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Methods have been developed to analyse for the

non ceruloplasmin;bound copper -and total copper in human
blood serum accurately and preciscly. The former was
firstly 1solatcd from the serum bj using Chelex 100 resin.
Both the non-ceruloplasmin-bound copper and the total copper
-were dcte;mihed by neturon activation analysis, atomic
absorption spectroscopy and a spectrophotometric method
using zdne dibenzyldithiocarbamate as the cheiating agent
Then the concentration of the ceruloplasmin-bound copper
could be calculated by the difference._ In vitro and in vivo

adioisotopic labelling techniques were used in establishing
the methods. Then they were applied to analyse the blood
sera from some Caucasians, Chinese and a person with
glomerulonephritis. The varlations of the copper conccntrap}on

as a function of time of ont Chinese volunteer were also

studied. -
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DELINEATION OF THE PROBLEM®

- N q
The work reported in this thesis has three alms:

1. The development of a procedure for an analytically d

complete seﬁaration of non-ceruloplasmin-bound copper

from ceruloplasmin-bound copper.

2. The comparison of three independent methods for the

determination of very small amoﬁnts of copper.

3. The application of these analytical techniques to

" some speciflc physiological topics. ]
In any scientific work the 1nte11ectda1 concluslons

are only_as‘good as the data obtalned.in the laboratory.

Although in manj cases the accuracy and the precision of

a glven method are sufficient or better than required, in

a substantial number of cases the analytical difficulties
are often gfeatef than appears at flrst glance. Today the.
demands in trace analysis are constantly ihcreasing and &
definite need exists to ﬁeas;re eitremely small concentrations
‘with comparatively high‘accuracy (‘10!) This type of work
requires acientiats uith great - skilla as ‘well as a very
critical mental attitude which allows the researcher to
'conatantly search for possible sources of error.

Copper exiats in human blood serum in tuo maJor

L

*  No references are cited 1n the text of this section as
all the points raised here are discussed later in more

detall.
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Summary of Analyses.QEVStandard Kale * i

The Reﬁu}ts of 'an Inter-Laboratory Comparison

i ' +
" - t

.o -

Concentraéion of Copper | Method of Determination.
) ppm. - |
(# in brackets = # of analyses) = Lo

A.4(8), 3.6(2), 4.1(6), 4.6(15),  Neutron Actlvation

5.6(1), 6.5(6), Analysis
' .« 5.8(8), 5.4(5), 5.1(4), 6.0(1), Atomic Absorption
. hoT(4), 6.3(8), 5.2(2), 6.3(7) Spectroscopy
"7 C3.7(8), B.7(5), B.9(h), B.3(H), M.B(W), )
, , ]

. W.B(W), 4.3(4), 4.6(3), 5.4(4), 4.3(4),  Colorimetry
*% 5.2(4), U.L(4), 4.3(4),; 6.5(8), 5.3(2), -
9.5(5), .17(3)

-

2.5(1), 5.5(4) S Polarography

6.h(8), 4.6(5) - _ © Spectrometry

4
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VN
i

‘®  from Bowen, H. J. M., Standard Materials and Inter-
*  comparisons, "Advances in Activation Analysis",
Vol. 1 (Lenihan, J. M. A. and Thompscn, S. J.,

ed.) Academic Press, London and New York, 1969.
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fractions with the total concentration being =1 pbm: The

first fractlon accounts for ~95%. Thils copper 1s incorporated

in ceruloplasmin, a protein of moiecular welght ~ 160,000.
The second fraction (v5% = ~0.05 pg Cu/ml) contains most
of the copper complexed by albumin and to a very small
extent by free amino acids. The difference in binding

strengths (either for thermodynamic or kinetlc reasons)

is §ubstant1a1 Althoﬁgh this well-established fact immediately

opens an avenue for the development of a separation technique,

no entirely satisfactory procedure 13 currently available.

It is of primary importance that reliable and accurate data

(* 10% or better) can be obtained in order to draw conclusions

of physiological significance. But even 1f the separation

can be achleved the determination of the very small quantities

N

of'copper in the non—ceruloplasmin fraction poses another
severe problem. In this connection an inspection of a
compilation of analytical data published by Bowen 13 of
1nterést (see opposite page [A-11).

Two™ lmportant conclusions can be drawn. Firstly,
the scattefing of the re;ulta within any one method is
much larger as would be expected from an evaluation and
summation of 1nd1v1dual sources of error._ Fof example, in
‘neutron-activation analysis the lowest value is 3.6 ppm s
the highest 1s 6.5 ppm. This corresponds to a discrepancy

of 'almést 100%. Secondly, atomic absorption spectroscopy

. gives on the average high results. It should be realiged



th&t the concentration of copper 16 Bowen's kaie is
approximapely 100 times higher than that 1n the non-
ceruloplasmin fraction of blood serum.
It has alwayg been the philosoﬁﬁy in @nalytical

_chemistry that the data are most convincing if-two or
more independent methods glve the same result. Thefefope,'
a comparison of-methods for the determination of trace
amounts of copper 1s esseptial. -~

*There 1s not much immediate need for the development
of a technique - however difficult 1t may be - if this
method can not be applled to study & well-defined problem.
It has been known for some time that the concentration of
ceruloplasmin (and therefore the total coﬁper concentration)

in serum is hemostatically well controlled in healthy humans. °

However it 13 not known whether the same applies to non-

ceruloplasmin copper. Another question 1is whether the
concentrations of the two fractions of copper are the same
for different population groups. (After this part of the
present study was started a publication appeared showing
that there are indeed substantial differences of this type.).
Moreover another interesting due;tion éoncernu the t tness
of the hemostatic control within one individual. If the
fluctuations in an individual are less than the distribution
fognd within a group of similax individuals, significant
conclu%}ona can be drawn for clinipal chemists and physicians.
Imagine for a moment that the normal level of a metabolically

1mportah(;apecléa in one particular person is low but within

c



the so-called normal‘range. "A pathologlical event occurs
and the concentration of that specles 1s pushed up by
say 20%, but still within the normal range. Obviously
the result of the standard test would mlslead.the physician{
In fact there‘might well be‘a development in the future
- bgsed on the philosophy that prevent;on is better than
treatment - which will implement a national health policy
of yearly screening of every individual starting when a
person is healthy.

During the course of thls work, a paper aﬁbeared-
demonstrating a circadian cycle 1n ceruioplasmin levels
but the non-ceruloplasmin ¢opper was -not measured. Mofeover
in many éonditiona - most 16port}nt1y Hilsdn‘s diseése,
a malfunction of copper metabolism - the conceﬁtratloq\of
ceruloplasmin copper changes substantially. The same applies
to woﬁen during the monthly cycle, pregnancy and women on
"the pi11". Agalimqobody knows if the same i3 true fot/pon-
ceruloeJasmin copper. The effects of other drugs and |
other Gﬁrms of treatment also deserve attentlion ;h this
coghection. Consequently an accurate and preclise method
for the determination of non—éeruloplasmin copper 1s_defin1te1y

necessary to study the problems mentioned above.
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INTRODUCTION

1.1. General.

Copper 1s one of the oldest metals known to man.
Copper objects belleved to date prior to 4000 B.C. have
been f{ound 1n Mesopotamia and Egypt. In spite of this, the
presgnce of(copper in living organims was not noticed untll
160 years ago, when copper was found 1n plants »2 and later
in animal tissues? The findings of tﬁe copper containing
respiratory pigment hemocyanin in cold-blooded animals", and
the turacin, a copper containing pigment in the feathers of

certain birds® gave an indication that cnpper was an important’

body constituent. Hart et al. ¢ 2 later showed that copper

was an essential nutrient fqr the rat and othen\gnimal speciés.
Copper has now been recog ‘zed to be an essentlal element 1in
human metabolism. It 1s integral part of a number ‘o rotelns.
Many of these copper pro elns gre enzymes, and the copper is
a.ﬁart of their active, group; for example, cytochrome C

R R}

oxidase , while others have no known enzyme activity, for

1-1¢  yallee!? designated these proteins

example, cytocuprein}
a speclal clasg of metal-proteln complexes and established &\
xhem as metallo-proteins. A good monosraph “Metallo-proteins
written by Vallee and Hacher" has been published-recently.

The total copper content of the normal human adult

e

is estimated to be 50- 120 mg , based on a quantitative emlssion

spectrographic analysis in 29 human tissues by Tipton and Cook“"'



The liver, brain, heart muscle and kidney have the highest

concentration of copper,
The blood level o

(1ppm.).?! The serum and

concentrations of copper.

jonic form under phjsiolo

in decreasing order.
f copper 1s about 100ug /100 ml
erythrocytes contain similar

This copper does not exist in free

gical condition. About 90-95% of

the copper in serum is bound to a blue protein called cerulo-

plasminzz_z‘,witha.molecular weight of ~160,000. Thlis protein

1sran uz-globulin.and con
molecule. In addition to
a glycoproteln conﬁaining
and neuramihic acid?®* O
ceruloplasmin, four are 1

four are 1in the cuprous 3

tains elght atoms of copper per
beihg a metallo-proteln, 1t is also
7% carboh}drate: hexose, hexoéamine
f the eight atoms of copper in

n the cupric state, while the other

tate2®”2? The blue color and the

enzyme, activity towards p—phenylenediamlne‘or its dimethyl

derivative are dependent
It has been shown that ex
and ionic copper does not
Copper is only incorporat
synthesized 1n the liver
only during the decay of

Of the remaining

on the presence of the cupric ionlt

change between ceruloplasmin bound

occur under physiological conditions.

ed into the protein when it 1s
and the copper 1s later released
the protein moleculel®~??

small fraction of serum copper,

mosat of 1t'15 attached to serum albumin. It 1is called "non-

ceruloplasmiﬁ bound coppe

.~

r" or "direct- reacting copper"?®

There are indications that the amount of this fraction of

serum copper varies in ph

pathalpgical qonditions,

ysiological and especially 1in

of which Wilson's disease 13 known

I



to be a.disturbance of copper metabolism.£° A
Bearn end Kunkel®®>®7 found tﬁat following the

.injection or intravenous administration oR _*“Cu, the **Cu 1s

bound exclusiveiy to serum albumin during the early étages.

It is suggested that the portion of serum copper which serves

as an intermedlate transport form of copper and 1s 1n equilibrium

with tissue copper 1is not the large compartment of ceruloplasmin,

but the 5-10% of copper loosely bound to alh-nin 3% Moreover

in additlon to these two fractions, Neuman and Sass-Kortsak"”’

Sarkar and Kruck®® have shown that there 1s a third sma11'

fraction of copper in human serum bound to amino acids. This

fraction 1s only a few percent of the non-ceruloplasmin

bound copper. They suggested that copper may be present in

serum in the form of mixed amino acid copper complexes consistingh
of one atom of copper and two different amino aclds.: Under

normal conditions, histidine 1s the amino acids primarlly

involved 1n the'forma;ibn of mixed amlino ecid COpper complexes

in serum. Threonine, glutamine or asparagine are the other

aﬁino aclds jnvolved. This amino acid bound fraction of copper

is in equilibrium with albumin bound copper. Although this
rraction\is rather small compared even to the albumin bound
fraction it may have a physlological'role in the biological
transporf of copper because of 1ts small molecular size.??

The aim of the work pfésented in this thesis 1s to .

rfind methods to analyse for the non-cerulopiasmin bound copper

' 1
and the total copper in human blood serum accurately. This

has been achlieved by isolating the non-ceruloplasmin bound




s
copper from the serum by Chelex 100 resin.

This copper was
then determined by neutron activatlon analysis, atomic
absorption spectroscopy or sp%ctrophotometric analysis using
zinc dibenzyldithiocarnamate as a chelating agent. Radlo- |
isotopic labelllng techniques were used together with gel-
chromatography in establishing the methods. These methods
were then applied to analyse for the non- -ceruloplasmin bound

copper and total copper in the blood sera of some Caucaslans

and Chinese. The varlatlons of the copper concentrations as

a function of time of one Chinese subjJect were also studied.

1.2. Determination'of Total Copper in Blood Serum.

Many methods are available to determine trace amounts
of conper in blood éerum and other biological tissues. Neutron.
ractivatlon analysis, atomic_absorntion spectroscopy and' \
spectrophotometric methods are widely used. These will be
discussed more fully in the following sections. Other methods
such.as emission spectrogr&phy,"""" X-ray fluorescence,'

polarography,*® and recently kinetlc methods 3%~ %2 have also
. ]

been used.

1.2.1. Neutron Activaﬁion Analysis (NAA).

| Néutron activation analysis originated with the'
classical papers of Hevesy and Levi’?! 4n 1936 and of Seaborg
and Livinéood" in 1938. It has been proven‘to be an important
method for the determination of trace elements in the past
fifteen years. It has been used extensively in the biological

earth, physical, environmental and forensic sciences. This

.

A Y
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remarkﬁble growth in applicatlion can be attributed not only
to the acceptance of neutron activation analysis as a successful
method for trace elémenth analysis and the 1ncreasing avall-
ability of nuciear reactors, but alsoc to the development of
X sophisticated radiochemical separation methods and radiation
detection instruments. |
The' basic principle of the method 1s that stable
isotopes, when irradiated by neutrons, can unde;go.a nuclear
ﬁranéformation'to produce radiocactive nuclides. By measuring
the radiation emitted by the radioactive nuclides, the desired
eleﬁents can be determined qualitatively and guantitatively
with dr without seﬁarapions. The induced activity at the end
of irradiation (A, disintegration sec™') depends on the
number of target nuclides (N), the neutron flux (¢, neutrons
cm~? sec™!), the neutron cross sectilon (o, 10~%*cm?), the

irradiation time (t), and the half-life of the product nucllde

(Try,). The relationship 1s glven by the radioactivity

—

.production equation which commonly is written 1n the form \

A = Ngo(l-e""" "'t/Tx/z)

R
v -

A more detailed discussion on the theory and practice
1; available from the books recently written by Kruger’i
De Soete et al.** and Hoste et al.’

Neutron activation analysis is presently one of the
ﬁoat promising methods for the determination of copper on
the ultramicrosacale. There are two naturally occurring stable
copper 1sotopes, *’Cu and *'Cu. Exposure to a higﬁ flux of
tharmal neutrons would convert theae to radloactive *‘*Cu and

fcu beapectively. Soﬁa of their properties are shown in

[ 3]
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Table I. ' '

The use of *“Cu for detection 1s preferrable o¢g}
¢6cu. This 1s due to the larger percentage abundance and
larger thermal neutron cross-section of its parent lsotope,
longer half-life of the induced ¢%Ccu, and higher intensity
of the gamma-ray radiation. Consequently, $*Cu 1s easier
to be measured accurately and precisely.

