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Adsorption of Bile Acids by Ion-Exchange Resins 

Abstract 

The interactions of cholestyrarnine with bile acids in aqueous buffer 

solutions were studied by in vitro adsorption experiments. Application of the 

Donnan theory, which is based on ion partitioning between two phases, indicates 

that the adsorption is an ion-exchange process - the bile acid anion displaces the 

chloride counter-ion of cholestyramine. Donnan considerations indicate that the 

bile acid in the resin phase exists in two forms, bound and unbound. bot at higher 

Ceq the bound form is increasingly favoured. Since the concentrations of bound 

bile acid in the resin phase are above the critical micellar concentration, micelle­

type ordering is oc,curring. It is aIso possible that the unbound bile acid in the 

resin phase aggregates to fonn "regular" micelles. The micellization promotes the 

partitioning of glycocholic acid into the resin phase, explaining the ability of 

cholestyramine to adsorb glycocholic acid significantly, in vitro. 

Ion-exchange resins were p:cpared by solid phase peptide synthesis with 

active sites chosen to resemble those of cholestyramine. They were produced by 

coupling 4-(aminomethyl)benzoic acid, 4-aminophenylacetic acid or 4-

(aminomethyl)phenylacetie acid ta the backbone. The ion-exchange resins were 

prepared both as primary amines and in the quaternized form. The 

cholestyrarnine-like sorbents were synthesized with systematic changes in the 

structure, e.g., change from a hydrophobie to a hydrophilic backbone; the 

incorporation of an ala3 spacer between the backbone and the active site; the 
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change in the position of the methylcne group from being between the phenyl ring 

and the ami no group to being between the phenyl ring and the carbonyl group; the 

change of primary amines to quatemary ammonium groups; the change in 

functionality, to deterrnine which structural parts of cholestyramine are involved 

in the adsorption process. As compared to cholestyramine, both sets of resins 

were remarkably ineffective in adsorbing bile acids in vitro. It was found that the 

nature of the backbone determines the accessibility to the active site; that the 

resins with the methylene group positioned between the phenyl group and the 

amino group have higher adsorption capacity for glycocholic acid; and that 

quaternization increases the adsorption capacity. The two latter observadons 

indicate the importance of the basicity of the active site. Therefore, in 

cholestyrarnine, the backbone is such that it perrnits the transfer of ionic species 

and the quaternary ammonium group is involved in the interaction with bile acids. 

These results confmn that ion-exchange is the mode of interaction. 

Computer modelling silowed that the cholestyramine pendants are close to 

one another and are separated by benzene rings, thus leaving too little space 

between them to allow a bile acid molecule to interact with the benzene rings. 

Therefore, the bile acids must imeract with the quaternary ammonium group, 

leaving the bile acid molecule inside the cavity where they interact with one 

another to form micelles. The possible modes of interactions of bile acids with 

the synthesized resins are more numerous 3ince the pendants are not .ts close 

together. Thus, interactions with both the amino group and with the hydrophobie 

part of the pendant are p03sible. 
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L'Adsorption des Acides Biliaires par des Résines 
Echangeuses d'Ions 

Résumé 

Les interactions, in vitro, entre la cholestyramine et les acides biliaires, en 

solutions aqueuses tamponnées, ont été étudiées par des expériences d'adsorption. 

Les résultats indiquent que la cholestyramine interagit avec les acides biliaires par 

un mécanisme d'échange d'ions; le contre-ion de la cholestyramine est échangé 

pour un acide biliaire. Ce phénomène peut être expliqué par la théorie de 

Donnan. Les acides biliaires dans la résine sont soit liés au pendant de la 

cholestyramine ou soit non-liés, mais à des concentrations à l'équilibre plus 

élevées, la forme hée étant favorisée. La concentration des acides biliaires liés 

dans la résine est dans la région de celle où ils peuvent interagir entre eux pour 

former des micelles. Le même phénomène est aussi possible pour les acides 

biliaires non-liés. La micellisation encourage l'entrée des ions glycocholate dans 

la résine, expliquant ainsi la capacité élevée de la cholestyramine pour les acides 

biliaires, in vitro. 

