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ABSTRACT

One method of treatment for patients with elevated serum
cholesterol levels (hypercholesterclemia) is the oral
administration of an anion exchange resin to adsorb bile acids
in the gastrointestinal tract. The resins used successfully
to date have been mainly synthetic ones, whereas anion
exchange derivatives of cellulose have not been shown to be

effective.

Alkvl guaternary amine (QA) celluloszs icon exchangers were
prepared from hydroxypropylated regenerated cellulose {HP
¥ndionk}., Their capacities for cholate anions were measured
in the presence of a background of chioride ions at
physiological concentration. It was shown that butyl QA
cellulose was ineffective at binding cholate anions. However,
alkyl QA celluloses with alkyl groups longer than butyl {(octyl
and dodecyl) bound cholate anions in preference to the
c¢hloride ions and greatly improved capacities were obtained.
The capacities of the octyl and dodecyl QA celluloses were
dependent on the c¢ross-linking present in the HP Indion used.
If the cross-linking was greater than the 15% used in HP5S
Indion, then the capacity for binding cholate dropped off. A
significant increase in substitution level and decrease in
swollen volume were obtained by reprocessing the alkyl QA
cellulose ion exXchangers and this improved their cholate

binding capacities.

The alkyl QA celluloses were all prepared by first attaching
chemically reactive epoxide groups to HP Indion and then
reacting those epoxide groups with a tertiary amine {N,N-
dimethyl-N-alkylamine) to form the gquaternary amino cellulose.
These two steps were repeated for the reprocessed products.
The optimum conditions for epoxidation of HP5 Indiocon were
shown to be 48 hours at 4-6°C in 6% sodium hydroxide with
excess epichlorohydrin. In the reprocessing step, where this
reaction was used a second time, 24 hours was sufficient to

reach maximum epoxidation levels. When coupling the N,N-



dimethyl-N-alkylamine to the epoxide cellulose it was
necessary to use aguecus ethancl as a solvent. The ethanol
concentration was dependent on the size of the alkyl group.
For N,N-dimethyl-N-dodecylamine a concentration of greater
than 60% ethanol was required. For larger amines considerable
hydrolysis of the epoxide groups occcured during coupling.

This was avoided almost completely in the first coupling step
by half-neutralising the amine with hydrochloric acid, to
lower the pH and buffer the reaction. The optimum coupling

time and temperature were shown to be 10 hours at T0°C.

As a result of optimising these processing steps the
substitution level obtained for dodecyl QA cellulose was
increased from 0.83 to 1.14 meg/g at the end of the first
stage and from 1.18 to 1.50 meg/g with the reprocessed
product.

A range of alkyl QA celluloses were prepared using the optimum
conditions found for dodecyl QA cellulose. Octyl and dodecyl
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QA celluloses prepared on AF7 Indion were shown to
capacities for cholate than cholestyramine and colestipol
(Colegtid®} at cholate concentrations less than 6 mmol/L. The
dodecyl QA cellulose had superior capacities at all cholate
concentrations {0-15 mmol/L)} when measured on the basis of the
volume of the icon exchanger used. In contrast, cholestyramine
and colestipel had higher capacities for deoxycholate anions
than either of the cellulese products, except when the
residual concentration of deoxycholate was very low {(less than
0.5 mmel/L). Cholestyramine and colestipol beound deoxycholate
efficiently (97-99%) when the residual concentration wasg
between 5-10 mmol/L, but not cholate (29-48%). However the
alkyl QA celluloses bound deoxycholate and c¢holate with wvery
high efficiency (82-138%).

To compare the efficiencies of the ion exchangers at low
concentrations a more sensitive test was developed utilising =
mixture of conjugated bile salts, similar in composition to

that found in the human ducdenum. This was equilibrated with



samples of each ion exXchanger and then analysed by HPLC.
Methy¥l and butyl QA cellulcses were the least effective at
reducing the concentrations of the bile salts, however they
2till performed as well as colestipol. The capacity of octyl
QA cellulose was much better than the methyl or butyl QA
celluleoses, indicating the importance of the hydrophobic alkyl
chain. Cholestyramine had a similar c¢apacity toe the octyl QA
cellulose, except that it was not as effective at binding
glycocholate. The most effective product was found to be
dodecyl QA cellulose, which reduced the concentration of all
of the bile salts to lower levels than any other ion

exchanger.
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CHAPTER 1. INTRODUCTION

1.1 OUTLINE

The object of this thesis was to produce a quaternary amino
{Qa) cellulose ion exchanger with potential for use as a bile

acid sequestrant in the treatment of hypercholesterolemia.

This introduction backgrounds the debilitating effects of
hypercholesterolemic disorders and gives a brief summary of
the clinical methods which are used to treat them. Treatments
invelving bile acid sequestrants, their mode of action and
chemigtry are reviewed. The procedures previously developed
at Massey University for the preparation of cellulose ion
exchangers are summarised. A rationale for the type of
exchanger to be synthesised is given and the modifications
considered necessary for promoting the gelective and efficient

binding of bile acids are discussed.

1.2 EFFECTS OF ELEVATED PLASMA CHOLESTEROL

It is now widely accepted that elevated plasma cholesterol is
agssociated with coronary heart disease (CHD)!. In normal
caucasians the total plasma cholesterol (TPC) level is
approximately 200 mg/dlL?, but only a small fraction of this
circulates as free cholesterol in the blood. Between 50-70%
of TPC is transported between tissues as a low density
lipoprotein (LDL)} fraction, 20-45% as a high density
lipopretein (HDL) fraction, 5~-10% as a very low density
lipoprotein (VLDL) fraction and an insignificant amount in the
chylomicrons®. Abnormally high levels of LDL (B-lipo-
proteins), and therefore cholesterol, can be asscociated with a
number of diseases. This condition is classified as hyper-8-
lipoproteinemia and there are two recognised subtypes: type
ITa and type IIb4. Both of these subtypes result in premature
CHDS ,



Familial hypercholesterolemia (FH} is a relatively common
inherited form cf hyper-B-lipoproteinemia, which can be
identified at birth. FE individuals have significantliy
elevated TPC and LDL levels (2-3 times greater than normal in
heterozygotes and 4-6 times greater than normal in
homezygotes). The <¢linical conseqguences of unmanaged FH are
well documented and include arcus coronae, xanthomas, marked

atherosclercosis and premature CHD®,

1.3 GENERAL APPROACH TO CLINTCAL MANAGEMENT OF
HYPERCHOLESTEROLEMIA

Substantial reductions, sometimes resulting in normalisation
of TPC and LDL concentrations, can now be made in all forms of
hyper-B~lipoproteinemia except for homozygous FHf. Initial
treatment involves adherence to a strictly controlled diet,
followed by administration of hypolipidemic drugs where
necessary {(Table 1.1). Altered diets (which limit. cholesterol
intake to less than 300 mg per day and are low in saturated
fat) can be expected to reduce TPC and LDL levels by up to
10%7, but normalisation is still not achieved in some cases.
Recent studies®:8:% indicate that the most promising treatment
of severe hyper-S-lipoproteinemia probably lies with combined
treatment regimens, incorporating a bile acid sequestrant with

complimentary drugs.



TABLE 1.1 Hypolipidemic Drugs Used in the Management of

Plasma Cholestercls®

Drug Mode of Action
Nicotinic acid Inhibits secretion of VLDL {(a precurser

for LDI: synthesis)

Compactin Cause competitive inhibition of the major

Mevinelin rate limiting step of cholesterol
bicsynthesis

Ciofibrate Cause hydreolysis of VLDL triglycerides by

Gemfibrozil lipoprotein lipase

Neomycin Inhibits reabsorption of bile acids {used
where bile acid seguestrants are poorly
tolerated)

1.4 USE QOF BILE ACID SEQUESTRANTS TC REDUCE PLASMA
CHOLESTEROL LEVELS

One well established method of treating hypercholesterolemia
involves oral administration of non-absorbkable anion
exchangers which function as bile acid sequestrants. These
materials have basic functional groups attached to a semi-
rigid polymer backbone and they operate by exchanging chloride

ions for bile acid anions in the intestinal iumenlt:11,

Bile acids are secreted into the duodenum in response to food
intake, where they promote the absorption of dietary fat. The
structure of the major bile acids and their distribution in
human bile is given in Figure 1.112, Ingestion of bile acid
sequestrants increases the faecal exeretion of bile acids and
lowers their concentration in the intestine. This results in
decreased abscrption of dietary cholesterocl and other lipidsi?.
¥t alsc causes an indirect decrease in plasma cholesterol,
resulting from disruption of the enterchepatic circulation by
which bile acids are reabsorbed. 1In healthy individuals

approximately 95% of bile acids are actively reabsorbed from



the distal ileum and the remaining 5% are compensated for by
new synthesis!?, However, under the coanditions of bile acid
sequestrant therapy fewer bile acids are reabsorbed, s¢ an
increased rate of synthesis must occur. Plasma cholesterol
(from LDL) is the precurser for all new liver synthesis of
bile acids!d, therefore when bile acid sequestrants are used
there is increased removal of plasma LDL and a c¢orresponding

decrease in TPC1,

Figure 1.1 Major Bile Acids Present in Human Biles#
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& Bile acids are usually present in human bile as sodium
or potassium salts, and they are conjugated with either
glycine or taurine

b Numbers refer to positions in the sterocl ring



1.5 BILE ACTD SEQUESTRANTS CURRENTLY AVATLABLE

T"he ion exchangers which have been used for therapy are:

A. Cholestyramine

Cholestyramine, the most commonly used bile acid segquestrant,
iz or has been available as Cuemid (83% cholestyraminel$}),
Questran {45% cholestyramine!®} and Quantalant!?. It is a
copolymer of styrene and 2% divinvibenzene, with quaternary
amino groups attached using trimethylamine and balanced with

chloride counterions (Figure 1.23A}.

B. Colestipol Hydrochloride

Colestipol hydrochloride is a copolymer of diethylenetriamine
and epichlorohydrin with approximately 20% of the available
nitrogens titrated with hydrochloric acid (Figure 1.2B). It

is sold under the proprietary name Colestidl?,

C. Diethyvlamincethyl {(DEAE) Sephadex

Polydexide cor PDX chloride (formerly Secholex) is 79% DEAE-
Sephadexl®., It is a dextran crosgs-linked with epichlorochydrin
and orthosubstituted with 2~diethylamincethyl (DEAE} groups,
some of which are gquaternised with 2-diethylamincethyl

chloride!? (Figure 1.2C}).

Cholestyramine based bile acid sequestrants (Questran and
Cuemid} are usually preferred over other products (Colestid
and Secholex) because they have superior capacity and binding
kinetics for bile acids in vitrois:.2¢, Laboratory studies have
demonstrated that Questran binds 40% more bile acids than
Cuemid after mixing with bile for 2 hours at 37¢Cis. 1In
contrast, clinical studies show that the different bile acid
sequestrants produce similar hypolipidemic effects in viwvo2l,-
22,23, Typically, the TPC in patients c¢an be expected to drop
by 20-25% more than that achieved with dietary control alone.

This drop o¢curs in a very short time after administration of



the sequestrant and can be sustained indefinitely with

continued use.

Figqure 1.2 Partial Structures of Bile Acid Sequestrants

Used in Therapy
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1.6 SOME PROBLEMS ASSOCTATED WITH THE USE OF BILE ACTD
SEQUESTRANTS

Bile acid seguestrants are nonspecific and, as a result, a
number of anions are able to compete with the bile acid anions
for the available binding sites. The in vitro efficiency for
binding bile acids in duodenal fluid is low for all of the
sequestrants mentioned in Section 1.5, with only about 50% of
the available ion exchange capacity being used under
physiclogical conditionsl®. The efficiency may be even less in
vivo. Also small reductions of plasma cheolestercl are
compensated for by an increase in chelesterol biosynthesistd,
Thus for effective therapy prolonged and/or large dose rates

are reguired!?,

Since the ion exchangers are not absorbed from the gastro-
intestinal tract no systemic 111 effects can be expected.
Nevertheless, prolonged therapeutic treatment {e.g. 16-~20 g
cheolestyramine per 24 hours) commonly results in constipation
{(10~50% incidence) and can sometimes lead to nausea, vomiting
and other gastrointestinal discomfort. Because normal fat
abscorption is impaired, malabsorption of fat soluble vitamins
may also occur, leading to side-effects including
lypocalcemia, hypothrombonenia and/or felic acid
deficiencyl?-11  (Considerable work has therefore focused on

making bile acid sequestrants more effective.

The bile acid binding capacity of cholestyramine is enhanced
by the addition ¢f taurine and its ‘pharmaceutically accepted’
salts?’, ascorbic acid?® and some essential fatty acids??.
Cholestyramine resgins with different mesh sizes have been
tested, however while finer particle sizes were less gritty
and more palatable, their in viveo efficiency in binding bile
acids was not improved over the standard grade2®, More recent
studies have attempted to make cholestyramine more palatable
by the addition of CM-celiulose, Primogel, lactose and

flavours2?, Also, formulations incorporating dietary fiber and



citric acid have been shown tTo eliminate the mouthfeel and
taste of ion exchange drugs3?. These studies point to the need
for the development of new sequestrants which have superior
ion exchange capacity and higher selectivity for binding bile

acids,

1.7 THE USE OF HP INDICN CELLULOSE MATRIX FOR THE
PREPARATION OF TON EXCHANGERS

Earlier work by Dr J.8. Avers at Massey Universgity has
demonstrated that the chemical modification of cellulose can
produce materials suitable for derivatisation and subseguent
use as chromatography media. These studies demonstrated that
hydroxypropylated regenerated celluleose (now availabie as HP
Indion?) was an acceptable starting matrix for the preparation
of ion exchangers?!, Some of the HP Indion ion exchangers
produced leocally have proved to be ideal for large scale
protein separation®?, because they are resiliant to both
chemical and physical attrition, and have high capacities for

binding macromolecules®!,

HP Indion is prepared from regenerated cellulose, which is
first ground and then graded into different particle sizes.
Next it 1s swollen with propylene oxide and cross-linked with
epichlorchydrin in the presence of godium hydroxide, according
to the methed first described by Sheerin®?®. Typical groups
present in the HP Indion cellulose matrix are shown in
Equation 1.1. HP Indion is available in a range of particle

sizes and degrees of cross-linking%4.

8 Waitaki International Biosciences, Christchurch



Equation 1.1 Preparation of HP Indion from Regenerated

Cellulose
O OH
/N |

—QH CHz—~CH-CHs ~0—~CHz ~CH—-CH3 Hydroxypropyl

e e
FCH NaCH —OH Group
~OH /Q\ —OH ?H
—OH HO Cl-CH>—CH-CHa —O"CHz—CH~CH2—O+ Chemical

e r—r—— -

NaCH Cross—-Link

Regenerated HP Indion

Cellulose

i.8 FPOXIDE ACTIVATION CF HPE TNDION CELLULOSE MATRIX

Cne very effective method of preparing ion exchangers from the
cellulosic HP Indion starting matrix involves epoxide

activation (Equation 1.2) and c¢oupling {Equation 1.5).

Equation 1.2 Epoxide Activation
C NaOH O
7\ 7N\
Lor + ci-cH:-CH-CHz ——s  |FO-CH2—CH-CH:
Cold
HP Indion Epoxide Activated Cellulose

The conditions needed te¢ substitute the maximum number of
epoxide groups onto the cellulose matrix have been thoroughly
investigated’®, The c¢ritical factor affecting the level of
epoxidaiion relates to the ratio of sodium hydroxide and
eplichleorohydrin used. Sodium hydroxide ig consumed by
epichlorohydrin in a 1:1 mole ratiec in order to react with the
celluleose matrix, and alsc through hydreolysis {Equation 1.3).

Equation 1.3 Hydrolysis of Epichlorchydrin
o 0
/N A
Cl-CHz~CH-CHz + NaOH — HO-CH;-CH-CHz + NacCl
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Once the sodium hyroxide has been consumed further activation
is not possible no matter how much epichlorohydrin is used.
However, if excess sodium hvdroxide is used hydrolysis of the

active epoxide groups occurs (EBgquation 1.4).

Eguation 1.4 Bydrolysis of Activated Cellulose by Excess

Sodium Hydroxide
OH OH
7N\ |
FO—CHz—CH—Cﬁz + H20 + NaCH —» FO—CHz—CH—CHz + NaOH

Epoxide Activated Hydrolysis
Cellulese Product

In order to preduce the maximum number of active epoxides =
25% molar excess of epichlorohydrin over sodium hydroxide must
be used. A 6-8% w/v solution of sodium hydroxide is also
essential: above this concentration extra weight is added to
the cellulose without a significant increase in the number of
epoxides produced (indicating that hydrolysis had occured);
but when less than 6% soidum hydroxide is used limited
epoxidation results. The actual wvolume of sodium hydroxide
soluticen, and the number of active epoxides produced,
ultimately depends on the physical properties of the HP Indion
used. Other factors influencing the number of epoxides
produced are the temperature and time of the reaction.

Maximum epoxidation (up to 1.4 meq/g) is obtained by
activating at low temperatures, however the time required for
the reaction tc reach completion at 4°C is in excess of 30

hours.

It is possible to couple a wide variety of functional groups
to epoxide activated HP Indion (Table 1.2). Previcus work
demonstrated that amino cellulose ion exchangers were
moderately effective at biﬂding bile acid anions in vitro®s,
However, this work was limited and synthetic methods for

optimising the ion exchange function were not investigated,
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Table 1.2 Ion Bxchangers Prepared f£rom EBpoxide Activated

HP Indion
Ton Exchanger Structure Function
Sulphopropyl (8P} cellulose -S50g~Nat }  Cation
Phosphate (PT) cellulose ~POs~Nat )  Exchange
Quaternary Amino {(QA) cellulose -NRa*Cl~ }  Anion
Tertiary Amino (DE} c¢ellulose -NHR:*C1l- } Exchange
Primary Amino {PA) cellulose —NHa+C1- )

1.9 AIM OF THESTS

Bile acid sequestrantsg operate by exchanging negatively
charged counterions (usually c¢hloride ions) for bile acid
anions, hence it was anticipated that guaternary aminoc (QA}
cellulose ion exchangers would be effective because they
remain charged at all pH levels., Therefore it was decided to
prepare a range of dimethylalkyl QA celluloses by coupling
N,N-dimethyl~N~alkylamines to epoxide activated HP Indion as

shown in BEguation 1.5.

The aim was to identify the most efféctive alkyl group, and
then optimise the gynthesis of the cellulose ion sxchanger.

It was hoped that the capacity of the resultant product to
bind bile acids in vitro would match or exceed that of
cholestyramihe. Ultimately it was hoped that a cellulose based
drug weould alleviate some ¢f the side—-effects which cccur with

the synthetic polystyrene matrix of cholestyramine.

