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analysis of selenium in biological materials using Se , and
used to determine selenium bound to plasma and cells of blood
from 254 normal individuals. Variations with time, age, sex

and hematocrit were investigated., Analysis of subfractions of
plasma and cells indicated the highest selenium concentration in
the plasma alpha and beta globulins. The selenium content of
other tissues was determined for two individuals,

A methodlwas devised for instrumental radiocactivation
analysis of sulphur in dialyzed biological material using 537.
The bound sulphur content of samples of plasma and cells from
normal human blood was determined. The method would appear to
have application in thé instrumental activation analysis for

other elements in various matrices,
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CHAPTER 1

GENERAL INTRODUCTION

The number of elements recognized as being normally present
in living tissues has increased enormously within the last few
years. Many elements, such as carbon, hydrogen, oxygen, nitrogen,
phosphorus and calcium are known to be necessary for the existence
of life by virtue not only of their participation in the macroscopic
chemistry of life, but also their role in the structure of protein
and bone. However, most plants and higher organisms also are found
to contain small amounts of elements, a few of which have a known
function, but many whose purpose, if any, is as yet unknown. In
fact, a human, being a sort of garbage disposal unit which consumes
quantities of soil along with a wide variety of plant and animal
material, is expected to contain nearly every element at low levels,
It has been the analytical difficulties asesociated with measuring
these low levels, which has led to the term ''trace element", since
until recent years analyses could only indicate "traces" of these
elements, not exact amounts. The development of sensitive analytical
techniques has stimulated workers to establish the function of the
minor elemental constituents of biological systems. "Essentiall ‘
trace elements, those which are necessary for existence of an
organism by virtue of their participation in life-sustaining biochemical

reactions, are being found in virtually every living system., Most,



2
such as zinc in carbonic anhydrase, and manganese in arginase, activate
catalytic enzymes,

General awareness of trace element importance has derived
from the widespread public knowledge of systems such as protein-
bound iodine, and its participation in thyroid function. These
bound, or non-dialyzable elements, including the iron in hemoglobin,
and the magnesium in chlorcphyll, are of particular interest since
they commonly play a dires . cart in protein function. Inorganic,
or non-bound elements maini:in the ionic strength of bviological
fluids, and serve as a pool from which an organism can draw amounts
necessary for metabolism, The amount of research devoted to the
study of low level elemgntal constituents of tissue is increasing
rapidly.

In view of the importance of trace elements in metabolism,
the present research programme was begun by a survey of the elements
present in human blood. Because of the sensitivity of the nuclear
technique known as radioactivation analysis, and the availability
of a reactor, this technique Qas chosen to carry out the survey.
Blood was selected for analysis not only because of its fundamental
participation in the transport of nutrients, enzymes, and other
reagents to all parts of the body, but also because its suggested
removal from normal healthy persons encountered less oppositicn
than other tissues.

Although many of the elements reported in the literature
as existing in human blood, such as zinc and manganese, were found

in the survey, the only element found, which had not previously



been reported to be bound to non-dizlyzable components of normal
human blood, was selenium. Since selenium is a member of the
important oxygen-sulphur family of the periodic table of the
elements, it was considered worthwhile to make a more detailed
study of its occurrence in human tissue. It was hoped to
establish whether selenium appeared at random in the population
or was distributed in a significant fashion. It was also hoped
to determine the chemical form of selenium in tissue in order to
shed light on its role in human metabolism. It was conceivable
that specific selenoproteins, each with a particular function,
exist in tissue.

Study of the conditions of analysis of selenium by means
of instrumental methods, following radioactivation, revealed an
interference due to the presence of oxygen which limited the
sensitivity and accuracy of the procedure. A correction method
was devised, based on the amount of oxygen present, which enabled
instrumental activation analysis of selenium in dialyzed tissue
with a sensitivity and accuracy allowing significant intercomparison
of results., The introduction of other trace elements was avoided
in sample preparation, in order that samples may be used in
further studies.

Using the technique developed, analyses were carried out
for the selenium bound to the plasma and cell fractions of the
blood of a population of 254 normal individuals., All blood samples
were found to contain selenium, and when results were analyzed

statistically, a gaussian type of distribution was found for the



population, similar to that of other essential trace elements.
Variations in blood selenium with time, age, sex, hematocrit, and
living conditions, were investigated.

Analysis of protein subfractions of blood plasma and
cells, revealed that the major percentage of plasma selenium
was concentrated in the alpha and beta globulins. Attempts to
pinpoint further, the chemical nature of bound selenium, by
hydrolysis and degradation of tissue, did not lead to conclusive
results, but suggested further studies which may shed light on
the problem.

During the course of the research, it became evident that
the selenium to sulphur ratio varied considerably in the protein
from various blood fractions. With the object of determining the
accurate sulphur content of prepared samples, a study was begun
of the possibility of carrying out direct instrumental activation
analysis for sulphur using the isotope 537. Such a procedure
had not previously been recorded in the literature., However, a
new correction technique was devised which permitted analysis of
the sulphur bound to the non-dialyzable portions of tissue. Using
this technique, several samples of the plasma and cell fractions
of normal human blood were analyzed. The method would appear to
have wider applicability in the instrumental activation analysis

for other elements.



CHAPTER 2

HISTORICAL INTRODUCTION

A. The Biological Significance of Selenium

(a) Early history

Since early in the histéry of modern man, the physiological
impact of selenium on plants and animals, although unrecognized
as such until recently, has been documented in numerous sources,
In fact, the historical aspects of the disease syndromes produced
by selenium are as interesting as they are unique in the way in
which they shed light on the biological significance of the element.
The writings of Marco Polo, circa 1295 A.D., refer to the
poisoning of his pack animals near the Tibetan border of western
China, as a result of eating certain plants now known to have
a high selenium content (1). Such plants, called "selenium
indicators'" because their growth and distribution is restricted to
seleniferous formations and soils, have been shown to have the
ability to convert inorganic selenium into an .available form (2).
Two classic and picturesque disease states are produced in
animals consuming selenium-rich plant material., The 'blind staggers',
or acute selenium poisoning results from the ingestion of quantities
of species of the selenium indicators such as Astragalus and
Stanleya, whereas "alkali disease", or chronic selenium poisoning
results from the ingestion of seleniferous grains and grasses (3).

5



Acute poisoning is characterized by blindness, paralysis, abdominal
pain, salivation, and grating of the teeth. The symptoms of
chronic poisoning are lethargy, emaciation, stiffness, lameness,
soreness and sloughing of hoofs, loss of hair, and atrophy of the
heart and liver. Death often results from starvation and thirst
because in addition to loss of appetite, the lameness and pain

from the condition of the hoofs are so severe that the animals

are unwilling to move about to secure food and water (3).

The earliest recorded disease syndromes in humans,
resulting from selenium poisoning, were chronic selenoses
resembling alkali disease, recorded in Colombia by Father Pedro
Simon in 1560, and in the Irapuato district of Mexico. However,
it was selenium poisoning and subsequent losses in the southwestern
United States of domestic animals, such as cavalry horses at
Fort Randall in Nebraska in 1857, and horses, cattle and sheep
in the Wyoming and Nebraska areas from 1893 on, which stimulated
early investigations of the origin of the disease. During the
summers of 1907 and 1908, more than 15,000 sheep died in Wyoming
of selenium poisoning. It was gradually recognized that vegetation
in certain restricted areas was responsible, but not until 1931
was it suggested that selenium was the active ingredient.
Subsequent studies of vegetation in the United States and Canada
have revealed concentrations of several thousand parts per million
in the indicator plants which flourish on seleniferous soils (4).

(b) Recent studies of selenium toxicology

The administration of selenium compounds to livestock or

laboratory animals produces toxic symptoms, but does not produce



typical alkali disease or blind staggers. The selenium compounds
in plants which can produce different disease syndromes are not
known. A great many studies have been made in the last twenty
years, on the effects of oral and injected selenium compounds,
béth inorganic and organic, on every conceivable type of organism
ranging from the protozoa, through fish, and chickens, to the
higher animals such as rats, dogs, cattle and sheep (5, 6).
Subacute, acute, and chronic symptoms induced by selenium
administration, as well as effects on reproduction and congenital
malformations, and distribution of selenium in the tissues of
animals treated, are dealt with at great length in the literature.
Rosenfeld and Beath have compiled this information in detail,

and also summarized attempts to combat selenium poisoning by
hastening its excretion, or by administering metabolic antagonists
to selenium compounds, such as arsenic and sulphur (7).

Attenpts to associate certain clinical groupings of
humans living in seleniferous areas of the United States, with
the selenium levels of their food and drinking water, have yielded
inconclusive results (8). However, chronic selenosis is known in
humans from Colombia, South America, and results in malformed
children and extensive loss of hair and nails (9). Selenium is
suspected to increase susceptibility to dental decay in children
drinking water from certain seleniferous areas (10). Specific
.cases of poisoning or irritation due to industrial exposure to
selenium, have been noted (11), as well as a few cases due to the

ingestion of seleniferous foods (12). Chronic selenium poisoning
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leading to hepatic cirrhosis in Egyptian children has been established
(13). Maximum permissible selenium levels in foods and drinking
water have been tentatively set (5.

(c) Selenjum as an essential nutritional requirement

Disease syndromes in animals are known to result from both
an excess and a lack of selenium in the diet. The former have an
extensive history and were discussed above in sections (a) and (b).
However, diseases produced by a dietary selenium deficiency, whose
investigation has provided the chief evidence for the essential
nature of selenium, have been recognized and studied only
relatively recently. The steadily increasing numbers of conferences
and symposia devoted either partially or entirely to the nutritional
significance of selenium reflect the growing interest in the
problem (14, 15, 16, 17, 18). The first International Symposium
on Selenium in Biomedicine is being held at Oregon State University,
September 6-8, 1966, and will review all known aspects of the
metabolism of selenium,

After the discovery of vitamin E (a-tocopherol) in animal
tissues, several vitamin E-deficiéncy diseases and conditions in
animals were found. Among these are included muscular dystrophy
in rabbits, guinea pigs and lambs, fatal exudative diathesis and
encephalomalacia in chicks, and necrotic liver degeneration in the
rat, pig and other species. However, in 1951, Schwarz discovered
that a substance isolated from tissues and plants, which he called
Factor 3, protected rats from experimental liver necrosis (19).

The effective agent in Factor 3 was established in 1957, to be



selenium (20). It was subsequently shown that inorganic selenium

as selenite or selenate could substitute for Factor 3 in the treatment
or prevention of necrosis. The remarkable prophyléctic feature of
selenium was its effectiveness in extremely.minute doses, As little

as 4 micrograms of selenium as selenite per IOO‘grams of diet, was
sufficient to prevent hepatic necrosis (20). In this respect selenium
was 500 times more active than vitamin E, and 250,000 times more active
than selenium-free cystine.

Nearly all naturally-occurring or laboratory-induced disease
states which have been shown to be responsive to vitamin E therapy,
are also responsive to selenium., For example, in vitamin E- and
selenium-depleted weanling rats, either selenium or a-tocopherol will
protect against hepatic necrosis, and in similarly—depleted lambs,
selenium and to a lesser e?tent a-tocopherol, will proteci against
white muscle disease (18). The action of selenium in producing growth
response and preventing white muscle disease in lambs, suggests that
selenium and vitamin E are interrelated in their metabolic functions,
but that vitamin E cannot complete1y>replace the need for selenium in
livestock nutrition (21).

Although it has been shown that selenium is an essential
nutrient for certain plants and animalé (22), and a selenium cycle
in nature has been proposed analogous to those known for carbon,

nitrogen and sulphur (23), little is known of the nutritional



requirements for selenium in humans. 1In view of the similarities
between certain selenium-responsive disease states inranimals,

and corresponding states iﬁ humans, knowledge of these requirements
would seem to be extremely important. The disease "kwashiorkor"
found in Jamaican children, and formerly attributed to protein
malnutrition, may be associated with selenium deficiency (24).
Supplementatibn of the diet of two affected individuals with traces
of selenium, gave immediate response in weight'gain and increase
in food intake,

An area of selenium prophylaxis,commonly ignored or
bypassed by investigators, concerns the treatment of certain
abnormal skin conditions in humans, Napoleon is knowﬁ to have
sent soldiers with skin problems to bathe in the selenium-
containing mineral waters of Roche~Posay in France, and even
planned to set up a hospital in the area (25). Thé beneficial
effects of selenium with regard to skin diseases were recognized
recently, when attempts were made to use selenium compounds for
the treatment of dandruff, on the basis of the effectiveness of
analogous sulphur compounds, Selenium sulphide in detergent
suspension has been found to be effective in cohtrolling seborrheic
dermatitis (sevére dandruff), blepharitis marginalis (granulation
of the eyelids) and 85% to 95% of all forms of mild common
dandruff (26). Although patents in the commercial development of

/selenium-containing preparations have assumed that, similar to

10

sulphur, selenium is a potent fungicide, recent studies have indicated

that seborrheic dermatitis is not necessarily caused by microorganisms,



and that in fact, very dilute solutions of selenite may be as

effective as gross amounts of suspended SeS2 in the treatment

of this condition (27). It is possible that selenium reduces the

large number of free-SH groups present, and thus repairs

abnormalities of the keratin structure of diseased skin (28, 29).
From the knowledge of diseases of animals and humans,

which are both caused by and preventable or treatable by selenium,

it may be concluded that further studies of the detailed biochemical

behaviour of, and metabolic pathways followed by selenium, are

of the utmost importance.

(d) Biochemistry and metabolism of selenium

Although a zreat deal of work has been carried out in
attempts to elucidate the behaviour of selenium at a molecular
level, and its function in metabolic processes, little agreement
has been reached in the literature, and few definitive conclusions
have been drawn. The most recent symposium called to bring
together workers involved in studies in this area, was run almost
in the manner of a debate (18).

Basically, there have been two schools of thought on the

function of selenium in living organisms. ' The first, whose foremost
protagonist is Dr. K. Schwarz, holds that selenium compounds play
a specific physiological role. The second, championed by Dr.
A. L. Tappel, believes that active forms of selenium behave as
antioxidants, and that this feature explains and reconciles the
interrelationship of selenium and vitamin E,

After the isolation of Factor 3 selenium by Schwarz, many

experiments were carried out which involved the administration of

11



small amounts of radioisotopically=-labelled selenium compounds
to a variety of organisms. The localization of activity in

various metabolic end products such as tissue protein, has been
used as evidence for the postulation of metabolic pathways and
function of selenium, Animals have shown the ability to reduce
inorganic selenium compounds and incorporate the selenium into
the amino acids selenocystine and selenomethionine (20). Lower

forms of life such as Escherichia coli have also shown this

ability (31). Radioselenium has been found after injection
into dogs, to concentrate first in the albumin fraction of blood
serum, and then to be transferred into the alpha and beta

75

globulins (32). Se’”-selenomethionine has been shown to be
incorporated into animal tissues (33, }4). However, biochemical
differences in the metabolism of selenium and sulphur have been
found for species of the plant Astragalus which are selenium
accumulators and non-accumulators (35). A distinct difference
between selenium and sulphur metabolism in higher organisms is
suggested by Schwarz, who concluded that it is most likely that

selenium in normal tissues is not found in the form of sulphur

amino acid aﬁalogues (36).