Copper in serum, plasma or whole blcod has been
analyzed by neutron activatlon analysis for some years,*?”*!

Nondestructive instrumental analysis is impossible due to the

?

large amount of sodium present."'

**Wa (t1, - 15 hrs) 1s
produced during activation. The compton radiation from the
large 1.37 Mev. photopeak of 1%Na completely obscures the
relativelysmall 0.511 Mev. annihilation radiation of **Cu.
~Thus the copﬁer‘must be separated from the sodium, either
preceding the neutron activation or, more convenlently, after
the activation step. In the_latter case, stable copper may
be added as a carrier. This enaﬁies the separation to be
carried out on a macroscale instead of a microscale.
Furthermore, contamination with inactive copper at this stage
does not affect the reauit.and total recovery 1is not required
1f the chemical yleld of the separation is also determined.
Kaiser and Meinke®® developed a raplc activation
analysis for trace copper using the 5.1 minute **Cu. Copper
in the sample was extracted by cupferron into carbon
tetrachloride and finally precipitated as CuS for the

measurement of activity. The sensitivity of this method




TABLE I

Nuclear Propertles of Copper*®®

Stable 1sotopes
£ of abundance

Thermal neutron cross

section (barns)

Induced radiocactive nuclides

by (n, Y)lreaction
Half-1ife of induced nuclides

~

Types of decay

Major radiations (Mev.)

‘Icu

69.1,

8.5

.~Cu

: 12.8 hrs.

EC (43%)
g~ (38%)

1M (19%)

8-0.573

g+0.656

v0.511 (38% vi)
1.3% (0.5%) -

.!Cu

30.9

2.3

Otcu

5.1 mins.

g=2.63
v1.039 (9%)
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was only 3 x 10”7 g copper. Bowen®® used the 12.8 hours

¢*Cu together with a chemical method whlch involved repeated

precipitations with thiocyanate and finally with salicylaldoxime.

He obtained a sensitivity of 5 x 107'% g copper. Other
separation methods, such as solvent extraction,®?:>®! 1ion

exchange chromatography’®:*? and dtalysls before activation’?

have also been suggested.

"1.2.2. Atomic Absorptlon Spectroscopy (AAS).

In 1955, Walsh®? published the first paper on atomic
absorption spectroscopy &as-an analytical method. Nowadays,
atomlc absorption spectroscopy has reached the status of one

of our major analytical methods. More than sixty e!@ments

can bé determined routinely giéh this method. It is used
extenéively in clinicai, biomedical, agricultural, geochemical,
.metallurgical and pollution studies.

Basically, atomic‘absorpt}on spectroscopy involves
aspiration of the sample solution into a flame where the
metal ions are converted into atomié vapor state. Most of this
atomic vapor exists 1in the ground electronic state and can
gherefore absorbd resonant.radiation or“an appropriate wavelength.
A hollow‘cathode lamp 1s usuallj used as the source. This 1s
a sharp line source consisting of a cathode made of the
particular element in question. 'The lines characteristic of
the element are emitted from the cathode and pass through
"the flame where a frﬁction of it is absorbed by the atomic
vapor. The absorption,ob@ys Lambert-seer's Law to a certain

extent. Since dhly the test element can absorb the radiation,
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the method fbecomes very specific. In addition, beéausé
most of the atomic vapor exists 1n the ground state, atomlc
absorption 13 sensitive for a large number of elements.
‘ This {s in constrast to flame photometry where the light
emitted from the small amount ofl exclited atomlc vapor is
measured. More information about the theory and application
of atpm1§ absorption spectroscopy i1s available through the
monographs recently published.??™??

Allan®® was the first scientist to study the deter-
mination of cop;er by atomic absorption spectroscopy in a
systematic manner. The copper spectrum provides several

lines that are analytically useful. This is shown in Table

1I.

Allan’® recommended that the absorption line at
3247.5 & be used for the determination of copper. The
sensitivity was about_o.l ug/ml/l% for an adueous solution .
of copper in an alr-coal gas flame. willis" recommended 2
the 2492.1 2 1ine for copper when it was determined as a
major constituent and found that the sensitivity
was about 4.2 ug / ml / 1%. The sensitivity may be
increased several fold byAextracting the copper 1into an
organic solveﬁt. Ammonium pyrrolidine dithlocarbémate is
usually used as a complexing reagent to extract copper into
ethyl acetate or methyl 1sobutyl ketone, ?$»?Palle
Atomic absorption spectroscopy has been studied to

121

determine copper 1n blood serum, plashgland whole bloodl®i1~121

The advantages and disadvantages of these proposed methods



TABLE II

Relative Sensitivity of Varlous Lopper Lines

in Absorption®®

Wavelength Xy éen ;1gi§3 (ug/ml/lx)
2#25.7 | | 2
2284.3 h 22
213131.& | | 55
2492.1 - 9
3247.5, 0.1
3274.0 | S 0.2

10
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‘plotted against the wavelength, a transmiasion curve 1s

oy A 11
and the one suggested in these studies will be discussed

in cection?3.§. _ N

~- ’ N "

1.2.3. Spectr0photometrx

The Wide use of spectrophotometric methods 1n |
chemical analyses is based-on the possibility of convefting'
the constituent to be determined into a substance which in
solution (on/suspenaion) is strongl; *olorad Such a solution

shows differentidl abaorption of light of different wavelengths.

‘When the peroentage ‘of light transmitted by the solutlon 13

4
cbtained,-which'usualiy shows one or two pronounced maxima %«”

- or‘minima;‘but which sometimes may be more complex. Alternatively,

the percentqge"of 1ight absorbed may be plottedligainat the
wavelength and an absorption curve. is then obtained.

Hhen dilute aolutiona are 1nvolved the following

relation 13 round {to hold closely:

A=1log 1 /I - abc

4 -

.1n uhich A - Absorbance

9
L

o - Intensity of the incident monochromatic light o

-
a

Intenaity of the tranamitted light

Abaorptivity
Light path length .

- Concentration of the colored substance e

6o v
'

Thla,belationlia known as the Lambert+Beer Law and

is the fundamental law of spectrophotometry.
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The absorptivity (or molar absorptivity, e, 1f
concentration 1s expressed in mole/litre instead of g/1)
cgnge greatly inereased by liquidfliquia solvent extractlion
éf the ion-association complexes or the metal chelates 1nto
an organlc solvent. The introduction of the very versatille
organic reagent "dithizone™ by Fischer!?? 1n 1925 has opened
a new era in using spectrophotometric methods in chemical
analyses. Since then, many chelating reagents have been
found and many spectrophotometric methods have been established
to analyze for most of the elements in the periodilc table.
A comﬁrehensive study of these methods may be referred to
the monographs by Sandell,'?" Morrision and Freiser,'??

and Stary.'?* ' . B}

There are algreat number of cdlor reagents for
apectrophotometric determination of copper in varlous
substances. Table III gives a list of the reagents most
. démmonlylused. Several new colorimetric reagents were also

r

investigated during the past few years l31-1¢¢

1.3. Determination of Non-ceruloplasmin Bound Copper in

‘Blood Sel'um. ' . ' Y

" As mentioned 1n section 1.1., copper in blood serum
is predominantly bound to the protein ceruloplasmin. Only
alamall fraction (about 5%) 1s bound.to-albumin and amino
acids. This amall percentage makes 1t daifficult to determine
the non—ceruloplaamin bound copper accurately. On apprqach

18 to determine both the total copper and the amow

cerulopiisnin in serum. Then the non-ceruloplasmin bound
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copper 1s obtained by difference. This would not be accug;te
due to the uncertainty in the molecular weight of the
céruloplasmin and the percentage of copper in the protelin.
Moreover, the difference would give only an approximate
value for the non-ceruloplasmin bound copper as a large error
is introduced by the substraction of two large numbers. The
second approach 1s to determlne the non-ceruloplasmin bound
copper directly. Thls 1s a more logical approach. Moreover,
the.non—ceruloplasmin bound copper offers a better means of
evaluating the copper status of an individual than total serum *

- copper because 1t reveals fast changes 1in copper supply in
contrast to cerulqplasmin; or liver copper‘cdntent.‘ ?he

. A
determination of the latter 1is insufficlent to show any.

changes within a few weeks when the values atart to deviate
from the normal range. The determidation of . the non-cerulo-
plaamin bound cooper would allow Judgement'on the absorptian
from the gut within a few hours.

.Several methods were suggested to determine the non=
ceruloplasmin bound ¢ directly, but none of tth is
satisfactory. Gubler{ét al.'* proposed a spectrophotometric
method. The blood plaama was diluted with water. Sodium
pyrdbhoaphate'waa used to buffer the solution and'sodium
diethyldithiocarbamate was then added. Thé_abﬁorbance pf
the developing faintly yellow color qr the copper diethyl-
dithiocarbamate complex was measured at 340 nm. Correction
was applied for the coior of the plasma by a preliminary
reading, before the addition of the color reagent and this

o correction was also to be adJuated for the dilution caused
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by the volume of the diéthyl@ithiocarbamate solution. Due ™
to the lou‘concentration of non-ceruloplasmin boﬁnd copper,
the absorbance reading would be very low. Assuming the
concentrat;;g of ﬁon-ceruloplasmin bound copper is 0.05 ug/ml,
the absorbance would be only 0.002. Actually the blood
serum or plasma was not colorless, but somewhat yellow;

Thus a great error might be introduced for the correction of
the colo} of thé plasma, Consequently, the method is not
suitdbls for an accurate analysis for non-ceruloplasmin bound
copper. A ﬁore detailed\discussion of this method was given
by Binnerts and Boom“"\

Brown'!*! suggested another apectrophotmetric method.

The deep pink—colored copper complex with bis-acetaldehyde-

oxalydihydrazone was used to determine the coppe’bcontent.

The disadvantage 1s that the pH control for the complex
formation was critlcal. Maximum color development was
observed only within pﬁ range of 8.4 - 9.1. The low
absorbance of the sample solutlon would also cause uncertaintj
in measurement. Another cn\fical point 1s that the behaviour
of the non-ceruloplasmin bound copper and ceruloplaamin bound
copper with the chglatlng reagent were not atudled. Further-
more, no experimental result was shoun. This makes 1t
1mpoasib1e‘to estimate the accuracy and precision of the
method. ' |

Blomfield and MacMahon!''? suggested a method by

atomic absorption qpectroscopy.' The non-ceruloplasmin bound
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copper was chelaBgd by ammoéium pyrroliaine dithiocarbamate
and extracted into n—butyi acetate. Theiorganic extract
was ‘aspirated into the flame of the atomic absorption
speétrophotometér aﬁd the absorbance was measured. This C~
suffers from the same disadvantages as in the method of
Gubler et al.*?. Low absorbance readings are obtained.

-

FPurthermore it 1s’ found in these atudies that the degree of
extractioﬁi:} the copper complex into the organic solvent 1s
not reproducible. It varles from 90 to 98%, from an experiment
by adding *‘Cu to serum as a tracer. ' This may ekplain

partly the poor precision of the method. In tHeir experiments,
_duplicate deterﬁinatioﬁs on ten different days with aliquots

from a single blood sample were performed. They obtained

a result of 5.9 + 1.1 ug/100 ml. The coefficient varlation
of reproducibllity was 18.6%.

A uimi;;}‘method by atomic absorption spectroscopy
was suggested by Binnerts and Boom.'®*? They used diéthyldithio—
carbamate as the chelating reagent. The copper complex was
extracted into methyl isobutyl ketone and the organic layer
was then sprayed into the flame for the mfaaurement of
. abaonbance. To account for the incomplete extraction, $*Cu
was .added before extraction. In this case, the recovery
can be corrected by simple isotope dilutiop; The use qr

$*cu introduces new problems. Pirstly, unless high specific

activity $%cu 1s used, the amount of *‘Cu added to the

' . sample would be appreciable. In their experiments,- 0.3 to.

2 ug cobper (depending on the age of the irradiated copper)

A
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was added to 10 ml1 cow plasma which contained ~1-2 ug

non-ceruloplasmin—bound cooper. Thus a slzeable proportion
}

of the absorbance signal would come from the added radlo- . //

active copper. The situation 1s even worse with human serum,//
in which the concentration of non-ceruloplasmin bound copper

15 less than that in cows. Thus the absorbance 1s contributegd
méinly from the added copper tracer instead of from the non-
ceruloplasmin bound copper which 1s the aim of the experlinent.
Moreover, the large sample'éize, 10 ml of serum, corresponding
to 20 ml of blood, used in one measurement is quite impractical.
Secondly, frequent preparation of **Cu is necessary due to

the short half-1life of the 1sotope (12.8 hr.). Furthermore,

the author did not give results for multiple analyses, 30

that the precision of the method could not be evaluated. g
But based on the reasons mentioned above, it 1s quite doubtruln
that the method would provide a means for accurate and

precise analyses.

As can be seen, éurrent methoda available for
determination of non—ceruloplasmin bound copper are not
entirely satisfactory. In order to have an accurate study on
the levels of this copper in normal and pathological sera,

a new independent method has been developed in these studies.
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EXPERIMENTAL EQUIPMENT AND PROCEDURES

2.1. Materjals and Reagents?®

The chelating resin Chelex 100"‘,'200-h00_mesh
size, was obtalned from the _;o-Rad Laboratorlies (Richmond,
California, U. S. A.). Becjuse of 1its high affinity for
transition-métAI ions, the cqmmeriéally available resin
contalns some copper and has tprbe purified. This was
done by extensive washing with a high purity 1M HC1 solution
which was prepared from B. D. H. Aristar grade hyd%ochloric
acid and deionised distilled water. It was then washed
extensively and finally suspénded in a 0.15M NH.OAc solution
of pH 7.4, which was prepared from ammonia solution and
acetic acid (both B. D. H. Aristar grade solution)} and
further purified by passage bver a short Chelex 100 resin
column (0.6 x 3 cm ).

k|
The columns used for separation of non-ceruloplasmin

bound copper from ceruloplasmin bound copper were made from
quartz tubing. They were soaked in aqug regia for twenty-
four hours 1in ofde; to leach out metal ions in the vicinity
of the surface. After thorough washing with deiconised
distllied water, the Chelex 100 resin was allowed to settle
in the column by gravity with some quaftg wool plugged at
the end. It was then washed with the high purity ammonium

acétafe solution. ’

® In all work, standard‘analytical grade reagents were used

without rurther.puritication unless specified.
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Bio-Gel P-150 (#37473) was also obtained from Bilo-
Rad Laboratofies. The gel is a cross-link€d copolymer of
acrylamide and methylene bisacrylamide, produced in the
form of spherical beads that can be hydrated readily in
water or salt solutions. {

The copper standard used in neutron activation
analysis was a known quantity of an aluminum alloy, in a
sheet form, which contained 0.123% copper, and was obtained
from the Aluminum Company of Canada. |

The copper -standard solutlons for atomic absorption
spectroscopy and spectrophotometric analysis were prepared

by dissolving electrolytic grade copper wire and diluting

' with delonised distilled water.

