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ABSTRACT 

Gallium arsenide (GaAs) was soluble under a variety of in vitro 

conditions. The rate and extent of dissolution was dependent on the pH 

conditions, phosphate concentration, and particle size. Absorption, dis

tribution, metabolism and excretion following intratracheal instillation 

(i.t.) of GaAs (mean volume diameter 5.82 m), arsenite, and arsenate at 

a dose of 5 mg As/Kg were examined in male, Syrian Golden hamsters (n 

= 4) 1, 2, and 4 days after administration. GaAs blood levels showed a 

continued absorption phase at 2 days, while the soluble arsenic oxides' 

blood levels decreased. GaAs is retained in the lung in large amounts 

following i.t. dosing, thus can cause pulmonary toxicity due to its par

ticulate nature. At 4 days, 10% of the GaAs was excreted into the 

urine relative to either arsenite and arsenate. GaAs metabolism 

appears to most closely resemble arsenite biotransformation. 

x 
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CHAPTER 1 

INTRODUCTION 

The semiconductor properties of gallium arsenide (GaAs) were 

discovered in the early 1950's. Subsequent research provided several 

practical applications for GaAs, including photoelectric chemical cells, 

light emitting diodes (LED), lasers and discrete microwave devices. Tne 

employment of GaAs in integrated circuits allows ultrahigh speed data 

processing without the cooling requirements of integrated silica 

circuitry. Superior electron flow velocity has led to the replacement 

of silicon-based chips with GaAs in many communication and computer 

applications. Current manufacturing processes use 5 to 10 tons of 

arsenic in GaAs devices, and it is thought that the production will 

increase 3 to 10 fold by 1990 (Willardson, 1983). 

Exposure to GaAs in the semiconductor industry is a possible 

occupational risk. Cleaning and slicing GaAs ingots to yield the 

desired wafers can generate GaAs particles. Inhalation of these 

airborne particulates is a concern for the semiconductor industrial 

workers. The increased manufacturing of LED's and solar cells poses a 

threat of contact of GaAs with the general public, also. Today 

standards are based on soluble inorganic arsenic oxide recommended 

levels, but the uniqueness of the GaAs species makes this practice 

undesirable. Some work has been performed on the effects of particles 

of this compound, with the pulmonary toxicity emphasized. GaAs has 

1 
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been shown to be soluble in aqueous solution and yields unidentified 

gallium and arsenic species upon dissolution (Webb et al., 1984). The 

various species of arsenic which evolve from the dissolution process 

may lead to pulmonary and systemic effects. To better define the 

toxicity of GaAs, studies concerning these system effects are 

necessary. This study compared pharmacokinetic parameters of GaAs with 

inorganic arsenic oxides after intratracheal instillation. 

Arsenic 

Since this study focused on the potential systemic effects of 

the liberated arsenic species from GaAs and sodium arsenite and sodium 

arsenate, this discussion will cover information pertinent to these 

inorganic compounds only. Several extensive reviews containing more 

detailed information about arsenic or its toxicity are available (Webb, 

1966; Klevay, 1976; NAS, 1977; Luckey and Venugopal, 1977; Venugopal and 

Luckey, 1978; Lerderer and Fensterheim, 1983). 

Chemistry 

Arsenic is a group V element. Its valence states range from 

-III to +V. The arsenic present in GaAs (arsenide) is in a formal -III 

valence state. The valences of the arsenic in the arsenic oxides, 

arsenic acid (H-jAsO^) and arsenous acid (HAs02) are +V and +III, respec

tively. GaAs dissolution may occur by one of several possible 

pathways: the GaAs species can exist in solution, hydrolysis of GaAs 

may form arsine (AsHg) and gallium oxide or GaAs is oxidized to As(III) 

or As(V) and gallium oxide. It is unlikely that GaAs exists in solution 



3 

although the possibility cannot be eliminated. Dissolution of GaAs 

could initially produce arsine (AsH.jX. The following reaction depicts 

this phenomenon: 

GaAs + 3 H20 —»• Ga(0H)3 + AsH3 

No previous GaAs studies have reported formation of measurable 

quantities of the arsine gas. Other arsenide-containing chemicals yield 

arsine in aqueous media bubbled with nascent H2 gas (Aitken, 1967). The 

arsenic in arsine gas is favorably "oxidized" to arsenite. This is 

evident according to the favorable electrochemical potential shown 

below (Dean, 1979). 

AsH3 + 2 H20 —» HAs02 + 6 H+ + 6 e" E° = +0.189V 

Conversion of arsenite to arsenate in solution is not spontaneously 

driven, though (Dean, 1979). 

HAS02 + 2 H20 —> H3As04 + 2 H+ + 2 e- E° = -0.560V 

The consequences of these reduction-oxidation reactions in living 

systems can be predicted after correcting for the potential values 

derived from standard conditions in noncatalyzed reactions only. Since 

02 is abundant in lung, the following thermodynamically favorable 

reaction may occur (Carter, 1984). 

AsH3 + 6 02 + 2 H20 —» 6 02" + 6 H+ + HAs02 E0 '  = +0.31V 

For the calculations of this reaction physiological pH was used. 
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Enzymatic systems and/or the presence of oxidizing agents may lead to 

the formation of products, not anticipated from the thermodynamic 

energy requirements. An example of this phenomenon is illustrated in 

the reaction below for GaAs. 

Catalase 
2 GaAs + 6 H202 > Ga203 + As203 + 6 H20 

This is only a hypothetical reaction which may occur under physiologi

cal conditions. Elemental mercury (Hg°) has been shown to be oxidized 
J.O 

to Hg cations in the presence of tissues which contain catalase 

(erythrocytes and lung). The reaction is dependent on the concentration 

of hydrogen peroxide (Venugopal and Luckey, 1978). Following dissolu

tion, GaAs, like mercury, may very well be converted to arsenic(III) by 

an enzymatic reaction. 

Since both forms of the two arsenic oxides are actually 

oxyacids, the pK values for each compound can predict the dissociation 
a 

state for each compound at physiological conditions. Arsenous acid 

remains undissociated at pH 7.4. The arsenite anion will only exist in 

appreciable amounts under basic conditions. The hydrated form of this 

acid, AS(0H)3, has pK f l  values reported as 9.23, 12.13, and 13.40 for 

each successive dissociation (NAS, 1977). However, arsenic acid exists 

as an anion at physiological pH. The pK^, pKa2, and pK^ values are 

2.20, 6.97, and 11.57, respectively. The ionization of arsenate and 

uncharged state of arsenite, in biological systems may have several 

important consequences. These consequences would result in differences 

in membrane permeability. 
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Plants and animals exposed to inorganic arsenic biotransform 

these xenobiotics to methylated arsenicals. The two major organometal-

loid metabolites are monomethylarsonic acid (MMAA) and dimethylarsinic 

acid (DMAA). These methylated arsenic species are unusual in that they 

contain stable arsenic-carbon bonds (Raiziss and Gavron, 1923). DMAA 

(pK, = 6.2) and MMA (pK, = 4.1 and pK = 8.7) would be charged 
a ai &2 

species under physiological conditions and thus may display membrane 

permeability properties more characteristic of arsenate than arsenite 

(NAS, 1977). Actual metabolic pathways and characteristics of MMAA and 

DMAA will be more thoroughly discussed in the subsection about arsenic 

biotransformation. 

Toxicity 

The chemical species of arsenic is the major determinant of its 

intrinsic biological activity and toxicity. The mechanisms for the 

toxic actions of the common valence states of arsenic appear to explain 

the differences in toxic manifestations and potencies. 

Arsine. Arsine is the most toxic inorganic arsenic compound 

(Vallee et al., 1960; Venugopal and Luckey, 1977). Although arsine does 

not occur naturally, this trihydride gas is a potential source of 

industrial arsenic intoxication. This is particularly true of the semi

conductor industry, which requires the use of high purity arsine to 

produce GaAs and to dope silicon devices (Lederer and Fensterheim, 

1983). Pulmonary edema after inhalation of arsine has been described 

(Venugopal and Luckey, 1978). However, its action to hemolyze red 

blood cells to cause anemia explains the major toxic manifestations 
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(Vallee et al., 1960). The massive hemolysis can lead to a cyanotic 

condition and even asphyxiation (Hammond and Beliles, 1980). Jaundice 

and hemoglobinuria are also associated with this induced anemia. 

Symptoms from arsine exposure include delirium, diarrhea, emesis, and 

nausea. The actual cause of death is considered to be acute renal 

failure (Fowler and Weissburg, 1974). The presence of hemoglobin casts 

in renal tubules has been observed following arsine inhalation. 

Blockage of the tubules has been postulated as the etiology of the 

renal failure. However, disturbance of the vascular bed is charac

teristic of arsine intoxication and may lead to renal failure. 

The initiation of the red blood cell hemolysis by arsine may be 

due to its reducing capacity. Reaction of arsine with molecular oxygen 

(02) can theoretically produce reactive superoxide radicals or hydrogen 

peroxide (Carter, 1984; Dean, 1979). 

ASH3 + 6 02 + 2 H20 » HAS02 + 6 02" + 6 H+ E0 '  = 0.31V 

AsH3 + 2 H20 + 3 02 > HAS02 + 3 Wfa E° = 0.87V 

Cohen and Hochstein (1964) postulated that oxidized glutathione binds to 

sulfhydryl groups on hemoglobin and causes its denaturation. Excessive 

levels of oxidized glutathione are produced as a result of the reactive 

peroxide species detoxification. Arsine produces Heinz bodies—granules 

believed to be denatured hemoglobin (Smith, 1980). The granules appear 

to bind to thiol groups on the red blood cell membrane and impair ion 

transport functions. Osmotic pressure changes lead to cell rupture and 
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hemoglobin release. The arsenious acid (HAsOg) may also bind to the 

thiol groups to cause the hemolytic response. 

Trivalent Arsenic. Arsenite binds preferentially to vicinal 

sulfhydryl groups, although 1,3 dithiols and 2 monothiols interact with 

arsenic to form stable entities (NAS, 1977). Reaction of trivalent 

arsenic with sulfhydryl-containing enzymes leads to alteration of the 

protein (NAS, 1977). The actual valence state of the bound arsenic has 

been postulated by Knowles and Benson (1983), to be +1 or -I, however 

their work does not include valid analytical evidence for the existence 

of these valence states. Whether As(-I), As(I), or As(III) is the 

ultimate binding species of arsenic, the major toxic responses ensue 

from enzyme inhibition. Most catalytic activities hindered by 

arsenicals occur in enzymes with two sulfhydryl groups in spatial 

proximity to each other (Thompson, 1948). These include a wide variety 

of enzymes: fumarase, monoamine oxidase, choline oxidase, glucose 

oxidase, urease, plus alanine and aspartate amino transferases. The 

pyruvate dehydrogenase multienzyme complex (PDH) is especially 

sensitive to arsenite (NAS, 1977). The PDH complex is integral in the 

oxidative decarboxylation of pyruvate—which leads to acetyl CoA 

production. The actual inhibition of the PDH complex has been 

postulated to be due to depletion of the lipoate cofactor (Schoolmees-

ter and White, 1980). This cofactor is also required for the formation 

of succinyl CoA from a-ketoglutarate. The citric acid cycle cannot 

function properly due to inadequate acetyl CoA levels. Depletion of 

electron carrier products (NADH and FADH2) of the Krebs Cycle causes 
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uncoupling of mitochondrial oxidative phosphorylation. Without respira

tion the cell dies. 

Pentavalent Arsenic. The biochemical basis for arsenate 

toxicity is less clearly defined than the mechanism for arsenite. 

Arsenate appears to act as a bioisostere of the inorganic phosphate 

anion (Webb, 1966). Substitution of arsenate for phosphate in phosphor

ylation reactions seems to occur. The arsenate anion can form arsenyl 

esters of adenosine diphosphate to form an arsenyladenosine diphos

phate, but these bonds are very weak and spontaneously decompose. This 

hydrolysis of these arsenyl esters does not yield the same energy as 

the cleavage of the phosphate ester bonds of adenosine trisphosphate, 

ATP (NAS, 1977). Depletion of ATP (Wadkins, 1961) and glucose-

1-phosphate (Duodoroff et al., 1947) can lead to cellular metabolic 

malfunction and cell death. 

Incorporation of arsenate in membrane phospholipids has been 

suggested as a possible cause of arsenate toxicity (NAS, 1977). 

Arsonium phospholipid has been isolated from algae exposed to arsenate 

(Cooney et al., 1978). The consequences of arsonium phospholipid 

production and possible incorporation into cell membranes is not known. 

Cooney suggests that it is unlikely that membrane properties are 

significantly changed; and its accumulation may be a detoxification 

mechanism by acting as a depot for inert storage. (Structural analysis 

of the lipid shows that the As actually does not replace the phosphate 

group, but substituted the N of the choline portion of the lipid.) 

Arsenate incorporation into the skeletal structures of animals can be 



9 

explained by the bioisostere substitution for phosphate by arsenite into 

the calcium phosphate lattice of bones (NAS, 1977). 

Reduction of arsenate to arsenite has been reported during in 

vivo studies with plants (Pauwels et al., 1965) and in dogs (Ginsberg 

and Lotspeich 1963) and in mice and rabbits (Vahter and Envall, 1983). 

Therefore, arsenate may be metabolized to arsenite and ultimately bind 

dithiols to cause the same biochemical lesions as an initial arsenite 

exposure. It is interesting to note that after chronic exposure to 

arsenite in vivo, oxidation of arsenite to arsenate has also been 

reported (Bencko et al., 1976). So the converse may be true of 

arsenite exposure concerning the observed effects. 

Manifestations of Inorganic Arsenic Oxyacids Exposure. 

Different signs and symptoms are associated with single and repeated 

exposure to arsenite and arsenate. High single inhalation exposure can 

cause extensive irritation of the respiratory tract (Fowler et al., 

1979). Oral exposure to arsenite has been reported to damage the 

stomach and upper gastrointestinal mucosa (Klevay, 1978). Nausea, 

emesis, diarrhea and salivation are all signs of ingestion. Repeated 

oral exposure produces lesions of mucous membranes, dermatitis, 

encephalitis, peripheral neuropathy, and damage to the bone marrow 

(Venugopal and Luckey, 1978). Also associated with repeated arsenic 

exposure is anorexia and severe weight loss. High levels of arsenic in 

fingernails, toenails, and hair (tissues rich in sulfhydryl groups) are 

good evidence of chronic exposure as opposed to acute intoxication (NAS, 

1977). 
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Epidemiological evidence suggests that arsenic may be carcino

genic to humans (Blot and Fraumeni, 1975; Pershagen, 1981). Studies 

show good correlations between cancers of the respiratory tract or skin 

and exposure. Most of the data was collected using subjects in occupa

tional and environmental contact with arsenic released from ore 

smelting or arsenical pesticides. However, corroborative animal studies 

have failed to verify the human results. Both arsenite and arsenate 

were shown not to be mutagenic by the Ames Salmonella bacteria test 

(Lofroth and Ames, 1978). Arsenic may interfere with the DNA repair 

processes and/or immunological responses and, thus, it may act as a 

promoter (Rossman et al., 1977; Venugopal and Luckey, 1978). 

Arsenic produced abnormalities of renal and encephalon develop

ment in hamsters (Ferm, 1977) and mice (Hood and Bishop, 1972). 

However, no human epidemiological studies have confirmed the animal 

findings of teratogenicity. 

Physiological and physical parameters affect the actual potency 

of various forms of arsenic. The purity, physical state, solubility, 

and particle size can alter the effective delivered dose to the body 

(NAS, 1977). As is true with many xenobiotics, animal species and 

strains showed differential susceptibilities to arsenic exposure 

(Harrisson et al., 1958). Comparison of literature data must carefully 

consider all these variables. The relative toxicities of the inorganic 

arsenicals are AsH3 > As(III) > As(V). The effects of DMAA and MMAA 

have also been studied (Vahter and Morafante, 1983; Yamauchi and 

Yamamura, 1983). Tissue binding and retention is decreased. These 
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methylated arsenicals are about 200 times less toxic than arsenite when 

comparing LD5Q values (NAS, 1977). Since DMAA and MMAA together 

comprise a large percentage of metabolites in excreta in most mammals, 

biomethylation appears to be a major route for arsenic detoxification. 

Metabolism 

Biotransformation of arsenical s occurs in a variety of 

organisms. The metabolic conversion of arsenic species may proceed by 

several pathways: (1) reduction-oxidation reactions, (2) biomethylation 

and (3) incorporation into endogenous compounds. The first two 

pathways are important routes for arsenic modification in mammals. The 

latter has been verified to occur in marine life. Metabolism of 

arsenicals varies due to species variation. Reduction or enhancement of 

the toxicity of the arsenic species is dictated by the metabolite 

produced. 

Incorporation Into Endogenous Compounds. In the marine envi

ronment, bioaccumulation of arsenic is evident (Cooney et a!., 1978; 

Edmonds and Francesconi, 1981). Arsenic is present in seawater mostly 

as arsenate. However, in western rock lobster, dusky shark, and school 

whiting, arsenic is present as arsenobetaine. It has been proposed that 

brown kelp, a major food source of these animals, concentrates arsenic 

through incorporation into sugars. Figure 1 depicts the structures of 

these compounds isolated from the marine life. As previously 

mentioned, arsenic has been found in phospholipids. Cooney et al. 

(1978) identified a specific arsoniumphospholipid as O-phosphatidyltri-

methylarsoniumlactic acid. It has properties of an acidic phospholipid 
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OH OH 

2-HYDROXYPROPYL-5-DEOXY-5(DIMETHYLARSENOSO) 

FURANOSIDE DERIVATIVE 

fH» 
I esitaA m msaf* CHJ~A%»CH2COO 

6H3  

ARSENOBET AINE 

Fig. 1. Structures of endogenous compounds containing arsenic. Top 
panel is a representation of arseno-sugars isolated from 
brown kelp (Ecklonia radiata) as intermediates in cycling of 
arsenic in a marine ecosystem. When R = SO3H or OH the 
furanoside is termed 2-hydroxy-3-sulphopropyl-5-deoxy-5-(di-
methylarsenoso) or 2,3-dihydroxypropyl-5-deoxy-5-(dimethylar
senoso) furanoside, respectively. Bottom panel is the 
structure of the intermediate arsenobetaine. 



13 

like phosphatidylisoserine betaine and phosphatidyl serine. The 

structure of the trimethylarsoniumlactic acid suggests trimethylarsine 

may react with phosphoenolpyruvate by a nucleophilic mechanism to 

produce this lipid. Oxidative chemical and enzymatic degradation of the 

phospholipid yields arsenobetaine—a stable compound. The arsenobeta-

ine has an observed pK f l  of 2.1 so would be ionized and could be 

eliminated from these organisms into the seawater. All of these 

endogenous compounds are produced by the initial biomethylation of 

arsenicals in which As is substituted for N. The significance of these 

compounds, other than as a human food source and an environmental con

taminant, is not known. These methyl arsenicals have not been isolated 

and identified from mammals following inorganic arsenic exposure. 

Reduction-Oxidation Reactions. Oxidation of arsenite to 

arsenate has been demonstrated to occur in vivo (Bencko et al., 1976). 

Bencko showed that mice pretreated with arsenite in their drinking 

water prior to an intramuscular injection of arsenite, excreted large 

percentages of arsenate in the urine. The longer the pretreatment time 

the greater the amount of arsenate excreted in the urine. However, the 

experimental conditions might have lead to misinterpretation. The in

tramuscular dosing solution and drinking water were never tested for 

the species of arsenic present after their preparation. Arsenite under 

conditions of lowered oxygen tension and in dilute concentrations in 

aqueous solutions can be oxidized (Vahter and Norin, 1980). So the 

actual compound dosed may have been arsenate, particularly in the 

drinking water. Secondly, no mention is made of methylated metabolites 



in the urine following analysis; these arsenicals should have accounted 

for a large portion of the total arsenic excreted. Mice have been 

shown to have an extremely rapid rate of biomethylation (Vahter and 

Marafante, 1983), so these metabolites should have been measured in the 

study. Bencko and coworkers (1976) concluded that repeated exposure to 

arsenite can result in an increased tolerance to arsenic toxicity since 

transformation of As(III) to As(V) decreases the acute toxicity (as 

measured by LD^Q) of the xenobiotic. These repeated exposures showed 

that changes in the distribution of arsenic occurred. Following a 

single intravenous injection of ^As-labeled arsenite, incorporation of 

the ^As in the skeletal structures of mice and hamsters has been dem

onstrated (Lindgren et al., 1982). This phenomenon can be explained by 

the oxidation of arsenite to arsenate and the subsequent substitution 

for phosphate in bone's calcium phosphate lattice. The oxidation of 

arsenite to arsenate has not been investigated enough to determine if 

this process is enzymatically mediated or a direct chemical reaction. 

The reduction of arsenate to arsenite has also been demon

strated (Ginsberg, 1965; Lerman et al., 1983; Vahter and Envall, 1983). 

Following intravenous infusion of pentavalent arsenic in dogs trivalent 

arsenic was found (Ginsberg, 1965). When arsenate was added directly 

to urine and plasma, insignificant amounts were observed, so the 

reduction was due to a physiological process. However, analysis of the 

dosing solutions for the valence state of the arsenic administered was 

never performed. Rowland and Davies (1982) determined arsenate purity 

by thin layer electrophoresis prior to administration by either oral or 



intravenous routes. The reduction reaction in the rat showed similar 

speciation in the kidney and plasma regardless of the route of adminis

tration. Vahter and Envall performed similar studies in mice and 

rabbits that corroborated the results in the dog and rat. Studies 

performed at low doses did not show increased levels of arsenic in the 

sulfhydryl-rich tissues (skin and hair, in particular) as might be 

expected if arsenite was formed. This may have been due to rapid 

biomethylation of arsenate and its redox product, however. 

The site of the reduction of arsenate to arsenite has not been 

defined. The stomach, small intestine, and caecum contents have been 

demonstrated to reduce arsenate to arsenite (Rowland and Davies, 1981). 

