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ABSTRACT

STUDIES OF THE SEPARATION AND PURIFICATION OF BILIRUBIN

CONJUGATES FROM HUMAN BILE

Frank J. Schenck
Master of Science

Youngstown State University, 1974

The present work is concerned with the separation and purifica-
tion of bilirubin monoglucuronide and diglucuronide from human bile,
in a pure form so that they can be used as reference standards for the
various clinical determinations of bilirubin conjugates in serum, The
first step was to partialiy remove the lipid components of bile
(ie. chblesterol and bile salts) by chromatography on a column packed
with Amberlite XAD-2 resin, followed by ultrafiltration using a 500
molecular weight cut-off membrane filter. Then further separation was
achieved on glass columns packed with silica g;l or silicic acid. The
behavior of bilirubin and its conjugates on Eastman Chromagram silica
gel G thin layer chromatography sheets was studied at various stages
of purification.

The Amberlite XAD-2 removed from 23 to 48% of the bile salts
rresent in samples of centrifuged bile. It also removed 10% of the
conjugated bilirubin.

Diafiltration was carried out at 45-65 psi., and approximately
250 ml., of diafiltrate was collected over a 24 hour period. Diafiltration
carried out over 4 to 8 day periods resulted in losses of 50% of
the total bilirubin and 75% ofsthe direct reactin%‘mtkg\ﬂn present.
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When the bile was subjected to ultrafiltration, concentrating it~to

one fifth of its original volume, 71% of the cholesterol and 73% of

the bile salts were passed out into the ultrafiltrate. During the ultra-
filtration 18% of the total and 36% of the direct reacting bilirubin

were hydrolyzed or oxidized, even though the process was carried out
under red light and a nltrogen atmosphere. The five fold concentration
gave a bile sample containing 96 mg.% direct reacting and 114 mg.% total
bilirubin.

The removal of the bile salts also had an effect on the thin
layer chromatography of bllirubin and its conjugates. As the bile salt
concentration was lowered the two conjugated pigments migrated consider-
ably slower than they did in corresponding samples of centrifuged bile.

By eluting the partially purified bile in a column packed with
silica gel or silicic acid, using a solvent system of acetone, butanol,
propionic acid and water (7:4:3:1), it was possible to attain a complete
separation of the two conjugates from free bilirubin. With slower flow
rates the silica gel or silicic acid columns produced a 75% reduction in
bile salts and 25% reduction in cholesterol in the eluates as compared
to the bile introduced onto the column. At faster flow rates the cholest-
erol and bilirubin conjugates were eluted at the same time.

The product was a solution of approximately 2.0 mg.% bilirubin
conjugates in the acetone,butanol,propionic acid and water mixture.

The solution also contained about 10 mg.% cholesterol and approximately
0.0012 g. per 100 ml. bile salt. When the solution was stored in the
dark at -15°C.,there was no loss in direct reacting bilirubin, even

after three weeks.
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Attempts to evaporate the solvent and dissolve the solid
residue in phosphate buffer or deionized water resulted in hydrolysis
of the glucuronic acid from the bilirubin or oxidation to biliverdin.

In the mixed solvent system the bilirubin conjugates had an
Ay 3t 420 nm.,and in phosphate buffer the A, Was at 410 nm. The
Malloy-Evelyn bilirubin assay on pure conjugated bilirubin gave a higher
value for the direct reacting than for the total bilirubin.

Recycling of the column eluates a second time through a silicic
acid column did not result in separation of the monoglucuronide from

the diglucuronide.
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CHAPTER I
INTRODUCTION

A. General

Bilirubin is an orange, lipid soluble, cytotoxic compound belong-
ing to a class of compounds found in the human body called bile pigments.
It ;s produced in the reticuloendothelial system of the liver, spleen
and bone marrow. It is a product of the degradation of hemoglobin,
released during the destruction of senescent red blood cells. Red blodd
cells have an average life of 110 to 130 days and the hemoglob;n cannot
be reused. Being insoluble in blood at physlologic pH, free bilirubin
can only be transported to the liver from extra-hepatic sources by
binding to serum albumin, 1*2+3 (Figure 1)

In the liver bilirubin reacts with uridine diphosphate glucur-
onate, utilizing the enzyme uridine diphosphate glucuronyl transferase,
to form the water soluble compounds bilirubin monoglucuronide and bili-
rubin diglucuronide. The glucuronides are excreted into the bile canal-
iculi and then into the bile. They are then excreted through the bile
duct into the small intestine. Being lipid insoluble the glucuronides
are unable to diffuse across cell membranes of the intestinal mucosa
back into the blood. In the large intestine the bilirubin is convert-
ed into urobilin through bacterial action. 2’5 (Figure 1)

Jaundice or icterus, is a condition characterized by yellow
discoloration of the skin, mucuous memtranes, and numerous organs. It

1s caused by the retention of bile pigments in the blood, and it is
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Fig. 1. Hemoglobin Degradation and Formation of the Bile
‘Pigments



always accompanied by elevated levels of bilirubin in the serum. Elev-
ated levels of free bilirubin can be caused by an increase in the
synthesis of bilirubin (hemolytic jaundice), or by a deficiency of
uridine diphosphate glucuronyl transferase ( nanhemolytic jaundice).
Increased amounts of conjugated bilirubin can be caused by an obstr-
uction of the bile duct, such as by gall stones, and this is called
obstructive jaundice. 314451647

The lowest concentration of bilirubin in plasma that will
lead to icterus is 1.5 to 2.0 mg. per 100 ml, for adults and 8 to 9
ng. per 100 ml. for infants.a’9 Since bilirubin is toxic and can cause
cell and brain damage, especially in newborn infants, quantitative
determination of the amount and type of bilirubin in serum is of great
clinical importance. Unfortunately,it poses one of the most difficult

problems in clinical chemistry.

B. Chemistry and Structure of Bilirubin

Most of the bile pigments are open chain tetrapyrroles, consist-
ing of four pyrrole rings linked by three methene (-CHZ-) or methyne
(=CH-) groups. Each of the rings has two side chains. It is the number
and position of the side chain groups, and the position of the doub;e
bonds that are the distinguishing features of the different bile

rlgments. 10

KI ﬂa

(J LJ

Fig. 2. Pyrrole Ring and Pyrrole Side Chains



The bile pigments are derivatives of the porphyrins, specific-

ally protoporphyrin IX. ( See fig. 4). They are formed by oxidative

148--!::;;E--- cH

Figure 3. Porphyrin 8keleton Structure

!

cleavage of the alpha methyne bridge.ll
Bilirubin is insoluble in water at physiologic pH, but it is

quite soluble in chloroform and other nonpolar organic compounds. It

is water soluble at pH 11.3 or in blood serum in the presence of serum

a.lbumin.12 Bilirubin is a weak acld by virtue of the two side chain

carboxyl groups. (See figure 6) It is commonly accepted that the insol-

ubility of bilirubin in neutral aqueous solutions is a result of strong

intramolecular hydrogen bonding of the type shown in figure 9. This

has given rise to the possibility of two tautomeric forms of bilirubin.

(See fig. 9) Arguments favoring both tautomeric forms have been presented,

based on optical, infrared and nuclear magnetic resonance spectroscopy.lz'n'14
The red color of the bile pigments is produced by conjugated

carbon-carbon double bonds., The urobilinogens, derivatives of bilirubin

which do not have conjugated double bonds are colorless. When they are

oxidized to urobilin, the central tridge becomes unsaturated and
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Figure 4., Structure of Protoporphyrin IX.
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Figure 6. Structure of Bilirubin
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electron resonance over the conjugated double bonds resiilts in a very
strong color?'o(see Fig. 7)

Bilirubin conjugation takes place in the microsomes of the
hepatic cells. The glucuronic acid donor is uridine diphosphate glucur-
onic acid and the reaction is catalyzed by uridine diphosphate glucuron-
yl transferase, > (see fig. 5)

Though glucuronide conjugation is predominant in humans, there
are traces of other bilirubin conjugates. In animals alternative methods

of conjugation are widely utiligzed. There is one report of bilirubin

phbephte 1 hussn 5118 LORRI Lo Teports of VINARA Rl fite, Yoo 1P

There 1s also one report that refutes the existence of bilirubin

sulfate in human bile.18

Glucose and xylose conjugates of bilirubin have been reported

in dog bilel9, and bilirubin glucoside has been reported in rat bile '20

but whether this is of significance in other species has not been

21

established. Taurine conjugates have been reported in chick and +to

19

a much lesser extent human bile. There are also reports of disacharr-

idic conjugates identified as: a hexuronyl hexuronide, and a mixture

of aldobiuronides. 21,22

C. The Clinical Determination of Bilirubin
and Its Conjugates

What is of importance in the clinical laboratory is not only
the determination of the total serum bilirubin level, but also the
amounts of free and conjugated bilirubin, commonly referred to as the
indirect reac‘f;ing and direct reacting bilirubin respectively. The
methods used for serum bilirubin determination involve direct spectro-

Photometry, solvent partition, and the reaction of bilirubin and its

10
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conjugates with a diazo salt of an aromatic acid.

The direct spectrophotometric method measures the absorbance
of a substance at the wavelength of its maximum extinction. The
methods used take advantage of the fact that free bilirubin has an
Ema.x around 454 nm., while conjugated bilirubin has an me around
420 nm. 23924,25 Frem the absorbances at these two wavelengths,Fogg
and Baaken have derived a mathematical formula from which the direct
and indirect bilirubin can be calculated® This method may be affected
by the presence of hemoglobin in cases of hemolysis in newborn 1nfants.2u
The wavelength at which maximum extinction occurs may vary with pH and
solvent.26’27 |

Partition of the pigments between chloroform and water phases
;there the 1lipid soluble free bilirubin will be extracted by the chloro-
form phase and the water soluble conjugated bilirubin will be extracted
by the water phase, has been used for quantitative determination of
free and conjugated bilirubin. The concentration of free and conjugated
bilirubin can then be determined by direct spectrophotometryzu’zs or
Dy.the 44820 method: 2’ .0ne mroblen:-is that the. partition ds very:pH
dependent. Also bilirubin monoglucuronide seems to have properties
1ﬂtemediate between free bilirubin and bilirubin diglucuronide, and
it is extracted to some extent into the chloroform giving a falsely

high indirect bilirubin.zu There is also no pH value where free bilir-

ubln can be extracted quantitatively into chloroform,2'?28
The diazo methods are based on the assumption that at strong

acld pH values the bilirubin conjugates wlll react with diazotized

sulfanilic acid quickly,while the unconjugated bilirubin will react

slowly and only after the addition of an accelerator such as, methanol,
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ethanol, diphylline, sodium benzoate, sodium acetate or urea. Actually
free bilirubin may react slowly in the absence of an accelerator, and
this reaction may be hastened by the presence of impurities in the serunm.
Even after one minute with no accelerator present, measur;ble amounts

29

of unconjugated bilirubin may react. Conversely, bilirubin mono-
glucuronide reacts sluggishly with the diazo reagent. Billing, Cole
and Lathe, ° using trace amounts of conjugated bilirubin obtained
chromatographically have shown that after 30 minutes fairly large per-

centages of bilirubin monoglucuronide falled to react with diazo reagent.

D. The Diazo Reaction

The diazo reaction, discovered in 1883 by P. Ehrlich, is the
most widely used method for bilirubin determination. He added 0.1 %
diazobenzene-sulfonic acid in HCl-alcohol to bilirubin in chloroform
to yield an intense blue color,31

In 1916, Hi jmans van den Bergh and Muller discovered that icter-
ic sera from persons with obstructive jaundice reacted with aqueous
.diazo solution, while sera from persons wlith hemolytic Jjaundice did
not react with the diazo solution to give a color until ethanol was
added. The two reactions were named direct reacting and indirect react-
ing bilirubin respectively. It was postulated that there were two
forms of bilirubin involved but not much progress was made in proving
it until 1951 when Yamaoko and Kosaka postulated that the direct
reacting bilirubin is an ester of the indirect reacting bilirubin,
which 1s an acid.’? Cole and Iathe’> in 1953 separated the two
fractions by reverse phase partition chromatography,and other workers
have shown that the direct reacting pigment is the glucuronic acid

ester of the indirect reacting plgment,(ie. free bilirubin) 32 >%*3
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The reaction of bilirubin with diazo reagent proceeds with the
cleavage of the central methene bridge to fo.fﬁ two dipyrrolic isomeric
azopigments. (see fig.l0) The cleavage of bilirubin monoglucuronide
will produce one azopigment molecule and one azopigment glucuronide
molecule, while the reaction with bilirubin diglucuronide will produce
two azopigment glucu:r:onides.3 5

It was widely believed for many years that the ability of
conjugated bilirubin to react directly with an aqueous diazo reagent
was a consequence of its water solubility, and for the free bilirubin
to react, the accelerator must be present to make it soluble. There is
now evidence to the contrary. Neither pure solutions of bilirubin in
water at very lowconcentrations, nor micellar solutions of bilirubin
in water with sodium taurocholate react directly.lo More recently,a
hypothesis was proposed by lester and Troxler 0 explaining the direct
and indirect reactions based on the postulated existence of intramolec-
ular hydrogen bonding in bilirubin. If hydrogen bonding between the
carbonyl oxygen and the pyrrole ring nitrogen were to occur, the access
to ‘the central methene bridge by the diazo reagent would be diminished
by steric interference. ( see fig. 10) Recently evidence of such bond=-
ing, by infra red, and nuclear magnetic resonance spectrsocopy, has been
put forward.36 Also, it is interesting that many of the accelerators
of the diazo reaction, such as methanol and 6 M iirea, are compounds
that are known to disrupt hydrogen bonds.

lester and Troxler,'° have found that dimethyl mesobilirubin,
which is similar to conjuzated bilirubin in that it has its carboxylic
acid groups tied up in an ester linkage, reacts directly. But,it is
insoluble in water. Conversely, mesobilirubin, which is soluble in water,

but has its carboxyl groups free to engage in hydrogen bonding,reacts
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indirectly. (See fig. 11)

E. Statement of the Problem

1. Background

All of the methods for the determination of free and conjug-
ated bilirubin suffer from some deficiency. This is complicated by
the fact that conjugated bilirubin has never been quantitatively
isolated in pure form in the amounts that would warrant its manufact-
ure so that it could be used as a laboratory standard. Only free
bilirubin is available in sufficient quantity and purity that it can
be used as a standard for clinical determinations.'®

One of the reasons it is so difficult to separate conjugated
bilirubin from bile, is the complexity of bile. One of the major
constituents of bile 1s the bile salts, sodium salts of the glycine and
taurine conjugates of cholic and deoxycholic acid. They are water sol-
uble and present in normal bile in concentrations of 200 to 800 mg. per
100 ml. Inorganic ions are present in much the same ratio as they are
present in serum, with the exception of magnesium which is found only
in trace quantities. The lipid components of bile are neutral fats,
cholesterol, and phospholipids such as lecithin. Cholesterol is very
important, considering the role it plays in the formation of.gallstones.
It may be present in concentrations of 200 to 800 mg. per 100 ml. Also
present are mucoproteins, ammonia, urea, purine derivatives and amino
acids. The bile pigments are present almost totally in the form of bili-
rubin, mainly in the conjugated form. The bilirubin content of normal
bile may be 2.3 to 18 mg. per 100 ml., although during and after cases

of obstructive jaundice the level may be higher. 37
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Another problem is the extreme instability of the bilirubin
38

conjugates. Ostrow and Murphy” have isolated small amounts of conj-
ugated bilirubin which was dissolved in phosphate buffer. The solution
was stored in the dark, at -5°C., but it still slowly oxidized to bili-

verdin or isomerized to dihydroblliverdin.
2. Proposed Method

One very commonly used method for the separation of different
chemical components is column chromatography. This method has been tried
by some workers,23'3o'39 but because of the immense complexity of bile,
quantitative recovery has never been achieved. Some workers have tried
solvent extraction methods to separate the conjugated bilirubin from
the other components of ‘Dile,Bs’M)'u'1 but these methods are very involved
and tedious.

