxidation of Mn(II) by Nitzschia did not proceed to Mn(IV), i.e., to MnOs..

Sunda et al. (1981) found that the addition of 10~7 M MnCl, totally reversed the
toxicity of copper (3 X 10~ 2 M) to Chaetoceros socialis in deep sea water. They
proposed a mechanism involving cupric ion competition for manganese-activated
sites within the algal cell, i.e., copper induces manganese deficiency which can be
overcome by increasing the manganese concentration. We were unable to
demonstrate reversal of copper toxicity (10”7 M) by manganese (10~ ¢ M) in N.
closterium. Manganese did stimulate growth slightly, regardless of whether copper
was present or not. Anderson and Morel (1978) also reported that manganese did
not reverse the toxicity of copper to flagellar motility in Gonyaulax tamarensis.
Huntsman and Sunda (1980) concluded therefore, that copper-manganese interac-
tions occur within the cell at specific loci, rather than at the membrane surface.

Our experiments to test the competitive binding theory suggest that it is not valid
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for N. closterium. We showed that copper does interfere with extracellular
manganese binding, but has no effect on intracellular manganese over the range
0-40 ug Cu-1~ . These results do not support Sunda and Huntsman’s {1983) conclu-
sion that copper competitively blocks cellular manganese uptake or binding of
manganese within intracellular pools. In their experiments, cellular manganese con-
centrations were determined on **Mn labelled cells which had been filtered on a 3
pm filter, then rinsed with 5 ml sea water. They assumed that manganese on the
filter was equal to manganese present in the cells (since manganese adsorbed to the
filter in blank medium without algae was negligible). However, they did not take
into account any manganese adsorbed to the outside of the cells, which we have
shown to be much greater than intracellular manganese. To check whether a 5-ml
sea-water wash removed any extracellular manganese, we repeated our competitive
binding experiments, washing with sea water instead of 0.02 M ascorbic acid in sea
water. The sea-water wash did not remove any extracellular manganese. Thus Sunda
and Huntsman’s cellular manganese values are actually total manganese associated
with the cells - both intracellular and extracellular manganese. We have shown that,
although there is competitive binding on the cell membrane between copper and
manganese, copper does not affect intracellular manganese. Therefore the primary
toxic effect of copper is not that it induces cellular manganese deficiency, but rather
that it may oxidize thiol groups on the membrane and within the cel], disrupting pro-
tein structure and cell division (Florence and Stauber, in press).

Manganese, although effective in preventing toxicity from ionic copper, does not
reduce the toxicity of lipid soluble copper complexes, such as copper oxinate, which

"rapidly penetrate the cell (Florence et al., 1983).

Superoxide radical (03) is produced by the reduction of molecular oxygen in il-
luminated chloroplasts (Kono et al., 1976) and its concentration may be increased
by the presence of copper (Florence, 1984). Manganese (II) has been shown to
scavenge O3 catalytically in the chloroplast (Kono et al., 1976) and in the bacterium,
Lactobacillus plantarum (Archibald and Fridovich, 1981). From oxygen and
hydrogen peroxide measurements we have shown that Mn(II) in sea water
catalytically scavenges O3. It appears that nickel(II), cobalt(II) and iron(I}) are inef-
fective in catalyzing this reaction. Cobalt, however, significantly reduces copper
toxicity in N. closterium, whereas nickel does not. We believe this is caused by the
ability of cobalt to be oxidized by H,O, or O3 in sea water to form cobalt (III)
hydroxide. Co(IlI), like Mn(I1I), is a most effective adsorbent for copper.
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Copper ions imtially bind to Nitzschia with a stability constant, 8y, 1n the range log8, < 13 > 10,
a value which precludes sulfur bonding and suggests involvement of>a membrane protein. Although the
algal growth rate in sea water was halved by 20 pg Cu-1~!, photosynthesis was not affected until the cop-
pel concentiation was above 100 pg Cu-17}. This decoupling of growth and photosynthesis did not occur
to the same extent with other algae species tested, and it is proposed that it results from an intracellular
reaction between Cu?* and GSH, leading to a lowering of the GSH/GSSG ratio and suppression of
mitosis. Water-soluble ligands generally decreased the toxicity of copper, whereas lipid-soluble copper
complexes were highly toxic. Oxine, 2,9-dimethyl-1,10-phenanthroline, and pyridyl- and thiazolyl-
hydroxyazo compounds formed exceptionally toxic complexes. The toxicity of many redox-active com-
pounds and their copper complexes appears to be due, at least partly, to the intracellular generation of
hydrogen peroxide during oxidation of these compounds, an effect exacerbated by the ability of copper
to inhibit catalase. Hydrogen peroxide is highly toxic towards marine algae, and may be a natural
growth-inhibiting factor. Hydroxyl radicals (OH -), generated intracellularly from a mixture of hydrogen
peroxide and the lipid-soluble thiol, cysteine, were also extremely toxic. However, when OH or superox-
ide radicals (O3) were generated extracellularly, no effect on growht rate was observed, even ‘though
singlet oxygen ('03) did seriously reduce growth.

Key words: toxicity; copper complexes; Nitzschia closterium

INTRODUCTION

Various theories have been proposed to explain the toxicity of copper ions to
organisms. These theories include: competitive inhibition by copper of manganese
uptake in phytoplankton (Sunda and Huntsman, 1983), depression of ATP produc-
tion (Viarengo et al., 1981), blockage of membrane-bound sulfhydryl groups
(Hochstein et al., 1980), interference with silicon metabolism (Thomas et al., 1980),
disruption of cell separation (Thomas et al., 1980), inhibition of enzymes (Metz and
Sagone, 1972), increase in membrane permeability (Hwang et al., 1972; Lambert et
al., 1984), catalysis of the oxidation of membrane lipids (Hochstein et al., 1980),
and catalysis of the formation of hydrogen peroxide and oxygen free radicals from
oxygen (Florence et al., 1984). However, most of the evidence for these toxicity
mechanisms has been indirect. Shaw and Grushkin (1957) pointed out the correla-

0166-445X/86/%303.30 © 1986 Elsevier Science Publishers B.V. (Biomedical Division)
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tion between toxicity to aquatic organisms and metal-sulfur binding strength for a
range of metals. The toxicity of free metal ion towards phytoplankton was found
by Canterford and Canterford (1980) to decrease in the order, Hg** > Ag* >
Cu’* > Pb** > Cd** > Zn’* > TI*, which is approximately the order of
decreasing solubility product of the metal sulfides, or the stability constants of the
metals with thiol ligands like cysteine or glutathione. The ratio of reduced to oxidiz-
ed glutathione (GSH/GSSG) in sea urchin eggs and other organisms was found to
fluctuate in a regular fashion with the mitotic cycle, a high GSH/GSSG ratio
favouring cell division (Kosower and Kosower, 1978). This led Lumsden and
Florence (1983) to suggest that copper complexing of GSH (thus lowering the
GSH/GSSG ratio) was the reason why copper inhibited the growth of the marine
diatom Nitzschia closterium, but had no effect on its photosynthesis.

If copper binding to SH-enzymes or thiols is the origin of copper toxicity to
phytoplankton, then it might be expected that in a water sample there would be a
correlation between the fraction of total dissolved copper that could be removed by
a thiol resin, and the toxic fraction of copper in the sample. Howcver, in studies
with Nirtzschia this was found not to be the case, thiol resin-labile copper being
much larger than the toxic fraction (Florence et al., 1983).

Although the free hydrated cupric ion is usually considered to be the most toxic
physico-chemical form of copper, some lipophilic organocopper complexes are even
more potent (Albert, 1965; Ahsanullah and Florence, 1984; Florence et al., 1984).
Lipid-soluble copper complexes can diffuse directly into a biomembrane, whereas
. cupric ions are transported by the slower process of facilitated diffusion (Williams,
1981). In addition, lipid-soluble complexes carry into the membrane and cytosol
both copper and the ligand, which may exert its own toxicity. Albert (1965) showed
that many organic compounds are toxic to bacteria and other organisms only when
they are combined with a heavy metal such as copper or iron to form neutral,
lipid-soluble complexes.

Some ligands, e.g., 1,10-phenanthroline, form copper complexes that catalyze the
production of excited oxygen species from molecular oxygen (Florence, 1984;
Florence et al., 1984). These oxygen species, including hydroxyl (OH ) and superox-
ide (O3) radicals, singlet oxygen (*O;) and hydrogen peroxide, if produced in the
cell or the cell membrane, can destroy the organism. Hydrogen peroxide is toxic to
a wide range of cells, and it is likely that its effects are the result of the ability of
H,O0- to react with various biological reducing agents (e.g., quinols and amines) to
produce the highly destructive hydroxyl radical (Florence, 1984),

H,O, + e~ + H* - H,O + OH- )
Reaction (1) is normally quite slow, but is catalyzed by some copper and iron com-

plexes. Phytoplankton produce considerable amounts of H,O; during photosyn-
thesis (Stevens et al., 1973), and the presence of this toxic substance in the cells may
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impose a self-limiting control on their growth (Florence et al., 1984). Any substance
that inhibits catalase will cause a rapid increase in cellular H;O,.

This present study investigated the toxic mechanisms of a range of copper com-
plexes to Nitzschia closterium, the relationship between toxicity and lipophilicity,
and the ability of the complexes to inhibit enzymes and to catalyze the formation
of excited oxygen species.

EXPERIMENTAL PROCEDURES

Algal cultures

Nitzschia closterium, (Ehrenberg) W. Smith a unicellular marine diatom
(originally obtained from CSIRO Division of Fisheries Algal Culture Collection)
was cultured in f medium (Guillard and Ryther, 1962), but with the trace elements
halved, and only 45 g iron citrate-1~ ! (iron/100). The cultures were illuminated on
a light box (Philips TL 40 W, fluorescent white, 6,400 lux) at 21°C with a 12 h/12
h light/dark cycle. The cultures were maintained axenic by using autoclaved mediy,
and carrying out transfers in a laminar-flow cupboard.

Growth rate experiments

Algal assays were conducted as described previously (Lumsden and Florence,
1983) in filtered (0.45 um), unsupplemented sea water collected 2 km off the coast
of Sydney. Nitzschia was separated from the culture medium by centrifugation and
washing, and an aliquot (0.1-0.3 ml) of the washed algal suspension was added to
50 ml of sea water in a 150 ml conical flask to give an initial cell density of 2 to
4 x 10* cells per ml. The flasks were covered with a loose glass cap, and placed on
the light box. Cell density was measured initially and on three subsequent days using
a haemocytometer. A regression line was fitted to a plot of log (cell density/initial
cell density) vs. time, and growth rate (x) in cell divisions/day was calculated from,
p = 3.32 log(N/Ny)/t, where ¢ is growth time (days) and N and Ny are the number
of cells at time ¢ and zero, respectively. Occasionally, there was a lag period in
growth, and growth rate was then arbitrarily calculated from the initial and final
cell densities.

Measurement of photosynthesis

Inhibition of photosynthesis by copper ion and copper complexes was determined
by uptake of ["“C]carbonate, followed by removal of excess H"*CO; ™ in acid solu-
tion, and liquid scintillation counting in Instagel (Lumsden and Florence, 1983).

ANALYTICAL PROCEDURES

Copper analysis
Copper was determined in sea water by anodic stripping voltammetry (ASV) after
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U.V. irradiation, and in filtered algae by ASV after HNO;-HCIO4 oxidation
(Florence et al., 1983).

Hydrogen peroxide

Hydrogen peroxide was determined spectrophotometrically by the titanium
method (Sellers, 1980). Oxidized diphenols interfere slightly by their brown colour,
and this was corrected for by using a blank solution produced by removing H,O,
with catalase.

Octanol extractability

Sea water (10 ml) containing the copper complex was extracted with 10 ml of
reagent grade (Fluka) n-octanol by shaking for § min in a separating funnel. Copper
was then determined in the aqueous phase by ASV after U.V. irradiation. Octanol
extractability is a useful model for lipid solubility (Davies and Dobbs, 1984).

Inhibition of enzymes

Standard assays (Colowick and Kaplan, 1955) were used for measurement of the
activity of catalase, superoxide dismutase (SOD) and glutathione reductase; catalase
by its ability to decompose H>O,, SOD by its destruction of the superoxide radical,
O3 (where O3 was generated from dihydroxyfumaric acid and measured spec-
trophotometrically with nitro blue tetrazolium), and glutathione reductase by its
catalysis of the reduction of GSSG to GSH by NADPH, followed by spec-
trophotometric determination of GSH with Ellman’s reagent.

TABLE I
Effect of copper ion and copper complexes on the photosynthesis of Nuwzschua closterium®
Copper Ligand® Conc Photosynthesis Growth rate, g
M x 1077 Mx107" (umol CO; (div /day)
fixed per hour per 10°
cells)
none none - 0.30 +0.05° 0.54 + 0.06°
27.8 none - 0.35 0.31
none oxine 1.00 0.19 <005
0.79 oxine 1.00 0.17 <00S
none PAN 1.00 0.29 <0.05
0.79 PAN 1.00 0.28 <0.05
0.79 2,9-dmp 1.00 0.31 <0.05
1.58 EXA 5.00 0.37 005
3.15 NTA 400 0.28 0.45

2 Algal culture was normal (f) iron concentration

b Oxine, 8-hydroxyquinoline; PAN, 4-(2-pyridylazo) naphthol; dmp, dimethyl-1,10-phenanthroline;
EXA, ethylxanthogenate; NTA, nitrilotriacetic acid.

“20.



RESULTS AND DISCUSSION

Growth rate and photosynthesis

It was noted previously (Lumsden and Florence, 1983) that whereas 20 pg Cu-]1 ™"
caused 50% reduction in the growth rate of Nitzschia, even 50 ug Cu-17! had no
measurable effect on photosynthesis. This unusual effect was investigated further
by testing both copper sulfate and some copper complexes for inhibition of
photosynthesis (Table I). Copper ion concentrations as high as 100 pg:1™', which
completely inhibited growth, had to be used before a reduction in photosynthesis
occurred. With the exception of oxine, none of the other ligands or their copper
complexes, either water soluble or lipophilic, had any significant effect on
photosynthesis. Free oxine depressed photosynthesis, and the addition of copper did
not enhance this inhibition. It should be noted that cell density affected the inhibi-
tion of algal growth by copper (Table II).

This decoupling of growth from the photosynthetic apparatus did not occur with
the green alga Chlorella pyrenoidosa Chick or the marine pennate diatom
Asterionella glacialis Castracane when they were tested with the same conentrations
of copper; with these algae, both growth and photosynthesis were strongly
depressed.

Copper (3.47 X 1077 M) in sea water (pH 8.22) is computed (Fardy and Sylva,
1978) to be distributed between Cu(OH), 43.7%; CuCO;, 41.7%; Cu(OH)™*,
8.3%; Cu®*, 2.5%; CuCl*, 2.2%. However, in near-shore surface sea water, more
than half the copper is bound in unidentified, highly stable complexes (Florence,
1982; Mackey, 1983), while in algal cultures, copper is also complexed, although
relatively weakly, by algal exudate (Lumsden and Florence, 1983). For some natural
complexing agents (fulvic, humic, and tannic acids) ASV-labile (i.e. elec-
trochemically active) copper correlated well with the toxic fraction of copper
(Florence et al., 1983). Earlier studies (Florence, 1982) with a wide range of ligands
showed that the fraction of copper that could be removed from sea water by thiol
or iminodiacetate resins was much higher than the toxic fraction. Therefore, the in-

TABLE 11
Effect of cell density on copper mhibition of growth rate of Nitzschia closterium 1n sea water?
Cell density (cells/ml x 10%) Growth rate, p Inhibition of growth by
. -1 b
Initial After 72 h (div./day) 50 pg Cu-17" (%)
1.6 2.9 0.53 100
3.1 9.6 0.54 52
6.6 134 0.34 21
14.1 23.1 0.24 11

2 Cells were cultured in f-medium iron concentration, and growth experiments were made 1n unsup-
plemented sea water.
® Using 5% 1078 M oxine and 2 pg Cu-17', negative growth was observed at all cell densities.
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itial binding of copper to the algal cell membrane must be weaker than copper-thiol
or iminodiacetate complexing. Examination of the effect of various ligands on the
binding of copper ions to Nirzschia (Florence et al., 1983) indicated that the cop-
per-algae stability constant (8;) has a value of log8, < 13 > 10. Gavis (1983) had
estimated that logB; for the binding of cupric ions to marine phytoplankton was
9-11. These results rule out the possibility that thiols are involved in the initial bin-
ding of copper to Nitzschia, since 8, values many orders of magnitude higher would
be expected if this were the case. The membrane groups which initially bind copper
ions to algae are most likely protein carboxylic acid and amino residues. However,
once copper has penetrated the membrane it may then possibly react with thiol com-
pounds such as glutathione. Use of the lipid-soluble thiol reagent dithiodipyridine
showed (Stauber and Florence, to be publ.) that treatment of Nizschia with copper
ions significantly lowered the concentration of intracellular thiol groups. These
studies also showed that much of the copper adsorbed by Nitzschia is present as cop-
per(I), further indicating that copper(Il) is reduced to (I) by -SH groups, then bound
as Cu(I)-S-complexes.

High iron or manganese in the algal culture medium efficiently protected against
copper toxicity to Nitzschia by forming a protective layer of hydrated metal (III)
oxide around the cell and preventing the diffusion of copper into the membrane
(Stauber and Florence, 1985). These metals did not, however, protect against the
toxicity of lipid-soluble copper complexes.

Toxicity of copper complexes with phenanthroline-type ligands

Table 111 shows data for the toxicity, octanol extractability (lipophilicity), and
calculated formation of the 1:1 and 1:2 complexes (ML and ML) for some cop-
per-phenanthroline type complexes. Ionic equilibrium calculations were made using
SIAS (Fardy and Sylva, 1978) and published stability constants (Martell and Smith,
1977).

The most toxic copper complex was that of 2,9-dimethyl-1,10-phenanthroline
(2,9-dmp or neocuproine), which caused a reduction in growth rate at concentra-
tions as low as 5 X 10~? M. The toxicity of free 2,9-dmp was much less than its
copper complex. Table III shows that only the reduced, copper(l) complexes are
lipid soluble; prior reduction of the copper(ll) species is therefore a requirement of
bioaccumulation. Copper(Il)-2,9-dmp underwent only very slow (18% in 24 h)
autoreduction in sea water illuminated on the light box, whereas more than 95% of
the complex partitioned to the algae in 3 h (Florence et al., 1985). This result strong-
ly suggests that Nitzschia itself produced the reductant which yielded the lipid-solu-
ble copper(I) complex. It has been proposed (Florence et al., 1985) that this reduc-
tant is hydrogen peroxide. The inracellular reaction between excess H,O, and cop-
per(I)-2,9-dmp then gives rise to singlet oxygen, oxygen free radicals and bipyridyl
compounds, these products causing the extreme toxicity of the complex. Other cop-
per complexes of similar structure (e.g., copper-bathocuproine) are less toxic (Table



TABLE 111

Toxicity of some phenanthroline-type copper complexes to Nitzschia clostertum in sea water®

Ligand® Conc. Copper Octano! ex- Calculated formation of Toxicity n-
(Mx107% (Mx1077) tractability Cu(ll) complex (%) dex of cop-
(%)° CuL, Cul, per gom-
plex
none - 3.15 <10 - - 10
1,10-phenanthroline 2.00 3.15 19 40 (99)° 1.2
4,7-dmp 2.00 3.15 58 7.0 92 4.7
S,6-dmp 2.00 3.15 61 12 87 3.0
2,9-dmp 0.05 0.32 92 26 72) >25
4,7-dpp 200 3.15 52 - - 5.0
4,7-dpp sulfonate 200 3.15 <10 - - 0.40
bathocuproine 0.05 0.32 90 - - 2.1
bathocuproine 200 3.15 <10 - - < 0.1
disulfonate
2,2'-bipynidyl 2.00 3.15 11 5.8 22)° 070
tripyridyl-S-triazine 200 3.15 20 - - 1.5
2,2'-biquinoline 010 0.79 38 - @35)° 3.9

2£/10 iron in culture medium.

> dmp, dimethyl-1,10-phenanthroline; dpp, diphenyl-1,10-phenanthroline; bathocuproine, 2,9-dimethyl-

4,7-diphenyl-1,10-phenanthroline.

¢ In presence of hydroxylamine hydrochloride as reducing agent. Little extraction 1n absence of reducing

agent.

¢ Toxicity index is defined as the ratio of the apparent copper concentration (as determined from a
, growth rate-copper concentration curve) to the added copper concentration. A toxicity index greater

than 1.0 indicates that the complex 1s more toxic than inorganic copper(1l), and vice versa Results were

corrected for the toxicity of excess ligand.

¢ Calculated formation of copper(I) complex (Cu(I)L,)

"47% depression of growth rate.

III) because they do not enter into this reaction with H>O.. The sulfonated
derivatives actually decrease the toxicity of copper ion, because they bind copper in
stable, hydrophilic complexes which do not diffuse into the cell.

Toxicity of other copper complexes

Table IV shows the toxicity, octanol extractability and degree of formation of
some copper complexes formed from various ligands. In general, ligands (e.g., PAR
and TAR) which produced water-soluble complexes with the copper ion reduced its
toxicity, whereas ligands which strongly chelated copper in sea water to yield
lipid-soluble complexes (e.g., PAN and TAN) greatly increased toxicity.
Hemoglobin and bovine serum albumin (10 ug-ml~ ') completely eliminated the tox-
icity of 20 ug Cu-17".

Oxine, PAN and TAN form especially toxic complexes with copper (Table IV).
Other metal oxinates (Fe(III), Al, Sn(Il), Ni, V(IV), Mo(VI)) were non-toxic when
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TABLE 1V

Toxicity of copper complexes to Nitzschia clostertum in sea water

Ligand Conc. Mole ratio Calculated Octanol Toxicity
Mx107% lgand/Cu formation extractable index®
of complex (%)

(")
Nitrilotriacetic acid 2.0 6.0 91 <10 06
8-hydroxyquinoline 0.05 2.0 84 78 18
4-hydroxyquinoline 0.05 2.0 - <10 1.0
8-aminoquinoline 2.0 6.0 2.3 45 2.5
3-aminoquinoline 2.0 6.0 - <10 0.8
8-hydroxyquinoline-5-sulfonate 2.0 6.0 97 <10 035
8-hydroxyquinaldine 0.05 2.0 - 75 18
1-(2-pyridylazo)-2-naphthol 0.05 2.0 100 84 >25
1-(3-pyridylazo)-2-naphthol 0.05 2.0 - <10 1.7
1-(2-pyridylazo)-4-naphthol 0.05 2.0 - <10 < 0.5
1-(2-pyridylazo)-resorcinol 2.0 6.0 100 <10 < 0.1
1-(2-thiazolylazo)-2-naphthol 0.05 2.0 - 90 >25
1-(3-thiazolylazo)-2-naphthol 0.05 2.0 - <10 16
4-(2-thiazolylazo)-resorcinol 2.0 6.0 - <10 < 0.1
1-hydroxypyridine-2-thione 2.0 6.0 - 75 21
cupferron 2.0 6.0 - 82 07
penicillamine 2.0 6.0 100° <10 < 0.1
cysteme 2.0 6.0 100° <10 0.6
glutathione 2.0 6.0 100° <10 < 0.1
lysine 2.0 6.0 <1 <10 09
, uracil 2.0 6.0 - <10 0.5
sodium ethylxanthate 0.10 4.0 - 86 3.5
sodium-i-propylxanthate 0.10 4.0 - - 1.9
sodium amylxanthate 0.10 4.0 - - 1.5
salicyclic aad 2.0 6.0 1.3 15 10
sulfosalicyclic acid 2.0 6.0 3.6 <10 0.9
kojic acid 2.0 6.0 - <10 1.1
catechol 2.0 6.0 82 - 1.0

2 For definition see footnote to Table III.
® Copper(l) complex.

tested at the same molarity as copper. Equilibrium calculations (SIAS) showed that
for Al, Ni and Fe(I1I), little oxine complex formation would occur under the condi-
tions used. Albert and co-workers (1965), Block (1956) and Sijpesteijn et al. (1957)
found that the toxicity of copper oxinate to various organisms varied with the ratio
of the 1:1 and 1:2 copper-oxine complexes in the test solution. We did not find this
effect with Nitzschia. By changing the oxine concentration with a fixed total copper
concentration of 4.76 x 10~ M (3 ug Cu-17"), the ratio of the 1:1 to 1:2 copper-ox-
ine complexes in the test solution was varied from 0.17 to 4.2, as calculated by the
ionic equilibrium program SIAS. However, toxicity to Nitzschia was found to be
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related to the total percentage of copper complexed by oxine, and not to the ratio
of the 1:1 and 1:2 complexes. The earlier workers used much higher copper concen-
trations than were used here, and their results may have been an experimental
artefact caused by precipitation of the water-insoluble 1:2 copper-oxine complex.

Copper oxinate was almost completely (>95%) absorbed by Nitzschia cells
within a few hours. However, at the end of the 4-day bioassay, copper remained
in the cells but all the oxine had been ejected. The filtered, 4-day-old algal suspen-
sion contained no copper, but after the addition of excess copper sulfate, it gave
a U.V.-visible absorbance spectrum identical to that of copper oxinate, with an ox-
ine recovery of greater than 95%. Copper oxinate apparently dissociates within the
algal cell, copper being retained and the oxine expelled. However, since the excreted
oxine still retains its chelating ability towards copper, the molecule is either un-
changed, or metabolized to a very similar new species which still reacts with copper,
such as a hydroxy derivative (Williams, 1959). This type of behaviour, where the
metal is retained by the organism, but the ligand expelled, has been observed
previously for the copper-kethoxal bis (thiosemicarbazone) complex (Booth and
Sartorelli, 1967) and copper — 2,9-dmp (Mohindru et al., 1983) in tumour cells, and
copper-2,9-dmp in Nitzschia (Florence et al., 1985). Nitzschia, however,
metabolizes 2,9-dmp to bipyridyl compounds before expelling them.

The importance of the chelate effect in algal toxicity is demonstrated (Table IV)
by the decrease in toxicity when the heterocyclic nitrogen in the pyridylazo and
thiazolylazo compounds is shifted from the chelate-forming 2-position to the
relatively non-chelating 3-position, and when the hydroxy group is moved from the
ortho-position. A similar effect is observed with the hydroxy- and amino-
quinolines.

Effect of metabolic inhibitors and other compounds on growth of Nitzschia

The metabolic inhibitors tested which were most toxic to Nitzschia are
acetylphenylhydrazine and 2,4-dinitrophenol (Table V). Acetylphenylhydrazine
causes rapid and extensive oxidation of cellular glutathione, while 2,4-dinitrophenol
is a potent uncoupler of oxidative phosphorylation, leading to inhibition of ATP
synthesis.

The herbicides methyl viologen (Paraquat) (Hassan and Fridovich, 1978) and
3-amino-1,2,4-triazole (Cohen and Hochstein, 1965) unexpectedly had relatively low
toxicities, but this may be due to the lack of organic matter (electron source) in the
unsupplemented sea water used for the algal assays (Hassan and Fridovich, 1978).

Table V shows that catalase and superoxide dismutase (SOD) greatly enhance the
growth of Nitzschia, and that this enhancement was due to the catalytic activity of
the enzymes, since they were much less effective when deactivated by boiling. These
results suggest that intracellular H»O, and superoxide radical (O3) control the
growth of Nitzschia, and that their intracellular concentrations can be lowered by
extracellular catalase or SOD by a mass action effect. Both H,O> and O3 can diffuse
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TABLE V

Toxicity of some metabolic inhibitors and other compounds to Nifzschia closterium 1n sea water

Compound Conc. Algal growth rate
M x 107%) (% of control)

Metabolic inhibitors

dichloroindophenol 10 45
alloxan 1.0 95
2,4-dinitrophenol 0.50 35
acetylphenylhydrazine 0.20 33
p-chloromercuribenzene sulfonate 1.00 76
3-amino-1,2,4-triazole 1.00 78
sodium azide 1.00 89
indomethacin 0.50 41
methyl viologen 1.00 78
potassium cyanide 1.00 50

Other compounds

dihydroxyfumaric acid 1.00 92
catalase 0.02 mg-1°! 185
catalase (boiled) 0.02 mg-1°! 109
superoxide dismutase 0.04 mg-ml™! 172
superoxide dismutase (boiled) 0.04 mg-ml™! 118
urease 0.04 mg-ml~! zero
hexokinase 0.04 mg-ml™! 85
trypsinogen 0.04 mg-ml™! 83
pepsin 0.04 mg-ml™’ 66
Rose Bengal 0.50 28
xanthine oxidase 0.04 mg ml™! 81
nboflavin 1.00 100
ascorbic acid 1.00 96
hydroquinone 0.02 65
1,4-benzoquinone 0.20 98
catechol 0.20 84
resorcinol 1.00 89

readily through membrane lipid material (Lynch and Fridovich, 1978; Voetman and
Roos, 1980) although O3 generated extracellularly by xanthine oxidase, dihydroxy-
fumaric acid or riboflavin had no toxic effect (Table V). On the other hand, Rose
Bengal, which on illumination generates singlet oxygen ('O,) was highly toxic, prob-
ably due to the oxidation of membrane lipids by !0, (Foote, 1976).

Urease was by far the most toxic of several proteolytic and other enzymes tested
(Table V). This may be the result of the ability of urease to catalyze the formation
of ammonia, which severely inhibits the growth of algae.

The lipid solubility of dihydroxybenzene decreases in the order hydro-
quinone > catechol > resorcinol (Banerjee et al., 1980), which is the same order as
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their toxicity towards Nitzschia (Table V). In addition, hydroquinone reacts with
oxygen to produce a high concentration of H,O, via the reaction,

OH O

+ 0, — + H,05e

)
OH o

It is likely that this H>O; is the actual toxic agent (Florence and Mann, in prep.).
Resorcinol (1,3-dihydroxybenzene), which cannot form a quinone structure, had a
low toxicity and gave a small yield of H,0;.

Inhibition of enzymes

The effect of copper and some copper complexes on the catalytic efficiency of
SOD and glutathione reductase (Table VI) and catalase (Table VII) was studied.
Free 2,9-dmp seriously inhibited the activity of SOD in sea water, although the cop-
per-2,9-dmp complex had no effect. Inactivation is probably the result of 2,9-dmp
extracting copper from this copper, zinc enzyme. Copper ions and the
copper-1,10-phenanthroline complex actually supplemented the effect of SOD by
their own dismutase activity, as has been reported previously (Sorenson et al., 1984).
Oxine and copper oxinate were the only compounds tested which seriously lowered
the activity of glutathione reductase in phosphate buffer, pH 7.0 (Table VI).

The activity of catalase in sea water was significantly reduced by copper ions and
by 1,10-phenanthroline and 2,9-dmp, but not by their copper complexes (Table
VII). This inhibition of catalase may be due to removal of iron from the active cen-
tre of the enzyme by the phenanthroline-type ligands, with which iron forms strong
complexes, and by replacement of iron by copper.

TABLE Vi

Effect of copper ion, ligands, and copper complexes on the activity of superoxide dismutase (SOD) and
glutathione reductase (GR)

Compound? Conc. Change in SOD Change in GR
M x 107%) activity (%)° activity (%)°

Cu?* 4.0 +191 -27
1,10-phenanthroline 8.0 - 11 +29
Cu-1,10-phenanthroline (1-2) 4.0 + 90 -

2,9-dmp 80 - 60 -
Cu-2,9-dmp 4.0 0 —24

oxine 8.0 + 22 —78
Cu-oxine (1:2) 40 - 4 -~ 69

2 dmp, dimethyl-1,10-phenanthroline Mole ratios of copper to ligand are shown for complexes.
® Measured in sea water.
€ Measured in phosphate buffer, pH 7.0.
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TABLE VII

Inhibition of catalase by copper ion, ligands, and copper complexes 1n sea water

Compound?® Conc. Residual H,O; after
(M x 107%) 5 min reaction (%)"

none - < 0.5

Cu** 3.8 21

2,9-dmp 7.6 14

Cu-2,9-dmp (1.2) 38 < 0.5

1,10-phenanthroline 7.6 27

Cu-1,10-phenanthroline (1:2) 3.8 < 0.5

oxine 7.6 6

Cu-oxine (1:2) 38 < 0.5

# dmp, dimethyl-1,10-phenanthroline. Mole ratios of copper to ligand are shown for complexes.
® Initial solution contained 8 X 10™* M H;0; and 2 pg ml~' catalase 1n sea water.

Toxicity of hydrogen peroxide

The effect of H,O, on the growth of Nitzschia is shown in Table VIII. The blank
H,0; in a 7-day-old-culture of Nitzschia was about 1x 10~ 8 M. During the growth
experiments there was a substantial decrease in the concentration of H,O, (Table
VIII).

Low concentrations of catalase dramatically increased algal growth rate (Table
V), which suggests that intracellular H,O, can be drawn from the cell by a mass ac-
tion effect and dissociated extracellularly by catalase. The lowered cell concentra-
tion of toxic H,O; then leads to increased growth. Many species of algae are known
to liberate H>O, during photosynthesis (Stevens et al., 1973), and it has been sug-
gested (Florence et al., 1984), that H,O, production leads to self-regulation of algal
growth. Table VIII shows that H>O; in the growth medium (unsupplemented sea
water) is highly toxic to Nitzschia, even though the concentration of H>O, decreases
rapidly with time. An initial concentration of 2.5 X 10~° M H,0; causes a 50%

TABLE VIilI

Toxicity of hydrogen peroxide to Nitzschia closterium in sea water

H.02 M x 1075%)? Algal growth rate (72 h)
Initial 24h 8h 72h (o of control)

8.0 3.45 0.56 <0.1 negative

60 2.72 0.45 <0.1 negative

50 1.85 0.33 <01 negative

4.0 1.53 <0.1 <01 21

3.0 0.93 <0.1 <0.1 40

2.0 0.57 <0.1 <0.1 69

* Concentration of H,O, measured in sea water during the 72 h growth experiments.
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decrease in growth rate. Hydrogen peroxide can be produced extracellularly by the
oxidation of many organic compounds (e.g. phenols, amines, aminophenols) by
dissolved oxygen in the growth medium (Florence, 1984), and intracellularly by the
mixed function oxidase (cytochrome P450) system, or by a variety of redox com-
pounds which divert electron flow during respiration (Hassan and Fridovich, 1979).
Any agent (¢.g., Cu®* or phenanthroline-type ligands, Table VII) which inactivates
catalase will also increase the cellular concentration of H;O,.

Although H>0O- has a low in vitro reactivity with many biological compounds, its
high mobility in the cell may allow it to diffuse to a vulnerable region and react with
a reducing agent (e.g., thiol, NADPH, flavin, diphenol) to produce the highly
damaging hydroxyl free radical, OH- (Reaction (1)). Hydrogen peroxide is also
formed during the photochemical oxidation of humic matter in natural water
systems (Cooper and Zika, 1983); this process may exert some control on algal
density.

Toxicity of hydroxyl radical generating systems
Hydroxyl radical, Ok -, is produced during the oxidation of thiols by H;0,, e.g.,

GSH + H,0, — GSSG + H,O + OH- 3)

TABLE IX

Toxicity of hydroxyl radical generating systems to Nitzschia closterium in sea water

Thiol® Catalyst® H,O, added before or  Algal growth rate
after algae® (% of control)

GSH nil nil 105

GSH nil before 88

GSH nil after 69

cysteine nil nil 95

cysteine nil before 85

cysteine nil after 37

nil Fe-EDTA nil 89

nil Cu-phen nl 81

nil ml after 40

cysteine Fe-EDTA ml 92

cysteine Fe-EDTA before 69

cysteine Fe-EDTA after negative

GSH Fe-EDTA before 78

GSH Fe-EDTA after 72

cysteine Cu-phen before 65

cysteine Cu-phen after negative

GSH Cu-phen after 70

23 x107° M thiol.

b Catalysts were [x107> M Fe(Ill) + 2x10™° M EDTA or 1x1077 M Cu¥* + 5x1077 M
1,10-phenanthroline.

< All other reagents added to flask, then 3 x 107> M H;0; added either 5 min before algae or 30 min after.
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Reaction (3) is fairly slow, but is catalyzed by some metal complexes, including
Fe(ID-EDTA and Cu-1,10-phenanthroline (Florence, 1984). Table IX shows that,
even in the presence of a catalyst, GSH + H,O; is not especially toxic to Nitzschia;
neither is cysteine + H,O; if the H,O, and cysteine are mixed before adding the
algae. However, if cysteine is equilibrated with the algae for 30 min before adding
H,0,, a large decrease in growth rate results, and this decrease is accentuated by
catalysts (Table IX). A similar effect does not occur with GSH.

Cysteine has a much higher lipid solubility than GSH (Berglin et al., 1982; Leo
et al., 1971), and it is likely that the toxicity of the cysteine + H,O, system is due
to the production of OH - radicals in the cell membrane (Berglin et al., 1982). If
H>0, is mixed with the thiol before addition of the algae, the thiol is oxidized ex-
tracellularly, and less membrane damage occurs. Copper-1,10-phenanthroline and
Fe(II)-EDTA have some lipid solubility (Borg et al., 1984), and these catalysts in-
crease the rate of OH- production in the membrane.

CONCLUSIONS

While most ligands that form water-soluble complexes with copper ameliorate the
toxicity of this metal towards algae, lipid-soluble copper complexes are usually
more toxic than free copper ion. In addition to promoting the rapid diffusion of
copper into the cell, these lipid-soluble complexes also transport the ligand into the
membrane and cytostol, where it may exert its own toxic effect. For example,
2,9-dmp inhibits superoxide dismutase, oxine inhibits glutathione reductase, and
1,10-phenanthroline inhibits catalase. The toxicity of redox-active compounds such
as diphenols and aminophenols is due, at least partly, to the intracellular formation
of H,O,, which is highly damaging to algae. Copper ions strongly deactivate
catalase, the loss of which would weaken cellular defences against H,O;, an effect
exacerbated by the superoxide dismutase activity of Cu**, leading to the formation
of additional H,0»,

Cu?

205 + 2H* & H,0, + O,. 4)

The presence of lipid-soluble reducing agents (e.g. cysteine) plus H,O; in the algal
growth medium leads to a large decrease in growth rate as a result of the in-
tracellular formation of hydroxyl radicals.

No unambiguous explanation can be offered for the unusual ability of copper
ions to inhibit the growth, but not the photosynthesis, of Nitzschia, although the
lowering of the cellular GSH/GSSG ratio by the reaction of Cu®** with GSH may
be involved in the inhibition of mitosis.
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The effect of ionic copper and copper complexes on intraceltular thiols in the marine diatom Nitzschia
closterium (Ehrenberg) W. Smuith, and the green alga Chlorella pyrenoidosa Chick was studied using the
lipid-soluble thiol reagent, dithiodipyridine. Treatment of cells with copper ions significantly reduced the
concentration of intracellular thiol groups, whereas copper complexes and H,O: had no effect

To test the reversibility of intiacellular copper-thiol binding in N. clostertum and C. pyrenotdosa, cclls
exposed to copper (60-200 pg Cu 17') were treated with various sulfhydryl compounds and chelating
agents, with and without removal of copper from solution. Cysteine, glutathione (GSH), EDTA and
bathocuproine disulfonate were most effective 1n reversing copper toxicity, whereas oxidized glutathione,
cystine and glycine had no effect. It 1s proposed that copper (I1) adsorbed to the algae 1s reduced to cop-
per (I) by -SH groups, and bound as a Cu(l)-S-complex. Sulfhydryl compounds can reverse toxicity
through thiol-disulfide interchange reactions, allowing algal growth to recommence, and powerful
copper-chelating agents produce the same effect by withdrawing copper from the cell.

Key words: copper toxicity; sulfhydryl compounds; thiol-disulfide interchange

INTRODUCTION

Although ionic copper and lipid-soluble copper complexes are known to be very
toxic to phytoplankton (Mandelli, 1969; Erickson, 1972; Lumsden and Florence,
1983), the mechanism of the toxicity is still uncertain. It has been proposed that in-
itial copper binding on the membrane may be to protein carboxylic and amino
residues, rather than to thiol groups, because the copper-algae stability constant is
orders of magnitude lower than the thiol-copper binding constant (Gavis, 1983;
Florence et al., 1983). Following copper penetration into the cell, copper may react
with -SH enzyme groups and thiols, disrupting enzyme active sites, and leading to
a lowering of the GSH/GSSG ratio and suppression of mitosis (Florence and
Stauber, to be published). Thus, 20 pg Cu-1~! inhibits growth of Nitzschia
closterium but not photosynthesis.

During copper toxicity studies with N. closterium, we found that the toxicity of
the thiol-oxidizing agent, N-ethylmaleimide (5 x 10~7 M), could be reversed by the
addition of 5 x 10~> M thiols, such as cysteine and reduced glutathione (GSH).

0166-445X/86/%03.50 © 1986 Elsevier Science Publishers B.V. (Biomedical Division)
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Disulfide bonds may be broken by thiol-disulfide interchange reactions; these are
oxidation-reductions which allow interconversions between stable compounds
(Kosower and Kosower, 1978), e.g.

RS™ + GSSG =RSSG + GS~.

If copper also exerts its toxicity by reversibly binding and oxidizing thiol groups,
we could expect that copper toxicity would also be reversed by the addition of thiols.
It has been shown that cysteine -SH groups, oxidized to disulfides by the
copper-1,10-phenanthroline complex in air, were reduced by the addition of
sulfhydryl compounds (Kobashi, 1968). Perhaps a similar mechanism could operate
in the cell.

In this study, we examined thiol-copper binding in N. closterium by measuring
intracellular thiol groups before and after treatment with copper ion and copper
complexes, and the reversal of copper toxicity in N. closterium and Chlorella
pyrenoidosa by sulfhydryl compounds.

METHODS

Algal cultures

The unicellular marine diatom, Nitzschia closterium (Ehrenberg) W. Smith was
cultured in f medium (Guillard and Ryther, 1962) with trace elements and the iron
concentration halved. The freshwater green alga, Chlorella pyrenoidosa Chick, was
maintained in MBL medium (Stein, 1973). Both species were originally obtained
from the CSIRO Division of Fisheries Algal Culture Collection. Cultures were
maintained axenically on a 12:12 h light/dark cycle (6400 lux) at 21°C.

Growth rate experiments

Toxicity of copper, and its reversal by sulfhydryl compounds, was studied using
algal assays described previously (Lumsden and Florence, 1983). Algal assays using
N. closterium were done in filtered (0.45 um) unsupplemented seawater collected 2
km off Port Hacking, N.S.W. C. pyrenoidosa assays used 50 ml standard softwater
(NaHCOs, 48 mg-17!; CaSO4-2H,0, 30 mg-1~%; MgSOs, 30 mg-1~"'; KCI, 2
mg - 1) with the addition of 1 ml of 0.5 M HEPES buffer (pH 7.0), 0.5 ml NaNO;
2.1 g-17Y and 0.5 ml K; HPO;4 (0.22 g-17'). Cell density was measured initially
and on 4 subsequent days by counting microscopically in a haemocytometer. After
exposure for 24 or 48 h to sublethal copper concentrations (60-200 ug Cu-171),
which inhibited cell division, test compounds were added to the assay flasks, with
and without the removal of copper by centrifugation and washing. Growth rates
after addition of test compounds were compared to growth rates in the presence of
copper only. Blank cultures, not exposed to copper, were used as controls, with and
without each test compound.
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Determination of intracellular thiol groups

Two methods were used to measure intracellular thiol groups after exposure for
24 h to copper and copper complexes; the method of Roberts and Rouser (1958) and
Alexander (1958), using N-ethylmaleimide, and a modified version of the method
of Grassetti and Murray (1967), using the lipid-soluble thiol reagent,
dithiodipyridine. As the latter method was found to be more sensitive, only its
results are reported here.

Algae were centrifuged, washed and resuspended in 3 ml of 1 M phosphate buffer
(pH 7.2). Three millilitres of fresh 2,2’ -dithiodipyridine (2 x 10~3 M) were added
and the cells vortexed vigorously to ensure complete cell breakage. After 30 min,
cell debris was removed by centrifugation and the absorbance of the supernatant
measured at 342 and 233 nm on a Cary u.v. spectrophotometer. 2,2 -Dithiodipyri-
dine reacts with thiols to form 2-thiopyridone with a change in the u.v. absorption
spectrum. Absorbance at 342 nm for each flask was corrected for algae blanks,
without dithiodipyridine treatment, and for a dithiodipyridine blank in phosphate
buffer. The absorbance of this blank at 233 nm was used to correct for unused
dithiodipyridine in each sample. A freshly prepared cysteine standard (6 x 1077 M)
was used for calibration.

RESULTS AND DISCUSSION

Treatment of N. closterium with copper (175 ug Cu-17") for 24 h significantly
lowered the concentration of intracellular thiol groups (Table I). Only 1.68 nmol
SH/10° cells were detected in copper-treated cells, compared to 3.68 nmol SH/10°
cells in cells without copper exposure. Cedeno-Maldonado and Swader (1974), using
the N-ethylmaleimide method, also showed that cupric ions decreased the -SH con-
tent of Chlorella sorokiniana Shihira and Krauss, from 0.051 umol SH/pg
chlorophyll to 0.028 pmol SH/ug chlorophyll. To compare these values with ours,
we expressed our results on a per chlorophyll basis, using a previous chlorophyll
determination (0.75 pg chlorophyll (@ + ¢)/10° cells) for the same N. closterium
isolate grown under similar light and temperature conditions (Stauber, 1984). Our
thiol results (0.005 ymol SH/ug chlorophyll) for untreated cells are an order of
magnitude lower than those of Cedeno-Maldonado and Swader (1974), but within
the range reported for spinach chloroplasts (Hirose et al., 1971).

Only ionic copper significantly reduced intracellular thiol groups; the lipid-
soluble copper complexes Cu-1,10-phenanthroline, Cu-oxine, Cu-5,6-dimethyl-
1,10-phenanthroline, Cu-2,9-dimethyl-1,10-phenanthroline and Cu-ethylxan-
thogenate, and the water-soluble complex Cu-nitrilotriacetic acid had no effect, or
slightly increased -SH concentration (Table I). These stable complexes, although
able to penetrate the cell rapidly, apparently did not liberate free copper ion and
therefore did not reduce intracellular thiols over this period. Hydrogen peroxide
(4 x 1073 M), which is highly mobile in cell membranes and is known to react with
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TABLE |

Ccllular thiol groups (mol SH/ 10 cells) in N closterium after exposure to copper (175 ug-1~") and cop-
per complexes for 24 h

Treatment nmol SH/10° cells
Blank 3.7 £ 09

175 pg Cu-17"! 17

175 pg Cu-17", then § x 10~° M cysteine 33

175 ug Cu 17, then 5 x 10”3 M GSH 29

4 x 107°* M H,0, 3.3

Sug Cu 17" 4+ 5 x 1078 M 1,10-phenanthroline 3.8

SpugCu 17" + 5 x 1078 M oxine 4.2

SpgCul™' 4+ 5 x 1078 M 5,6-dmp® 42

SpgCu 17" + 5 x 1078 M 2,9-dmp 49

10 pg Cu-1"" + 5 x 1077 M EXA 45

20 g Cu-1"" + 2 x 107> M NTA 42

Oxine = 8-hydroxyquinoline; dmp = dimethyl-1,10-phenanthroline, EXA = ethylxanthogenate,

NTA = nitrilotriacetic acid, * one standard deviation.

thiols and to inactivate sulfhydryl enzymes (Florence, 1984), had little effect on in-
tracellular thiol concentration in N. closterium. Perhaps the oxidation of GSH by
oxidants such as H>O, is reversible, via enzymes such as glutathione reductase which
cannot function efficiently in the presence of copper.

Cells treated with copper ions for 24 h, followed by sulfhydryl compounds, e.g.
cysteine, for 24 h, had only slightly lower intracellular thiol groups compared to
unexposed cells (Table I). Coper may reversibly oxidize -SH groups within the cell,
some of which can be again reduced by cysteine and GSH through thiol-disulfide’
interchange reactions. However, washing and centrifugation appeared to remove
some thiol from the cells, so the accuracy in thiol determination is poor in these two
cases.

Cedeno-Maldonado and Swader (1974) concluded that copper-thiol binding in
Chlorella was irreversible. To test the reversibility of thiol oxidation by copper, we
treated N. closterium cells exposed to copper (60, 70 and 80 ug Cu-1~") for 48 h,
with the thiols GSH, cysteine and thionicotinamide (Table II). Growth recommenc-
ed in the presence of 5 x 107> M cysteine and GSH, with growth rates equal to
or greater than the blank without copper treatment. Similar resuits were obtained
when excess copper was removed by centrifugation and washing, before addition of
the thiol. Thionicotinamide had no effect, perhaps because of low lipid solubility,
and oxidized glutathione (GSSG) and oxidized cysteine (cystine) did not help
recovery of copper-treated cells. This suggests that copper may exert its toxicity by
oxidizing intracellular thiols, and that this process is reversible through thiol-
exchange reactions.

Copper toxicity to C. pyrenoidosa may also be reversed by the addition of
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5 x 1073 M cysteine and GSH, with growth rates much greater than copper-treated
cells, but lower than the blank (Table III).

Cysteine reversed copper toxicity more effectively than GSH in N. closterium,
whereas in C. pyrenoidosa, GSH was slightly more effective. Lipid solubility in-
dicates how well a compound may penetrate biological membranes, and n-octanol
is a reasonable model for membrane lipids. We measured the distribution ratio, D
(total concentration in n-octanol/total concentration in seawater) of cysteine, GSH
and thionicotinamide in n-octanol/seawater, and found cysteine (D = 0.43) to be
more lipid-soluble than GSH or thionicotinamide (D <0.05), in agreement with
Yoshimura et al. (1982) who found that cysteine was more able to penetrate
biological membranes than GSH.

TABLE 11

Reversal of copper toxicity to N. closterium by test compounds Cells were exposed to 70 ug Cu 1~ for
48 h before the addition of the test compound.

Capper Test compound Growth factor
(wg-179)

0 - 17
70 - 12
70 S x 1073 M cysteine 24
70 1073 M bathocuproine disulfonate 2 2
70 10~“ M EDTA 2.0
70 5 x 107° M GSH 17
70 5 x 107° M cystine 1.4
70 5 x 107* M GSSG 1.3
70 107> M glycine 1.0
70 5 x 10~* M thionicotinamide 0.8

Growth factor 1s the ratio of the final cell density after 96 h to the cell density at 48 h when the test com-
pound was added. GSH = reduced glutathione; GSSG = oxidized glutathione.

TABLE 111

Reversal of copper toxicity to C. pyrenoidosa by thiols. Cells were exposed to copper for 24 h before
the addition of the test compound.

Copper Test compound Growth factor
(ug-171

0 - 4.9

100 — 20

200 - 1.0

100 S x 107° M GSH 40

100 5 x 107° M cysteine 3.6

Growth factor 1s the ratio of the final cell density after 48 h to the cell density at 24 h when the test com-
pound was added.
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Bathocuproine disulfonate (10~ ° M), a powerful, hydrophilic copper (I) complex-
ing agent (log 81 = 19.1), was better able to reverse copper toxicity than 10~% M
EDTA, a strong water-soluble copper (II) complexing agent (log 3; = 18.7) (Table
II). There was a lag of 48 h before growth recommenced in the presence of EDTA,
due perhaps to slow transport of copper from the cell. By strongly complexing cop-
per (II), EDTA may shift the Cu(I)-Cu(1I) equilibrium towards Cu(ll), and reverse
copper toxicity by preferentially complexing copper. Glycine, which has a higher
binding constant for copper (II) (log 31 = 8.6) than has bathocuproine disulfonate
(log 8; = 5.2), but does not complex copper (I) (Smith and Martell, 1975) was
unable to reverse copper toxicity. This suggests that copper (II), adsorbed on N.
closterium, is reduced to copper (I) by -SH groups, and bound as a Cu(l)-S-
complex:

4 GSH + 2 Cu®>* =+ 2Cu-SG + GSSG + 4H*

Sulfhydryl compounds, such as cysteine and GSH, can replace the bound thiol,
and reduce GSSG by thiol-disulfide exchange reactions. Powerful water-soluble
copper-complexing agents, c.g., bathocuproinc disulfonate, appear to be able to
reverse toxicity by withdrawing copper from the cell, thus allowing growth to
recommence.
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Abstract

The mechanism of toxiaty of ionic copper and copper
complexes to growth, photosynthesis, respiration, ATP
levels and mitochondrial electron-transport chain-activity
n two marine diatoms, Nuzschia closterrum (Ehrenberg)
W Smith (Hasle, 1964) and Asterionella glacialis Castra-
cane, and one freshwater green alga, Chlorella pyrenoidosa
Chick was investigated. Copper ions depressed both cell
division and photosynthesis in A glacialts and ¢ pyre-
noidosa, whereas ionic copper concentrations which were
mhibitory to cell division 1n N. closterium had no effect on
photosynthesis, respiration, ATP production, electron
transport or membrane ultrastructure This suggests that in
N. closterium, copper does not act on the chloroplast, the
mitochondrion, or the cell membrane, since if 1t did, the
above parameters should be affected. Copper-ethylxan-
thogenate was exceptional amongst the copper complexes
in that 1t stimulated respiration, mitochondnal electron-
transport and ATP formation in N closterrum under
conditions of strongly inhibited cell division and shightly
stimulated photosynthesis Ionic copper toxicity may result
from an intracellular reaction between copper and re-
duced glutathione (GSH), leading to a lowenng of the
GSH:GSSG ratio and suppression of mitosis In addition,
copper hibits the enzyme catalase and reduces cell
defence mechanisms against H,O, and oxygen-free radi-
cals. Lipid-soluble copper complexes are more toxic than
ionic copper because both the metal and the hgand are
mntroduced into the cell Toxicity of ionic copper is amelio-
rated by trivalent metal ions in the growth medium,
including those of Mn, Co, Al, Fe and Cr which form a
layer of metal (IIT) hydroxide around the algal cell, adsorb
copper and reduce 1ts penetration into the cell. The degree
of 1nsolubility of the metal (IIT) hydroxide 1s related to 1ts
ability to protect against copper toxicity. In addition,
manganese and cobalt catalytically scavenge damaging
H,0, and superoxide radicals, respectively, produced by
the cell

Introduction

Until recently, most studies of copper toxicity to aquatic
organisms have assumed that free hydrated Cu?* 1s the
most toxic physico-chemical form of copper (Magnuson er
al, 1979). Water-soluble copper complexes including Cu-
nitrilotriacetic acid were shown to be less toxic to the
marine diatom Nuzschia closterium and the marine am-
phipod Allorchestes compressa than was 1onic copper.
whereas lipid-soluble organo-copper complexes, e g of the
fungicide 8-hydroxyquinoline, were much more toxic (Flo-
rence ef al., 1983; Ahsanullah and Florence, 1984) Lipid-
soluble complexes can diffuse directly through the mem-
brane mnto the celi, where both copper and the ligand may
exert separate toxicity Highly stable organic copper com-
plexes may form a significant fraction of the total copper
1n natural waters (Florence, 1982).

The mechamsm of toxicity of copper complexes o the
marine diatom Miuzschia closterium has been reported
previously (Florence er al, 1984; Florence and Stauber.
1986) In particular, toxiaty of the Cu(I) complex of
2,9-dimethyl-1,10-phenanthroline has been shown to be
due to reaction with H,O, within the cell and production
of highly destructive oxygen-free radicals (Florence e al.
1985) Other phenanthroline complexes may also catalyse
the production of excited oxygen species (Florence, 1984)

Evidence for the mechanism of toxicity of 1onic copper
has, however, been indirect. It was proposed that mniual
copper-binding to the cell may be to membrane protein
carboxylic and amino residues, rather than to thiol groups
because the Cu-algae stability constant 1s orders of magni-
tude lower than the thiol-Cu binding constant (Florence e/
al, 1983; Gavis, 1983) At the cell membrane, copper may
interfere with cell permeability or the binding of essental
metals (Sunda and Huntsman, 1983). Following copper
transport into the cytosol, Cu may react with -SH enzyme
groups and free thiols (e.g glutathione). disrupting en-
zyme-active sites and cell division (Stauber and Florence.
1985b, Florence and Stauber, 1986) Copper may also
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exert 1ts toxicity in subcellular organelles. interfering with
mitochondnal electron transport. respiration (Cedeno-
Maldonado and Swader, 1974). ATP production (Viarengo
er al. 1981) and photosynthesis in the chloroplast (Over-
nell, 1975)

The toxicity of copper has been shown to be alleviated
by other metals. including manganese and iron (Steemann
Nielsen and Kamp-Nielsen, 1970; Stauber and Florence,
1985a, b) Using measurements of intracetlular and extra-
cellular manganese, iron. and copper, Stauber and Flo-
rence (1985a, b) showed that copper toxicity to Nitzsclua
closterunm 1s reduced by adsorption of Cu on Mn (III) and
Fe (IIT) hydroxide coatings around the cell. Manganese
was more effective than iron. possibly due to its abihity to
scavenge the toxic superoxide free-radical (O,) Manga-
uese and 1ron, however, were unable to protect against the
toxicity of lipid-soluble copper complexes

For the present paper, we studied the mechanisms of
toxicity of 1onic copper and copper complexes to growth,
photosynthesis, respiration, ATP production and mito-
chondnal electron-transport chain (ETC)-activity m two
marine diatoms and one freshwater green alga The abihty
of Co, Al, Cr, N1 and Zn to alleviate copper toxicity to
Nitzsclhia closterium was also 1nvestigated.

Materials and methods
Algae cultures

The umcellular marine diatoms Nuzschia closterium
(Ehrenberg) W Smith (Hasle, 1964) and Asterionella
glacialis Castracane were cultured in Medium f (Guillard
and Ryther, 1962) with the trace elements and iron con-
centration halved. The N. closterium culture was axenic,
whereas A glacialis was not. Experiments to determine the
protective effect of trivalent metal 10ns on copper toxicity
used N closterium cultured in Medium f at 1/100 the
normal iron concentration (1.e, 7.9 ug Fe 1™ added as
ferric citrate) and without trace metals Chlorella pyre-
notdosa Chick was maintained 1n MBL medium (Stein,
1973) at normal and 17100 the normal Fe (1e, 6.5 ug
Fe 1) and trace metal concentrations All cultures were
maintained on a 12 h hght: 12 h dark cycle (Philips TL 40 W
fluorescent white, 6 400 lux) at 21°C Cells mn log-phase
growth were used for all experiments.

Measurement of cell-division rate

Toxicity of Cu** and Cu complexes to Nitzschia closterium
and Asterionella glacialis was studied using algal assays 1n
filtered (045 um), unsupplemented seawater as described
previously (Lumsden and Florence, 1983) Chlorella pyre-
notdosa assays used 50 m] standard softwater (NaHCOj,,
48 mgl1*, CaSO, 2H,0, 30 mgl™, MgSO,, 30mgl™,
KCI, 2mg!™) with the addition of 1 ml of 0.5 M Hepes
buffer (pH 70), 05 ml NaNO; (21gl™), and 05 ml of
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K,HPO, (0.22g1 ") Cell density was measured mitially
and on three subsequent days by counung in a haemocy-
tometer A regression hine was fitted to a plot of log (cell
density/initial cell density) vs time. and cell division rate
(1) was determined from the slope or expressed as cell
divisions day 7 (3 32 p)

Measurement of photosy nthests

Inhibiion of photosynthesis after 24 and 48 h exposure
to copper complexes was determmed by uptake of carbon-
14 carbonate, followed by removal of excess H**COj; in
acid solution, and hiquid scintillation counting 1n Instagel
(Lumsden and Florence. 1983) Results, expressed as gmol
CO, fixed h * 107 cells. were corrected for dark fixation

Measurement of respiration

Algal dark respiration rates (umol O, h™ 107® cells) were
determined 1n a sealed biological oxygen-demand bottle
using an Onion Research Oxygen Electrode. Respiration
was measured initially for 30 min and at 2, 4, 6. 24 and
48 h after exposure to copper and copper complexes

Deternunation of ATP

ATP was determined using a modified method of Holm-
Hansen and Booth (1966). After a 24 h treatment with
copper, ATP was extracted from the cells in boiling Tris
buffer (0.025 M, pH775). An aliquot of cell extract was
added to 4ml of Sigma firefly extract (reconstituted I
buffer) to a final volume of 10 ml in Tris buffer, and light
output was measured on a Packard hquid scintllation
counter. ATP 1n the cells, with correction for a firefl
extract blank, was determined from an ATP standard
curve (area under the light decay curve vs ATP concen-
tration).