Tappel and co-workers have demonstrated the radioprotective

and antioxidant properties of selenium compounds., Vitamin E has
been postulated as a tissue antioxidant which prevents damaging

lipid peroxidation reactions (37). Selenium has been shown to

12

have similar lipid antioxidant behaviour (28)., In addition, selenium

compounds have been shown to be effective in decomposing tissue
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peroxides‘(39) and scavenging free radicals (37, 40). Although
these results have led Tappel to conclude that a primary function
of selenium in tissue is to participate in the inhibition of free-
radical peroxidation damage to the lipid moiety of lipoproteins
(42), it has been pointed out that his experiments were conducted
using levels of seleno amino acids which weré many-fold in excess
of the amount of selenium compounds present inknormal tissue (43).
This point might well be emphasized for the majority of the research
which has been carried out on the biochemistry and metabolism of
selenium. Additional evidence suggesting that selenium may not
'function in tissue primarily as an antioxidant, comes from nutritional
studies. Three groups of diseases related to selenium and vitamin E
deficiency are recognized in animals: vthose which are strictly vitamin
E-responsive and are not affected by selenium supplements, those
responsive to selenium or vitamin E, and those which are selenium
responsive and nét influenced by vitamin E. Into the last category
fall white muscle disease in sheep from certain parts of the world,
and the failure of reproduction of rats on selenium-deficient basal
diets to which ample amounts of vitamin E have been added (43),

It is this group which provides the strongest arguments for the
hypothesis that selenium has a specific physiélogical role, and
does not merely act as an antioxidant.

Caldwell and Tappel have proposed an involvement for
selenium compounds in the biolégically imporfant oxidation-
reduction reactions of thiols in tissues (4&). Selenocystine, but

not cystine, was shown by these workers to accelerate oxidation of
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cysteine, glutathione and homocysteine, and yet to protect the
sensitive sulfhydryl groups of sulfhydryl enzymes such as creatine
kinase and alcohol dehydrogenase, which must remain intact for the
proper functioning of these enzymes. On the basis of this evidence,
the authors suggest that the biochemical activity of sélenium results
from its coﬁbined reactions in a variety of redox systems, rather
than from a specific and limited metabolic role (4k4).

The recent work of Desai and Scott proposes an explanation
for the apparent interrelationship and interdependency of selenium
and vitamin E (45). Studies involving the feeding of labelled
selenium compounds and labelled a-tocopherol to chicks, indicated
that vitamin E may, in fact, be carried by a selenolipoprotein
fraction associated with plasma gamma globulin. It was concluded
that at least one biologicalArole of selenium appears to lie in
a selenium-containing compound which acts as a carrier of vitamin
E, and which may function in absorption, retention, prevention of
destruction and perhaps transfer across cell membranes, of d-a-
tocopherol, thereby enhancing its biological activity in the blood
" and throughout the body (45). This theory would ascribe great
importance to the selenium bound to certain blood proteins.

It is enfirely possible that selenium compounds take pért
in several or all of the biochemical functions which have been
suggested. The nﬁmber of suspected metabolic pathways in which
aelénium is active, is rapidly increasing, and refiects the
probable essential nature of this trace element in many phases of

the chemistry of life. In fact it has even been suggested that the_



high selenium content observed in the retina of the eyes of
certain animals, may be related to the visual acuity of these
species (46).

B, The Chemistry and Analysis of Selenjum

Selenium is an element belonging to Group VI A of the
periodic table, which includes oxygen, sulphur, selenium, tellurium
and polonium. Like sulphur, selenium exhibits allotropy, but
has more metallic character and a higher electronegativity.

Selenium shows oxidation states of -2; -1, 0, +2, +4 and +6, and
forms compounds analogous to, but more unstable than, most known
inorganic and organic sulphur compounds (47, 48). The chemistry

of seleﬁium has a history of interest comparable to that of its
nutritional aspects. The most interesting industrial uses of
selenium are those depending on its remarkable photoelectric
properties (49). Selenium generates a flow of electrons when it

is exposed to light, and thus has been employed in a wide variety

of light-sensing devices which require no external source of current.
It is interesting to note that a selenium photocell has nearly

the same spectral sensitivity as the human eye. Other commercial
uses include the conétruction of rectifiers, the pigmentation of
glass to form the ruby-red colour used in automobile tail lights,
inclusion in rubber to increase its resiliency, and in inks and

oils to prevent oxidation. The selenium sulphide suspension marketed
under the name '"Selsun', and used in the treatment of skin ailments,
has previously been mentioned. It is undoubtedly the industrial

potential of selenium compounds which has generated the vast amount
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of research which has been carried out in the field of selenium
chemistry. Details of this chemistry may be found in various
texts and monographs devoted partially or exclusively to selenium
(50, 51, 52). Of particular interest with regard to the biological
behaviour of selenium compounds, is the fact that the selenium
analogues of cystine and methionine differ sufficiently in chemistry
from the corresponding sulphur amino acidé, to exhibit different
chromatographic behaviour (53, S4).

It has been stated that “"the importance of establishing

accurate and sensitive methods for the analysis of selenium cannot
be overemphasized. It is extremely important to know normal as
well as abnormal values of selenium in tissues, before the nutritional
significance of this trace element may be evaluated in humans"
(55). Because of the commercial applications of selenium, methods
for analysis at relatively macroscopic levels have been available
for many years. Methods of dissolving samples may be classified
into three groups: wet processing, fusion in a sealed tube, and
combustion methods., In the case of organic selenium-containing
compounds, the so-called Schgniger method of combustion has been
widely used and involves burning the sample in a flask filled with
oxygen (56)., Digestion with a mixture of sulphuric and nitric
acids has also been used extensively in many laboratories (57).
Problems associated with these '"classical' techniques have been
discussed, and modifications rendering the Schgniger method more
simple, rapid and accurate, have been developed (58).

Errors in analysis, suéh as contamination, or losses of

selenium by volatilization during ashing, have been found not to
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be a problem in the determination of quantities of selenium above
about 0,01 milligrams using the methods described above. However,
in the determination of smaller amounts, of the order of a microgram
or less, the possibility of introducing trace quantities of selenium
by contamination, and of incurring other errors, has led to the
refinement of the classical methods and use of many "modern"”
techniques in analysis. The importance of detecting and measuring
trace amounts of selenium was made clear by the recognition of the
function of minute amounts of selenium in various disease syndromes
(59).

Including radiocactivation analysis, which will be discussed
in the next section, nearly every analytical tool known to modern
science has been used in the analysis for trace quantities of
selenium, In most of the methods for the determination of
microgram quantities in biological material, which has been the
matrix of greatest interest, the sample is ashed in a manner similar
to that used in the classical techniques (60. Unfortunately the
extensive chemical manipulations involved in ashing are very
susceptible to the introduction of amounts of selenium comparable
to those already present, and to the loss of selenium by vola-
tilization (61).

After ashing, the most common analytical procedure has
been to introduce a substance which reacts with selenium to
develop a colour, or form a fluorescent compound. The concentration
of the selenium is thus measured by colorimetry, spectrophotometry

or fluorometry. Diamino compounds such as 4,5-diamino-6-



thiopyrimidine (62), substituted phenylenediamines (63),
2,3~diaminonaphthalene (64, 65) and 3,3-diaminobenzidine (61, 66,
67, 68, 69) have most commonly been used in the fluorometric
method and giye a sensitivity of about 0,1 micrograms of selenium,
The popularity of the most extensively-used reagent, 3,3-diamino=-
benzidine would be expected to wane in light of its now suspected
carcinogenic behaviour (70),

Selenium has been analyzed in biological materials
(after ashing where necessary) by reduction to elemental selenium,
the colour of which is used as a measure of its concentration
(71), by the ring oven technique (72) and with the aid of
millipore filters (73). In the list of more recent and novel
methods may be mentioned the use of a catalytic reaction (74),
isotope dilution (75), and atomic absorption spectroscopy (76).
The sensitivity of this latter technique is of the order of 1
part per million. Finally, selenium has been determined
polarographically in urine and other biological materials with
a sensitivity of about 0.2 micrograms (77, 78), and by means
of X-ray fluorescence spectroscopy (79). All of the methods
mentioned are subject to their own particular sources of error,
interference and lack of precision of results. The accuracy
of results are commonly checked by comparison with those of
neutron activation analysis (64, 69).

Very few analyses for selenium in normal human tissues
have been reported in the literature. Of these, only one or two

have been performed using the techniques described above
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(i.e. apart from activation analysis). The greatest disadvantage
of most of the methods is the length of time required to carry
then out. Gofman and co-workers found samples of whole human blood
serum to contain from 0.05 to 0.15 parts per million of selenium
(79).

C. Radioactivation Analysis

(a) General

Perhaps no other analytical technique in the history of
chemistry has become so '"fashionable'" and widely used in such a
variety of applications in such a short length of time, as
radioactivation analysis. In 1965, de Hevesy introduced the
Proceedings of the Symposium on Radiochemical Methods of Analysis
in Salzburg, Austria, and included an account of how he himself
first conceived the principles underlying activation analysis, and
carried out the first analysis by means of the technique in 1938
(80). It is really only in the last ten years, however, that |
extensive use has been made of activation analysis. In 1955,
papers were presented by A. A. Smales and W. W. Meinke at a
symposium on trace analysis, outlining the procedures involved in,
and sensitivity of activation analysis compared to other methods
(81). It is to these two men which must be given the credit for
"popularizing' the technique in its early days.

The extensive proliferation of the number of papers in
every conceivable field of study over the last few years, is an
indication of how widely activation analysis has come to be used,

and in what esteem it is held. It would be futile to attempt to
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discuss even a small percentage of the literature dealing with
activation analysis. Excellent textbooks have appeared recently,
which treat all aspects of the method, its applications and sources
of error in great detail (82, 83, 84, 85, 86, 87). In addition,
various conferences and sympdsia have been held, which were
devoted rartially or entirely to applications and new developments
in activation analysis (88, 89, 90, 91, 92). Several bibliographical
compilations of activation analysis literature have been made
(93, 94, 95), and an excellent card index file has been produced
and is being kept up to date and distributed free of charge (96).

The basic principle éf activation analysis is that an
isotope of an element, when irradiated by neutrons or charged
particles, can undergo a nuclear transformation to produce a
radiocactive nuclide., After the radionuclide is formed, and
its emanations have been characterized by radiation detection
equipment, qualitative and quantitative inferences can be made
of the elemental composition of the original sample before
irradiation. Radioactivation differs from most other methods of
chemical analysis in that it is based on the properties of nuclei
and not on the behaviour of the cuter electrons. Thus it is a
method of elemental analysis only, and can be used only indirectly
in a few cases, to analyze for molecules. The fact that it can
be used to differentiate between different isotopes of a single
element, while of no importance in most applications due to the
constancy of isotopic composition of most elements, is useful in

certain geochemical problems,
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Radiocactivation analysis perhaps comes closest to
satisfying the criteria of the ideal analytical technique of all
those known to modern science, These criteria are accuracy,
precision, specificity, nondestructivity, speed, economy and
universal applicability. |
When an element is exposed to a flux of neutrons or
charged particles, the rate of change of the number of target
atoms N of the isotope of the element undergoing the nuclear
reaction in question, is given by the expression

AN _
at

= «f oN
where f is the flux of bombarding particles in units of particles
per square centimeter per second, and o is the isotopic cross
section for the nuclear reaction in units of square centimeters
per target atom (and might therefore be considered as the
"effective" area of the atom for the nuclear reaction). Integration
of this simple first order expression yields the equation

N = Noe -fot
vhere No is the number of target atoms at the start of irradiation.
Since f ot is generally very small, it may be assumed that the
number of target atoms is essentially unchanged, and that No = N
'throughout irradiation.
. The rate of growth of the number of radiocactive atoms N',

is given for practical purposes, therefore, by the expression

aN?
dt

where A is the radioactive decay constant for the radionuclide

=f oN~-AN
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formed, being connected with the half-life T of the nuclide, by
the relation A = 0,693/T. Integration of this expression over the
period of irradiation t, yields

N' =f ooN (1L =-¢ -Xt)/l
The amount of radiocactivity At’ in disintegrations per second,
exhibited by the atoms N' produced up to a time t, is given by the
expression
A =M =foN(L-e D =foNQ-e =0.693t/T)
where t and T are expressed in the same units.
If a wéight W grams of an element (including all isotopes)

of atomic weight M is irradiated, then
A = 6% 107 £ o0 W (1-e ~0.693t/Ty 1y

where © is the abundance of the particular isotope under consideration,
After the irradiation is stopped, the activity formed will decay
with its characteristic half-life, so that at a time d (in the
same units as t and T) after cessation of the irradiation, the
activity becomes (97)

A=6%10 f 06w (1~ e 0:093/Ty (,-0.6934/T)

It can be seen from this relationship that for a given
time of irradiation, high activity (and therefore high sensitivity)
is obtained from a given mass of an element if the flux and

lactivation cross section are large, and the decay constant A
is large (short half-life). Other things being equal, sensitivity
is greater for lower-atomic-weight elements and for those with a

high relative abundance of the isotope concerned. The half-life

of the radionuclide does not control the inherent sensitivity of
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the method except insofar as it becomes a practical 1imitation;
either for long-lived species on the time of irradiation required,
or for short-lived species on the time between the irradiation
and the actual measurement of radicactivity. The character of the
radiations emitted by the radionuclide formed also affects the
sensitivity of the method, in view of the difficulties associated,
say, with the counting of beta particles as opposed to gamma rays.
Using the above expression, it appears that determination
of the absolute disintegration rate should enable calculation to
be made of the absolute mass of the constituent being determined.
Unfortunately, accurate knowledge of the flux and cross section
is not usually available, and accurate determination of the
disintegration rate is not possible. In practice,; therefore, a
comparative procedure is used wherein samples and standards are
irradiated simultaneously or under identical conditions. After
irradiation, the sample and standard are dissolved, a known weight
of the element to be determined is added as carrier and the
solutions are treated in such a way that the element is isolated
free from all other radionucli&es. The chemical yield of the
chemical step is determined, and the radiocactivities of sample and
staendard are compared under identical counting conditions. Then the
.mass of X, the constituent to be determined, is obtained as follows:

Mass of X in unknown Total count from element X in unknown

Mass of X in standard Total count from element X in standard
In certain favorable cases chemical manipulations of sample

and standard are not required after irradiation, and gamma ray
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spectroscopy using a multi channel analyzer may permit "instrumenfal"
analysis by direct comparison of the activity from the element
being analyzed, in the sample and standard respectively (98).