This investigation has attempted a new method of partial
removal of non-blile pigment components of bile, followed by further sep-
aration of the pigments by column chromatography. Possibly one of the
reasons that column chromatographic work with the bile pigments has never
been too suceessfil is that there 1s too much interference from the
other components.

The preliminary purificafion was by ultrafiltration,using a 500
molecular weight exclusion value membrane filter. The bile pigments (m.w.
free bilirubin=540) will be retained by the filter,while the lower molec-
ular weight bile salts and cholesterol and lecithin will pass through

into the ultrafiltrate.



CHAPTER II

REVIEW OF THE LITERATURE

A. Solvent Partition Methods

One of the first solvent partition methods for the separ-
ation of the conjugated bile pigments was developed by J. Lucassenuo
in 1961, It is based on the extreme solubility of the sodium salt of
conjugated bilirubin in water. Lucassen started with fresh human T-tube
bile from patients with obstructive jaundice, which was put through
two pH changes followed in each case by centrifugation. The first pH
change precipitated the blle salts as bile acids, and the second prec-
ipitated the conjugated bilirubin. The conjugates were subsequently
dissolved in acetone, the pH was again readjusﬁed, and by using alco-
holic .1 N NaOH the sodium salts of conjugated bilirubin were precipit-
ated, Iucassen claimed a 90% purity for his preparation.

He found the di-sodium salt of bilirubin diglucuronide to be
an extremely hygroscopic, amorphous, yellow powder that is very soluble
in water. Upon exposure to sunlight or standing in moist air it turned
green, but if it was kept in a vacuum dessicator, in the dark, it was
stable for one year. 40,42

A more extensive solvent partition method was developed by
Talafant and Abpelt. '~ Their starting material was dog gallbladder - bile,
which was readily available. It also contained many taurine conjuzated,

rather than glycine conjugated, bile salts. The taurine conjugated
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bile salts are easier to separate by solvent partition. They also noted
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that gallbladder bile is more stable than hepatic bhile.

A total of 2.5 volumes of acetone was ‘a.dded to one volume of
bile. A precipitate formed and was removed, and an additional 7 volumes of
acetone were added to the clear supernatant. A precipitate formed which
was dissolved in water and re-precipitated by addition of acetone. This
acetone precipitate contained 4-7% bilirubin, mainly in the cmjugated
form, bile salts, and some ninhydrin positive material. The precipitate
was removed, dried, and subsequently @&issolved in water and then acidified
with 1 N acetic acid. Two volumes of acetone were added, and the precip-
itate was removed by centrifugation. Seven volumes of acetone were then
added to the supernatant and the precipitate was collected, washed with
acetone and dried. The product was a powder which contained more than 10%
bilirubin.

To obtain a more concentratgd preparation, thlis powder was
dissolved in water, precipitated with 0.1 M cinchonidine acetate, suspended
in aqueous tris (hydroxymethyl) aminomethane and extracted with chloroform,
The aqueous layer of the preparation was acidified and the bile pigments
were precipitated with 1% lead acetate. They were suspended in water and
shaken with a Dowex 50=X slurry. The mixture was centrifuged, the clear
layer was evaporated to dryness, dissolved in methanol and evaporated to
dryness again. A solid powder was produced which the a.uthqr said contained
91.4% bilirubin diglucuronide. The properties were similar to those
described by Lucassen.

The most extensive solvent partition method was that of Ostrow

and Murphy. 38

Their starting materials were human T-tube postoperative
bile and rat bile. They first separated the lipids from the bile i)ig-

ments and the bile salts by extraction of bile first with chlorofornm
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and then with petroleum ether. The aqueous phase from these extract-
ions was then acidified to pH 3.2 and extracted with ethyl acetate. The
bile pigments were extracted into the ethyl acetate phase, as they are
insoluble in water at low pH values. The bile salts remained in the
aqueous phase. The ethyl acetate phase was changed to pH 7.4 with
phosphate buffer, at which point the bilirubin conjugates now dissolved
in the phosphate buffer phase. The steps of lowering the pH, ethyl
acetate extraction and extraction back into phosphate buffer were then
repeated. This was followed by another chloroform extraction. The
resulting substance was a mixture of bilirubin conjugates in 50 milli-
molar phosphate buffer, which the authors referred to as C.B.M. prep-
aration.

The yield of this process according to the diazo method ard
radioactive labelling was 42-60% for rat bile and 15-22% for human bile.

The yleld with human bile was lower because of the extra difficulty

involved in the extraction of glycine conjugated bile salts. The concen-
tration of bilirubin in the human C.B.M. preparation was 60 to 100 mg.
per 100 ml. Chemical analysis of six C.B M. preparations and two cryst-
alline samples ylelded no detectable bile salts, cholesterol, phospho-
lipids or free bilirubin.

Thin layer chromatography of the C.B.M. preparation gave only
two spots. When these spots were hydrolyzed and then developed in
another direction, they were both shown to be glucuronides. Thin layer
chromatography with a solvent system of chloroform, methanol, acetic
acid (85:15:3) showed the monoglucuronide to be more mobile than the
diglucuronide.

All C.B.M. or crystalline conjugated bilirubin samples had
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absorption maxima at 450 and 420 nm. The former peak was more intense

in aqueous and methanolic solution, and the latter was more intense in
ethyl acetate. The millimolar extinction coefficient of the bilirubin
conjugates at 450 nm. (their concentration being determined by radio-
active labelling techniques) was 59.8 2 0.8 cm.-l The wavelengths of
the maxima and the extinction coefficients were independent of the mrop-
ortions of bilirubin monoglucuronide and diglucuronide in the prepar-
ations.

The direct diazo reaction of the C.B.M. preparation had an
absorption maximum of 560 nm., with the extinction averaging 12 ¥ 2 %
higher than that for the total diazo reaction of the same sample in
methanol. These values were independent of the ratio of monoglugur-
onide and diglucuronide. The direct but not the total absorbance was
supressed when the C B.M. preparation was a&ded to human or rat serunm.
No reason for this was given or suggested by the authors.

When stored in the dark under air at -15°C., C B M. preparations
oxidized at a rate of less than 1% per day. When incubated in the dark
under air at 37° C. at pH 7.0, the rate of oxidation was less than 1%
per hour. Thin layer chromatography of the oxidized pigment showed that
biliverdin monoglucuronide and diglucuronide were formed. Under neither

set of conditions was free bilirubin found.

B. Chromatographlic Methods of Separation

Cole and Iathe,>> in 1953 first separated the direct and indir-
ect reacting bilirubin of icteric sera on silicone treated columns. A
solvent system of chloroform, methanol, carbon tetrachloride, pH 6
phosphate buffer (25:25:18:18) was used. The direct reacting pigment

moved faster than the indirect. In some cases the direct btroke up into
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two bands, but they were always eluted together.

Cole, Iathe and B.'Lll‘.i.ng,23 in 1953,used reverse phase column
chromatography on siliconized kieselguhr with bile, serum and urine of
ratients with obstructive jaundice. The solvent system was chloroform,'’
methanol, pH 6 phosphate buffer, carbon tetrachloride (25:25:18:18).
The polar direct pigment broke up into ‘two bands; the less polar
designated pigment I and the more polar pigment II. They also used a
solvent system of n-butanol and 0,005 M pH 6 phosphate buffer which
resolved the direct reacting pigment into two pigments. With the first
solvent system both of the polar direct reacting pigments had absorpt-
ion maxima at 419 nm., while the indirect reacting pigment had its
maximum at 454 nm. With the second solvent system the indirect pigment
had an Ama.x at 450 nm., pigment I at 452 nm. and pigment II at 448 nm.
It was also noted that urine contalned greater proportions of pigment I
while serum contained proportionately more pigment II.

Billing, Cole and Ia.\‘.he,3 0 in 1956, found that if the polar
direct reacting pigments are diazotized, there will be two azopigmenss
formed, azopigments A and B. These two pigments were separated by paper
chromatography, using a mobile phase of isopropyl ether and n-heptane
(3:2) and a stationary phase of 70 % acetic acid. Pigment A moved with
an R, value of 0.8,while pigment B had an R

f . 4
were tested for amino acids with ninhydtin and for sugars with naptho-

value of 0.15. The spots

resorcinol. Pigment B showed a blue color with napthoresorcinol, which
is indicative of the presence of a pentose or uronic acid. Pigment B

was hydrolyzed,and the product of the hydrolysis moved with the same

Rf value and stained with the same color as a uronic acid spot which

was also applied to the paper. Pigment B was thus shown to be the glucur-

onide of pigment A.
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Tenhunen® in 1965,applied human bile which had been centri-
figed at 300 g's for ten minutes to thin layer chromatography plates
of kieselgel G. The plates were dried 30 minutes at 105-110° C. and
stored in a dessicator prior to use. The plates were developed in a sol-
vent system of acetone, n-butanol, propionic acid and water (7:4:3:3)
for 35 to 40 minutes during which time ihe solvent front travelled 12-14
cm. The fractlons were removed with a steel splinter, and they were
eluted from the kieselgel with a mixture of 0.001 M pH 6 phosphate
buffer and methanol (1:1). Half of each eluate was assayed for bilir-
ubin by the diazo method, while the other half was assayed for gluc-
uronic acid. |

Tenhunen was able to separate five fractions on his thin layer

plates as shown in table 1.

TABLE 1

BILE FRACTIONS SEPARATED BY TENHUNEN BY THIN LAYER CHROMATOGRAPHY

Fraction Rf value Identification

1 0.70 Free bilirubin

II 0.50 Bilirubin monoglucuronide
5 i 5 & 035 Bilirubin diglucuronide
IV 0.25-0.30 Billrubin sulfate

v 0.04-0.06 Bilirubin phosphate

Tenhunen also separated diazotized bile plgments by thin layer
chromatography. Centrifuged bile was diazotized with sulfanilic acid,
and was then allowed to stand for thirty minutes. The azopigments were

then extracted three times with a three fold volume of heptane, n-butanol
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(7:3) and three times with a three fold volume of chloroform,to remove
the bile salts. Twenty five to fifty microliters of dilazotized solut-
ion thus extracted were applied to plates which were mrepared as described
above. The solvent system was methyl ethyl ketone, propionic acid and

water (20:15:5). Five fractions were again separated as enumerated in

Table 2.
TABLE 2
DIAZOTIZED BILE FRACTIONS SEPARATED BY TENHUNEN
Fraction Rf value Identification
I 0.70 Diazo compound of free bilirubin
TL 0.30-0.35 Taurine conjugates of bilirubin
III 0.18-0.24 Azobilirubin glucuronides
IV 0.15 Sulfate derivative of diazotized
bilirubin
v 0.02-0,.06 Phosphate containing fraction

Tenhunen also used radioactive labelled sulfate, phosphate and
taurine to help in the identification of these spots.

Jacobsen%9 in 1969, separated bilirubin monoglucuronide and
diglucuronide by gel filtration. A sample of bile prepared by Lucassen's
method was applied to a column of Sephadex LH-20 (Pharmacia), an alkyl-
ated cross linked dextran. An ethanol-water solvent system (1:1) was
used with a flow rate of 15 ml. per hour. The concentration of the
eluate was 2 mg. bilirubin per 100 ml. solvent, but the results were
variable depending on the age of the starting materials.

Bilirubin diglucuronide was the faster of the two fractions,

They both reacted directly with the diazo reagent, even when the alcohol
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was evaporated from the solvent. They both showed an Amax at 454 nm,
The eluate consisted of 10% azo negative impurities which were thought
to be ethanol soluble substances leached out of the Sephadex LH-20

Extinction at 454 nm,

1 5 10
Fraction Number

Fig. 12 Elution Curve of Sephadex LH-20 Elution of Bilirubin
Conjugates by J. Jacobsen

Kuenzele?2 in 1970, was able to separate 8 different azopig-
ments from diazotized bile bilirubin. The three bilirubin fractions
of human hepatic bile were separated by reverse phase partition chromat-
ography on silicone treated celite with a solvent system of l-butanol
and pH 6 phosphate buffer (1:1). The three fractions were treated with
diazotized aniline, and the resulting azopigments were re-chromatographed
on a silicone treated celite column. The fractions thus obtained were
further separated by adsorption chromatography on anhydrous sodiun.
sulfate with the use of chloroform followed by a gradient of ethyl

acetate in chloroform. Finally the azopigments were eluted again through
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a silicone treated celite column. This time a solvent system of l-octan-
ol, di-isopropyl ether, ethyl acetate, methanol and acetic acid (1:2:12:3:4)
was used.

Thompson and Hbffman?z

in 1971, used thin layer chrbmatography to
study concentrated bilirubin diglucuronide solutions prepared by the
method of Ostrow and Murphy, commercial bilirubin and synthesized bili-
Tubin dimethyl ester. Glass plates coated with 0.5 mm. thick layers of
silica gel H were prepared, dried at room temperature, activated at 110°
C. for thirty minutes and stored over calcium sulfate. A solvent system
of liquified phenol, water and pH 4.6 buffer (36:5:9) was used in rre-
equilibrated tanks. The plates were developed in the dark at 22°c.