Des résines échangeuses d'ions ont été préparées par la synthèse de 

peptides en phase solide. Elles avaient soit un support de polyacrylamide réticulé 

hydrophile ou un support polymérique de Merrifield hydrophobe. Les "haines sur 

le support polymérique étaient soit l'acide 4-(aminométhyle)benzoique, l'acide 4-

aminophénylacétique ou l'acide 4-(aminométhyle)phénylacétique. Ces résines 

ont été premièrement obtenues dans leur forme d'amine primaire; elles furent 

quaternisées pour obtenir l'amine quaternaire. En comparant les résines qui ne 

-
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sont différentes que par une caractéristique (par exemple: le support polymérique 

utilisé; la présence de trois alanines entre la chaîne et. le support polymérique; la 

position du groupe méthylène; l'amine primaire ou l'amine quaternaire; la 

variation de la fonctionnalité), il est possible de délerminer quelles sont les parties 

structurales de la cholestyramine qui sont responsables de l'interaction avec les 

acides biliaires. Toutes ces résines ont été étudiées pour leur adsorption, in vitro, 

des acides biliaires et ces adsorptions étaient basses. Il a été conclu que la nature 

du support polymérique influence l'accessibilité au site actif; la présence du 

groupe méthylène entre le groupement ph(~nyl et l'amine <!ugmente l'adsorption; et 

que les résines avec l'amine quaternaire adsorbent mieux que celles avec l'amine 

primaire. Ces deux dernière observations indiquent l'importance de la b:tsicité du 

groupe actif. Donc, la cholestyramine est efficace à adsorber les acides biliaires 

grâce à son support polymérique qui permet le transfert des ions et grâce à la 

présence de l'amine quaternaire. De ces résultats, le mécanisme d'échange d'ions 

a été réaffirmé. 

Les interactions entre la cholestyramine ou les résines synthétIsées et les 

acides biliaires furent aussi étudiées qualitativement à l'aide de modèles 

moléculaires. Il a été trouvé que les groupes actifs de la cholestyramine sont près 

les uns des autres et sont séparés par des groupements phényles, ce qui laisse peu 

de place entre eux pour permettre des interactions avec les aCIdes biliaires. Alors, 

les acides biliaires interagissent avec les amines quaternaires les laIssant dans la 

cavité de la cholestyramine permettant ainsi des interactions entre eux pour 

former des micelles. Les résines synthétisées peuvent interagir avec les acides 

biliaires par leurs groupements amines et aussi par des interactions hydrophobes 

puisque les groupes actifs ne sont pas aussi près les uns des autres. 
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1 INTRODUCTIOl'{ 

Cardiovascular diseases are a major cause of death among North 

American adults (1-6). However, mcreased awareness of the role of cholesterol 

has resulted in a graduaI decrease in the death rate due ta heart problems. It is 

I10W weIl recognized that a high level of cholesterol (hypercholesterolemia) is 

associated with coronary artery diseases, which may lead to angma, myocardlal 

infarction, and peripheraI vascular diseases (6). Serum cholesterol levels can be 

reduced in part by careful attention to the diet, and in addition, use can be made of 

drugs such as oraIly ingested bile aCld binding resins and cholesterol-Iowering 

drugs. 

1.1 METABOLISM OF CHOLESTEROL 

Cholesterol, a fat like substance (lipid) (Figure 1.1), is a structural 

compone nt in ..::eUular and extraceUular membranes (7), giving them stiffness and 

better protection From natural de formatIon (8), and IS found ln aIl vertebrates It 

is synthesized in ail ce Us and IS vital for their functlon and growth. The ~ynthesl~ 

fo11ow5 a lengthy biochemical pathway, shown schemaucally m Figure 1.2, anu 

occurs chlefly in liver celi mlcrosomes (9-11). Twenty-~Ix separate enzymauc 

reactions are involved in this blOchemical conversion of acetate to cholesterol, the 

major intermediates being mevalomc acid and squale ne (12). 

Cells are able to regulate their cholesterol synthesis as weil as thelr 

uptake, release and storage to mamtam the optimum cholesterol concentration for 

theu functions. In sorne ceUs this regulation IS very efficient. However, under 

certain condiuons, such as a higher concentration of cholesterol in the blood than 

necessary for a ceIl to function, lt becomes less effectIve and thl~ external factor 

can override the internai mechamsm of the cell. Thus, the metabohsm of 
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cholesterol is subject to a delicate balance which, if disturbed, can cause an 

accumulation of cholesterol (in thelr ester fonn) in artery walls, subsequently 

causing coronary artery problems. 

When dietary cholesterol is available, the liver uses that source of sterol. 