Equation 1.5 Preparation of Quaternary Amino (QA)

Celluleose {Coupling)

y CHa OH CHs
}—O-CHZ—CH—\CHz + 1\:1~R + H20 —-—}-o-—caz—clﬁ—crzz-q:sﬁ—la OH-

CHa CHa

Epoxide Activated Dimethylalkyl QA

Cellulose Cellulose
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CHAPTER 2. MAPTERIALS AND METHODS
2.1 MATERTALS
2.1.1 Chenicals

HP3 Indion {(Grade 3, Batch 1185, 25% cross-linking), HPH
Indion {(Grade 3, Batch 1184, 15% cross-linking} and HP7 Indion
{Grade 3, Batch 1183 and 1259, 10% c¢ross-linking) were
obtained from Waitaki International Bio—-Sciences,

Christchurch, New Zealand.

Cholestyramine resin was obtained from Sigma Chemical Company,
St Louis, Missouri, USA; and ceclestipol hydrochloride
{Colestidf} from The Upjohn Company, Kalamazoo, Michigan, USA.

Acetonitrile (Far UV, HPLC), dimethvlamine (26% aqueous),
ethanol (AR). ethanol (AR, 95% agueous), hvdrochloric acid
{Volumetric Concentrate®), hydrochloric acid (AR}, sodium
bicarbonate (AR}, sodium hydroxide (AR), sulphuric acid (AR},
trimethylamine (32% agueous} and trimethylamine {(33% in
ethanol) were obtained from BDH Chemicals Ltd., Poocle,
England; orthophosphoric acid {AR), sodium chloride {AR),
sodium hydroxide {(Volucon®) and sodium metabisulphite {Lab.
grade} from May and Baker Ltd., Dagenham, England: sodium
cholate, sodium deoxycholate and sodium glycocholate from New
Zealand Pharmaceuticals, Palmerston North, New Zealand;

sodium glycodeoxycholate, sodium taurocholate and sodium
taurodeoxycholate from Sigma Chemical Company; N,N-dimethyl-N-
octylamine and n-dodecylamine from Aldrich Chemical Company,
Milwaukee, Wisconsin, USA; l-bromobutane from Riedel De Haen,
Seelze—-Hannover, West Germany; N,N-dimethyl-N-dodecylamine
from Pelysciences Inc., Warrington, England; epichlorohydrin
from DOW Chemical Company., Midland, Michigan, USA; indicator
praper from Whatman Ltd., Maidstone, Kent, England; nitrogen

{dry industrial compressed) from New Zealand Industrial Gases,
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Lower Hutt, New Zealand; and sodium sulphite {(anhydrous) from

Merck Ltd., Darmstadt, West Germany.

De—ionized water (Milli-QR) was used to wash all of the resins

and for the preparation of all buffers and agueous reagents.

2.1.2 Equipment

A1l titraticns were carried out using an ABU ITI Autoburette,
TT2 Titrator and REA 300 Titragraph, all from Radiometer,

Copenhagen, Denmark.

Ultraviclet and visible absorption were measured on a PYE
Unicam PV 8610 Kinetics Specktrophotometer from Philips,

Cambridge, Great Britain.

Analysis of conjugated bile acids by HPLC was carried out
using: a Zorbax® 0ODS (Octadecyl Silica) column (4.6 mm X 250
mm) from Dupont, Wilmington, Detroit, USA; two Model 3510 HPLC
pumps, a Model 680 Automated Gradient Contreller, a Model 450
Variable Wavelength Detector and a Model 730 bata Module, zll

from Waters Associates, Milford, Massachusetits, USA.

2.2 DRY MATTER ANALYSIS

A1l ion exchangers were washed with water or equilibrated with
buffer, drained thoroughly on a sintered glass filter and
stored at 4°C in a sealed container until required. In order
to determine the dry matter of each resin, three samples were
accurately weighed into small beakers of known mass and oven-—
dried overnight at 65°C, followed by a further 2 hours at
100°C, After cocling in a desiccator they were weighed and the

dry matter was calculated as feollows:

Dry Matter (mg/g) = Dry weight of ion exchanger {(mg)
Wet weight of ion exchanger {g}

A mean of the three values was used.
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2.3 GENERAI. METHOD FOR PREPARING CELLULOSE TON EXCHANGERS

The nhovel ion exchangers were prepared exclusively from
hydroxypropylated regenerated cellulose with 10%, 15% or 25%
cross—-1linking (HP7, HP5 or HP3 Indion respectively}. These
were first suspended in water and the fine particles removed
by decantation. Each c¢ellulose was then drained thoroughly on
a sintered glass filter and stored in a sealed container at

4—-6°C. The dry matter of each was determined as described in

Section 2.2.

2.3.1 Activation of HP Indion Celluiose

The moist HP Indion cellulose (10 g drv matter) was placed in
a screw-top jar (250 mL). To this was added enough water and
40% w/v agueous sodium hydroxide to make a thick slurry, with
a final sodium hydroxide concentration of 5.6 to 6%. {The
water content of the starting matrix was taken into consider-
ation in calculating this final sodium hydroxide concentra-
tion.} This mixture was cooled to below 6°C before
epichlorohydrin was added to it. {The molar ratioc of
epichlorohydrin to sodium hydroxide used was always 1.25:1.})
Finally the jar was sealed and placed on a roller for 21 to 67
hours in a cold room at 4-6°C. The censistency of the matrix
was such that geood mixing was obtained, but not so thin that

large amounts of epichlorohydrin were used unnecessarily.

Table 2.12 shows the actual amounts and the conditions used to
activate the various HP Indion celluloses. Also included in
the Table are the amines and coupling conditions used to
prepare the alkyl QA cellulose ion exchanger from each

activated cellulose {Section 2.3.2}.

2.3.2 Coupling Activated Celluloses with Tertigry Amines.

At the end of the reaction of HP Indion with epichlorohydrin

the activated cellulose was washed on a sintered glass filter
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with water, 30% ethanol and 60% ethancl (approximately 500 mkL
of each in several lots). The gel was drained thoroughly and
returned to the jar. To this was added the amine to be
coupled (10 to 15 mi:}, dissolved in 30 to 95% ethanol (30 to
50 mL}. {The number of moles of amine used was at least 3
times greater than the number of epoxides present on the
activated matrix. The choice 0f solvent depended on the
sciubility of the particular amine used.) The jar was sealed
and the amine was coupled for 120 hours at room temperature,
or a combination of 6 hours at room temperature, 65 hours at
37°C and 1-3 hours at 70°C. The coupling at room temperature
and 37°C was carried out on a roller. The coupling at 70°C was
achieved for small batches by shaking the mixture in a water
bath. Larger batches (greater than 10 g dry matter) were held

in a water bath and mixed by a paddle stirrer.

After coupling, the ion exchanger was washed on a sintered
glass filter with 60% ethanol containing 1 mol/L hydrochleric
acid, 30% ethanol and finally water {approximately 500 mL of
each in several lots). Acidified aguecus alecchol washes werse
used to remove the excess amine. To ensure that the ion
exchanger was completely free of amine and that any unreacted
epoxXides were hydrolysed it was given further washes with

1 mol/L hydreochloric acid, water and 1 mol/L sodium hydroxide.
Scoaking times of up to 1 hour were used for each of the washes
to ensure complete removal of the uncoupled amine. The wash
with sodium hydroxide converted the ion exchanger into the
hydroxide form ready for analysis by titration (Section 2.6.1)
and reprocessing {Section 2.4) where necessary. Finally the
ion exchanger was washed with water until the washings were

neutral to pH 6-8 indicator paper and then drained thoroughly.
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2.4 REPROCESSING

Some of the ion exchangers shown in Table 2.1A were activated
for a second time with epichlerchydrin and further coupled
with amine. The second processing step was carried out using
similar techniques to those used in the first step {(Section
2.3). The details for particular ion exchangers are given in
Table 2.1B. For example, DMBo 3 {10 g dry matter) was
reactivated in 4% sodium hyvdroxide {113 mlL) with epichloro-
hydrin {11 mL}. After washing with 60% aqueocus ethanol this
was coupled with N,N-dimethyl-~N~dodecylamine (15 mL) dissolwved
in 95% ethanol (40 mL), to give DMDo 4.

2.5 OPTIMISATION CF THE SYNTHESIS OF DODECYL QA CELLULOSE

2.5.1 Coupling Temperature

Moist HPS5 Indion {10 g dry matter) was placed into a screw—-top
jar {250 mL}). To this was added water (50 mL) and 40% agueocus
sodium hydroxide (18 mlL) to give, in total, 120 mL of ¢%
aqueocus sodium hydroxide. Thig mixture was cooled in ice to
below 6°C before adding epichlorohydrin (18 mL) to it. The jar
was sealed and rolled for 24 hours in a cold room at 4-6°C.
The activated cellulcse was collected on a sintered glass
filter, washed with water, 30% ethanol and 60% ethanol
{approximately 500 mL of each in several lots}, and then

drained of excess liguid.

The damp activated matrix was divided into 5 egual parts to
investigate different coupling conditions. Each part (2/10 of
total) was coupled with N,N~dimethyl-N-dodecylamine (DMDo-—
amine) (3.0 mL) dissolved in 95% ethanol (10 mL) for various
times at temperatures from 20 to 70°C. After coupling, each of
the dedecyl QA celluloses were collected on a sintered glass
filter and washed with: 1 mol/L hydrochloric acid in 60%
ethanol; 30% ethanocl; water; 1 mol/L hydrochloric acid; water;

1 mel/L sodium hydroxide; and then rinsed with water



TABLE 2.1 Summary of the Alkyl QA Cellulose Ion Exchangers Prepared in Chapter 3

Properties starting Materials Actdvation® Coupling®
Ion Substitution Swollen  Amine Starting Cross=- Dry Yol./Cone. Yolume Tine Yolume VYol./Conc. Time/

Exchanger Level Yolume ~ H(CHp}sR _Matrix DLinking HMatter HaoH ECHb (4-6°C}) _Amine _Ethanool Temp.

{Code) {meq/y} {mL/g) (R) {Indion) (%) img/¢) (nL/% ag) {mL) {h} (L) (mL/% aq) {h/°C)
Table 2.1A Single Processed Ion Exchangers
DHB & 1.05 6.5 Butyl HP3 25 183 85/5.6 12 21 c 50/30 120/RT
DHO 6- 0.77 5.1 Qetyl HFB- 25 183 85/5.6 12 21 13 31715 120/RT
DHO 8 0.84 7.5 Octyl HPS ik 163 113/6.0 17 Al 14 0/60 d
DHO 10 0.9% 11.6 Octyl Hp7e 10 111 150/6.0 23 42 15 50/60 d
DHDO 2 0.60 5.2 Dodecayl AP3 25 183 85/5.6 12 23 15 31715 120/RT
DMDo 1 0.71 6.5 Dodecyl HPH 15 163 113/6.0 17 41 15 16/95 4
Do 1 0.83 8.1 Dodecyl 1iP7e 10 131 150/86.0 23 e7 15 50/95 d

Table 2.1B Double Processed Ton Exchangers

DO 9 1.27 5.2 Octyl DHMO 8 15 168 113/4.6 11 65 13 40/60 d
DHO 11 1.38 7.2 Octyl DHO 10 10 119 150/4.0 15 65 10 50/60 d
DHDo 4 . 1.16 1.7 Dodecyl DMDe 3 15 18¢ 113/4.0 {1 65 15 40/95 d
DHDo 8 1.18 3.7 Dodecyl DMDo 7 10 i8z 150/4.0 15 64 15 50/95 d
®  Amount used per 10 g {dry matter) of the starting matrix activaled

b Epichlorohydrin

© N, ,N-dimethyl-#-butylamine hydrobromide (17 g) neutralised to pH 11 with 40% w/v aqueous scdium hydroxide

4  Coupling was for b hours at room temperature, 65 hours at 17°C and 1-3 hours at 70°C

L]

Batch Humber 1183

LT
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until the washings were neutral to pH 6-8 indicator paper.
They were then sucked dry and samples were taken for titration

analysis (Section 2.6.1).

2.5.2 Half-Neutralisation of DMDo—Amine

A batch of activated matrix was prepared from HPS Indion (4 g
dry matter) asg described in Section 2.5.1. After washing with
60% ethanol it was drained and divided into 2 equal parts. To
each part was added a solution made up of DMDo-amine (3.0 mL),
concentrated hydrochloric acid (0.48 mlL) and absolute ethanol
{9.5 mL). {The acid was added to the ethanol first and the
mixture cocled before adding the amine.} One part was coupled
for 48 hours at room temperature, followed by 2 hours at 70°C.
The other part was coupled for 3 hours at 70°C. Both parts

were then collected and washed as described in Section 2.5.1.

2.5.3 Coupling Time at 70°C

A batch of activated matrix was prepared from HP5 Indion (20 g
dry matter) ag desgsceribed in Section 2.5.1, and divided into
parts. One part {1/20 of total) wasg c¢oupled with
trimethyvlamine {Section 2.5.3a). Five parts {each 2/20 of
total} were coupled with half-neutralised DMDo-amine (Section
2.5.2}) at 70°C for 1 to 5 hours. A further part (2/20 of
total) was coupled with non-neutralised DMDo~-amine (Section
2.5.1) for 2 hours at 70°C.

Each of the parts which were coupled with DMDo-amine were
washed with 60% ethancl and divided in half. One half was
washed as normal (Section 2.5.1). The other half was reacted

further with trimethylamine (Section 2.5.3a).

2.5.3za Coupling with Trimethyiamine in Ethanol

The activated matrix {(prepared from approximately 1 g dry

matter of HP Indion) was coupled with trimethylamine {1.25 ml
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of a 33% solution in ethanol) in 9%5% ethanol (5 mL) by
reaction for 24-48 hours at room femperature. The product was
then collected ¢on a sintered glass filter and washed as

described in Section 2.5.1.

2.5.4 Coupling Time at 23°C

A batch of activated matrix was prepared from HPS5 Indion (20 g
dry matter} as described in Section 2.5.1, and divided into
parts. One part {(1/20 of total) was coupled with
trimethylamine {Section 2.5.3a). Four parts {(each 3/10 of
total} were coupled with half-neutralised DMDo-amine (Section
2.5.2) at 22°C for 24 to 96 hours. A further part (3/20 of
total} was coupled with non-neutralised DMDo-amine {Sectiocn
2.5.1} for 48 hours at 22°C.

Each sample that was reac¢ted with DMDo-~amine was washed with
60% ethanol and divided into 3 equal parts {each 1/20 of the
total matrix activated). The first part was coupled for =a
further 4 hours at 790°C with DMDo-—amine. The second part was
further coupled with trimethylanmine {(Section 2.5.3a). The

third part was washed as usual (Section 2.5.1}.

2.5.5 Optimum Time for Activation

Moist HPB Indicn (3 g dry matter) was activated for 24 hours
at 4-6°C as described in Section 2.5.1. Two further reactions
were carried out for 48 and 72 hours. Each activated matrix
was washed with water, drained and processed in the following
way. One third was coupled with sulphite {(Section 2.5.5a).
The remaining two thirds were washed with 60% ethanol and
divided in half. ©One half was coupled with trimethylamine
(Section 2.5.3a}). The other half was mixed with half-
neutralised DMDo-amine (Section 2,5.2}) for 14 hours at room
temperature and 10 hours at 70°C, and then cooled overnight
{17 hours). The resulting product was washed in the usual way
{Section 2.5.1).
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2.5.5a Coupling with Sulphite

The activated matrix {prepared from approximately 1 g dry
matter of HP Indion) was reacted with a mixture of sodium
sulphite (0.5 g) and godium metabisulphite {0.5 g) in water
{5 mL) for 24 hours at room temperature. The product was
washed thoroughly with water and 1 mol/L hydrochleoric acid,
and then rinsed with water until the washings were neutral to
pH 6~8 indicateor paper, ready for titration analysis {Secticn
2.6.2).

2.5.6 Reinvestigation of Coupling Time at 70°C

Moist HPS Indion {12 g dry matter) was activated with
epichlorchydrin in 6% sodium hydroxide (Section 2.5.1) for 48
hours at 4-6°C., After washing with 60% ethanol the activated
matrix was divided into 6 egual parts (each 2/12 of total}.
One part was coupled with trimethylamine {Section 2.5.3aj.

The remaining parts were all coupled with half-neutralised
DMDo-amine (Section 2.5.2) for 2 to 20 hours at 70°C. Each of
the samples coupled with DMDo—-amine were then washed with 60%
ethanol and divided in half. One half was further coupled
with trimethylamine {Section 2.5.3a} and the other half was

washed in the usual way {Secticon 2.5.1).

2.5.7 Large Scale Preparation of Dodecyl CA Cellulose
{DMBo 72}

Moist HPS Indion (100 g dry matier) was activated with
epichlorohydrin (176 mlL) in 6% agueous sodium hydroxide (total
volume, 1200 mL) for 48 hours at 4-6°C as described in Section
2.5.1. The product was washed with water and a sample {(1/100
of total) was removed and coupled with sulphite (Section
2.5.85a}). After washing with 60% ethanol a further sample
{1/100 of totazal) was removed and coupled with trimethylamine
{Section 2.5.3a). The rest was coupled with DMDo-amine

(150 ml;) half-neutralised with concentrated hydrochloric acid
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(23.8 mi} in absolute ethanol {475 mL), for 12 hours at room
temperature and 10 hours at 70°C. It was then cooled overnight
{17 hours). The product was collected on a sintered glass

filter and washed as described in Section 2.5.1.

2.5.8 Coupling Conditions for Trimethylamine

Moist HPS Indion (10 g dry matter} was activated as described
in Section 2.5.1. It was washed with water and divided into
10 egual parts. One part was coupled with sulphite (Section
2.5.5a). Three parts were each coupled with trimethylamine
(1.65 mL of a 32% aqueocus solution) in water (6.0 mL}); three
parts were each coupled with trimethylamine (3.30 mL of a 32%
agqueous solution) in water (6.0 mL); and three parts were
each coupled with a solution made up of trimethylamine

{1.65 mL of a 32% agueous solution), concentrated hydrochloric
acid {0.33 mL} and water (6.0 mL). Coupling was for 12, 24
and 48 hours in each case. The products were washed
thoroughly with water, 1 mol/L hydrochlori¢ acid, water and

1 mol/L scidum hydroxide, and then rinsed with water until the
washings were neutral to pH 6-8 indicator paper, ready for

titration analysis (Section 2.6.1).