Bile pigments were detected by examining the plates for yellow
and green spots. Diazo positive pigments were detected by spraying the
plates with fresh 1% diazo solution. Carbohydrates were identified by

spraying with concentrated sulfuric acid, water (1:1) and heating.

TABLE 3

RESULTS OF THIN LAYER CHROMATOGRAPHY OF BILE
BY THOMPSON AND HOFFMAN

Rf Identity Comments

1.0 cholesterol lecithin detected by charring with stou
1.0 bilirubin dimethyl ester ————

.70-.85 bilirubin ———

.60 biliverdin blue green spot

.48-.50 glycine and taurine conjugates of detected by charring with sto“

deoxycholic acid

J40-,44 glycine and taurine conjugates of detected by charring uith.HZSOQ
cholic acid

.38 bilirubin monoconjugates e

<34 bilirubin diconjugates ———
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L
Hayes 3 attempted to separate conjugated bilirubin from hog gall

bladder bile by the method of Cole, lathe and Billing.23 His starting
material had oxidized in the gall bladder to a green fluid, probably
biliverdin and biliverdin glucuronides. The separation procedure ylelded
no diazo-positive pigments. Reduction of the bilirubin with sodium boro-
hydride was attempted, and even though there was a slight lessening of
the deep green color, the pigments still gave a negative dlazo test.

A second bile sample from slaughtered hogs,which had been immed-
iately frozen after collection was subjected to NaBHb reduction. The
sample was sealed in an air tight flask and stood 24 hours at room
temperature. Small aliquots of the sample gave an immediate diazo posit-
ive red color. He reported that the golden yellow fluid thus obtained
after reduction of whole bile evidently contained reduced bilirubin
conjugates in a form which was stable for a long time and gave an immed-
iate diazo test. The pigments were not extracted from the bile sample,

Pavlicko'' used the method of Cole, Iathe and Billing?> to obtain
bilirubin diglucuronide from hog bile. The blle was first purified and
then chromatographed on a siliconized kieselguhr column. It was eluted
from the column with .005 M phosphate buffer (pH 6) saturated with but-
anol. Fractions of 2 to 5 ml. were collected, and out of 160 fractions
collected, 149 showed visible color with an Ahax at 430 nm. The fract-
ions contained 12.6 mg. per 100 ml. bilirubin compared to the original
bile which contained 32 mg. per 100 ml.

Next an attempt was made to separate bilirubin diglucuronide
from the fractions. An adapatation of anassen'suo was used. The fract-
ions were made to contain 90% acetone. To this a 0.1 N NaOH solution

in 96% ethanol was added to btring about a pH change from 5 to 7. At this
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point a flocculent precipitate of bilirubin diglucutonide was to form.uo

However, upon the addition of acetone to the eluate (pH 5), a sticky
tarry material formed. This material was thought to be some lipid mater-
ial or bile acid that had not been completely removed.

The kieselguhr eluate was then further purified by chromatography
on a column of Sephadex G-10 (Pharmacia). The Sephadex eluate was again
~ subjected to the ILucassen method of precipitation of bilirubin digluc-
uronide. The eluate was made to contain 90 % acetone with no problem.
The 0.1 N NaOH was added to change the pH from 5 to 7, but no yrecip-
itate or any other material formed.

Kllneysr’? iried-tosseparate ihe blifaubin. oonjugsten:toos
human t-tube bile purified by the method of Lucassen.“o He used a 15
x 240 mm. glass column packed with Sephadex G-10 (Pharmacia). The
elution was run under a nitrogen atmosphere and the eluting solvent was
pH 7.4 phosphate buffer.

A liter of bile with 56 mg.% direct reacting and 77 mg.% total
bilirubin was purified by Lucassen's method to yleld 65 mg. of solid
residue, which contained 14.5% direct reacting and 22.5% total bili-"
rubin by weight. Five mg. of this residue was dissolved in 1.0 ml.
of pH 7.4 phosphate buffer, introduced onto the Sephadex column and
eluted at a flow rate of 0.46 ml. per minute. The Luéassen residue
introduced onto the cqlumn contained 0.725 mg. direct reacting and 1.125
total bilirubin. The total volume of eluate contained only 0.09 mg. of
direct reacting and 0.5 mg. total bilirubin. He attributed the failgre
of the greater portion of the bilirubin to be eluted from the column to
the possibility that the bilirubin became permanently adsorbed on the

surface of the gel, due to the aromaticity of bilirubin.
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Killmeyer also did some thin layer chromatography work which
was the basis of a part of the present paper. He used samples of centri-
fuged bile (4,300 g's for 25 minutes), bile acidified to pH 6 with
oxalic acid, bile purified by Lucassen's procedure and commercial bili-
rubin dissolved in phosphate buffer. The work was done on pre-heated
glass plates coated with 0.25 mm. silica gel G, pre-heated Eastman Chroma-
gram sheets and non pre-heated Eastman Chromagram sheets. He used two
solvent systems. Solvent system A was a mixture of acetone, butanol,
propionic acid and water (7:4:3:3), while solvent system B contained
butanol, acetone, propionic acid and water (7:4:3:3). This was the
first demonstration of separation of bile pigments using Eastman Silica
Gel G Chromagram sheets. The results of Killmeyer's thin layer chroma-

tography work are tabulated in Table 4.

TABLE &4

BILE FRACTIONS SEPARATED BY KILIMEYER BY THIN LAYER CHROMATOGRAPHY

Sample utilized Plate Rf values of fractions Solvent
systen
Cent. bile glass 45 .66 1.00 A
Commercial bilirubin glass 1.00 B
Iucassen residue glass 49 .59 1.00 B
Iucassen residue glass .59 B
pH 6 bile glass .71 1.00 A
Lucassen residue glass .81 A
PH 6 bile pre-heat Chromagram .58 .72 1.00 A
Lucassen residue rre-heat Chromagram .58 .72 A
Commercial Bilirubin pre-heat Chromagram 1.00 A
Cent. bile Chromagram +55 74 1,00 A
Cent. bile Chromagram .62 .80 1.00 A
Commercial bilirubin Chromagram 1.00 A
Iucassen residue Chromagram .62 .80 A
pH 6 bile Chromagram 80 .77 1.00 A
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CHAPTER III

MATERIALS AND APPARATUS

A. Materials

Absolute alcohol was U.S.I. pure ethyl alcohol, U.S.P., obtained
from U.S. Industrial Chemicals, New York. Bilirubin was purchased from
Nutritional Biochemicals Corp., Cleveland,Ohio. It was certified by the
American College of Pathologists, and it had a molar absorptivity in
chloroform of 60,000 * 600. The cholesterol used was Fisher Certified
Reagent. The sodium taurocholate was obtained from Nutritional Biochem-
icals Corp. The manufacturer stated that it was obtained from the bile
of carnivores and that it contained small amounts of sodium glycocholate.
The glucuronic acid was crystalline, grade 1, 99% pure, from Sigma Chem-
ical Co., St. Louis. The Carbazole was Fisher Certified Reagent,purchased
from Fisher Sclientific, Fair lawn, New Jersey.

All water used for the preparation of reagents, and the rinsing
of glassware, was distilled and deionized.

The bile was obtained from local hospitals from patients who had
T-tube drainage. The bile was placed in a brown bottle and refrigerated
until it could be brought back to the laboratory.

ACD and CPD plasma was obtained from the blood banks of local
hospitals. It was stored at 4° C. and centrifuged 15 minutes at 3,200

r.p.m. prior to use.
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Silica gel, .2-.5 mm., was purchased from Brinckmann Instruments,
festbury, N.Y. The 100 mesh silie¢ic acid was purchased from Mallinkrodt.

For thin layer chromatography work, Eastman Chromagram Sheets,
#6061 silica gel G without fluorescent indicator, were used. They were
obtained from Fastman Kodak Co.

The Amberlite XAD-2, polystyrene column packing resin, was a
gift from Rohm and Haas, Philadelphia, Pa.

All other chemicals used were reagent grade.

B. Apparatus

All fluorometric work was done on a Turner Model 111 Fluorometer
(G.X. Turner Associates), with Turner filters. Spectral scans and the
determination of the extinction coefficient of bilirubin in chloroform
were carried out in a Beckmann Model DB Spectrophotometer. A Sargent
Recorder, model SRL, was used for recording the spectral scans and the
progress of the elutlons. Quantitative assays for bilirubin and gluc-
uronic acid were carried out with a Spectronic 20 spectrophotometer (Bausch
and Lomb). A Thomas Flow Cell (Arthur H. Thomas Co.) was used in conjunct-
ion with the Spectronic 20 for column elutions.

The Buchl Rotary Evaporator was purchased from Buchi,Switzerland.
The Amicon Stirred Ultrafiltration Cell, Keservoir and UM-05 membrane
filters were purchased from The Amicon Corp.,lexington Mass.

Centrifugation was carried out using either an MSE HS-25 refrig-
erated centrifuge (MSE Ltd.) or a Sorvall Model GILC-1 (Ivan Sorvall,Norwich

Conn. ).
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The thin layer chromatography Chromagram Sheets were spotted with
a Ziptrol 0-5 microliter capillary pipette and were developed in an East-

man Chromagram Developing Apparatus.
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CHAPTER IV

EXPERIMZNTAL

A. Assay Methods

1. Bilirubin

a. Reagents

The procedure for the determination of bilirubin was the Malloy-

Evelyn method ,%’47 12,48

as modified by Kingsley et al. For solution A,
15 ml. of concentrated HCl was added to 985 ml. of deionized water. To
this, one gram of sulfanilic acid was added, and it was stirred until
it dissolved. For solution B 0.5 g. of sodium nitrite (NaNOZ) was added
to 100 ml. of deionized water. Solution B remains stable for several
months if stored at 4° C.

A diazo blank was prepared by adding 15 ml. of concentrated -
HC1 to 985 ml. of deionized water. To prepare the diazo reagent for use,
0.3 ml. of solution B was added to 10 ml. of solution A. This reagent is
unstable and a fresh mixture was prepared for each set of determinations.

The mixed reagent was always stored on ice.

b. Procedure

To each of two standard 19 x 105 mm. cuvettes were added 4.0
ml. of water and 0.5 ml. of serum. To one tube 1.0 ml. of diazo blank
was added, and to the other 1.0 ml. of fresh diazo reagent. The Spectr-

onic 20 was set with the serum diazo blank at zero absorbance.
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The absorbance of the serum was read after exactly one minute, at 540
nm., for the direct reacting bilirubin.

To both tubes 5.5 ml. of absolute methanol was added, and mixed
by inversion. These were read after exactly 20 minutes to give the total
bilirubin,

The absorbanees were compared to those on a standard curve.

The absorbance of the direct reacting bilirubin was divided by two to
compensate for the fact that the direct readings were based on a volume
of 5.5 ml., while the totals were based on 11.0 ml.

When using bile, which had a greater concentration of pigments
than serum, high absorbances (ie. greater than 1.5) were encountered
and they could not be read accurately. In these cases the procedure
was modified by adding 0.1 ml. of bile to 4.4 ml. of water. The absorb-

ances were then read from the standard curve, and the values were correct-

ed for dilution.

c. Preparation of a Standard Curve

A 0.1 M phosphate buffer, pH 7.4, was made by dissolving 11.92
grams of anhydrous dibasic sodium phosphate (NaZHPO4) and 2.8 grams of
anhydrous monobasic potassium phosphate (KHZPOQ) in deionized water
and diluting it to one liter. A 5 N NaOH solution was prepared by diss-
olving NaOH in an appropriate amount of coz free deionized water. Alka-
line solvent was made by adding 1.0 ml. of 5 N NaOH to 100 ml. volumetric
flask and diluting it to 100 ml., with pH 7.4 phosphate buffer. The pH
of this 20 mg.% solution should be 7.4 * 0.1,

Another solution was prepared in a like manner, but the bili-

rubin was omitted. This served as a blank. Both standard and blank
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Figure 13. Absorbance of Diazotized Bilirubin in ACD Plasma-
Phosphate Buffer vs. Concentration at 540 nm.
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solutions were then progressively diluted with water to obtain the
following concentrations of bilirubin; 15 mg.%, 10 mg.%, 5 mg.% and
2.5 mg. % A 0.5 ml aliquot of each standard and blank was added to
two cuvettes, 1.0 ml. of fresh diazo solution and 5.5 ml. of methanol
were added, and the absorbances were read at 540 nm. on a Spectronic
20 spectrophotometer after 20 minutes. The resulting absorbances were
then plotted on a graph to make a standard curve. {See fig. 13)

e Cholesteroll""9

a. Reagents

Acetic acid-chloroform (3:2) was made by mixing 30 ml. of
reagent grade acetic acid with 20 ml. of chloroform. Chloroform -acetic
anhydride (10:3) was prepared fresh daily by mixing 100 ml. of chloro-
form with 30 ml. of acetlc anhydride.

A standard solution of cholesterol was mixed by dissolving
25.0 mg. of cholesterol in 10.0 ml. of chloroform in a 10 ml. volum-

etric flask. This 250 mg.% standard solution was stored at 4° c.

b. Procedure

The procedure was fluorometric and carried out on a Turner
Fluorometer. Turner primary filters 160 and 58 were used for excit-
ation and number 23A was used as a secondary filter for the measurement
of fluoresence.

Twenty microliters of bile, blank (water) or standard were
pipetted into the bottom of a centrifuge tube. Next 0.2 ml. of acetic
acid-chloroform reagent was added. A momentary precipitate may form,

but it will dissolve upon mixing. Then 5.0 ml. of chloroform-acetic
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anhydride was added, followed by a brief mixing. Next 0.2 ml. of concen-
trated sulfuric acid was added. This was followed by thorough mixing in
a vortex mixer.