Determination of electron transport chain (ETC) activity

Mitochondnial ETC activity i Niutzschia closterium and
Asterionella glacialis was determined using an aruficial
electron acceptor, 2-(p-iodophenyl)-3-(p-mitrophenyl)-5-
phenyl tetrazolum chlonide (INT). according to Kenner
and Ahmed (1975) Cells exposed to copper complexes for
24 h were centrnifuged and homogenised for 2 min 1n 6 mi
cold buffer (0.05 M phosphate pH 80, 75 uM MgSO.. 02%
Triton X-100 and 0.15% polyvinylpyrrohdone) Extracts
were centrifuged and assayed at 25°C using 1 ml extract.
3ml substrate buffer (005M phosphate pH8.0. 02%
Tnton X-100, 0.133 M disodium succinate, 8.35X 10 * Af
NADH and 24X 10 * M NADPH) and 1 ml of 25x 10 °*
M INT. After 15 mn. the reacuon was stopped with
I ml ofa 1'1 mixture of | M sodium formate (pH 3 5) and
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formalin The absorption of INT-formazan was measured
at 490 nm and corrected for a boiled homogenate blank
which was assayed in the same way ETC activity was
expressed as nmol formazan 10 *© cells

Preparation of cells for electron microscopy

Nitzschua closterium cells, exposed to copper and copper
complexes for 48 and 72 h, were concentrated by gentle
centrifugation (1000Xg for 1 min) fixed in 3% glutaral-
dehyde in 0 1 M phosphate buffer (pH 7.2) and 06 ¥ su-
crose for 1 h at room temperature. washed in buffer and
post-fixed in 1% OsO.-01 M phosphate buffer for Ih.
Samples were dehydrated through a graded acetone series
and embedded m Spurr’s low-viscosity resin Thin sections
were cut using a diamond knife on a Reichert-Jung Ultra-
tome 3. sequentially stamned in uranyl acetate and lead
catrate, and examined 1n a Philips 400 electron microscope

To detect where copper was locahized in the cell,
sections were cut to give a purple interference colour and
were collected on 300 mesh alumintum grds. The un-
stained sections were mounted in a Gatan 636 beryllum
holder and examined in a Philips EM 430 operated at
250 kV. X-ray spectra were collected with an Edax detec-
tor The cytoplasm and chloroplasts from 12 treated and
untreated cells weie exawined, ogether with the mito-
chondria from treated cells.

Trivalent metals and copper toxicity

The ability of metal 10ns to protect against copper toxicity
to Nitzschia closterium was mvestigated using the method
of Stauber and Florence (1985a). Cells were grown in
1/100 Fe culture medium with only the addition of the test
trace metal being vaned, before being washed and assayed
in unsupplemented seawater for copper toxicity.

Results
Growth

Tonic copper concentrations greater than 7.9%X107 M
were required to give a 50% reduction 1n cell division rate
i Chiorella pyrenoidosa (Table 1), similar to copper
toxicity reported for Nuzschia closterium cultured prior to
the assay in medwum contaiming 790 ug Fel™ (Stauber
and Florence, 1985 a). Unlike N. closterium, increased con-
centrations of 1ron and trace metals in the growth medium
gave no protection against copper toxicity to C. pyre-
noidosa It 1s possible that Hepes buffer. added n the fresh-
water assay, complexes rron However, in the presence of
Hepes, a ferric hydroxide precipitate was observed even
when the pH was raised, whereas 1f significant Hepes com-
plexing occurred, precipitation would be prevented Zinc
(15x107 M), Cd (09%107 M) and N1 (1 7X107 M)
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did not mhibit cell division in C pyrenordosa, Pb was
toxic 05X107 M Pb giving a 50% reduction m cell
division rate Increasing the pH from 7.0 to 8 0 did not
decrease Pb toxicity. Lead at the same concentration had
no effect on the growth of N closierium in seawater
pH82

The most toxic copper complexes tested were those of
the phenanthrolines. 2.9-dimethyl-1.10-phenanthroline
(2.9-dmp). 5.6~-dmp and 4 7-dmp. which completely mhibit-
ed cell dwision in Chiorella pyrenotdosa at concentrations
as low as 05X 1077 M (Table 1). The Cu-2.9-dmp compler
which 1s accumulated by. and highly toxic to, Nitzschia
clostertum (Florence er al, 1985). 1s reduced to the ven
lipid-soluble and highly toxic Cu(I}-2.9-dmp by H,O,
produced 1n the algal cell during photorespiration and
photosynthesis The intracellular reaction between excess
H,O, and Cu(I)-2,9-dmp produces singlet oxygen. oxygen-
free radicals and bipyndyl compounds. which cause the
extreme toxicity of the complex (Florence et al, 1985).

Bathocuprome (2,9-dimethyl-4,7-diphenyl-1.10-phen-
anthroline). which forms another stable, lipid-soluble
Cu(l) complex. completely depressed cell division in Chio-
rella pyrenoidosa PAN [4-(2-pyridylazo)naphthol] and
TAN [I-(2-thiazolylazo)-2-naphthol], which have been
shown to strongly chelate copper in seawater to yeld

Table 1. Chloiella pyrenoidosa "l'oncity of copper complexes and
other compounds Cells were grown 1n Fe/100 and trace metals/
100 dmp dimethyl-1,10-phenanthroline, PAN- 4-(2-pynd:l-
azo)naphthol TAN 1-(2-thiazolylazo)-2-naphthol — no addition

Toxicant Toxicantconc  Cuconc Cell division
(10 7 M) (10 7 M) rateas
percentage
blank®
- 79 59
29-dmp 05 031 0
5,6-dmp 25 079 0
4.7-dmp 25 079 . 0
1.10-phenanthroline 25 0.79 34
bathocuproine 25 079 0
2,2’-bipyndyl 25 079 62
2.2"-biquinoline 25 079 13
PAN 05 031 46
TAN 05 031 69
3-amtno-1.2.4-tnazole 200 - 82
p-aminophenol 10 - 93
m-aminophenol 10 - 105
ascorbic acid 1 000 - 69
resorcinol 100 - 103
catechol 100 - 95
H. 0, 500 - 66
lead 05 - 51
zinc 15 - 107
cadmium 09 - 102
nickel 17 - 95
urease 20mgl’ - 0
trypsin 20mgl! - 0
hexokmnase 20mgl* - 11
pepsin 20mgl! - 100

* Blank cell division rate (1) was 0 13910017, values are means
of duplicates
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Table 2. Nutzschia closterium and Chlorella pyrenoidosa Effect of copper, copper complexes and some
other compounds on photosynthesis Cells were exposed to copper complexes for 24 h and to onic
copper for 48 h. Each expeniment was made in duplicate, values are means and standard deviations
of replicate (5-20) experiments using all individual results for the calculations Oxine 8-hy-
droxyquinoline, dmp dimethyl-1,10-phenanthroline, EXA ethylxanthogenate, PAN 4-(2-pynidyl-
azo)naphthol, NTA nitrilotriacetic acid, APH acetylphenylhydrazine

Toxicant Toxicant conc Cu conc Photosynthesis Cell-division
(1077 M) (1077 M) (umol CO, fixed/ rate
h/10¢ cells) (divisions/d)

Nuzschia closterium

- - - 030£003 0.54+003

- - 278 035 0.31

oxine 100 - 019 <005

oxine 100 079 017 <005

2,9-dmp 1.00 0.79 031 <005

EXA 5.00 1.58 037 0.05

PAN 100 - 029 <005

PAN 100 079 028 <005

NTA 400 315 028 045

H,0, 400 - 034 <005

APH 20 - 030 <005
Chlorella pyrenodosa

- - - 0.16 0.37

- - 10 0.01 < 0.05

lip1d-soluble complexes highly toxic to Mirzschia closterium,
were less toxic to C. pyrenoidosa. Hydrogen peroxide was
less toxic to C. pyrenoidosa than to Nitzsclia closterium
(Tables 1 and 2).

Of the enzymes tested, urease and trypsin completely
depressed cell division in Chlorella pyrenoidosa (Table 1)
Urease has also been shown to be very toxic to Nitzschia
clostertum (Florence and Stauber, 1986).

Photosynthesis

It was observed previously (Lumsden and Florence, 1983)
that, although the growth rate of Nitzschia closterium was
halved by 20 ug Cul™, photosynthesis was not affected
until copper concentrations were above 100 ug Cul™. It
should be noted that our photosynthesis experiments used
higher cell densities (2X 10° cells mI™) than those used in
cell division-rate experiments (2 to 4x10% cells ml™).
Since copper inhibition of growth is dependent on cell
density (Florence and Stauber, 1986), much higher copper
concentrations were required to inhibit cell division 1n the
photosynthesis experiments

With the exception of oxine and Cu-oxine, none of the
other free ligands or their copper complexes, whether
water-soluble or lipid-soluble, had any significant effect on
photosynthesis even though they depressed algal cell
division (Table 2) Hydrogen peroxide at concentrations
inhibitory to cell division, had no effect on photosynthesis
Acetylphenylhydrazine (20X 1077 M), whuch reacts with cel-
lular glutathione and was extremely toxic to cell division
in MNuzschia closterrum, did not affect photosynthesis at
this concentration lonic copper at concentrations inhibi-

tory to cell division (27.8 X 107~ M) had no effect on photo-
synthesis in N. closterium. Inhibition of photosynthesis by
ionic copper required concentrations exceeding 3.2x 10 ° M
applied for morc than 6 h. After 24 and 48 i, when cells
were no longer dividing, photosynthesis was depressed by
40%, perhaps due to negative feedback inhibition from
accumulation of photosynthetic products, as suggested for
Chlorella pyrenordosa by Steemann Nielsen er al. (1969).
This decoupling of growth and photosynthesis in N clos-
terium was not observed in the two other algal species
tested. For both C. pyrenoidosa and Asterionella glacialis
at the same cell densities, growth and photosynthesis were
strongly depressed by 10X1077M Cu (Table2) and
1.6 X 107° M Cu(Table 3), respectively

Respiration, ATP and mitochondrial electron transport

Of the copper complexes tested (Table 4), only Cu-ethyl-
xanthogenate had a significant effect, enhancing respira-
tion in MNuzschia closterium (143% of the blank), ETC
activity (182% of the blank) and ATP production (128% of
the blank) after 24 h Copper-ethylxanthogenate may alter
the activity of the dehydrogenases which funnel electrons
into the ETC or alter components of the ETC itself ATP
formation 1s coupled to the ETC, so any compound which
enhances ETC activity, would also be expected to increase
respiration and ATP formation. Hydrogen peroxide and
catalase also significantly enhanced ETC actvity in N
clostertum.

Ionic copper at concentrations mhibitory to cell divi-
sion had no significant effect on respiration, ATP produc-
tion or ETC activity in Nitzschia clostertum Sumilarly, cop-



J L.Stauber and T M.Florence Mechamsm of copper toxicity to algae

515

Table 3. Asterionella glacialis Effect of 1onic copper on growth, photosynthesis, respiration and elec-

tron-transport chain (ETC) activity after 24 h exposure Valuest 1 SD

Compound Cell division Photosynthesis Respiration ETC acuvity
rate («mol CO, fixed/ (umol O;/h/ (nmol formazan/
(divisions/d) h/10¢ cells) 108 cells) 10° cells)
Blank 0.36 072 £024 001240.002 86.2+129
Cu(l6x10®M) <005 0.030£0 005 0016£0.004 856119

Table 4. Nuzschua closterum Effect of copper and copper complexes on respiration, mitochondral
electron-transport cham-activity and ATP after 24 h exposure Values +1SD EXA ethylxanthog-
enate, dmp dimethyl-1,10-phenanthroline, p phenanthroline, PAN- 4-(2-pyndylazo)naphthol

Treatment Respiration ETC activity ATP
(umol O,/h/10° (nmol formazan/  (ug/10° cells)
cells) 10° cells)
Blank 0 00690 0006 382+ 41 0.025+0.002
315x*MCu 0.00750.0006 457+ 55 0.02740.002
5107 MEXA+157x107 M Cu 0009+ 0 0009 69.5+ 8.3 0032+0.003
107 M 2,9-dmp+079X 107 M Cu ND 423+ 5.1 ND
107 M oxine+079%x10 ? M Cu ND 49.1+ 53 ND
10°°M 1,10p+157x107 M Cu ND 379+ 54 ND
10 M PAN+31x10% M Cu ND 324+ 42 ND
6x10* M H,0, ND 5294116 ND
Catalase 40 mg 1 ND 681154 ND

per (1.6 X 107¢ M) had no significant effect on respiration
and E1C activity i Asterionella glacialis (lable 3) It
appears that in N. closterium and A. glacials, the site of
copper action within the cell is not the mitochondrion

Ultrastructure

No effect of 1onic copper or copper complexes on the
ultrastructure of the chloroplast, nucleus, mitochrondrion
or cell membrane was observed (Fig. 1). Cells treated with
Cu and Cu-2,9-dmp (Fig. Ib, c) were swollen due to
enlarged vacuoles Copper-oxine treated cells were the
same size as untreated cells, as copper-oxine inhibited
both cell division and photosynthesis (Fig. 1a, d)

In untreated cells, no copper was detected by X-ray
spectroscopy in chloroplasts or cytoplasm. Copper-treated
cells showed copper only in the cytoplasm, not in chloro-
plasts or mitochondria

Role of trivalent metals in reducing copper toxicity

Protection against copper toxicity by Mn (III), Co (III),
Al (1I), Fe (III), Cr (IIT), Ni (II), and Zn (II), is shown n
Table 5. Manganese, Co, Al and Fe were most effective n
reducing Cu toxicity, 50 ug Cul™* being required to give a
50% reduction 1 cell division rate. compared with less
than 10 g Cul™ 1n the absence of trace metals Nickel
and zinc were unable to protect against copper toxicity to
Nuzschia closterium at the concentrations used

Manganese has been shown to be much more effective
than 1ron in reducing copper toxicity due, in part. to 1ts

Table 5. Nutzschia clostertum. Role of metal 10ns 1 protection
against copper toxicity Cells were grown at metal concentrauons
shown, prior to seawater assay for copper toxicity

Metal ion Metal 1on conc Cu conc producing 50%
in growth medium  reduction in cell-
(M) division rate (ug1™)

None - <10

Manganese(Ill) 8x 107 65

Cobalt(III) 4x10°¢ 50

Aluminmum(III) 4x107° 50

iron(III) 1x10°® 50

Chrommum(Ill) 4x10°¢ 20

Nickel(IT) 4x10°® <10

Zinc(1l) 3Ix107 <10

ability to catalytically scavenge damaging superoxide ra-
dical (Stauber and Florence, 1985b). Cobalt, which is even
more effective than manganese 1n reducing copper tox-
city, is unable to scavenge O3 but may decompose damag-
ing H,0,. We followed Co** oxidation by H,O, in sea-
water using an Orion Research oxygen electrode Excess
H,0, was determined by measuring oxygen evolved follow-
ing addition of catalase With excess Co**, the reaction
proceeded stoichiometrically, and a yellow/brown precipi-
tate of Co (III) hydroxide formed (Reaction 1) This

Co(OH); precipitate catalytically decomposes H,0,
(Reactions 2—-4):

Co(OH), + +H,0, — Co(OH), (n
Co(OH),; + H,0, = Co(OH),+ O; +H*+ H,0 )
Co(OH), + O; +H* — Co(OH), + 0, 3
net, 3)-(4) H,0, - H,0+10, “4)
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Discussion

Although very low concentrations of copper inhibited cell
division in Muzschia clostertum, photosynthesis was unaf-
fected at copper concentrations up to 24X 107° M Photo-
synthetic products accumulated, leading to enlarged cells
which were unable to divide (Fig 1). In Asterionella gla-
cialis and Chlorella pyrenoidosa, both growth and photo-
synthesis were strongly depressed by copper

Copper inhibition of photosynthesis has been observed
previously in other diatoms (Erickson, 1972; Overnell,
1975) Inhibition of cell division without an effect on
photosynthesis has been less frequently observed. Fisher
and Jones (1981) showed that, 1n Asterionella japonica,
copper-treated cells photosynthesised at normal rates, with
cells continuing to enlarge when fixed carbon could not be
excreted or utilised 1n cell divisiton Davies (1976) also
found that growth was uncoupled from cell division 1n
mercury-treated Dunaliella tertiolecta and Isochrysis galba-
na. It appears that metals such as copper and mercury may,
n some cases, inhibit the process of cell division indepen-
dently of any effect on the production of new cell matenal.

Reported effects of copper on algal respiration vary
from inhibition in Chlorella sorokimana (Cedeno-Maldo-
nado and Swader, 1974) and Amphidinium carterae (Sam-
uel, 1976), to enhancement in Nutzschia closterium (Sam-
uel, 1976) and Chlorella vulgarts (McBrien and Hassall,
1967), depending on time of exposure to copper. We found
that iomic copper had no effect on dark respiration, ATP
production or ETC activity in Nitzschia closterium and
Asterionella glacialis. It appears that the site of copper
action, at least in N closterium, is neither the chloroplast
nor the mitochondrion, since photosynthesis is inhibited
only at high copper concentrations after an effect on cell
dwvision. X-ray spectra of copper-treated cells confirmed
that copper was in the cytoplasm, and not localized in
chloroplasts or mitochondria.

Using a lipid-soluble thiol reagent, Stauber and Flo-
rence (1986) showed that treatment of Nitzschia clostertum
with copper ions significantly reduced the concentration of
intracellular thiol groups from 7X 107 to 3X 107° M SH,
whereas the copper complexes tested had no effect. It was
proposed that Cu(II) adsorbed to the algae 1s reduced to
Cu(T) by -SH groups and bound as a Cu(I)-S-complex A
large proportion of intracellular -SH groups would be
present as free glutathione (GSH), the concentration of
which has been shown to be in the range 05 to
10X 10~ M 1n many types of cells (Kosower and Kosower,
1978) Copper toxicity may principally be due to copper
binding to intracellular, rather than membrane, thiols,
since protein thiol-Cu binding on the membrane would be
expected to completely disrupt major cell functions (J.G
Robertson, personal communication, 1985). In addition,
sulphydryl compounds such as cysteine, which penetrate
the cell, can reverse copper toxicity through thiol-disul-
phide interchange reactions, allowing algal growth to re-
commence (Stauber and Florence, 1986).
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The primary toxic effect of copper may result from a
cytosolic reaction between Cu and GSH. leading to a
lowering of the reduced glutathione oxidised glutathione
ratio and suppression of mitosis 1€ .

4GSH + 2Cu?* — 2Cu'-SG + GSSG + 4H* (5)

The ratio of GSH GSSG in sea urchin eggs was found to
fluctuate regularly with the mitotic cycle. a high GSH GSSG
ratio being assoctated with cell division (Kosower and
Kosower, 1978) An increase in GSH immediately prior to
nuclear division has also been reported for Chloiella
pyrenoidosa (Hare and Schmidt. 1969) According to Reac-
tion (5), a Cu GSH ratio of 0.5 1s enough to oxidize all the
GSH. Copper-treated Nitzschia clostertum cells contain
about 2X 1072 M Cu (Stauber and Florence 1985 a), giving
a Cu.SH ratio in the cell of 2.9 Therefore, the concentra-
tion of copper in N closterium cells 1s more than adequate
to oxidise all the GSH to GSSG. and nhibit cell division
Moreover, 1onic copper was shown (Florence and Stauber,
1986) to nhibit glutathione reductase This enzyme. 1f
present in algae. 1s responsible for the reduction of GSSG
to GSH by NADPH Florence and Stauber showed that
1onic copper, Cu-2,9-dmp and Cu-oxine reduce the activity
of glutathione reductase mn phosphate buffer (pH 7 0) by
27, 24 and 69% respectively. Thus, copper oxidation of
GSH to GSSG in the cell may be 1rreversible, without the
addition of sulphydryl compounds such as cystaine In
further support for this mechanism of copper toxicity. we
have found that compounds which oxidise glutathione.
including  acetyl-phenylhydrazine, I-chloro-2,4-dinitro-
benzene and H,O,, wnhibit cell division. but not photo-
synthesis, in N. closterium.

Other mechanisms have been proposed to explain the
effect of Cu-thiol binding on cell division in algae. Davies
(1976) suggested that copper and mercury might prevent
the production of methionine which appears necessary for
cell division It has also been proposed that metals inhibit
phytoplankton cell division by binding reactive thiols on
the tubulin molecule, which 1s important in spindle for-
mation during mutosis (Sihio and Angulo, 1967, Onfelt.
1983).

Copper toxicity may also be partly due to its ability to
reduce cell defence mechanisms against H,O,, which has
been shown to be very toxic to algal growth (Florence and
Stauber, 1986) Copper inhibits the H,0,-dissociating en-
zyme catalase, possibly by displacing iron from the
enzyme active centre (Florence and Stauber. 1986) Cop-
per also has superoxide dismutase activity. leading to the
formation of more H,O, from the superoxide radical
(O3). Copper can also catalyse the decomposition of
H,0, to produce hydroxyl radical (OH-). which may
accelerate oxidative deterioration of membrane hpids
(Florence, 1984)

Stauber and Florence (1985a. b) showed that the toxi-
city of 1onic copper to Nitzschia closterium was reduced 1n
the presence of Mn(III) and Fe(IlI) hydroxides, which
coated the algal cells, effectively adsorbed copper. and
reduced its penetration mto the cell In the present paper.
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Table 6 Calculated 1 1 conditional stability constants (87) for
metal(Ill)-hydroxide complexes. with correction for C1~ complex-
Ing 1n seawater

Metal 1on log
Mn** 1370
Co®* 12 37
Fe3* 1052
Crs* 9.36
APR* 826

we have shown that other metals capable of forming
insoluble metal(IIT) hydroxides in seawater, e g Co, Cr
and Al. were also effective in reducing copper toxicity The
degree of insolubility of the metal(IIl) hydroxide may
indicate 1ts ability to protect against copper toxicity
Calculated conditional stability constants for the I:1 me-
tal(IIT) hydroxide complexes, with correction for Cl” com-
plexing 1n seawater (Ringbom, 1963), are shown in Table
6. It appears that the more stable the metal(IT) hydroxide,
the better the metal is able to reduce copper toxicity
Manganese and cobalt are most effective, followed by Fe,
Cr and Al The protective role of aluminium, a non-
essential element to the cell, provides further evidence that
reduction 1n copper toxicity is dependent on the ability of
the metal to form an insoluble metal(JII) hydroxide;
otherwisc it could be argucd that essential elements such
as cobalt and 1ron are increasing algal growth via a
nutrient effect Nickel, which has a simlar chemistry to
cobalt, cannot be oxidized in seawater to Ni(III) hydrox-
ide and 1s totally ineffective in protecting against copper
toxicity. Sumilarly, Zn(II) is ineffective. The protective
effect of manganese and cobalt js enhanced by their ability
to scavenge damaging O; and H,O,, respectively

Conclusions

The effect of copper ions on cell division, photosynthess,
respiration, ATP production, electron transport and cellu-
lar ultrastructure of Mizschia clostertum suggests that the
main toxic effect of copper 1s to act within the cytosol,
possibly by lowering the intracellular thiol concentration,
thus inhibiting cell division but not affecting the other
cellular functions. Contributory toxicity may result from
the ability of copper to inhibit the enzymes catalase and
glutathione reductase A different toxic mechanism 1s
apparently operative in Asterionella glacialis and Chlorella
pyrenoidosa, since for these algae, and unlike N closrerium,
both cell division and photosynthesis are affected by
copper For all three algal species, lipid-soluble organo-
copper complexes were much more toxic than 1onic
copper.

The addition to the algal growth medium of trivalent
metal 10ns such as Al, Fe, and Cr, or divalent metals (Mn
and Co) that can be oxidised by algae to trivalent species,
afforded considerable protection against copper toxicity
by forming a layer of hydrated metal(III) oxide around the

J L Stauber and T M Florence Mechanism of copper toxicity to algac

cell, which adsorbs copper 10ns before they can penetrate
the cell A coating of hydrated metal oxide on the cells 1s
unlikely to form in synthetic growth medium containing
strong chelators such as EDTA or NTA. because these
ligands would complex trivalent metal 1ons This probably
explains why Sunda and Huntsman (1983) found a differ-
ent protective mechanism (competitive binding) to be
operative in a chelating medium.
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ABSTRACT

Sweating was induced on the forearm of subjects by pilocarpine iontophoresis, and the sweat
collected on a small membrane filter. Zinc, cadmium, lead and copper were then determined in the
filter by anodic stripping voltammetry (ASV) using one of two alternative techniques: (a) leaching
the filter with a supporting electrolyte (0.1 M NaNO,/0.002 M HNO,), followed by ASV of the
leachate; or, (b) direct ASV analysis of the trace metals in the membrane filter using a novel
thin-layer cell. Average values found for zinc, cadmium, lead and copper 1n sweat from males were
(2g171): 720, <3, 15 and 80, respectively. Copper in sweat from females was lower (23 pgl~1) than
for males, although use of oral contraceptives appeared to increase copper concentration.

INTRODUCTION

With the increase throughout the world of blood-related communicable
diseases, non-invasive techniques for biological monitoring are receiving more
attention. Non-invasive samples include urine, feces, hair, nails, deciduous
teeth, saliva, tears, and sweat.

Analysis of chloride in sweat is used extensively for the detection of cystic
fibrosis in newborn babies [1, 2], but there has been little interest in the
determination of trace metals in sweat, mainly because of the difficulties in
collecting an uncontaminated sample of adequate size. Methods used previous-
ly for sweat collection include: (a) placing the subject in a sauna bath [3]; (b)
enclosing the subject from feet to neck in a plastic bag in a heated room [4]; (c)
after heavy exercise [5]; (d) enclosing forearm and fingers in a plastic glove and
applying heat [6, 7]; and (e) placing a hot metal billet or gel-pack on the forearm
{2]. These techniques are not only traumatic (and sometimes dangerous [1]!) to
the subject, but also involve great risk of contamination of the sweat sample
by metals.

The technique of pilocarpine iontophoresis for sweat collection [1, 2] invol-
ves passing a small constant current (1-5mA) across a pair of electrodes in
contact with the skin. The positive electrode is covered with a pad soaked in
a solution of the alkaloid pilocarpine, while the negative electrode is wet with
sodium bicarbonate solution. Pilocarpine, under the influence of the electric

*Dedicated to the memory of Professor Dr Hans Wolfgang Niirnberg.
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current, is forced into the sweat glands and, after removal of the electrodes, the
area under the positive electrode sweats profusely for 30-60 min. In this study
we placed a membrane filter over the treated area, and covered it with plastic
film. After 3045 min, the filter was removed and analyzed for zinc, cadmium,
lead and copper by anodic stripping voltammetry (ASV), either directly in the
filter using a novel type of electrochemical cell, or after leaching the filter with
an electrolyte. Choice of the correct type of membrane filter is critical to the
formation of well-shaped ASV waves and to the avoidance of contamination.

EXPERIMENTAL
Apparatus

The iontophoresis electrode is shown in Fig. 1. The positive and negative
stainless steel electrodes were covered with double thicknesses of Millipore
type AP20 pre-filters, 256 and 13mm diameter, respectively. The positive elec-
trode was wet with 0.35ml of 0.2%, aqueous pilocarpine nitrate (Sigma), while
the negative electrode was wet with 0.15ml of 0.25 M NaHCO,. The current
source consisted of 4 x 9V dry cells and a potential dividing circuit with a
0-5mA milliammeter [1, 2].

The ASV electrochemical thin-layer cell for direct trace metal analysis in
the filter paper [8, 9] is shown in Fig. 2. This cell was interfaced [10] to an EG
and G Princeton Applied Research Model 384 Polarographic Analyzer. Anodic
stripping voltammetry analysis of the membrane filter leachates at a hanging
mercury drop electrode (HMDE) was made using the Model 384 with the Model
303 Static Mercury Drop Assembly.
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Fig. 2. Electrochemical thin-layer cell for anodic stripping voltammetry in membrane filter discs.

General Procedure

The inner forearm of the subject was washed with 1% Extran-300 (BDH)
detergent, rinsed with high purity water (Millipore Milli-Q), then dried with
Whatman 542 filter paper. The iontophoresis electrode complete with pilocar-
pine- and NaHCOQOssoaked pre-filters, was pressed firmly on the washed area.
The voltage was slowly increased until a current of 1.0-1.2mA was passing
between the electrodes, which was then maintained for 2min. The current
produces a slight tingling or burning sensation in the skin. The applied voltage
needs to be periodically reduced during this period to limit the current to
1.0-1.2mA. The resistance of skin varies considerably, so the necessary voltage
varies with the individual. The electrode was then removed, the area under the
electrode washed thoroughly with water, then dried completely by blotting
with Whatman 542 papers. If ASV at a hanging mercury drop electrode
(HMDE) was to be used for analysis, a pre-weighed acid-washed Millipore
25-mm HATF (0.45 um pore size) membrane filter was placed on the circle of
skin which was under the pilocarpine electrode, the paper covered with a
square of acid-washed Parafilm (American Can Co.) and the whole area wrap-
ped tightly with clear plastic household lunch-wrap. After 30—45 min the Par
afilm was removed and the HATYF filter, wet with sweat, was weighed in a small
acid-washed plastic vial to determine the weight of sweat collected (typically
0.05-0.07g). Supporting electrolyte (5ml of 0.1 M NaNO,;/0.002M HNO,),
prepared from Merck Suprapur reagents, was then added to the vial which was
then shaken to extract the sweat. The electrolyte was decanted into the cell of
the polarographic analyzer and ASV analysis carried out. Blanks were deter-
mined by treating a blank membrane filter in the same manner, and standar-
dization was achieved by standard addition.
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When the thin-layer cell (Fig. 2) is used for ASV analysis, the sweat collec-
tion procedure is the same, except that two 13-mm HATF membrane filters were
placed under the Parafilm. The two filter discs were then dropped into the
cavity of the cell bottom, and the cell screwed together to compress the papers
between the electrodes. The glassy carbon electrode was covered with an in
situ-formed mercury film. Anodic stripping voltammetry analysis with 1 min
deposition at — 1.4V versus Ag/AgCl was then performed to yield labile metal.
To determine total metal, one of the discs was replaced by another HATF filter
to which 0.05ml of 0.1 M NaNO;/0.002 M HNQ, had been added. Compression
mixes the solution in the two discs. Standardization was carried out in a similar
manner by using a disc treated with a standard solution.

Contamination of the sweat sample during collection was minimised by
careful preliminary washing of the forearm with a metal-complexing detergent
(Extran-300) and the use of acid-washed Parafilm to cover the membrane disk
during sweat collection. To provide some evidence that contamination was not
occurring from exogenous sources or from flakes of skin, an experiment was
carried out with one filter, then replaced with a fresh disc and collection
carried out in the same spot for another 30 min. If significant contamination
was occurring from the skin or the covering, the first membrane disc may have
been expected to have a higher trace metal content. However, no significant
differences were found.

nAx10?

|
-1 -09 07 -05 -03 -01 01
V vs Ag/Ag Cl

Fig. 8. Anodic stripping voltammogram of sweat using the 0.1 M NaNOQ,;/0.002 M HNO, leaching
procedure.
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Fig. 4. Direct anodic stripping voltammetry of trace metals in eweat using the thin-layer membrane
filter electrode.

RESULTS

Typical ASV voltammograms obtained for sweat using the leaching
procedure and the thin layer cell are shown in Figs 3 and 4, respectively.
Results for zinc, cadmium, lead and copper in sweat using the leaching method
are given in Table 1. Ten measurements on one male, over a period of 5 months
gave values of 650 + 250, <3, 21 + 9, and 70 + 22pugl™! for zinc, cadmium,
lead and copper, respectively. The depression of zinc, cadmium, lead and copper
spikes by sweat (0.05 g) in the 0.1 M NaNQ,;/0.002 M HNO, electrolyte were (%):
88; 30; 8; 12, respectively. It is likely that the depression of the ASV waves is

TABLE 1

Zinc, cadmium, lead and copper in sweat

Sex Number of n® Concentration (ugl™?)
subjects
Zn Cd Pb Cu
M 9 27 720 + 270 <3 15 + 10 80 + 39
F* 6 14 730 + 210 <3 8+5 23+ 9
Fe 7 11 750 + 320 <3 25 + 11 85 + 45

2n = total number of measurements.
bNot using oral contraceptives.
°Using oral contraceptives.
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due to protein, since human serum albumin depressed the metal waves in a
similar pattern. The complexing capacity of sweat was 6 x 107% M for copper,
and >2 x 107*M for zinc, although the high zinc value is probably due to
protein fouling the electrode, rather than by actual zinc complexing [11]. Wet
ashing of the membrane filter, followed by ASV analysis, showed that the
NaNOQO;-HNO; electrolyte extracted more than 90% of the trace metals from the
sweat collected.

The size distribution of the metal species in sweat was investigated by
extracting the sweat from the filter with 0.1 M NaNQ,, then ultrafiltering it
through an Amicon Centricon-30 micro concentrator (30000 M.W. cut-off) and
carrying out ASV on the ultrafiltrate. Analysis of single sweat samples in this
manner from two male subjects showed that the ultrafilterable fractions (%) of
zinc, lead, and copper were 85 + 10,42 + 8, and 100 + 8, respectively. Similar
results were obtained using a Centricon-10 tube (10000 M.W. cut-off).

Choice of membrane filter is critical to ASV analysis of sweat. Hydrophobic
materials (e.g. Teflon) treated with wetting agent (e.g., Triton X-100) cannot be
used because the wetting agent usually causes severe depression of the metal
waves. Other materials, such as cellulose and cellulose nitrate, strongly adsorb
metal ions, even in the NaNO,—HNO, electrolyte, whereas some filter materials
were s0 high in metal impurities as to be useless. Of many membrane filters
tested, by far the best was Millipore “Polyvic” (BSWP), a polyvinyl chloride
membrane made hydrophilic during the manufacturing process. The Polyvic
membranes had good water absorption, were mechanically strong, did not
adsorb metal ions, and had no effect on the ASV waves. Unfortunately, how-
ever, Millipore recently ceased production of these filters. The only other filter
found to be acceptable was the Millipore type HATF, a cellulose acetate
membrane. It does not absorb water as rapidly as the polyvic, and so requires
45 min sweat collection time, but in all other respects is equal to Polyvic.

Insufficient ASV data on sweat have been accumulated with the thin-layer

TABLE 2

Composition of sweat (pH 5 2)

Compound Conc. (mgl1~?)
NaCl 800
KCl 910
CaS0,-2H,0 200
MgS0O,-7TH,0 88
Lactic acid 1470
Urea 300
Histidine HCl 240
Alanine 920
Glycine 280
Citrulline 152
Urocanic acid 76

Protein 350
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TABLE 3

Reported values for zinc, cadmium, lead and copper 1n sweat

Sex Concentration (ugl™!) Ref
Zn Cd Pb Cu
M 58 + 13 13
M 1150 + 300 6
M 84 + 53 3
M 500 + 480 51 + 42 550 + 350 7
F 1250 + 770 118 + 72 1480 + 610 7
M 12 12

cell to compare the results with the leaching/HMDE technique, although
preliminary indications are that the two methods produce similar metal con-
centrations.

DISCUSSION

The approximate composition of sweat [4] is shown in Table 2, and literature
values for zinc, cadmium, lead and copper in sweat are given in Table 3 [12, 13].
Although there is reasonable agreement between the zinc values found in the
present study (Table 1) and by previous investigators (Table 3), we found lower
values for cadmium and lead, and much lower copper than reported by Hoh-
nadel et al. [7]. In addition, unlike Hohnadel et al., we did not find a sex-based
difference for zinc and lead in sweat. These authors also reported that oral
contraceptives had no significant effect on trace metals in sweat. Our results
suggested that copper in the sweat of females, which was significantly lower
than the male copper level, was elevated to the male concentration by taking
oral contraceptives (Table 1). However, more data would be required to esta-
blish this point.

The most likely source of trace elements in sweat is blood serum; labile

TABLE 4

Trace metals in whole blood, serum and sweat

Metal Concentration (ugl=!)

Blood Serum Sweat®
Zn 8500 950 720
Cd 0.8 < 3
Pb 200 10 15
Cu 950 1050 80

& Males, this study.
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metals dissociate from proteins under the influence of the concentration gra-
dient existing across the blood capillaries, and diffuse through the capillary
walls into the sweat glands [14]. Table 4 compares trace metal levels in whole
blood, blood serum, and sweat [15]. It is apparent that the concentrations of
zine, cadmium and lead in serum and sweat are very similar, whereas copper
is much lower in sweat than in serum. Copper in serum is mainly (95%,) present
as the protein ceruloplasmin, in which copper is tightly bound [16]. Exchange-
able copper in proteins and low molecular weight copper complexes represent
only 5%, of serum copper [16, 17]. In addition, it has been suggested that 10-15%,
of copper in ceruloplasmin is moderately exchangeable [16]. Our ultrafiltration
experiments on sweat show that nearly all of the copper and zinc are present
as low (< 10000 M.W.) molecular weight species. The lower sweat copper values
found for females was surprising, since serum copper for males and females is
very similar [15]. It is possible, however, that there is a sex-based difference in
labile copper in serum.

Abnormal copper/zinc ratios in blood serum are indicative of certain disease
states, including leukemia [18]. If it could be shown that there is a correlation
between copper and zinc in blood and sweat, analysis of sweat samples would
be a convenient, non-invasive technique for diagnosis. Also, lead in sweat may
be useful for occupational hygiene monitoring of factory workers handling
lead, again if there is indeed a relationship between whole blood lead and lead
in sweat. A comprehensive survey is at present being undertaken to compare
trace element concentrations in blood serum and sweat taken from individuals
on the same day.
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INTRODUCTION

Aborigines at Angurugu, a small township
on Groote Eylandt (G.E.) in the Gulf of
Carpentaria, Australia, have a high incidence of
the neurological disturbances referred to as the
Groote Eylandt Syndromes (Cawte, 1984).
One syndrome, probably a form of motor
neurone disease, is characterized by weakness
in the legs and onset occurs in early childhood.
The second syndrome is characterized by a
cerebellar syndrome and oculomotor distur-
bances, with onset in middle age (Kiloh et al.,
1980; Kilburn, 1986).

It has been suggested that this endemic
disease may be caused by high environmental
manganese, as similar neurological symptoms
have been found in South American miners
suffering from manganese poisoning (Cotzias
et al., 1968). Manganese, absorbed through
the lungs and gastrointestinal tract is cleared
quickly from the blood and deposited in
tissues, particularly the liver, kidney, pancreas
and brain. Manganese is excreted in the feces
via bile, with very little excreted in the urine
{(Piscator, 1979; Keen et al., 1984). Because
manganese has a short biological half-life - 4
days for the fast fraction (30%) and 40 days for
the slow fraction - monitoring manganese at
the low levels found in blood and urine can
only indicate relatively recent exposure.

The most convenient record of manganese
exposure over a few months is the manganese
concentration in scalp hair, which grows at a
rate of 1-2 cm per month (Hopps, 1977).
Problems in using scalp hair include pre-
treatment of the hair before manganese analy-
sis, and distinguishing between endogenous

(manganese that enters the hair via blood
supply to the hair follicle) and exogenous
sources of manganese (including dust and
sweat) (Chittleborough, 1980).

We have monitored manganese in scalp hair
in more than 100 Groote Eylandters in an
attempt to determine if the Aboriginal
population of Angurugu has a significantly
higher manganese intake than other popula-
tions. Manganese in blood, sweat and urine
samples from affected and non-affected individ-
uals, and in hair, blood and tissues from dogs
and melomys (a bush mouse) living in
Angurugu have also been determined.

METHODS

Scalp hair samples were collected from the
nape of the neck, cut and then washed in 25 ml
of non-ionic detergent (0.5% Triton X-100) in
an ultrasonic bath for 15 minutes. Hair
samples were rinsed with distilled water
through a pierced Whatman 542 filter paper,
rinsed with methanol and air dried before
manganese, copper, zinc, lead, cadmium and
iron determination by neutron activation
analysis (NAA) and anodic stripping
voltammetry (ASV). To ensure that all the
dust was removed, G.E. roadside dust
containing up to 4% manganese, was rubbed
into the hair, shaken overnight and the hair
washed in the same manner. The washed hair
was also analyzed for aluminum, which is
present at high concentrations in the dust. The
washing procedure effectively removed all
surface dust and gave reproducible results for
multiple hair samples from the same person.

Please send requests for reprints to Jennifer L. Stauber.
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Manganese in dust trapped in the hair before
sampling may be solubilized in sweat, incor-
porated into the hair shaft and measured as
endogenous manganese. Experiments were
conducted to determine how much manganese
in hair was from this exogenous source, and
whether it could be selectively leached from the
hair. Hair was shaken overnight in a large
excess of roadside dust in synthetic sweat +
protein * sebum and in sauna-collected sweat,
and manganese uptake measured. Hair was
shaken for periods of up to one month in sweat
containing radiolabeled Mn to determine
manganese incorporation into hair from sweat.

Manganese in whole blood was determined
by atomic absorption spectroscopy (AAS) at
the Prince of Wales Hospital, N.S.W.
Manganese in urine and sweat was determined
by inductively coupled plasma emission
spectroscopy (ICP). Tissue manganese
concentrations in dogs and melomys were
analyzed by NAA. Two dogs from Angurugu
were flown to Sydney, washed and pardly
shaved. Blood, hair and liver biopsies were
taken immediately on arrival in Sydney and at
monthly intervals. After three months, the
dogs were killed and tissue manganese
concentrations compared to those of a control
dog from Sydney.

RESULTS AND DISCUSSION

Manganese in the scalp hair of Aborigines
and Caucasians living in manganese and non-
manganese areas is shown in Table 1.
Aborigines at Angurugu had much higher hair
manganese (means of 34 and 77 ppm for males
and females, respectively) than Aborigines in
non-manganese areas, e.g., Gove Peninsula,
where the mean was only 2 ppm Mn.

TABLE 1. Manganese in Scalp Hair.

STAUBER ET AL.

Although Caucasians at Angurugu had lower
hair manganese than the Aborigines, it was
much higher than Caucasians living in
Sydney. Scalp hair concentrations in Sydney
controls (0.6-1.2 ppm) were in agreement with
hair manganese values reported previously
(Gordus, 1973; Sky-Peck and Jospeh, 1983).
We have no evidence to suggest that black hair
concentrates manganese more than white hair
as reported by Cotzias (1964). Samples of
grey and black hair from an elderly Aborigine
had the same manganese content, as did black
and white hair from a Groote Eylandt dog.
Individuals affected with Groote Eylandt
Syndrome did not always have high hair
manganese. The manganese exposure which
caused the neurological damage may have
occurred many years previously and was,
therefore, not detectable in a few months'
growth of hair.

Lead, copper, cadmium, iron and zinc were
determined in a number of Aboriginal hair
samples and were all within the normal range:
lead 1-11 ppm, copper 8-28 ppm, cadmium <
0.1-0.5 ppm, iron < 16-94 ppm and zinc 30-
177 ppm.

Manganese uptake into hair was examined
to determine whether high manganese in the
hair of Angurugu Aborigines was endogenous,
reflecting the mobile body store of manganese,
or exogenous from dust solubilized in sweat
and incorporated into the hair. We attempted
to find a selective leaching agent which would
remove exogenous manganese without
leaching endogenous manganese from hair.
The most effective leaching agents were 0.1 M
HCI (pH 1.0) and 0.1 M cysteine-HCI (pH
1.34), followed by 0.025 M HCI (pH 1.34),
0.1 M DCyTA (pH 5.5), 0.1 M EDTA, 0.1 M
oxalic acid, 0.1 M ascorbic acid, 0.1 M peni-
cillamine and 0.1 M diethyldithiocarbamate

Mn(ppm)

Subjects n x Range
Male Aborigines - Angurugu 28 34 3-120
Female Aborigines - Angqurugu 15 77 21-240
Male Caucasians - Angurugu 8 94 0.6-24
Female Caucasians - Angurugu 7 14 5-28
Aborigines - Gove 10 20 <17
Caucasians - Sydney 5 09 0612
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which was least effective. Although nearly
100% of sweat-induced manganese was
removed by 0.1 M HC! and cysteine-HCl,
these reagents also extracted some of the endo-
genous manganese. Ultrasonication with 0.1
M DCyTA for 1 hour did not remove any
endogenous manganese, but extracted only 15-
40% of the exogenous manganese, with the
percentage extracted decreasing with increasing
exposure time to manganese. We were unable
to find a leaching agent which was suitable to
pretreat all hair samples before analysis.

Lactic acid in sweat was found to reduce
manganese in dust (present as Mn(IlI) and
Mn(IV)). The maximum amount of manganese
that could be dissolved from roadside dust
(containing 4% Mn) was 1120 pg Mn L1 of
sauna sweat (Table 2). Incorporation of man-
ganese into hair from sweat was a linear
function of the manganese concentration in
dust (Fig. 1) with most manganese being
incorporated within the first four days of
shaking. Uptake of manganese was unaffected
by addition of a fresh manganese solution each
day, or by shampooing the hair each day. The
average concentration of manganese in air dust
collected from Angurugu was 1.7%. At most,
this could lead to 500 pg Mn'! dissolved in
sweat and from Fig. 1, an incorporation of up
t0 15 ug Mn g-! hair, This suggests that the

433

TABLE 2. Solubility of Manganese from
Groote Eylandt Roadside Dust in Sweat.

Solution pgMnL!
Distilled Water 80
Synthetic Sweat 800
Synthetic Sweat + Protein 640
Synthetic Sweat + Sebum 840
Sauna Sweat 1120

elevated hair manganese of Caucasians living
in Angurugu (9.4 and 14 ppm for males and
females, respectively), originates entirely from
this exogenous source. Exogenous mangan-
ese, however, cannot account for hair man-
ganese levels of up to 240 ppm in Angurugu
Aborigines. The Aboriginal diet of damper,
bush tucker and billy-boiled tea (which
contains 2000 pg Mn L'1), may contribute to
high hair manganese levels in Angurugu
Aborigines.

Manganese in hair, sweat, urine and whole
blood from three brothers from Angurugu, two
of whom are affected by G.E. Syndrome, is
shown in Table 3. Hair manganese was
elevated in all three brothers, whereas
manganese in urine and sweat were within the
normal range (Piscator, 1979). Manganese
was elevated in the blood of both affected
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FIG. 1. Uptake of Manganese from Synthetic Sweat into Hair.
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TABLE 3. Manganese in Hair and Body Fluids for Three Brothers from Angurugu.

Manganese
Whole Blood Urine Sweat Hair
Subject (ngLh (ug g Creatinine) (gL (ng g™
Unaffected 25 <05 30 32
Mild G E. Syndrome 41 1.1 1.1 29
Severe G.E. Syndrome 42 <03 52 15

Aborigines, compared to the unaffected control,
although all three values were higher than the
normal range of 7-12 pg Mn L! (Piscator,
1979). Manganese in blood appears to be the
best indicator of individuals affected by G.E.
Syndrome.

Tissue manganese concentrations may also
be useful to determine body burden of
manganese. We measured manganese in
Aboriginal teeth, tissues of bush mice
(melomys) and dogs from Angurugu. Very
little manganese accumulates in teeth: 1-3 ug
Mn/g tooth and < 0.43 pg Mn/g root were

TABLE 4. Manganese in Tissues of
Angurugu Melomys Compared to a Laboratory
Rat.

Mn (ppm fresh weight)

Tissue Melomys Rat

Liver 22 21

Kidney 1.2 12
Pancreas 33 16

Spleen 17 03

Heart 0.78 0.28

Lung 0.65 045
Cerebellum 12

Cerebral Cortex 0.50 0.38 (Bran)

found in teeth from three Angurugu
Aborigines. Tissue manganese concentrations
in melomys trapped around Angurugu were
compared to control laboratory rats (Table 4).
In this mammal, manganese appears to
concentrate in the spleen, heart, pancreas and
brain.

Manganese in hair, serum and tissues of
two dogs from Angurugu were compared to
manganese in a Sydney control dog. Both
dogs initially had high hair manganese,
particularly dog 2. However, hair which
regrew after the dogs were removed from the
manganese environment for one month was
much lower in manganese (Table 5). This
suggests that manganese available for uptake
into the hair was cleared from the blood very
rapidly. Serum manganese in both dogs one
month after removal from Angurugu, was as
low as that in the control dog. After three
months in Sydney, higher manganese concen-
trations were still found in the adrenal glands,
lungs and duodenum of both dogs than in the
Sydney control dog (Table 6). Dog 2 with
initially high hair manganese, also had high
manganese in the liver and brain (choroid
plexus and corpus striatum). It has been
suggested that manganese may cause
neurological lesions because it catalyzes the
auto-oxidation of neurotransmitters, e.g.,

TABLE 5. Manganese in Hair and Serum in Two Dogs from Angurugu Immediately
After Arrival in Sydney and One Month Later.

Mn (ppm)
Tissue Date Dog 1 Dog 2 Control
Harr 13386 11 259 -
Hair 23486 1.1 06 05
Serum 13.3.86 59 139 -
Serum 23.4.86 47 6.1 95
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TABLE 6. Manganese in Tissues of Two Dogs, Three Months After
Removal from Angurugu, Compared to a Sydney Contral Dog.
Mn (ppm dry weight)
Tissue Dog 1 Dog 2 Contro!
Liver 78 111 77
Lung 1.24 1.55 0.8
Pancreas 4.09 4.24 4.78
Duodenum 204 233 142
Adrenals 152 1.63 0.30
Spleen 127 .90 1.43
Kidney Cortex 6.38 7.79 6.79
Choroid Plexus <17 329 37
Corpus Striatum 1.78 54 1.87

dopamines in the brain (Donaldson, 1980).

While scalp hair may be useful in
determining a population's overall exposure to
manganese, interpretation of the data is
difficult without careful study to separate
endogenous and exogenous sources of
manganese. We are, at present, monitoring
manganese along the length of scalp hair and
comparing this to manganese in pubic hair, to
understand the contribution of exogenous
manganese. Blood and tissue manganese levels
may be more useful to determine body burden
of manganese and to indicate individuals
affected with Groote Eylandt Syndrome. We
hope to obtain autopsy samples from both
affected and unaffected Angurugu Aborigines to
gain further insight into the relationship
between manganese and Groote Eylandt
Syndrome.
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Ecological Studies of Manganese on

Groote Eylandt

T.M. Florence, J.L. Stauber and J.J. Fardy,

CSIRO Division of Energy Chemistry,
Lucas Heights, NK.S.W.

1. Introduction

Most manganese salts have low acute toxicity, and mangénese was
thought for a long time to be one of the most Innocuous of elements [1].
The long-term (chronic) toxicity of manganese was recognized later, as a
result of neurological disorders\uith symptoms similar to Parkinmson's
Disease appearing in some manganese miners, particularly those in Chile
E

Groote Eylandt has extensive and rich manganese deposits which »
nined and provide a valuable export for Avstralia. The main ABborigi:i~.
village of Angurugu is situated in one area of manganese nineralizatliosu,
with high soil and plant manganese. A small number of Aborigines have
developed unusual neurological problems which are somewhat similar to,those
reported for miners suffering from manganese intoxication, and it was
important to determine if these problems (the “Angurugu Syndrome™) were
associated with excessive manganese intahie.

In this respect, an obvious question i1s: “If all the inhabii -
Anpurugu are uniformly exposed to high levels of manganese, whv arr cai-
1-2% of the population affected?” ‘Tnis question can be answered on tne

basis of individual susceptibility. In the Chilean manganese mines, less

than 5% of the miners developed chronic manganese toxicity; one miner may

have been severely affected while his workmate, working beside him for the
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same length of time, and exposed to the same concentrations of manganese in
air, showed no toxic symptoms whatsoever [3]. This phenomenon of
individual susceptibility has been observed with other metals such as lead,
mercury and beryllium, and also with tobacco smoking. Most people know of
a relative or friend who has smoked heavily all his 1life yet has not
developed lung cancer or any of the other smoking-related diseases.
Others, with a much lower tobacco usage, succumb quickly. The differences
in ability to cope with toxicants 1s believed to result from individual
variations in uptake rate and clearance rate of the toxicant, and the
inducibility of enzyme systems which detoxify the foreign conmpound. In -
case of manganese, the most importaant factor is believed [4] to be the
differences in the excretion ability of the liver and kidneys.

This study was undertaken to establish manganese concentrations in the
environment and diet of Groote Eylandt Aborigines, and to compare the
results with world average concentrations.

2. Toxicology of Manganese

Donaldson and co-workers [S] have shown how the neurotoxicity of
manganese could arise as the result of Mn(IIL)/Mn(III1) catalyvsis of dopami-»
oxidation in the brain. Our ouwn studies at Lucas Heights indicate that the

relevant reactions are:

mZ + 0, — M3+ 0, (1)
- +
mZ 0,7 + 20— ¥ 4+ 0,0, ()
+
net, (1) + (2); 2Mn2" + 0, + 2080 — 22m3" + n,0, (3)

Hoq \T*J + 20T ; U+ 2+ 2 (L)
HO L~
H, NH,

dopamine dopamine quinone
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Reaction (1) proceeds only in the presence of a manganese(IlI)-~complexing
ligand (such as pyrophosphate, citrate or xanthine) and dopamine. The
products of manganese and dopamine oxidation, ie, hydrogen peroxide and
dopamine quinone, are strongly neutrotoxic. Catalase, the enzyme
responsible for destroying H50, is low in the brain, and superoxide
dismutase, the enzyme which dissoclates superoxide radical (05?), is
unevenly distributed [6]. Manganese(II), however, efficiently catalyzes
the dissociation of Oét. Superoxide radical, normally considered a
dangerous species in biological systeams, is nevertheless essential in the
brain for the synthesis of the neutrotransmitters, norepinephrine and
serotonin [7]. A certain level of manganese may also be essengial to
participate in vital redox reactions, but too high a concentration could
lead to serious toxic effects.

The neurotoxic effects of excess manganese may be, (1) reduction of
dopamine concentrations, (1i) production of toxic dopamine oxidation
products (quinones and semi-quinones), (1iii) production of hydrogen
‘peroxide (iv) destruction of superoxide radical. Other metal ions, such as
Cu2+and Fe2+, can also catalyze these reactions, but they are usually
tightly bound in enzymes, and not free to participate in reactions such as
(1)-(4).

3. Blood Analyses

The determination of manganese in blood is of little use for the
diagnosis of chronic manganese poilsoning [3]. Manganese miners with severe
symptoms of manganism, after removal from the workplace, usually had normal
manganese—in-blood concentrations [3]. On the other hand, apparently
healthy miners, working in the mine, had high blood manganese. Manganese
in the human body is characterized by two half-lives of 4 and 40 days, so
blood manganese can only give an indication of recent exposure, and
provides no information about the body store of manganese [2].

Nevertheless, for equally exposed individuals, high blood manganese may
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indicate those with enhanced uptake mechanisms and/or deficient clearance
mechanisms.

Results for catheter-collected (Jan 1987) blood from Groote Eylandt
inhabitants are given in Table 1. The manganese values were determined by
Mr Graham Hams, Clinical Chemistry Department, Prince of Wales Hospital.
Neutron activation analysis was also carried out at Lucas Heights on some
of the bloods and, in general, good agreement was obtained.

The average blood manganese (pg/L) for the four groups (Table 1) were:
GEMCO workers (omitting No. 1), 8.4; Caucasians in Angurugu, 7.3; affected
Aborigines (omitting No. 7), 36.1; unaffected Aborigines, 18.9. The normal
range for manganese in blood is 6 to 12 ug/L, with a mean (Sydney) of about
8.5 pgMn/L. The Caucasian inhabitants of Groote Eylandt have blood
manganese values close to this mean, but Aborigines unaffected by the
Angurugu Syndrome have double the Caucasian blood manganese, and those
affected, four times. The affected Aborigines also had low hemoglobin
(normal range.12—l8 g/dL) and lovw ferritin (normal 25-150(F), 75-~260(1)
ug/L). Therefore, in additiom to high blood manganese, thev have a low
iron status (anemia). |

One sample of cord blood from am Angurugu baby delivered in Gove had 41
ugMn/L, even though the mother's blood was normal (7.2 ugMn/L) and the
concentration of manganese in the placenta was low (0.12 ug/g dry wt.).

4. Factors that Exacerbate Manganese Toxicity

The following factors are known to increase the toxic effects of
manganese [8].
(a) Llow iron{anemia). Iron and manganese have a similar uptake mechanism:
anemic individuals have enhanced absorption of both iron and manganese, and
are known to be more susceptible to the toxic effects of this element [2].

(b) Chronic infections. Infections cause an fncrease in the production of

H202 and free radicals in the body, putting greater strains on the abil{ity
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of the cellular and extracellular antioxidants to scavenge these toxic
substances, already produced in excess by the catalytic action of excess
manganese. Some natural antioxidants are vitamins C and E, glutathione
and free radical-dissociating enzymes.

(c) High alcohol intake. The metabolism of ethanol liberates H0; and

free radicals, and depletes the liver of the antioxidant glutathiome.

(d) Low dietary calcium. Manganese can displace calcium from nerve

endings and hence disrupt the central nervous system. This is more likely
to happen in an individual with high manganese and low calcium status.

(e) Low zinc status. Zinc protects sulfhydryl groups (e.g., glutathiome)

from oxidation by H30p and freec radicals. These compaunds are thereflore
more susceptible to manganese toxicity when zinc 1s depleted.

5. Nanganese in sweat and urine

Three Aboriginal brothers from Angurugu, one deemed as severely
affected by the Angurugu Sydrome, one moderately affected, and one
unaffected, were brought to Sydney for medical tests. In all three cases,
the urine (<0.3-1.1 pgMn/g creatinine) and sauna sweat (3-11 ugMn/L) were
within the range found for Lucas Heights controls.

6. Chelation Therapy

The three brothers mentioned above were treated at Prince Henry
Hospital with calcium ethylenediaminetetraacetic acid (EDTA) in an attempt
to remove excess body manganese. Urine analysis showed, however, that
after correction for the manganese blank in the Ca-EDTA, no manganese was
removed by the chelation therapy.

7. Manganese in hair

Hair concentrates trace elements from blood supplying the hair
follicle, and hence manganese in hafir should be an indicator of blood
levels of this element. In addition, since scalp hair grows at the rate of
1.0-1.5 cm/month, changes along the length of a hair should be a record of

changing blood concentrations during that period.
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This ideal situation is complicated by external contamination of the
hair - from dust, shampoos, and hair treatment which may add or subtract
elements from the hair. Manganese is one of a group of elements known to
Increase along the length of a hair even when blood concentration of the
element is constant. This was believed to be due to increased
environmental exposure to the element as the hair grew, but our research
has shown that the Iincrease results from sweat elution. Sweat glands near
the hair root produce sweat which travels up the hair, dissolving manganese
from dust particles on the hair, and concentrating the element towards the
tip of the hair. Under these conditions, hair is acting as a wick or
chromatographic column, with sweat as the eluant. This phenomenon occurs
only with those elements that form lipid-soluble complexes witl sweat. To
overcome this exogenous effect, a plot of manganese concentration in washed
hair versus length from scalp was constructed for each hair sample, and the
graph extrapolated to zero length. This “zero—length"” manganese
concentration‘should represent the hair manganese unaffected by external
factors.

A summary of results is shown in Table 2. All Groote Eylandt
inhabitants had hair manganese values higher than Sydney residents,
probably as a result of a contimuous, albelt low, intake of excess
manganese. Aborigines had much higher manganese in hair than Caucasians,
although there was no significant difference between affected and

unaffected subjects.

8. Manganese in Air and Water
7
Manganese in air in Angurugu (average about 5 ugMn/ma) 1s 100 x the
//

Sydney and Ehtopean average (Table 3). However, manganese In air would
contribute only about 0.1 mg manganese/day to the intake of an Angurugu
resident, and so would be an insignificant percentage of total intake
un}éss, of course, respired mangamese is particularly toxic. MHanganese In

.