Since high fluxes are suited to highest sensitivity, the
most common irradiation source used in activation analysis has
been the nuclear reactor. However in some applications the flux
given by a neutron generator is sufficient. Other sources which
lead to nuclear reactions differing from the usual (n,a’)
reaction, such as high intensity gamma sources and accelerators,
are gaining in popularity as facilities become available,

Radiocactivation analysis has many advantages and disadvantages
as an analytical technique. It is both qualitative and
quantitative, specific, sensitive, often simple and rapid,
and non-destructive. On the other hand, flux variations over
short distances, and opacity of the sample to the flux can lead
to significant errors. Other elements in the sample may, by other
nuclear reactions, lead to the radionuclide being measured.
Contamination of samples prior to analysis is very easy in view
of the sensitivity of the method. Practical limitations of activation
analysis include cost; the fact that states of chemical combination
are not differentiable, and problems encountered if other
elements in the matrix of the sample require difficult radiochemical
separations for which time is not available. Certain elements
cannot be deﬁermined for various reasons, depending on the source
of irradiation which is available, For example, hydrogen and lead

have very low cross sections, nitrogen and oxygen lead to isotopes



of very short half-life, and carbon and beryllium lead to isotppes
of very long half-life. Thus time may not be sufficient to allow
séparation after analysis, or may not be available to irradiate
for a long enough period.

The applications of radioactivation analysis have been
innumerable, and have been discussed in the various textbooks and
conferences mentioned above. Among the most interesting of these,
are forensic applications (99), archaeological applications (100),

and such esoteric applications as identification of the sources

of illicit narcotics (101) and "moonshine' (102). Of more immediate

interest, however, is the use which has been made of activation
analysis in the determination of trace elements in biological
materials.,

Activation analysis has been widely used in the fields
of biochemistry and medicine. Its application in these fields has
been discussed in the literature in review articles (103, 104,
105), in conference proceedings (106), in monographs (107) and
in a large number of papers dealing with one or more specific
elements (i.e. 108, 109, 110). Results of activation analyses
of a wide variety of humen and animal tissues have been reported
for virtually every element to which the technique has been
applied.
(b)‘ Selenium

Activation analysis can be carried out for selenium by
making use of the production of a radionuclide from one of several

stable isotopes. Only three of the possible nuclides can be made
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in high specific activities (111). The nuclear reactions éccurring
upon bombardment of selenium with thermal neutrons, which lead
to these, are:
el (n,¥) se’? T 1/2
5670 (n,Y) 8e/™™  11s2

Se80 (n, ¥) Se81 T 1/2
75

n

120 days

18.8 seconds (112)

18.6 minutes

Most workers have used Se'” to determine the element by
activation analysis (113, 114). This nuclide has a convenient
gamna-ray for counting, and its half-life is more than adequate to
allow complete chemical separation from other activities. Its
main disadvantage is the long activation time required. Most
analysts have activated their samples for only 7 to 14 days, which
gives them only 5 to 10 percent of the specific activity which
could be produced. This results in a correspondihg loss of
sensitivity (111). Se8l has been used in conjunction with rapid
radiochemical separations, to determine the selenium content of
human blood and other biological material (111). The chief
disadvantage of this technique is the fact that Se81 is almost
a pure beta emitter and is therefore more difficult to count than
a nuclide emitting gamma rays.

Analysis for selenium utilizing the very short-lived
species Se7r'7m has been carried out successfully on materials
such as raw sulphur, where 1ittle.interfering radiocactivity was
produced (115, 116). However, the short length of time évailable

after irradiation does not readily permit separations to be

carried out, and attempts to perform selenium analyses on biological
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material using Se s+ have shown that the production of O
activity limits the accuracy and sensitivity of the technique

(117, 118). This is unfortunate in that instrumental activation
analysis, utilizing such a short-lived species, is very rapid.

(c¢) Sulphur

Although classical techniques have been well=established,
and used for many years to determine the sulphur content of
biological materials, very few analyses of the non-dialyzable
sulphur content of human blood proteins have been reported. A
great deal of work has been carried out on the dialyzable sulphur
compounds in blood, and a few values for the total sulphur content
of blood have been published (79, 119, 120, 122). Especially
in the light of work indicating the importance of the sulphur
amino acids in the rate of wound healing (123), it would appear
that the bound sulphur levels in blood could be of great significance.

Various ''modern' methods have been used to determine
sulphur in biological materials. Spark source mass spectometry
(122), gravimetric precipitation using Bat>? (124), X-ray
fluorescence (125) and atomic absorption spectrometry (126),
have recently been employed.

Radioactivation analysis for sulphur has been used with
increasing frequency in the last few years. The nuclear reactions
undergone by stable isotopes of sulphur, which have been‘utilized
for analysis, are shown below.

s2 (4, o) P° T 1/2 = 2.6 minutes

1]

832 (n, D) P32 T 1/2 = 14,3 days



834 (n,d) s> T 1/2 = 87.1 days
s® (0,¥) s T 1/2 = 5 minutes
Sue and Albert used deuteron irradiation to produce P30

for counting and analysis for sulphur, however sensitivity is
low, and the beta-emitting PBO has too short a half-life to
permit simple radiochemical separations (127, 128). s has been
used in analysis, but has the disadvantage of being a very weak
beta emitter (129, 120). More extensively employed, has been the

32

production of P”°, by means of the (n, p) reaction (131, 132, 133,
134, 135, 136, 137). In fact, the sulphur content of the hair

of persons accidentally irradiated with a fatal dose of neutrons
was determined by means of this reaction (137). The chief

disadvantage of the production of P32

for sulphur analysis of
biological material is the pre. . e of phosphorus in most such
material, which can also lead i p>2 by the (n,¥ ) reaction.

The production of 537 for purpose of activation analysis of
sulphur has not been reported in the literature, probably due to
the relatively lower sensitivity obtainable, and the difficulty

in carrying out radiochemical separations due to the short half-

life of the species (131).
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CHAPTER 3

EXPERIMENTAL METHODS

A, Preparation of Samples for Selenium Analysis

All reagents used were analytical grade and where possible
were chosen to avoid addition of elements which either might be
of interest in further trace element studies, or would become
highly radiocactive and thus necessitate removal prior to or after
irradiation of the sample.

(a) Plasma and cell fractions of blood

(i) Separation of fractions
All blood samples were obtained from subjects who had

had no food or drink in the previous twelve hours and who were
in a state of rest. Approximately 18 ml of whole blood was drawn
from the antecubital vein of the forearm, through a disposable
20 G, 1 1/2" stainless steel needle, into a 165 x 16 mm evacuated
glass tube. The latter was a specially prepared '"Vacutainer"
(Becton, Dickinson and Company, Toronto, Canada) containing 37.5
mg pf ammonium oxalate anticoagulant. The blood was refrigerated
at QOC, until two to three hours after Qithdrawal, when it was
gently but thoroughly mixed, and 15 ml was pipetted into a 20 ml
Lusteroid centrifuge tube, using a clean, dry pipette. An additional
1 nl sample was removed at the same time, and the percentage packed
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cell volume, or 'hematocrit", was determined by centrifugation
in a capillary tube.

The 15 ml sample was centrifuged for 30 minutes in a high-
speed multiplace angled head, fitted to an International Clinical
Centrifuge, at approximately 6000 rpm, or 5000 G, The clear
yellow supernatant plasma was decanted as completely as possible,
using a glass rod, into a 100 ml beaker. The Lusteroid tube
was then filled to its original level with isotonic ammonium
citrate solution. This solution, containing 28 grams of (NH4)2H06H507,
and 10 ml of concentrated NH4OH in one litre of distilled water,
was found to be isotonic by microscopic examination of red blood
cells in a series of solutions of different concentrations,

The contents of the tube were stirred with a glass rod,
and recentrifuged as above. The supernatant was decanted as before,
into the beaker containing plasma. Isotonic ammonium citrate
solution was again added, the contents of the tube stirred,
recentrifuged, and the supernatant added to the beaker of plasma.
The cell fraction of the blood, including both red blood cells,
and the grey "buffy coat" of white blood cells layered on the
surface of the red cells, was washed with distilled water into
a second 100 ml beaker.

(ii) Dialysis

Prior to separation of the blood fractions, 22'" lengths
of seamless cellulose dialysis tubing, size 27/32, 1 20/64" flat
width, (Union Carbide Canada Ltd., Visking Division, Lindsay,

Ontario, Canada) were cut, soaked for several hours, rinsed
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thoroughly, and then stored in distilled water. One end of a
length of tubing was twisted tight, and knotted twice, 1/2%
apart, and 1l"-2" from the end. A slit polyethylene disc was
numbered to enable sample identification, slipped onto the dialysis
tubing between the two knots, and fastened securely by pressing
the edges of the slit together,

The open end of the sac thus produced, was slipped over
the stem of a long-stem 7 cm glass funnel supported in a clamp,
and the contents of one of the beakers containing a blood fraction
was rinsed into the sac with distilled water. About 1/2'" of air
space was left above the liquid level in the sac, and the open
end was twisted and knotted twice. Excess tubing was cut off
and discarded. The sac was inverted several times to mix the
contents, and was placed in a polyethylene pail containing
10 litres of distilled water, which in turn was placed in a cold
room at 4°C. A maximum of 9 dialysis sacs were placed in each
pail. Therdistilled water was changed three times every twenty-
four hours, for 4 days or until a flame test for sodium, performed
with a platinum wire loop on the dialysis bath before a water change,
was negative. At the time of each water change, the dialysis
sacs were kneaded to accelerate dialysis by dispersing precipitate
deposited on the inner walls.

(iidi) .Drying of samples

250 ml polyethylene bezkers were cleaned and dried and then

each was lined with a 14" x 14" sheet of 25 gauge (0.00025" thick)

Type C Mylar film (DuPont of Canada Ltd., Montreal, Quebec) by



fofcing the film into the beaker with the body of an appropriately-
sized clean polyethylene bottle. The protruding film was pinned

to the outside of the beaker with a washed elastic band, placed

as low as possible on the film, -

A sac containing a dialyzed blood sample ‘was kneaded
thoroughly to free any material adhering to inner walls of the
tubing, and then rinsed with distilled water. The sac was folded
double, and the fold inserted into a lined beaker., The sac was
carefully punctured between the folded halves with a stainless
steel needle. This permitted release of gas pressure built up
within the tube during dialysis in such a way as to prevent loss
of the contents through splashing.

After pressure was released, one end of the sac was cut
off as close as possible.to the knot, using stainless steel
scissors. The tube was drained, and then the other end was
cut off in a simiiar manner. The tube was rinsed thoroughly
into the beaker,

After each sample was quantitatively transferred in the
above manner, each of the numbered, lined beakers was placed on
a glass shelf in a drying oven, at 80° - 90°C. Drying was allowed
to proceed until plasma samples were completely dry, and until
cell samples had reached the consisténcy of cork., At this point
the film containing a cell sample was slipped from the beaker,
kneaded to fragment the dryiﬁg material, and then returned to
the beaker. Drying of the cell samples was then continued until

no further moisture could be driven off at the temperature of the
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oven, If fragmentation of the cell material was not carried out,
it formed a glass-like solid which cut the Mylar film during attempts
to insert it into a container.

Each film, containing a sample, was removed from its beaker,
and trimmed with scissors to remove the portion which had
protruded beyond the rim of the beaker. The sample was wrapped
tightly in the remaining film, and inserted into a clean, numbered
polyethylene capsule (Nalgene coptainer with cover, size # 25,
8 ml capacity; The Nalge Co. Inc., Rochester, New York, U. S. A.).
Capsules were spot-welded shut with the tip of a hot glass rod,
and were placed in a multicompariment plastic box for storage until
irradiated for analysis.

(vb) Subfractions of blood cells and plasma

(i) Cells
Several litres of outdated ACD transfusion blood (stored

longer than twenty-one days after donation) were obtained from
the blood bank of St. Joseph's Hospital, Hamilton, Ontario, Canadaj
the blood was centrifuged in 100 ml polycarbonate cenfrifuge
tubes at 4°C, in an International Portable Refrigerated Centrifuge
Model PR-2, for 30 minutes at 3000 rpm (approximately 1500 G).
The supernatant plasma and the layer of white blood cells and ‘
white blood cell debris, were removed using a polyethylene dropper
and rubber bﬁlb. The red blood cells were washed twice by stirring
with isotonic ammonium citrate solution, centrifuging, and
decanting the supernatant. They were then transferred to dialysis

tubing (3" flat width) and set to dialyze in distilled water at 4°¢,



The white blood cells and debris, collected from two or |
three litres of centrifuged blood, were pooled, resuspended in
isotonic ammonium citrate solution, stirred, centrifuged as
abové, and transferred to dialysis tubing for dialysis.

The sacs were kneaded, and the water in thé dialysis bath
was changed three times a day until the water in the bath gave
a negative flame test for sodium. The completely hemolyzed
red blood cells were removed from their sacs, and centrifuged as
above for eight hours at 4°C. The supernatant overlying the
creamy-~white layer of fed blood cell stroma was drawn off using a
polyethylene dropper. The stroma were stirred with distilled
water, and recentrifuged. The supernatant was again drawn off,
and the stroma material transferred to a Mylar-lined beaker and
dried at 80° - 90°. |

The superpatant from the first centrifugation of the
dialyzed red blood cells was transferred to a Mylar-lined beaker
and dried as above., The white blood cells and white blood cell
debris were also dried in a Mylar-lined beaker.

After thorough drying, a quantity of the material from each
of the three fractions: red blood cell stroma, red blood cell
supernatant, and white blood ceils, was weighed and encapsulated
for analysis.

(ii) Plasma

The plasma oﬁtained after centrifugation in (i) above, was

dialyzed at 4°C, The euglobulin material which precipitated during

the course of dialysis, was centrifuged from the fully-dialyzed
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mixture, and dried separately from the supernatant thus obtained,
A quantity of the dried material from each of these fractions was
weighed and encapsulated for analysis.

(c) Cohn fractions of blood plasma

A weighed amount of each of the follbwing Cochn fractions
(138) of human blood plasma was dialyzed, dried, and encapsulated
for analysis: Albumin, crystallized; albumin fraction V; alpha
globulin fraction IV-l; alpha globulin fraction IV-1l; beta lipoprotein
globulin fraction III-0; beta globulin fraction ITIX, gamma globulin
fraction II. (Nutritional Biochemicals Corporation, Cleveland,
Ohio, U, S. A.).