If the mixture was turbid, it was centrifuged and the clear super-
natant was decanted into the fluorometer tube. Forty minutes after the
addition of the sulfuric acid the tube was placed in the fluorometer,

which had been blanked with a dummy cuvette.
c. Calculations

The fluorescent reading of the bile sample 1s recorded as Ru’

the blank is recorded as R, and the standard as Rs. The concentration of

b
cholesterol in mg.% is given by the formula:

Ru - Rb
mg.% cholesterol = R—_T x 250 mg.%
S

3. Bile Salts

The bile salts were determined spectrofluorometrically by the

procedure of Mroszcak and Riegelman.50

This procedure gives almost ident-
ical fluorescent intensities for equal concentrations of each one of

the bile salts. Turner filter # 48 was used as the primary filter for the
excitation of the molecules, and Turner filters# 65A and 2A-12 were used
as secondary filters for the measurement of fluorescence. Evaporation to
dryness was accomplished by using a jet of nitrogen which was directed onto
the surface of the liquid in a test tube, while the test tube was immersed

in 40° C. water.



a. Reagents

A barium hydroxide solution was prepared by adding 6.0 g. of
Ba(OH)2'8H20 to 100 ml. of freshly boiled water. The mixture was then
quickly filtered through glass wool and stored in a tightly stoppered
polyethylene bottle. A Vzinc sulphate solution was prerared by adding
10.0 g. of ZnSOu to 100 ml. of deionized water and storing in a glass
stoppered bottle.

"Pure solvents upper phase"”, was a solvent mixture used by Folch
et. a.1.51 for lipid extraction. It consisted of chloroform, methanol
and water (3:“8;47). The 0.29% pure solvents upper phase sodium chloride
solution was made by substituting 0.58% Na Cl solution for water in the

above mixture.
b. Procedure

To 0.1 ml. of bile was added 1.75 ml. of absolute ethanol, 0.1
ml. of barium hydroxide solution and 0.5 ml. of zinc sulphate solution.
This precipitates the protein and bilirubin (the latter causes high
fluorescent readings). After mixing, the samples were centrifuged at
2,400 rpm. for 10 minutes. One ténth volume (0.2 ml.) of the super-
natant fluid was transferred to another test tube and evaporated to dry-
ness. To the residue was added 0.1 ml., of deionized water and 3.9 ml.
of éhloroform-methanol (2:1). This was then mixed well with an aqueous
NaCl solution (7.0 g. per liter). The phases separate, the bile salts
are partitioned into the more polar upper phase (methanol-water), which
is drawn off with a Pasteur pipette. Phospholipids, fatty acidé and ‘
cholesterol migrate into the less polar (chloroform) lower phase. To

ensure quantitative removal of the bile salts, the lower phase was

39
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rinsed three times with 1.0 ml. of "pure solvents upper phase-with 0,29%
NaCl." These were combined with the upper phase and and the mixture
was made up to a volume of 5.0 ml. with methanol. A 0.25 ml. aliquot
was transferred to another test tube and evaporated to dryness. To the
residue 5.0 ml. concentrated sulfuric acid was added. It was then mixed
thoroughly and hested in a water bath at 60° % 1° 6. for 60 minutes.
After this period the samples were immediately placed in an ice bath
for 5 minutes. After removal and equilibration to room temperatiure the
fluorescence was measured.

Standard solutions of sodium taurocholate were prepared in
deionized water, ranging from 0.5 to 2.0 grams per 100 ml. in 0.5 g.
increments. A blank of distilled water was concurrently run with the

standards, and a standard curve was prepared. ( see fig. 14)

4, Glucuronic Acid
For the quantitative assay for glucuronic acid the method of
Bitter and Mulr 2 was used. This method utilizes the reaction of
glucuronic acid with carbazole in the pr:esenc; of sulfuric acid to

produce a red colored product with ane,

Mgl at 530 nm.

a. Reagents

A 0.025 M sodium tetraborate-sulfuric acid solution was made by
dissolving Ka,B,0,'10H,0 in concentrated sulfuric acid. A 0.125% (w/vol.)
solution of carbazole in methanol was prepared. This solution is stable
for 12 weeks in the dark at 4° C.

Glucuronic acid standards, 440 micrograms per liter, were re-
pared from a standard stock solution. The stock solution was glucuronic

acid (40 micrograms per liter) in deionized water saturated with benzoic
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acid.

b. Procedure

Five ml. of sodium tetraborate-sulfuric acid solution was placed
in test tubes with ground glass or teflon stoppers, in a rack. The
tubes were then cooled to 4° C. One ml. of sample was then layered care-
fully on top of the acid. The tubes were closed with stoppers, and
the rack was shaken, at first slowly and then vigorously, while being
constantly cooled under a stream of water. At no time should the temper-
ature of the tubes exceed room temperature. If these precautlons are
omitted, the temperature can rise to 135° in the interface,

Carbazole reagent, 0.1 ml., was added, and the tubes are heated
in a vigorously boiling water bath for 25 minutes. After they cool to
room temperature the absorbance was read on a spectrophotometer at 530
nm. against a blank prepared in a like manner, with water in place of
the glucuronic acid standard. A standard curve was prépa.red using the
4 to 40 microgram per liter stamdards (see fig. 15 s

In assaying the column chromatography eluates for glucuronic
acid, the solvent had to be evaporated and the pigments were dissolved
in phosphate buffer. This was done because the chromatography solvent
system reacted with the reagents to produce a dark opaque substance.

It was also necessary to hydrolyze the glucuronic acid from the bilirubin,
and then remove the colored pigments, bilirubin and biliverdin, as the
color may have interfered with the test.

To hydrolyze the glucuronic acid from the bile pigments, a
phosphate buffer solution of bile pigments eluted from the chromatography

column was mixed with an equal _volume of 2 N HC1l. This mixture was heated
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in a boiling water bath for 60 minutes. Then one gram of activated
charcoal was added, to adsorb the bile pigments. After 15 minutes it
was centrifuged at 550 g's, and the clear supernatant was used for the

glucuronic acid determinations.

B. Thin layer Chromatography

1. General

The thin layer chromatography runs were carried out on Eastman
Chromagram sheets, type # 6061 silica gel G without fluorescent indic-
ator., The sheets were not pre-heated prior to use. Development was
carried out in an Eastman Chromgram Developing Apparatus.

All sheets were spotted under red light with a 5 mlcroliter
pipette. The spots were dried by blowing warm alr across from the opposite
slde, or in the case of column chromatography eluates which were of a
very low concentration, with a stream of nitrogen gas delivered through
a Pasteur pipette nozzle.

The sheets were developed for periods ranging from 60 to 90 minutes,
during which time the solvent front travelled 9 to 12 cm., After develop-
ment the sheets were air dried until the residual solvent evaporated.

They were then sprayed with a suitable spray reagent.
2. Two Dimensional Chromatography
and Multiple D evelopment

Two types of two dimensional chromatography were tried, with
and without hydrolysis.In the two dimensional chromatography with hydro-
lysis +the sheet is developed until the solvent front moves about 10 ecm.

It was then removed, air dried and put into a tank saturated with NH3
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vapor for 24 hours. The sheet was then rotated 90° and put into a
different solvent system. After the second development resulted in an
appoximately 10 cm. migration of the solvent front, the sheet was
removed and air dried. The ammonia hydrolyzed the glucuronic acid from
the bilirubin conjugates, and the second solvent system was one specif=-
ically used for glucuronic acid.

The other type was two dimensional development without hydro-
lysis. The sheet was developed until the solvent front had moved about
10 cm. It was then removed, air dried, rotated 90° and developed again
with the same solvent system. After the solvent front had again migrated
10 cm., the sheet was removed, air dried and sprayed with a suitable
spray reagent.

In multiple development the Chromagram sheet was spotted and
then developed in solvent until the solvent front travelled about 5 cm.
The sheet was removed, air dried, and then put back in with the same sol-
vent, allowing the front to move in the same direction, until the solvent
front had moved about 10 - 12 cm. This methods gives stronger spots

and a slightly better separation of spots with low Rf values.
3. Spray Reagents

The diazo spray, which stains bilirubin and its conjugates, was
the most widely used. Ten ml. of diazo solution A and 0.3 ml. of diazo
solution B were freshly mixed. Five ml. of water were then added. The
sheet was then sprayed with methanol and the indirect reacting rigments
showed up after a few minutes.16

Zinc acetate spray53 was also used to identify the bile pigments.

The sheet was sprayed with a saturated solution of zinc acetate in
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methanol followed by a 0.006% solution of I2 in methanol. This resulted
in the formation of zinc complexes with bilirubin and biliverdin,which
fluoresced under ultra-violet light.

Rhodamine 6-G, phosphomolybdic acid, 2'7' dichlerofluorescein,
and bromphenol blue sprays were used for the detection of lipids. Some
sheets were placed in a tank saturated with 12 vapors for lipid detect-
ion. A solution of 3% p-anisidine HCl was used for the identification of

glucuronic acid.
4, Solvent Systems

The most commonly used solvent system for the separation of the
bile pigments was; acetone, butanol, propionic acid and water (7:4:3:3).

16 and subsequently by Killmeyeru5

This solvent system was used by Tenhunen
in their thin layer chromatography work with the bile pigments. From
here on 1t it will be referred to as solvent system A.

The thin layer separation of lipid components from bile was
accomplished using solvent system B, chloroform-methanol (2:1). Solvent
system C contained butanol, acetic acid and water (12:3:5). It was

used for the separation of glucuronic acid from the bile pigments after

hydrolysis.

C. Membrane Ultrafiltration

l. Introduction

Membrane filtration i1s a process for separating disolved or part-
iculate substances from a fluld using a selectively permeable barrier

to retain desired constituents. The fluid may be driven through the
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membrane by gravity or external pressure. Membrane ultrafilters with
molecular weight exclusion values of 500 to 30,000 are available, but it
should be noted that these values are approximate indicators. Actual

re jection depends on molecular size, shape and charge.ju For this work
a membrane with a 500 molecular weight exclusion value was used. This
would allow cholesterol (m.w. 384) and bile salts ( m.w. approx. 400)

to pass through, while the bile pigments ( m.w. 573,bilirubin) would be

retained.
2. The Membrane

An Amicon UM-05 Diaflo membrane was used with an Amicon ultra-
filtration apparatus as shown in fig. 16. With careful handling, and
where cross contamination is not a problem, these membranes have teen
re-used 25 times.5u When not in use the membrane was removed from the
cell and stored in deionized water at 4° C. The membrane was occasionally
cleaned by soaking in a 10 % ethanol in water solution for at least 24
hours.

Membrane polarization is a concentration gradient in the fluid,
with solute or suspensoid content highest at the membrane surface and
diminishing to the general concentration level of the liquid some dist-
ance from the memhrane.54 This situation exists even in well mixed sol-
utions to a certain extent. If the solution were left undistrubed, some
of the material that should pass through the membrane will consolidate
into a second membrane which will reduce or cut trans-membrane flow. This
can lead to an increased rejection of the membrane permeating species.

To counter this effect the solution was stirred and kept at dilute concen-

tration levels, by allowing the cell to be filled with either deionized



water or 1% sodium thiosulphate solution during the ultrafiltration

process.
3. Diafiltration

The samples introduced into the ultrafiltration cell were
either centrifuged bile, or bile samples which had been partially .
purified by passing it through a glass column packed with Amberlite
XAD-2 (Rohm and Haas). All filtrations were carried out at room temper-
ature, in the dark or in the presence of two 25 watt light bulbs shielded
with a red filter and at a distance of two feet.

The solvent reservoir (see fig. 16) was filled'with either 1 %
aqueous Na25203 ( to mrevent oxidation) or deionized water. The cell
was kept under pressures ranging from 45-75 psi., by nitrogen gas. During
the filtration nitrogen was directed through the solvént reservoir so that
for each ml. of liquid diafiltrate that passed through the membrane, one
ml. of water or sodium thiosulphate solution was put back into the cell.
This kept the cell liquid volume constant so as to prevent polarization of
the membrane. The solution in the cell was also stirred constantly by
means of a magnetic stirrer. The filtrate was tested quantitatively for
bile pigments and qualitatively for cholesterol and bile salts period-
ically. Occasionally the pressure was cut, and the cell was opened so

that the bilirubin content of the retentate in the cell could be measured.
4, Concentration or Ultrafiltration

The nitrogen gas could be directed directly into the cell, causing
a decrease in volume of the bile and a greater concentration of bilirubin

per unit volume. The manufacturer of the apparatus referred to this
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process as ultrafiltration. When a two or three fold concentration had
been achieved, the pressure was released and the bile was removed. The

concentrated bile was then stored at -15°C.

D. Lyophilization

A sample of bile subjected to the diafiltration process was placed
in lyophilizing flasks on a lyophilization apparatus. The apparatus was
set up so that the procedure could be carried out in the dark or under
subdued red light. The lyophilization procedure was carried out over a 24
hour period under a vacuum at the temperature of a dry--ice-acetone mixt-

ure.,

E. Amberlite Resin Column Chromatography

Amberlite XAD-2 (Rohm and Haas) is a polymeric crosslinked poly-
styrene resin produced in the form of white insoluble beads. It is designed
for use in columns for the adsorption of water soluble organic substances.
The hydrophobic portion of the organic molecule is adsorbed onto the surf-
ace of the polymer, Studies show that the materials do not penetrate the
surface, but remain sorbed at the surface; therefore with proper elution and
regeneration the resin can be used many times.55

One of the manufacturer's tests with this resin showed that
it was able to remove 80% of the bile salt sodium cholate present from a
solution containing 2.0 g. sodium cholate and 2.0 g. sodium chloride in
200 ml; of water.55 Since the bile salts are present in bile at a concen-
tration of approximately 1.0 g. per 100 ml., the Amberlite XAD-2 was used

to effect a partial removal of the bile salts from the bile.
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Prior to packing, the Amberlite XAD-2 had been rinsed with a
solution containing sodium chloride and sodium carbonate by the manufact-
urer, to control mold and bacterial growth during storage. Prior to use
the resin was subjected to a four bed volume rinse with water at a two
gallon per cubic foot flow rate, as suggested by the ma.nufacturer.55

An 11x30C mm. glass column was prepared, with a glass wool plug
and a stopcock at the base. An aqueous slurry of Amberlite resin was slowly
poured into the column while water was drained from the base. Care was
taken to always assure that the resin was under water.

When the column had been packed, the water level was lowered to
about 2 mm. above the top of the resin. A sample of blle, usually 50,

100 or 150 ml., was layered on the column with a pipette. The stopcock
ﬁés then opened, and the column was eluted until the bile was level with
the top of the resin. A quantity of water, usually 300-500 ml., was then
carefully added to the reservoir. The stopcock was then opened and the
bile pigments were eluted through the column.

Two procedures for the elution of bile pigments were used. These
will be referred to as procedure I and procedure II. In procedure I the
column was eluted until there was the first visible indication of the
bille pigments being eluted. The eluate was then collected until the eluate
appeared to lose its strong pigmentation. If 50 ml. of bile were placed
on the column, then 50 ml. of strongly pigmented eluate was collected.