Angurugu afir is well below the occupational limit of 200 ug/m3.
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Manganese in the village tapwater and the Angurugu River appears to
vary seasonally, up to 10 x the Sydney and world average. However,
manganese from this source would amount to, at the most, 0.3 mgMn/day, and
so would be insignificant. Calcium in the Angurugu River (0.2 mg/L) was
very low, only 0.01 x world average.

9. Manganese in Traditional Food Sources

Some traditional ("bush tucker”) food samples were collected from the
Angurugu old village garden areas (used extensively before 1970) and
analyzed for manganese (Table 4). Some of the foods were exceptionally
high in manganese, and contained 3-100 x the world average.for these
items. A peeled yam, for example, had 660 ugMn/g (fresh weight), compared
with S pgMn/g in a Sydney carrot. On this basis, onc 20-g yam would supply
13 mg of manganese, or 3 x the recommended daily allowance (RDA) of this
element (4 mg).

Boiled ("billy") tea extracts about 5 times the amount of manganese
from tea leaves as does brewed tea. One litre of billy tea would contain
6-7 mg manganese.

10. Manganese in Soils

Soil samples {n the old Angurugu garden areas (Table 5) were
exceptionally high in manganese (up to 100 x world average) and very low in
calcium (0.04 world average). Soil samples taken near Aboriginal houses in
Angurugu were about 10 x world average in manganese. Umbakumba soil was
very low in manganese.

11. Manganese in Organs of Experimental Animals

Organs of animals captured near Angurugu varied considerably in
manganese content, but some were particularly high, e.g., thymus, adrenals,
spleen, and the brain (Table 6).

12. Conclusiouns
I have reached the following preliminary conclusions from these

results.
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1. Angurugu Aborigines have a high {ntake of manganese, but the actual
amount is very difficult to determine. Air and water contribute
insignificantly to their total intake but, because of their "close to the
earth” living, relatively poor hygiene, and the high manganese content of
Angurugu soils, ingested manganese may be considerable.
2. Before the store was opened in 1970, Angurugu BAborigines used about
80% “"bush tucker™ in their diet. This bush tucker consisted largely of
vegetables and fruit grown in the garden area, which has extremely high
soil manganese. Their dietary manganese from this source alone could
easily have been 100-200 mg manganese/day (25-50 x RDA). At present, bush
tucker constitutes only 10-207 of their diet, and may not be as significant
as damper cooked in the earth and billy tea.
3. There is no known way of measuring, in vivo, the total body burden of
manganese. Blood and hair only indicate manganese in readily exchangeable
pools such as soft tissue, and chelation therapy appears to be
ineffective. °The availability of autopsy samples would help considerably.
4, Anemia, chronic infections, high alcohol intake, low dietary calcium,
and low zinc status are factors that exacerbate manganese toxicity, and are
commonly found in Angurugu Aborigines.
5. Hair analysis suggests that Caucasians in Angurugu, and GEMCO workers,
have a higher manganese intake than non-exposed persons, but much less than
the Aborigines.
13. Future Work

I believe that the following work is necessary to clarify the question
of excessive manganese exposure in Angurugu.
1. Additional blood analysis. Although it 1s well established that blood
manganese analyses indicate only very recent exposure, they may pinpoint
individuals with a defective clearance mechanism and/or enhanced uptake
mechanism. Every attempt should be made to collect cord blood and hair

samples from babies born to Angurugu women, because it is vital to know if
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manganese 1s concentrated across the placenta. Control cord blood samples

would also have to be collected because little is known about the normal

manganese concentration in cord blood.

2. Autopsy samples can be rapidly and non-destructively analyzed by

neutron activation analysis. As many as possible should be collected.

3. An attempt should be made to estimate the bloavailability of manganese

i{n Angurugu solls. Standard procedures could be used for this.

4. Hair analyses of people who have lived on Groote Eylandt and left

should be carried out to determine if, and how rapidly, manganese in hair

decreases when exposure to this element i{s removed. If levels remain high,

ft may mean that hair can be used as index of body burden of this element.
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TABLE 1 BLOOD ANALYSES ON GROOTE EYLANDT INHABITANTS

Subject Mn Fe Hb Ferritin
ug/L ug/L g/dL ug/L

1. GEMCO workers

1 22.3 503 16.6 233
2 6.0 454 15.5 280
3 9.9 420 14.2 124
4 9.1 407 14.9 146
5 12.6 498 16.1 165
6(F) 10.7 364 13.3 87
7(F) 6.9 406 14.5 158
8 6.3 495 16.8 93
9(F) 7.7 391 14.1 53
10 6.3 448 15.9 125
2. Caucasians in Angurugu
1(F) 5.8 419 13.8 -
2 4.9 413 15.1 110
3(F) 8.8 361 12.1 30
4(F) 9.6 359 12.7 67
3. Affected Aborigines
1(F) 38.7 331 11.3 28
'2(F) 36.3 297 10.4 5
3(F 15.7 356 11.4 0.3
4 42.3 191 8.9 1l
5 42,1 - - -
6 41.2 - - -
7(F)* 9.3 381 13.1 367
4. Unaffected Aborigines
1(F) 25.5 351 - -
2 9.9 472 16.4 354
3(F) 16.8 336 12.3 34
4 17.6 453 15.0 96
5 24.9 - - -

*Lived in Umbakumba for 15 years.
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TABLE 2 MANGANESE IN HAIR

Subjects Mean manganese, ng/g
Scalp Pubic
Sydney 0.5#0.2 1.3%0.5
GEMCO workers 2.240.8 3.0%0.4
Caucasians in Angurugu 2.5%0.7 7.9%4.1
Unaffected aborigines 1515 2145
Affected aborigines 943 23%7

*Extrapolated to zero length.

TABLE 3 MANGANESE IN AIR AND WATER

Sample Angurugu Sydney World Average
Tapwater, ugMn/L 4.3(8/85) 5.8 -
70(1/87)
Angurugu River, ughn/L 27(8/85) - 8(for rivers)
97(1/87)
Alr, ugMn/m3 23(3 m from road) 0.05 0.04(European)

1.2(10 m from road)

TABLE 4 MANGANESE IN TRADITIONAL FOOD SOQURCES
COLLECTED FROM OLD GARDEN AREAS*

Sample pugMn/g fresh weight
Angurugu Sydney
Fish, Angurugu River 36 0.3
Oysters, Mud Cod Bay 0.25 0.05
Yam, young 657 Sk*
Yam, old 484 Sk%
Citrus fruit 0.85 0.3
Banana 79 1.5
Billy tea 6.7 -

*U.S. intake: range 2-9 mgMn/day, mean, 3.7 mg/day.
¥#¥*Root vegetables.
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TABLE 5 MANGANESE IN SOILS

Source Manganese, % dry weight¥*
Near Angurugu houses 0.2-1.2
Angurugu road 4.1

01d orchard 1.4

0l1d vegetable garden 4.6

Cassava plantation 0.11

Banana plantation 4.2

Mud Cod Bay sediment 0.33

Emerald River settlement 0.15
Umbakumba 0.002

*WYorld average soll has 0.05% manganese.

TABLE 6 MANGANESE IN ORGANS OF EXPERIMENTAL ANIMALS

Manganese, ug/g, fresh weight

Organ Angurugu Sydney Groote Sydney
Melomys* rat dog dog
Thymus 2.5 0.24 - 0.49
Adrenals 4,2 - 0.17 0.05
Spleen 1.7 0.24 0.27 0.33
Cerebellum 1.1 0.45 1.4 0.50
Choroid plexus 1.5 0.59 8.1 0.90

*Bush rat.
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ABSTRACT

Zinc, cadmium, lead and copper 1n sweat from 24 male and 39 female volunteers were determined
by anodic stripping voltammetry. Sweating was induced on the forearms by pilocarpine ionto-
phoresis Average values found for zinc, cadmium, lead and copper in sweat from males were 181
(range 25-863), 1.4 ( <0.5-10), 41 (6-87) and 103 (< 5-673) ugl™?, respectively. Zinc in sweal from
females was significantly higher than in sweat from males (331 pg1~?, range 87-836 ug1~!), while
sweat copper and sweat lead in females were lower (29ugCul™!, range <5-146ugCul™’ and
24 ugPb17!, range <5-66ugPbl™"). Those taking oral contraceptives showed increased sweat
copper concentrations (94ugCul™!, range <5-480pugCul™!) and sweat lead concentrations
(36 ug Pb17}, range < 5-70 ug Pb17!). There was no sex-based difference for copper in sauna-induced
sweat. Metal concentrations in sweat were compared with ceruloplasmin, alkaline phosphatase,
and total and mobile copper and zinc concentrations in serum in males and females.

INTRODUCTION

Determination of trace elements in body fluids by non-invasive techniques
has advantages over blood sampling and analysis. Sweat, in particular, may be
useful for occupational hygiene monitoring as samples can be collected in the
workplace with minimum risk and loss of production. In addition, determina-
tion of elements in sweat may be useful in the diagnosis of some diseases.
Analysis of chloride in sweat has been used extensively for the detection of
cystic fibrosis in newborn babies (Gibson and Cooke, 1959).

Eccrine sweat is produced in tubular coil glands under the skin surface in
response to heat/work stress. Sweat contains 99% water and 1% solids, of
which half are inorganic salts. While the composition of sweat depends largely
on the blood supply to the sweat gland, sweat is not simply an ultrafiltrate of
blood plasma. Sodium and chloride are always lower in sweat than serum,
whereas potassium, urea, ammonia and lactic acid are higher (Rothman, 1954).
The concentrations in sweat are also regulated to some extent by reabsorption
in the ductal tubule of the sweat gland (Rothman, 1954).

Results obtained for the composition of sweat vary with the collection
technique used. Techniques used include collection of sweat directly from the
exposed skin into a beaker (Mitchell and Hamilton, 1949), absorption of sweat
onto gauze or cotton wool pad (Shiels, 1954) and collection into a plastic glove

0048-9697/88/$03.50 © 1988 Elsevier Science Publishers B.V.
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or bag enveloping the skin (Prasad et al., 1963). Sweating has been induced by
heavy excercise (Walker and Griffin, 1976), pilocarpine iontophoresis (Sato et
al., 1970), exposing the subject to the sunshine (Prasad et al., 1963) or a sauna
(Hohnadel et al., 1973). Determination of trace metals 1n sweat has been
difficult because of the low concentrations of metals in sweat and problems in
collecting uncontaminated sweat samples of adequate size.

We recently developed a simple method for the determination of zinc,
cadmium, lead and copper in sweat by anodic stripping voltammetry using
pilocarpine iontophoresis for sweat collection (Stauber and Florence, 1987).
The present study used this method to monitor total metals in the sweat of 63
subjects and compares the results with serum copper, zinc, alkaline phospha-
tase and ceruloplasmin. Mobile copper and zinc in serum were also determined
by extraction with Chelex 100. Metals in iontophoresis-induced sweat and
sauna-induced sweat were also compared.

EXPERIMENTAL

Concentrations of copper, cadmium, lead and zinc in iontophoresis-induced
sweat, and zinc and copper in serum were determined in 63 volunteers from the
Lucas Heights Research Laboratories. Because the use of oral contraceptives
raises copper levels in serum (Hambridge and Droegemueller, 1974), the
subjects were divided into three groups: 24 males, 13 females taking oral
contraceptives and 26 females not taking oral contraceptives. All subjects
provided personal histories including dietary mineral supplements taken and
type of oral contraceptive used.

Determination of metals in iontophoresis sweat

Sweating was induced on the forearm of subjects by pilocarpine ionto-
phoresis in which pilocarpine was forced into the sweat glands by a small
electric current (Stauber and Florence, 1987). The positive electrode was
covered with 2 x 25 mm Millipore AP20 prefilters wet with 0.35ml of 0.2%
aqueous pilocarpine nitrate (Sigma Chemical Co.). The negative electrode was
covered with 3 x13mm prefilters which had been wetted with 0.15ml of
0.256 MNaHCQ,. The current was supplied by 4 x 9-V dry cells.

The inner forearm of the subject was washed with 1% Extran-300 (BDH)
detergent and distilled water, and dried with a Whatman 542 filter paper. The
iontophoresis electrode was pressed on the washed area and a current of
1.0-1.2mA was applied for 2min. The arm was again washed and dried. A
preweighed, acid-washed Millipore 25 mm HATF (0.45 um) membrane filter
was placed over the pilcocarpine area, covered with a square of acid-washed
parafilm and wrapped tightly in fine polythene domestic wrap.

After 3045 min, the filter paper, now wet with sweat, was weighed in an
acid-washed plastic vial to determine the weight of sweat collected (0.05-
0.07g). The filter paper was shaken for 5min with 5ml of 0.02 M NaNOQO,/
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0.002 M HNO, (prepared from Merck Supaprur reagents and passed through a
Chelex 100 column). The filter paper leachate was decanted into the cell of an
EG and G Princeton Applied Research model 384 polarographic analyser, and
Zn, Cd, Pb and Cu determined by anodic stripping voltammetry (ASV) at a
hanging mercury drop electrode (model 303 Static Mercury Drop Assembly).
Metals in a blank filter paper were determined in the same way, and standar-
disation was by standard addition. When analysed by ASV, the wet-ashed
membrane filter showed that the NaNO,;-HNOQ, electrolyte extracted more than
90% of the trace metals from the sweat.

Determination of metals in sauna sweat

Copper was also determined in sauna-induced sweat from 41 subjects. After
an initial shower, and once the subjects had started sweating, they showered
again, rinsed with Milli Q water and dried themselves with Whatman 542 filter
papers. They then entered the sauna, and collected sweat dripping from their
clbows into acid-washed plastic containers. Samples of sweat from the forecarm
and underarm were also taken from three male subjects to compare eccrine and
apocrine sweat. Consecutive forearm sweat samples from one male and two
female subjects were also collected.

All sauna sweat samples were analysed for copper, and some samples for lead
and zinc by inductively coupled plasma emission spectroscopy (ICP) and ASV.
Analysis of the sweat before and after centrifugation gave identical results.
The chloride concentration in sauna and iontophoresis sweat was determined
by the method of Florence and Farrar (1971).

The size distribution of the metal species in sauna sweat and iontophoresis
sweat was investigated by ultrafiltering it through an Amicon Centricon-10
microconcentrator (10 000 molecular weight cut-off) before ASV analysis of the
ultrafiltrate.

Determination of metals in blood and serum

Fasting blood samples from each of 63 subjects were taken on the same day
as the sweat collection for determination of serum copper and zinc by ICP.
Serum alkaline phosphatase was determined using the Sigma 15min
incubation method (1957). Ceruloplasmin in serum and sweat was measured by
its oxidase activity using the o-dianisidine dihydrochloride method of
Schosinsky et al. (1974).

Lead in whole blood was determined in seven subjects by ASV at a hanging
mercury drop electrode (initial potential — 0.8V and final potential —0.2V).
One millilitre of blood was acid digested in HNO,/HClO, to strong fumes of
HCIO,, and diluted with water to 10ml after the addition of 1ml of 1 M HC].

Exchangeable, i.e. loosely bound, copper and zinc in serum was determined
in 10 subjects. Two millilitres of serum, diluted to 5ml with 0.9% NaCl was
shaken for 45h with 20mg of 50-100 mesh Chelex 100 resin. The Chelex was
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washed seven times with 5ml aliquots of saline, before extraction with 5ml of
2 M HNO, and analysis of the acid extract by ICP. Results were corrected for
a saline blank treated in the same way. An acid wash of the Chelex 100
contained <4pugCul™'and 1ugZnl™l.

Determination of copper in urine and hair

Urine samples from two male subjects were collected over a 24h period in
acid-washed plastic containers, acidified with 10ml of 10% HCI, and analysed
for copper by ICP. Copper in urine was expressed per gram creatinine (Tietz,
1982).

Scalp hair samples were collected from the nape of the neck of three male
subjects, were cut, and washed with 0.5% Triton X-100 in an ultrasonic bath for
15 min. These samples were then rinsed with distilled water through a pierced
Whatman 542 filter paper, rinsed again with methanol and air-dried. Samples
were acid-digested in 2ml of HNO, and 0.5 ml of HCIO,, and made up to a final
volume of 10 m] after the addition of 1.9ml of 4 M sodium acetate. Copper was
determined by ASV (initial potential — 1.22V and final potential 0.14 V).

RESULTS
Metals in sweat

Zince, cadmium, lead and copper concentrations in sweat from the 63 subjects
are shown in Table 1. The concentrations of metals found in sweat were not
related to age, dietary mineral supplements or type of oral contraceptive used.

Zinc in female iontophoresis sweat was significantly (P < 0.05) higher than
in that of males, in agreement with Hohnadel et al. (1973). There was no

TABLE 1

Zinc, cadmium, lead and copper 1n iontophoresis sweat

Sex No. of ugl! sweat
subjects
Zinc Cadmium Lead Copper
Male 24 181 + 182° 14 + 24 41 + 19 103 + 147
(25-863)° (< 0.5-10) (6-87) (< 5-673)
Females® 26 331 + 210 26 + 4.9 24 + 19 290 + 42
(87-836) (< 0.5-18) (< 5-66) (< 5-146)
Females® 13 231 + 224 24+ 15 36 + 24 94 + 146
(12-767) (<0.5-5.5) (<5-70) (< 5-480)

20One standard deviation.

bRange.

°Females not taking oral contraceptives.
4Females taking oral contraceptives.
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significant difference in sweat zinc between the females taking and those not
taking oral contraceptives, in agreement with Hohnadel et al. (1973), who
found no effect of oral contraceptives on levels of nickel, copper, zinc and lead
in sauna sweat of 48 healthy subjects.

Cadmium was very low in sweat, as found previously (Stauber and Florence,
1987). The limit of detection for cadmium in sweat using this ASV method is
0.5ugl™t.

Lead in sweat ranged from <5 to 87ugl™!, with averages of 41, 36 and
24 ug 17! for males and females using/not using oral contraceptives. Lead in the
sweat of females not taking oral contraceptives was significantly (P < 0.01)
lower than lead in male sweat, but was elevated in those taking oral contracep-
tives.

Results for iontophoresis sweat suggested that copper in the sweat of
females (29 ug17!) was also significantly lower (P < 0.05) than the male copper
level (103 ugl~!), but elevated in those taking oral contraceptives (94 ugl1™!).
This sex-based difference for lead and copper in sweat was opposite to that
reported by Hohnadel et al. (1973), who found higher lead and copper in sauna
sweat of females. In contrast, there was no significant difference between
copper in sauna-collected sweat in males and females taking or not taking oral
contraceptives (Table 2).

Sauna sweat consistently had a higher copper concentration than ionto-
phoresis sweat, whether analysed by ICP or ASV. If this was due to contamina-
tion during collection, we would also expect higher concentrations of other
metals. Lead in sauna sweat however was very low (< 10ugl1™!) and zinc was
also lower than in iontophoresis sweat (Table 3). Cadmium in sauna sweat was
undetectable.

As thermally-induced sweat may be more concentrated than iontophoresis
sweat, chloride was determined in sweat induced by both methods. Chloride
concentrations were higher in sauna sweat (1100 + 460mgCl17!) than in
iontophoresis sweat (300 + 140mg Cl17?). Copper in sauna sweat, even when
expressed per mg Cl, was still higher than copper in iontophoresis sweat.

Collection procedures used for sauna sweat were critical in determining the
concentration of trace metals. Table 3 shows copper and zinc in successive

TABLE 2

Copper in sauna-collected sweat

Sex No. of Copper

subjects (ug Cu 17! sweat)
Males 11 325 + 160°
Females® 15 540 + 480
Females® 15 700 + 670

20ne standard deviation
bFemales not taking oral contraceptives.
°Females taking oral contraceptives.
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TABLE 3

Copper and zinc 1n successive forearm sauna sweat samples

Subject Sample Chloride Copper Zinc
No. (mgl™")
g™  (ug/mgCl™)  (ugl™')  (ug/mg Cl7Y)
Female A® 1 1944 120 0.062 120 0.062
2 2244 115 0.051 50 0.022
Female B® 1 1468 420 0.286 230 0.157
2 1764 380 0.215 50 0.028
3 1668 390 0.234 30 0.018
Male D 1 1280 240 0.188 65 0.051
2 1380 170 0.128 50 0.036
3 1360 130 0.096 50 0.037

“Female A not taking oral contraceptives.
*Female B taking oral contraceptives.

samples of forearm sauna sweat from three subjects. In the two females, copper
was similar in all samples, while in the male the copper concentration
decreased. Zinc decreased in successive sweat samples to a constant level.
Chloride in sweat was similar in successive samples.

Table 4 shows copper in sweat collected from three different areas of the
arm: the whole arm, the forearm and underarm. Apocrine (underarm) sweat
appeared milkier in colour and contained less copper in some subjects than
forearm (eccrine) sweat.

Our sweat ultrafiltration experiments showed that all the copper
(100 + 8%) and most of the zinc (85 + 10%) in iontophoresis sweat were
present as low molecular weight species (< 10000 MW), compared with lead, for
which only 42 + 8% was ultrafilterable. Sauna sweat gave similar results with
100% of copper, 88% of zinc and 30% of lead ultrafilterable.

Ceruloplasmin in the sweat of two females studied was <0.5IU17!.

Metals in blood

Table 5 shows copper, zinc, alkaline phosphatase and ceruloplasmin in the
serum of the 63 subjects studied. Serum copper and ceruloplasmin for males and

TABLE 4

Copper in sauna sweat collected from whole arm, forearm and underarm of three male subjects

Subject Copper (ug 17! sweat)
Whole arm Forearm Underarm
A 240 170 110
B 240 130 130
C 1360 1590 570
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TABLE 5

Zinc, copper, alkaline phosphatase and ceruloplasmin in serum

Sex No of Zinc Copper Alkaline Ceruloplasmin
subjects (ug ml~1) (ug ml™?) phosphatase auilh
aui-h
Males 20 0.89 + 0.08° 12 + 03 31 + 6 104 + 27
Females® 24 0.84 + 0.08 12 + 02 22 + 8 128 + 24
Females® 12 081 + 005 1.9 + 0.3 20 + 5 226 + 67

20One standard deviation.
"Females not taking oral contraceptives
°Females taking oral contraceptives.

females not taking oral contraceptives was similar. In agreement with
Hambidge and Droegemueller (1974), serum copper and ceruloplasmin for
females taking oral contraceptives was higher than for females not taking
them, This increased copper in serum represents an incrcase in bound copper
(to the protein ceruloplasmin) rather than an increase in mobile copper. There
was a reasonable correlation (7 = 0.77) between serum copper and ceruloplas-
min in the 63 subjects studied (Fig. 1). Serum zinc and the zinc-containing
enzyme in serum, alkaline phosphatase, were similar in males and females. In
contrast, a fall in plasma zinc from 0.96 + 0.13 ugml™'t00.65 + 0.08 ugml~'in
women taking oral contraceptives was found by Halsted et al. (1968).
Loosely bound copper and zinc (i.e. readily exchangeable with Chelex 100)
in the sweat of 10 subjects is shown in Table 6. Results obtained for mobile
copper and zinc by this method depend on the length of time serum is shaken
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Fig. 1. Ceruloplasmin versus serum copper in 63 subjects studied.
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TABLE 6

Exchangeable copper and zinc 1n serum

Sex No. of Serum copper Serum zinc
subjects
Total Exchange- Exchange- Total Exchange- Exchange-
(zg ml~!) able able (ug ml™!) able able
(ug ml™') (% of total) (ug ml1™') (% of total)

Males 5 0.90 0.014 1.7 0.81 036 44
Females® 3 1.1 0017 15 0.77 0.30 39
Females® 2 1.6 0.024 1.5 0.68 0.28 41

*Females not taking oral contraceptives.
*Females taking oral contraceptives.

with Chelex 100. To detect and compare mobile copper and zinc in the subjects’
serum we chose a 45h shaking time. Loosely bound zinc in serum was signifi-
cantly higher in males than females (P < 0.06), but there was no significant
difference between mobile zinc as a fraction of total zinc in males and females
taking/not taking oral contraceptives. Mobile copper as a fraction of total
copper was similar in all three groups.

To assess the usefulness of sweat as a monitor for occupational exposure to
metals, lead in whole blood in seven control subjects and a lead worker was
determined (Table 7). The lead worker had the highest lead in blood,
197 ug Pb17!; however, all were within the normal range (Mahaffey et al., 1982).
Lead in iontophoresis sweat of the controls was also in the normal range, while
lead in the occupationally exposed worker was five times higher. This worker
also had very high lead in sauna sweat (> 2000 ug Pb1™! measured by ASV and
ICP). In an attempt to check whether lead contamination from lead dust deep
in the pores of the skin was contributing to high lead in sweat, we measured
lead in sweat from the unexposed chest of this worker. The lead result was still
the same. We also took a sample of lead filings from the workshop and rubbed

TABLE 7

Lead 1in whole blood and iontophoresis sweat 1n eight subjects

Sex Blood Pb Sweat Pb
(g Pb17%) (g Pb17h)
F 48 83
M 52 30
F 71 17
M 92 51
F 101 92
M 152 78
M 197 505

*Worker occupationally exposed to lead.
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them into a control’s forearm (under parafilm and fine polythene wrap) for
several hours, before taking a sweat sample using the usual skin washing
procedure. Lead in this sweat was the same as lead in sweat in the non-exposed
arm (189-201 ug Pb1~1), but was much higher than usual. This was surprising
and suggests lead may diffuse through the skin into the blood very rapidly and
be excreted in sweat in a different part of the body within a few hours (Lilley,
Florence and Stauber, to be published).

To compare further levels of metals in different body fluids, we studied
copper in sweat, blood, urine and hair of three male subjects (Table 8). Subjects
A and B had normal sweat copper, while subject C had very high copper in
sauna and iontophoresis sweat. Copper in urine of subject C, however, was
normal, while serum copper and ceruloplasmin were lower than normal,
Subject B also had low serum copper and ceruloplasmin. Hair copper levels
ranged from 9 to 54 ppm in the three subjects studied.

DISCUSSION

We found a wide range in conceutration of zine, cadinium, lead and copper
in the sweat of the 63 subjects studied. Many factors may influence day-to-day
and individual variation in metals in sweat, including diet, fluid intake,
exercise, oral contraceptives, atmospheric conditions, occupational exposure
and the efficiency of the sweat glands (Robinson and Weiss, 1980).

Widely varying trace metal concentrations in sweat have been reported in
the literature (Table 9). We found lower values for zinc, cadmium and copper
in sweat than previously reported (Prasad et al., 1963; Hohnadel et al., 1973;
Robinson and Weiss, 1980). This may be due either to less contamination or to

TABLE 8

Concentration of copper in body fluids of three male subjects

Copper concentration Subject®
in body fluid
A B C

Iontophoresis sweat 0.14 0.12 1.05
(g Cumg C17?)

Sauna sweat 0.81 0.73 1.62
(ug Cumg CI™1)

Urine 20 NDP 22
(ug Cu g creatinine™!)

Hair 9 42 54
(uge™)

Serum 1.4 0.70 0170
(ug m17%)

Ceruloplasmin 146 67 65
U1y

2Same subjects as Table 4
bNot determined.
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TABLE 9

Reported values for zinc, cadmium, lead and copper 1n sweat collected under different conditions

Sex Method of sweat Concentration (ugl™!) Ref.
induction
Zn Cd Pb Cu

M  Sauna 84 + 53 Robinson and
Weiss (1980)

M  Sauna 58 + 13 Mitchell and
Hamilton (1949)

M  Sauna 65—-1457° 118 + 100° Jacob et al. (1981)

31-315° 96 + 76°

M  Sauna 500 + 480 51 + 42 550 + 350 Hohnadel et al
(1973)

F Sauna 1250 + 770 118 + 72 1480 + 610 Hohnadel et al.
(1973)

NS¢ Exercise 1400 Walker and Griffin
(1976)

M  Plastic bag 1150 + 300 Prasad et al.
(1963)

M  Plastic bag 7 Rabinowitz et al.
(1976)

M  Natural 12 Shiels (1954)

M  Iontophoresis 720 + 270 <3 15 + 10 80 + 39  Stauber and
Florence (1987)

F*  lontophoresis 730 + 210 <3 8+5 23 + 9 Stauber and
Florence (1987)

F'  Tontophoresis 750 + 320 <3 25 + 11 85 + 45  Stauber and
Florence (1987)

M  Iontophoresis 181 + 182 14 + 24 41 £19 103 + 147 Present work

F¢  Iontophoresis 331 + 210 26 +49 24 +19 29 + 42  Present work

F'  Iontophoresis 231 + 224 24 + 15 36+ 24 94 + 146 Present work

|
“Right arm.
bLeft arm.

“Not stated.

4Sweat collected over a few days (not thermally induced)
¢Females not taking oral contraceptives

fFemales taking oral contraceptives.

differences in the methods used to induce sweating. We have noted that metals
in sweat vary considerably between thermally-induced and pharmacologically-
induced sweat. We found higher concentrations of chloride in sauna sweat
than in iontophoresis sweat, in agreement with Prasad et al. (1963) who
reported that chloride in sweat increased with increasing skin temperature.
Copper in sauna sweat was consistently higher than copper in iontophoresis
sweat, even when expressed per milligram of chloride. This is unlikely to be due
to contamination as subjects were carefully washed with high purity water
before sampling. Further, the females sampled showed similar levels of copper
in successive sweat samples. In addition, levels of other metals in all subjects,
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for example, zinc and lead in sauna sweat, were lower than in iontophoresis
sweat. High copper in sauna sweat could have been caused by different sources
of sweat. In the iontophoresis technique, only eccrine sweat from the forearm
was collected, whereas in the sauna, sweat was collected from the whole arm,
including apocrine sweat from under the arm. However, we analyzed both
eccrine and apocrine sweat and found copper to be lower not higher in apocrine
sweat. These two different sources of sweat could therefore not account for the
higher copper in sauna sweat. Another possibility was that there may be a
different size distribution in the copper species in sauna and iontophoresis
sweat, for example, more copper in sauna sweat may be associated with
colloidal material. However, our ultrafiltration experiments showed that for
both sauna and iontophoresis sweat, all the copper is associated with low
molecular weight particles (< 10000 MW). Copper in sweat, like chloride, may
increase with increasing skin temperature.

Average lead in sweat is this study was higher than we found previously in
a few subjects using the same method (Stauber and Florence, 1987). At present
we are evaluating a different method of sweat collection by iontophoresis and
have found slightly lower lead values (~ 20 ug Pb17!) in three subjects studied
so far. Rabinowitz et al. (1976) found 7 ug Pb1~! in sweat using a plastic body
bag collection technique. They identified three “pools” of lead in the body
— skeleton, blood and soft tissue, the last of which gives rise to lead in sweat.

One important source of trace metals in sweat is blood serum, as labile
metals can dissociate from proteins and diffuse through blood capillaries into
. the sweat glands. However, sweat is not simply an ultrafiltrate of blood plasma,
but a product of an active excretory function (Rothman, 1954). The composition
of sweat is the difference between what is secreted by the secretory cells and
what is reabsorbed by the ductal cells (Sato et al., 1970). Although concentra-
tions of lead and cadmium in serum and sweat are similar, zinc and copper in
sweat are much lower than in serum. Exchangeable copper in proteins and low
molecular weight copper complexes comprise only 5% of serum, whereas the
remaining copper is bound to the protein ceruloplasmin in which 10-15% of Cu
is moderately exchangeable. Thirty to forty per cent of plasma zinc is firmly
bound to an o, macroglobulin, whereas 60-70% is loosely bound to albumin and
therefore readily exchangeable. Our ASV results showed that there was a
sex-based difference in total zinc and copper in iontophoresis sweat, but not in
serum. This suggested that there may be a sex-based difference in mobile zinc
and copper in serum. However, when we measured mobile zinc and copper in
serum using Chelex 100 we found no significant sex-based difference in mobile
zinc (41%) and mobile copper (1.6%).

Abnormal copper/zinc ratios in serum are associated with many diseases,
including leukaemia (Underwood, 1977). If there were a correlation between
metals in sweat and metals in blood, analysis of sweat samples would be useful
in diagnosis. However, we found no correlation between serum copper and
sweat copper, nor between serum zinc and sweat zinc. In males, there was
evidence that low total copper in serum correlated with high copper in sweat
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(r* = —0.67). One male subject in particular excreted large amounts of copper
in sweat (possibly due to a high dietary intake of copper from a corroded copper
kettle element), while his blood copper level was low.

Sweat may be an important route for excretion of metals, particularly when
an individual is exposed to high concentrations. Shiels (1954) showed that lead
levels in non-exposed individuals (~ 12 ug1™!) rose to 50 ug1~! when lead was
ingested. We found one lead worker with very high levels of lead in forearm and
chest sweat, but only slightly elevated levels in blood.

Because high levels of metals were detected in the sweat of exposed
individuals when blood metal concentrations were in the normal range, deter-
mination of metals in sweat may be useful in screening occupationally exposed
workers (Lilley, Florence and Stauber, in preparation). We hope to be able to
identify individuals at risk before increases in blood metal concentrations
become detectable.
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ABSTRACT

It is usually assumed that lead can be absorbed through the skin only if 1t 1s present as an
organalead compound such as tetraethyllead or lead naphthanate, Tt has heen found, however, that
finely-powdered lead metal or lead nitrate solution placed on the skin results in rapid absorption
of lead, and transport of the metal around the body. The absorbed lead appears in sweat and saliva,
but not in blood or urine. The application of 6 mg of lead as 0.5 M lead nitrate to the left arm
resulted in an increase in lead concentration in pilocarpine-induced iontophoresis sweat samples
taken from the right arm, from an initial value of 15-25ug Pb1~? to > 300ugPbl~! after 2 days.
Saliva lead increased from 2.5 to 15 ug Pb 17! in the same period. The rate of lead absorption through
the skin increases with increased sweating of the skin. Since no measurable increase in blood lead
has been found, the lead must be transported in the plasma and rapidly concentrated into the
extracellular fluid pool (sweat and saliva), without significant uptake by the erythrocytes, and with
a very low transient concentration 1n the plasma. Workers occupationally exposed to lead have
extremely high levels of lead in sweat even though their lead in blood is only moderately elevated.
Lead absorbed through the skin may be eliminated via sweat and other extracellular fluids, and
hence not be as great a health hazard as ingested lead, but this will need to be proved by further
studies.

INTRODUCTION

Throughout the world there is a growing concern about the use of lead
owing to its toxic nature to humans {1-3]. The health effects from lead exposure
are well documented, and include alteration of haemoglobin synthesis
resulting in anaemia [4], effects on the central and peripheral nervous system
[6], and effects on reproduction [6]. The most sensitive indicator for lead
exposure is the biochemical change in the haematopoietic tissues in which the
biosynthesis of haem is disturbed. At blood lead levels > 100ugPbl~! the
inhibition of d-aminolevulinic acid-dehydratase occurs [7]. At higher blood
levels (600800 ug Pb17?) overall haemoglobin synthesis is affected, resulting in
anaemia [3, 4, 8, 9].

Renal damage through lead exposure has been firmly established [8, 9]. The
reabsorption of small organic molecules such as amino acids, glucose, uric
acid, citric acid and phosphate is decreased. It has been suggested [8, 9] that
this is a result of the action of lead on the renal mitochrondria which provide
energy for this reabsorption process.

0048-9697/88/$03.50 © 1988 Elsevier Science Publishers B.V.
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Lead exposure affects the peripheral and central nervous system. Effects on
the former are associated with reduced conduction velocities for motor and
sensory fibres [5, 8, 9]. This begins at blood levels between 400 and 500 ug 17! [5].
The effects on the central nervous system may be varied, but in severe cases the
whole brain becomes swollen [9]. Central nervous system effects are most
frequent in children, whereas peripheral nervous system effects are associated
with adults.

Some other health effects from lead exposure include: (1) endocrine effects
[9], where reduced secretion of pituitary gonadotropin has occurred; and (ii)
reproductive effects, where lead exposure has been associated with reduced
fertility, still-births and neonatal deaths in man [5, 6, 8, 9].

Lead may enter the body through three different routes: inhalation,
ingestion and skin absorption. The major routes for intake of inorganic lead
are ingestion and inhalation [1, 8, 9, 10]. Skin absorption is usually considered
to be minimal, except for organic lead compounds [8]. Most of these conclusions
are based on the general population, and not on workers occupationally
exposed to lead.

Skin absorption of metal salts varies greatly with different physical
parameters [11]. Electrolytes have a higher diffusion constant (up to four
orders of magnitude higher) through the skin when the sweat ducts are filled
with sweat. This compares with diffusion through the stratum corneum of the
skin which occurs when the sweat ducts are dry. These variations in the
permeability of the skin may be significant for occupationally exposed workers.

In this study, lead absorption through the skin was investigated. Lead metal
or lead salts were placed on the skin of a volunteer and lead concentration in
sweat, urine, blood and saliva were monitored.

EXPERIMENTAL
Monitoring exposure to toxic elements via sweat

Apparatus

Electrochemical analysis of sweat, urine, blood and saliva samples was
performed with a hanging mercury drop electrode (HMDE) using an EG&G
Princeton Applied Research Model 384 Polarographic Analyser, with a Model
303 Static Mercury Drop Assembly, and a Model 305 stirrer.

Reagents
All supporting electrolyte solutions used were prepared from BDH Aristar
reagents and water passed through a Milli-Q system.

Analytical procedure

Samples were deaerated for 5min before anodic stripping voltammetry
(ASV). The samples were stirred during deposition and stripped in quiescent
solution. The stripping signals were recorded in a differential pulse mode with
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the following instrumental settings: deposition potential, —0.750V versus
Ag/AgCl; deposition time 600s (sweat), 300s (blood, urine, and saliva); drop
time 0.4 s; scan increment 2mV; pulse height 0.025V; drop size medium; stirrer
speed slow. The lead ASV peak occurred at —0.446 V versus Ag/AgCl. Quan-
titative analysis of the analyte concentrations was achieved by means of a
single standard addition, approximately doubling the analyte concentration of
the sample.

General procedure for sweat collection and lead determination

Preliminary washing of the arm with a chelating detergent, the pilocarpine
iontophoresis stimulation of sweating, and the collection of the sweat on a
membrane filter have been described elsewhere [12].

The Millipore 25-mm HATF (0.45 um pore size) membrane filter paper, wet
with sweat, was placed in an acid washed plastic vial, and shaken for 60s with
5ml of 0.2 M HCI. The filter paper leachate was emptied into an ASV cell, and
the lead concentration was determined via ASV.

Procedure for monitoring lead in sweat and lead in blood

A pilot study was carried out on nine workers occupationally exposed to
lead in a lead storage battery factory. Blood and sweat samples were collected
and the lead concentration for each sample was determined by ASV. The object
of the study was to see if there was a relationship between the lead concentra-
tion in sweat and blood.

Procedure for determining lead contamination of the epidermis

Lead powder (20mg, — 100mesh) was placed on a Millipore 25-mm HATF
(0.45 um) membrane filter and the filter paper was placed on the flexor surface
of the left arm of a healthy adult male volunteer. It was held firmly in place by
wrapping the arm in clear household polyethylene film, and remained on the
arm for 6h each day, for 4 days. At the beginning of each day, the membrane
filter was removed, and the area of the skin where the lead powder had been was
washed with 5% Extran-300 (BDH) detergent to remove all surface lead
present, then rinsed with Milli-Q water, and dried with a Whatman 542 filter
paper. Sweat was induced on the area of skin where the lead powder had been,
and lead in sweat determined by ASV. An area of skin on the right flexor
surface of the arm not exposed to lead was induced to sweat, and lead in the
sweat was determined. Sweat samples were taken 1 day before lead was placed
onto the skin of the volunteer, then each day up to the fifth day after the lead
had been removed.
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Procedure for monitoring lead absorption through the skin into various body
fluids

One healthy adult male volunteer had 6.2 mg lead applied to his skin. This
was achieved by dispensing 60 ul of 0.5 M Pb(NO;), solution onto a Millipore
25 mm HATF (0.45 um) membrane filter. The filter paper was applied to the left
arm of the male volunteer and covered with a square of acid-washed parafilm.
The filter paper was firmly held to the arm by wrapping the arm in clear
household polyethylene film. The lead remained on the arm for 24h. Sweat
samples were collected periodically from the right arm and the lead concentra-
tion in each sample was determined.

In similar experiments, blood, urine and saliva were sampled in addition to
sweat and the lead concentration in each was determined.

Lead in urine was determined directly using a simple clean-up procedure [13]
for removing organics in urine to prevent interference with lead determination
by ASV.

Lead in blood was determined by a procedure in which 500 W ultra-violet
(UV) irradiation was used to destroy organic matter and release total bound
heavy metals in blood {14]. Seven hundred microlitres of blood was mixed
thoroughly with 100ml of 0.08 M nitric acid and 0.005 M hydrogen peroxide
before UV irradiation.

Lead in saliva was determined using the UV irradiation technique developed
for blood with a minor modification. Two and a half millilitres of saliva was
added to 25ml of Milli-Q water containing 0.08 M nitric acid and 0.005 M
hydrogen peroxide before UV irradiation.

The use of the Macroduct sweat collection system for lead in sweat

To simplify the sweat collection for the determination of toxic elements in
sweat, the Macroduct Sweat Collection System, Model 3700-Sys [15] was tested.
In this iontophoresis system pilocarpine induced sweat is collected in a coiled
plastic capillary tube above a collection cup. The results were compared with
the Stauber and Florence method [12]. The washing procedure developed by
Stauber and Florence was used in conjunction with the sweat stimulation and
collection procedure developed for the Macroduct [15].

Accurate volumes of sweat (60-80 ul) were collected in the following manner:

(a) the Macroduct containing the blue, water-soluble indicator dye on the
collection cup, and (b) Macroduct which has had the dye washed off with
Milli-Q water.

The sweat samples were then dispensed into the electrolyte (5 ml of 0.02 M
HCl) in an ASV cell, and the lead concentration was determined via ASV.
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TABLE 1

Comparison of lead in sweat and lead 1n blood of occupationally-exposed workers

Pb worker ug Pbfl sweat® ug Pb/1 blood
1 2320 952
2 4080 745
3 4730 621
4 1080 559
5 395 559
6 489 518
7 71 352
8 17700 207
9 307 186

*Lead concentration in sweat for a non-exposed person 41 (s = 19) ug Pbfl sweat [19]

RESULTS AND DISCUSSION
Monitoring exposure to toxic elements via sweat

Blood and sweat samples were collected from nine workers occupationally
exposed to lead, and the lead concentration for each sample was determined
(Table 1). There was no relationship between lead in blood and lead in sweat.
The extremely high result for sweat from lead worker 8 may be due to lead
contamination in the epidermis, which resisted our normal washing procedure.

A study will be carried out on a large number of lead workers to determine
a statistically reliable correlation (if any) between lead in blood and lead in
sweat.

Lead contamination to the epidermis

The results of the experiment in which lead metal was placed on the left arm
are shown in Table 2. Lead in sweat (from the area of skin exposed to lead)
increased over the first 4 days to a level of 4700 ug Pb1~!, compared with the
control (area of skin on the opposite arm, unexposed to lead), which yielded
108 ug Pb17! on the fourth day. This indicates that lead may be absorbed into
the internal layers of the skin and sweat ducts, since strong chelating
detergent (Extran 300) did not remove all the absorbed lead. This could explain
the results for lead worker 8 (Table 1), where absorption of lead into the
internal skin layer from external skin exposure to lead metal or lead
compounds at his workplace, resulted in high lead in sweat but relatively low
lead in blood (compared with the other lead workers surveyed). Other workers
may have washed more frequently, preventing lead absorption through their
skin.

Table 2 also shows that lead concentration increased in sweat from the
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TABLE 2

Lead contamination 1n the epidermis of a male volunteer

Day Left arm Right arm Comments
(ug Pb/1 sweat) (1g Pb/1 sweat?®)
1 43 34 1 day before Pb left arm
2 339 94 Day 1 Pb on left arm
3 1412 53 Day 2 Pb on left arm
4 2270 <20 Day 3 Pb on left arm
5 4765 108 Day 4 Pb on left arm
6 1314 44 Day 1 after Pb removed
7 225 42 Day 2 after Pb removed
8 131 37 Day 3 after Pb removed
9 63 28 Day 4 after Pb removed
10 29 14 Day 5 after Pb removed

® Average unexposed lead concentrations 1n the sweat of this volunteer was 26 (s = 15)ug Pb/l
sweoat.

opposite arm to where the lead was placed. Significantly higher lead in sweat
from the control arm was found on days 2 and 5 (94 and 108 ug Pb1~?, respective-
ly). This was almost four times the mean lead in sweat found for this volunteer
when he was not exposed to lead. This result indicates that lead enters the body
through the skin, and is then transported to different regions of the body
through a circulatory system, and appears in body fluids such as sweat.

The amount of lead absorbed into the skin appears to depend on the extent
to which the person sweats. When the HATF membrane filter containing the
lead powder was moist from the volunteer’s sweat (days 2, 3 and 5 of Table 2)
the control sweat resulted in a significantly higher lead in sweat. When no
moisture was apparent on the HATF filter paper (day 4 of Table 2) the control
sweat was not significantly higher in lead. These results may be explained by
previous studies where the following was found:

(i) Low-molecular-weight molecules diffuse through different regions of the
skin at varying rates. The diffusion coefficients for these molecules in the
stratum corneum were four orders of magnitude lower than in the sweat ducts
when they were filled with sweat [11].

(i1) The sweat duct contributes ~ 70% of the total skin absorption of strong
electrolytes [16].

Monitoring lead absorption through skin via sweat, and other body fluids

To confirm that inorganic lead absorbs through the skin, an experiment was
carried out where known amounts of lead as Pb(NOQ,), solution were placed
onto the skin of a volunteer’s left arm. Lead absorption was monitored by
analysing the lead in sweat on his opposite arm (Fig. 1).
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Fig. 1. Lead in sweat. Pb(NO;), placed on the skin of the left arm on day 5 and removed on day 6.
Average lead in sweat when not exposed to Pb(NO,),, indicated by horizontal line, was 26 ug Pb1~!
with a standard deviation of 15ug Pb17%.

The increase in lead in sweat taken from the right arm from an initial
average concentration of 25 ug Pb17! to 261 ug Pb17" (day 6, 21 h of lead on the
skin of the left arm) and 370 ugPb17! (day 7, 1 day after the lead was removed
from the skin) indicates that lead is absorbed through the skin and transported
around the body via a circulatory system. The dramatic increase in lead in
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Fig. 2. Lead in sweat. Pb(NO;), placed on the skin of the left arm on day 1/1200 h and removed on
day 2/1200h. Average lead in sweat when not exposed to Pb(NO,), was 14 ug Pb1~! with a standard
deviation of 4 ug Pb1-1.
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Hg Pb/L URINE
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Fig. 3. Lead in urine. Pb(NO,), placed on the skin of the left arm on day 1/1200h and removed on
day 2/1200h. The average lead in urine when not exposed to Pb(NO;), was 2.2 ugPb1~! with a
standard deviation of 0.9 ug Pb1~%. Note: a = 0000-1000; b = 1000-1500; ¢ = 1500-2400.

sweat after the Pb(NO;), was placed onto the skin may indicate that skin

absorption of lead occurs rapidly.

Although the lead was on the skin, and a polyethylene film covered the area
where the lead was placed, the major transport route for the lead would be
through the sweat ducts because of profuse sweating, and the relatively high
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Fig. 4. Lead in blood Pbh(NO;), placed on the skin of the left arm on day 1/1200h and removed on
day 2/1200h. The average lead in blood when not exposed to Pb(NO;), was 58 ugPb1-! with a

standard deviation of 3ug Pb1~%.
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Hg Pb/L Saliva
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Fig. 5. Lead 1n saliva. Pb(NO;), placed on the skin of the left arm on day 1/1200h and removed on
day 2/1200h. The average lead in saliva when not exposed to Pb(NO,), was 2.2 ugPb1~! with a
standard deviation of 3 ugPbl~'.

diffusion coefficient for lead in sweat. The sweat ducts would have been filled
with sweat and evaporation of the sweat was prevented because of the covering
on the arm. The volunteer confirmed that the area of skin under the polyethy-
lene film was continually moist while it was on the arm, indicating that the
sweat ducts would have been filled with sweat. Once the lead and the covering
were removed from the skin the transport route through the sweat ducts would
have ceased, but slow transport of lead through the stratum corneum would
still be active and would account for the higher lead in sweat found 1 day after
the lead was removed. This would be due to the “hold up” time of the lead
transported across the stratum corneum by its lower diffusion coefficient.

Experiments in which other body fluids including urine, blood, and saliva
were monitored together with sweat were carried out to map the progress of
lead through the body after it was absorbed through the skin.

Typical results are shown in Figs 2-5 (for sweat, urine, blood, and saliva,
respectively). The increase in lead in sweat taken from the right arm from an
initial average level of 15 ug Pb17* to 115 ug Pb17! after 3h exposure of the left
arm to lead, confirmed that lead can be absorbed through the skin and transpor-
ted around the body. Lead in urine (Fig. 3) and lead in blood (Fig. 4) however
did not increase significantly after placing lead on the skin of the volunteer.

The only body fluid other than sweat to show an increase in lead was saliva
(Fig. 5). The increase occurred at the same time that the highest lead in sweat
was recorded, i.e. day 1/15600h or 3h after the lead was placed on the skin. It
was surprising that there was no measurable increase of lead in blood and urine
while lead in sweat and saliva increased. A likely explanation is that lead is
transported in the plasma, but is removed so quickly into the extracellular fluid
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pool (sweat and saliva) that its mean residence time in the plasma is very short,
and little lead enters the erythrocytes. Chamberlain [17] found that the
transport time for lead from plasma to the extracellular fluid compartment was
~ 1min.

The use of the Macroduct sweat collection system for lead in sweat determination

The Macroduct system (Wescor Inc., Utah, U.S.A.) is a sweat collection
device for the detection of cystic fibrosis in infants {18]. This instrument was
tested to see whether it could be used for the determination of trace levels of
lead in sweat. The results are shown in Table 3.

The washed Macroduct gave lower lead concentrations than (i) the
Macroduct containing dye (Table 3) (the dye which is used to show the amount
of sweat in the collection tubing may contain lead as an impurity); and (ii) the
method of Stauber and Florence (Table 3). The larger population surveyed by
Stauber and Florence may give a truer reflection of the average lead in sweat
of the population than the smaller population surveyed using the Macroduct,
or, alternatively, some of the lead in the sweat collected by the Macroduct is
lost by surface adsorption to the capillary tube, giving a low result.

Sauna sweat with measured levels of lead was introduced into the
Macroduct capillary and allowed to stand for 20-80 min (simulating the time to

TABLE 3

Comparison of lead in sweat via different collection methods

Method No. of males Lead (ug/fl sweat)
Stauber and Florence [19] 24 41% (+19)°
Macroduct (containing dye) 1(3)° 57 (+21)
Macroduct (washed free of dye) 3(13) 13(+7)

® Average.

®One standard deviation
¢No. of samples

TABLE 4

Comparison between known lead in sauna sweat and sauna sweat placed into a Macroduct
capillary for 20 min

Sauna sweat Sauna sweat 1n

control Macroduct for

(ug Pb1™1) 20 min
(ugPb1™h)

84 89
64 63
67 70
72 ik
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collect 60-80 ul of pilocarpine iontophoresis induced sweat) before analysis for
lead. The results (Table 4) indicate that there are no losses of lead to the
capillary walls. This signifies that the Macroduct (washed free of dye) would be
useful for collecting sweat for lead determination.

CONCLUSION

Inorganic lead is rapidly absorbed through the skin and enters the car-
diovascular system. It may, however, be eliminated via sweat and other ex-
tracellular fluids and hence not be as great a health hazard as ingested lead.
Further studies are planned using animals to determine where skin-absorbed
lead is deposited in the body, and to establish the extent of any health hazard
to lead workers.
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Letters to the Editor

SKIN ABSORPTION OF LEAD

Sir,—Skin absorroon 15 not usually considered a signuficant
mode of uptake of lezd. unless the lead is present as a lipid-soluble
compound such as :zzmaethyl lead or lead naphthenate.! We have
found that inorganic ‘22d can be absorted through skin and rapidly
distributed througheut the body  The gure shows the appearance
of raised levels of lead 1n sweat sampies taken from the nght arm.
after a 25 mm diame:2r membrane filter. to which 60 #l o0 5 mol 1
lead nitrate soluuon 6 mg Pb had been added, was placed on the
left arm, covered witz a square of ‘Parafilm’, wrapped firmly wath
plasuc tunch-wrap. and left on the arm for 24 hours. Pilocarpine
iontophoresis sweat szmples,” taken frem the nght arm periodicatly
before and after the spplicauon of lead. were analysed for lead by
anodic stripping veoitammeuy.?? The sweat laad concentration
continued to rise even after the lead was removed. and increased
from the normal vaice of 15330 pg | to over 330 pg |l atter 2 dayvs
(figure. Similar resuis were obtained when 100 mesh lead metal or
oxide powder were used in place of lead nitrate. Both the increase in
sweat lead, and the e taken for skin ransport, depended on the
extent of skin sweating. If the arm was xeptoool and dny, hirde skin
transfer occurred; with profuse sweating, large increases in sweat
fead occurred rapidly. These results can be explamed by a diffusion
model involving simuitaneous diffusion of lead ions through a filled
sweat duct (rapid) and through the stratum comeum islow).?

Although the skin absorption of lead gave rise 1o increased lead in
sweat, similar increases in blood and unine were not observed. For
the volunteer whose results are shown in the figure neither urine (2
pg 1) nor whole blond (55 pg 1) lead changed significandy from
normal throughout ti¢ experiment. Saliva lead concentravons did,
however, increase from 2 5 to 15 pg 1. and the increase paralleled
that of lead in sweat Since raised sweat lead values were found
within 2 h of the application of lead. blood transport must be
involved. However, no measurable increase in blood lead was found
so the lead must be ransported in plasma and rapidly concentrated
into the extracellular fluid pool of sweat and saliva without
significant uptake by ervthrocytes, and with 2 very low transient
concentraton in the plasma. The behaviour is very different from
thac of ingested lead *

Skin absorpton of Iead may be imporant in industries such as
lead bartery manufecture and lead smelung, where the area of a
worker’s skin covered with lead dust may be orders of magnitude
greater than that used in our experiments. Although face masks are
wsually wom when handling lead powders, few precaudons are
taken to prevent occupational skin exposure. A survey of workers in
alead battery factory vielded iontophoresis sweat lead values as high
25 800 pg 1, even after their skin had been scrubbed with a chelating
detergent and washed thoroughly before the sweat sample was
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taken and when they had been away from work for seveal davs
These men had only moderately raised lezd in blood 300—400 pig 1.

Experiments with a stable lead isotope are unasrwar to find out
L!zc fate of skin-absorbed lead and i skin exmosure c2n add
significantly to the body burden of this metal.
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because of less-than-safe handling. Such undetected chromc
exposure should have evoked parkinsonism by now, 20 years or
more after the introduction of paraquat.

(5) J. D. Parkinson may have been the first to describe the disease
fully, but the ancient physicians were well aware of the clinical
fearures; Galen described the main triad of symptoms, relating them
to advanced age.

It thus seems unlikely that any postulated environmental agent in
IPD is directly related to modem industry or 1o items such as the
banana, potato, or coffee bean that were unknown in Europe before
the “New World”” was discovered in 1492. B

A direct relation between an MPTP-linked exogenous toxin and
IPD, as suggested by animal studies, remains tentative therefore.
However, because the incidence and prevalence of IPD cannot be
explained by a mere genedcaetiology or by age-related deterioration
of previously damaged nigrostriatal function alone, the search for
risk factors should be extended. Such a search should focus on life
styles decades before the onset of disease, and take into account
geographic movements, drinking and eatng habits, and drugs
prescribed, further family and twin studies could also prove helpful.
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NEUROTOXICITY OF MANGANESE

SiR,—As part of a study of the possible involvement of
manganese! in the neurological disorder found in some aborigines
living on Groote Eylandt, Australia®* we invesdgated the
manganese catalysis of dopamine oxidadon. Detailed kinetic
measurements suggest that, in the presence of manganese, oxidaton
of dopamine by oxygen proceeds via a manganese (II)/(TII) redox
couple, the superoxide radical, and a semiquinone intermediate.
Neurotoxicity of manganese results from the depletion of doparnine
and the producton of the neurotoxins doparmine quinone and
hydrogen peroxide.

A wide range of compounds were studied for their ability to
inhibit dopamine oxidation at pH 7-5 in phosphate buffer (rable).
Ascorbic acid (vitamin C) and thiamine (vitamin B,) were the most
effective inhibitors, completely inhibiung oxidation in both the
presence and absence of manganese. The inhibiting effect of
dehydroascorbic acid shows that the mechanism is not simply
chemical reduction, although ascorbic acid reduced dopamine
quinone back to dopamine. Few of the compounds tested gave a
significant reduction in dopamine oxidation rate, and all those that
did (table) were either positvely charged (eg, thiamine) or had a
positively charged group in the molecule (eg, ascorbic acid). This
suggests that the inhibitors react with and swbilise the intermediate
semiquinone free radical, thus effectively quenching dopamine
oxidadon. Thiamine-peurotransmitter interaction has been
observed in man by Freye and Hartung.$

Dopamine loss is known to be associated with manganese
toxicity,! which causes symptoms similar to those of Parkinson’s
discase. Since many of the Groote Eylandt aborigines are likely to be
deficient in ascorbic acid (poor dier) and thiamine (alcohol intake), it
is possible that depletion of these vitamins exacerbates the disease. A
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INHIBITION OF MANGANESE-CATALYSED OXIDATION OF

DOPAMINE*
Concentranon Reduction 1n
Intubitor (mmol/l) oxtdadon rate (%)t

Ascorbic acd 005 100 _
001 63
Dehydroascorbic aad 1 100
0-1 25
Thiamine 1 100
01 47
Folic aad 1 74
Bioun 1 53
Dodecylpyndinium chlonde 1 46
Pyndoxine 1 44

*Dopamune 0 3 mmolfl; Mn*~ 0 | mmol/l, phosphate buffer pH 7 5 20 mmolfl, 37°C, arr
bubbling
tDopamine concentation measured at 490 nm.

derailed study of the vitamin status of the aborigines, and possible
vitamin supplementation, is planned for this year.

Parkinson’s disease may result from early exposure to chemical
toxins that deplete dopamine or block dopamine receprors.® A
curious finding is the mverse reladon between Parkinson’s disease
and tobacco smoking®? Heavy cigarette smokers have a
significantly lower incidence of the disease than non-smokers.”
Nicotine has two electrophilic nitrogen atoms in the molecule, and
perhaps it acts, like ascorbic acid and thiamine, as a free radical
acceptor and an inhibitor of dopamine oxidadon. This ratses the
possibility of these vitamins acting as prophylactncs towards
Parkinson’s disesse and other diseases involving loss of
NCUrOtransmutters.
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CSIRO Duvision f Fuel Technology,
J. L. STAUBER

Mena, NSW 2233, Australia
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BROMODIALONE POISONING

SiR,—Dr Greef and colleagues (Nov 28, p 1269) report
laboratory findings in two children accidenually poisoned with
bromodialone. In the first child, the prothrombin time was grearter
than 120 s, none of the vitamin-K-dependent factors having an
acavity of less than 30%; in the second case, the factor assays were
more consistent with the prothrombin time reported as well as the
partial thromboplastn time. With the factor assays as reported in
the first case [ would not have expected a prothrombin tme longer
than 20 s. That the first child was not as severely affected as the
second is borne out by the rapid recovery after specific therapy.
Hemostasis and Cosgulaton Laboratory,

Willlam Beaumont Hospial,
Royal Oak, Michigan 48072, USA

J. N. SHANBERGE
% This letter has been shown to Dr Greeff, whose reply
follows.—ED. L. —

SiR,—Dr Shanberge’s comments on the apparent discrepancy
berween the midal prothrombin time, pardal thromboplastin time
(PTT), and the levels of vitamin K factors are correct. However, his
view that the first case was not as severe as the second is not borne
out by the clinical severity of the generalised bleeding diathesis and
the apparently spontanecus bleed into the child’s neck,
necessitaung endotracheal intubation. The response to tweaument
can be atrdbuted to aggressive clotting factor and vitamin K,
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ABSTRACT

The use of scalp hair to monitor manganese was studied as part of an investigation of
manganeoe mmtoxioation amongst a group of Aborigines hiving on manganese-rich sail an Groote
Eylandt, in the Northern Territory of Australia High scalp-hair manganese values were due
largely to manganese from exogenous sources. Manganese (IV) dioxide in dust, trapped in hair, was
reduced by the components of sweat, leading to the diffusion of manganese (II) into the hair shaft.
At least 15 ug Mn g~! hair could be incorporated into hair via this exogenous route.