However, when there is insufficient cholesterol in the illet, the liver synthesizes 

its own (14, 15), by mcreasing the acuvity of a rate controlling enzyme, 3-

hydroxy-3-methylglutaryl coenzyme A reductase (E.C. 1.1.1.3.4 HMG CoA 

reductase) (16, 17). 

Cholesterol is elirninated either by conversion, in the liver, to bile acids 

and sterol hormones, e.g., progesterone, or by secretion into the bile. The 

conversion of cholesterol to bile acids is the main process by which the body 

eliminates cholesterol (8). 

HO 

Figure 1.1 Structure of Cholesterol 
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1.2 MET ABOLISM OF BILE ACIDS 

Bile acids are carboxylic acids containing 22-28 carbon atoms. AIl are 

derivatives of cyclopentanophenanthrene and the carboxylic acid group 

tennir,ates a branched Cr C9 side-cham. In nature, the common bile acids are 

saturated C24 acids derived from 5~-cholanic acid (Figure 1.3). Norrnally the bile 

acids are present in the bile and are excreted into the duodenum as conjugates of 

taurine or glycine. 

The bile acids may be divided into two groups (Figure 1.4) according to 

the original source in the body: the primary bile acids, choUe and 

chenodeoxycholic acids, are derived directly from cholesterol; the secondary bile 

acids, deoxycholic and lithocholie acids are derived from the primary acids during 

the enterohepatic circulation. 

OOH 

Figure 1.3. Structure of 5~-cholanic acid (18) 
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1.2.1 Synthesis of Primary Bile Acids 

Bile acids are synthesized in only one organ, the liver. The first and rate-

linnting step of thlS synthesis (20) is the 7a.-hydroxylation of cholesterol (I) 

(Figure 1.5). The 7a.-hydroxy-cholesterol (II) undergoes oxidation of the 313-

hydroxyl group and an isomerization of the double bond at position 5 to position 

4 to yield 7a.-hydroxy-4-cholesten-3-one (III), which is the common precursor of 

all primary bile acids. In turn, it is converted to 7o.,12o.-dihydroxy-4-cholesten-3-

one (IV), by hydroxylation at the 120. position. Then, both 7a.-hydroxy-4-

cholesten-3-one (III) and 7 ex, 12o.-dihydroxy-4-cholesten-3-one (IV) undergo the 

following reactions: (i) reduction of the 4 double bond and of the 3-keto group, 

and (ü) oxidation of the C26 side-chain. The 26-hydroxylated compounds are then 

oxidized to the corresponding carboxylic acids, which, in turn, are hydroxylated 

at C24' followed by an oxidation of the 24-hydroxyl group to give cholic and 

chenodeoxycholic acids (21-24). 

The primary bile acids are then conjugated by enzymatic catalysis, also in 

the liver, with either glycine or taurine, the ratIo being 3 to 1 (21). 

1.2.2 Enterohepatic Circulation 

Bile acids, in their conjugated forms, are secreted by the hver, together 

with free cholesterol, phospholipids and other minor constituents of bile. During 

fasting, bile is diverted into the gallbladder where it is concentrated and stored 

until the gallbladder contracts, in response to feeling, causing secretion of the bile 

into the duodenum through the common bIle duct (Figure 1.6). After 

particlpating 10 the absorption of fats and phospholipids in the jejunum, the bile 

salts pass down the ileum where at least 95% (18) of the total is re-absorbed (25, 

26), the un-absorbed fraction bemg ehminated into the feces. The re-absorbed 

. 
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portIon is bound to aIbumin (27) and returned to the liver, to be re-used (Figure 

1.6). This cycle is referred to as the enterohepatic circulation. In the steady state, 

the bile salt pool (3-5 g) particlpating in the enterohepatic circulation is 

maintained by synthesis of an amount of primary bile acid equal ta the fecal loss 

( ca. 500 mg/day) (28). 

In the lower ileum and colon sorne of the conjugated bile acids will be 

acted upon by enzymes of the intestinal flora, with deconjugation and 7a­

dehydroxylation as major reactions, glving rise to secondary bile ac.:ids: 

deoxycholic acid from cholic acid and lithocholic acid from chenodeoxycholic 

acid (Figure 1.4) (18). A portion of the secondary bile acids formed is re­

absorbed, eventually re-appeanng in the bile. 