2.5.9 Conditions for Activating Dodecyl QA Celiulose

Samples (each 2 g dry matier) of moist dodecyl QA cellulose
(DMDo 72, Section 2.5.7) were activated with epichlorohvydrin
in 4%, €% and 8% sodium hydroxide (Section 2.3.1} for 24, 48
and 72 hours. The total wvolume of agueocus sodium hydroxide

used was 24 ml: in each case.

After activation each of the nine matrices was washed with
water and divided into 2 equal parts. One part was coupled
with trimethylamine (Section 2.5.%a}. The second part, after
washing with 60% ethanol, was coupled with half-neutralised

DMDo-amine (Section 2.5.2) for 15 hours at room temperature
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and 10 hours at 70°C, and then cooled covernight (17 hours).

The products were then washed as usual (Section 2.5.1).

2.5.9a Coupling with Trimethylamine in Water

After washing with water, the activated matrix {pfepared from
approximately 1 g dry matter of HP Indion) was reacted with 9%
aguecus trimethylamine (7.0 mL} for 24 hours at room tempera-
ture. The product was then washed with water, 1 mol/L hydro-
chloric acid, water and 1 mol/L sodium hydroxide, and then
rinsed with water until the washings were neutral toc pH 6-8

indicator paper, ready for titration analysis (Section 2.6.1).

2.5.10 Coupling Conditions for Reactivated DMDo 72

Moist DMDo 72 (30 g dry matter} was activated with
epichlorohydrin (45 mL) in 6% sodium hydroxide (300 mL total
volume) for 24 hours at 4-6°C (Section 2.5.1). After washing
with water two samples were coupled with trimethylamine. The
first sample {8/30 of total) was cocupled with trimethylamine
in water (Section 2.5.9a). The second gample (2/30 of total)
was coupled with a solution containing trimethylamine (4.0 nmL
of a 32% agqueous solution), concentrated hydrochloric acid
{0.19 mL) and water (12.0 mL). Both of these samples were
coupled for 48 hours at room temperature and then washed as

degcribed in Section 2.5.9%a.

After washing the remaining activated matrix with 60% ethanocl
two samples were removed {each 8/30 of the total matrix
activated). One of these samples was coupled with half-
neutralised DMDo—amine {(Section 2.5.2) for 18 hours at room
temperature and 10 hours at 70°C, and then cooled overnight
{15 hours). The other sample was coupled with DMDo-amine in
the same way, except that the voelume of concentrated
hydrochloric acid was increased from 19.2 to 28.8 mL. Both
samples were washed with 60% ethanol, 30% ethancl and water,

and then a small part of each {gach corresponding to
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approximately 1/30 of the total matrix activated] was coupled
with trimethylamine {Section 2.5.9a). The rest of the product

was washed as usual, ready for titration analysis {Section

2.6.1).

2.6 DETERMINATION OF SUBSTITUTION LEVEL AND SWOLLEN VOLUME

2.6.1 Anion Exchangers

2 small sample {(approximately 5 g wet weight} of the ion
exchanger was washed with 1 mol/L sodium hydroxide to fully
convert it to the hydroxide form, and then rinsed with water
until the washings were neutral to pH 6~8 indicator paper.

(In the case of cholestyramine and colestipol 2 mol/L sodium
hydroxide was used.) It was then placed in a titration vessel
and covered with 10 mL of water. To this was added about

0.5 g of sodium chloride to cause hydroxide ions to dissociate
from the ion exchanger. The sample was titrated to pH 4.0
with 1.00 mol/L hvdrochloric acid. It was then washed into a
sintered glass filter of known mass. After further washing to
remove all of the sodium c¢hloride the sample was transferred
into a 25 mL measuring cylinder, topped up with water and
allowed to settle for at least 6 hours. The cylinder was
tapped occasionally until a constant volume was recorded. The
gsample was then returned to the sintered glass filter, drained
thoroughly and oven dried overnight at 65°C. It was dried for
a further 2 hours at 100°C, allowed to cool in a desiccartor
and weighed. The substitution level and swollen volume were

then calculated as follows:

It

Substitution Level Volume 1.00 mol/L hvdrochloric acid {(mL}
{meqg/g) Dry weight of ion exchanger {g)

H

Swollen Volume Settled volume of jon exchanger {mL}
(mL/g) Dry weight of ion exchanger (g)
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2.6.2  sulphopropyl Celluloses (SP—-Cellulcses)

A small sample of the SP-cellulose {approximately 5 g wet
weight) was washed with 1 mol/L hydrochleric acid and then
rinsed with water until the washings were neutral to pH 6-8
indicator paper. The sample was placed in a titration wvessel
along with 10 mL of water and about 0.5 ¢ of sodium chloride.
It was titrated to pH 8.0 with 1.00 mol/L sodium hydroxide.
The sample was then washed into a sintered glass filter of
known mass. After further washing the subgtitution level and
swollen volume of the ion exchanger were determined as
described in Section 2.6.1. The number of epoxide groups
{meq/g) converted to sulphopropyl was calculated when

necessary from the expression:

Number of epoxides {(meqg/g) = p:4
{1-0.104X}

where X was the substitution level of the SP-cellulose

{meqg/qg).

2.7 TITRATION CURVES

A small sanmple, with approximately 1 g dxry matter of the ion
exchanger was converted to the hydroxide form (Section 2.6.1)
and then transferred to a titration vessel. Sodium chloride
(10 ml:;, 1 mol/L) was then added to cause hydroxide ions to
dissociate from the ion exchanger. The solution was acidified
to less than pH 3.0 using a Known volume of 1.00 mol/L
hydrochloric acid. Nitrogen was bubbled through the sclution
for several minutes to remove carbon dioxide. An identical
volume of 1.00 mol/L sodium hydroxide was added (to neutralise
the 1.00 mol/L hydrochloric acid) and the mixture was
maintained under a nitrogen atmosphere. The titration curve
was then recorded using a Radiometer autotitration assembly.
Small increments {0.01 mL) of 1.00 mol/L hydroechloric acid
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were injected at time intervals great enocugh to allow complete

equilibration after each increment, usually 3-5 minutes.

2.8 BILE ACTID CAPACITY TESTS

2.8.1 Capacity for Chelate and Deoxycholate

The bile acid binding capacities of selected ion exchangers
were determined according to the method cof Rrasopolous

et al.®*?. The capacity tests were carried cut in Bicarbonate
Buffer System (BBS). BBS was prepared by mnixing together an
agqueous sclution (50 mL)} of sodium bicarbonate (4.2 g}, and an
agueous solution {1000 mL) of sodium chloride {%.0 g). The

resulting sclution wags then adjusted to pH 8.0 prior to use.

The ion exchanger was equilibrated to pH 8.0 by washing it
with BBS on a gsintered glass filter and then draining it
thorocughly. Samples were then dried to determine the dry
matter as described in Section 2.2. Five samples of the moist
equilibrated ion exchanger with dry matter in the range 15 to
200 mg were then weighed into screw-top vials (25 mL}. To
each of these was added a 15 mmol/L stock solution of sodium
cholate or sodium deoxycholate (20 mlL), prepared by disscolving
the bile salt in BBS and readjusting the pH to 8.0. The wvials
were sealed securely and mixed for 2 hours (Chapter 3} or 25
hours (Chapter 6} at room temperature. This procedure was
always carried out in duplicate. After mixing, each sample
was filtered and the residual concentration of cholate or
deoxycholate in the filtrate determined spectroscopicalliy®?® as

follows:

An aliquot (20 unl) of the filtered sclution was transferred to
a test tube with a ground glass stopper, using a Pederson
pipette. {Duplicate analyses were carried out on each of the
filtered sclutions.) Sulphuric acid (6.0 mL, 65% agueous
solution}) was then added to the tube and the chromophore

developed. For cholate samples, the UV absorption at 318 nm
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was measured after 20 minutes at room temperature. For
deoxycholate samples, the absorption at 384 nm was measured
after heating them for 20 minutes at 60°C. Each time the bile
acid capacity tests were done it was necessary to prepare a
standard curve for absorption from 0 teo 15 mmol/L, by making
appropriate dilutions of the stock solution and analysing them
as above. The standard curve was then used to determine the
residual concentration of the bile salt remaining in each of
the filtered solutions. The chromophores were stable for more
than 6 hcurs at room temperature, and Beers Law was found to
be obeyed by both bile salts up to concentrations of

15 mmol/L.

The capacity of the ion exchanger for binding cholate or

deoxycholate was then calculated as follows:

Mags of bile acid anion bound {(mg)
Dry weight of ion exchanger (g)

Capacity (mg/qg)

Capacity {(mg/g)
Swollen volume of ion exchanger {mL/g)}

Capacity {mg/nL)

The capacity {(mg/g or mg/mlL) was plotted against the residual
concentration of the bile salt {mmol/L) in the filtrate at the
end of the test.

The binding efficiency of the ion exchanger at warious
residual concentrations was calculated as follows:
Binding Efficiency (%)

= Capacity (mg/qg) X 100
M- {g/mole) Substitution level {meq/g}

where Mr is the molar mass of the bile acid anion.

2.8.2 Capacity for Conjugated Bile Acid Anions

A stock solution (500 mL) containing a mixture of bile salts,

each 2.0 mmel/L, was prepared by dissolving sodium



27

taurocholate {(.538 g) sodium taurodeoxycholate (0.522 g}.
sodium glycechelate (0.488 g} and sodium glycodecoxycholate
{0.472 g} in BBS (Section 2.8.1), and readjusting the pH to
8.0. Aliguots (20 mL) of this solution were then mixed with
samples (15 to 160 mg dry matter) of the ion exchanger,
previously equilibrated with BBS {(Section 2.8.1}. After 25
hours mixing at room temperature the supernatant was clarified
by filtration through a sintered glass filter and the residual
concentration of each bile salt remaining in solution was

measured by HPLC analysis {Section 2.8.2a).

2.8.2a HPLC Analysis of Bile Salts

Samples containing conjugated bile salts were diluted
appropriately with water and filtered through a 2 um filter
disk before analysis. A reverse phase cctadecyl silica c¢celumn

{Zorbax ODS) was used to separate the bile acids using the

following buffers:

Buffer A - acetonitrile, 5% : water, 95% : orthophosphoric
acid, G.1%;
Buffer B - acetonitrile, 80% : water, 20% : orthophos-~

phoric acid, 0.1%.

Separation required 30 minutes using a linear gradient from
30% B to 100% B, with a flow rate of 1.0 nL/minute. Detection
of the bile acids was by UV absorption at 200 nam. The order
of elution was: taurocholic acid, taurodeoxycholic acid,
glycocholic acid and glycodeoxycholic acid. The concen-—
trations were determined from a working c¢urve, which was
prepared by injecting standards containing 0.00 to 0.08 pmoles

of each bile salt. The detector response was calibrated

daily.
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2.9 PREPARATION OF N, N-DIMETHYL—N-BUTYLAMINE

l-Breomecbutane (50 mL, 0.47 meles) was dissolved in absolute
ethancl (50 mL) and added drecpwise to a stirred sclution of
dimethylamine (240 mL, 26% agueous sclution, 1.4 moles)
dissolved in absolute ethancol (100 mL). After 2 days the
hydrobromide salt of N,N-dimethyl-N-butylamine was
crystallised by evaporating the solvent and excess
dimethylamine under reduced pressure. The crude product was

recrystallised from absolute ethanol and dried under wvacuum.

The vield was 70%,.
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CHAPTER 3. PRELIMINARY STUBIES

3.1 INTRODUCTION

A preliminary investigation was undertaken to determine
whether or not amino cellulose ion exchangers were likely to
be useful as bile acid sequestrants. Although various amino
celiuloses had been prepared previously, only a few of these
bound bile acid anions effectively®® and optimisation of
synthetic methods was not attempted. Consequently, it was
necessary to identify the ion exchanger with the greatest
potential and then try to improve it by optimising the method
of preparation. This chapter discusses several amino
celluloses which were prepared and their ability to bind
cholate aniomns. From this an ion exchanger worthy of further

synthetic investigation was identified.

3.2 PREPARATTION OF QUATERNARY AMINO CELLULOSE

The agctivation of hyvdroxypropylated regenerated cellulose {(HP
Indicn} with epichlorohydrin in a slurry of 4~6% sodium

hydroxide (Equation 3.1) has been extensively studied®®.

Egquation 3.1 Activation of HP Indion

0 NaOH o]
_ \ a
|-ou + C1-CHz —CH—CHe — FO—CHz —~CH~CHa
Cold
HP Indion Epichlocrohydrin Epoxide Activated
' Cellulose

These epoxide activated celluloses have been used in the
synthesis of a variety of quaternary amino (QA) celluloses by
coupling N,N-~dimethyl-N-alkylamines to the epoxide groups
(Equation 3.2).
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Equation 3.2 Coupling

O CHaz H: O OH CHa
/7 \ l | |
#O—CHz—CH—CHz + NH-R e PO-CHz—CH—Cﬁz—N*HR QH-
| !
CHa CzHsOH CHa
Epoxide Activated Quaternary Amino {(QA)
Cellulose Cellulose

When the alkyl group R is small, for example -CHz, ~CHz2CH: or
-CHzCH20H, the coupling reaction occurs almost gquantitatively
in water after 16 hours at room temperatured?®. However it was
anticipated that coupling would be more difficult for larger
amines due to steric effects, and that ethanol would need to
be uzed as a co-solvent because of the limited solubility

which these compounds were found te have in water.

For these preliminary studies initisl activation was carried
out with 6% sodium hyvdroxide for 21 to 67 hours at 4-6°C to
naximise the number of epoxides produced®?, Coupling was
carried out for up to 120 hours at room temperature or 37°C,
followed by up to 3 hours at 70°C to make sure the reaction
was completet?®, These times were excessive and not the optimum
conditions for coupling, however high temperatures were
avoided early in the reaction to minimise hydrolysis of the
epoxides (Equation 3.3) which is known to take place very
rapidly above 60°C39, (A complete summary of the procedures

and conditions used is given in Section 2.3 and Table 2.13.)

Egquation 3.3 Hydrolysis

O Hesgt CH
7N\ 1
FO—CH2~CHwCH2 + He QO o FO—CHz—CH—CH2~OH
Epoxide Activated Hydrolysis Product
Cellulose

Initial investigation centred on the effects of altering the
size of the amine coupled, and the amount of cross-linking
present in the HP Indion starting matrix. HP Indions with

10%, 15% and 25% cross-linking were used to synthesise butyl,
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octyl and dodecyl QA celluloses. The physical properties of

these ion exchangers are summarised in Table 3.1.

TABLE 3.1 Properties of the Alkyl QA Celluloses

Amine Substitution Level Swollen Volume
(meqg/qg) {(mL/g)
N{(CHs):=R 10%CL® 156%CL® 25%CLa2 10%CLA 15%CL? 25%CLa
(R)
Butyl - - 1.09 - - 6.5
Octyl 0.95 0.84 0.77 11.6 7.5
Dodecyl 0.83 0.71 0.60 8.3 £.5 5.3

a CL = Crosgss—-Linking

The data reported in Table 3.1 show that as the length of the
alkyl group was increased from butyl to dedecyl there was a
corresponding decrease in the substitution level attained for
the icn exchangers. This decrease occurred for all three
levels of cross—-linking. This was due to the lower reactivity
of the larger amines and the extra weight they added toc the
product per millieguivalent. For exanple, every
millequivalent of N,N-dimethyl-N-dodecylamine (¥ 214} coupled
tc the activated matrix produced a weight increase of 0.232
grams {(Equation 3.2}, compared with 0.119% grams for N,N-
dimethyl-N-butylamine {(Mr 101}. This caused the substitution
level of a butvyl QA cellulose to be greater than that of a
dodecyl QA cellulose when an identical number of epoxide
groups were converted. The number of epoxide groups in each of
the activated matrices, which were converted to QA groups, are

given in Table 3.2.
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TABLE 3.2 Number of Epoxide Groups Converted to QA Groups
During Coupling®?

Amine Epoxides Converted
N{CHa)z2R {meqg/q}

(R} 10%CLP 15%CLb 25%CL?
Butyl - - 1.28
Octyl i1.1i6 i1.00C 0.91
Dodecyl 1.65 0.86 .71

a  Epoxides converted (meg/g) = ¥/{1-XY¥/1000)
where Y = the substitution level of the Qi
cellulose {(meg/g)
X = the molar masg of {(CHa}2N(CHz2}2CHs plus ECl

b (€1, = Cross-Linking

The substitution levels also decreased for each of the amines
as the level of cross-linking in the HP Indion was increased
from 10% to 25%. Presumably this was because the matrices
with less c¢ross—-linking were more opens®t, allowing higher
activation levels to be achieved and causing the epoxides to

be more accessible to the approaching amines.

The swollen volumes of the ion exchangers {(Table 3.1)
displayed similar related trends. As the length of the alkyl
group was increased there was a decrease in the swollen
volumes of the ion exchangers. This was because the larger
alkvl groups were more hydrophobic, and probably interacted
with each other to exclude water and contract the cellulose
matrix. The swollen volumes als¢o decreased when a more highly
cross~linked cellulose was used, because these were inherentiy

less swollen to begin with3t.

3.3 CHOLATE CAPACITY TESTS

Batch capacity tests {Section 2.8.1) were carried out on some
0of the ion exchangers listed in Table 3.1 in order to

determine which of them bound cholate anions most effectively
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in vitre. Bach ion exchanger was first equilibrated with
Bicarbeonate Buffer System {(BBS), a physiclogical bicarbonate
buffer at pH 8.0 contalining chloride ions (approximately 150
mmol/L). These conditions were used to mimic those of the
intestinal tract??’. At physiological saline concentrations of
150 mmol/L there ig strong competition f£from the chloride ions
for the exchange sites on the cellulose. (The teotal
concentration of bile anions in vivo is only 6-8 mmol/L16.)
Several different sized samples of the eguilibrated ion
exchanger were mixed with 15 mmol/L sodium cholate in BBS (20
mL}, for 2 hours at room temperature. The capacity of the ion
exchanger for cholate was calculated after measuring the
residual concentration of sodium cholate at the end of the

test. The results are shown in Figures 3.1 and 3.3.