Zinc dibenzyldithiocarbamate was obtained from
Eastman Kodak Company {New York, U. S. A.). This was
recrystalized by adding 95% v/v aqueous ethanol to a ‘concentrated
solution of the salt in carbon tetrachloride to the stage of _
incipient p?ecipitation. It was then filtered, was;ed and
dried. Thé product had a melting point ofi187-188°c.

Ammonium pyrrol1dined1thiocarbama;e,.methyl isobutyl
ketone and trichlofoacetic acid were obtained from Fisher
Scientific Co. Q?nzene was obta;ncd from Mallinckrodt *
Chemical Works Limited. ‘

The polyproylene test tube (12 x 75 mm ) used 1in

atomic absorption apeotroscopy and apectrophotometric analysis

was obtained from Falcon Plastics (Oxnard, California, U. S. A.).
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The 5 ml polyethylene bottle used 1n neutron actlvation
analysis was obtalned from Canus Equipment Ltd. (Ottawa,
Canada). Both of these were rinsed with delonised distilled
water and dried before use. \
Both the plastic syringe (éo ml) and hypodermic needle
(20 G 1.5) were obtdlned from Becton, Dickinson & Co., Canada.
Carrler-free **Cu was produced by the (n, p) reactlion
of 69 grade zinc pellets (Consolidated Mining and Smelting
Company of Canada, Ltd.) in the McMaster University Nuclear
Reactor. A zinc pellet (~300 mg) was irradiated in a quartz

capsule for twenty-four hours in a cadmium enyelope. After

cooling for another_fwelve hours, the zinc/pellet was rinsed

briefly with 2M HCl. Then, 1t was dissolved in 3 ml concentrated
HC1l, in a teflon beaker. A few'drops of ¢onc. HNO, might be
added to speed up the dissolution. The soluﬁion was evaporated
to dryness under an infrared lamp. fhe residue was dissolved
{n 2 ml of 0.01M HC1. It was added to the top of a Chelex 100
resin column (4 x 0.6 cm) which was previously equilibrated
with 0.01M HCl. The column was then washed with 20 ml of

0.01M HC1l. Zinc was found not Ee adsorbed on the column under
these conditions. Copper was then eluted out of the column
with 1M HC1 into a teflon beaker. The solution was evaporated
to dryness. At this stage, the gamma-fay spectrum was pure
¢*cu and *’Cu (produced by the (n, p) reactlon of *‘Zn and
¢77n), with the former activity about 0.5 mCi.‘ The specific

activity will be determined by the copper content of the
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zinc metal. The high purlty zinc contains 0.1 - 0.2 ppm
cu. Thus the S*Cu will have a specific activity of ~8 mCi
¢*Ccu/ug Cu. This ®“Cu can be taken up by a small amount
of physlological saline solution for 1in vivo experiments.
Different concentrations of hydrochloric acid used in the
pfocedure were'prepared by diluting Aristar grade hydrochloric
acid with deionized distilled water. Another separating

procedure to isolate out the “‘Cu was suggested by Fritze.'®®

2.2. Instrumentation.

During gel-chromatographic fractionations, the eluate
was collected on a L.K.B. Ultra-Rac fraction collector. The
protein content of the eluate was monitored meanwhile with
an L.K.B. Uvicored Spectrophotometer at a wavelength of 254 nm.

Irradiations for neutron activation analysis and
production of radioisotopes were carried out in the McMaster
University Nuclear Reactor with a thermal neutron flux of
~2 x 10'%n cm”? sec’{ and a cadmium ratio of ~20. The flux
was increased to'~h x 10'n cm™? sec”! in the later stages of
the study. Short term ;¥rad1ations (less than twenty minutes)
were done using the pneumatic rabbit system.

Radigacﬁ&vity measprement was carried out by gamma-ray
specfroscopy using—the combination of the following detectors

and analysers:
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1. A co-axlal Ge(L1) solid state detector (active volume
of 40cm®) with an Ortec 118A preamplirier: Hewlett-Packard
linear amplifier, and Nuclear Data 1024 channel analyser.
Thé later was changed to another Nuclear Data 2048 channel
analyser together with two Canberra stabilization pulsers
and two Canberra digital stabilizers for zero and gaiﬁ
atabilizatlion.

2. A3 x3 1hqh NaI(T1) crystal with a Victoreen linear
amplifier and a Nuclear Data 256 channel analyser.

3. A3 x3 1ncﬁ well-type NaI(Tl) crystal with a Victoreen
linear ampliribr, a Canberra singie channel analyser and a
Nuclear-Chicago scaler-timer. - } | :

In the atomic absorption sp;:E;;;::Ay, the absorbance
was measured with the Jarrell Ash 800 Atomic Absorption
Spectrophotometer with a 10 cm phph length premix burner ﬁnd
' an_air;acetylene flame.

As to the spectrophotometric analysis, a Cary 14
spectfophotometer.was used. Absorbance was measured throggh
a 10 mm cylindrical quartz curvette with a‘volume of about

0.8 ml.‘(Hellma Ltd.).

2.3. Sample Preparation

In all in g;ggg.radioactive tracer experiments, human
blood serum and plg plasma were used, while rat blood serum
was used for in vivo studles. Bloocd samples were uithdrawn
;usins clean sterilized stainless steel needles and plastic

syringes. Human blood aample%,were obtained from volunteers
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through a vein in the afm in the morniné before breakfast.
Rat blood samples were obtained by cardiac puncture. They
were stored in quartz centrifuge tube; which had been soaked
in aqua regia for twenty-four hours and thoroughly rinsed
with delonised distilled water.

Serum was prepared from human and rat Bl65d by allowing

the blood to coaguate at 37°C for three hours. It was then
centrifuged at low speed for 25 mlnutes. Only non-hemolysed

serum was used in the studiles.

-~

2.4. Gel Chromatography.

The glass column used was cleanpd with aqua regia and

then thoroughly washed with dionised distilled water. It was

dried and then siliconised with one perfcgnt solution of -
dimethyl dichlorosilane in benzene (Bio-Rad Laboratories).
The dry gel, Bio;R&d P-150, was swollen for twenty-

four hours in pure 0.15M ammonium acetatefburfer (pH 7.4%)
containing 0.01M sodium cyanide. Gel columns were then packed
by allowing the gel slurry to settle down in the column’with
the end plugged with white beach sand and cotton wool. The
column was then more fig?ly Packed under a low pressure head
to maiﬁtain a slow flow rate. The column was further washed
thoroughly with pure 0.15M ammonium acetate buffer.. Then,
the pressure head was increased until the desired permanerit
flow rate was attalned.

| In general, about 1 ml serum was fractionated on
the column. Sucrose was dissolved in the sample solution to

form a solution somewhat denser than the eluting buffer.

.,
AN
a—-

S
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This was then gently layered on the flat surface of the column
under the buffer already there. Care in this operatlon
pyecluded any significant mixing of these two phases. The
sample was then allo;ed to soak 1in about 1 cm beiow the
surface. The reservolr was replaced on the top of the column
and the pressure head was adjusted to the desired flow rate.
A short colu@n of Chelex 100 resin (pH 7.4) was incorporated
at the base of the buffer reservolr to maintain a low metal
ion concentratién and to reduce the risk of contamination by
extraneous metal lons. The eluate was monitored through &
L.K.B. Uvicord Spectfophotometer to give a protein elution
curve. The activity was later counted with the 3 x 3 inch
well-type NaI(T1l) crystal together with a Canberra single

channel analyser and a Nuclear-Chicago scaler-timer. Total

elution time was about twenty hours.

25. Separation of Non-ceruloplasmin Bound Copper from

Ceruloplasmin Bound Copper in Blood Serum.

The chelating Chelex 100 resin 13 kaown to bind copper

from a solution of pH~T very strongly. A Chelex 100 resin

edlumn (200—“00 mesh- size) of size O. 6 x 26 cm was prepared
from the purified resin as mentloned 1n section 2.1. It
was equilibrated with O. 15H ammonium acetate solution of _
pH 7.4 which was prepared from B.D.H. Ariatar grade ammonia
and acetic acid. h =

A serum sﬁmple of two to three ml was ‘applied to

the top of the resin bed and allowed to socak 1in. The column
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was then washed with 30 ml of high purity ammoniumhacetate
solution through a reservoir. A short column (0.6-1 3 cm i
of Chelex 100 resin was inserted between the reservolr and
the main separating column rop further purification and to
reduce the risk of contamination by extraneous metal ions.
The eluate and wash solutlon containing anong all ‘the other
proteins, tne cerulopldemin, were reJected. The copper ‘bound
‘originally to albumin and amino aclds was adsorbed on the
column under these conditions. This was established through
the in vitro and in vivo experiments discussed in sectlon
3.1. and 3.2. The adsorbed copper could easlly be stripped
off the column with high purity 1M ﬁCl‘brepared.from diluting A

B.D.H. Aristar grade concentrated hydrochloric acid with

deionised distilled water. As the acid passeéﬁtnrough the
column, the appearance or the resin changed. towards a slightly
darker color. Therefore the collection of tﬁe deaonbed copper
was only bqgun when the acid front was ~0.5 cm from the end
of the column. From this moment on, 3.5 ml aolution was
collected which contained all the copper originally adsorbed
on. the column. This might be analyzed for copper by neutron
activation analyais, atomic absorption spectroscopy :or
epectrophotometric methoda.' The plank for the separation was
obtained ‘; running another Chelex 100 resin column in parallel

with the sample column but omitting ‘the addition cﬂ the serum

sample. .
=
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2.6. Determination of Non-ceruloplasmin Bound Copper in

Blood Serum. . : v

After separation of the non-ceruloplasmin bound
/ ' A
copper from ceruloplasmin bound copper, the former might be

determined by one of the three methods described below.

2.6.1. Neutron Activation Analysls.

The 3.5 ml of 1M HCl eluate from the Chelex 100

resin column was collected in a 5 ml polyethylene bottle.
After freeze-drylng, the bottﬁe was heat-sealed and irradiated 3
for two hours together with a copper standard, {a known

quantity of an alumium alloy contalning 0.123% copper) in the

McMaster University Nuclear Reactor at a flux of 2 x 10'* n

-2 Tl

After irradiation, the sample was allowe& to cool for
tqelve hours before chemical separafion was carried out. The
active material 1in the irradiated capsule was leached out \
quantitatively into a 30 ml Dbeaker with a hot.concentrated'
. nitrlc acid‘sqeution in the-presence of 2 mg -each of cdpper
and sodium carrier. The latter was used as a hold back carrler.
The solution was evaporated to naar dryness, diluted with water
and then neutralized.wlth ammonla until the slightly Slue'
color of the copper-ammonia complex appeared.i The final volume
was about 4 ml. This was added to the topk of a short Chelex
100 reainlcolumn (0.6 x 3 cm , 100-200 mesh aize). The beaker

was rinsed with four fractions of 5 ml 0.15M NH\OKc solution

Y

and the solution was added to the column. The adsorbed copper .
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(a blpe band on the top portion of the resin column) was
then(eluted with 1M HC1 and was collected in a 10 ml
volumetric flask in the same‘way as 1n.the separation
procedure mentioned above.

The copper standard was dissolved in S ml of UM HC1
and four drops of nitric acid. It was diluted to 100 ml
in a volumetric flask. An appropriate amount (to give
approximately the same'count rate as the sample) was trans-
ferred to a 10 ml volumetric flask and‘again diluted to the
mark. The induced *“Cu activity was measured using a high-
resolution Ge{L1) detector in conjunction with a multi-channel
analyser. The amount of copper in the sample can then be
calculated by comparison of the activities 1in the sample'andr

standard.

2.6.2. Atomic Absorption Spectréscopl.

‘ For the atomlc abéorption analysis, the copper eluted
. by the 1M HC1 was collected in a 6 ml polypropyl?ne centrifuge
tube. After addition of 100 ul of 1% aqueous solution of
ammonium pyrrolidine dithiocarbamate and 1.50 ml methyl
iscbutyl ketoﬁe, tﬁe closed tube was manually shaken for
three minutes and then centrifuged to achieve complete phase
ueparation. Eppendorr microlitre pipettes of approprlate
volumes were used for measuring the volumes of the reagent
.aolugions. The upper organic layer was then aspirated 1nto
the acetylene-air flame of the Jarrell Ash 800 Atomic

Absorption-Spectrophotometer with a 10 cm path length premix
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purner. The absorbance was measured at a wavelength of

3247.5 2. The calibration curwe was obtained in the same way

uasing standard solutions contalning 0.102 ug , 0.255 ug ,
0.509 ug , 0.764 yg , and 1.020 ug copper in 1M HC1l medium.

The calibration curve 1s shown in Figure VIII.

2.6.3. Spectrophotometric Methoed.

Zinc dibenzylditiocarbamate wa3 chosen as the chelating
agent in these studies. Exactly 1.00 ml of a 0.06% solution
of this reagent in benzene was used for the extraction. It
was added to the 6 ml polypropylene centrifuge tube containing
the coﬁper solution eluted from the Chelex 100 resin column.

The closed tube was shaken for three minutes and then it was

centrifuged to achleve compléﬁe phase separation. The upper
benzene layer was then transferred into a 10 mm cuvette
(volume ~0.8 ml ) with a clean)diuposable plpétte. The
absorbance at 438 nm was measured in the Cary 14 Spectrophotometer.
The calibration curve was obtained from similarly extracted

standard solutions containing different amounts of copper.

The calibration curve is shown in Figure XIV.