1.2.3 Function and Physiology 

The major functions of bile aClds are: (i) the y indu ce the formation of bile; 

(ii) due to theu amphiphilic nature, they transport !ipids; and (iii) they regulate 

their own blOsynthesis from cholesterol (31). Formation of bile acids from 

cholesterol may in itself be regarded as a contnbution to the homeostatic 

regulation of the amount of cholesterol in the body. 

The amphiphilic nature gives bde acids detergent properties, enabling 

them to maintain cholesterol and phospholipids in solution in the bile, by forming 

water-soluble micelles. These mIcelles also include fatty acids and glycerides, 

after fat absorption, and are referred to as "mixed micelles" (32). The water­

soluble micelles transport components to plasma membranes to be transferred, 

and the bile acids then move down the mtestme where they are re-absorbed (33). 

Thus, the bile acids are not only a means by WhlCh cholesterol can be 

elimmated, but also play an important role in the solubllization, transport and 

absorptio1 of fat and non-polar lipids, e.g., vitarnins D and K. 
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1.3 PROPERTIES OF BILE ACIDS 

1.3.1 Structure 

The most common bile acids found in man have a saturated 

cyclopentanophenanthrene skeleton, containing a four-ring steroir1a1 nucleus and 

a five-carbon side-chain branched at carbon-21 that terminates in a carboxylic 

acid group (Figures 1.4, 1.7). The A/B ring has a cis-junction (34, 35), while the 

BIC and CID rings have trans-junctions; the hydrogen at carbon-5 is 10 the a­

position (Figure 1.7). Hydroxyl groups can be found at positions 3, 7, and 12, and 

are aIso in the a-position (35, 36). In nature, the carboxylic acid group of the 

side-chain is conJugated with elther glycine or taunne by a peptIde linkage. The 

primary bile acids 111 humans are cholic acid (3a,7a,12a-trihydroxy-5I3-cholan-

24-oic acid) and chenodeoxycholic acid (3a,7a-dihydroxycholan-24-oic aCld), 

conjugated to either glyc1l1e or taurine (Figure 1.4). 

The steroidal nucleus of the blle acid molecule exhiblts planar polanty, 

WIth the hydrophIlic groups being situated below the equator of the molecule, and 

most of the steroid skeleton with Ils protruding methyl groups ly1l1g above lt 

(Figure 1.7). When ionized, the shon, mobile slde-chain at carbon-17 lies in the 

a-axial position with respect ta the plane of the moleeule, eausing the polar 

carboxylic acid group to be in the same plane as the hydroxyl groups. When lt is 

un-ionized it lies parallel ta the steroidal nucleus (37-39). Thus, in its lomzed 

fonn the slde-chain provldes a major contribution to the polanty of the under 

surface of the molecule. The bIle aClds then have two distinct domains, one that 

is ma1l1ly hydrophobie and the other mainly hydrophilic, and are referred to as 

amphiphiles. 
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Figure 1.7 Structure of cholic acid represented in the convention al 
way (A), in a perspective structural formula (B) and as a spacefill 
model CC) (43). (black:carbon, blue:hydrogen, red:oxygen) 
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Depending on the position and number of hydroxyl groups, the polarity of 

the bile acid will change in the order: 

monohydroxy < dihydroxy < oihydroxy 

For the monohydroxy bile salts, the polarity falls in the following order (40): 

3-0H > 7-0H > 12-0H 

The taurine conjugated bile salts are more hydrophilic than the corresponding 

glycine conjugate or the unconjugated bile salt (34, 41). 

In general, the molecule of a free bIle salt is about 2-2.1nm long and is nearly 

circular in cross-section with a diameter of 0.6-0.7nm (42). The molecular 

volume of a bile salt anion is about a.53nm3 (42). The distance between the 

hydroxyl groups ln the a-position is about 0.5nm (42). 

Sorne bile aClds form crystalhne polymorphs (44-46) and most dihydroxy 

bile acids fonn stable crystalline solvates with a wide variety of solvent molecules 

(45,47-49). More detruls on the physical states and propenies of bile acids are 

found in Appendix 1. 