3.3.1 The BEffect of the Length of the Alkvl Group

A comparison of the effectiveness of the butvl, octyl and
dodecyl QA celluloses {all prepared on 25% cross-linked EHP
Indion) for binding cholate anions is given in Figure 3.1.
The capacity to bind cholate {mg) was calculated with respect
to the dry weight (g} of the ion exchanger used. The figqure
clearly illustrates that even though the substitution levels
decreased as the length of the alkyl group was increased,
there was g dramatic increase in the binding capacity {(mg/qg)
for cheolate anions. At the pcint where there was a background
concentration of 12 mmol/L sodium cholate in solution, the
binding efficiencies {Section 2.8.1) for the butyl, octyl and
dodecyl QA celluloses were 23%, 104% and 143% for cholate
respectively. These efficiencies dropped off in favour of
chloride as the residual cholate concentration in scolution
decreased. If every amine group on the ion exchanger bound
one chelate anion the binding efficiency would be 100%, which
was approximately the case for the octyl Q& cellulose. This
indicates that there could be some kind of favourable
interaction between the cholate anions and the long

hydrophobic carbon chains of the amine groups, because the



Fiqure 3.1 The Effect of Alkyl Chain Length on Cholate
Capacity
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Cholate binding capacity {mg cholate/g ion exchanger)
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Residual cholate concentration {mmol/L)

O 25% cross—linked dodecyl QA cellulose (DMDo 2,

0.60 meq/g}
il 25% cross—linked octyl QA cellulose (DMO 6, 0.77 meqg/g)
A 25% cross—-linked butyl QA cellulose (DMB 6, 1.09 meg/g)
Conditions: small samples of each ion exchanger were mixed

with a 15 mmol/L solution of sodium cholate in BBS {20 mL) at
PH 8.0 for 2 hours at room temperature
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concentration of chloride {150 mmol/L)} was at least ten times
the concentration of cholate {15 mmol/L}. If there was no
preference at all for chelate anions the binding efficiency
for cholate would be less than 10%.

The butyl QA cellulose bound chelate to only 23% of its
available positively charged nitrogen groups, which
demonstrated that it had little selectivity for cholate anions
over chloride icns. For this reason further investigation of
butyl QA cellulose ion exchangers for use as bile acid
sequestrants was suspended. However, both the octyl and
dodecyl QA cellulose derivatives showed the desired
selectivity for cholate over chloride. The binding efficiency
congiderably greater than 100% for the dodecyl QA cellulose
was surprising because it suggested that an average of 43% of
the amine groups were binding more than one cholate anion.
This may have been due to the formation of micelle-like
structures within the cellulose matrix, with checlate anions
stacking up between the dodecyl groups as indicated in Figure
3.2.

Figure 3.2 A Proposed Theory to Account for Binding

Efficiencies Greater than 100%

i

N AAAAN

!

~00C—-CHOLATE
CHOLATE-COO-Na*

I‘OOC“CHOLATE

NS AANAN
|
-Q0C~CHOLATE

N AAAAN/

i

3.3.2 The BEffect of Cross-Linking

Figure 3.3 shows that when the cross-linking was reduced from
25% to 15% for the octyl and dodecyl QA c¢elluloses there was



Figure 3.3 The Effect of Cross-Linking on Cholate Capacity
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O 15% cross-linked dodecyl QA cellulose (DMDo 3,
0.71 meq/g)
O 25% cross-linked dodecyl QA cellulose (DMDo 2,
0.60 meq/g}
0O 15% cross-linked octyl QA cellulose (DMO 8, 0.84 meqg/g)
] 25% cross-linked octyl QA cellulose {DMO &, 0.77 meqg/g)

Conditions: as for Figure 3.1
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an increase in the cholate capacity for these ion exchangers,
reflecting the higher substitution levels obtained for the 15%
cross—linked products. The binding efficiencies for the octyl
and dodecyl QA celluloses, at a residual concentration of 12
mmel/L sodium cholate, were 129% and 166% respectively for the
ion exchangers prepared on the 15% matrix, compared with 104%
angd 143% for these prepared on the 25% matrix. This may have
been because the QA cellulosesg prepared on the 15% matrix had
higher swollen volumes, allowing more room for the formation
of the micelle-like structures proposed in Figure 3.2. For
both the 15% and 25% cross—linked QA celluloses the dodecyl
derivatives had the highest capacities for binding cholate

anions.

3.4 THE EFFECT OF REPROCESSING

The substitution levels of 0.60-0.95 meqg/g for the octyl and
dodecyl QA cellulose derivatives {(Table 3.1) were not very
satisfactory when compared with most other cellulose ion
exchangers which have 1.0-1.5 meg/g84:-41:42  cholestyramine
which was determined to have 3.81 meq/g and colestipol which
was determined to have 7.859 meg/g {Section 4.10). For this
reascon the 10% and 15% cross-~linked octyl and dodecyl QA
celluloses were reactivated (Equation 3.1) and recoupled with
the appropriate amine (Egquation 3.2) to try and increase their
substitution levels. Details of the procedures and conditions

used are given in Section 2.4 and Table 2.1B.

All of the products in Table 3.1 were activated in a 6% sodium
hydroxide slurry, however for reprocessing 4% sodium hydroxide
was used to try and mininise extra c¢ross-linking (BEguation
3.4) without substantially reducing the number of active
epoxides produced!is, This was because extra cross-linking
could render some of the binding sites on the cellulose matrix

inaccessible to bile acid anions.
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Equation 3.4 Formaticen of Extra Cross-—Links During

Activation
0 H20 OH
7\ I
FO—CHz"CH—CHz + NaO—i —_— O—CH2—CH—CH2—O% + NaCH
Epoxide Activated Chemical Cross-Link

Cellulose

The physical properties of the reprocessed icon exchangers are
given in Table 3.3. The wvalues in parenthesis show the
corresponding properties for the single processed ion

exXxchangers (Table 3.1} from which each product was made.

TABLE 3.3 Properties of the Reprocessed Alkyl QA Celluloses?

Amine Substitution Level Swollen Volume
{meqg/g} (nL/g)
N{CHz}=zR 10%CLP 15%CLy 10%CLP 15%CLP
(R)

Octyl 1.38 1.27 7.2 5.2
(0.95) {0.84) {11.6) {7.5)

bBodecyl 1.18 1.16 3.7 3.7
{0.83) (0.71) (8.3) (6.5)

a  Numbers in parenthesis refer single processed ion
exchangers (Table 3.1)

B CLL, = Cross-Linking

The results in Table 3.3 illustrate the effectiveness of
reprocessing. The substitution levels for the four ion
exchangers increased by more than 40% in each case, and as a
conseguence of this the swollen volumes decreased by up to

55%. Both of these factors were inportant since the main
problems associated with bile acid sequestrants stem from the
large doses reguired to significantly reduce the concentration
of bile acids in the intestinal lumen!?. This can lead to poor
patient compliance because of their unpleasantness and
gagtrointestinal discomfort related to the bulk of the ion

exchangers ingested?4.
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The physical properties of the reprocessed ion exchangers
exhibited gimilar trends to those observed for the parent ion
exchangers. The reprocessed octyl QA celluloges prepared on
the 10% cross-linked matrix gave higher substitution levels
and swollen volumes than thoge prepared on the 15% cross-—
linked matrix. But in the case of the dodecyl QA cellulose
derivatives the cross—-linking made very little difference,
Also the gsubstitutiocn levels of the octyl QA celluloses were
significantly higher than the dodecyl QA celluloses. Although
it might appeary that a limit had been reached for the dedecyl
QA celluloses at around 1.2 meqg¢/g, later work {(Chapter 4)
showed that significantly higher substitution levels could in

fact be reached with this amine.

3.5 CHOLATE CAPACITY TESTS

Cholate capacity tests (Section 2.8.1) were carried out on
some of the ion exchangers reported in Table 3.3. The results

are shown in Figures 3.4, 3.5 and 3.6.

3.5.1 The Effect of Reprocessing on the Cholate Capacity

The effect of reprocessing was best demonstrated by the
cholate capacity curves (mg/g) for the 15% cross—linked octyl
and dodecyl QA celliuloses shown in Figure 3.4, These capacity
¢urves show that reprocessing was more effective at increasing
the cholate capacity of the octyl QA cellulose than its
dodecyl QA cellulose c¢ounterpart. This was because there was
a much larger decrease in the binding efficiency of the double
processed dodecyl QA cellulose than the double processed octyl
QA cellulose. For example, at a residual concentration of

12 mmol/L sodium cholate the binding efficiency of the octyl
QA cellulose ion exchanger dropped from 129% to 99% after
reprocessing, compared with a drop from 166% to 104% for the
dodecyl QA cellulose exchanger. The drop in efficiency for
the reprocessed ion exchangers may have been associated with

the large decrease in their swollen volumes which occurred
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after reprocessing (Table 3.3), because this could eliminate

the formation of micelle-like structures within the cellulose

matrix {Figure 3.2).

In spite of the decrease in efficiency, the dec¢rease in the
swollen volumes of the double procesgsed ion exchangers had a
favourable effect on the bulk required te bind cholate,
compared with the single processed ion exchangers. This can
be seen from the cholate capacity curves in Figure 3.5 where
the capacity to bind cholate {mg) has been calculated with
respect to the volume {mL) of ion exchanger used, instead of
the dry weight as in Figure 3.4. ©On the baslis of volume the
double processed ion exchangers had much higher cholate
capacities (mg/mL}) than the single procesgsed ion exchangers,
because their swolilen volumes were much lower. Also the
double processed dodecyl QA cellulose was much more effective
than the double procesged octyl QA cellulcse. This could be
very important from a clinical point of view because any
discomfort experienced by a patient taking this kind of
medication would be exacerbated if the volume cof ion exchanger

they were reguired to take was increased.

{Animal testing later showed that reprocessing dodecyl QA
¢ellulose increased the performance of the ion exchanger even
on a welilght basis!?, The very high efficiency of 166% found in
the laboratory test for the single processed preoduct may not
be attained in the animal model if some of this binding is

reversible in the gut of the animal.)}

3.5.2 The Effect of Cross-Linking on Cholate Capacity

The difference between the cholate capacity curves for the 10%
and 15% cross-linked dedecyl QA celluloses shown in Figure 3.6
were negligible, which reflects the fact that their
substitution levels were similar. The small improvement in
substituticn level achieved by using 10% cross—~linked HP

Indion, instead of 15%, to prepare octyl QA cellulose had
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Figure 3.5
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little effect on their ability to bind cholate. The dodecyl
derivatives appeared tec work better at very low cholate

concentrations, the octyl at high c¢oncentrations.

The 15% cross-linked matrix was selected to investigate the
preparation c¢f these alkyl QA cellulose derivatives. It was
thought that the exitra c¢ross-linking prresent <¢ould help the
product to be more resigtant against degradation in the gut.
The swollen volumes were alsc lower. However, after

optimising the process, distinct advantages appeared for the

10% ¢ross-linked matrix as discussed in Chapters 4 and 5.

3.6 CONCLUSTON

From these preliminary studies various cellulose based ion
exchangers appeared to have potential for use as bile acid

sequestrants. The most promising ion exchanger was a

44

reprocesged N,N-dimethyl-N-dodecyvlamino cellulose prepared on

15% cross-linked HP Indion cellulose matrix. Subseguent

investigation, into the optimisation of the synthetic methods

and in vitro testing, initially centred on this ion exchanger.
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CHAPTER 4, PREPARATION OF N,N-DIMETHYL-N-DODECYLAMINO
CELLULOSE

4.1 INTRODUCTION

In Chapter 3 N,N-dimethyl-N-dodecylamine cellulese {(dodecyl QA
cellulose) prepared from 15% cross-linked HP Indion was shown
to be the most effective jion exchanger for binding cholate
anions in the presence of a 10-1000 fold excess of chloride
ions. This was also the most difficult of the QA cellulose
ion exchangers to produce with a high substitution level and
stood to benefit the most from any improvements made to the
synthetic scheme. Therefore it was decided to concentrate on
optimising the synthesis of this ion exchanger to achieve the
maximum possible substitution level. Tt was hoped that by
increasing the substitution level a parallel increase in bile

acid anion binding would alsc be achieved.

4.2 THE EFFECT QF TEMPERATURE ON COQUPLING

All of the deodecyl QA celluloses reported in Chapter 3 were
prepared by coupling N,N-dimethyl-N-docdecylamine {(DMDo—anine)
with epoxide ac¢tivated HEP Indion {(Equation 3.2}. Coupling was
for up to 120 hours at room temperature or 37°C, followed by
up to 3 hours at 70°C. This was baged on previous exXperience
of coupling the epoxide activated cellulose with other
nucleophilesi?. To find the best temperature and reaction time
for coupling a single batch of epoxide activated cellulose was
prepared, washed with water and 60% ethanol, and then spiit
intc five egual portions, which were coupled with DMDo—amine
under various conditions (Section 2.5.1). These conditions,
and the properties of the products, are shown in Table 4.1.
All reactions were given 2 hours at 70°C at the finish to make

sure they were complete.
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TABLE 4.1 The Effect of Temperature on Coupling
Ion Coupling Conditicns Substitution Swollen
Exchangexr Tenp Time Temp Time Level Volume
DMDo {°C) {n) (¢ C) {h) (meq/g) {mL/g)
11 RT 48 70 2 0.74 6.3
12 34 24 70 2 0.71 6.2
13 50 24 70 2 0.68 6.3
14 60 70 2 0.66 6.1
15 70 - - 0.64 5.9

It can be seen that as the temperature was increased the

substitution levels decreased.

of this comes from a conmparison of DMDo 12 and 13,

The most significant evidence

because

these ion exchangers were coupled for exactly the same length

of time but at different temperatures.

DMDo 12 had a higher

substitution level than DMDo 13 which indicates that the rate

of hydrolysis of the epoxides (BEquation 3.3) was increased

relative to the rate of substitution {Equation 3.2) at the

higher temperature.

4.3 THE EFFECT OF HALF-NEUTRALISATION OF DMDo-AMINE ON

COUPLING

The stability of the epoxide activated cellulose in water has

been shown to be independent of pH between pE 4 to 10.
However above pH 10 it is hydrolysed increasingly rapidly at

room temperaturei?,

The titration curve of DMDo-amine in

approximately 66% agueous ethanecl is given in Figure 4.1.
This shows that half-neutralisation of DMDo-amine reduced the
pH of the solution by about 2 pH units from pH 10.5 to 8.5.
For this reason it was decided to investigate the effect of

half-neutralising DMDo-amine during the coupling step. This

reduced the concentration of free amine by approxXximately half,
but it also reduced the concentration of hydroxide by about
By doing this it was hoped to significantly reduce

hydrolysis of the epoxides on the activated cellulose without

100 fold.

impeding the coupling reaction (Egquation 4.1).



Figure 4.1 Titration Curve for DMDo-Amine in 66% Aqueous
Ethanol

2 T T T T T T T T T T T T
0 020 040 060 082 100 1290
Volume 1.00 mol /L HClL {mL)

Conditions: ihcrements of hydrochloric acid (0.01 mL} were
added at regular time intervals to DMDo-amine (0.3 mL) in 66%
agqueocus ethanol (60 mL)
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Faguation 4.1 Competition Between Hydrolysis and Coupling
o] CHz Hz0 OH CHy
7\ | I |
'—O—CHz-CH-—CHz + N-R N O—CHz —-CH~-CHz~N*—-R OH-
CH3 C2HsOH EHS
Epoxide Activated
Cellulose ?Hs
H-N+-R C1-
OH- H=0 éHs
OH CH CH CHs CHg
}O*CHz—éH—éHz %O"Cﬂz—éH"CHa—%+—R Ci- + %—R
CHs CHa
Hydrolysis Product Alkyl QA Cellulcse + Hz 0O

The activation and

same as those used

ale s Nalete ok

coupling conditions used were exactly the

in Section 4.2 except that sufficient
arfddaAd +

I

;L} ik was the

LSRR A R

coupling
2.5.2).
precducts

products

reagents teo half-neutralise the DMDo-amine {Section
The coupling conditions and properties of the
are given in Table 4.2, along with the correspeonding

from Table 4.1 where hydrochloric acid was not

present during coupling.

TABLE 4.2 The Effect of Half-Neutralisation on Coupling
Ion BN Coupling Conditions Substitution Swollen
Exchanger HC1l Temp Time Temp Time Level Volume
DMDo {¢C) {(h) (eCc) {(h) {meq/g) (mL/g)
11 No RT 43 70 2 0.74 6.3
21 Yes RT 48 70 2 0.91 5.1
15 No T0 3 - - 0.64 5.9
22 Yesg 70 3 - - 0.8¢6 5.6

The substitution le
and 34% greater tha

which was a signifi

vels achieved for DMDo 21 and 22 were 24%
n those for DMDo 11 and 15 respectively,

cant improvement. Tt is interesting to
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note that the improvement was greatest for the ion exchanger
coupled at 70°C, so much so that there appeared to be very
little advantage in coupling for long periods of time at room
temperature. On the strength of these results all further
investigations with DMDo-amine were carried ocut with half-

neutralisation ¢f the free amine during coupling.

4.4 INVESTIGATION OF THE COUPLING TIME REQUIRED FOR HALF-
NEUTRALISED DMDo-AMINE

4.4.1 Introduction

The object of these experiments was to ascertain the length of
time reguired for coupling half-neutralised DMDo-amine at 70°C
and room temperature, and to find out whether or not the

temperature of coupling affected the final substitution levels

obtained.

i.4.2 Coupling 'I‘'lme at 70°C

The solid line in Figure 4.2 shows the substitution levels
obtained at 70°C for coupling times ranging from I to 5 hours
on 15% cross—linked HP Indion {Section 2.5.3). The bulk of
the reaction was over in 2-3 hours, but the substitution level
steadily increased up to 5 hours. It may have continued to
increase even after 5 hours because there were still a number
of unreacted epoxide groups on the cellulose ag indicated by

the upper dashed line in Figure 4.2.

The residual epoxide groups were detected in each dodecyl QA
cellulose prepared by taking half of the product, washing it,
and then reacting it further with trimethylamine for 24 hours
at room temperature {Section 2.5.3a). This introduced
additional guaternary aminc groups onto the cellulose which
were then determined, along with the guaternary dodecylamino

groups, by titration analysis. Trimethylamine was able to
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Fiqure 4.2 Coupling Time for Half-Neutralised DMDo-Amine at
700C

1.2

1.1

0.9+

0.8+

0.74

0.2+

Substitution ievel {meq/g)

01+

0 I 1 1
C 1 2 3 &

Coupling time at 70°C (h)

ol

& dodecyl QA cellulose

@] dodecyl/methyl QA cellulose

A dodecyl QA cellulose without addition of hydrochloric
acid

A dodecyl/methyl QA cellulcose without addition of

hydrochloric acgid
Activation: 15% cross-linked HP Indion in 6% sodium hydroxide
for 24 hours at 4-6°C
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gain accesg more easily than DMDo—amine to the residual
epoxide groups {(Equatiocn 4.2). The gap between the two lines
indicates that the coupling reaction for DMDo—amine takes
longer than 5 hours at 70°C.