In procedure II, after the bile had been placed on the column,
and the water had been added to the reservoir, all the eluate was
collected, from the first aliquot of water being eluted to the iast
noticeable evidence of pigment in the eluate. This usually involved

collecting 150 ml, of eluate for a 50 ml. sample of bile.
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The aqueous bile pigment eluates were quantitatively assayed for
bilirubin, cholesterol and bile salts. The eluvates were also chromato-
graphed on Eastman Chromagram sheets. The eluates were stored in the
dark at -15° C. Most of these eluates were further purified by ultrafil-
tration.

After use the Amberlite resin had taken on.a definite green color-
ation. It was washed with 200 ml. portions of acetone, methanol and pH
7.4 phosphate buffer. Between runs the column was routinely washed with

1,000-1,200 ml. of deionized water.

F. Silica Gel Column Chromatography

All column chromatography work was doné in subdued red light. A
slight modification of thin layer chromatography solvent system A was
used: acetone, bitanol, propionic acid, water (7:4:3:1) . This mixture
will be referred to as mixed solvent . The quantity of water was reduced
so as tp reduce the polarity of the solvent system, to achiesve a better
separation of the bilirubin monoglucuronide and diglucuronide. Three
columns using two different support media were used.

The eluates of all the columns passed through a polypropylene
stopcock, into glass and polyethylene tubing. A careful choice of tubing
wvas made because of the possibility of plasticizers being leached out of
the tubing by the solvent.

The eluate was passed through a Thomas Flow Cell in a transistor-
ized Spectronic 20. The Spectronic 20 was connected to a Sargent SRL chart
recorder, set at slow speed (0.2 inch per minute). The spectrophotometer
wavelength was set at 450 nm. initially, but after the third ruh it was

set at 420 nm., as this was consistently shown to be the wavelength of
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maximum extinction of bile pigment in this particular solvent system. The
eluates were stored in the dark at -15° C. The eluate solution did not
freeze at this temperature.

Column number 1 was a 15 x 250 mm. glass column with a built in
porous filter at the base. Silica gel, 0.2-0.5 mm., was stirred thorough-
ly in water and allowed to settle, after which the fines were decanted.
This procedure was repeated two more times. The silica gel was pre-equil-
ibrated by putting it into the mixed solvent system and letting it stand
for one hour. The solwent slurry of silica gel was then poured into the
column, care being taken to assure that the level of the solvent was
always above the silica gel. If at any time the solvent level went
below the silica gel, the column was re-packed.

Samples were layered onto the column by the following procedure.
The solvent level was allowed to drop to within one mm. of the top of
the silica gel. The bile sample was then added with a pipette. The
stopcock was then opened and the bile was allowed to move into the silica
gel. It was closed when the bile was one mm., below the top of the silica
gel. The solvent was added very carefully and slowly, so that there would
be no mixing with the bile. The flow rate of the elution was controlled
by a stopcock and a pinch clamp attached to the polyethylene outlet tube.

Column number 2 was a 25 x 600 mm glass column with a 1,000 ml.
solvent reservoir. It was packed with silica gel, 0.2-0.5 mm., which
had been prepared in the same manner as column number one above. The
column was kept under nitrogen during the entire elution. This was
accomplished by feeding in nitrogen from a tank at approximately 1 psi.
through a fitting above the solvent reservoir. A flow rate of 2.7

ml. per minute was used with a 3.0 ml. sample.
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Column number 3 was exactly like column number 2 except that the
column was packed with 100 mesh silicic acid. The silicic acid was added
to water and stirred, after which it was allowed to sit for 15 minutes.
The fines were decanted. This procedure had to be repeated 8 times be~ -
@ause of the tremendous quantity of extremely fine silicic acid grains
that were present. If these were not removed, they would have slowed the
flow rate to a prohibitively slow speed. Sample volumes of 1.5, 3.0,
4,5, and 6.0 ml. were used. Flow rates between 1.0 amd 3.0 ml., per min-
ute were used. |

Since many of the eluates showed an absorbance greater than 2.0,
they were quantitatively diluted with"mixed solvent", and then the absorb-
ances were read on the spectrophotometer. A graph was drawn with absorb-
ances from 0 to 5.0 plotted, which were calculated by using a dilution
factor.

G. Treatment of the Column Chromatography Eluates

The silica gel and silicic acid column eluates, mainly conjugated
bilirubin dissolved in "mixed solvent", were stored at - 15° C. in the
dark. The "mixed solvent" remained a liquid at this temperature. Small
aliquots were occasionally withdrawn for thin layer chromatography work
and quantitative bile salt, cholesterol and bilirubin determinations. The
diazo test was run over a period of days to determine the stabllity of
the conjugated bilirubin under these conditions.

To separate the solid bilirubin conjugates from the solvent a
Buchi Rotary Evaporator was used. The solvent was rotated in a :ound
bottom flask in a 37° C. water bath, while being subjected to a wacuum
from a vacuum pump. A trap immersed in dry ice-acetone, was placed be<-

tween the evaporator and the pump. This is where all the vaporized solvent
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accumulated. When the evaporation was completed nitrogen gas was
always bled into the system,so that the solid bilirubin conjugates
were not exposed to oxygen.

A solld red powder, thus obtained was then dissolved in either
deionized water or 0.1 M pH 7.4 phosphate buffer. The water and buffer
were de-oxygenated by boiling for five minutes and bubbling nitrogen gas
through while they cooled. These solutions were stored in the dark, in
a flask flushed out with nitrogen gas, at -15° C. Samples were then
taken over the next few days to determine the stability of the bilirubin
conjugates in these solvents.

The phosphate buffer samples were used for the glucuronic acid
determinations of the eluates. The actual eluates themselves could not
be used because the "mixed solvent" reacted with the reagents to give a
dense dark cloudy precipitate.

Spectral scans were taken on all"mixed solvent"” eluates and
all phosphate buffer and deionized water preparations. This work was
done with a Beckmann DB spectrophotometer connected to a Sargent Model
SRL Recorder. The spectral scans were run between 800 and 320 nm. When
the absorbance of the eluate was too high for a spectral scan, it was
quantitatively diluted with"mixed solvent"to tring it within the range

of the instrument.
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CHAPTER V.

RESULTS AND DISCUSSION

A. Thin Iayer Chromatography

1. Bile

Bile sample I was human T-tube post-operative bile collected in
1970 and stored at -15° C. for two years prior to use. Sample volumes
ranging from 5 to 15 microliters were spotted on Eastman Chromagram silica
gel G sheets, which were developed in solvent system A, One half of the
sheet was sprayed with diazo spray followed by methanol, while the other
half was sprayed with zinc acetate spray. All of the spots showed some
streaking, though there were three definitely indentifiable spots. The
two spots of lower Rf values reacted directly with the diazo spray, while
the spot that travelled with the solvent front reacted only after the
sheet was sprayed with methanol. The two direct reacting spots were prob-
ably bilirubin monoglucuronide and diglucuronide while the indirect react-
ing spot was probably free bilirubin. The results of this run are shown
in table 5.

Bile sample II was human T-tube post operative bile, collected
July 1972, and containing 1% Nazszoj. It was stored at -15° C. until use.
The Malloy Evelyn test showed 37 mg.% direct reacting and 42 mg.% total
bilirubin. Two Chromagram sheets were spotted, developed in solvent system
A, and sprayed with diazo or zinc acetate spray. There was some streaking

with some of the spots, but it was worse with larger samples. From these
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runs it was concluded that smaller samples were deslirable if streaking
was to be kept to a minimum. The results are shown in table 5.
Bile sample III was human, T-tube post-operative bile collected

July, 1973, containing 1% Na . It was centrifuged at 20,000 g's

2529
(11,000 rpm.) at 4° C. in an MSE high speed centrifuge. The Malloy

Evelyn assay showed 35 mg.% direct reacting and 38 mg.% total bilirubin.
The bile was stored at -15° C. and thawed in warm water when needed.

Two sheets were spotted with portions of bile sample III,develop-
ed in solvent system A and sprayed with diazo spray. The results of thése
runs are shown in table 5.

Tenhunen16 used the same solvent system with bile samples on glass

plates coated with silica gel G, but his resulting R_. values were quite

£
different from those reported in this paper. He found the indirect react-
ing free bilirubin at Rf 0.70, while the monoglucuronide and diglucur-

onide conjugates had R_. values of 0.50 and 0.35. Killmeyer,us used solv-

T
ent system A with glass plates coated with silica gel G and Eastman Chroma-
gram sheets. On the coated glass plates the two direct reacting pigments

moved with R, values of 0.45 and 0.66, while the indirect reacting spot

f
moved with the solvent front. Using Eastman Chromagram sheets, Killmeyer
found that the first spot moved with Re values ranging from 0.55-0.62,
while the second spot moved with Rf values ranging from 0.74 to 0.80,
The indirect spot travelled with the solvent front. Both of the direct
reacting spots and the indirect reacting spot travelled at approximately
the same rate as Killmeyer's in this work.

The slow moving yellow, diazo negative spots are similar to the

polar oxidation products reported by Thompson and Hoffman.bz



58

TABLE 5

RESULTS OF T.L.C. OF BILE

Bile sample Sample volume Spray reagent Rf values
number (microliters)
4 5 diazo «55. 720 1,00
i 10 diazo /551 205 3500
ALY 10 diazo 55 w70 11,00
1 12 diazo 55 70 1.0
I 15 diazo 55 70 108
1 5 zinc acetate .50 .65 1.00
I 10 zinc acetate 50 65 1.00
I 10 zinc acetate .50 .65 1.00
I 12 zinc acetate .50 .65 1.00
I 15 zinc acetate .50 .65 1.00
i1 10 diazo .51 .68 streaked
IL 25 diazo long streak, no resolution
§ 10 zinc acetate «5) 08
II 25 zinc acetate nothing visible
1I 2 diazo «50 .70
II 4 diazo badly streaked
II 7 diazo badly streaked
18 10 diazo badly streaked
10 § 2 zinc acetate SLE e
b 8 § L zinc acetate badly streaked
i 7 zinc acetate badly streaked
5 1 10 zinc acetate badly streaked
III 5 diazo .15(yellow) .52 .72
III 5 diazo .15(yellow) .52 .72
III o diazo 57 82
III 5 diazo 56 74
III 5 diazo 055 T2
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2. Bilirubin in ACD FPlasma

Portions of a 20 mg.% solution of commercial bilirubin in ACD
plasma were spotted on a Chromagram sheet. The sheet was developed in
solvent system A, and half was sprayed with diazo spray and the other
half with zinc acetate. Sample volumes of 5 and 10 microliters were used,
and they all ylelded just one spot travelling with the solveht front. When
diazo spray was used, the spot did not appear until after it was éprayed

.with methanol. This indicates that free bilirubin has an Rf of 1.00.
3. Lucassen Reslidue

A portion of bile sample I was purified according to the proced-
ure of Luca.ssen,’""o by a previous worker in this laboratory. The sample
had been stored at -15°c. for two years. The Malloy Evelyn assay showed
an 11.8 mg.% direct reacting and a 20.2 mg.% total bilirubin. Samples

were spotted on a Chroma.g:r:a.h sheet and developed in solvent system A.

TABLE 6

TLC OF LUCASSEN RESIDUE

Sample volume Spray reagent R £ values

10 diazo 0.60 0.70 1.00
10 zinc acetate 0:5521:0.831 1,00
10 diazo 0.60 0.73 1.00
10 zinc acetate unresolvable

10 diazo 0.60 0.73 1.00

10 diazo unresolvable
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Generally the Lucassen residue spots that were resolved streaked less
and were clearer than those from samples of centrifuged bile. The unresol-
vable spots were probabably the result of improper drying. The better res-
olution of the Lucassen residue spots was probably due to the greater purity
of the sample, since Lucassen's solvent extraction procedure removes much
of the bile salts and cholesterol from bile. Note that the slower conjugated
plgment migrated a little faster (Rf= 0.6) than it did in the bile (Rf=0.5).

b5

Killmeyer, - using a Lucassen residue on Chromagram sheets with solvent

system A found R, values of 0.62 and 0.80 for the direct reacting pigments.

T
This is in close agreement with the present results.

4, Sera From Patients With Hyperbilirubinemia

Serum with a 7.3 mg.% direct reacting and 10.4 mg.% total bilirubin
was used. Two 5 microliter and two 10 microliter samples were spotted on a
Chromagram sheet which was developed in solvent system A. Two of the spots
were sprayed with diazo reagent, and the other two were sprayed with zinc
acetate. In both cases the bile pigments remained at the origin, where there
was a red color with diazo spray and a red fluorescence with zinc acetate.

One part of serum was mixed with 9 parts of ethanol to denature and
remove the serum proteins which may have been interfering with the chromato-
graphic separation. The mixture was then centrifuged at 1,200 g's for 5
minutes. Samples of the supernatant were then spotted on a Chromagram sheet
which was subsequently developed with solvent system A. The results are shown
in table 7.

A 60 microliter sample of serum with 24 mg.% total bilirubin was
spotted on a Chromagram sheet and developed in solvent system. A. The result.
is shown in table 7.
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TABLE 7
TLC OF SERUM
Sample Sample volume Spray reagent Rf values
(microliters)

Deproteinized serum 10 diazo .86
Deproteinized serum 10 zinc acetate .84
Deproteinized serum 25 diazo .63 .80
Deproteinized serum 25 zinc acetate .61 .82
Serum 60 diazo 54 .74

The pigments moved at the same rate in the serum as they did in
bile, but when the serum proteins are denatured and removed, both of the
rigments migrate at a faster speed. The lack of free bilirubin at Rf 1.00
was probably due to its low concentration in this particular serum samyle.
All diazo sprays were followed by methanol. ’

5. Bile Subjected to Ultrafiltration
and Diafiltration

A portion of bile sample II was subjected to &4 days of diafilt-
ration at 20°C. under 65 psi. pressure with nitrogen gas. Samples of
the diafiltered were spotted side by side with samples of centrifuged
bile sample II. The diafiltered bile generally gave sharper spots, less
streaking, better resolution and they dried faster after spotting. The
latter may have been due to the removal of lipid materials during the
diafiltration. The only changes in the rate of migration seemed to be
more related to the size of the sample rather than the purity. The
Malloy Evelyn reaction showed a 14 mg.% direct reacting and 22 mg. %
total bilirubin for the diafiltered bile. The results are shown in



63

table 8.