1.3.2 Solubility 

Small (50) classified bile acids as insoluble amphiphiles and bile salts as 

soluble arnphiphiles. However, in the literature the two tenns "bile acid" and 

"bile salt", are often used interchangeably and bath refer to bile salts 'iince, at 

physiological pH, the bIle acids are 10 their unprotonated form. On account of the 

undissociated carboxylic acid group, the aqueous solubility of bile acids is hmited 

(51), but the bile salts have appreciable aqueous solubility as monomers (5 x 10-8 

- 6 X 10-3) (52), and their solubility is greatly enhanced by the formatIon of 

micelles (44). 

ft 
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The solubility of bile salts is complicated since it depends not only on (lte 

ionization of the carboxylic acid group of the side-chain, but also on the number 

of hydroxyl groups and on the presence of nucelles ln solution. There fore , 

conjugation of the bile acid also alters its solubüity smce protonation of me free 

acid occurs at pH 9, glycine conjugates at pH 8 and taunne conjugates at pH 4 

(53). The unconjugated bile acids have pKa's in the region of 5-6.5, me glycine 

conjugates in the region of 4-5 and the taurine conJugates have pKa's of about 1.9 

(43). 

1.3.3 Micelle Formation 

Bile salts are amphiphilic and undergo a rapid dynamic aSSOClatIon­

dissociation equilibnum to fonn mIcelles as the total concentratIon of bIle -;alt 

increases to the critical mlcellar concentration, (CMC), at a critical ffilcellar 

temperature, (CMT) (42, 43, 54, 55). Because bIle salt micelles are often small, 

i.e. dimers (42), and self-aggregatlon contInues ta proceed wah mcreasing 

concentration (56-60), the detection of the lowest concentratIon at WhiCh the hm 

aggregate forms depends particularly upon the sensitivlty of the techIllque ((iO) 

and on the phYSlco-chemlcal conditIOns (42, 43, 49). ThIS, at least ll1 part, 

explains the large array of results WhiCh have been obtained to date. Interplay of 

the effects of the number and orientations of the variou~ nng hydroxyl groups, the 

length and polarity of the side-chain and any conjugatlOn affect the CMC of the 

bile salt. 

Micelles of pure bile salt are essentially sphencal (18) and are hlghly 

hydrated (61). The average size and the diStributIon of micellar size are Important 

phYSlco-cheI1llcal charactenstIcs of a bIle salt solutIon (42). The Size tncrease'i 

with decreased hydrophilicity for unconJugated bIle salt (56, 58, 60) It wa ... 

13 



found that, upon conjugatlOn, the micellar size and growth potential increase from 

free to glYCIne-conjugales to taurine-conjugates (62). 

The primary micelles of bile salts aggregate as thelr concentration 

increases, the interactions being mamly between the hydrophobie hydrocarbon 

parts of the molecules; the core of the micelle is then hydrophobie with the 

hydrophilic groups pointing outwards (Figure 1.8) (62, 63). The hydrophobie 

interaction is due to the agglorneratlon of hydrophobic surfaces in a back-to-back 

way so as to maxirnize Van der Waals contacts between the alicyclic steroid rings 

on thlS side of the Jlle salt rnalecule (62). This interaction can alsa be affected by 

the slde-c!uun length of the bile salt molecule (52). 

Secondary micelles will also fonn (62) from the aggregatIon of pnmary 

micelles, the interaction taking place between sorne of the exposed hydrophilic 

parts of the bile salts (Figure 1.8). This interrnicellar hydrogen bonding 

interaction possibly helps to stabilize these large aggregates (62, 64). The 

interaction in secondary micelles is weaker than in the primary ll11celles (43). 

The nurnber of bile salts in a primary micelle is referred to as the 

aggregauon number. This number varies from one bile salt to the other, since lt 

depends upon the molecular structure, the molecular weight, the position of the 

hydroxyl groups, the total concentration, the pH, the temperature, the nature and 

concentratIon of counter-ions, the length of the side-chain and the state of 

conjugation. In general, the aggregation nurnber varies between 2 and 9, but can 

be even higher (42,43,55,62). It mcreases in the following arder r'Of sorne of the 

bile acids, gOing from 3 for cholic acid to 22 for taurodeoxycholic aCld (61): 

cholic < glycocholic < taurocholic < taurochenodeoxycholrc < 

taurodeoxycholic. 

The CMC alsa varies accarding ta the abave factors . 

. 
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Figure 1.8 Structure of primary and seeondary bile salt micelles 
(43) 

It has been of interest to try to elucidate the structure of bile salt mIcelles. 