2.7. Determination of Total Copper in Blood Serum.

The total serﬁm copper was also determined using the
. three methods described above. PFor th; neutron activation
aAZIyais, a known amount of serum (0.5 - 1 ml ) was freeze-
dried. After neutron irradiation, the sample was digeated 1n

a long-neck KJeldahl flask with a mixture of nitric acila and

»

-
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sulfuric acld in the presence of copper and sodium carrier.
After a colorless, clear solution was obtalned, the solution
was heated vigorously ungil uhltg fumes of sulfuric acld
appearedf It was cooled down and ammonia was used to
neutralize the solution. The *‘Cu activity was 1solated and
measured in the same way as in the determination of non-
ceruloplasmin bound coppef. _

In the atomic absorption and spectroﬁhotometfic
analyses, seruﬁ'wasfpht in a 6§ m1 polypropylene centrifuge
tube with a cap. The protelns of the serum were preclpitated
by 1.00 ml of 3N HC1l solution (prepared by diluting B.D.H.
Aristar grade HCl with deionised distilled water) ;nd 1.00 ﬁl
of 20% trichloroacetic acid. The tube was centriruged for
10 minutes. The supernatant which contained copper was
quantitatively transferred into another centrifuge tube. The

precipitate was washed with 1.00 ml deidnised distilled
water, The tube was centrifuged agaln and the supernatant
was added to the previous one. Then/the copper content 1n
this combined solution was determined by either atomic
absorption spect;oscopy or the spectrophotometric method as
:described in the previous sectlons. As to the standard{, the
same amount of hydrochloric acid and trichloroacetic acid

were added to the aqueous standard solutions before extraction.




.~ RESULTS AND DISCUSSION '

3.1. In Vitro Addition of Copper-64 to Human Serum.

The chelating Chelex 100 resin!®? was known to bind
copper ion from a solution of pHAT7 very strongly. Experiments
were carried out to try to separate cerulvplasmin bound
copper and the non-ceruloplasmin bound copper with the
resin. It was hoped that the;copper bound to ceruloplasmin
would pass throughfthe resin direc;ly without being adsorbed,
whereas the copper bound to albumin and amino acids would
be removed and adsorbed‘on’the resin. The adsorbed copper
could be removéh iater by treating the resin with hydrochloric
acld.

To teﬁt this idea, fresh human serum was splked wilth
carrier-free "Cu and fraétionated on a Bio-Gel P-150 column
(1. x 35 cm ). The $%cu activity was related to the protein
chromatogram as shown 1n Figure I.‘ The three peaks 1in the
protein distribution curve (s0lid line) have been assigned
by Porath"’.as follows: the first (left hand) peak contains
the high molecular weight serum components {a- and B-1lipro-
proteins and a- and g-globulins), the centr: peak contalns
7S y-globulin and the third peak 1s albumin. It can be seen
from Figure I that all the ¢*Cu actlvity.occurred in one peak
and the peak c@}dea with the albumin peak in the protein

fractionation curve. -




FIGURE 1.

Human Blood Serum Spiked with **Cu and Chrométographed
on a Bio-Gel P-150 Column (1.6 x 35 cm ).

Sample Size: 0.5 ml.

Protein Distribution Curvé - Solid Line

$%Cu Activity Curve - Dot Line
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For the separatlon with Chelex 100 resin, columns -
of different siges'were/prepared. After equilibration with
a 0.15M high purity ammonium acetate solution of pH 7.4,
5> ml of the %“Cu splked serum sample were added to each
column. The -column was then wa§ped with ten resin-bed volumes
of ammonium acetate solutilon. T;; adsorbed copper was later
removed by washing the resin with 1N HCI solution. As can E
pe seen from Table IVa, the degree of retentlon of *“Cu on
the columns depends very much on phe_mesh szesigf the resin,
the length and the flow rate. As y further increase 1in
'1ength appeared impractlcal, a\colZ:n gize of 0.6 x 26 cm was

arbitrarily chosen, and the flow rate was reduced by inserting

a thin polyethylene tube at the outlet of the column. Under

these condiiions, the retention of €*Cu was quantitative
(>98%£). Further experiments showed that the retention was
quantitative and reprpduclble with resin of mesh size 200-
400, a length of column vetween 25 to 30 cm , and a flow

rate 2;0 - 2.5 ml/hr. It was also established later that

the serum sample used can be up to 4.5 8 without overloadlng
“the column. This is shown in Table IVb.

Furthermore, as the hydrochlorilc acid used to elute
the adsorbed copper gassed through the column, the appearancé
ol tge resin changed towg@ds a slightly deeper color. Therefore
the collecélon of the desorbed copper Wwas only began when

the acid front 1s ~0.5 cm from the end of the column. From

this moment on, 3.5 ml ‘solutlon'which contained all the



TABLE IVa

In Vitro $%cu Labelled Human Blood Serum on Chelex 100

Resin Column.

Sample Size: 2 ml.
£ of **Cu

Resin Column size Flow rate NH,CAc HC1
mesh size d x1ecm ml /hr fraction fraction
0.6 x 10 20 56 by
100-200 :
- 0.6 x 15 15 ‘ 32 58
- 0.6 x 10 6.0 ho 60
200-400 ‘
0.6 x 16 5.7 . 23 17
0.6 x 20 5.0 21 79
0.6 x 25 ﬁ.3 19 81
0.6 x 30 h.1 13 _ 87
0.6 x 26 2.0 2.0 98
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TABLE IVDb

n Vitro *“Cu Labelled Human Blood Serum on Chelex 100
Resin Column. | ' — 3
Resin mesh size: 200 - 400
Length of columns: 26 - 28 cm.

Flow rate: 2.0 - 2.4 ml/hr.

— Weight of £ of *‘Cu
Serum Samples (g ) NH,OAc fraction HC1 fraction
1.44 ' . 1.16 : 98.84
2.0i ' ’ é.Ol 97.99
2.6 “ 1.28 98.72
3.00 | 1.70 " 98.30.
3;?“ : 1.29 98.71
8.50 - 2.10 ' 97.90

5.30 : 5.58 ' ‘9886
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copper orglnally adsorbed on the Chelex 100 resin was
collected. Thils was established through the elution curve

shown in Figure II.

“These exper;ﬁents show éhat the non-ceruloplasmin
bound copper can be {solated from the blood serum. They also
show the comparatively strong binding of copper by albuminj;

as the same amount of copper (<<1 ug) can-be removed from

an albumin free aqueous solution by a few mg of the resin.

j.2. Behaviour of Histidine-Copper Complex on Chelex 100

Resin'Column._

Neumann and Sass-Kortsak’?’*® showed that there is a
third small fraction of copper in human blood serum which 1s
bound to amino acids, in addition to that bound to ceruloblasmin
and albuminf/Tﬂistidine is the one primarily involvea in
this type of cépper amino aclds complex. Copper may .be bound
to two histidine molecules or one histidine and another amlno
acid such as threohine, glutamlne or asparagine. In order to
study the behaviour of thia type of copper amino acld complex
on the Chelex 100 resin column to see what effect if any it
may have on the separatlon scheme, the following experiments

v

were done. ;

¢*Cu 1abéiled histidine-copper complex was prepared.
by mixing histidine and coOpper solution., Three sample
solutions were prepared in this way with different molar
ratio of histidine to cOppef. Solution A contained ) '
21 mg histidine/1 and 70 ug copper/1. These are the

amounts of histidine and non-ceruloplaamin bound copper o



FIGURE II

Human Blood Serum Spiked with *‘Cu on Chelex 100 Resir{\
Column (0.6 x 27 cm flow rate 2 ml/hr).

Sample size: 2.5 ml. \

The Small Figure at the Left Top Corner 1s an

Enlargenment of the First 10 ml of Eluant.

—
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present 1in human blood-serumé“i The molar ratio of -
histidine to copper 1is 1300:11. In soluticns B ahd c,
the molar ratlos were 2: 1 and 1000: 1 respectively, but o
they contained a higher concentration of both histidine and
copper (0.90 g Histidine/1). This was found to be necessary
to identify thelhistidine"by the color developed with
ninhydrin. Thin layer chromatography and ChelexX 100 resin

column chromatorgraphy were carried out simultaneously with

the solutlons. <

In the thin layer chromatoéraphy experiment: silica
gei thin layer sheet (2 x 20 cm) was used. prproximately
0.1 ml solution wae applied to the sheet about 4 om above
the ﬁbttom edge of the sheet.‘ 60% CH COCH /H 0 was used as
the eluating solvent in ascending chromatography The
histidine was 1dent1fied by spraying the sheet with ninhydrin‘
solution. A pink-purple color spot was observed . with the
sheets for solutions B and C, but,nptiror solution A due to
the small amount of histidine present. The sheet was then cut
into several pieces and the $4Cu activity was measured with |
the 3 x 3 1nch NaI(T1) crystaL Duplicate experimenta were
carriee out. Figure III shows the three sets of the results.
It can be seen in Figure IIIb and Figure I1Ilc that over 505
_of the *'Cu activity 1s found {n the pink-purple spot. This
1nd1catee the formation of histidine-copper complex.

When the solutions were put on the Chelex 100 resin

columns, it is found that, for all the three solutions,

%

T



FIGURE 1Ila
A
Thin Layer Chromatography of  Histidine-Copper Complex.
4

.. Solution A

, Histidine/Copper = 1.3 x 107°/1.1 x 10°°

(molar ratio) -
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FIGURE IIIb

Thin LA%er Chromatography of Histidine-Copper Complex. .
Solution B |
Histidine/Copper = 5 x 10”%/2.4 x 107?

{molar ratio)
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FIGURE Illc

Thin Layer Chromatography of Histidine-Copper Complex.
Solution C
Histidine/Copper = S5 x 107%/5 x 10 °®

/4 (molar ratio) B
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>99.5% of the ®*“Cu was retained by the resin and later
collected in the hydrochloric ;acid fraction. This indicates
that the copper 1in the histidine copper complex can be
adsorbed on the resin and can be.separated from the copper
bound to ceruloplasmin. In other words, it behaves in the

Y

) i
same way as the copper bound to albumin.

3.3. In Vivo Addition of Copper-64 to Rat Serum.

. It has been shown that following the injectlion or
intravenous administration of **Cu to human, there 1is al
rapld increase 1ﬁ plasma radioactlivity followed by a rapid
fall; then there 1is another marked and sustained secondary

rise in total plasma activity.¥6»37s1¢771 71

During the early stages, the $'Cu in blood serum 1s
bound almost excluslvely to albumin. In the secondary rise
of activity, however, most of the *“Cu 1s bound to cerulo-
plasmin discharged from the liver.

The same phenomenon was also obsegyed with a rat.'!”?

This makes 1t possible to study the behaviour of ceruloplasmin
| bound copper on the.Chelex 100 resin column under the
conditions established in the in vitro experiment. About 1 m C1
carrier-free "Cu was 1nJected intravenously into a rat. Blood
was obtained by cardlac puncture twenty- four hours later. It

s known that almost all of the radioactive ¢*Cu found 1in
the serum is incorporated into the ceruloplasmin at this

stage.”z One fraction of the serum was chromatographed on ‘\

the Blo-Gel P-150 column, while the remaining was divided

3
\
.‘I
'
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and put on three Chelex 100 resin columns.

Proteln fractionation with the Blo-Gel P-150 1s
.shown in Figure IV. "It can be seen that.the €*Cu activity
appeared in a single peak with a tailing to the albumin
region. This peak represents the ceruloplasmin.}?3»!7®
Upon resclving the peak into two Gausslan-shaped curves,
with the DuPont 310 Curve Resolver, it 1s found that approxi-
mately 96% of the total ¢§%cu activity 1s contributed from
the cerulopldsmin bound copper.

Por the separation of the non-ceruloplasmin bound

copper from ceruloplasmin bound copper on the Chelex 100

resin columns, the result i1s shown in Table V. 951 (average
of three results) of the total "Cu activity 1is found in
the ceruloplasmin fractlon. This agrees quite well with the
result from gel chromatogrébhy, _
Further justification of the method of séparation is
obtained by repeating the experiment withﬁsome modificatlon.
In vivo *‘Cu labelled rat blood serum was obtained as before.
The eluate from the Chelex 100 resin column was collected
by a fraction cbllector and the *“*Cu activity in each fractlion
was measured. Figures V and vI show the chromatograms for
the two samples. It can be seen that the *‘Cu ;Bund to
ceruloplasmin 13 not adsorbed on the.resin and passes through
the column directly. .
The chromatogram for the protein fractionation of

the serum with the Bio-Gel P-150 column 1s shown in Figure VII.



FIGURE IV

Blio-Gel P-150 Chromatography of In Vivo *‘Cu Labelled

Rat Blood Serum.

Sample Size: 0.75 g.

Column Size: 1.6 x 35 cm.

Protein Distribution Curve - Solid Line

¢'cu Activity Curve - Dot Line

[4
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TABLE V

In Vivo €%~y Labelled Rat Blood Serum on Chelex 100

Resin Columns.

% of **Cu
~Column " HC1 Fraction NH OAc Fractlon
No. (Non-ceruloplasmin (Ceruloplasmiﬁ
Bound Copper) - Bound Copper)
1 5.0 9%.9
2 4.9 | 95.1
3 5.0 | 95.0

Average 5.0 95.0



FIGURE V

Chelex 100 Resin Chromatography of In Vivo ®*Cu Labelled
Rat Blood Serum (Sample No. 1).

Sample Size: 0.6 g

Column Stze: 0.6 x 27 cm.
"Flow Rate: 2.2 ml/hr.
(The area under the curve as shown on the graph

corresponds to the amount of *'Cu activity.)
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'(;he area under the curve as shown on the graph

FIGURE VI

Chelex 100 Resin Chromatography of In Eigg"“Cg Labelled
Rat Blood Serum (Sample No. 2).

Sample- Size: 1.3 g.' \#_ . : T

Colum? Size: 0.6 x'28 cm,

Flow Rate: 2.0 ml/hr.

corresponds to the amount of ““Cu activity.)

~
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FIGURE VII

Bio-Gel P-150 Chromatography of In Vivo °*Cu
Rat Blood Serum. '

Sample Silze: 1.07 g.

Column Size: 1.6 x 35 cm,

Protein Distributjon Curve - Solid Line

“*Cu Activity Curve = Dot Line

N

L.abelled
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Two of the fractions (ﬁfrked with an arrow) containing $
ceruloplasmin, but no albumin or amino aclds, were combined —
and then passéh over a third Chelex 100 resin coluﬁn. No
$%cu was retalned by this column.

The in vitro and in vivo experiments together shéf

that the ceruloplasmin bound copper passes freely through
the Chelex 100 resin column whereas the ﬁon—ce:uloplasmin
bound copper 1s quantitatively (>98%) retained. Thus 1t

provides a method to separate the two forms of bound copper

from each other and these can be determined later.

