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ABSTRACT 

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

Arsenic levels in phosphate buffer filtrates indicated 78% dissolution by 36 hours. 

The in vivo dissolution of GaAs was dependent upon particle size, time, and route 

of administration. Intratracheal (i.t.) instillation of GaAs particulates (l0-

100 mg/kg) to rats resulted in blood arsenic levels of 5-187 ppm at 14-28 days, 

depending upon particle size. Dissolution doubled as the mean volume particle 

diameter was halved. Oral administration of GaAs particulates 00-1000 mg/kg) 

resulted in blood arsenic levels or 3-18 ppm at 14 days. Gallium was not detected 

in blood at any dose level by any route of exposure. Indices of toxicity that 

correlated to GaAs exposure were decreased weight gain and porphyria. These 

effects were maximal at 100 mg/kg GaAs i.t. Uroporphyrin replaced copropor

phyrin as the major urinary metabolite. GaAs 00-100 mg/kg i.t.) resulted in an 

increase in the lung:body weight ratio 036-228%) at 14-28 days, depending upon 

particle size. Lungs retained 14-42% of the dose as gallium or arsenic. The 

increase in lung wet weight was not primarily due to edema although pulmonary 

edema increased in magnitude as particle size decreased. Lung dry weight, DNA, 

protein, and lipid content were also elevated 14 days after 100 mg/kg GaAs i.t. 

(large fraction). At this time and dose, major pathological lesions were a 

thickening in the alveolar wall, pneumonocyte hyperplasia, and interstitial 

pneumonia. Gallium, as Ga203 (65 mg/kg), accounted for the increase in lung 

lipids. Arsenic, as AS203 (17 mg/kg), was responsible for the remaining changes in 

lung composition observed with GaAs administration. AS203, but not GaAs, 

xiv 
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reslllted in acute fibrosis at 14 days. With 100 mg/kg GaAs i.t. (smaller fraction), 

proteinosis, edema, mild fibrosis, and increased reticulin formation were observed 

over 1-28 days in addition to lesions previously described for the larger fraction. 

These results showed that oral and i.t. GaAs resulted in systemic arsenic 

intoxication. Intoxication was proportional to in vivo dissolution which was 

dependent upon particle size. GaAs i.t. was relatively more toxic to rats than an 

equivalent oral dose. The finding that urinary uroporphyr~n levels were greater 

than coproporphyrin levels may serve as a sensitive, pretoxic indicator of GaAs 

exposure. 



INTRODUCTION 

Purpose 

Gallium arsenide (GaAs) is a crystalline, intermetallic compound pos

sessing superior semiconductor properties relative to the more common materials 

such as silicon or germanium. Although silicon is still the most important material 

for semiconductor technology, GaAs has led to the development of electro-optical 

devices such as light emitting diodes and semiconductor lasers (Kohl and Vieweg

Gutburlet, 1981). Due to superior electron flow velocity, GaAs has also been the 

material-of-choice for high-frequency microwave and millimeter wave telecom

munications systems and ultrafast supercomputers (Robinson, 1983). 

exposure to airborne particulates of GaAs is a potential health hazard in 

the semiconductor industry (Boeniger and Briggs, 1979; Pickrell et al., 1979). 

However, the degree of risk workers assume with GaAs exposure is not clear since 

the toxicity of GaAs has not been adequately defined. This study was designed to 

address this deficiency and investigate the in vitro dissolution of GaAs as well as 

the absorption, excretion, and toxicity of GaAs by oral and intratracheal routes of 

exposure. 

Gallium 

GaAs particulates represent a crystalline vehicle for the potential in vivo 

release of gall1um and arsenic species. Therefore, the toxicity of GaAs may, in 

part, be attributable to the combined toxicities of each of the metals. Gallium is a 

group lIla metal possessing chemical and toxicological properties that have been 

well characterized. An introduction to these data is provided below. 

1 
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Chemistry 

Gallium is normally a trivalent metal that can exhibit valences of +2 or +1 

under special reducing conditions. It forms oxides (Ga203 or Ga20) although 

cationic salts are more commonly encountered. Soluble salts undergo hydrolysis in 

aqueous media and may form insoluble hydroxides. The insoluble material may 

separate as stable precipitates or colloidal particles (Venugopal and Luckey, 1977). 

Absorption 

Gallium salts, lactate, or citrate were minimally absorbed following oral 

administration due to the formation of the insoluble Ga(OH)3 (Dudley and Levine, 

1949; Dudley et aI., 1950a). Gallium was also not appreciably absorbed when rats 

were exposed via inhalation to aerosols of GaCl3 (Dudley and Levine, 1949). 

Absorption of various gallium compounds has been shown when delivered sub

cutaneously (Dudley and Levine, 1949; Dudley et al., 1950a) or intraperitoneally 

(Newman et aI., 1979). 

Distribution 

When stable salts of gallium (e.g., gallium citrate) were injected intra

venously or absorbed following parenteral administration, gallium partitioned with 

the plasma fraction of whole blood (Dudley et al., 1949; Brucer et al., 1953). Other 

investigators have since shown that gallium was specifically bound with numerous 

serum proteins (Hartman and Hayes, 1969; Gunasekera et al., 1972) including 

transferrin (Gunasekera et al., 1972; Clausen et al., 1974). 

Following blood uptake, gallium (as gallium citrate) quickly distributed to 

all major organs. The liver, spleen, and bone had about the same differential 

absorption ratios twelve hours after injection (Brucer et ai., 1953). However, 
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gallium uptake shifted in favor of bone by 24-48 hours (Dudley and Maddox, 1949; 

Dudley et al., 1950b; Brucer et al., 1953). The clearance of gallium from bone was 

very slow since normal bone showed little decrease in gallium content from 

24 hours to 6 months (Dudley and Marrer, 1952). 

Excretion 

Since gallium was poorly absorbed following oral administration, fecal 

excretion represented the primary route of elimination under these experimental 

conditions. In contrast, blood-borne gallium was quickly and primarily eliminated 

by urinary excretion (Dudley et al., 1949; Dudley et al., 1950b; Brucer et al., 1953). 

Gallium has also been shown to be excreted in bile (Brucer et al., 1953). 

Toxicity 

The toxicity of gallium compounds has been summarized by Stokinger 

(1981) into three characteristic features: (1) the species variation was marked 

with larger animal species being 40-60 times more sensitive, on a mg/kg basis, than 

smaller species; (2) intravenous toxicity was approximately twice that found after 

subcutaneous administration, and; (3) cumulative toxicity was significant. An 

inclusive list of toxicity values for various gallium compounds has been provided by 

Venugopal and Luckey (I 977). 

Symptoms of acute gallium toxicity in mammals included vomiting, 

diarrhea, bloody stools, anorexia, weight loss, dermatitis, and photophobia which 

occasionally led to blindness (Venugopal and Luckey, 1977). Acute toxicity in dogs 

also showed reduced hemoglobin levels, hematuria, albuminuria, and swollen lymph 

nodes with marked nuclear fragmentation and necrosis. The kidney appeared to be 
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the primary target organ in gallium intoxication (Dudley et al., 1950a; Newman et 

al., 1979). In comparison, however, gallium is much less toxic than arsenic. 

Arsenic 

A discussion of the chemistry and biologic effects of arsenic is compli

cated by the diversity of arsenical compounds and the abundance of published 

literature. This section will focus upon those data that more readily pertain to 

GaAs and its potential for systemic arsenic intoxication. For more detailed 

descriptions of this subject, the extensive reviews of Webb (1966), Klevay (1974), 

and NAS (I 977) are recommended. 

Chemistry 

Arsenic is a metalloid that exhibits variable valence states from -3 to +5. 

The arsenic in GaAs is in the -3 state but it may be oxidized to +3 and. +5 species 

following GaAs dissolution. The formation of trivalent As(OHb (arsenite, 

o-arsenous acid) has important biological implications based upon its chemical 

properties. Arsenite has long been recognized for its reactivity with free 

sulfhydryl groups under in vitro and in vivo conditions (Webb, 1966). The actual 

enzyme inhibitory form of arsenic is in dispute, however, as Knowles (I 982) 

proposed that arsenic(I) was the ultimate binding species, in vitro, while 

arsenic(III) may only be considered the proximate form. As(OH)3 remains undis

sodated at physiological pH since successive pKa values of 9.23, 12.13, and 13.40 

have been reported (NAS, 1977). Thus, o-arsenous acid can only exist as an anion 

under relatively strong alkaline conditions. There is no evidence, however, for the 

existence of the As(III) cation in aqueous solution (Cotton and Wilkinson, 1980). 

The pentavalent form of soluble, inorganic arsenic is o-arsenic acid (H3As04)j its 
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salts are called arsenates. It has surprisingly different chemical characteristics 

than the trivalent species which can also strongly influence biological reactivity. 

Arsenic acid does not readily react with sulfhydryl groups but substitutes for 

phosphate in many biological reactions (Webb, 1966). Gresser (1981) has shown that 

arsenate can replace phosphate in the oxidative phosphorylation reaction to form 

ADP-arsenate. This product spontaneously hydrolyzes and appears to be the 

mechanism by which arsenate acts as an uncoupler of oxidative phosphorylation. In 

contrast to arsenous acid, arsenic acid is a moderately strong oxidizing agent in 

acid solution, the half-reaction being (Cotton and Wilkinson, 1980): 

+ -H3As04 + 2H + 2e :!=;.HAsC2 + 2H20 
o E = 0.56 V 

Successive pKa values of 2.20, 6.97, and 11.53 have been reported (NAS, 1977). 

Therefore, arsenic acid exists as an anion under physiological conditions. Ioniza-

tion may greatly alter biological activity by affecting excretion and cellular 

uptake. 

Solubilization of GaAs should theoretically form arsine. This reaction is 

provided below. 

GaAs + 3H20 ~ Ga(OH)3 + AsH3 

Although arsine formation has not been shown during GaAs dissolution, this may be 

due to its rapid oxidation. However, arsine is a recognized dissolution product 

when a variety of arsenic intermetallic compounds are exposed to aqueous 

conditions in the presence of nascent hydrogen (Aitken, 1967; Stokinger, 1981). 

Mammals effectively methylate inorganic arsenic to monomethyl or 

dimethyl metabolites. Monomethylarsonic acid (MMAA) is a dibasic acid with pKa 
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values of 4.1 and 8.7 (NAS, 1977). Dimethylarsinic acid (DMAA) has a pKa of 6.2 

(NAS, 1977). Structural formulae for these metabolites are provided below. 

MMAA 

o 
II 

H3C-As-OH 
I 

OH 

DMAA 

o 
II 

H3C-As-OH 
I 

CH3 

These data show that both metabolites would be ionized at physiological pH which 

would affect excretion and cellular uptake as noted above. These methylated 

arsenicals are not esters but represent molecular species with arsenic-carbon 

bonds. Such bonds, especially for DMAA, are chemically very stable (Raiziss and 

Gavron, 1923). 

Metabolism 

Unlike gallium, arsenic is biochemically modified folowing in vivo uptake 

and distribution. Mammals metabolize inorganic arsenic via two biochemical 

"pathways": (1) oxidation-reduction reactions, and (2) biomethylation. These 

modifications may enhance or reduce the toxicity of arsenic and are subject to 

marked animal species variation. 

Oxidation-reduction reactions. The reduction of pentavalent arsenic to 

its trivalent form has been reported following the intrav.:::nous infusion of arsenate 

solutions to dogs (Ginsberg and Lotspeich, 1963). These data were not conclusive, 

however, since an analysis on the purity of the arsenic valence state(s) in the 

dosing solution was not reported. In addition, an in vitro reduction of arsenic by 

soluble reducing agents may have occurred during collection since stability data for 
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inorganic arsenic was not examined under their experimental conditions. A similar 

observation was again reported by Ginsberg (1965) where it was shown that 

arsenate underwent little reduction during in vitro incubation in plasma or urine. 

When both variables were simultaneously controlled, Rowland and Davies (1982) 

clearly demonstrated in vivo reduction when rats were dosed orally with arsenate. 

Vahter and Envall (1983) also reported a carefully controlled experiment and 

showed that biotransformation of arsenate to arsenite occurred following the oral 

or intravenous administration of pentavalent arsenic to mice and rabbits. 

The oxidation of arsenite to arsenate has been occasionally reported but is 

subject to the same limitations in interpretation, as discussed above, when valence 

states are not strictly controlled throughout the experiment. Bencko et al. (l976) 

reported the biotransformation of arsenic(III) to (V) when mice were exposed to 

arsenite in drinking water. When the valence state of arsenic was more carefully 

controlled, Lindgren et al. (1982) showed the appearance of 74 As in the skeleton of 

mice and hamsters following intravenous administration of arsenite. The later 

report suggested in vivo oxidation of arsenite as incorporation of arsenic into bone 

presumably involved the substitution of arsenate for phosphate. In vivo oxidation 

of arsenite to arsenate was also reported by Vahter and Envall (1983) aithough in 

vitro oxidation could not be entirely discounted based upon results of arsenic 

stability tests. Arsenic(III) has also been reported to be converted to arsenic(V) 

following the intravenous administration of arsenite in man (Mealey et al., 1959). 

The role of gastrointestinal microflora in oxidation-reduction metabolism 

of inorganic arsenic has also been investigated (Rowland and Davies, 1981). It was 

shown that arsenate was reduced to arsenite by rat intestinal or caecal contents 

under in vitro conditions. Bacteria were primarily involved but the presence of 
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hydrogen sulfide and bile acids either stimulated reduction or was able to reduce 

arsenate in the absence of gut contents. Although reduction of arsenate was 

extensive on a percent total arsenic basis, the microflora was only exposed to a 

maximum concentration of 2 ug As/mI. Thus the relative contribution of microbial 

reduction to that obtained in whole animals is difficult to assess. Nevertheless, 

microbial metabolism may be expected to play a role in mammalian biotrans

formation of arsenic. This interrelationship would also be expected to occur 

following the parenteral administration of arsenic since it has been shown that 

biliary excretion and enterohepatic recirculation of arsenic occurred in a number 

of animal species (Levander and Baumann, 1966; Cikrt and Bencko, 1974; Klaassen, 

1974; Cikrt et al., 1980). 

Although the biotransformation of arsenic valence states has been 

actively investigated, little information is available on the role(s) of in vivo 

chemical equilibrium processes that may affect the redox potential of arsenic. 

Glutathione, in either its reduced (GSH) or oxidized form (GSSG), appears to be an 

obvious substrate for the nonenzymatic oxidation or reduction of arsenic. A 

change in arsenic valence implies a similar, but opposite, change in glutathione 

redox status. Such glutathione-metalloid interactions are recognized. Reduced 

glutathione reacted nonenzymatically with selenium(V) and produced a selenotrisul

fide deri vati ve of glutathione (GSSeSG), GSSG, and water (Ganther, 1971). When 

the thiol:selenious acid ratio exceeded 4:1, which occurs in biological systems, 

further nonezymatic reduction of selenite to GSSeH + GSSG was possible. GSSeSG 

may also be reduced enzymatically to GSSeH and GSH by glutathione reductase. 

These processes affected the methylation of selenium, a biochemical pathway 

shared by arsenic. In fact, arsenic and selenium metabolism are further 
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interrelated as (1) arsenic protected against selenium toxicity, (2) arsenic 

decreased formation of methylselenium compounds and increased the biliary 

excretion of arsenic, (3) selenium increased the biliary excretion of arsenic, and 

(4) the two elements interacted to form a detoxification conjugate (Levander and 

Baumann, 1966; Levander, 1977). 

A similar role for GSH appears to exist in arsenic metabolism. Anundi et 

al. (1982) have shown that the biliary excretion of GSH and GSSG significantly 

increased following the in vitro administration of arsenic to isolated perfused 

livers. Similar results were observed in situ after rats received intravenous 

injections of arsenite. It was futher reported that the biliary excretion of arsenic 

was solely associated with the excretion of a GSSG-complex. Their conclusion was 

based upon the chromatographic properties of the arsenic-glutathione derivative 

and the observed mobility of GSH and GSSG under their separation conditions. 

Based upon the biochemistry of selenium, however, an additional interpretation 

may be offered. Since the arsenic-glutathione product was not structurally 

analyzed, it may represent GsAs(H)SG rather than a product with an intact 

disulfide bond. 

It remains difficult to determine the interrelationship between arsenic 

metabolism and cellular or tissue redox potentials although perturbations in gluta

thione status have been shown to accompany arsenic exposure. Such changes are 

not limited to the liver since the oral administration of arsenite has also been 

shown to induce glutathione biosynthesis in the intestinal mucosa (Pisciotto and 

Graziano, 1980). Additional research is required to fully understand this process 

which represents an interesting and unchallenged area of metal toxicology. 
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Biomethylation. Methylation represents the primary biochemical process 

for the detoxification of arsenic in mammals. DMAA was the major (60%) urinary 

metabolite of inorganic arsenic in man (Crecelius, 1977; Tam et al., 1979; Buchet 

et at., 1980, 1981). The balance of excreted arsenic was inorganic and MMAA 

species which were excreted in approximately the same proportion (20% of urinary 

arsenic). Other mammals also formed DMAA as the major urinary metabolite of 

inorganic arsenic(III) and (V) although there was little formation of MMAA. These 

results were obtained in the rat (Odanaka et al., 1980; Vahter, 1981; Rowland and 

Davies, 1982), mouse (Odanaka et al., 1980; Vahter and Norin, 1980; Vahter, 1981), 

hamster (Charbonneau et al., 1980; Odanaka et at., 1980), rabbit (Odanaka et al., 

1980; Bertolero et al., 1981), cat (Odanaka et al., 1980), and dog (Tam et al., 1978; 

Charbonneau et at., 1979). However, it has been shown that the marmoset monkey 

cannot methylate arsenic in vivo (Vahter et al., 1982). The extent and rate of --- , ' 

biomethylation has been shown to be dependent upon the valence state of arsenic, 

the dose level, the route of administration, as well as the animal species (Vahter, 

1981; Vahter et al., 1982; Marafante and Vahter, 1983). 

Sites for biomethylation of inorganic arsenic are not well understood. 

Microbial metabolism within the gastrointestinal tract may playa role although the 

available data suggest this may be a relatively minor factor. Rowland and Davies 

(1981) detected the production of small amounts of MMAA and DMAA when rat 

caecal contents were incubated with arsenic(V). A similar observation was not 

reported for in vitro incubations of the intestinal contents. The latter observation 

is of special interest as many mammals, including man, do not have a caecum. 

Rowland and Davies (1982) have also shown that the pattern of arsenic species in 

rat blood resulting from the intravenous injection of arsenic(V) was similar to that 
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observed after oral administration. These data suggest, therefore, that gut 

microflora do not significantly contribute to in vivo biomethylation of arsenic. The 

insignificance of microbial metabolism for biomethylation of arsenic is further 

supported by the data of Vahter and Gustafsson (1980). They showed that germfree 

mice methylated arsenic to the same extent as control mice of the same strain but 

with normal intestinal microflora. 

The liver is more than likely involved in arsenic metabolism based upon its 

recognized metabolic activity. Lerman and Clarkson (1982) reported that there 

was a quantitative difference in the hepatic uptake of arsenic(III) and arsenic(V). 

They were able to demonstrate that isolated hepatocytes took up 14-33% of 

arsenic(III) but less than 2% of arsenic(V). Furthermore, DMAA quickly appeared in 

the incubation medium with arsenite but not with arsenate. More detailed studies 

are required to understand the role of hepatic metabolism in the biomethylation of 

arsenic. Additional sites of biomethylation may also exist but remain to be 

elucidated. 