To overcome the problems of manganese contamination, the ability of a number of leaching
agents to remove exogenous manganese selectively from hair was tested. Measurements of
manganese along the length of hair strands were extrapolated back to zero length to estimate the
amount of manganese 1n the hair as it emerged from the scalp. Using this extrapolation technique,
Aborigines on Groote Eylandt had a mean scalp-hair manganese of 16 ppm. Aborigines in non-
manganese areas had 2 ppm manganese in hair. Caucasians living in the same manganese-rich area
had 2.5 ppm manganese in hair, compared to 0.5 ppm manganese in non-manganese areas. Measure-
ments of manganese 1n hair and blood of Groote Eylandt Aborigines showed that the population
had a high exposure to manganese, but did not distinguish between those individuals affected/unaf-
fected by the neurological condition, Groote Eylandt Syndrome

INTRODUCTION

Aborigines living at Angurugu, a small township on Groote Eylandt (GE), in
the Gulf of Carpentaria, Australia, have a high incidence of neurological
disturbances referred to as the Groote Eylandt Syndrome (Cawte, 1984). It has
been suggested that GE Syndrome may be caused by environmental
manganese, as similar neurological symptoms have been found in South
American miners suffering from manganese poisoning (Cotzias et al., 1968). The
Angurugu population is exposed to an environment naturally high in
manganese. Soil samples collected from the township contain up to 4%
manganese as MnO, in the mineral pyrolusite (Florence et al., 1987). The
Groote Eylandt Mining Company (GEMCO) has mined manganese since the
early 1960s.

Manganese, absorbed through the lungs and gastrointestinal tract is cleared

0048-9697/89/$03.50 © 1989 Elsevier Science Publishers B.V.
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quickly from the blood and deposited in tissue, particularly the liver, kidney,
pancreas and brain. The neurotoxicity of manganese may result from its ability
to catalyse the oxidation of dopamine, causing depletion of this neurotrans-
mitter (Donaldson, 1987; Florence and Stauber, 1989). Manganese is excreted in
the faeces via bile, with very little being excreted in the urine (Piscator, 1979;
Keen et al., 1984). Because manganese has a short biological half-life (4 days for
the fast fraction (30%) and 40 days for the slow fraction), monitoring
manganese at the low levels found in blood and urine can only indicate
relatively recent exposure.

The most convenient record of manganese exposure over a few months is the
manganese concentration in scalp hair, which grows at a rate of 1-2cm per
month (Hopps, 1977). Problems in using scalp hair to monitor exposure include
pre-treatment of the hair before manganese analysis, and the need to distin-
guish between endogenous (manganese that enters the hair via the blood
supply to the hair follicle) and exogenous sources of manganese, including dust
and sweat (Chittleborough, 1980).

To determine whether the Aboriginal population of Angurugu had a signifi-
cantly higher manganese inlauke than other populations, we monitored
manganese in scalp hair of over 100 inhabitants (Stauber et al., 1987). We found
that Aborigines living at Angurugu had much higher hair manganese than
those from non-manganese areas, e.g., Gove Peninsula. Although Caucasians
at Angurugu had lower hair manganese than Aborigines, it was much higher
than hair manganese for Caucasians living in Sydney. To interpret these
scalp-hair manganese results, it was necessary to determine the contribution
of exogenous manganese to the total manganese measured in hair. In this paper
we examine sources of exogenous manganese in hair, including the solubility
of manganese from Groote Eylandt roadside dust in sweat and its incorporation
into Aboriginal and Caucasian hair. A number of methods to overcome the
problem of exogenous manganese in hair were also examined.

EXPERIMENTAL
Hair collection and analysis

Scalp hair (collected from the nape of the neck) and pubic hair were cut and
washed in 25ml of non-ionic detergent (0.5% Triton X-100) in an ultrasonic
bath for 15min. Hair samples were rinsed with distilled water through a
pierced Whatman 542 filter paper, rinsed with methanol and air-dried before
manganese determination by neutron activation analysis (NAA). Dust washed
from the hair was collected and analysed for manganese by inductively coupled
plasma emission spectroscopy (ICP). To ensure that all the dust was removed
by the washing procedure, GE roadside dust was rubbed into the hair, shaken
overnight and the hair washed in the same manner. Analysis showed that the
washing procedure effectively removed all surface dust, and gave reproducible
results for multiple hair samples from the same person.
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Endogenous and exogenous manganese in hair

Manganese in dust trapped in the hair before sampling, may be solubilized
in sweat, incorporated into the hair shaft and measured as endogenous
manganese. To determine the extent to which this exogenous source of
manganese contributes to total manganese in hair, experiments using both
Aboriginal and Caucasian hair were conducted.

Solubility of manganese from dust in sweat

Roadside dirt from Angurugu was collected and sifted through a 100 mesh
sieve. It contained 4.4% Mn. Sweat from two sources was used in the following
experiments:

(i) Synthetic sweat (pH 5.2). The composition of synthetic sweat is shown in
Table 1 (Stauber and Florence, 1987). Synthetic sweat was used with/without
the addition of 0.4 mg ml ™" protein mixture (containing 0.05 g albumin ml~* and
0.03 g globulin ml ') and sebum (0.025 ml m1~! sweat). The sebum stock solution
contained 3% palmitic acid, 5% palmitic acid methyl ester, 2% linoleic acid,
0.1% cholesterol and 0.2% cholesterol hexanoate, dissolved in 10ml of warm
ethanol.

(i1) Sauna sweat. In a sauna, forearm sweat was collected into acid-washed
containers (Stauber and Florence, 1988).

The solubility of manganese from dust in sweat was determined by shaking
a large excess of Angurugu roadside dust in sweat for 1-6 days. The solution
was filtered through an acid-washed 0.45 ym membrane filter and manganese in
the filtrate determined by ICP.

As most of the manganese in Angurugu dust was present as MnQO,, the
ability of sweat to dissolve manganese from a standard suspension of freshly
prepared MnO, (Stauber and Florence, 1985) was measured using Milli-Q
water, sauna sweat, synthetic sweat, and synthetic sweat without lactic acid.
Sweat was shaken overnight with 0.1 ml of 0.1 M MnO, suspension, followed by
centrifugation for 20min in an Amicon CF-25 Centriflo membrane ultrafilter
cone, which retains molecules greater than 25000 MW. Manganese (II) in the
ultrafiltrate was determined by ICP. To identify which component of sweat was
reducing Mn(IV) to Mn(II), the experiment was repeated using solutions of
lactic acid, NaCl, urea, histidine-HCI and citrulline in Milli-Q water (pH 5.2) at
concentrations found in synthetic sweat.

Lipid solubility of manganese in sweat

Ten millilitres of synthetic sweat ( + 0.4mg protein mixture ml™?)
containing 5 ug Mn(II) 1! was shaken for 5min in 10ml of n-octanol. After
standing for 15min, the aqueous phase was separated and manganese in the
aqueous phase determined by ICP.
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TABLE 1

Composition of synthetic sweat®

Compound Concentration
(mg 1)
NaCl 800
KCl 912
CaSO,-2H,0 200
MgSO,-7TH,0 88
NaH,PO,-2H,0 31
FeSO,-7TH,0 11
Lactic acid 1472
Urea 300
Histidine-HCI 240
Alanine 920
Glycine 280
Citrulline 152
Urocanic acid 76

2 8ynthetic sweat was adjusted to pH 5.2 with 0.2 M Na,CO,.

Incorporation of manganese from sweat into hair

To determine how much manganese could be incorporated into hair from
exogenous sources, Aboriginal and Caucasian hair was shaken for up to one
month in sweat containing radiolabelled manganese (** Mn(II) or ¥ MnO,). The
total manganese concentration in sweat ranged from <1 to 5000 ug Mn 171,
After shaking, the hair was washed as usual in Triton X-100, dried and acid
digested in 2ml 15 M HNO; and 0.5ml 72% HCIO, (Supaprur) to strong fumes
of HCIO, . Exogenous manganese incorporated into the hair was determined by
counting in a gamma well counter, and compared to total manganese in hair,
measured by ICP.

To establish whether more manganese is incorporated into hair when sweat
evaporates, hair was shaken overnight in synthetic sweat containing *Mn
(500 ug Mn(II) 17') and air-dried during the day to simulate evaporation. The
procedure was repeated for 5 days, before final washing of the hair, acid
digestion and manganese determination by gamma counting. In another
experiment, hair was shaken for 8 days in *Mn(Il)-sweat solution, and allowed
to stand for 4 days, before measurement of manganese uptake.

Incorporation of manganese from dust via sweat into hair

Hair was shaken for 6 days with 10-500 mg of Angurugu roadside dust in
25ml of sauna sweat. Manganese uptake into hair was measured by ICP, after
washing in Triton X-100 and acid digestion in HNO,/HCIO,.
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Manganese incorporation along the length of hair

To examine whether manganese incorporation from sweat was constant
along the length of the hair, root-to-tip hair samples were collected and treated
as follows:

(1) Hair was shaken with synthetic sweat containing 500 ug Mn(II) 17! (with
% Mn).

(2) Hair was shaken for 6 days in synthetic sweat and 500 ug Mn(II) 17! (with
$Mn), air-dried and the roots dipped in a beaker of synthetic sweat for 6 days.

(3) The roots of the hair were placed in a beaker of synthetic sweat and
500 ug Mn(II) 17! (with *Mn) for 6 days. After treatment, the hair was cut into
1.5cm lengths, washed with Triton X-100 and acid digested; the exogenous
manganese along the length of the hair was then determined by gamma
counting. Manganese in untreated hair, cut into 1.5cm lengths, was also
determined by ICP.

Selective leaching of exogenous manganese from hair

Experiments to selectively leach exogenous manganese incorporated into
hair from dust and sweat were carried out. Hair, which had been shaken with
radioactive *Mn (500 ug Mn(II) 17!) in sweat for 1-6 days, was washed as usual
with Triton X-100. The hair was then divided into aliquots and washed with
0.1 M solutions of HCI, cysteine-HCI, CyDTA,EDTA, oxalic acid, ascorbic acid,
penicillamine, diethyldithiocarbamate, hydroquinone and H,0,, with
ultrasonication for up to 6 h. Other leaching agents included 0.05 M dithiodipyr-
idine, 0.02 M indomethacin, 0.01 M potassium ethylxanthogenate, 0.01 M oxine,
50% ethanol and 1% sodium lauryl sulphate. To measure the effect of leaching
agents on endogenous manganese, unexposed hair was washed with Triton
X-100, followed by various leaching agents and the remaining manganese in
hair measured by ICP.

Manganese in blood

Manganese in whole blood from Aborigines and Caucasians on Groote
Eylandt was determined by atomic absorption spectroscopy (AAS) at the
Prince of Wales Hospital, Sydney, New South Wales, Australia. Iron in blood
was determined by NAA. Haemoglobin and ferritin in blood were determined
by the Mansfield Pathology Laboratories, Sydney.
RESULTS

Solubility of manganese from dust in sweat

Concentrations of manganese in different sweat solutions after shaking
50 mg Angurugu roadside dust for 1 day in 25 ml of sweat are shown in Table 2.
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TABLE 2

Solubility of manganese from Groote Eylandt roadside dust in sweat®

Solution Manganese (ug 17!)
Muilli-Q water 80
Synthetic sweat 800
Synthetic sweat + protein 640
Synthetic sweat + sebum 840
Sauna sweat 1120

®50mg dust + 25ml sweat, shaken for 1 day. Dust contained 4.4% Mn.

Longer shaking times (up to 6 days) and different amounts of dust (10-500 mg)
did not increase the manganese concentrations in sweat. Synthetic sweat
dissolved ten times more manganese from dust than Milli-Q water, under the
same conditions. The addition of protein and sebum to synthetic sweal had
little effect. Slightly more manganese dissolved in sauna sweat.

These results suggest that sweat contains reducing agents that are able to
dissolve the Mn(IV) and Mn(III) present in the pyrolusite ore in the dust. The
ability of sweat to dissolve manganese from a standard suspension of MnO, was
measured using synthetic sweat, sauna sweat and Milli-Q water (Table 3).
Milli-Q water did not substantially dissolve the manganese, whereas in the
sweat solutions there was significant and equal dissolution. Lactic acid,
histidine-HC], citrulline and urocanic acid were the major components of
sweat which reduced MnO,.

TABLE 3

Solubility of MnO, 1n sweat and sweat components®

Solution® Manganese (ug ml™!)
Milli-Q water 0.01
Sauna sweat 98
Synthetic sweat 102
Synthetic sweat (without lactic acid) 116
Lactic acid 109
Histidine hydrochloride 120
Citrulline 42
Urocanic acid 50
Sodium chloride 0.26
Urea 0.07

¢0.1ml of 0.1 M MnO, shaken with 1 ml solution for one day.
®Concentration of lactic acid, urea, etc. were the same as that present in synthetic sweat (Table
1). pH was adjusted to 5.2 as for synthetic sweat.
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Lipid solubility of manganese in sweat

Solubility in n-octanol is often used to simulate lipid solubility. However,
when a solution of manganese in synthetic sweat was shaken with n-octanol,
manganese was not extracted, indicating that manganese in sweat was not in
a lipid-soluble form.

Incorporation of manganese from sweat into hair

When hair was shaken for 10 days with synthetic sweat containing 0-5000 ug
Mn(II) 17', the uptake of manganese into hair was proportional to manganese
concentration (Fig. 1). When 300 mg of hair was shaken in 25 ml synthetic sweat
containing 500 ug Mn 1* (as Mn(Il) or MnO,), about 40% of the manganese was
incorporated into hair (~ 17 uyg Mn g~! Triton X-100 washed hair). Aboriginal
and Caucasian hair incorporated similar concentrations of manganese. There

TABLE 4

Incorporation of manganese into hair from Groote Eylandt roadside dust, shaken in sauna sweat?

Weight of dust Manganese incorporated into hair
(mg) (ppm)
10 54
50 175
150 200
500 380

210-500 mg dust (4.4% Mn) and 250 mg hair shaken for 6 days in 25 ml sauna sweat.
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Fig. 2. Manganese along the length of hair from one Aborigine affected by Groote Eylandt
Syndrome.

was no increase in uptake when the manganese solution was replaced each
day for 10 days. Washing the hair with Triton X-100 after each daily exposure
to sweat and manganese (to simulate daily hair shampooing) did not affect
uptake of manganese.

Uptake of manganese into hair increased with increased shaking time for
4-5 days, after which additional shaking (up to 1 month) led to only a small
increase. Triton X-100 was no more effective than Milli-Q water in removing
exogenous manganese from hair after long shaking periods (> 10 days).

Hair shaken with Mn(II) in sweat for 3 days, rinsed with Milli-Q water,
allowed to stand for 4 days, then subjected to the standard washing procedure,
did not incorporate more manganese than hair shaken for 3 days and measured
immediately. Moreover, manganese was just as leachable with Triton X-100
after the 7 day experiment, suggesting that manganese does not diffuse slowly
into the hair cortex.

Only slightly more manganese was incorporated into hair (13ug Mn g™!
hair) when Mn(II)-containing sweat was allowed to evaporate on the hair each
day for 5 days, compared to hair shaken for 5 days without drying (10 ug Mn g™*
hair).

When Angurugu roadside dust, sauna sweat and hair were shaken together
for 6 days, incorporation of manganese into hair increased with increasing
amounts of dust. This increase was not linear (Table 4). Up to 380 ug Mn g*
hair was incorporated into hair in the presence of 500 mg dust and 250 mg hair.
It is unlikely that such large amounts of dust would be associated with
Aboriginal hair. Dust collected during the washing of Aboriginal hair with
Triton X-100, contributed only ~ 14 ug Mn g~! hair.



93

Manganese incorporation along the length of hair

Changes in manganese concentration along the length of hair were
measured in a number of Aborigines and Caucasians from Groote Eylandt.
Manganese always increased along the length of hair from roots to tips,
reaching 80 ppm in the distal ends of some Aboriginal hair. Figure 2 shows a
typical plot of manganese along the length of hair from one Aborigine affected
by GE Syndrome. This increase in manganese from roots to tips may be due to:

(a) age-related damage to the outer cuticle layer of the hair, which enables
more exogenous manganese to be absorbed towards hair tips;

(b) elution of sweat from the scalp, which travels along the hair, dissolves
manganese in dust particles on the hair and concentrates manganese towards
the tips, i.e. hair acts like a chromatographic column (wick) with sweat as the
eluant.

The results of experiments to test the wick effect are presented in Table 5.
When the roots only of hair were placed in a beaker of synthetic sweat
containing 500 ug Mn(II) 1-! with the distal ends hanging over the side of the
beaker, it had less manganese along its length towards the tips (treatment 3,
Table 5). Manganese increased along the length of hair towards the tips for hair
which had previously been shaken with manganese in sweat and the roots
placed in a beaker of synthetic sweat (no manganese) (treatment 2, Table 5).
However, manganese also increased along the length of hair from roots to tips,

TABLE 5

Incorporation of manganese along the length of hair

Hair section® Manganese (ugfg hair)
Untreated Treatment 1° Treatment 2° Treatment 3¢

Roots 0.1 4.3 2.6 41.8
0.2 9.8 6.8 37.0
0.6 10.7 8.2 30.1
0.8 10.9 8.8 27.3
0.7 11.3 8.6 21.7
1.2 12.0 12.1 20.6
1.2 13.3 12.8 20.6
1.2 14.6 14.9 194

Ends 1.2 15.6 16.4 22.7

2Each hair section was 1.5 cm in length.

®730 mg hair was shaken for 6 days in 25ml synthetic sweat containing 500 ug Mn(II) 17! (with
5 Mn).

©740mg hair was shaken for 6 days 1n 25 ml synthetic sweat containing 500 ug Mn(II) 1~ (with ¥ Mn)
_then roots dipped in a beaker of synthetic sweat for 6 days.

4The roots of 737 mg hair were dipped in a beaker of synthetic sweat containing 500 ug Mn(II) 1~*
(with *Mn) for 6 days.
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when hair was simply shaken in a manganese-sweat solution, and analysed
immediately (treatment 1, Table 5). This suggests that increasing manganese
towards hair tips is not due to a wick effect, but more likely due to increasing
damage to the hair cuticle with age (i.e., distance from the scalp) allowing more
exogenous manganese to be absorbed in the cortical cells.

Selective leaching of exogenous manganese

The effectiveness of a number of chemical chelators, thiols, acids and
solvents in removing exogenous manganese from hair are shown in Table 6.
The most effective leaching agents were 0.1 M HCl and 0.1 M cysteine-HCl,
which removed 71% and 51% of the exogenous manganese, respectively, but
also removed much of the endogenous manganese. Ultrasonication for 1h with
0.1 M CyDTA did not remove any endogenous Mn, but only extracted 15-40%
of the exogenous manganese, with the percentage extracted decreasing with
increasing exposure to manganese. The longer the hair was shaken with
manganese in sweat, the less effectively the agents removed manganese. The

TABLE 6

Percentage manganese removed from hair by various leaching agents®

Leaching agent Percentage exogenous
manganese removed

HCI 71
Cysteine-HCI (pH1.3) 51
Cysteine-HCl (pH 1.3) + 50% ethanol 42
CyDTA® (pH5.5) 37
HCI (0.025 M, pH 1.3) 34
EDTA 33
Dithiodipyridine (0.05 M) 33
Hydroquinone 21
Diethyldithiocarbamate 21
Oxalic acid 21
Sodium lauryl sulphate (1%) 20
H,0, + CyDTA 19
H,0, 16
Indomethacin 16
Oxine (0.01 M) 12
Ascorbic acid 10
Potassium ethylxanthogenate 4
Ethanol (50%) 3
Penicillamine 3
Cysteine HCI (pH 5.1) 2

®Hair was shaken for 1-3 days in synthetic sweat containing 500 ug Mn 1-! (labelled with *Mn).
All leaching agents used were 0.1 M, unless otherwise stated.
b Cyclohexylenedinitrilotetraacetic acid.
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anionic detergent, sodium lauryl sulphate (SDS) only removed 20% of
exogenous manganese after 1h ultrasonication at 25°C and 58% at 80°C.
Potassium hydroxide (3 M), which extracts the keratins (protein components of
hair), removed only 60% of exogenous manganese after hair was shaken for 7
days.

DISCUSSION

Large amounts of manganese may be dissolved by sweat from Angurugu
roadside dust and incorporated into hair. This source of exogenous manganese
in hair may partly account for the elevated manganese levels found in the hair
of Aborigines and Caucasians living in Angurugu (Stauber et al., 1987). The
average concentration of manganese in hair dust collected from Angurugu was
1.7%. This could lead to 500 ug Mn 17! dissolved in sweat (Table 2) and, from
Fig. 1, an incorporation of up to 15 ug Mn g~! hair. Larger amounts of dust in
hair, the presence of roadside dust (which is 4% manganese) and evaporation
of sweat on hair could all lead to an even greater incorporation of manganese
in hair via this exogenous route.

To obtain reliable estimates of manganese taken up from blood in the hair
follicle, manganese in hair from exogenous sources must be eliminated. If
manganese from exogenous sources is bound only to the outer cuticle layer of
hair, and does not penetrate the hair cortex, or is bound to different functional
groups on amino acids than endogenous manganese, it may be possible to
remove exogenous manganese from hair before analysis. Bos et al. (1985) and
Li and Malmgvist (1985), using microbeam particle induced X-ray emission
(PIXE), studied the distribution of iron, lead, sulphur, zinc and copper across
single hairs. They found that some elements, including zinc, sulphur and
copper, have a homogeneous distribution across the hair, whereas endogenous
iron and lead have higher concentrations at the hair periphery.

Although the distribution of manganese across the hair has not been
determined, there is some evidence from acid staining wool, that manganese
binds preferentially to orthocortical cells, perhaps to the amino acid tyrosine
(Corbett and Yu, 1964). If this is the case, selective leaching of exogenous
manganese from hair will be very difficult. We were unable to find a leaching
agent that could remove exogenous manganese, without affecting endogenous
manganese. Buckley and Dreosti (1984) were unable to find a washing
procedure that removed only exogenous zinc from hair. They concluded that
the location and binding of endogenous and exogenous zinc in hair may not be
significantly dissimilar. Nishiyama and Nordberg (1972) also found that acid
and alkaline washes could not distinguish endogenous and exogenous
cadmium in hair. Moreover, endogenous cadmium was more easily eluted than
cadmium adsorbed to hair from exogenous sources.

Other ways of overcoming the problem of exogenous manganese include
sampling the 1-2 cm of hair closest to the scalp or measuring manganese along
the length of hair and extrapolating back to zero length at the scalp. The latter
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TABLE 7

Manganese 1n scalp and pubic hair

Subjects Mean Mn (ppm)

Scalp® Pubic
Caucasians - Sydney 05 + 0.2° 13 + 05
GEMCO workers 22 + 08 30 + 04
Caucasians - Angurugu 25 +07 79 + 4.1
Affected Aborigines 9+5 25 + 13
Unaffected Aborigines 16 + 12 23+ 6

@Extrapolated to zero length.
bOne standard deviation.

method enables an estimate of the manganese concentration in hair as it
emerges from the scalp, before manganese from exogenous sources interferes.
We used this method to reassess manganese in scalp hair from Groote
Eylandters. Scalp-hair manganese, extrapolated back to zero, and pubic-hair
manganese in Angurugu Aborigines affected/unaffected by GE Syndrome,
Caucasians living at Angurugu and some Caucasian GEMCO workers are
shown in Table 7. Manganese in both scalp hair and pubic hair of Angurugu
Aborigines was about 20 times the non-exposed values of Sydney Caucasians.
There was no significant difference in hair manganese between Aborigines
with GE Syndrome and those without the disease. Scalp-hair manganese for
both the Caucasians at Angurugu and the GEMCO workers were three-six
times the Sydney values. These results suggest that the Angurugu population,
particularly the Aborigines, have a high intake of manganese.

Higher hair manganese in Aborigines than Caucasians may be due to their
different lifestyles, e.g., Aborigines “close-to-the-earth” living or due to dif-
ferences in their diets. We measured manganese in some traditional food
samples, including yams and fruit from the old Angurugu garden areas
(Florence et al., 1987). Some of the foods were exceptionally high in manganese,
e.g., one 20 g yam would supply 13 mg of manganese; three times the recommen-
ded daily allowance of this element. One litre of boiled billy tea, which is part
of the Aborigines’ staple diet, contained 6-7mg manganese, five times more
than brewed tea drunk by Caucasians.

To determine whether manganese in scalp hair gives a reliable estimate of
manganese intake, manganese in blood from the same groups was determined
(Table 8). The Caucasians living at Angurugu and the GEMCO workers had
blood manganese values within the normal range for Sydney controls (6-12 ug
Mn 17!). Angurugu Aboriginals had elevated levels of manganese in blood,
although there was no significant difference between those affected and
unaffected by GE Syndrome. The affected Aboriginals also had low haemo-
globin (normal range 12-18¢g d1™') and low ferritin (normal range 25-150 (F)
and 75-260 (M) ug 17'), indicative of low iron status (anaemia). Anaemia,
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TABLE 8

Mean manganese, iron, haemoglobin and ferritin 1n blood of Groote Eylandt inhabitants

Subjects Mn Fe Hb Ferritin
(ng 1™ (ng 171 (gdl™) (ng17Y)

GEMCO workers 84 + 23 431 + 46 157 + 0.9° 146 + 68
140 + 0.6°

Caucasians, Angurugu 73 + 23 388 + 32 15.1° 69 + 40
129 + 0.9°

Affected Aborigines 36.1 + 10.2 294 + 73 8.9 11 +11
11.0 + 0.6°

Unaffected Aborigines 189 + 65 403 + 69 15.7 + 1.0° 161 + 161
12.3°

2Males.

"Females.

chronic infections, high alcohol intake and low dietary calcium and zinc all
increase the toxic effects of manganese (Schager et al., 1974; World Health
Organization 1981).

Measurement of manganese in blood and hair probably only indicates
manganese in the body that is in readily exchangeable pools, such as soft
tissue. Because hair and blood determinations can only indicate relatively
recent manganese exposure, we were unable to distinguish between those
individuals affected/unaffected by GE Syndrome. The exposure which caused
the neurological symptoms may have occurred many years previously, perhaps
in early childhood. A sample of umbilical cord blood taken from a young
Angurugu mother had 40 ug Mn1~'. Determination of manganese in scalp hair
does show, however, that the Angurugu population has a high intake of
manganese. Only 2% of the population are susceptible; perhaps only those
individuals with a genetic difference in manganese metabolism which leads to
enhanced manganese uptake or reduced manganese clearance from the body.
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ABSTRACT

Manganese catalysis of the oxidation of dopamine by air was studied as part of an investigation
of possible manganese 1ntoxication amongst a group of Aborigines living on manganese-rich soil
on Groote Eylandt, in the Northern Territory of Australia. Manganese significantly increased the
oxidation rate of dopamine, and the manganese complexes with some purines were especially
efficient catalysts. An oxidation mechanism, involving a manganese(II)/(III) redox couple and a
semiquinone free radical intermediate, is proposed. Stoichiometric hydrogen peroxide was
produced by the oxidation, and the oxidation products of dopamine were highly toxic to the marine
diatom Nitzschia closterium. Hydrogen peroxide and the superoxide radical did not oxidize
dopamine at physiological pH. Some electrophilic compounds, including ascorbic acid, dehydroas-
corbic acid and thiamine, effectively inhibited dopamine oxidation. The Groote Eylandt
Aborigines are likely to be deficient 1n ascorbic acid (vitamin C) and thiamine (vitamin B,), and
these deficiencies, as well as their hifestyle, may predispose them to manganese intoxication

INTRODUCTION

Groote Eylandt, an island in the Gulf of Carpentaria, in Australia’s
Northern Territory, is an Aboriginal reserve on which there are extensive
deposits of manganese. The main Aboriginal village, Angurugu, is situated on
arich manganese outcropping, with average manganese soil concentrations of
4-5% in the village [1-4].

About 2% of the Aboriginal population of the village have developed a
neurological disorder (The “Angurugu Syndrome’) with symptoms of
manganism similar to those reported for some Chilean manganese miners
[1,5-7], and with many of the manifestations of Parkinson’s disease. Fruit and
vegetables grown in the vicinity of the village are extremely high in
manganese, and some of the Aborigines have elevated concentrations of
manganese in blood and hair [1].

The neurotoxicity of manganese is believed to result from the ability of this
metal to catalyze the oxidation of dopamine (3-hydroxytyramine) by oxygen
[8-12], causing depletion of this neurotransmitter. The oxidation products,
dopamine quinone and hydrogen peroxide, are also neurotoxic [1, 12].

0048-9697/89/$03.50 © 1989 Elsevier Science Pubhishers B.V.
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Dopamine oxidation appears to involve the superoxide radical and the man-
ganese(I1)/(III) redox couple, although the exact reaction mechanism has yet to
be elucidated [8].

As part of a detailed study of the health effects of environmental manganese
in Angurugu, we have carried out in vitro measurements of the ability of
manganese to catalyze the oxidation of dopamine by oxygen, hydrogen
peroxide, and superoxide radical. Reaction mechanisms are proposed, and it is
shown that the oxidation can be completely inhibited by certain electrophilic
compounds, including ascorbic acid (vitamin C) and thiamine (vitamin B,).

EXPERIMENTAL
Oxidation of dopamine by air

Phosphate buffer (23 ml of 0.02 M, pH 7.5) plus metal (0.25ml of 0.01 M) and
ligand (0.25m! 0 0.025 M) in a 25-ml volumetric flask, was pre-incubated at 37°C
for 15min, then the reaction started by the addition of 0.5ml of 0.015 M
dopamine, diluting to 25 ml with phosphate buffer, and mixing. Air was bubbled
through the solution continuously. Aliquots were taken at 5 min intervals for
the spectrophotometric determination of dopamine quinone at 490 nm and
hydrogen peroxide.

Spectrophotometric determination of hydrogen peroxide

To the sample aliquot (1 ml) in a 25 m] volumetric flask was added 5ml of 1 M
ammonium trichloroacetate buffer, pH 8.2, and 2.5ml of Ti-PAR reagent (1:1
mixture of 1.5 x 1072 M potassium titanium oxalate and 1.5 x 1073 M 4-(2-pyr-
idylazo)resorcinol). After dilution to volume, the solution was heated at 45°C
for 75min. The absorbance at 508 nm was measured against an identical
solution to which 1mg catalase was added 10 min before the Ti-PAR reagent.
The molar absorptivity of H,0, by this method was 3.6 x 10

Oxidation of dopamine by hydrogen peroxide

Phosphate buffer (23 ml of 0.02 M, pH 7.5) plus metal (0.25ml of 0.01 M) and
ligand (0.25ml of 0.025 M) was deaerated at 37°C with nitrogen for 15min.
Dopamine (0.5ml of 0.015 M) was added, and the reaction started by the
addition of 1.00 ml of 0.5 M H, O, and mixing. A blank was prepared by substitut-
ing 1 ml of water for the H,0,. After 30 min at 37°C, the absorbance of dopamine
quinone was measured at 490 nm.

Oxidation of dopamine by superoxide radical (O,”)

Phosphate buffer (23 ml of 0.02 M, pH 7.5) plus metal (0.25ml of 0.01 M) and
ligand (0.25ml of 0.025 M) was incubated at 37°C for 15 min. Dopamine (0.5 ml



235

of 0.015 M) and freshly prepared xanthine (0.625ml of 8 x 107" M in 0.01M
NaOH) were added, then the reaction started by adding xanthine oxidase
(0.25ml of 0.25mgml~"), diluting to 25ml with phosphate buffer and mixing.
After 30min at 37°C the absorbance of dopamine quinone was measured at
490 nm and compared with the absorbance of a blank prepared by omitting
xanthine oxidase. The effect of adding 0.5mg superoxide dismutase (SOD)
(Sigma, bovine liver) was also examined.

Effect of dopamine on algal growth rate

The effect of 1 x 107° M dopamine 1n the absence and presence of mangan-
ese(Il) and xanthine was measured by the growth rate of the marine diatom
Nitzschia closterium [20] in seawater for 4 days.

Production of hydroxyl radical during dopamine oxidation

Formation of hydroxyl radical (OH-) during the oxidation of dopamine
(2.5 x 10°*M) at pH 7.5 with O,, O, or H,0, was measured using the 4-nitro-
phenol spectrophotometric method [18]. In this procedure, OH- hydroxylates
4-nitrophenol (yellow) to 4-nitrocatechol (red), which is determined spectro-
photometrically at 507 nm.

RESULTS

Using an extrapolation procedure [14] for the rate plot, the rate of oxidation
of dopamine by oxygen was found to be pseudo first order. The first order rate
constants (k, ) for oxidation in the presence of manganese together with various
ligands, and copper and iron alone are shown in Table 1. Rate constants were
calculated from the formation of dopaquinone, but very similar values were
obtained using H,0, production. The rate constants were independent of
dopamine concentration, as expected for a first order reaction. After correction
for the H,0, formed from the Mn-xanthine catalyst alone (0.58 x 10™*M
H,0,), 3 x 107* M dopamine oxidized by air produced 2.97 x 10™*M H,0,, i.e.
an equimolar concentration.

The effect of various inhibitors on the rate of the Mn-catalyzed reaction are
given in Table 2. No inhibition was found for the following compounds
(1 x 1073 M): 1,10-phenanthroline, 2-nitrophenol, choline, riboflavin, folic
acid, oxalate, taurine, tyrosine and vitamin B,,. Thiamine and ascorbic acid
also inhibited the uncatalyzed (Mn-free) oxidation of dopamine, and ascorbic
acid (but not thiamine or dehydroascorbic acid) was able to reduce dopaquin-
one back to dopamine.

Superoxide dismutase (1 mg/25 ml) reduced the Mn-catalyzed oxidation rate
of dopamine by 50%; the heat-denatured enzyme was ineffective. Catalase
(I1mg/25m]) had a much smaller effect. The hydroxyl radical scavenger,
mannitol (0.05 M), had no effect on the oxidation rate.
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TABLE 1

Oxidation of dopamine by air®

Catalyst® Pseudo first order rate
constant (x 10°min~!)

None 0.26
Mn?* 0.72
Mn2* + xanthine 1.20
Mn?* + hypoxanthine 0.94
Mn?* + uric acid 1.00
Mn?* + adenine 0.87
Mn?* + histidine 0.42
Mn?' + orotic acid 091
Mn2' + lactic acid 0.43
Mn?* + guanine 085
Mn2* + pyrophosphate 0.63
Mn?®' + tyrosine 0.86
Nonge, 0.02 M buffer® < 0.10
Mn?* + 0.02 M buffer® 0.50
Fe?* 4.05
Cu?* (1.3)!

*3 x 10~*M dopamine in 0.02 M phosphate buffer pH 7 5, 37°C.

b1 x 107*M metal + 2.5 x 10~*M hgand.

¢PIPES buffer in place of phosphate.

4 Copper appeared to catalyze formation of an indole polymer 1n the later stages of the reaction.

The k,—pH data are shown in Table 3. The pH range was 7.0-7.7; at lower.pH
values the rate was considerably slower, and at more alkaline values
(pH > 7.8) the dopaquinone was converted to a dark-coloured indole [11].

Dopamine was oxidized by neither H,O, nor O, in the presence of the
catalysts free Mn?*, Mn—xanthine, or Mn-ATP. However, Fe~EDTA was an
effective catalyst for the dopamine-H,O, reaction. Two O, generating
systems, xanthine—xanthine oxidase and acetaldehyde-xanthine oxidase, were
used. The cytochrome ¢ spectrophotometric procedure [15] showed that a flux
of O, was generated from both systems, but no dopamine oxidation occurred,
other than that from dissolved oxygen.

The production of hydroxyl radical during the oxidation of dopamine by air
is shown in Table 4. No OH* was produced in deaerated solutions when H,0O,
or O, were used as reductants. Any interference by the indole polymer was
eliminated by preparing a blank reaction solution that was identical to the
sample solution, but with 4-nitrophenol omitted.

The effects of dopamine and dopamine oxidation products on the growth rate
of Nitzschia closterium are shown in Table 5. Dopamine and/or its oxidation
products are toxic to Nitzschia. It is likely that the oxidation products are the
toxic agents, since toxicity is increased in the presence of the oxidation
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TABLE 2

Inhibition of manganese-catalyzed dopamine oxidation in air®

Inhibitor Reduction 1n
oxidation rate (%)®

Thiamine, 1 x 1073M 100
1x 107'M 47

1x 107°M 35

Ascorbic acid, 25 x 107 M 100
5 x 107°M 100

1 x 10°°M 56
Dehydroascorbic acid, 1 x 1073 100
1 x 1071 31

Biotin, 1 x 1073 M 40
Morin, 1 x 1073 M 55
Dodecylpyridinium chloride, 1 x 1073 M 33
4-Nitrophenol, 1 x 10 *M 41
Pyridoxine, 1 x 1073 M 40
Glycine, 1 x 1073 M 50
Reduced glutathione, 1 x 10°M 100
Malachite green, 1 x 1073 M 60

23 x 10~*M dopamine + 1 x 107*M Mn?* in 0.02 M phosphate buffer, pH 7.5, 37°C.
bReduction m oxidation rate (0.72 x 10~?*min~!) of mnhibitor-free solution

catalyst, manganese—xanthine complex, and is reduced by the oxidation
inhibitor 4-nitrophenol.

DISCUSSION

In o-phosphate and PIPES buffers, manganese significantly increased the
oxidation rate of dopamine by air (Table 1). The rate was faster in phosphate
than in the non-complexing PIPES buffer, showing that the manganese
phosphate complex is a more efficient catalyst than the hydrated manganese
ion. The manganese complexes of some purine derivatives, viz. xanthine, hypo-

TABLE 3

Effect of pH on the rate of dopamine oxidation by air®

pH Pseudo first order rate
constant (x 102min~!)

7.00 0.278
7.30 0.440
7.50 0.724
7.70 1.59

°3 x 107*M dopamine + 1 x 107*M Mn®* in 0.02 M phosphate buffer, 37°C.
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TABLE 4

Production of hydroxyl radical during the oxidation of dopamine by air as measured by the

hydroxylation of 4-nitrophenol to 4-nitrocatechol®

Catalyst 4-Nitrocatechol
(1 x 10™*M metal) (M x 10%)
Mn2* 2.5°

Mn?* + 0.05 M mannitol <08

Mn?* + 2 x 10*M ATP <0.8

Fe’* + 2 x 107*M EDTA 1.8

Fe** + 2 x 107*M ATP 1.4

Cu®* + 2 x 1074ATP 14

225 x 107! M dopamine in 0.02 M phosphate buffer, bubbled with air for 30 min.
Y Corrected for inhibition of dopamine oxidation by 4-nitrophenol (Table 2).

xanthine, uric acid, adenine and guanine, were even more effective catalysts
than the phosphate complex, although histidine, lactic acid, and pyrophos-
phate lowered the oxidation rate {8] (Table 1). Copper had a catalytic efficiency
similar to that of manganese, but iron was much more effective.

A plot of log k, vs pH (Table 3) had a slope of —1.05 (correlation coeff.,
r? = 0.95), indicating that one hydrogen ion is produced in the rate-determin-
ing step of the oxidation. In addition, stoichiometric hydrogen peroxide was

OH
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NH»
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TABLE 5

The effect of dopamine oxidation products on the growth rate of Nitzschia closterium®

Additions to Growth rate
growth medium (% of blank)®
Dopamine, 1 x 107 M -21
Dopamine, 1 x 1075M, + 2.5 x 107 M Mn?* —44

2.5 x 1075 M Mn?* 96
Dopamine, 1 x 10°°M, + 25 x 107M Mn?* -61

+ 2 x 107% M xanthine

Dopamine, 1 x 1075M, + 2.5 x 1076M Mn?* —37

+ 2 x 107° M xanthine + 1 x 10~°M nitrophenol

1 x 10-*M H,0, 70

® Growth-rate assay carried out in unsupplemented seawater.
®Negative growth rate indicates cell death.

produced, hut neither OfF nor HyO; oxidized dopamine, and only a trace of OH-
was generated. Superoxide dismutase strongly inhibited the reaction, but
neither catalase nor mannitol had a significant effect on the rate. These data
allow the reaction mechanism (1)(5) to be postulated for the oxidation of
dopamine by air at pH 7-8. A minor side reaction, possibly involving the H,0,
produced during the oxidation, generates a small concentration of hydroxyl
radical (Table 4). This reaction scheme is similar to that proposed by Grinstead
[16] and Tyson and Martell [17] for the Mn®*-catalyzed oxidation of 8,5-di-t-
butyl-pyrocatechol.

Table 5 shows that the oxidation of dopamine yields products that are very
toxic to the marine diatom Nitzschia closterium in seawater at pH8.2. The
principal toxic agent appears to be dopaquinone or its polymerized products
[12], since the stoichiometric concentration of H,O, has only a low toxicity.

Ascorbic acid (vitamin C), dehydroascorbic acid, thiamine (vitamin B,) and
reduced glutathione were the most effective inhibitors of the dopamine
oxidation (Table 2). The observation that dehydroascorbic acid inhibits, shows
that inhibition is not simply chemical reduction. Dehydroascorbic acid is
unstable in solution, which may explain why it is not as effective as ascorbic
acid. Most of the inhibitors are positively charged (e.g., thiamine) or have a
strongly electrophilic group on the molecule (e.g., ascorbic and dehydroascor-
bic acid). 4-Nitrophenol, with an electrophilic nitro group, inhibits the
oxidation, but 2-nitrophenol does not, because here the nitro group is hydrogen
bonded to the adjacent hydroxyl group [18]. This effectiveness of compounds
with a positive charge suggests that inhibition involves reaction with the
semiquinone free radical, which would effectively quench the oxidation.

Many of the Angurugu Aborigines have a diet low in vitamin C, and a high
alcohol intake. Ethanol not only accelerates the absorption of manganese, but
efficiently destroys thiamine [19]. Anemia, common among the Aborigines, also
enhances manganese uptake [6]. The Groote Eylandters are therefore
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especially at risk from manganism because not only are they exposed to high
concentrations of the element (having a close-to-the-earth lifestyle), but they
absorb it more efficiently than others, and they are deficient in the vitamins (C
and B;) which may protect against dopamine loss. A vitamin intervention
program 1s being considered as a prophylactic measure.
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Abstract—The composition of the culture medium and its effects on the toxicity of ionic copper and zinc
to the marine diatom Nitszchia closterium and the toxicity of copper and lead to the freshwater green alga
Chlorella pyrenoidosa were examined. The inhibitory concentration of copper giving 50% reduction in cell
division rate in C. pyrenoidosa increased from 16 ug Cu 17! in synthetic softwater and 24 ug Cu I-' n
EPA-AAP medium (minus EDTA) to >200 ug Cu 1! in high nutrient MBL medium. Similarly, marine
medium f reduced copper and zinc toxicity to N. closterium 10-20 fold compared to seawater. To overcome
the problems of metal complexation by chelators such as silicate, iron and EDTA in the assay medium,
unsupplemented seawater and buffered synthetic softwater, enriched only with nitrate and phosphate, have
been used for the study of metal toxicities to marine and freshwater algae. These low nutrient media are
sufficient to support algal growth over the 4-day assay period.

Key words—algae, copper, zinc, lead, toxicity, culture medium, marine, freshwater

INTRODUCTION

To establish realistic water quality criteria for heavy
metals in both marine and freshwater environments,
algél bioassays have been extensively used (Bartlett
and Rabe, 1974; EPA, 1978; Van Coillie ez al., 1983).
The Selenastrum capricornutum Printz algal assay
bottle test (EPA, 1971, 1978) and the companion
marine algal assay procedure: bottle test (EPA, 1974)
were proposed as standard procedures for solving
eutrophication problems and testing receiving waters
of varying nutrient status. Although both these pro-
cedures may be applied to the study of heavy metal
toxicty to algae, disadvantages include the use of
EDTA which reduces toxicity of metals in the fresh-
water assay medium (Chiaudani and Vighi, 1978),
and the time involved {(12-20 days) for each assay.

Although it has been well documented that the
toxicity of metals in both marine and freshwaters
depends on the presence of chelators such as iron and
EDTA (Steeman Nielsen and Kamp-Nielsen, 1970;
Erickson, 1972), many workers have used high nutn-
ent culture medium in metal toxicity bioassays
(Foster, 1977; Bentley-Mowat and Reid, 1977). In
particular, many marine studies have used medium f
of Guillard and Ryther (1962), which contains such
chelators as phosphate and citrate, and adsorbents
such as iron and silicate which can bind the heavy
metal ion being tested for toxicity. To overcome this
problem, Lumsden and Florence (1983) proposed an
algal assay procedure in which the marine diatom
N. closterium was cultured in modified medium f, but

the assays were carried out in raw, unenriched sea-
water for 4 days. We have used this method exten-
sively in the study of mechanisms of metal toxicity to
algae, and its amelioration by metal(III) hydroxides
(Stauber and Florence, 1985a, b, 1986, 1987).

It is now well established that the extent of trace
metal toxicity to aquatic organisms is governed not
by the total metal concentration, but by the frec metal
ion activity (Sunda and Guillard, 1976; Florence,
1983, 1986; Stauber and Florence, 1987). Complexing
agents, by decreasing free metal ton activity, decrease
metal toxicity. The only exceptions to this rule are
some lipid-soluble metal complexes, which, because
of their rapid penetration of the cell membrane, and
their ability to transport the hgand as well as the
metal into the cytosol, may actually be more toxic
than free metal ion (Florence et al., 1983; Ahsanullah
and Florence, 1984; Florence. 1986). In simple ionic
solutions, or those where EDTA complexes dominate
(Jackson and Morgan. 1978) it is possible to compute
the free metal activity from chemical models. In
most culture media, however, where a variety of trace
metal adsorbents, such as hydrated oxides of iron,
manganese and silicon are present, such calculations
are too inaccurate to be of use.

In this paper we compare the toxicity of copper and
zinc to the marine diatom N. closterium in unsupple-
mented seawater and medium f, and copper and lead
toxicity to the freshwater green alga, C. pyrenoidosa
in three different media We propose the use of
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" Uneririched “seawater for miarine algal assays and
a buffered synthetic softwater supplemented with
- nitrate and phdsphate for freshwater assays.
MATERIALS AND METHODS
Seavater
Surface seawater was collected off Port Hacking, N.S.W
in carefully cleaned polyethylene bottles and passed immedi-
ately through a 0.45 um filter. Filtered secawater was stored
at 4°C until used in the culture medium and algal assays.

Algal cultures

The unicellular marine diatom N. closterium (Ehrenberg)
W. Smith was cultured in a modified medium f (Guillard
and Ryther, 1962). Ferric ctrate/citric acid (4.5mg 1~
ferric citrate. 7H,O + 4.5mg 1! citric acid) replaced tron-
EDTA, Na,MoO,-2H,0 was omitted and the trace metal
concentration was halved (Table I).

The freshwater green alga C. pyrenoidosa Chick was
maintained in modifitd MBL medium (Stein, 1973)
(Table 2). Both species were obtained from the CSIRO
Division of Fisheries Algal Culture Collection. The cultures
were maintained at 21°C on a 12:12h light/dark cycle at
6400 Ix. Cells in exponential phase growth were used for all
growth experiments

Cell division rate experiments

{a) Chlorella pyrenoidosa. The effects of ionic copper and
lead on the cell division of C. pyrenoidosa in three different
culture media were compared.

Table 1 Compositon of fyeedmnm

Concentration
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(i) Fifty millilitres of enriched synthetic sof* ster
(NaHCO;,48 mg1-';CaSO,-2H,0,30mg1~;MgSO,-. ,0,
30 mg 1~} KCl, 2 mg 1-') with the addition of I ml of 0.5 M
Hepes buffer (pH 7.0), 0 Sml of NaNO, (2.1g I-') and
0.5ml K;HPO, (0.22g 1°")

(i) Fifty millilitres of EPA (1971) medium, with
modifications by Chiaudani and Vighi (1978) (Table 2). This
1s the recommended medium for the standard algal assay
bottle test using Selenastrum capricornutum (EPA, 1978).

(ni) Fifty millitres of modified MBL medium (Stein, 1973)
without EDTA (Table 2).

All algal assays were carried out in siliconized 200 ml
conical flasks containing 50 ml medium which had not been
sterilized. The C. pyrenoidosa inoculum was washed three
umes by centnifugation n the assay medium, before the
addition of 4 x 10° cells ml~"' 10 each assay flask. Duplicate
assay flasks containing 0-200 zg Cu 17!, were incubated at
21°C at 16,000 Ix on a 12.12 h lightidark cycle Cell density
was measured initially and on three subsequent days by
counting microscopically in a haemocytometer. A regression
line was fitted to a plot of log,, (final cell density/initial cell
density) vs time (in hours) for each sample, and the cell
division rate determined from the slope. The metal toxicity
was expressed as the inhibitory concentration which gave a
50% reduction in cell division rate (ICy) after 72h. |

(b) Nuzschia closterium. The effects of ionic copper anl
zinc on the cell division rate of N. closterium in unsupple-
mented seawater and culture medium f were compared
Duplicate assay flasks containing 50 ml seawater or culture
medium, 0-200 zg Cu 1! or 0-1000 ug Zn 1-! were inocu-
lated with 4 x 10 cells ml~!, according to the method of
I.umsden and Florence (1983). The inoculum was washed
three times by centrifugauon 1n seawater or culture medium

Nutrient (mg 1-' seawater) before use Assay flasks were incubated as described above,
NaNoO, 150 and cell density determined over 4 days by counting in a
NaH, PO, 2'H20 10 haemocytometer.
Na,$i0,-5H,0 251 Deternunation of ASV-labile lead in enriched synthetic
C H,0,Fe-5H,0 45 softwater
C H,0,-H,0 45
CuSO, SH,0 0.009 Electrochemically-labile lead in enriched synthetic soft-
ZnSO,-7H,0 0022 water was determined by direct current anodic stripping
CoCl,-6H,0 * 0.010 voltammetry (ASV) using an E.G. & G. Princeton Applied
MnCl,-4H,0 0.180 Research model 384 polarographic analyser with a model
Th'a[r;m"e Ha 02 303 static mercury drop electrode assembly, in a class 100
v“a:lan 888} clean room. Assay flasks containing enriched synthetic
2 softwater, 50-150 ug Pb 1-', with no algae were incubated
Table 2 Composition of the three freshwater media
Enriched synthetic
Nutrient softwater EPA medium MBL medium
Major elements (mg 1)
NaNO, 21 2 3
K.HPO, 22 10 §7
NaHCO,; 48 t5 13
Ca 7.0 12 10
Mg 29 29 66
Cl 09 63 18
S 95 19 48
Hepes 2383 —_ -
\4,EDTA — — 130
Trs — — 300
Munor clements (ug |7')
— 32 —
Mn — 115 50
Zn — 16 30
Co — 007 22
Cu — 0004 23
Mo — 29 _
Fe — S5 132
S — — 1
Thiamine HCI — — 200
Biotin — — 1
Vitamun B, — — 1

*EDTA was omutted from the MBL medium used in the assay
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on * - light platform at 21°C for S5 days. ASV-labile lead
wae_ _termined on a 10 ml aliquot, with 120 s deposition at
—0.7V (vs Ag/AgCl) by peak area measurement

RESULTS AND DISCUSSION

Chlorella pyrenoidosa

The effect of copper and lead on the cell division
rate of C. pyrenoidosa in different media is shown 1n
Table 3. In the absence of copper, cell division rates
for C. pyrenoidosa were similar in both low nutrient
media (enriched synthetic softwater and EPA
medium) and in high nutrient MBL medium (minus
EDTA) (Table 4). However, the toxicity of copper
was reduced in full strength MBL medium, with an
ICs, > 200 ug Cu 17, compared to 16 and 24 ug Cu
1! in synthetic softwater and EPA medium respect-
ively (Tables 3 and 5). We found that copper was
much more toxic to C. pyrenoidosa than reported by
Monahan (1976), who found that 500 ug Cu 1! was
needed to cause toxicity to the same species assayed

" a medium containing the chelators EDTA and
aron. Foster (1977), using the high nutrient Bolds
Basal medium, found that up to 300 gg Cu 1=! was
required for complete growth inhibition of Chlorella
vulgaris.

Chiaudani and Vigh1 (1978) compared the toxicity
ol heavy metals in EPA mediue +EDTA W S,
capicornutum after 4 and 7 days growth. They found
that the addition of 300 ug 17! EDTA to the medium
decreased copper toxicity 20-fold from an ICg, of 1.6

Table 3. The effect of copper and lead on the cell division rate of C
pyrenoidosa in different media

Cell dwision rate (percentage of blank)

Metal éonc. Enriched synthetic

(puel™") softwater EPA medium MBL medium
Copper
10 78 —« —_
20 35 58 77
40 13 — —
50 10 20 87
70 4 — —
100 0 20 97
200 — 20 97
Lead
10 103 _ —
20 88 — —
40 78 — —
60 73 — —
100 77 — —
150 81 — -
200 83 — —
400 100 — —_

*Not determined

Table 4. Blank ccll diviston rates for N closterum and C pyrenoidosa
m different media without toxic metal

Cell division rate

Algae Medium per hour
N closterum Seawater 0.009*
Medium f 0015
C pyrenotdosa Enniched sofiwnater 0013¢
EPA medium 0.012
MBL medium 0014
*SD 0.002
+SD 0001
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Table 5. Concentrations of copper giving 50%
reduction in cell division rate of C. pyrenoidosa

ICq
Medium (g Cul™)
Enniched softwater 16
EPA medium 24
MBL medium (munus EDTA) > 200

7’

to 34 ug Cu 17! after 4 days. The ICy, for zinc,
chromium, cadmium, nickel and cobalt also de-
creased in the absence of EDTA. They proposed
omitting EDTA from the EPA medium used in the
standard algal assay bottle test (EPA, 1978). We
found an even lower IC, for copper to C. pyrenoidosa
in buffered synthetic softwater containing nitrate and
phosphate. This medium, which contains no added
trace metals and supports good growth of C.
pyrenoidosa, may be used as an alternative assay
medium for toxicity studies.

The toxicity of lead to C. pyrenoidosa was exam-
ined in enriched synthetic softwater (Table 3). Sixty
micrograms of lead per litre gave a 73% reduction in
cell division rate; however higher concentrations
of lead were less toxic. This may have been due to
precipitation of lead in the softwater. We measured
electrochemically-labile lead by anodic stripping
voltammetry, after assay flasks containing 50, 100
and 150 g Pb i! in enriched syntnetic softwate
(with no algae) were stood on the light platform for
-5 days (Table 6). We found that after 5 days ASV-
labile lead, pH 7, was only 3—-6% of the total lead
added; with ASV-labile lead only slightly increasing
with increasing total lead concentration. This sug-
gests that most of the lead was in complexes which
were not electrochemically available and probably
non-toxic to C. pyrenoidosa. Hepes has been reported
(Calbiochem, Calif., personal communication) to
form very weak complexes with heavy metals. The
compound had no effect on the ASV peak heights or
peak potentials of copper, lead, cadmium and zinc in
the pH range 5-9 It is difficult to explain the slight
decrease in lead toxicity to C. pyrenoidosa at high
total lead concentrations.

Nitzchia closterium

Cell division rates for N. closieruam grown 1n
the absence of metals in seawater and medium f
are shown in Table 4. As found by Lumsden and
Florence (1983), unenriched seawater can support the
growth of N. closterium for at least 72 h. The cell
division rate for this species 1s faster i nutnent-rich
medium f.

Table 6 Electrochemically-labile lead in ennched
synthetic softwater after 5 days

Total lead added

mitally ASV-labile lead pH7°
(g 1I7Y (el )

S0 29

100 41

150 40

*Direct current stripping, peak drea medsurement
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Table 7. The cffect of copper and zinc on the cell
division rate of N closterium in different media

Cell division rate
(percentage of blank)

Metal conc.
(ug1™) Seawater Mcdum
Copper
10 50 97
20 39 -
30 33 -
40 — 93
S0 19 -—
70 0 —
80 — 89
120 — 59
200 — 53
Zinc
20 86 —_
40 74 105
50 71 —_
80 30 98
160 — 96
200 — 98
280 — 92
350 — 85
500 — 81
1000 — 38

*Not determined

The toxicity of copper and zinc to N. closterium
depends on the composition of the assay medium
(Table 7). In unenriched seawater, 10 ug Cu 1=! gives
a 50% reduction in cell division rate, compared to
>200 g Cu 17! in full nutrent medium f. Culture
medium f also ameliorates zinc toxicity, with the 1C,,
increasing from 75 ug Zn 17! in seawater to about
850 pg Zn 17! in medium f.

Some reports in the literature of metal toxicity to
marine algae have given erroneously high ICj, values
because assays were carried out in full nutrent
medium containing chelators. Samuel (1976) exam-
ined copper toxicity to N. closterium (previously
named Cylindrotheca closterium) in medium f and
found 50% reduction in growth rate between 50 and
100 gg Cu 17! at initial cell densities of 5 x 10* cells
mi~!. Bentley-Mowat and Reid (1977) found concen-
trations of lead and copper as high as 5x 107‘M
were required to inhibit the growth of Phaeodactylum
tricornutum. Tetraselmis sp., Dunaliella tertiolecta
and Cricosphaera elongata in S88 medium (Droop,
1968), containing 1.3 x 107*M EDTA. Other
workers have reduced concentrations of EDTA, trace
metals and iron in the assay medium, but neglected
to consider silicate as an adsorbent (Mandelli, 1969;
Fisher, 1981). By examining the effect of culture
medium on electrochemically-labile copper, Lumsden
and Florence (1983) showed that medium f has
significant metal complexing capacity, largely due to
colloidal ferric hydroxide and silicate. By using raw
seawater as the assay medium, metal toxicity may be
studied without interference from chelators in the
culture medium (Kayser, 1976; Florence et al., 1983).

Not only is the composition of the assay medium
critical in determining metal toxicity, but also the
maintenance culture medium used before the assay.
Gentile er al. (1973) found up to five-fold differences

J L StAuBer and T. M. FLORENCE

1n response of bioassay organisms mamtamed=ander
high and natural nutrient levels. Staube: 2and
Florence (1985a, b) showed that the toxicity of cop-
per to N. closterium decreased as the concentration of
on, cobalt and manganese in the culture medium
used before the assay increased. Although the inocu-
lum was washed by centrifugation in seawater,
metal(IIT) hydroxides adsorbed to the cells are carried
over to the assay in seawater. They then adsorb
copper and reduce copper penetration into the cell.
The EPA (1976) recommends the test alga should go
through two complete growth cycles in nutritionally
dilute culture medium before use in the algal assay.

Use of dilute media such as synthetic softwater and
seawater in short assays (3—4 days) overcomes the
problems of metal complexation by chelators present
in full nutrient medium and is much more relevant to
the natural situation. Our cell division rate experi-
ments with C. pyrenoidosa support the current EPA
acute water quality criteria, based on 50% mortality
to fish, of 12 ug Cu ™! in softwaters (EPA, 1983).(
seawater however, we found ICg, values of 10 ug L_
1=' and 75 ug Zn 1= for N. closterum, which were
lower than the current EPA water quahty criteria of
23pg Cul™tand 170 ug Zn 17",
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Abstract. The effect of zinc on cell division, photosynthe-
sts, ultrastructure, respiration, ATP levels, mitochondnal
electron-transport chain (ETC)-activity, total thiols and
glutathione 1n the marine diatom Nitzschia closterium
(Ehrenberg) W. Smith was investigated. Although 65 ug
Zn 17! halved the cell division rate, photosynthesis and
respiration were unaffected by zinc concentrations up to
500 ug Zn 1~ . Most of the zinc associated with the cells
was bound at the cell surface, with only 3 to 4% of this
extracellular zinc penetrating the cell membrane Once
mside the cell, zinc exerted its toxicity at a number of
sites. Increased ATP production and ETC activity were
observed in zinc-treated cells. Zinc also enhanced cellular
thiols (SH) and total glutathione, and zinc toxicity was
reversible by the addition of thiol compounds such as
cysteine. Zinc-thiol binding may be a detoxification
mechanism for the cell. It is suggested that increased ATP
production may provide the energy required for in-
creased glutathione synthesis at the expense of other en-
ergy-requiring processes including cell division. The
mechanisms of toxicity of ionic zinc and copper to
N. closterium were compared.