(&) Electrophoretic fractions of blood plasma

A J. K. M, « Stubbings continuous preparative electrophoresis
apparatus (J. K. M. Instrument Company, Durham, Pennsylvania, U. S. A.)
'employiﬁg a bed of packed glass microspheres, and barbital buffer
eluent containing 1.4 grams of sodium barbital and 0.265 grams of
barbital per litre was used to fractionate plasma proteins, Water
chilled to 4°C at input was used to cool the separation chamber,

Outdated ACD transfusion blood plasma was dialyzed at
4°¢ against the electrophoretic buffer with changes of the dialysis
bath until the conductivity of the plasma solution was identical
to that of the buffer. The dialyzed plasma was injected by means
of a syringe and constant rate syringe drive, into the second
injection port from the cathode side of the separation chamber,

The separated protein fractions were collected in a series of bottles

beneath the packed bed.
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Samples of two different blood plasmas were separated under
the following operating conditions: 43 ml of plasma A was injected
at a rate of 14,4 ml per hour, under an applied potential of 450
volts (current varied from 143 to 190 milliamperes during the run)
with a buffer flow rate of 1200 ml per hour. 57 ml of plasma B
was injected at a rate of 14,2 ml per hour under an applied potential
of 450 volts (current varied from 120 to 168 milliamperes during
the run) with a buffer flow rate of 1100 ml per hour.

In each case, half of the solution collected in each
fraction bottle was freeze-dried under vacuum, and the resultant
material redissolved in a few ml of water for analysis by
cellulose strip electrophoresis to determine the proteins present.
The other half was dialyzed at 4°¢ against distilled water, dried
in Mylar-lined polyethylene beakers, and encapsulated for analysis.
In each‘case, also, an amount of the whole plasma equal to that
injected was dialyzed, dried, and encapsulated for analysis.

(e) Human tissues other than blood

Specimens of a series of tissues were obtained at the
time of autopsy, from the bodies of two individuals, a male aged
1 1/2 years (death due to pneumonia) and a male aged 52 years
(death due to a ruptured aortic aneurysm). From O,1 to 1.0 grams
of whole tissue was removed using stainless steel instruments,
transferred to polyethylene capsules and frozen for transportation,
In addition, autopsy sanmples of liver, muscle and skin, were
obtained from ten individuals in a similar manﬁer.
After thawing, the tissue was weighed, minced with a stainless
steel scalpel, dialyzed in distilled water at QOC, dried and

encapsulated as in the procedure described for blood samples.
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(f) Miscellaneous materials

(i) Urine
700 ml of human urine was dialyzed in distilled water at
4°C, and dried in a Mylar-lined beaker. - The residue was encapsulated
for analysis. |
(ii) Egg protein
Samples of the "white' (albumin), the yolk, and the egg
shell membrane froma chicken egg, were dialyzed, dried and
encapsulated for analysis.,
(111) Milk
75 ml of homogenized cow's milk was dialyzed, dried, and
encapsulated for analysis.

(g) Selenium standards

6.439 grams of desiccated powdered selenium (99-100%)

was dissolved in 200 ml of 1l:2 Ha

to one litre in a volumetric flask. This solution was further

O-concentrated HNOE, and diluted

diluted by means of pipette aﬁd volumetric flasks to obtain a series
of standard solutionms.

A set of 4 selenium standards was prepared as follows.
Into each of four polyethylene capsules (Nalgene # 25, 8 ml
capacity) was pipetted a quantity of a standard solution. The
contents of one of the capsules was evaporated to dryness at 60° -
70°C in the drying oven. To the remaining three were added
varying amounts of distilled water to approximate totals of 1, 3,
and 5 ml of solution. All four capsules were spot-welded shut.

A total of six sets of standards, each set containing a

fixed aﬁount of selenium but varying amounts of water, was prepared
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in this manner, by pipetting quantities of different standard
selenium solutions for each set,.

(h) Acid hydrolysis of protein (139)

The plasma and cell fractions of the outdated ACD transfusion
blood from several individuals, were pooled respectively, dialyzed
at 4% against distilled water, and dried in Teflon-coated trays
at 70° - 80° c. |

100 gram quantities of the dried protein were hydrolyzed
by refluxing in a 1 litre flask with 500 ml of 20% HCl in 50%
formic acid solution. Using an Allihn condenser, heating mantle,
and thermix magnetic stirrer, reflux was maintained on different
samples, for periods varying from 6 to 60 hours. The hydrolysate
was filteréd hot by suction through a pressed glass fibre filter,
reduced tog thick syrup by vacuum distillation, and then diluted
to twice its volume with distilled water. This solution was
adjusted to pH 4.6 with a hot 50% solution of sodium acetate, and
allowed to cool and remain at room temperature for periods up to
two weeks.

The mixture was filtered by suction, on filter paper,
and the precipitate obtained was dried at 70o C. KBr plates were
prepared for a specimen of the material, and the infrared spectrum
was obéerved from 2 to 16 microns. The precipitate was dissolved
in 100 ml of SN NHQOH, the pH wasadjusted to 9 with concentrated
acetic acid and the solution was chilled for 4-5 hours at 4°C.

The mixture was filtered on paper, the filtrate was adjusted to

PH 5.3 with concentrated acetic acid, kept for 6 days at room



temperature and refiltered., Precipitates obtained in the latter
two filtrations, were dried at 7000, and KBr plates prepared for
infrared analysis. The above procedure was also carried out on
100 grams of clean, dry human hair.

(i) Hydrazinolysis of protein (140)

Several litres of outdated ACD transfusion blood were
obtained and separated into plasma and cell fractions. The
material was dialyzed thoroughly in distilled water at 4°C,
dried on Teflon-coated trays at 70o - 80° C, and powdered in
a mortar and pestle.

10 grams of powdered protein was placed in a one litre
three-necked round-bottomed flask (ground glass joints) along
with a Teflon~coated stir bar, 200 ml of 85% hydrazine hydrate,
and 10-15 drops of Dow Corning Silicone 200 Fluid antifoamant
(Dow Corning Corporation, Midland, Michigan, U. S. A.). The
flask was fitted with two stoppers, an Allihn condenser, a heating
mantle with Variac control, and was supported above a thermix
magnetic stirring unit.

The mixture was stirred and reluxed (118° - 120° C) for
nine hours., After the apparatus was cooled, the condenser was
rinsed into the flask with distilled water, and removed.

(i) Acid evolution of H,S

The flask was fitted with a glass inlet tube, projecting
to the bottomy; an outlet tube above the surface of the flask
contents, and a separatory funnel containing 200 ml of 20 N stoh'

The outlet tube was led by means of Tygonytubing into a gas-washing
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trap containing distilled water acidified to pH < 1 with H2804
and thence into a fritted glass bubbler in a trap containing
200 ml of lead acetate solution (10 grams of Pb(Ac)2.3 H,0
and 100 ml concentrated acetic acid in 1 litre of solution. A
trap containing ammoniacal CdSOu solution (100 grams of 30d804.8
H20 dissolved in 500 ml of distilled water and 500 ml of concentrated
NHAOH) was placed at the end of the gas evolution train in order
to check the completeness of precipitation of the st in the
Pb(Ac)2 trap.

Nitrogen gas from a cylinder was bubbled into the reaction
flask through the inlet tube, and when bubbling in all traps
indicated that the gas flow had reached a steady state the 20 N
H2504 was added dropwise with stirring. Air pressure was applied
to the top of the separatory funnel to prevent gas frém bubbling
up. During acid addition, the contents of the flask heated up to
80° - 90° C which obviated the application of external heat to
accelerate evolution of HZS° After completion of acid addition,
the pH was approximately 2 to 3, in which range essentially all
HQS would be in the. molecular, non-ionized state., Nitrogen flow
was continued for one hour after acid addition.

-The precipitate obtained in the lead acetate trap, was
filtered by suction using a Buchner funnel, through two layers of
4,25 cm No 1 grade Whatman filter paper. The precipitate was
washed thoroughly with distilled water, and dried at 4o° - 500 C in

the drying oven. The dry solid was weighed and sealed into a

polyethylene capsule for analysis.



(ii) 2n (Hg) evolution of HES

The procedure utilized in evolution of H_ S from the products

2

of hydrazinolysis, was identical to that in section (i) except
that 70 grams of zinc amalgam was added to the flask, and 30 grams

to the washing trap, prior to the start of the N2 flow and acid

addition. The Zn (Hg) was prepared by stirring 100 grams of

20 mesh zinc metal with 100 ml of a 3% solution of HgClz,

containing 1 ml of concentrated ENO,, for ten minutes. The

3

amalgam was thoroughly washed by stirring with, and decantation of,

distilled water, and was stored in distilled water until used.

75

(iii) Control experiments involving Se

75

~gelenocystine and

Se'“=-selenomethionine

Se75—selenomethionine was purchased from the Radiochemical

75

Centre, Amersham, Buckinghamshire, England, and Se'”-selenocystine

was produced by irradiating 0.08 grams of selenocystine (Calbiochem,

Ly

Los Angeles, California, U. S. A.) in a flux of 1010 neutrons/cm?/sec,

at 300 - 40° C, in the thermal column of the McMaster reactor,
for 7 days (141).
Mixtures containing 0.5 grams methionine, 0.5 grams cystine,

and 0,3 mg Se75

-selenomethionine having an activity of 0.25
millicuries, were hydrazinolyzed, and treated by methods (i) aﬁd
(ii) above, respectively.

Mixtures containing 0.5 grams methionine, 0.5 grams cystine,

and 0,04 grams of Se75

~selenocystine having an activity of 0,03
millicuries, were hydrazinolyzed, and treated by methods (i) and

(ii) above, respectively.
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B. Preparation of Samples for Sulphur Analysis

As in preparation of samples for selenium analysis, all
reagents used were analytical grade, and were chosen to avoid
introduction of elements either of possible interest in further
trace element studies, or which would become highly radioactive
on irradiation,.

(a) Plasma and cell fractions of blood

Outdated ACD transfusion blood from a number of different
individuals was obtained, and the plasma and cell fractions were
separated by centrifugation and washing with isotonic ammonium
citrate solution as described in part A,

Samples of different sizes of both the cell and plasma
‘fractions were pipetted, dialyzed in distilled water at 400,
dried in Mylar~lined beakers, and encapsulated as in part A, For
each sample, two identical portions were pipetted, and to one,
prior to drying, was added a measured quantity of standard
sulphur solution.

(b) Sulphur standards

7.062 grams of dried, desiccated hydrazine sulphate
(NHZNH2.H2804) was weighed, dissolved, and diluted to one litre
in a volumetric flask. This solution thus contained 1,74 grams
of sulphur per litre,

Portions of this standard solution were pipetted both for
addition to dialyzed blood prior to drying, and for separate
drying in Mylar-lined beakers and encapsulation for use as

comparator standards,
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C. Radicactivation Analysis for Selenium and Sulphur

(a) Irradiation and counting facilities

Samples were irradiated in a flux of approximately 1013

neutrons/cma/second using the 2 Megawatt McMaster University
light water moderated reactor. The rapid transit pneumatic tube
"rabbit" system enabled irradiations of short duration, and minimal
delay time between the end of irradiation, and delivery for
counting.

Because of the short half life of isotopes utilized for
analysis, and the resultant short time available for handling
of samples between irradiation and counting, a quick-opening
polyethylene rabbit was developed (Figure 1) which held each
sample in a fixed position concentric with the rabbit body and
the irradiation tube, and provided reproducible irradiation
geometry.

After removal from the rabbit after irradiation,
samples were placed in a 50 ml, 29 x 105 mm Lusteroid centrifuge
tube, which in turn was dropped into a glass tube 67 cm long
(I.D. 34 mm, O,D. 38 mm) with bottom rounded to the curvature
of the centrifuge tube. This glass tube was suspended into a
shielding cave constructed of high-density barium concrete blocks,
(each 12" x 8" x 4") in which was located the detector used for
sample counting. The cave provided a minimum of 8" of barium
concrete shielding in any direction.

The end of the glass sample-holding tube was positioned

in the centre of the face of a 3" x 3" Nal (T1) scintillation
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crystal, which was supported in the centre of the 29" x 26" x 25"
cavity within the cave. The detector was used in conjunction with
various multichannel gamma-ray spectrometers during the course
of analyses performed, including an RCL 256 channel analyzer,
and a Victoreen Pip 400 channel analyzer.

(b) Conditions of irradiation and counting for selenium anslysis

Each series of samples analyzed was irradiated twice, or
three times if the results of the first two irradiations differed
by greater than 4%. A sample was irradiated in the rabbit system
for 20 seconds. Thirty seconds after the end of irradiation, a
30 second live time count was begun, using one half of the channels
available in the analyzervused. The gain of the analyzer was
adjusted prior to the start of irradiations, in order that the

peak from the 0,16 Mev gamma of s/ ™

, and the peak from the 0,19
Mev gamma of O19 fall in the centre of the spectrum obtained.

After irradiation and counting of two samples,; the spectrum
was printed out. Standards containing selenium only, and
standards containing the same amount of selenium plus a quantity
of water, were irradiated before, during, and after the series
of sample irradiations. A series of irradiations was performed
only after the reactor had reached full flux stability (4 or 5‘days
after startup), in order that no shimming be required during the
course of irradiations. The slight drift in flux always encountered
over the period of time required to carry out a set of irradiations

(approximately 8 hours) was monitored by irradiating standards

throughout the set. An estimate of reproducibility of irradiation



geometry was also obtained from analyses of these standards. Stop-
watch timihg of the delay between irradiation and counting, was
facilitated by a warning light, whose appearance marked the
reversal of the pneumatic tube air flow, and the start of rabbit
return.

The multichannel analyzer used to count gamma radiation
emanating from irradiated samples, stored in a memory location,
or "'channel', the number of counts corresponding to each energy
of gamma ray falling within the energy range of interest. At
the end of the counting period, the analyzer both printed out the
total number of counts accumulated at each energy, and also
displayed on an oscilloscope, a plot of these totals, versus
energy, as a continuous spectrum. It was the printed totals,
corresponding to "peaks! in this spectrum, which were used in
calculations for the purpose of analysis.

An estimate of the counts beneath the selenium and oxygen
peaks in the gamma spectrum was made as follows. Counts in the
top five channels in each peak were summed, and from this sum
was subtracted 2,5 times the sum of the counts in the first
channel on each side of the peak, which was lower than either
of its neighbours (the background counts).

For each series of analyses, a plot was made of the
logarithm of the selenium count versus the oxygen count for a
set of selenium-water standards and the slope of the straight line
obtained was determined.

After irradiation of a tissue sample, a point representing

the selenium and oxygen counts obtained, was plotted on the



correction graph above, and a line drawn through the point,
parallel to that of the selenium-oxygen standards, was
extrapolated to zero oxygen. This gave the '"true" or corrected
selenium count for the sample, which was related to that from a
standard containing selenium only, and the selenium in the

sample was calculated. Using the correction procedure, a series
of identical samples of blood plasma and cells dried for different
lengths of time, and thus containing various amounts of oxygen

as water, were analyzed for selenium content.