The mechanism of arsenic biomethylation is also not well understood. The 

most popular theory states that the valence state of inorganic arsenic is critical 

for this reaction; ie., arsenic(V) must be reduced to arsenic(III) before methylation 

can occur (Wood, 1974; Wood et al., 1978). Rowland and Davies (1981) have 

provided in vitro results to support this theory although their data was confined to 

a microbial system. It has more recently been shown that this theory may also be 

appropriate for mammalian metabolism of arsenic. Vahter and cnvaH (1983) 

reported that arsenic(III) appeared in urine before DMAA when rabbits were 

exposed to inorganic arsenic(V). 
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When arsenic(III) is present, Ridley et al. (1977) and Wood et al. (1978) 

suggested that the methylation of metalloids occurred by the nucleophilic or free 

radical attack by such a reduced metalloid salt on S-adenosylmethionine (SAM) or 

methyl-B 12. This hypothesis has been recently supported by the data of Marafante 

and Vahter (1983). They demonstrated that periodate-oxidized adenosine, a known 

inhibitor of methyl transferase, significantly decreased methylation of arsenic in 

mice and increased hepatic retention of total arsenic. Therefore, arsenic can act 

as a substrate for methyl transferase. A possible biochemical pathway leading to 

arsenic biomethylation is provided below. 

(1) 

(2) 

(3) 

Reduction 
---.. H3As03;::::!: HAs02 + H20 

H3As03 

or + SAM 

HAs02 

MMAA + SAM 

i11ethyl • MMAA + S-adenosylhomocysteine 
transferase 

_m_e_th.....:y;....l_ .. DMAA + S-adenyosylhomocysteine 
transferase 

The in vivo demethylation of MMAA and DMAA is unlikely. Buchet et al. 

(1981) reported that DMAA was excreted unchanged after humans were orally 

administered the dimethyl metabolite. They also reported that MMAA was slightly 

metabolized (13%) by methylation to DMAA rather than demethylation to inorganic 

arsenic. Stevens et al. (1977) provided supportive evidence. They concluded that 

DMAA was probably not metabolized to inorganic arsenic since the disposition of 

radiolabels 14C_ and 74 As-DMAA were identical. 
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Absorption 

Gastrointestinal absorption of arsenic may occur following ingestion or 

inhalation since mucociliary clearance of inhaled particles can result in oral 

deposition. Undissolved particles of arsenic reaching the GI tract may be 

solubilized. Dissolution is known to be affected by particle size (Schwartze, 1923) 

and would certainly be dependent upon other factors such as pH and gut motility. 

Human data have clearly indicated that more than 80% of an oral dose of 

arsenic(III) can be absorbed (Coulson, 1935; Crecelius, 1977; Buchet et al., 1981). 

Similar results were reported from a variety of animal species (Coulson, 1935; 

Charbonneau et ai., 1978; Vahter and Norin, 1980; Vahter, 1981). The valence state 

of inorganic arsenic does not appear to be a major factor in gastrointestinal 

absorption since similar data have been reported with arsenic(V) after ingestion by 

humans (Tam et al., 1979; Pomroy et al., 1980) and animals (Charbonneau et al., 

1979; Odanaka et ai., 1980; Vahter and Norin, 1980; Vahter, 1981; Rowland and 

Davies, 1982). In contrast to these results, 64% of an oral dose of arsenic(V) was 

not absorbed in the hamster (Charbonneau et al., 1980). 

Various other routes of absorption are potentially available and have been 

investigated. Dutkiewicz (1977) demonstrated that the route of administration 

affected the absorption of arsenic when rats were exposed to solutions of inorganic 

arsenic(V). Tissue accumulation of arsenic in liver and spleen showed that 

intravenous = intratracheal < gastrointestinal < dermal routes of exposure. 

Absorption of arsenic following pulmonary exposure to arsenic(III) has also been 

reported in mice (Bencko and Symon, 1970) and humans (Rozenshtein, 1970; Smith 

et al., 1977). 
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Methylated metabolites may also be absorbed from the gastrointestinal 

tract since biliary excretion of these compounds has been reported (Odanaka et al., 

1980), and it has been shown that gastrointestinal microflora may be able to form 

MMAA and DMAA (Rowland and Davis, 1981). Gastrointestinal absorption of 

DMAA followng oral administration has been shown in the rat (Stevens et al., 1977) 

and man (Buchet et al., 1981). Oral absorption of MMAA in man has also been 

reported (Buchet et al., 1981). In addition, the extent and rate of intratracheal 

absorption of DMAA was shown to be greater in the rat than that observed 

following oral administration (Stevens et al., 1977). 

Distribution 

Following absorption, arsenic is quickly distributed by the blood to other 

parts of the body. Arsenic(III) has a relatively strong and atypical affinity for the 

rat erythrocyte (Hunter et al., 1942; Cikrt and Bencko, 1974) as does arsenic(V) 

(Cikrt and Bencko, 1974). However, the binding of arsenic to the erythrocyte 

appears to be more dependent upon the metabolism of inorganic arsenic to DMAA 

rather than the valence state of administered arsenic (Rowland and Davies, 1982). 

This suggests that the distribution of arsenic in the rat may be more a function of 

tissue blood volume and erythrocyte content rather than erythrocyte-tissue 

redistri bution. 

The administration of arsenic{V) to the rat has been shown to preferen

tially distribute to the Ii ver, kidneys, bile, spleen, intestinal mucosa and lungs 

(Cikrt and Bencko, 1974; Odanaka et al., 1980; Rowland and Davies, 1982). Bone, a 

probable site for arsenic(V) distribution, was not sampled. These data were 

reported at relati vel y short time intervals after dosing with values ranging fro<l1 

I hour to 2 days. Results are surprisingly similar for rats dosed with a,'senic(IIl} as 



15 

indicated by the reports of Hunter et ale (194-2), Cikrt and Bencko (1974-\ and 

Klaassen (1974). However, distribution may be dose-dependent in the rat as has 

been shown for whole-body retention (Vahter, 1981). This study demonstrated that 

whole-body retention increased with an increasing dose of arsenic. Furthermore, 

retention was greater for arsenic(m) than for arsenic(V). This observation has been 

attributed to a decrease in biomethylation which resulted in greater systemic 

exposure to inorganic arsenic. 

Blood-borne arsenic in species other than the rat was generally distributed 

in the plasma during the first few hours after receiving a dose of arsenic(V) 

(Charbonneau et al., 1979; Lindgren et aI., 1982). Arsenic was quickly cleared from 

whole blood while the small amount remaining showed an increasing affinity for 

erythrocytes. This pattern was shown to be reversed when arsenic(III) was 

administered. Relatively more of the dose was initially found with the erythrocyte 

and the association lasted over a relatively longer period of time after dosing 

(Klaassen, 1974; Vahter and Norin, 1980; Lindgren et al., 1982). 

With the noted exception of the blood distribution profile, systemic 

distribution of arsenic in other species studied was comparable to that obtained in 

the rat. Following intravenous administration of arsenic(V) to mice, the majority 

of the dose quickly distributed to the kidney, bile, liver, small intestine, lung, and 

skeleton. The dose was rapidly eliminated over the next 24 hours. At that time, 

the only organs that contained any appreciable fraction of the dose of arsenic were 

the kidney, skeleton, skin, and stomach (Lindgren et al., 1982). Similar results wre 

obtained by Deak et ale (1976) and Vahter and Norin (1980). 

The distribution of arsenic(III) over relatively early time points does not 

differ significantly, in most tissues studied, from results obtained with arsenic(V) 
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(Vahter and Norin, 1980; Bertolero et al., 1981; Lindgren et al., 1982). There are 

notable exceptions, however, that have been identified. Arsenic(III) appeared to 

have a higher affinity for skin and was excreted faster in bile than arsenlc(V) 

(Vahter and Norin, 1980; Lindgren et al., 1982). The binding of arsenic(III) to skin 

was substantial since a significant difference between valence states was still 

present 72 hours after dosing (Lindgren et al:, 1982). Accumulation of arsenic in 

skin, hair, and oral mucosa may be explained by the affinity of arsenic(III) for 

sulfhydryl groups of keratin (Webb, 1966) which is recognized to be abundant in 

these tissues (Sun et al., 1979). Similar results for subacute arsenic(III) distribution 

have been reported for the guinea pig, chimpanzee, and baboon (Hunter et al., 

1942), marmoset monkey (Vahter et al., 1982), and man (Mealey et aI., 1959). 

The distribution of DMAA has also been studied in the rat (Stevens et al., 

1977). After absorption by vario,:!s routes ~f exposure, DMAA levels in whole blood 

rapidly increased. DMAA distribution within the blood was similar to that observed 

with inorganic arsenlc(V). During the first hour, plasma levels significantl y 

exceeded the amount of OMAA associated with the erythrocytes. Redistribution 

then occurred since it was shown that essentially all of the blood-borne DMAA 

retained 2l~ hours after dosing was in the erythrocyte fraction. 

The distribution of DMAA to other tissues generally agreed with previous 

data reported for inorganic arsenic. DMAA primaril y distributed to the liver, 

kidneys, spleen, lung, and musculature during the earliest time points studied. 

Distribution of DMAA over 2-60 days after dosing was primarily confined to liver 

and muscle tissues (Stevens et al., 1977). 
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excretion 

The elimination of absorbed inorganic arsenic is primarily via urinary, 

biliary, and fecal routes of excretion. However, the relative importance of these 

routes has been shown to be dependent upon the dose, route of exposure, arsenic 

valence state, and animal species studied. Arsenic may also be eliminated in hair 

and nails (Shapiro, 1967) and by skin desquamation (Molin and Wester, 1976). These 

latter excretory routes are relatively unimportant and will not be further 

discussed. 

Urinary excretion. Following parenteral administration of inorganic 

arsenic, the element was primarily eliminated in the urine. Man has been shown to 

eliminate 60-90% of an intravenous dose of arsenic(III) by day 9 (Mealey et ai., 

1959). A similar range in urinary excretion of parenterally administered inorganic 

arsenic has been reported for the cat (Odanaka et al., 1980), rabbit (Odanaka et al., 

1980; Bertolero et al., 1981), hamster (Charbonneau et al., 1980; Odanaka et al., 

1980), and mouse (Odanaka et al., 1980; Vc:.hter and Norin, 1980). While the 

majority of parenterally administered inorganic arsenic was also excreted in the 

urine of the rat, the extent of excretion was substantially lower. Approximately 

4-0-50% of administered arsenic was recovered in urine during 2-10 days after 

dosing (Dutkiewicz, 1977; Odanaka et al., 1980). Vahter and Norin (I980) also 

showed that the rate and extent of urinary excretion of arsenic was dependent upon 

the valence state. Following a subcutaneous injection of the dose, arsenic(V) 

excretion in the mouse was greater than that observed with arsenic(III). Similar 

results were obtained with the hamster (Cikrt et ai., 1980). 

The urinary excretion of orally administered arsenic was approximately 

the same in man as that observed following parenteral administration. A range of 
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50-80% of ingested inorganic arsenic was recovered in urine over 3-7 days after 

dosing. These values were obtained with either arsenic(III) or arsenic(V) (Crecelius, 

1977; Tam et al., 1979; Pomroy et al., 1980; Buchet et al., 1981). Comparable 

values were also reported after oral administration of inorganic arsenic in the 

Cynomologus monkey (Charbonneau et ai., 1978) and the mouse (Vahter and Norin, 

1980) regardless of the valence state. The urinary excretion of ingested arsenic 

was, however, greatly reduced in a number of animal species relative to the values 

obtained after parenteral administration. Odanaka et ale (1980), showed that 

urinary excretion decreased while fecal excretion increased when the mouse, 

hamster, or rat were dosed orally with inorganic arsenic(V). Similar results in the 

rat were reported by Dutkiewicz (1977). The greatest decrease in relative urinary 

excretion was observed in the hamster since approximately 30% of orally 

administered arsenic(V) was found in the urine (Charbonneau et al., 1980). 

The excretion of DMAA in the rat has been reported by Stevens et ale 

(1977) following administration by various routes of exposure. Twenty-four hours 

after intravenous, intratracheal, and oral administration, 71, 60, and 25% of the 

dose, respectively, was excreted in the urine. 

Biliary excretion. The rate and extent of biliary excretion of arsenic may 

be substantial for any given animal species. These values are also greatly affected 

by the valence state of inorganic arsenic. Cikrt and Bencko (1974) reported that 

intravenous administration of arsenic(III) in the rat produced greater biliary 

excretion of arsenic than arsenic(V). Oral (Vahter and Norin, 1980) or intravenous 

(Lindgren et al., 1982) administration of arsenic(IlI) to mice also caused signifi

cantly higher biliary excretion of arsenic than administration of arsenic(V). These 

results have been confirmed in the hamster by Cikrt and Bencko (1980). 
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The rat excretes arsenic into the bile at a rate that is faster than that 

observed in dogs and rabbits (Klaassen, 1974). These results were obtained after 

intravenous administration of arsenic(I1I). It appears that the rates of biliary 

excretion of arsenic in the mouse (Vahter and Norin, 1980) and hamster (Cikrt et 

al., 1980) were also less than that found in the rat and were evident for both 

valence forms of inorganic arsenic. 

Fecal excretion. Less than 10% of parenterally administered inorganic 

arsenic was excreted in the feces of man (Mealey et al., 1959) and a number of 

animal species studied (Klaassen, 1974; Odanaka et al., 1980; Berto1ero et al., 1981; 

Vahter et al., 1982). This pattern was not appreciably dependent _upon arsenic 

valence state in the studies mentioned. Since biliary excretion of arsenic has been 

noted, enterohepatic recirculation of arsenic was substantial. Therefore, biliary 

excretion of arsenic is not an important route of elimination from the body. 

When rats were dosed orally with arsenic, fecal excretion increased to 

30% of the dose and exceeded elimination by the urinary route of excretion 

(Dutkiewicz, 1977; Odanaka et al., 1980). A similar increase in fecal excretion was 

observed in the mouse and hamster although the urine:feces ratio was 1:1 (Odanaka 

et al., 1980). Vahter and Norin (1980) also showed an increase in the fecal 

elimination of orally administered arsenic(III) and arsenic(V) in the mouse. 

However, the increase was subs!antially lower than that reported by Odanaka et al. 

(1980). Both monkey (Charbonneau et al., 1978) and man (Pomroy et al., 1980) 

were exceptions to this pattern since fecal excretIon was approximately 10% of 

ingested inorganic arsenic(II1) and (V), respectively. This suggests that monkey and 

man may have absorptive and/or metabolic capabilities that are not easily 
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saturated. It should be noted, however, that only single doses were administered so 

saturation was not rigorously tested. 

Toxicity 

Toxic manifestations resulting from inorganic arsenic exposure are depen

dent upon the same physiochemical parameters that affect arsenic absorption, 

distribution, and excretion. Methylated arsenicals can be biotransformation 

products of inorganic arsenic metabolism. They are recognized to be less toxic 

than the parent compound (Done and Peart, 1971; Yenugopal and Luckey, 1977; 

Hood et al., 1982) and will not be further discussed. 

Arsine. Arsine is the most toxic of inorganic arsenicals (Yallee et al., 

1960; Yenugopal and Luckey, 1977). The hydride acts as a powerful hemolytic 

poison following acute or chronic exposure. 

Massive hemolysis in laboratory animals can lead to death by asphyxia 

(Yenugopal and Luckey, 1977). Arsine intoxication in man may also be charac

terized by nausea, abdominal pain, vomiting, and shortness of breath followed by 

hemoglobinuria and jaundice (Kipling and Fothergill, 1964-). In most fatal cases 

studied, the cause of death was acute renal failure due to the blockage of kidney 

tubules by hemoglobin casts (Fowler and Weissburg, 1974-). Pulmonary edema has 

also been reported following inhalation of arsine (Yenugopal and Luckey, 1977; 

Stokinger, 1981). 

Trivalent arsenic. Inorganic arsenic(II1) is generally more toxic than 

arsenic(Y) (Franke and Moxon, i 936; Byron et al., 1967). However, reported values 

for acute lethal doses of arsenic may vary substantially as a result of a number of 

important variables. Studies have shown that the toxicity of inorganic arsenic{III) 

was significantly affected by particle size, physical state, i.e., solution vs. powder 
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(Schwartze, 1923; Harrisson et al., 1958), purity, and solubility (Harrison et al., 

1958; Done and Peart, 1971). Harrisson et ale (1958) were also able to show that 

there were animal species and strain differences in susceptibility to acute arsenic 

poisoning. 

Arsenic(III) intoxication is primarily due to impaired metabolic activity 

rather than structural damage to tissues. The affinity of arsenic(III) for hydroxy or 

thiol groups on biologically active molecules has been mentioned. Many enzyme 

systems are vulnerable although the oxidation of pyruvate and succinate are 

especially sensitive (Vallee et al., 1960; Webb, 1966; Schoolmeester and White, 

1980). 

Signs of acute oral intoxication are nausea, vomiting, diarrhea and 

salivation (Klevay, 1976). Arsenic(III) ingestion causes mucosal irritation of the 

stomach and upper gastrointestinal tract (Stokinger, 1981). Inhalation exposure can 

also lead to severe irritation of the respiratory tract (Fowler et al., 1979a). 

Chronic exposure to arsenidIII) leads to anorexia, weight loss, perforation 

or ulceration of exposed mucous membranes, peripheral neuritis, and tremors 

(Venugopal and Luckey, 1977). Arsenic is a putative carcinogen although evidence 

has only been collected from epidemiological studies (Lee and Fraumeni, 1969; 

Pershagen, 1981; Welch et al., 1982). 

Pentavalent arsenic. Although arsenic(V) is generally less toxic than an 

equivalent dose of arsenic(III), acute oral toxicity tests have demonstrated that 

lethal doses differ by less than an order of magnitude. Franke and Moxon (1936) 

showed that a range of 4.25-4.75 mg/kg arsenic(III) iv was lethal to 75% of the rats 

within 48 hours. In contrast, a comparable lethal range for arsenic(V) was rt:!ported 
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at IlJ..O-lS.O rng/kg. Similar results were obtained with dogs following oral 

administration of these arsenicals (Byron et al., 1967). 

The mechanism of action of arsenic(V) toxicity is less clearly understood 

than that of arsenic(III) compounds. Unlike arsenic(III), pentavalent inorganic 

arsenic does not readily react with biologically at::tive sites of most enzymes 

(Webb, 1966). It appears that arsenic(V) is more likely to compete with inorganic 

phosphate in biological reactions (Webb, 1966) and uncouple oxidative phosphory-

lation (Gresser, 1981). It is not clear whether these mechanisms of toxicity can 

fully explain the potent, acute toxicity of arsenic(V). 

Other factors may modify or potentiate arsenic(V) toxicity. Physio-

chemical parameters previously discussed with arsenic(III) would be expected to 

exert a similar effect upon the toxicity of arsenic(V) compounds. Although fewer 

studies have bee,n reporteq on this subject, Done and Peart (I971) showed that the 

relati vely insoluble lead arsenate salt was less toxic to rats (po) than more soluble 

species. More importantly, arsenic(V) may exert a toxic effect following 

enzymatic or nonenzymatic reduction to arsenic(II1). 

Determination of Total Arsenic 
in Biological Samples 

Numerous analytical methods have been recently reviewed (Talmi and 

Feldman, 1975; Brooks et al., 1981) for the quantitative determination of arsenic in 

biological, environmental, and industrial samples. Flame atomic absorption 

spectrophotometry (FA AS) continues to be a popular method for arsenic analysis. 

The conventional atomic absorption method of aspirating an arsenic solution into 

an air-acetylene flame haS limited effectiveness due to the inherent insensitivity 

of this technique (Parsons et al., 1975). A significant increase in analytical 
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sensitivity is obtained when arsenic is analyzed by FAAS following conversion to 

the volatile arsine. Arsine generation is time and pH dependent and these 

parameters are not equivalent for inorganic and methylated forms of arsenic. 

Thus, total arsenic content can be greatly underestimated by this technique when 

the sample contains significant amounts of methylated arsenicals and the 

generated arsiiles are directly purged into a flame (Arbab-Zavar and Howard, 1980; 

Hinners, 1980). 