Introduction

Large quantities of zinc from industrial and domestic
sewage are released annually into coastal marine waters
Zinc in seawater 1s speciated partly as inorganic moieties
(Zn2*, ZnOH* and ZnCO,°), in contrast to copper
which is present almost entirely in the organic form (Van
den Berg 1982).

Recent studies have shown that zinc at low concentra-
tions is essential in maintaining the stability of cell mem-
branes, by either binding to structural components or
preventing metal-catalysed lipid peroxidation (Chvapil
1973). At higher concentrations, however, zinc can be
toxic to phytoplankton, leading to depressed cell-division
rates, uncoupling of cell division and photosynthesis
(Fisher and Jones 1981) and inhibition of fucoxanthin

synthesis (Gillan et al 1983). Despite these studies, our
understanding of the mechanism of ionic zinc toxicity to
marne phytoplankton remains poor

In this paper we examine the effect of zinc on cell
division, photosynthesis, ultrastructure, respiration, ATP
levels, E'1'C; activity, tatal thinls and ghitathinne in the
marine diatom Nuzschia closterum (Ehrenberg) W
Smith. We also compare the mechanisms of zinc and cop-
per toxicity to this species, and the reversal of toxicity by
sulfhydryl compounds

Materials and methods

Algae cultures

The unicellular marine diatom Nitzschia closterium (Ehrenberg) W
Smuth (Hasle 1964) was cultured axenically in Medium f (Guiliard
and Ryther 1962) with the trace elements and iron concentration
halved The culture was mamtained on a 12 h light:12 h dark cycle
(Phulips TL 40 W fluorescent white, 6400 lux) at 21°C Cells
log-phase growth were used for all experiments

Measurement of cell-division rate

Toxicity of zinc, diamide and phenazine methosulfate to Nitzschia
clostertum was studied using algal assays i filtered (0 45 um) un-
supplemented seawater as described previously (Lumsden and Flo-
rence 1983) Cell density was measured 1nitially and on three subse-
quent days by counting 1n a haemocytometer A regression line was
fitted to a plot of log (cell density — imitial cell density) vs time, and
cell division rate (y) was determined from the slope

Reversibility of zinc toxicity

After 48 h exposure to 120 ug Zn 17!, which completely inhibited
cell division, cysteine or cystine (5 x 1073 M) was added to the assay
flasks and cell-division rates were compared. Cultures not exposed
to zinc were used as controls. with and without each test compound
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Preparation of cells for electron microscopy

Nuzschia closterium cells exposed o 500 ug Zn 17! for 72 h were
concentrated by gentle centrifugation (1000 x g for 1 min), fixed 1n
3% glutaraldehyde 1n 0 1 M phosphate buffer (pH 72) and 0 6 M
sucrose for 1 h at room temperature, washed 1n buffer, and post-
fixed 1n 1% OsO,-0 1 M phosphate buffer for 1 h Samples were
dehydrated through a graded acetone series and embedded 1n
Spurr's low-viscosity restn Thin sections were cut using a dtamond
kmfe on a Reichert-Jung Ultratome 3, sequentially stained tn uranyi
acetate and lead citrate, and examined 1n a Philips 400 electron
MICroscope

Determunation of intracellular and extracellular zinc

Nuzschia closterium cells were grown 1n seawater containing 100 ug
Zn 17! and 200 ug Zn 17}, spiked with radioactive ®3Zn

To determine total zinc associated with the cells (intracellular
plus extracellular zinc), a 20 ml aliquot of the growth medium was
filtered through a 045 ym membrane-filter The filter was acid-
digestedin 2 ml of 15 M HNO; and 0 5 ml of 72% HCIO,, to strong
fumes of HCIO,, and diluted to 5 ml with H,0. Cellular zinc was
determined by counting ®*Zn m a gamma-well counter

To determune intracellular zinc, a second 20 ml cell aliquot was
centrifuged and resuspended in 002 M EDTA m seawater for
20 min (Bates et al 1985, Stauber and Florence 1985) Preliminary
experiments showed that 97% of zinc adhering to the outside of the
cells was removed with one wash 1n 0.02 M EDTA 1n seawater. The
cells were filtered, acid-digested, and counted mn a gamma-well
counter to detesmine intracellular zinc. Batraccllular zinc was calcu-
lated by subtracting intracellular zinc trom total zinc associated
with the cells

A significant fraction of the zinc adhered to the glass walls of
the culture flasks The flasks were rinsed with 5 ml of warm 1 M
HNOj;, which was then counted 1n a gamma-well counter to ensure
that all the radioactive zinc added was recovered

Measurement of photosynthesis

Photosynthests after 24 h exposure to zinc was determined by up-
take of carbon-14 carbonate, followed by removal of excess
H'*COj5 in acid solution, and hiquid scintiilation-counting 1 In-
stagel (Lumsden and Florence 1983) Results were expressed as
umol CO, fixed h=! 107° cells

Measurement of respiration

Algal dark respiration rates (umol O, h™! 107¢ cells) were deter-
muned 1n a sealed biological oxygen-demand bottle using an Orion
Research Oxygen Electrode Respiration was measured imtially for
30 min and at 2, 4, 6, 24 and 48 h after exposure to 500 ug Zn 17"

Determination of ATP

ATP was determined using a modified method of Holm-Hansen and
Booth (1966) After a 24 h treatment with 200 ug Zn 17!, ATP was
extracted from the cells mn boiling Trs buffer (0 025 M, pH 7.75)
An aliquot of cell extract was added to 4 ml of Sigma firefly extract
(reconstituted 1n buffer) to a final volume of 10 ml! in Tnis buffer,
and hight output was measured on a Packard hquid scintillation-
counter ATP in the cells, with correction for a firefly extract blank,
was determined from an ATP standard curve (area under the light
decay curve vs ATP concentration).

Determination of electron-transport chain (ETC) activity

Mitochondnal ETC activity in Nezschia closterium was determined
using an artifical electron acceptor, 2-(p-todophenyl)-3-(p-nitro-
phenyl)-5-phenyl tetrazolium chloride (INT), according to Kenner
and Ahmed (1975) Cells exposed to zinc for 24 h were centnifuged
and homogenised for 2 min n 6 ml cold buffer (0.05 M phosphate.
pH 80. 75 uM MgSO,, 0.2% Trton X-100 and 0.15% poly-
vinylpyrrolidone) Extracts were centrifuged and assayed at 25°C
using 1 ml extract, 3 ml substrate buffer (0 05 M phosphate, pH 8 0
02% Tniton X-100, 0 133M disodium succinate, 8.35x 10™¢ Af
NADH and 24x10”* M NADPH)and i mlof 25x 1073 M INT
After 15 mun, the reaction was stopped with 1 ml of a 1 1 mixture
of 1 M sodium formate (pH 3.5) and formahn The absorbance of
INT-formazan was measured at 490 nm and corrected for a boiled
homogenate blank which was assayed 1n the same way ETC acun-
1ty was expressed as nmol formazan per 10° cells

Determination of cellular thiols (SH groups)

Cellular thiol groups 1n control cells and 1n cells after 24 h exposure
to 500 ug Zn 17* or 175 ug Cu 17! were determined using the
method of Grassetti and Murray (1967), modified by Stauber and
Florence (1986) Algae were centrifuged, washed, and resuspended
i 3ml of 1 M phosphate buffer (pH 7.2), 3ml of fresh 2,2-
dithiodipyridine (2 x 10~3 M) were added, and the cells were vor-
texed vigorously to ensure complete cell breakage After 30 mun, cell
debris was removed by centrifugation and the absorbance of the
supernatant was measured at 342 and 233 nm. 2,2’-dithiodipynidine
reacts with thiols to form 2-thiopyrnidone with a change in the UV
absorption spectrum Absorbance at 342 nm was corrected for an
algal blank, without dithiodipyridine treatment, and for =
dithiodipyridine blank 1n phosphate buffer The absorbance of this
blank at 233 nm was used to correct for unused dithiodipyridine it
each sample A freshly prepared cysteine standard (6 x 10 ~° M) wes
used for calibration

Determination of total glutathione

Total glutathione (GSSG+ GSH) n control cells and 1n cells ex-
posed to 500 ug Zn 17! for 24 h was determined using a modification
of the enzyme recycling method of Tietze (1969) Cell aliquots (90 m.»
were centrifuged and resuspended in a mixture of 1 ml of seawate:

1ml of 002 M HCI and 1 ml of 10% 5-sulfosalicylic acid Eac*
extract was ground 1n a hand-held tissue homogenizer, vortexed anc
centnfuged Supernatant (0 4 ml) was used for the total glutahionz
determmnations To a 5 ml volumetnic flask was added, 0 87 ml ¢~
1 mgml~' NADPH. 0 5ml of 0006 M 5,5'-dithiobis(2-mitrobenzo.:
acid) (DTNB), and 1 ml of buffer (0 143 M NaH,PO,/6.3 x 107 % bf
EDTA. pH 7 5) The mixture was mcubated for Smin at 30 C

before the addition of 0 4 ml supernatant The volume was made uz
to 5 ml with buffer, and the reaction was started with the additic-
of 0 22 ml of 33 U ml~ ! glutathione reductase (GR) (Sigma Type 17
from bakers’ yeast) The rate of formation of 5-thio-2-mitrobenzo .
acid (TNB), which is proportional to the total GSH concentratio=

was followed spectrophotometrically at 412 nm for 10 min (Ande—-
son 1985) The reactions are described by the following equatior -

GSSG+NADPH+H* 25 2 GSH+ NADP*, ‘.

2 GSH+4DTNB — GSSG+2 TNB .

Both the blank and GSH standards (0 2 to 1 nmol GSH) contain=:
the same amount of sulfosalicylic acid as the samples An aliquot -
each sample was also spiked with 0 5 nmol GSH in order to corre.-
for mhibiion/enhancement of TNB formation due to the samp =
matrx
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Measurement of glutathione reductase activity

The effect of zinc and copper (4 x 10~ % M) on glutathione reductase
was determined by measuring the rate of disappearance of NADPH
spectrophotometrically at 340 nm The assay was carried out
01 M phosphate buffer (pH 7.5) with the addiuon of 107* M
NADPH, 326 x10™* M GSSG, 4x 107> M Znor Cuand 005U
ml~! glutathione reductase (Colowick and Kaplan 1955) Results
were expressed as percentage inhibition of glutathione reductase
the presence of Zn or Cu compared to controls

Results
Growth

The effect of 1onic zinc on the cell-division rate of
Nutzschia closterium, expressed as a percentage of the rate
in the absence of zinc, is shown in Table 1. By interpola-
tion, a zinc concentration of 65 ug 17! was required to
produce a 50% reduction in cell division rate (1C,,), sim-
ilar to the ICs, of 60 pg Zn 17! reported by Zhang and
Florence (1987) for the same species. Higher concentra-
tions of zinc (850 ug Zn 17!) were required for a 50%
reduction in the cell division rate of N closterium when
assayed in Nutrient Medium f, containing chelators
(Stauber and Florence 1989). In the absence of zinc,
N. closterum has a cell division rate per hour of
0.0094+0.002 in unsupplemented seawater (Stauber and
Florence 1989)

7ine acenmulation

Intracellular and extracellular zinc in Nitzschia closteri-
um after 4d growth in seawater are shown in Table 2
Both intracellular and extracellular zinc increased (2.8
and 2.1 x, respectively) as the total added zinc concentra-
tion was doubled. Most of the zinc associated with the
cells was bound at the cell surface, 80% of this extracellu-
lar zinc was removed by three successive washes with
seawater (each for 20 min) Only 3 to 4% of zinc associat-
ed with the cells was not removed by EDTA treatment
and was considered to be intracellular zinc

Photosynthesis

The effect of 24 h exposure to zinc on photosynthesis 1n
Nuzschia closterium 1s shown 1n Table 3. Zinc concentra-
tions up to 500 ug 17!, which also strongly mhibited cell
division after 24 h, had no sigmificant effect on photosyn-
thesis. This decoupling of cell division and photosynthe-
sis was also found after exposure of N. closterium to 10nic
copper and copper complexes (Stauber and Florence
1987) and to zinc and copper-treated cells of the diatom
Asterionella japonica (Fisher and Jones 1981)

Ultrastructure

No effect of zinc on the ultrastructure of the nucleus,
mitochondrion or cell membrane of Nutzschia closterium

Table 1. Nuzschia ddosterum  Effect of 7zinc on cell division rate
over 4d

Zn conc Cell division rate
(ug1™h) (% of control)
0 100
20 86
40 74
50 71
80 30
100 0

Table 2. Nuzsciua closternan  Accumulation of zinc m cells after
4d Values+1SD

Added Zn Intracellular Zn Extracellular zinc
(ugl™t) (ng 107 cells) (ng 107° cells)
100 86+10 294+ 47

200 243156 628+ 195

Table 3. Nuzschia closterium Effect of zinc on photosynthesis after
24 h exposure Values+1 SD

Treatment Photosynthesis

(ug Zn17Y) (umol CO,/h/10° cells)
Unlreated cells 007940.006

200 0.090 -+ 0.006

500 009240006

was observed. Zinc-treated cells (500 ug Zn 17! for 3 d}
were sometimes larger than control cells, and this en-
largement was not due to an mcrease in the size of the cell
vacuoles. Chloroplasts of zinc-treated cells were occa-
sionally larger, with more thylakoid membranes. It 1s
possible that cells respond to zinc stress by synthesizing
more thylakoids to maintain photosynthetic rates

Attempts to measure where zinc was localized 1n the
cell, using X-ray spectra, were unsuccessful, as intracetlu-
lar zinc was below background levels

Respiration, ATP and ETC activity

Zinc (500 ug 17') did not significantly enhance respira-
tion 1n Nutzschia closterium after 24 or 48 h exposure
(Table 4). However, zinc did significantly increase ATP
levels and ETC activity after 24 h (Table 5). Zinc may
alter the activity of the dehydrogenases which funnel elec-
trons into the ETC, or alter components of the ETC
itself, leading to greater electron flow to INT, betweer.
Cytochrome b and Cytochrome c,. As ATP formation 1
coupled to the ETC, ATP levels 1n the cell also increase
Copper-ethylxanthogenate, H,0, and catalase had sim-
lar effects on ATP and ETC activity in N closterium
(Stauber and Florence 1987).
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Table 4. Nitzschia closteruum Effect of zinc on resprration  Val-
ues+1SD

Treatment Respiration (umol O, h™! 107¢ cells)
(ug Zn17Y

Oh 24 h 48 h
Untreated cells 0.032+0003 0046+0005 0071+0011
500 0032+0.003 0054+0008 008440.011

Table 5. Nuzschia closterium Effect of zinc on ATP and on mito-
chondnal electron-transport chain (ETC) activity after 24 h expo-
sure Valuest1SD

Treatment ATP ETC activity

(ug Zn17h) (ug 1076 cells) (nmol formazan
1075 cells)

Untreated cells 0018+0003 17.8+11

200 00260003 425434

500 ND 419417

Table 6. Niutzschia closterium. Effect of zinc and copper on thiols
and total gluthathione after 24 h exposure. Values+ 1 SD

Treatment Cellular thiols Total glutathione
(ug1™Y (nmol SH 1076 cells) (nmol 107° cells)
Untreated cells 1.294004 0061 40.008
500 pg Zn 4011127 0109 10.011
175 pg Cu V76018 U.Ub1 £U.UUY

Table. 7. Nuzschia closterum Reversal of zinc toxicity to the dia-
tom by cysteine. Cells were exposed to 120 ug Zn 17! for 48 h before
addition of cysteine-HCl or cystine (5x 10~° M). Growth factor 15
ratio of final cell density after 96 h to cell density at 48 h when
cysteine or cystine were added

Zn (ug 1Y) Compound added Growth factor
0 none 17
0 cysteine 16
0 cystine 16

120 none 10

120 cysteine 27

120 cystine 10

Cellular thiols, total glutathione and glutathione
reductase

Zinc-treated cells had higher concentrations of cellular
thiols (SH) and total glutathione than untreated cells
(Table 6). Zinc can bind, but cannot oxidize, SH. The
zinc:SH ratio in the cell was ~0.23.

Copper however, oxidized cellular thiols, leading to a
lowering of total thiols in the cell. Copper reacts with
reduced glutathione (GSH), according to the following
reaction (Stauber and Florence 1986):

4GSH+2 Cu®** - 2 Cu-SG+GSSG+4H* 3)

However, copper had no effect on total glutathione in the
cell (Table 6) as measured by the glutathione reductase
(GR) recycling assay This 1s because 2 Cu-SG formed in
Reaction (3), can still react with NADPH 1n the presence
of GR to form GSH, which then reacts with DTNB 1n
Reaction (2). To be sure this was the case, we reacted
0.4 nmol GSH with 0.2 nmol Cu, and then compared
total glutathione produced in the recycling assay with
that produced by the same amount of GSH 1n the absence
of Cu Total glutathione in the absence and presence of
Cu was the same. Thus, although copper oxidizes and
therefore lowers total SH 1n the cell, 1t will not affect total
cellular glutathione as long as NADPH and GR are
available.

Glutathione only accounted for 3 to 4% of total cellu-
lar thiols. It is possible that the glutathione assay only
measured glutathione 1n the cytosol and not glutathione
associated with the cell membrane, as cells were lysed and
removed prior to the assay with DTNB. In the total thiol
method, however, 2,2"-dithiodipyridine (which penetrates
the cell) was reacted with intact cells, so that both intra-
cellular thiols and thiols associated with the cell mem-
brane were determined Neither zinc nor copper inter-
fered with either method. The addition of EDTA to the
glutathione assay prevented any mhibition of GR by zinc
or copper

In a separate experiment, we examined the effect of
zinc and copper on glutathione reductase. Zinc
(4 x107% M) did not inhibit GR (1 U ml~!) At lower
coneentrations of GR (0.05 U ml™"), zinc gave slight 1n-
hibition (19%) compared to 80% inhibition by
4 %1075 M copper.

Reversal of zinc toxicity

Zinc toxicity to Nitzschia closterium was reversed by the
addition of 5x 1073 M cysteine, but not by cystine, 1ts
oxidized form (Table 7). We assumed previously (Stauber
and Florence 1986) that reversal of copper toxicity by
cystemne and GSH was due to thiol-disulplide 1inter-
change reactions. Zinc is known to form 1:1 chelates with
cysteme (Jocelyn 1972). It may be that addition of cys-
teine to N. closterum overcomes zinc toxicity by more
strongly binding zinc than cellular non-glutathione thiols
and thereby increasing the concentration of free SH in the
cell.

Discussion and conclusions

As the total concentration of zinc 1n the assay medium
increased, both intracellular and extracellular zinc 1n-
creased, and the cell division rate of Nitzschia closterium
decreased. Davies (1973, 1978) reported that zinc uptake
in the marine diatom Phaeodactylum tricornutum was due
to rapid absorption of zinc on to external cell-binding
sites followed by passive diffusion-controlled transport
into the cytoplasm at a rate proportional to the concen-
tration gradient between extracellular zinc and zinc inside
the membrane. Davies suggested that most of the intra-
cellular zinc was bound to protein, the maximal binding
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capacity of which indirectly regulated zinc uptake. Bates
et al (1985) suggested that intracellular zinc in Chlamy-
domonas variabilis was bound to polyphosphate, as con-
centrations of cell polyphosphate increased with increas-
ing zinc concentration 1n the medium.

Once inside the cell, zinc may exert its toxicity at a
number of sites Although 65 ug Zn 17! strongly inhtb-
ited cell diviston in Nitzschua closterium after 24 h, photo-
synthesis was unaffected by zinc concentrations up to
500 ug Zn 1~! Photosynthetic products accumulated,
leading to enlarged cells unable to divide. This uncou-
pling of growth from cell division has also been reported
for copper-treated cells of N closterium (Stauber and
Florence 1987), zinc and copper-treated cells of the dia-
tom Asterionella japonica (Fisher and Jones 1981), and
mercury-treated Dunaliella tertiolecta and Isochrysis gal-
bana (Davies 1976).

Some zinc-treated cells did contain more thylakoids
1n the chloroplast than control cells, although photosyn-
thetic rates were similar Zinc has been shown to decrease
production of photosynthetic pigments 1n other species.
Zinc inhibited the biosynthesis of fucoxanthin in Aste-
rionella japonica grown for 8d n 60 ug Zn 17! (Gillan
etal. 1983). Bates et al. (1985) found that zinc-grown
cells contained less chlorophyll a than control cells, and
that chlorophyll a decreased with mcreasing zinc concen-
tration

Cell division in Nitzschia closterium was less sensitive
to zinc than 1onic copper, with IC,, s of 65 ug Zn1~! and
10 ug Cu 17! Wheieas copper had no effect on mito-
chuidual prowesses (Stauber and Florence 1987), zinc
increased ATP production and mitochondrial ETC activ-
ity, with no sigmificant effect on dark-respiration rates
Zinc has been shown to alter the structure of mitochon-
dna from gill-epithelium cells of the dogfish Scyliorhinus
canicula by Crespo and Sala 1986, who suggested that
these alterations may impair oxidative phosphorylation.
Zinc however had no such effect on N closterium, 1n
which no ultrastructural changes to mitochondria were
detected by transmission electron microscopy, and mi-
tochrondnal processes were enhanced, rather than inhib-
ited.

Metals such as zinc and copper may exert their toxic-
ity by altering total thiols and, n particular, reduced
glutathione (GSH), in the cell. Glutathione 1s the major
non-protein thiol in animals, accounting for over 90% of
the cell thiol content (Meister 1981) The concentration
of glutathione in algae, however, has been less well stud-
1ed Tel-Or et al. (1985) reported that two blue-green al-
gae, Synechococcus sp and Nostoc muscorum, had intra-
cellular total glutathione concentrations of 2 to S mM,
with 89% present as GSH and 11% as oxidized glutathi-
one disulphide (GSSG). Slightly lower concentrations of
GSH (241 to 958 nmol 1077 cells or 1 to 2 mM) and
GSSG (25 to 140 nmol 10 2 cells) were reported m Eugle-
na gracilis Strain z, depending on light conditions during
growth (Shigeoka et al. 1987) We found not only lower
concentrations of total glutathione (60 to 100 nmol 10~°
cells) tn Nuzschia closterum, but that glutathione ac-
counted for only 3 to 4% of the total cellular thiols in this
species

Although copper had no effect on total glutathione in
the cell, copper did decrease total -SH in Nitzschia
closterium. We previously proposed that the primary tox-
ic effect of copper was due to a cytosolic reaction between
copper and GSH, leading to a lowering of the
GSH:GSSG ratio, and suppression of mitosis (Stauber
and Florence, 1987) The hypothesis that GSH is critical
for cell division 1s further supported by the fact that di-
amide (10™* M), a thiol oxidizing-agent specific to GSH
in Iiving cells, completely inhibited cell division in N
closterium. Cell division was also completely inhibited by
phenazine methosulfate (1073 M), a compound which
oxidizes NADPH, the cofactor for enzymatic formation
of GSH. Nath and Rebhun (1976) also found that di-
amide and phenazine methosulfate inhibited cell division
in eggs of the sea urchin Strongylocentrotus purpuratus
In an excellent review, they suggested several possi-
ble mechanisms by which GSH acts on target systems
mnvolved in mitosis Both regulation of calcium uptake
(via Ca?*-activated ATPase) necessary for cell division.
and the tubulin molecule itself, may be regulated by re-
duction and oxidation of sulfhydryls. In addition, accu-
mulation of GSSG, when glutathione reductase is inhib-
1ited by copper, may shut off protein synthesis which. n
turn, inhibits cell division.

Whereas oxidation of thiols, particularly GSH, may
be the primary toxic effect of copper, zinc-thiol binding
may be a detoxification mechanism (Viarengo 1985)
Zinc-treated cells contained more total thiol and more
total glutathionc than untreated cells This 1s consistent
with mduction of synthesis of phytochelatins of the sort
described for heavy metals (including zinc) in higher
plants (Grill et al 1985, 1987) These small cystemne-rich
peptides may be formed from glutathione or 1ts precursor
y-glutamyl cysteine, as phytochelatin formation was
markedly reduced when y-glutamyl cysteine synthetase
was inhibited (Grill et al. 1987)

A similar increase n glutathione in cadmium-exposed
fish has been reported by Thomas et al (1982). The actit-
ity of y-glutamyl cysteine-synthetase, one enzyme which
regulates GSH, is dependent on GSH concentration
(Mester 1981) Zinc, by binding GSH, may reduce the
amount of free, active GSH, and indirectly stimulate the
enzyme to produce more GSH to compensate. Increased
ATP production in zinc-treated cells could provide the
energy required for increased GSH synthesis, at the ex-
pense of other energy-requiring processes including cell
diviston. In addition, the cell can reduce GSSG to GSH
via glutathione reductase, which 1s only slightly inhibited
by zinc.
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Abstract

The use of fumed silica for the direct determination of lead 1n unne by differential-pulse anodic stripping
voltammetry was tnvestigated Fumed silica, added to unne prior to the nitrogen purge step, completely removed
sorption interferences by unnary organic constituents. Values for lead 1n urine from eight unexposed mdividuals were

342 pg 17l or 342 pg g7!

creatiine. This method 1s a fast, simple and effective means for the accurate

determination of lead in undiluted urine without pretreatment.

Keywords Lead, Urnne, Fumed silica

The determination of lead in urine is a valuable
diagnostic tool in occupational health monitoring
for assessing lead exposure. In particular, urinary
lead provides the only analytical criterion for ex-
posure to alkyllead compounds [1].

Electrochemical methods such as anodic strip-
ping voltammetry (ASV) have been widely used
for measuring toxic metals in body fluids, includ-
ing blood [2], sweat [3] and urine [4,5], owing to
their high sensitivity and ability to determine a
number of metals simultaneously. However, the
direct determination of metals in urine poses con-
siderable problems in electroanalysis owing to 1its
high organic content, which leads to adsorption at
the electrode and suppression of ASV waves.

Most methods for urinary lead determination
include a pretreatment step to remove the organic
interferences. Wet digestion [6] is time consuming,
reduces the sensitivity by increasing the blank and
involves a high risk of contamination of the sam-
ple. Bond and Reust [5] proposed pretreating urine
by passing it through a Sep-Pak C,; column. How-
ever, unless the Sep-Pak column is first acid-
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washed, contamination of the sample 1s again a
problem.

The direct determination of lead in urine.
without pretreatment, is therefore desirable. Lund
and Eriksen [4] heated urine to 40° C by circulat-
ing thermostated water in the jacket surrounding
the electrochemical cell, then determined lead by
ASV. However, this method was less sensitive and
less precise than urine pretreatment by wet di-
gestion. Hoyer et al. {7] used a Nafion-coated thin
mercury film electrode. Direct analysis of undi-
luted urine was not possible, but when urine was
diluted 1 /3 reasonable ASV waves were obtained,
although the sensitivity was reduced.

Recently, Kubiak and Wang [8] used fumed
silica to remove interferences by organic surfac-
tants from aqueous solutions for ASV. The ad-
sorptive properties associated with the large
specific surface area (255-400 m* g~!) of the
silica microparticles were exploited for the rapid
removal of surfactants from solution during the
nitrogen purge step. In this paper we describe the
use of fumed silica to remove organic and surfac-
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tant interferences from urine so as to permut the
direct ASV determination of lead in urine without
pretreatment.

EXPERIMENTAL

Apparatus

Electrochemical analysis of urine was done with
a hanging mercury drop electrode, using an EG&
G Princeton Applied Research Model 384 polaro-
graphic analyser, with a Model 303A static
mercury drop electrode assembly and a Model 305
stirrer.

Cherucals

All solutions were prepared using Merck
Suprapur reagents and water obtained using a
Milli-Q system (Millipore). Lead stock solutions
were prepared by diluting a lead standard (1.0 mg
Pb ml™! in 1.0 M HNO,; BDH Chemicals
Australia). Fumed silica was obtained from Sigma
{No. $-5005, particle size 0.007 nm; specific surface
area 400 m® g~ !). All analytical procedures were
carried out at 25+ 0.5°C in a Class 100 clean
room.

Procedures

Mid-stream urine samples were collected 1n
acid-washed plastic beakers. An ahquot (0.2 ml)
was diluted to 5 ml with water for creatinine
determunation using Sigma Kit Cat. No. 555-A.
The remaining urine was acidified to 0.1 M HNO,.
A 1-ml volume of 3 M sodium acetate buffer (pH
4.7) and 100 mg of fumed silica were added to 10
ml of acidified urine in the ASV cell. Lead 1n
urine was determined, after deaeration for 8 min,
by differential-pulse ASV. The samples were
stirred during deposition and stripped in quiescent
solution. The nstrumental conditions were as fol-
lows: deposition potential, —0.8 V (vs. Ag/AgCl),
final potential, —0.1 V; deposition time, 5 mun;
equilibration time, 30 s; pulse height, 0025 V;
scan rate, 2.0 mV s™!; scan increment, 2 mV;
drop, medium; and stirrer speed, slow.

Lead in urine was determined quantitatively by
the method of standard addition, using 0.1 mi of
107> M Pb standard solution. The recovery of
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lead was determined by spiking urine with 0 05 ml
of 107> M Pb solution before addition of acetate
buffer and fumed silica. Lead in a blank, contain-
g 10 ml of 0.1 M HNOs;, 1 ml of acetate buffer
and 100 mg of fumed silica, was measured in the
same way.

Urine samples from eight non-exposed individ-
uals were analysed in triplicate, together with a
certified human urine standard (Seronorm Trace
Elements Urine, Batch No. 108, containing 838 pg
Pb 17!, obtained from Nycomed Diagnostics,
Norway). Between samples, the cell was rinsed
successively with ethanol, 2 M HNO; and water.
Each urine sample, including one standard ad-
dition, required an analysis time of 35 min, not
including replicates.

The direct determination of lead 1n urine by the
fumed silica method was compared with the re-
sults for lead in urine after pretreatment using a
modification of the method of Bond and Reust {5]
A 15-ml volume of acidified urine (0.1 M HNO;)
was passed through a Scp-Pak C; cartridge
(Waters) using an acid-washed 20-ml disposable
syringe. The cartridge was pretreated with 5 ml of
methanol, rinsed with 5 ml of Milli-Q water and
then washed with 10 ml of 0.1 M HNO; and 20 ml
of Milli-Q water to remove metal impurities. The
outflow (10 ml) was collected in an acid-washed
plastic container and either transferred to the ASV
cell or filtered through an acid-washed 0.45-pm
filter (Mullex; Millipore). Lead in the treated urine
was determined by ASV using the same conditions
as above.

RESULTS AND DISCUSSION

Without the addition of fumed silica, the direct
electrochemical determination of lead 1n urine po-
ses considerable problems, largely because of ad-
sorption of proteins and other organic con-
stituents on the electrode surface. The signals were
often depressed or masked by unidentified peaks,
probably due to redox processes or adsorption/
desorption of urine constituents (Fig. 1). The ad-
dition of 100 mg of fumed silica directly to the
ASYV cell before the nitrogen purge step eliminated
adsorption and surfactant interferences and per-
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Fig 1 Differential-pulse anodic stripping voltammogram of
lead 1n 10 ml of untreated urine (pH 4 7) without fumed silica

mitted the direct determination of lead in un-
treated urine. Figure 2 shows a typical voltammo-
gram used for the determination of lead in 10 ml
of urine (pH 4.7) after the addition of fumed
silica. The lead peak (—0.42 V) was well separated
and reproducible; the relative standard deviation
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Fig 2. Differential-pulse anodic stnpping voltammograms of
lead 1n 10 ml of urine (pH 4 7) plus 100 mg of fumed silica (a)
Urine, (b) urine plus 20 pg Pb 17!

179

for six replicate runs was 7%, at the 6 ug 1™' level.
The lead peak was independent of the deposition
potential from —0.8 to —1.3 V and the peak
height increased linearly with deposition time.

When a standard lead solution was added 10
the urine sample, a linear increase in peak height
with concentration was observed. The recovery of
lead from a urine sample spiked intially with
5x107% M Pb was 98-100%.

Blanks (10 ml of 0.1 M HNO;-0.3 M acetate
buffer and 100 mg of fumed silica) gave a value of
0.740.1 pg Pb 17'. The fumed silica did not
contribute significantly to the blank.

The accuracy of the fumed silica method was
further assessed by using the certified 88 pg Pb
17! urine standard. A value of 85 pug Pb 17! was
found.

The fumed silica method 1s a simple, precise
and accurate method for the determination of lead
in urine at the pg 17! level. It has been used to
measure lead in urine from eight unexposed 1ndi-
viduals (tive males and three females). The aver-
age urinary lead value was 3+2 pug 17! (range
1.0-6.5) or 3+ 2 pg g~ ! creatinine, with no sig-
nificant difference between males and females
Urinary lead was corrected for creatinine because
24-h urine samples were not collected. Lower val-
ues for lead in urine were found than have been
reported previously. With the increasing use of
unleaded petrol, together with improved analytical
techniques, urinary lead values have decreased in
recent years. Haeger-Aronsen [9] obtained values
of 14+ 9 pg Pb 17" urine or 8.6 + 5.6 ug Pb g™
creatinine in unexposed subjects. Tsuchiya et al.
[10] found a mean of 12 ug Pb 17! for a group of
2300 policeman in Japan. More recently, Hoyer et
al. [7] found 5.2 pg Pb 17! in one urine sample
using a Nafion-coated thin mercury film electrode.

In a number of urine samples values for lead
obtained with the fumed silica method were com-
pared with those for urine pretreated by passage
through a Sep-Pak cartridge. Using the method of
Bond and Reust [5], gross contamination of the
urine sample occurred owing to lead present in the
Sep-Pak cartridge and Millex filter. The values for
lead were frequently four tumes higher than in the
fumed silica method. Previously more reliable re-
sults were obtamned when the Sep-Pak cartndge



180

20nA

[

o

1 | ]
-07 -05 -03
E(v)
Fig 3 Dufferential-pulse anodic stripping voltammograms of
lead and riboflavin in 10 ml of unne (pH 4 7) plus 100 mg of
fumed silica (a) Unne, (b) urine plus 2X10~% M niboflavin.

was washed with dilute acid and the Millex filtra-
uon step was omitted [11]. However, even when
the Sep-Pak cartridge was rinsed with 0.1 M HNO,
(which hydrolyses the C;; groups but does not
affect the ability to remove organics from urine),
the lead concentration found was still slightly
higher than that given by the fumed silica method.
The lead concentration determined in a blank (0.1
M HNO, which had been passed through an acid-
washed Sep-Pak cartridge) was 1.5 pg Pb 177,
twice that obtained using the fumed silica method.

Initially we hoped that the method might be
applicable to the simultaneous determination of
other metals such as cadmium and copper in
urine. However, at this pH (4.7) no sensible re-
covery of copper spikes was obtained, possibly
owing to solution chemistry effects [7]. Although a
cadium peak was often observed, accurate de-
termination of cadium was difficult.

Urine from one subject who was taking large
doses of B and C group vitamins gave an ad-
ditional ASV peak at —0.288 V. A smaller peak at
the same potential was also observed in other
subjects whether or not they were taking dietary
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vitamin supplements. The peak was identified as
riboflavin  and increased proportionally with
standard addition of riboflavin (Fig. 3). Dietary
supplements of up to 25 mg of riboflavin per day
did not interfere with the determination of lead 1n
urine. However, supplements of 50 mg of ribofla-
vin per day led to a large riboflavin ASV peak
which interfered with the lead wave. This problem
was eliminated if the subject’s urine was collected
at least 24 h after the last riboflavin dietary sup-
plement was taken.

The application of fumed silica is a fast, simple
and effective approach for ehminating matnx in-
terferences and enabling the direct determination
of lead 1n urine without pretreatment. The alterna-
tive procedure of direct graphite furnace atomic
absorption spectrometry has a detection limit for
lead in urine of 5 pg 17!, which 1s insufficiently
sensitive for analysing samples from unexposed
individuals: to reach the unexposed level a con-
centration extraction procedure 1s required [12].
The applhication of the technique to the determina-
ton of other metals n a vanety of body fluds.
including serum, is being investigated.
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Abstract—Algal assays, using the marine diatom Nutzschia closterium, have estabhished that humic acid
(5mg kg~!') can ameliorate the toxicity of the lipophilic complex Cu(oxine), (3 x 10-%mol 1!
unsupplemented seawater). The toxicity of Cu(PAN), 1s not amehorated [PAN = [-(2-pyndylazo)-2-
napthol]. In conjunction with previous visible absorption spectrophotometry and polarographic measure-
ments it was established that humic acid sequesters copper(Il) from the hydrophobic complexes, releasing
a hgand molecule The copper(Il) toxicity may be ameliorated provided the ligand 1tself 1s not toxic

Fulvic acid was significantly less effective in ameliorating toxicity. Because of the significant competition
from Ca(Il) and Mg(II) in seawater, it 1s inferred that humic substances may be more effective in

ameliorating toxicity of hydrophobic copper complexes in fresh water.

Key words—copper complexes, toxicity, algae, humic acid, fulvic acid, hydrophobic, seawater

INTRODUCTION

It is of environmental interest to study the toxic
forms of metals and how this toxicity may be
ameliorated in a natural system Organisms have
evolved mechanisms to maintain low intracellular
concentrations of toxic substances, both metals
and organic substrates. These strategies include:
(i) active expulsion of toxicants after they have
entered the cell; (ii) complexation of metals by
biologically synthesized ligands; and (iii) oxidation,
reduction or chemical modification of the xeno-
biotic, resulting 1n precipitation, immobilization or
volatilization (Folsom er al., 1986). For example,
Nitzschia closterium at a cell density of 2-4 x 10*
cells ml~! produces an exudate which can com-
plex about 3.1 x 10~mol1~! copper(Il). This exu-
date is only produced in response to aqueous
copper(II) ions and the amount excreted increases
with the concentration of copper(Il) (Lumsden
and Florence, 1983). There is evidence that 5 x
10-" mol1~' is the threshold concentration of
free copper ions that algal species try to maintain
by excreting chelating agents (van den Berg, 1979).

Copper ion toxicity to N. closterium 1s also
reduced by adsorption of copper on Mn(IIl) and
Fe(Ill) hydroxide coatings on the cell surface
(Stauber and Florence, 1985a,b). This reduces

*Author to whom all correspondence should be addressed.

tPresent address' Department of Inorganic, Analytical and
Applied Chemistry, University of Geneva, 30 Quai
Ernest-Ansermet, CH-1211, Geneva 4, Switzerland.

Cu(Il) penetration into cells. Manganese 1s more
effective than iron, possibly because it can also
catalytically scavenge toxic superoxide free rad-
icals. The ability of a range of metal 1ons to protect
against copper toxicity to N. closterium was studied
by Stauber and Florence (1987), viz. Mn(III),
Co(III), AI(IID), Fe(IIl), Cr(III), Ni(II) and Zn(II).
The trivalent ions were more effective; indeed,
nickel and zinc were unable to reduce copper tox-
icity. The insolubility of the metal(IIT) hydroxide
provides an indication of its ability to ameliorate
copper 1on toxicity. However, concentrations of
inorganic adsorbers such as Fe and Mn oxyhy-
droxides are usually very low in open-ocean
waters (Hirose, 1990).

It has been assumed that the “free” metal 1on 1s
the most toxic form (Magnuson et al., 1979).
Thus, complexation of Cu(Il) by water-soluble
hgands reduces its toxicity. Recently, however, the
extreme toxicity of hydrophobic metal complexes
to marine organisms has been reported (Florence
and Stauber, 1986) (Table 1). Neither algal exu-
dates nor metal hydroxide coatings can inhibit
the toxicity of hipid-soluble copper complexes.

A high toxicity index implies that the complex
is more toxic than inorganic aqueous copper(II).
Lipid solubility and strong chelation with copper
are essential for high toxicity. For example, cop-
per(Il) complexes of oxine, PAN and TAN were
exceptionally toxic to N. closterium, whereas the
non-chelating isomers of these ligands [4-hydrox-
yquinoline, 1-(3-pyridylazo)-2-naphthol and 1-(3-
thiazolylazo)-2-naphthol] did not enhance copper
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Table 1 Toxicity of waler-soluble and lipid-soluble Cu(Il) complexes o Nuzschia closterium

Toxicity Percentage solvent
Ligand* [Ligand}t [Cu(ID]t index3y extractable Cu(Il)%
NTA 20x10°¢ 310x10°7 020 <10
LAS 20x10 ¢ 31o0x10 7 025 13
PAR 50%10 * 310% 107" <01 <10
TAR 50x10°*% 310x 107 <01 <10
Tanmic acid 59x10°7 315%10 7 013 ND
Fulvic acid 10x10°% 315x10 7 008 ND
Humic acid 64mgl! 315x 1077 070 ND
Oxine 20x 107" 320x10°* 13 50| ND

50x10°% 310x 107 20 92

PAN 50x10 ¢ 310x10 8 >25 84
TAN 50x10°% 310x10 8 >25 92
2,9-dmp 50x10°% 310x10°8 >25 91

*Abbreviations NTA = mitrilotriacetic acid, LAS = hnear alkylbenzene sulphonate, PAR = 4-(2-pyridylazo)-re-
sorcinol, TAR = 4-(2-thiazolylazo)-resorcinol; 2,9-dmp = 2,9-dimethyl-1,10-phenanthroline, TAN = 1-(2-
thiazolylazo)-2-naphthol tmoll-' }Relative to Cu(ll) =100 §Florence es af (1984) *20% n-butanol in
n-hexane JAhsdanullah and Florence (1984) ND = not determined

toxicity (Florence et al., 1984). Further, addition of
substituents to a higand which increase its water
solubility substantially reduce the toxicity of its
copper(Il) complex (Florence er al, 1984).

Many metals enter the environment in the
form of hydrophobic complexes or are hydro-
phobically complexed by ligands entering thc
environment 1n industrial effluents Thus, ethyl-
xanthogenate (used in flotation processes for ore
concentration) forms a hydrophobic copper com-
plex [CuL,], [Cu(Il){(oxinate),] 1s a common fungi-
cde, and 2,9-dimethyl-1,10-phenanthroline (typical
of compounds 1n oil shale and coal liquefaction
process waters) forms a hydrophobic complex with
copper(Il). As indicated in Table 1, these lipid-
soluble complexes are highly toxic to marine
amphipods (Ahsanullah and Florence, 1984). Prior
to the present work, no toxicity studies had been
reported for measurements in the presence of
humic substances (HS). These substances have the
potential to ameliorate toxicity either by sequester-
ing the copper(II) from the hydrophobic complex
(a hydrophilic interaction) or by hydrophobic
association.

By using the marine diatom N. closterium, we
examined the ability of HS to ameliorate the toxicity
of the hydrophobic copper(II) complexes formed
with oxine (8-hydroxyquinoline} and PAN (1-(2-
pyridylazo)-2-naphthol). These very stable Cu(II)
complexes were chosen to minimize the chance of
ligand displacement due to competitive hydrophilic
interaction between the HS and the Cu(Il) 1on
(and to possibly maximize the chance of hydrophobic
association)

Evidence 1s presented for amehoration of the tox-
icity of Cu—oxine to N closterum by humic acid
(5mgkg~' 1n seawater). Algal assays were unable
to establish whether the interaction between HS and
the metal complex was of a hydrophilic or a hydro-
phobic nature. However, parallel studies in our lab-
oratory (Powell and Town, 1991), using visible
spectroscopy and anodic stripping voltammetry at a
Nafion-coated thin mercury film electrode (TMFE),

established that HS interact hydrophilically with
Cu—oxine and Cu-PAN resulting in formation of
a ternary HS-Cu-L complex It was inferred that
humic acid could ameliorate the toxicity of a wide
range of environmentally significant toxic copper
complexes provided that the ligand itself is not
toxic.

MATERIALS AND METHODS
Seawater

Surface seawater was collected (on 23 February 1989)
2 km offshore 1n Bate Bay, Port Hacking, Sydney. Austraha,
in polyethylene bottles and immediately filtered through a
0 45 pm membrane Filtered seawater was stored at 4°C; 1t
was equilibrated to room temperature before use 1 algal
assays

To determine the total concentration of copper in the
sample, 25 ml of seawater + 10 ul Suprapur H,0, + 83 ul
Aristar HNO, was irradiated for 2 h with a 500 W u.v. lamp
The concentration of copper n the resultant solution was
found to be 2 54 x 10~¥ mol 1! (by differential pulse ASV)
Labile copper (measured without acidification and uv
irradiation) was 14 x 10~ mot1~!. The DOC content of
the filtered seawater, determined by the method of
Matthews er al (1990), was 2 Smgkg™'

Algal cultwes

Niizschia closterium (Ehrenberg) W. Smuth, a marine
diatom (CS-5c, obtained from CSIRO Division of Fisheries
Algal Culture Collection, Hobart, Austraha) was cultured
in f medium (Guillard and Ryther, 1962) except that
iron-EDTA was replaced with ferric citrate/aitric acid
(4.5mg 17! ferric aitrate and 4 S5mg 1-' aitnic acid), and all
other trace metal concentrations were halved.

Stock algal cultures were 1lluminated at 6400 lux (fluor-
escent dayhght tubes) on a 12 h light/dark cycle at 21 + 2-C
Transfers were made under axenic conditions (using auto-
claved culture medium, 1 a Jaminar flow hood in a class 100
clean room) every week Stock cultures 10 days after
transfer (exponential growth phase) were used for algal
assays

Algal assays

To minimize possible complexation of copper(Il}) by
components of the culture medium, algae were washed 3
times with unsupplemented seawater before use (by centrifu-
gation at 2500 rpm for 8 min using a JOUAN CR 4 11
centrifuge) The resulting washed algal suspension was
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homogenized (to disperse clumps) and vortexed to ensure
homogeneity Alquots of algae were added to 50ml of
unsupplemented seawater n silamized 200 ml conical flasks
fwhich had been acetone rinsed and acid washed (10%
HNO,)] to give an initial cell density of 2-5 x 10* cells ml~!
The flasks were covered with a loose glass cap and illumi-
nated on a hight box at 16,000 lux (fluorescent daylight
tubes) on a 12 h hight/dark cycle at 21 + 2°C. The higher
intensity light used for the assays was to ensure algal
division each day It has been shown that unsupple-
mented seawater can support the loganithmic growth of
N. closterium for at least 72h (Lumsden and Florence,
1983)

The density of live cells was measured at 1 =0, 24, 48
and 72h by counting microscopically on a haemocy-
tometer (Olympus BH-2 phase contrast microscope,
250 x magnification). Logarithmic growth was maintained
over this period All assays involved replicate counts
(at least 4) on duplicate flasks. A blank, consisting of
algae in unsupplemented seawater, was monitored for
each assay

Hydrophobic metal complexes

The copper(Il) and hgand concentrations employed mn
this study (3.1 and 6.2 x 10~® mol1~' respectively) were
chosen to be comparable with previous work (Florence
et al., 1984; Florence and Stauber, 1986); these values
are also environmentally relevant The exogenous copper
was significantly greater than labile copper mn seawater
(14x107%mall-Y

Ta counter possihle complications from slow eonrdi-
nation reactions occurring in seawater (Hering and Morel,
1989), and to ensure an 1dentical metal - hgand ratio in each
flask, the copper(Il)-ligand complex was pre-formed in
Analar ethanol. Addition of 50 ul of the stock ethanolic
solution to 50 ml of seawater generated 3.1 x 10~8mol 1~!
Cu(ll) and 6.2 x 10~®*moll~' hgand mn the final assay
solution. Each flask was prepared in duplicate.

PAN (1-(2-pyridylazo)-2-naphthol) was obtained from
Sigma and recrystallized from “Spectroscopic™ ethanol
(BDH) before use. Microanalysis established the compo-
sition: C, 72.15%, N, 1694% and H, 4.62% (calc for
C;H N;O C, 7221%; N, 16.86% and H, 4.41%) Oxine
(8-hydroxyquinoline), BDH Analar, was used without
purification. Stock ligand solutions were prepared in ethanol
and stored in the dark.

In assays involving humic substances, CuL, and the
humic or fulvic acid were allowed to equilibrate in seawater
for at least 2h before addition of the algal suspension
(unless otherwise stated).

Deternmunation of K,

The K, value for Cu-oxine and Cu-PAN was determined
by equilibrating a solution (10ml) of 2 x 10~¢mol 1!
Cu(Il) and 6 x 10~ mol1~" Iigand m 10-*mol =" acetate
buffer (pH 5.5) with 10ml octanol The solutions were
muxed for 12 h. The organic phase was then washed several
times with Milli-Q water to remove any colloidal matenal,
followed by extraction with 0 1 moll~' HNO; to release
Cu(Il) from the octanol. The copper content of the acid
extract was measured by DC-ASV at a Nafion-coated
TMFE; this corresponded to the CuL, n the octanol phase
The concentration of Cul, m the aqueous phase was
obtained by the difference between the amount of Cu(iI)
added to the solution (2 x 10-%mol1~') and the concen-
tratton of Cu(II) 1n octanol All experiments were performed
in a class 100 clean room

Humuc substances

Algal assays were performed using two different
concentrations of humic substances, 1 and Smgkg~'.

Fulvic acid (FA) was the sample FA4 extracted from the
International Humic Substances Society (IHSS) reference
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peat sample by the acid pyrophosphate~XAD-7 method
(Gregor and Powell, 1986) It was completely soluble 1n
seawater (no matenal retained on a 0025 ym membrane)
A stock solution of FA i Milli-Q water was prepared
(1000 mg kg "), aliquots of thus solution were added to each
flask to generate the | and 5Smgkg~! solutions

Humic acid (HA) was an THSS reference so:l humic acid,
Summit Hill humic acid. A stock solution of HA in seawater
was prepared (5 mg kg~") HA was very sparingly soluble 1n
seawater (probably due to the high concentration of calcium
1ons). To effect dissolution, the HA was “predissolved” 1n
200 ul of 0 8 mol 1! NaOH, stood for approx 1 h, followed
by dilution to 500 ml with seawater Immediately after this
dilution, HCl was added to adjust the pH to 8 0 (the pH
of the seawater sample). Some precipitation of HA was
observed over the time scale of the assays (4 days)

The trace metal impurities in the humic samples used 1n
this work have been reported (Powell and Town, 1991).

Instrumentation

DC-ASV measurements were performed with a Nafion-
coated TMFE formed on a laboratory-built glassy carbon
electrode (GCE), reference (Ag, AgCl mm 1moll~' KCl,
with vycor junction), and counter (Pt) electrodes coupled
to a PAR 174 potentiostat and a PAR RE0074 X-Y
recorder Instrumental parameters were nitrogen flush,
10 min, mode, DC, scan rate, 100 mV s~!, deposition poten-
tial, —0.60 V; rate of surring, ¢ 700 rpm (Teflon-coated
stirrer bar), deposition time, S min. To prepare the Nafion-
coated TMFE, Nafion 125 (Aldnch) wae diluted with
“Spectroscopic” grade ethanol (BDH) to yield a golution of
0.5% w/v Nafion. 1yl of this solution was applied to
the GCE (via a Teflon-tipped microsyringe) and the sol-
vent evaporated (60s) with warm air from a hair dryer
Mercury was deposited through the film for 20 min at
—10V (vs Ag,AgCl) from a solution contamning Hg(II)
(7 x 10 ~Smol 17Y).

Differential pulse ASV measurements were performed
with a PAR 303A hanging mercury drop electrode coupled
to a PAR 384 polarographic analyser and a PAR RE0082
digital plotter Instrumental parameters as given above,
except. mode, DP, scan rate 2mVs~', deposition time,
I5 min

All experiments were carried out 1n a class 100 clean
room

RESULTS
Properues of the copper(Il) complexes

Log K, for Cu—oxine was 1.70, that for Cu-PAN
was 0.46. These results (expressed as percentage
complex extracted from water) are comparable to
those reported by Florence and coworkers (Table 2)

The stoichiometry and stability of the Cu—oxine
and Cu-PAN complexes has been reported, spec-
trophotometric parameters are. Cul, 4., 550 nm,
€max 13,500, Cul, A, 550 nm, €,,, 22,500 (Powell
and Town, 1991).

Table 2 Percentage copper(ll) complex extractable
from water

20% n-butanol 1n

n-hexane* n-octanol
Cu-oxine 92 78t.97%
Cu-PAN 84 84+, 721

*Florence er al (1984) ([Cu(ID]=315x
10 ¥ mol 1!, [igand) = 5 x 10" *mol [~}

tFlorence and Stauber (1986) ([Cu(I)]=315x
10"*mol1-', [igand] =5 x 10" *mol I"")

$1This work
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Algal assays

In all assays, an initral lag in growth was observed
with no significant cell division occurring within 24 h
That 1s, the cell numbers after 24 h were the same as
the mtial cell density. Following this, logarithmic
growth was maintained for 48 h It 1s possible that
the algae required a certain time to recover from the
assay preparation procedure before cell division
could resume. Alternatively the higher light intensity
used in the algal assay, compared to that for the algal
mnoculum, may cause this initial lag in algal growth.

(i) Humic acid and Cu—oxmine For these assays the
humic acid and Cu-oxine (3.1 x 108 mol1~") were
equilibrated for approx. 30 min 1n the seawater cul-
ture medium before addition of algae. The presence
of Cu-oxine resulted in cell death within 24 h. With
1 mg kg~' HA some 1nitial cell death occurred during
the first 24 h, followed by some cell division by
the remaining algae. In contrast, after leaving HA
(1 mgkg™') and Cu—oxine to equilibrate in seawater
for 2h prior to addition of algae, cell numbers
remained constant over 4 days Based on this obser-
vation, humic substances and the copper complex
were equilibrated for 2 h before addition of algae in
all subsequent experiments

The toxicity of Cu-oxine wag completely amelio-
rated in the presence of 5 mgkg~' HA, with normal
cell division observed, 1e the growth rate was the
same as that for the blank (seawater). However, with
0.025 pm filtered 5mgkg~' HA (resulting in a con-
centration of ¢ 1.5 mg kg™, vide infra) cell numbers
remained constant i the presence of Cu—oxine (as
observed with 1 mgkg~' unfiltered HA). Typical
growth curve plots are shown in Fig. 1; additional
data are given in Table 3.

(ir) Fulvic acid and Cu-oxme. Fulvic aad
(1 mgkg~") did not ameliorate Cu—oxine toxicity.
With 5mgkg™' FA cell division was inhibited and
cell numbers remained constant for the duration of
the assay (Table 3).

(iti) Humic and fulvic acids and Cu—PAN. Cu-PAN
1s extremely toxic to N. closterium; all cells died
within 24 h of exposure to this complex. Cell death
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Fig. 1 Growth curve plots for N. closterium. Assays con-

ducted 1n seawater containing' O, no other additives, A,

Sppm HA, @, 5ppm HA +Cu-oxine [3.1 x107*M
Cu(Il), 62 x 1078 M oxine]; A, Cu-oxine
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Table 3 Growth data for Nuzschia closterium*

Mean cell countt

Treatment Oh 24 h 48 h 72h
8-Hydroxvquinolie
Control 13 14 32 44
Cu(Ox), 13 5 2 0
+HA (5 ppm) 14 16 28 43
+HA (1 ppm) 14 s 15 is
+FA (5 ppm) 10 12 12 10
HA (5 ppm) 14 17 i3 51
Oxine 13 15 26 44
1-(2-Pyridy lazo )-2-(naphthol)
Control 20 21 57 86
Cu(PAN), 20 0 0 0
+HA (5 ppm) 20 17 9 10
+HA (] ppm) 20 1 0 0
+FA (5 ppm) 20 0 0 0
HA (5 ppm) 20 31 55 120
PAN 20 9 0 0
‘[Cu(ll)}=3 1x10°*M: [oxine]=62x10"*M, [PAN]=62x
10°*M

tCell count average for 4 replicates each on duplicate flasks, cell
density = (count/4) x 10*ml '

also occurred 1n the presence of I mgkg™' HA or
5mgkg™' FA; in contrast, cell numbers remained
constant with Smgkg~! HA (Table 3)

To investigate this latter result, a longer pre-equili-
bration time was tried, with the Smgkg™’
HA/Cu-PAN/secawater soluuon being left for about
60 h before addition of algae. However, assay results
were not reproducible (6 replicates) In some cases
cell numbers remained constant, while 1n others cell
death occurred.

(iv) Toxicity of PAN and oxine. To measure the
toxicity of the ligands themselves, assays were con-
ducted in media containing oxine or PAN with no
added copper(II). Normal growth was observed
in the presence of 6.1 x 10~% and 12 x 10~"mol 1!
oxine, and also with 6.1 x 10"¥mol ~! oxine in
the presence of Smgkg~! HA. Consistént with the
earlier study (Florence and Stauber, 1986), cell death
occurred in the presence of 31 x 10~¥molI~! PAN.

Chenucal modelling of copper complexes in seawater

The species distribution of copper complexes
i seawater was calculated by use of the chemi-
cal equilibrrum program SIAS (Fardy and
Sylva, 1978). Calculations were performed for
the algal assay experimental conditions: 3.1 x
1074 mol 1I=! Cu(Il), 6.2 x 10~*mol 1" ligand (PAN
or oxine), 0.012moll~! Ca(dlI), 0.0532moll™!

Table 4 Calculated distnibution of copper 1n
seawater 1n the presence of oxine and PAN

Percentage of total copper

Complex Oxine PAN
Cul 371 662
CuL, 476

CuSO, 63 138
CuCl Ié6 34
CuOH 56 124
Free Cu 18 40
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Mg(11), 0536 moll~' chlonde, 0.0276 moll™! sul-
phate, 232 x 10~*moll-! CO3-. Hydroxy, sul-
phate, chloride, carbonate and bicarbonate
complexes of Ca(Il), Mg(l) and Cu(Il) were
imcluded, as were the Ca(ll) and Mg(II) com-
plexes of oxine and PAN. The calculated distr-
bution of copper(ll) complexes in seawater in the
presence of PAN and oxine 1s given in Table 4

DISCUSSION

The composition of both the assay medium and
the maintenance culture are critical in determining
metal toxiaty (Millington et al., 1988). On com-
parison of copper and zinc toxicity to N. closterium
in f medium and unsupplemented seawater, Stauber
and Florence (1989) recommended that unenriched
seawater be used for marine algal assays.

The concentrations of humic substances used in
this work (1 and 5mgkg~') were environmentally
significant  Rivers and lakes contain approx
2-10mgkg™"' dissolved organic carbon (DOC),
ground waters 0.7 mg kg~' and seawater 0.5 mgkg™'
(cquivalent to approx. 1 mgkg~! humic substance)
(Thurman, 1985). This value for seawater corre
sponds to the lower concentration used here. The
higher concentration used (Smgkg=!) may be
pertinent 1n near shore, harbour and estuarine
waters. The concentration of DOC 1s greatest 1n
surface seawater and decreases rapidly with depth
(Marty et al., 1988)

Measurements on “blanks” (seawater plus HS)
indicated that the growth rate of N closterium in the
presence of HS was the same as that in raw seawater;
1.e. HS had no nutrnent effect on N. closterium
growth Thus, results did not need to be corrected for
any effects due to the presence of humic substances

The calculated species distributions for Cu(II),
Table 4, should be taken as only an approximate
guide There are problems with obtaining reliable
stability constants. For example, the stability con-
stants reported for the 1.1 Cu-PAN complex are
in poor agreement, viz. log K, =12.60 (Betteridge
et al., 1963), or 16 (Pease and Wilhams, 1959)
Further, although PAN forms a 1:2 complex with
Cu(Il) (Powell and Town, 1991), to our knowledge
no stability constant has been published for this
species. In addition, the use of stability constant
data to calculate species distributions outside the
pH and concentration ranges under which they
were determined is open to question. There are
other problems also such as the lack of data on
the stability of ternary species, as well as the poss-
ible presence of unidentified chelating agents
(Florence and Batley, 1976).