However, the authors concluded that "the gut microflora does not 

contribute significantly to the biotransformation of arsenic in vivo" 

(Rowland and Davies, 1982). Hydrogen disulfide gas (HgS) reduced penta-

valent arsenic even in the absence of gut contents. The rate of 

reduction was augmented by bile salts or in the presence of reduced 

thiol-containing compounds. It has been suggested that the rapid rate 

of arsenate reduction may be mediated by reducing agents in the blood 

and tissues. An excellent substrate for the nonenzymatic reduction of 

arsenic(V) to arsenic(III) would be glutathione (Rowland and Davies, 

1982). Reduced glutathione (GSH) has been shown to interact with other 

metalloids such as selenium(V) (Ganther, 1971). The glutathione is 

oxidized (GSSG) or is bound to the selenium to form a selenodisulfide 

derivative (GSSeSG). The GSSeSG may be reduced by glutathione 

reductase to yield GSSeH and GSH. Since selenium biomethylation is 



coupled with arsenic metabolism via the same pathway, the same may 

hold true for arsenic. An increase in glutathione efflux into the bile 

occurs after the exposure to arsenic (Anundi et al., 1982). Most of the 

arsenic is associated with the GSSG band following a thin layer chroma

tographic separation. However, a GSSAsSG complex was not isolated or 

identified. It has been hypothesized that the kidney may be the major 

site of arsenate reduction (Lerman et al., 1983). Isolated hepatocytes 

could not methyl ate arsenate during incubation since arsenate was 

unable to enter the liver cells under the experimental conditions used 

(pH - 7.4). Arsenite incubations rapidly formed methylated metabolites. 

Prior reduction of arsenate may be necessary for biomethylation. 

Biomethylation. Arsenic biotransformation in mammals proceeds 

mostly via the methylation pathway. This metabolism may be considered 

a detoxification mechanism. Much of the information concerning the 

steps in this pathway, the source of the donated methyl groups, enzyme 

systems involved and the site of metabolism are not well defined. 

Studies in microorganisms have helped clarify some of this information. 

Dimethylarsine was found to be released from cell extracts of Methano-

bacillus (McBride and Wolfe, 1971) treated with arsenite and arsenate. 

Methylcobalamine (methyl B^) was implicated as the single carbon 

donating group (Ridley et al., 1977). Although both weak and strong 

electrophiles can react with methyl B^> weak electrophiles 

(metalloids) need coordination of good electron donors transaxial to 

the methyl donating group for this reaction to proceed. Shrauzer 

postulated the coordination of thiols (glutathione for example) to 



methyl would facilitate heterolytic cleavage of the cobalt-carbon 

bond by the electrophilic arsenic species to yield alkylarsenicals. 

Cysteinyl or methionyl residues of other peptides may have the same 

effect as glutathione. Several molds and fungi have also been shown to 

biotransform arsenate to trimethylarsine (Cullen et al., 1984). Figure 

2 depicts the proposed series of reactions that leads to production of 

trimethylarsine from inorganic arsenic. 

It is interesting to note that all the products along the 

pathway up to trimethylarsine oxide are metabolites which have been 

isolated and identified in mammalian excreta and tissues. Hamsters 

have been shown to excrete an unidentified metabolite in significant 

amounts; it is postulated to be a trimethylarsenical (Yamauchi and 

Yamamura, 1984a). This may be trimethylarsine oxide, but has not been 

confirmed. Thus, this pathway may be the same as in mammalian 

systems. The source of the activated methyl group in this fungal and 

mammalian process has been postulated to be S-adenosyl methionine 

(SAM) (Ridley et al., 1977; Marafante and Vahter, 1984). This carbon 

transfer occurs by the nucleophilic attack of a reduced arsenic species 

on the carbon-sulfur bond of SAM. These reactions are favored in a 

reducing environment. Figure 3 shows the oxidative methylation of 

arsenicals via SAM and the activated methyl cycle for regeneration of 

SAM. Marafante and Vahter treated mice and rabbits with periodate-

oxidized adenosine (PAD), an inhibitor of S-adenosyl homocysteine (SAH) 

hydrolase. In the liver, SAH levels increased about 50 fold which in 

turn prevents transmethylation from SAM. PAD caused impaired 
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methylation of inorganic arsenicals when administered prior to the 

arsenic. This suggests that SAM may be the source of the activated 

alkyl group donated in mammals. This inhibition of transmethylase 

enzymes led to increased arsenic retention in tissues. This phenomenon 

was observed in the liver initially—supporting the hypothesis that the 

liver is the major site of biomethylation in mammals. Isolated rat 

hepatocytes converted 92% of administered arsenite to dimethylarsinic 

acid in 24 hours, but could not methylate arsenate (Lerman et al., 

1983). If the hepatocyte results can be applied to in vivo experiments, 

we can conclude that arsenate must be reduced to arsenite before the 

arsenical can enter the cell and be metabolized. As mentioned 

previously, the kidney may be the major site of this reduction. Along 

with reducing arsenate, the gastrointestinal microflora have been shown 

to biomethylate inorganic arsenic salts (Rowland and Davies, 1982). 

Oral and intravenous dosing with arsenic yielded similar metabolite 

profiles in the kidneys and blood suggesting that the gut bacteria do 

not significantly contribute to the in vivo methylation of arsenic or 

that the absorption of arsenate is more rapid than its metabolism. 

The process of demethylation has been cited in the literature 

recently (Yamauchi and Yamamura, 1984a and 1984b). Ingested trimethyl-

arsenicals yielded small amounts of DMAA, MMAA, and inorganic arsenic 

(3-5% total As excreted) in human urine. This study was carried out on 

one man only. DMAA administered orally to hamsters yielded less than 

1% of the dose in the excreta as inorganic arsenic. Most of this 

inorganic arsenic was found in the feces suggesting that the gut flora 



may have demethylated the organoarsenicals. The conversion of MMAA 

and DMAA to inorganic arsenic species in vivo does not take place to a 

significant extent (Buchet et al., 1981; Stevens et al., 1977). 

The rate and extent of metabolism of arsenic greatly influence 

the distribution and excretion of the metalloid. Methylation increases 

the water solubility and decreased the tissue retention of arsenicals 

(Marafante and Vahter, 1984). Species variation among animals is an 

important factor to consider when assessing the pharmacokinetics and 

toxicity in various animals and the eventual extrapolation to man 

(Harrisson et al., 1958). 

Excretion 

Most of the information concerning metabolism of arsenic is 

derived from excretion data. The major routes of excretion are 

urinary, biliary, and fecal. Some minor routes of elimination include 

hair and nail deposition. The metabolic profiles in the excreta are 

dependent on the dose, route of exposure, and oxidation state of the 

arsenic administered to test animals (NAS, 1977). Table 1 is a summary 

of three mammals studied by various investigators. After oral adminis

tration of arsenite, mice, rats, and hamsters excreted DMAA as the 

major metabolite with substantial amounts of inorganic arsenic in the 

urine. Rabbits also exhibited these results (Vahter and Marafante, 

1983). Only in the hamster did MMAA appear in a significant amount in 

the urine (about 10% of the total urinary arsenic equivalents). MMAA 

is a significant metabolite (about 14% of total administered dose) of 

arsenite following ingestion by man (Crecelius, 1977). After oral 
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Table 1 

Urinary Metabolites in Laboratory Animals Following Oral Dosing 

DMAAa  MMAAb  Inorganic Asc  Total 

Hamster 

Arsenite 8.5 2.7 8.5 19.7 

Arsenatee  21.5 4.6 17.7 43.8 

Mice 

f Arsenite 55.9 1.3 I—
» 

C
O
 

•
 

r
o
 

75.4 

f 
Arsenate 43.7 1.3 39.5 84.5 

Rats 

Arsenite* 3.7 0.2 2.3 6.2 

Arsenatee  2.2 0.9 14.1 17.2 

aDimethylarsinic acid. Values expressed as percentage total 
As administered. 

bMonomethylarsonic acid. Values expressed as percentage total 
As administered. 

cSum of arsenite and arsenate. Values expressed as percentage 
total As administered. 

^Adopted from Inamasu (1983). Animals dosed 10 mg/kg. Values 
at 5 days. 

eAdopted from Odanaka et al. (1980). Animals dosed 5 mg/kg. 
Values at 2 days. 

^Adopted from Vahter (1981). Rats dosed 0.4 mg/kg. Mice 
dosed 4 mg/kg. Values at 2 days. 



exposure to arsenate, larger quantities of the inorganic species were 

excreted as compared to arsenite treatment (see Table 1). DMAA was 

not the major metabolite in all instances, but the total inorganic 

arsenicals accounted for a majority of the urinary arsenic. Hamsters 

treated with arsenate had MMAA as a major metabolite in the urine most 

similar to man, as was true with the hamsters treated with arsenite 

(Crecelius, 1977). The percentages of total dose administered 

eliminated in the urine shows a marked species variation. In general, 

greater amounts of administered arsenate are excreted in the urine than 

arsenite at 48 hours, when expressed as percent total arsenic dose. 

Humans exposed to airborne arsenic at various concentrations 

(Smith et al., 1977) yielded similar results in the urine as oral 

exposure (Crecelius, 1977). DMAA is the major metabolite with MMAA and 

total inorganic arsenicals being excreted in about equal amounts. 

Intravenous administration of arsenate to hamsters yields 

greater amounts of total inorganic arsenicals in the urine than in 

animals exposed orally to pentavalent arsenic at 24 hours (Charbonneau 

et al., 1980). The actual differences in the percent of the dose 

excreted between treatment groups appears to be due to the lower fecal 

excretion of the intravenously administered arsenic as compared to oral 

administration. The same phenomenon is seen in mice and rats (Odanaka 

et al., 1980). 

Fecal excretion at 48 hours, accounted for about 33%, 48%, and 

44% of the orally administered arsenate in rats, mice, and hamsters, 

respectively (Odanaka et al., 1980). In all three animal species the 



inorganic arsenic was the major form of arsenic found in the feces: 

73%, 51%, and 65% in the rat, mouse and hamster, respectively. MMAA 

accounted for 23% (rats), 19% (mice) and 32% (hamsters) of fecal 

arsenic. Mice excreted 15% of the orally administered arsenate as 

DMAA, while the DMAA found in the feces of rats and hamsters accounted 

for 3% of the total fecal arsenic. Inamasu (1983) found 42% of the 

orally administered arsenite was excreted by hamsters in the feces by 

five days. Inorganic arsenicals accounted for 12.6% of the dose while 

MMAA was about 12.4%, DMAA was less than 1% and about 17% was termed 

"unextractable." 

Only about 1-4% of intravenously administered arsenic was 

excreted in the feces of the mammals tested (Odakana et al., 1980). In 

rats, half the recovered arsenic in the feces was inorganic; MMAA and 

DMAA acounted for 37% and 12% of the total fecal arsenic, respec

tively. Mice had a profile in which the arsenic species in the feces 

were 46% inorganic As, 38% DMAA, and 15% MMAA. In the hamster, MMAA 

was the major fecal metabolite (55%) while DMAA accounted for 20% and 

inorganic arsenic as 25% of the total arsenic in the feces. Less than 

10% of parenterally administered inorganic arsenic was excreted in the 

feces of man (Mealy et al., 1959). Most of the inorganic arsenic found 

in the feces following oral exposure to arsenic was due to poor 

absorption from the gastrointestinal tract, since the amount collected 

from the bile duct was much lower relative to fecal levels (Odanaka et 

al., 1980). 



The biliary excretion pattern of the three major metabolites of 

arsenic acid after intravenous administration was similar to that after 

oral dosing except for the difference in quantity of total arsenic 

found in the bile (Odanaka et al., 1980). About 4.6% of the oral dose 

was found in the bile as compared to 0.2% of the intravenous dose. 

MMAA accounted for most of the arsenic in the bile. Intravenous 

administration of arsenite produced greater biliary excretion of arsenic 

than after arsenate data in rats (Cikrt and Bencko, 1974). A similar 

trend was observed concerning biliary excretion in mice (Lindgren et 

al., 1982; Vahter and Norin, 1980) and hamsters (Cikrt et al., 1980) 

when comparing route of exposure and chemical form of the arsenic 

dosed. The rate of biliary excretion of arsenate and arsenite in dogs 

and rabbits (Klaassen, 1974), mouse (Vahter and Norin, 1980) and hamster 

(Cikrt et al., 1980) was less than that observed in rats. 

Absorption and Distribution 

The absorption and distribution of inorganic arsenic is 

dependent on the mode of exposure of the subject to arsenic. Intra

venous administration of arsenate causes a rapid appearance of As in 

tissues followed by a slow decrease in levels in time; the same 

phenomenon is observed in animals dosed intratracheally (Dutkiewicz, 

1977). Arsenic absorption following pulmonary exposure to arsenite has 

been examined in mice (Bencko and Symon, 1970) and humans (Smith et 

al., 1977). Soluble arsenic is rapidly absorbed from the lung since the 

alveolar lumen is only separated from the blood capillary margin 

(0.5 microns) of the type I cell (West, 1979). Gastrointestinal 



absorption must be considered when analyzing intratracheal!y adminis

tered particulates, since mucociliary clearance followed by swallowing 

may occur. Ingestion of these particles may lead to substantial gas

trointestinal absorption. The particle characteristics and solubility 

are important in deposition and clearance mechanisms (Menzel and 

McClellan, 1980). Gastrointestinal absorption is not as rapid as the 

intratracheal absorption as evidenced in the slower rate of tissue 

accumulation (Dutkiewicz, 1977). Several factors may affect the 

absorption of a chemical in the gastrointestinal tract, such as gut 

mobility, gastric emptying time, disease state, and the presence of 

food. Rowland and Davies showed that arsenate injected into the small 

intestine was rapidly reduced to arsenite (80% in 5 minutes) in the 

blood. Arsenite is Unionized as opposed to arsenate in the small 

intestine and can more readily diffuse through membranes and be 

absorbed. However, arsenate may be readily transported into the circu

lation via phosphate reuptake systems in the duodenum and jejunum. The 

rate of arsenate transformation to arsenite following intravenous 

injection was similar to the intestinal results cited (Rowland and 

Davies, 1982). Within 5 minutes about 60% of the dose was reduced. 

Arsenate reduction may be necessary for cellular uptake so the bio

transformation to trivalent arsenic is very important. Humans have 

been shown to absorb about 75% of ingested arsenite (Crecelius, 1977) 

and arsenate (Tarn et al., 1979). In most other mammals tested, large 

amounts of arsenite are absorbed (Vahter, 1971; Vahter and Envall, 

1973) as is arsenate (Odanaka et al., 1980; Vahter and Morin, 1980). 



Dermal application causes an initial accumulation of arsenic in the skin 

and a slow transport into the circulation (Dutkiewicz, 1977). The rate 

of dermal absorption was directly proportional to the concentration of 

arsenate applied to the skin. 

The methylated metabolites may also be absorbed from the gas

trointestinal tract. Absorption after ingestion of DMAA in rats 

(Stevens et al., 1977) and hamsters (Yamauchi and Yamamura, 1984a) has 

been reported. About 66% of the orally administered DMAA was absorbed 

by the rat. Absorption by the hamster was evident due to the 1.2 yg 

As/ml concentration in the blood at 6 hours. Buchet et al. (1981) has 

observed oral absorption of DMAA and MMAA in man with between 20-25% 

of the administered dose still present in the body after 4 days. 

Yamauchi and Yamamura (1984b) have shown absorption after ingestion of 

trimethylated arsenicals, also. Although, less than 5% of the tri-

methylarsenical was retained in the body by 72 hours. Since these 

organoarsenicals can be reabsorbed, enterohepatic circulation may occur 

following inorganic arsenic ingestion. But this has not been shown to 

occur to a large extent. 

Once arsenic is absorbed it is rapidly distributed to other 

parts of the body. Small amounts of arsenic are bound to plasma 

proteins relative to the arsenic bound to tissues (Vahter and 

Marafante, 1983). Arsenite is associated with mouse erythrocytes to a 

greater extent than is arsenate (Lindgren et al., 1982). Plasma levels 

also exhibit this trend in mice (Vahter and Marafante, 1983) except at a 

very early time point (1/2 hour) in which the arsenate levels in the 



plasma are threefold higher than the levels for arsenite (Lindgren et 

al., 1982). Initially the distribution of arsenic in the blood of rats 

was similar to most other mammals, there is a significant accumulation 

of the arsenic in the blood in time. The half-life of the arsenic in 

the rat was determined to be about 60-90 days, which correlated well 

with the lifetime of the erythrocyte (Stevens et al., 1977). Klaassen 

(1974) has shown that arsenite administered intravenously left the 

blood rapidly and reached the liver over a 2-hour time course. The 

binding of the arsenic to the red blood cell appears to be dependent 

upon the metabolism of inorganic arsenic to DMAA and is not dependent 

on the valence of the arsenic administered (Rowland and Davies, 1982). 

This redistribution is unique to the rat (Odanaka et al., 1980). The 

actual site of DMAA binding on the erythrocyte is not clear. Past 

reports indicated that apoprotein portion of the hemoglobin was the 

site of interaction but Fuentes and his coworkers (1981) reported the 

heme portion is the probable site (Lerman and Clarkson, 1983). 

Tissue distribution in the rat may be related more to the blood 

volume and hematocrit. Rowland and Davies (1982) have shown that 

perfusion to remove the blood associated with several tissues (the 

lung, in particular) revealed that the arsenic in the blood signifi

cantly contributed to the total As concentration in the tissue. So 

tissue distribution studies in rats must be interpreted with caution. 

Arsenic administered to rats distributes preferentially to tissues other 

than the blood, including the liver, kidney, spleen, lung, and small 

intestine (Rowland and Davies, 1982; Lerman and Clarkson, 1983; Odanaka 



et a!., 1908; Dutkiewicz, 1977). Arsenate is found in the bone of other 

mammals and may be a deposition site (Lindgren et al., 1982). Arsenite 

has been shown to have a high affinity for skin, nails, and hair (NAS, 

1977). The distribution and whole body retention is dose-dependent in 

the rat (Vahter, 1981). The valence state influences the body burden— 

trivalent arsenic has a greater retention than pentavalent arsenic. 

The preferred urinary excretion of the ionized arsenate over the undis-

sociated trivalent arsenic, can explain this phenomenon. 

Arsenic has been shown to distribute to the liver, kidney, 

spleen, lung and small intestine in the mouse and hamster (Lindgren et 

al., 1981; Odanaka et al., 1980; Vahter and Marafante, 1983) and the 

rabbit (Vahter and Marafante, 1983). Rapid distribution to the liver, 

kidney and duodenum following administration of both inorganic arsenic 

species is observed. The highest levels in mice at 1/2 hour after in

travenous injection are seen in the kidney for arsenate and the gall

bladder (bile) for arsenite. (Arsenate may be excreted in the urine 

directly, while arsenite must be biomethylated at the liver to signifi

cantly increase its excretion into the bile or urine.) At 72 hours, the 

skin, stomach, hair, and liver have the highest levels of arsenic 

following arsenite injection; the skin, stomach and skeleton arsenic 

levels are highest from arsenate exposure (Lindgren et al., 1982). 

Since rabbits have a lower methylation rate and capacity than mice, 

tissue levels at later time points were greater for rabbits adminis

tered equivalent doses (based on body weight) of arsenic (Vahter and 

Marafante, 1983). Arsenic levels in the rabbit lung and liver were 



double in those animals administered arsenite as compared to those 

given arsenate. Mouse kidney levels were observed to be approximately 

equal when administered either oxidation state of arsenic. In all 

instances, the arsenic was present in the organelles, cytosolic macro-

molecules and the ultrafiltrable components of each tissue tested, 

independent of the form of arsenic dosed. 

The distribution of DMAA has been studied in rats (Stevens et 

al., 1977) and in mice and rabbits (Vahter et al., 1984). After the 

initial distribution phase, redistribution to the various tissues agreed 

with data for inorganic arsenic. DMAA levels were highest in the liver, 

kidney, spleen and skeletal muscle (although the latter two tissues' 

arsenic levels may be attributed to blood since the tissues were not 

perfused before analysis). Most of the arsenic localized in the lungs 

of mice and rabbits was in the form of DMAA (Vahter and Marafante, 

1983). It is not known whether this is a result of the metabolic 

capacity of the organ for inorganic arsenic or a preferential redistri

bution of DMAA. Mice and rabbits treated with PAD, the methyl transfer

ase inhibitor, prior to inorganic arsenic administration, led to lower 

total arsenic levels in the lung suggesting the phenomenon is the 

result of redistribution (Marafante and Vahter, 1984). The distribution 

of arsenic to all other tissue (liver and kidney, especially) and tissue 

binding plus body retention were all significantly increased. 

Therefore, the metabolism, redistribution, and excretion of inorganic 

arsenic contribute to the entire distribution phenomenon of arsenic in 

animals. This is most apparent in the marmoset monkey which has a 



deficiency in the capacity to biomethylate arsenic. The body retention 

of arsenic is greater for this monkey than for other mammals, with 

large levels of arsenic bound to the rough microsomes of the liver 

(Vahter et al., 1982). 

The pharmacokinetics of arsenic in mammals exhibit a large 

species variation. This is due to differences in absorption and differ

ences in metabolic capacity and rate. However, in the case of the rat 

this is due to the redistribution and high affinity binding of DMAA to 

the erythrocyte. The choice of a single animal model is crucial for 

obtaining results which can be extrapolated to man. Since the urinary 

metabolite profile of the hamster most resembles man, it was chosen as 

the animal model most suitable for assessing the pharmacokinetics and 

pharmacodynamics of GaAs. 

Detection and Speciation of Arsenic in Biological Samples 

A wide variety of analytical techniques for quantification and 

speciation of arsenic are available. Excellent reviews on these 

procedures have been prepared by Talmi and Feldman (1975), Brooks et 

al. (1981) and Irgolic et al. (1983). Speciation requires the use of 

separation methods. Detection and/or quantification of arsenicals 

utilize electrochemical or spectral techniques. 

Quantitation/Detection 

Analytical detection of inorganic arsenic have been performed 

by direct current and pulse polarography in the parts per billion range 

in aqueous media (Henry et al., 1979). However, detection of the 



organoarsenicals, MMAA and DMAA, was only sensitive to the parts per 

million range in aqueous solutions (Elton and Geiger, 1978). Mass 

detection by mass spectrometry following arsine evolution/gas liquid 

chromatography separation showed extremely low detection limits: 

50 picograms for inorganic arsenic (Lussi-Schlatter and Brandenberger, 

1976) and 200 picograms for the organoarsenicals (Odonaka et al., 1983). 