Equation 4.2 Determination of Residual Epoxides with

Trimethylamine
/q\ N(CHs}2Ci12H2s OH CHs
I
O0-CHz-CH-CHz2 - —O“CHz—CH—CH2“¥+—C12H25 CH-
H20/CzHs OH &) CHz
VA \
O—-CHz ~CH-CHz —0—-CHe —CH-~-CHz
Epoxide Activated Dodecyl QA Cellulose with
Cellulose Residual Epoxides

N(CHsz}as l E20/CzHs0H

OH CHa
rOwCHz-éH—CH2*£+—C12H25 QH-

éHa

OH CHa
-O—CH2~éH-CH2—£*HCH3 CH-

éHs

Dodecyl/Methyl QA Cellulose

To verify the importance of buffering the reaction at the pKa
of DMDo—amine by half-neutralisation the 2 hour reaction was
also carried out without addition of the half mole ratio of
hydrochloric acid. The two isolated points on Figure 4.2 show
that the results achieved were significantly lower than the
corresponding 2 hour buffered reaction. Furthermore there
were no epoxide groups left after 2 hours at 70°C indicating

that many ©f them must have been hydrolysed.
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4.4.3 Coupling Time at Rocom Temperature

The solid line in Figure 4.3 shows the substitution levels
achieved by coupiing DMDo-amine to epoxride activated HP Indion
{(15% cross—~linked) at 22°C for 24 to 96 hours {(Section 2.5.4).
This shows that the substitution level increased rapidly up to
48 hours and then levelled off. The upper dashed line
corresponds to dodecyl QA celluloses which were washed and
further coupled with trimethylamine. The gap between these two
lines indicates that there were still a number of active
epoxides left even after coupling DMDo—amine for 96 hours at
22°C. However the substitution level of the dodecyl QA
celluloses only increased very slowly after 48 hours. The
middle broadly dashed line corresponds to dodecyl QA
celluloses which were heated for a further 4 hours at 70°C
after coupling at 22°C. Heating did raise the substituticn
level further, but after 48 hours at 22°C the increase was
small, It would seem that some of the epoxides present in the
activated matrix are very resigtant to coupling with DMDe-
amine. Fortunately though, under the buffered conditions
being used, they are also fairly stable to hydrelysis at both

22 and 70°C.

The ion exchangers coupled at 22°C were made on a different
activated matrix than those coupled at 70°C (Section 4.4.2),
but the conditions used for activation were identical. There
is a siight advantage in coupling at 22°C, because after 96
hours a dodecyl QA cellulose was obtained with a substitution
level of 0.94 meqg/g, whereas only 0.85 meq/g was achieved
after heating for 5 hours at 70°C. However, a long reaction
time was required which may be unacceptable for industrial
use. It would commit expensive equipment for extended periods
and achieve only a 10% increase in substitution owver that
obtained at 70°C. Furthermore the reaction at 70°C was
obviously not complete after 5 hours and might have been

further improved upon.
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Figure 4.3 Coupling Time for Half-Neutralised DMDo-—-Amine
at 22°C

Substitution level {meq/g)

I [4 H 1

24 48 72 96
Coupling time at rocom temp {h)

& dodecyl QA cellulose at 22¢C

® dodecyl QA cellulose at 22°C, followed by 4 hours at 70°C

C dodecyl/methyl QA cellulose

AAA  the corresponding derivatives prepared without addition
of hydreochloric acid

Activation: as for Figure 4.2
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4.5 OPTIMUM TIME FOR ACTIVATION

231 of the products reported in Figures 4.2 and 4.3 were
prepared by activating 15% cross—-linked HP Indion with
epichlorohydrin in a slurry of 6% sodium hydroxide for 24
hours at 4-6¢C. Thig activation was repeated along with
similar activations carried out for 48 and 72 hours to
determine the length of time required to substitute the
maximum number of active epoxides onto the cellulose matrix.
The activated matrices were then compared by dividing each one
intc three fractions (Section 2.5.5) and converting them
through t¢ sulphopropyl cellulose (SP-cellulose), methyl QA
cellulose {TMA-cellulose) and dodecyl QA cellulose {(DMDo-
celluleose} derivatives {(Equation 4.3). The properties of

thege products are shown in Table 4.3.

Equation 4.3 Celluleose Derivatives

Naz 502z )H
o ,—D“CHg“CH—Cﬂz“SO3' Nat

NaHS0a
Sulphopropyl celliulose
N{CHa}a OH CHj
/ N\ é I
O—-CHz-CH-CH:z - O—CHz - H—CH2"¥+-CH3 QH~
Hz:O/C2HsOH CHs
Epoxide Activated Methyl QA cellulose
Cellulese
N(CHz)2Ci2Hzs ?H FHa
- PO—CHz-CH—CHz-q*—Ciszs OH-
H20/C2Hs0OH CHz

Dodecyl QA cellulose

Sulphite couples quantitatively to the epoxide groups on the
activated matrix3®. Hence $P-celluloses c¢an be used to
determine the epoxide content of the cellulose (Sectiocon
2.6.2)., The SP-celluloses in Table 4.3 indicate that maximum

activation was achieved after 48 hours. This was also
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TABLE 4.3 Optimum Time for Activation

Retivation Ion Swollen Substitution Epoxides Epoxides
Time Exchanger Volunme Level Convertedsa Converted?®
(h) (mL/g} {meg/g) (meq/g} (%)
24 5P 9.3 1.22 1.40 100
24 THA 17 7.6 1.08 1.20 86
24 DiDo 69 5.0 0.93 1.21 86
48 sp 8.6 1.35 1.57 100
48 THMA 18 7.7 1.16 1.30 23
43 DHDo 70 4.9 1.62 1.37 87
12 SP 8.5 1.35 1.57 100
T2 TMA 19 T.7 1.18 1.33 85
72 DMDo 71 4.5 1.04 1.41 a0

x/{1-0.104x) for SP:
v/ (1-0.095y) for THA;
= z/{1-0.250z} for DMDo;
where x, ¥ and z are the substitution levels for the SP, TMA and DMDo

derivatives respectively

a  Epoxides Converted (meg/g):

I

5 It is assumed that sulphite reacts quantitatively with the epoxide
groupsd9

reflected in the substitution levels for the methyl and
deodecyl QA celluloses. Surprisingly DMBo-amine coupled to
approximately 90% of the available epoxides, matching that of
trimethylamine which is a much smaller molecule {similar in
size to the sulphite nucleophile). However the trimethyvlamine
was neot half-neutralised and this may have resulted in more
raplid hydrolysis of the epoxides compared to the DMDo—amine
{Section 4.3}). Quantitative coupling conditions for

trimethylamine are discussed in Section 4.7,

4.6 REINVESTIGATION OF CQOUPLING TIME AT 70°C

The substitution levels of the ion exchangers reported in
Figure 4.2 which were coupled at 70°C indicated that the
reaction reguired longer than 5 hours to reach completion.

Therefore the coupling time was reinvestigated for up to 10



56

hours at 70°C (Section 2.5.6} and the results are shown in
Figure 4.4. A change was also made in the preparation of the
epoxide activated cellulose. To achieve the maximum number of
active epoxides the reaction time for activation of the 15%
cross-linked HP Indion was increased to 48 hours at 4-6°C,
instead of 24 hours which was used to prepare the ion
exchangers in Figures 4.2 and 4.3. This gave a sglightly
higher epoxide content for the activated matrix in agreement
with the results reported in Section 4.5. (See the
substitution levels for the methyl QA c¢ellulosges at zero time

in Figures 4.2, 4.3 and 4.4).

The solid line in Figure 4.4 shows that further increases in
the substitution levels for the dodecyl QA celluloses were
achieved by increasing the coupling time at 70°C beyond 5
hours. The substitution level was still increasing slowly at
up toe 10 hours at 70°C. The broken line, representing
dodecyl/methyl Q& celluloses (Equation 4.2), indicated that
there were still residual epoxides remaining. #ence even 10
hours at 70°C may not be long enough for maximum coupling to

take place.

4.6.1 Preparation of a Large Batch of DMDo-Cellulose

{DMDo_72)

The product obtained with the 48 hour activation at 4-6°C,
followed by coupiing for 10 hours at 70°C {0.98 meq/g, Figure
4.4}, was an improvement on the 24 hour activation and 96 hour
coupling at room temperature {0.94 meq/g, Figure 4.3).
Consequently the standard procedure used for further work was
a 2 day activation at 4-6°C, with the bulk of the coupling
carried out at 70°C. For the production of large laboratory
batches it was more convenient to couple them overnight at
room temperature before heating them at 70°C for 10 hours on
the following day, and then cool them overnight before washing
up the product. This gave a total coupling time of 40 hours,

of which at least 10 hours were at 70°C. This was the



Figure 4.4 Coupling Time for Half-«Neutralised DMDo-Amine
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Activation: 15B% cross-linked HP Indion in €% sodium hydroxide

for 48 hours at 4-6°C
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procedure used to prepare the first large batch of dodecyl QA
cellulose (DMDo 72) from 100g of 15% cross—linked HP Indion
{Section 2.5.7). The results of this preparation are summar-
ised in Table 4.4. (Small samples of the activated matrix
were converted to sulphopropyl and methyl QA cellulose
derivatives for comparison.}) Of particular interest is the
fact that with DMDo 72, 97% coupling efficiency of the
epoxides was achieved, producing a product with 1.08 meg/g of
gquaternary nitrogen groups. This was nearly up to the
gsubgtitution level of 1.16 meq/g obtained in the preliminary
work by double processing (Table 3.3), and reflects the
significant improvements made by optimising the various steps
in the synthetic process. The yield for this reaction was 167

grams which indicates a weight increase to the cellulose of

67%.

TABLE 4.4 Preparation ¢f DMDo 72 from 100 g of HP Indion

Ion Swollen Substitution Epoxides Epoxides Yield
mmmmmmmmmm e T e Pl gy gt~ §) g S R S ) Y
A A DL L) T L WAL LRSS L3t W oo L R R Y et ALY L LT
{mL/g) {meg/g) {meqg/g) (%} {g)
SP 8.6 1.31 1.52 100 -
TMa 20 10.6 1.18 1.33 88 -
DMbo 72 8.2 1.08 1.48 $7 167

2 and P See Table 4.3 Footnotes

DMDo 72 was used to optimise the conditions needed for
reprocessing to achieve even higher substitution levels
{Section 4.8 and 4.9). However before this was done the
failure of trimethylamine toc react quantitatively with the

epoxide groups {Table 4.3 and 4.4) was investigated.

4.7 QUANTITATIVE COUPLING CONDITICONS FOR TRIMETHYLAMINE

A batch of HPS Indion was activated as for T™A 17 in Table
4.3. Fractions of it were then converted to methyl QA
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celluloses with trimethylamine under varicus conditions
{(Section 2.5.8), as indicated in Table 4.5. In addition =a
sulphopropyl celluleose derivative was prepared to determine

the epoxide content.

TABLE 4.5 Quantitative Conversion of Epoxides with

Trimethylamine
Trimethylamine

Ion Coupling Conditions  Substitution  Epoxides Epoxides
Exchanger Excess ¥N HCl1 Tine Level Converted2 Convertedb

THA {(h) {meq/g) (neq/g) (%)

{8P) - - - 1.24 1.42 160

a1 5 No 12 1.21 1.37 97

22 5 No 24 1.21 1.37 97

24 5 Yes 12 1.24 1.41 9%

25 5 Yes 24 1.23 1.3¢% 98

27 10 No 12 1.22 1.38 9

28 19 No 24 1.22 1.38 97

a and * See Pable 4.3 Footnotes

It can be seen from Table 4.5 that it d4id not matter whether
there was a 5 or 10 fold excess of trimethylamine over the
epoxide groups, or whether or not the amine was half-
neutralised, because the conversion of epoxides was always at
least 97% efficient. Also the reaction was complete in less

than 12 hours at room temperature.

These results were in contrast to those cobtained in Tables 4.3
and 4.4 where the conversion ¢of epoxides was only 86 to 90%
efficient. The only way this can be explained is by the fact
that the reactions here were carried out in agueous solution,
whereas those reported earlier were in 60-~95% ethanol. Half-
neutralisation of trimethylamine may well have made a
difference in aqueous ethanol as it did for DMDo-amine,
however it was not necessary to investigate this because
methyl QA celluloses were more conveniently prepared in water.
Hence water was used for all further reactions with trimethyl-
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amine. {Unfortunately DMDo-amine could not be coupled in
water because 1t required at least 65% ethanol to remain

soluble.)

4.8 OPTIMUM ACTIVATION CONDITIONS FOR REPROCESSING

DMDo 72 was reactivated with epichlorohydrin in 4%, 6% and 8%
adueous scdium hydroxide glurries £6r 24, 48 and 72 hours at
4~-6°C (Section 2.5.9). Fractions of the nine activated
products were then coupled with trimethylamine or DMDo-amine
{Equation 4.4}, and analysed te determine the optimum
activation conditions for double processing. The conditions
used for activation and coupling, and the properties of the

products, are summarised in Table 4.6,

Equation 4.4

Methyl/dodecyl QA cellulose

f(i) Enjichlorohvdrin

— -

(i) Epichlorohydrin (ii) Trimethylamine
HP Indion — Dodecyl QA Cellulose {DMDo 72}
(ii) DMDo-amine (i} Epichlorohydrin

{ii) DMDo-amine
Dodecyl QA cellulose

The substitution levels obtianed for the dodecyl and
methyl/dodecyl QA celluloses were all independent of the
activation time in the range 24 to 72 hours. Therefore a l
day activation was adequate for reprocessing. The substitu-
tion levels were also almost independent of the strength (%)
of the sodium hydroxide used, but when the resgults for the
three activation times were averaged it could be seen that
there was a small increase in the substitution level when this
was increased from 4% to 8%. However this increase was only
5% for the dodecyl QA celluloses and 10% for the methyl/-—

dodecyl QA c¢elluloses which was hardly significant in view of



61

TABLE 4.6 Optimum Activation Conditions for Reprocessing

Icn Activation Amine Substitution Average Swollen
Exchanger NaCH{aq)/Time Coupled Level Substitution Volume
DMDo {$ag/h} (meg/g) (meq/g) (ml/g)
75 4724 P¥Do-amine 1.34 3.7
77 4/48 " 1.32 1.32 3.5
79 4/72 " 1.3¢ 3.3
76 4/24 Trimethyl- 1.61 4.2
78 4/48 amine 1.63 1.62 3.9
80 4772 " 1.62 3.7
81 6/24 DiiDo-amine 1,35 3.3
83 6/48 t 1.38 1.35 3.2
85 6/72 " 1.33 3.2
82 6/24 Trimethyl- i.69 3.9
84 6/48 amine 1.76 1.72 3.8
86 6/72 " 1.72 3.7
87 8/24 DMDo—-amine 1.39 3.3
89 8/48 " 1.41 1.38 3.2
91 8/72 " 1.35 3.2
88 8/24 Trimethyl- 1.75 3.9
90 8/48 amine 1.81 1.78 3.6
g2 8/72 " 1.78 3.5

TABLE 4.7 Preparation and Properties of Alkyl QA Celluloses
Prepared from DMDo 72

Coupling Conditions

Ion DMDo—amine Trimethylamine Substituiion Swollen
Exchanger Time/Temp Keut.® Time/Temp Neut.® Level Yolume
DHMDo {h/eC} (%) {h/°C) {%) {(meqg/g) (nL/g)
101 - - 24/RT 0 1.70 3.8
i02 - - 24/RT 50 1.72 3.7
95 18/RT,10/70C, 50 - - 1.37 3.3
17/RT
96" AsS 95 50 24/RT 0 1.57 3.5
99 As 95 75 - - 1.31 3.3
1¢0 As 98 75 24/RT 8] 1.59 3.2

2 Neutralisation {%) of the amine during coupling
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the fact that twice as much sodium hydroxide and epichloro-

hydrin were used.

For the 24 hour products there was a contraction in the
swollen volumes f£rom 3.7 mL/g to 3.3 mL/g when the sodium
hydroxide strength was increased from 4% to £%. For this
reason 6% sodium hyvdroxide slurries were used to reprocess all
subsequent ion exchangers, making it the same as the initial

activation,

Probably the most sgsignificant differences in Table 4.6
occurred between the substitution levels obtained for the
dodecyl QA celluloses and methyl/dodecyl QA celluloses. The
latter had much higher substitution levels which reflected the
difficulty which DMDo-amine had in gaining access to the
active epoxide groups. This made it necessary to investigate
the coupling conditions for DMDo—aminé in the reprocessing
stage, and also to consider using the ion exchanger coupled
with DMDo-amine after the first activation and trimethylamine
after the second activation for in vitro testing as a bile

acid sequestrant.

4.9 COUPLING CONDITIONS FOR REACTIVATED DMDo 72

DMDo 72 was activated in 6% sodium hydroxide for 24 hours at
4-6°C. Fractions of this were then coupled with
trimethylamine, DMDo—amine, or DMDo-amine followed by
trimethylamine. In some cases the amine was 50% or 75%
neutralised with hydrochloric acid to buffer the coupling
reaction (Section 2.5.10). The conditions and results are

given in Table 4.7 (page 61).

The results shown in Table 4.7 are consistent with others
obtained earlier in this Chapter. DMDo-amine coupled very
slowly, because even after 10 hours at 70¢C there were still
some epoxide groups which could be coupled with trimethylamine
(see substitution levels for DMDo 95 and 96). This indicates
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that these epoxides may have been difficult to reach, which is
probably due to the fact that the swollen volume of the
products became extremely small. {Higher temperatures than
70°C may be necesgsary in order to finish c¢oupling DMDeo—-amine
or destroy the remaining epoxide groups.) Neutralising 75% of
the DMDo—amine instead of 50% was tried because the starting
matrix (DMDo 72) was in the hydroxide form after epoxida
activation, and the hydroxide ions would have neutralised some
of the amine hydrochloride (Egquation 4.5). However 75%
neutralisation did not increase the substitution level
obtained over that for the 50% neutralised product {see

substitution levels for DMDo 95 and 99).

Egquaticon 4.5 Reprocessing DMDo 72

O
VY
{:I)H ICHs Cl-CH2-CH-CH2
~O—-CHz -CH—-CHz *‘D{’*‘Clz}lzs OH- ‘
CHa NaOH/Cold
(J:)H ({:Hs
—(QOH ~0—CHz -CH-CH: —I\r —-Ci12Hzs (CH-
DMDo 72 ) CHa
0
/7 \
-0~CH2 ~CH~CHz + NaCl + Ha0O

Epoxide Activated DMbo 72

{(CH3)2C12Hz2s NHC1

l

CI)H ICH3 ?H (I:Hs
—O—CH2—-CH~CH2 *‘I\r’ —Ci1zHzs Cl- —O—CHz —CH-CHz "*N]* -CizHzs C1-
CHz CHz
e e
QOH CHz
| | /N
_O—CH2*CH—CH2“%+—C12H25 OH- —(O—-CHz —CH-CH2
CHz + (CHa)2Ci2HasN + H20

Reprocessed DMDo 72

The highest substitution levels, 1.70 meq/g., were obtained
when trimethylanmine was coupled in water at room temperature,
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and it made no difference whether it was buffered (DMDo 102)
or unbuffered (DMDec 101)}. When coupling was carried out with
just DMDo—-amine the highest substitution level achieved was
1.37 meq/g {DMDo 95), which only corresponded to about 45% of
the epoxides coupled with just trimethylamine.