In préctice, the extrapolation technique, and other
calculations required, were performed bj an IBM 7040 computer,
uéing a Fortran programme given in Appendix I. In the case of
blood samples analyzed, the hematocrit of the blood, and other
available data such as age an& sex of the subject, permitted further
computer analysis of a large number of results.

A second Fortran programme, given in Appendix II, was
used to calculate the mean, sfandard deviation, standard error
and normal distribution of results for the population studied.

(c) Conditions of irradiation and counting for sulphur analysis

Each sample was irradiated in the rabbit system for
4 minutes. Two and one half minutes after the end of irradiation,
a 10 minute clock time count was begun, intovthe full channel
capability of the analyzer used. The gain was adjusted in order
that the peak from the 3.1 ﬁev gamma of 537 appear well within
the limits of the energy spectrum observed. After each irradiation,

the spectrum was piinted out,
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As described for selenium analyses, an estimate of the
count in the 537 photopeak was obtained by summing the top five
channel counts and subtracting a background consisting of 2.5 times
the sum of the first channel count on egch side of the peak,
lower than either of its neighbours,

If the count in the SB? rhotopeak from a standard containing
A grams of sulphur was CA’ the count from the sample was CS' and
the count from the same blood sample with A grams of sulphur added
was CT’ then the '"true' or corrected count corresponding to sulphur
in the blood sample itself, was calculated as follows:

Corrected Count Cc = CA b < CS
CT-CS

This count was then directly compared with C,, to obtain the

A

amount of sulphur in the blood sample.



CHAPTER U4

EXPERIMENTAL RESULTS

A, Selenium Analyses

(a) FExperimental method

With the exception of those used in the preparation of
primary comparator standards, no reagent or material used in
the course of analysis was found to contain a quantity of selenium
detectable with the sensitivity of the method used. These
reagents included the distilled water used in dialysis (a
quantity of which comparable to that used throughout the entire
dialysis procedure, was evaporated and analyzed), and the Mylar
film and polethylene capsules used in sample encapsulatiocn.

In Table I are shown the results of the analysis of a
series of identical blood samples, which were dried as completely
as possible, and then heated at the drying temperature for
prolonged periods of time.

In Table II, are shown the results of analysis for
selenium in series of identical samples of cells and plasma
respectively, using the correction procedure. Each series
included samples containing amounts of oxygen, as water, which
varied over the entire range of oxygen content permitted for
analysis using linear correction graphs.

In Table III are shown the results of analysis for

selenium in a series of identical standards, evaporated to

k9



dryness and heated for a prolonged period of time at the

drying temperature.

TABLE I
Counts from selenium and oxygen in a series of identical blood

samples dried for a prolonged period of time

Sample number Hours of drying Counts in Se77m Counts in O19

at 809-909C photopeak photopeak
Cells 1 20 4800 3500
Cells 2 23 4900 4900
Cells 3 25 4900 4600
Cells & 27 k700 5400
Cells 5 30 ' 4800 5200
Plasma 1 12 3500 1200
Plasma 2 14 2500 1100
Plasma 3 16 3600 740
Plasma 4 18 3500 1100
Plasma 5 20 3400 1000

Plasma 6 22 2600 1000



TABLE IT
Selenium analysis of identical blood samples containing different

amounts of oxygen (water) using the correction procedure

Sample Micrograms of selenium Micrograms of selenium
in cells in plasma
1 1.k2 0.95
2 1.38 1.02
3 1.39 0.9k
L 1.46 0.96
5 1.39 0.97
6 1.46 0.96
7 1.46 0.98
8 1.39 . 0.91
9 1.55 o
10 1.48
Mean 1.43 0.96
Standard deviation 0,04 0.03
Standard deviation 2.8% 3.1%

(as percent of mean)



TABLE III

Counts from selenium in a series of identical standards, dried

and heated for a prolonged period of time, at 6500

Sample number  Hours heated after Analysis Counts in Se77m

reaching dryness photopeak

1 0 1l 11,100
2 10,800

2 0 1l 10,100
2 10,700

3 51 1 9,500
2 10,100

b 2k 1 9,000
2 9,700

5 51 1 11,000
2 8,900

6 51 1l 8.900
2 10,400

Mean 10,000

Standard ceviation 800

Standard deviation 8%

(as percent of mean)
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In Table IV are shown the results of analyses of selenium
standards performed over a period of time comparable to that
required for analysis of a series of blood samples.

TABLE IV
77

Counts in Se m photopeak from selenium standards irradiated at

different times on a given day

Standard number  Time Counts in Se77m photopeak
Chours)
Day A Day B Day C
1 0 23,600 25,900 29,300
2 0 25,100 25,800 28,500
1 0.5 23,500 24,600 28,800
2 0.5 25,200 26,800 26,700
1 b 21,200 23,700 27,100
2 L 23,000 25,100 25,600
1 4.5 22,700 23,800 25,800
2 k4,5 22,300 24,300 26,400
1 8 21,000 21,600 24,600
2 8 20,700 22,800 26,600
1 8.5 21,400 23,700 27,200
2 8.5 20,600 23,400 26,100
Mean 22,500 24,300 26,900
Standard deviation 1,600 1,450 1,400
Standard deviation 7.1% 6.0% 5.4%

(as percent of mean)
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In Table V are shown the results of analysis for selenium
added to series of identical samples of cells and plasma respectively.
TABLE V

Analysis for selenium added to identical blood samples

Sample  Analysis Selenium standard Total selenium  Added selenium
Number added (micrograms) determined determined

(micrograms) - (micrograms)

Cells 1 Mean of

ten samples - 1.43 -

Cells 2 1 6 bl 7.96 6.53
2 6. Lkt 7.92 6.49

Cells 3 1 6. Ll 7.89 6.46
| 2 6. il 7.77 6.34
Cells 4 1 6. bl 7.83 6.40
2 6.l 7.75 6.32

Plasma 1 Mean of

nine samples o 0.96 —

Plasma 2 1 R .29 6.33
2 6. Ltk 7.47 6.51

Plasma 3 1 6. 7.3k 6.38
2 6.k 7.32 6.36

Plasma 4 1 6,44 7.25 6.39
2 6. Uk 7.30 6.3k

Mean 6.40

Standard deviation 0.08

Standard deviation 1.3%

(as percent of mean)



Figure 2 shows the results of plotting the logarithm of
the selenium count, versus the oxygen count, for a series of
standards containing a fixed amount of selenium and varying eamounts
of oxygen (as water). Each line represents such a series,
containing a different amount of selenium.

Figure 3 shows & series of four spectra corresponding

77@ photopeak at

to a series prepared as above, with the Se
0.16 Mev, and the O19 prhotopeak at 0,19 Mev in each spectrum,

Figure 4 shows a plot of the counts in the photopeaks of
the dry Selenium standérds constituting the '"zero-oxygen' point
in the lines in Figure 2, versus the actual selenium content of
the standards.

Figure 5 shows a plot of selenium-oxygen standards, and
of the series of identical samples of blood cells and plasma
vhich contain various amounts of oxygen (as water). After
correction procedures described in Section C (b) of Chapter 3
these plots yielded the data given in Table II.

Figure 6 shows the same plot as Figure 5, on an expanded

scale,

(b) Plasma and cell fractions of blood

The plasma and cell fractions of a 15 ml sample of whole
blood was analyzed for a total of 254 individuals who were
arbitrarily considered normal with respect to blood composition,
Using the hematocrit value for each blood, the amounts of selenium
in 100 ml of plasma, and 100 ml of cells were élso calculated,

The complete list of individual results, and breakdown into age,

55



lTﬁllIl

SELENIUM COUNT
10000

1000

] 1 I

0 8000 16000 24000
OXYGEN COUNT

Figure 2

Logarithm of the Selenium Count Versus the Orxygen Count for Series
of Standards each Containing a Fixed Amount of Selenium and Varying
Amounts of Oxygen




) Y

- - -

- ; .. 5 . hd
- ce o (N4 .

e e © . A

* o ©° . : .
P ° ™ e O. [N *““ .
Y °

Figure 3

Four Spectra Corresponding to Four Standards Containing the Same
Arount of Selenium and Varying Amounts of Oxygzen

57




10000 15000 20000

CORRECTED SELENIUM COUNT

5000

| | | |
0 1.0 2.0 3.0 4.0
MICROGRAMS OF SELENIUM

Figure &

The "Zero-Oxygen'" Selenium Count From the Lines in Figure 2,
Versus the Selenium Content of the Standards

58



- CALIBRATION o
[ CELLS o
i PLASMA s
- CUT-OFF i
i
(@]
3
-9 F
z°2F
3 C
S F
s
=2
<
w
-
ul
” o
oL
9-
-
1 l !
0 8000 16000 24000

OXYGEN COUNT

Figure 5

logarithm of the Selenium Count Versus the Oxygen Count for Series
of Identical Samples of Blood Cells and Plasma Containing Various
Amounts of Oxygen

59



60

? CALIBRATION a]
- CELLS o
5 PLASMA A
- CUT- OFF !
B 0
a
(@
O
-3SF
z =l
D =
o = 0
(&) B B4 Ol O a
L %4 *ﬂ;u‘_" l
2 i | a
Z ——
(¥1] L.
-
w
” o
o
9-
| | |
o] 4000 8000 12000
OXYGEN COUNT

Figure 6

Logarithm of the Selenium Count Versus the Oxygen Count of Series
of Identical Samples of Blood Cells and Plasma Containing Various
Amounts of Oxygen



sex, and selenium level groupings, is provided in Appendix III.

A statistical evaluation of each of the six fractions:
cells, plasma, whole blood, 100 ml cells, 100 ml plasma, 100 ml
cells and 100 ml plasma, was carried out. Using the computer
programme in Appendix II, the mean, standard deviation, and the
standard population (defined as all values lying within three
times the standard deviation from the mean), were calculated for
each fraction. The results are shown in Table VI,

Histograms showing the incidence of a given selenium level,
as a function of the specific level, are given in Figures 7, 8,
9, 10, 11 .and 12. A scatter plot showing the variation in
selenium content of the plasma fraction of blood, as a function
of the selenium content of the cell fraction of the same blood
sample, is shown in Figure 13,

Figure 14 shows the variation of cell and plasma selenium
with hematocrit. Figure 15 shows the variation with age, of
the average selenium content of the cells and plasma from 15 ml
of whole blood, for the entire population studied. Table VII
lists the data used in Figure 15.

In the case of 23 individuals, the selenium level in the
fractions of their blood, was followed over a period of time,
Table VIII shows the results obtained.

Using the home addresses of the individuals whose blood
was analyzed, the population studied was broken into two groups,
one composed of those residing within the city limits of Hamilton,

Canada, an industrial city whose water supply is Lake Ontario,
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TABLE VI

Selenium analyses of blood plasma and cells for 254 individuals

Blood fraction Number of individuals Sex Mean selenium Standard
‘ in standard population content (micrograms) deviation (micrograms)

Cells (from 15 ml whole blood) 113 Male 1.49 0.36
Plasma (from 15 ml whole blood) 113 Male 1.16 0.22
Whole blood (15 ml) 113 Male 2.65 0.51
100 ml cells 112 Male 22,0 5.26
100 ml plasma : 115 Male 1h. b 2.83
100 ml cells & 100 ml plasma 113 Male 36.4 7.13
Cells (from 15 ml whole blood) 138 Female 1.56 0.39
Plasma (from 15 ml whole blood) 139 Female 1.25 0.25
Whole blood (15 ml) 138 Female 2,80 0.60
100 ml cells 137 Female 24,7 6.02
100 ml plasma _ 139 - Female 1h.5 2.99
100 ml cells & 100 ml plasma 137 Female 39.1 8.20
Cells (from 15 ml whole blood) 250 Both 1.52 0.37
Plasma (from 15 ml whole blood) 253 Both 1.21 0.24
Whole blood (15 ml) 250 Both 2473 0.55
100 ml cells o 251 Both 23.6 6.00
100 ml plasma 253 Both 144 2.86
100 ml cells & 100 ml plasma 250 Both 37.9 7.84
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TABLE VII

Age variation of average selenium content of cells and plasma

Age group  Number of Mean selenium Standard Standard Mean selenium Standard  Standard
individuals content of cells deviation error content of plasma deviation error
(micrograms) (micrograms)

0-19 25 . 1.69 0.46 0.09 1.32 0.24 0.05
20~29 37 1.72 0.46 0.08 1.34 0.34 0.06
30-39 Lb 1.61 0.49 0.07 122 0.30 0.05
40-49 31 1.59 0.40 0.07 1.20 0.2k 0.0k
50-59 L6 1.43 0.29 0.0k 1.15 0.23 0.0k
60-69 33 1.5 0.1 0.07 1.1k : 0.24 0.0k
70-79 27 1.42 0.32 0.06 1.18 0.23 0.0k
80~ 8 1.34 0.3k 0.12 1.15 0.26 0.09
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TABLE VIII

6l

Variation with time of the selenium level of the blood of individuals

Individual Blood fraction

Elapsed time Selenium content in 15 ml

(cells or plasma) (days) whole blood (micrograms)

c 1.2, 1,3, 1.k
A 0, 14, 28

P 0.9, 0.9, 1.0

c 1.1, 1.1, 1.2
B o, 14, 28

P 0.9’ 0'9' l.o

c 0.6, 1.0, 1.2
c o, 15, 28

p 0.5, 1.1, 1.3

c 1.3, 1.4, 1.7
D 0, 14, 22

P lol' 102’ l.l"

c 0.9, 1.2, 1.2
E 0, 15, 22

P 0.9, 1.4, 1.0

C loll" 1."", 1.6
F 0, 2, 17

P 1.2, 1.1, 1.3

c 103, 102’ lo""
G c, 3, 10

P 102, 100, 1.2

Cc 1.2, 1.3
H o, 28

P 1.3, 1.0

Cc 1.1, 0.9
I 0, 21

P 1.1, 0.9

C 1.4’ ll?
J 0, 14

P 1.9, 0.9

c 1.1, 1.2
K 0, 10

| 4 0.9, 1.0
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. TABLE VIII continued
Variation with time of the selenium level of the blood of individuals

Individual Blood fraction Elapsed time Selenium content in 15 ml

(cells or plasma) (days) whole blood (micrograms)

c 1.2, 1.4
L 0, 7

P 4 0.8, 1.4

c 1.3, 1.2
M 0, 7

P . l.‘*, l.l

c 2.0, 1.9
N 0, 7

P 1.6, 1.3

c 1.3, 1.1
o] 0, 7

P 1.1, 1.0

Cc . 105, 10""
P O, 7

P 0.9, 1.0

C 1.5, 1.5
Q 0, 7

P 1.1, 1.1

c 1.7, 1.6
R 0, 7

P _ 1.0, 1.1

c 2.0, 2.0
S O, 7

P v 103, 1.6

c 1.3, 1.5
T 0, 7

P 1.3, 1.1

c 1.2, 1.3
U 0, 5

P 1.1, 1.k

c 1.3, 1.7
\'f 0, 2

p 1.2, 1.k

C 2.0, 1.7
W 0, 2

P 1.1“” 1.""
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and one composed of those residing in suburban and rural areas whose
water supply is from wells. The selenium content of whole blood was
averaged for each group, and the results are shown in Table IX, .