However, these techniques are very complicated and require specialized 

instrumentation. Microwave emission spectroscopy detection following 

prior arsenical reduction and gas liquid chromatography separation also 

had an extremely low absolute detection limit (20 picograms) for 

various arsines due to the selectivity of measuring the emission at 

228.8 nm (spectral line characteristic of As). The detection limit was 

only slightly dependent on the molecular structure of the arsines 

(Talmi and Bostick, 1975). Flame atomic absorption spectroscopy (AAS) 

by aspiration into an air-acetylene flame was only sensitive to the 

parts per million range for arsenic in aqueous solutions (Brooks et al., 

1981). Electrothermal atomic absorption spectroscopy dramatically 

increased the detection limit to 10 pg As absolute (1 ng/ml) but the 

graphite furnace required a much longer time for each sample's analysis 

(Brooks et al., 1981). By reducing the arsenic species to their corres

ponding arsines and then measuring absorbances at the maximum 

absorbance wavelengths for As (193.7 nm) the absolute detection limit 

of flame AAS had been greatly improved, into the 1-10 nanogram range 

(Braman and Forebeck, 1973; Aggett and Aspell, 1976; Arbab-Zavar and 

Howard, 1980). The reduction rate and extent of arsenicals to their 
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corresponding hydrides was pH dependent. Below pH 1, hydride reduction 

and subsequent volatilization of arsenite, arsenate, and MMAA appeared 

complete, but dimethyl arsenic acid yielded a much lower response than 

expected and led to underestimation of amount of DMAA (Hinners, 1980). 

Arbab-Zavar and Howard (1980) suggested three possible reasons for 

this: (1) incomplete reduction, (2) condensation of dimethylarsine in 

the transport tubes, or (3) incomplete volatilization. Incomplete vola

tilization and slow reduction was probably the reason for a weak 

response, since DMAA was characterized by a remarkable stability 

(Raiziss and Gavron, 1923). Destruction of the DMAA by a digestion 

procedure has been recommended (Arbab-Zavar and Howard, 1980). 

Digestions with combinations of nitric and sulfuric acids with magnesium 

nitrate (Holak, 1977), persulfate or hydrogen peroxide (Nygaard and 

Lowry, 1982) and vanadium pentoxide or potassium dichromate (Webb and 

Carter, 1984) have all been investigated. Evaluation of the efficiency 

of the procedures for conversion of DMAA to inorganic arsenic was 

determined by differential pulse polarography (Holak, 1977) and plasma 

emission and graphite furnace AAS (Nygaard and Lowry, 1982) and direct 

hydride flame AAS (Webb and Carter, 1984). Direct hydride flame AAS 

was chosen as the analytical procedure for quantifying arsenic because 

of its low detection limit, speed of sample analysis, specificity for 

arsenic, and simplicity of instrumentation. The procedure of Webb and 

Carter (1984), the dichromate-acid combination, was used throughout the 

analyses. 
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Speciation 

Speciation of the inorganic arsenicals and organoarsenicals can 

be accomplished by chromatographic, spectrophotometry, electro-

phoretic, extraction, and reduction trapping techniques. In all the 

methods, except the colorimetric, quantification must be coupled with 

the various techniques discussed in the previous subsection. 

The spectrophotometry determination of arsenite, arsenate, 

MMAA and DMAA involved the reduction of the arsenicals to their corres

ponding arsines and subsequent trapping in a constant volume of a 0.5% 

(w/v) silver salt of diethyldithiocarbamic acid (AgDDC) in a pyridine 

solvent (Lasko et al., 1979). The absorbances of the solutions were 

read on a visible spectrophotometer at different wavelengths for arsine 

(540 nm) and the organoarsines (440 nm). Lasko reported differential 

volatilization of arsenite and arsenate plus MMAA and DMAA by use of 

different pH solutions in the arsine generator reaction vessel. This 

allowed a simple quantifiable speciation. However this method had only 

an absolute detection limit in the microgram range (Sachs et al., 1971; 

Diamondstone and Burke, 1977; Lasko et al., 1978). For this reason, 

this method was employed to verify the AAS results, when possible. The 

AgDDC pyridine solution was a simple system used to trap and detect any 

arsenic volatilized during evaluation of the methods procedures. 

Separation of the inorganic species can be done by simple 

extraction procedures (Diamondstone and Burke, 1977; Brown and Button, 

1979; Puttemans and Massart, 1982). Separation of arsenate, arsenite, 

MMAA, and DMAA has been done by electrophoresis (Edwards et al., 1975). 



These four compounds were detected on the cellulose thin layer 

chromatographic sheets at absolute amounts of about 1 yg (for the 

organoarsenicals), but this method is only qualitative in nature. 

Reduction of arsenicals to their corresponding arsines by electrochemi

cal reduction (Andreae, 1977) or borohydride reduction (Braman and 

Forebeck, 1973; Talmi and Bostick, 1975; Odanaka et al., 1983) and cold 

trapping has been used for speciation. The traps contained organic 

solvents (toluene or benzene) at subzero temperatures, maintained by 

dry ice-acetone baths. The solvents were then slowly warmed to allow 

differential volatilization of arsine (-55°C), methylarsine (2°C) and 

dimethylarsine (36°C) at their boiling points. Separation of the 

arsenite and arsenate derived arsine was not possible. This can be 

accomplished, however, by other means already discussed. Gas liquid 

chromatographic separation of the four arsenicals has been demonstrated 

on 5% Carbowax as the arsines (Talmi and Bostick, 1975) and on 5% 0V17 

as the diethyldithiocarbamate complex (Mushak et al., 1977). Microwave 

emission spectrometric detection interfaced with a GLC system permitted 

an absolute sensitivity of 20 pg of arsenic (Talmi and Bostick, 1975). 

Electron-capture detection of the arsenic-diethyldithiocarbamate 

complexes had an absolute detection limit of about 10 ng (Mushak et 

al., 1975). Separation of the four major metabolites of inorganic 

arsenic by high pressure liquid chromatography interfaced with 

nonthermal AAS has also been successful. Use of a Cjg reverse phase 

column (Bushee et al., 1984) and the ion pairing agent, tetraheptylam

monium nitrate (Brinkman et al., 1980) with a reverse phase column and 



low capacity anion exchange column (Woolson and Aharonson, 1980) gave 

excellent separations. The detection limits were between 5-50 ng As 

absolute using HPLC. Simple column liquid chromatographic techniques 

have been used successfully for separation of arsenicals. Strong 

cation exchange resins (Tam et al., 1978) and mixed bed strong cation 

exchange (SCX) and strong anion exchange (SAX) resins (Henry and Thorpe, 

1980; Grabinski, 1981) have been characterized. These columns had a 

large capacity range, unlike the other chromatographic (HPLC and GLC) 

columns. The actual detection limits were dictated by the methods of 

quantification. Recently, a modified version of the Grabinski method 

reported separation of the four major metabolites in rabbit urine, plus 

the unknown arsenic metabolite (Maiorino and Aposhian, 1985). Since 

this method allowed the analysis of the unknown arsenic containing 

compound, which is of interest, this method was chosen for separating 

the urinary metabolites in this study. 

Particle Delivery Methods 

There are two major means by which laboratory simulation of 

particulate exposure to the respiratory tract of animals is achieved. 

These methods are inhalation of aerosols and intratracheal instillation 

of suspensions. Each method has its advantages and drawbacks. 

Inhalation of aerosols resembles a more physiological situation 

since air is used as the carrier medium for the particulates. Figure 4 

is a summary of the parameters which influence the deposition of 

particles during aerosol inhalation. The pattern of lung distribution 

is uniform and apical lobe deposition is favored (Brain et al., 1976). 
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Fig. 4. Parameters influencing the deposition of particles in the 
lung. Redrawn from Menzel and McClellan (1980). 
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However, aerosol generation is a very complex method to accurately 

characterize (Mercer, 1973). Several types of chambers may be used in 

inhalation studies. Whole-body exposure chambers are not always 

suitable since preening habits of laboratory animals can lead to 

excessive oral exposure not experienced by humans. Head-only exposure 

or nose-only apparatus can alleviate this problem, but animal breathing 

patterns are not always normal in these constrained systems. The par

ticulate production process may yield particulates, under the exposure 

chamber conditions, which are not the proper size for diffusion into the 

pulmonary region of the respiratory tract. If alveolar deposition is 

desired, these aerosol inhalation systems may be deemed not acceptable 

for particle delivery. In addition, quantifying the dose administered is 

difficult. 

Intratracheal instillation involves either a nonsurgical 

intubation or surgical procedure to expose the trachea for a subsequent 

injection of a particulate suspension into the lumen of the trachea. 

The carrier solution affects the deposition of the particles by altering 

the distribution in the lung. The pattern of distribution is nonuniform 

and favors deposition in dependent areas of the lung (Brain et al., 

1976). The carrier solution may dissolve the particulates and increase 

the pulmonary absorption leading to nonphysiological system distribu

tion and subsequent responses. There are several advantages to the use 

of this method for the means of exposure: (1) the dose is administered 

uniformly and accurately, (2) large effective doses can be administered 

in a short time, (3) particulates of improper size can be depositing in 
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the pulmonary region of the lung, (4) localized lobular exposures are 

possible (which would allow the use of each lung as its own control), 

(5) skin and pelt exposure is eliminated, and (6) the procedure and 

equipment is much simpler. The use of instillation dosing also 

minimizes laboratory personnel exposure to hazardous particulates. 

Several variations of anesthesia and animal restraint during intratra

cheal instillation are in the literature, but successful results for 

hamsters have been obtained by a nonsurgical technique (Saffioti et al., 

1968; Brain et al., 1976). For assessing inhalation exposure, the 

hamster is considered an appropriate experimental species since it 

offers great resistance to chronic inflammatory conditions of the lung 

which are so common in many test animals, such as the rat and guinea 

pig (Saffioti et al., 1968). Intratracheal instillation was chosen as 

the method of administration to the hamster for these reasons. 

Summary 

Choosing an appropriate test animal model was based on 

literature data concerning the pharmacokinetics of soluble trivalent 

and pentavalent arsenic. The hamster urinary excretion pattern of 

metabolites most closely resembled man. Extrapolation of hamster 

metabolism data to man can be based on the urinalysis. The hamster is 

also an appropriate species for inhalation studies because of its 

resistance to inflammatory conditions of the lung. Intratracheal 

instillation was chosen as the method for introducing particles into 

the hamsters' lungs due to its relative simplicity, uniformity and 

accuracy of dosing. 



The procedures employed for speciation and quantification of 

arsenic were chosen to allow relatively rapid and extremely sensitive 

and reproducible results. The chromatographic method of Maiorino and 

Aposhian (1985) resolved all four major identified urinary metabolites 

plus the unknown arsenic containing eluent. The procedure of Webb and 

Carter (1984) to digest arsenical s prior to analysis by direct hydride 

FAAS had a detection limit of 7 ng As absolute with a coefficient of 

variation of less than 10%. The digestion of the eluents from the 

chromatographic separation yielded complete recoveries with excellent 

reproducibility. The colorimetric analysis was employed to verify FAAS 

results when the higher detection limit (1 ug As absolute) allowed. 

The AgDDC pyridine solution provided a simple system to trap and detect 

any arsenic volatilized during methods evaluation. 



CHAPTER 2 

MATERIALS AND METHODS 

Unless otherwise specified, all chemicals were reagent grade. 

All the reagents used were low in arsenic content as impurities (less 

than 0.005%). Water used in the preparation of solutions was distilled 

deionized H2O. 

Chemical Reagents for Arsenic Analysis 

Pretreatment of Glassware and Plastics 

To ensure the removal of any trace arsenic, all glassware, 

plastic tubes and bottles, and polypropylene centrifuge tubes were hand 

washed with a detergent solution and rinsed with tap water. All the 

bottles, flasks, and tubes were soaked overnight in a solution of 8 N 

nitric acid and subsequently were rinsed with distilled deionized water 

(d.d. H2O) five times. The tubes, glassware, and bottles were oven 

dried at 55°C before use. White pumice boiling stones of mesh size 

4-12 m (Cargville Scientific, Inc. Catalogue #54010, Cedar Grove, NJ) 

were acid washed in a similar manner to remove trace arsenic 

impurities. Polycarbonate metabolism cages (Econo-cages of Thomas 

Scientific catalogue #1114-ALS, Philadelphia, PA) were pretreated 

between animal studies and hand dried. 
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Arsenic Standards 

Arsenic(III): Alfa products #88051 (Thiokol/Ventrol Division, 

Danvers, MA) Arsenic(III) atomic absorption standard solution (914 ug/ml 

0.9% (v/v) H2S04 in H20) was used. 

Arsenic(V): Pfaltz and Bauer (Stamford, CN) #S0 4150 NagHAsO^ 

(7 H20) was dissolved in a 20% (v/v) HC1 and 5% (v/v) H2S04 solution to 

yield a stock of 1000 yg As/ml (0.4615 g of Na2HAsO^ (7 H20) into 

100 ml of acid solution). 

Monomethylarsonic Acid: Pfaltz and Bauer #S0 6090 methylar-

sonic acid disodium salt (Na2CH3As03»6 H20) was dissolved in a 0.2% 

(v/v) HgSO^ solution to yield a stock of 1000 ug As/ml (0.3901 g of 

Na2CH3As03*6 H20 into 100 ml of acid solution). 

Dimethylarsinic Acid: Sigma Chemical Co. #C-0250 (St. Louis, 

M0) dimethyl arsinic acid sodium salt (Na(CH3)2As02*2.5 H20) was dried in 

an oven at 120°C for about 1 hour to remove the 2.5 H20 hygroscopically 

associated with the salt. A stock solution 1000 ug As/ml was prepared 

by dissolving 0.2137 g of anhydrous DMAA in 0.2% (v/v) H2S04. 

Working Standards: The appropriate volumes of the stock 

solutions were diluted with 0.2% (v/v) H2S04 solution into volumetric 

flasks to prepare solutions as needed on the day of analysis. 

Gallium Standard 

Alfa Products #88066 Gallium(III) atomic absorption standard 

solution (968 jig Ga/ml 1.5% (v/v) HN03 and 1.4% (v/v) HC1) was used. 
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Acids 

All the concentrated acids were "Baker Analyzed" (J.T. Baker, 

Co., Phillipsburg, NJ). The acids used (HC1, HN03, HgSO^, and glacial 

acetic acid) in the preparation of solvents were low arsenic concen

trated stocks (Catalogue #9535, 9673, 9598, and 9507, respectively). 

Buffers 

Phosphate: A solution of 1.38 g sodium phosphate monobasic 

(NaH2P04 (H20) in 50 ml H,,0 was prepared. A solution of 5.68 g sodium 

phosphate dibasic (NagHPO^) in 200 ml H20 was prepared. The 0.2 M 

phosphate buffer was formulated by addition of 38 ml of the monobasic 

solution and 162 ml of the dibasic solution. The 0.1 M phosphate 

buffer was prepared by 1 to 1 dilution of the 0.2 M buffer solution 

with water. Both buffers were adjusted to pH 7.4. 

Citrate-Acetate: The buffer was prepared by addition of 50 g 

citric acid monohydrate, 120 g sodium acetate trihydrate, 12 ml glacial 

acetic acid, and 34 g of sodium hydroxide to 500 ml H20. The final 

volume is brought up to 1 liter after adjustment to pH 5.2. 

Chloride Solution: The pH 2.0 buffer was prepared by addition 

of 3.73 g KC1 and 65 ml of 0.2 N HC1 (16.7 ml concentrated HCl/liter 

H20). This solution is then diluted to 1 liter. 

Krebs Buffer: 6.90 g NaCl, 0.35 g KC1, 0.24 g MgCl2 (6 H20), 

1.99 g NaHC03, 0.16 g K2HP04, 0.99 g dextrose, and 0.37 g CaCl2 were 

added to 1 liter H20. The pH was approximately 7.4. 
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Quantitation/Detection of Total Arsenic 

Sodium Iodide: Fisher "Certified" Nal (Fisher Chemical Co., 

#5324, Fair Lawn, NY) was dissolved in water to prepare a 20% (w/v) 

solution (50 g Nal in 250 ml H20). This clear solution was refrigerated 

for storage and was discarded when it turned a faint yellow (a sign of 

iodide oxidation to iodate). 

Sodium Borohydride: Alfa Products #14122 90% NaBH^ 10/32 inch 

pellets were used for the arsine generation reaction. 

Potassium Dichromate: Primary Standard KgC^Oy (Mallinckrodt, 

Inc., #6772, Paris, KY) was used during the wet acid digestion. 

Spectrophotometric Determination for Arsenic 

Sodium Borohydride: Alfa Products #14121 98% NaBH^ powder was 

used to prepare a 10% (w/v) solution of NaBH^ in 1 N NaOH. 

Silver Salt of Diethyldithiocarbamic Acid: Sigma #D 3132 AgDDC 

(2.5 g) was added to 50 ml of pyridine (Fisher P-368) to make a 0.5% 

(w/v) solution. 

Lead Acetate: Matheson Coleman and Bell (Norwood, OH) #LX-120 

Pb(C2Hg02)2*3 H20 was added to 250 ml of H20 under constant stirring 

until a saturated solution was formed. 

Speciation of Arsenicals 

Trichloroacetic Acid (TCA): Fisher CCl^COOH #A-322 was used 

to prepare 0.006 M (0.98 g TCA/1 H20) and 0.2 M (32.68 TCA/1 H20) 

TCA solutions. The 0.006 M TCA solution was adjusted to pH 2.5 with 

NaOH. 



Strong Cation Exchange Resin: AG50W-X8 (BioRad Laboratories 

#142-1441, Richmond, CA) 100-200 mesh hydrogen form was used as the 

SCX resin. 

Strong Anion Exchange Resin: Dowex 1-X2 (BioRad Laboratories 

#7451231) 50-100 mesh chloride form was used as the SAX resin. 

Hydrochloric Acid: HC1 was diluted to prepare a 0.5 N HC1 

solution (41.7 ml concentrated HC1/1 H20) for pretreating the column. 

Ammonium Hydroxide: Matheson Coleman and Bell #AX1303 NH^OH 

(21% NHg) was diluted with H20 to prepare a 1.5 M NH^OH solution 

(105.5 ml NH^OH diluted to 1 liter in a graduated cylinder). 

Preparation of Particulates 

GaAs was purchased from Alfa Products (#88458). The ingots of 

the electronic grade (metals basis 99.999% pure) were pulverized in a 

freezer mill (SPEX Industries, Inc., Metuchen, NJ) for several hours 

until a fine powder was formed. This powder was collected and sieved 

through stacked 90 micron mesh and 10 micron mesh precision microsieves 

(Model L3P Series A #L3-M90 and L3-M10, respectively, ATM Corp., 

Milwaukee, WI) in a sonic sifter (Model L3P Allen-Bradley, Milwaukee, 

WI). Dr. D. Ronald Webb prepared GaAs particles in a similar manner as 

described, except he ran the crushed powder and collected sievable 

fractions from a 40 micron microsieve and then sieved a portion of this 

fraction through a 10 micron precision microsieve. The 40 ym sieved 

fraction was used for solubility studies. The 10 ym sieved fraction 

particles were sized on a model #112 CLTNJB/ADC(w) Electrozone 

Celloscope (Particle Data, Inc., Elmhurst, IL) fitted with a 48 ym 



orifice probe. The 40 urn sieved fraction was sized on the same 

instrument fitted with a 150 um orifice probe. The particle shape was 

determined by scanning electron microscopy. (Particles of puratronic 

grade 1 arsenic trioxide (Alfa Products #400106) were collected after 

sieving the powder through a 40 micron microsieve (Model L3P Series A 

#L3-M40, ATM Corp.).) The GaAs particulates, supplied by Dr. Webb, were 

roughly spherical in shape with mean count diameters of 8.30 and 

1.63 ym plus mean volume diameters of 12.67 and 5.82 nm for the 40 pm 

and 10 jim sievable fractions, respectively. The particles will be 

referred to by their corresponding mean volume diameters in the 

remainder of the text. The arsenic trioxide particles had a mean 

volume diameter of 18.58 um. The smaller characterized GaAs particles 

were used in all the animal studies. 

Quantitation/Detection of Total Arsenic 

Apparatus 

Atomic Absorption Spectrophotometer: An atomic absorption 

spectrophotometer (Instrumentation Laboratory, Inc., Model #IL151, 

Lexington, MA) fitted with an arsenic hollow cathode lamp was used for 

the arsenic analyses. The instrument was equipped with a deuterium 

lamp for background detection. Absorbance measurements were read at 

the maximal absorbance wavelength for As (about 193.7 nm on the 

instrument). The three-slot burner head was positioned so the light 

from the arsenic lamp was about 0.5 cm above the head surface. The 

triple-slot burner head was used to provide a nitrogen-entrained air-

hydrogen flame. The N2 flow rate was 3 L/min and the H2 flow rate was 



1 L/min. The signal output was recorded on a Hewlett-Packard Model 

#17501A (Avondale, PA) strip chart recorder set at 10-20 mV and a chart 

speed of 0.5 inch/minute. 

Hydride Generator: Arsine was generated in a three-neck 100 ml 

round bottom flask as depicted in Figure 5. The central neck was 

fitted with a two-hole rubber stopper and glass tubing, which allowed 

N2 gas to enter the flask and effectively purge the head space gases 

out the exit tube. The exit tube was attached to an inlet of the 

atomic absorption spectrophotometer bypassing the sipper/aspirator, to 

allow direct flow into the burner head. The flask's contents could be 

evacuated to a waste container via a one-way stopcock positioned on a 

side neck. The other side neck was fitted with a rubber stopper with a 

3/8 inch bore hole which had a glass plunger inserted within the hole. 

This stopper served as the delivery system for the NaBH^ pellet 

required for the production of nascent H^ 

Hotplate: Hotplates with dimensions 25 x 25 cm (Corning Model 

#PC-101, Corning, NY) were used to heat the samples for the wet acid 

digestion. A wall of aluminum foil about 3 inches in height (made by 

folding the sheet of foil four times over) was placed around the 

periphery of the hotplate surface to reduce the air current flow and 

thus provide more uniform heating on the entire surface. Temperature 

measurements of the hotplate surface were determined by heating a 28 x 

28 x 7.5 cm aluminum block fitted with a thermometer holder. The dial 

settings of each hot plate were marked for the corresponding tempera

tures read on a standard mercury thermometer. 
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Fig. 5. Schematic diagram of the arsine generator apparatus. 
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Arsine Generation 

While the system was "closed" (all three necks were stoppered), 

the round-bottom flask was drained of any previous contents by opening 

the glass stopcock and pinching off the exit line to the burner head. 