{Epoxides coupled:

for DMDo 95 (b-a)/{1-0.25(b-a)) 0.313 meg/g. and

for DMDo 101 = {c-a)/{1-0.095{c-a)) 0.659 meq/qg,

where a, b and ¢ are the substitution levels for DMDo 72, 85

it
It

and 101 respectively.) Thig indicated that many of the
epoxides were hydrolysed during coupling. However,
reprocessing was still worthwhile because the substitution
level of 1.37 meq/g was 27% higher than that of the starting
matrix (DMDo 72) which had only 1.08 meq/g. The decrease in
the swollen volume from 6.5 mL/g (DMDo-72) to 3.3 mL/g {(DMDo
95) was also very significant. Cholate binding capacity

curves for DMDo 72, 95 and 101 are compared in Chapter 6.

4.10 TITRATION CURVES

The substitution levels of the various alkyl QA celluloses
reported in this Chapter were all determined by converting a
sample of the ion exchanger to the hydroxide form and then
titrating it to a fixed end point of pH 4.0 with 1.00 mol/L
hydrochloric acid (Section 2.6.1). In selected cases full
titration curves were produced by adding increments of acid
(0.01 mL) to the mixture and allowing it to eguilibrate after
each addition {Section 2.7). The result for a dedecyl QA
cellulose {(DMDo 95, Secticn 4.9) and a methyl QA cellulose
(TMA 33, Appendix I) are shown in Figure 4.5. Both of these
titration curves had a single buffering region followed by a
very sharp end point, which indicated that only gquaternary
amine groups were present. The buffering region was between
pH 11 to 12 for both of the titration curves, because in each

case the specieg being titrated was the hydroxide counterion



Figure 4.5 Titration Curves for Alkyl QA Cellulose Ion
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of the quaternary amine (Equation 4.6). This type of
titration curve was obtained for all of the ion exchangers
produced by coupling tertiary amines to cellulose, regaxrdless
of the length of the alkyl chain, the cross-linking of the
starting matrix, whether the ion exchanger was single or
double processed, or the tenmperature of ccupling. This
indicated that the alkyl QA celluloses were being produced

without undergoing degradation under the coupling conditions

used.

Equation 4.8 Titration of Alkyl QA Cellulose

?H (FH:; HC1 H20 ?H (%Ha
FO—CHz—CH—CHz—q*—R OH- —mihhhﬁii——ﬂh kO—CHz“CH~CHz"¥*“R cl-
CHz CHs
Hydroxide Form of QA Chloride Form of QA
Cellulose Cellulose

The c¢orresponding curves for cheolestyramine and colestipol are
shown in Figures 4.6 and £4.7. Cholestyramine ig a copolymer
of styrene and 2% divinylbenzene to which are attached
quaternary amince functional groups {Section 1.5). For this
reason the titration curve for chelestyranmine is very similar
to those of the QA c¢ellulose icn exchangers shown in Figure
4.5. The substitution level determined for cholestyramine was

3.81 meqg/g, and its swollen volume was 5.2 mL/g.

Colestipol is a copolymer of diethylenetriamine and
epichlerchydrin, therefore it is rich with secondary and
tertiary amine groups in a wide range of different
environments (Section 1.5). Because of this the titration
curve is almost continuocus from relatively strong bases at pH
10 right through to very weak bases below pH 3. The small
buffer region above pH 11 corresponds to titration of the
hydroxide counterions of the very few quaternary amine groups

present.



Figure 4.6 Titration Curve for Cholestryamine
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Figure 4.7 Titration Curve for Colestipol
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The nitrogen content of colestipol wasg determined to be

7.59 meg/g at an end point of pH 2.5, but only if the sample
was washed with 0.01 mol/L hydrochloric acid before
determining its dry weight. If the sample titrated was washed
extensively with water, hydrolysis of the amine hvdrochlorides
{Equation 4.7} lowered its dry weight considerably and
elevated the apparent substitution level. This only happeuns
with very wesk amines (pKa 2-6 region} not normally present in

ion exchangersi®.

Equation 4.7 The Effect of Washing Colestipol Hydrochloride®

H H ?H Ha0 H ?H
I } !
———§+—CH2CHz-N*-CHzCHCHz——— —_— "——F+—CH2CH2—¥—CH2CHCH2———
|
R Cl1- R C1- R CL- R
Hydrochloride Form of Colespipol + H; Ot + C1-

& For a more complete gstructure see Figure 1.2B

What was clear from the titration curve for colestipol was
that only about half of the nitrogens were charged at pH 6-8,
which is the pH range in the intestine where they are regquired
to bind bile acid anions. For this reason it would be more
meaningful to guote an exchange capacity using an end point in
the pH 6~8 range. This was done and a value of 4.03 mea/g was
arrived at for pH 8.0. (Figure 4.5 and 4.6 show that for the
alkyl Qi celluloses or cholestyramine, titration to any pH

less than 10.0 would give exactly the same result.)

The hydrolysis of hydrochloride from colestipol also made it
difficult teo determine its swollen volume in the usual way
{Section 2.6.1). Hence it was decided to swell 1 g of colest-
ipol in water as supplied. The sample swelled to 8.0 mL, and
hence a swollen volume of 8.0 mL/g was subseguently used for

colestipol.
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4.11 SUMMARY

In this chapter it was demonstrated that by half—neutralising
DMDo~amine during the coupling reaction it was possible to
greatly increase the substitution level of the final product.
It was also shown that long activations, combined with short
coupling times at high temperatures, gave the highest
substitution levels. ¥For example, DMDo 72 wasg prepared by
activating 15% cross-linked EP Indion with epichlorohydrin in
6% sodium hydroxide for 48 hours at 4-6°C, and then carrying
ocut most of the coupling for 10 hours at 70°C after mixing
overnight at room temperature. The efficiency of coupling by
this method was 97% and the substitution level obtained was
1.08 meg/g. When this work began, substitution levels of 1.1
meg/g could only be obtained by double processing (Table 3.3).

It was shown that trimethylamine could be coupled gquantitat-
ively in water without half-neutralisation in less than 12
hours at room temperature {but not in ethanol}. By using
trimethylamine to indicate the number of active epoxides
achieved when DMDo 72 was reprocessed, it was demonstrated
that a 24 hour activation at 4-6°C using 6% sodium hychoxide
was sufficient to achieve the highest substitution level.
Using these conditions a methyl/dodecyl QA cellulose

(DMDo 101) was produced with a substitution level of

1.7 meq/g. When DMDo-amine was coupled using the coupliing
conditions previocusly developed for DMDe 72, the product

(DMDo 95) had a substitution level of 1.37 meq/g, and a
desirable low swollen volume of only 3.3 mL/g. Only about 45%
of the epoxides which coupled with trimethylamine coupled with
DMDo-amine, however this still represented a significant
increase in the substitution level. Further optimisation of
the reprocessing step for dodecyl QA cellulose would be very
difficult and posgsibly not worthwhile. Coupling at
temperatures higher than 70°C might improve the efficiency but
this has not been investigated. Apart from this possibility

there seems little hope for further improving the substitution
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level for a dodecyl QA cellulose. Even at 1.4 megq/g, 35% of
the preoduct is no longer cellulose but dimethyldodecylammonium

chloride added ontc the matrix.

For these reasons it was decided to synthesise a range of ion
exchangers using these methods {Chapter 5}, and then measure
their ability to bind bile acid anions {Chapter &)}, before

attempting any further synthetic investigation.
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CHAPTER 5. PREPARATICON OF ION EXCHANGERS FOR IN VITRO
BILE ACID CAPACITY TESTS

5.1 INTRODUCTION

A range of alkyvl QA cellulose ion exchangers {where alkyl = C,
Ca, Cs and Ciz2) were prepared on HP Indion using the synthetic
methods developed in Chapter 4. All of the amines were half-
neuvtralised in the coupling step, except for trimethylamine
where half-neutralisation was shown tc be unnecessary.

Because N,N-dimethyl-N-octylamine and N,N-dimethyl-N-
butyvlamine were likely to be as or more reactive than DMDo-
amine for steric reasons, the optimum conditions for preparing
dodecyl QA cellulose were applied directly to the synthesis of
octyl and butyl QA celluloses without further synthetic
investigation. This yielded acceptable results. In addition,
several 'special' ion exchangers were prepared using similar

conditions.

5.2 PREPARATION OF SINGLE AND DOUBLE PROCESSED TON
EXCHANGERS

The products reported in Chapter 4 were all prepared on 15%
crogs—-linked HP Indion. For in vitro bile acid capacity tests
it was decided to prepare products on both the 15% and the 10%
cross—linked matrices (HP5 Indion and HP7 Indion respect-
ively}). The properties of the wvarious products prepared are
summarised in Tables 5.1 and 5.2. The double processged ion
exchangers in Table 5.2 were prepared from the corresponding
single processed ilon exchangers in Table 5.1. (Complete
details of the reaction conditions used are summarised in

Appendix I.)

As found in earlier work, it was more difficult to couple the
epoxide matrix with the amine asg the size of the alkyl group
increased from methyl to dodecyl, especially for the double

processed products (Table 5.2}. Double processing produced a



TABLE 5.

Amine

N(CHz}2R
(R}

Methyl
Butyl
Octyl
Dodecyl

a

CL

1 Single Processed Ion Exchangers
Substitution Levels Swollen Volumes
(meqg/g) (mL/g)
10% CL2 15%CL® 10%CLe 15%CL®
- 1.25 -
- 1.10 -
1.20 1.07
1.14 1.08 .0 .
Cross—Linking

TABLE 5.2 Double Processed Ion Exchangers®

Anmine Substitution Levels Swollen Volumes

{meg/g} (mL/g)

Ni{CHs}2R 10% Cla 15%CLe 10%CLe 15%CL#
{R)
Methyl - 1.89 - .2
Butyl - 1.68 -
Cotyl 1.70 1.59 .
Dodecyl 1.50 1.37 .
B CL = Cross-Linking
b The double processed ion exchangers were prepared from the

single processed ion exchangers reported in Table 5.1

73
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significant reduction in the swellen volumes of the products.
The reduction in swollen volume was greatest for the largest
alkyl groups, presumably because of hydrophobic interactions
which excluded water and contracted the cellulose matrix. The
cross—linking present in the starting matrix {(HP Indion) only
had a small effect on the substitution levels obtained.
Slightly higher substitution levels were obtained on the 10%

cross—linked matrix compared to the 15% cross-linked matrix.

5.3 'SPECIAL' ION EXCHANGERS

Three special ion exchangers were prepared to determine
whether a product could be produced with a better capacity for
bile acid anions than those synthesised in Section 5.2.

(Preparative details are included in Appendix I).

5.3.1 Reprocessing Dodecyl QA Cellulose with Either

Trimethviamine or n—-Dodecylamine

Tt was observed in Section 4.9 that much greater substitution
levelg could be obtained for alkyl QA celluloses by coupling
trimethylamine, instead of DMDo—amine, to dodecyl QA cellulose
in the reprocessing step (Eguaticen 5.1}. The dodecyl QA
cellulose ion exchanger referred to in Table 5.1 was
reactivated and coupled to trimethylamine producing the
methyl/dodecyl QA cellulose referred to in Table 5.3

{(bMDeo 101). This had a substitution level of 1.7 meq/g which
was considerably greater than the double processed dodecyl QA

cellulogse which only had 1.37 meg/g.
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Bguatieon 5.3

Dodecyl QA Celliulose
(DMDo 72)

Sodium Hydroxide Epichlorohydrin

Epoxide Activated
Dodecyl QA Cellulose

Trimethvlamine DMDo—-Amine \\\\ n-Dodecylamine
Methyl/Dodecyl Reprocessed Dodecyl

QA Cellulose Dodecyl QA Cellulose Cellulose

{DMDo 101) {DMDo 85} {DMDo 112)

It was observed in Section 3.3.3 that QA cellulcse ion
exchangers with short alkyl chains {such a butyl QA cellulose)
were ineffective at binding cholale anions. However it was
hoped that the presence of the guaternary dodecylamino groups
already on the cellulose matrix would provide a suitable
hydrophobic environment to enable some of the guaternary
methyvlamine groups to be effective. For example, two adjacent
charged centres, a quaternary methylamine group and a
quaternary dodecylamino group, might each bind a bile acid
anion and share the long hydrophobic dodecyl c¢hain. For this
reason the methyl/dodecyl QA cellulose was included with the
ion exchangers whose c¢holate binding capacities are reported

in Chapter 6.
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TABLE 5.3 'Special' Ion Exchangers Prepared by Reprocessing
DMDo 72
Ion Amine Substitution Swollen
Exchanger Couplegh Level Volume
DMDo {meq/g) {mL/g)}
952 DMDo—-amine 1.37
101 Trimethylamine 1.70 3.8
112 n~Dodecylamine 1.42 3.2

& From Table 5.2
b Amine coupled in the reprocessing step

Coupling reactivated dodecyl Q& celluloses with DMDo-amine was
only about 45% efficient compared to trimethylamine {Section
4.9}. EHence it was decided to try and couple n-dodecylamine
to the reactivated dodecyl QA cellulose {Equation 5.1) in an
attenpt to elevate the substitution level without losing the
long hydrophobic carbon chain. The primary amine is less
sterically hindered and should be more reactive. A sample of
DMDo 72 was reactivated and coupled with half-neutralised
n-dodecylamine in the usuzl way. The properties of this
product (DMDo 112) are given in Table 5.3. Unfortunately the
nitrogen content, determined by titrating to an end point of
pPH 3.0, was only slightly higher than that achieved by
coupling the corresponding tertiary amine. Furthermore the
titration curve {(Figure 5.1} revealed that nearly all of these
nitrogens were very weakly basic¢ and were uncharged at pH 8.0.
{Titration to an end point of pH 8.0 indicated that the number
of charged nitrogens at this pH was only 0.90 meq/g). This
was surprising since the pKa's of primary and secondary alkyl
amines coupled to epoxide activated cellulose usually lie
between the pH 8-9 regicon. For example, even NH{CHzCH:0H):
coupled to epoxide activated cellulose {(Eguation 5.2) has a

pKa of 8.218,



Figure 5.1 Titration Curve for Dodecyl QA Cellulose
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Bgquation 5.2

Q\ NH {CHz2CH20H) 2 OH

I
#O—CHz—CH—CHg Lo FO*CH:”CH—CH2_¥+(CHzCHzOH}z QH-
H
Epoxide Activated pKa 8.2
Cellulose

The most likely explanation for the low substitution level of
the ion exchanger, and the low pKa of the amine groups
attached, was that some of the secondary amine groups which
formed when n—-dodecylamine coupled to the epoxide activated
matrix may have been able to react with further epoxide groups
(Egquation 5.3}. This would introduce further c¢ross-linking
into the ion exchanger and produce weakly basic tertiary amine
groups. Also the close proximity of the positively charged
quaternary amine groups to the secondary and tertiary
nitrogens would further lower the pRKa values. Whatever the

explanation, this product was not tested for cholate binding

capacity.

BEguation 5.3

Q : O OH
/N /\ [
—O—-CHz —CH-CH:> —0-CHz —CH-CHz —-O—CHz —CH—-CHz=
NH2C:2Hzs
- SN
C2Hs OH N—-Ci2Hzs
C< CizHzs
—O—-CHz -CH-CHz2 —O—CHz—?H—CHa—Ng\ ~O”CH2~?H—CH2
OH H QH
Epoxide Activated Secondary Amine Tertiary Amine
DMDo 72

5.3.2 Triple Processing of Octyl QA Cellulocse

Table 5.2 indicates that the swollen volumes of the repro-
cessed occtyl QA celluloses were guite large compared to the

reprocessed dodecyl QA celluloses. For this reason it was
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decided to carry out a further reprocessing step on the double
processed octyl QA celluleose with 10% cross-~linking, to
determine whether the substitution level could be increased.
The activation and coupling conditions used to prepare the
triple processed octyl QA celluloge were similar to those used
to prepare the single and double processed ion exchangers
{Section 5.2). The physical properties of all three products
are reported in Table 5.4. The substitution level for the
triple processed ion exchanger was 1.98 meq/g compared with
1.70 meq/g for the double processed ion exchanger, which
represented a small but significant increase. Also the
swollen volume of the ion exchanger dropped from 5.1 mL/g to
3.8 mL/g on triple processing, to come more in line with the
double processed dodecyl QA celluloses which had swollen
volumes of about 3.3 mi/g {(Table 5.2). Because of the
favourable substitution level and swollen volume of the %triple
processed ion exchanger it was included in the cholate binding

capacity studies reported in Chapter 6.

TABLE 5.4 Cctyl QA Cellulose Ion Exchangers

Number of Starting Icn Substitution Swollen
Procesges Matrix Exchanger Level Volume
DMO {meg/g) (mL:/g)
HP72 12 1.20 2.9
DMO 120 14 1.76 5.1
DMO 14c 25 1.98 3.8
a 10% cross-linked HP Indion cellulose

b Table 5.1
c Table 5.2
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CHAPTER 6 INVESTIGATION OF BILE ACID BINDING CAPACITY
IN VITRO

6.1 INTRCDUCTION

This section describes and compares the bile acid binding
capacities of various QA cellulose jion exchangers prepared
using the synthetic methods developed in Chapters 4 and 5.

The corresponding capacities of c¢holestyramine and colestipol
(two ion exchangers marketed as bile acid segquestrants in the
pharmaceutical preoducts Questran and Colestid respectively)
were determined for comparison. Capacity tests were initially
carried out with unconjugated bile acid anions ({sodium cholate
and sodium deoxycholate). Then selected ilon exchangers were
equilibrated with mixtures of the glyco- and taure-coniugates
of cholate and deoxycholate. Analyvsis of the supernatant by
HPLC showed the effectiveness of the various ion exchangers
for binding the bile acid anions in guch a mixture, resembling

the conditions found in the duodenum.