The diafiltered bile was then subjected to four more days of
diafiltration under the same conditions. Samples were again spotted on
a Chromagram sheet and developed in solvent system A. The results are
shown in table 9. The Malloy Evelyn assay showed a 6 mg.% direct react-

ing and 22 mg.% total bilirubin,

TABLE 8

TLC OF BILZ AFTER 4 DAYS DIAFILTRATION

Sample Sample volume Rf Values
’ (microliters)
Diafiltered bile 3 £90 . "l 1p00
Cent. bile ; .50 .69 1.00
Diafiltered bile 8 Bl ‘83 "1/00
Cent. bile 8 A4 .65 1,00
Diafiltered bile 15 Y U G -
Cent. bile 15 unresolvable
TABLE 9

TLC OF BILE AFTER 8 DAYS DIAFILTRATION
Sample volume Spray reagent Rf values
(microliters)
Z diazo F i TP Y 4 Y L
L diazo 5 50 P ] 00
6 diazo &5 W7 Wty 1.00
8 diazo 15 M5 78 1.00
10 diazo XT Wy LT XN
2 zinc acetate
L zinc acetate .50 .74
6 zinc acetate 50 .74
8 zinc acetate 50 V172
10 zinc acetate 54 .76
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A portion of bile sample III was brought to pH 6.0 with .1N HCl,
put into the ultrafiltration cell, and concentrated from a starting vol-
ume of 200 ml. to a final wolume of 42 ml. Two 10 microliter samples
were spotted on a Chromagram sheet which was then developed in solvent
system A. The results are shown in table 10, The Malloy Evelyn bilirubin

assay showed a 92 mg.% direct reacting and 114 mg.% total bilirubin.

TABLE 10

TLC OF pH 6.0 ULTRAFILTZRED BILE

Sample volume Spray reagent Rf values
(microliters)

10 diazo 15 <55 .75
10 diazo ot e b
10 diazo 715 285 s 75

a

No free bilirubin spot at the solvent front was observed. This
may have been due to the insolubility of free bilirubin in water at pH
6.0. Values for the direct reacting pigments were in the same range as

centrifuged bile and diafiltered bile.

6. Two Dimensional Development Without Hydrolysis

A 5 microliter sample of bile sample II was subjected to two
dimensional development without hydrolysis as described in chapter IV.
A full Chromagram sheet was used. It was developed with solvent system
A and sprayed with diazo followed by methanol. It ylelded yellow spots
at the origin and the solvent front. There were two direct reacting spots,

the slower one having a purple color and the faster one having a red
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color. (See fig. 18) The fact that they had different colﬁrs was a pH
effect, since the purple spot turned red when exposed to NH3 vapors, and
they both turned purple when exposed to HCl vapors.

A 10 microliter sample of bile sample II was subjected to two
dimensional development, and the sheet was sprayed with diazo spray and
methanol after development. Again there were two strongly pigmented spots,

the one with the lower R, value being purple and the one with the higher

f
R, value being red. There were also yellow areas at the origin and at the

f
solvent front.

A 15 microliter sample of bile sample II was subjected to two
dimensional development and sprayed with zinc acetate spray. There were
two spots between the origin and the intersection of the solvent fronts,
aﬁd one spot at the intersection of the solvent fronts. All the spots were

yellow and fluoresced red under ultra violet light. (See fig. 19)
7. Two Dimensional Development with Hydrolysis

Chromagram sheets were spotted, developed in solvent system A,
and subjected to 24 hours of hydrolysis in a tank of NH3 vapors. It was
then rotated 90o and developed in solvent system C, which consists of
butanol, acetic acid and water (12:3:5). After development it was sprayed with
a 3% para-anisidine hydrochloride in butanol (water saturated) solution,
and heated in a 100° C. oven for 2 to 3 minutes.
Sample volumes of 3 and 15 microliters were used in two
separate runs, and both ylelded two definite dark brown spots, indicative

of glucuronic acid.
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Fig. 18 Two Dimensional Chromatography without Hydrolysis
of 15 microliters of Bile Sample II; Sprayed with Diazo Spray
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of 15 microliters of Bile Sample II; Sprayed with Zinc Acetate

Spray.
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8. Column Chromatography Sluates

The silica gel and silicic acid column chromatography eluates
consisted of very dilute solutions of bilirubin conjugates with some
cholesterol and bile salts in "mixed solvent". Bilirubin diglucuronide
was shown to be the most prominent pigment, by bilirubin and glucuronic
acid assays run on the eluates. large sample volumes were necessary bec=-
ause of the very small amount of pigment in the solvent. The spots were
kept as small as possible when spotting the sheet. The spots were always
dried with a jet of nitrogen gas rather than hot air, since hot air could
have oxidized the already small amount of pigment present.

The spots were all extremely faint and hard to detect. Generally
the bilirubin conjugates eluted from the silica gel column did not migr-
ate as fast as those in centrifuged bile. Pigment II, the faster of the
two conjugated pigmants moved with an average Rf value of 0.70 in cent-
rifuged bile, while in the eluates it migrated with an average Rf value
of 0,60, In three cases the Rf values of the conjugates were extremely
low ( 0.26, 0.51). Since the rate of migration is a function of the
surface tension of the solvent and intermolecular attractions, and since
bile salts lower surface tension, the change in migration rate may have
been due to the removal of bile salts.

The results of this work are shown in table 11. The samples in
table 11 are grouped, so that all the samples from the same elution run
are together. It can be seen that there is a great amount of internal
consistency when three samples of the same eluate were run together.

The three samples that had very slow migration rates (Rf values 0.26,0.51)
were from an eluate that contained only .0l g. bile salt per 100 ml. This

represented a large reduction in the bile salt concentration, when
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TABLE 11

TLC OF COLUMN CHROMATOGRAPHY ELUATES

Sample volume Direct bilirubin Total bilirubin Rf values and

(microliters) mg.% ng.% comments
15 1.6 1.6 negative
15 1.6 1.6 negative
15 1.6 1.8 negative
15 1,6 1.:0 negative
5 1.1 3.1 negative
10 sl kB § negative
1 nis 1.1 negative
10 3.2 3:2 negative
30 o2 ko2 4853 060
4o 1.2 de2 .51 .60
i 1.0 1,0 45 ,66
30 1.0 1.0 45 .66
20 2.0 2.8 .26 .51
20 2.6 2.6 .29 .48
20 2.6 2.6 34 .53
20 2.0 23 A4 62
20 2.0 243 .50 .65
20 2.0 2.3 A6 60
20 1.6 1.8 negative
20 1.6 1.8 negative
20 1.6 1.8 negative
50 1.6 1.8 negative
50 1.8 1.8 negative
50 1.6 1.8 Syl

10 7 1.8 2.6 .54 .70
50 0:5 08 .65

1- eluate evaporated to dryness, dissolved in water, extracted
with chloroform, water layer spotted
2- eluate evaporated to dryness and dissolved in phosphate buffer
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compared to the original centrifuged bile which had bile salt concen-
trations of between 1.0 and 2.0 grams per 100 ml.

No free bilirubin was observ#d at the solvent front, which was
to be expected, since the eluates contained only minute amounts of free

bilirubin or none at all.

B. Purification of Bile and Concentration of Pigments

. 1. Diafiltration and Lyophilization

Bile sample number 1 consisted of 386 ml. of post-operative
human t-tube bile which was centrifuged at 3,441 g's at 4°¢, for 15 min-
utes. The Malloy Evelyn bilirubin assay showed a 37 mg.% direct reacting
and 42 mg.% total bilirubin, both before and after centrifugation. The
whole sample was placed in the ultrafiltration cell with a 30 psi. nitro-
geh pressure being used to wash a 1% solution of sodium thiosulfate
through. After 24 hours 200 ml. of diafiltrate had passed through. It
contained less than 0.1 mg.% total bilirubin. After four days a total
of 400 ml. of diafiltrate was collected.

A sample was taken from the cell and the Malloy Evelyn test showed
a 15 mg.% direct reacting and 28 mg.% total bilirubin. Despite the precaut-
ions taken there was a loss of pigment due to hydrolysis and oxidation
during the diafiltration process.

The pressure was now set at 65 psi., with deionized water being
washed through the cell. After four days an additional 1250 ml. of diafil-
trate was collected. The cell was opened and a layer of dark material
covered the membrane while dark particles were found floating in the
bile. The bile was centrifuged at 3,000 g's for five minutes, yielding

a yellow precipitate that was insoluble in chloroform, slightly soluble
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in ether, powdery in acetone and soluble in methanol. The Malloy Evelyn
assay showed 6 mg.% direct reacting and 22 mg.% total bilirubin before
and after centrifugation. The precipitate was never 1dentifi_ed, but it
may have been phospholipids which are both abundant in bile and soluble
in slightly polar solvents.

The filter was washed with a 10% ethanol-water solution, and
the pressure was set at 65 psi., with an additional 250 ml. of deionized
water being washed through. The bile was removed from the cell, a small
amount was retained for testing while the rest of it was put into a
lyophilizing flask and lyophilized in the dark. The lyophilization took
24 hours after which the residue was weighed and transferred to a vacuum
dessicator in the dark.

When the bile was suctioned from the cell the membrane was coated
with a very dark material that was insoluble in water. A concentrated
water suspension of this membrane coating material gave a 0.0 mg.% direct
reacting and a 30 mg.% total bilirubin. It was free bilirubin which was
no longer soluble in the bile because of the removal of some of the bile
salts during the diafiltration process. The results of the diafiltration

are shown in table 12.

TABLE 12

RESULTS OF DIAFILTRATION OF BILE

Sample Direct reacting Total Bilirubin
bilirubin
Centrifuged bile 37 mg.% .

Bile after 4 days diafiltration 15 mg.%
Bile after 8 days diafiltration 6 ng.%

RBS
E&E
|
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The results indicate that three chemical reactions were taking
place in the ultrafiltration cell; the oxidation of free and conjugated
bilirubin to free and conjugated biliverdin, and the hydrolysis of
conjugated bilirubin to free bilirubin. The fact that the diafiltration
was carried out at room temperature may have been responsible for these
reactions.

The lyophilization process ylelded 2.3 grams of material, which
upon exposure to alr turned green, even though it was kept in the dark or
under subdued red light. A 20 mg.% solution of the lyophilization residue
is ACD plasma was prepared. The Malloy Evelyn reaction showed a 0.5 mg.%

direct reacting bilirubin and a 1.0 mg.% total bilirubin.
2. Amberlite XAD-2 Column Chromatography and Ultrafiltration

Bile sample 2 was human t-tube post-operative bile collected July
24,1973. It was centrifuged at 20,000 g's (11,000 rpm.) at 4° C. for fift-
een minutes in a MSE-25 high speed cooled centrifuge. After centrifugat-
ion a small amount of white gray residue was discarded and the 700 ml. of
bile collected were stored at -15°C. for further processing.

A 170 ml. sample of the bile was put on an 11x250 Amberlite
XAD-2 column. The first 20 ml. of eluate, mostly water, was discarded.
The next 150 ml., of eluate were collected. The eluate was put into the
28203 for 16 hours at
40 psi. The 600 ml. of diafiltrate collected contained no bilirubin. The

ultrafiltration cell and diafiltered with 1% Na

pressure was raised to 65 psi. and the bile was concentrated to 75 ml.
volume by forcing pure nitrogen gas into the cell. After concentration
the purified bile was removed and quantitative tests for bilirubin,cholest-

erol and bile salts were run. The results are shown in table 13.
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TABLE 13

RESULTS OF AMBERLITE CHROMATOGRAPHYWITH ULTRAFILTRATION

Assay Cent. Bile Amberlite eluate Ultrafiltered
170 ml. 150 ml. bile 75 ml.

Direct bilirubin 56.1 mg. 46.5 mg. 30.4 mg.

Total bilirubin 71.4 ng. 51.8 mg. 47.2 mg.

Total/direct ratio 1,27 1,11 1.55

Cholesterol 325 mg. 315 mg. 164 mg.

Bile salts 3.1 g. 1.7 g. 1.3 8.

The Amberlite XAD-2 retained some of the bilirubin, having a
gréater effect on the free than the conjugated bilirubin. The 16 hours
of ultrafiltration caused a greater loss of conjugated than free bilir-
ubin, but the percentage of loss was much less than the previous run where
a bile sample was subjected to eight days of diafiltration. The Amberl-
ite resin had very little effect on the cholesterol, but it did remove
considerable quantities of bile salt. This was to be expected since the
manufacturer states that it will adsorb water soluble organic substances.,

The loss of bile pigments during the diafiltration and ultra-
filtration was probably due to a combination of hydrolysis and oxidat-
ion. The greater loss of conjugated bilirubin could be due either to
hydrolysis or to the fact that it is much less stable than free bilirubin?8

Comparing the two runs it was concluded that concentrating the
bile in the ultrafiltration cell (ie. u1trafiltration2 will produce
a greater reduction in bile salts and cholesterol while it will not have
as great an effect on the concentration of conjugated bilirubin as

long periods of diafiltration did.
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3. Diafiltration of pH 7.0 Bile

A portion of bile sample 2 was adjusted to pH 7.0 with .1N HCl.
Exactly 50 ml. of the pH 7.0 bile was placed in the ultrafiltration cell,
and 1,550 ml. of Nazszo3 were washed through the cell over a 5 day period.
The volume was maintained at 50 ml. and the diafiltgred bile was removed
from the cell. Assays for bilirubin, bile salts and cholesterol were
Trun on a portion of the bile, while the rest was stored at -l5°C. The

results are shown in table 14.

TABLE 14

RESULTS OF DIAFILTRATION OF pH 7.0 BILE

Assay Cent. bile pH 7.0 bile Diafiltered bile
Direct bilirubin 17:.9 mg, 17.0 mg. 9.5 mg.
: 34 mg.% 34 mg.% 19 mg.%
Total bilirubin 21.0 mg. 21.0 mg. 14.0 mg.
42 mg.% 42 mg. % 28 mg.%
Total/direct ratio 1.23 1.23 1.47
Cholesterol 108 mg. 88 mg. 66 mg.
216 mg.% 176 mg.% 132 ng. %
Bile Salts 0.9 g. 0.6 g. 0.6 g.
1.8 g% 1.2 g% 1.2 g%

The ad justment to pH 7.0 had no effect on the bilirubin concen-
tration, Eut it did cause a drop in the cholesterol and bile salt con-
centration. The extended period of diafiltration caused a drop in both
free and conjugated bilirubin, but it had a greater effect on the conjug-
ated. The drops in cholesterol and bile salts due to the diafiltration

were not as great as when ultrafiltration was utilized.
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4, Amberlite Column Chromatography

Fifty ml. of bile sample 2 were placed on a column packed with
Amberlite XAD-2, and eluted with water. One hundred ml. of pigmented
eluate was collected. The eluate was then assayed for bilirubin and chol-

esterol. The results are shown in table 15.