The stopcock was then closed, the exit line was released and the rubber 

stopper with the glass plunger was removed. The glass plunger was 

pulled up a bit so a NaBH^ pellet could be fitted snugly in the hole. 

The appropriate volume of sample was pipeted into the round-bottom 

flask filled with 3 N HC1, to make a final volume equal to about 20 ml. 

The system was closed by replacing the stopper. Once a stable baseline 

was achieved on the recorder, the plunger was depressed to introduce 

the pellet into the HC1 solution containing the sample. The constant 

Ng flow carried the arsine and excess H^ produced to the burner head. 

Once the recorder returns to baseline, the procedure can be repeated. 

Each sample run is complete in about one minute. 

Calculations 

Arsenic levels were determined by measuring noise corrected 

peak height and peak width (at the half height) of the recorder 

response to the nearest millimeter. The responses of appropriate 

blanks were subtracted from these values. All Nal reduced samples 

were quantified from a standard curve of arsenic(III) carried through 

the wet acid digestion procedure. Samples assayed without digestion or 

Nal reduction were quantified by using standard curves of the corres

ponding species of the sample. Analytical recovery was determined by 



dividing the measured arsenic content by the theoretical content and 

expressing this value as a percent. 

Wet Acid Digestion (Webb and Carter, 1984) 

While the hotplate surfaces were preheated to 120-140°C for 

15 minutes, the sample solution (up to 5 ml), a large white pumice 

boiling stone, approximately 30 mg KgCrgO^, and 3 ml of concentrated 

HN03 were sequentially added to an individual 25 ml erlenmeyer flask 

for each sample to be analyzed. The samples were heated until their 

volume was reduced to about 1 ml. Samples should not be allowed to be 

heated to dryness since this may lead to loss of arsenic from spatter

ing or vaporization. The flasks were removed and allowed to cool. The 

hotplate setting for the surface temperature was adjusted for 240-260°C 

and allowed to preheat for 15 minutes. To each flask, 3 ml of concen

trated H2S0^ was added. The samples were heated for an additional 

30-40 minutes after the boiling stopped (excess HN03 was vaporized) 

until a precipitate was formed. Once the samples charred during the 

I^SO^ heating, the flasks were removed, allowed to cool, and an addi

tional 3 ml of HNOj was added. Heating was then resumed. This was 

repeated as often as necessary. This charring may lead to substantial 

arsine chloride losses and the nitric acid drives off most of the chlo

rides present and effectively prevents this loss (Sachs et al., 1971). 

The sample flasks were removed and allowed to cool. The contents were 

quantitatively transferred into 50 ml polypropylene centrifuge tubes 

via a 40 mm glass funnel, which trapped the boiling stone, by rinsing 

with about 15 ml of H20. Aliquots (1 ml) of the 20% (w/v) Nal 
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solution were added to each tube and the final volume was brought up 

to 20 ml with H20. The Nal reduced solutions were heated in a drying 

oven at 55°C for 30 minutes prior to running the samples on the direct 

hydride flame A AS. Samples were analyzed immediately or, at most, 

allowed to sit overnight. 

Analytical recovery of inorganic and methylated arsenic species 

by wet acid digestion was determined by analyzing known quantities of 

the various arsenical standards using the entire method. The recovery 

of As as defined from National Bureau of Standards (NBS) samples #1633a 

coal fly ash and #1577 bovine liver, was performed as described above. 

The effect of gallium on the Nal reduction and total digestion 

procedure were assessed by adding the appropriate amount of Ga(III) 

standard and carrying out the analyses. Some slight modifications of 

the procedure were necessary when biological samples were digested. 

Blood samples, liver homogenate, and solubilized fecal solutions had 

6 ml of HNOg added initially to allow for a more rapid tissue digestion 

without tissue spattering at the prescribed temperature. To fecal 

solutions, a-cellulose (Sigma #C-8002) was added to prevent excessive 

foaming. 

Speciation of Arsenical s 

Figure 6 depicts the apparatus to perform the ion exchange 

chromatographic separation of the metabolites of inorganic arsenicals. 

A disposable glass 10 ml pipet (29 cm x 0.9 cm i.d.) was packed with a 

slurry of the strong anion exchange resin to a height of 4.5 cm via a 

peristaltic pump (Buchler, Fort Lee, NJ). On top of this, a slurry of 
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Fig. 6. Schematic diagram of the apparatus for the chromatographic 
separation of the metabolites of inorganic arsenicals. 



the strong cation exchange resin was packed until a final total height 

of 16.5 cm is obtained. Solvents were poured into the funnel reservoir 

for application to the column. The reservoir's stopcock was adjusted 

so the dead space at the top of the column was constantly filled to a 

height just below the rim. A flow rate of 3 ml/min was maintained and 

the column was washed with 20 ml of 0.5 N HCl followed by 25 ml H20. 

The column was then equilibrated with 20 ml of the 0.006 M TCA 

solution. The flow rate was then adjusted to 1 ml/min. The sample 

was then applied to the column. The elution was run at this same flow 

rate with 28 ml of 0.006 M TCA followed by 4 ml of the 0.2 M TCA 

solution. Next, the column flow rate was adjusted to 3 ml/min for the 

application of 28 ml of 1.5 M HgSO^ and followed by 28 ml of 0.2 M 

TCA. An aliquot of urine from control animals and control urine spiked 

with 5.0 ug as As equivalents of arsenite, arsenate, MMAA, and DMAA was 

run to determine the retention times. Aliquots of 2 ml were collected 

on a Gilson FC-100 fraction collector (Middleton, MI). These fractions 

were digested and run on the direct hydride flame AAS system to 

determine total arsenic, as described. The same procedure was done 

with urine spiked with 5 ug as As equivalents of all four compounds. 

Maiorino and Aposhian (1985) reported that urine standards containing 

1.0 and 3.5 ug arsenite (as As equivalents) were oxidized to arsenate in 

significant amounts, while 5 ug samples did not exhibit this oxidation 

(Table 2). However, when recovery was expressed as the sum of both 

inorganic arsenic forms, a quantitative total recovery was achieved at 

all levels tested. For this reason, urinary profiles concerning the 



Table 2 

Recoveries of Arsenic Compounds Added to Rabbit Urine After Column Chromatography* 

Amount'3 Percentage Recovery of Each Compound3 

Arsenite Arsenate Inorganic Monomethyl- Dimethyl- Total^ 
Asc  arsonic Acid Arsinic Acid 

1.0 45.6 156.1 101.2 93.6 100.8 99.2 

3.5 81.7 112.3 97.0 98.9 104.3 99.3 

5.0 103.6 100.4 102.0 101.2 99.0 101.0 

fractions of the eluent of the mixed-bed SCX-SAX columns analyzed by direct hydride FAAS 
following wet acid digestion. 

^Expressed as As equivalents (in yg) of each arsenical added to the urine. 

cSum of the inorganic arsenic species (Arsenite + Arsenate). 

^Sum of the total arsenic species (Inorganic As + Monomethylarsonic Acid + Dimethylarsinic 
Acid). 

•k 
Table is adopted from Maiorino and Aposhian (1985). 



inorganic metabolites were reported as total inorganic arsenic. 

Recovery from the column of the test animals' urine was determined. 

This was done by comparing the total As content of an aliquot of urine, 

from a treated hamster, run on the column, to the total As content of 

an equivalent volume of the same animal's urine not run on the column. 

Spectrophotometric Determination 

Apparatus 

Hydride Generator: Figure 7 depicts the apparatus employed to 

generate the arsines of the four arsenical s of interest for this 

method. The reaction chamber is similar to that described for the 

direct hydride flame AAS system, with certain exceptions. The 

reductive reaction was initiated by slow addition of NaBH^ as a solution 

via a 1 ml gastight syringe (Hamilton, Co. #10011, Reno, NV). The 

outlet line has a drying tube, filled with glass wool saturated with 

lead acetate solution, between the reaction vessel and the arsine trap. 

The lead acetate traps any HgS liberated during the hydride generation 

reaction. The HgS can interfere with the arsine complexes formed with 

the AgDDC (Sachs et al., 1971.) The exit line has a glass tube inserted 

at the terminus which was positioned to be 10 mm from the bottom of 

the 16 x 150 mm borosilicate test tube. A bored serum cap held this 

glass tube at the desired position and sealed the outlet line and the 

test tube to form the trap. 

Ultraviolet-Visible Spectrophotometer: A Beckman Acta CII 

spectrophotometer (Beckman Instruments, Inc., Fullerton, CA) was used 

in the double beam mode to run blank corrected samples. The spectra 
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Fig. 7. Schematic diagram of the apparatus for the spectrophotometric 
determination of arsenite, arsenate, monomethylarsonic acid, 
and dimethylarsinic acid. 
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of the AgDDC-arsine were determined (100 nm/min) to find the maximal 

absorbance wavelength. 

Arsine Generation 

The reaction vessel was evacuated by the same means as the 

procedure described for the generator linked to the FAAS. After the 

reaction vessel was evacuated, the rubber stopper with the syringe was 

removed and the syringe was filled with 1 ml of the NaBH^ solution. 

Either 20 ml of 3 N HC1 or the citrate acetate buffer was poured into 

the round bottom flask and the desired volume of sample was added. 

The rubber stopper was then replaced to fit snugly. The test tube was 

filled with 5 ml of the AgDDC-pyridine solution and the exit line was 

sealed over the test tube top. The pyridine was slowly bubbled with 

the N2 for 1 minute at a flow rate of 0.10 ml/min, to deaerate the 

solution. The NaBH^ was added dropwise over a 30-45 second interval. 

The arsine trap tube was removed about 30 seconds after the addition of 

the reducing agent was completed and subsequently capped. The 

solutions were read at the desired wavelengths on the spectrophotome

ter against the appropriate acid or buffer blank. 

Arsine generation of arsenite, arsenate, MMAA and DMAA were 

performed and scans of the visible spectrum of the AgDDC complexes 

were run to determine the maximum absorbance wavelengths for each 

compound. Standard curves were determined, by measuring absorbances 

at these wavelengths and the linear range for each compound was 

calculated. The effect of pH on arsine generation was investigated. 



In Vitro Solubility 

Dissolution Rate 

A total of six 50 ml Erlenmeyer flasks were silanized with 

Prosil 28 (PCR Research Chemicals, Inc., Gainesville, FL) to prevent 

adsorption of trace amounts of arsenic to the container walls. 

Equimolar amounts (on a metalloid basis) of ASgOg (13.7 mg) and GaAs 

(20.0 mg), from the fractions sieved through the 40 pm precision sieve 

were placed into different flasks. Preheated (37°C) 0.1 M phosphate 

buffer (40 ml) was added to each flask and was stoppered. The flasks 

were placed in a shaking water bath incubator for 48 hours at 37°C. 

Each compound was done in triplicate. Aliquots were removed from the 

flask with a disposable plastic 6 cc syringe at 15 and 30 minutes and 

1, 4, 8, 12, 24, 36, and 48 hours. The 3 ml solutions were filtered 

through a 0.2 pm cellulose nitrate filter (Sartorius #11307, Gottingen, 

FRG) housed in a Swinnex 25 filter holder (Millipore Corp., Bedford, MA) 

into glass screw-top tubes and immediately frozen. After the final 

sample was collected, all the other solutions were defrosted and 1 ml 

of the Nal reducing solution was added to each tube which then was 

heated at 55°C for 15 minutes. Measurements of the filtrates for total 

soluble As were made by direct hydride flame AAS. 

A final study of the dissolution rate of GaAs was performed in 

the 0.1 M phosphate buffer using 20 mg of the 5.82 ym sized compound 

under the same conditions described above. The spectrophotometric 

determination was used to quantitate the soluble arsenic levels at the 

prescribed time points. 



Solvent Effect 

GaAs (12.67 ym) was incubated for 12 hours under identical 

conditions in the following aqueous solutions: 0.2 M phosphate buffer, 

0.1 M phosphate buffer, Krebs buffer, HC1-KC1 solution, and h^O. The 

first three buffers had a pH of 7.4 and HC1-KC1 solution was pH 2.0. 

Filtrates were treated with Nal and measurements for As were made by 

the spectrophotometry method. Studies were done in triplicate. 

Arsine Formation 

Previously silanized 50 ml Erlenmeyer flasks were filled with 

40 ml of prewarmed solutions (same as the solutions used in the 

solvent-effect subsection) after 40 mg of the 12.67 ym or 5.82 um 

fractions of GaAs were placed in the flask. The Erlenmeyers were 

sealed with a two-holed stopper which had one hole fitted with a glass 

tube and the other hole fitted with a polypropylene Y-neck connector. 

This connector was sealed with a serum cap on one arm while the other 

arm had tubing leading to a borosilicate test tube filled with 5 ml of 

the 0.5% AgDDC solution in pyridine. The glass tube was an inlet for 

the N2 gas source which bubbled through the solutions. The flasks were 

placed into a shaking incubator water bath set at 37°C. The solution 

was collected at time points (1, 8, and 24 hours) corresponding to the 

head space sampling. The head space sampling was done by injecting 

through the serum cap with a 10 ml Hamilton gastight syringe (Catalogue 

#10102) fitted with an 18 gauge needle and drawing back on the plunger. 

This collected gas was then injected slowly into a 5 ml solution of the 

AgDDC solution, directly. The test tube containing this solution was 



then bubbled with ^ gas for 1 minute. The samples were read on the 

visible spectrophotometer against appropriate blanks. The solutions in 

the Erienmeyers were checked for dissolution of the GaAs by the colori-

metric analysis, as described. 

Animal Treatment 

Male Syrian golden hamsters (130±15 g body weight) were 

purchased from Charles River Breeding Laboratories (Boston, MA) and 

allowed to acclimate for at least one week prior to dosing. Water and 

food (Wayne lab blox) were provided ad libitum throughout the studies. 

A normal diurnal cycle was maintained with artificial lighting. All 

animals were dosed at approximately 8:00 a.m. for each study. 

Dose Solutions 

The characterized 5.82 ym GaAs particles were suspended in a 

0.05% Tween 80 (Sigma #1754) physiological saline solution to yield a 

5.0 mg As/ml solution (96.53 mg GaAs/10 ml saline solution). Tween 80, 

a wetting agent, was added to aid in even distribution of the particles 

in the aqueous media during stirring. 

Sodium arsenite (Fisher #5-225) and sodium arsenate (Pfaltz and 

Bauer #S0 4150) were used to prepare 10 ml of the dosing solutions by 

initially dissolving the salts (86.7 mg and 208.2 mg, respectively) in 

0.1 N NaOH. The solutions of the soluble salts were subsequently 

adjusted with HC1 to pH 7.4. The final volume was brought up with 

saline solution. The solutions were tested to assure purity of the 
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arsenic species. A solution of saline and Tween 80 was prepared to 

administer to a group of animals as controls. 

Intratracheal Instillation (Brain et al., 1976) 

Hamsters were anesthetized with an intraperitoneal injection of 

about 0.6 cc of a 1% solution of sodium methohexital (Brevital , Eli 

Lily and Co., Indianapolis, IN). Each hamster was placed on a slant 

board (20% from the vertical) and supported by a rubber band placed 

around the upper incisor teeth following the onset of anesthesia. A 

plastic speculum was placed into the trachea to help guide the needle 

into the trachea and prevent immediate expectoration of the dose 

solution. A clear-blue plastic Oxford sampler tip (#911Q 

Lancer/Sherwood Medical, Brunswick Co., St. Louis, MO) worked well as 

the speculum. Positioning of the speculum in the trachea was verified 

by the evidence of condensation of moisture in the speculum and deep 

breathing. The dose solutions were delivered to the lung through the 

trachea with a modified 19 gauge 3.5 inch B-D LeurLok spinal needle 

with a Quincke type point (Becton, Dickinson and Co., Rutherford, NJ). 

(Figure 8 depicts this procedure.) This needle was bent to form a 45° 

angle halfway down the needle and the point was filed until blunt and 

smooth. The hamsters were administered the appropriate volume of 

dosing solution (0.10 ml/100 g) to expose the animal to 5.0 mg As/Kg 

body weight of the desired arsenical. After the speculum was observed 

to be clear of any dose solution, it was removed. The animal was 



Fig. 8. Schematic diagram of intratracheal instillation of hamster by 
the method of Brain et al., 1976. 



removed from the slant board and gently shaken to aid the gravitational 

settling of the dose into the pulmonary region of the lung. 

The delivery of dose by this method, the placing of the dose 

into the speculum alone, and a surgical cutdown procedure (Webb et al., 

1984) was assessed by substituting radiolabeled butyl benzyl-

phthalate ester (0.49 nCi total activity added from a solution prepared 

from Midwest Research Institute lot #82-193-60 (Kansas City, MO) 

compound) for the Tween 80 as the wetting agent. After recovery from 

anesthesia, the animals were sacrificed and their lungs were removed 

and burned on a Tri-Carb Oxidizer Model #B0306 (Packard Instrument Co., 

Downers Grove, IL). The solutions from this instrument were run on a 

Beckman LS100-C scintillation counter to assess the delivery of the 

radioactive material. 

Collection of Excreta and Tissues 

After intratracheal instillation, hamsters were placed into the 

plastic metabolism cages. Urine and feces were collected daily and 

frozen at 4°F. The feces were stored in 50 ml polypropylene tubes. 

Urine was stored in 15 ml plastic centrifuge tubes with the water used 

to rinse the cage to collect any dried urine. The animals were 

sacrificed via C02  exposure, at the appropriate time point for each 

study. All three compounds were tested in four animals for 1, 2, or 4 

days. After death the hamster was incised down the chest, the rib cage 

was removed and approximately 1 ml of blood was drawn by cardiac 

puncture into a 1 ml syringe fitted with a 20 gauge 1 inch needle 

coated with heparin. The blood was placed in 4 ml of H20 saturated 
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with disodium EDTA in a 25 ml erlenmeyer. The lungs were removed and 

separated into the individual lobes and placed into a preweighed 50 ml 

centrifuge tube. The liver and kidneys were removed, trimmed of 

extraneous fat and connective tissue, and placed in tared tubes, also. 

Tissue weights were measured. All the tissues were homogenized in 

15 ml of H20 and brought up to a final volume of 20 ml. The samples 

® , 
were homogenized on an Ultra Turrax Tissumizer (Tekmar Model #SDT, 

Cincinnati, OH). Urine was diluted, after thawing, to yield a final 

volume of about 10 ml. Feces were treated with 20 ml of 1 N NaOH 

overnight and vortexed vigorously. The tissues and excreta solutions 

were vortexed and an aliquot was transferred to 25 ml erlenmeyer 

flasks. All samples were wet acid digested by the method previously 

described. An aliquot of urine was analyzed for the various species of 

arsenic present after separation on the ion exchange column as 

described. The tissue and excreta results were expressed as percent of 

arsenic dosed found in the tissue. The metabolite results were 

expressed as percent of total arsenic in urine found as the various 

arsenicals. 

Statistics 

All standard curves were analyzed for the least squares line 

of best fit to allow prediction of the amount of arsenic in each sample 

read. This allowed the estimation with the smallest variance amongst 

all other unbiased linear estimates (Remington and Schork, 1970). The 

strength of the relationship between instrument response and arsenic 

level was better indicated by the coefficient of determination (r^) than 



the coefficient of correlation (r) (Remington and Schork, 1970). All 
O 

standard curves had to have r values of greater than 0.95 to be 

acceptable or were repeated during analysis. 

Between-run precision of multiple sampling analyses for the 

analytical methods described was assessed by determining the coeffi

cient of variation (the mean value divided by the standard deviation). 

A coefficient of variation of less than 0.10 was deemed acceptable. 

Regression analysis of the cumulative AS2O3 and GaAs dissolu

tion rates was performed. These curves were best fit with a power 

function equation: y = mx*5; where b is the slope, m is the intercept 

value at one hour, x is time in hours, and y is the level of arsenic in 

solution in yg As/ml. Coefficients of determination were calculated, 

al so. 

Comparisons of the three treatment groups of hamsters in all 

the studies were performed after applying appropriate mathematical 

transformations to normalize the data (Trosset, 1985). Results 

expressed as percentage of dose administered were transformed by the 

arcsin (p)1^2  (where, the p value is the percentage divided by 100). 

The metabolite results expressed as ratios were transformed by the log 

R (where R is the ratio of two values with the same units). Both 

transformations yield values which fit a normal distribution curve 

better. Since all values can be assumed to fit a normal distribution, 

two-way analysis of variance and Newman-Keuls multiple means compari

sons were used to determine statistically significant differences 

between the treatment groups. (Newman-Keuls method was used since it 



is more powerful than the Student's Q method in detecting real differ

ences, although it may not give the same protection as the Student's Q 

method (Snedecor and Cochran, 1982).) All differences in values were 

considered statistically significant if p < 0.05. 



CHAPTER 3 

RESULTS 

Quantitation/Detection of Total Arsenic 

Inorganic arsenic(III) and arsenic(V) were quantitatively 

converted to arsine with NaBH4  in 3 N HC1. Absorbance responses of the 

undigested arsenicals are listed in Table 3. The response was not 

equivalent when expressed as peak height. When the peak area of 

equivalent amounts of both compounds (metalloid basis) were measured, 

the results were not significantly different from each other. 

Reduction with Nal of both arsenicals prior to the hydride generation 

reaction yielded peak heights which were not significantly different 

from each other, but varied from the samples not reduced with Nal. The 

peak areas of the arsenite and arsenate, whether pretreated with Nal or 

untreated, were approximately equal. The responses of MMAA and DMAA 

when expressed as peak height or peak area were not equivalent to the 

arsine response derived from arsenite or arsenate. The MMAA absorbance 

recording had a broad peak width and thus large area. The DMAA had an 

attenuated response. 