TABLE X

Selenium content of whole blood as a function of water supply

Number of Living conditions Mean selenium content Standard Standard

individuals in 15 ml whole blood deviation error
(micrograms)
193 urban, water 2.74 0.57 0.0k
supply from
Lake Ontario
57 suburban, 2,70 0.50 0.07
water supply
from wells

(c) Subfractions of blood plasma and cells

Table X shows the results of selenium analyses for the
subfractions indicated.
TABLE X

Selenium content of subfractions of blood plasma and cells

Sample Weight of dry Selenium content ' Selenium content
protein (grams) (micrograms) per gram (micrograms)

Red blood

cell stroma 1.8 1.23 0.68

Stroma

supernatant 4,3 0.98 0.23

White blood cells

and debris 1.3 1.56 1,20

Plasma euglobulins 2.4 3.29 1.35

 Water soluble
plasma proteins 2.5 0.24 0.10
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(d) Cohn fractions

Samples of the Cohn fractions of blood plasma were analyzed, °

" and the results are shown in Table XI.

TABLE XI
Selenium content of the Cohn fractions of blood plasma

Cohn fraction  Sample weight Selenium content Selenium content per

(grams) (micrograms) gram (micrograms)
Albumin
(crystallized) 0.51 0.11 0.22
Albumin, fraction V 0.63 0.13 ' 0.22
Alpha globulin ’ : .
fraction IV-k4 0.4k0 0.55 1.38
Alpha giobulin
fraction IV-1 0.kl 0.7k 1.85
Beta globulin
fraction III-O 0.43 1.43 3.58
Beta globulin
fraction III 0.42 0.65 1.63
Gamma globulin
fraction II 0.50 0.22 0.k

(e) Electrophoretic fractions

The selenium content of the electrophoretic fractions of
the plasma of two individuals is shown in Table XII, The
percentage of the total amount in the plasma, of a given protein
appearing in the fraction shown, is indicated in parentheses

after the protein in question,



TABLE XII

Selénium content of electrophoretic fractions of plasma

Plasma sample

Fraction Proteins in fraction

Selenium content

(micrograms)
A 1 ¥ globulin (100%) 0.06
2 fibrinogen (100%),
B globulin (33%) 0.12
3 B globulin (66%),
. globulin (32%) 0.26
L as globulin (66%),
x, globulin (100%),
atounin (75%) 0.41
S albumin (25%) 0.09
Whole plasma A - All of above 0.96
B 1 ¥ globulin (22%) not detectable
2 ¥ globulin (78%)
fibrinogen (100%) 0.10
3 8 globulin (70%) 0.25
L B globulin (30%)
&> globulin (100%),
ay globulin (100%),
albumin (50%) 0.43
5 albumin (50%) O.14
Whole plasma B - A1l of above 0.91
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(f) Human tissues other than blood

The results of selenium analyses of autopsy tissue
specimens are given in Table XIII‘for the infant, and adult
males, and in Table XIV for the series of ten individuals.

TAﬁLE XITI

Selenium content of tissues*other than blood

Tissue Selenium content per gram of whole tissue (micrograms)
Infant Adult
Stomach 0.19 0.17
Liver 0.34 0.39
| Pancreas ' 0.05 0.13
Spleen 0.37 _ 0,27
Kidney 0.92 0.63
Intestine | 0.31 0.22
Heart / _ 0.55 ; 0.22
Luné 0.17 0.21
Artery 0.27 0.27
Muscle : 0.31 0.40
Fat 0.09 : 0.12
Trachea : 0.1k 0.2k
Gonad T 0.46 0.47
Thyroid gland 0.64 1.2k
Brain 0.16 0.27
Adrenal gland , 0.21 . 0.36
Lymph node 0.26 0.10

* These values refer to single analyses of tissue samples from
one child and one adult. They should therefore be interpreted
only to indicate the presence of selenium in the tissues.
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TABLE XIV

Selenium content of three tissues for ten individuals

Individual Selenium content per gram of whole tissue (micrograms)

(sex _and age)
F69 0. Lk 0.30 0.32
¥77 0.42 0.30 0.25
M61 0.18 : 0.19 0.26
M65 0.66 0.12 0.40
F62 0.53 0.62 0.32
F63 0.48 0.17 0. Ul
M72 0. 44 0.37 0.48
Mi45 0.43 0.29 0.59
M63 6.30 0.22 0.28
M29 : 0.45 - 0.12 0.35

(g) Miscellaneous materials

(1) Urine
The non=dialyzable residue from 700 ml of human urine was
found to contain 1.0l micrograms of selenium;
(ii) Egg protein
Table XV shows the results of selenium analysis of samples
of egg protein. .
(1i1) Milk
75 ml of homogenized milk was found to contain 0.29 micrograms
of non-dialyzable selenium.

(h) Results of acid hydrolysis of protein

Under no conditions of hydrolysis or precipitation, were
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TABLE XV
Selenium in egg protein (distribution in a single egg)

White Yolk Egg shell membrane

Weight of whole tissue in
one 50 gram egg 35 grams 15 grams 0.2 grams

Selenium content
(micrograms) 1.26 2.33 0.25

Sulphur content of o )
protein (grams) (142) 0.05 0.03 0.008

Selen%um/Sulphur ratio
(x107°) | 25 78 31
detectable quantities of cystine isolated from blood protein.
Small amounts of tyrosine (0.1 to O.E.grams) were iéolated from
both cell and plasma protein,

10 grams of cystine was obtained and purified by
reprecipitation after the hydrolysis of 100 grams of human hair.

(1) Hydrazinolysis

The results of selenium analyses of sulphur liberated
by hydrazinolysis from 10 gram samples of dry blood plasma and
cells, are given in Table XVI,

It was found that hydrazinolysis of the control mixtures

75

-gelenomethionine, followed by evolution of HZS

using either acid alcne, or acid in the presence of zinc amalgam,

containing Se

resulted in no liberation of selenium frbm the reaction flask.

All Se75 activity was retained in the flask.
75

Following hydrazinolysis of the mixtures containing Se'”-

selenocystine, it was found that evolution of Has ﬁy acid alone

resulted in no liberation of sélenium from the reaction flask.
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TABLE XVI

i " Sulphur liberated from blood protein by hydrazinolysis

Protein Selenium per 10 grams Weight of PbS Selenium content
of dry intact protein precipitated (gms) of PbS (micrograms)
(micrograms)

Cells 7.6 0.089 0.12

Cells 7.6 0.09%4 less than 0.05

Cells 7.6 : 0.069 less than 0,05

Plasma 7.9 , 0.62 0.06

Plasma 7.9 0.54 less than 0.05

75

However, in the presence of zinc amalgam, a portion of the Se
activity was evolved. 50% of the activity was retained in the
reaction flask, 20% was deposited on the inner walls of the
tubing leading from the reaction flask to the first trap, and
30% appeared in the precipitate of PbS and PbSe (which are
isomorphous) in the lead acetate trap. No activity was found
in the first trap, or in the tubing leading from the first

to the second trap.

B. Sulphur Analysis

(a) Experimental method

In Table XVII are shown the results of irradiations
carried out on blood samples and on sulphur standards,

It was found that addition of sulphur standards té blood
samples did not materially affect the live time of the counting

system, and that the counts in the photopeak of 537 from a series



TABLE XVII
Counts in 537 photopeak from blood samples and standards

Sample Sulphur added (grams) Counts in 537 photopeak
Cells ' 6,800

1.74 x 1072 2k, 200
Plasma 22,300

1.74 x 1072 33,600
Sulphur ' -2
standard 1.74 x 10 19,700

of sulphur standards varied linearly as the amount of sulphur
present, over the range of sulphur contained in blood, as
shown in Figure 16.

In Table XVIII are given the results of analyses for
sulphur in identical samples of blood plasma and cells.,
Standards used for comparison were counted after the same
delay tiﬁe as the corresponding samples,

(b) Plasma and cell fractions of blood

In Table XIX are given the results of analyses for

sulphur in the blocd of different individuals,
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TABLE XVIII

Analysis of sulphur in identical samples

Sample Sulphur added to Delay time  Sulphur content
' duplicate sample (minutes) of sample (grams)
(grams)
25 ml plasma A 1.7% x 1072 21/2 2.95 x 10™2
25 ml plasma A 3.48 x 1072 31/2 3.50 x 1072
50 ml plasma A 3,48 x 1072 2 1/2 7.57 x 1072
5 ml cells A 1.74 x 1072 2 1/2 0.85 x 10™2
5 ml cells A 3,48 x 10°2 3 1/2 0.79 x 10~2
10 ml cells A 3,48 x 1072 2 1/2 1,58 x 102

Plasma Cells
(25ml1) (5m1)

Mean sulphur_content
(grams x 10™2) 3,41 0.81

Standard deviation 0.43 0.03

Standard deviation
(as percent of mean) 12.6% 3.7%



TABLE XIX

Sulphur in the blood of different individuals

Sample Sulphur added to Delay time Sulphur content
duplicate sample (minutes) of sample (grams)
(grams)
25 ml plasma B 1.74 x 1072 21/2 3,44 x 1072
25 ml plasma C 1.74 x 1072 21/2 3,25 x 1072
50 ml plasma D 1.74 x 1072 21/2 3,10 x 1072
5 ml cells B 1.74 x 1072 21/2 0.68 x 1072
5 ml cells C 1.74 x 1072 21/2 0.68 x 102
10 ml cells D 3,48 x 102 2 1/2 1.71 x 1072

10 ml cells E 3,48 x 1072 21/2 1.9% x 1072
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CHAPTER 5

DISCUSSION OF RESULTS AND CONCLUSIONS

A, Experimental Methbds

(a) Analysis for selenium

A procedure was devised, whereby dialyzed samples of tissue
could be analyzed for selenium, in a manner which did not require
chemical separations after irradiation. The chief need for
dialysis of tissue samples prior to irradiation, arose from the
large amounts of sodium chloride present. Without removal, the
sodium chloride led to very high activity, which obscured the
contributions from minor constituents. However, dialysis not
only made radioactivation analysis of the trace elements feasible,
but incurred the additional benefit of removing inorganic and
dialyzable components of the sample, and allowed the determination
of “"bound" elements incorporated into a nondialyzable complex,
These bound elements, such as protein-bound iodine in blood plasma,
are often more directly involved in metabolism than inorganic
constituents of tissue which preserve the ionic strength of the tissue
medium and form a metabolic pool. Since no foreign elements were
introduced during sample preparation, the same samples may be used
for further studies of trace elements in human tissues.

While initially, drying of tissue samples prior to
irradiation was’carried out for the practical purpose of reducing

86
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the physical size of the samples, the extent of drying proved to

be a vital and essential part of fhe overall method of analysis,
especially inasmuch as all samples contained a residuum of water,

even vwhen dried as thoroughly as possible at the temperatures used.

The situation leading to the necessity of using a

correction procedure in the anélysis for‘selenium, was encountered
purely empirically when it was found that apparently identical

samples did not yield the same count in the photopeak from Se77m.

The presence of the 019

77m

photopeak, which not only was immediately
adjacent to the Se photopeak but was also the only other main
peak in the spectrum after a 20 second irradiation, suggested
a possible interference. This interference was noted by
Wainerdi and coworkers (117). The necessity for correction apparently
derives from the fact that the live time of counting equipment
used, varies appreciably over the counting period, which itself
extends over more than a half-life of both 019 and Se77m which
are the main contributors to dead time. The dead time of the
- analyzer prevented the processing of selenium counts to a degree'
which varied as the number of oxygen counts also present. - The
correction was necessary for all analyzers and scintillation
crystals used.

It was determined empirically, using a series of standards
containing a fixed amount of selenium and various amounts of
oxygen (as water), and a series of identical blood samples
containing various residual quantities of water, that the logarithm

of the selenium count varied linearly with the oxygen count



within a certain range (Figures 2 and 6), This plot was found

to be parallel to others representing different amounts of
selenium (Fiéure 2). The slope was constant for a series of
irradiations performed on the same day, but varied by a few
percent from day to day, apparently because of flux variations,
and thus was redetérmined during each set of analyses carried
out. Attempts to derive the form of the correction mathematically,
resulted iﬁ an integral which was not reducible to a form which
dould be rélated to the\desired expression, and which was soluble
only by numerical methods. The numerical solution was not
obtained since the form of the correction expression was known
from experiment. lNo solution to the encountered problem was
found in the literature, although as mentioned, the difficulty
was encountered by Wainerdi (117).

Longer irradiations to produce selenium isotopes of
greater half-life which permit subsequent radiochemical treatment,
can be used to attain greater sensitivity than achieved by the
method utilized in the present work. However, such chemical
manipulations often lead to errors through loss of a portion
of the element sought. The correction procedure developed, is
both rapid and simple, and avoids errors due to chemical
procedures both before and after irradiation. The average time
for analysis of prepared samples was less than five minutes
per sample, including irradiation, counting, and computation

of results using the computer programme,
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The problems presented by oxygen interference, whiéh had
limited the sensitivity and accuracy of the direct instrumental
radioactivation analysis for selenium (11?), were overcome to an
extent which allowed analysis of tissue saﬁples and a meaningful
intercomparison of results.

The overall reproducibility or precision of the method
developed, based on the standard deviation from the mean of
analysis of a series of identical selenium standards, was found
té be + 7% (Table IV). This reproducibility included random errors
due to timing of irradiation and delay periods, irradiation
geometry, counting geometry, and variations in flux during a
series of analyses, The reproducibility of selenium analysis in
blood samples, based on the standard deviation from the mean
for a series of identical samples, was found to be + 2.8% for
cells, and + 3.1% for plasma (Table II).