Attempts to resolve these analytical problems have included trapping the 

arsines in cold traps (Braman and Forebeck, 1973; Edmonds and Francessoni, 1976; 

Howard and Arbab-Zavar, 1981) or balloon reservoirs (Freeman and Uthe, 1974; 

Cox, 1980) prior to analysis or decomposing the methylated species to inorganic 

arsenic prior to arsine formation (Sachs et al., 1971; Uthe et aI., 1974; Nygaard and 

Lowry, 1982). Trapping techniques are effective but they can greatly increase the 

amount of time required for each analytical determination. Decomposition 

methods are abundant in the literature but recovery has not been evaluated by 

direct hydride analysis. It was the purpose of this portion of the study to 

determine the effectiveness of various digestion procedures to quantitatively 

convert DMAA and MMAA to inorganic arsenic. Recovery was dett!rmined by 

direct hydride analysis with FAAS. 

Toxicology of the Lung 

The primary physiological role of the lung is to provide oxygen to oxygen

depleted blood. In order to accomplish this task, man daily inhales large volumes 

of air. Resting values for 24-hour air inspiration have been estimated (Hounam and 

Morgan, 1977) at 10 m3 (15 kg). Inhalation volume would obviously increase if man 

was performing physically strenuous tasks. 
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It is generally unavoidable that inspired air may also carry numerous gases 

and suspended particles. These substances may be particularly noxious in the 

working environment. Occupational exposure to arsine (Fowler and Weissberg, 

1974), asbestos (Braun and Truan, 1958; Corrin and Price, 1972), silica (Zaidi, 1969), 

and inorganic arsenic (Pinto and McGill, 1953; Ott et al., 1974) represent a few 

examples of pulmonary toxicants that have been encountered. The toxicological 

effect(s) of such exposure will depend upon the compound and the extent of 

pulmonary deposition and clearance. 

Particle Deposition 

The pulmonary deposition of inhaled particles is influenced by many 

factors. Particles are essentially filtered by the respiratory system during normal 

lung ventilation. The mechanisms that may be active in such a process are 

sedimentation, inertial impaction, diffusion, electrical forces, and interception. A 

detailed description of each mechanism will not be provided but excellent 

references are available for further reference (Hounam and Morgan, 1977; Brain 

and Val berg, 1979). 

Whether or not a particle is actually deposited is additionally influenced 

by other factors associated with the particle and ventilation patterns. The single 

most important factor in lung deposition is particle size. Particles with aero

dynamic diameters of 5-30 um are generally deposited within the naso-pharyngeal 

region. Smaller particles are capable of reaching deeper regions of the lung. The 

trachea-bronchiolar region will normally retain particles in the 1-5 um range while 

particles 1 um reach the alveoli (Casarett, 1972). These patterns of particle 

deposition are generalized and are affected by particle density, hygroscopicity 
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(Sinclair et al., 1974), breathing pattern (Dennis, 1971), mouth versus nose 

breathing, and animal species differences (Brain and Volberg, 1979). 

Particle Clearance 

Not all particles that are deposited in the respiratory system will 

ultimately remain there. Coughing and sneezing represent important mechanisms 

to remove particles from the nose, pharynx, and larger, lower airways. Expelled 

mat~rial may be eliminated from the body or subsequently swallowed. Ingestion 

can, therefore, result in oral exposure of an inhaled substance. The mucociliary 

escalator is another important mechanism that clears particles from conducting 

airways and can lead to expectoration or ingestion (CaSarett, 1975). 

Particles that have been deposited in the alveoli and alveolar ducts may 

also reach the mucociliary escalator. This pathway has not been firmly established 

(Morrow, 1973) but is conceivable based upon continuity between alveolar and 

upper respiratory mucin or mucin-like fluid. Endocytosis by alveolar cells 

represents a means of alveolar clearance (Schneeberger-Keeley and Karnovsky, 

1968) although the signficance of this mechanism is not known. The primary means 

for alveolar clearance is via macrophage phagocytosis (Casarett, 1975). Following 

cellular uptake, macrophages may remove particles through the lymphatic circu

lation or the mucociliary escalator after migration to the appropriate sites of entry 

(Kilburn, 1977; Leak, 1977). 

Particles may also be removed by non-biological methods. An important 

means of alveolar removal can be particle dissolution and vascular uptake. This 

would be greatly influenced by the type of particle deposited and its aqueous 

solubility. Dissolution may also be affected by intracellular and/or extracellular 

factors that may aid or promote dissolution (Kilburn, 1977). 
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Inhalation. Experimental animals may be exposed to particulates 

following the generation of an aerosol. Aerosol generation is a complex, 

sophisticated art that involves considerable skill and specialized equipment 

(Mercer, 1973). Although inhalation seems to be more physiological, there are a 

number of disadvantages to this technique. If constant levels of the aerosol can be 

maintained in the breathing chamber, individual variations between animals can 

significantly affect the amount of particulates ultimately dc::posited within the 

respiratory tract. Changes in animal breathing rates or patterns, variations in 

airway dimensions, or animal movement in nose-only exposure chambers can alter 

pulmonary retention values. Whole-body exposure chambers may also be unaccept-

able since subsequent preening results in an excess of oral exposure to the 

particulate. In some instances, it may be difficult to obtain particles that" are 

small enough to be deposi ted in alveoli by inhalation. 

A significant advantage offered by inhalation exposure is that the pattern 

of lung distribution is uniform and deposition is preferentially in the apical lobes 

(Brain et al., 1976). 

Intratracheal instillation. An alternative to inhalation methodology is the 

intratracheal instillation of particulate suspensions. Thh; technique utilizes 

surgical or nonsurgical methods to inject suspensions directly into the tracheal 

lumen. The primary disadvantage of this technique is that distribution patterns are 

generally nonuniform and favor deposition in the dependent portions of the lung 

(Brain et al., 1976). 

However, there are a number of advantages to intratracheal instillation 

that must be considered: 1) the accuracy and uniformity of the actual dose 
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delivered to each animal can be controlled, 2) the procedure is simpler and requires 

unsophisticated equipment, 3) relatively large, therefore effective, doses of 

particulate can be administered in a short time, 4-) the technique eliminates skin 

exposure, and 5) particles that are too large for inhalation deposition may be 

administered to the lung. For the purpose of this study, intratracheal instillation 

was the obvious method-of-choice. 



METHODS 

Preparation and Size Distributional Analysis 
of Metal Particulates 

GaAs was purchased from Alfa Products (ThiokolNentron Division, 

Danvers, MA, purity> 99.99%) and pulverized in a freezer mill (Splex Industries, 

Inc., Metuchen, NJ). The powder was sieved through a 11400 mesh microsieve 

(Fraction I) or a 111 0 mesh microsieve (Fraction II) in a sonic sifter (Allen-Bradley, 

Milwaukee, WI). The sievable fractions were analyzed for particle size distribution 

with a model 111l2CLTNJB/ADC (W) Electrozone/Celloscope (Particle Data, Inc., 

Elmhurst, IL) fitted with a 150 um or a 48 um orifice probe (Fractions I and II, 

respectively). Particle shape was determined by scanning electron microscopy. 

Arsenic(III) oxide (As203) and Gallium(III) o){ide (Ga203) were purchased from Alfa 

Products (Alfa Puratronic, Cat. 1110016 and 1132102, respectively) and similarly 

sieved through the 11400 mesh screen and analyzed. The microsieved fraction of all 

samples was used throughout the study. 

Chemicals and Reagents for Arsenic 
and Gallium Anal ysis 

Double distilled water (d.d. H20) was used throughout the study to rinse 

glassware, prepare standard solutions, and dilute standards and biological samples. 

Glassware was washed in a detergent solution, rinsed with tap water, then soaked 

for 24 hours in 20% (v/v) nitric acid. After soaking, glassware was rinsed and oven 

dried for 24 hours at 50oC. 

28 
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Acids: All concentrated acids (HCI, HN03, and H2S04) were "Baker Analyzed" 

(J.T. Baker Chemical Co., Phillipsburg, NJ). Concentrated HCI was diluted 1:1 

with d.d. H20 to prepare 6N HC1. 

Potassium dichromate: I<2Cr207 was purchased from Mallinckrodt, Inc. 

(Reagent grade, Paris, KY). 

Vanadium (V) oxide: V205 was purchased from J. T. Baker Chemical Co. 

(A.C.S. Reagent grade). 

Sodium iodide: NaI was Fisher "Certified" (Fisher Chemical Co., Fair 

Lawn, NJ). A 20% (w/v) solution was prepared by dissolving 20 g NaI in 100 ml 

d.d. H20, stored at 4-°C, and discarded when it turned a faint yellow. 

Sodium borohydride: NaBH4 pellets were purchased from Alfa Products, 

Danvers, MA (Cat. 1114-122). 

Arsenic Standards 

1. Arsenic(lIl) atomic absorption spectrophotometry stock solution (Alfa 

Products, 914- ug As/ml, Cat. 1188050. 

2. Arsenic(V) stock solution. A solution was prepared at 1000 ug As/ml by 

transferring 0.4165 g of Na2HAs04' 7 H20 (Pfaltz and Bauer, Inc., Stamford, 

CN) to a 100 ml volumetric flask and diluting to volume with 5% (v/v) H2S04. 

3. Monomethylarsonic acid (MMAA), disodium salt stock solution. A solution was 

prepared at 1000 ug As/ml by transferring 0.3906 g of Na2CH3As03' 6H20 

(Pfal t .. and Bauer, Inc.) to a 100 ml volumetric flask and diluting to volume 

with 0.2% (v/v) H2S04. 

4. Dimethylarsinic acid (DMAA) sodium salt stock solution. A solution was 

prepared at 1000 ug As/ml by transferring 0.2737 g of Na(CH3>2As02·2.5 H20 
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(Sigma Chemical Co., St. Louis, MO) to a J.OO ml volumetric flask and diluting 

to volume with 0.2% (v/v) H2S0lj.. 

5. Working standards were diluted from stock solutions and prepared, as needed, 

on the day of analysis. A 0.2% (v/v) H2S0fl solution was used as a diluent. 

Gallium Standard 

A Ga(N03)3 atomic absorption spectrophotometry standard solution 

(968 ug Ga/mI) was purchased from Alfa Products (Cat. 1188066). 

Analytical Determination of Arsenic Concentrations 

Apparatus 

1. Atomic absorption spectrophotometer. An atomic absorption spectrophoto

meter (Instrumentation Laboratory, Inc., Model tilL 151, Lexington, MA) 

equipped with an arsenic hollow cathode lamp and a deuterium background 

corrector was used for arsenic analysis. Absorbance was measured at 

193.7 nm. A three-slot burner was used to provide a nitrogen-entrained air

hydrogen flame with gas flow rates of 3 L/minute and 1 L/minute for nitrogen 

and hydrogen, respectively. The top of the burner was positioned just below 

the height at which light from the arsenic lamp began to be obstructed. Signal 

output was recorded on a Hewlett-Packard Model 1117501A recorder set at 10-

20 mV and a chart speed of 0.5 inch/minute. Pen response for full-scale 

deflection was < 0.5 seconds. 

2. Hydride generator. Arsine was generated in a 3-neck, 100 ml round bottom 

flask; a schematic is provided in Figure 1. The center neck was fitted with a 

2-hole rubber stopper allowing nitrogen to enter the flask and exit to the 

burner. Evacuation of the container's contents was achieved via a i-way 
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stopcock positioned on a side-neck. The third neck was equipped with a glass 

plunger fitted into a rubber stopper. This served as a delivery system for the 

NaBH4 pellet needed to begin the arsine reaction. 

3. Hotplate. A hotplate with surface dimensions of 25 x 25 cm (Corning, Model 

IIPC-lOI, Corning, NY) was used for the wet digestion of samples. The 

hotplate surface temperature was calibrated to dial settings by heating a 28 x 

28 x 7.5 cm aluminum digestion block and determining its temperature with a 

standard thermometer. 

Generation of Arsine 

A volume of 1-2 ml arsenic sample was added to 8-9 ml d.d. H20 and 

10 ml of 6N HCI in the arsine generator. A NaBH4 pellet was loaded in the glass 

plunger-rubber stopper assembly and placed in the sideneck to "close" the arsine 

generator, diverting all N2 flow to the burner. The stopcock for evacuating the 

spent solution was in the closed position. When a stable baseline was obtained on a 

strip-chart recorder, the plunger was depressed to drop the NaBH4 pellet into the 

arsenic-HCI solution. A constant flow of N2 carried all generated arsines 

immediately to the burner. Following a return to baseline, the stopcock was turned 

to the open position and a section of latex rubber tubing on the glass tube to the 

burner was pinched closed, thus allowing N2 flow to evacuate the reduced sl)lution 

to a vented waste container. The arsine reaction under these conditions was 

completed in approximately 30-45 seconds. 

Calculations 

Arsenic content was calculated from peak height and area after subtrac

tion of absorbance values from appropriate blanks. All. reduced samples were 
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quantified from a standard curve established from arsenic (III) carried through the 

digestion procedure. For samples assayed without the addition of NaI, arsenic 

content was established from a similarly digested arsenic (V) standard. Analytical 

recovery was determined by dividing the measured arsenic content by the expected 

concentration and expressing the value as a percent. 

Analytical Determination of Gallium Concentrations 

Gallium was analyzed by FAAS with a Varian atomic ab30rption spectro-

photometer (Model 11475, Melbourne, Australia). Absorbance was measured at 

294.1~ nm during aspiration of samples into an air-acetylene flame. If gallium was 

not detected by FAAS, samples were analyzed by flame emission spectro

photometry (FES). Emission was measured at 403.7 nm in a nitrous oxide-acetylene 

flame. For the quantitation of gallium in biological samples, standard curves were 

prepared in the appropriate tissue or excreta. Gallium content was calculated 

from peak height after subtraction of absorbance or emission values from appro-

priate blanks. 

Standard Solutions 

Analytical Recovery of Inorganic and 
Methylated Arsenic Species by 

Wet Digestion 

Known amounts of arsenic(IlI), arsenic(V), MMAA, DMAA, or an equimolar 

arsenic ratio of all four species were volumetrically transferred to a 25 ml erlen-

meyer flask. Arsenic(IlI) or arsenic(V) were carried through the digestion proce-

dure as aqueous standards; reagent blanks were prepared by adding all materials 

except arsenic standards. A boiling stone was added to each flask. To determine 

the effectiveness of oxidative reagents, flasks received either no reagent (controt), 
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or approximately 30 mg of V20-" or K2Cr207. A 3 ml aliquot of concentrated 

HN03 was then added and flasks were placed on a hotplate that had been pre

heated to 120-1400C. An aluminum foil shield (folded aluminum foil, 8 cm height) 

was positioned on the hotplate to enclose the flasks on all sides and the samples 

were heated until their volume was reduced to 1-2 mI. The flasks were removed 

from the hotplate, cooled, and 3 ml of concentrated H2S04 was added. The 

surface temperature of the hotplate was increased to 240-260oC; flasks were 

replaced and the shield again positioned around the flasks. The samples were 

heated until 503 fumes were generated and the reaction was timed from that point 

for an additional 30 minutes. During the final 30 minutes of heating a violet 

precipitate was formed and was viewed as an endpoint to the decomposition of 

methylated arsenicals. At the end of this heating cycle the flasks were removed, 

cooled, and the contents rinsed into a 50 ml polypropylene centrifuge tube 

(Corning) with d.d. H20. The volume was brought to 20 ml with d.d. H20 and a 

1 ml aliquot of 20% (w/v) NaI for samples to be reduced to arsenic(III). If samples 

were to be quantified relative to an arsenic(V) standard, NaI was omitted. Reduced 

solutions were then heated in an oven at 500 C for 30 minutes. Samples were 

assayed for arsenic content within 2-4 hours. 

Biological Samples 

Recovery of 20 ug of arsenic as DMAA was determined in 1 ml of rat 

urine, heparinized bIood, or a 20% (w/v} fecal homogenate in 20% (v/v) HN03. A 

20 ug sample of arsenic(III) and 1 ml of d,d. H20 were carried through the digestion 

procedure as an aqueous standard. Sample blanks were assayed without the 

addition of standards to determine the background levels of arsenic. Approxi

mately 30 mg of K2Cr207 were added and aU flasks were carried through the 
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digestion procedure as above. If charring occurred during the H2S04 heating cycle, 

flasks were removed, cooled, and 3 ml of concentrated HN03 was added. Flasks 

were returned to the hotplate and heated to S03 fumes as described. This step was 

repeated until charring stopped. Sample volume was adjusted to 20 ml with 

d.d. H20 and I ml of 20% (w/v) NaI. 

Wet Digestion of Biological Samples 

Lungs were homogenized in cold, 0.9% (w/v) saline at a 1:10 (w/w) ratio. 

A 20% (w/v) fecal homogenate was prepared in 20% (v/v) HN03. A 1 ml aliquot 

of homogenate, urine, or heparinized blood was then transferred to 25 ml ehrlen

meyer flasks (4 replicates per sample). A boiling stone, approximately 30 mg of 

K2Cr207, and 3 ml of concentrated HN03 were added to each flask. Flasks were 

heated on a hotplate at 120-l40oC to near dryness. The flasks were removed, 

cooled and 3 ml of concentrated H2S04 was added. 

Gallium Samples 

Two flasks per sample were returned to the hotplate and heated at 

190-200oC for 30 minutes; formation of a precipitate was strictly avoided. Flasks 

were removed from the hotplate, cooled, and the contents transferred and brought 

to volume with distilled H20. If charring occurred during the H2S04 stage, flasks 

were removed from the hotplate, cooled, and 3 ml of concentrated HN03 was 

added. Flasks were returned to the hotplate and heated to remove HN03. This 

step was repeated until charring stopped. 

Arsenic Samples 

The remaining two flasks per sample were subjected to the wet digestion 

procedure previously described ("Analytical Recovery of Inorganic and Methylated 
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Arsenic Species by Wet Digestion, Biological Samples"). Sample volume was 

adjusted to 20 ml with d.d. H20 and 1 ml of 20% (w/v) NaI. 

In Vitro Solubility of GaAs, Ga203, and AS203 

A 20 mg sample of GaAs (Fraction I) was added to 4-0 ml of 0.1 M, pH 7.4-, 

phosphate buffer in 125 ml ehrlenmeyer flasks. Flasks were placed in a shaking 

incubator for 4-8 hours at 370 C. Aliquots were removed at 0.25, 0.50, I? 3, 8, 12, 

24-, 36, and 4-~ ~ours and filtered through 0.2 urn filters (Gelman Acrodisc, Gelman, 

Ann Arbor, MI). The samples were then diluted with 6 N HCI and 4-% (w/v) NaI 

(2:1 :1). Equimolar amounts, on a metal basis, of AS203 and Ga203 were similarly 

incubated, sampled, and diluted. Filtrates were analyzed for arsenic and/or 

gallium content. Arsenic concentrations were quantified against an arsenic(III) 

standard. Gallium concentrations were determined from a standard curve prepared 

in a similar aqueous matrix:. 

GaAs was also incubated for 12 hours under identical conditions in the 

following aqueous systems: 0.2 M phosphate buffer 1 pH 7.4-; 0.1 M phosphate 

buffer, pH 7.4; Krebs-Hensleit buffer, pH 7.4 (Moldeus et al., 1978); HCI-KCl 

buffer, pH 2.0; and distilled H20. Samples were diluted and arsenic concentrations 

were determined in the filtrates as above. 

Treatment of Animals 

General 

Male Fischer-34-4- rats (200 :!: 20 g body weight) were purchased from 

Charles River Laboratories, Boston, MA, and acclimated for 7 days prior to dosing. 

Rats were allotted to groups such that the group means and standard deviations in 

body weight were approximately equal. Water and food (Wayne Lab Blox) were 
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provided ad libitum throughout the study. A 10-14 hour light-dark cycle was 

maintained. 