Figure 9 shows tracings of recorder responses of the four 

arsenicals. The arsenite peak was characterized by a rapid rise and 

fall in the absorbance. The arsenate response was characterized by a 

less rapid rise and fall in absorbance. The time course for the 

evolution and subsequent measurement of the evolution of the arsines 
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Table 3 

Responses of Untreated Arsenicals 

Peak Height (mm)a  Peak Area (mm2)a 'b  

Arsenite 74.5 ± 4.77 142.3 ±2.08 

Arsenite + Nalc  86.2 + 9.87 142.7 ±3.60 

Arsenate 58.8 ±1.06 146.9 ±2.69 

Arsenate + Nalc  88.3 ± 5.30 143.0 ±7.00 

MMAAd  63.3 ±0.35 221.4 ±1.27 f  

DMAAe  9.8 ± 0.35 3.90 ±1.41 f  

aRecorder measures of arsenicals run on direct hydride FAAS corrected for noise (n = 3). 
Values are mean ± S.D. 

^Recorder responses of arsenicals run on direct hydride FAAS corrected for noise. Area 
equals the height multiplied by the half-height width. 

p 
Sodium Iodide (Nal) is added as a reducing agent. 

^Monomethylarsonic acid. 

eDiniethylarsinic acid. 

^Peak areas are significantly different from arsine response derived from arsenite 
reduction (p<0.05). 
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lUntreated samples 

Digested sample* 
AI AA MA OA 

9. Tracings of recorder responses to the determination of As 
equivalents of arsenite (AI), arsenate (AA), monomethylarsonic 
acid (MA), and dimethylarsinic acid (DA) by the direct hydride 
flame atomic absorption method. Top panel is the response of 
300 ng As equivalents of the arsenical standards. Bottom 
panel is the response of the corresponding arsenical after 
the digestion procedure. 



from arsenite and arsenate are shown in Table 4. The arsenite had a 

maximal absorbance about twice that of arsenate. The arsine generation 

reaction for arsenic(III) lasted about 18 seconds and for arsenic(V) 

lasted about 22 seconds on this system. It is important to note, that 

both inorganic species displayed a tailing effect at the end of the drop 

in absorbance. Figure 10 depicts this slowed return to baseline. This 

phenomenon was seen in the recorder responses as evidenced by base 

broadening and unsymmetric shape of the absorbance peaks which 

resulted. 

Wet acid digestion ana subsequent Nal reduction, prior to the 

analysis by direct hydride flame atomic absorption spectroscopy (FAAS), 

showed consistent conversion of all the arsenicals to arsenic(III) as 

displayed by the recorder responses of the arsine reaction absorbance. 

Figure 9 (top panel) depicts the tracings of these recorder responses 

of arsine generation of equimolar amounts of each compound without 

treatment and following the wet acid digestion. The peak heights and 

areas of the generated arsines absorbances were apparently equivalent. 

Five standards containing 300 ng As equivalents of DMAA were quantified 

following the digestion of each sample. A recovery of 101.9% with a 

coefficient of variation of 9.85% was' calculated when the digested 

DMAA was quantified from a digested arsenite standard curve. Table 5 

shows the recoveries of this digestion procedure based on the analysis 

of two different National Bureau of Standards (NBS) reference 

materials. The analyses of the NBS #1633a coal fly ash and NBS #1577 

bovine liver yielded recoveries of 64.1% and 93.9%, respectively, of 
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Table 4 

Time Course for Arsine Generation 

Arsenite Arsenate 

Time (sec) Absorbance9  time (sec) Absorbance9  

0 0.000 0 0.000 

4 0.228 5 0.100 

5 0.270 6 0.120 

6 0.225 8 0.130 

10 0.065 10 0.120 

15 0.020 15 0.073 

18 0.000 22 0.000 

aAbsorbance units measured directly from the IL 151 AAS 
after running samples in the nitrogen entrained arsine generation 
apparatus on line to the burner head for direct hydride FAAS 
measurement. Each run contained 200 ng as As equivalents of the 
appropriate compound. 
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Fig. 10. Time course of the generation of arsine from arsenate and 
arsenite as determined by the direct hydride flame atomic 
absorption method. Both the arsenate and arsenite samples 
contained 200 ng As equivalents. 



Table 5 

Results of Arsenic Standards Analyses by Wet Acid Digestion 

Concentration9  Result'3  Recovery0  

^B(reference #1633a) 145±15  92-4±7"° 

""(reference1#^?) 0.055 ±0.005 0.052 ±0.002 93.9 ±2.8 

Concentration of standard expressed as ng As/g matrix. 

^Results obtained following wet acid digestion of three different samples. Values are 
mean expressed as yg As/g matrix±S.D. 

cRecovery expressed as percent of standard obtained. 
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the expected result with coefficients of variation of 7.6% and 3.0%, 

respectively. 

The presence of gallium in standards of arsenic had no apparent 

effect on the arsine generation absorbance nor the digestion procedure 

as shown in Table 6. Arsenite and Nal reduced arsenate samples 

exhibited the same absorbance response recorded as peak height when 

equimolar amounts of gallium and arsenic (metals basis) were present. 

Digestion of DMAA, arsenate, and arsenite with equimolar amounts of 

gallium yielded responses with 6.4%, 1.9%, and 1.8%. variation, respec

tively, from the standard run lacking gallium. These variations all 

were less than the maximum allowable coefficient of variation (0.10) 

for between-run precision of the analysis of standards by this method. 

A typical standard curve for the response of arsenicals after 

the digestion procedure is shown in Figure 11. The line demonstrates 

an adequate linear relationship between arsenic content and the 

absorbance of the generated arsine, expressed as peak height. This 

curve consistently had a linear range between 50-300 ng arsenic (as 

As). Between-run reproducibility of the various points on the curve 

was excellent with coefficients of variation of less than 10.0% (data 

not shown). Under optimal operating conditions, the detection limit was 

determined to be 7 ng As(III)/arsine reaction and sensitivity of 2 ng 

As(III)/arsine reaction was achieved. The detection limit of this 

analysis was defined as that quantity of arsenic which produced an 

absorbance twice the background signal-to-noise ratio. The sensitivity 

was defined as the amount of arsenic which would produce a 1% change 
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Table 6 

Effect of Gallium on Acid Digestion 

Compound Gallium Present 
(pg)a  

Responseb  

Arsenite (untreated)0  0 28.0 

Arsenite (untreated) 100 28.0 

Arsenate (treated)^ 0 23.0 

Arsenate (treated^ 100 23.0 

Arsenite (digested) 0 83.0 

Arsenite (digested) 300 81.5 

Arsenate (digested)e  0 80.5 
p 

Arsenate (digested) 300 81.5 

Dimethylarsinic Acide  0 85.5 

Dimethylarsinic Acide  300 80.0 

aGallium present expressed as Gallium equivalents of Ga(N0g)g. 

^Recorded response of direct hydride FAAS expressed as peak 
height (mm). 

cStandard solution run on direct hydride FAAS without digestion 
(Arsenite present 100 pg as As equivalents). 

^Standard solution run on direct hydride FAAS after addition of 
Nal only (Arsenate present 100 pg as As equivalents). 

eStandard solution run on direct hydride FAAS after wet acid 
digestion (Arsenicals present 300 yg as As equivalents). 
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Fig. 11. Typical standard curve for the response of arsenical s after 
the digestion procedure. Peak heights were determined by 
correcting for noise as described. The star (•) signifies 
that this quantity does not respond in a linear manner and 
does not fit in the linear range. A consistent linear range 
between 50-300 ng As equivalents for the direct hydride 
flame AAS method was found. 



in absorbance (an absorbance signal of 0.0044). Peak height was used 

throughout the remainder of the study to determine arsenic levels, 

unless incomplete Nal reduction occurred; under these conditions, 

analysis by peak area was employed. The incomplete reduction was 

assessed by comparing the recorded peak shape with the standard curve 

peak shapes. 

Speciation of Arsenicals 

Samples of arsenite, arsenate, MMAA and DMAA (5 ug As equiva

lents) run individually on the SCX-SAX mixed bed column had distinct 

retention times with little overlap. Figure 12 depicts the elution 

profiles of the fraction collection analyses. DMAA eluted at 56-74 ml, 

arsenate at 26-44 ml, MMAA at 12-27 ml, and arsenite from the origin 

to 12 ml. A small portion of a pure arsenite sample recovered from 

the column eluted at the retention volume for arsenate. This column 

oxidation accounted for 3.6% of the recovered dose of arsenite. The 

column recoveries of the individual standards were 95.7%, 94.5%, 

100.4%, and 95.6% for arsenite, arsenate, MMAA and DMAA, respectively. 

The hamster urine containing all four compounds had an elution profile 

as depicted in Figure 13. The overall column recovery was 98.0%. 

DMAA had baseline separation from the other arsenicals. Arsenate and 

MMAA retentions overlapped slightly (about 2.5% of the total elution 

of either compound). However, about 18% of the arsenite elutes at the 

same volume as MMAA. Colorimetric analysis of the eluent by pH 

dependent differential arsine liberation was performed on the fractions 

collected between 8-16 ml, to confirm the actual overlap of the 
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Fig. 12. Elution profiles of the mixed-bed strong cation and strong 
anion exchange chromatography column described. Standards of 
each arsenical (5 ug As equivalents) were applied to different 
columns and 2 ml fractions were collected and analyzed by 
wet acid digestion and analyzed by the direct hydride flame 
AAS. Recovery from the columns was 95.7, 94.5, 100.4, and 
95.6% for arsenite, arsenate, MA and DA, respectively. 
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Fig. 13. Elution profile of the mixed-bed strong cation and strong 
anion exchange chromatography column described. Standards 
of each arsenical (5 ug As equivalents) were added to 1 ml 
of control hamster urine and this in turn was applied to a 
single column. Fractions were collected every 2 ml and 
analyzed after wet acid digestion and run on the direct 
hydride flame AAS. Recovery was 98.0%. 



elution volumes of MMAA and arsenite (data not shown). It verified the 

retention volume overlap obtained by the FAAS analysis. After extrapo

lation of the peak shapes of the arsenite and MMAA, based on the 

individual retentions, the elution profile of the arsenicals on the 

column was characterized. Elution collection for future analyses was 

done as follows: 0-11 ml for arsenite, 12-27 ml for MMAA, 28-45 ml 

for arsenate, and 56-74 ml for DMAA. The 46-55 ml fraction was 

collected and analyzed for any unknown arsenic-containing compounds. 

Column recoveries of the test animals' urinalysis (discussed in Animal 

Studies subsection) was found to be 98.3±9.8% for the 36 animals 

studied. 

Spectrophotometric Determination 

Inorganic arsenate and MMAA were quantitatively converted to 

arsine and monomethylarsine with NaBH^ in 3 N HC1. Inorganic 

arsenic(III) and DMAA were quantitatively converted to arsine and 

dimethylarsine with NaBH^ in 3 N HC1 or pH 5.2 citrate-acetate buffer. 

The absorbance responses of the four complexes between the arsines and 

AgDDC in pyridine, were not the same. Scans of the visible spectrum of 

equimolar amounts of each compound are shown in Figure 14 and Figure 

15. Arsenite and arsenate derived arsine had a maximum absorbance at 

540 nm. Although arsenate had a depressed absorbance (0.420) when 

compared to the arsenite (0.620). DMAA and MMAA derived arsines had 

maximum absorbances at the same wavelength, 420 nm. The MMAA had an 

absorbance value of 0.950 in contrast to the DMAA absorbance value of 

0.272. Maximal absorbance was used for quantitation of the various 
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14. Recorded scans of arsine absorbance. Tracings of the visible 
spectrophotometry absorbance of arsenite (top diagram) and 
arsenate (bottom diagram) following the reaction of their 
corresponding arsines in 5 ml of 0.5% silver salt of diethyl-
dithiocarbamic acid in pyridine. Arsenical standards contained 
75 ng As equivalents. 
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Fig. 15. Recorded scans of methylarsine and dimethylarsine absor-
bances. Tracings of the visible spectrophotometric absorbance 
of MMAA (top panel—monomethylarsonic acid) and DMAA (bottom 
panel—dimethylarsinic acid) following the reaction of their 
corresponding arsines in 5 ml of 0.5% silver salt of diethyl-
dithiocarbamic acid in pyridine. Arsenical standards contained 
75 ng As equivalents. 



arsenicals. Mixtures of methylated arsenicals with inorganic arsenic 

compounds required absorbance readings at both wavelengths (since all 

their generated arsines have absorbances at these wavelengths) so the 

correct calculations for quantitation can be made. 

Figure 16 shows typical standard curves for the inorganic and 

methylated arsenicals. Every point in the linear range on the four 

standard curves had coefficients of variation of less than 10% (data 
O 

not shown). The coefficients of determination (r ) were all greater 

than 0.995. Table 7 shows the slopes of the curves depicted in Figure 

16 and the calculated corresponding linear ranges of the four 

compounds. DMAA had a larger linear range than the other compounds, 

extending out to 200 yg as As. The minimum measurable amounts of the 

arsenicals were between 1.0-2.5 yg As equivalents. 

The effect of pH on arsine generation was examined on this 

apparatus. The results are shown in Table 8. The generation of arsine 

from 15 yg (as As) with NaBH^ yielded a larger absorbance response when 

reacted in the buffer at pH 5.2 (0.609) than if reacted in the 3 N HC1 

(0.554). Arsine liberated from the reaction of the arsenate with the 

NaBH^ in 3 N HC1 exhibited a response of 0.377 absorbance units. In 

contrast the same determination was performed with the citrate-acetate 

buffer, in place of the acid in the reaction vessel, a much lower 

response was measured (0.053). When equimolar amounts of both 

inorganic species were analyzed together in 3 N HC1 and the buffer, 

quantitative recoveries were found. A blank acid and blank buffer 
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Fig. 16. Standard curves for the inorganic and organometalloid 
arsenicals as determined by the spectrophotometric determina
tion described. The standard deviations are not shown in this 
diagram to simplify the figure. The standard deviations of 
each point, which were run in triplicate, may be found in 
Table 7. The coefficients of determination (r^) for the 
arsenite, arsenate, monomethylarsonic acid, and dimethyl-
arsinic acid curves were 0.995, 0.999, 0.997, and 0.998, 
respectively. 



Table 7 

Standard Curves for the Spectrophotometry Determination 

Compound Slope9  Linear Range (yg)'3  

Arsenite0  0. .0315 2. .5 • -75.0 

Arsenate0  0. .0255 1. .5--60.0 

Monomethylarsonic Acid'* 0. ,0343 1. ,0 • - 50.0 

Dimethylarsinic Acid^ 0. .00786 2. ,0--200. 

aSlope was determined for the best fit line by least squares 
difference of the means (n = 3) for points on the line. 

^Linear range of the standard curves for each arsenical is 
shown with the minimum value up to the maximum value. Amount 
expressed as yg As equivalents. 

Measurements were read at 540 nm. 

^Measurements were read at 440 nm. 



Table 8 

Effect of pH on Arsine Generation 

Compound 
(amount) 

Solution3  Absorbanceb 

Arsenite (15 y g )  acid^ 0.554 

Arsenite (15 y g )  buffer0  0.609 

Arsenate (15 y g )  acid 0.377 

Arsenate (15 y g )  buffere  0.053 

Arsenite (15 y g )  +  
Arsena te  (15  y g )  

acid^ 0.916 

Arsenite (15 y g )  +  
Arsena te  (15  y g )  

buffere  0.620 

Blank acid vs. 
blank buffer0  0.010 

aSolution present in the arsine generator flask. 

^Spectrophotometry method described was employed—measurements 
were read at 540 nm on a visible spectrophotometer against the 
appropriate blank. 

cBlank runs of the arsine generator with acid and buffer were 
done and the 0.5% AgDDC in pyridine trap solutions were read on a 
double beam spectrophotometer against each other. 

^Acid solution was 3 N HC1. 

eBuffer solution was a citrate-acetate buffer with pH 5.2. 
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reaction trap solutions were read against each other and yielded a 

background absorbance of 0.010. 

DMAA and MMAA were analyzed following the same protocol as 

that described for arsenate and arsenite, except the absorbance meas

urements were read at 440 nm. Table 9 displays the results compiled 

from these tests. The DMAA reacted in the acid solution had a greater 

absorbance than the sample reacted in the buffer. The MMAA reacted in 

the buffer had a response which was not quantifiable since it did not 

fit in the linear portion of the standard curve. In contrast, the 

hydride generation reaction of MMAA in acid was quantifiable. When the 

simultaneous analysis of DMAA and MMAA were performed in the acid or 

buffer responses yielded quantitative recoveries. The trap solutions of 

blank runs of the 3 N HCl and citrate-acetate buffer were read against 

each other and yielded a background absorbance of 0.008. 

When equimolar amounts of MMAA and arsenite were reacted 

together in the acid solution and pH 5.2 buffer, readings of 1.062 and 

0.614 were measured, respectively (not shown). This corresponded to a 

96.1% recovery for the arsenite in the buffer when comparing the 

corrected value (observed value minus the MMAA value obtained in 

buffer) to the expected value—arsenite value observed reacted in 

buffer alone (0.609). The overall recovery of the mixture of the two 

ran in acid together was 99.4% upon comparison of the observed result 

with the expected result (sum of arsenite and MMAA reacted individu

ally). This procedure was used to help verify the elution profile 

separation of arsenite and MMAA. 



Table 9 

Effect of pH on Organoarsine Generation 

Compound 
(amount) 

Solution3  Absorbance13  

DMAAC (15 y g )  •A*  acid 0.118 

DMAAC (15 y g )  buffer^ 0.108 

MMAAd  (15 y g )  acid^ 0.514 

MMAAd  (15 y g )  buffer9 0.029 

MMAAd  (15 y g )  +  
DMAA C  (15  y g )  

acid1" 0.616 

MMAAd  (15 y g )  +  
DMAA C  (15  y g )  

buffer^ 0.134 

Blank Acid vs. 
Blank Buffere  0.008 

a 

Solution present in arsine generator flask. 

^Spectrophotometry method described was employed—measurements 
were read at 440 nm on a visible spectrophotometer against the 
appropriate blank. 

c 
Dimethylarsinic acid. 

d  Monomethylarsonic acid. 

eBlank runs of the arsine generator with acid and buffer were 
done and the 0.5% AgDDC in pyridine trap solutions were read on a 
double beam visible spectrophotometer against each other. 

f 
Acid solution was 3 N HC1. 

^Buffer solution was a citrate-acetate buffer with pH 5.2. 



In Vitro Solubility 

Dissolution Rate 

The 12.67 ym GaAs fraction was apparently soluble in 0.1 M 

phosphate buffer with pH 7.4. The arsenic concentration in the 

analyzed filtrates peaked at the 36 hour sampling time point. The 

percent dissolution of these particulates was estimated to be 81.9% at 

this time. The arsenic concentration of the analyzed filtrates of the 

AS2O2 reached a maximum value at 36 hours, also. The estimated 

percentage of dissolution was calculated to be 96.7%. The values 

measured at 48 hours were not significantly different from each other, 

suggesting the buffers reached the point of saturation. The smaller 

GaAs particles also seemed to be soluble in the phosphate buffer. 

About 90.4% of these particles were dissolved at 36 hours after the 

incubations were run. The linear release of the arsenic from each 

compound from 15 minutes to 36 hours is shown in Figure 17. Each line 

was analyzed by a power function equation, as already described in the 

Statistics subsection. The following mathematical expression for 

As203, 12.67 um GaAs, and 5.82 um GaAs particles were obtained: y = 

42.99x0"59, y = 8.10x0 '8^, and y = 17.63x0 '^, respectively. The coeffi

cients of determination for the calculated best fit lines were 0.94 

(As203), 0.98 (12.67 um GaAs) and 0.96 (5.82 pm GaAs). 

Solvent Effect 

Results of the dissolution of the fraction of larger GaAs par

ticulates (12.67 pm mean count diameter) in various buffers are shown 

in Table 10. The amount of each sample dissolved appeared to be both 
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Fig. 17. Concentration of arsenic in 0.1 M, pH 7.4, phosphate buffer 
filtrates of the incubation of GaAs or AS2O3 at 37°C for 
48 hours. Each value represents the mean of three 
replicates. The standard deviations are not shown to 
simplify the figure. The squares (•) represent AS2O3, the 
stars (•) GaAs (10 pm sieved fraction) and the circles (©) 
GaAs (40 um sieved fraction). 



Table 10 

Effect of Various Media on GaAs Dissolution3 

Media Relative Percentage 
Dissolvedd 

0.1 M phosphate buffer*3 100 ± 2 

0.2 M phosphate buffer'3 131 ± 7 

Krebs buffer*3 55 ± 3 

Distilled h^O 46 ± 2 

HC1-KCL solution0 11 ±1 

aGaAs (12.67 ym mean volume diameter) particles were incubated 
in various solutions at 37°C for 12 hours. 

^Buffers with pH 7.4. 

cSolution with pH 2.0. 

^Values expressed as percent dissolution relative to the value 
obtained in the incubation in 0.1 M phosphate buffer. Values are 
mean±S.D. of three replicates. 



pH dependent and affected by the concentration of phosphate anions. 

The Krebs buffer had a phosphate concentration of 1 mM compared to the 

0.1 M and 0.2 M phosphate buffers. The other two solutions had no 

phosphate anions. The order of dissolution: 0.2 M phosphate > 0.1 M 

phosphate > Krebs > deionized HgO reflected the effect of the concen

tration of the anion on dissolution at approximately the same pH. The 

pH 2 HC1-KC1 solution appeared to have greatly suppressed the dissolu

tion of the compound when compared to all the other solvents. 

Arsine Formation 

No arsine was found during the dissolution process in the 

various buffers when analysis of the headspace sample or arsine trap 

solution were performed at the 1, 8, and 24 hour time points (results 

not shown). The color of the trap was visually checked from time to 

time to prevent any degradation of the arsine-AgDDC complex (which is 

known to occur) from masking arsine generation. 

Animal Studies 

Dosing Procedure Assessment 

The dose solutions of the soluble arsenic salts prepared by the 

methods described were analyzed by differential pH arsine generation as 

described in the Colorimetric Analysis subsection. This initial check 

was done prior to dosing the animals. The solutions were all found to 

be at least 95% of the required valence state. (This discrepancy was 

allowed since a small percentage of arsenate was shown to spontane

ously reduce during the analysis.) Aliquots of these solutions were 
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run on the column used to speciate the metabolites after treating the 

animals to more accurately determine the actual purity; under these 

conditions of analysis all dose solutions were at least 98% of the 

desired valence of arsenic. 