TABLE 15

RESULTS OF AMBERLITE COLUMN CHROMATOGRAPHY

Assay Cent. bile Amberlite eluate
50 ml. 100 ml.

Direct bilirubin 16.5 mg. 16 mg.

Total bilirubin 21 mg. 19 mg.

Total/direct ratio 1.27 1.18

Cholesterol 100 mg. 100 mg.

Table 15 again indicates that the Amberlite resin is not effect-
ive in the removal of cholesterol. More of the indirect ( free) bilirub-
in was retained on the column than direct reacting. The fact that an
additional 50 ml. of water were eluted through the column may have

been instrumental in the greater recovery of direct reacting bilirubin.
5. Ultrafiltration of pH 6 Bile

Twenty five ml. of .1 N HCl were added to 175 ml. of bile sample
2, lowering the pH to 6.0. The acidified bile was put directly into the
ultrafiltration cell and concentrated to 42 ml. total volume. This
rrocess was completed in a few hours. The concentrated bile was removed,

tests were run on a small aliquot, and the remainder was stored at -15°C.
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The results are shown in table 16.

TABLE 16

RESULTS OF ULTRAFILTRATION OF pH 6 BILE

Assay Cent. bile pH 6 bile Ultrafiltered bile
175 ml. 200 ml. 42 ml.

Direct bilirubin 59.5 mg. 59 mg. 38.6 mg.

Total bilirubin 71.4 mg. 59 mg. 47.9 mg.

Total/direct ratio 1.20 1.00 1.24

Cholesterol 380 mg. 392 mg. 110 mg.

Bile salts 3.15 g. 2.44 g, 0.86 g.

The drop in pH resﬁlted in the precipitation of some of the bile
salts and all of the free bilirubin. This was expected since free bili-
rubin becomes insoluble in water at acid pH values. The pH change had
no effect on the concentration of cholesterol.

Until now there was no evidence whether the drop in concentration
of conjugated bilirubin in the ultrafiltration cell was due to hydrolysis
or Jjust that the conjugated form was oxidized more readily than free
bilirubin, Here the sample placed in the ultrafiltration cell contained
only conjugated bilirubin, and after the ultrafiltration there was a
mixture of conjugated and free bilirubin. There was also a drop in the
total quantity of bilirubin. This means that both processes of oxidation
and hydrolysis are taking place, under nitrogen in the dark.

The loss of bilirubin in the ultrafiltration cell was offset
by the fact that the resulting sample contained over 100 mg.% total
bilirubin. Ultrafiltration removed large portions of both cholesterol

and bile salts, but their concentrations, expressed in mg.%, had increased
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due to a decrease in volume. The ultrafiltration process removed water

faster than either bile salts or cholesterol.

C. Silica Gel and Silicic Acid Column Chromatography

The basic aim of the column chromatography work was not only to
separate the bile pigments from the cholesterol and bile salts that are
also present in bile, but to also separate bilirubin diglucuronide from
bilirubin monoglucuronide and free bilirubin. The procedure used involved
eluting the bile pigments with an Amax around 430-450 nm., evaporating
to dryness, and weighing out the solid residue so that it could be
dissolved in phosphate buffer and tested for purity.

The column was set up so that the eluate flowed through a Thomas
Flow Cell, into a Spectronic 20 connected to a Sargent Recorder, as descr-
ibed in Chapter IV. The recorder monitored the relative absorbance of
pigment in eluate, and if two pigments were eluted at different times,
two peaks would show up on the chart.

Bilirubin assays were run on all the fractions, and bile salt
and cholesterol assays wereﬁfun on some of them. The solvent system used
was acetone, butanol, propionic acid, water (7:4:3:1), referred to as
"mixed solvent” in this paper. A solvent mixture substituting acetic
acid for propionic acid was tried once, but the results were not satis-
factory.

To prevent decomposition of the ultrafiltered bile to be used on
the columns, the bile was divided into 5 ml. portions stored in small
dark bottles and stored at -15°C. Due to repeated thawing and re-freez-
ing, these small samples did occaslonally deteriorate. It was concluded

that the ultrafiltered bile should be stored as sample volumes that
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would only have to be thawed three times, after which most of the bile
would be used up and the remainder discarded.

The butanol and propionic acid of the "mixed solvent" esterified
upon standing, so that before the column was used it was always flushed
with 200 ml. of fresh solvent to wash out the butyl propionate which had
formed.

If the eluate absorbance exceeded 2.0, fractions of the eluate
were collected, and diluted 1:10 with "mixed solvent". The absorbances

were then taken of each fraction and plotted on a graph.
1. Results with a 15x250 mm. Silica Gel Column

The first seven runs were carried out on a 15x250 mm. glass
column packed with silica gel. A sample volume of 0.75 ml. was used
and between 10 and 25 ml. of eluate were collected. (See tables 17,18
and 19). The flow rates ranged from O.4 to 2.0 ml. per minute. Bilirubin
assays of the eluate fraction near the region of peak absorbance, on
those runs with a slower flow rate, gave equal values of direct reacting
and total bilirubin, indicative that only conjugated bilirubin was present
in these fractions.

Six of the elution curves showed only one peak, while one of
them showed two peaks. For the run which showed two peaks the Malloy
Evelyn reaction was run on eluate fractions from each peak. From the results
of the bilirubin assay from each peak it was concluded that an experimental
error in introducing the bile to the column was responsible for the two
peaks. In all cases the pigment moved through the column as a single
uniform mass, and there was no visual evidence at any time that the pigment

was breaking up into two or more fractions on the column.
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EFFECTS OF COLUMN CHROMATOGRAPHY ON CHOLESTEROL CONTENT

OF ULTRAFILTERED BILE

Column Flow rate Sample Bile Eluate
(m1/min.)  volume(ml.) Cholesterol Cholesterol
15x250 mm. 0.4 0.75 1.96mg. 0.89mg
Silica gel 0.75 Q.75 2.0 mg. 1.66 mg.
075 0.75 2.0 mg. 2.0 mg.
25x600 mm. 2.7 3.0 6.8 mg. 6.8 mg.
Silica gel
25X600 mm- 1'0 2.5 5-“5 mgo 3'75 mgo
Silicic acid 3.0 3.0 7.9 mg. 8.0 mg.
3.0 9350 8.0 mg. 8.0 mg.
3.0 6.0 15, 2. RE. 15.0 mg.
300 15.0 39 lng' mg-
TABLE 18

EFFECTS OF COLUMN CHROMATOGRAPHY ON BILE SALT CONTENT

OF ULTRAFILTERED BILE

Column Flow rate Sample Bile Eluate
(ml./min.) volume(ml.) ©bile salts bile salts

25x600 mm, 2.7 3.0 0.06 g. 0.03 g.

Silica gel

25%600 mm. 1.0 2.5 0.037 g 0.0081 g.

Silicic acid 3.0 6.0 0.12 g. 0.042 g.
3.0 15.0 0.30 g. 0.16 g.
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EFFECTS OF COLUMN CHROMATOGRAPHY ON BILIRUBIN CONTENT

OF ULTRAFILTERED BILE

Column Flow Bile Eluate Direct Total Direct Total
rate vol. vol. bilirubin bilirubin - bilirubin bilirubin
ml./min. ml. ml. of bile of bile of eluate of eluate

15%2650 2.5 0:.75 10 40.5 mg.% 63 mg.% 6.5 mg.% 6.5 mg.%

mm. 0.4 0.75 16 60 mg.% 100 mg.% 1.8 mg.% 1.8 mg.%

Silica 1.0 0.75 15 60 mg.% 100 mg 1.6 ng.% 3.0 mg.%

gel 1.0 0,75 .25 60 mg.% 100 l.0mg.% 1l.1 mg.%
0.75 07> 2) 60 mg.% 100 2.1 mg.% 2.0 mg.%
0.75 0:.75 . .,20 60 mg.% 100 1.0 mg.% 1.0 mg.%
Oty Q.75 20 60 mg.% 100 2.0 mg.% 2.6 mg.%
0.75 0475,..20 60 mg.% 100 mg.% 1.0 ng.% 1.2 mg.%

25x600 2.7 3.0 120 40 mg.% 60 mg.% 1.2 mg.% 1.2 mg.%

mm.,

Silica

gel

25x600 1.0 2.5 65 ng.% 60 mg.% 1.1 mg.% 1.2 mg.%

mm. 3.0 3.0 .75 ng.% 100 mg.% 1.6 mg.% 1.8 mg.%

Silicic 3.0 3.0 60 ng.% 100 mg. 1.0 mg.% 1.2 mg.%

acid 3.0 6.0 60 ng.% 100 mg. 1.9 mg.% 1.8 mg.%
3.0 15.0 180 mg.% - 100 mg L.4 mg.% 4.5 mg.%




81

Compared to the concentration of bilirubin in the ultrafilt-
ered bile, the concentration of bilirubin in the eluate was sharply
reduced. One reason was that 0.75 ml. of bile was being collected as
20 ml. of eluate. It was noted that the elution curve dropped off sharp-
ly at the end, and then leveled off at absorbance 0.2 (the maximum
absorbance of the curve being greater than 1.0). The collection of
fractions was stopped at this point.

Considering that a 0.75 ml. sample containing 0.45 mg. of direct
reacting and 0.75 mg. total bilirubin was being placed on the column,
and close to 0.5 mg. of direct reacting bilirubin only was being collect=-
ed, the indirect reacting free bilirubin was probably being eluted later.
Further evidence of this was that the amount of direct reacting compared
to total bilirubin dropped when some fractions were collected near the
end of the elution curve.

For the first three runs the spectrophotometer was set at 450
nm. Spectral scans of these three eluates and all subsequent eluates
showed that the eluted bilirubin conjugates had an Amax at 420 nm. in
this solvent system.

The cholesterol content of the eluates was measured. A fairly
large reduction in the total amount of cholesterol in the eluate when
compared to the bile was only achieved in one run, where the flow rate
was 0.4 ml. per minute. For this run the cholesterol content was reduced
from 1.86 mg. in the ultrafiltered bile to 0.89 mg. in the total volume
of eluate. Two other runs had a flow rate of 0.75 ml. per minute, and
in one run there was a reduction in cholesterol content from 2.0 mg. to

1.66 mg., while in the others there was no change at all.
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It was concluded that using this column it was possible to prod-
uce a mixture in which conjugated bilirubin is the only form of bilirubin
present. The cholesterol level could be reduced by using a glower flow
rate. The next step was to use a larger column, where larger samples of
bile could be introduced, and possibly even greater purity could be

attained.
2. Column Chromatography Using a 600 x 25 mm. Column

A 600 x 25 mm. glass column was packed with silica gel ( .2-.5 mm.)
or 100 mesh silicic acid. Because of the larger size of the column, a
faster flow rate was used so that the elution times would not be prohib-
itively long.

The yield of bilirubin from the eluates ranged from 1.0 to 4.5
mg.% total bilirubin. Samples ranging from 0.75 ml. to 15.0 ml. were
put on the column, with 30 to 180 ml. of eluate being collected. In a
few cases the direct reacting bilirubin exceeded the value for the
total. Ostrow a.ndeurphy?8 working with a purified preparation of bili-
rubin diglucuronide, found that the diazo reaction gave a higher extinct-
ion before the addition of methanol (direct reaction) than it did after
the addition of methanol, though they did not give any explanation for
this phenomenon. Again the pigment moved through the column as a singlé
dark red brown mass. There was no evidence, either on the column or in
the elution curves, that the pigment was breaking up into two bands.

After a few runs, the dark brown residue at the top of the column
was noted. On the silica gel column it slowly migrated through the column
after many runs, while on the finer mesh silicic acid it remained at the

top of the column. After a few more days it turned a distinct green
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color. The pigment may have been bilimucin, a large molecular weight
bilirubin mucopolysacharride complex, reported by Gent, Haslewood and
Montesdecoa.56
The cholesterol concentration of the eluates ranged from 4.15
mg.% to 25 mg.%. The cholesterol content of the eluates was the same as
that of the bile placed on the column, with one exception. In one run in
which the flow rate was 1.0 ml. per minute, compared with 2.7 to 4.5
ml. per minute for the other runs, the total content of cholesterol in
the eluate was reduced when compared to the blle sample. The total amount
of bile salts in the eluate was considerably less than the bile salt
content of the bile, but it was most sharply reduced in the one run
where the 1.0 ml. per minute flow rate was utilized. ( see table 19)
The conjugated bilirubin was very stable when stored in "mixed
solvent", at - 15°C. in the dark. After three weeks of storage there
was no change in the direct reacting and total bilirubin values of any
of the eluates. These "mixed solvent" preparations were more stable than
the preparations of bilirubin diglucuronide in phosphate buffer of
Ostrow and Murphy.38 The fact that the mixed solvent was liquid at -15°C.
may have been instrumental in protecting the bilirubin conjugates. It is
possible that hydrogen bonding between the bilirubin conjugates and
acetone produces a sterically stable form that is resistant to oxidat--
ion. Szentirmay57 concluded from electrochemical work with bilirubin
that disruption of the hydrogen bonding between the carboxylic acid protons
may lead to steric changes that are conducive to oxidation.
Pure bilirubin can be stabilized by intramolecular hydrogen bond-
ing between the carboxylic proton and the nitrogen on the pyrrole ring.

This is probably not available to bilirubin diglucuronide which has to
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use intermolecular hydrogen bonding to solvent molecules.