Intratracheal Studies 

GaAs was suspended in filter-sterilized normal saline immediately prior to 

dosing. Ga203 and AS203 were similarly prepared. Under ether anesthesia, rats 

received 10, 30, or 100 mg/kg GaAs (Fraction I), 100 mg/kg GaAs (Fraction II) , 

equimolar gallium as Ga203 (65 mg/kg), or a maximally tolerated, non-lethal dose 

of arsenic as AS203 (0.25 x moles GaAs, 17 mg/kg). The dose was administered in 

a 0.7 ml volume and delivered with a 20 G x 1~ inch needle after surgical exposure 

of the trachea. Rats were held in an upright position while approximately 0.35 ml 

of the dose was directed towards each bronchus. Control rats received a sham dose 

of vehicle. The incision was closed and the rats were either placed in individual 

metabolism cages or they were group-housed in shoe-box cages for 14 or 28 days. 

Oral Studies 

GaAs (Fraction I) was suspended in filter-sterilized normal saline. Under 

ether anesthesia, rats received 10, 100 or 1000 mg/kg GaAs in a 1.0 ml volume. 

Control rats received a sham dose of vehicle. Rats were individually or group

housed as described above for 14 days only. 

Collection and Storage of Excreta 

Rats were hOllsed in individual metabolism cages on days 1-7 and on 

day 14 of a two-week study. Urine was collected daily over 1 ml of 1.0% (w/v) NaF 

(MCB Manufacturing Chemists, Inc., Cincinnati, OH) - 2.0% (w/v) NaHC03 (Fisher 

Scientific Co., Fairlawn, NJ) to reduce bacterial growth and to oxidize 
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porphyrinogens to porphpyrins, respectively. Feces were also collected daily and 

excreta were stored at -lOoC. On interim days 8-13, rats were group-housed. 

Necropsy Procedures 

At the end of the studies, rats were anesthetized with sodium pento

barbital i.p. Blood was removed from the superior vena cava, heparinized, and 

stored at -lOoC. Major organs were removed, rinsed in cold, normal saline, blotted 

dry, and weighed. Organs were examined for gross pathological lesions. 

Tissue Histology 

Lungs intratr~cheally exposed to GaAs (Fraction I and 11), Ga203, or 

AS203 were inflated in situ with buffered formalin, pH 7.4. The organs were then 

transferred to jars of buffered formalin and later embedded in paraffin wax. 

Livers and kidneys from rats intratracheally receiving 100 mg/kg GaAs (Fractions I 

and II) were also stored in jars of buffered formalin prior to embedding. All organs 

were sectioned and stained with hematoxylin and eosin. Lungs were additionally 

stained with Mason's Trichrome or reticulin stain. Mounted sections were 

examined under light microscopy for pathological lesions and histological signs of 

fibrosis. 

Analysis of Urinary Porphyrins 

Urine was adjusted to pH 8-9, if necessary, with NaHC03 and incubated 

at room templ!rature for 8-12 hours. The urine was diluted with 29 volumes of a 

solution of 1.5 M citric acid containing 0.1 M oxalic acid. Samples were vortexed 

and allowed to stand in the dark at room temperature for 20 minutes. The diluted 

urine was filtered through a 0.45 um Millex-HA filter (Millipore Corp., Bedford, 

MA) prior to analysis. Porphyrins were separated on 'i C 18 Bondapak column 
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(Waters Associates, Milford, MA) with a gradient solvent system of pH 3.5, 0.1 M 

NH4H2P04 : MeOH (55:45, Bottle A) and MeOH (Bottle B). Fluorescence was 

measured at 10 398 nm and nO 625 nm and values quantified against a standard 

porphyrin mixture (Porphyrin Products, Logan, UT). Treated groups served as their 

own controls during the 24 hour period prior to dosing. 

Biochemical Determination of Lung CompOSition 

Lungs were removed en bloc and carefully trimmed of the trachea and all 

extraneous tissue. The organs were rinsed in cold, normal saline, blotted dry, and 

weighed. Dry weight was determined by placing the lungs in a 500 C oven for 

48 hours or by lyophilizing aliquots of a lung homogenate to a constant dry weight. 

Lungs not subJected to dry weight determination were homogenized in cold, normal 

saline to produce a 10% (w/w) homogenate. The homogenate was subsequently 

analyzed by the following procedures. 

Total Proteins 

A 1.0 ml aliquot of lung homogenate was hydrolyzed with 9.0 ml of 6 N 

HCI for 24 hours at lOO-liOoC. A 1.0 ml aliquot of the hydrolysate was evaporated 

at 800 C under nitrogen. The residue was then brought to 2 ml with citrate-acetate 

buffer (pH 6). Protein concentration was determined fluorometrically according to 

the modified method of Bohlen et ale (1973). An aliquot of protein solution was 

brought to a 1.5 ml volume in borate buffer (pH 9). The reagent fluorescamine 

(Pierce Chemical Co., Rockford, IL) was dissolved in acetone and rapidly delivered 

to the protein-borate solution while the sample was vigorously mixed with a 

vortex-type mixer. Protein concentration was determined by comparison to a 
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similarly hydrolyzed albumin standard (bovine ulbumin, Sigma Chemical Co., St. 

Louis, MO). 

4-H ydroxyproline 

Total collagen content of the lung was estimated by measuring 4-hydroxy

proline (4-HP) levels in lung homogenate. A 1.0 ml aliquot of lung homogenate was 

hydrolyzed, evaporated, and resuspended in 2.0 ml of citrate-acetate buffer (pH 6) 

as described above. 4-HP levels were determined colorimetrically by reaction with 

p-dimethylaminobenzaldehyde (Fisher Scientific Co., Fairlawn, NJ) according to 

the method of Stegemann (1958). 

DNA 

Deoxyribonucleic acid content of lung homogenate was determined by the 

modified method of Burton (1956). A 1.0 ml aliquot of lung homogenate was 

diluted with 1.0 ml of 1.0 M HCIOq.. The sample was heated at 700 C for 

20 minutes. Precipitable material was removed by centrifugation (10,000 x g, 

15 minutes) and the supernatant recovered for analysis. Extracted DNA was 

quantified colorimetrically by reaction with diphenylamine (Sigma Chemical Co., 

St. Louis, MO). 

Total Lipids 

Total lipids were determined gravimetrically according to the method of 

Folch et al. (1957). 

Statistics 

A statistically significant difference between multiple treatment groups 

was established by one-way analysis of variance and Least Significant Difference 
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tests. Pooled porphyrin values were analyzed relative to a 95% Confidence 

Interval calculated from non-pooled control values. Significance between control 

and a treatment group was determined by the Student's t-test. Differences were 

considered significant if p < 0.05. 



Results 

RESULTS AND DISCUSSION 

Part 1: Quantitative Digestion of Methylated Arsenic Species to 
Inorganic Arsenic and Analysis Using Direct Hydride AAS 

Inorganic arsenic standards. Inorganic arsenic(III) and (V) were quantita-

tively converted to arsine with NaBH4- in 3N HC1. The absorbance response, when 

expressed as either pea.k height or area, was not equivalent for these species based 

upon an equal mass of arsenic. A graph is provided in Figure 2 where two 

independent absorbance tracings from 500 ng arsenic(III) or (V) have been superim-

posed with the rise in pen response normalized to time of addition of NaBH4-. The 

arsenic(III) peak was characterized by a rapid rise and fall in absorbance. In 

contrast, the response for arsenic(V) began to rise more slowly. The maximum 

response was lower and somewhat plateaued relative to arsenic(III) and the pen 

slowly returned to baseline. More time was required to complete the arsine 

reaction with arsenic(V) than with (III). 

Typical standard curves for inorganic arsenic(III) and (V) are provided in 

Figure 3. Although both curves demonstrate an adequate line~r relationshp 

between arbitrary absorbance units (peak height) and arsenic content, the more 

frequently used arsenic(III) curve was further characterized. Sensitivity was 

defined in this study as the amount of arsenic which would produce an absorbance 

signal of 0.004-4- (a 1% change in absorbance). Our results indicate that a 

sensitivity of 2 ng arsenic(III)/arsine reaction was achieved. The detection limit 

was defined as the amount of arsenic that gave an absorbance value twice the 

4-1 
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signal-to-noise ratio. Based upon the repeated analysis of inorganic arsenic(III), the 

detection limit was determined to be 7 ng arsenic(III)/arsine reaction. Peak height 

was used throughout the remainder of the study to determine recovery values. 

Methylated arsenic standards. MMAA and DMAA can be converted to 

their respective methylated arsines. Both compounds produced measurable 

absorbance signals with our arsine generation technique without the aid of 

oxidative decomposition. However, their responses were much lower relative to an 

. equivalent amount of inorganic arsenic(III) or (V). Resl!lts are provided in Table 1. 

Various wet digestion techniques were examined to determine their 

effectiveness in decomposing methylated arsenic species to inorganic arsenic. In 

the first study (Table 2)~ a sequential HN03-H2S04 digestion procedure was 

examined with and without oxidative reagents. When recovery was quantified 

relative to an arsenic(V) standard curve, MMAA was readily decomposed by all 

three digestion procedures although the oxidative reagents provided a measurable 

improvement in recovery. In contrast, DMAA appeared quite resistant to decom

position by acid alone; recovery was 40.± 3096 of the arsenic(V) standard. Recovery 

increased to 69.± 1096 with V205. The best and most repi"oducible recovery (88 .± 

1 %) was obtained by using K2Cr207. 

The acid solutions of K2Cr207 produced specific color changes throughout 

the procedure. During the HN03 stage, samples were yellow under aqueous 

conditions but were blue in the presence of organic matter. Following addition of 

H2S04, aqueous samples turned orange while organic samples turned emerald 

green, indicating the presence of the Cr3+ ion. After S03 fumes were generated, 

the solutions with organic matter turned a dark green followed by formation of a 
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dark green, cloudy suspension. A violet precipitate soon formed and the super

natant became colorless. After cooling the precipitate turned a light brown. 

The recovery of DMAA was further examined with the addition of NaI to 

the sample digests to reduce inorganic arsenic to arsenic(III). A significant 

increase in recovery and a decrease in variability were observed with the acid 

digestion procedure under these conditions (Table 3). The addition of V205 offered 

no apparent increase in recovery over the acid procedure itself. However, 

K2Cr207 increased recovery to 96 .± 8% of the arsenic(III) standard. This value was 

different (p < 0.10) from the acid or acid-V205 treatment. 

Between-r~n reproducibility was determined for the absorbance response 

of 50-300 ng arsenic(III)/arsine reaction (Table 4). Reproducibility was excellent 

for aliquots of 100-300 ng arsenic/arsine reaction as the coefficient of variation 

(C. V.) was approximately 10%. The between-run response variation for 50 ng 

arsenic/arsine reaction was 11.7%. The recovery of DMAA as arsenic(III) was also 

examined for beween-run precision and found to be 95% with a C.V. of 9%. 

The acid-K2Cr207 procedure was examined for dynamic range of DMAA 

recovery. Results are provided in Table 5. We observed a reproducible and 

virtually complete recovery of 1.25-20 ug arsenic as DMAA/digestion; recovery 

ranged from 93-105% with a range in C.V. of 5-10%. Recovery dropped to that 

previously observed for acid digestion alone when DMAA content was increased to 

1000 ug arsenic/digestion. 

The acid-K2Cr207 procedure was also examined for recovery of other 

arsenic species. Our data demonstrate that recovery was complete (l02%) for 

20 ug arsenic as an equal-mass mixture of inorganic arsenic(III), (V), MMAA, and 

DMAA (Table 5). 
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As a means to identify the primary source of within-run variability, a 

single sample of digested DMAA was assayed 10 times. Our results show that a 

c. V. of 9% was obtained (Table 5). This suggested that the oxidative decom posi

tion of methylated arsenicals was not the major source in observed variability. 

Recovery from biological samples. DMAA was added to 1 ml aliquots of 

rat urine, whole blood, or a 20% (w/v) fecal homogenate in 20% (v/v) HN03. The 

results in Table 6 show that recovery of 20 ug arsenic as DMAA was 95-96% in all 

biological samples tested. These results are equivalent to recovery of DMAA in 

aqueous samples (Table 5). 

Discussion 

FA AS analysis of substituted and unsubstituted arsines can be a sensitive 

and accurate method to quantify arsenic content of aqueous and biological samples. 

However, a number of method "variables can significantly affect accuracy and 

recovery. Our results demonstrate that when inorganic arsenic(lII) or (V) were 

analyzed from the continuous flow of generated arsines, arsenic(III) produced a 

greater absorbance than arsenic(V). These results agree with other investigators 

utilizing similar techniques (Aggett and AspeU, 1976; Kang and Valentine, 1977). 

However, Hinners (1980) found that the absorbance for arsenic(III) and (V) were 

identical for equivalent samples when analyzed with the incorporation of a trapping 

device. The rationale for this discrepancy appears to be the substantial difference 

in the amount of time required to generate the unsubstituted arsine. Aggett and 

Aspell (1976) suggested the following reaction: 

As(V) Reduction -----'---------1..... As(III) (1) 



As(lII) _-.;;.;H~Y..;;d..;.;n;;.;:· d;..;;e~_--eE!i>~ Arsine 

transfer 
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(2) 

Although it was concluded that reaction (1) may proceed at a rate equal to, or 

faster than, reaction (2) when arsines are generated with NaBH4' our results 

suggest reaction (1) may be the slower and rate-limiting step. With a slower, 

2-step reaction, arsenic(V) absorbance signals would be delayed in appearance and 

the signal duration ll)nger than with arsenic(III). This agrees with the data of 

Fiorino et ale (1976). Thus, as more time was required to generate the arsine, a 

lower concentration of arsenic atoms appeared in the N2 carrier gas during steady 

state and a lower absorbance signal was obtained. 

The substantial effect of mixed valence states upon the absorbance 

response of arsenic samples represents a potential variable that can alter the 

accuracy of total arsenic determinations. When DMAA was decomposed with the 

acid digestion procedure alone, recovery was low and highly variable relative to an 

aqueous arsenic(V) standard. However, a mixture of valence states may have been 

present which could account for the observed variability. Diamondstone and Burke 

(1977) have reported that H2S04 can reduce some arsenic(V) to arsenic(III); H2S04 

was the final acid digestion procedure prior to analysis. When oxidative reagents 

were added, which would help maintain the (V) valence state, recovery increased 

and variability decreased with increasing oxidative potential. Also, the same 

digestion procedures substantially improved in accuracy and reproducibility when 

NaI was used to reduce arsenic(V) to arsenic(III). 

The effect Qf arsine generation time was even more of a problem when 

methylated arsenic was analyzed by continuous flow FAAS. The absorbance signals 

for unoxidized MMAA and DMAA were significantly lower than inorganic species 
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based upon an equivalent mass of arsenic whe.'1 analyzed over 30-60 seconds. 

Braman and Forebeck (I973) reported that inorganic and methylated arsenic could 

be quantified by FAAS when generated arsines were collected over 5 minutes and 

subsequently trapped before introduction into a flame. MMAA or DMAA standards 

were not added to determine recovery and the arsines were generated at pH 1-2. 

However, Hinners (1980) reported that recovery of DMAA at low pH was only 6-

15% relative to inorganic arsenic. 

A number of authors have recommended methylated arsenicals be con

verted to inorganic arsenic prior to analysis or arsines by FAAS (Arbab-Zavar and 

Howard~ 1980; Cox, 1980; Hinners, 1930). DMAA has been reported to be very 

resistant to decomposition (Raiziss and Gavron, 1923; Braman and Forebeck, 1973), 

while other investigators have suggested a variety of digestion procedures to be 

effective. Sachs et al. (1971) stated that the carbon-arsenic bond was ruptured in 

fuming sulfuric acid at 170-190oC. Recovery was estimated colorimetrically and 

was limited in sensitivity to 1-2 ug arsenic. Our results indicate that fuming 

sulfuric acid decomposed DMAA but recovery was only 84% when the inorganic 

arsenic was reduced to arsenic(III) and analyzed by the more sensitive method of 

FAAS. In addition, variation was unacceptable as the C.V. approached 17%. 

Perchloric acid has been evaluated by many investigators in a tertiary digestion 

procedure of HN03, HCI04' and H2S0lj. (Fiorino et al., 1976; Cox, 1980), while 

Henry and Thorpe (I980) reported complete decomposition of DMAA with HCI04 

alone. As HCl04 is potentially explosive and not compatible with all laboratory 

hoods, we examined the effectiveness of replacing HCl04 with an oxidative 

reagent for the decomposition of DMAA to inorganic arsenic. 
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Uthe et al. (I974) reported that the addition of V205 to HN03-H2S04 

digests resulted in 100% recovery of DMAA. These results are difficult to 

interpret since a control sample (DMAA without V205) was not analyzed and their 

hydride generator utilized a trapping device prior to arsine analysis (Freeman and 

Uthe, 1974). Arsine generation followed by FAAS does not distinguish between 

trapped methylated or unsubstituted arsines and appears to be an inappropriate 

analytical procedure to evaluate the effectiveness of V205' Our results show that 

V205 did not improve the recovery of DMAA over that obtained with HN03-H2S04 

digestion alone. 

The addition of V205 to decompose DMAA presumably has merit based 

upon its oxidative capacity. Cotton and Wilkinson (I 980) reported that the 

standard potential for V205 was EO = 1.0 V. Potassium dichromate was used by 

Feldman (1974) to oxidize organic matter to a homogenous matrix. Dichromate is 

a stronger oxidative catalyst than V205 with a standard potential of EO = 1.33 V 

(Cotton and Wilkinson, 1980). Raiziss and Gavron (1923) reported that DMAA was 

decomposed by warming with chromic and sulfuric acids although no values on 

recovery were given. Thus, we examined the effectiveness of K2Cr207 for the 

decomposition of DMAA with HN03-H2S04. 

We found that K2Cr207 was effective in the conversion of DMAA to 

inorganic arsenic. Recoveries of DMAA relative to an arsenic(III) standard ranged 

from 93-100% over a dynamic range of 1-20 ug arsenic/digestion. Recovery of 

1000 ug arsenic as DMAA was approximately equivalent (89%) to the recovery 

observed with acid digestion alone (84%). This limitation in dynamic range was, 

however, acceptable with our analytical methodology. Specifically, 20 ug of 

arsenic produced a final concentration of 1 ppm at the time of analysis. A solution 



1J.8 

1 ppm not only required dilution prior to arsine generation but was adequate for 

the more conventional analysis of FAAS following direct ~piration. of the solution 

into an air-acetylene flame. Samples containing 1 ug arsenic may also be 

effectively analyzed by the arsine method if aliquots 1 ml are transferred into 

the arsine generator; addition is limited to a maximum of 10 mI. However, a 

standard curve containing similiar amounts of H2S01J. must be determined since the 

acid can consume hydride and depress the absorbance signal (Kang and Valentine, 

1977). 

We have shown that the sequential HN03-H2S01J.-K2Cr207 digestion 

procedure was effective in the recovery of DMAA as inorganic arsenic. The 

method was applicable over a broad range of arsenic concentrations and was 

reproducible from aqueous and biological samples. This procedure may also be 

applicable when samples are to be assayed for levels of other metals although its 

effectiveness must be experimentally determined. 



Table 1 

Detection of Inorganic and Methylated Arsenicals by Direct 
Hydride Flame Atomic Absorption Spectrophotometry 

Absorbance, Arbitrary Unitsa 

ng Arsenicb As(III) As(V) MMAA c DMMA d 

400 136,138 

200 66,74 

a Peak height (mm). 

b ng arsenic/arsine reaction. 

c Monomethylarsonic acid. 