3.4. Methods to Prevent Contaminatlon.

| In the determination of the non-ceruloplasmln bound
copper, the blank has to be kept as low as possible. In
these studles, about 3 g of human blood serum are usually
used. This corresponds to 15 - 30 x 107 g of non-gerulo:
plasmin bound copper, which accounts for 5 - 10% of the total
copper in serum. Thus, the blank for the_separaﬁing
procedures has to be kept below 1.5 x 10"‘3 copper to make
it suitable for the experimenﬁ.

In order to attain this, great precautions were takenJ
to avoid-contamination. First of all, a plastic §yr1nge was
used instead of a vacﬁum glass tub?, to draw blood from
volunteers. The possibilit that‘the plastic syringe and
hypodermic needle may 1ntré:uce contaﬁinition was also tested.
Different amounts of delonised diséllled.water‘uere drawn “

<

into several syringes and later delivereﬁfiﬁto polyetﬁylgne
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rottles for freeze-drying and analysis for copper by neutron
activation analysis. The results  obtalned showed.no detect-
able amount of copper (<0.1 ppb). Moreover, five fractlons
of a copper standard solutilon (105 ppb), instead of delonlsed
water, were also dfawn into syringes. Complete recovery of
the copper after delivering the solutlions 1nto the polyethylene
pottles was also obtained. Thils proves the plastlc syringes
and hypodermlc needles were good for the purposes of this
experiment. A recent study by Versieck and Speeckelis also
justifies this result. |

The blood sample was immediately transferred into a
quartz centrifuge fube for coagulation. The tube had been
soakeé in aqua regla for twenty—four hours and thoroughly
rinsed with delonlsed distilled water before use.

The dilufe jhydrochlorlc acld and ammonium acetate
solution used in the separation were prepgred from B.D.H.
Aristar gratle hydrochleric acid, ammonia and acetic acld.

The resulting solutlions contalned less than 1 ppb. copper as

determined by neutro% activation analysis. /f
| The comgercially availablé Chelex 100 resin contailns

some copper. Thls prevents it from direct use without

.purification. The method for the pugification of the resin

and further precautions 1n the separation of the two ¢1ffeﬁﬁnt
forms of bound copper were mentioned in section 2.1. and

2.5., respectively. '

1

The experiments were carried out inslde a plexiglass

A el

.
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box in a clean laboratory. Under these conditions, the
procedure blank was 1 - 1.5 x 10-® g copper in the 3.5 ml

HC1 eluant, ‘and thls was very reproducible throughout the

studles.

3.5. Determination of Copper in Blood Serum by Neutron

Activation Analysis.

In most of the work present here, both total copper
and non-ceruloplasmin bound copper in blood serum were
determined by neutron activation analysis. The sensitivity
of the method suggested by Kaiser and Meinke®® is too poor.
The repeated precipitations method suggested by Bowen®® 1is
tedious. Fritze et al.!”” suggested the use of lon-exchange
chromatography for the 1solation of the **Cu activity. The
method suggested in this study (section 2. 6.1. and 2.7.) 1is
a simplification of the one used by Fritze et al. 4t 1is quite
simple and straightforward. - The pH of the solution added
to the resin column 1s not cr;tical provided that 1t 13
greater than 3. Chemical yield determination is not necessary
since the recovery l1s quantitative: .Moreovef, the method
may be used to determine cOpper in many different biological
samples and materials other than blood serum.

In this study, a pooled serum sample from rive
volunteers (three males and two females) was analyzed repeatedly
for the total copper and the nonfceruloplasmin bound copper.
The results are given in Table VI. The sample sizes were

[

determined by welght instead of volume. The welghts ranged
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TABLE VI

Determination of Ngn-cerulopiasmin Bound Copper and
Total Copper in'a Pooled Human Blood Serum by Neutron

Activation Analysis.

Non-ceruloplasmin bound copper Total copper
ug/100 g ug/100 g
6.4 ‘ 105
6.0 106
6.1 108
6.2 104
6.2 W : 105
5.7 | 102
6.1 107
5.9 | 101
6.2 | 103
5.8 o o 103

6.0 102,
6.1 + 0.2 104 2

4
[

7
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froﬁ 1.8 to 3.2 g for the determination of non-ceruloplasmin
bound copper, and 0.7 to 1 g for the determination of total
copper. Reagent blanks were run 1n parallel and amounted

to 5 - 10% of the copper in the sample depending on the
sample slzes, for the non¥ceruloplasm1n bound copper deter-

- mination. As can be seeﬁ, the reproducibllity 1s good.

From the data given, 1t can be calculated that the ceruloplasmin
bound copper 1s equal to 98 * 2 ug copper/100 g serum, which
accounts for 94.2% of the total eopper in blood serum. Since
~a small number (the non-ceruloplasmin bound copper} is
subtracted from a large one (the total serum copper), the
result will be accurate, namely, the error is the same as

in the determination of the total copper.

3.6. Determination of Copper in Blood Serum by Atomic

Absorption Spectroscopy.

In the determination of total copper in blood serum,
several methods are avallable to prepare the solution to
be sprayed into the flame of the atomlc absorpﬁion instrument.
Sprague and Slavin!®? suggested a simple 1:1 dilution of:
the serum with water. The callibration curve 15 obtalned
from aqueous standard solutions: This method of analysls 1s
foynd to give low and irreproducible results.'®®  The
discrepancy is partially due to the higher/yiscosipy of the
diluted serum, which impairs the aspiration of the sample
into the burner. The different status of copper: protein

bound copper in the serum sample, but aqueous jonic copper 1in

k]
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the standards, also contributes to the low results. Moreover,

the serum sample may also cause clogging of the asplrating

tube and burner unless a "high solid" bBurner head is used.!®*
Olson and Hamlin!'®? suggested the proteins in the

serum to be precipitated by 20% trichloroacetic acld. The

clear supernatant was then used for analysis for copper.

Iﬁ these studies, pig plasma was used to study this method.

To 0.5 ml plg plasma an equal volume of 20% trichloroacetlc

acid was added. In order to get a higher atomic absorbance

signal, the copper in the supernatant was extracted into

methyl isobutyl ketone -with ammonium pyrrolidine dithiocarbamate .

as the chelating agent. (Thils extraction step was found to

be quantitative as described later in this section.j The
absorbance of the organic 1ayer11n the flame was then measured.
Four determinations each were done on two different plasma
samples. For the first sample, the following absorbancé
readings were obtained: - 0.061, 0.054%, 0.067 and 0.068

(0.063 + 0.006), For the second sample, the absorbance rea&ings
were: 0.087; 0.078, 0.073'and 0.081 (0.080 %+ 0.006). The

large ranées of the two analyses, 0.014 on an average value

of 0.063 and 0.014 on an average value of 0.0§b respectively,
show that the method is not very precise. The reason for

the irreproduclbility may be due to the incomplete liberation
of copper from the protéins when they are precip&tated by

frichloroacetic acid. Thus different amounts of copper are

lost from the samples during the process.
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The liberation of copper from plasma or whole bleood
with hydrocnloric acid was first demonstrated by Holmberg.'7’®
Gubler et al.'?” suggested the use of hydrochloric acid,
together with trichloroacetic acid, to liberate the copper
and preclpitate the serum protelns before the copper was
determined spectrophotometrically. This method of liberation
of copper from the serum préteins was found to glve quhntitative
and reproduclble result; in these studies. The result agrees
with that obtalned by wet digestion of the serum with sulfuric
and nitric acids.

This method 1s simple, fast and accurate. It also
provides a slightly acidlc solution of small volume. The

copper in it can be extracted into an organic solvent for the

measurement of absorbance 1in both atomic absorption and
spectrophotometrle analyses.

Several advantages result when solvent extfaction is
used for atomic absorption analysis:

1. The sensitivity for ali metals is enhanced 300 -
500% when the metal 1s determined 1in an‘organic solvent.
Thls is due to the formation of a readilyﬂvdlatile compound,
lower viscosity of the organic solvent, and a higher atomization
efficlency,!’? (the ratio of the amount of solution passing
to the burner to the total amount of solute atomized).

| 2. By adjusting the volume ratio between the aqugous

and organic phase, the metal can-be concentrated in the organic

phase.
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3. The salt content of a solutlon used for extraction
can be far greater than that of one whilech can be handled by
any burner. The interfering materlals can be left behind
in the agqueous phase. For instance, the interferences
from sodium, potassium and caleclum 1in thé copper determination
can be ellminated by extracting copper into methyl 1sobutyl
ketone.

Allan?® found that the sensitivity of the copper
determination could be increased several fold by complexlng
the copper with ammonlum pyrrolidine dithlocarbamate (APDC)
prior to extraction 1into methyl 1sobutyl.ketone (MIBK) or
ethyl acetate. This complexing reagent, the preparation of
which has been described by Mallssa and Schoffmann,'®® has
been preferrpd for two reasons. Firstly, the copper complex
1s readily soluble 1in the types of organic solvents which
could be successfully aspirated into the flame. Secondly,
the complex can be'forméd and extracted easlily. The only
disadvantage of the reagent 1s that a fresh solution has to
be prepared before use. lFigure VIII shows the increase of
sensitivity by using this extraction method.

In these studies, by using ¢‘Cu as a tracer, 1t 1s
found that all the copper (1 ng to 10 ug ) can be extracted
quantitatively into 1.50 ml methyl iscbutyl ketone with 100 ul
of 1% aqueous ammonium pyrrolidine dithiocarbamate solutlon.
The extraction is essentially pH independent. Total recovery

can be obtained from solutions of pH ~8 to 3N HCl. When the

r



FIGURE VIII

Typical Calibration Curve for Copper Standard Sclutions

by Atomic Absorption Spectroscopy.

x = 3247.5 R

Lamp Current: 12 mamp.

Afr-Acetylene Flame with a 10 cm Light Path Length
Premix Burner.

Line I: Aqueous Copper Standard Solutlon.

Line II: Copper Ammonium Pyrrolidine Dithiocarbamate in
Methyl Isobutyl Ketone.

(This plot shows that both the copper solutions obey

Beer's Law in the range of concentration shown in the

graph.)
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organic layer 1s ;prayed into the flame of the atooic-absorption
unit, no 1nterference from other 1ons.1srfound oy usirg an }
ac system and a premlx alr-acetylene flame. -

In the determination of total copper in blood sercm,
Ehé(;erum proteins are precipiﬁated by h;drochloric aclid and

trichlﬁ?oacetic acld. An experiment with €M Cu as tracer

r
o

mOﬂ“trated that trichloroacetic acid daes not affect the

_//éxtraction efficiency of copper into methyl isobutyl ketone;

v

but the absorbarfce reading in the atomic absorptlion unit 1is

reduced by about 20% (see Figure IX)2 Thus the same amouné

of trichloroacetic acid must be added to the aqueous stacdard

'solutions prior to extractidn to elimlnate a systematic erbor.
In order to study the reproducib;lity of this method

of acalysis for copper;:a pooled plg plasmc.sample was

analysed repeatedly for totel copper by atomic absorptlon

spectroscopg. The brocedure for this method has been desgribed

in'sectfbn 2.7. _éggze VIIAgives;th€ results of this study.

An average of 0.8“5.ug/500,u1_1s obtajned with a standard

deviation of 0.013 ug/SOO'ui The reproducibiiitymis satisfactory.
,-—“--\

>

Another pooled pig plasma sample was analysed: repeatedly
"by both neutron activation analysis and atomic absorption -
yspectroscopy. The results are shown ‘in Table V@;; Neutron
activation,aoclysis giues a result of 1.961 % 0. 023 ppm..,
whereas atomic absorption spectroscopy gives 1. 912 + 0.051 ppm.'
By compdring the two rdsults with the t test,"’ "‘ t 1s

~

found to be 0.563. This value of t 18 less than the eritical

[N * |



FIGURE IX

Effect of Trichloroacetic Acid on the Determination of

Copper by Atomic Absorptlon Spectroscopy.

A = 3247.5 R

Lamp Current: 12 mamp.

.

Alr-Acetylene Flame with a 10 cm Light Path Length

Premix Burner. ©

Line I: 1.00 ml Cu Standard Solution + 1.00 ml 3N HC1

+ 1.00 ml1 20% Trichloroacetic Acid + 100 ul 1%

Aqueous Ammonium Pyprolidine'Ditﬁiocarbamate Extracted

into 1.50 ml Methyl Isobutyl Ketone. |

Line II: 1.00 ml Cu Standard Solution + 1.00 ml. 3N
HC1 + 1.00 m1 H,0 + 100 ul 121X Aqueous Arnmonium
Pyrrolidine Dithlocarbamate Extracted into 1.50 ml

Methyl Isobutyl Ketone.
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) TABLE VII

Determination of Total Coppeglin a Pooled Plg Plasma
Sample by Atomic Absorption Spectroscopy.

- Sample Size: 500 ul.

No. Copper Concentration ug/500 nl
1 " 0.866
2 0.855
3 0.855
4 | . 0.887
| 5 . 0.836 -
& < , ‘ 0.836
7 ., 0.855
a8 " 0.836
9 . SO 1 P

10 0.836

0.845 + 0.013
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TABLE VIII

Determlination of Total Copper in a Pooled Pig Plasma

I

Sample by Neutron Activation Analysis (NAA) and Atomic

Absorption Spectroscopy (AAS).

Copper Concentration ug/ml

~

&

NAA AAS
1.992 ' : ' 1.9u4
1.961 1.892
1.931 | 1.866
1.960 | 2.002 .
: PRy
S 1.920
1.961 + 0.025 S
///' 1.892
. o 1.840_
/- o
. 1.944
. b ':}‘ . ~

3

1.912 + 0.051

reaim reas e el

.
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value bf t at 5% probabillity level (2.228). It then may .

be concluded that the two methods of analyses agree well

with each other.

~

As for the determinﬁtion of non-cerulop ésmin bound
copper, 1t 13 quite simple and stralghtfopbard after
separation of the two different forms of bound copper 6n
the Chelex 100 resin column. The procedure for the analysis
has been described in section 2.6. Twé_pooled plg plaéma
samples were useﬁ to analyze for the two different forms
of bound copper by neutron adtivation analysis, atomic
absorption spectroscopy and also by a-spectrophotometfic
method describeq in the ﬁext section. The regﬁlts are shown

-

In Table X and Table XI, and these will be dlscussed in

+

section 3.8.