6.2 CHOLATE CAPACITY TESTS

The procedure used to determine the chelate binding capacity
of the ion exchangers was basically that described by
Krasopoulog et gl.®?. Small samples of the ion exchanger,
previously equilibrated, were mixed with a 15 mmol/L solution
of sodium cholate in a Bicarbonate Buffer System (BBS) at pH
8.0, containing approximately 150 mmol/L sodium chloride. The
amount of cholate taken up by the ion exchanger was then
determined from the residual cholate concentraticen in the
mixture when equilibrium was reached, using the method of

Sjovalise,

One aspect of this test which needed to be investigated for
the new cellulose jon exchangers was how long the samples
needed to be mixed in order to reach equilibrium. This was

determined by centrifuging one of the samples and removing



g1

aliqueots (20 ukL} of the supernatant for spectroscopic analyszis
at regular intervals and then resealing the vials for further
mixing. {A 20 uL sample represented only 0.1% of the total
volume and so even when several samples were removed the
voliume change was inconsequential.) The same equilibrium
capacities were obtained irrespective of whether the tests
were carried out at rcocom temperature or 30°C. In no case d4did
it take longer than 12 heours to reach equilibrium at room
tenperature and the bulk of the ion exchange was usually over
in two hours. However the capacity studies reported herein
were all mixed for 25 hours at room temperature for the sake
of convenience and to be confident that eguilibrium capacities

had been reached.

6.2.1 The Effect of Reprocessing Dodecvl QA Celluloses With
and Without Half-Neutralisation of the Amine

The three cholate capacity curves (mg/g) shown in Figure 6.1
all correspond to dodecyl QA cellulose ion exchangers prepared
on 15% cross-linked HPS5 Indion. The middle curve corresponds
to the double processed dodecyl QA cellulose which was
prepared without half-neutralisation in Section 3.4 (DMDo 4)
and shown to be the most promising ion exchanger on which to
base further investigation. The upper and lower curves
correspond to dodecyl QA celluloses coupled with half-
neutralisation according to the methods developed in

Chapter 4. The lower curve is for the single processed
product {(DMDo 72} and the upper curve is for the double
processed product (DMDo 95) prepared from it.

Figure 6.1 demonstrates that all three of these ion exchangers
have similar capacities on a dry weight basis for binding the
cholate anion. This was in spite of the fact that the dodecyl
QA cellulose double processed with half-neutralisation of the
coupling reagent had a substitution level of 1.37 medq/g,
compared to the ‘non-neutralised’ ion exchanger with only

1.16 meqg/g, and the single processed ion exchanger with
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1.08 meq/g. This arose because the efficiency with which
these ion exchangers bound cholate decreased as the
substitution level increased. For example at equilibrium the
binding efficiencies of the above ion exchangers at a residual
concentration of 10 mmol/L sodium cholate were 94%, 107% and
111% respectively. This was unfortunate because it meant that
any synthetic advances made for a particular ion exchanger d4did
not proportionally enhance its cholate capacity. However
tests on poultry did show superior performance of DMDo 95 over

DMDo 72418,

When the cholate capacity curves for these ion exchangers were
compared on a volume basis {mg/mL} as shown in Figure 6.2 the
two reprccessed ion exchangers had considerably greater
capacities because of the contraction of their swollen volumes
{mL/g) upon reproc¢essing. The superior c¢apacity shown in
Figure 6.2 for DMDo 95 {coupled with half~neutralised amine)
compared with DMDo 4 (coupled without half-neutralised amine)
also resulted from a swellen volume effect. DMDo 95 had a
swollen volume of only 3.3 mlL/g, whereas DMDo 4 had a swollen
volume of 3.7 mL/g. For this reason, only reprocessed ion
exchangers made using half-neutralised amine were investigated

further.

6.2.2 Comparison of Octy]l and Dodecyl Q& Celluloses Prepared
onn 10% and 15% Cross—Linked HP Indion

The cholate capacity curves {mg/g and mg/ml:} for the
reprocessed octyl and dodecyl QA celluleoses prepared on 10%
and 15% cross-linked HP Indion are shown in Figures 6.3 and
6.4. Figure 6.3 gives the cheolate capacities with respect to
the dry weight of the ion exchangers. This shows that, in
agreement with Section 3.5.1, the octyl QA celluloses had
slightly greater cholate capacities at high residual
concentrations of sodium cholate. However, at low residual
concentrations (<4 mmol/L) the dodecyl QA celluloses performed

better. The efficiency of the guaternmary amine groups to bind



Figqure 6.1 Cholate Capacity Curves {mg/g) for Dodecyl QA
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Figure 6.2  Cholate Capacity Curves {mg/mL) for Dodecyl QA
Celluloses Coupled With and Without Half-
Meutralisation of DMDo—amine
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Fiqure 6.4 Cholate Capacity Curves {(mg/mL) for 10% and 15%
Cross—-Linked Octyl and Dodecyl QA Celluloses
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cholate at a residual concentration of 1C mmol/L were all
similar, being 93% and 94% for the 10% and 15% cross-linked
dodecyl QA celluloses, and 93% and 90% for the octyl QA
celluloses respectively. Therefore the slight advantage the
octyl QA celliuloses had at high concentrations of sodium
cholate arose because they had slightly greater substitution
levels (Table 5.2).

The curves in Figure 6.4 give the cholate capacities
calculated with respect to the volume of the ion exchangers
used. These curves show that the dodecyl QA celluloses have
far superior cholate capacities than the octyl QA c¢elluloses
on a volume basgig. This could be very important when
considering these ion exchangers for use as bile acid
sequestrants, because if a patient were regquired to take a
very large volume of an ion exchanger orally,., this would

increase the level of gastrointestinal discomfort.

On both a volume and dry weight basis the 10% ¢ross-linked ion
exchangers had higher cholate capacities than the 15% cross-
linked ion exchangers. This was due to the fact that they had
slightly greater substitution levels (Table 5.2}. From these
observations the dodecyl QA cellulose ion exchanger prepared
on 10% cross-—linked HP Indion cellulose matrix appeared to
have the greatest potential for use as a bile acid
sequestrant. {Earlier work in Section 3.5.2 did not show any
significant increase in the c¢holate capacity of ion exchangers
when the cross-linking of the starting matrix was decreased
from 15% to 10%. However the samples used in the capacity
tests in Chapter 3 were only mixed for 2 hours and equilibrium

may not have been reached.}

6.2.3 The Effect of Reactivating Dodecyl QA Cellulose and

Coupling Trimethvlamine on Cholate Binding

When single processed dodecyl QA celluloses were reprocesgsed

it was shown (Section 5.3.1}) that significantly higher
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substitution levels could be obtained by coupling trimethyl-
amine in place of DMDo-amine. For example the trimethylamino
derivative {(DMDo 101} prepared on 15% cross-linked dodecyl QA
celliulose (DMDo 72} had a substitution level of 1.70 meg/g.
whereas the double processed dodecyl QA cellulose (DMDo 95)
had a substitution level of 1.37 meq/g (Table 5.3}, Cholate
binding capacity tests were run on both of these ion
exchangers and the results are given in Figure 6.5. Clearly
these two ion exchangers have very similar capacities (mg/g)
to bind cholate, and the more highly substituted product
appeared to have no advantage. These results were confirmed

by in vive tests on poultryié,

The quaternary trimethylamino groups did not bind cholate
efficiently even though there were plenty of hydrophobic
dodecylaminoe groups present as well. ALt a residual
concentration of seodium cholate ¢of 10 mmeol/L the binding
efficiency for the trimethylamino derivative corresponded to
only 75% of the total number of gquaternary amine groups,
compared to 94% for the product double processed with DMDo-—
amine. "This was consistent with earlier experiments which
indicated that QA celluloses with short alkyl chains were
ineffective at binding cholate anions {Section 3.3.1). Since
there was no significant increase in cholate binding capacity
for the ion exchanger reprocessed with trimethylamine, further
investigation on mixed alkyl QA celluloses of this type were

not carried out.

6.2.4 The Effect of Triple Processing Octyl QA Celluloses

on Cholate Binding

In Section 5.3.2 it was shown that the substitution level of
the double processed cciyl QA cellulose prepared on 10% cross-—
linked HP Indion could be raised from 1.70 meqg/g to 1.98 meq/g
by adding a third processing step. The cholate capacity
curves (mg/g) for these two products are shown in Figure 6.6.

It is obvious from this that there is no advantage to be



Figure 6.5 Cholate Capacity Curves for Dodecyl QA
Celluloses Reprocessed with Trimethylamine and

DMDo—-Amine

w0
S

o
O
<

700-

(@)
-
T

g1
-
<

r‘\
(6]
93

S

200-

100-

Cholate binding capacity {mg cholate /g ion exchanger)

O I 1 I I I T T i T T T
0 2 b 6 8 10 12

Residual cholate concentration {mmol/L )

@ 15% cross—linked dodecyl QA c¢ellulose {(DMDo 72}
reporcessed with DMDo-—amine (DMDo 95, 1.37 meqg/g)

A 15% cross—-linked dodecyl QA cellulose (DMDo 72)
reprocessed with trimethylamine {DMDo 101, 1.07 meq/g)

Conditions: as for Figure 6.1

89



Figure &§.6 Cholate Capacity Curves for Double and Triple

Processed Octyl QA Cellulocses
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gained by triple processing the octyl QA cellulose. Even
though the number of guaternary amine groups increased they
were not all accessible to the cholate anions, since the
cholate binding efficiency dropped from $3% to 80% {(measured
at a residual sodium cholate concentration of 10 mmol/L at

equilibrium}.

The only advantage of the triple processing was a signifi-
cant reduction in the swollen volume cof the product from

5.1 nL/g to 3.8 mL/g, bringing it more into line with that of
the double processed dodecyl QA celluloses {(Table 5.2). 1In
fact the triple processed octyl QA cellulose had a cholate
capacity on a volume basgis similar to that of the deodecyl QA
cellulose prepared on the 10% cross—linked matrix, which had a
swollen volume of 3.3 mL/g (Figure 6.7). However its
production required an additional step without gsining any
benefit over the double processed dodecyl QA cellulcse
product. Therefore this ion exchanger was not investigated

further.

6£.2.5 Cheolate Capacity Curves of Cholestvramine and

Colestipol

The results of the cholate capacity tests in Sections 6.2.1 to
6.2.4 above show that the most promising ion exchangers for
use as bile acid sequestrants are the octyl and dodecyl QA
celliunloses prepared on 1l0% cross-linked HP Indion. Therefore
these ion exchangers were compared with two commercially
available bile acid seguestrants, cholestyramine and
colestipol. The cheolate capacity curves {(mg/g and mg/mL) of

these four ion exchangers are given in Figures 6.8 and 6.9.

In Figure 6.8 the cholate capacitiss shown were calculated
with respect to the dry weight of the ion exchanger concerned.
Cholestyramine and colestipol were effective at binding
cholate when there was a high background concentration of

cholate at eqguilibrium (greater than 6-10¢ mmol/L), but much



Figure 6.7 Cholate Capacity Curves for Double Processed
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Dodecyl QA Cellulose and Triple Processed Octyl
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Figure 6.8 Cholate Capacity Curves (mg/g) for Octyl and
Dodecyl QA Celluleoses, Cholestyramine and
Colestipol
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Figure 6.9 Cholate Capacity curves (mg/mL) for Octyl and
Dodecyl QA Celluloses, Cholestyramine and
Ceolestipol
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less effective when the residual concentration of cholate was
low. Alsc the cholate capacity of these two ion exchangers
continued to increase above 10 mmol/L, whereas the octyl and
dodecyl QA celluloses levelled off at this point. This was
because cholestyramine and ccolestipol had wvery high
substitution levels, but they were not very effective at
binding cholate ions in the presence of excess chloride ions.
{(The considerably greater concentration ¢f chlioride

(150 mmol/L) over cholate {15 mmol/L) favours the binding of

chloride.)

The efficiencies of the four ion exchangers at different
residual chelate concentrations are set out in Table 6.1. The
hyvdrophobic QA celluloses bound cheoclate with greater than 80%
efficiency even at B mmol/L residual cholate, when there was a
greater than thirty fold excess of chloride. The dedecyl QA
celluleose in particular reduced the residual concentration of
sodium cholate (o very low levels {(well below 1 mmol/Lj, wihluh
were unobtainable with cholestyramine or colestipel. This was
inmportant because when bile is injected into the duodenum from
the gall bladder and mixed with food, the total bile acid
concentration is about 8 mmol/L!6. Most (95%) of these bile
acids are reabsorbed via the enterohepatic circulationlz, so
the concentration of bile acids by the time the food reaches
the disgtal ileum is very small indeed. Therefore these new
cellulose ion exchangers appeared promising as bile acid

sequestrants and were put forward for in viveo studiesi®,

The capacity curves for the four ion exchangers were recal-
culated on a volume basis and the results are given in Figure
6.9. This demonstrates dramatically the superior performance
of the dodecyl QA cellulose at all concentrations of bile
acids likely to be encountered in vivo. These results were
very encouraging and indicated that further work should be
carried out in wvitro and in vive on alkyl QA cellulose ion

exchangers.
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TABLE 6.1 Efficiency of Ion Exchangers for Binding Cholate
Against a Background of 150 mmol/L Scodium Chleride

at pH 8.0
Substitution Efficiency Efficiency
Ton Exchanger Level at 5 mmel/L at 10 mmol/L
(meq/g) (%) (%)
Dodecyl QA Cellulose 1.50 a7 93
Octyl QA Cellulose 1.70 82 93
Cholestyramine 3.81¢0 29 48
Colestipol 4.03d - 35
8 Section 4.10
b Corresponds to the number of charged nitrogens at pH 8.0

per gram of colestipol (Section 4.10)

6.3 DEOXYCHOLATE CAPACITY TESTS

It has been demonstrated in vitro that ion exchangers are
usually more effective at binding cone bile acid anion than
anctherlb,44,45, For this reason it was decided to measure the
deoxycheolate capacity of cholestyramine, colestipol and the
octyl and dodecyl QA c¢elluloses prepared from 10% cross—-linked
HP Indion. The method was the same as that used for the
cholate capacity tests given earlier (Section 6.2}. The
deoxycholate capacity curves {mg/g and mg/mbL} of the four ion

exchangers are given in Figures 6.10 and 6.11.

The most striking feature of these Figures is the excellent
capacity of colestipel and cholestyramine for deoxycholate,
compared with chelate (Figures 6.8 and 6.9). Even at low
concentrations the positively charged nitrogens bound deoxy-—
cholate effectively. The deoxycholate capacity curves for the
cctyl and dedecyl QA celluloses were similar to those obtained
for cheolate {(Figures 6.8 and 6.9}, except that the capacities
were greater for deoxycholate. The large c¢apacities of the
synthetic ion exchangers {Figure 6.10) reflect their very high

nitrogen substitution levels (Table 6.2). However on a volume



Figure 6.10 Deoxycholate Capacity Curves {mg/g) for Octyl
and Dodecyl QA Celluloses, Chelestyramine and
Colestipol
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Figure 6.311 Deoxycholate Capacity Curves (mg/mL) for Octyl
and Dodecyl QA Celluloses, Cholestyramine and
Colestipol
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basis {Figure 6.11l) the capacity of the dodecyl QA cellulose
to bind deoxychelate was between those of cholestyramine and
colestipol, except at very low deoxychelate concentrations

{less than 1 mmol/L) where it outperformed both of them.

The efficienciegs of the four ion exchangers for binding
deoxycholate are summarised in Table 6.2. This shows that all
of the ion exchangers had a greater binding efficiency for
decxycheolate than cholate (Table 6.1). The greatest
improvements were for cholestyramine and celestipol which
bound deoxycholate with close to 100% efficiency. Both of the
cellulose ion exchangers bound deoxycholate at about 130-140%
efficiency. {(No attempt was made to determine the nature of
this greater than cone to one binding, or whether or not it was

reversible.)

TABLE &.2 Efficiency of Ion Exchangers for Binding
Deoxvcholate Against a Backaround of 150 mmol/L

Sodium Chloride at pH 8.0

Substitution Efficiency Efficiency

Ion Exchanger Level at 5 mmol/L at 10 mmol/L

(meg/g) (%) (%)
Dodecyl QA Cellulose 1.50 129 129
Octyl QA Cellulose 1.70 132 138
Cholestyramine 3.8]e2 97 g9
Colestipol 4.03b 98 -
a Section 4.10
b Corresponds to the number of charged nitrogens at pH 8.0

per gram of colestipol (Section 4.10)

The decoxycholate curves in Figures 6.10 and 6.11 did not
flatter the cellulose ion exchangers as much as the results
obtained for cholate in Figures 6.8 and 6.9. However the
cellulose ion exchangers still bound deoxycholate well and
showed greater capacities at very low concentrations. Also,

the ratio of deoxycholate to cholate is only about 30% in
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human bile!? and therefore the results obtained here for
deoxycholate may be less important than those obtained
previously for cholate (Section 6.2.5}). The fact that the
absence of one hydroxyl group in deoxycholate {a dihvdroxy
bile acid) compared to cholate {(a trihydroxy bile acid) can
make such a blg difference to the relative ability of an ion
exchanger to bind them efficiently had important implications.
For example, it was necessary to try and duplicate the
composition of human bile as closely as possible when
developing a more gensitive test for ion exchangers in vitro,
in order to get a more accurate assessment of whether
improvements made to the ion exchangers were likely to have
favourable effects in vivo. Such a test is outlined in

Section 6.4,

6.4 BINDING STUDIES WITH CONJUGATE MIXTURES

About 7% of human bile is composed of a mixture of bile acids.
These bile acids are present as sodium or potassium salts, and
they are usually conjugated with either glycine or taurinel?.
Typical concentrations ¢of the major bile salts found in human
duodenal fluid are given in Table 6.31%. Studies have shown
that jon exchangers have a different affinity for different
bile acid anions in duodenal fluid and the overall
effectiveness of an ion exchanger often depended on its
ability to bind glycocholate, which was the least strongly
boundté. These studies also indicated that a mixture of bile
salts with a total concentration of about 7 mmol/L in an
appropriate buffer would serve equally well as ducdenal fluid

to test the effectiveness of ion exchangers in vitro.’
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TABLE 6.3 Concentration of Bile Acids in Human Ducdenal

Fluidis
Bile Acid Concentration {(+5.D.3)
Taurocholic acid 0.91 % 0.02P
Taurodeoxycholic acid and 1.48 + 0.04c
Taurochenodeoxycholic acid
Glycocholic Acid 1.46 % 0.030b
Glycodeoxycheolic acid and 2.52 £ 0.22>

Glycochencdeoxycholic acid

a8  Standard Deviation, BN = 4, . ¢ N =3

6.4.1 Development of HPLC Method for Determination of

Conjugated Bile Acids

It was found that bile acid conjugates could be separated by
reverse phase, linear gradient HPLC. Details of the optimum
conditions for separation, and the hardware used, are given in
Section 2.8.2a. Three different wavelengths for detecting the
bile acids were initially investigated. These were 185, 200
and 205 nm, and the elution patterns produced are shown in
Figures 6.12A, B and C respectively. In each case a soclution
(100 nL) containing taurocholate {TC) (50 ug), taurodeoxy-
cholate (TDC) (50 ng}, glyvcocholate {GC}) (50 pgl), and
glycodeoxycholate (GDC)} (50 ng) was injected. The sensitivity
of detection of the bile acids increased at shorter wave-
lengths, but at 195 nm the interference from additional peaks,
resulting from solvent impurities, became unacceptable.
Therefore 200 nm was the most favourable wavelength to use.
Figure 6.12D shows the elution pattern obtained at this
wavelength when 100 pL of water was injected. The noise is
well clear of the First 20 minutes which is needed to analyse
the first four large peaks in Figure 6.12B, corresponding to
the conjugated bile acids. Each of these was identified by
injecting a mixture of the four conjugated bile acids {10 ug).,
and further samples in which the mixture was spiked with

10 pg of each bile acid in turn. The results and assignments

of the peaks are shown in Table 6.4.
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TABLE 6.4 Identification of Conjugated Bile Acids by HPLC

Relative Integrated Area of Peaks

Run Spike Average Retention Time of Peaks (Minutes)
Number {+10 pg) 5.38 11.87 15.18 20.78
1 - 268 284 194 206
2 TC 515 282 195 211
3 TDBC 273 559 197 208
4 GC 269 282 378 205
5 GDC 265 279 195 400

Runs 1 to B in Table 6.4 were conducted without using an
internal standard, but in spite of this the results were very
reproducible. For example the peaks at 9.38 nminutes in Run
1,3,4 and 5 had a mean area of 269 units, and the maximum
deviation of any peak area from this mean was less than +1.5%.
Similar reproducibilities were obtained for the three other
peaks. In light of this it was decided not to use an internal
standard. A working curve was constructed from 0.00 to

¢.08 umocles of TC, TDC, GC and GDC {(Figure 6.13). Beers Law
was obeyed for up to 0.05 umoles of each conjugate, but with

higher amounts a negative deviation from Beers Law occurred.