Severa! models have been proposed. For example, the micellar assocIation in 

aqueous solution of sodium deoxycholate has been expla:ned by mtennolecular 

hydrophobie interaction and hydrophilic interactions with the aqueous 

environment (65, 66). Ir has been proposed that the mIcelles of sodIum 

deoxycholate and rubidium deoxycholate eXIst as hehces stabllized by hya.. .. ogen­

bonding (67-69) (Figure 1.9). Further studies, including analysis of the mIcelles 

with proton and carbon-13 NMR (67, 71), X-ray crystallography (67-69,72,73), 

and ele.:tron-spin-resonance (72), seem to suppon this helical model (70-73). The 

micelles of sodium taurodeoxycholate have also been studied (74, 75) and, 

although nat all of the above techniques have been apphed yet, the hehcal model 
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is also indicated. In a recent paper (76) sodium glycodeoxycholate was studied 

by X-ray crystallography and the helical model was aIso proposed. The authors 

suggest that bile salt micelles, in general, are helical. 

Because the primary micelles of bile salt have a hydrophobic core, it is 

possible to incorporate hydrophobie domains of other molecules, to form mixed 

micelles. The requirement for a mixed micelle is that it is composed of more than 

one lipid-like species, and that at least one of these species must be able to form 

micelles alone in aqueous solution (62). Bile salt micelles have been studied for 

their interactions with hydrocarbons, such as naphthalene (77), with acyl alcohol 

(78) and others but the most studied is with lecithin (79-82). The bile salt-lecithin 

mixed micelle is of physiological importance since it allows the transport and 

solubillzation of fats and lipids during the enterohepatic circulation. 

Figure 1.9 Helices of RbDC (A) viewed along and perpendicular 
to the helical axis (72) and NaTDC (B) viewed along the helical 
axis (76) 
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1.4 ANALYSIS AND IDENTIFICATION OF BILE ACIDS 

A variety of analytical procedures may be useù for qualitative and 

quantitative assay of bile acids. Severa! of these methods require hydrolysis or 

solvolysis of the conjugates as part of the procedure. The primary interest is to 

separate the diffr:rent fonns of bile acids, mainly the free and the conjugated bile 

acids, and to identify t!lem. 

1.4.1 Analysis of Bile Acids 

1.4.1.1 Chromatographie Methods 

Gas liquid chromatography (OLC) (83-88) is a sensitive and precise 

method for the individu al quantification of the main free primary and secondary 

bile acids in one operation. However, the conjugated bile acids must be 

hydrolyzed prior to analysis, so that it is not possible to separate them. For 

routine purposes, aLe is inconvenient since it requires extraction, hydrolysis, and 

aIso derivatization prior to injection. 

Thin-layer chromatography (TLe) can aiso be used to sepa"ate bile acids 

(89-97). It requires the use of time-consuming elution procedures and the 

resolution of glycine- and taurine-conjugates is not satisfactory. Recently, a two­

dimension al TLC technique has been applied (89) giving better resolution of 

sorne glycine- and taunne-conjugated bile acids. 

Of aIl the chromatographie techniques, high-pressure-liquid 

chromatography (HPLC) is the most widely used. Separation can be done on 

straight-phase, or affinity, and reversed-phase columns. In affinity HPLC, the 

bile acids are eluted in the order of decreasing number of hydroxyl groups on the 

steroid nucleus; it can resolve glycine- and taurine-conjugated chenodeoxycholic 

and deoxycholic acids (98, 99). 
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The chemically bonded stationary phase, octadecysilyl (ODS) reversed­

phase column is the most suitable and widely used column for the resolution of 

bile acids (100-106). The separation of bile acids can be done either with or 

without prior derivatization and hydrolysis, depending on the method of detection 

that is used. The detectors that are widely used are differential refractometers, the 

ultraviolet detectors and fluorimeters. 

DifferentiaI refractometers are widely used for the detection of 

compounds, such as bile acids, which do not exhibit strong UV absorption or 

fluorescence properties (101, 105, 107). However, the sensitivity obtained with 

refractometers is not always sufficient, especially when used for the analysis of 

bile acids in biological fluids (108). 

Ultraviolet (UV) detectors are more commonly used (100, 102-104, 109, 

110); they use light in the 190-210 nm region to detect bile acids. This technique 

is applicable to the determination of glycine- and taurine-conjugates in bile but 

the sensitivity is not sufficient for the measurement of unconjugated bile acids in 

serum. To improve the sensitivity, use can be made of an ion-pair reagent, such 

as Hyamine 1622 (111), to produce the UV-absorbing ion-pair that is monitored 

at 254 nm. However, it is required that the acidic moiety of the bile acid be 

dissociated prior to ion-pairing This detection method can be used to distinguish 

between unconjugated and conjugated bile acids and between glycine- and 

taurine-conjugates by adjusting the pH of the mobile phase. 