Amelioration of the toxicity of lipid-soluble copper(ll)
complexes to N. clostertum by humic substances

Three types of response of the algae to the cul-
ture medium were observed, viz. normal growth, no
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growth (cell division inhibited) and decreasing cell
numbers (cell death). Fulvic acid did not reduce
the toxic effect of either hydrophobic complex. The
only situation in which complete amelioration of
toxicity was observed was with Smgkg=' HA and
Cu—oxine. Humic acid could not completely inhibit
Cu-PAN toxicity. Even when the HA/Cu-PAN/
seawater solution was equilibrated for 60 h before
addition of algae the toxicity of Cu—PAN was not
completely ameliorated (in some experiments cell
numbers remained constant as opposed to cell
death)

Algal growth typically has two stationary phases,
viz. an initial stationary phase, followed by a period
of exponential growth, then a second stationary
phase when cell division equals cell death (there-
fore cell numbers do not change) Some toxicants
can lengthen the initial stationary phase by their
impact on cell physiology, a percentage of the
cells will remain active and normal growth will
resume when cells are resuspended 1n fresh nutrient
medium Hence, 1t is possible that the toxic effect
exerted by Cu-PAN was altered 1n the presence of
5mgkg~! HA such that mhibition of cell division,
tatlier than cell death, veeurnied A simlar effect was
observed with 1 mgkg™' HA and Cu-oxine, and
5mgkg~' FA and Cu-oxine.

The toxicity of the ligands themselves 1s also
important PAN, in the absence of added copper, was
extremely toxic to N. closterium. However, oxine
itself was not toxic. This result confirms that the
concentration of labile copper in unsupplemented
seawater (measured as 1.4 x 10~° mol 17!) was minor
in terms of toxicity. However, this result contrasts
with earlier work in which oxine was observed to be
toxic to N. closterum (Stauber and Florence, 1987).
It 1s possible that the seawater used in the earlier
study had a higher labile copper content than that
used in the present work. Further, the observation
that oxine is expelled by N. closterium in an unaltered
form (Florence and Stauber, 1986) suggests that this
ligand does not exert a toxic effect.

The toxicity of copper to biota 1s greatly increased
in the presence of oxine and PAN although the
octanol-water partition coefficients for these cop-
per(Il) complexes are several orders of magnitude
lower than those reported for hydrophobic substrates
such as DDT (log K, = 6.90; Nebeker er al., 1989)
However, the lipid solubility of the uncharged
Al (maltolate); complex having log K, =067 is
sufficient to induce marked neurotoxicity (Finnegan
et al., 1987)

Interpretations

The observation that humic substances can have an
impact on the toxicity of hydrophobic copper com-
plexes has important environmental implications. A
variety of mechanisms may be responsible for this
ameliorating effect; these are now discussed.
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(1) Hydrophobic dissolution in a humic phase
Results from the algal assays were inconclusive,
providing evidence both for and against a hydro-
phobic mode of interaction. In support of a hydro-
phobic association 15 the observation that humic
acid was more effective at reducing the toxicity of
these lipid-soluble copper(Il) complexes than was
fulvic acid.

However, the copper(Il) complexes used in the
present work had similar log K, values Therefore,
if hydrophobic association was involved, a similar
amelioration of toxicity was expected for Cu—oxine
and Cu-PAN.

(ii) Adsorption on colloidal humic particles. The
observation that filtered (0.025um) humic acid
could not amehorate Cu-oxine toxicity suggests
that it 1s the colloidal/particulate humic com-
ponents which interact with non-polar compounds.
Alternatively, this phenomenon may be a concen-
tration effect. Thus, for a humic acid solution
(14mgkg~') prepared in 0.1 moll~! Tris buffer
(pH 8.2) a 27% decrease in absorbance at 300 nm
was observed following filtration (0.025 um). For
a parallel experiment in seawater the change was
—71% (precipitation of calcium and magnesium
salts also inferred). That is, the effective concen-
tration of a filtered 5mgkg~' HA solution was
approx. 1.5mgkg™', which may be insufficient to
ameliorate toxicity.

(iii) Formation of a protective humic coating on
the surface of algal cells. Humic substances may
form a protective coating on the surface of the algal
cells: which acts as a physical barner to the xeno-
biotics. This is analogous to the formation of
metal(III) hydroxide coatings which reduce cop-
per(Il) 10n toxicity (Stauber and Florence, 1985a, b,
1987)

To test this hypothesis, algae were equilibrated in
a 5 ppm HA [seawater solution for 2 h. The algae were
then filtered (0.6 um), and rinsed with seawater fol-
lowed by dilute NaOH (0.02 mol1-") to dissolve any
humic coating. The u v.~visible absorption spectrum
of the NaOH washings of the humic equilibrated
algae, and that of algae not exposed to humic acid,
were recorded. No evidence was obtained for a humic
coating; however, the amounts of humic coating may
have been below detection by this technique.

(i) Hydrophilic complexation of copper(Il) by
humuc acid. Due to their high affinity for Cu(II) ions,
humic substances may complex Cu(ll) and displace
the hydrophobic ligand, thus detoxifying the lipid-
soluble complex by this mechamsm. Importantly,
complexation of the Cu(Il) aqua 1on by humic sub-
stances did reduce the toxicity of the metal ion to N.
closterium (Table 1)

As noted above, previous work (Powell and
Town, 1991) established a hydrophilic interaction
between HS and the hydrophobic copper complexes
(Cu(oxine), and Cu(PAN), resulting in formation of
a ternary complex, HS—Cu-L, and accompanied by
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release of L (1e. Cul,+ HS=HS-Cu-L + L) Ths
observation 1s consistent with the algal assay results
If the free hgand 1s toxic, as 1s PAN, then an
association involving displacement of a coordinated
hgand by humic acid will not remove this toxicity.
This mechanism requires that humic acid (which did
ameliorate Cu—oxine toxicity) complexes Cu(I1) more
strongly (at pH 8 2 1n seawater media) than does
fulvic acid lon selective electrode (ISE) potentiomet-
ric studies on the effect of Mg(II) (the dommant
divalent metal 10on 1n seawater) on Cu(II) complexa-
tion by humic and fulvic acids support this proposal
(Town, 1991). Results indicated that in seawater
media, at the same concentration (mgkg~') of HA
or FA, HA will form Cu(Il) complexes of greater
stability

Environmental implications

The results presented here have important environ-
mental mmplications. They may allow the potential
toxic impact of metals 1n soils and natural waters to
be predicted Specifically, this study indicated that the
toxicity of a hydrophobic copper(Il) complex would
be ameliorated if a certain threshold concentration of
humic substance is present and 1f the ligand displaced
from the copper complex is not toxic.

Coupled with information from ISE potentio-
metric studies (Town, 1[991), these results may
be tentatively extrapolated to freshwaters. In such
environments the total concentration of other metal
ions competing for humic Cu(Il) binding sites 1s
much lower than in seawater; also the concentration
of humic substances will be greater. Thus. the amelio-
rating effect of humic substances on the toxicity of
hydrophobic copper complexes is expected to be
greater for freshwater aquatic organisms such as
Chlorella pyrenoidosa. The toxicity of lipid-soluble
copper complexes to this freshwater algae has been
demonstrated (Stauber and Florence, 1987, 1989).
The ability of humic substances to complex Cu(IT)
1s pH dependent, as 1s the formation of the
copper complexes, toxicity of the less stable copper
complexes should be ameliorated more readily

Complexes formed by other environmentally
significant metals, such as Pb(II), Cd(II) and
Zn(II), with oxine and other hydrophobic ligands
(e.g. diethyldithiocarbamate) are insufficiently stable
to allow their existence at environmental concen-
trations (Town, 1991) Further, in seawater, compet-
ing equilibria are important: lead binds to mmorganic
adsorbents such as colloidal ferrc hydroxide and
silica (Florence, 1983), cadmium forms very stable
chloro-complexes and zinc exists predominantly as a
dihydroxy complex (Florence and Batley, 1976)

In environmental samples several metal ions may
simultaneously compete for the humic binding sites,
the presence of other competing ligands must also be
considered For example, an influx of AI(III) into a
natural water (as may arise from acid precipitation)
may exert indirect toxicity by displacement of Cu(Il)
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from hydrophilic (non-toxic) organic complexes
(Reuter et al., 1987).

It is noted that the humic substances used in this
study are relatively *‘pure™. i.e. they have low ash and
trace metal impurities. In contrast, in soils and natu-
ral waters the strong binding sites of humic sub-
stances may be saturated with metal 1ons and hence
less able to sequester an exogenous contaminant
Furthermore, the soil derived humic substances used
in this work are unlikely to be representative of
marine humic materials (Malcolm, 1990).

This work has demonstrated that the contribution
from humic substances must be considered in any
assessment of the impact of pollutants on an environ-
mental system. This highlights the complexity of
these systems and establishes the importance of speci-
ation measurements as opposed to (often) meaning-
less analysis of, say, the total metal content of a
sample.
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ABSTRACT

Knowledge of trace element speciation 1n waters is essential to an understanding of aquatic
toxicity and bioaccumulation, as well as to the partitioning of elements between water and
colloidal and particulate phases. In natural waters, only very small percentages of the dissolv-
ed heavy metals, such as copper, lead cadmium or zinc, are present as free (aquo) metal ion;
most of the metal is adsorbed to colloidal particles or combined 1n complexes. For aquatic
toxicity studies, the aim of the speciation measurement is to determine the fraction of total
dissolved metal (the ‘toxic fraction’) that will react with, and be transported across, a
biological membrane such as a fish gill. In this review, a range of trace element speciation
techniques is discussed and compared. A simple anodic stripping voltammetric method 1s
recommended for the measurement of the fraction of electroactive metal in a sample, i.e. the
fraction of total dissolved metal that can be deposited into a mercury electrode at the natural
pH of the sample. The electroactive fraction is believed to approximate the toxic fraction. A
rapid ion exchange method, suitable for field use, 1s proposed for the determination of the
toxic fraction of copper in waters.

Key words: speciation; toxicity; metals; bioavailability; anodic stripping voltammetry

INTRODUCTION

Speciation analysis of an element in a water sample may be defined as the
determination of the concentrations of the different physico-chemical forms
of the element which together make up its total concentration in the sample.
The individual physico-chemical forms may include particulate matter and
dissolved forms such as simple inorganic species, organic complexes and the
element adsorbed on a variety of colloidal particles (Table 1). All these
species can coexist, and may or may not be in thermodynamic equilibrium
with one another. An ionic metal spike added to a filtered natural water sam-
ple may take times ranging from hours to months to equilibrate with the
natural pool of metal species [1-4].
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TABLE 1

Possible forms of trace elements

Physicochemical Possible examples Approximate
form diameter (nm)
Simple ionic species Zn(H,0),** 08
Inorganic complexes CdCl*, PbCO, 1
Differing valency states Cr(III), Cr(VI) 1
Lipid soluble complexes CH;HgCl 1
Organometallic species CH,;AsO(OH), 1
Weak complexes Cu fulvate 2
Adsorbed on colloidal particles Cu**/humic acid/Fe,0, 10-500
Particulate Metals adsorbed mto or >450
contained within clay
particles

For many heavy metals in seawater or river waters, the predominant
physico-chemical forms are unknown. Cu in sea water, for example, is believ-
ed to exist mainly as undefined, highly stable organic complexes, the prin-
cipal ligands perhaps being porphyrins, siderophores or metallothioneins [5].
In this situation, where neither the nature nor the concentrations of the
dominant ligands are known, it is obviously futile to attempt to apply com-
puter modelling techniques to determine speciation. However, for well defin-
ed experimental waters, or for elements at higher concentrations (e.g. Ca and
Mg in seawater), chemical modelling can be a powerful tool [6].

There are two main reasons for studying the speciation of elements in
waters — to understand either the biological or the geochemical cycling of
the elements. Biological cycling includes bioaccumulation, bioconcentration,
bioavailability and toxicity, and geochemical cycling involves the transport,
adsorption and precipitation of the element in the water system. It is now
well established that no meaningful interpretation of either biological or
geochemical cycling can be made without speciation information [7]. Each
different physico-chemical form of an element (Table 1) has a different toxic-
ity, so analysis of a water sample for zotal metal concentration alone does not
provide sufficient information to predict toxicity. For example, two rivers
may both contain 40 ug 17! of total dissolved Cu; if the first has most of the
copper adsorbed on colloidal particles there will be little or no effect on
aquatic life, but if the second river has free Cu(Il) ion as the main species,
few organisms would survive. Lipid-soluble metal complexes are particularly
toxic forms of heavy metals because they can diffuse rapidly through a
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biomembrane and carry both metal and ligand into the cell. Examples of
lipid-soluble complexes are copper xanthates (from mineral flotation plants),
copper 8-hydroxyquinolinate (agricultural fungicide) and alkylmercury
compounds.

Variation in the speciation of an element will also affect its degree of ad-
sorption on suspended matter, its rate of transfer to the sediment and its
over-all transport in a water system. Speciation analysis will therefore assist
in the prediction of the distance over which a river will be affected by effluent
discharged from a point source.

Speciation measurements have been made by a variety of techniques, in-
cluding electroanalysis, ion exchange, dialysis, ultrafiltration, solvent extrac-
tion and computer modelling [l]. If the measurements are made to study
aquatic toxicity, then the aim 1s to determine the toxic fraction of the ele-
ment, 1.e. the fraction of its total concentration in the water sample that is
toxic to aquatic organisms. For a metal complex, this aim will be realised if
the fraction of total metal that is reactive at a mercury electrode, adsorbed
by an ion-exchange resin or measured by some other technique, is similar to
the fraction that is dissociated at, and transported across, a biomembrane.

Electroanalysis is a powerful technique for the study of trace element
speciation, and has been applied to (or is potentially applicable to) about 30
elements: Ag, As, Au, Bi, Br, Cd, Cl, Co, Cr, Cu, Eu, Fe, Ga, Hg, I, In, Mn,
Mo, Ni, Pb, S, Sb, Se, Sn, Tl, U, V, W, Yb and Zn. Four metals of prime
environmental concern, Cu, Pb, Cd and Zn, can be determined
simultaneously and with great sensitivity. Moreover, the redox potential of
an electrode can be varied accurately, precisely and continuously over a wide
potential range, and the study of the kinetics of metal complex dissociation
at an electrode is supported by well established theory. Of all trace element
speciation methods available at present, electroanalysis appears to provide
the best opportunity for experimentally modelling the bioavailability of
elements and their complexes with organic and inorganic higands.

MEASUREMENT OF TRACE ELEMENT SPECIATION

At present it is not possible to measure the concentrations of all the in-
dividual chemical species that make up the total concentration of an element
in a natural water (Table 1). Ion selective electrodes can determine the activ-
ity of free metal ions, such as Cu®*, Cd** and Pb?*, but are usually insuffi-
ciently sensitive for use in natural waters and, in addition, interference effects
are often severe. Currently available speciation techniques allow the dissolv-
ed elements to be divided only into groups of species based on behavioural
differences [1]. Some of these techniques are described below.
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Anodic stripping voltammetry (ASV)

This electroanalytical technique can be used for the determination of
about 15 elements, although, in natural waters, copper, lead, cadmium and
zinc are the most commonly determined metals. The ASV procedure can be
adjusted to measure either total or labile metal. Labile metal represents the
fraction of the total dissolved metal that can be deposited at the electrode
under carefully defined conditions, and has often been assumed to be similar
to the toxic fraction of the dissolved metal (Table 2). Distinct advantages of
the ASV-labile measurements are that no preliminary separations are need-
ed, no blanks are involved, and the opportunity for contamination is
minimal.

Ion exchange

Ion exchange is an attractive technique for trace metal speciation because
separations can be achieved with little manipulation of the sample. The im-
inodiacetate chelating resin, Chelex-100 (Bio-Rad), has found wide applica-
tion for the measurement of labile metal in water. Metal combined in inert
complexes will not be retained by a column of Chelex-100 resin, and metal
associated with colloidal particles will be only partly removed. The resin may
therefore be used to separate inert metal forms from dissociable complexes.
However, studies with algae indicate that Chelex-100-labile metal (i.e. the
fraction of total metal removed by the resin) is a serious overestimate of the
toxic metal fraction (Table 2).

TABLE 2

The relationship between speciation and toxicity to algae

Chemical species ASV-labile Chelex-100 Solvent Toxicity factor
(%) labile (%0) extractable (compound/
(metal chloride)

Cu-fulvic acid 1.5 66 <10 0.36
Cu-tannic acid 5.5 100 <10 060
Cu-oxine 64 98 70 >10
Cu-oxine-5-sulfonate 100 77 <10 1.7
Cu-ethylxanthate 11 — 86 >10
CH;HgCl — — 80 7
n-C;H,;HgCl — — 98.4 20
n-CsH,HgCl — — 99.8 300

ASYV, anodic stripping voltammetry.
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Solvent extraction

Solvent extraction of water samples with solvents such as n-octanol,
chloroform, or hexane-butanol, which simulate the solvent properties of
lipid material, is used to estimate the metal fraction that is lipid soluble. Syn-
thetic copolymers, such as Bio-Rad SM2 resin, which has a high affinity for
large molecules that have both hydrophobic and hydrophilic moieties, may
also be useful models for lipid solubility. In seawater and some fresh waters,
organically-associated metal can be determined by ASV-labile measurements
before and after UV irradiation of the sample to destroy organic matter.

Dialysis, ultrafiltration, and gel permeation chromatography

These techniques separate molecules on the basis of molecular size. No
clear relationship has been established between molecular size and toxicity,
although, in natural waters, metals associated with most large molecules (e.g.
copper-humic acid) are relatively non-toxic. There are significant problems
with contamination using all three techniques, blank values are high in gel
permeation chromatography and, as in all speciation techniques, the ionic
equilibrium in the sample is disturbed.

Computer modelling

By using sophisticated ionic equilibria computer programs and known
data for pH, total ion concentrations and equilibrium constants, trace ele-
ment speciation can be calculated. This approach is adequate for synthetic
solutions and for major ions in natural waters, but cannot be used for the
speciation of trace heavy metals in natural waters because neither the nature,
nor the concentrations, of all the complexing agents present are known.

THE RELATIONSHIP BETWEEN SPECIATION AND TOXICITY

Heavy metal ions, such as Cu?* and Cd?, are readily adsorbed on the
cell surface of algae, or by the gill mucous of fish. The adsorption probably
involves metal-protein interactions. The adsorbed metal slowly diffuses
through the cell membrane to the interior of the cell, where it may participate
in injurious reactions. The toxic effect appears to be related to the rate of dif-
fusion through the membrane. Chromate ion, for example, is much more tox-
ic than chromium (III), because the small, non-hydrated chromium (VI)
anion diffuses rapidly through biomembranes. Lipid-soluble metal com-
plexes diffuse very rapidly and, for several metals, toxicity increases with in-
creasing lipophilicity (Table 2). Likewise, the copper complex of
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8-hydroxyquinoline (oxine), which is soluble in organic solvents, is
remarkably toxic towards algae, while its water-soluble sulfonate derivative
has a much lower toxicity (Table 2).

Nature has provided fish and other aquatic animals with effective defences
against ingested heavy metals, which are eliminated via the gut and detox-
ified in the liver, kidneys and spleen by a group of proteins called metallo-
thioneins. These defences allow the animals to cope with quite high levels of
heavy metals in the food chain and sediment. Evolution has not, however,
equipped them to tolerate free metal ions or toxic lipid-soluble complexes in
the water pumped through their gills. Unpolluted seawater or river water
contains very low concentrations of these toxic metal forms, most of the
dissolved metal being adsorbed on colloidal particles or combined in non-
toxic complexes. The situation with dissolved pollutants which interact
directly with the gill of an aquatic animal is analogous to the danger posed
to terrestrial animals by volatile heavy metal compouuds such as lead
aerosols from automobile exhausts, which can enter the bloodstream by
direct absorption through the lungs. Natural waters have powerful detoxi-
fication mechanisms which convert free ionic metal species into non-toxic
forms, but considerable damage can be caused close to the source of
pollution. '

The metallothioneins are a class of low molecular weight, sulfur-rich pro-
teins which occur widely in vertebrate and invertebrate animals, including
humans, rats, fish, oysters and mussels. These proteins have a high affinity
(via sulfhydryl bonding) for such metals as cadmium, copper, zinc and mer-
cury, and their biological function is to bind, detoxify and store the heavy
metals in the liver, kidney and spleen. The synthesis of metallothioneins in
these organs is induced when the animal is exposed to heavy metals. Even
when fish are raised in water which is highly polluted with copper or cad-
mium, the fish muscle (flesh) contains extremely low concentrations of these
metals because they are bound as metallothionein complexes in the liver (Cd,
Cu, Zn and Ag), kidney (Cd, Cu, Hg, Ag) and spleen (Cd). It is believed that
heavy metal toxicity in animals manifests itself only when ‘spillover’ from the
metallothionein proteins occurs, i.e. when the amount of metal ingested ex-
ceeds the animal’s ability to synthesize the detoxifying metallothionein.

The complexing capacity of a water system can be likened to the
metallothionein-synthesizing ability of an animal. Complexing capacity is an
important water quality parameter because it measures the ability of the
water to complex and detoxify added heavy metals. Copper (II) is usually
chosen as the heavy metal titrant because it 1s a common ion, highly toxic
to aquatic life. Complexing capacity is defined as the concentration of copper
(I1) ion (mol 1!) that must be added to a water sample before free Cu?* ap-
pears. It reflects the concentration of organic and inorganic substances in the
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Fig. 1. Metal transport 1nto the cell.

water sample, both molecular and colloidal, that bind copper ions (Table 1).
Near-shore surface seawater has a copper complexing capacity of about 2 X
10-® M, while river waters range from [ to 50 x 108 M.

For the study of aquatic toxicity by metals, the electrochemical and solu-
tion parameters should be chosen so that the ASV-labile fraction of total
dissolved metal is similar to the toxic fraction. Hydrophilic heavy metal ions
are believed to be transported across the hydrophobic space of a biomem-
brane by the ‘shuttle’ process of facilitated diffusion (or ‘host-mediated
transport’), where a receptor molecule (e.g. a protein) on the outer mem-
brane surface binds a metal ion. The hydrophobic metal-receptor complex
then diffuses to the interior of the membrane and releases the metal ion into
the cytosol where it is trapped, perhaps by reaction with a thiol compound.
The receptor then diffuses back to the outer surface of the membrane, ready
to collect another metal ion (Fig. 1). Alternatively, if the metal complex is
lipid soluble, the much more rapid process of direct diffusion can take place
(Fig. 1). Direct diffusion is basically different from facilitated diffusion, not
only because it is faster, but because the ligand is also transported into the
cytosol.

The fraction of total metal in solution that can be transported across a
membrane surface is equivalent to the bioavailable or toxic fraction. This in
turn depends on the relative affinity of the metal for solution ligands and the
receptor molecule (Fig. 1), or on the solution-membrane partition coefficient
for a lipid-soluble complex.

The process of metal accumulation in an organism by dissociation of a
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Fig. 2. Electrochemical reduction of metal complexes. The degree of dissociation of the metal
complex, ML, at the electrode (and hence the lability of the complex) increases with increasing
Kjp and increasing 6.

metal complex at a membrane surface, facilitated diffusion of the metal
through the membrane and deposition in the cytosol (Fig. 1), has obvious
similarities to the process of electrodeposition (Fig. 2), where the metal com-
plex dissociates at the diffusion layer boundary and the metal ion travels
through the diffusion layer to the electrode where the metal is deposited.

A key concept in anodic stripping voltammetric (ASV) determination of
trace metals in waters is ASV lability, which refers to the fraction of total
dissolved metal that is measured by the ASV technique used. The fraction
of metal measured depends on the effects of complexing agents and surfac-
tants on both the deposition and stripping steps. If ASV-labile measurements
are to be used for the estimation of the toxic fraction of metal, however, it
is important to eliminate or determine any effect of dissolved components on
the stripping process so that the ASV-labile fraction can be equated to the
electroactive fraction, (i.e. the fraction of metal deposited into the electrode
during the deposition stage of the ASV measurement).

The contribution of the stripping process to ASV lability can be determin-
ed by a medium exchange technique where the sample solution is exchanged
for a blank solution after metal deposition has been completed and before
stripping is initiated. The deposited metals are stripped into a simple elec-
trolyte or buffer solution that contains no complexing agents or surfactants.
Using an acetate buffer (pH 4.7) as an exchange medium, Florence and
Mann [8] found significant differences in the ASV lability of copper, lead,
cadmium and zinc in both natural and synthetic water samples when
measurements were made with and without medium exchange (Fig. 3). They
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Fig. 3. Differences in the ASV-labile determinations with and without medium exchange.

recommended that all ASV-labile determinations be made with medium
exchange.

ASYV lability determined by high-frequency techniques such as differential
pulse or square wave voltammetry is especially sensitive to the composition
of the sample solution because complexing agents and surfactants that affect
the rate at which deposited metals are stripped from the electrode will also
affect the ASV peak height.

A combination of medium exchange and sample acidification techniques
can be used to enable (Table 3) the calculation of the individual effects of
complexing agents and surfactants on the ASV deposition and stripping
steps [9]. It is apparent from Table 3 that it should be possible to calculate



10 TM FLORENCE ET AL
TABLE 3

Influence of complexing agents and surfactants on DPASV-lability measurements in different
sample media

DPASV technique Complexing agents* Surfactants®

Deposition  Stripping  Deposition Stripping

(1) Total metal No No No No

(2) Labile metal, pH 7.0 Yes Yes Yes Yes

(3) Deposition, pH 7.0; medium Yes No Yes No
exchange, pH 7.0

(4) Deposttion, pH 7.0; stripping, Yes No Yes Yes
pH 1.9

(5) Deposition, pH 1.9, stnipping, No No Yes Yes
pH 1.9

Fitect ot complexing agents on
deposition = (5) - (4)®

Effect of complexing agents on
stripping = (4) - (2)

Effect of surfactants on deposition
=M-0-@+ O3

Effect of surfactants on stripping =

3)-@

2Table shows whether or not complexing agents or surfactants could affect deposition or
stripping processes for the various sample media

®Numbers refer to percentage of ASV-labile metal determined using the procedure of that
number in the table.

the ‘toxic fraction’ of each metal (i.e. the fraction of total metal that can be
electrodeposited) from peak height (5) minus peak height (4), which is
equivalent to the effect of complexing agents on deposition. The toxic frac-
tion can therefore be determined in a very simple manner: an ASV measure-
ment is made with deposition at the natural pH, but with the pH of the
sample in the cell adjusted to pH 1.9 before stripping is begun, then ASV is
carried out again on the same solution, but now both deposition and stripp-
ing are made at pH 1.9. The difference in peak heights between the second
and first measurements is used to calculate the toxic fraction. Some results
for synthetic solutions and actual water samples are shown in Table 4. It is
obvious that in most cases, direct ASV measurement seriously
underestimates the toxic fraction.
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TABLE 4

Estimation of the toxic fraction of metal for the solutions studied i phosphate buffer pH 7 0

Sample DPASV-labile metal (%)

Direct Toxic
measurement fraction®

Synthetic solutions®
Cu + fulvic acid

1 mgl™ 29 60

5 mg ]! 13 36
Cu + humic acid

5mg 1™ 10 25
Cu + Triton X-100,

1 mg 1" 35 50

5mgl™! 49 74
Cd + Triton X-100

I mgl™! 12 91

5 mg 1™ 9 98
Pb + Triton X-100

1 mgl™ 24 73

Smgl! 9 95

Water Samples

South Creek, Cu 4 ¢
Toongabbie Creek, Cu 10 ¢
Sewage effluent, Cu 7 ¢
Road runoff

Pb 41 78

Cu 8 75
Urban runoff

Pb 33 69

Cu 20 68

2Metal concentrations m synthetic solutions = 4 x 107 M.
®Assuming that toxic fraction = 100 - (5) + (4), using results from Table 3
“Large effect of surfactants masks any complexing effects

A novel adsorbent has been developed for the rapid determination of the
toxic fraction of copper in natural and polluted seawater and fresh water.
The column consists [10] of a small cation exchange resin column in the form
of a hydrolysed aluminium salt (R—SO;-AIl(OH),) which binds copper with
an equilibrium constant (log K = 9.87) which is similar to the value found
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TABLE 5

Determination of the toxic fraction of copper 1n synthetic and polluted waters

Sample Toxic fraction of copper (% of total Cu)

Al-resin ASV Algal assay

Seawater + 10 mg 17! fulvic acid 20 25 20
Freshwater + 10 mg 1™ fulvic acid 35 35 42
Polluted seawater No. 1 71 82 85
Polluted seawater No. 2 50 62 65
Polluted freshwater 10 <20 10

for the binding of copper to an algal membrane. After passing the water sam-
ple through the aluminium-resin column, the adsorbed copper (equivalent to
the toxic fraction) can be eluted with DTPA. The column can be reused
several times after washing with water. A preliminary elution of the column
with methanol removes lipid-soluble copper. Several lipid-soluble copper
complexes were found to be strongly adsorbed on the column, and could be
eluted with methanol.

Toxic fractions of copper in various synthetic and polluted waters were
determined by the aluminium-resin column, the double acidification ASV
technique, and algal assay as the reference method. Table 5 shows that, in

TABLE 6

Determination of lipid soluble and ionic copper in seawater by successive elution of an
aluminium-resin column (total copper = 1 x 10" M in all experiments)

8-Hydroxyquinoline (M) Copper recovered from aluminium-resin column (% of total)

Methanol-eluted DTPA-eluted

Nil 2 95
2 x 107 20 76
5x 107 47 48
1 x 107 97 2

2 x 107 97 4
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general, good agreement was obtained. Table 6 shows that the column can
successfully determine the two components of the toxic fraction of copper
(lipid soluble and ionic) by successive elution.
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A Comparative Study of ICP-MS and TIMS for
Measuring Skin Absorption of Lead
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HEIGHTS, N.S.W., 2234, AUSTRALIA

B. L. Gulson
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1 INTRODUCTION

The major sources of lead exposure are i1ngestion and
inhialalion.  Eapusuie by absurpliun Lhirouyls Lhie skt was
previously thought to occur only if the lead was present
as lipid-soluble organic complexes such as tetraethyl
lead. It has however, been shown that many 1inorganic
forms of lead such as lead metal, lead oxide and lead
nitrate are rapidly absorbed through the skin'. An
absorption mechanism was proposed based on the rapid
diffusion of lead ions through the filled sweat ducts
and their slower diffusion through the stratum corneum
into the blood capillaries®?. It was found that
approximately 1.5 percent of the total lead absorbed
through the skin was excreted in sweat. Similar amounts
were found i1n sweat when lead was introduced
intravenously® or by inhalation or ingestion®.

The behaviour of skin-absorbed lead is very different
from ingested lead. Previous skin absorption studies
using the enriched stable isotope °°Pb 1in which TIMS was
used to analyse blood samples, revealed that, while
there was a substantial increase in **Pb in blood, no
significant increase in the total lead in blood was
observed. Since blood lead is the main criterion by
which industry determines lead exposure, skin absorption
of lead would remain undetected. The possibility
remains that a significant proportion of the lead body
burden of workers results from skin absorption. The
occupational hygiene implications of this are profound.
Although precautions are taken in the lead industry to
protect workers from ingestion and inhalation of lead,
no attempt is made to avoid skin contact.

To further investigate the fate and transport of
skin-absorbed lead, a controlled experiment was carried
out using lead enriched in ***Pb. Sweat and urine samples
were analysed by both ICPMS and TIMS. The rationale
behind the use of both techniques was that ICPMS,

because of its high sample throughput and minimal sample
preparation requirements, would provide rapid
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was not known whether these data would be adequate to
provide a satisfactory monitoring profile. On the other
hand, analysis of the samples by TIMS, because of 1its
established accuracy and precision, was expected to
provide a more definitive indication of the lead
transport.

The experiment, therefore, provided the opportunity to

compare the analytical performance of ICPMS and TIMS in
relation to isotope ratio data and determination of low
levels of lead in body fluids.

2 EXPERIMENTAL

Preparation of **Pb {CH,COO),

Lead metal (4.8 mg) obtained from Harwell and
containing 49 at. percent ?*Pb, was dissolved in 0.3 mL
concentrated nitric acid (Merck Suprapur) by repeated
evaporation to dryness. Milli-Q water (60 UL) and 15 UL
1M dcelbate buffer (pH 4.7) were added to bring the final
solution to pH 4.

Lead Exposure

The left arm of a subject was washed with 5 percent
Extran-300 (BDH) detergent, rinsed with Milli-Q water
and dried with a Whatman 542 filter paper.

The Pb (CH,COO), solution was pipetted onto a 25mm
Millipore HATF (0.45 um) membrane filter and placed on
the flexor surface of the subject’s left arm. It was
covered with a small piece of acid-washed Parafilm and
held in place for 24 hours on the forearm using clear
household polyethylene film.

Collection of Sweat Samples

Sweat samples from the opposite arm were collected
in a sauna the day before exposure and ll/w 31/4, 6 and
25 hours after the application of the lead. At the
onset of sweating the subject washed the right arm with
Milli-Q water. Sweat was then collected from this arm
into acid-washed Savillex containers, weighed and stored
at 4°C prior to analysis.

f Urin mpl

Urine samples were collected in 500 mL acid-washed
polyethylene containers before lead exposure and 11/y
3'/,, 6, 15, 25 and 47 hours after lead exposure. The
samples were split for analysis by ICPMS and TIMS.
Analysis by ICPMS

Sweat samples were diluted five-fold with Milli-Q
water. Urine samples were diluted ten-fold. They were
acidified with Merck Suprapur nitric acid (1 percent “/,)
and spiked with bismuth internal standard solution at a
concentration equivalent to 100 pug L'. calabration
standards of lead in the range 0.1 to 5 ug L were

prepared containing the same acid strength and bismuth
concentration as the samples.
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The samples and standards were run on a VG
Plasmaquad PQ2 PLUS (Fisons Instruments) usaing an
isotope ratio peak jump procedure. The conditions are
given in Table 1.

Table 1 ICPMS Instrumental Conditaions

Measurement Mode peak jump

Dwell Time 10240 us

Points per Peak 7

DAC Steps 5

No. of Sweeps 120

No. of Runs 10

Isotopes Measured 204, 206, 207, 208, 209
Sensitivity 10 M cps / ppm equivalent

Analysis of TIMS

Sweat and urine samples were microwave digested
with sub-boiling distilled nitric acid. Each sample was
opilked with a standard 202np golution prior to digoction
to enable measurement of lead content and isotope ratios
on the same solutions The lead in the samples was
separated using a two-stage i1on exchange procedure. The
initial separation used a 0.5 cc bed of AG1l-X4 200-400
mesh anion exchange resin and final separation
purification used a 0.05 cc bed of AG1-X8 200-400 mesh
anion exchange resin. All operations were carried out
in laminar flow work bench stations.

Purified samples were loaded onto ocutgassed rhenium
filaments using silica gel/phosphoric acid as an
emitter. The samples were run on a VG Sector 54 Mass
Spectrometer (Fisons Instruments) using the conditions
given in Table 2.

Table 2 TIMS Instrumental Conditions

No. of Scans 60

Integration Time 1 s per peak, 2 s delay

Run Time 10 min after beam stabilisataion
Ratios Measured 2987 06e 06 2%/ 204

3 RESULTS AND DISCUSSION

The results for the concentrations of *°*Pb and total
Pb in the sweat and urine samples obtained by ICPMS and
TIMS are shown in Table 3. Agreement for the sweat
samples is considered very satisfactory given that the
actual levels measured by ICPMS are one-fifth lower than
indicated. The agreement obtained for the urine samples
is, in some cases, not as good. The reason for this was
later attributed to the presence of mercury which was
detected 1n the residue of one sample after the isotope
ratio measurements had been performed. Mercury would
have a significant contribution to mass 204 thus
affecting the *“pPb determination. This was most
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Table 3 Concentrations of **“Pb and Total Pb in Sweat (S)
and Urine (U) Samples

SAMPLE TIME’ ICPMS TIMS
(h) 204py, Total Pb 204p}, Total Pb
Hg L™ Hg L7 Hg L™ Hg L7

S1 0 0.46 31 0.63 44
S2 1'/, 0.17 9.9 0.17 9.5
S3 3 0.61 5.5 0.70 5.4
s4 6 0.51 9.3 0.60 8.3
S5 25 6.7 24 9.1 .27
Ul 0 0.20 9.3 0.09 6.4
U2 1'/, 0.17 4.3 0.16 4.8
U3 3/, 0.13 6.7 0.08 4.7
U4 6 0.16 8.6 0.12 7.2
Us 15 0.35 18 0.07 4.7
U6 25 0.13 6.0 0.09 5.7
U7 47 0.13 5.0 0.05 3.1

* Timc sample taken after arplication of lead.

evident in the ICPMS results for *™

Us.

Pb in samples Ul and

Of greater significance is the lead concentration
profiles inferred from the 204pp results. For the sweat,
there was only a significant increase in **Pb after 25 h
exposure. For urine, no significant breakthrough of 2“pb
was apparent. No significant trends in the sweat and
urine samples were observed even when the concentrations
of both total Pb and *®Pb concentrations were normalised
to chloride and creatinine respectively.

In contrast to this the results obtained for the
Pb isotope abundances (expressed as atomic percent
2pp) in the samples shown in Table 4, indicate a sharp
breakthrough after 3 hours followed by gradual increase
to 25 hours for sweat and a sharp breakthrough after 11/2
hours for urine. The fact that these profiles were not
detectable from ?*Pb and total Pb concentrations is
indicative of the complex mechanisms of lead transport
in the body and highlights the uncertainty in monitoring
lead body burden.

204

A comparison of the ICPMS and TIMS data for ?%*Pb isotope
abundances in sweat and urine are shown in Figures 1 and
2 respectively. The profiles obtained by ICPMS for both
the sweat and urine profiles were very similar to those
obtained with the TIMS data. The ICPMS data for sweat
appeared to exhibit some bias. This is considered of
minor consequence since the same profile was obtained.

Of perhaps greater significance i1s the relative ease
with which the ICPMS data was obtained. Using minimal
sample preparation and a simple calibration procedure
the data was obtained and processed in one day. This is
1n contrast to the need for lenathvy samnle bretreatment



(3-4 days) and ainstrument setup time for TIMS. Thus the
ICPMS technique is extremely cost-effective.

301 [—cPms = TiMs
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Figure 1 Comparison between ICPMS and TIMS results for
2ph (at. percent) in sweat.
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Figure 2 Comparison between ICPMS and TIMS results for
*%pb (at. percent) in urine.
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TABLE 4 2%Pb Abundances in Sweat and Urine Samples

204pp (at. percent)

SAMPLE TIME ICPMS TIMS
{h) (+20) (+20)
S1 0 1.481+0.027 1.447340.0022
S2 1/, 1.754+0.054 1.7674+0.0027
S3 3 11.06+0.31 12.850+0.019
S4 6 5.15%0.39 7.24940.011
S5 25 27.66+0.066 33.73840.051
Ul 0 1.55%0.16 1.45740.002
U2 1/, 2.9440.20 3.279%0.005
U3 3, 1.46+0.08 1.775+0.003
U4 6 1.4040.14 1.606%0.002
us 15 1.41+0.07 1.587+0.002
183 25 1.63%0.13 1.541%0.002
U7 47 1.79+0.07 1.52740.002

4  CONCLUSIONS

The use of lead enriched in Pb coupled with isotope
ratio measurements has provided important data on the
transport of lead absorbed in the skin. It has been
shown that ICPMS has the capability of providing data
adequate for monitoring lead transport at the very low
levels of concentration encountered in body fluids.
Although ICPMS lacks the accuracy and precision achieved
by TIMS, its application described here is enhanced by
the minimal sample preparation required and the high
sample throughput than can be achieved.

204
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Abstract

In vivo experiments with the stable lead isotope, **Pb, have confirmed that inorganic lead compounds can be ab-
sorbed through the skin. Three different analytical techniques — thermal 1onization mass spectrometry, inductively
coupled plasma mass spectrometry and anodic stripping voltammetry — showed that lead, as lead nitrate or lead ace-
tate, was rapidly absorbed through the skin and detectable in sweat, blood and urine within 6 h of skin application.
Of the 4.4 mg of lead applied to the skin in one experiment, 1.3 mg was absorbed within 24 h. Imtial rapid uptake
was probably via sweat glands and hair follcles, followed by slower absorption via the transepidermal route. While
increases in “®Pb concentration and abundance were observed, no increase i total lead 1n blood or urine was found
It is possible that the physicochemical form of skin-absorbed lead partitions strongly into extracellular fluid, but has
a low affinity for erythrocytes. There was no significant difference 1n uptake of lead into erythrocytes (in vitro) from
normal saline, synthetic sweat or sauna sweat. Ultrafiltration of sweat showed that up to 70% of lead 1n sweat was
associated with > 30 000 MW particles. It is possible that percutaneous absorption of lead could contribute significant-
ly to lead body burden, particularly from occupational exposure to lead in dust. Moreover, because lead absorbed

through the skin was only just detectable in blood, and blood lead is the main criterion by which industry determines
exposure, skin-absorbed lead may remain undetected

Key words: Lead, Skin absorption; ICPMS, TIMS; Sweat

1. Introduction

The major sources of lead exposure to humans
are considered to be via inhalation or ingestion.
However, considerable quantities of lead from
environmental sources, such as soil, water and
dust, and workplace exposure, are in continuous
contact with the skin (Ferguson, 1990). Lead,

* Corresponding author

therefore, has the potential to be absorbed on the
stratum corneum and diffuse through and between
epidermal cells into the dermis for uptake into
blood capillaries.

Skin absorption of lead is not usually consid-
ered to be a significant mode of uptake unless the
lead is present as lipid-soluble organic complexes,
such as tetraethyllead (Rastogi and Clausen,
1976). The limited evidence for cutaneous absorp-
tion of inorganic metal compounds has been larg-
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ely derived from animal studies (Laug and Kunze,
1948) or in vitro experiments using cadava or ani-
mal skin (Wester et al., 1992).

Laug and Kunze (1948) found that lead acetate,
a highly polar lead salt, could be absorbed through
the skin of the rat, resulting in a nise in lead con-
centration in the kidney. However, the skin of
many laboratory animals, including the rat, is
known to be much more permeable than human
skin (Wester and Noonan, 1980). In addition, skin
absorption depends on many experimental par-
ameters including the applied dose, surface area,
site of application, occlusion, skin damage, carrier
compounds, pH, temperature and lead speciation.

Moore et al. (1980) examined the uptake of lead
acetate from two hair-darkening cosmetics through
the skin of eight human volunteers. They found
only minute quantities of lead (0—0.3% of the ap-
plied dose) were detectable in blood, with a slight
increased absorption when the skin was damaged.
However, the presence of colloidal sulphur in the
lead acetate solution applied to the skin, would
have led to the formation of insoluble lead sulph-
ide, which would be unlikely to be skin-absorbed.

More recently, Lilley et al. (1988) and Florence
et al. (1988) have shown that many inorganic
forms of lead, including lead metal, lead oxide and
lead nitrate, were rapidly absorbed through
human skin in vivo. An absorption mechanism
was proposed whereby lead ions diffused rapidly
through the filled sweat ducts, followed by a
slower diffusion through the stratum corneum.
Skin absorption of lead caused elevated levels of
lead in saliva and in sweat from the opposite arm
to which the lead was applied, but no significant
concomitant increase in lead in blood or urine was
detected using anodic stripping voltammetry. This
inability to detect a rise in blood lead was of major
concern because the rapid circulation of skin-
absorbed lead around the body (<1 h) suggested
that plasma transport had to be involved.

The aim of this study was to monitor the uptake
and transport of skin-absorbed inorganic lead
compounds 1n sweat, urine and blood of human
volunteers using a stable lead isotope enriched in
204pp. To improve the detection of small increases
of lead in body fluids, total lead and 2**Pb con-
centrations, together with lead isotope ratios, were
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determined using thermal lonisation mass spec-
trometry (TIMS) and inductively coupled plasma
mass spectrometry (ICPMS).

2. Experimental

2 1. Collection of sweat

Forearm sweat was chemically induced by
pilocarpine 1ontophoresis or thermally induced 1n
a sauna.

2 1.1. Iontophoresis The inner forearm of the
subject was washed with 1% Extran-300 (BDH)
detergent and Milli-Q water, and dried with a
Whatman 542 filter paper. Sweat samples were
collected using the Macroduct Sweat Collection
System Model 3700-Sys, aftet 1emoval of the blue,
water-soluble indicator dye.

212 Sauna Prior to sauna entry, volunteers
scrubbed their forearms with 1% Extran-300 deter-
gent and Milli-Q water. After commencement of
sweating, volunteers’ forearms were again washed
with Milli-Q water and dried with a filter paper
Sweat was collected from the forearm into acid-
washed Savillex teflon containers, weighed and
stored at 4°C prior to analysis. Chlonde in sweat
was determined by the method of Florence and
Farrar (1971)

22 Collection of urine

Urine samples were collected into 500-ml acid-
washed polyethylene containers. Subsamples were
stored at 4°C prior to creatinine determinations
using Sigma Diagnostics Kit 555-A and lead deter-
minations by inductively coupled plasma mass
spectrometry (ICPMS) and thermal ionization
mass spectrometry (TIMS).

2 3. Collection of blood

Venous blood samples were collected before,
during and after lead exposure in a Class 100 clean
room, using either heparin vacutainers for whole
blood or pre-cleaned Savillex teflon beakers for
separation of serum after clotting.

24 Analysis of total lead by ASV
Accurate volumes of sweat (60-80 pl) were
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dispensed into 5 ml of 0.02 M Merck Suprapur
HCl. Lead in sweat was determined by anodic
stripping voltammetry (ASV) at a hanging mer-
cury drop electrode, using an EG & G Princeton
Applied Research Model 384 Polarographic
Analyser with a Model 303 static mercury drop
assembly (Stauber and Florence, 1988; Lilley et al.,
1988).

2.5. Analysis of lead by ICPMS

Sweat samples (diluted 1:5) and urine samples
(diluted 1:10) were acidified with Merck Suprapur
HNO; (1% w/w) and spiked with a bismuth inter-
nal standard solution to 100 ug - 17'. Samples and
calibration standards were analysed on a VG
Plasmaquad PQ2 PLUS (Fisons Instruments)
using an isotope ratio peak jump procedure.
Isotopes at mass 204, 206, 207, 208 and 209 were
measured (Dale et al., in press).

2.6. Analysis of lead by TIMS

Sweat, urine, serum and whole blood samples
were ‘spiked with a standardised 2*’Pb solution
prior to microwave digestion with sub-boiling-
distilled HNO;. The lead in the samples was
separated using a two-stage ion exchange proce-
dure. The initial separation used a 0.5-ml bed of
AGI1-X4 (200-400 mesh) anion exchange resin
and the final separation/purification used a 0.05-
ml bed of AGI-X8 (200-400 mesh) resin. All
operations were carried out in laminar flow work-
bench stations.

Purified samples were loaded onto outgassed
rhenium filaments using silica gel/phosphoric acid
as an emitter. Ratios of 208/206, 207/206 and
206/204 were measured on a VG Sector 54 Mass
Spectrometer (Fisons Instruments).

2 7. In vivo lead exposure experiments
Quantitative lead absorption. Lead (4.4 £ 0.1
mg, as 0.5 M Pb(NQ,),) was pipetted onto a 0.45
pm Millipore HATF 25-mm diameter membrane
filter and placed on the flexor surface of the left
forearm of Subject A for 24 h. It was covered with
a square of acid-washed Parafilm (American Can
Company, Dixie/Marathon, Greenwich) and held
in place using clear household polyethylene wrap.
Two iontophoresis sweat samples from the flexor
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surface of the right arm were taken before and 1
h after the lead was placed on the left arm and
analysed for total lead in sweat by ASV.

After 24 h, the filter paper was removed and
placed in a large beaker. The Parafilm and poly-
ethylene wrap were rinsed with Milli-Q water into
the same beaker. The subject’s arm was wiped
twice with Whatman 54 filter paper segments
soaked mn 2 M Suprapur HNOs, and these,
together with Milli-Q rinses of the arm, were plac-
ed into the same beaker. A blank containing an
HATF membrane filter, Whatman filter paper
segments and rinsed Parafilm and wrap, was made
up to the same volume (120 ml) with Milh-Q
water Both solutions were evaporated in a clean
air cupboard, followed by digestion with 5 ml
HNO; plus 0.5 ml HCIO, (Suprapur) to strong
fumes of HClO,. Lead was determined by ASV,
after dilution and addition of 3 M sodium acetate
buffer (pH 4.7), and by inductively coupled plasma
atomic emission spectroscopy (ICPAES).

Lead uptake experiments Lead (5 mg) as 0.5 M
Pb(NOs),, was placed on an HATF membrane fil-
ter on the forearm of Subject C for 24 h and total
lead in iontophoresis sweat was determined hourly
for 24 h by ASV.

Further experiments with Subjects A and D in-
vestigated the uptake of lead through the skin with
and without plastic covering, and lead in suc-
cessive sweat samples from the same site on the
arm.

Lead-204 experiments. Lead carbonate, contain-
ing 66 atom percent (at. %) 2%“Pb was obtained
from Oak Ridge National Laboratory, TN. Preh-
minary experiments showed that PbCO; was not
absorbed through the skin. The enriched PbCO,
(6.6 mg) was therefore dissolved in 0.3 ml HNO,
(Merck Suprapur) and excess acid removed by
repeated evaporation to dryness Milli-Q water (60
pl) was added to the Pb(NO3), residue to obtain a
final pH of 3-4. In later experiments, because
PbCO; enriched in 2**Pb was unavailable, lead
metal (4.8 mg), contamming 49 at. % 2%*Pb (ob-
tained from Harwell Chemistry Division, Oxford-
shire, UK) was dissolved 1n the same way and the
pH adjusted to 4 7 with the addition of 15 pul of 1
M acetate buffer.

In the first two experiments, 5 mg Pb (as 04 M
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Pb(NO,),, enriched in 2%Pb) was pipetted onto a
Millipore HATF membrane filter and placed on
the left arm of Subject A. It was covered with
Parafilm and held 1n place with polyethylene wrap
for 24 h (Experiment 1) or 48 h (Experiment 2)

In the first experiment, sweat samples were col-
lected by iontophoresis from the opposite arm
before (3 replicates) and during lead exposure. A
further sweat sample was obtained after the lead
was removed. Total Pb, 2%Pb and 2Pb abun-
dance were determined by ICPMS.

In Experiment 2, iontophoresis sweat samples
were collected before and during lead exposure
and analysed for total lead by ASV. Venous blood
samples were also collected and total Pb, 2%Pb
and 2Pb abundance were determined by TIMS.

The 2Pb experiment was repeated with 5 mg
Pb as 0.4 M Pb(CH;COOQ),, enriched in 2%Pb,
with a 24-h exposure using Subject B. Ion-
tophoresis sweat samples and urine samples were
collected before, during and after the lead was
placed on the arm and analysed by TIMS. Two ad-
ditional urine samples were collected 14 and 15
days after the lead was removed. Blood samples
were collected, in a Class 100 clean room, before,
during and after exposure. Subsamples were al-
lowed to clot and the serum separated by cen-
trifugation. Serum and whole blood samples were
stored at —15°C prior to TIMS analysis.

In the fourth experiment, 5 mg of Pb as 0.4 M
Pb(CH;COO),, enriched in 2Pb, was placed on
Subject B for 24 h, and sweat samples collected in
a sauna before, during and after lead exposure, to
provide larger volumes of sweat than could be ob-
tained by iontophoresis for analysis by TIMS and
ICPMS. Urine samples were also collected before,
during and after exposure and were analysed by
both ICPMS and TIMS.

2.8. In vitro experiments

Ultrafiltration of sauna sweat A 3-ml aliquot of
sauna sweat was centrifuged for 30 min in a 30 000
MW Amicon Centricon microconcentrator, which
had been prewashed and centrifuged with 2 ml of
0.02 M HCI, followed by Milli-Q water. One
millilitre of the ultrafiltrate was retained for lead
analysis and the remainder centrifuged through a
10 000 MW microconcentrator. Lead in the sauna
sweat, before and after ultrafiltration, was deter-
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mined by ASV after UV 1rradiation in 0.015 M
HCl! and 0.005 M H,0,.

Lead dissolution in sweat. To determine the
solubility of lead 1n sweat, 50 mg of lead metal
powder (<200 pm) was shaken in either 50 ml of
Milli-Q water, synthetic sweat (pH 5.3) (Stauber
and Florence, 1988), sauna sweat, NaCl (0.8 mg
ml~!, pH 5.2) or lactic acid (1.5 mg ml~!, pH 5.2)
for 16 h. Each solution was filtered through a 0 45
pm disposable membrane filter, which had been
prewashed with 2 M HNO; (Suprapur) and Milli-
Q water. Lead in the filtrates and in a blank sub-
jected to the same procedure was determined by
ICPAES.

The experiment was repeated with 50 mg Pb (as
PbO) and with ultrafiltration by centrifugation
through a prerinscd Amicon Centricon microcon-
centrator (30 000 MW cutoff).

Uptake of ?!°Pb into Erythrocytes. The in vitro
uptake of lead from saline (0.9%), synthetic sweat
and sauna sweat into erythrocytes was determined.

Blood was collected from 4 male volunteers,
pooled, and the hematocrit determined. Total lead
in blood was analysed by ASV, after UV irradia-
tion in 0.1 M HNO; and 0.005 M H,0,. Total
lead in a Seronorm reference standard (Nycomed
AS, Norway) was determined using the same
method.

Aliquots of blood (2 ml) were dispensed nto
plastic centrifuge tubes and incubated at 37°C for
30 min. 2'%Pb (20 ul of 1 mCi/5 ml stock) was
added to 1 ml of 0.9% saline and neutralised by the
addition of 12 ul of 5 M NaOH. Aliquots (0.1 ml)
were added to the blood tubes at 37°C. At various
time intervals, tubes were removed from the water-
bath and 0.2 ml blood diluted to 5 ml with saline
for counting in a gamma well counter. The remain-
ing 1.8 ml blood was centrifuged, 0.2 ml plasma
removed and diluted to 5 ml for a gamma count to
determine Pb in plasma. Lead in erythrocytes was
determined by difference.

The experiment was repeated using 20pb 1n
synthetic sweat and sauna sweat, in place of saline.
210pp, (20 pul) was added to 1 ml of synthetic sweat
and the pH adjusted to 5.3. Sauna sweat was
spiked with 20 ul of 2'°Pb and the pH adjusted to
4.7. Both solutions were equilibrated for 24 h
before use.

The rate of leaching of 2!°Pb from erythrocytes
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was also examined. Four centrifuge tubes, each
containing 2 ml blood and 0.1 ml of 2%Pb in
either saline or synthetic sweat, were incubated at
37°C for 30 min. Lead in whole blood, plasma and
erythrocytes was determined at zero time. At
various time intervals, 0.2 ml of blood from each
tube was counted in a gamma well counter. The
remaining blood was centrifuged and 2!°Pb in the
supernatant (plasma) determined by gamma
counting. The plasma was removed and the ery-
throcytes washed twice with saline or synthetic
sweat, before resuspension. 2!°Pb in each washing
and the final solution was determined.

3. Results

3.1. In vivo experiments

Preliminary experiments showed that lead as
Pb(NO;),, Pb(CH;COO0),, PbO and elemental Pb
were absorbed through the skin and detected in
sweat on the opposite arm within a few hours.
Only lead as PbCO; was not absorbed through
the skin on the forearm.

Total Pb (ug/L)
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Lead in sweat measured hourly by ASV during
a 24-h skin lead exposure to Subject C is shown in
Fig. 1. The average lead in sweat before exposure
was 6 = 4 pug - 17!, Lead in sweat from the nght
arm reached a maximum of 174 pg - 17!, 4 h after
the lead was placed on the left arm and decreased
rapidly to background levels after 6 h. By measur-
ing the area under the curve in Fig. 1, the 24-h
average lead in sweat was calculated as 16 pg -
17!, much less than the average lead in sweat over
24 h determined for Subject A (46 ug - 171).

Sweat excretion of lead varied between subjects
depending on skin hydration, occlusion, physical
activity and atmospheric conditions. When lead
was rubbed onto the forearm of subject A, with no
covering over the treated area, lead in sweat from
the other arm increased from a hackground of < |
pg - 17! to a maximum of 46 ug - 17! after 2.5 h.
This maximum was lower than the 71 ug Pb/l
found when lead was applied to the arm and
covered with Parafilm and polyethylene wrap for
24 h. Consecutive sweat samples taken from the
same spot on the forearm showed the same varia-

200(
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Fig. 1. Total lead 1n sweat measured hourly by ASV during a 24-h skin lead exposure (Subject C)
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tion in lead concentration as samples taken from
different spots on the arm.

The quantitative lead absorption experiment
showed that, of the 4.4 mg of lead placed on the
arm, 3.1 mg was recovered from the filter paper
and arm washings, 1.e. 29% (1.3 mg) was absorbed
into or through the skin. It 1s possible that some
of the absorbed lead was still present 1n the epider-
mis and had not yet entered the circulatory system

3 2. 2pp Experiments

Concentrations of total lead and **Pb in sweat
(Experiment 1) measured by ICPMS are shown in
Fig. 2. Total lead in sweat reached a maximum of
70 pug - 17" after 1.5 h, compared with background
levels before exposure of 6 + 5 pg - 171, 2%Pb
increased 1n parallel with total lead in sweat,
reaching ¥ maximum of 2.3 pg *™Pb . 171, **pPb
abundance (at. %) reached 3.95% after 5 h, com-
pared with the natural abundance of 1.44%.

In Experiment 2, total lead and-?*Pb in blood

Total Pb (ug/L)
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during skin lead exposure to Pb(NO,),, were
determined using TIMS. To confirm lead was
absorbed in this subject, total lead in sweat was
also monitored by ASV. Lead in sweat was below
detection limits (0.5 ug - 17!) before 2%Pb was
placed on the arm Lead in sweat increased
significantly over the 48 h lead exposure, with a
maximum of 61 ug Pb . 17! after just | h expo-
sure Lead in sweat returned to background levels
after exposure ceased

Concentrations of total lead and 2%Pb in
blood, together with 204pp abundance, are shown
in Table 1. There was no significant change in total
lead 1 blood over the 48-h skin exposure, how-
ever, there was a small increase in **Pb (0.6 pg -
17!y More importantly, there was a significant
increasc in 2%*Ph ahundance, first observahle after
6.5 h and with 2 maximum abundance of 1.824 at.
% at 47 h. This increase in 2%Pb m blood con-
firmed that 2Pb placed on the skin was absorbed
through the skin and entered the circulatory sys-

Pb-204 (ug/L) 5

140
—— Total Lead
1201 = |ead-204 195
|
100 +
414
80 ‘
-3
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O ;N 1 | 1 { N 1 Io
0 4 8 12 16 20 24 28 32
Time (h)

Fig. 2 Concentrations of total lead and 2%*Pb in sweat measured by ICPMS after application of Pb(NO),, enriched 1n 204pp, 10 the
skin for 24 h (Experiment 1)
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Table 1
Concentrations of total Pb and 2%Pb, and 2*Pb abundance in
whole blood, measured by TIMS (Experiment 2)

Time (h) after Total Pb 204pp 04pp
lead placed on (rg - 17Y (zg - 1™Y  (at percent)
the arm
Before 148 2.13 1439¢
2 138 198 1 440
65 144 213 1479
24 146 247 1692
31 144 2.53 1757
47 148 2.70 1824

2Relative standard deviation was 0 001 at. %

tem to be transported throughout the body and ex-
creted in sweat on the opposite arm.

The Pb experiment was rcpeated (Experi-
ment 3) using a different subject (B), and
Pb(CH;COO), enriched in “**Pb in place of
Pb(NO,),, and 24 h skin exposure. Iontophoresis
sweat, urine, blood and serum samples were col-
lected before, during and after exposure and anal-
ysed by TIMS.