The accuracy of the method was estimated from analysis
of blood samples to which a known quantity of selenium was added
(Table V). Based on the standard deviation from the mean, the
accuracy was found to be + 1.3%. This is comparable to the level
of accuracy achieved by the majority of activation analysis
procedures,

The correction plots utilized, were found to be linear
only within a certain range of selenium and oxygen content
(Figures 5 and 6). All samples analyzed fell within the linear
region; with redrying carried out if necessary to ensure this

condition. Although it was not absolutely necessary in order to
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obtain selenium‘analyses, arbitrary cut off limits were defined
(Figure 5) in order that computer calculation of results could
be carried out,

The sensitivity of the method was estimated from the
range over which correction plots remained linear, to be
approximately O.l micrograms of selenium, with the precision
and accuracy indicated above, for samples of dialyzed blood.
This was a significant improvement over the previous limit of
0;5 ppm established by Guinn for instrumental activation analysis

77m

for selenium using Se and a flux comparable to that used in
the present work (143), In most of the work reported in this
thesis, samples analyzed were found to contain more than 0.1

micrograms. Based on the observed height of the Se7l7m

photopeak
encountered in gamma spectra observed, it may be assumed that
amounts as small as 0,001l micrograms could be detected. This
limit is determined largely by the extent to which the background
of the spectrum in the region in which the selenium peak appears,
obscures the counts in the selenium photopeak, due to the
presence of other elements in the sample. The background in this

region is'extremely favorable for samples of dialyzed biological

material, and is further reduced by the short irradiation time

used,

Se?7m was produced for analysis by the reaction Se76 (n,x')
Se7?m. Other possible modes of production of this isotope might
include Br77 (n, p) Se77m or Kr8° (n, a) Se?7m. Br77 is
radioactivekand could lead to Se77m only throﬁgh a secondary

reaction of low probability. xr8° is not only of low abundance
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in samples, but the cross section for’(n, a) reactions with
nuclides in this mass region, are very small.
As indicated under experimental methods, instead of
integrating the area under a spectral peak, an eétimaterf the

77m

counts in a photopeak representing Se s O 019, was made by
sunming the top five channel counts, and subtracting from this,
a background consisting of 2.5 times the sum of one background
channel on each side of the peak. This procedure led to smaller
errors than are introduced through variables such as flux, timing,
and geometries of irradiation and counting, and made caléulations
much simpler and more rapid.

| Selenium standards were prepared by successive dilutions
in glass volumetric flasks. Subsequent analyses of several of
the diluted solutions showed that the number of counts in the
selenium photopeak varied linearly with the theoretical amount
of selenium present (Figurek4 ), Thus it may be assumed that
no errors in standard preparation resulted from adsorption of
selenium on the walls of the volumetric flasks.

Analysis of samples preﬁared by evaporating a quantity
of standard selenium solution to dryness, and then heating for
prolonged periods of time (Table III) showed that little
selenium, if any, was lost by Qolatilization. Standards used for
comparison in analysis, were taken only to dryness, and were not
heated further, in any case,

The results given in Table I indicate that heating of

‘dried blood samples for a prolonged period of time did not result



in loss of selenium by volatilization. It may be noted that the
amount of oxygen (as water) retained in samples dried as completely
as possible at the temperature used, varied considerably.

(b) Analysis for sulphur

Radioactivation analysis for sulphur utilizing the
production of 83? has not been reported iﬁ the literature. The
principal difficulty has been the fact that S°!, having a 5
minute half-life, is too short-lived to permit simple radiochemical
separafions after irradiation (131) particularly when a tissue
matrix is involved. As a result, either the production of 835,
which is a weak beta-emitter and presents problems in counting,
or of P32 with subsequeht chemical separations, have been used
for analysis.

Although sulphur could not be termed a '"trace'" element
at the level at which it appears in human blood, and although
other classical wet chemical methods are available for the
analysis of sulphur in any given matrix, radioactivation analysis
was e%plored with the aim of analyzing tissue samples previously
prepared, in order to determine the selenium to sulphur ratio
present.

Initial attempts to use the production of 837 for sulﬁhur
analysis, by direct comparisoh of the counts in the 537 photopeak
given by samples and standards, resulted in data such as those
in Table XVII and indicated that instrumental analysis Qould not
be possible. The live time of counting tissué samples was lower

than that for sulphur standards, because of activity generated by

92



other elements present in these samples, during irradiation.v
Live time counts for samples and standards were therefore
not directly comparable, since the differences in live time

37

remained large over the time period in which all 57" activity
decayed;

However, it was found experimentally, that addition
of small amounts of sulphur to a given tissue sample, resulted
in the same live time of count after irradiation as for a
dﬁplicate sample without added sulphur, irradiated under the
same conditions, It was assumed, therefore, that the same
percentage loss of counts would result for sulphur both added and
already present in the sample. Thus the theoretical 'true",
or corrected number of counts which would result from the sulphur
inherent in the sample if the dead time were zero, was calculated
from the known percentage loss of counts arising from added
sulphur standard. This corrected count was then compared with
the number of counts given by sulphur standards alone, which did
not incur the large live time losses due to the presence of other
elements. It was observed that the number of counts in the 837
photopeak varied linearly with the amount of sulphur present,
over the range of sulphur content investigated in this work
(Figure 16).

Using the correction procedure described in experimental
methods, therefore, a rapid, instrumental technique was developed

for sulphur analysis by radioactivation. Furthermore; the method

would be assumed to be applicable to any element in any matrix,
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which, on irradiation gives rise to a‘photopeak whose area may be
estimated, and whose addition as a standard to the sample
investigated, does not materially affect the live time for the
sample alone. Under these conditions, instrumental analysis for
many elements, without the necessity of radiochemical separations,
should be feasible, Sensitivity is limited énly by the
statistics afforded by the number of counts in the photopeak
used for analysis.

In the present work, since the photﬁpeak due to the

3.1 Mev gamma of 837

was well resolved and separated from
adjacent peaks at the high energy end of the spectrum, analysis
of sulphur in a tissue matrix was facilitated. The sensitivity
of the method, based on the observed height and resolution

of the 837 photopeak in éamples encountered, was estimated to
be approximately 0.5 milligrams of sulphur,

Overall reproducibility, or precision of the correction
procedure developed, was determined from the standard deviation
from the mean, of analyses performed on duplicate blood samples,
to be + 3.7% for cells, and + 12.6% for plasma. Inhomogeneity
of reactor flux observed during the course of the plasma anaiyses,
as reflected in variations of the photopeak count from sulphur
standards during these irradiations, would suggest that increased
precision should be obtainable,

The preparation of a standard solution of hydrazine

sulphate as used for sulphur standards, is a well-established

classical procedure. Since the solutions contained a relatively
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macroscopic quantity of sulphur, no errors due to losses by
adsorption on the walls of volumetric flasks used, were expected.

36

Sulphur”” was demonstrated to be fhe only source of the
nuclide 337 produced on irradiation. Although 0137 could lead

to 837 by an (n, p) reaction, and Aho could lead to s>? by an
n, «) reaction, irradiation of cﬁloride in quantities comparable
to those present in tissue, did not lead to production of a

337 photopeak, and there is insufficient argon in tissue to

cause interference,

B. Selenium Analyses

(a) Plasma and cell fractions of blood

" The range of the amounts of selenium bound to the non-
dialyzable portion of human blood plasma and cells was established
for the population of 254 normal individuals studied. Analyses
performed by other investigators have been carried out on only
a few samples of undialyzed blood (66, 79, 111). The mean selenium
content of 15 ml of undialyzed whole human blood, calculated from
the resulfs of the eight analyses performed by Bowen (111) was
4,7 micrograms. The mean selenium content of the undialyzed
serum from 15 ml of whole human blood, calculated from the results
of the twenty-one analyses performed by Gofman (79) was 0.9
micrograms, These results differ considerably from those obtained
in the present study where the average selenium content 6f 15 ml
whole blood (dialyzed) was found to be 2.73 micrograms, and the
average content of the plasma (dialyzed) from 15 ml whole blood

was found to be 1,21 micrograms., Such variations may reflect
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differences in dietary selenium levels, or in the case of the
analyses of Bowen, the presence of a relatively large amount
of non~bound selenium.

All subjects from whom blood samples were drawn for
selenium analysis, were patients in St. Joseph's Hospital,
Hamilton, Canada, who were considered by the hematology department
to be '"normal' with respect to blood composition. These included
persons having fractured limbs, sprains, injured backs, lacerations
etcetera., The chief reasons for the utilization of hospital
patients were the high density of available, unsuspecting donors,
and the ease of control of rest and fasting conditions.

The gaussian type of distribution found for selenium in
the various fractions of blood, throughout the population studied
(Figures 7, 8, 9, 10, 11 and 12), as opposed to a more random
distribution, is similar in form to that of other trace elements
such as iodine, The relative narrowness of the distribution of
selenium in plasma, suggests a greater bioclogical significance
for selenium in plasma protein than in cell protein since the
body seems té'have imposed tighter restrictions on the‘allowed
range.

As seen in Figure 13, the plasma selenium content of an
individual was observed to parallel roughly, the cell selenium
content for the same individual. It is possible that selenium
is supplied to these two tissues at least, and perhaps all human
tissues, through a common metabolic pathway at some stage in

their synthesis.



The apparent "peaking" of the scatter plot of the cell and
plaéma selenium contents versus blood hematocrit, aboﬁt a normal
hematocrit level, as shown in Figure 1l&4, would appear to refute
suggestions that a relationship may exist between the concentration
of selenium in red cells, and the degree of anemia (144), The
significance of the 'beaking'is pot known.

It can be seen from Figure 15 and Table VII that the
average selenium content of the blood apparently decreases with
increasing age. Although this trend may indeed be valid, there
are insufficient numbers of individuals in each age group to give
definite statistical significance to such a conclusion. The
same may be said for the indication in Table VI, that the selenium
content of all blood fractions is higher for females than for
males, | | |

The varigtions observed in the selenium content of the
cells and plasma of the blood of individuals, sampled after
various time periods, indicated, as shown in Table VIII, that relatively
large changes can occur within periods of time as short as a
few days. Changes in cell content tended to parallel changes
in plasma content, and such changes appeared to be constant
trends, rather than random, perhaps reflecting dietary changes
while in hospital. The most draméticrillﬁstration of the
possible effects of diet, was the change in blood selenium of
an individual (sample numbers 12, 71, 125) who had resided in
Mexico prior to arriving in Canada. Such large changes would A

indicate that the mean selenium content of blood tissues for a
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given population may reflect the dietary sources available
to the population.

As indicated in Table IX, essentially no difference in
the mean selenium content of whole blood, was observed for
persons whose homes were normally located in an urban area, as
opposed to those nofmally residing in a rural area. However,
adjustments in tissue selenium could have taken place while
the individuals were in hospital.

The selenium to sulphur ratio in blood protein was
found to be higher than that in terrestrial sources such as sea
water, or some sulphur deposits; The ratios for various
terrestrial materials are shown in Table XX.

TABLE XX

Selenium to sulphur ratios in various materials

Material Reference Selenium content Sulphur content Se/S ratio
(micrograms per (micrograms per
gram) gram)
Sea water (147) 0.004 880 4,5 x 10~
Soils (147) 0.01 850 1.2 x 1070
Terrestrial rocks (147) 0.09 520 1.7 x 10~
Sulphur (Japan) (115) 68 6.8 x 1072
Sulphur (Texas) (113) 0.06 . 6x10
Sulphur (Japan) (116) 100 10"1’

While sulphur from deposits in the southwestern United States
(113) has been shown to be of biological origin (145) Japanese
sulphur is primarily of volcanic origin (146), and contains larger

quantities of selenium due to high temperature sublimation processes.



It would appear that the method of formation and deposition of
elemental sulphur is indicated by its selenium content.

The following selenium and sulphur ratios, for blood
plasma and cells, were calculated, assuming where necessary,
that ACD blood plasma is 44% whole plasma,‘and an hematocrit
of 47. Data was taken from Tébles VI and XIX.

It is observed that selenium rétios,‘Sulphur ratios,
and selenium to sulphur ratios for plasma and cells, differ
by a féctor of about three in all cases. This would suggest
that selenium does not simply parallel sulphur in its overall
metaboiism and incorporation into blood tissues.

(b)  Subfractions of blood plasma and cells.

Since all subfractions analyzed, were prepared from

blood pooled from several individuals, their analysis constitutes
a form of "instant mean'". Pooling was used, because large amounts

of blood were required to yield desired quantities of such minor

constituents as the red cell stroma, and white blood cells.

It was found that per gram of dried protein, red blood
cell stroma contained more selenium than did the protein in
solution within the cells (Table X). This was to be expected,

since the selenium cdntent of tissues has been seen to parallel

the sulphur content, and hemoglobin, the main protein component
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of the contents of red blood cells, has a low sulphur content (148).
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(a) Selenium per gram of dry cell protein 0.76 x 10_6
= = 0092
Selenium per gram of dry plasma protein 0.83 x lO_6
(b) Sulphur per gram of dry cell protein 0,70 x 1072
= = 0.27
Sulphur per grem of dry plasma protein 2.6 x 1072
(c) Selenium per gram of dry cell protein 0.76 x 10"'6 -4
= = lsl x 10
Sulphur per gram of dry cell protein 0.70 x 1072
(d) Selenium per gram of dry plasma protein 0.83 x 10"'6 -
Sulphur per gram of dry plasma protein 2.6 x 1072
(e) Selenium in the plasma from 15 ml whole blood 1.2 x 10'6~
Selenium in the cells from 15 ml whole blood 1.5 x 107
(£) Sulphur in the plasma from 15 ml whole blood 245 x 10-2
= =z 243
Sulphur in the cells from 15 ml whole blood l.1 x 10-2
(g) Selenium in the plasma from 15 ml whole blood 1.2 x 10"6 -
= = 0,48 x 10
Sulphur in the plasma from 15 ml whole blood 2.5 x 1072
(h) Selenium in the cells from 15 ml whole blood 1.5 x 10-6 L
‘ = = 1.4 x 10
Sulphur in the cells from 15 ml whole blood 1.1 x 1072

4R1LLS MEMORIAL LIBRARY
MCMASTER UNIVERSITY
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The white blood cells and debris thereof, were found to
contain moré selenium per gram of dried pfotein than the red
blood cells (Table X). This again reflects the low sulphur content
of hemoglobin, the chief protein component of red cells. In a
sample of whole blood, however, the amount of selenium contributed
to the total by the small quantity of white blood cells present,
is negligible. It should be noted that due to the decomposition
of white blood cells, which starts between four and six hours
after sambling, even under refrigeration, the material analyzed
as "white blood cells and white blood cell debris" was a mixture
of indeterminate composition., The transfusion blood from which
the material was derived was more than twenty-one days old with
respect to the date of donation., However, analysis of the debris
would be assumed to give a reasonable approximation ﬁo the actual
selenium content,

The proteins in blood plasma, which are insoluble when
Placed in a salt-free environment, as during dialysis, were found
to contain a factor of 14 times more selenium per gram of dried
protein, than the corresponding distilled water soluble proteins
(Table X). These insoluble proteins, the so-called "euglobulins",
are comprised of a number of different individual proteins, chief
among which are the lipid rich B euglobulin, and to a lesser extent,
various xeuglobulins (138, 149).

(¢) Cohn and electrophoretic fractions

These fractions of plasma proteins should be distinguished

due to the fact that, whereas the Cohn fractions are isolated from



blood pooled from a number of individuals, the electrophoretic
fractions were isolated from the plasma of single individuals.