The bile acids can also be modified by an enzymatically catalyzed 

reaction prior to UV-detection or fluorimetry. One enzyme that is widely used is 

3a-hydroxysteroid dehydrogenase (3a-HSD), which is capable of transforming 

the 3a-hydroxyl group of t}}e 5a-steroid into a 3-oxo group in presence of NAD+ 

under alkaline conditions (112-116). The NADT is converl.t!d to NADH, which 

has UV -absorption and fluorescence. The difficulty with this method is that it is 
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hard to obtain reproducible results since the enzymatic reaction is not always 

reliable. 

Derivatization of the carboxyl and the hydroxyl groups, widely used for 

biological substances which do not have UV absorption nor fluorescence, can also 

be used to enhance UV -absorption of bile acids. This can be achieved by 

labelling the carboxylic acid group with a chromophore nr a fluorophore. There 

are many derivatization compounds (110, 117-120), but in general I-p-nitro-3-p­

tolyltraze or O-p-nitrobenzyl-N,N'-diisopropylisourea are used for UV detection 

giving rise to the p-nitrobenzyl ester of the bile acid. For fluorescence purposes 

4-bromomethyl-7-methoxycoumarin and bromacetyl pyrene are widely used (121, 

122). The disadvantages of this method are that: (i) it results in poor resolution of 

chenodeoxycholic and deoxycholic acids, and (ii) it requires that the taurine­

conjugates be deconjugated priOf to analysis. 

When analyzing for bile acids, it is important to keep in mind the purpose 

of the separation and the bile acids that are to be identified so that the best method 

of detection can be used. 

1.4.1.2 Other Methods 

Other methods are av ail able for the isolation and analysis of bile acids. 

Radioimmunoassay (RIA) (123-126) is extremely sensitive and rapid but is 

limited by the availability of specific antibodies. There are also enzymatic 

methods (127-129) which use 3a.-HSD; it is a direct, simple procedure and is 

available for bile acid quantitation. However, it does not discriminate between 

different bile acids. 

Conducting organic salt electrodes, which readily oxidise NADH (130), 

have been proposed for the analysis of bile acids (131). In the presence of the 

enzyme 3a-HSD the following chemistry takes place (131): 
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NADH 

3a-HSD ) 

electrode ) 

R IR2CO + NADH 

NAD+ + H+ + 2é 

where RI and R2 stands for the groups adjacent to the hydroxyl group in bile acid. 

A linear response between the current and the concentration of bile acids 

(in the 0-0.2 mM range) was obtained (131). Currently, further work is being 

carried out to apply this system to the analysis of bile acids (132). 

1.4.2 Identification of Bile Acids 

Various spectroscopie techniques have been used to identify and 

characterize bile acid molecules. Nuclear rnagnetic resonance (nrnr) has been 

used to study bile salts as monomers and in their rnicellar forms. Proton nrnr 

distinguishes the main structural features and functional groups of bile acids, 

although httle informatIon is obtained about skeletal parts contaimng the 

methylene groups, since aIl of these protons resonate in the 1-2.5 ppm reglOn. 

The main peaks are those due to the protons of the methyl groups at carbon-18, -

19, -21, and the geminal hydrogen of the hydroxyl group (39,65). The resonance 

of the rernaining hydrogens are found between 1.0 and 2.35 ppm. Work done 

previously in this laboratory (133), using DEPT and 2D-correlauon experiments, 

enabled an elucidation of the proton mm spectra of sorne bile aClds. 

Carbon-!3 nrnr has also been applied to bile acids. The methyl carbons 

resonate between 7-24 pprn, the methylenes between 23-40 ppm, and the ring 

junctions from 34 to 55 pprn: the carbons bearing the hydroxyl groups resonate at 

65-80 pprn and the one for the carboxyl group resonates at about 175 ppm (67, 

134-136). Carbon-13 and proton 2-D correlatIon nmr experirnents have also been 

done to obtain a complete assignment for sodium cholate and sodium 

ft 
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deoxycholate (l37). Again, work by Zhu (133) was done to elucidate the 

complete assignment of carbon-l3 nrnr of sorne bile salts using DEPf and 2D­

correlation nrnr. 