96,98 

52,58 

58,57 

25,23 

8,10 

N.D.e 

d Dimethylarsinic acid. 

e Not detectable. 
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Table 2 

Percent Recovery of 20 ug Methylated Arsenicals 
Following Wet Digestion Relative to an 

Arsenic(V) Standard 

Sample 
Treatment MMAA DMAA 

Acid Digesta 92 .±. 196b 40.±. 30% 

Acid + V205 98.±. 1 % 69.±.10% 

Acid + K2Cr07 100.±. 1 % 88.±. 1 % 

a HN0 3-H2S04. 

b Mean ±. standard deviation (n=5). 
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Table 3 

Within-Run Precision of Method: Percent Recovery of Dimethylarsinic Acid 
(DMAA) Following Wet Digestion and Reduction to As(III) with NaI 

Added Found Recovery Sample C.V. n (ug)a (ug) (%) (%) 

DMAA + Acidc 10 20.0 16.7 83.5 16.5 

DMAA + Acid + V2 0 5 12 20.0 17.5 87.5 15.1j. 

DMAA + Acid + K2Cr207 10 20.0 19.2 96.0d 
8.6 

a ug Arsenic. c HN0 3-H2S01j.. 

b Coefficient of variation. d Different (p < 0.1) by ANOV A 
and Least Significant Difference tests. 

b 
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Table 4 

Between-Run Precision of Method for Arsenic Analysis 

Samplea n Mean 2:. S.D. b C.V.%c 

300 ng, As(III)d 20 68.2 .± 4.8 7.0 

200 ng, As(III) 20 45.7 .± 4.1 9.0 

100 ng, As(III) 20 23.2 .± 2.1 9.1 

50 ng, As(III) 20 12.0'± 1.4 11.7 

DMAAe 30 95.1 .± 8.6f 
9.0 

a All samples carried through the HN03-H2S04-K2Cr207 wet digestion procedure. 

b Mean absorbance 2:. standard deviation of five determinations per day for four 
days. 

c Coefficient of variation. 

d Inorganic arsenic(III). 

e 20 ug of arsenic as dimethylarsinic acid. 

f Mean % recovery .± standard deviation of ten determinations per day for three 
days. 



Table 5 

Within-Run Precision of Method: Percent Recovery of Dimethylarsinic Acid 
(DMAA) and an Inorganic~Methylated Arsenical Mixture Following 

Wet Digestion and Reduction to As(III) with NaI 

Sam plea Add~d Found Recovery C.V.c 
n (ug) (ug) (%) (%) 

DMAA 10 1000.00 889.0 88.9 10.6 

DMAA 10 20.0 19.2 96.0 8.6 

DMAA 10 20.0 20.1 100.3 10.0 

DMAA 10 20.0 18.7 93.3 4.9 

DMAAd 10 20.0 20.9 104.7 9.1 

DMAA 10 5.0 4.8 96.3 9.8 

DMAA 10 2.5 2.3 92.0 5.9 

DMAA 10 1.25 1.20 95.7 7.6 

Mixturee 10 20.0 20.4 102.2 9.0 
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a All samples carried through the HN03-H2S04-K2Cr207 wet digestion procedure. 

b ug Arsenic. 

c Coefficient of variation. 

d One sample assayed ten times. 

e 1:1:1:1 of As(III):As(V):DMAA:MMAA. 



Sam plea 

Urined 

Fecese 

Bloodf 

Table 6 

Percent Recovery of 20 ug Dimethylarsinic Acid from 
Whole Blood and Excreta 

Add~d Found Recovery 
n (ug) (ug) (%) 

10 20.0 19.0 94.8 

to 20.0 19.2 95.8 

10 20.0 18.9 94.7 
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C.V.c 
(%) 

10.5 

6.7 

9.1 

a All samples carried through the HN03-H2S04-K2Cr207 wet digestion procedure. 

b A . ug rsemc. 

c Coefficient of variation. 

d 1 ml of rat urine. 

e 1 ml of a 20% (w/v) fecal homogenate in 20% (v/v) HN03. 

-f 1 ml of whole blood. 
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Part 2: of 

Results 

Particle size data. The mean count diameters for GaAs (Fraction I), 

Ga203, and AS203 particulates were 8.30, 6.80, and 9.17 um, respectively. 

Particle shape was roughly spherical for all samples. Mean volume diameters, if) 

the same order of presentation, were 12.67, 16.43, and 18.58 um. 

In vitro sOlubility. GaAs was apparently soluble in 0.1 M, pH 7.4, 

phosphate buffer. The results are shown in Figure 4. Arsenic concentration in 

buffer filtrates peaked at 200 ug/m1 by 36 hours which represented 78% dissolution. 

These values were equal to those obtained with AS203 suggesting that the buffers 

became saturated with arsenic. However, the amount of AS203 dissolution was 

substantially greater than that observed with GaAs during the first hour of 

incubation. The linear release of arsenic was analyzed by a power function 

equation; y = mxb where y is ug arsenic/ml, m is the intercept value at 1 hour, x is 

the time in hours, and b is the slope. The intercept and slope values for arsenic 

release from GaAs during 0.25-36 hours incubation were identified as y = 7.82 x 0.89 

with a correlation coefficient of 1.00. Similar analysis for arsenic released from 

AS203 identified these values as y = 37.68 xO.5l with a correlation coefficient of 

0.97. 

The concentration of gallium released from GaAs was maximal at 

150 ug/ml by 48 hours which represented 62% dissolution. However, gallium values 

were still increasing at this time. Power curve analysis results were y = 4.88 xO. 89 

with a correlation coefficient of 0.97. Ga203 was very insoluble as < 1 % 

dissolution had occurred by 48 hours. 
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Results of GaAs dissolution in various aqueous media are provided in 

Figure 5. The amount of arsenic released in 12 hours appeared to be dependent 

upon the concentration of phosphate anion as both parameters can be ranked in a 

similar descending order; 0.2 M phosphate buffer > 0.1 M phosphate buffer > 

Krebs-Hensleit buffer > distilled H20. Dissolution of GaAs was greatly depressed 

in HCI-KCl buffer. 

Absorption, excretion, and pulmonary retention of GaAs. Absorption of 

GaAs was investigated by measuring blood levels of gallium and arsenic on day 14. 

Arsenic blood values (mean =. SEM) for rats dosed intratracheally with 10, 30, or 

100 mg/kg GaAs were 5.5 =. 0.9, 14.3 .± 2.1, and 53.6 =. 10.9 ug/ml, respectively. 

These values represent 9-10% of the total arsenic in GaAs (Table 7). Rats 

receiving 10, 100, or 1000 mg/kg GaAs po had blood arsenic levels of 3.5.± 0.4, 6.8 

=. 0.5, and 17.6 .± 2.8 ug/ml, respectively. These values represent a range of 0.3-

7.0% of the dose (Table 8). Gallium was not detected in blood at any dose level by 

either route of administration with a detection limit in blood of 15 ug/ml by FES. 

Excretion of gallium and arsenic was primarily confined to the feces 

(Tables 7 and 8). Trace levels of arsenic were observed in the urine from rats 

receiving 1000 mg/kg GaAs po or 100 mg/kg GaAs intratracheally. Gallium was 

not detected in urine at any dose level by either route of administration. Fecal 

recovery of arsenic ranged from 9-20% of the dose following intratracheal delivery 

of GaAs and 56-91 % of the dose po. The recovery of gallium in feces ranged from 

19-33% and 70-99% of the dose, respectively. Fecal elimination of both metals 

was complete by days 3-4. 
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GaAs was retained in the lungs of rats 14 days after the instillation of la, 

30, or 100 mg(kg (Ta~le 7). Arsenic . retention ranged from 17-32% of the dose 

while gallium retention ranged from 23-42% of the dose. 

Indices of toxicity. The intratracheal instillation of GaAs affected body 

weight over the 14-day study (Figure 6). Body weight was lost during the first 

24 hours following dosing. Control animals quickly recovered and subsequently 

gained weight at a steady rate. However, GaAs instillation reduced the amount of 

weight gain normally expected during days 1-7 with the depression being maximal 

and significant (p < 0.05) at 100 mg/kg. During days 7-14, treated rats gained 

weight at a rate equal to control animals. Rats receiving GaAs po displayed a 

similar pattern in body weight change. Body weight data for rats dosed with 10, 

100 or 1000 mg/kg GaAs po (data not shown) were equivalent to those observed in 

animals intratracheally instilled with 10 or 30 mg/kg and were not significantly 

different from control (p < 0.05) at any time point throughout the study. 

Major organs examined on day 14 for wet weight and pathological lesions 

were the heart, lungs, liver, spleen, kidney, and testes. With the exception of 

lungs, all organs, regardless of dose or route of administration, were pathologically 

unremarkable and similar in wet weight to those of control animals. Lungs from 

rats intratracheally dosed with GaAs were dramatically affected. Retention of 

GaAs appeared as grey, focal areas throughout the lung. When the wet weight of 

these organs was expressed as a lung weight:body weight ratio, GaAs caused a 

significant (p < 0.05) and dose-dependent increase relative to control (Figure 7). 

However, the increase in lung wet weight was not solely attributable to the 

retention of GaAs. Lungs obtained from rats that received GaAs orally were not 

similarly affected. 
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The intratracheal instillation of GaAs caused a significant increase in the 

urinary excretion of prophyrins (Figure 8). The increase was maximally affected at 

the 100 mg/kg intratracheal dose with values peaking on day 6. At this dose and 

time, the increase in urinary porphyrins was 221 % above the control value of 7.59 2: 

0.95 ug/lOO ml urine (mean 2: SE M, n = 12). A similar but non-dose-dependent 

response in porphyria was observed after intratracheal instillation of 10 and 

30 mg/kg GaAs. Rats receiving 1000 mg/kg GaAs po also developed porphyria. In 

this case, the increase in porphyrin excretion was biphasic. An early peak appeared 

on day 1 and an additional peak appeared on day 6. Values for days 2-14 were 

similar to those from rats receiving 30 mg/kg intratracheally. Due to the low 

levels of arsenic in blood, urine samples from rats receiving 10 or 100 mg/kg GaAs 

po were not analyzed for porphyrin levels. 

The increased levels of urinary porphyrins were predominantly due to the 

increase in uroporphyrin concentrations (Table 9). The intratracheal instillation of 

100 mg/kg GaAs caused uroporphyrin levels to increase on day 6 by a factor of 3.8 

while coproporphryin levels increased 1.9 times control values. Similar but lesser 

increases in uroporphyrin levels were also observed at 10 and 30 mg/kg GaAs while 

coproporphyrin levels remained relatively unchanged. Following the 1000 mg/kg po 

dose of GaAs, uroporphyrin levels were elevated 2.6 times the control values while 

coproporphyrin levels were not significantly affected. The total volume of urine 

excreted during the 24-hr collection periods was approximately equal at all dose 

levels. 

Discussion 

Studies have identified GaAs as a potential, occupational hazard of 

unknown toxicity following pulmonary exposure to airborne dusts (Boeniger and 
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Briggs, 1979; Pickrell et al., 1979). Although these reports have focused on its use 

in the photovoltaic industry, GaAs dust generation is not unique to the manufacture 

of solar cells. GaAs particles can be generated during procedures involved with the 

growth and processing of GaAs ingots such as ingot sandblasting and cleaning, ingot 

cropping, wafer slicing, and wafer polishing (Briggs and Owens, 1980). Therefore, 

the potential for occupational exposure to GaAs dust exists whenever GaAs 

production and processing occurs. Unfortunately, published information about 

occupational exposure levels of GaAs particulates is not available. This is an area 

that requires further investigation but has undoubtedly been hampered by the lack 

of any analytical technique that can qualitatively and quantitatively determine air 

concentrations of GaAs. 

The aqueous solubility of GaAs was of primary interest in this study. If 

GaAs was chemically inert, one would expect toxic manifestations following GaAs 

administration to be primarily confined to the organ or system receiving the dose. 

In contrast, dissolution of GaAs would release gallium and arsenic species that 

could also have significant systemic effects. The confirmation of GaAs dissolution 

under in vivo conditions would additionally serve to indicate that regulations 

established for the occupational exposure to more conventional forms of inorganic 

arsenic would also be applicable for the exposure to GaAs. 

The aqueous solubility of GaAs particulates has not been reported. GaAs 

exists in crystalline form with a zinc-blend lattice and predominantly covalent 

bonds (Folberth, 1962). Such physiochemical properties may be expected to 

significantly reduce, if not prevent, aqueous dissolution. This hypothesis was 

supported by Pickrell et al. (1979) who reported that GaAs, in bulk, was quite inert 

in water. However, GaAs is known to form oxides with exposure to air (Rosenberg, 
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1960; Aitken, 1967) while the presence of nascent hydrogen in water also favors 

formation of hydrates, hydroxides, and gaseous hydrides (Aitken, 1967). It is also 

known that the dissolution rate of a soluble compound is inversely proportional to 

particle size. 

Dissolution of GaAs has been strongly suggested by our in vitro results 

although the filtration of aqueous suspensions allows for the possibility that 

submicron particles were ultimately analyzed along with true solubility products. 

Nevertheless, the identity of GaAs solubility products remains to be determined. 

Probable dissolution products for GaAs are the oxides of gallium and arsenic, their 

respective hydrated oxides, and arsine. We have shown that As203 is readily 

soluble under aqueous conditions with a first-hour dissolution rate approximately 

four times that of GaAs. Thus As203 or As(OH)3 could be secondary products of 

GaAs dissolution that were ultimately recovered in our buffer filtrate. 

Arsine is a highly toxic arsenic species (Vallee et al., 1960) that can be 

formed when arsenic intermetallic compounds are exposed to aqueous conditions 

(Aitken, 1967; Stokinger, 1981). The compound is slightly soluble in water (Stecher, 

1968) and could, therefore, be a recoverable solubility product during in vitro 

incubation of GaAs particulates. We investigated the volatilization of arsine into 

the head space of flasks during in vitro solubility studies and were unable to find 

detectable traces over a 48 hr period (data not shown). This finding does not 

preclude the possibility that the arsine remained dissolved or was secondarily 

oxidized in solution to form recoverable arsenic products. 

The probable identity of recoverable gallium solubility products remains 

less clear. Our results showed that Ga203 was not soluble in phosphate buffer but 

that the majority of gallium species formed from the dissolution of GaAs passed 
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through the 0.2 urn filter. The recoverable gallium could represent a soluble 

gallium oxide species. However, it is more likely that they may be very small 

particles of gallium oxide. When apparently insoluble substances are initially 

formed, they are found as very small particles and are often in a metastable form 

(Laitinen, 1960). Both the small particles and the metastable form are more 

soluble than the more stable, larger particles that may form iater. Thus, the use of 

solid Ga203 may not represent the solubility processes occurring during GaAs 

dissolution. 

Dissolution of GaAs following in vivo administration has been strongly 

suggested by our data. First, the equimolar gallium:arsenic ratio would not change 

in tissues and excreta if GaAs was systemically distributed as microparticulates. 

Our results showed that arsenic was present in blood after rats were dosed with 

GaAs by either intratracheal or oral routes of administration; gallium was not 

detected. We have also shown that the gallium:arsenic ratio shifted in favor of 

gallium retention in the lungs of rats receiving GaAs intratracheally and in the 

feces of rats from both treatment groups. 

With the release of gallium and arsenic from GaAs, one might expect the 

development of their respective signs of systemic toxicity. Gallium is relati vel y 

nontoxic when administered by noninvasive techniques. Previous work has shown 

that soluble salts (e.g., gallium chloride) are not readily absorbed by rats following 

inhalation or oral exposure (Dudley and Levine, 1949). In addition, gallium lactate 

or gallium citrate were also not readily absorbed following oral administration 

(Dudley and Levine, 1949; Dudley et al., 1950a). Because gallium was minimally 

absorbed after pulmonary or oral administration, signs of toxicity have only been 

observed following intravenoLls or ip injecti.on. The major toxic manifestation 
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resulting from iv or ip administration of gallium compounds was acute renal 

toxicity (Dudley et al., 1950a; Newman et al., 1979). 

In agreement with these data, we have not been able to demonstrate any 

systemic exposure to gallium following GaAs instillation by either oral or pul

monary routes of administration. Presumably the lack of absorption is primarily 

due to the insolubility of the hydroxide species or other insoluble dissolution 

complexes. However, it is difficult to emphatically state that gallium absorption 

did not occur. We have shown that gallium blood concentrations were below 

detection limits on day 14-. This observation does not discount the possibility that 

gallium blood concentrations peaked at detectable levels at an earlier time point. 

In addition, a more sensitive analytical technique would allow for the detection of 

gallium at nanogram levels in blood or urine. 

Our results have demonstrated that gallium blood concentrations were not 

nearly as great as those observed for arsenic. The lack of any appreciable urinary 

excretion of gallium following the intratracheal instillation of GaAs also suggests 

that gallium not recovered from the lungs was sequestered in compartments or 

tissues not analyzed in this study. Further support for the absence of systemic 

gallium exposure was provided by the histological results obtained from kidneys at 

14- days following the intratracheal instillation of 100 mg/kg GaAs. We were 

unable to detect any signs of renal toxicity similar to those reported by Newman et 

al. (1979) following the intraperitoneal administration of gallium nitrate. 

In contrast to gallium, arsenic was absorbed after GaAs administration. 

Although blood concentrations were as high as 54- ppm, only trace amounts of this 

element were recovered in urine over the 14-day study. The rat is a very atypical 

mammalian model for arsenic toxicity (NAS, 1977). Specifically, arsenic has been 
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shown to be strongly bound to the erythrocytes in the rat, but not in other species 

studied (Hunter et al., .1949; Odanaka et al., 1980; Vahter, 1981). Rowland and 

Davies (1982) have determined that the primary form of blood-bound arsenic in the 

rat was DMAA. It is of interest to note that the biologic half-life of DMAA in the 

rat was shown to be 90 days, a value which agrees with the mean life of the rat red 

blood cell (Stevens et al., 1977). Since arsenic is sequestered with the erythrocyte, 

urinary excretion of arsenic is significantly lower in the rat than in other species 

studies (Odanaka et al., 1980, Vahter, 1981). 

Fecal recovery of arsenic was substantial following oral and intratracheal 

administration of GaAs. The presence of fecal arsenic after oral dosing demon

strated that dissolution of GaAs was limited within the gastrointestinal tract. A 

major factor in reduced GaAs dissolution may have been the low rate of 

solubilization within the stomach as predicted by our in vitro solubility results with 

HCI-KCI buffer. Recovery of arsenic from feces of animals intratracheally dosed 

with GaAs was probably due to the" subsequent ingestion of the dose during 

instillation and any pulmonary clearance mechanisms leading to oral ingestion 

(Kilburn, 1977). Fecal excretion of circulating arsenic would be minimal as there is 

extensive enterohepatic recirculation of arsenic excreted in the bile (Klaassen, 

1974). 

Arsenic is a potent and toxic metal (Klevay, 1976; NAS, 1977). Arsenic 

toxicity is recognized to be dependent upon the valence state of the metal since 

trivalent arsenic is relatively more toxic than the pentavalent form (Byron et aI., 

1967; NAS, 1977). It is unlikely that the arsenic present in GaAs could retain its 

-3 valence state following hydrolysis of the compound in an oxidative environment. 
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Probable dissolution products should be in a more oxidized state with the initial 

formation of trivalent species highly favored. 

The freely soluble arsenate (pentavalent) species has been shown to induce 

porphyria in rats (po) as well as enhance the excretion of uroporphyrin over 

coproporphyrin (Woods and Fowler, 1978). These results are of additional interest 

because the onset O.f this particular type of hepatic porphyria (Tschudy, 1974) 

occurred at relatively low levels of arsenic exposure prior to the onset of frank 

hepatotoxicity. Martinez et al. (1983) obtained similar results when rats were 

dosed orally with a trivalent form of arsenic. Our results have shown a similar 

alteration in porphyrin excretion while we were also unable to detect any signs of 

hepatic toxicity by histopathological methods. These data suggest that the specific 

elevation of uroporphyrin excretion may serve as an important, pretoxic indicator 

for GaAs exposure. 