' '
3.7. Determination of Copper in Blood_ﬁbrhm by a Spectrophoto-

- ~

metric Method. .// I el

/ ]

Spectrobhopometfic ana;ygis for copper ,has the \
advantage of not requiring ex;%ﬁsive apparatus. The
sensitivity range of”ﬁgéfent—day spectrqphotometrigxmethods
{s adequate for most purpgées;_their specificity and accuracy
are also-acceptable. : n

Table III shows the most 1mportant'éndlcommon color
reagents for the dété;minatlon of copper. Their relative
sensitivities c;n be compared on the bgsis of their molar

absorptivities. Eden and Greenf”_chose diethyldithio-

carbamate as the color reagent. Wet aghing with a combination
o o :

~
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of sulfuric, perchloric and nitric acid was employed by |
f

them for the destruction of organic matter, fo{lowed by

complexation of the iron with citrate or pyrop osphate in

strongly alkaline medi

extracted into amyl alcohol forabsorbanc surement. A

problem with this reagent 1s that the ext tion of the

copper dlethyldithiocarbamate complex glve

»

low recovery of added copper at low pH val

1rregu1ar and
eé. 177 ‘This
may be explalned as Follows: a low pH 1nhq{bits complex”
formation between metal and ligands in the laqueous phase;
preferentialrextraction of reagent into tb 'solqeﬂf layer
takes place before appreclable chelation cgn occur; and
inactivation or decohposition of the reageht occurs prior

—_

to chelation. Thus the copper extraction fis usually carrled

out- in strongly alkaline medium. Under this condition, irdn

interferes strongly by forming the highlf brown color ferrilc

dlethyldithiocarbamate due to the largefamount of iron
\ pressnt in blood (l.lﬁ mg/l plasma, 10 mg/l red cells).
"This” can be prevented by coﬁplexing the iron with citrate
or pyrophosphate. The manyl'eagenta sed in the procedure

contdzination. Extreme

r from serum proteins
prior to precipitation of the rotleins bywtrichloroacet;c

‘acid, instead of wet digestion. thgnSerpm. Diethyldithlo-
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carbamate was_again used as the color reagent together with
citrate and pyrophosphgqe in alkaline medium as in Eden
and Green's method;*z’ but the absorbance was méasuréd
directly in the aqueous solution. This method simplifies
the one suggested by Eden and Green, but does nét help to
improve the contamination prgblem. Fprthermore; the
sensitivity of this methcd 1s much less due to the lowe;
molar absorptlvity of the copper dilethyldithiocarbamate
complex in aqueous solution than in an organic solvent and
the complex 1s 1in colloldal suspension in water, which makes‘
absorbance reading uncertain.!?%»12%

Dithizone 1s a very versatile_compléxing reagent. It
forms colored compounds with aqgreai number of metalslbesides
copper. The extraction stepvrequires a fairly long perlod
of shaking. The metal dithizonates and dithizone itself
decompose rapidly 1f exposed to strong light or subjected to
relatively high temperature.\\Strong oxidizing agents also

5éestroy dithizone and they must therefore be removed by the
use of hydroxylamine, hydrazﬁpefot\gicorbic acid bgfore a?
extraction step. Extraction of the copper dithizonate may
provide a means of separation, but the methQQEEEifd on use
of dithizone alone 1s unsultable because of its lack of
specificity.

2, 2'-Biquinoline (cuproine) and 2, 9-dimethyl-l,
10-phenanthroline (neocuproine) are specific for Cu(I).

Hydroxylamine hydrochloride 1s a suitable reducing agent

and tartrate 1s used to prevent precipitation of*t varlous

1
K
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metals. The fbrmer cuprous complex can be extracted into
amyl alcohol (1so- or n-) within pH range of 4.5 - 7.5,
while the latter can be extracted into CHC1l,-EtOH at pH
2 - 9. The disadvantage of these reagents 1is their low
sensitivities; They are'not suitable for determination of
copper below 1 ug. ‘

2, 9-Dimethyl-4, 7-diphenyl-1, 1l0-phenanthrollne
(bathocuproine) 1s also highly specific for Cu(I). The
copper chelate is readily extractable into hexanol with a

single extractlion and it 1s stable for four days. Other ;

metals do not form colored complexes under the reactlon
conditions specified. It also has a higher molar abaorptivity\
than cuproine and neocuprolne. Consequehtly, the reagent

1s more suitable for microanalysis for copper. The draw-

back of this reagent 1s that hydroxylamine hydrochloride

must be added to reduce the copper to the cuprous state after
the dikestion step. Ammonium hydroxide 1s also required to

neutralize the solution. Mpreover, this reagent is quite

expensive 1in comparison with‘other spectrophotometric

reagents (1 g/$35).
Biscyclohexanonedkaly1d1hydrazone (cuprizone) was

suggested by Peterson and Bollier.'?!

It gives a blue
coloration with Cu(II) at pH 7 - 9 in a cﬂ%rateﬂmeaium

(to prevent precipitation of other metal hydrqxides). The
chelate is insoluble in all common organic solvents, thus

the complex can not be extracted from the aqueous phase
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for the measurement of absorbance. The method is relatively
insensitive'and a large sample size has to be used for
trace analysils.

Oxalydihydrazide with acetaldehyde -gives a deep
pink-colored complex with copper in the aqueous medium. It
nas a molar absorptivity comparable to‘lhe complei of
dithizone. Unfortunately, the chelate formation is very
SEnsitive to bH. The color 1s maximal over pH range of
8.4 - 9.1. Below pH 7.4 complex formatlon is negligible
and at a pH value higher than 9.1, the intensity for the color
i1s decreased. This reagent 1{s thus not sultable for routine
analys%s because of lts cr;tical dependence on the pH.

) 1,-S—Diphenylcarbohydraz1de'" is prbbably the most
sensitlve reagent for determination of trace amount of copper.
The copper chelate has a moiar absorptivity of 158,000 in water
whieh is more than ten times the molar absorptivity of the
copper diethyldithiocarbamate in chlérofarm. he relatlonship
between absorbance and concentration o; the copper complex
conforms to Beer's Law over the poncentration range of
0.01 ppm. Cu(A = 0.010) to 0.26 ;pm. Cu(A = 0.200).
spite of this extremely high sensitivity, this'reagent hag
oeveral disadvantages The color development depends very .
much on the pH or the solution and no pl;Eeau is observed
as shown in Figure X. An error of + 0.01 pH units corresponds
to an error of + 2% in the determinaticon. It is also noted

that the color dgﬁelopment reaction 1s a function of reactlion

time. The relationship between absorbance and the concentration
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of copper solution follows Beer's Law for only eight
minutes. During thils time interval, there 13 a gradual
but constant 1lncrease in color 1nten$1ty. Beyond that, the
color intensity continues to increase, but the reaction
becomes erratlc. Thus the absorbance must be measured
at.a fixed time after the addition of the reagents. The
reactlon rate also depends on the temperature and the amdunt
of reagent used. Figﬁre XI shows the effect of temperature
on reaction rate. In addition to this,/the ethanolic
reagent solution 1s unsultable for analytical purposes.
The reason 1s that 1t will be oxidized by alr easily\4f it
1s exposed for more than an hour.

Stoner and Dasler!®® later suggested the copper
1, S-diphenylcarbohydrazide to be extracted into benzene,
This offers some advantages over the origindl method.
Maximum color development in the test solution 1s almost
instantaneous, the color 1nten§ity does not change over
a twenty-four hour period, and the benzene solutioﬁ of 1,
5-diphenylcarbohydrazide 1s gtable for at least two weeks
when stored in a borosilicate container. The disadvantageé
are that the molar absorptivity decreases to 55?000, 1.e..
1t 1s just about oni-third of that in water. The effect of
pH on color developmeht is stili quite critical but there
seems to be a small plateau over the pH fange of 11 - 12.
By using *‘*Cu as a tracer in this study, the perceﬁtagf
of extraction of copper-64 1, S-diphenylcarbohydrazide into

benzene was determined as a functlon of the pH of the
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FIGURE X!'*“?
Effect of pH on Color Development of Copper

1, 5—Diphenylcarbohydrazide.
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FIGURE XI'*?

Effect of Temperature on Reactlon Rate of Copper

1, S-Diphenylcarbohydrazide.
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agqueous copper solution. Figure XII shows the result of
the study. As can be seen from the figure, about 98% of
the copper can be extracted into benzene over the pH range
of 10.3 to 11.4.

Zinc dibenzyldithiocarbamate!?’? 1s a reagent similar
to the sodium salt. The copper dlbenzyldithiocarbamate 1n
benzene has aq_absorption maxima at 438 nm as shown 1in the
absorption spectrum in Figure XIII. It has a molar absorptivity
of 15,400 as determined from the standard callbration curve
shown in Figure XIV. This reagent offers many advantages K
over 1ps sodium salt and the other copper spectrophotometric
reagents mentioned aboue./_IQg_reagent solution can be

/
prepared easlly by dissolving the salt in benzene. It is

stable for at least two weeks. The yellow copper complex
found in benzene is stable for at least one day. Quantitative
transfer of copper into the benzene layer can be obtained
with Just one extractlion step. The greatest advantage is
that the extraction can be performed in an acidic medium.

It was found in these studles that quantitative extractlon of
copper can be obtained from aqueous solutions of pH ? to

6N HC1 by using °“Cu as a tracer. Thils differs from most -

of the other copper reagents (with the exception of
dithizone) where extractiop is c&rriéd out in basic medium.
Thus neutralization with amméﬁia'isAﬁot necessary and the
addition of pyrophosphate can bé avoilded. The use of this
reagent simplifles thé procedure for determination of

copper and the blank can easler be kept low. The use of

benzene instead of carbon tetrachloride is preferred because

* -



FIGURE XII
Effect of pH on Extractlion of Copper 1, 5-Diphenylcarbo-
hydrazide into Benzene.
.
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FIGURE XIII

Absorption Spectrum of Copper -Dibenzyldithiocarbamate

Complex 1in Benzene.
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FIGURE XIV

Standard Calibration Curve for Copper Dlbenzyldithio-

car‘amate in Benzene.

1.00 ml1 copper standard solution + 1.00 m}. 3N gcf
+1.00ml HO extracted by 1.00 ml1 0.06% zinc
‘diﬁenzyldithiocarbamate in benzene.

A = 438 nm,

path length 10 mm.
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of .the lower density of benzene compared to water.. The F#/f¢
benzene layer, being the top layer, can be easler transferred
to the cuvette for the measurement of absorbance after
the extraction in a polypropylene tube, ]

The effect of interference from other megfllic lons
was also studled. Different amounts of the metal halldes were ”
dAissolved in 1M HC1l solutions aﬁg the solutions were'then'
‘extracted by 0.06% (w /v) zinc dibenzyldithiocarbamate 1n
benzene. The absorbance of the benzene 1ajer was then
measured at 438 nm. No reading was obtéined from the following
ions: Sodium (10 mg ), potassium (10 mg ), magnesium (1.5 mg ),
calcium (1.5 mg ), zinc (1.0 mg ), nickel (<9 mg ), cobalt ‘
(<6 mg ), iron (III) (<2 mg ), mercury.(II) (<0.1 mg ),

antimony (IIIY (0.1 mg ). The only interfering lon 1s

biémuth, 50 ug glves an absorbance rehding corresponding to
2 ug of copper. This interference from bismuth can be
avoiaed by carryling out the extraction in strong hydrochloric

acid solution. Bismuth is not easily extracted, while

quantitative extraction of copper is st{11 possible pfoviding
longer shakidg timé is uaed) Both mercury and antimony

form colorless dibenzyldithiocarbamates which are ex;racted
jﬁreferentially or along with the copper salt. The 1inter-
ferences maj be eliminated by use of a larger amount of

reagent which will extract mercury, antimony together with

copper into benzenme. In the analysis for copper in blood

f

. —
serum or whole blood, the lons which may cause interferences
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are present 1n such low concentration!?’* that they cause - o
no diffipulty. | |

.\As a result, this reagent 1s very sultable to be
used 1n‘the analysis for the Bon-ceruloplasmin boundtgopper
and total cbpper in blood serum. 'Extraction‘of the copper
complex can be carried out directly with the supernatant
after preciplitation of the serum‘protelns with hydrochloric
acld and trichloroacetlc acid, in the case of total copper -
determination. For the non-ceruloplasmin bound copper, the
hydrochloric acid fraction collected from the Chelex 100
p . i

resin colu%q can be used directly without further treatment:

\ : .
The procedures for/the analyses have been desacribed in

section 2.6.3. and section 2.7. .

A pooled sample of pig plasma was used to study this
spectrophotometric method. It was analyzed simultaneously
by neutron activation analysis and this apectrophotometric
method. Table IX shows the results of these atudies
Neutron activation analysia gives a result of 2.11 % 0.05 Rpm.,
whereds the spectroﬁhotometric method gives 2.09 + 0.04 ppm.
By applying the t test 109,190 ¢ 14 round to be 0.803 which
1s less than the critical value of ¢t at 5% probability level
(2.228). It may be concluded that the two mg;hods agree

quite well with each other. - P ) '
I

3.8. Comparison Betu&en the Three Methods Pf Analxses.\

In order to conpané the three methods of analyses,

two pooled pig plasma sample were analyzed for total copper
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TABLE IX -
g

Determination of Total Copper in a Pooled Pig Plasma
Sample by Neutron Activation Analysis (NAA) and'a
Spectrophotometric Method Using Zinc Dibenzyld%thio—
carbamate as the Chelating Reagent.

Sample Size: 500 ul.

Copper Concentration jg/ml

A

NAA - Spectréphg}ometric Method
2-1’“ . ) 2.12
2.10 . 2.08
2.08 ' 2.06 _
2.02 .
2.11 + 0.05
= 2.08 .
‘ - . 2.1“ ) (
' 2.08 \L
‘ 2.08
2.1\

2.09 + 0.04 o C



75 .

and non-ceruloplasmin bound copper repeatedly by neutron
activatiog analysis, atomlic absorptlon spectroscopy and the .
spectrophotometric method. Table X and Table XI give the
.results of these studies. As can be seen, they agree very
well with each other. By applying the F test"' to the
results in Table XI, which has more data, it 1s found that

the F values are 3.30 and 0.65 for the non-ceruloplasmin
tound copper and total copper determination respectively.