The large column did provide a good total yield of conjugated
bilirubin, especially when large sample volumes were placed on the column.
A flow rate of 1.0 ml. per minute or less should be used though, to insure
a better separation of the conjugated bilirubin from cholesterol and
bile salts. The results of the runs on the 25 x 600 mm. column are

shown on tables 17, 18 and 19.
3. Recycling of Eluate Through Column

Three attempts were made to recycle the eluate of the 600 mm.
column back through a 250 mm. column, to achieve a separation of the
two bilirubin conjugates and a greater purity. A 0.75 ml. sample with
1.2 mg.% direct reacting and 1.2 mg.% total bilirubin was used. Fifteen
ml. of eluate were collected. Due to the dilution factor the recycled
eluate had a very low absorbance. It showed & very flat broad peak, with
no indication of being resolved into the two peaks corresponding to

bilirubin monoglucuronide and diglucuronide.
L4, Preparation of Conjugated Bilirubin in Phosphate Buffer

After eluates containing pure conjuggted bilirubin had been
collected, the next step was to evaporate the solvent and dissolve the
bilirubin conjigates in phosphate buffer solution. The evaporation of
solvent was carried out by vacuum evaporation at 37°C. Seven samples of
conjugated bilirubin in phosphate buffer or delonized water were prepared.
In all cases there was a loss of direct reacting bilirubin due to oxid-
ation or hydrolysis. The phosphate buffer preparation, once prepared,

was stable when stored at -15° C.
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After all the solvent had been evaporated the residue had a
dark red-brown color. After the addition of phosphate buffer the mix-
ture immediately turned green. Oxidation by oxygen in the air was ruled
out because nitrogen gas was always bled into the flask on the rotary
evaporator before the flask was removed. Oxygen dissolved in the phos-
phate buffer was next suspected. Deoxygenated phoSphate buffer and
deoxygenated deionized water were prepared by the procedure out}ined in
Chapter IV. When the deoxygenated solvents were used the solution
still turned green, but the total bilirubin did not drop significantly
according to the Malloy Evelyn assay. The direct reacting bilirubin
did drop though, indicating that hydrolysis was still a problem. Kuenzele,
Weibel and Pelloni have recently proposed a structure for bilirubin
that gains maximal stabilization from four hydrogen bonds.58 This
structure would be destabilized by the action of alkali , an ester bond
on the propionic acid side chains, or the inhibition of hydrogen bond
formation as a consequence of solvation by water molecules. The last
mechanism may be responsible for the oxidation of bilirubin to bili-
verdin in water or phosphate buffer solvent.

The hydrolysis may have taken place during the evaporation. The
evaporation took a long time, due to the difficulty of evaporating the
lasttraces of butanol (b.p. 118°C.), propionic acid (b.p. 141°C.) and
butyl propionate (b.p. 1b6°c.). If the solvent system used for chromat-
ography could be altered so that lower boiling point solvents could be
used, 1t may be possible to evaporate the solvent without loss of direct
reacting bilirubin., As was mentioned previously though, acetic acid was

substituted for propionic acid without success.
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5. Yield of Solid Residue from Column Elutions

Fifteen ml. of silicic acid column eluate with 1.2 mg.%
direct and 1.2 mg.% total bilirubin, were evaporated in a pre-weighed
evaporation flask. It was found that minute amounts of siliclc acid
had been eluted with the solvent. Considering thatvthe total amount of
bilirubin in the eluate was less than 0.2 mg., any slight amount of
contaminant would hzwe had a large effect on the results. Possibly
eluates containing as much as 10 mg.% bilirubin would be better for
this purpose, so that the amount of bilirubin that wouid be present

would be less subject to experimental errors.
6. Determination of Glucuronic Acid in Column Eluates

The Malloy Zvelyn bilirubin assay showed that the eluates in
some cases contalned only conjugated bilirubin. The next step was to
determine the ratio of bilirubin diglucuronide to bilirubin monoglucur-
onide. Samples of conjugated bilirubin dissolved in phosphate buffer or
deionized water were used. The column eluates could not be used direct-
ly because of interference between the solvent system and the reagents
necessary for the glucuronic acid determination.

The number of micromoles of glucuronic acid per ml. of solution
was compared to the number of micromoles of direct reacting bilirubin
in the original eluate before evaporation to dryness. This was done
because even though there is oxidation and hydrolysis taking place
during the evaporation step, these two processes will not change the
amount of glucuronic acid present, while the amount of bilirubin may be

reduced. The results are shown in table 20.
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TABLE 20

RATIO OF GLUCURONIC ACID TO DIRECT REACTING BILIRUBIN IN ELUATZS

Sample # Direct Bilirubin Total bilirubin Ratio of glucuronic acid
to direct reacting

bilirubin
d, 1.2 mg.% 1.2 mg.% 20 130
2o 1.0 mg.% 1.0 mg. % 159737 1.0
v 0.4 mg.% 0.4 mg.% 1.34: 1.0
4, 1.2 mg.% 1.2 mg.% 1.77: 1.0
5is 1.2 mg.% 1.2 mg.% 1e77841:0
6. 1.2 mg.% 1.2 mg.% 1.7738 1.0

-

From the above data it can be concluded that in samples 1 and 2
almost all of the bilirubin was present in the form of the diglucuronide.
Samples 4,5 and 6 contained more diglucuronide than monoglucuronide,
while number 3 contained more monoglucuronide. This indicates that
even though all the bilirubin conjugates came off as one peak on the
elution curve, certain of the fractions may be found to contain all
diglucuronide while other fractions would contain a mixture or just
monoglucuronide., Complete separation of bilirubin diglucuronide from'
monoglucuronide is possible by means of column cﬂromatography using

"mixed solvent".

D. Absorption Maxima of Bilirubin and Its' Conjugates

The literature gives many values for the aﬁsorption maxima
of free bilirubin and its two glucuronic acid conjugates. The solvent
system used is an important factor in determining the wavelength of
maximum absorbance. This was demonstrated by Cole,lathe and Billinng,

Jacobsenjg, and Ostrow and Murphy3§
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Ostrow and Murphy38, using a solution of bilirubin diglucuronide
in 50 millimolar phosphate buffer, found absorption peaks at 450 and 420
nm. The intensity of the two peaks was not changed by varying the ratio
of bilirubin monoglucuronide to diglucuronide., Phosphate buffer prepar-
ations of bilirubin conjugates prepared in this laboratory consistently
had an A at 410 nn. (table 21), and there was only one peak.( see
fig. 22)

All except one of the silica gel and silicic acid column
eluates in "mixed solvent" had absorption maxima at 420 nm. Oneaf the
eluates consistently showed an Amax at 440 nm. Why this one eluate

whoud have an Amax different from all the rest was puzzling.

A delonized water preparation of bilirubin conjugates had an

Amax at 420 nm., while a 2.5 mg.% preparation of commercial bilirubin

in CFD plasma showed an A . at 460 nm. (see fig. 22°'and 23.)
The results of all the spectral scans are tabulated in table
21. It can be seen from table 21 that the Amax in the mixed solvent

system is fairly constant, and it is independent of the ratio of free to

conjugated bilirubin. The fact that the A ., 1s shifted to 460 nm.
in CPD plasma may be due to the fact that the bilirubin is bonded to

the serum proteins.
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TABLE 21

BILIRUBIN AND ITS CONJUGATES

Solvent system Column used Amax(nm.) Direct Total
reacting bilirubin
bilirubin

Mixed solvent silica gel 440 1.1 mg.% l.2 mg.%

Mixed solvent silica gel 440 1.1 mg.% 1.2 mg.%

Mixed solvent silica gel L0 1.1 mg.% 1.2 mg.%

Mixed solvent silicic acid 420 1.0 mg. % 1.2 mg.%

Mixed solvent silicic acid' 420 1.0 mg.% 2.7 mg.%

Mixed solvent silicic acid 420 2.0 mg.% 2.6 mg.%

Mixed solvent silica gel 420 1.8 mg.% 1.8 mg.%

Mixed solwent silica gel 420 1.2 mg.% 1.2 mg.%

Mixed solvent silica gel 320 1.0 mg.% 1.1 mg.%

Mixed solvent silica gel 420 1.0 mg.% 1.1 mg.%

Mixed solvent silicic acid 410 0.6 mg.% 3,0 mg.%

Mixed solvent silicic acid 410 0.25 mg.% 0.6 mg.%

pH 7.4 phosphate 410 0.4 mg.% 1.2 mg.%

buffer 410 0.5 mg.% 0.8 mg.%
pH 7.4 phosphate 410 1.2 mg.% 2.2 mg.%
buffer 410 3.3 mg.% 3.9 mg.%
pH 7.4 phosphate 410 0.25 mg.% 0.6 mg.%
buffer 410 0.25 mg.% 0.6 mg.%
deionized water 420 0.5 mg.% 0.9 mg.%
2.5 mg.% bilirubin in CPD plasma 460 0.0 2.5 mg.%
2.5 mg.% bilirubin in CPD plasma 460 0.0 2.5 ng.%
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CHAPTER VI
CONCLUSIONS

The thin layer chromatography work showed that when the bile salts
and cholesterol are removed from the bile, there is a better separation of
the pigments and less streaking. Free bilirubin always travelled with the
solvent front, while the direct reacting conjugates remained fairly
well separated from both the solvent front and each other. The bilirubin
monoglucuronide and diglucuronide fractions of serum migrated faster than

those of centrifuged bile. The R, values of the two direct reacting spots

3
of bile subjected to diafiltration were slightly lower than those of
corresponding samples of centrifuged bile. The Rf values of the two direct
reacting spots of the silica gel and silicic acid eluates were consistently
lower than those of the centrifuged bile or diafiltered bile. The possibility
that the removal of blle salts changed the surface tension of the water,
which caused the pigments to migrate at a different rate, could be studied
further.

Four to eight day periods of diafiltration were found to be
unsatisfactory, since after eight days as much as 50% of the total and
75% of the direct reacting bilirubin were lost by hydrolysis to bilirubin,
oxidation to biliverdin or isomerization to dihydrobiliverdin. After 5 days
of diafiltration approximately 33% of the bile salts and cholesterol present
were removed.

Concentrating the bile in the ultrafiltration cell at pH 6.0

worked much better. Since the concentration, or ultrafiltration, could
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be carried out in a few hours, only 36 % of the direct reacting and 18%
of the total bilirubin were lost. iven with this loss, the resulting
concentration yielded a bile solution containing 96 mg.% direct react-
ing and 114 mg.% total bilirubin. Seventy one per cent of the cholesterol
and 73 % of the bile salts passed out through the ultrafiltrate. Since
the ultrafiltration process was so sucessful, further experimentation,
concentrating the bile to even smaller volumes, should be carried out.

Lowering the bile to pH 6.0 before putting it in the ultrafil-
tration cell caused the free bilirubin to_precipitate while having no
effect on the conjugated bilirubin., The pH may have changed during the
ultrafiltration process, since a buffer was not used. The fact that
hydrolysis of conjugated bilirubin was taking place in the ultrafiltr-
ation cell, was shown by the fact that the direct and total bilirubin
values were identical before ultrafiltration, but the total exceeded
the direct after ultrafiltration. The lowering of the pH caused a
slight drop in bile salts and no change in cholesterol.

The removal of the bile salts was considered one of the greatest
problems, since they are present in concentrations of over 1,000 to
2,000 mg.%. The Amberlite XAD-2 did not remove cholesterol, but in one
case it removed 48% of the bile salts plus a small amount of conjugated
bile pigment. More work could be done to determine if it would be worth-
while to recycle the eluate from the Amberlite column through a second
Amberlite column. Also the use of larger Amberlite columns could be
investigated. In tests with solutions of sodium cholate (a bile salt)
and sodium chloride, the Rohm and Haas Company achieved an 88% ietention

of the bile salt on the column.
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The silica gel and silicic acid columns were definitely able to
achieve a complete separation of conjugated from free bilirubin when
slow flow rates were used, but there was no separation of the monogluc-
uronide and diglucuronide conjugates as shown by TIC of the eluates. If
the cholesterol and bile salt concentrations in the bile that is put on
the column could be reduced to percentages that were fairly small in
comparison to the bile pigments, possibly complete separation of these
two lipid components from the bilirubin conjugates could be achieved.

The flow rate was a very important factor in the separation of
cholesterol and bile salts on the column. With the 25 x 600 mm. column,
when a flow rate of 3.0 ml. per minute was used there was no reduction
in cholesterol and a 25-50'% reduction of bile salt content of the eluate
as compared to the original sample of bile put on the column. When the
flow rate was decreased to 1.0 ml. per minute, there was a reduction
of 75% of the bile salts and a 32% reduction of cholesterol.

The migration rates of cholesterol and bile salts must be very close
to those of the bile pigments under these conditions. One area of study
would be to collect a group of fractions from an elution run and assay
them for bilirubin, cholesterol and bile salts, to get some idea of the
elution profile of each of these components. With slower flow rates a
better separatioﬁ of pigments from lipids would also be achieved. Fort-
unately the conjugated pigments are very stable in "mixed solvent”, since
the elution from the column may take up to a few hours.

If high pressure liquid chromatography would be used, very fine
small size packings could be used, giving a larger surface area of ads-

orption and possibly even better separation.
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Recycling the eluate back through a second silicic acid column
to separate the two conjugates was unsucessful.

When the solvent was evaporated from the eluate, a red brown
solid residue was left. This residue turned green and was partially
oxidized to biliverdin cr isomerized to dihydrobiliverdin when dissolved
in phosphate buffer or deionized water. Using deoxygenated water prev-
ented oxidation, but conjugated bilirubin was still hydrolyzed to free
bilirubin.

The molar ratio of glucuronic acid to bilirubin in the eluates
ranged from 1.34:1 to 2:1, which means that in one case the eluate fract-
ion tested was pure bilirubin diglucuronide. The other eluates were prob-
ably a mixture of bilirubin monoglucuronide and diglucuronide.

Quantities of up to 15.0 ml. of bile were placed on the column,
with no effect on the ability of the column to separate free from conjug-
ated bilirubin.

The Amax of conjugated bilirubin or a mixture of free and conjug-
ated bilirubin in"mixed solvent" was, with the exception of one eluate,
at 420 nm. Vhen the solvent was evaporated and the pigments were diss-
olved in phosphate buffer, the Amax consistently shifted to 410 nm. This
shows that the wavelength of maximum absorbance is dependent on the
solvent. Whether it is dependent on the presence of other substances
in the solvent has not been determined. One of the eluates consistently
showed an Amax at 440 nm. , and this puzzling shift may have been caused
by binding to protein or some other component of the eluate.

In conclusion, these results indicate that the following steps
should be followed. First the bile should be centrifuged and ihen

passed through two large columns packed with Amberlite XAD-2. This



should remove a large protion of the bile salts present. This could

be followed by a solvent extraction in chloroform to remove free
bilirubin and cholesterol as Ostrow and Murphy had done.38 This prelim-
inary purification would probably allow a quicker passage through the
membrane in the ultrafiltration process. Next the bile should be put
into an ultrafiltration cell and concentrated to 1/8 or 1/10 of its
original volume. This bile sample will then be quite free of lipid
materials and further purification and complete isolation of the bile
can be accomplished using a silicic acid or silica gel column. A very
fine mesh packing, used in conjunction with a high pressure chromat-
ography outfit, would provide for a better separation and also hold
back the small amount of macromolecular and protein substances found in

bile.
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