Finally, our data demonstrated that the intratracheal instillation of GaAs 

was more toxic than the oral route of administration. A similar observation was 

reported by Roschina (1966). We have shown that a maximal effect in porphyria, 

body weight depression, and blood arsenic levels was observed with 100 mg/kg 

GaAs when delivered intratracheally. However, it should be emphasized that these 

biological parameters appeared to correlate with blood arsenic levels regardless of 

the route of administration of GaAs. 

A dose-dependent increase in lung wet weight 14 days after intratracheal 

instillation of GaAs was also observed. This response may be associated with the 

retention of GaAs particulates rather than the GaAs solubility products previously 

discussed. It is of interest to note that silica has been associated with an increase 

in lung wet weight that leads to the subsequent development of lung fibrosis 
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(Chvapil et al., 1979; Dauber et al., 1980). Lung fibrosis has also been attributed to 

the pulmonary exposure of GaAs particulates (Tarasenko and Fadeev, 1980), 

although this effect was not rigorously documented. Further investigation is 

required to definitively identify GaAs as a fibrogenic agent. 
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Recovery of Gallium and Arsenic in Selected Tissues 
and Excreta: Intratracheal Studya 
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Gallium Arsenic. Sample Percent of Dose Recovered as 

Dose Arsenic Gallium 

Urine 0.13.:!: 0.02 NDb 

Feces 12.8 19.1 
100 mg/kg 

Blood 10.4.:!:2.1 ND 

Lungs 32.5.:!: 9.5 41.8.:!:12.5 

Urine ND ND 

Feces 19.9 33.0 
30 mg/kg 

Blood 9.2.:!: 1.4 ND 

Lungs 16.5 .:!: 4.4 22.7 .:!: 5.3 

Urine ND ND 

Feces 9.3 ND 
10 mg/kg 

Blood 10.6.:!: 1.7 ND 

Lungs 17.5.:!:4.8 25.4 .:!: 6.2 

a Rats received intratracheal instillations of gallium arsenide (Fraction I) 
sus pended in normal saline. Excreta were collected d uring days 1-7 and 14. 
Lungs and blood samples were taken on day 14. Each value represents the mean 
:!:. SEM of 3 rats except for fecal data which represents a pooled sample. 

b Not detected. 



Gallium Arsenide 

Dose 

1000 mg/kg 

100 mg/kg 

10 mg/kg 

Table 8 

Recovery of Gallium and Arsenic in 
Blood and Excreta: Oral Studya 
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Sample Percent of Dose Recovered as 
. Arsenic Gallium 

Urine 0.02.± 0.01 NOb 

Feces 90.7 .± 35.4 99.4.± 38.7 

Blood 0.3.± 0.02 NO 

Urine NO NO 

Feces 79.8.± 4.2 89.2.± 5.4 

Blood 1.3.± 0.1 NO 

Urine NO NO 

Feces 56.0'± 2.8 70.3 .± 6.0 

Blood 7.0.± 1.1 NO 

a Rats received suspensions of gallium arsenide (Fraction I) in normal saline. 
Excreta were collected during days 1-7 and 14. Blood samples were collected on 
day 14. Each value represents the mean .± SEM of 3 rats. 

b Not detected. 



Dose 
(mg/kg) 

lOb 

30b 

100b 

1000d 

Table 9 

Effect of Gallium Arsenide (Fraction I) on 
Urinary Porphyrin Levels in Ratsa 

Urinary porphyrin concentrations on Day 6 

(percentage of control) 

Uroporphyrin Coproporphyrin 

336c 115 

307c 112 

377c 193
c 

259c 131 
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a Rats received normal saline suspensions of gallium arsenide (Fraction I). 
Animals were placed in individual metabolism cages and urine collected 
every 24 hr over 1.0 ml of 1.0% (w/v) NaF-2.0% (w/v) NaHC03. Individual 
urine samples were pooled for porphyrin analysis. Actual uroporphyrin and 
coproporphyrin concentrations (mean ±. SEM, n=12) in control rats were 
1.60 ±. 0.15 and 3.78 ±. 0.52 ug/lOO ml urine, respectively. 

b Intratracheal instillation. 

c Significantly different from control (p < 0.05). 

d Oral administration. 
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a Each value represents the mean 2: SD of 3 replicates. 
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Various Media at 370 C for 12 Hoursa 
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a Values are expressed as percent dissolution relative to the value obtained in 
0.1 M phosphate buffer and represent the mean.:!:. SD of 3 replicates: 
A 0.1 M phosphate buffer, pH 7.4. 
B HCI-KCl buffer, pH 2.0. 
C distilled H20. 
D Krebs-Hensleit buffer, pH 7.4. 
E 0.2 M phosphate buffer, pH 7.4. 
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a Significantly different from control (p < 0.05). 

b Each value represents the mean ±. SD of 3 rats. 
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Concentration of Porphyrins in Urine Over 14 Days Folloring 
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a Each value represents a pooled sample from 3 rats with the exception of the 
control value which represents the mean:!:. SEM of 12 rats 24 hours prior to 
dosing. 



Results 

Part 3: Comparative Pulmonary Toxicity of 
Intratracheally Instilled Gallium Arsenide 

(Fraction I) ,Gallium (In) Oxide, 
or Arsenic(nO Oxide 
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The following data were collected 14 days after metal particulate 

instillation. 

Body weight. The intratracheal instillation of GaAs (Fraction I), Ga203, 

or AS203 had minimal effect.3 upon body weight or cumulative body weight gain in 

rats. At this time, salin€~-treated control animals weighed 222.:!: 14 g (x.:!: SD, 

n = 8) which represented at 12.:!: 9 g gain in body weight from day o. GaAs 

treatment depressed weight gain to approximately 50% of the control values. 

However, this change was not statistically significant (p > 0.05). 

Total gallium and/or arsenic content of blood and lungs. The in vivo ---
dissolution of GaAs particulates was again suggested by lung metal and blood 

arsenic content. Lung gallium retention was 44.:!: 9% (n = 5) of the administered 

dose. Relatively less arsenic was retained in the lung since only 30.:!: 6% of the 

administered arsenic was present. Low levels of pulmonary arsenic content were 

accompanied by systemic arsenic exposure. Blood arsenic levels averaged 

44.:!: 3 ppm which represented approximately 7% of the administered dose. Gallium 

was not detected in blood at this time. 

The pulmonary retention of gallium after Ga203 administration was 

similar to that observed following GaAs instillation. Pulmonary recovery of 

gallium was 36 .:!: 9% (n = 5) of the dose. Although this value demonstrated gallium 

pulmonary clearance, gallium was not detected in whole blood. 
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In contrast to GaAs and Ga203, arsenic was not retained in rat lungs after 

~dministration of AS203. The oxide was apparently soluble in vivo since blood ---
arsenic levels were approximately 36 ppm (n = 4). This represented 20 ±. 2% of the 

total arsenic administered on day o. It should be noted, however, that AS203 was 

dosed at 0.25 x moles of GaAs. 

Physical and biochemical changes in the rat lung. The intratracheal 

instillation of GaAs and its metal oxides produced various significant changes in rat 

lungs. Results are presented in Tables 10-12. 

GaAs. The most dramatic effects accompanied GaAs exposure. Lung wet 

weight increased 150% relative to control values (Table 10). Since rats also gained 

relatively less weight, the lung/body weight ratio was also significantly (p < 0.05) 

greater than control. The increase in wet weight was not apparently due to edema. 

Lung dry weight increased proportionally to wet weight (Table 10). In addition, the 

pulmonary density of DNA and 4-hydroxyproline (4-HP) were not diluted signifi

cantly below control values (Table 12-A). The absence of pulmonary edema was 

not supported, however, by the density of lung protein. Our results showed that 

protein density was reduced to 87% of control (Table 12··A). 

With the substantial increase in lung wet and dry weight, the total lung 

content of many structural macromolecules correspondingly increased. GaAs 

instillation caused a significant (p < 0.05) elevation in total lung protein, lipids, and 

DNA (Table 11). These changes are in contrast to a relatively stable amount of 

lung collagen as indicated by lung 4-HP levels (Table 11). The increase in total 

lung lipids was more than could be attributed from a cellular response since lung 

lipid density (Table 12-A) and the lipid/protein ratio (Table 12-B) were also 

significantly elevated. 
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Ga203. Our results showed that Ga203 is a relatively inert, nontoxic 

compound. A mild, cellular response was suggested by moderate, but insignificant, 

increases in lung wet weight, dry weight (Table 10), and DNA content (Table 11). A 

significant increase in total lung lipid was observed (Table 11) that was approxi

mately equal to the value obtained following GaAs administration. Lung lipid 

density (Table 12-A) and the lipid/protein ratio (Table 12-B) were also significantly 

different from control as observed with GaAs treatment. 

AS203. The pulmonary effects observed following instillation of AS203 

showed that arsenic was the primary toxic metal(Ioid) in GaAs. All of the 

biochemical changes associated with GaAs, with the exception of an increase in 

total lung lipids, were mimicked by AS203 administration. A significant increase 

in lung dry weight (Table 10), lung protein and DNA (Table 11) were observed. 

However, unlike GaAs exposure, AS203 also significantly increased lung 4-HP 

content (Table 11). A further indication that the increase in lung 4-HP represents 

a fibrogenic response was the significant increase in the 4-HP/lung wet weight 

ratio (Table 12-A), the 4-HP /protein ratio (Table 12-B), and an elevation in the 

density of DNA (Table 12-A). Since AS203 was dosed at 0.25 x moles of GaAs, a 

major increase in lung wet weight was not coincidental with these changes. 

Histological changes in the rat lung. The biochemical analysis of lung 

compositional changes supported structural changes observed microscopically. 

Photomicrographs of H&E sections from treated rats are provided in Figures 9-12. 

Control. Saline-treated control animals all had chronic tracheitis sugges

tive of mycoplasma and/or viral infection. Such a condition is not uncommon for 

rats raised under laboratory conditions. Lungs from control rats, however, did not 
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show any evidence of parenchymal infection. A histological section of control lung 

is provided in Figure 9. 

GaAs. The intratracheal instillation of GaAs resulted in dramatic changes 

in lung architecture. Results are provided in Figure 10. Large clusters of GaAs 

were retained on day 14 as evident by the black deposits shown in the photo

micrograph. Macrophages were observed phagocytizing particulates. Multifocal, 

proliferative alveolitis was present. A neutrophilic response was also observed 

with exudation into alveolar lumena. One of the most dramatic responses 

associated with GaAs exposure was a marked thickening of the alveolar walls. The 

increase in wall thickness was primarily due to a combination of pneumonocyte 

hyperplasia and interstitial _ pneumonia. One animal had foci of suppurative 

pneumonia. In addition, atalectasis (alveolar collapse) and alveolar wall fibrosis 

was occasionally observed. A summary of the type and severity of observed 

pathological lesions is provided in Table 13. 

Ga203. In support of the anal ytical data quantifying gallium retention, 

large clusters of Ga203 were found in the alveolar lumina (Figure 11). Macro

phages were observed engulfing the particles and nodules of macrophages and 

Ga203 were found adhered to the alveolar walls. In most sections the alveolar 

walls were of normal thickness. However, one rat showed evidence of pneumono

cyte hyperplasia occurring off of the terminal bronchioles (Table 13). 

AS203. Pulmonary exposure to AS203 resulted in dramatic cellular 

responses. Pathology for this group was characterized by a multi-focal, interstitial 

pneumonia (Figure 12). Alveolar walls were thickened with hyperplastic pneumono

cytes while foamy macrophages were found in the lumen of alveoli. These 

macrophages were extremely distended with numerous cytoplasmic vacuoles and 
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droplets. Pneumonia was focally severe and compounded with focal proliferative 

bronchiolitis and alveolitis (Table 13). 

Discussion 

Data presented in Part 2 showed that the intratracheal instillation of 

GaAs particulates produced a significant and dose-dependent increase in the wet 

weight of rat lungs 14 days after dosing. At that time we did not determine the 

etiology of this change although edema, fibrosis, or a cytological remodeling of 

lung architecture are possible factors. This study was designed to investigate this 

toxic response and attempted to identify the pathogenesis of GaAs-induced 

pulmonomegaly. 

We have previously shown that GaAs was apparently soluble in aqueous 

media (Part 2). With GaAs dissolution, arsine or oxides of gallium and arsenic may 

be formed. In order to determine the potential for gallium or arsenic pneumo

toxicity, Ga203 and AS203 particlJlates were similarly administered to rats. 

Ga203 was delivered at an equimolar dose of gallium. AS203 was acutely toxic to 

rats at an equimolar dose of arsenic thus requiring administration of a maximally 

tolerated, nonlethal dose (0.25 x moles GaAs). This dilution value was supported by 

in vitro results. We showed that AS203 dissolution was approximately 4x that of 

GaAs during the first hour of incuhation {Part 2}. 

The intratracheal instillation of 100 mg/kg GaAs increased the wet weight 

of rat lungs 150% of control values 14 days after dosing. This agrees with the 

magnitude of change previously observed (Part 2). Pulmonary retention of gallium 

and arsenic are also in agreement with the first study (Part 2). Our results show 

that GaAs was retained at 14 days as indicated by tissue content of gallium and 

arsenic. This amounted to approximately 5-10 mg of the dose. Although this 
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weight contributed to the increase in lung wet and dry weight, it represents a 

relatively insignificant proportion. 

Edema is a primary, pathological sequela of acute inflammation that 

could account for the increase in lung wet weight. Pneumotoxicants have been 

identified that induce such a lesion although they are generally not metals or 

metalloids. Oxidizing agents such as 02, 03, and N02 cause pulmonary edema 

(Pariente, 1975) as does alpha-napthylthiourea, alloxan (Hurley, 1978), and paraquat 

(Smith and Heath, 1976). Other compounds of interest are arsine (Venugopal and 

Luckey, 1977) and cobalt (Harding, 1950). 

We were unable to observe any signs of major edema at 14 days. The lung 

wet weight/dry weight ratio for all treatment groups was not significantly 

different from control values. In addition, the density of major lung macro

molecules was also not diluted by the increase in lung wet weight with the 

exception of protein content. 

The lung wet weight/dry weight ratio has been recommended by Cross et 

ale (I982) as the best indictor of early lung edema. Lung edema has been 

classically described as a pathologically water-logged lung with massive alveolar 

flooding (Dunnill, 1982). However, this sequence represents an end stage of a 

profound disturbance in pulmonary water balance. Our histological results confirm 

that the heavy lungs did not show such pathological signs of this particular stage of 

pulmonary edema. We can not, however, emphatically state that edema was not 

present. Although the lung wet weight/dry weight ratio allows for the detection of 

an imbalance between both factors, it does not allow for the recognition of 

increased water content when other factors also increase the lung dry weight. This 

allows for the underestimation of pulmonary edema if the edema fluid itself is rich 
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Edema may also be 

underestimated if hemorrhage or hypervascularity are present since whole blood 

has the same wet weight/dry weight ratio as that of the lung (Cross et al., 1982). 

We may conclude that mild pulmonary edema may have been present with 

GaAs, and especially with AS203 treatment. Both compounds induced major 

cellular responses including the recruitment of pulmonary macrophages. This 

inflammatory response has the potential to transport cellular and macromolecular 

components that would increase lung dry weight as discussed above. However, if 

edema was present it certainly did not represent a major factor in the observed 

increase in lung wet weight. 

We also were unable to detect any signs of pulmonary fibrosis 14 days 

after GaAs instillation. Lung 4-HP levels were stable while the lung wet weight 

increased. This led to a lower lung density of 4-HP relative to control. 

The potential for GaAs-induced fibrogenesis may appear to be substantial 

based upon the early theories of the fibrogenicity of silica. According to many 

investigators (Heppleston and Styles, 1967; Heppleston, 1971; Harington et al., 

1973; Richards and Wusteman, 1974), silica may be fibrogenic based upon its 

cytotoxicity to pulmonary macrophages. The "electron theory" of Klosterkotter 

and Robock (1975) further stated that the transfer of electrons between the 

molecular complexes of biological membranes and semiconductors represented the 

cytotoxic mode-of-action. This has led to the investigation of electrical and 

physical properties of semiconductors to predict cytotoxicity or fibrogenicity 

(Kriegseis et al" 1977). In addition, Tarasenko and Fadeev (I980) reported that 

GaAs particulates were fibrogenic following intratracheal instillation. 
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Although GaAs is a more efficient semiconductor than silicon (Robinson, 

1983), our results do not support the "electron theory" that all semiconductors are 

fibrogenic. This must be qualified since we have only examined a single, 1lJ.-day 

time point. Studies have determined the fibrogenicity of silica at longer intervals 

of 1-6 months (Goldstein et al., 1962; Dauber, 1980). However, the fibrogenicity of 

silica has also been shown by Chvapil et ale (1979) to be present at two weeks after 

dosing. These results are similar to those reported following bleomycin-induced 

pulmonary fibrosis (Phan et al., 1980). We may conclude from these data that 

although some compounds may iriduce a significant, acute fibrogenic response, a 

single dose of GaAs does not have a similar effect. The potential for GaAs to 

induce a more chronic change in lung collagen has not yet been determined. 

The analysis of total lung collagen content also does not allow us to 

determine if GaAs instillation caused any significant alterations in collagen 

turnover. The adult lung continually synthesizes collagen while collagen content or 

pulmonary density does not change (Hance and Crystal, 1975). Therefore, contrary 

to the opinion of other researchers (W itschi and Cote, 1977), collagen biosynthesis 

is not "a biochemical sign of chronic repair or chronic proliferation of lung tissue 

following toxic lung injury." An increase in collagen deposition represents an 

imbalance of the synthesis/degradation ratio. Conversely, if both factors are 

simultaneously elevated, collagen content would not change although turnover 

would. This could have later repercussions if collagen degradation normalized prior 

to a similar change in collagen synthesis. Whether or not GaAs has any effect upon 

turnover rates of collagen remains to be determined. 

It is difficult to characterize the increase in lung wet weight resulting 

from GaAs exposure. Acute inflammatory responses are known to occur in 
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numerous animal species following pulmonary dust exposure (Zaidi, 1969). 

However, such a response is typically characterized by edema, vasodilation, and an 

active cellular response (Peacock and Van Winkle, 1976). Thse sequelae were not 

present 14 days after GaAs instillation. Our results indicate that a more chronic 

response was involved that may be associated with repair. The lung was 

hypercellular but this did not involve free macrophages or polymorphonucleocytes 

within the alveolar lumena. The type of response we observed is more charac

teristic of compensatory cell activation and proliferation of whole lung tissue. 

Such cytodynamics have been observed following toxic 02 or 03 exposure (Bowden 

and Adamson, 1971), N02 (Evans et al., 1976) and cadmium (Palmer et al., 1975). 

The hypercellularity of lung tissue exposed to GaAs was primarily due to 

pneumonocyte hyperplasia and interstitial pneumonia as evident by the observed 

thickening of the alveolar wall. Alveolar wall hypertrophy is the result of a basic 

sequence of events in primary damage and repair (Witschi and Cote, 1977) that is 

common between animals and man (Stone and Esterly, 1975). The Type I epithelial 

cells are typically lost and replaced by hypertrophied Type II cells (Witschi and 

Cote, 1977). Although the lesion represents potential resolution, it may severely 

compromise alveolar-capillary gas exchange. Indeed, the phenomenon of epithelial 

metaplasia has been suggested to be the primary factor in adult respiratory distress 

syndrome (Petty, 1975). This syndrome is not, however, commonly accepted and 

has been refuted by some (Murray, 1975). Although the effect of alveolar wall 

thickening would acutely affect pulmonary gas exchange, further studies are 

required to determine if lungs would be chronically compromised or if the lesion 

eventually resol ves. 
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With the exception of a significant increase in total lung lipids, gallium as 

Ga203 was relatively nontoxic. These data are in agreement with Wolff et a1. 