This 1is less than thercritical value of 'F at 5% level (4.26).
This 1hdicates all the three methods proposed in these studies
can be used successfully to deEermine'the two forms of bound
copper 1in blood serum. “

In a_comparison of the sensitivities of thF three
methods, neutron activation analysig has the highest sensitivity.
The sensitivity for copper determiﬁation by neutron activation
analysis 1s found to be 10™* ug. In atomic absorption E
spectroscopy, the sensitivity 1s 0.03 ug/mi/1%. In the
'apectrophotometric method, the sensitivlty is 0 004 ug/cm?
for A = 0.001. Actually, 5 x 107 v g copper can be deter-
mined without difficulty by neutron activation analysis. In
the other two methods, the concentration of" copper solution
{s measured and the amount of copper is then calculated. In
atomic absorption spectroscopy, 1.50_n1- of methyl iso?utyl
‘ketone uaa found to be neceaaary,ﬁo give a reliable signal
for the atouic absorption speq;rophotoﬁoter used in these
studles. Thus 8.5 x 107! ug copper is required to glve a
1% absorption 4in the flame. The detection limit 1s thus
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Non-ceruloplasmin Bound Copper and Total Copper in Pig

Plasma Using Th;ee Different Analytical Methods for the

N

Copper Determination (Pooled Sample No. 1).

NAA

0.68
0.63
0.63

0.65

NAA

2.32
2.37
2.30

2.33

\
SE:plp Size:
S

- 0.68 ;

0.63

0.65

Non—ceJQloplasmin Bound Copper (ug/ml) .

1.00 ml.

Spectrophotometric Method )
0.63
0.62

0.62

LN

Total Copper (ug/ml)

Sample Size:
' AAS
2.16

2.21
2.24

v 2,20

0.50 ml.
Spectrophotometric Method
2.28’.

2,22
2.27

- 2.26

NAA - Neutron Activation Analyails

AAS - Atomic Absorption Spectroscopy
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TABLE XI°

Non-ceruloplasmin Bound Copper and Total Copper in Pig (i;

Plasma Using Three Different Analytical Methods for the
Copper Determination (Pooled Sample No. 2).
Non-ceruloplasmin Bound Copper {(ug/ml)}

Sample Size: 1.00 ml.

NAA AAS Spectrophotometric Method
0.58 - 0.56 ~ o.s7

0.60 . 0.59 0.58

0.59 0.57 0.56

{ o
0.99 0.58 - 0.58
—_— ____// —_—
. _ —
0.59 : 0.57. 0.57

Total Copper (ug/ml)
gﬁmple Size: 0.50 ml.

NAA | AAS Spectrophotometric Method
1.76 1.76 172 s
1.79 1.78 1.7
1.74 . 1.76 1.74
1.73 y 1.70 1.76
1.76 1.75 W £

| P _

NAA - Neutron Activation Analysii

AAS - Atomic Absorption 3pectroscopy
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approximately 2 x 1072 411,13- (A = 0.002). ‘A much lower detection
1imit can be obtained b:l( using the graphite cell atomic
absorption s,pect.roscop:,rl'2 and a smaller size of. saggle
solution. In the.spectrophotometric method a minimum
absorbance reading of 0.005 1is required to obtain reliable
results with the instrument used. This increases the minimum
amount of copper measureable to 2 x 10-2 pg. Tre detectlon
1imit can be lowered by using the method of precision color-
imetry'®? with the Beckman model DU Spectrometer or similar
instruments, but this would 1ntrod£ce error in the absorbance
readings and lower the precision and accuracy of the.analyses.
In these studles, accurete and preeise analyses are the aims
rather than the detection of smalleat amounts of copper.
Moreover, the copper concentratlon I;‘serum falls well above
the detection limits of the three suggested methods. Thus
the method of precision colorimetry and grabhite cell atomic
absorption spectroscopy were not used. |
Neutron activation .analysis aiao has the advantage
over the other two methods in that there 1s less possibility
for contamination by outslde eopper.' The.samples were only
freeze—dried and then irradiated. qp other handling or addition
of reagents is required. Contamination by inactive cOpper ‘
arter irradiation would not arfect the analysis. In the
case of the other two methods, the posaibilitiaa of con-
caminatien by the reagentsiand other sources do exist. The

reagent blanks have to be determined to correct for 1it.
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In neutron activation analysis neutron flux

- difference bg;wéen sample and standard, counting statistics -
' and Interferences from other nuciéar reactions uouf& contribute
errors. Slnce the sample 13 at the bottom of the polyethylene
bottle and the standard 1s.a small plece of alﬁhinum sheet - '
attached to the outside surface of the bottom of the bottie,
the flux difference is negl%gible.‘ The **Cu was'lsolated'
before counting and usually more than 5000 counts were
accumulated. The error introduced here 1s about 1-2%. The
only interference from othet nuclides é%mes from the (n, p)
reaction on *“Zn. By irradiating some high puritj'zinc _
under the same Iirradiating cond;tions as in the deterﬁiﬁation
of copper- in serum, it was found that 1 ug of Zn would
produce the same amount of *‘Cu as from 0.0014 ug Cu. The
concentration of tinc‘in huqaﬁ blood serum 1§ about 1.6 ppm. !’
Thus for one gram of blood seium, this amount of zine f1.5 ug)
would produce the same amouﬂt of *“Cu as from 0.0022 ug
copper. The error caused by this factor 1s negligible in

the total coppper determination because of the comparativeiy
large total copper.concent}ationuin blood serum (~1 ppm.).

In the case of the noh-ceruloplasﬁln copper détermination,

the maximum error would be 4f even 1f we assume that all

the zinc in blood se would‘endhup 1t the noh-céruloplasyin'
copper rraction.r (Th&\coneentr&tion of this copper 1is

~ 0. 06 ppm. section 3. é 1. and 3.9.2.). Thus it 1s roauonable

to estimate the error in neutron activation annlysis to be

~ about 5%.
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"In the atomic assorption spectroscopic metgod
errors ﬂéy arise\from inocohplete libefation of copper from
the‘proteins by hydrochloric acid and t?}chloroacetic acid,
1ncomp1ete exvraction of the copper complex into the organic
layer, contamlnation by reagents and fluctuation of the
absorbance readingf The {irst two factors have been dilscussed
1n section 3.5. The liberation of copper and the extraction
of it into the organicxlayer were quanﬁitive and reproducible.
The contamination by reagents can be prevented by using high
purity nggents qnd running a blank in parallel to the sample.
The fluctuation of the absorbance reading depends largely on
the stability of the ;nstrument“ An absorbance reading of
+ 0.001 would give zg uncertainty,of copper conc@htration
'1 0.00f ug / m1 M aK. The dbsorbanée réading }or the non-

ceruloplasmin bound copper determination is approximately

0.02. Moreover due to the small volume of solvent used, only

, three to four readings can be recorded with the. 0.1 second
'1ntegrator for the sample or standard. Thus an ;;;or of
+ 51 may be 1ntroduced by this factor alone. The uaqkor
Eppendorf mi;ro}itye pipettes to deliver'the reagent solutlons
" would als; 1ntrodqcé an error of 1 - 2% in the measurement
or volum;s. : ' .

- The - situation ‘13 almost the same with thel
spectrophotometric method, except that the instrument 1is
more stable. On the other hand, digital readout 1s not
available with the 1nstrument. ‘An inharent absorbance'

.fqadingror + 0 002:uou1d give an uncertainty of + 0.01 pg/ml
" 4 /

I
s
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in the copper concentration, the same magnitude as in the
atomic absorption spectroscopic method.

Finally, although neutron activation analysls has
the great advantage of high precislon and accuracy, it haé
1ts own disadvantages. A high flux neutron source and
sophisicated radlation aetection instruments are required.
Specially tralned bersonnel are also required. The
comparatively simple and inexpensive 1lnstruments used for
the analyses and the speed of anal}ses are certainly
advantages for the methods of atomic absorptlion spectroscopy
and spectrophotometry. These tggether wfth their reasonable
accuracy and precisibn enable these two methods to be widely

used for the copper analysis.

3.9. Copper Concentration in Human Blood Serum.

After the method for the determination of non-.

. ceruloplasmin bound copper and total copper had been established,
it was used to determine the copper concentration in human

blood serum.’ Neutroh activation analysis was mainly used

in the following studies due to its high ;ccuraCy and

precision. The easy access to the Méﬂaster Nuclear Reactor

and the avallability of many radioactivity detection
1natruments‘=ere the other reasons for this cholce. Blcod

yas obtained in the morning before breakfast from male
volunteers. That female subjects were not preferred at the

beginning 1s due to the fluctuatlion of copper-concentratioﬁ

in blood serum under different physiological conditions,
- - ‘ o
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(1.e. during pregnancy?® or oral contraception'®*»1%% etc.).
The results shown in the following’éegtions are the averages
of duplicate analyses for both the tofal topper and the

non—ceruldplasmin bound copper, unless specified.

3.9.1. Caucaslans.

The subjects for this group wereten Caucasians of
age 20 to 30. The results are shown 1in prle X1II. The
total copper concentration varies from 0.390 to 1.180 ppm.
with an average of 0.982 ppm. The non-ceruloplasmin bound
copper concentration varies from 0;052 to 0.069 ppm. with
an average of 0.062 ppm. From this data, the concentration
of ceruloplasmin bound copper 1is calculated to bé 0.920 +
0.091 ppm. The concentfation of ceruloplasmin 1s then

estimated to be 27 mg/100 ml.

Table XII also shows the coefficients of varlation
for the two forms of bound copper of the ten subjects are
almost the same (~ 10X). _Moreover, the percentage of non-
ceruloplasmin bound copper 1in terms of total cdpper is net
constant. It ranges from 5.59 to 7.261 (an average 6.30%).

\
3.9.2. Chinese.

The blood .serum of one Chinese male student (T.K.)
was also uéed_ror analysis for copper. The total copper
contentration was found to be 0.727 ppm. and the non-
ceruloplasﬁip bound copper was 0.065 ppm. By comparing

this th that of the caucasians mentiocned in the previous
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. TABLE XII

Non-ceruloplasmin Bound Copper and Total Copper Concentration

in Caucasian's Blood Serum. r

Subject

R.R.

Coppgf Concentration Ppm.

NcCu <
. —_ )
Total Cu NcCu CcCu Total Cu
0.916 0.065 °  0.851 ' 7.10
0.927 0.067 0.860 . 7-23
1.180  0.066 1.118 5.59
. \'
0.950 0.060 0.890 ™ 6.32
0.950 0.069 - 0.881 T.26
l—‘\ N
0890 ~ 0.054 0.83 . . 6.07-
0.911 0.052 0.859 5.71 '
1.086 , 0.063 ' 1.023 5.80
v o ) .
1.050 0.066 0.988 . 6.29
0.956 __ ___ 0.054 _ 0.902 - 5.65

0.982 + 0.093 0.062 ¢ 0.006 0.920  0.091 '_6.3o|

NcCu - Non-ceruloplasmin bound copper

“2mart
CCu - Ceruloplasmin bound copper
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section, the very low total copper concentration but
comparable non-ceruloplasmin bound copper concentration
is quite-interesting. In order to know whether this 1is
a speclal case or not, blood sera from nine other Chinese
male students were also analyzed. ‘They are of age between
twenty and thirty. Most of them came from Hong Kong and
have begn in Canada for more than one year. Several of
them ha&%;been living here for more than ten yearé. The
results for these analfggg”are shown 1in Table XIXI. In
contrast to the Caucaslans, the total- copper concentration
varies from 0.727 to 0.923 ppm. wilth An averagé of 0.792 ppm.;

non-ceruloplasmin bound copper varlies from 0.053 to 0.070 ppm.

with an average of 0.062 ppm. The cébuloplasmin bound cépper
is then calculated to be 0.730 pﬁm. and the cefuloplasmin
1s estimated to Sg 21.% mg/100 ml. | ]

Several interesting polints can be pointed out by
comparing Table XII{and Table XIII, o

1. There 13 no difreregce in the averages of the
concentration of no -ceruloplasmiﬁ bound copper between the
two groups. Moreover the ranges are almost the same
(0.052 - 0.069 ppm. in the Caucasians and 0.053 - 0.070 ppm.
in the Chinese). The coefficients of variation are also
similar (9.7% and 8.1% respectively). N\

2. There 1s a sigmificant dirference (p < 0 01)

i{n the averages of the total copper concentration betwecn

the two groups. The copper concentration in Caucasians is , =
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TABLE XIII

Non-ceruloplasmin Bound Copper and Total Copper Concentration
in Chinese' Blood Serum.

Copper Concentration ppm.

NeCu
Subjecé Total Cu NeCu CCu EEEZEFTEI *

C.E. 0.744 0.b62 . 0.682 8.33
N.P. 0.793 o 0.070 - 0.723 . 8.53i
c.L. | 0.923 p.osﬁ 0.857 8.15
L.H. 6.785 0.054 0.731 6.58
r.c. . 0.769 0.053 | 0.%16 6..89
L.C. 0.772 0.063 - 0.709 8.16
T.R,. 0.728  0.059 0.6t;39 8.10
T.R,. 0.81§ | 0.064 0.748 7.88
L.P >§862 " 0.065 0.797 7.54
T.K. 0.727 0.065 o.ééz ' 8.94

0.792 + 0.062 0.062 £ 0.005. 0.730 £ 0.060 7.87

NeCu - Non-ceruloplasmin bound copper

CCu - Ceruloplasmin bound copper
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n 2u£ higher than that in Chinese. This can be attributed
to 'a hlgher concentration'of.the céruloplasmin bound copper
in the former group (0.920 and 0.731 ppm. respectively). |
In fact, there 18 only one person (CZL’) in the Chinese
group who has a cerdlgg}asmin bound copper concentration
(0.857 ppm.) which Just fallswwithin the range of the Caucasians.
“A1l the other Chinese have a much lower cerulopigsmin'bound
copper concentration than the Caucasians. Similar results

were also observed by Shokeir.!®* He determined the.serum

-
~

ceruloplasmin levels 1in several ethnic groups and found that
Orientals have a lower level of ceruloplasmin than elther
Negroes or Caucaslians, whereas the level in Amerindians is
ﬁigher. Shokeir concluded that as far as diet, ‘climate and

state of health are concerned} no significant differences

were obsebved between the groups uhder investigation. Thus
raclal differences seem‘to play a more important rolé than
the influence of.environment. A genetic basis may be favored
for the variations. More detalled studies are required to
Justify this 1dea. 7

'3. A constant percentage'of nqn—ceruloplasmin bound
copper in terms. of éotal copper 1s not observed in elither

groups.