Concentrations of total Pb, 2%Pb and 2*Pb
abundance in blood are shown in Table 2. Results
with Subject B confirmed results obtained with
Subject A in Experiment 2. While there was no

Table 2

Concentrations of total Pb and 2%Pb, together with 2%Pb
abundance (at percent) 1n whole blood measured by TIMS
(Experiment 3)

Time after Total Pb Wépp W4py,
lead placed (ug - 1I7H (ug - I™Y  (at percent)
on the arm
Before 52 0736 14154
Before 56 0.792 1414
10 min 58 0.822 1417
20 min 55 0777 1 413
30 mun 54 0764 1 415
45 min 53 0.750 1 415
60 min 55 0778 415
2h 54 0765 1417
6h 53 0765 1443
24 h 50 107 2142
31h 53 1.19 2.236
475 h 52 1.23 2.360

“Relative standard deviation was 0.001 at. %.

6!

increase in total Pb in blood, there was a signifi-
cant increase of 0.5 ug 2%Pb . 17! over 47 h. There
was also a significant increase in 2*“Pb abun-
dance, which was detectable 6 h after the lead was
placed on the arm and remained elevated at least
24 h after the lead was removed (Fig. 3).

Total lead in serum ranged from 0.17-0.53 ug -
17!, with no significant increase over 48 h (Table
3). A significant increase in 2*Pb abundance in
serum was observed after 24 h and remained high
over 48 h, similar to 2%Pb in whole blood.

Lead 1n urine ranged from 2.2 to 3.5 ug - g”!
creatinne (3.6-8.1 ug - 17!, with a mean of
3.0 £ 0.5 ug Pb . g7! creatinine over 16 days
(Table 4). No increase in total Pb in urine was
observed. However, both the concentration of
204ph and 204Ph ahundance increased significantly
6 h after Pb was placed on the arm (kg. 4). By
integrating the 2%Pb v time curve, it was
calculated that approximately 6% of the increased
204pb in blood over 24 h was excreted in urine.
204pp abundance in urine reached a maximum
after 24 h and was still higher than background
after 16 days.

In contrast to Subject A, no increase in total
lead in sweat, analysed by TIMS (or by ASV in a
separate experiment), was observed during the
skin lead exposure. A significant increase in both
concentration and abundance of 2**Pb was detec-
ted after 24 h (Table 5). A small increase in *Pb
abundance was found 2 h after the lead was placed
on the arm, but this decreased to background
levels before a large increase after 24 h.

In Experiment 4, sauna sweat samples were
obtained to provide larger volumes of sweat for
analysis, together with urine samples. Concentra-
tions of total Pb and 2Pb in urine and sweat
samples, analysed by both ICPMS and TIMS, are
shown in Tables 6 and 7. Good agreement between
ICPMS and TIMS was obtained for the sweat
samples and most of the urine samples. ***Hg
interfered with 2%Pb determination by ICPMS,
leading to erroneous results for the urine sample
taken at 15.25 h. No significant increase in total Pb
or 2%Pb concentration in urine was found after 47
h. For sweat there was a significant breakthrough
of 2%Pb after 25 h. Even when concentrations of
Pb in sweat and urine were normalised to chloride
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Fig 3 IZMPb abundance in blood determined by TIMS after application of Pb(CH;COO),, enriched in 2%Pb, to the skin for 24 h
(Expermment 3)

Table 4
Concentrations of total Pb and 2™Pb, together with 204Pb
Table 3 abundance mn urine, determined by TIMS (Experiment 3)
Concentrations of total Pb and 2%Pb, together with 2%Pb
abundance 1n serum, determined by TIMS (Experiment 3) Time after Total Pb 04pp W4pp
lead placed (ug/g (ng/e (at percent)
Time after Total Pb 204py, 204py, on the arm creatinine) creatinine)
lead placed (ng - 171 (ng - 17"y (at percent) Before 30 0042 1 4002
on the arm Before 33 0.047 1 424
Before 200 289 I 445¢ 14 mmn 31 0.044 1.419
10 min 410 588 1434 51 mun 3.6 0.052 1 444
20 min 220 311 1414 76 min 33 0.046 1394
30 min 530 736 I 389 131 min 22 0032 1 455
45 min 490 701 1431 4h 25 0.036 1 440
60 min 290 407 1 403 6h 34 0.069 2029
2h 300 4.19 1397 24h 29 0.091 3176
6h 310 444 1432 31h 32 0.096 3.001
24 h 170 3.04 1.788 475 h 35 0.078 2229
3lh 370 6.15 1662 15 days 22 0043 1 955
475 h 240 419 1.746 16 days 24 0048 2000

3Relative standard deviation was 0 024 at. % #Relative standard deviation was 0023 at. %
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Fig 4 2%%Pb abundance 1n urine determined by TIMS after application of Pb(CH;COO),, enriched in 24Pb, 1o the skin for 24 h
(Experiment 3).

and creatinine, respectively, no significant increase
in total Pb was detected.

In contrast, **Pb isotope abundance results
(Table 8, Figs. 5 and 6) show that there was a sig-

Table §

Concentrations of total Pb and 2%Pb, together with 204pt,
abundance 1n 1ontophoresis sweat, determined by TIMS
(Experiment 3)

Time (h) after Total Pb 24pp Wipy,

lead placed on  (ug - 17') (ng - 171 (at percent)

the arm

Before 12.6 0 181 14374

Before 3.7 0.053 1431
1 4.6 0067 1.460
2 2.4 0.039 1626
3 1.8 0.026 1462
4 3.7 0053 1 444
S 4.3 0063 1.473
6 8.2 0120 1468

24 108 1094 10 127

“Relative standard deviation was 0 04 at %.

mficant increase in % 2%*Pb in sweat and urine

after 1.5 h, followed by a gradual increase in sweat
to 25 h.

3.3. In vitro experiments

Ultrafiltration of sauna sweat. Sixty-one percent
of lead 1n sauna sweat was associated with high
molecular weight particles (> 30 000 MW). The re-
maining 39% of lead in sweat passed through the
30 000 MW mucroconcentrator, with 29% also
passing through a 10 000 MW cutoff However,
despite UV irradiation, ASV signals were severely
depressed in sweat samples which had been passed
through the microconcentrators, presumably from
wetting agents used 1n the ultrafiltration mem-
branes. Despite this, results were similar to those
obtained previously (Stauber and Florence, 1988)
in which 30% of lead in sweat was associated with
<10 000 MW particles. Large differences between
individuals were found: lead in sauna sweat of
Subject E was almost all associated with low mo-
lecular weight particles



64

Table 6
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Concentrations of total Pb and 2**Pb in urine, determined by [CPMS and TIMS (Experiment 4)

Time (h) after ICPMS TIMS

Pb placed on

the arm Total Pb 204py, Total Pb 204py,

(ng/g creatinine) (pg/g creatinine) (pg/g creatinine) (ng/g creatinine)

Before 46 0.097° 3¢ 0 045¢
15 2.2 0090 25 0.082
325 2.3 0 046 16 0029
6 25 0.047 21 0033

15.25 2.3 —¢ 3.1 0050

25 2.7 0061 26 0.040

47 34 0083 21 0031

3RSD was ~ 7%.
®RSD was ~ 6%
‘RSD was ~ 1%
dRSD was < 1%
dzo“Hg terference

Lead dissolution in sweat Only small amounts of
Pb metal powder and PbO could be dissolved in
sweat after shaking for 16 h (Table 9). More lead
dissolved in Mill-Q water and synthetic sweat
than 1n sauna sweat. Very little Pb dissolved in
lactic acid or NaCl at concentrations found in
synthetic sweat.

Uptake of *'Pb into erythrocytes. The uptake
of 2'%Pb into erythrocytes from saline, synthetic
sweat and sauna sweat is shown in Fig. 7. Lead up-
take into erythrocytes at 37°C was rapid. After 5

Table 7

min, approximately half the lead was associated
with the erythrocytes (48, 41 and 57% for saline,
synthetic sweat and sauna sweat, respectively)
After 15 min, 75% of 'Pb was associated with
the red blood cells, with only a small further
increase over 120 min. There was no significant
difference in uptake of lead from saline, synthetic
sweat or sauna sweat. '

The pooled blood contained 43 ug Pb - 17!, The
lead in the Seronorm standards was always within
10% of the reference value.

Concentrations of total Pb and 2**Pb n sauna sweat, determined by ICPMS and TIMS (Experiment 4)

Time (h) after ICPMS TIMS
Pb placed on
the arm Total Pb (pg 179 204pb (ug - 171) Total Pb (ug 171 204pp (ug 17h
Before 31 0 46° 44¢ 0 634
15 99 017 95 017
3 55 061 54 070
6 93 051 83 060
25 24 67 27 91

4RSD was 5%.
bRSD was 2%.
‘RSD was 1-4%
9RSD was 1-4%
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Table 8

204ph abundance 1n sweat and urine determned by ICPMS
and TIMS (Experiment 4)
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Table 9
Lead dissolved from Pb metal powder or lead oxide (PbO) after
shaking for 16 h 1n various solutions

Time (h) Sample  2%Pb (at percent) Lead Solution Dissolved Lead
after Pb (ppm)
placed on ICPMS TIMS Pb gram Milli-Q 57
t
he arm ( 20) (+ 20) (<200 pm) Synthetic sweat 56
0 Sweat 1481 + 0027 14473 + 00022 Sauna Sweat 60
1.5 Sweat 1754 + 00054 1.7674 + 0.0027 NacCl 3.7
3 Sweat 1106 + 03] 12850 £ 0019 Lactic Acd 00!
6 Sweat 515+039 7249 = 0011 PbO Milli-Q 220
25 Sweat 27 66 + 0.066 33738 + 0.051 Synthetic Sweat 40
0 Urine 1.55 016 1.457 = 0.002 Sauna Sweat 20
1.5 Urine 2.94 + 0.20 3.279 = 0 005
3.25 Urine 1.46 + 0.08 1775 + 0.003
6 Urine 1.40 =+ 014 1.606 = 0 002
15 U 141 007 :
25 Urme * 387 2 0002 Experiments to determine the rate of leaching of
rine 1.63 £ 013 1541 = 0.002 210 . . .
47 Urme 179 + 007 1527 + 0002 Pb from erythrocytes into saline and synthetic
swecat showed that after 48 h, only 4% and 7% of
the 2!"Pb was leached from the erythrocytes in
saline and sweat, respectively. Most of the *!°Pb
taken up over 30 min remained in the erythrocytes
for over 2 days.
Pb-204 (at. %)
35 —
—— |[CPMS O TIMS
30
25
20}
15
10
5
[
0 1 1 !
0 5 10 20 25 30

Time (h)

Fig 5 2Pb abundance in sweat determined by TIMS and ICPMS after apphication of Pb(CH;COO),, enriched m 2*Pb, to the skin
for 24 h (Experiment 4)
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Pb-204 (at. %)

CJ
—— ICPMS 0 TIMS

o ! [ H {
0 10 20 30 40 50
Time (h)

Fig 6 2Pb abundance in urine determined by TIMS and ICPMS after application of Pb(CH;COO),, enriched in 24P, to the skin
: for 24 h (Experiment 4).

% Pb-210 in Erythrocytes

100 :

\ : |

801 ¢ : — % .
60 - o

40+ !

20 ‘:

|

0 | 1 | 1 1 1 |

0 20 40 60 80 100 120 140
Time (min)
—— Saline  —+ Synthetic Sweat ¢ Sauna Sweat

Fig 7 Uptake of 210pp, 1nto erythrocytes (in vitro) from salne, synthetic sweat and sauna sweat
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4. Discussion

Three different analytical techniques, TIMS,
ICPMS and ASV, confirmed that lead, as
Pb (NO3), or Pb(CH;COO),, was rapidly absorb-
ed through the skin and detectable in sweat, blood
and urine within 6 h of skin application. The use
of the stable lead isotope, 2**Pb and the technique
of TIMS, which measured ?*Pb abundance with
a precision of 0.1%, enabled detection of small in-
creases in lead in these body fluids, which was not
previously detectable by ASV (Lilley et al., 1988).

For the first time, increases in 2**Pb in blood,
serum and urine were found after application of
204pb to the forearm. While small increases in
204pb in blood (0.5-0.6 pg - 17!) and 2*Pb abun-
dance in blood and urine were found in two dif-
ferent subjects, no increasc in total Icad in blood
or urine was observed. This is in agreement with
previous experiments in this laboratory (Lilley et
al., 1988), in which no increase in total lead in
blood or urine could be detected by ASV. Moore
et al. (1980) also showed that lead acetate may be
absorbed through the skin in small quantities, with
no detectable change in total lead in blood, ALA
dehydratase, blood porphyrin, urinary ALA or
coproporphyrin.

Of the 5 mg of lead applied to the skin in one
experiment, 1.3 mg was absorbed into or through
the skin after 24 h. Initial rapid uptake was prob-
ably through sweat glands and hair follicles, which
can act as diffusion shunts for rapid absorption,
particularly for polar molecules (Scheuplein and
Blank, 1971). This may be followed by slower dif-
fusion via the transepidermal pathway (across the
stratum corneum either intercellularly or in-
tracellularly) and finally into the microcirculation
(Fig. 8). Even after 24 h, much of the lead absorb-
ed may have been retained in the epidermis, and
not yet absorbed into blood capillaries. High levels
of 2Pb in blood and urine some 2 and 16 days,
respectively, after exposure may reflect this slower
route of absorption or alternatively, the slow
elimination rate of lead from erythrocytes, 1n
agreement with lead ingestion studies.

Integration of the sweat lead-time curve (Fig. 1)
over 24 h, showed that the 24-h average total lead
in sweat over this period was 16 pg - 17! for Sub-
ject C and 46 ug - 17! for Subject A. Daily sweat
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excretion varies from 0.05—-4.0 1, depending on
temperature, humidity, exercise and acclimatiza-
tion (Vander et al., 1986). Assuming that a total of
500 ml of sweat was produced in 24 h, a total of
23 ug Pb - 17! and 8 ug Pb - 17! were excreted 1n
sweat in Subjects A and C, respectively. This
represents 1.5% and 0.6% of the total lead that was
skin-absorbed. Campbell et al. (1984) and Rabin-
owitz et al. (1976), in pharmacokinetic studies of
lead absorption following intravenous injection of
radioactive 2°Pb or intake by ingestion, found
approximately 2% and 0.7%, respectively, of the
lead dose was excreted in sweat. Thus similar
amounts of lead, whether injected, ingested or
skin-absorbed, are eliminated in sweat.

Sweat excretion of lead varied between subjects
depending on skin hydration, occlusion, physical
activity and atmospheric conditions. In one sub-
ject (B), only 0.007% of the applied 2**Pb was ex-
creted in sweat over 24 h and no increase in total
lead in sweat was observed. If it is assumed that
similar amounts of lead were absorbed as in the
quantitative absorption experiment using Subject
A, 0.03% of the absorbed 2**Pb was excreted in
sweat over 24 h.

No significant increase in total lead in blood
over 24 h was observed, however, increases in
204%pb  concentration and abundance were
detected. Integration of the blood 2*Pb-time



68

curve over 24 h (Experiment 3), shows that the
average increase in 2*Pb concentration mn blood
was 0.12 pg - 17! Assuming a total blood volume
of 61, 0.72 ug 2*Pb entered the blood 1n the first
24 h, equivalent to 0.2% of the skin-absorbed
204pp. This is neghgible compared with the 58% of
intravenous injected lead present in erythrocytes
after 20 h (Chamberlain, 1985; Campbell et al,
1984).

In the same experiment no increase 1n total lead
in urine was detected, which was expected, as any
such increase would have had to originate from
plasma. However, an increase in ***Pb concentra-
tion and abundance in urine was observed 6 h after
application of the lead. Integration of the urinary
204ph_time curve shows that the average increase
in the concentration of 2%Pb in urine was 0.025
ug - g“ crcatinine. Assuming an average crea-
tinine excretion of 1.7 g/day, only 0.006% of the
absorbed 2%Pb was excreted in urine in the first
24 h. This was equivalent to 6% of the **Pb
increase in blood. Smmilar results have been
reported for excretion of intravenously ad-
ministered lead, with 1-3% of the absorbed dose
excreted in 24 h. Renal clearance rate (urinary Pb
ug per day/blood Pb ug - kg™!) was 0.1 kg/day,
the same as that found for clearance of in-
travenously injected lead by Chamberlain (1985).
Renal clearance of lead with respect to serum was
~11 ml/min, which was within the range of
15 + 6 ml/min determined by Manton and Cook
(1984).

Since the initial circulation of skin-absorbed
lead around the body must involve blood, it may
be expected that the fate of lead introduced into
the blood stream by percutaneous absorption and
by direct intravenous injection would be similar.
Chamberlain (1985) and Campbell et al. (1984)
found that injected 20°Pb partitioned rapidly
(tos = 0.5—1 min) from the plasma into the extra-
cellular fluid (e.c.f.) compartment. At the same
time, 23Pb attached strongly to erythrocytes, de-
pleting the plasma and reversing the gradient be-
tween plasma and e.c.f., thus causing 2®Pb to
return to the blood. After 1 h, only 2—3% of the in-
Jected lead remained in the plasma and 45-50%
was in the erythrocytes.

Skin-absorbed lead obviously behaves very dif-
ferently to intravenously injected lead. The lead
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still transfers very rapidly from plasma to thee c.f
and can therefore be detected in sweat 1-2 h after
lead application. Lead 1n saliva also increased 3 h
after lead was placed on the arm (Lilley et al,
1988), in agreement with Rabinowitz et al (1976)
who postulated that sweat and salivary lead
originated from the same pool. Apparently skin-
absorbed lead does not return to blood from the
e.c.f. as no increase in 2*Pb in serum was detec-
table for the first 24 h and increases in 2%Pb in
blood, detected after 6 h, were small. Small quan-
tities of 2%Pb were measured in urine after 6 h,
and continued to be excreted for at least 16 days.

It is possible that skin-absorbed lead is in a
physicochemical form that partitions strongly into
e.c.f., but has very low affinity for erythrocytes, in
which case there would be no driving force to
bring the lead back frum the e.c.l compartment.
Ultrafiltration experiments showed that up to 70%
of lead in sweat was associated with high molecu-
lar weight (> 30 000) particles. One may speculate
that, on passage through the skin, lead forms a
stable protein complex that is not absorbed by
erythrocytes.

To test this, the uptake of lead (as 2!%Pb) into
erythrocytes from sweat was investigated. There
was no significant difference in uptake of lead into
erythrocytes from saline, synthetic sweat and
sauna sweat in vitro at 37°C. It appears that any
difference in speciation of lead in sweat solutions
compared with saline is not reflected in different
rates of uptake into the erythrocytes. There was
about ten times more lead present in the sweat sol-
utions as 2!%Pb, than lead naturally present n
sweat (10 ug - 171). It 1s therefore possible that 24
h was not long enough for equilibration of ?'°Pb
and lead present in the sweat. To confirm this, the
219ph sauna sweat solution was passed through a
Chelex 100 (100—200 mesh) column and the efflu-
ent counted in a gamma well counter. All the
radioactivity was removed by the Chelex resin,
suggesting that lead was present in ionic form and
had not bound to larger molecular weight proteins
in sweat after 24 h. This may account for the
similar rates of uptake of 2!%Pb into erythrocytes
from both saline and sweat solutions. Longer equi-
libration times may be required to further in-
vestigate erythrocyte lead uptake and speciation of
skin-absorbed lead.
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Considering that lead in these experiments was
applied to a small surface area (<5 cm?) and that
the average body surface area is 18 000 cm?, the
potential exists for substantial uptake of lead
through the skin. Duggan and Inskip (1985)
reported 5—142 pg Pb from dust on the hands of
children in urban and rural environments. If lead
in dust is present as a skin-absorbable species, per-
cutaneous absorption could contribute significant-
ly to lead body burden. Occupational exposure to
lead in dust in battery factories and lead mining
operations may be even more significant.
Although precautions are taken in the lead in-
dustry to protect workers from ingestion and in-
halation of lead, little attempt is made to avoid
skin contact.

It is interesting to note that the compartmental
maodel fot prediction of lead body burden (Bert et
al., 1989) only fits the observed data when an
allowance is made for an ‘extraneous’ source of
lead. The magnitude of this unaccounted lead
source ranged from 22—-38% of the highest lead in-
take or 18—-39 pg/day. Considering that 9 ug
Pb/day is absorbed from diet and 1-50 ug Pb/day
is absorbed from air, lead intake from this unac-
counted source 1s significant. It is quite possible
that this unmeasured source of exposure required
to fit the model comes from percutaneous absorp-
tion of lead.

It is still not known whether skin-absorbed lead
is retained in soft tissue and bone or largely ex-
creted in sweat and urine. Sweat has been shown
to be a significant route of excretion for workers
exposed to lead (Lilley et al., 1988; Omokhodian
and Howard, 1991). Of particular concern 1s that
skin-absorbed lead is not detectable in blood by
the usual techniques of electrothermal AAS or
ASV. Since blood lead is the main criterion by
which the industry determines exposure, skin ab-
sorption of lead would remain undetected. The
possibility remains that a significant proportion of
the lead body burden of workers results from skin
absorption.

5. Acknowledgements
We wish to thank Karen Mizon for some of the

TIMS analyses, Owen Farrell and Craig Lyall for
the ICPMS analyses and Chris Brockbank, Greg

69

Kilby and Ed Stauber for volunteering for the lead
uptake experiments.

6. References

Bert, J L.J Van Dusen and J R Grace, 1989 A generalized
model for the prediction of lead body burdens Environ
Res., 48 117-127

Campbell, BC., PA Meredith, M R Moore and WS Wat-
son, 1984 Kinetcs of lead following intravenous adminis-
tration 1n man Toxicol Lett, 21 231-235

Chamberlain, A C.. 1985 Prediction of response of blood lead
to arrborne and dietary lead from volunteer experiments
with lead 1sotopes Proc R. Soc Lond, B 224 149-182

Dale, LS, J L Stauber, O P Farrell, T.M. Florence and B L
Gulson A comparative study of ICPMS and TIMS for
measuring skin absorption of lead In G Holland (Ed ).
Applications of Plasma Source Mass Spectroscopy I
Royal Society of Chemustry, Cambridge, (1n press)

Duggan, M J. and M.J Inskip, 1985. Childhood exposure to
lead in surface dust and soil. a community health problem
Public Health Rev., 13 1-54

Fergusson, J E., The Heavy Elements Chemustry, Environmen-
tal Impact and Health Effects Pergamon Press, Oxford.
1990, p 520

Florence, T.M and Y J Farrar, 197]. Spectrophotometric
determination of chloride at the parts-per-billion level by
the mercury (II) thiocyanate method Anal. Chim Acta. 54
373-377

Florence, T.M., S G Lilley and J.L Stauber, 1988 Skin ab-
sorption of lead Lancet, 16° 157158

Laug, EP and FM Kunze, 1948 The penetration of lead
through the skin. J Ind Hyg, 30 256-259

Lilley, SG . T.M Florence and J.L. Stauber, 1988 The use of
sweat to monitor lead absorption through the skin Sc1 To-
tal Environ, 76 267-278

Manton, W1. and I D Cook, 1984 High accuracy (stable
1sotope dilution) measurements of lead in serum and
cerebrospinal flud Br J Ind Med., 41 313-319.

Moore, M R., PA Meredith, WS. Watson, DJ Sumner.
M K. Taylor and A. Goldberg, 1980 The percutaneous ab-
sorption of Lead-203 in humans from cosmetic preparations
containing lead acetate, as assessed by whole-body counting
and other techniques Fd Cosmet Toxicol , 18 399-405

Omokhodiom. F O and J M Howard, 1991 Sweat lead levels
n persons with high blood lead levels lead in sweat of lead
workers in the tropics. Sci Total Environ, 103 123-128

Rabinowitz, M B, G W Wethenill and J D Kopple, 1976 Ki-
netic analysis of lead metabolism in healthy humans J
Clin Invest, 58 260-270

Rastogt, S C and J Clausen, 1976 Absorption of lead through
the skin Toxicology, 6 371-376.

Scheuplemn, R J and I H Blank, 1971. Permeability of the skin
Physiol Rev., 51 702-747.

Stauber, J L and T.M Florence, 1988 A comparative study of
copper, lead, cadmium and zinc 1n human sweat and blood.
Sci Total Environ, 74 235-247



70

Vander, AJ., J.H. Sherman and DS Luciano, Human
Physiology, 4th edition, McGraw Hill, New York 1986
Wester, R C, HI Maibach, L Sedik, J Melendres, S. DiZio
and M. Wade, 1992 In vitro percutaneous absorption of
cadmium from water and soil into human skin Fundam

Appl Toxicol, 19 [-5

J L Stauber et al /Sct Total Environ 145 (1994) 55-70

Wester, R C. and P.K. Noonan, 1980. Relevance of animal
models for percutaneous absorption. Int. J Pharm, 7
99-110.



Paper 30

the Science of the
Total Environment

A Sournal
into the Esvironment and i Relationthip with Man

The Science of the Total Environment 148 (1994) 139—-155

Toxicity of nickel ores to marine organisms

T.M. Florence?, J.L. Stauber*®, M. Ahsanullah®

“Centre for Environmental and Health Science, 112 Georges River Crescent, Oyster Bay, NSW 2225, Australia
bCSIRO Centre for Advanced Analytical Chenustry, Division of Coal and Energy Technology, PMB 7, Menat, NSW 2234,
Australia
“Australian Nuclear Science and Technology Organization, PMB 1, Menai, NSW 2234, Australa

Abstract

Queensland Nickel proposes to import New Caledonian (Ballande) and Indonesian (Gebe) nickel ores, one option
being ship-to-barge transfer in Halifax Bay, North Queensland. Because small amounts of ore may be spilt during the
unloading and transfer operations, it was important to investigate the potential impact of the spilt ore on the ecological
health of the Bay. Long-term leaching of the ores with seawater showed that only nickel and chromium(VI) were releas-
ed from the ores in sufficient concentrations to cause toxicity to a range of marine organisms. The soluble fractions
of nickel and chromium(VI) were released from the ores within a few days. Nickel, chromium(VI) and the ore leachates
showed similar toxicity to the juvenile banana prawn Penaeus merguiensis, the amphipod Allorchestes compressa and
both temperate (22°C) and tropical (27°C) strains of the unicellular marine alga Nuzzschia closterium. In a series of 30-
day sub-chronic microcosm experiments, juvenile leader prawns Penaeus monodon, polychaete worms Galeolaria
caespitosa and the tropical gastropod Nerita chamaeleon were all very resistant to the nickel ores, with mortality unaf-
fected by 700 g ore per 50 | seawater. The growth rate of the leader prawns was, however, lower than that of the con-
trols. From these data, a conservative maximum safe concentration of the nickel ores in seawater is 0.1 g 17", The
nickel ore was not highly toxic and if spilt in the quantities predicted, would not have a significant impact on the eco-
logical health of the Bay.

Key words: Nickel; Chromium; Toxicity; Algae, Ore; Invertebrates

1. Introduction refinery by ship-to-barge transfer in Halfax Bay.
It was proposed to unload ore from cargo vessels
at a single point mooring in the Great Barrier Reef

Marine Park onto open-hold shuttles by means of

Queensland Nickel plan to import New Caledo-
nian (Ballande) and Indonesian (Gebe) lateritic

nickel ores to supplement the Australian Green-
vale ore at present being processed in the Com-
pany’s refinery at Yabulu, 30 km north of
Townsville, Queensland, Australia. One option
considered was to ship the ore directly to the

* Corresponding author.

a gantry crane-fully enclosed conveyer belt system.
Some dredging of the Bay would be necessary to
enable the shuttles to approach the unloading
facility. Because small amounts of ore (a maximum
of 16 tonnes per year according to Lassing and
Dibben, 1991) may be spilt during the unloading
and transfer operations, it was important to in-

0048-9697/94/$07.00 © 1994 Elsevier Science B V All rights reserved
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vestigate the potential impact of the spilt ore on
the ecological health of the Bay. The Great Barrier
Reef Marine Park is an environmentally sensitive
area, while Halifax Bay is an important recrea-
tional and commercial fishery, particularly for
prawns and crabs.

Iron, aluminium and manganese are the major
metals present in the ores with nickel, chromium,
magnesium and cobalt present in concentrations
greater than 0.1% (w/w). The ores also contain
significant amounts of zinc and copper at concen-
trations less than 0.1% (w/w) (Table 1).

Extensive baseline studies of the marine
environment of Halifax Bay were conducted prior
to the opening of the Nickel refinery in 1973
(Water and Trade Wastes Consultants, 1973). In
Halifax Bay, chromium concentrations of 0.6 ug
I"! and nickel concentrations ranging from
<0.1-10.7 pg 17! have been reported (Carey et
al.,, 1982; Queensland Nickel Pty Ltd., 1984).
Bioconcentration factors (wet wt.) for nickel from
seawater range from 370 for oysters and mussels to
1000 for macroalgae (Water Research Centre,
1984a,b), with bioconcentration factors for chro-
mium about one third of those for nickel. Lethal
toxicities of nickel and chromium to marine
organisms have been reported to range from 0.1 to
1000 mg 1!, with invertebrates possibly more sen-
sitive than vertebrates (Connell and Miller, 1989)
(Table 2).

The US EPA has set chronic toxicity limits for

Table 1
Composition of the nickel ores*

Element Concentration (%)
Iron 36 4-47.6
Silica 20-15.0
Nickel 15-17
Aluminium 1.2-2.8
Chromium 10-17
Magnesium 10-6.0
Manganese 05-2.0
Cobalt 010-024
Calcium 0.01-1 50
Zinc 0.01-0.10
Copper 001-0.05

4From Queensland Nickel Pty Lid. (1989).
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Table 2
The acute toxicity of nickel and chromium(VI) to marine
orgamsms (96-h exposure)*

Organism LCsy (mg 174
Nickel Chromium

Fish

Fundulus heteroclius 350 91

Menidia menudia 80 13

Molluscs

Nassarius obsoletus 72 105

Mya arenaria 320 57

Crustaceans

Acarta claust 21 66

Pagurus longicarpus 47 10

Tigriopus japonicus 64 17

Annelids

Ctenodrilus serratus 17 43

Nereis virens 25 2.0

Echinoderms

Asterias forbest 150 32

‘From WRC (1984a,b)

the protection of marine life for nickel and chro-
mium in seawater of 8 pg 17! and 50 pg 17,
respectively (Table 3). However, it is possible that
nickel and other metals leached from the ores in
seawater may be particularly toxic to benthic
organisms (Connell and Miller, 1989). Judell
(1989) reported on the toxicity of nickel ores to
benthic organisms in bays in New Caledonia
which had been impacted by the ores over 100
years. Although considerable benthic activity was
observed, no quantitative measurements were
made. Bivalves inhabiting locations where
sediments contained substantial quantities of met-
als showed no unusual accumulations of metals in
their tissues. Over the past few years, we have
developed sub-lethal, chronic bioassays using a
local isolate of the unicellular marine diatom Nutz-
schia closterum (Mann and Florence, 1987;
Stauber and Florence, 1987,1989,1990). This par-
ticular species was chosen because it is widely dis-
tributed in Australian waters and the availability
of both tropical and temperate strains makes it
particularly suitable for site-specific toxicity test-
ing. Because cells divide 1.4 times per day, a num-
ber of generations of cells are exposed to the
toxicant over the 3-day bioassay. Nitzschia
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Table 3

Critenia for the toxicity of nickel and chromum(VI) in seawater
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Type of criterion Limit (mg 17" Reference

Nickel Chromium
Protection of marine life 0008 0.050 US EPA (1987)
Protection of marne life 0.030 0.015 WRC (1984a,b)
Protection of marine life 0.020 0020 Klapow and Lewis (1979}
Protection of marne life 0.025 0010 Hart (1982)
Protection of marine life 0.008 0 050 SPCC (1990)
Protection of marine life 0.008 0.050 ANZEC (1990)
Not to be exceeded 0.140 0.170 US EPA (1987)
Not to be exceeded 0.450 0.200 Klapow and Lewis (1979)

closterium is particularly sensitive to a wide range
of metals. Table 4 shows the concentrations of a
number of metals which give a 50% reduction in
cell division rate of Nitzschia over 72 h (72-h
ECsp).

In this study, toxic metals in seawater leachates
of the ores were identified and the leachates tested
for acute and chronic toxicity to a range of marine
organisms.

Table 4
Toxicity of some metals to Nuzschia closterum?

Metal ECso(ug 171)®
Arsenic(IIT) 7
Arsenic(V) >2000
Cadmium 350
Chromrum(III) > 5000
Chrommum(VI) 3500
Cobalt > 500
Copper 10
Iron(III) >500
Lead > 500
Manganese(I1) > 500
Mercury(II) 9
Nickel 250
Selenium(IV) 1000
Selenium(VI) >2000
Silver 150
Zinc 70

2Florence and Stauber (1991).
Concentration for 50% reduction 1n algal cell division rate.

2. Experimental
2.1. Analytical procedures

Trace element determination

Seven trace elements (Ni, Cr, Fe, Cu, Zn, Cd
and Mn) were determined quantitatively in the ore
leachates by inductively-coupled plasma emission
spectrometry (ICP-AES), and 55 elements semi-
quantitatively by inductively-coupled plasma mass
spectrometry (ICP-MS). To concentrate heavy
metals, -especially arsenic, for the ICP-MS deter-
minations, the leachates (10 g of ‘as received’ ore
shaken with 200 ml of seawater for 4 h) were
treated with 3 mg of iron(III) (as FeCl;), adjusted
to pH 6-7, allowed to stand for 24 h, filtered
through a Whatman No. 1 filter paper and washed
with Milli-Q water. The hydrated iron oxide
precipitate was dissolved by adding 2 X 5 ml of
hot 2 M HNO; and the acid solution analysed by
ICP-MS.

‘Total’ chromium(VI) in the ores was determin-
ed by shaking the ore in 50 ml of 0.2 M NaOH for
22 h. Chromium in the leachates was determined
by a sensitive, highly selective spectrophotometric
method using diphenyicarbazide in phosphoric
acid medium (Anon, 1976)

2.2. Properties of the ore

Ore settling experiments
Each ore (3 g) was shaken with 100 ml of
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seawater for 24 h, aliquots transferred immediately
to a l-cm spectrophotometer cell and percent
transmission followed at 600 nm for 24 h

Ore leaching experiments

Shake extraction. Ore leachates in seawater were
prepared by shaking various weights of ore (as
received) with 100 ml of seawater in a wrist-action
shaker. The leachates were then filtered through a
0 45-pm membrane filter. The effect of shaking
time on the composition of the leachate was also
investigated, using shaking times of between 4 and
65 h.

Standard elutriation. Air was bubbled vigorous-
ly through a slurry of 5 g of dry ore equivalent in
100 ml of seawater for 1 h, the ore allowed to settle
for 30 min and the elutriate filtered through a 0.45-
pm memhrane filter (1.ee et al |, 1974)

Column leaching Two glass columns (7 cm x 2
cm), with medium porosity glass discs, were
prepared for long-term ore leaching experiments.
Pieces of glass fibre filter were boiled with water,
and the slurry added to the columns, which were
fitted with adaptors to allow seawater to flow
through at a rate of 0.25 ml min~'. In the first
experiment, approximately 0.5 g of Ballande or
Gebe ore (as received) was weighed into each col-
umn, while in a second experiment, 2 g of each ore
were used. The leaching was carried out for 15
days until the concentrations of chromium and
nickel in the eluants were below 5 pg 17! and 3 ug
17! for N1 and Cr, respectively. The eluants were
analysed for Ni, Cr, Co, Fe, Mn, Cu, Pb, Cd, Zn
and Cr(VI).

Ore lump leaching. To simulate the leaching of
ore spilt in the Bay by gentle currents, a ‘lump’ of
Gebe ore (24.5 g wet wt.) was lightly moulded into
a ball, placed in a 2-1 beaker and covered carefully
with 1.8 1 of seawater. A 0.5-cm glass tube was
positioned 1.5 cm into the seawater and air bubbl-
ed slowly throughout, to provide gentle stirring.
Samples were taken daily from the top of the
beaker and analysed for nickel and chromium.

Ore metal bioavailability experiments The frac-
tion of metal available to filter feeding animals as
a result of digestion-absorption was estimated by
leaching ore particles with hydrochloric acid
Ballande and Gebe ores (1 g) were shaken in a
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wrist-action shaker for 6 h with 100 ml of 1 M
HCI, and the solutions were filtered and analysed
by ICP-AES.

2.3 Properties of the sediment

Halifax Bay sediments from three locations were
collected by a grab sampler, sealed in air-tight
plastic-lined drums and stored at 4°C until
required. Pore waters were separated from 60- to
80-g sediment samples, before and after use in the
bioassays, by centrifugation in 50-ml centrifuge
tubes. The pore water was filtered through a 0.45-
pm membrane filter before analysis by ICP-AES.
A seawater blank was prepared in the same way.

To simulate trace metal and nutrient release
during dredging, the standard elutriation test
(used for the ores) wae aleo carried out on the sedi
ment samples. Nitrate plus nitrite (NO,) in the
elutriate was determined by the cadmium reduc-
tion method no. 4500-NOs-F (APHA, 1989). Free
reactive phosphorus (o-phosphorus) was determin-
ed using the automated ascorbic acid reduction
method no. 4500-P-F (APHA, 1989).

Bioassay procedures

Toxicity tests with the marine diatom Nitzschia
closterium The toxicity of Ni, Cr(VI), Ni + Cr(VI)
and leachates of the Ballande and Gebe ores to
both temperate and tropical isolates of the uni-
cellular marine alga, Nitzschia closterium
(Ehrenberg) W. Smith, was investigated.

The temperate strain (CS 5) was originally isola-
ted from Port Hacking, NSW and the tropical
strain (CS 114) from the Coral Sea, near the Great
Barrier Reef. The diatoms were cultured in f medi-
um (Guillard and Ryther, 1962), with the iron and
trace element concentrations halved. The batch
cultures were maintained on a 12-h light, 12-h dark
cycle (Philips TL 40 W fluorescent daylight, 4500
lux) at 21°C (temperate strain) and 27°C (tropical
strain) (Lumsden and Florence, 1983).

Cells in log phase growth (<7 days old) were
centrifuged at 2500 rev./min on a Jouan CR4.11
centrifuge with E4 swingout rotor. The nutrient
medium was discarded and the cell pellet
resuspended in ~30 ml of 0.45-um filtered
seawater. The centrifugation and washing proce-
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dure was repeated three times to remove culture
medium which would otherwise ameliorate tox-
icity (Stauber and Florence, 1989).

Seawater controls, together with five ore
leachate concentrations, each in duplicate, were
prepared in 200-ml erlenmeyer flasks precoated
with Coatasil (Ajax) to prevent absorption of
metals onto the glass. To each flask, containing 50
ml seawater, 0.5 ml of 26 mM sodium nitrate and
0.5 ml of 1.3 mM potassium dihydrogen phosphate
were added. Each flask was inoculated with
3-5 x 10* cells ml™! of a prewashed Nitzschia
suspension, and incubated at 21°C or 27°C on a
12:12 h light/dark cycle at 14 000 lux. Numbers of
live cells in each flask were determined daily for 3
days by counting in a hemocytometer using phase
contrast microscopy. Aliquots of cells from each
flask were homogenized in a 15-m] hand-held tis-
sue grinder (Wheaton) with Teflon pestle, to break
cell clu}nps.

A regression line was fitted to a plot of log
cell density versus time (h) for each flask and the
cell division rate (u) determined from the slope.
Cell division rates per day (3.32 p x 24) were
calculated and compared to cell division rates of
the controls. Probit Analysis software was used to
calculate the ECs i.e., the effective concentration
of leachate which gave a 50% reduction in cell
division rate compared to the controls. LOEC (the
lowest concentration of ore leachate which
significantly decreased cell division rate) and
NOEC (the highest concentration of leachate
which had no significant effect on cell division
rate) were estimated using US EPA statistics pro-
tocols (Weber et al., 1989).

Acute toxicity tests with the juvenile banana
prawn Penaeus merguiensis. Juveniles (approx-
imately 2 weeks old) of the banana prawn Penaeus
merguiensis were air-freighted to Sydney from the
Gold Coast Marine Hatchery, Beenleigh,
Queensiand. They were fed cockles and fish
pellets, and acclimated to laboratory conditions
for 10 days prior to toxicity testing

Toxicity tests were carried out with 32%
seawater in a laboratory controlled at 20°C and a
photoperiod of 14 h light and 10 h dark. Four
dilutions of leachate, together with controls, were
prepared in acid-washed plastic cups. Twenty
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Juveniles were exposed individually (one per cup),
without feeding, at each dilution to avoid prob-
lems of cannibalism. The experimental solution in
each cup was replaced after 48 h. Mortality after
96 h was determined

Acute toxicity tests with the amphipod Allor-
chestes compressa. Static toxicity tests, using the
marine  amphipod  Allorchestes  compressa.
originally obtained from Queenscliff, Victoria,
were carried out under the same conditions as the
banana prawn assays. Healthy adults (1-1.5 cm)
were exposed to four leachate dilutions plus con-
trols (10 animals per 800 ml) for 96 h without
feeding. Observations for mortality were made
twice daily. The criterion for determining death
was the absence of movement when animals were
gently prodded with a glass rod. Dead animals
were remaved after each nhservatinn (Ahsanullah,
1982).

Microcosm toxicity studies. Thirty-day micro-
cosm toxicity studies were carried out using the
leader prawn Penaeus monodon and the gastropod
Nerita chamaeleon.

Microcosms were established in 70-1 glass tanks
(74 x 36 x 30 cm) with continuously flowing
seawater (25 ml min~') at 27 + 0.5°C. The
covered tanks were continuously aerated, and
monitored for salimty, pH, temperature and
dissolved oxygen.

Sediment from three points in Halifax Bay was
sent by air freight in plastic-lined drums and kept
at 4°C for 2 days before use. The three sediments
were thoroughly mixed, and approximately 15 kg
weighed into all tanks The system was allowed to
settle for 2 days, before Zostera (15 plants ex
Sydney University) and Cymodocea (five plants ex
Magnetic Island) were planted in each tank. In the
first experiment, S50 juvenile leader prawns
(Penaeus monodon) were added to each tank. The
prawns (1.5-2 cm total length) were obtained from
a commercial farm in Queensland and were ac-
climatised at 27°C in a flowing, aerated seawater
tank for 10 days before use. The prawns were fed
during the experiment on cockles and a commer-
cial food from the supplier, containing 38% pro-
tein, 5% fat, 3% fibre, 12% moisture and 14% ash.
Steady feeding of the prawns was essential to limit
predation.
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A sample of Ballande nickel ore was ground and
sieved through a #50 sieve, the <#50 mesh fraction
being used in the assays. The Gebe ore was
crumbled by hand. Two tanks were kept as con-
trols, and to the others weighed amounts of ore
(25-700 g per 50 1) were added; the ore was
sprinkled over the surface of the tank to simulate
an ore spillage.

The experiment was conducted for 30 days, dur-
ing which time samples of the tank water and sedi-
ment were taken for analysis. At the end of the
experiment the surviving prawns were counted,
measured and weighed. A polychaete (Galeolaria
caespitosa) worm count was also made. Although
polycheates were not added deliberately, they were
present in the seawater and sediment and because
the same amount of mixed sediment was added to
each tank, the initial worm population would have
been very similar.

In a second experiment, each tank was partition-
ed into 20 separate compartments using 3-mm
nylon mesh (oyster mesh), and one juvenile prawn
(8—10 mm) was placed in each compartment.
Prawns were weighed as a group at the beginning
and the end (28 days) of the experiment. Control
tanks and tanks containing different ore concen-
trations were each repeated in triplicate.

The microcosm experiments were repeated with
the tropical gastropod (snail) Nerita chamaeleon,
collected from Cairns in Northern Queensland. A
total of 50 snails were added to each tank and the
recoveries counted after 30 days.

A variety of statistical tests, including the ¢-test,

Table 5
Trace elements released from the ores during the standard
elutriation test?

Metal® Ore (mg 171)

Gebe Ballande
Ni 0.31 0011
Cr 2.90 5.15
Cr(V) 3.00 518
Fe 0.009 <0.003

40re (5 g, dry weight) 1n 100 ml seawater.
bDetection limits were 0.005, 0 002 and 0 002 mg 1-! for Ny, Cr
and Fe, respectively.
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Table 6
Trace elements in the ore leachates?

Element Concentration (g 17})
Gebe Ballande

Ag 0003 0003
As(III) <0002 <0002
B1 0 009 0010
Cd <0001 <0.002
Co 0.80 0.69
Cu 21 10
Ga 0.10 0069
Ge 010 010
Hg <0002 <0.002
Zn <0.002 <0002

20re (9.3 g, normalised to 30% morsture) shaken 1 200ml
seawater for 4 h.

the Mann-Whitney U-test (parametric tests) and
the Wilcoxon rank sum test (non-parametric test),
were used to analyse the microcosm data.

3. Results and discussion

The moisture contents of the Gebe and Ballande
ores were 36.2% and 22.9%, respectively, for the
first ore samples, and 32.1% and 22.6%, respective-
ly for the second batch. All tests were carried out
on the ‘as received’ ores, and the results normal-
ised to a moisture content of 30% (Florence and
Stauber, 1989; Florence et al., 1991).

3.1. Composition of the ore leachates

The concentrations of Ni, Cr, Cr(VI) and Fe
released from the ores during the standard elutria-
tion test, which were similar to those obtained in
the shaken leachates, are shown in Table 5. The
concentrations of a range of other elements in the
ore leachates are given in Table 6. The leachates
contained less than 0.1 g 17! of Ag, As, Bi, Cd,
Hg, Mn, Pb, Sb, Se, Tl and Zn. In addition to Ni
and Cr, only Co, Cu and Fe were present at con-
centrations above 0.1 pg 171

The effect of shaking time on the concentrations
of chromium(VI) and nickel in the leachates 1s
shown in Figs. 1 and 2. Chromium(VI) dissolved
rapidly from both ores with more chromium
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Fig. 1. The effect of shaking time on the chromium concentration in the ore leachate (1 9 g ore shaken with 100 ml seawater)

released from Ballande ore than from Gebe ore.
All the chromium released from the ores was pre-
sent as Cr(VI). Nickel dissolved at a slower rate
with more nickel released from the Gebe ore than
the Ballande ore.

The effect of ore:seawater ratio on the concen-
trations of chromium(VI) and nickel in the lea-
chates is shown in Figs. 3 and 4. The concentration
of chromate formed in the seawater leachates was
not proportional to ore concentration, but ap-
proached a limiting value. A similar situation was
observed with nickel, although nickel in the Gebe
leachates continued to increase slowly with ore
concentration.

‘Total’ Cr(VI) concentrations in the ores, deter-
mined by extraction with 0.2 M NaOH in
seawater, was 0.023% and 0.066% for the Gebe
and Ballande ores, respectively. In order to test if

chromate was present i1n the ore or formed from
Cr(III) during the shaking in aerated seawater, 1 g
of Gebe ore was shaken for 2 h in 50 ml of
seawater, which had been deaerated with mitrogen.
The filtrate contained 2.9 mg Cr(VI) 17!, com-
pared with 3.1 mg 17! in aerated seawater. In
addition, when 10 mg 17! of Cr(IIl) chloride was
shaken in seawater in the absence and presence of
ore for 24 h, no additional Cr(VI) (<0.05mg17")
was produced. Clearly the chromate was present 1n
the ore, and was not formed during shaking with
seawater.

Probably all of the chromate in the ore leachate
was produced as a result of hydrolysis of a metal
chromate, as the ores had very little chromate pre-
sent as a soluble metal salt. Cr(VI) in the ore
leachates increased with increasing pH, and was
much higher in seawater (pH 8.2) than 1n
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Fig 2. The effect of shaking time on the nickel concentration 1n the ore leachate (1.9 g ore shaken with 100 ml seawater).

demineralized water (pH 6.5). During leaching, the
pH of the seawater dropped from 8.2 to 7.5, as its
alkalinity was consumed in the hydrolysis reac-
tion. The iron contents of the ores were high and
plots of [Cr(VI)] vs. [alkali consumed] were linear,
with slopes in the range 0.4 to 0.29. This suggests
(Mellor, 1952) that the hydrolysis reaction may be:

Fez(CrO4)3 + 6NaOH — 2FC(OH)3 + 3Na2CI'O4

Below pH 3, where Fe(IlI) hydrolysis does not
occur, no chromate was hiberated by leaching.

3.2. Column leaching experiments

Column leaching experiments showed that both
nickel and chromium were released rapidly from

the ores. In the 0.5 g Ballande ore leaching experi-
ment, the eluant contained <2 ug 1! of Fe, Mn,
Cu and Zn, and <20 ug 17! Pb after the passage
of 662 ml seawater. Spectrophotometric analysis
of the seawater eluants showed that all the
chromium found by ICP-AES was present as
Cr(VI). A similar pattern was observed 1n the 0.5
g Gebe column leaching experiment.

In the 2-g experiments, over 80% of all the chro-
mium was eluted in the first three days, with 50%
eluted 1n the first 7 h. Eighty percent of the nickel
was released in the first 4 days. The concentrations
of nickel and chromium in the eluants were close
to background seawater levels after only 13-15
days.

The rapid release of the soluble metal fraction
has important environmental implications. If small
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Fig. 3. The effect of ore.seawater on the chromium concentration in the ore leachate (ore weights shaken for 5 h 1n seawater)

amounts of ore were spilt over a relatively long
period, the soluble metals would be unlikely to be
present at toxic concentrations. However, large
spills would lead to high, localised concentrations
of nickel and chromium, whose toxic effects would
depend on dilution by currents and tidal action.

3.3. Ore lump leaching experiments

The maximum nickel concentration leached
from the lump of ore was 0.165 mg 17! after 4
days, whereas chromium took nearly 10 days to
reach its maximum concentration of 2.03 mg 17",
This was in contrast to batch and column leaching
experiments, in which chromium leached much
faster than nickel. Apparently, under conditions of

gentle agitation, where the rate of transport of
seawater to the ore surface was limited, the supply
of the alkalinity necessary for hydrolysis of the
metal chromate was the rate determining step. Re-
lease of chromium from a pile of spilt ore may
therefore be slower than that predicted from the
column leaching experiments (Florence, 1991)

3.4. Ore settling experiments

The results of the ore settling tests are shown 1n
Fig. 5. The Gebe ore settled at a constant rate,
while the Ballande ore settled rapidly at first,
followed by a slower rate over 0.5-3 h. After 24 h,
77% and 60% of the Gebe and Ballande ores,
respectively had settled. A significant fraction of
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Fig 4 The effect of ore seawater ratio on the nickel concentration in the ore leachate (ore weights shaken for 5 h 1n seawater)

both ores was very fine and stayed in suspension
for a few days. This is in agreement with Connell
and Miller, 1989, who reported that the ores con-
tained a high proportion of fine clays, with particle
sizes ranging from <45 pm to 200 mm.

3 5. Ore metal bioavailability experiments

The results of the 1 M HCI leach of the ores, ex-
pressed as mg extractable metal per kg of ore (dry
weight) are shown in Table 7. In most cases the
fraction of metal in the ore available to a filter
feeder was very small. HCI (I M) was used to simu-
late the worst case situation. It appears, benthic
organisms would be unlikely to accumulate signifi-
cant amounts of metal as a result of digestion of
ore particles.

3.6. Properties of the sediment

The elutriation tests on Halifax Bay sediments,
which attempt to simulate the release of nutrients
and metals from sediments during dredging, show-
ed that only small amounts of these substances
were released (Table 8). The nitrate + nitrite con-
centration increased significantly; however, inputs
from rivers during storm events would be expected
to have a greater impact on the Bay, whose waters
are usually low in nitrate (5-23 pg N 17') (Water
and Trade Wastes Consultants, 1973).

Pore waters from the Halifax Bay sediments
were low 1n heavy metals, with the exception of
manganese in two of the samples (Table 9). These
high manganese concentrations were surprising
because neither the overlying seawater nor the
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Table 7

Bioavailable metal in the ores?

Metal Extractable metal Extractable metal
(mg/kg ore) (% of total metal)
Gebe Ballande Gebe Ballande

N1 476 130 2.9 092

Cr 302 704 2.1 33

Fe 810 494 0.20 0.11

Mn 51 77 081 0.53

Cu 6 11 60 15.9

Pb 5 10 — —

Cd 02 02 — —

Zn 17 20 4.3 45

4Metals extracted in 1|

M HCI

of manganese (<1 pg 17!). Manganese values in
pore water as high as 30 mg 17! have been
reported (Brannon et al., 1980), as a result of the
high mobility of manganese 1n sediments. Because
much of the manganese in sediments is present as
colloidal manganese dioxide, which has been
shown to ameliorate metal toxicity (Stauber and
Florence, 1987), manganese at these concentra-
tions is unlikely to be toxic to marine organisms

37. Toxicity to the marine diatom Nitzschia
closterium

The analysis of the ore leachates used in the
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Table 8
Elutnation test of Halifax Bay sediments
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Elutriate constituent? Sediment samples Blank?
1 2 3

Moisture (%) 23 28 32 —
Nitrate + nitrite (mg/I) 030 110 060 003
o-Phosphorus (ug/l) 16 27 26 10
Mercury 03 03 02 01
Lead <20 <20 <20 <20
Cobalt <3 <3 <3 <3
Copper 4 4 7 <3
Chromium 2 3 8 <2
Iron 3 4 S <2
Manganese <1 <1 <1 <1
Nickel 9 9 7 <5
Cadmium 8 <5 7 <2
Zinc <3 <3 <3 <3

4All mctal concentrations arc ug 17}
"Dlank scawater uswd fur dulilation (usts

algal assays Is shown in Table 10. For equivalent
weights of ore, four times more nickel was leached
from Gebe ore than Ballande, whereas Ballande
ore leached twice as much chromium. The re-
sponse of the tropical and temperate strains of the
marnne alga, Nitzschia closterium is shown in
Tables 11 and 12. Cell division rates of controls
were 1.4 = 0.2 doublings per day for the tem-
perate strain and 0.8 + 0.07 doublings per day for
the tropical strain.

The cell division rate of the tropical diatom was

Table 9
Analysis of Halifax Bay pore waters

Metal Sediment samples
-1

(ng 1™ . 5 3

Pb <20 <20 <20
Co <5 <5 <5
Cu 6 4 <3
Cr <2 <2 <2
Fe 3 5 20
Mn <1 460 2000
Ni <5 <5 <5
Cd 4 <2 <2
Zn 8 <3 <3

reduced by 50% by concentrations of 7.1 g 17! of
Ballande ore and >24 g 17! of Gebe ore (ore
weights normalised to 30% moisture). No toxicity
was observed at concentrations of Ballande ore 1n
seawater below 1.4 g 17! and below 7.1 g I"! for
Gebe ore. The toxicity of both ore leachates to
tropical Nitzschia was due entirely to chro-
mium(VI) leached from the ores by seawater.
More chromium was leached from Ballande ore
(Table 10), accounting for its greater toxicity to
this strain than Gebe ore. Nickel, at concentra-
tions up to 0.5 mg 17!, had no effect on the cell di-
vision rate of tropical Nitzschia (Table 11).

The chromium(VI) ECsy to Nuzschia was 3.5
mg 17!, with a maximum allowable toxicant con-
centration (the mean of the NOEC and LOEC) of
1 mg 17!, This is in agreement with Missimer et
al., 1989, who reported a MATC of 1.2 mg Cr 1!
for the marine diatom Skeletonema costatum.
Chromium(VI) toxicity to marine algae has been
shown to depend on the salinity and the sulfate
concentration in seawater, as chromate and sulfate
compete for active transport across the cell mem-
brane (Reidel, 1984). No synergistic effect of nick-
el and chromium was observed.

The temperate strain of Nitzschia was more sen-
sitive to Gebe ore than the tropical strain, with
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Table 10
Analysis of ore leachates for algal toxicity assays
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Ore Wt of Ore (g)¢ Metal in leachate Metal 1n leachate
(mg 17 (mg g~! ore)
Nickel Chromium Nickel Chromium
Gebe 071 0084 10 0.012 014
143 0162 18 0011 013
2.86 0313 28 0.011 010
Ballande 0.14 0005 075 0004 054
057 0009 25 0002 044
100 0016 35 0002 035
143 0040 41 0003 029

“Ore weights normalised to 30% moisture. Ore shaken for 4 h in 100 ml seawater, prior to filtering

ECs, values of 11 g 17! of Gebe ore and 64 g 17!
of Ballande ore. Mo toxicity was observed at con-
centrations below 4.7 g 17! and 1.9 g 17! for Gebe
and Ballande ores, respectively. By comparing
values in Tables 10, 11 and 12, it is apparent that
the observed toxicity was due to a combination of
nickel and chromate released from the ores in
seawater. Nickel was much more toxic to the
temperate strain of the alga, as was Gebe ore
(which leached more nickel) and chromium and
nickel combined. The ECs for nickel was 0.25 mg
1~!, similar to toxicities reported for other marine
diatoms (Tadros et al., 1990). There was evidence
of possible synergistic toxicity between nickel and
chromate: a mixture of 0.1 mg Ni I"! and 2 mg
Cr(VI) 17! reduced the cell division rate by 67%,
even though the separate metals at these concen-
trations had no effect on growth rate.

Table 11
Toxicity of ore leachates to tropical and temperate strains of
Nuzschia closterium

Ore?/Metal 72-h ECsy (mg 17")
Tropical Temperate
Nuzschia Nitzschia
Gebe >24 000 11 000
Ballande 7100 6400
Nickel >05 0.25
Chromium 3.5 35

3.8 Acute toxicity to invertebrates

Toxicity of the ore leachates (o both the juvenile
banana prawn Penaeus merguiensis and the
amphipod Allorchestes compressa are shown in
Table 13. Control survival rates after 96 h were
>85%. The Gebe and Ballande ore leachates
showed similar toxicity to both banana prawns
and the amphipod. The marine alga Niutzschia
closterium, however, was more sensitive to
Ballande ore leachates.

The 96-h LCs, values for chromium and nickel
to Allorchestes compressa were 5.6 mg 17! and 34
mg 17!, respectively. This amphipod was more
sensitive to both chromium and nickel than other
invertebrate species such as juvenile Callinectes
sapidus (Frank and Robertson, 1979) and Pagurus
longicarpus (Eisler and Hennekey, 1977).

Denton and Burdon-Jones (1982) found the
96-h LCsq for nickel to juvenile banana prawns to

Table 12
No observable effect concentrations (NOEC) of ore leachates
to tropical and temperate strains of Niuzschia closterium

Ore? NOEC(g 1Y

Tropical Nitzschia Temperate Nuzschia
Gebe 71 47
Ballande 14 19

4Ore weights normalised to 30% moisture

40Ore weights normalised to 30% moisture
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Table 13
Acute toxicity of nickel ores to marine organisms

Organism 96-h LCsy (g 17"
Gebe Ballande
Banana Prawns 15 20
Amphipod (Allorchestes 12 15
compressa)
Diatom (Nitzschia closterium)* 12 7

472-h ECs, temperate stramn

be 3.55 mg 17! at 30°C, with toxicity increasing in
longer term experiments (Denton and Campbell,
in press).

Table 14 compares the sensitivity of Nitzschua
closterium to several motals with other represen-
tative marine organisms, including polychaete
worms, gastropods, crabs and fish. While this
compares a sublethal effect (reduction in cell divi-
sion rate) for Nitzschia with lethality (organism
death) in other marine organisms, it is useful to
note that Nitzschia is at least 25 times more sensi-
tive than other organisms to nickel, copper, zinc
and cadmium.

3.9. Microcosm studies

Leader prawn experiments

Throughout the 30-day experiments, oxygen
was 6.0 + 0.3 ppm, salinity 32.0 + 0.1 and tem-
perature 26.5 + 0.2°C in the tanks. Control tanks
were more turbid than the tanks containing ore,
and turbidity decreased with increasing ore con-

Table 14
Sensitivity of some marine organisms to heavy metals
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Table 15
Maximum safe concentrations of nickel ores in seawater

Criterion Maximum safe ore
concentration (g =4
Gebe Ballande

Prawns (LCqo x 0.01) 015 020

Amphipod (LCsy x 001) 012 01s

Diatom (LOEC x 0 1) 050 0.30

US EPA, 50 pg Cr(VI) 1~} 020 010

US EPA, 8 pg N1 17! 023 4]

centration. Light microscopic examination of
water samples showed that none of the tanks con-
tained significant numbers of bacteria, and tanks
containing ore had less suspended sediment. Con-
centrations of Mi, Cr (all present as Cr(VI)), Mn,
Fe and Cu in the tank waters were below the limit
of detection in less than 24 days. Neither Cu nor
Zn were significantly higher than the control
tanks, and Co, Cd, Sn, Pb and As were not
detectable.