(1981) who reported using ultrafine aerosols of Ga203 as a marker for lung 

deposition and retention studies in dogs. They did not report any adverse reactions 

to Ga203 exposure and considered this compound a good model to map pulmonary 

aerosol deposition. Dudley and Levine (194-9) also reported that aerosols of GaCl3 

were nontoxic to rats. Further, they were unable to show any systemic absorption 

of gallium following lung deposition. An unexpected association of pneumonitis and 

alveolitis with the intraperitoneal injection of gallium nitrate was reported by Hart 

et a1. (1971). However, they were unable to establish if the pulmonary lesions were 

related to the compound. This observation has not been confirmed by other 

studies. Therefore, it appears that gallium released from GaAs dissolution would 

not represent a pneumotoxic metal. 

The rise in total lung lipids following Ga203 administration is of 

additional interest since a similar response was associated with GaAs exposure. 

Pulmonary lipidosis is more than likely related to the pulmonary retention of 

particulates. Particulates such as silica have been shown to be lipogenic. Lung 

injury initiates de novo hepatic synthesis of cholesterol (Eskelson et a1., 1979a), 

triglycerides (Eskelson et al., 1979b), and phospholipids (Eskelson et al., 1980) that 

are transported to the lung. The lipogenesis would increase biosynthesis of the 

mucin-layer utilized by the mucociliary escalator to remove particulates deposited 

in the trachea and bronchioles (Green, 1973; Kilburn, 1977) and alveoli (Casarett, 

1972; Green, 1973; Morrow, 1973). This would explain why AS203 administration 

did not result in a similar response since we were unable to detect pulmonary 

retention of AS203 particulates 14 days after dosing. The rapid pulmonary 
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clearance of AS203 supports the data of Inamasu et al (1982) who reported that 

98% of an intratracheally instilled dose of AS203 particles was cleared from rat 

lung within 2~ hours. 

It is clear that arsenic represents the most toxic metal(Ioid) of GaAs. 

Similar histological and biochemical changes were induced in the rat lung following 

GaAs and AS203 instillation, even though AS203 was dosed at 0.25 x moles GaAs. 

Both compounds produced notable hyperplasia of pulmonary epithelium. 

Replacement of Type I pneumonocytes with Type II cells is a generalized response 

to a variety of pneumotoxicants including 02 (Bowden and Adamson, 1971), N02 

(Evans et al., 1976), silica (Dauber et al., 1980), asbestos (Corrin and Price, 1972), 

and cadmium (Palmer et al., 1975; Stelzner et al., 1975). This suggests that GaAs 

and AS203 produced nonspecific but toxic responses when administered as 

particulates. Other factors must be considered since arsenic is recognized to alter 

epithelial morphology, at least in humans, and cause hyperplasia (Ayres and 

Anderson, 1934; Montgomery, 1935; Yeh et al., 1968). The combined effects of 

pulmonary deposition of arsenical particulates and exposure to dissolved arsenic 

may be associated with the increased incidence of lung cancer in workers exposed 

to arsenic dust (Lee and Fraumoni, 1969; Pershagen, 1981; Welch et al., 1982). It 

has been recommended that research be undertaken to investigate the effect of 

pulmonary exposure to arsenicals of low solubility on lung cancer (Committee, 

1980. GaAs appears to be a good model compound since pulmonary retention of 

particulates was evident 14 days after dosing. A smaller particulate fraction may, 

however, be cleared more quickly. 

A singular response associated with AS203 instillation was pulmonary 

fibrosis. The total content of lung collagen increased as did 4-HP lung density and 
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the 4--HP/protein ratio. Since similar responses were not produced following GaAs 

administration, it suggests that acute fibrogenicity is associated with an acute 

exposure to soluble arsenic. Soluble arsenic is recognized to be more toxic to 

animals than an equivalent dose of insoluble particulates (Schwartze, 1923). 

Therefore, smaller, respirable particles of GaAs may also induce acute pulmonary 

fibrosis -since in vivo dissolution would be expected to increase proportionally. 

In conclusion, the intratracheal instillation of 100 mg/kg GaAs produced 

dramatic changes in rat lung 14- days after dosing. Lung wet weight increased 

significantly although we found little evidence of pulmonary edema. The most 

dramatic change observed ws a thickening of the alveolar wall. This may affect 

the exchange of gases at the alveolus-capillary interface although physical 

measurements have not been made. Most of the lung changes produced with GaAs 

exposure were apparently due to the release of arsenic. AS203 instillation 

mimicked many pathological changes including the hypertrophy of the alveolar wall 

and pneumonocyte hyperplasia. Since AS203 was more rapidly solubilized, 

pulmonary fibrosis was observed with this treatment but not with GaAs. Ga203 

was relatively nontoxic although the pulmonary retention of particulates 14- days 

after dosing was associated with a concomitant rise in total lung lipids. This 

response also occurred with GaAs since particles were similarly retained. Our data 

show that GaAs is relatively less toxic than AS203 due to a decreased rate of 

arsenic release. 



Treatment 

Saline 
Control 

GaAs 

Table 10 

The Effect of Intratracheal Instillation of GaAs 
(FracHon I) or Its Metal Oxides on Rat Lunga 

Lung Weights 

Organ Wet Organ Wet Organ Dry 
Weight Weight/Body Weight 

(g) (g/lOOg) (mg) 

1.07 .:t 0.08b 0.48 .:t 0.06 308.:t41 

1.24 .:. 0.10 0.57 .:. 0.05 343 .:. 19 

1.28.:t0.15 0.60 .:. 0.09 374 .:t 30c 

1.60 .:. 0.15c 0.76.:t O.IOc 460 .:t 31 c,d 

a Values taken at 14 days after treatment. 

b Mean:!:. S.D. (n = 4-5). 

c Significantly different (p< 0.05) from control by ANOVA and LSD. 

d Significantly different between treatment groups. 
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Wet Weight/ 
Dry Weight 

(g/g) 

3.50.:t 0.25 

3.63 .:. 0.21 

3.43 .:t 0.13 

3.49 .:t 0.16 



Table 11 

Total Lung Content of Selected Macromolecules Following Intratracheal 
Instillation of GaAs (Fraction I) or Its Metal Oxidesa 

Treatment 

Saline 
Control 

GaAs 

Protein 
(mg) 

111.±4b 

116.±8 

147.± 19c 

14-5.± 20c 

Lung Macromolecules 

4--HP Lipids 
(ug) (mg) 

2002.± 92 75 .± 14 

1937 .± 303 125.±24-c 

3248.± 831c 91.±10 

2325.± 148 188.± 11c ,d 

a Values taken at 14 days after treatment. 

b Mean ±. S.D. (n = 4--5). 

DNA 
(mg) 

7.3 .± 4.8 

8.6.± 1.3 

14.0 .± 2.4-c 

l1.l.± 2.3c 

c Significantly different (p < 0.05) from control by ANOV A and LSD. 

d Significantly different between treatment groups. 
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Table 12 

The Density of Selected Lung Macromolecules Following Intratracheal 
Instillation of GaAs (Fraction I) or Its Metal Oxidesa 

A. Weight/ 
Gram Lung Wet Weight 

Protein 4-HP Lipids 
Treatment (mg/g) (ug/g) (mg/g) 

Saline 104 .-t 7 188 .-t 14 70 .-t 8 
Control 

Ga203 93 .:!: 5c 156 .:!: 20 100 .:!: 14c 

AS203 115 .-t 3 250 .-t 41c 72 .:!: 7 

GaAs 90 .-t 5c 146 .-t 11 118 .:!: 9c 

a Values calculated at 14 days after treatment. 

b Mean.:!: S.D. (n = 4-5). 

DNA 
(mg/g) 

6.9 .-t 0.8 

6.9 .:!: 0.9 

10.9 .:!: 0.9c 

6.9 .-t 0.8 

c Significantly different (p <0.05) from control by ANOVA and LSD. 

B. Weight/ 
Selected Macromolecule Content 

4-HP /Protein Lipids/Protein 
(mg/mg x 100) (mg/mg x 100) 

1.80 .:!: 0.06 67 .-t 12 

1. 67 .-t O. 16 108 .:!: 17c 

2.18 .-t 0.31 c 63 .-t 7 

1. 60 .-t O. 14 131 + 14c 

'-0 .... 



Table 13 

Histopathology Summary Incidence Table Following Intratracheal Instillation of 
GaAs (Fraction I) or Its Metal Oxidesa 

Treatment 
Saline 

Lung Lesion Control Ga203 AS20 3 

1. Focal macrophages in alveoli l/0.33b 0 1/0.66 
2. Bronchitis, chronic 1/0.33 0 1/1.00 
3. Reactive pleura 0 0 2 
4-. Lymphoid hyperlasia 0 2/2.66 2/3.33 
5. Multifocal macrophages in alveoli 0 3/2.66 2/3.00 
6. Macrophages containing droplets 0 0 2 

7. Pneumonocyte hyperplasia 0 2/1.33 1/1.66 
8. Proliferative bronchiolitis 0 0 1 
9. Brown, granular deposits 0 3 0 

10. Nodule formation 0 2 0 
11. Proliferative pneumonia, alveolitis 0 0 0 
12. Black, granular deposits 0 0 0 

13. Necrotic cells in alveoli 0 0 0 
14. Perivascular cuffing 0 0 0 
15. Mixed PMN response 0 0 0 
16. Purulent pneumonia 0 0 0 
17. Alveolar fibrosis 0 0 0 
18. Atalectasis 0 0 0 

GaAs 

0 
0 
0 
3/4-.33 
3/4-.00 
0 

3/3.66 
1 
0 
0 
3/4.00 
3 

3 
3/4.00 
2 
1 
1/0.33 
1/1.00 

a Lungs were examined 14 days after intratracheal instillation of the metal compounds (n = 3). 

b Number of rats per group exhibiting a lesion/mean lesion score (maximum score = 5). 

'" N 



Figure 9 

Histological Section of Normal Rat Lung 14 Days After the 
Intratracheal Instillation of 0.9% (w/v) Saline 

(H & E, 700x) 
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Figure 9 



Figure 10 

Histological Section of Rat Lung 14 Days After the Intratracheal 
Instillation of 100 mg/kg Fraction I GaAs 

(H & e, 700x) 
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Figure 10 



Figure 11 

Histological Section of Rat Lung 14 Days after the Intratracheal 
Instillation of Equimolar Gallium, 65 mg/kg, as Ga203 

(H & E, 700x) 



95 

Figure 11 



Figure 12 

Histological Section of Rat Lung 14 Days after the Intratracheal 
Instillation of 0.25 Moles Arsenic, 17 mg/kg, as AS203 

(H & E, 700x) 
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Figure 12 
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Results 

Particle size analysis (Fraction II). The mean count diameter for GaAs 

particulates passing through a 10 urn microsieve was 1.63 urn. The mean volume 

diameter for this fraction was 5.82 urn. 

Body weight. The intratracheal instillation of 100 mg/kg GaAs particu

lates affected body weight over the 28-day study (Figure 13). Control animals 

failed to gain weight over the first 24 hours following dosing. These rats quickly 

recovered and subsequently gained weight at a steady rate. The instillation of 

GaAs resulted in a significant 24-hour weight loss that was followed by an inability 

to gain weight from days 1-7. During days 7-28, treated rats gained weight at a 

rate that was less than that observed for control animals. 

Wet weight of liver and kidney. Significant (p < 0.05) changes in liver wet 

weight were observed 14 days after the administration of GaAs. The wet weight of 

livers from treated rats was 8.395.:t 0.093 g (x.:t SEM, n = 3) in comparison to 

control values of 11.101.:t 0.191 g. Kidney wet weights at this same time point 

were 1.678.:t 0.006 and 1.831.:t 0.064 for treated and control rats, respectively. 

These changes were not significantly different from control (p> 0.05). However, 

since treated animals also lost a considerable amount of body weight, the 

organ:body weight ratios (g:100 g) for both organs were significantly different from 

control at 14 days. The liver:body weight ratios for treated and control rats were 

3.866 .:t 0.056 and 4.393.:t 0.044, respectively. Similar values for the Iddney:body 

weight ratio were 0.773.:t 0.002 and 0.725.:t 0.020, respectively. Significant 
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changes in these values were not observed at any other time point throughout the 

study. 

Blood arsenic and gallium levels. Arsenic rapidly appeared in whole blood 

following the intratracheal instillation of GaAs. Blood levels steadily increased 

from day 1 (20 ppm) to day 28 (187 ppm). Results are provided in Figure 14. We 

were unable to detect gallium in whole blood at any time point throughout the 

study. 

Pulmonary clearance of arsenic and gallium. GaAs was cleared from the 

lung at a constant rate over days 1-14 (Figure 15). The analytical determination of 

the metal content of lung homogenates showed that arsenic was cleared approxi

mately 1.5x the rate of gallium. Power function analysis of these data revealed 

that the intercept and slope values for arsenic clearance from 1-14 days were 

y = 82.29 x -0.31 (r2 = 0.97). Similar analysis for gallium clearance identified these 

values as y = 81.75 x-O•19 with a correlation coefficient of 0.99. The clearance of 

gallium appeared to plateau from days 14-28. This was due to an unusually high 

retention of the dose observed in one animal, which accounted for the large 

standard error in the 28-day data. A surprising result was a substantial. increase in 

lung arsenic content on day 28. Not only did the total arsenic level increase but 

the gallium:arsenic ratio returned to levels previously observed over days 1-3. The 

increase in lung arsenic content and the change in the gallium:arsenic ratio could 

not be solely explained by the outlier data discussed above. 

Biochemical changes in lung composition. There was a rapid and 

significant increase in lung wet weight after the intratracheal instillation of 

100 mg/kg GaAs. The in~rease was evident over the 28-day study with the effect 

being maximal at the latest time point. Edema was not an apparent, major factor 
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in the increase in lung wet weight since lung dry weight increased proportionally. 

These results are provided in Figure 16. The wet weight:dry weight ratio was 

slightly shifted towards an edematous reaction although the change was not 

significant. Linear regression analysis of these data revealed y = 0.24x - 24.31 

(r2 = 0.95) for control animals. Similar analysis for lungs from GaAs-treated 

animals identified these values as y = 0.22x - 12.79 with a correlation coefficient 

of 0.98. 

DNA. There was an immediate, although mild, cellular response to GaAs 

instillation as indicated by an increase in DNA values 1 day after dosing 

(Figure 17A). Lung DNA content increased significantly by day 3 and reached 

maximum levels by day 14. Total lung DNA subsequently decreased to control 

levels by 28 days. During this study, lung DNA content also increased in control 

animals. This was characterized by a rapid rise in DNA from days 3-14 followed by 

a modest increase from 14-28 days. 

Although the lung wet weight:dry weight ratio indicated edema was not a 

major factor in the increase in lung wet weight (Figure 16), this conclusion was not 

supported by the lung density of DNA (Figure 17B). These data show that DNA 

density was less than control values at all time points studied. 

Protein. Changes in lung protein content followed a similar pattern over 

days 1-14 (Figure 18A) as that observed with DNA. Lung protein had not, however, 

decreased to control values by day 28. Similar, but lesser, increases in protein 

content were observed in lungs from control animals. 

The density of lung protein was significantly diluted by day 14 after GaAs 

administration (Figure 18B). These values supported DNA data in that edema was 

present. 
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4-HP. Data for lung content of 4-HP are presented in Figures 19A and B. 

Our data show that 4-HP levels were slightly elevated at all time points throughout 

the study following GaAs administration. However, these changes were not 

significantly different from control (p > 0.05). In addition, the substantial increase 

in lung wet weight relative to such a minimal change in 4-HP levels resulted in a 

significantly lower density of 4-HP relative to control values from days 14-28. 

These data show that an acute, significant fibrogenic response did not 

result from a single intratracheal administration of GaAs particulates. Fibrosis 

may be better indicated by an increase in the 4-HP:protein ratio. Results in 

Figure 20 show that this factor also indicated a lack of acute pulmonary fibrosis. 

Pathological changes in rat lung. Compositional changes in major lung 

macromolecules indicated that an acute inflammatory response was present 3-

14 days after GaAs administration. The subsequent fall in DNA content relative to 

a continued increase in protein levels suggested that a subacute-to-chronic phase 

of lung repair was taking place over 14-28 days. These interpretations were 

supported by histopathological results. A summary of pathological lesions is 

provided in Table 14. 

Day 1. Lungs from GaAs-treated animals generally showed a slight 

congestion of major blood vessels. The alveolar septae were not similarly affected 

(Figure 21). 

GaAs retention was observed throughout the lung as black, granular 

deposits. Deposition was primarily confined to the terminal bronchioles and 

alveolar ducts. A slight inflammatory reaction was associated with the localized 

deposition of particulates. Intra-alveolar inflammation was characterized by pale

staining phagocytes containing small numbers of GaAs particulates. Walls of the 
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alveoli were smooth with a normal population of Type I pneumonocytes inter

spersed with occasional Type II cells. Mild alveolar hemorrhage was present in 

areas of heavy GaAs deposition. 

Day 3. Multifocal interstitial pneumonia appeared on day 3 (Figure 22). 

The pneumonia was both mural and desquamative. Alveolar walls were thickened 

(alveolitis) and uneven in outline due to hypertrophy and hyperplasia of Type II 

pneumonocytes. These cells were often in multiple layers with fronds of 

hyperplastic pneumonocytes protruding into the alveolar lumen. Pneumonocyte 

nuclei were enlarged and vacuolated. Lymphocytes were present in the alveolar 

walls. 

Numerous phagocytes were present in the alveolar lumina. They were 

apparently active in GaAs clearance since black particles were present within the 

cytoplsm. Particle-laden macrophages were occasionally observed attached to the 

alveolar walls. Polymorphonucelocytes (PMN), fibrin, and mucous-protein debris 

were also found in alveolar lumina. Syncytial formations of macrophages and 

associated GaAs particulates completely obstructed some alveoli. Mild prolifera

tive changes were observed in the bronchiolar epithelium and in the terminal and 

respiratory bronchioles. 

Day 7. Bronchiolar epithelium was hyperplastic. These changes continued 

into the terminal bronchioles and alveoli giving these areas an adenomatous 

appearance (proliferative pneumonia). Major portions of alveolar walls were 

thickened with layers of hyperplastic Type II pneumonocytes (Figure 23). 

Alveolar lumina were filled with necrotic, cdlular debris and GaAs 

particulates. The debris was strongly eosinophilic and proteinaceous in appearance. 

Strands of purple fibers were entangled with cellular debris. This process 
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suggested mineralization. Most alveolar macrophages were necrotic although 

viable macrophages containing discrete vacuoles of GaAs particles were 

occasionally observed. Small numbers of viable PMN were also present. 

Large, intra-alveolar clumps of GaAs particles, macrophages, reticulin 

fibers, and fibroblasts were found in numerous areas. Most of these pannus-like 

formations were attached to alveolar walls. Levels of both intra-alveolar and 

mural reticulin were increased (Figure 24). Alveolar hemorrhage was associated 

with sites of desquamative alveolitis. 

Day 14. Interstitial pneumonia had progressed to incorporate large areas 

of lung parenchyma. Pneumonocytes were hyperplastic while alveolar walls were 

additionally thickened with lymphocytes and plasma cells. In some areas, alveolar 

walls had focally increased in thickness approximately 3-5 times (Figure 25). 

Alveolar lumina were distended with eosinophilic debris, GaAs, nuclear fragments, 

some recognizable nuclei, and large, blue-purple structures. These latter deposits 

are believed to be colloidal aggregates of the GaAs dissolution product, Ga(OH)3. 

However, the aggregates occasionally contained additional structures such as 

macrophages, GaAs, and vacuoles. The aggregates varied in size and occasionally 

filled alveoli. Hemorrhage was prominent and associated with areas displaying 

severe alveolitis. 