It appears from the results given in Table XI that the
amount of selenium per gram of certain plasma fractions, exceeds
that of other fractions by more than a factor of 10.

Cohn‘(138) shows the protein components of the fractions
bearing his name, to be as follows:

I1 x globulin

III B globulin, water soluble

I1I-0 P euglobulin, lipid-rich, water insoluble
IV-1 o« globulin, lipid-rich, water soluble

IV-4 o« and B globulins, lipid-poor, water soluble
v albumin

Fraction III-O containing the water-insoluble lipid-rich
B euglobulin was observed to have the highest selenium content
(Table XI), These data correlate with the fesults of the analysis
of the euglobulins of plasma (section (b)), which proved to
contain far more selenium than the water-soluble proteins.

The results of the electrophoretic analyses in Table XII

indicate the same results as discussed above, that it is the o and B

globulins which contain a greater proportion of selenium than the
other proteins of blood plasma.

Since Heimburger and coworkers have shown (150) that
albumin, which constitutes about 60% of all plasma protein, as
opposed to B globulin which represents only 10%, is the richest

in Sulphur-containing amino acids of the Cohn and electrophoretic
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fractions analyzed, it Qould appear that the selenium to sulphur
ratio is far greater in certain of the a and B globulins, than
in albumin. The highest selenium to sulphur ratio appears to be
in the lipid-rich B euglobulin of Cohn fraction 11I-0. The
present work would indicate thét a higher percentage of selenium
bound in human plasma protein is in lipoprotein, than was fouﬁd
2Se7503 into dogs (151). Desai

and Scott have postulated that the interrelationship and abilities

by McConnell after injection of H

of selenium‘and vitamin E to spare one another, result from the
presence of selenolipids in tissue. Selenolipoproteins, proposed
as carriers of vitamin E, may function in absorption, retention,
prevention of destruction and perhaps transfer of d-a-tocopherol,
thereby enhancing its biological activity (45). Although these
workers postulaté that selenolipoproteins associated with the gammé,
- globulin fraction of blood plasma, may be the specific site of
retentiqn df tocopherols in blood, the data in Tables XI and XII
indicate that only a very small portion of the total‘selenium bound
to blood proteips of the human, appears in the gamma globulin.

It is possible that the lipid-rich beta euglobulin found to be

highest in selenium content, is the vitamin E carrier (45).

75

 McConnell found that 24 hours after administration of Se C1,
subcutaneously to dogs, 60% of the total radioactivity was distributed
eqqally between the alpha-2, and beta-l globulin fractions, with

smaller amounts in the other fractions (32). The present work

\would suggest a similar distribution in normal human blood plasma
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'ﬁroteins, with a larger proportion of
the selenium in the B globulins (Tables XI and XII). Although
these results indicate a similarity in mammalian metabolism of
selenium, it is difficult to estimate to what extent the excretion
pathways for injected selenium, parallel those of normal
metabolism. The finding'éf McConnell that 80% of Se’? injected
into rats localized in the red blood cglls (32) for example,
differs markedly from the percentage of the whole blood seienium
found in the cell pprtion of normal human blood, in the present
work (Table VI).

Selenium is low in albumin (Table XI) which has a high
cystine content (150), and is high in the alpha and beta globulins
" amongstwhich are the only fractions having a methionine to cystine
mole ratio greater than one (150). If selenium is incorporated into
protein in the form of selenoamino acids, it may be speculated that
selenium metabolism is more closely associated with that of methionine,
than of cystine.

* (d) Human tissues other than blood

All tissues analyzed were found to contain selenium. The
concentration of selenium in the tissues analyzed was found to‘vary by
as much as a factor of ten. In the infant, the kidney, heart and
thyroid gland, were notably high (Table XIII).

The administration of inorganic and organic selenium

75

compounds labelled with Se “ has indicated localization of highest
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activity.in the kidney, liver, pancreas, spleen, adrenal,
pituitary and thyroid (153, 154). Analysis of the tissues

of animals poisoned accidentally and experimentally with toxic
amounts of various selenium compounds, has shown highest
cohcentrations to be in the liver, blood, kidney, lungs, spleen,
heart, muscle, and brain (155). Differences in distribution

in both cases, were observed to dependlon the animal investigated,
the form of the selenium administered and the method of administration.
It is probable that differences in the distribution of selenium in
tissues between that found after administration of amounts in
excess of those normally encountered By the animal ana that in
normal tissues as determined in the ﬁresent work reflect the
different metabolic pathways followed by the relatively large
amounts of administered selenium. Analysis of the liver, muscle
and skin of ten individuals showed considerable variability as to
the tissue of highest selenium content (Table XIV).

(e) Miscellaneous materials

(i) Urine

Al though qnly one urine sample wés analyzed (Section g (i)
of results) the result is significant in that no previous reference
to the existence of selenium bound to nbn-dialyzable components of

normal human urine has been found in the literature.



106

(ii) Egg protein

The”selenium to sulphur ratio was observed to be higher
- in the yolk, than in the white, or egg shell membrane of the chicken
egg (Table XV). This difference could relect a difference in
the level of selenium required in the embryonic development of
certain tissues. Egg protein would appear to be a significant
dietary source of selenium.

(iii) Milk
It was found that appreciable amounts of non-dialyzable

selenium occur in cow's milk (Section é (iii) of results). Milk,
like egg, appears to be a dietary source of selenium.

(£f) Acid hydrolysis

Hydrolyses of blood protein were carried out, with the
intention of isolating cystine and measuring its selenium content.
This would indicate the percentage of bound selenium incorporated
into the protein as the selenium analogue of cystine, and the
percentage bound in other ways, such as in the selenium analogue
of methionine.

The conditions of hydrolysis were chosen as being suitable
for the recovery of cystine (139). Although cystine was obtained

in good yield from human hair, no cystine was recovered after
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hydrolysis of blood tissues. Since cystine should accompany the
tyrosine which was obtained, the cystine‘was apparentiy destroyed
by an unknown mechanism., This suggestion was supported by
experimental attempts to precipitate cystine as the cuprous salt
after hydrolysis, which also yielded no prodgct.

(g) Hydrazinolysis

"Hydrazine was chosen as the agent for carrying out
hydrolysis and reduction of protein, because of its ability to
quantitatively reduce the cystine-cysteine sulphur of these amino
acids to HZS’ without releasing the sulphur of methionine. The
procedure was adopted when attempts to isolate cystine failed, and
it was hoped that similar reductive behaviour of hydrazine with
the corresponding selenoamino acids wéuld permit differentiation
between the amounts of selenium incorporated into protein as the
selenium analogues of cystine and methionine.

Although it was recognized from the oxidation potentials
listed below, that selenium in the-~2 oxidation state could be
oxidized by EBG+ lon in acidic solution, it was hoped that reaction
rates would allow liberation and sweeping of H_Se from solution

2

before an appreciable amount had been converted into elemental selenium.

In basic solution: Oxidation potential (volts)
N234 = N2+1+H20+‘+e 1. 15
Se™2 = Se + 2¢” . 0.78
5™ = se2e” 0.51

In acidic solution:
Zn = Zn* 226" ~ 0.76
~HZSe(aq) = Se+2HV+2e™ . o 0.36

H,5(aq) = S+2H"+2¢” - 0.1k


http:S+2H�+2e--0.14
http:Se+2H�+2e�0.36

Experiments carried out concurrently on protein samples and control
mixtures, indicated that the sulphur aﬁd selenium in cystine and
selenocystine but not in methionine or selenomethionine were
reduced respectively in basic solution to the-2 oxidation state.
However, attempts to acidify and sweep HZSe from solution along
with Has which was recovered as PbS in quantitative yield, resulted
in oxidation to elemental selenium. Only very small amounts of
selenium were observed to reach the lead acetate trap.

Zinc amalgam, added to the hydrazinolysis solution prior
to acidification, was found not to release sulphur or selenium
from methionine or selenomethionine, but still enabled only partial
evolution of the HESe formed from selenocystine, Conditions for
quantitative evolution of HZSe might well be resolved by further

studies.

C. Sulphur Analyses

(a) Plasma and cell fractions of blood

From the samples analyzed, it appears that there are
greater variations in the total bound sulphur content of blood
plasma, than of cells(Table XIX),

This perhaps reflects the greater variability in the
protein composition of plasma, than in the cells, whose chief
protein componenf is hemoglobin. No literature sources were
found for tﬁe bound, non-dialyzable or protein sulphur content of

blood tissues with which to compare the present results,

108



SUMMARY OF RESULTS AND CONCLUSIONS

l. Trace quantities of the element selenium were found to be bound
to non-dialyzable components of normal human blood and other tissues.
2. A correction procedure was established whereby the limits of

the sensitivity and accuracy of the instrumental activation analysis
of selenium in biological materials by means of the isotope Se77m,
were extended.

3. The range of selenium bound to the plasma and cells of the blood
of a population of 254 individuals was determined, Variations in
the selenium content of these fractions with time, sex, hematocrit
and age were inQestigated.

Lk, Analysis of protein subfractions of normal blood plasma.and
cells indicated that selenium appears in highest concentration

in alpha and beta globulins of the plasma.

5. The selenium content of human tissues other than blood, was
determined on single autopsy’samﬁles taken from selected organs of two

: individuals.
6. A correction procedure was devised, by means of which

instrumental activation analysis for sulphur using the iéotope 537
could be carried out on dialyzed tissue samples. This procedure
would appear to have wider application in the instrumental activation
‘analysis for other elements in a variety of matrices.

7. The bound sulphur content of the plasma and cell fractions of

human blood was determined for several samples.,
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APPENDIX I

COMPUTER PROGRAMME USED IN SELENIUM ANALYSES

The following pages contain the Fortran programme which
waé used in conjunction with an IBM 7040 computer, to process data
obtained by irradiating blood samples and standards for .
selenium analysis., The programme performed the correction
necessitated by the presence of oxygen in the samples, calculated
the amount of selenium present in the various fractions of the
blood, and carried out a statistical breakdown of results by sex,
age, and selenium content.

For each blood sample, four data cards are required,
representing the data for duplicate irradiations of both cell and
plasma fractions. On each card, columns 7-31 contain the five peak.
éhannel counts for oxygen, ending in columns 11, 16, 21, 26
and 31 respectively. Columns 32-39 contain the two background
channel counts for oxygen, ending in columns 35 and 39 respectively.
Columns 40-64 contain the five peak channel counts for selenium,
ending in columns 44, L9, 54, 59 and 64 respectively. Columns
65-72 contain the two background channel counts for selenium,
ending in columns 69 and 72 respectively.

The four data cards described above form a set which
must be maintained in a fixed order during computation. The
first card contains one of the sets of irradiation data for the
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cell fraction of a blqod sample, and the sample number itself in
columns 1-3, ending in column 3, and the letter C in column 4,
Columns 5 and 6 contain the hehatocrit of the blood sample,
expressed as a percent,

The second card contains the other set of irradiation data
for the cell fraction, along with the sample number and letter C
in columns 1-4 as described for card one. Columns 5 and 6 are
left blank,

The third card contains one set of irradiation data for
the plasma fraction of the sample, the sample number in columns
1-3, the letter P in column 4, and an integer from 1 to 8 in
column 5, depending on the age of the individual (see table below).
Column 6 is left blank. |

Age code for column 5 of third card
Age range Under 20 20-29 30-39 40-49 50-59 60-69 70-80 Over 80
Number 1 2 3 4 5 6 4 8

The fourth card in the set contains the other set of
plasma irradiation data, the sample number in columns 1-3, a +
sign in column 4, column 5 blank, and the number 1 in column
6 if the individual is a male. Otherwise column 6.¢ontains the
number‘z.

The two calibration parameters necessary for the correction
and calculation of results from raw data, were designated in the
programme as the SLOPE, and the constant CORR,

SLOPE, is the slope of the plot of the logarithm of the

selenium count versus the oxygen count, for a series of standards



containing the same amount of selenium and different amounts of
oxygen, during the period of irradiation of the samples for which
cards are being punched,

CORR is obtained by dividing 6.439, the number of
micrograms of selenium in the standards irradiated, by the mean

77m photopeak for the standards

rumber of counts observed in the Se
.containing selenium only.

SLOPE is punched on the first and third card of each set
of four, in columns 73-79, CORR is punched on the second and
fourth cards, in the same columns. Both constants were punched

in the form 2222E-4, which is read by the programme as 2.222 x
107", \

Prior to the sets of data cards representing a number of
blood samﬁles, is placed a parameter card containing the number
of samples (i.e. sets of four cards) in columns 1l-4, ending in
column 4, The remainder of the data on the paraméter ¢ard gives

low limits, and channel increments for statistics. These numbers

are shown on the sample parameter card below,

BoRooRooooNooocBNoooNRoooNRoRooBoRocNoKeoRoooBRoooRNcooFRooococ0000080000
TN RUBET AN A ANBUSEDIABXNRIBUIBRTANDAQOUGSHTRO0T VINSHIEBEONAHNBSOTIRANNIIEHBEETI NN
(ANRRERE ERRRRRNARERSRRRRRRRERT RERRT ERRR] EERRERRY SRSRRRARERET RRRRRRERRERE
222222222222222222222222222220022222222222222222220822222222202222222222222222222
333333033330333303333 8333303333 03333033330332303333033330333303333333333332333333
A4440 0484004000008 00084000000 00000000 00404408000 00480 44488000404 08400000408
5555555555559555555555555555555555555555555555555555555555555555555555555555555¢

G 6EEEE66666666666656666666666C66C6C666E66666666666666665CCG56666666666666666666666866

LR R ER R R AR R RN R R R R A R R AR R A R R R R R R R R R R AR R A R R R R R R R R R RN 2R 2R RRRRRRERERE!
sossosloesolosaolloollossslassalannsfossslosaoslanaaRonacloceslossennnosasesssast
9999999999999999999999999999999999999939999999999893999689999995999

n
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APPENDIX II

COMPUTER PROGRAMME USED IN STATISTICAL TREATMENT OF DATA

The following pages contain the Fortran programme which
was used in conjunction with an IBM 7040 computer, in order to
obtain for a given set of results, the mean, standard deviation
and standard error, of the values in the set lying within an
arbitrarily chosen deviation from the mean,

Any number of sets of results, each containing any number
of values, may be processed consecutively, with the card preceding
the data cards for each set indicating the number of values in
that respective set. The comments included in the programme
indicate the conventions adopted regarding the punching of data,

and the position of decimal points,
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APPENDIX III

INDIVIDUAL AND GROUPED RESULTS OF ANALYSES FOR

SELENIUM IN BLOOD SAMPLES

The following pages contain the complete set of individual
and statistically treated results of the selenium analysis of
the blood fractions of 254 normal individuals. The results are

given in the form in which they were provided in the computer

output,
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