Concentrations of Ni, Cr, Co, Fe and Mn in
sediment pore waters from the bioassay tanks were
determined by ICP-AES. Chromium concentra-
tions were <5 pg 17!, even in tanks containing
700 g ore per 50 1, presumably because of the high
solubility and anionic nature of the chromate ion.
Nickel concentrations ranged from <5 pg 17! in
controls to 34 pg 17! in tanks containing the
highest concentration of ore. Manganese in the
pore waters (3.4-6.9 mg 17') was considerably
higher than values obtained for the same
sediments before use 1n the bioassay tanks, prob-

Organism 96-h LCyy* or 72-h ECsq (ug 17")

Nickel Copper Zinc Cadmium
Nuzschia closterium 250 10 70 350
Polychaete worms 17 000 300 5000 9000
Gastropods 80 000 1000 80 000 25000
Crabs 10 000 3000 5000 2000
Fish 10000 1000 10 000 30 000

“Bryan (1976)
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ably due to mobilisation of manganese from bio-
logical activity over the 30 days. Manganese values
as high as 30 mg 1! have been reported in pore
waters (Brannon et al., 1980), with most of the
manganese present as colloidal manganese di-
oxide, which can ameliorate metal toxicity
(Stauber and Florence, 1987).

The Cymodocea (seagrass) used in the
microcosms showed no difference in growth or ap-
pearance after 30 days between control tanks and
tanks containing ore. The temperate Zostera did
not grow very well in either control or assay tanks.
Both Gebe and Ballande ores, even at the highest
concentration tested (700 g per 50 1), had no signi-
ficant effect on either the survival or growth of the
juvenile leader prawns. Similarly, the polychaete
worm density, which ranged from 35-72 worms
per tank, wae unaffected by any amount of ore.

Prawn recovery varied from 54-88%, with no
significant difference between controls and tanks
containing ore. The low recoveries in the controls
(56—76%) were thought to be due to cannibalism,
so the experiment was repeated with each prawn in
a separate compartment. Despite the use of mesh
to separate the prawns, the recovery of prawns in
the control tanks (45-80%) was no better than
previously. The US EPA allows minimum control
recoveries of 70—90% for chronic bioassays of 7-9
days’ duration. An average recovery of 70% for
controls in a 30-day experiment, however, is ac-
ceptable, as the longer the duration of the experi-
ment, the more likely there will be losses in
controls. The two series of experiments on leader
prawns were in excellent agreement, and gave no
indication of any lethal (survival) effects of the
highest amounts of ore tested. There was, how-
ever, a significant difference in the growth rate of
the prawns in the tanks containing ore compared
to controls in the second experiment. For the
Ballande ore, a correlation coefficient of —0.991
was calculated for weight increase vs. amount of
ore, with a regression equation of:

weight increase = 27.0 — 0.0286 x weight of ore
Using this equation, 94 g of Ballande ore (1.9 g

17"y would cause a decrease in growth of 10% over
28 days. Gebe ore had a slightly smaller effect on
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growth. The effect of the ores on the growth rate
of the prawns probably occurred 1n the first week,
since most of the mickel and chromium was leach-
ed from the ores over this period.

Gastropod experiments

Recovery of snails was 100% 1n all tanks, assays
and controls after 30 days. Gebe and Ballande ore
(25-700 g per SO 1) was not toxic to Nerita
chamaeleon at any concentration of ore tested.

The microcosm results suggest that the ore par-
ticles per se did not cause toxicity; rather, the ore
leachates, containing nickel and chromium, were
the toxic agent.

3.10. Maximum safe concentrations of ores

The acute toxicity data from Table 13 ran he ns-
ed to calculate acceptable, long-term-no-effect
concentrations of Ballande and Gebe ores in
seawater. Application factors of 0.01 x LCs for
invertebrates and 0.1 x the lowest observable
effect concentrations for algae were used. These,
together with acceptable concentrations using US
EPA criteria, are shown in Table 15. A conser-
vative maximum ore concentration of 0.1 g 17!
seawater suggests no known impact on marine life
would occur at this ore concentration.

The no-effect-concentrations observed in the
microcosm experiments range from 1-14 g ore 1!
for both Gebe and Ballande ore. This 1s much
higher than the limit of 0.1 g 17! calculated from
the acute toxicity tests, because the ore leachates
were continually removed by the seawater as
would be the case in a real spill situation

The effect of the Yabulu Nickel Refinery efftu-
ent on the coastal waters of Halifax Bay over an
8-year period was reported by Carey et al., 1982
Connell and Miller, 1989, estimated that up to
10 000 kg of nickel would have been discharged in-
to the Bay during this time, assuming maximum
permissible nickel concentrations in the effluent of
1 mg 17!, No adverse marine ecological effects
were detected. Small changes in benthic 1n-
vertebrate communities and zooplankton biomass
were found to be unrelated to effluent discharge.

In comparison, the proposed new unloading
facility would add about 1150 kg per year from ore
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spillage, with a smaller contribution from dust
fallout (21 kg). Small infrequent spills may lead to
nickel and chromium concentrations of 10—100 ug
17! within a mixing zone, depending on leaching
rates and redox conditions in the sediment. Metal
enrichments to the sediments suggest benthic spe-
cies may be more at risk than pelagic species
Much of the nickel, however, 1s unlikely to be
biologically available (Connell and Miller, 1989).
Observations in New Caledonia, where some bays
have been impacted by nickel ores for over 100
years, and in Foundry Cove, Hudson River, New
York, which has received industrial effluents con-
taining nickel for over 25 years, showed that there
had been no change in either the concentration or
diversity of benthic organisms. In the case of
Foundry Cove, the macrobenthos adapted to the
heavy metals and showed greater tolerance to
them than control organisms (Klerks and Levin-
ton, 1989).

4, Conclusions

(i) The toxicity of the ore leachates was due en-
tirely to chromium(VI) and nickel, which dissolved
rapidly from the ores in seawater. No other metal
ion of those determined was present in the
leachates in sufficient quantities to cause toxicity.

(i1) Reduction in the cell division rate of the ma-
rine diatom Nitzschia closterium was a more sensi-
tive indicator of toxicity than mortality to banana
prawns and amphipods over 96 h.

(i1) The temperate strain of Nitzschia was more
sensitive to nickel and Gebe ore leachates than the
tropical strain, with nickel and chromium exerting
synergistic toxicity.

(1v) Thirty-day microcosm studies showed that
seagrass, juvenile leader prawns, polychaete
worms and a tropical gastropod were all very resis-
tant to the nickel ores. The growth rate of the
leader prawns was, however, lower than the con-
trols, with 1.9 g 17! of Ballande ore decreasing
growth by 10% over 28 days.

(v) Elutriation tests on Halifax Bay sediments
showed that there would be no deleterious releases
of nutrients or heavy metals during dredging of the
Bay.

(vi) A conservative maximum ore concentration

T M Florence et al /St Total Environ 148 (1994) 139-155

of 0.1 g 17! in seawater suggests that no known
impact on marine life in Halifax Bay would occur
at this ore concentration.
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ABSTRACT:

Unicellular algae, at the base of most aquatic food chains, are particularly sensitive to a
wide range of pollutants and are therefore an important part of a battery of toxicity tests for hazard
assessment and aquatic environment protection. The use of bioassays for toxiaty assessment, based
on growth mhibition 1n algac, 1s descnbed and compared to altemative measures of toxic stress 1n
algae, such as "“C uptake, respiration, ATP and enzyme activity  Factors affecting toxicity, including
the test medium, moculum pretreatment, mncubation conditions and test duration are reviewed.
Selection of sensitive and ecologically-relevant test species for both freshwater and manne
toxiaity testing 1s essential Bioassays using the freshwater green alga Chlorella protothecoides and
a local species of the manne diatom Nutzschia dosterium were developed and thewr sensitivity to
metals, chlorate and chlorophenolic compounds were compared to standard overseas test species
The bioassay using Chlorella protothecoides was applied to assessing the bioavailability and toxiaty
of copper 1n the Fly River System, Papua New Guinea The marine algal assay with Nitzschia
closterium was used to test the toxicity of a complex pulp mull effluent and its high molecular
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weaght fraction, and compared to bioassays with bactena, seaweed and fish larvae.

Key Worns:
algae, tariciry, hinassays, marine, freshwater,

INTRODUCTION

Toxicity tests with unicellular algae were originally

developed to assess the eutrophication potential in

" freshwaters receiving effluents (USEPA, 1971). Over the
last two decades, algal bioassays have been more widely
used to assess biostimulatory and inhibitory effects of
natural waters, wastewaters, speafic chemicals and sediment
leachates (Van Coillie ef al., 1983; Somuassy et 4l., 1977,
Florence et al., 1994).

Single—celled algae are the foundation of most aquatic
food chains and account for much of the productivity of aquatic
ecosystems. Any adverse impact on algae may directly or
indirectly affect organisms at higher trophic levels.
Manne and freshwater algae have been shown to be
particularly sensitive to a wide range of organic and
inorganic pollutants (Florence and Stauber, 1991; Stauber
et al., 1994a). Because toxiaity tests using algae are chronic
tests, covering several generations of algal cells in a few
days, and determune sublethal effects, rather than mortality,
algae have often been shown to be more sensiive than
other test species (Joubert, 1981; Walsh and Memill, 1984).
In addition, clonal cultures of unicellular algae can be
easily established in the laboratory, providing genetically
uniform cultures for toxucity tesung. Toxicity tests with
algae, 1n common with other microbial tests, are highly
reproducible (Stauber et al.. 1994a) and are. therefore. an

essential part of a battery of toxiaity tests for hazard
assessment and aquatc environmental protection.

GRrowTH INHIBITION Bloassays

Most algal broassays are growth inhibition tests, which
measure the decrease in growth rate (cell division rate) or
final cell biomass after a few days in the presence of
toxicant, compared to controls 1n dilution water. Standard
protocols for algal toxicity testing have been published by
Weber et al. (1989), OECD (1984), ASTM (1992) and Ezr
vironment Canada (1992). Healthy exponenually-growing
cells are added to a range of test concentrations (at least 5
dilutions in a geometric series) and incubated under
controlled light and temperature condittons. The onginzl
standard algal botde test (USEPA, 1971) was carried o.:
over 14 days, however, this has been reduced to 96 h anz
more recently 48-72 h tests (Walsh et al., 1988; Stauber ¢
al., 1994a) to prevent loss of toxicants by degradation c-
evaporation.

Algal growth is usually estimated daily by counting ce’’s
microscopically in 2 haemocytometer or 10 an automatc
particle counter, or by measuring other biomass parametezs
such as cell fluorescence, optical density, turbiduty, dry weigt:
or chlorophyll 2. Good correlation between the differen:
methods for estimatine pooulation densitv is genera’~
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found (Walsh et al., 1988). However, toxicants may cause 2
change 1n cell chlorophyll and therefore cell fluorescence,
without causing a change in cell numbers, so these
techniques may be unreliable. Dry weight and opucal
density were not found to be sensitive enough to measure
changes 1n cell density for routine algal assays (Stauber ef
al., 1994a). Turbidity was sensitive, however, because
turbidity was a complex funcuon of cell volume, size and
pigment content, it was highly variable between toxicity
tests and required constant recalibration with cell counts.
Neither turbidity nor opucal density as a measure of cell
density 1s suitable for testng complex, highly-coloured
effluents.

At the end of the test, growth rates or final cell biomass
at each treatment concentration are deterrmined and
compared to controls. Toxicity 1s expressed as an ECS50
1.e. the effective concentration to decrease growth by 50%.
Various statistical protocols are used to esumate NOEC
(the hughest test concentraton to cause no significant effect
on algal growth) and LOEC (the lowest test concentra-
ton to cause a significant effect on growth compared with
controls ) (Weber et al.,, 1989).

AITFRNATIVE EFFECT PARAMETERS

Other algac cffects parameters, apart from growth
inhibition, have also been used, induding carbon assimilation
1n photosynthesis (Van Coillie ef al.,1983; Kusk and
Nyholm, 1991), respiration (Stauber and Florence,1987),
ATP ( Kwan, 1989; Hickey ef al, 1991) and enzyme
activity (Stauber and Florence, 1990).

Chiaudani and Vighi (1978) compared the sensitivity of
growth, photosynthesis, ATP and fluorescence to copper
after 1 and 7 days using the freshwater green alga
Selenastrum capricornutum Printz. They found that
photosynthesis (measured as uptake of “C) was the most
sensitive endpoint, followed by ATP, fluorescence and
growth, For the same test species, however, Hickey et al.,
(1991) found that growth inhibition over 96 h was ten

% or CONTROL

ErfreCT PARAMETER Correr ZINC
(200pgL) (200p1gL)

Growth (Cell Division) 0 0
Photosynthesis 116t16* 114+11
Respiration 108+£13 117821
ATP 108+12 144128
ETC Activity< 119+19 238123
Thiols 59+ 14 31099

* One standard deviation
® 500 ugZnL!
< Electron transport chain (dehydrogenase) activity

Table 1. Tke cffect of copper and zinc on various bioassay
endpoints for Nitzschia closterium.

umes more sensiuve than ATP determinations after 4 h
exposures to nine metals and four organic compounds.
Clearly, the toxiaity response 1s dependant on the chermucal
contaminant, the species of algae and the test endpoint.

The sensiuvity of various effects parameters to copper
and zinc in the marine alga, Nitzschia closterium (Ehrenberg)
W. Smith 1s shown in Table 1 and Figure 1. In the pres-
ence of 200 pg Cu L, only cell division rate (growth rate)
over 72 h and cellular thiol content (-SH) after 24 h were
significantly inhibited compared to controls (100%). No
significant effects on photosynthesis (*C uptake), respira-
tion, ATP or electron transport chain (dehydrogenase)
activity after 24-h exposure to copper were observed
(Stauber and Florence, 1987). In the presence of zinc (200
and 500 pg L"), the only endpoint sensitive enough to
detect toxicity was inhibition of cell division rate. No
significant effect of zinc on photosynthesis or respiration was
found (Stauber and Florence, 1990). There was sigmficant
enhancement of ATP, dehydrogenase activity and cellular
thiol content compared with controls and these parameters
may be useful biomarkers for zinc toxicity in this species.
However, in general, inhibidon of growth rate was the most
sensitive and reproducible indicator of toxicity to metals
for this marine alga, and it 1s this parameter on which a
standard algal toxicity test has been based (Stauber ef af,
1994a).

Facrors ArrecTiNG Toxicry
The Test Medium

Most algal toxicity test protocols recommend that the
tests be carried out in the same medium used to culture
the algae in the laboratory, with the omission of EDTA
which would otherwise complex metals and reduce
toxicity (Weber et al., 1989; Chiaudani and Vighi, 1978).
However, Stauber and Florence (1989) showed that algal
culture medium containing chelators such as citrate, and
adsorbents such as iron and silicate, can ameliorate the
toxicity of some compounds, particulady metals. They
found that the concentration of copper giving 50%
reduction in cell division rate in the freshwater green alga
Chborella pyrenoidosa (now C. protothecoides) increased from
16 pg L in synthetic softwater to greater than 200 pg L* 1n
hugh nutdent MBL medium.  Similarly, marine medium f
reduced copper and zinc toxicity to Nitzschia closterium
by 10 to 20 fold compared to seawater. For this reason,
recent protocols for toxicity testing with marine and fresh-
water algae (Stauber ¢f al., 1994a) recommend the use of
natural filtered seawater or synthetic water
ennched only in nitrate and phosphate, together with Hepes
buffer for freshwater testing. Thus simple dilution water is
adequate to maintain exponential growth rates for up to 9¢
h and maximuses the sensitivity of the toxicity test.

-16-
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The toxiaity of effluents and
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specific chemicals has been
shown to depend on the
number of cells added 1mually
to the test flasks (Florence and
Stauber, 1986). In general, the
higher the inidal cell density, the
less sensitive the test to toxic
compounds, due to increased
binding of toxicants with in-
creasing number of cells
(Homstrom, 1990). The 1nital

-150 T
Copper (02 mg/L)

s Growth
Y ATP

Photosynthesis
= eTc Activity

Figure 1. The sensitivity of different bioassay endpoints (¢ffect parameters) to copper and zinc in
Nitzschia closterium. The percentage cffecton the y axis 1s the difference between the measured
parameter and the control (as a percentage). An effect aboue the 0 ine indicates enbancement,

Zinc (02 mg/L)

Respiration
J cellular Thiols

cell density is thus a compromise
between maximising sensitivity
of the assay, and having enough
cells for the determination of cell
density each day over 48-96 h.
Most protocols recommend an
moculum size of 1 to 4 x 10 cells
mLt,

wbile an effect below the zevo hine inducates inbibition.

Toxicity tests should wmutate, as closely as possible, the
composition of the natural medium. Apart from synthetic
waters, natural water samples including nverwater, lakewater
or seawater samples, collected from the area of interest,
filtered and supplemented with munimal nutrients, have
also been used in routine toxicity tests (Homstrom, 19%0).

Test Inoculum Size, Age and Pretreatment

Healthy exponentially-growing cells, usually less than
7 days old, are used as the toxicity test inoculum to prevent
a lag 1n growth in short-term bioassays (Stauber ef 4l.,
1994a).

One factor not usually considered in standard algal
toxicity tests is the pretreatment of algal cells prior to use as
the assay inoculum. Stauber and Florence (1985a) showed
that the toxiaty of copper to the marine alga Nitzschia
closterium, depended on the concentration of iron in the
culture medium used to grow the cells before their inocu-
lation into the assay flasks. Cells cultured under the iron
levels in normal f medium (790 pg L) were more tolerant to
copper than cells cultured in iron-deficient medium.
Sumilarly, manganese, cobalt, aluminium and chromium
(III) protected against copper toxicity, by forming
around the algal cells metal (II1) hydroxides, which
adsorbed copper and reduced copper penetration into the
cells (Stauber and Florence, 1985b; Stauber and Florence,
1987). It is important to standardise trace metal concentrations
in culture media used to grow cells for test inocula and to
wash the cells by centrifugation/washing procedures
prior to use in the algal toxicity tests.

Incubation Conditions

The importance of light and temperature for algal
growth in toxucity tests is well recognised and has been
reviewed by Bonin ef al. (1986) and Walsh (1988). The
wntensity and quality of light and day/might cycles will
strongly influence the growth and physiological state of
algal populations. Light intensity may affect the release
of photosynthetic products from algal cells, which in
turn may alter the uptake of a test substance and therefore
its toxicity. In addition, light intensity and quality can
alter the rates of photodegradation of test compounds.
For example, the standard high light intensities (14 k lux)
required when testing the toxiaity of highly-coloured pulp
mill effluents, also contributed to the photodecomposition
within 24-h of chlorocatechols, often present in the
effluents (Stauber ef al, 1994b), making the 1nterpretation
of toxicity indices difficult.

Each algal test species has specific optimal tempera-
tures for maximum growth rate. In general, toxicity test
protocols with freshwater green algae recommend 24°C,
while tests with temperate marine diatoms should be
carried out at 20 + 2°C. Toxicity tests with effluents and
natural waters should be carried out at temperatures
appropnate to the receiving water e.g. 29°C for tropical
studies (Florence et al.,, 1994).

Test Duration

Current test protocols now recommend toxicity tests
of short duration, usually 48-72 h (OECD, 1984; Walsh et
al., 1988) to avoid changes 1n pH that occur over the longer-
term as a result of the utihsation of carbon dioxide and

-17-
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bicarbonate and the uptake of nitrogen by algal
cells. Such changes may interfere 1n algal metabolism,
and may alter the chemucal behaviour and mode of action
of the toxicant (Swanson ef al,, 1991). In addiuon,
photodegradanon of organic compounds over time, will
be munimised 1n short-texm tests. Longer exposure tmes
may result in decreasing toxiaty of the test substance
(Walsh et al., 1982).

Itis essential to use rapidly-growing algae 1n such short-
term tests. Most standard tests require final cell densinies
in the controls to be greater than 2 x 10° cells mL?
(Weber et al., 1989) or 10 cells mL* (Greene et al., 1988),
with vanaton between the replicate controls of less than
20%. The OECD protocol requires that the cell numbers
in the controls should have increased by a factor of 16
within 3 days.

SELECTION OF SENSITIVE TEST SPECIES
Freshwater Algae

The most commonly used algal species for toxicity
testing 1s the green alga Selemastrum capricornutum,
which is widely distibuted in eutrophic lakes in North
America. The choice of this as a standard test species was
largely dependent on its ability to grow rapidly under
laboratory conditions and the ease with which 1t could be
counted, compared to other filamentous and clumping
algae. Standard protoccls for toxicity tests with this
species have been published by Weber ef al., 1989, OECD
(1984), ASTM (1992) and Environment Canada (1992).

The standard Selemastrum test has recently been
modified by the use of microplates in place of flasks
(Blaise, 1986; Environment Canada, 1992). This has
enabled greater replication and increased cost effectiveness
and has eliminated the potental for cross-contamination
between tests. An interlaboratory calibration exerase with
the modified test found an overall precision of 8.7% for
control growth and coefficients of variation of 24% for
cadmium and 35% for phenol! toxicities (Thellen ¢! 4l.,
1989).

Despite its wide distnibution in eutrophic waters 1n
North America, . capricornutum has not been positively
identified in Australian freshwaters (D. Cannon, pers
comm.) and its ecological relevance in Australian aquatic
ecosystems is uncertain. Moreover, S. capricornutum s only
a moderately sensitive test species and certainly less sensi-
tive to metals than other spectes of freshwater algae
(Stauber et 4l., 1994a).

A standard toxicity test protocol using the freshwater
green alga, Chlorella protothecoides Kruger in Austrahia has
recently been published (Stauber ef al,19943). C
protothecoides is widely distributed in Australian lakes and
rivers and other Chlorella species are present in souls

(Megharaj et al., 1992). In addiion, C protothecordes 1s
particularly sensitive to a range of toxicants, especially
metals.

72H EC50 (1m)
Toxicant CHLORELLA SELENASTRUM
PROTOTHECOIDES CAPRICORNUTUM
Copper 021 061
(0 170 27 (0520 71)
Chromuum (VI) 2 9.6
(0 54) (0623)
Chlorate 1200 730
(470-1000)
4-Chlorophenol 350 400
(310-390) (340-510)

“ 95% confidence Limits

Table 2. Toxwcty of chemicals to fresbwater algae.

Table 2 compares the toxicity of copper, chromium(VI),
chlorate and 4-chlorophenol to Chlorella protothecoides and
Selenastrum capricornutum under identical assay
conditions. C. protothecoides was more sensitive to both
metals than S. capricornutum, and showed similar
sensitivity to 4-chlorophenol. S. capricornutum was slightly
more sensitive to chlorate, one component of bleached
kratt pulp mull effluents. The toxdclty of chlorare has been
shown to be dependant on the nitrate concentration in
the assay medium. At high nitrate concentrations (>1
mgL') chlorate is less toxic, due to competitive uptake
between nitrate and chlorate (Stauber et al., 1994a). Other
species of green algae have also been either recommended
as standard test organisms or widely used for aquatic tox-
icity testing. These include Scemedesmus subspiatus and
Chlorella vulgaris (OECD,1984), and Chlamydomonas
reinhardii, Chlamydomonas variabilis, Chlorella pyrenoidosa
(now protothecoides) and Scenedesmus quadricaxda (Van
Cotllie et al., 1983; Swanson ef al., 1991). Swanson el al.
(1991) noted that algae from other taxonomic groups
including two blue-green algae, Anabaena flos-aquae and
Microgystis aeruginosa, and one diatom, Nawvicula sp. had
been used frequently in pesticide toxicity testing.
Hornstrom (1990) found that, of 21 species of natural
phytoplankton, diatoms were the most sensitive taxonomuc
group to four metals and three organic compounds tested,
whereas chrysophytes were the most tolerant.

Because of the uncertainty regarding sensitivity among
algal species, and the difficulty 1n identifying any
particular taxonomic group as most sensitive, the OECD
(1989) recommended that the algal growth inhibition test
be changed from a single species to a battery of tests with
a number of species, although particular species to be used
were not identified. Swanson efal. (1991) and Maestrim et
al (1984) suggested that a species battery should include a
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representative of each of the major algal classes, while
Homstrom (1990) suggested that 2 test battery containing
up to five species, if correctly selected for sensitivity
and widespread distnbution, would be sufficient.

Marine and Estuarine Algae

While marine algae have been used extensively 1n
aquatic toxicity testing, standardised test protocols
recommending particular test species have rarely been
published. One of the first standard protocols to assess the
umpact of dredging and ocean disposal of sediments
(USEPA, 1976) proposed that a minimum of three
species from different taxonomuc groups be used for ma-
rine toxicity tests. Two standard test orgamusms were
recommended comprising the diatom Skeletonema costatum
(Grewlle) Cleve which is widely distnibuted and ecologi-
cally important, and Thalasstosira psendonana (Hust.) Hasle
and Heimdal, of lesser significance ecologically, but which
1s sensitive to heavy metals and has short generation times
(about 8 h). The protocol used long-term tests of at least
169 h or until the stanonary phase of growth was achieved.
The use of indigenous algae, in addition to standard test
organisms, was also recommended.

While Skeletonema costatum is generally sensitive
to pollutants, its current use as a standard test specics 1s
limited because it is a chain-forming diatom which 1s
difficult to count using automatic particle counting
techniques. Endpotnts, other than growth, have therefore
been proposed for this species (Kusk and Nyholm, 1991).

The marine green algae, Dunaliella tertiolecta Butcher
was also proposed as a standard test organism (USEPA,
1974; Maestrini et al., 1984) but this species has subsequently
been shown to be particularly insensitive to metals and
pesticides (Swanson ef al., 1991; Stauber ef al., 1994a).

Recently, the diatom Minutocellus polymorphus Hasle,
von Stosch and Syvertsen, has been used in toxicity tests
because of 1ts general sensitivity. It is widely distributed
in estuaries and the open ocean, and 1ts unicellular growth
habit enables easy counting (Walsh, 1988; Walsh et al.,
1988). Its rapid growth allows a test duration of only 48 h
and the bioassay has been scaled down to mucroplates, as
has been done with the freshwater Selenastrum test (C.
Hickey, pers comm.).

The marine diatom Nuzschia closterium may be more
appropriate as a standard test organism for Australian
ecosystems. This alga is both a benthic and planktonic
species and is widely distnbuted i1n Australian coastal
waters. It was orginally isolated from NSW coastal
waters, but tropical clones from the North West Shelf and
the Coral Sea have also been established, making this
species particularly suited to site specific toxicity testing.
This species has been shown to be particularly sensitive to

72H EC50 (um)
SPECIES Cu Zos Cri(YI) Cd Pb Cl10,
Nitzschia 015 097 47 31 >24 >30
closterium (0 90-1 04)* (40-54)
Skeletonema >39 20 26¢ 13> 01° -
costatum (18-35)
Minutocellus - 03¢ - 06 03¢
polymorphus
Dunabella - -~ 327 - — 108
tertiolecta (154-721)

“ 959 confidence bimuts ¥ From Walsh et al. (1988)
¢ From Walsh et al. (1988) 48-h EC50 ¢ From Kusk and Nybolm
(1991)- 65 EC50

Table 3. Toxicuty of inorganic compounds to marine algae.

a wide range of organic and inorganic compounds
(Florence and Stauber 1991; Stauber et al., 1994a) compared
to other organisms.

Table 3 compares the sensiuvity of Nutzschia closterium
with other standard test algae, to chlorate and metals. N.
closterium 1s particularly sensitive to copper, zinc and
chromium(VI), but less sensitive to cadmium and lead than
the two diatoms Skeletonema costatum and Minutocellus
polymorphus.

Niutzschia closterium is also sensitive to organic
compounds. The toxicity of a range of chlorophenolic
compounds found in bleached pulp mill effluents to N.
dostertum and the marine bacterium Photobacterium
phosphoreum (Microtox®) is shown in Table 4. In general,
N. closterium is more sensitive to chloroguaiacols,
chlorovanillin, trichlorosyringol and chlorosyringaldehydes,
while P. phosphoreum is more sensitive to chlorophenols
and chlorocatechols. In particular, N. dosterium 1s about
one order of magnitude more sensitive than P, phosphoreum
to 2-chlorosyringaldehyde, the major chlorophenolic
compound 1n some modern bleached-eucalypt kraft pulp
mull effluents when chlorine dioxide is used in the
bleaching sequence (Wallis ef al., 1993). In general,
bacterial bioassays are more sensiuve than algal tests to
organic compounds, while algae are much more sensitive
than bacteria to metals (Hickey et al., 1991).

Nitzschia closterium also compares favourably in
sensitivity with higher organisms. A suite of toxicity tests,
using local species, has recently been developed for the
National Pulp Mills Research Program (Stauber et al,
1994b). Two reference toxicants, chromuum(VI) and 4-
chlorophenol, were recently tested using Microtox
(Photobacterium phosphoreum), the N. dostertum 72-h growth-
wnhibition assay, a 3-h fertilisation-inhibition bioassay with
the macroalga Hormosira banksii (Stauber et al., 1994) and a
96-h acute lethality test with larvae of the udepool fish,

-19-



J L. Stauber

Australasian Journal of Ecotoxicology

Vol. 1, pp. 15-24, 1995

Toxiaty Tests with Unicellular Algae

EC50 (X10°M)
CHLOROPHENOL NITzscHIA CLOSTERIUM ~ Microrox
(72h) (15mun)
Phenol 57 21
(52-61)° (17-28)
4-Chlorophenol 63 064
(53-73) (0.47-0 91)
2,4-Dichlorophenol 56 22
(53-5.8)
2,4,6-Tnchlorophenol 25 36
(124 0)
4,5-Dichlorocatechol 33 11b
(2839 (077-1.7)
3,4,5-Tnchlorocatechol 02 0.34
(0 009-9)
Tetrachlorocatechol 067 0.06
(0 60-0.74) (0.01-0 30)
4,5-Dichloroguaiacol 20 55
(1.92.1) 2.6-11)
4,5,6-Tnchloroguaiacol 18 24
(1.7:2.0) (1.6-3.4)
Tetrachloroguaiacol 0.70 11
(0 650.75) (0.53-2.1)
5,6-Dichlorovanillin 10.6 27
(9.8-11.5) (26-29)
2-Chlorosynngaldehyde 37 320
26-52) (310-330)
2,6-Dichlorosyringaldhyde 77 25
(6.1-9.9) (14-47)
3,1,5 Tndhlorosynngol 11 17
(0452.7) (13-22)
« 95% confidence imits ¥ 5-min ECS0

Table 4. Toxictty of chlorophenolic compounds to Nitzscha
closterium and Photobacterium phosphoreum.

Parablennius tasmanianus (Tasmanian blenny) (Munday
and Deavin, 1992). The sensitivities of these species
are compared in Figure 2. Toxcity 1s ex-
pressed as arbitrary toxic units (100/ p M

use of C. protothecoides for invesugatng the bioavailability
of copper from the Ok Tedi copper mune in Papua New
Guunea, and the use of N. dosterium for determining the
toxicity of pulp mill effluents.

Bioavailability of Copper to C. protothecoides

Ok Ted: Mining Limuted is currently investigating the
aquatic behaviour and fate of mine-denived sediments 1n
the Ok Tedi/Fly River Systems. The ulumate aim 1s to
determuine the bioavailability of copper released from the
sediments. C. protothecoides 1s partcularly sensitive to cop-
per, with a 72-h EC50 value of 13 pg Cu L (95% confi-
dence limits of 11 to 17 pg L) in synthetic medium-
hardwater (80 mg CaCQ, L*). Significant inhibition of
growth rate occurs at concentrations as low as 3 pg Cu L.

Eight riverwater samples from the Ok Tedi, Ok Maru
and Fly Rivers, together with samples from two off-nver
water bodies, were collected and immediately filtered
through 0.45 pm membrane filters. Dissolved copper,
nitrogen (NOx), orthophosphate, pH and salinity were
determined on each sample. Al samples were tested in
duplicate for toxicity to C. profothecoides at pH 7.9, and
matched to the same hardness, nitrate and phosphate
concentrations as the controls in synthetic water. Cell
densities were determuned daily for 3 days and growth rates
calculated from the slope of the regression line of log (cell
density) versus time. The tests were acceptable if contro!
growth rates were 1.3+0.3 doublings per day.

Dissolved copper concentrations in the riverwater
samples ranged from 0.5 to 12.6 pug Cu L, and decreased
with increasing distance from the mine. Mean algal cell
duvision rates in each water sample, as a function of cop-
per concentration, are shown in Figure 3. Control cell di-

100
EC50). N. closterium and Tasmanian blenny

larvae were the most sensitive to
chromium(V1), whereas Microtox was the 10
most sensitive to 4-chlorophenol. Coeffi-
cients of variation for the N. dosterium
bioassay to chromium(VI) and 4-
chlorophenol were 7% and 8% respectively.

Y

Toxic Units
I,_J_l. BT 1 1O TS O S O U 1 1 | IS B B W B W |

o
-

SPECIFIC APPLICATIONS OF ALGAL B10ASsAys

Growth-inhibition bioassays using the
freshwater green alga Chlorella protothecoides
and the manne diatom Nitzschia dosterium
have been used extensively for assessing
the toxicity of complex effluents, natural
waters, specific chemucals and ore elutnates
(Florence and Stauber, 1994; Staubereral.,
1994a,b). Two specific applications are the

(=)
o
-

0001

B Nitzschia

Hormosira [__JMicrotox EES Tas. Blenny i

4-Chlorophenol

Chromium (V1)

Figure 2. Toxicity of two reference toxicants, chromivum (V1) and 4-cblorophenol, to P
photobacterium (Mictrotox), N. closterium, H. banksis and P. tasmamanus
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Figure 3. Growth (cell division rate) of C protothecordes versus total dissolved copper concentration in riverwater samples from the Fly River
System, Papua New Guinea. Growth rate of the controls (£95% confidence limits) 1s shown as the borizontal lines.

vision rates, with 95% confidence limits, are shown as
honzontal lines in the figure. None of the samples were
found to be toxic to C. profothecoides, with algal growth
rates the same as the synthetic water controls. The growth
of C protethecoides was significantly enhanced in ane sam-
ple, possibly due to additional organic nutnents such as
humic/fulvic acids.

The lack of toxicity of any of the riverwater samples to
the alga suggested that less than 3 pg Cu L was bioavailable,
otherwise significant decreases in algal growth would have
been detected. Even the sample which contained 12.6 pg
Cu L was not toxic, suggesting that copper in these
samples was complexed or bound to colloidal matenal and
unavailable for uptake into the algal cells.

Toxicity of Pulp Mill Effluents to N. closterium

The Nitzschia closterium bioassay was one of a suite of
bioassays used to determine the toxicity of bleached euca-
lypt kraft pulp mill effluents (BEKME). The toxicity of
BEKME is considered to be due mainly to chlorate,
chlorophenolic compounds, resin acids (softwoods only)
and high molecular weight lignin derivatives. Mature eu-
calypt kraft-oxygen pulp was bleached using a four stage
sequence with 100% chlonne dioxide substitution.
Effluents from each stage were obtained by hand-squeez-
ing the bleached pulps and washing with Milli-Q water.
The combined bleach effluent was divided into three
subsamples. For toxicity testing of the untreated effluent,
the first sample was adjusted to 31 ppt salinity using
artificial sea salts. To provide a high molecular weight
fraction for toxicity testing, the second sample was

ultrafiltered three times through a 90 mm cellulose
acetate membrane having a nominal molecular weight
cutoff of 1000. To prowvide a secondary-treated effluent,
the third subsample was inoculated with 100 mL of fresh
anaernhic sewage sludge (mixed domestic/industrial
sludge from Dutson Downs) and incubated anaerobically
for three weeks, followed by an 18 day aerobic treatment.
The composition of the effluents is shown in Table 5. All
three effluents, after salinity and pH adjustment to simu-
late a manne discharge, were tested for toxicity to Microtox,

mg L1

UNTREATED UNTREATED HiGH TREATED
MOLECULAR
WEIGHT FracTION

AOX* 8.6 2.8 32
TOC* 184 109 85
BOD 140 89 55
CcOoD¢ 480 269 346
Apparent Colour

(Hazen Unuts) 65 46 70
Suspended Solids 8 3 19
Chlorate 77 <02 37¢
2-Chlorosyringaldehade 0 089 <0.0005 0.03
Ammonia (mg N L) 0.41 <0.1 0.4
Oxidisable Nitrogen  0.066 002 0.02
Ortho-Phosphorus  <0.05 <001 12
pH 9 49 79-8.0

“ Adsorbable organic halide
¢ Biochemical oxygen demand
¢ Afier storage for 37 days

* Total organic carbon
4 Chenmucal oxygen demand

Table 5. Composition of bleached eucalypt kraft mill efflucnts.
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pounds, such as resin acids, fatty

' acids and chlorinated aromatic
compounds (Rogers, 1973). The
untreated effluent was not toxic

10
[] Untreated BEKME
gL MW MW >1000 Fraction
“
= i
5 6
0
S
o4+
oL
L [—‘J
0

to Hormosira or the Tasmanian
blenny larvae, with EC50 val-
i ues >100%. The treated efflu-
. ent was not toxic to any of the
test species, with EC50 values
greater than 100%.

The Nutzschia closterium
growth inhibition bioassay was
the most sensitive bioassay in
this suite of tests for assessing
the potenual toxicity of com-

Microtox Nitzschia

Figure 4. Toxicity of untreated bleached-cucalypt kraft pulp mill ¢ffluent and its bigh molecular
weight fraction (>1000) to the marine test species. Toxic units are <l for Hormosira banksii and

Tasmanian blenny larvac.

Nitzschia closterium, Hormosira banksii and Tasmanian
blenny larvae (Stauber et al., 1994b).

The toxicity of the untreated effluent and its high
malecular weight fraction to each of the test species is
shown in Figure 4. The untreated effluent was toxic to
both Microtox and Nitzschia closterium, with EC50
values of 72% (95% confidence limits of 50-100%) and
11% (2-25%) respectively. Approximately 40% of the
toxicity to Nitzschia was associated with the high molecular
weight fraction, whereas toxicity to Microtox was due to
low molecular weight compounds. The high molecular
weight fraction (>1000) contained polysacchandes and
lignin breakdown products, both chlorinated and non-
chlorinated, which have been shown to be toxic to algae
and the early life stages of marine animals and plants
(Stockner and Costella, 1976; Higashi et al,, 1992). In con-
trast, toxicity studies with freshwater species, found that
most of the toxicity of bleached-softwood kraft
effluents was associated with low molecular weight com-
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Bioassays with single-celled algae have been used extensively over the past 10
years to determine the toxicity of complex effluents, leachates, natural waters and
specific chemicals. The standard bioassay measures the inhibition of algal growth
rate over 72 hr exposure to a toxicant. Although such growth inhibition tests are
sensitive and use an ecologically relevant endpoint, cost-effective assessment of
toxicity is limited. There has been an increasing demand for tests that are rapid
and inexpensive, Bioassays that detect sub-acute endpoints such as inhibition of
enzyme activity (Gilbert ¢f al. 1992; Jung ¢f al. 1995; Maniscal ef al. 1995) show
promisc in mceting these requirements.

The enzyme PB-D-galactosidase has recently been used in a rapid toxicity test with
the invertebrate Daphnia magna (Janssen and Persoone 1993). Juvenile D
magna were exposed to a series of toxicant dilutions for one hour before the
addition of a fluorogenic substrate, 4-methylumbelliferyl B-D-galactoside
Fifteen minutes later, the number of fluorescent test animals was compared to
controls.

The galactosidase enzyme has also been found in other organisms such as
sediment bacteria and algae (Casal et al. 1985; Stemmer et al. 1990, Davies et a/
1994). This paper describes the development of a rapid toxicity test based on
galactosidase activity in the green alga Dunaliella tertiolecta. This 3-hr bioassay
is compared to standard 72-hr algal growth inhibition tests.

MATERIALS AND METHODS

The fluorogenic substrate was prepared by dissolving 0.0625 g of
4-methylumbelliferyl B-D-galactoside (MU-gal) in 10 mL of dimethylformamide
with sonication and then diluting with 10 mL of Milli-Q water. To ensure a low
background fluorescence, the reagent was cleaned according to the method of
Apte and Batley (1994). The purified reagent was diluted to 250 mL with Milli-Q
water and filter sterilized before use in the assay.

A base solution, required at the end of the assay to enhance the fluorescent signal,

was prepared by dissolving 2.8 g sodium carbonate, 1.2 g sodium bicarbonate and
10 g sodium citrate in 100 mL of Milli-Q water. All reagents were AR grade
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Dunaliella tertiolecta Butcher was chosen as the test species as it had a suitably
high galactosidase activity (Davies et al. 1994) and was available in axenic
culture (CSIRO Culture Collection Strain CS-175, Hobart, Tasmania, Australia).
Dunaliella was cultured in a modified half-strength f medium (Guillard and
Ryther 1962). The culture was maintained on a 12:12 hr light-dark cycle (Philips
TL 40W fluorescent white, 4000 lux) at 21°C.

Exponentially growing cells of Dunaliella tertiolecta were washed three times in
seawater to remove culture medium and counted using a Coulter Multisizer 11
with 70 um aperture. For the enzyme assay, algal inoculum was added to each
test flask containing the toxicant and 50 mL of filter-sterilized seawater, to
produce a final cell density of 2 x 10°cells/mL. The test flasks were incubated in
the light at 21°C for 2 or 24 hr, and then S mL aliquots of algal solution were
asceptically transferred to sterile glass culture tubes (16x100 mm) containing 4
mL of MU-gal solution and 1 mL of 0.5 M PIPES buffer. After mixing, the tubes
were incubated in a water bath Incubation temperatures of 21, 30 and 44.5°C
were used and the incubation period was varied from 30 to 120 min. At the end
of the incubation, the tubes were cooled under running water for 5 min and 400
uL of base solution was added to convert all the liberated MU to its anionic (and
most fluorescent) form.

Dunuliella was exposed w five different metals (Hg', CJ™, Cu””, Za™", 1),
which were prepared as aqueous solutions n dilute acid, and five different
organic compounds (sodium dodecyl sulfate (SDS), phenol, 4-chlorophenol,
diuron, atrazine). All organic compounds were dissolved in Milli-Q water, except
diuron and atrazine which were dissolved in AR grade methanol. For each
toxicity assay, five replicate tubes of five different concentrations of toxicant
were assayed along with five replicates of the control (no toxicant). Methanol
controls were also run during the diuron and atrazine experiments. As the
substrate underwent a limited amount of chemical hydrolysis during the
incubation period, it was necessary to run blank solutions of MU-gal with no
algae, to account for this contribution to the fluorescent signal. In addition, a
blank containing algae plus toxicant (no MU-gal) was included to correct for any
background algal fluorescence.

The fluorescence was measured using a Perkin-Elmer LS-5 Luminescence
Spectrometer with the following settings: excitation wavelength 375 nm (slit
width 10 nm); emission wavelength 465 nm (slit width 20 nm). The instrument
response was calibrated daily using standard 4-methylumbelliferone (MU)
solutions (20 nM, 50 nM and 80 nM). All results were reported as concentrations
of MU.

Toxicity was determined by the reduction in fluorescence in the presence of
toxicant compared to the controls. EC50 values (the effective concentration of
toxicants to reduce enzyme activity by 50%) were calculated using trimmed
Spearman Karber analysis, probit analysis or Microtox® (Microbics Corp.)
software.

Growth inhibition bioassays with Dunaliella tertiolecta were carried out
according to the method of Stauber er al. (1994), using the same washed

inoculum as the enzyme bioassays. Triplicate seawater controls (50 mL) together
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with at least 5 concentrations of toxicant (in triplicate) were prepared To each
flask, 0.5 mL of 26 mM sodium nitrate and 05 mL of 1.3 mM potassium
dihydrogen phosphate were added Each flask was inoculated with 2-4 x 10°
cellssmL of the prewashed Dunaliella suspension and incubated at 21°C on a
12-12 hr light:dark cycle at 14000 lux.

Cell density in each flask was determined daily for three days using a Coulter
counter. A regression line was fitted to a plot of log,, cell density versus time (hr)
for each flask and the cell division rate determined from the slope. ECS0 values
were determined using the same statistics protocols as the enzyme bioassays. The
bioassay was acceptable if the cell division rate in the controls was 1.3+£03
doublings per day

RESULTS AND DISCUSSION

The effect of incubation temperature on fluorescence response of the controls is
shown in Figure 1. The fluorescence response of the assay increased only
slightly from 21°C (the usual Dunaliella culture temperature) to 30°C and then
increased by nearly two orders of magnitude at 44.5°C. Even at 44.5°C,
microscopic examination showed that the Dunaliella cells were intact and healthy.
A separate experiment in which cells were killed with 4% tormahn prior to
incubation with MU-gal confirmed that the enzyme was only present in live algae.

The fluorescent signal was also found to increase with increasing incubation time
from 30 to 120 min (Fig. 2), with a maximum fluorescence soon after 120 min.
Background fluorescence from chemical hydrolysis of the substrate also increased
with increasing incubation time, with a rapid increase after 90 min. Coefficients
of variation also increased with length of incubation. Consequently, a one hour
incubation time was chosen as a compromise between maximum fluorescence
response and minimum background fluorescence.

The assay was performed with a number of different cell densities to ensure that
fluorescence response increased linearly with the number of algal cells. Figure 3
shows that the fluorescence response was proportional to the number of cells over
2 orders of magnitude (10*-10° cells/mL).

Once the optimal bioassay conditions were established, the toxicity of 5 metals
and 5 organic compounds to Dunaliella was tested (Table 1). The alga was much
more sensitive to metals than to organics. Similar insensitivity to organic
compounds has been observed in other enzyme tests, including bacteria
galactosidase assays (Dutton et al. 1988; Barnhart er al. 1983; Jung ef al. 1995).
Longer exposur= times increased the sensitivity of the alga to organics, whereas
metals were less toxic after 24 hr exposure than after 2 hr. It is possible that the
metals may affect only enzyme that has already been expressed, but do not inhibit
further biosynthesis of enzymes (which may be more resistant to the metals). The
organics, on the other hand, may restrict enzyme expression so that the activity
appears to decrease with time relative to the controls. This may explain the
observations of Dutton et al. (1988) who found that galactosidase activity in
bacteria was not affected by organic toxicants, whereas galactosidase biosynthesis
was.
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Figure 1. Effect of incubation temperature on utilization of substrate by
Dunaliella tertiolecta. Incubation time: 60 min.
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Figure 2. Effect of incubation time on fluorescent signal by Dunaliella
tertiolecta and on chemical hydrolysis of substrate. (Note. Different scales on
Y -axes) Incubation temperature: 44.5°C

Table 1. Inhibition of B-D-galactosidase in Dunaliella tertiolecta after exposure
to metals and organic compounds for 2 hr (Concentrations in mg/L; Coefficients
of variation from 3-5 replicate experiments in parentheses).

Toxicant 2-hr EC50 (CV)  Toxicant 2-hr EC50
Copper 0.035 (10%) Sodium Dodecyl Sulfate 50
Mercury 0.081 (10%) 4-Chlorophenol >230
Zinc 0.076 (22%) Phenol >470
Cadmium 0.351 (3%) Diuron >200
Chromium (VI) 7.0 (5%) Atrazine >100
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Figure 3. Effect of cell numbers of Dunaliella on fluorescent signal. Incubation
temperature: 44.5°C; incubation time: 60 min.
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Figure 4. Variation of fluorescence produced by control samples from weekly
cultures of Dunaliella. Mean signal + one standard deviation is shown.

Weekly variations in the fluorescence response of the controls is shown in Figure
4. This variability was due to different inoculum sizes in the algal culturing
procedure prior to the enzyme assay, rather than variation in the enzyme assay
itself. Evidently, toxicity is a relative response compared to healthy controls
rather than an absolute response to enzyme activity. Despite this, the new
bioassay was highly reproducible with excellent replication within experiments
(mean coefficient of variation: 4%), as well as between experiments (coefficients
of variation: 3-22%).

Table 2 compares the sensitivity of the new Dunaliella galactosidase test with
standard 72-hr growth tests with Dunaliella and the marine diatom Nitzschia
closterium. The new enzyme assay was much more sensitive than 72-hr growth
tests with Dunaliella for all compounds tested, except SDS (Table 2). Because
Dunaliella growth is not a particularly sensitive endpoint (Abalde er al. 1995), the
Dunaliella enzyme test was also compared to 72-hr growth tests using the
sensitive diatom Nitzschia closterium. Nitzschia was more sensitive than the
enzyme assay for some toxicants, while similar toxicity to zinc and cadmium was
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Figure 5. Correlation between 2-hr EC50 from [B-D-galactosidase activity in
Dunaliella tertiolecta compared to 72-hr EC50 from growth of Nitzschia

observed for both tests (Table 2). Figure 5 shows the correlation between 2-hr
ECS0 values for the new enzyme assay, compared to 72-hr EC50 values for
Nitzschia with six toxicants. Good correlation for the 6 toxicants was obtained

(= 0.887; slopc = 1.008).

‘The Daphnia test (Janssen and Persoone 1993) was more sensitive than
Dunaliella to mercury, cadmium and chromium, whereas Dunaliella was more
sensitive to copper, zinc and SDS (Table 2). However, the coefficients of
variation for the Daphnia test were higher (15-32%), probably due to the

log 72-hr EC50 (Growth)

qualitative determination of fluorescence in the water fleas.

Table 2. Comparison of EC50 values obtained from different tests (mg/L) for six

different toxicants.

Dunaliella Dunaliella Nitzschia Daphnia

Toxicant Galactosidase Growth test  Growth test® Galactosidase

test test®
Mercury 0.081 0.300 0009 0.015
Copper 0.035 0.576 0.010 0.059
Zinc 0.076 >6 0.070 0.978
Cadmium 0.351 >6 0.350 0.210
Chromium (VI) 7.0 17.8 2.4 0.250
SDS 50 15 53 74

* From Stauber ef al. 1994;* From Janssen and Persoone 1993

The new algal enzyme bioassay was both sensitive and reproducible and
correlated well with other environmentally relevant parameters such as growth
The major advantage of this test is that toxicity information can be obtained
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within 3 hr rather than 72 hr in a standard growth test, making the algal enzyme
test a cost-effective way to monitor the toxicity of a range of chemicals.

Further work is underway to reduce the test time to 1 hr and to assess its
suitability for monitoring complex effluents. In addition, an enzyme test using
freshwater algae is currently being developed for monitoring pollutants in
freshwater aquatic systems.

Acimowledgments. This work was funded by an Environmental Trust Grant
through the New South Wales Environment Protection Authority. The authors
would like to acknowledge contributions to the development of the project by Drs
Graeme Batley, Simon Apte and Cheryl Davies and the diligent efforts of Merrin
Adams who performed much of the experimental work.
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Lead, as a solution of lead acetate or nitrate, was applied to the skin of mice. In less than 24
h there were large increases in lead in skin, muscle, pancreas, spleen, kidney, liver, cecum,
bone, heart and brain, but not in blood. For i.v.-injected lead there were increases in blood
lead and in all organs except skin and muscle. Previous research found that inorganic lead
can also be absorbed through the skin of humans. The results show the importance of taking
into account the possibility of skin absorption of lead in occupational exposure, especially

since blood lead, the prime index of lead status, is not an indicator of skin absorption.

Key words: lead, skin absorption, blood lead, occupational exposure, lead uptake



INTRODUCTION

We showed previously [1-3] with human volunteers that inorganic lead salts such as lead
chloride and nitrate are rapidly absorbed through the skin from aqueous solution and enter the
extracellular fluid compartment, resulting in high concentrations of lead in sweat and saliva but
not in blood. We proposed [3] that the behavior of skin-absorbed lead in the body is quite
different from that of 1 v.-injected or ingested lead, because lead which has passed through the
skin 1s in a physico-chemical form which has a low affinity for erythrocytes, but which
partitions strongly into the extracellular fluid compartment. By applying solutions of the stable
lead 1sotope Pb-204 to the skin of volunteers and measuring the increase in Pb-204 in blood,
we were able to show that skin-absorbed lead has a very short residence time in blood [3] The
ability of lead salts to enter the body through the skin without significantly raising blood lead
has important implications for occupational lhealtls coutiol, betause uiedsureient uf lead i
blood is the prime technique for monitoring lead exposure Surveys of workers in lead
industries such as lead battery manufacture showed that many of them had very high levels of
lead 1n sweat, even those who had retired or who had been away on leave for several weeks
[1]. Workers in lead industries often wear masks to avoid inhalation of lead, but rarely have
skin protection. Some lead battery workers have their skin covered with a layer of finely
powdered lead metal/lead oxide [1]. Both lead metal and lead oxide were found to dissolve in
sweat and pass through the skin. -3 Failure to appreciate the dangers of skin-absorbed metal
salts has had serious consequences. In Japan, “smelter disease”, which caused hundreds of
poisoning cases and several deaths of workers in sulphuric acid plants, was believed to result
from sulfur dioxide exposure However the disease was later shown to be caused by skin
absorption of mercuric sulfate, and fully encapsulated suits had to be worn by workers to

prevent toxicity [4]

Although we were able to show unequivocally with human experiments that simple inorganic
lead salts are readily absorbed through the skin, we were unable to determine accurately the
amount of lead absorbed and retained by this route or which organs and tissues, if any,

accumulated this source of lead. To provide this information, we have now carried out



experiments with mice using both skin-absorbed and iv.-injected lead, and compared the
concentrations of lead in several organs after various exposure times The iv experiments
were carried out to compare organ retention of lead when the metal entered the bloodstream

directly, and when 1t arrived there via the skin

EXPERIMENTAL PROCEDURE

Female Balb/c mice (20 g, 4-5 months old) were used for the study During the experiments
they were provided with water and their normal diet, and kept in a room controlled at 26 +
1°C. To study the skin absorption of lead a 0.5 cm? area of hair (about 3% of total skin area)
was shaved from the back of each mouse, leaving a short stubble to ensure that the skin was
not damaged. Using a micropipette, 40 pul of an aqueous solution of lead acetate or nitrate
(6.4 mg of lcad) was sprcad ovcer the shaved arca, then almost dricd using a hair dryer. The
patch was covered with a square of Parafilm, which was then covered with an H-shaped saddle
of Elastoplast which wrapped around the body. The covering remained intact throughout the
experiment. Control mice were prepared in a similar manner, but 40 pL of MilliQ water was
substituted for the lead solution. After periods ranging from 2 hours to one week, the mice
were sacrificed and the organs and tissues were analysed for lead by inductively-coupled
plasma mass spectrometry (ICP-MS) after microwave digestion of the tissue in HNO3 - HyO9
For the i.v.-injected experiments, 10 pL of lead acetate in normal saline (70 pg of lead) was

injected into the tail of the mouse.

The solution of lead in normal saline was prepared’by adding a slight excess of lead acetate to
normal saline, allowing the lead chloride precipitate to settle for three days, then collecting the
supernatant solution. The lead concentrations of both this solution and the lead acetate solution
used for skin absorption were determined just before use by ICP-AES analysis to +2-3%. The
precision of the ICP-MS analyses of tissue lead from the mice was 3-5% and the accuracy,
based on the recovery of lead measured in several standard biologfcal materials using the same

analytical procedure as used for the mice tissue samples, was 5-10%. Data were analysed using



the statistical computer package MINITAB Control and test means were compared using the

non-parametric Mann-Whitney U test

RESULTS AND DISCUSSION

The skin absorption and i.v.-injected results are shown in Table 1, while Table 2 compares the
relative affinity of various organs for skin-absorbed and i v.-injected lead. Total analysis of the
organs, feces and urine showed that, of the 6 4 mg of lead applied to the skin, 26 pg (0.4%)
was absorbed through the skin and entered the circulatory system in 24 h The recovery of the
70 pg iv.-injected dose of lead was 57 pg (81%) after 24 h, using the same mass balance
analysis. Skin absorbed lead concentrated more strongly than 1.v.-injected lead in the skin and
muscle (remote from patch), but less strongly in the blood, spleen, kidney, liver and bone,
while the affinities of the pancreas, cecum, mid-gut, heart and brain for the two sources of lead
were similar (Table 2). After 96 h, blood lead in the 1 v.-injected mice was still seven times

higher than that of the control mice, whereas blood lead for the skin-absorbed mice was only

50% higher.

Skin absorption of lead increased with time and, in general, maximum organ concentration
occurred after 24-48 h, although this was organ-dependent to some extent No significant
difference was found between the absorption of lead acetate and lead nitrate, and organ
concentration of lead increased with applied dose. Similar distribution of lead in the organs was
found when the lead solution was first absorbed on a membrane filter before applying it to the
skin [1-3], although less lead was absorbed when the membrane filter was used

Application of a solution of a simple ionic lead salt to about 3% of the skin surface of a mouse
led to increases of two- to 100-fold in the lead concentration of its organs (Table 2). Workers
in some lead industries have been observed with much more than 3% of their skin area covered
with lead dust [1]. It is quite possible then, that in some circumstances dermal absorption can
significantly increase the body burden of lead. Laug and Kunze [5] previously found that
application of a solution of lead acetate to the skin of rats caused an increase in lead in their

kidneys. However, standard texts on lead toxicity [6], and even recent reviews on the subject



[7], continue to state that dermal absorption of lead is unimportant except for non-polar
organo-complexes such as tetraethyllead An insidious aspect of the dermal absorption of lead
is that blood lead, which is the prime occupational index of exposure, does not show a
measurable increase even in the presence of considerable intake via the skin (Table 1) Clothing
that fully covers the skin may be required for workers in some lead industries. Future studies
will examine the usefulness of monitoring lead in saliva as 2 means of detecting skin-absorbed

lead in humans

Acknowledgement. The authors wish to thank the Australian & New Zealand Environment &

Conservation Council for funding this research.
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Table 1. Lead Concentrations in Organs of Mice after Skin Absorption and i.v. Injection
of Lead Acetate Solution.

Results show the mean organ concentration of lead in pg/g wet weight and standard
deviation, 24 hours after application of 6.4 mg of lead to skin or 70 pg of lead injected

Organ Control Skin p i.v. injected p*
n=25 applied n=4 n=4

Skin™ 0.059+0.020 2.42+1.52  0.001 028+010  0.001
Muscle*” 0.055+0.020 093078  0.001 0112008 NS
Patch muscle 0.055+0.020 18.844.9 0.001

Blood 0.035+0.020  0.044+0.027 NS 072+0.12 0001
Pancreas 0.032+0.020 0.38+0.29  0.001 1.24£025 0001
Spleen 0.033+0 020 0.19+0.13  0.001 3704046 0001
Kidney 0.041£0.017 4.10£3.81  0.001 22.044 7 0.001
Liver 0.02740 023 051033  0.001 6.63+1.54  0.001
Mid-gut 0.108+0.061 1.05+1.17  0.001 2.03£043  0.001
Cecum 0.2940 11 2.72+1.53  0.001 8754223  0.001
Bone 013+0.18  0.93+0.66 . 0.001 9.55+0.90  0.001
Brain® 0.009+0 013  0.087+0.11  0.01 016£0.04  0.005
Heart" 0.039+£0.063 0.077+0.056 NS 0.23+004  0.005

NS = not significant at p = 0.05

:}\/Iann-Whitney U test comparison of means of controls and tests
Remote from lead patch

# n =12 for controls



Table 2. Test/Control Ratios of Concentrations of Lead in Mouse Organs after 24

Hours.

Results shown are for skin-applied (6.4 mg Pb) and iv.-injected (70 upg Pb) lead
acetate. Last column is the ratio of the two previous columns, corrected for the
difference in the measured dose of skin absorbed lead (26 pg) and i.v -injected lead (57 ug)

Organ Test/Control, Skin  Test/Control, i.v. Columns 3/2,
Absorbed Injected Corrected

Skin" 40.9 4.78 0 053

Muscle” 17.0 2.07 0 055

Blood 1.25 203 74

Pancreas 11.7 384 1.5

Spleen 571 112 89

Kidney 100 538 24

Liver 19.3 248 58

Cecum 9.31 30.0 1.5

Mid-gut 9.79 18.9 0 88

Bone 6.94 71.1 4.6

Heart 1.97 5.75 1.3

Brain 9.63 17.6 0.83

* Remote from patch