/

3.9.5. Variation as a Function of Time.

The variation of the concentrations of the total -
copper and non-ceruloplasmin bqrnd copper in human blood

serum as a function of time was studied. The subject was
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Mr. T. K. The study consists of two parts. Firstly, the
fluctuation was studied during the year of 1972. Blood
Qas optained from the subjJect every two weéks on Tﬁeﬁday ‘
ﬁorning at ten o'clock. Duplicate analyses of the samples
were carrie& out using neutron activation analysis for the
: copper determination. Figure XV shows the results of phe
studles. The average concentration of the total copper 1is
found to be 0.727 ppm. with a standard deviation of 0.005
ppm., whereas the non-ceruloplasmin bound coppér is 0,065
+ 0.001 ppm. . If the,standaéd deviation is recalculated by
using eachﬁiﬁdivigual result of the analyses instead of the
averages of the ddb;;qgte analyses.or each sample, then 1t
1s 0.007 ppm. and 0.002 ppm..for the total copper and non:\
ceruloplasmin bound copper determinations respectively. The
relative error dﬁg} and 3%) 1s the same as in the analyses
of the pooled humaﬁ serum (Table VI). Thus, it 1is concluded
that the variations in the resgults aré due to the.experimenthl
errors rather than physiological changes with tfme. The
concentrations of the two forms of copper remain remarkably
constant and do not vary with time during fhg.period of one
year. . ) | h
Secondly, the ciféadian variation withfn-one-day
was also studied. Lifschitz and Hpﬁkin“’ recently reported
that there is a circadian variation in total serum copper
concentration in man It is greater thanwkhe 24 hr mean at

10:00 a.m. and 2:00 a.m., is euaentially equal to the mean at

\

Y
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PIGURE XV

Concentration of Copper in the Blood Serum of a Chinese

as a Function of Time Dufing One Year of Studies.

NeCu - Non-ceruloplasmin bound copper
The ranges for one of the analyses are also shown by

A
the bars above and below the averages.

i
i
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6:00 p.m. and 10:00 p.m., and falls to E\level significantly
below the mean at 2:00 a'm. and 6:00 a.m. Serum concentration
of ceruloplasmin shows a similar but less marked circadian -
pattern of varlation. The great 1ncrgaée fmlﬂz referred
to the mean) during the four hours period of 6:00 a.m. to
10:00 a.m. 1s most interesting. Experiments were earried
out to study the phenomenon. Blood serum was obtalned from
Mr. T. K. at 6:00 a.m., 10:00 a.m. and 6:00 p.m. of one day.
Duplicate analyses were done for the non-ceruloplasmin bound
copper, whereas triplicate analyses were carried out for
the total copper determination.

: : . .

Table XIV shows the results of this study.

Plgure XVIa and Figure xvib aré graphic plots of these resufts

on the same concentration scale as in Flgure XV., By
comparing these three figures, it can be seen ¢clearly that
there are varlations in the concentrations of both total copper
and non—ceruloplasmih bound copper.at different times of

one day in constrast to the constancy at' the same time of the
dag'throughout cne year.  When the lines Joining the: points

at 10:00 a.m. and 6:00 p.m. are extrapolated to 1ntercept at
the 6:00 a.m, level, the concentrationa of both forms of
copper decrease back to the concentration of 24 hours ago

within experimental errors as shown by the dot lines in the

-

figures. iThua the variations are definitely due to physiological

changes with time instead of experimental errors. Moreover,

the variations of the two forms of bound copper are almost

- - -
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TABLE XIV

Concentration of Copper in the Blood Serum of a Chinese

as a Functlon of Time in One Day of Studies.

Cu Concentration . Time
ppm. 6:00 a.m; - 10:00 a.m. 6:00 p.m.
/f
T \‘ -
Total Cu © 0.6500  0.725 0.692
0.656 0.708 0.687
- 0.672 0.730 0.875
0.659  ©0.721 0.685
NcCu 0.054 0.065 0.060
0.058 0.068 -~ 0.064
0.056 0.066 0.062
cCu . 0.603 . 0.655 ~ 0.623
NcCu ~ Non-ceruloplasmin bound copper. _ K
CCu - Ceruloplasmin bound copper, the average difference

1
between total Cu and NecCu.



FIGURE XVIa

Concentration of Copper 1in the Blood Serum of nghinese

as a Function of Time in One Day'of Studies.

The ranges for the triplicate determinations are shown

by the bars above and below the averages.

[a—
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~as a Function of Time in One Day of Studles.

FIGURE XVIb

Concentration of Copper 1n thé Blood Serum of a Chinese

“ .
+ -

The ranges for the duplicate determinations are shown
- \‘ - M .

_by the bars above and bé&low the averages.
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"parallel” to each other. The ratio of the ceruloplasmin

bound copper to non-ceruloplasmin bound copper are 10.8,
9.9 and 10.0 at the different times. (This 1is-constant
within experimental errors.) These results show that the
circadian variation of total copper concentration is due to
the variations not only in ceruloplﬁsmin boﬁnd copper, but
also in the non-ceruloplasmin bound copper. The latter
factor could not be conciuded from the studies by Lifschitz

and Henkin!!7,

3.9.4, A Pathological Case.

The blood plasma of a person with glomerulonephritis . ~

was“analyzed for total copper and non-ceruloplasmin bound

copper. This person has been for two years on home hemodlialysis
three times a week. Blood was obtained just before and after
the overniéht dialyzing process. Triplicate analyses on
each sample were cafr;ed out. Table XV shqvb the results
of this study. Before dialysis, the copper concentration was
found to be 1.06 + 0.02 ppm. for total copper and 0.070 % |
0.0025 ppm. for the non-ceruloplasmin bound'gopﬁer; After
dialysis they are 1.09 t 0.02 ppm. and 0.079 +'0.0025 ppm.
respectively. By apply}ng-theAt test, the increase 13 not
significant for the total copber. Inapite of this statistical
consideration, an inspection of Table XV shows that there is
only & small Jverlap of the two extreme values (1.08 and
1. 07 ppm. respectively).

-«  In-the case of the non-oerulopllsnin bound copper,

the t value is 4.93 which 1s much greatei than the critical

>
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TABLE XV

Concentration of Copper in Blood Plasma of a Person with

Before and After the Overnight Dialyzing

sis After Dlalysig

Total Cu 1.08 o 1.09
(ppm.) B | 1.04 J 1.11
1.0 _ 1.0
1.06 7 1.09
NcCu 0.072 0.076
(ppm. ) 0.070 | 0.081
3 0067 9.0 ‘J
F 0.070 0.079 4
c CCu 0.99 1.0
(ppm.)

%
NeCu - Non-ceruloplasmin bound copper

CCu - Ceruloplasmin bound copper, the average difference

between total T and NcCu.
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value of t at 5% level (t = 2.78). This shows that thér\}/
increase 1s slgnificant. Furthermore, the big difference
in tPg averages (0.009 ppm.) and the difference betieen
the low and high values (0.011 ppm.) compared to that of
the analyses of the pooled samplé shown in Table VI also
indicates the increase of non-ceruloplasmin bound copper
is a real one. These results suggest that there 1s some
transfer of copper from the dialysate toc the blood stream. -
gn fact, 1f the dlalysate were copper free, a reduction of
the non-ceruloplagwin bound copper could be expected. By
analyzing for coppér in the dilalysate with atomic gpsorption
spectroscopy, 1t 1s found that the concentration of copper 1is
approximately 15 ppb. This dialysate solg’ion was diluted
with delonlized water in the ratlo of 1:35 during the dialyzing
process at a flow rate of 300 ml/min for nine hours. As a

-result, ~100 yg Cu was involved in the process. Table XV

shows that the non-ceruloplasmin bound copper increéued.by
0.009 ppm. after dialysis. This corresponds to an increase
of ~27 ug Cu -1n the“‘totgl plasma by estimating the blood
plasma volume of the person to be ~3 1. This increase seems
to be somewhat "high because coppeé administered intravenously
was réund to disappear very rapidly from the blood (T 1/2 |
<10 min.)?®, Nevertheless, this experiment indicates that
there 13 a tranaref of copper from the dialysate and it seems
11kely that all ~100 g will enter the blood stream of the

_ &
user. This is atrongly alded by the complexing of the



copper by %}bumin aﬁdqthus establishing a strong positive
gradient into the blood. ObviouSIy Some of -the transferreq
copper will be used®in the synthesis of ceruloplasmin.
This would céusg;a slight increase in the concgntrafidh Ar
ceruloplasmin bbund.copper as indicated in Table XV. The
remalning fract%on would end up in other tissues of the body.

Finafiy, comparing the E?tal copper- concentration of th
b&g;g plasma of‘this person with that of the ten subjects in
the Caucasian group (Table XII), there 19 no significant
difference, but the non-cerulopiasmin bound copper of this
person is definitely higher than the othegiu(P < 0.01).

The foregoing ﬁiacussion ;arrants further study as
trace element*poiséning has recently became a concern of

k.
nephrologists. It would also be interesting to study patients

Just before‘they g0 on dialysis and possible changes after
¢ - : : ..
the treatmént has started. This is justified by the observation

that peéple with nephritis have elevated copper levell?!,



CONCLUSIONS

This sectlon relates the contents of this sh sis
to the polnts raised in DELINEATION OF THE PROBLEM. .

LObviously not all the toplces ralsed in the latteyp qLapter
could be Investigated. Only thege were deglt wiéhjin
varying degrees of detall..

(1) A method was developed for the ‘separation of
ceruloplasmin coppér from non-cerulopiasmip copper uging

~3 ml blood serum. '

(2) The detef@ination on non—cefuloplasmln copper (a0,15;g
Cu) carrles an error of + 4% (1 o, assuming a Gaussian
distfibutioﬁ). The total copper determination (requiring
0.5 ml = 0.5 ug Cu) has a standard deviation of + 2%.

The latter appears to decrease as experilence is galned by
the individual experimenter (see FIGURE XV). The concentration
of ceruloplasmin copper can be calculated accurately from
the difference of - total - copper and non-ceruloplasmin
copper.

(3) Neutron-activation analysis, atomic-absorption spectro-
metry and a spectrophotometric method using zinc dibenzyl-
dithiocarbamate give the same results for the éopper
determinations. . X

(4) The anai}q&gior the serum from ten Caucasians and

?en Chinese demon;trates that the latter group has leveils
lower by ~24%., The onbability that this is not the case,

1.e. the two groups have tdentical ceruloplasmin concentration,
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is 1 in 10*. There 13 no difference in the n;n—ceruloplasmin
copper concentration implying a genetic effect. in regards to
the ipo—ceruloplasmin production.

(5) The concentration of both copper fractions (as

measured In one individual over a period of one year) 1is
,emgrkably constant. In fact, no changes were found within
the error of the ana tical method. This 1ndicates : }
hemostatlc control ighin A1%. Tt 1s ¢ssenti1l to collect
blood sample at the same time of day for this type of |
study. ' |

(6) The circadian variation of ceruloplasmin levels in
human serum was confirmed. '

{7) Although only one short-term experiment was done the

indications are strong that the non-ceruléplasmin copper

follows the pattern-of the ceruloplasmin- -durlng the
circadian cycle; 1.e. the ratio of ceruloplasmin copper
over non-éeruloplasmin.copper i1s constant. That 1s interesting
because the same ratio 1s not consiant for Caucasians in
relatign to Chinese.
(8)' Based on the analysis of only one person on hemo-
dialysis there appears to occur a Qefinite increase in the
non-ceruloplasmin copper which can easily be rationalizgd
as up-take of copper from the dlalysate. The ceruloplasmin
level was found to be normal in ferms of the so-called
normal range. The blood of patients with glomerulonephritis-
but not on dlalysis - have elevated concentrations.

) | -
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Concerhing the biosynthesis of ceruloplasmin some
interesting speculations come to mind. The productlon of

the proteln part 1is obviously gov@rneq by the. genetic code.

Equally obvious 1s that there 18 no code for the incorporation

.‘\\

of copper. The synthesls of ceruloplasmin could proceed

in two sfeps: (a) the protein production, (b) the
incorporation of copper. (b) has to follow (a) immediately
and leads to the particular seccndary and/or tertiary
structure. The kinetics of this reaction should be 1nterest1ng
as the collision prodabllity for eight copper ions "hitting"
concurrentiy the exactly specified sites must be essentially
nil., Assuming a sequence pf copper-ion 1ncorporation‘might
mean a slow last step as by this time most of the secondary

and tertiary structures should be established to some extent.

‘Furthermore, the ract that four copper 1ons are 1n the 2*

state and the other four in the 1% state renders the
situation even more complicated and the queséion also arises
"who looks after" the required reduction of Cu?* which is
nor@ally present. PFinally, as the exists a circadian |
vafiation in the synthesis of ceruléplasmin there could
either be a "clock™ governing this process or thg cernlpplasmln s
produttion 1is the consequence of the non-ceruloplasmin

‘
concentrgtions. This would mean that the circadian variatioq

+

of the later is the primary event.

=
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APPENDIX

In Vivo Addition of Copper-64 to Rabbit Blood Serum.

The in vivo addition of ¢*Cu to rabbit blood serum
was also studied. The éechniques and experimental procedures
used were simllar to those for the rat as described earlier.
Blood was drawn twenty-four hours after the lnjection of
carrier-free ¢“Cu. Protein fractionation on the Bio-Gel
P-150 column 1s shown 1n Figure XVI, The curve for the
‘*Cu radioactivity shows a striking difference with that for

a rat. (The radioactivity curves

e the same for both the

rat and the rabblit in in vitro studieg, It consists

of a single peak coincides with the albumin.) It consists
' ) J

of two seml-separable peaks. The fiirst one corresponds to

the ceruloplasmin bound copper, whereas the second one

corresponds to the copper bound to albumin.- Upon resolving
it into two Gaussign—shapeq curves, with-the DuPont 310
Curve Resolver, it 1s found that 53% of the *‘Cu activity
is contributed from the ceruloplasmin bound copper, while
the other 47% comes from the‘glbumin bound copper.

As to the separation of the non-ceruloplasmin bound
copper from ceruloﬁlasmin bound copper on the Chelex 100
resin column, 51.7% of the *‘Cu activity was found in the
ceruloplasmin fraction (average otldupllcate-columns, 51.4%

and 52.0%). This agrees with that of gel-chromatography

within experimental errors.

}
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" FIGURE XVII

Bio-Gel P-150 Chromatography of In Vivo ®“Cu Labelled

Rabbit Bloed Serum.

Sample Size: ~1.0 ml.
Column Size: 1.6 x 35 cm.
Protein Distrihution Curve - Solid Line

$SCu,Activity Curve - Dot Line
X "
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