Evaluation of the various methods of intratracheal instillation 

of four animals per technique is shown in Table 11. Each animal was 

dosed with about 0.0588 uCi of the phthalate ester. The surgical 

method of exposing the trachea and subsequent injection of the 

suspension into the respiratory tract posed many difficulties. Two 

animals did not survive the operation. This probably was due to 

problems with the anesthesia. It apparently did not permit the hamster 

to effectively handle the insult and stress placed on the lungs by the 

dosing suspension. The two survivors of the surgery experienced diffi

culties, with infection of the neck region observed 2 days following 

recovery. This method was not analyzed nor used in future studies. 

When the speculum alone was used to instill the particles only 39% of 

the radioactive compound was found in the lobes of the lung. In 

contrast, about 86% of the radiolabeled chemical was found in the 

lobes of the lung following the administration of the dose via the 

modified spinal needle. The upper gastrointestinal tract was analyzed 

for radioactivity also. These methods introduced 31.1±4.5% and 

13.4±7.3% of the radioactivity into the gastrointestinal tract. About 

40% of the radioactivity of the dose administered via the speculum 

alone was not accounted for in the animals. This may have been due to 

the adherence of the wetting agent to the plastic speculum or the 
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Table 11 

Comparison of Intratracheal Instillation Methods3 

Technique Employed Delivery of Compoundb 

Method of Brain0 85.8 + 8.9 

Modified Method 
of Brain° 39.0 ± 4.4 

0 
Surgical Method N.D. f  

aHamsters were dosed by the corresponding protocol with a solu
tion of saline containing 0.49 yCi/ml of butyl benzylphthalate 
ester as a radioactive tracer in place of Tween 80 as the wetting 
agent. 

^Delivery of the compound was assessed by determining the 
recovery of the administered dose remaining in the lobes of the 
lung expressed as percent of radioactivity dosed (n = 4 for each 
study). 

""Method used to administer dose solution as described (Brain 
et al'., 1976). 

^Method used to administer dose solution same as Brain method, 
but a speculum instead of an angled 19 gauge needle was used. 

eSurgical cut-down procedure as described was used. 

f 
Abbreviation for Not Determined. Animals did not recover from 

operation so the assessment of the procedure was not carried out. 



deposition of the dose only into the upper regions of the respiratory 

tract, but this was not checked. The bent angle needle was used to 

instill the doses in all the animal studies, hereafter. 

Hamster Studies 

Control animals (n = 4) were tested at 24 hours for trace 

levels of arsenic in the tissues and excreta. No appreciable amounts 

were detected. 

Metabolism and Excretion. Table 12 shows the results of the 

cumulative percentage of the dose excreted expressed as arsenic equiva

lents. After 1 day, 24.64% of the arsenate dose and 15.45% of the 

arsenite dose were found in the urine. By 48 hours, 43.43% (arsenate) 

and 32.07% (arsenite) was excreted via the urine. After four days 

about 50% of both compounds had been eliminated in the urine. The 

elimination in the urine of arsenate was statistically greater than the 

urinary excretion of arsenite on days 1 and 2. This relationship did 

not hold true for the amount of compound excreted after 4 days. In 

contrast, GaAs was excreted via the urine to a much lesser extent, 

about 5% of the total dose after 96 hours. Figure 18 depicts these 

results graphically. 

Fecal elimination of the soluble arsenicals was very low on the 

first day~7.44% and 3.43% of the administered doses for arsenate and 

arsenite, respectively. However, about 27% of the As derived from GaAs 

was found in the feces. About 10% more of the As from the GaAs dose 

was eliminated the next day. Almost half the GaAs derived As was 

found in the feces by the fourth day following exposure. Both soluble 



Table 12 

Cumulative Percent Dose Excreted as Arsenic Equivalents 

Compound Urine Feces Total 

Arsenate—Day 1 24.64 ±2.07 7.44 ±0.49 32.07 ±1.69 

Arsenate~Day 2 43.43 ±5.42 20.34 ±2.41 63.77 ±7.07 

Arsenate—Day 4 48.49 ±2.91 29.25 ±5.49 77.74 ±7.84 

Arsenite—Day 1 15.24 ±1.49 3.43 ±0.81 18.67+0.81 

Arsenite—Day 2 32.07 ±0.88 18.48 ±1.57 50.55 ±2.16 

Arsenite—Day 4 48.52 ±2.60 31.57 ± 3.30 80.08 ±4.99 

Arsenide'5—Day 1 1.94 ± 0.37 27.01 ±4.35 28.94 ±4.48 

Arsenide'3—Day 2 4.15 ±0.68 36.74 ±5.21 40.89 ±4.67 

Arsenide^—Day 4 5.42 ±0.26 46.34 ±3.15 51.75 ±3.00 

Levels expressed as percentage of administered dose (as As equivalents) excreted as 
determined by direct hydride FAAS. Hamsters were dosed intratracheally with 5 mg/kg As 
equivalents of the appropriate compound. Values are mean±S.D. (n = 4). 

^Arsenide stands for GaAs. 
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Fig. 18. Dose excreted in urine expressed as percentage of administered dose (as As equiva
lents) as determined by direct hydride flame AAS. Animals were dosed intra
tracheal ly with 5 mg/kg As equivalents of appropriate compound. Values are mean ± 
S.D. (n = 4). The star (-&) denotes values of arsenate which are significantly 
different from the arsenite value on the same day (p<0.05). 
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arsenical salts showed a large increase in the fecal elimination of the 

compound by 48 hours. About 30% of each of the soluble arsenicals was 

excreted from the body in the feces by day 4. 

The urinalysis for the metabolites of the three inorganic 

arsenicals is shown in Table 13. The results are expressed as percent 

of the total urinary arsenic. The levels of As derived from the GaAs 

ran on the columns was less than 5 ug As equivalents of arsenite, so 

significant column oxidation of arsenite to arsenate may be reflected 

in the results. DMAA was the major urinary metabolite. The unknown 

arsenic compound accounted for between 2-6% of the total dose found in 

the urine, but was always present in the lowest quantity. MMAA was 

another minor metabolite. Depending on the compound dosed and the time 

of sampling the urine, MMAA was about 5-10% of the total urinary 

arsenic. A fraction of the total arsenate administered was eliminated 

apparently unchanged via the urine--67.45%, 11.30%, and 11.23% on days 

1, 2, and 4 following exposure, respectively. A portion of the arsenite 

apparently is eliminated in the urine unchanged. About 3.7%, 9.2%, and 

9.8% of the administered arsenite was eliminated as the parent 

compound on days 1, 2, and 4 respectively. Table 14 lists the 

percentage of total inorganic arsenic found (the sum of arsenite and 

arsenate) and DMAA as a percentage of total urinary arsenic. Using 

these values, DMAA was still the major metabolite for arsenite and GaAs 

exposure, but the total inorganic arsenic accounted for the major 

urinary form of As isolated following arsenate administration. The 

ratios of these two metabolite fractions (DMAA/inorganic arsenic) were 



Table 13 

Urinary Metabolites as Percent Arsenic3 

As(111) As(V) MMAAb DMAAC c
: 

:&»
 Q
. 

Arsenate- -Day 1 18.77 + 1.59 30.24± 5.50 8. 69 ± 0.59 38. 62 ±2. 86 3. 69 ±0.39 

Arsenate--Day 2 23.94 ±4.83 26.01 ±4.40 10. 51±1.83 35. 67 ±3. 40 3. 86 ±0.49 

Arsenate- -Day 4 22.94 ±1.16 23.16 ±0.94 4. 76 ±1.52 45. 32 ± 1. 22 3. 82 ±0.36 

Arsenite- -Day 1 24.40 ±2.98 13.62 ± 1.08 7. 64 ±0.74 52. 06 ±2. 89 2. 29 ± 0.41 

Arsenite--Day 2 30.27 ±2.45 8.79 ± 1.65 8. 17 ±1.92 48. 91 ±3. .89 3. 86 ±1.37 

Arsenite- -Day 4 20.29 ±1.90 12.08±1.05 8. 65 ±2.00 55. 46 ± 1. 96 3. 52 ±0.82 

Arsenidee  —Day 1 19.70 ±3.76 10.12 ±1.41 5. 38 ±1.04 58. 80 ±4. 29 5. 99 ±0.85 

Arsenidee  —Day 2 13.54 ±0.96 23.01 ±3.67 7. 48 ±0.97 51. 92 ±3. 20 4. 04 ±0.34 

Arsenide8 '  —Day 4 11.83 ±1.62 25.77 ±1.49 6. 52 + 0.91 52. 88 ±2. 76 3. 00 + 0.52 

Values expressed as cumulative percentage of total urinary arsenic (from Table 12) each 
metabolite comprised as determined by mixed bed strong anion and cation exchange column chroma
tography followed by direct hydride FAAS. Values are mean + S.D. (n = 4). 

' 'Monomethylarsonic acid. 

cDimethylarsinic acid. 

^Unknown arsenic containing metabolite. 

eArsenide stands for GaAs. 



Table 14 

Ratio of Dimethylarsonic Acid to Inorganic Arsenic3 

Inorg Asb DMAAC Ratio'1 

Arsenate~Day 1 49.00 ±2.64 38.62 ±2.86 0.792 ±0.101 

Arsenate—Day 2 49.95± 3.55 35.67 ±3.40 0.720 + 0.118 

Arsenate—Day 4 46.10±1.09 45.32 ±1.22 0.984 ±0.042 

Arsenite—Day 1 38.01 ±3.38 52.06 ± 2.89 1.38 ±0.25 

Arsenite—Day 2 39.06 ±2.88 48.91 ±3.89 1.26 ±0.19 

Arsenite—Day 4 32.37 ±1.48 55.46 ±1.96 1.72 ±0.11 

Arsenidee—Day 1 29.82 ±3.99 58.80 ± 4.29 2.01 ±0.42 

Arsenidee—Day .2 36.55 ±3.07 51.92 ± 3.20 1.43 ± 0.22 

Arsenidee—Day 4 37.60 ±2.21 52.88 ± 2.76 1.41 ±0.15 

Values expressed as cumulative percentage of total urinary arsenic (from Table 12) each 
metabolite comprised as determined by mixed bed strong anion and cation exchange column 
chromatography followed by direct hydride FAAS. Values are mean±S.D. (n = 4). 

^Values for Inorg As are the sum of As(III) and As(V). 

cDimethylarsinic acid. 

dRatio equals DMAA/Inorg As. Values are mean±S.D. (n = 4). 

eArsenide stands for GaAs. 
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used to assess the results of the urinary metabolism profiles (Figure 

19). On day 1 all three compounds' ratio values are statistically 

different from each other. However, the GaAs profile more closely 

resembles the arsenite. After 48 and 96 hours, the arsenate profile 

was significantly different from the arsenite and GaAs; but the 

arsenite and GaAs were not statistically different from each other. 

Absorption and Distribution. All three compounds were absorbed 

from the lung and into the blood system. Absorption of all the 

compounds was verified by the presence of arsenic in the urine and 

blood. Table 15 shows the results of the blood levels plus the liver, 

kidney, and lung levels, expressed in parts per million (^g As/g 

tissue). The density of blood was assumed to be 1.0 g/ml for all cal

culations. The total blood volume was estimated to be 7% of the total 

body weight for other calculations {Odanaka et al., 1980). Table 16 

contains the same data about arsenic levels in the tissues, expressed 

as the cumulative percent dose of arsenic equivalents in the various 

tissues. All the statistical evaluations were performed on these 

values. Figure 20 shows the blood levels of the arsenic derived from 

the three compounds at different time points. Arsenite values were 

significantly different from the arsenate blood level values at the 

corresponding time points. Both compounds showed a drop in the blood 

level in time, suggesting the elimination phase of each compound was 

reached by 24 hours. The GaAs arsenic blood levels increased signifi

cantly from day 1 to day 2 and then dropped off by day 4; the distribu

tion of the solubilized GaAs to the blood was incomplete by day 1. The 
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Fig. 19. Cumulative urinary metabolite profile analysis expressed as the ratio of diemthyl-
arsenic acid (DA) to inorganic As species, As(III) + As(V), (IA) expressed as As equiva
lents as determined by direct hydride FAAS. Animals were dosed intratracheally with 
5 mg/kg As equivalents of the appropriate compound. Values are mean ± S.D. (n = 4). 
aDenotes values significantly different from arsenite and arsenate. bDenotes values 
significantly different from arsenate and arsenide. cDenotes values significantly 
different from arsenate, only. For all cases p£0.05. 
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Table 15 

Tissue Concentration of Arsenic Equivalents in ppma  

Compound Blood Liver Kidney Lung 

Arsenate—Day 1 0.310 ±0.045 0.752 ±0.189 3.42 ±0.48 1.67 ± 0.20 

Arsenate—Day 2 0.193 ±0.046 0.702 + 0.185 3.72 ±0.48 0.68± 0.22 

Arsenate—Day 4 0.075 ±0.008 0.392 ±0.084 2.18 ± 0.78 0.40 ± 0.13 

Arsenite—Day 1 0.596 ±0.117 3.30 ±0.35 3.82 ±0.83 2.89± 0.36 

Arsenite—Day 2 0.472 ±0.050 0.948 + 0.170 3.79 ± 0.42 0.90 ± 0.21 

Arsenite—Day 4 0.163 + 0.036 0.580 ±0.078 1.43 ±0.46 0.48 ± 0.10 

Arsenide'3—Day 1 0.185 ±0.042 0.731 ±0.103 7.62 ±1.33 385.7 ±56.4 

Arsenide''—Day 2 0.256 ±0.022 0.460 ±0.071 2.18 ± 0.44 262.1 ±14.9 

Arsenide'3—Day 4 0.141 ±0.009 0.184 ±0.025 0.91 ±0.15 170.9 ± 9.1 

Tissue levels expressed as As equivalents per gram of tissue as determined by direct hydride 
FAAS. Animals were dosed intratracheally with 5 mg/kg As equivalents of the appropriate compound. 
Values are mean±S.D. (n = 4). 

^Arsenide stands for GaAs. 



Table 16 

Cumulative Percent Dose of Arsenic Equivalents in Tissue9 

Blood Li ver Kidney Lung 

Arsenate-•Day 1 0.418 ±0.069 0.579 ±0.144 0.520 ±0.081 0.185 ±0.029 

Arsenate— •Day 2 0.286 ±0.067 0.545 + 0.153 0.541 ±0.058 0.070 ±0.025 

Arsenate— •Day 4 0.110±0.011 0.266 +0.067 0.334 ±0.114 0.040 ±0.014 

Arsenite— •Day 1 0.827 ±0.141 2.62 ±0.26 0.589 ±0.111 0.329 ±0.046 

Arsenite— •Day 2 0.679 + 0.080 0.652 ±0.136 0.541 ±0.051 0.089 ±0.020 

Arsenite— •Day 4 0.228 ±0.052 0.464 ±0.070 0.251 ±0.082 0.065 ±0.013 

Arsenides---Day 1 0.230 + 0.056 0.565 ±0.036 1.207 ±0.218 41.78 ±5.83 

Arsenide'3--Day 2 0.347 ±0.026 0.312 ±0.040 0.365 ±0.056 29.69 ±1.91 

Arsenide'3--Day 4 0.200 ±0.013 0.144 ±0.017 0.152 ±0.026 23.58 ±1.82 

Tissue levels expressed as As equivalents as determined by direct hydride FAAS. Animals were 
dosed intratracheally with 5 mg/kg As equivalents of the appropriate compound. Values are 
mean ± S.D. (n = 4). 

^Arsenide stands for GaAs. 
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Fig. 20. Mean total arsenic levels in the blood expressed as As 
equivalents as determined by direct hydride flame AAS. 
Animals were dosed intratracheally with 5 mg/kg As equiva
lents of appropriate compound. Values are mean ± S.D. 
(n = 4). The star (•) denotes values of arsenite which are 
significantly different from the arsenate value at the cor
responding time point {p<0..05). 
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solutions of arsenite and arsenate were almost entirely cleared from 

the lung by the first day (Figure 21). Less than 1% of the entire dose 

administered remained. Arsenic, presumably as GaAs, was present in 

large amounts at all the time points. On day 1 about 42% of the dose 

remained. There was a steady and significant increase in the lung 

clearance of the particulates in the next few days. Liver arsenic 

levels are shown in Figure 22. The arsenite treated animals had signi

ficantly greater arsenic levels in the liver at day 1 and day 4, than 

arsenate treated animal livers. The As levels in the liver following 

GaAs treatment were less than the level of either soluble arsenical. 

Renal arsenic level trends are depicted in Figure 23. Two way analysis 

of variance of the normally transformed values showed that the type of 

compound administered had no effect on the As level measured in the 

kidney. It is interesting to note the large level of arsenic found in 

the kidney in GaAs treated animals at day 1. 

Total recoveries of the administered dose of the three 

compounds were 78.49+7.92?, 81.05±5.04%, and 75.83±4.59% for the 

arsenate, arsenite and GaAs at 96 hours, respectively. The total dose 

recovered for GaAs did not significantly vary amongst the three time 

points (72.76±3.54% for day 1 and 70.13±3.97% for day 2). This was not 

true for the soluble arsenicals. About 33.78±1.90% and 65.21±6.87% of 

the arsenate was recovered in the tissues and excreta collected for 24 

and 48 hours, respectively; 23.04±0.99% (day 1) and 65.21±6.87% (day 2) 

of the administered arsenite was detected in the samples analyzed. 
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Fig. 21. Mean total arsenic levels in the lung expressed as As 
equivalents as determined by direct hydride flame AAS. 
Animals were dosed intratracheally with 5 mg/kg As equiva
lents of appropriate compound. Values are mean ± S.D. 
(n = 4). 
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Fig. 22. Mean total arsenic levels in the liver expressed as As 
equivalents as determined by direct hydride flame AAS. 
Animals were dosed intratracheally with 5 mg/kg As equiva
lents of appropriate compound. Values are mean ±S.D. 
(n = 4). The star (•) denotes values of arsenite which are 
significantly different from the arsenate value at the cor
responding time point {p<0.05). 
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Fig. 23. Mean total arsenic levels in the kidney expressed as As 
equivalents as determined by direct hydride flame AAS. 
Animals were dosed intratracheally with 5 mg/kg As equiva
lents of appropriate compound. Values are mean ±S.D. 
(n = 4). 



CHAPTER 4 

DISCUSSION 

Quantitation/Detection of Total Arsenic 

Generation of arsine from inorganic arsenic in the form of 

arsenious acid and arsenic acid and subsequent analysis by FAAS is an 

extremely sensitive and accurate method for detecting and quantifying 

arsenic levels. Arsenite and arsenate are present in their correspond

ing oxyacid forms in 3 N HC1. Our results demonstrate when trivalent 

and pentavalent arsenic were analyzed as arsine following reaction with 

NaBH^ on the FAAS direct flow apparatus, that arsenite produced a 

greater maximal absorbance than arsenate. This result was in 

agreement with other investigators using similar techniques (Aggett and 

Aspell, 1976). Comparison of our recorded peak responses reflected 

this difference in greater maximal absorbance in the peak heights of 

the compounds analyzed. However, our peak areas for the arsenite and 

arsenate were approximately equal for equimolar amounts of arsenic(III) 

and arsenic(V). Our results showed that the peak area responses were 

equal only when the width at the half-height was used for calculating 

the area. This was due to the tailing effect observed in the arsine 

generation and was reflected in the peak base width. Calculations 

using the base width yielded results of unequal areas. The tailing 

effect was due to a slow return of the absorbance measurement to 

baseline levels after the maximal absorbance. This result corroborated 
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the findings of other researchers who trapped the generated arsines 

prior to FAAS analysis (Hinners, 1980). The amount of the arsine 

trapped from both common valences of arsenic were the same. The 

rationale for this discrepancy is the difference in the rate of the 

reaction with NaBH^ to yield arsine. The following reactions have been 

proposed to explain the time dependence of the maximal absorbance and 

resulting peak shapes (Aggett and Aspell, 1976): 

As(V) reduction > As{nI) (1)  

, . hydride . , % 
As(lII) —> Arsine (2) 

transfer 

H9/09 
Arsine —-——» As° (3) 

A 

Although they concluded that the reaction (2) was the rate limiting 

step when NaBH^ was used to produce arsine, our results suggest 

reaction (1) may proceed at a rate close to the rate of reaction (2). 

This would explain the slower evolution of arsine from arsenic(V) than 

arsenic(III) and the resulting shorter but broader peak for arsenate 

equal in area to the taller and narrower peak of arsenite. The 

trapping technique eliminated the time factor of Hinners' analysis 

(Hinners, 1980). The trapped arsine was all atomized at a given rate by 

an energetic source as shown in reaction (3). In our case, the air-

hydrogen flame was suitable for formation of elemental As. The 

kinetics of the multistep reaction process is the not the only factor 

which influences peak shape. The flow rate of the N2 gas would 

greatly affect the rate of arsine introduction into the burner head via 
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the nitrogen-entrained system. The maximum absorbance value and the 

length of time the arsine was in the flame would be different and, 

thus, the peak shape would be affected. For this reason the same N2 

flow rate was maintained and carefully monitored in our analyses. 

The instrument response to dimethylarsine, derived from DMAA 

following NaBH^ addition into the reaction vessel, was very depressed 

when compared to the other arsines studied. The recorded peak shape 

was unsymmetric and there was excessive background noise. In contrast, 

the maximum absorbance of methylarsine generated from the MMAA was 

not depressed, but the peak shape was very broad. This may be due to 

the slower rate of conversion of the methylarsine to elemental arsenic. 

Although, the arsenic-carbon bond is stable (Raiziss and Gavron, 1923), 

the energetics of the t^/air flame allowed the bond cleavage and 

eventual production of As° (Hinners, 1980). DMAA is characterized by a 

remarkable stability that does not permit complete reduction and thus 

atomization (Arbab-Zavar and Howard, 1980) and an underestimation of 

total arsenic levels. Hinners (1980) reported the recovery of DMAA 

reacted with NaBH^ at low pH was less than 15% when compared to 

inorganic arsenic. Destruction of the arsenic-carbon bonds was 

suggested to allow a more accurate estimation of arsenic levels. The 

method of Webb and Carter (1984) was employed to serve this purpose. 