Reticulin and collagen formation was increased within alveolar walls 

(Figure 26). Intra-alveol·ar nodules of macrophages, fibroblasts, and collagen were 

occasionally observed. 

Day 28. Pneumonia, as described above} had persisted. Hemorrhage was 

increased in extent throughout the lung but focal areas of hemorrhage were less 

severe than at 14 da ys (Figure 27). Alveolar proteinosis was still present but 
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appeared to be subsiding. The eosinophilic exudate was less cellular and granular 

material was smaller. Larger perivascular cuffs of lymphocytes were present 

around many blood vessels. Lymphoid follicles were greatly enlarged. There was 

focal proliferation of pneumonocytes although alveolar walls were thinner and 

fibroplasia less evident than at 14 days (Figure 28). Alveolar walls had completely 

broken down in some areas of the lung. These areas coalesced into eosinophilic 

debris. Bullous emphysema was present in one rat. 

Discussion 

These results confirmed the findings of previous studies that particulate 

GaAs is a potent, toxic, intermetallic compound (Sections 2 and 3). Systemic 

arsenic intoxication was again observed following pulmonary exposure. The in vivo 

dissolution of GaAs resulted in arsenic absorption with blood levels of arsenic 

increasing to 187 ppm 28 days after dosing. Systemic exposure to arsenic 

undoubtedly accounted for the significant decrease in rat body weight and liver wet 

weight. Roschina (1966) observed a similar hepatic response following the 

intratracheal instillation of GaAs particulates. Other investigators have shown 

that inorganic arsenic is a potent hepatotoxic agent (Bencko, 1972; Woods and 

Fowler, 1977; Fowler et al., 1979b). 

A significant finding in this study was the correlate between particle size 

and in vivo dissolution. It is generally recognized that dissolution rates for many 

compounds are inversely proportional to particle size. Schwartze (1923) reported 

such a relationship for arsenic(III} oxide. Our results showed that decreaGing the 

mean volume diameter by a factor of two (Fraction II) resulted in a doubling of the 

rate of in vivo dissolution. Blood arsenic levels were 50 and 116 ppm at 7 and 

14 days, respectively, after the intratracheal instillation of 100 mg/kg GaAs 
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(Fraction 11). In contrast, instillation of an equivalent dose of Fraction I GaAs 

resulted in blood arsenic levels of 44-54 ppm by day 14 (Sections 2 and 3). 

An increased rate of GaAs dissolution would also result in an Increased 

release of gallium dissolution product{s). The hydrated oxide of gallium, Ga(OH)3, 

represents the most probable gallium species formed. This compound is known to 

coalesce into colloidal aggregates that wlll subsequently precipitate from solution 

(Dudley and Levine, 1949; Venugopal and Luckey, 1977). Microscopic anal ysis of 

lung histological sections showed that blue-purple aggregates were formed within 

alveolar lumina 7-28 days after the intratracheal instillation of GaAs (Fraction 11). 

These structures were most prominent on day 14. It is likely that these aggregates 

represent some form of colloidal Ga(OH)3. This product would be basic and 

hemotoxylinophilic and would, therefore, stain blue-purple. This hypothesis is 

further supported by the results of Newman et al. (1979). They showed that the 

intraperitoneal injection of gallium nitrate to rats resulted in formation of blue, 

flocculent aggregates that precipitated in renal tubules. These structures were 

composed of gallium complexed with calcium and phosphate. 

Early studies showed that GaAs (Fraction I) was partially cleared from the 

lung 14 days after dosing (Sections 2 and 3). Pulmonary retention of gallium was 

greater than arsenic, suggesting that different factors were involved in the 

clearance or redistribution of these metals. Due to the insolubility of Ga(OH», 

this dissolution product was not appreciably absorbed following oral or pulmonary 

exposure to gallium salts (Dudley and Levine, 1949), or GaAs (Sections 2 and 3). 

These data suggest that the pulmonary clearance of gallium as GaAs or Ga(OH)3 is 

primarily dependent upon biological mechanisms such as endocytosis, phagocytosis, 

and muco-ciliary transport. The pulmonary clearance of arsenic, however, would 
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not only depend upon these mechanisms but the absorption and redistribution of 

soluble arsenic species as well. 

The analysis of lung retention of gallium and arsenic over the 28-day 

study support this theory. Arsenic was cleared from lung at a rate approximately 

1.5x that calculated for gallium clearance, at least over days 1-14-. The increased 

removal of arsenic from lung was accompanied by a steady increase in blood 

arsenic levels. A similar rise in blood gallium levels was not observed. The effect 

of in vivo dissolution on the pulmonary clearance of arsenicals has also been 

addressed by Inamasu et al. (1982). They showed that the relatively more soluble 

AS203 compound was cleared more rapidly from rat lung than the insoluble calcium 

arsenate salt. 

A surprising finding in this study was the substantial increase in 

pulmonary arsenic content during 14-28 d<3:Ys after GaAs instillation. It is highly 

unlikely that this change was due to an increase in GaAs retention ~ se but rather 

suggests an increase in retention of other forms of arsenic. It is possible that the 

increase in lung arsenic content was due to tissue binding of inorganic arsenic. 

GaAs dissolution may form oxidized arsenic(III). Blood levels of inorganic arsenic 

may have increased at this time if there was any major reduction in arsenic 

biomethylation. Less likely, but possible, is the tissue binding of inorganic 

arsenic(V). Biotransformation of arsenic(II1) to (V) has been shown to occur (Bencko 

et al., 1976; Vahter and Envall, 1983) although it appears to be a relatively minor 

pathway in arsenic metabolism. 

Pulmonary arsenic content may also be affected by the acute, local 

effects of inorganic arsenic released from GaAs dissolution. Inorganic arsenic is 

recognized to be a potent capillary poison (Hanna and McHugo, 1960; NAS, 1977). 
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In addition to causing edema, changes in vascular permeability may also locally 

concentrate erythrocytes and result in hemorrhage if the lesions are severe. 

Vascular congestion and hemorrhage were present at day 28 in our study. Since 

blood arsenic levels at day 28 were 187 ppm and the rat erythrocyte has an 

unusually high affinity for arsenic (Hunter et al., 19(~2; Odanaka et al., 1980), the 

pulmonary content of arsenic-bound erythrocytes would significantly increase the 

total pulmonary burden of arsenic. 

A third factor to be considered is blood levels of unbound DMAA. 

Rowland and Davies (1982) showed that arsenic binds to rat erythrocytes in the 

methylated form (DMAA). If erythrocyte binding sites were saturated at days 14-

28, any further methylation of inorganic arsenic released from GaAs would result 

in higher blood levels of free DMAA. There are data indicating that the lungs are 

one of the main sites of DMAA localization (Stevens et al., 1977; Bertolero et al., 

1981). 

Decreasing the mean volume particle diameter by a factor of two did not 

eliminate the major pathological lesions previously observed in rat lungs exposed to 

the larger fraction of GaAs. Common lesions are exemplified by, but not limited 

to, pneumonocyte hyperplasia, proliferative pneumonia (alveolitis), interstitial 

pneumonia, perivascular cuffing and lymphoid hyperplasia. However, since 

decreasing particle diameter resulted in an increased release of arsenic, numerous 

lesions appeared that were unique to GaAs (Fraction II) exposure. examples of 

these lesions are edema, hemorrhage, vascular congestion, alveolar proteinosis, and 

an increased thickening of the alveolar walls. 

The increased solubilization of GaAs particulates with the concomitant 

release of soluble arsenic species appears to account for the appearance of most of 
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the "new" pathological lesions described above. Edema, hemorrhage, vascular 

congestion, and alveolar proteinosis may be due to the acute changes in vascular 

permeability recognized to occur with arsenic exposure (Hanna and McHugo, 1960; 

NAS, 1977). Arsine formation may also playa role (Venugopal and Luckey, 1977; 

Stokinger, 1981). In addition, arsenic is a toxic agent to animals as well as cells. 

The observed loss of Type I pneumonocytes and replacement with Type II cells 

could also be 'due to a local increase in arsenic concentration. Finally, we observed 

a relative increase in epithelial hypertrophy in lungs exposed to Fraction II GaAs. 

Arsenic is recognized to produce such changes, at least in humans (Ayres and 

Anderson, 1934; Montgomery, 1935; Yeh et al., 1968). 

It should be noted that edema was shown histologically and suggested by 

the lung density of major macromolecules but the calculation of the lung wet 

weight:dry weig~t ratio suggested edema was not a factor in this study. A similar 

observation was reported by Cross et al. (1982) following the exposure of rats to 

high concentrations of ozone. Both studies suggest that edema can be underesti

mated if; (1) lungs retain an increased amount of blood, (2) inflammatory edema 

occurs and edema fluid contains proteins, fibrin, surfactant, and phagocytes, and 

(3) reparative-proliferative responses have occurred following parenchymal lung 

injury. Therefore, researchers should rely on other parameters besides the lung 

wet weight:dry weight ratio to determine the presence of pulmonary edema. Our 

data suggest that the calculation of macromolecular lung density values are good 

estimates of pulmonary edema although histological analysis can provide definitive 

proof. 

We were unable to detect any significant fibrotic response associated with 

a single dose of GaAs Fraction I (Section 3) or Fraction II. Fraction II particulates 
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did induce mild fibroplasia and fibrosis during days 7-14. These changes were 

similar to the fibrogenic response observed in rat lungs 14 days after the 

intratracheal instillation of AS203 particulates (Section 3). However, fibrosis was 

resolving in rat lungs 14-28 days after GaAs exposure (Fraction-II). 

The lack of at:ute fibrogenicity for GaAs particulates may be due to its 

rather moderate in vivo solubility. Such materials as silica (Dauber et al., 1980) 

appear to be fibrogenic, ir part, because acute pulmonary exposure can result in 

chronic retention and inflammation. Both materials produce common pathological 

lesions, however, that are typical of an early fibrogenic response. Pulmonary 

fibrosis is a progressive disease that is preceded by an early inflammatory 

infiltration. This implies that the early disease is characterized by minimal 

fibrosis and an active cellular response (Fulmer et al., 1979). Our biochemical and 

histopathological data indicate that GaAs is capable of producing such a response. 

These data imply that multiple exposures to airborne GaAs has the potential to 

induce chronic pulmonary fibrosis. This interpretation has obvious implications for 

potential, work-related health hazards in the semiconductor industry. 



Table 14 

Histopathology Summary Incidence Table Following Intratracheal 
Instillation of GaAs (Fraction II) 

Time After Dosing (Days) 

Lung Lesion 1 3 7 14 

1. Perivascular cuffing 0 0 l/1.33a 5/2.40 
2. Lymphoid hyperplasia 0 0 0 5/2.00 
3. Congestion/hemorrhage 3/1.00 3/2.00 3/3.00 5/3.40 
4. Edema b 0 0 2/2.00 5/3.40 
5. Generalized IS pneumonia 1/0.33 3/2.67 3/2.33 5/3.60 
6. Alveolitis (thickened walls) 1/0.33 3/2.33 3/3.67 5/3.00 

7. Pneumonocyte hyperplasia 0 3/3.00 3/3.67 5/3.20 
8. GaAs in alveolar lumena 3 3 3 5 
9. Macrophage phagocytosis of GaAs 3 3 3 5 

10. GaAs attached to or in alveolar walls 3 3 3 5 
11. Retention of GaAs 3/3.33 3/4.67 3/3.33 5/3.40 
12. Granulomas 0 1 2 0 

13. Necrotic cells in alveoli (PMN) 0 3/2.67 3/4.00 5/3.60 
14. Alveolar proteinosis 0 0 3/2.67 5/3.40 
15. Fibroplasia 0 0 3 5 
16. Increased reticulin 0 0 3/2.33c 5/1.60 
17. Fibrosis 0 0 3/ 1 5/ 1 
18. Purple clumps Ga(OH}J 0 0 1 5 

28 

3/2.67 
3/2.67 
3/3.33 
3/3.33 
3/3.33 
3/2.67 

3/3.00 
3 
3 
3 

3/3.33 
0 

3/4.33 
3/4.33 

3 
3/2.00 
3/1.00 

1 

a Number of rats displaying the lesion/the average lesion score c Reticulin particularly prominent 
(maximum score = 5, n = 3-5) in granulomas 

b IS, interstitial pneumonia. I-
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Figure 13 

Cumulative 28-Day Body Weight Changeb in Rats Following the 
Intratracheal Instillation of Normal Saline (Control) 

or 100 mg/kg GaAs (Fraction II) Suspensions 

a Significantly different from control (p< 0.05). 

b Each value represents the mean .±:SEM of 8-13 rats. 
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Figure 14 

Blood Arsenic Levelsa in Rats Following the Intratracheal 
Instillation of 100 mg/kg GaAs (Fraction II) 

a Each value represents the mean 2:. SEM of 4-5 animals. 
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Figure 15 

Pulmonary Clearance of Gallium and Arsenicb After Intratracheal 
Instillation of 100 mg/kg GaAs (Fraction II) to Rats 

a Significantly different (p< 0.05). 

b Each value represents the mean!: SE M of 4-5 rats. 
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Figure 16 

Effect of Intratracheally Instilled GaAs (lOa mg/kg, Fraction II) 
on the Lung Wet Weight:Dry Weight Ratioa in Rats 

a Each value represents an individual ratio. 
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Figure 17 

Changes in Rat Lung DNA b Following the Intratracheal 
Instillation of 100 mg/kg GaAs (Fraction II) 

A. Total Lung DNA Content 
B. Lung DNA Density 

a Significantly different from control (p < 0.05). 

b Each value represents the x.:t SEM of 4-5 animals. 
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Figure 18 

Changes in Rat Lung Proteinb Following the Intratracheal 
Instillation of 100 mg/kg GaAs (Fraction II) 

A. Total Lung Protein Content 
B. Lung Protein Density 

a Significantly different from control (p < 0.05). 

b Each value represents the x :t. SE M of 4-5 animals. 
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Figure 19 

28 

Changes in Rat Lung 4_Hpb Following the Intratracheal 
Instillation of 100 mg/kg GaAs (Fraction II) 

A. Total Lung 4-HP Content 
B. Lung 4-HP Density 

a Significantly different from control (p 0.05). 

b Each value represents the )( .:!:: SE M of 4-5 animals. 
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Figure 20 

Effect of Intratracheal Instillation of 100 mg/kg GaAs (Fraction II) 
on the 4-HP:Protein Ratioa in Rat Lungs 

a Each value represents the mean:!:. ScM of 4-5 animals. 
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Figure 21 

Histological Section of Rat Lung 1 Day after the Intratracheal 
Instillation of 100 mg/kg GaAs, Fraction II 

(H & E, 700x) 
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Figure 21 



Figure 22 

Histological Section of Rat Lung 3 Days after the Intratracheal 
Instillation of 100 mg/kg GaAs, Fraction II 

(H & e, 700x) 
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Figure 22 



Figure 23 

Histological Section of Rat Lung 7 Days after the Intratracheal 
Instillation of 100 mg/kg GaAs, Fraction II 

(H & E, 700x) 
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Figure 23 



Figure 24 

Histological Section of Rat Lung 7 Days after the Intratracheal 
Instillation of 100 mglkg GaAs, Fraction II 

(Reticulin stain, 700x) 
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Figure 24 



Figure 25 

Histological Section of Rat Lung 14- Days after the Intratracheal 
Instillation of 100 mg/kg GaAs, Fraction II 

(H & E, 700x) 
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Figure 25 



Figure 26 

Histological Section of Rat Lung 14 Days after the Intratracheal 
Instillation of 100 mg/kg GaAs~ Fraction II 

(Reticulin stain, 700x) 
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Figure 26 



Figure 27 

H1stological Section of Rat Lung 28 Days after the Intratracheal 
Instillation of 100 mg/kg GaAs, Fraction II 

(H & E, 700x) 
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Figure 27 



Figure 2& 

Histological Section of Rat Lung 2& Days after the Intratracheal 
Instillation of 100 mg/kg GaAs, Fraction II 

(Reticulin stain, 700x) 
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Figure 28 



CONCLUSIONS 

Our results overwhelmingly suggest that GaAs dissolution occurred under 

both in vitro and in vivo conditions. The chemistry of GaAs dissolution is not 

understood. We have shown that phosphate potentiated GaAs in vitro dissolution. 

This suggests that phosphate may form a heteropolyacid with Ga(OH)3 which is 

more soluble than Ga(OH}J itself. Numerous examples of such interactions exist 

(e.g., H3POlf. and molybdate or vanadate). The interaction between phosphate and 

GaAs is of additional interest because phosphate i.s a biological anion. It certainly 

would be a component of lung alveolar fluid(s) and may potentiate GaAs dissolution 

following pulmonary deposition. The solution chemistry of GaAs represents an area 

that requires further investigati?n. It would be of particular importance to 

determine if arsine forms during GaAs dissolution. We were not able to detect 

arsine formation although other, more sensitive techniques may be more 

appropriate. 

The in vivo dissolution of GaAs was suggested by; (1) blood arsenic levels 

without an equivalent rise in gallium content, (2) pulmonary clearance of GaAs 

favoring arsenic redistribution and gallium retention, (3) colloidal aggregates, 

believed to be Ga(OH)3, forming within alveolar lumina, (If.) systemic signs of 

arsenic intoxication such as porphyria with the arsenic-specific perturbation of 

uroporphyrin replacing coproporphyrin as the primary urinary metabolite, (5) hyper

plastic responses in pulmonary epithelium, and (6) the formation of edema and 

other lesions associated with profound alterations in vascular permeability. The in 

vivo dissolution of GaAs would be proven by the structural analysis of blood-borne 
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arsenic species. Research is currently progressing in our laboratory to identify 

these metabolites. 

Very little is known about the sites and mechanism for biomethylation of 

arsenic. Since DMAA and MMAA are considered detoxification products, it would 

be of interest to determine the role of the lung in arsenic metabolism. The lung is 

suspected of being a prime target for arsenic-induced carcinogenesis. Perhaps the 

ability or inability of the lung to metabolize arsenic is involved in such a 

carcinogenic response. 

A more plausible role for arsenic in pulmonary carcinogenesis is that of a 

cocarcinogen or a promoter. Arsenic has only been implicated in carcinogenesis by 

epidemiological association. To date, animal studies have not been able to show 

that arsenic is a direct-acting or ultimate carcinogen. Promoters increase the 

formation of tumors by inducing an increased growth rate of dormant, previously 

damaged cells. Our results show that significant hyperplastic responses in 

pulmonary epithelium occur with GaAs exposure. This response suggests that GaAs 

would be an excellent model compound for future studies in arsenic-induced 

carcinogenesis or tumor promotion. 

The major finding of our study was the response of the lung to GaAs 

exposure. We showed that numerous pathologic sequelae resulted from GaAs 

deposition and that these lesions classically represented the acute phase of a 

progressive fibrogenic response. Although a single exposure to GaAs was not 

fibrogenic 28 days after dosing, it remains to be determined how the lung would 

respond to multiple exposures. Subacute or chronic exposure studies are warranted 

to fully understand the fibrogenic potential of GaAs. 



GLOSSARY 

Arsenate Pentavalent arsenic 

Arsenite Trivalent arsenic 

DMAA Dimethylarsinic acid 

DNA Deoxyribonucleic acid 

F AAS Flame atomic absorption spectrophotometry 

Fes Flame emission spectrophotometry 

Fraction I GaAs particles with a mean count and mean volume diameter of 8.3 
and 12.7, respectively 

Fraction II GaAs particles with a mean count and mean volume diameter of 1.6 
and 5.8, respectively 

GaAs Gallium arsenide 

GSH Reduced glutathione 

Gsse Oxidized glutathione 

4--HP 4--hydroxyproline 

i. t. Intratracheal 

LSD Least significant difference test 

MMAA Monomethylarsonic acid 

po Peroral 

ppm Parts per million 

SAM S-adenosylmethionine 
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