Refrigerated solutions were found to be stable for up to five
days. The peak areas showed little variation indicating that

hydrolysis of the conijugates was negligable (Table 6.5).
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Figure 6.13 Working Curve for Bile Acid Ceonjugates
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TABLE 6.5 Stability of Refrigerated Standards Containing
0.05 umoles of Each Conjugate per 100 ul

Relative Integrated Area of Peaks
Average Retention Time of Peaks {Minutes)

Day 9.38 11.87 15.18 20.78
1 709 746 470 471
3 702 731 459 462
4 690 714 448 442
5 720 744 469 478

Error{%}e 2.1 x2.7 +3.0 +4.5

a2  Maximum deviation of any peak area from the mean of the
values above

6.4.2 Measurement of Capacity for Binding Conjugated Bile

Acid Anions

It was decided to measure the effectiveness of several alkyl
QA celluloese ion exchangers for binding conjugated bile acid
anions present in a mixture and compare them with cholestyr-
amine and colestipol. The nixture used contained 2 mmel/L of
the sodium salts of glycocholate, glycodeoxycholate,
taurochelate, and taurcdeoxychelate in Bicarbonate Buffer
System (BBS}) at pH 8.0. {BBS provided a background of
chloride ions seventy five times greater than the concentra-~
tion of individual bkile acid anions, to compete for binding
sites on the ion exchangers.} Samples of the variocus ion
exchangers (equilibrated in BBES), with predetermined dry
matters, were mixed for 25 hours with 20 mL of the conjugate
mixture {Section 2.8.2). The residual concentration of each
conjugate was determined by HPLC (Section 2.8.2a). These
concentrations were then plotted against the dry matter of the

ion exchanger used.

A typical pattern of results is shown in Figure &£.14. This
shows the effectiveness of a single processed dodecyl QA

cellulose, prepared on 10% cross-linked HP Indion (DMDo 72},
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Figure 6.14 Conjugated Bile Acid Binding to Single
Processed Dodecyl QA Cellulose (DMDo 72,
1.08 meg/qg)
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for binding conjugated bile acid anions. Two points of
interest emerge. There was a marked preference for the glyco-
and tauroc~conjugates of deoxycholate, compared to the
conjugates of cheolate. There was also g slight preference for
the adsorbticn of the tauroc-conjugates compared with the
glyceo—-conjugates in the case of both deoxycholate and cholate.
Thus the ecrder of binding was TDC > GDC > TC » GC, the same as
that reported for a number of ion exchangers!'®. This order was
found for all of the QA c¢ellulose products reported here, as
well as cholestyramine and cclestipol (Figures 6€.14 to 6.18,

€.20 and 6.21).

6.4.3 The Effect on Capacity of Reprocessing Dodecyl QA
Cellulose

Reprocessing dodecyl QA cellulose lifted the number of charged
nitrogen groups from 1.06-1.2 meg/g to 1.3-1.5 meqg/g (Tables
5.1 and 5.2), but preliminary capacity tests with 15 mmol/L
sodium cholate solutions did not reflect this increase (Figure
6.1}. Since the cholate concentration used in the early tests
was very high, the test was insensitive to differences in
capacity between the ion exchangers in the 0-2 mmol/L range.
Figure 6.15 shows the effectiveness of a double processed
dodecyl QA cellulose, prepared on 10% cross-linked HP Indicn
(DMDc 109), with a mixture of conjugated bile szlts. When
compared with Figure 6.14 an improvement in performance can be
seen over the single procegssed product. In particular the
curves were steeper reflecting a higher capacity (omn a dry
matter basis) and with larger amounts of ion exchanger much
lower concentrations of bile acid conjugates werxe reached.
These differences are summarised in Table 6.6 and show the
advantages obtained by reprocessging, even though the amine

groups Were not used quite as efficiently.
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TABLE 6.6 Binding Characteristics ¢f Single Processed and
Double Processed Dodecyl QA Celluloses?

ITon Exchanger Single Processed Double Processed
(DMDeo 72} {DMDo _1069)

Substitution Level {meg/g} 1.08 1.50
Dry Weight {mg) 100 100
Residual Concentration 2.08 0.96

of All Bile Acids

(nmol /L)
Residual Concentration 26 12

of All Bile Acids
{% of Loading)

Total Conjugates Bound {mmol) 0.118 0.141
Available Nitrogens {(meq) 0.108 0.150
Efficiency (%} 109 94

a Effectivness of the ion exchangers for binding conjugated
bile acid anions at the 100 mg dry weight peoint in
Figures 6.14 and 6.15

6.4.4 Effect on Capacity of the 2lkvi Group in the Alkyl QA

Celluloses

The conjugate binding curves for the double processed dodecyl
and octyl QA celluloses prepared on 10% c¢ross—linked HP
Indion, and butyl and methyl QA celliuloses prepared on 15%
cross—-linked HP Indion are given in Figures 6.15 to 6.18. The
15% c¢ross—linked HP Indion was used for the butyl and methyl
QA celluloses because their swollen volumes were closer to
those for the dodecyl and octyl QA celluloses than i1f they
were all prepared on the 10% cross—-linked matrix. From these
curves it is obvious that the dodecyl and octyl QA celluloses
worked much better than the butyl or methyl QA celluloses,
demonstrating that alkyl groups larger than butyl are
necessary to bind bile acid anions effectively, in agreement

with previocus results (Section 3.3.1}.
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Figure 6.15 Conjugated Bile Ac¢id Binding to Double
Processed, 10% Cross-Linked, Dodecyl QA
Cellulese {DMDo 108, 1.50 meg/g}
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Figure 6.16& Conjugated Bile Acid Binding to Double
Processed, 10% Crogss-Linked, Octyl QA Cellulose
{DMO 14, 1.70 meg/g)
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Figure 6.17 Conjugated Bile Acid Binding to Double
Processed, 15% Cross~Linked, Butyl QA Cellulose
{DMB 9, 1.68 meg/g)
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Figure 6.18 Conjugated Bile Acid Binding to Double
Processed, 15% Cross-—-Linked, Methyl QA Cesllulose

{(TMA 33, 1.89 meg/g)
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Table 6.7 and Figure 6.19 summarise the results for the four
ion exchangers at the 100 mg dry weight point in Figures 6.15
to 6.18, and further emphasise the need for amn alkyl group
with greater than four carbons to be present on the amino
substituted cellulose. This was in spite of the unfavourable
trend of decreasing substitution levels as the alkyl groups
increased in size. The slightly greater overall effectiveness
for the methyl QA cellulose compared to the butyl QA cellu-
lose, seen in Figure 6.19, was most likely to be a result of

this greater nitrogen content.

The effectiveness of the four alkyl QA celluloses fof binding
glycocholate is singled out in Table 6.7 and Figure 6.19
because this is reported te be the major bile acid present in
humanst®, It is also obviously the most difficult bile acid
anion to bind in the face of competition from c¢hloride ions
and other bile salts. The most effective ion exchanger at
binding glycocholate was dodecyl QA cellulose and 1if enough

of it was used it bound almost all of the glycochcolate present.

TABLE 6.7 Binding Characteristics of the Alkyl QA Celluloses?

Ion Exchanger Dodecyl Octyl Butyl Methvl
Subgtitution Level (meaq/g} 1.50 1.70 1.68 1.89

Dry Weight {(mg) 100 100 100 100
Residual Concentration $.96 1.27 3.02 2.7%
of A1l Bile Acids (mmol/L)

Total Conijugate Concentration i2 i6 38 34
of All Bile Acids {% of Loading)

Residual Concentration 0.54 0.72 1.20 1.18

of Glycocholate {mmol/L)

Resgidual Concentration 27 36 60 59
of Glycocholate (% of Loading)

2  See Footnotes for Table 6.6 and Figures 6.15 to 6.18
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Figure 6.19 Binding Characteristics of Alkyl QA Celluloses
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(n=12) at reducing the concentration of conjugated bile acid
anions at the 100 mg dry weight point in Figures 6.15 to 6.18

respectively
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6.4.5 Cholestyramine and Colestipol

The conjugate binding curves for cheolestyramine and colestipol
are given in Figure 6.20 and 6.21 respectively. The order of
binding of these ion exchangers was the same as for the
cellulose ion exchangers — TDC > GDC > TC > GC. Hagerman

et al. also found that the absolute capacity of cholestyramine
for these conjugated bile salts in isotonic saline decreased

in this order4d.

From a comparison of Figure 6.20 and 6.15% it would appear that
cholegstyramine was more effective than dodecyl QA cellulose
when small amounts of ion exchanger were used, because the
curves in Figure 6.20 are much steeper at lecadings of 0-50 mg
of ion exchanger. However, at higher locadings the dodecyl QA
cellulose was the more effective. This difference resulted
from the higher exchange capacity of the cholestyramine, but
less gpecific nature of the binding compared with the
dodecylated quaternary nitrogen groups on the cellulose ion

exchanger.

The colestipol curves (Figure 6.21) were also very steep
initially but levelled out at much higher residual bile salt
concentrations than either cholestyramine or dodecyl QA
cellulose. It was particularly ineffective at binding
glycochelate and taurocholate. This is very similar to the
methyl QA cellulose {Figure 6.18), which is not surprising
because both of these jon exchangers have only hydrophilic
groups in, and con, the matrix. Cholestyramine on the other
hand has benzene rings in its polystyrene matrix, which gives
it considerable hydrophobic character, The differences
between the binding for cholestyramine, colestipol, methyl and

dodecyl QA cellulose are summarised in Table 6.8.
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Figure §.20 Conjugated Bile Acid Binding to Cholestyramine
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Figure 6.21
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TABLE 6.8 Comparison of Methyl and Dodecyl QA Celluloses,

Cholestyramine and Colestipol®

Ton Exchanger Dodecyl QA Cholestyr— Colestipol Hethyl QA
Cellulose amine Cellulose

Substitution level 1.50 3.81 4,03F 1.89

(meq/g}

Part A: 50 mg ion exchanger

Residual Conc. {mmol/L) 3.38 2.14 1.28 4.1¢

of Rll Bile Acids

Residual Conc. 42 27 41 K1

of A1l Bile RAcids

(% of Loading)

Total Conjugates 0.092 0.117 0.124 4.078

Bound {mmol)

Available Nitrogens 0.075 0.191 0.202 0.095

{meq)

BEfficiancy (%) 122 61 a7 22

Part B: 100 mg icn exchanger

Residual Conc. (mmol/L) 0.986 1.31 2.68 2.79

of All Bile Acids

Residual Conc. 12 16 33 34

of All Bile Acids

(% of Loading)

Total Conjugates 0.141 0.134 0.106 ¢.104

Bound (mmol)

Available Nitrogens 0.150 0.1381 0.403 0.189

(meq)

Efficiency (%) 94 35 26 5%

a Conditions: as in the Footnote to Table 6.6, but at 50 and 100 mg

dry weight points in Figures 6.15, 6.18, 6.20 and 6.21

118

b Corresponds to the number of charged nitrogens at pH 8.0 per gram of

c¢olestipol (Section 4.10)
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6.5 CONCLUSION

Quaternary amino ¢elluloses have been prepared using improved
synthetic schemes, and shown to be effective at binding
¢onjugated bile acid anions in vitro, under conditions likely
to be encountered in the human intestinal tract {(i.e. at
concentrations less than 2 mmol/L against a background of 150
mmol/L sodium chloride at pH 8.G). Methyl and butyl Q2
celluloses were unable to substantially reduce the
concentration of the c¢onjugated bile acid anions. Octyl QA
cellulose was c¢onsiderably better than the short chain alkyl
QA celluloses, demonstrating that alkyvl groups with greater
than four carbon atoms are necessary to be effective. Dodecyl
QA cellulose was shown to be particularly effective and this
effectiveness was greatly enhanced if the ion exchanger was
double porcessed. It was slightly better than cheolestyramine
even though it had only 40% of the exchange capacity for small

iens Colagtinnl Aid net work nearly as well as dodecy]l 03

celiulose or cholestyramine in the batch capacity tests

involving conjugate mixtures.

These findings were confirmed by in vivo studies on 6-18 week
old cockerels, when the ion exchangers were fed at a dose rate
of 1% by weight of their diet4®. The blood serum cholesterol
level reductions obtained after 4 days are summarised in Table
6.9. Cholestyramine and double processed dodecyl QA cellulose
both reduced the serum cholesterol by & significant amount.
Although it was hoped to produce a product with superior
performance than those already commercially available, the
results obtained here were very encouraging and suggested that
further work should be carried out to develop alkyl QA
celiuloses for use as bile acid seguestrants. The result for
colestipol was surprising, but it was in keeping with the
results obtained in vitro using bile acid conjugates. In both
systems colestipol worked only as well as the single processed
dodecyl QA cellulose, which indicates that the in vitro test

developed gives a good indication of the likely performance of
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these jon exchangers in vivo. However a true measure of the
hypocholesterolemic activity of these ion exchangers must

eventually be obtained by careful clinical trials.

TABLE 6.9 The Effect of Ion Exchangers on Serum Cholestercl

Concentrations in Cockerels2

Ion Exchanger Reduction of Serum Cholesterol
Cholestyramine {(Questrank) -17%
Dodecyl QA Cellulcse

Single Processed -6%

Double Processed -14%, -17%, -1i7%, -19%
Colestipol {Colestidr) -4%

a For &-18 week o0ld cockerels, at a dose rate of 1% by
weight of the diet after 4 days+?



APPENDIX T

Properties

Preparation and Properties of the Ion Exchangers Discussed in Chapters 5 and 6

Starting Materials Activation® Coupling?
fon Substitution Swollen Amine Starting Cross- Dry Yol./Conc. Volume  Time Yolume VYolume Vol./Conec. Tine/

Exchanger Level Volume N{CHzj2R Matrix Linking Matter NaCH ECHP {4-6°C} Amine HCli¢ Ethanol Temp.

{Code} {meg/g) {nL/g) {R} {Indion) (%} {mg/g} (mL/% ag} {mL} {h) {mL} {mL} {nL/% aq) (h/eC}
Ii Single Processed Ton Exchangets
THA 32 1.2% 8.5 Methyl - HPS 15 163 12076 18 48 i6,54 d 50/0 24/RT
DHB 7 1.10 2.4 Butyl HP5 15 163 120/6 i8 48 6 g® e 64/50 f
DHO 15 1.07 8.0 Octyl HP5 15 163 126/6 18 48 i5 3.15 47.5/100 t
DHO 12 1.20 $.9 Qctyl HPT9 10 134 15G/¢ 23 48 15 3.15 47.5/160 t
D¥Do T2 1.908 8.2 Dodecyl Hr5 15 163 120/6 18 48 15 2.38 47.5/100 £
DHBe 107 1.14 8.0 Dodacyl HP79 10 134 150/%6 23 48 15 2.38 47.5/100 ¥
1B Double Processed JYon Exchangers
THA 33 1.8% 7.2 Methyl THA 32 15 169 100/6 15 24 16,54 d 50/0 24/RT
DHB 9 1.68 6.5 Butyl DB 7 15 187 166/6 i5 24 8 ge ° 84750 f
Bio 17 1.59 4.5 Octyl DHO 15 15 189 100/6 15 24 15 3.15 47.5/166 t
DHO 14 170 5.1 Octyl DHo 12 10 141 125/ 19 24 i5 3.15 47.5/100 f
DMDo 9% 1.37 3.3 Dodecyl DHDo 72 15 286 100/6 i5 24 15 2.38 47,5/100 £
LKDo 109 1.50 3.3 Dodecyl DMDo 107 ip 258 i25/6 19 24 15 2.38 47.5/100 4
ic ‘Special' Ion Exchangers
DH¥De 101 i.70 1.8 Hethyl DHDo 12 i5 286 16076 15 24 16,54 4 50/0 48/RT
DHDo 112 1.42b 3.2 n-Dodecyl  DHDo 72 15 286 100/6 15 24 16.2 ¢ 2.38 47.5/160 t
DHO 25 1.98 3.8 Octyl DHO 14 10 i91 164/6 i5 24 15 3.15 47.5/100 f



APPENDIX I - Footnotes

Amount used per 19 g {dry matter) of the starting matrixz

Epichlorohvdrin

Concentrated {11.6 mol/L) hydrochleric acid

32% aqueous trimethylamine coupled in water without addition of hydrochloric acid

Dimethylbutylamine hydrobromide titrated to pH 10.1 with 1.00 mol/L hydrochloric acid, to which was added

an identical volume of absoluie ethanol to give a 50% aqueous solution

Coupling was for 12-18 hours at Room Temperature, 10 hours at 70°C and the ion exchanger was cooled overnight
{12-15 hours} at room temperature

9 Batch Number 1259

¥ Titrated to pH 3.0 with 1.00 mol/L hydrochlioric acid

LI - ]
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