Our results show an excellent recovery for DMAA (101.9%) was obtained 

with a coefficient of variation of less than 0.10. Our analysis of the 

NBS bovine liver by this acid digestion procedure yielded a 94% 

recovery. The low recovery obtained by acid digestion of the NBS coal 
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fly ash may be due to the presence of arsenic in the silica matrix and 

this matrix may not be digested by our technique. All NBS reference 

materials are analyzed by a minimum of two different analytical 

techniques—these may detect arsenic not detectable by this method. 

Webb and Carter (1984) reported 98.6±5.0£ recovery for 20 yg as As 

equivalents for digested DMAA standards. The chromic acid solution 

effectively destroyed the methyl arsenical compounds to yield inorganic 

arsenic in solution or biological matrix. 

The subsequent fuming H2S04 treatment in the digestion 

procedure oxidized the inorganic arsenic partially to pentavalent 

arsenic, as evidenced by "hybrid" shaped peaks. Nal was added as a 

reducing agent to convert all the inorganic arsenic present to 

trivalent arsenic. Our results show that Nal treated arsenite and 

arsenate standards produced greater maximum absorbances when compared 

to their untreated counterparts; and these absorbances of Nal reduced 

arsenicals (recorded as peak height) were equivalent. Nal treatment 

permitted consistent estimation of inorganic arsenic as trivalent 

arsenic. 

Our results show that the presence of gallium did not interfere 

with the absorbance measurements of arsenite, arsenate, or digested 

arsenicals. This was in agreement with Webb and Carter (1984). This 

wet acid digestion procedure has been shown to be suitable and 

effective for analysis of arsenite, arsenate, GaAs and their expected 

metabolites. Peak height is the preferred means of quantitation 
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however if incomplete reduction to arsenic(III) by Nal is noticed, peak 

area should be used for quantification. 

Speciation of Arsenicals 

Separation of arsenite, arsenate, MMAA and DMAA was achieved by 

a simple liquid chromatographic elution on a mixed bed SCX-SAX column. 

Tam et al. (1978) reported different retention volumes for inorganic 

arsenic species, MMAA, and DMAA following the application of HCl, ^0, 

and NH^OH in succession on Ag 50W-X8 100/200 mesh SCX resin. The 

inorganic arsenic species eluted in the 10 ml fraction of 0.5 N HCl 

applied to the column. At this pH, both inorganic arsenic species were 

not ionized and did not interact with SCX resin. However, both organo-

arsenicals displayed an affinity for this SCX resin. MMAA eluted when 

H20 was applied. The gradual increase in pH of the column led to the 

elution of this compound from the column. The elution volume was 

confirmed by application of pure standard monomethylarsinic acid 

(CH3As(0H)2) to the column. The DMAA was eluted from the SCX resin 

after the application of NH^OH to increase the pH of the mobile phase. 

The DMAA has a strong affinity for acid charged cation exchange resins 

(Henry and Thorpe, 1980). It appears that the number of methyl groups 

dictates the interaction of these arsenicals with Ag 50W-X8. 

Our column was a mixed bed SCX resin packed on top of a SAX 

resin. The compounds will interact with AG 50W-X8 resin, as described 

above, but will subsequently interact with the Dowex 1-X2 SAX resin 

before eluting from the column. Grabinski (1981) used AG1-X8 as the 

SAX resin in his method. His reported order of arsenical elution was 
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the same, but the eluent volumes and analysis time were greater. He 

described the length of both resins as being important in the 

separation. The SCX resin height was critical for the resolution of 

inorganic arsenic from MMAA and MMAA from DMAA. The SAX resin height 

should allow quantitative retention of anionic arsenicals while creating 

a minimal dead space for uncharged arsenic species. Both inorganic 

arsenicals eluted through the top resin bed together, but at pH 2.5 

(0.006 M TCA solution) most of the pentavalent arsenic was present as 

arsenate while the trivalent arsenic was present as arsenious acid. 

The arsenious acid eluted immediately from the column, while the 

arsenate displayed affinity for the SAX resin. Arsenate was released 

when the pH is increased later in the elution by NH^OH. Separation of 

both organic species was achieved, also. The MMAA, after elution from 

the SCX resin was mostly uncharged—so it interacted only slightly with 

the SAX resin. The DMAA interacted with the SAX resin after its 

elution from the SCX resin at the high pH. When the 0.2 M TCA solution 

was reapplied, following the NH^OH solution run, the DMAA was eluted as 

the unionized acid. 

The unidentified arsenic containing compound we isolated from 

the urine of hamsters exposed to inorganic arsenical, eluted between 

the 46-55 ml volume (NH^OH addition). This retention volume and the 

basic conditions of the column at this time suggest several facts about 

this compound's structure. It must have several methyl/alkyl groups to 

have an affinity for the SCX resin and not be a charged species at this 

pH. This would eliminate arsenobetaine as a possible candidate for the 
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unknown metabolite since it has a reported pK equal to 2.1 (Cooney et 
a 

al., 1978). He also reported the pK values of arsoniumphospholipids 
a 

and derivatives of these lipids to be approximately 3.4. As previously 

mentioned, methyl arsenate coeluted with MMAA (Tam et al., 1978). Thus 

the above compounds are probably not the unknown hamster urinary 

metabolite. Trimethylarsine oxide has no acidic hydrogens and should 

have a strong affinity for the acidified SCX resin and not ionically 

interact as an ion with the SAX resin at high pH values. 

Our column characterization was in excellent agreement with 

previous workers (Maiorino and Aposhian, 1985). The collected fractions 

of column eluent of the arsenical standards spiked in urine were 

analyzed by direct hydride FAAS following quantitative wet acid 

digestion. Column recovery of the standards was 96.8±2.4%. Grabinski 

(1981) reported the recovery of water spiked with standards of 

100.0±3.0%. Column recovery of the test animals urinalysis was 

98.3±9.8%. Maiorino and Aposhian (1985) reported 103.8+7.5% recovery 

from column runs of their treated rabbits. The aliquots of urine from 

the treated animals applied to the column contained an average of 18 yg 

As as arsenite for the soluble arsenical studies and about 1-2 yg As as 

arsenite for the GaAs. Metabolite profile analyses for the latter 

urine samples may reflect a significant column oxidation due to the low 

amount of As applied to the column (Maiorino and Aposhian, 1985). They 

reported between 20-50% of arsenite was oxidized under these 

conditions. 



Since we compared the metabolic profiles of the three 

treatment groups by calculating the ratio of DMAA to total inorganic 

arsenic, the method of Tam et al. (1978) may have been adequate. 

Oxidation of arsenite to arsenate with NalO^ also could have solved the 

problem we experienced with the resolution of arsenite and MMAA. This 

latter procedure would allow baseline separation of the DMAA, MMAA, 

and total inorganic arsenic species. Since this oxidizing agent might 

cleave the arsenic-carbon bond of MMAA, it was not used. This simple 

chromatographic separation used together with the quantitation/detec

tion procedure yielded reproducible results with an acceptable coeffi

cient of variation and high recovery. 

Spectrophotometry Determination 

All four of the arsenicals were quantitatively converted to 

their corresponding arsines in 3 N HC1 when analyzed using our 

conditions on our apparatus. The spectral curves of each complexed 

compound did not correspond exactly with the reports of these spectra 

in the literature (Lasko et al., 1979). Lasko reported the arsine 

chromophore had two peaks of absorbance maxima at 540 nm and 380 nm 

with the latter having a greater absorbance. Our scans demonstrated 

that the 540 nm maximum peak had the greater absorbance. This was 

probably due to the fact we ran 75 ug As equivalents of each compound 

versus the 15 jig As equivalents of arsenite or arsenate ran by Lasko. 

A minimum of absorbance was observed at 440 nm, in agreement with the 

literature. The organoarsine chromophores had almost identical spectra 

with those reported by Lasko. A maximum absorbance of 420 nm was 



lib 

recorded, but 440 nm was chosen as the wavelength to run the analyses 

since it would coincide with the absorbance minimum of the inorganic 

arsine complex. 

Our results indicated that the hydride generation system we 

employed to produce arsine from the arsenite and arsenate standards did 

not yield equivalent amounts of the desired product from the reactants. 

Arsenite reactions appeared to form about 23% more arsine when 

measured as the AgDDC complex chromophore. Lasko et al. (1979) 

reported that the arsine-AgDDC chromophores had almost identical molar 

absorptivity coefficients at 540 nm when the arsine was derived from 

either arsenite or arsenate. So our relationship should not hold true. 

Our results also disagreed with the theoretical considerations of 

arsine generation and trapping techniques (Hinners, 1980) already 

discussed. There are several possible reasons for this discrepancy. 

The most probable reason for this result was the incomplete reaction 

of the arsenicals due to the gradual change in pH of reaction vessel 

solution or insufficient time for reaction completion. 

The chromophore produced by equimolar amounts of MMAA and 

DMAA did not produce the same absorbance. The monomethylarsine 

complex had a greater absorbance than the dimethylarsine chromophore 

measured 440 nm. This was in agreement with the literature (Lasko et 

al., 1979). MMAA had a different molar absorptivity coefficient than 

DMAA. 

The linear ranges for our standard curves of inorganic arsenic 

ranged from about 2-70 yg As equivalents. Sachs et al. (1971) reported 



that his system produced a curve with a linear range of 0.6 ug-20 ug. 

Lasko et al. (1979) has reported that independent of the form of parent 

compound analyzed, a linear range of 1-40 ug of As equivalents was 

achieved for their calculated standard curves. Our standard curves 

were in agreement with the literature for the detection limits for the 

organoarsines, but the linear range for DMAA extended out to 200 yg As 

equivalents. 

The separations of the various arsenicals by selective arsine 

evolution is a very useful tool for analysis. The methylated and 

inorganic arsenic acids must be in the undissociated state for the 

reaction to proceed at an appreciable rate (Braman, 1977). We found 

that pH 5.2 was a suitable solution to selectively separate arsenite 

from arsenate plus DMAA from MMAA. When we ran the two inorganic 

arsenical s together or the two organoarsenical s together in the acid 

solution the response was the result of the liberation of arsines of 

both arsenicals present. These results are in direct conflict with 

Lasko et al. (1979). That report claimed that "no crossover" of the 

arsenic species occurs when 6 N HC1 was the solution in the reaction 

vessels. Simultaneous analysis of all four compounds would require 

complex calculations for quantification. The arsine of our isolated 

uncharacterized metabolite was not run on this system. We used this 

method for verification of arsenite quantitation done by direct hydride 

FAAS, if the sensitivity permitted. The 0.5% AgDCC in pyridine solution 

was convenient to use as a trap to detect any evolution of arsine in 

the dissolution studies. 



In Vitro Solubility 

The aqueous solubility of GaAs was of primary interest in this 

study since it determines the site of the toxic manifestations. If 

insoluble, GaAs would be primarily confined to the tissues exposed like 

the lung or gut. In contrast, if significant dissolution of GaAs 

occurred, then gallium and arsenic species would be released and subse

quently have systemic effects. The strong covalent bonds of the zinc-

blend lattice crystal structure (Folberth, 1962) suggests that GaAs 

should be relatively insoluble in water. In bulk, GaAs was relatively 

inert in water (pickrell et al., 1979). However, the rate of dissolu

tion is inversely proportional to the square of the surface area (i.e., 

particle size is an important variable to consider). The aqueous 

solubility of GaAs particulates has recently been reported (Webb et al., 

1984). These studies and our experiments did not distinguish between 

submicron (less than 0.2 um) particles and the "true" solubility 

products. Our results for GaAs (12.67 pm mean volume diameter) and the 

ASgOg in pH 7.4, 0.1 M phosphate buffer at 37°C were similar to the 

literature. The smaller GaAs particles (5.82 pm mean volume diameter) 

had a greater rate of dissolution than the corresponding larger GaAs 

particulates, as expected, however, it was not four times greater. 

Since the As20.j particles were the largest, its greater rate of disso

lution can be attributed to its inherent chemical properties. 

The identity of the GaAs dissolution and hydrolysis inter

mediates and ultimate products are unknown. The released arsenic 
O 

species may yield ASgO-j, As(0H)g, HgAsO^ and/or AsH-j. We were not 
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able to detect any arsine in any of the media by the techniques 

employed in our experiments. The qualitative detection limit was about 

1 wg as As equivalents. (This would have accounted for about 0.005% of 

the total GaAs incubated.) Arsine can be produced when intermetallic 

compounds are exposed to aqueous solutions under reducing conditions 

(Aitken, 1967). In addition to arsine only being slightly soluble in 

water, the constant Ng bubbling would have aided in its liberation from 

solution. It appears that any AsHg formed may have been rapidly 

oxidized in solution to produce other soluble arsenicals. The oxidation 

of AsH^ to HAs02 in water is thermodynamically favorable—the standard 

potential is 0.189 V (Dean, 1979). Further oxidation to H^AsO^ is not 

spontaneous—E° = -0.560 V (Dean, 1979). 

The solubility of GaAs in various solutions was dependent on 

the concentration of phosphate anions and the pH of the media. This 

was in agreement with Webb et al. (1984). The amount of GaAs solubil-

ized in the Krebs buffer incubation was about one-half of the quantity 

dissolved in 0.1 M phosphate buffer. Dissolution rates simulating more 

physiological conditions would be different than those obtained with 

the phosphate buffer used. The dissolution of GaAs was greatly 

depressed at pH 2. This suggests dissolution of GaAs in the stomach 

should be low when comparing the same parameter in the small intestine 

where higher pH conditions and phosphate transport systems are present. 

If these results can be extrapolated, gastric absorption following oral 

exposure should be lower than intestinal absorption. The lung should 
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exhibit properties more closely resembling the intestinal than gastric 

dissolution of GaAs. 

Animal Studies 

Our intratracheal instillation studies performed with Syrian 

golden hamsters yielded excretion rate values which could be construed 

as "hybrid" values of the percent dose excreted following intravenous 

and per oral administration of arsenic acid to hamsters as obtained by 

Odanaka et al. (1980). Our percent dose excreted in urine and feces 

values were intermediate to the reported literature values. These 

results were not surprising since both pulmonary and gastrointestinal 

absorption were expected to occur. Rapid absorption and subsequent 

distribution of intravenously injected and intratracheally instilled 

arsenic have been reported to closely resemble each other (Dutkiewicz, 

1977). Lung clearance can lead to eventual ingestion and gastrointesti

nal absorption. Although the lung levels we measured at 24 hours were 

less than 1% of the administered dose, a significant percent of the 

dose (which had not been absorbed into the circulation) may have been 

transported to the upper respiratory tract. This phenomenon may have 

occurred since we only measured arsenic levels in the lobes of the 

lung, not the tracheal and bronchiolar conduction ducts. 

The data we obtained from similar studies performed with 

arsenite demonstrated a slower rate of elimination when compared to 

the arsenate results. Irregardless of the route of administration, this 

relationship holds true for most mammals tested (see Table 1). By 
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96 hours, the percent dose excreted in the urine and the feces was 

about the same. 

The large amount of GaAs excreted in the feces was probably a 

combination of respiratory tract clearance to the gastrointestinal 

tract and inadvertant dosing directly into the esophagus. Although, the 

latter was determined to be a small amount from our dose technique 

assessment. The large percent of the dose still in the lung lobes 

emphasizes the much slower rate of absorption and clearance of GaAs 

when compared to the soluble forms of trivalent and pentavalent 

arsenic. These results agreed favorably with those seen in rats (Webb 

et al., 1984). Only about 5% of the liberated arsenic species from 

GaAs was found in the urine after 4 days. If GaAs is assumed to be 

virtually insoluble in the gastrointestinal tract, then the actual 

pulmonary absorption of GaAs is considerably less than either soluble 

inorganic arsenical based on urinary excretion, assuming intratracheal 

instillation of arsenic yields results identical to intravenous injection 

of the same arsenical. Dutkiewicz (1977) has shown this assumption to 

be valid. 

Due to the decreased pulmonary absorption and the poor 

absorption from the gastrointestinal tract, GaAs had a much lower 

calculated bioavailability relative to the soluble forms of trivalent 

and pentavalent arsenic following intratracheal instillation. Although 

equimolar doses of all three compounds were administered, this large 

difference in bioavailability of arsenic species released from GaAs made 

tissue distribution studies difficult to assess when comparing GaAs to 
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either arsenite or arsenate. Comparisons of the distribution of arsenic 

in various tissues between the arsenite and arsenate treatment groups 

was done to further evaluate the results we obtained. Arsenite 

administration had showed significantly greater levels in the blood and 

liver especially at the 24 time point. This agreed favorably with the 

literature results for hamsters (Lindgren et al., 1982). Since the lung 

was the site of administration, a good assessment of the actual distri

bution of arsenic to this tissue was not possible. 

The urinary metabolite profile analyses of the soluble 

arsenicals were distinct from each other at the time points we tested. 

The values we obtained compared favorably with the results from other 

studies (Table 1). Although the actual amounts of the arsenic 

metabolites were much lower in the GaAs urine, the normalized values 

expressed as percent of total urinary arsenic showed that GaAs results 

were not statistically different from the 48 and 96 hour cumulative 

results for trivalent arsenic. The arsenic species liberated from GaAs 

was biotransformed to yield a metabolite profile more closely 

resembling arsenite but was significantly different from arsenite at 

day 1. The metabolic pathway of biomethylation is a saturable process 

at higher doses or following low level chronic exposure (Bencko et al., 

1976). It is conceivable that the hamster could more efficiently 

methylate the xenobiotic at the extremely low level of effective 

exposure to arsenic at day 1. The unknown arsenic metabolite was 

measured in levels which agreed with the literature (Charbonneau et 

al., 1980). As already discussed, this compound is most likely 



trimethylarsine oxide (Cullen et al., 1984). We found MMAA in levels 

that correspond to the results shown in by previous workers (Table 1). 

Considering the information just mentioned in this discussion 

several conclusions can be drawn from our animal studies: 

1. Gallium arsenide is absorbed through the lung after intratracheal 

instillation, and will have potential systemic toxicity. 

2. Gallium arsenide is retained in the lung in large amounts following 

intratracheal dosing, find can cause pulmonary toxicity due to its 

particulate nature. 

3. Blood levels of arsenic for gallium arsenide suggest that 

distribution was still occurring at 2 days, unlike the soluble inorganic 

arsenicals. 

4. Tissue distribution comparisons are difficult to assess since the 

gallium arsenide did not yield bioequivalent amounts of arsenic when 

equimolar amounts were administered. 

5. The arsenic species released from gallium arsenide, following its 

dissolution has a urinary metabolite distribution which resembled that 

found after arsenite administration. 



CHAPTER 5 

CONCLUSIONS 

GaAs dissolution occurred under in vitro and in vivo conditions. 

The chemistry of this dissolution process is not well understood, 

except that the extent of dissolution was dependent on the pH and the 

concentration of phosphate anions in the media. The particle size 

influenced the rate of dissolution, also. The interaction between 

phosphate and GaAs is of interest since it is an important biological 

anion and certainly would be present in lung alveolar fluid. The 

surfactant lining of the alveoli is composed of phospholipids. The 

surfactant synthetic processes in the Type II cells require this anion 

and its turnover leads to its release. The dissolution of GaAs may 

very be potentiated in the lung. The relatively low amount of GaAs 

found solubilized at pH 2 suggests that gastric absorption would be 

much less important than pulmonary or intestinal absorption following 

exposure to GaAs. Arsine evolution results from the reducing action of 

acids on arsenic-containing metals. Despite the fact the stomach is 

highly acidic, the formation and liberation, out of solution, of arsine 

from GaAs is not likely. We were unable to detect any arsine in any of 

the buffer solutions with various phosphate and proton concentrations 

with the techniques employed. Although more sensitive techniques may 

be able to detect smaller amounts, our system had the capability to 

detect about 0.005% of the total arsenic evolved as AsHg. 
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The in vivo dissolution of GaAs was suggested by the arsenic 

levels measured in the urine and blood. Although the measured levels 

may have been due to submicron sized particles which permeated the 

capillary bed walls and entered the circulation, this was not probable. 

Structural analyses of the urinary metabolites showed that the arsenic 

entity of the zinc-blend crystals was released and biotransformed like 

the soluble inorganic arsenicals. Comparable retention times of the 

arsenic released into the urine from the GaAs with standards of 

arsenite, arsenate, MMAA and DMAA run on the mixed bed SCX-SAX column 

were observed. In fact, the species released from GaAs appeared to be 

handled by the hamster similar to trivalent arsenic. This was not 

surprising, since arsenide (using AsH3 as a model) oxidation is spon

taneously driven, but further oxidation to pentavalent arsenic is not 

thermodynamically favorable. The absolute amounts of the systemically 

circulating arsenic species were much greater following arsenite 

exposure when compared to GaAs exposure. The low urinary excretion 

and large levels in the lung after 4 days shows that the particulate 

nature of GaAs is important to consider when making a risk assessment. 

The pulmonary toxicity has been investigated in our laboratory (Webb et 

al., 1984). Although the liberated arsenic species from GaAs appears to 

be trivalent arsenic, studies at earlier time points and with bio-

equivalent amounts of the compounds would help elucidate the total 

pharmacokinetic picture in assessing toxicity. 



REFERENCES 

Aggett, J. and Aspell, A.C. (1976). The determination of arsenic(III) 
and total arsenic by atomic-absorption spectroscopy. Analyst 
101, 341-347. 

Aitken, E.A. (1967). Corrosion Behavior. In Intermetallic Compounds, 
(J.H. Westbrook, Ed.), pp. 491-493, Wiley, New York. 

Andreae, M.O. (1977). Determination of arsenic species in natural 
waters. Anal. Chem. 49(6), 820-823. 

Anundi, I., Hoberg, J. and Vahter, M. (1982). GSH release in bile as 
influenced by arsenite. FEBS Lett. 145, 285-288. 

Arbab-Zavar, M.H. and Howard, A.G. (1980). Automated procedure for the 
determination of soluble arsenic using hydride generation atomic-
absorption spectroscopy. Analyst 105, 744-750. 

Bencko, V., Benes, B. and Cikrt, M. (1976). Biotransformation of As(III) 
to As(V) and arsenic tolerance. Arch. Toxicol. 36, 159-162. 

Bencko, V. and Symon, K. (1970). The cumulation dynamics in some 
tissues of hairless mice inhaling arsenic. Atmos. Environ. 4, 
157-161. 

Blot, W.J. and Fraumeni, J.F. Jr. (1975). Arsenical air pollution and 
lung cancer. Lancet 2, 142-144. 

Brain, J.D., Knudson, D.E., Sorokin, S.P. and Davis, M.A. (1976). 
Pulmonary distribution of particles given by intratracheal instil
lation or by aerosol inhalation. Environ. Res. 11, 13-33. 

Braman, R.S. (1977). Applications of arsine evolution methods to envi
ronmental analyses. Environ. Health Perspect. 19, 1-4. 

Braman, R.S. and Forebeck, C.C. (1973). Methylated forms of arsenic in 
the environment. Science 182, 1247-1249. 

Briggs, T.M. and Owens, T.W. (1980). Industrial Hygiene Characterization 
of the Photovoltaic Solar Cell Industry. NIOSH Technical Report, 
DHEW (NIOSH) Publication No. 80-112, U.S. Department of Health, 
Education, and Welfare, Cincinnati, OH, 45226. 

128 



129 

Boeniger, M. and Briggs, T. (1979). Potential health hazards in the 
manufacture of photovoltaic solar cells. In Health Applications 
of New Energy Technologies {W.N. Rom and V.E. Archer, Eds.), 
pp. 593-606. Ann Arbor Science Publishers, Ann Arbor, MI. 

Brinckman, F.E., Jewett, K.L., Iverson, W.F., Irgolic, K.J., Ehrhardt, K.C. 
and Stockton, R.A. (1980). Graphite furnace atomic absorption 
spectrophotometers as automated element-specific detectors for 
high-pressure liquid chromatography. The determination of 
arsenite, arsenate, methylarsonic acid and dimethylarsinic acid. 
J. Chromatogr. 191, 31-46. 

Brooks, R.R., Rya, D.E. and Zhang, H. (1981). Atomic absorption spectro
metry and other instrumental methods for quantitative measure
ment of arsenic. Anal. Chim. Acta 131, 1-16. 

Brown, E.J. and Button, D.K. (1979). A simple method of arsenic 
speciation. Bull. Environ. Contam. Toxicol. 21, 37-42. 

Buchet, J.P. Lauwerys, R. and Roels, H. (1981). Comparison of the 
urinary excretion of arsenic metabolites after a single oral dose 
of sodium arsenite, monomethylarsonate, or dimethylarsinate in 
man. Int. Arch. Occup. Environ. Health 48, 71-79. 

Bushee, D.S. and Krull, I.S. (1984). Trace analysis and speciation for 
arsenic anions by HPLC-hydride generation-inductiveiy coupled 
plasma emission spectroscopy. J. Liquid Chromatogr. 7(5), 
861-876. 

Carter, Dean E. (1984). Pulmonary toxicity of the semiconductor, 
gallium arsenide. Department of Health and Human Services Grant 
Application, p. 15. 

Charbonneau, S.M., Hollins, J.G., Tam, G.K.H., Bryce, F., Rideway, J.M. 
and Willes, R.F. (1980). Whole-body retention, excretion and 
metabolism of [?4As] arsenic acid in the hamster. Toxicol. Lett. 
5, 175-182. 

Cikrt, M. and Bencko, V. (1974). Fate of arsenic after parenteral 
administration to rats, with particular reference to excretion via 
bile. J. Hyg. Epidemiol. Microbiol. Immunol. 18, 129-136. 

Cikrt, M..Bencko, V., Tichy, M. and Benes, B. (1980). Biliary excretion 
of '4As(III) and ^^As(V). J. Hyg. Epidemiol. Immunol. 24, 384-388. 

Cohen, G. and Hochstein, P. (1964). Generation of hydrogen peroxide in 
erythrocytes by hemolytic agents. Biochemistry 3, 895-900. 

Cooney, R.V., Mumma, R.0. and Benson, A.A. (1978). Arsoniumphospholipid 
in algae. Proc. Natl. Acad. Sci. USA 75, 4262-4264. 



130 

Crecelius, E.A. (1977). Changes in the chemical speciation of arsenic 
following ingestion by man. Environ. Health Perspect. 19, 
147-150. 

Cullen, W.R., McBride, B.C. and Reglinski, J. (1984). The reduction of 
trimethylarsine oxide to trimethylarsine by thiols: a mechanistic 
model for the biological reduction of arsenicals. J. Inorg. 
Biochem. 21, 45-60. 

Dean, John A., Ed. (1979). Lange's Handbook of Chemistry, 12th Edition, 
p. 6-6, McGraw-Hill Book Co., New York. 

Diamondstone, B.I. and Burke, R.W. (1977). Some difficulties encountered 
in speciation studies of arsenic. Analyst 102, 613-614. 

Duodoroff, M., Baker, H.A. and Hassid, W.Z. (1947). Studies with 
bacterial sucrose phosphorylase. III. Arsenolytic decomposition 
of sucrose and of glucose-l-phosphate. J. Biol. Chem. 170, 
147-150. 

Dutkiewicz, T. (1977). Experimental studies on arsenic absorption 
routes in rats. Environ. Health Perspect. 19, 173-177. 

Edmonds, J.S. and Francesconi, K.A. (1981). Arsenoso-sugars from brown 
kelp (Ecklonia radiata) as intermediates in cycling of arsenic in 
a marine environment. Nature 289, 602-604. 

Edwards, T., Merilees, H.L. and McBride, B.C. (1975). Rapid, sensitive 
method for the separation and detection of arsenic compounds in 
biological systems. J. Chromatogr. 106, 210-212. 

Elton, R.K. and Geiger, W.E. Jr. (1978). Analytical and mechanistic 
studies of the electrochemical reduction of biologically active 
organoarsenic acids. Anal. Chem. 50(6), 712-717. 

Ferm, V.H. (1977). Arsenic as a teratogenic agent. Environ. Health 
Perspect. 19, 215-217. 

Folberth, O.G. (1962). The chemical bond in III-V compounds. In 
Compound Semiconductors (R.K. Willardson and H.L. Goering, Eds.), 
pp. 21-33. Reinhold, New York. 

Fowler, B.A., Ishinishi, N. Tsuchiya, K. and Vahter, M. (1979). Arsenic. 
In Handbook on the Toxicology of Metals (L. Friberg, G.F. Norberg 
and V.B. Vouk, Eds.), pp. 293-319, Elsevier, Amsterdam. 

Fowler, B.A. and Weissberg, J.B. (1974). Arsine poisoning. N. Eng. J. 
Med. 291, 1171-1174. 



131 

Ganther, H.E. (1971). Reduction of seleno-trisulfide derivative of glu
tathione to a persulfide analog by glutathione reductase. 
Biochem. 10, 4089-4098. 

Ginsburg, J.M. and Lotspeich, W.D. (1963). Interrelations of arsenate 
and phosphate transport in the dog kidney. Am. J. Physiol. 205, 
707-714. 

Grabinski, A.A. (1981). Determination of arsenic(III), arsenic(V), mono-
methyl arsonate, and dimethylarsinate by ion exchange chroma
tography with flameless atomic absorption spectrometry 
detection. Anal. Chem. 53, 966-968. 

Hammond, Paul B. and Beliles, Robert P. (1980). Metals. In Toxicology; 
The Basic Science of Poisons (J. Doull, C.D. Klaassen and M.O. 
Amdur, Eds.), p. 438, MacMillan Publishing Co., New York. 

Harrisson, J.W.E., Packman, E.W. and Abbott, D.D. (1958). Acute oral 
toxicity and chemical and physical properties of arsenic 
trioxides. A.M.A. Arch. Ind. Health 17, 118-123. 

Henry, F.T.sKirch, T.O. and Thorpe, T.M. (1979). Determination of trace 
level Arsenic(III), Arsenic(V), and total inorganic arsenic by dif
ferential pulse polarography. Anal. Chem. 51(2), 215-218. 

Henry, F.T. and Thorpe, T.M. (1980). Determination of arsenic(III), 
arsenic(V), monomethyl arsonate, and dimethyl arsinate by differen
tial pulse polarography after separation by ion exchange chroma
tography. Anal. Chem. 52:80-83. 

Hinners, T.A. (1980). Arsenic speciation: limitations with direct 
hydride analysis. Analyst 105, 751-755. 

Holak, W. (1977). Collaborative study of the differential pulse polaro-
graphic analysis of cacodylate injections. J.Assoc. Off. Anal. 
Chem. 60(5), 1015-1017. 

Hood, R.D. and Bishop, S.L. (1972). Teratogenic effects of sodium 
arsenite in mice. Arch. Environ. Health 24, 62-65. 

Inamasu, T. (1983). Arsenic metabolites in urine and feces of hamsters 
pretreated with PCB. Toxicol. Appl. Pharmacol. 71, 142-152. 

Irgolic, K.J., Stockton, R.A. and Chakraborti, D. (1983). Determination 
of arsenic and arsenic compounds in water supplies. In Arsenic: 
Industrial, Biochemical, Environmental Perspectives (W.H. Lerderer 
and R.J. i-ensterheim, Eds.), pp. ZtiZ-30/, Van Nostrand, New York. 



132 

Kennedy, G.L. and Trochimowicz, H.J. (1982). Inhalation toxicology. In 
Principles and Methods of Toxicology (A. Wallace Hayes, Ed.), 
pp. 185-207, Raven Press, New York. 

Klaassen, C.D. (1974). Biliary excretion of arsenic in rats, rabbits, 
and dogs. Toxicol. Appl. Pharmacol. 29, 447-457. 

Klevay, L.M. (1976). Pharmacology and toxicology of heavy metals: 
arsenic. Pharmacol. Ther. Al, 189-209. 

Knowles, F.C. and Benson, A.A. (1983). The biochemistry of arsenic. 
Trends in Biochemical Sciences, May, 178-180. 

Lasko, J.U., Rose, L.J., Peoples, S.A. and Sirachi, D.Y. (1979). A 
colorimetric method for the determination of arsenite, arsenate, 
monomethylarsonic acid, and dimethylarsinic acid in biological and 
environmental samples. J. Agric. Food Chem. 27(6), 1229-1233. 

Lerderer, William H. and Fensterheim, Robert J., Eds. (1983). Arsenic: 
Industrial, Biomedical, Environmental Perspectives, Van Nostrand, 
(Jew York. 

Lerman, S. and Clarkson, T.W. (1983). The metabolism of arsenite and 
arsenate by the rat. Fund. Appl. Toxicol. 3, 309-314. 

Lerman, S.A., Clarkson, T.W. and Gerson, R.J. (1983). Arsenic uptake and 
metabolism by liver cells is dependent on arsenic oxidation 
state. Chem.-Biol. Interactions 45, 401-406. 

Lindgren, A., Vahter, M. and Dencker, L. (1982). Autoradiographic 
studies on the distribution of arsenic in mice and hamsters 
administered 74As-arsenite or -arsenate. Acta Pharmacol, et 
Toxicol. 51, 253-265. 

LBfroth, G. and Ames, B.N. (1978). Mutagenicity of inorganic compounds 
in Salmonells typhinurium: arsenic, chromium and selenium. 
Mutat. Res. 5>3, 65-66. 

Luckey, T.D. and Venugopal, B. (1977). Metal Toxicity in Mammals, Vol. 
I, Plenum Press, New York. 

Lussi-Schlatter, B. and Brandenberger, H. (1976). Trace detection of 
some inorganic hydrides such as arsine, germanium hydride, 
stibine, and tin hydride by gas chromatography with mass specific 
detection (GC-MD). In Advances in Mass Spectrometry in Biochem
istry and Medicine (II) (A. Frigerio, Ed.), pp. 231-248, Spectrum 
Publications, Inc., New York. 

McBride, B.D. and Wolfe, R.S. (1971). Biosynthesis of dimethylarsine by 
methanobacterium. Biochemistry 10, 4312-4317. 



133 

Maiorino, R.M. and Aposhian, H.V. (1985). Dimercaptan metal-binding 
agents influence the biotransformation of arsenite in the rabbit. 
Toxicol. Appl. Pharmacol. 77, 240-250. 

Marafante, E. and Vahter, M. (1984). The effect of methyl transferase 
inhibition on the metabolism of [?4As] arsenite in mice and 
rabbits. Chem.-Biol. Interactions 50, 49-57. 

Mealy, J. Jr., Brownell, G.L. and Sweet, W.H. (1959). Radioarsenic in 
plasma, urine, normal tissues, and intracranial neoplasms. Arch. 
Neurol. Psychiatr. 81, 310-320. 

Menzel, D.B. and McClellan, R.O. (1980). Toxic responses of the respi
ratory system. In Toxicology—the Basic Science of Poisons (Doul, 
J., Klaassen, C.D. and Amdur, M.O., Eds.), pp. 246-274, MacMillan 
Publishing Co., Inc., New York. 

Mercer, T.T. (1973). Production and characterization of aerosols. 
Arch. Intern. Med. 131, 39-50. 

Mil ham, S. Jr. and Strong, T. (1974). Human arsenic exposure in 
relation to a copper smelter. Environ. Res. 7, 176-182. 

Morrow, P.E. (1973). Alveolar clearance of aerosols. Arch. Intern. 
Med. 131, 101-108. 

Mushak, P., Dessauer, K., Walls, E.L. (1977). Flameless atomic 
absorption (FAA) and gas-liquid chromatographic studies in arsenic 
bioanalysis. Environ. Health Perspect. 19, 5-10. 

NAS (1977). Medical and Biological Effects of Environmental Pollutants; 
Arsenic, National Academy of Sciences, Washington, D.C. 

Nygaard, D.D. and Lowry, J.H. (1982). Sample digestion procedures for 
simultaneous determination of arsenic, antimony, and selenium by 
inductively coupled argon plasma emission spectrometry with 
hydride generation. Anal. Chem. 54, 803-807. 

Odanaka, Y., Matano, 0. and Goto, S. (1980). Biomethylation of inorganic 
arsenic by the rat and some laboratory animals. Bull. Environm. 
Contam. Toxicol. 24, 452-459. 

Odanaka, Y., Tsuchlya, N., Matano, 0. and Goto, S. (1983). Determination 
of inorganic arsenic and methyl arsenic compounds by gas chroma
tography and multiple ion detection mass spectrometry after 
hydride generation-heptane cold trap. Anal. Chem. 55, 929-932. 

Pauwels, G.W.F.H., Peter, J.K., Jager, S. and Wijffels, C.C.B.M. (1965). 
A study of the arsenate uptake by yeast cells compared with 
phosphate uptake. Biochim. Biophys. Acta 94, 312-314. 



134 

Pershagen, G. (1981). The carcinogenicity of arsenic. Environ. Health 
Perspect. 40, 93-100. 

Pickrell, J.A., Hobbs, C.H. and Mokler, B.V. (1979). Biomedical research 
needs related to photovoltaic conversion of solar energy to elec
tricity. Inhalation Toxicology Research Institute, Lovelace 
Biomedical and Environmental Research Institute, Albuquerque, NM. 

Puttemans, F. and Massart, D.L. (1982). Solvent extract procedures for 
differential determination of arsenic(V) and arsenic(III) species 
by electrothermal atomic absorption spectrometry. Anal. Chim. 
Acta 141, 225-232. 

Raiziss, G.W. and Gavron, J.L. (1923). Organic Arsenical Compounds, ACS 
Monograph Series No. 15, pp. 69-80, Reinhold, New York. 

Remington, R.D. and Schork, M.A. (1970). Statistics with Applications to 
the Biological and Health Sciences, pp. 260 and 274-275, Prentice-
Hall, Inc., Englewood Cliffs, NJ. 

Ridley, W.P., Dizikes, L., Cheh, A. and Wood, J.M. (1977). Recent studies 
on biomethylation and demethylation of toxic elements. Environ. 
Health Perspect. 19, 43-46. 

Roschina, T.A. (1966). Toxicological features of indium and gallium 
arsenide—a new group of semiconductors. Gig. Tr. Prof. Zabol. 
10, ISS5, 30-33. 

Rossman, T.G., Meyn, M.S. and Troll, W. (1977). Effects of arsenite on 
DNA repair in Escherichia coli. Environ. Health Perspect. 19, 
229-233. 

Rowland, I.R. and Davies, M.J. (1981). In vitro metabolism of inorganic 
arsenic by the gastrointestinal microflora of the rat. J. Appl. 
Toxicol. 1, 278-283. 

Rowland, I.R. and Davies, M.J. (1982). Reduction and methylation of 
sodium arsenate in the rat. J. Appl. Toxicol. 2, 294-299. 

Sachs, R.M., Michael, J.L. Anastia, F.B. and Wells, W.A. (1971). 
Determination of arsenical herbicide residues in plant tissues. 
Weed Science 19(4), 412-416. 

Saffioti, U., Cefis, F. and Kolb, L.H. (1968). A method for experimental 
induction of bronchogenic carcinoma. Cancer Res. 28, 104-124. 

Schoolmeester, W.L. and White, D.R. (1980). Arsenic poisoning. Southern 
Med. J. 73(2), 198-208. 



135 

Smith, Roger P. (1980). Toxic responses of the blood. In Toxicology; 
The Basic Science of Poisons (J. Doull, C.D. Klaassen and M.O. 
Amdur, Eds., p. 327, Mactoillan Publishing Co., New York. 

Smith, T.J. Crecelius, E.A. and Reading, J.C. (1977). Airborne arsenic 
exposure and excretion of methylated arsenic compounds. Environ. 
Health Perspect. 19, 89-93. 

Snedecor, G.W. and Cochran, W.G. (1982). Statistical Methods, 7 edition, 
p. 235, The Iowa State University Press, Ames, IA. 

Stevens, J.T., Hall, L.L., Farmer, J.D., DiPasquale, L.C., Chernoff, N. 
and Durham. W.F. (1977). Disposition of *4C and/or 74As-cacodylic 
acid in rats after intravenous, intratracheal, or peroral adminis
tration. Environ. Health Perspect. 19, 151-157. 

Talmi, Y. and Bostick, D.T. (1975). Determination of aklylarsenic acids 
in pesticide and environmental samples by gas chromatography with 
a microwave emission spectrometric detection system. Anal. Chem. 
47(13), 2145-2150. 

Talmi, Y. and Feldman, C. (1975). The determinations of traces of 
arsenic: A review. In Arsenical Pesticides, ACS Symposium Series 
7 (E.A. Wool son, Ed.), pp. 13-34, American Chemical Society, 
Washington, D.C. 

Tam. K.H., Charbonneau, S.M., Bryce, F. and Lacroix, G. (1978). 
Separation of arsenic metabolites in dog plasma and urine 
following intravenous injection of 74As. Anal. Biochem. 86, 
505-511. 

Tam, G.K.H., Charbonneau, S.M., Bryce, F., Pomroy. C. and Sandi, E. 
(1979). Metabolism of inorganic arsenic ('4As) in humans 
following oral ingestion. Toxicol. Appl. Pharmacol. 50, 319-322. 

Thompson, R.H.S. (1948). The reactions of arsenicals in living tissues. 
Biochem. Soc. Symp. 2, 28-38. 

Trosset, M. (1985). Consultation on January 22, 1985, with Dr. Trosset 
of the University of Arizona Statistical Consulting Laboratory. 

Vahter, M. (1981). Biotransformation of trivalent and pentavalent 
inorganic arsenic in mice and rats. Environ. Res. 25, 286-293. 

Vahter, M. and Envall, J. (1983). In vivo reduction of arsenate in mice 
and rabbits. Environ. Res. 32, 14-24. 

Vahter, M. and Marafante, E. (1983). Intracellular interaction and 
metabolic fate of arsenite and arsenate in mice and rabbits. 
Chem.-Biol. Interactions 47, 29-44. 



136 

Vahter, M., Marafante, E. and Dencker, L. (1984). Tissue distribution 
and retention of 74AS_dimethylarsinic acid in mice and rabbits. 
Arch. Environ. Contamin. Toxicol. 13, 259-264. 

Vahter, M., Marafante, E., Lindren, A. and Dencker, L. (1982). Tissue 
distribution and subcellular binding of arsenic in marmoset 
monkeys after injection of 74As-arsenite. Arch. Toxciol. 51, 
65-77. 

Vahter, M. and Norin, H. (1980). Metabolism of 74/\s-labeled trivalent 
and pentavalent inorganic arsenic in mice. Environ. Res. 21, 
446-457. 

Vallee, B.L., Ulmer, D.D. and Wacker, W.E.C. (1960). Arsenic toxicology 
and biochemistry. A.M.A. Arch. Indust. Health 21, 56-75. 

Venugopal, B. and Luckey, T.D. (1978). Metal Toxicity in Mammals, Vol. 
II, pp. 207-212, Plenum Press, New York. 

Wadkins, C.L. (1961). The adenosine triphosphate-adenosine diphosphate 
exchange reaction of intact rat liver mitochondria. J. Biol. 
Chem. 236(1), 221-224. 

Webb, D.R. and Carter, D.E. (1984). An improved wet digestion procedure 
for the analysis of total arsenic in biological samples by direct 
hydride atomic absorption spectrophotometry. J. Anal. Toxicol. 8, 
118-123. 

Webb, D.R., Sipes, I.G., and Carter, D.E. (1984). In vitro solubility and 
in vivo toxicity of gallium arsenide. Toxicol. Appl. Pharmacol. 
76, S6-104. 

Webb, J.L. (1966). Enzyme and Metabolic Inhibitors, Vol. Ill, 
pp. 595-793, Academic Press, New York. 

West, John B. (1979). Respiratory Physiology—the Essentials, 2 Edition 
p. 3, Williams and Wilkins, Baltimore, MD. 

Willardson, Robert K. (1983). Arsenic in electronics. In Arsenic: 
Industrial, Biomedical, Environmental Perspectives (W.H. Lerderer 
and R.J. Fensterheim, Eds.), pp. 72-88, Van Nostrand, New York. 

Woolson, E.A. and Aharonson, N. (1980). Separation and detection of 
arsenical pesticide residues and some of their metabolites by 
high pressure liquid chromatography—graphite furnace atomic 
absorption spectrometry. J. Assoc. Off. Anal. Chem. 63(3), 
523-528. 



137 

Yamauchi, H. and Yamamura, Y. (1984a). Metabolism and excretion of 
orally administered dimethylarsinic acid in the hamster. Toxicol. 
Appl. Pharmacol. 74, 134-140. 

Yamauchi, H. and Yamamura, Y. (1984b). Metabolism and excretion of 
orally ingested trimethylarsenic in man. Bull. Environ. Contam. 
Toxicol. 32, 682-687. 