NMR spectroscopy can be used to study the micellization process of bile 

acids by monitoring the peaks of the hydrogens at carbon-18 and -19 which 

broaden, due to the hydrophobie interactions, upon mieelle fonnation (35, 58, 67). 

It can also be applied to the study of the interactions in mixed micelles. A 

specifie study (l38) elucidated the interactions of bile salt and lecithin, using the 

spin echo technique, which monitors the aggregate self-diffusion coefficient. The 

interactions can also be studied by monitoring the chemical shifts of specifie 

protons (l39). 

X-ray crystallography is another method by which bile acids have been 

studied. The first report (140) confirmed the expected conformation and 

stereochemistry for the 6-membercd ABC rings of the steroid nucleus. It showed 

the flexible regions of the molecules as being the 5-membered Dring (which is, 

however, restricted to a narrow range of conformations) and the side chain 

attached at C-17. Examination of inter-molecular interactions and crystal packing 

reveals a tendency for these compounds to form bilayers with a hydrophobie core 

and a hydrophilic exterior (36,67,141,142). 

Mass spectroscopy has also been used to characterize bile acids. The 

general fragmentation of a hydroxylated bile acid is the 10ss of an angular methyl 

group, followed by 10ss of the side-chain and ring de av age of either C or D or 

CID rings (87,143-145). 
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1.5. HYPERCHOLESTEROLEMIA AND BILE ACIDS 

1.5.1 Hypercholesterolemia 

Although atherosclerosis is recognized as a multifactorial disease, it is 

now well established that the main cause is the accumulation of free or esterified 

cholesterol in the artery wall (1, 146, 147). The cholesterol is transported in 

lipoproteins, such as low-density lipoproteins (LDL) and very low-density 

lipoproteins (VLDL) (VLDL are secreted by the liver and transformed into LDL) 

to the artery wall. But it is also possible for the cholesterol to be transported 

away by means of the high-density lipoproteins (HDL). Thus, it can be said that 

it is the disturbance in the balance of deposition and removal of the cholesterol in 

the artery wall which willlead to the growth of atherosclerosis. 

Hypercholesterolemia is the term used to refer to a condition in which 

excess cholesterol is found in the body, that may lead to the development of 

atherosclerosis. This conditIon, when identified, can be treated In several ways: 

low-cholesterol and low-fat diets and administration of cholesterol-Iowenng 

drugs. The pnmary treatment, 10 condltions where the excess cholesterol lS not 

too hlgh (about 200-239 mg/dL), is a change in diet ta lower the ~holesterol 

intake (6). Changes in diet alone can lower cholesterol by 4-6% (6, 148). 

However, diet changes alone are generally insufficient to lower the cholesterol 

level sufficiently when it is hlgher than 240 mg/dl (6), so that other methods of 

treatment are required. 

1.5.2 Treatments of Hypercholesterolemia and Bile Acids 

From the literature, it appears that the most frequently employed forms of 

treatment of hypercholesterolemla involve three mechanisms of actIon: 1. 

Bmding of bile acids by a non-absorbable agent during the enterohepatic 
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circulation; 2. Increased utilization of the LDL-cholesterol; and 3. Inhibition of 

cholesterol synthesis in the liver. 

The bindhg of bile acids occurs in the intestinal lumen (Figure 1.6). 

During the enterohepatic circulation, a constant bile acid pool is necessary to 

make the process efficient. Upon binding of the bile acids to a non-absorbable 

agent, an increased amount is eliminated through the feces, reducing the 

percentage returning to the liver. To maintain a constant pool, the liver 

synthesizes more bile acids. This decreases the amount of cholesterol in the liver, 

as weIl as the cholesterol contained in LDL, since it is also used for the synthesis. 

Thus, binding of bile acids affects both hepatic cholesterol and LDL-cholesterol. 

The inhibition of the cholesterol synthesis is another method by which the 

cholesterol level can be reduced. It can be achieved through the use of a 

competitive inhibitor of HMG CoA reductase, the rate-limiting enzyme of 

cholesterol synthesis. The inhibition of the cholesterol synthesis decreases the 

amount of cholesterol present in the liver. Because the liver needs a certain 

concentration of cholesterol, it th en uses the LDL-cholesterol to attain the desired 

concentration. 

Although these mechanisms are treated separately, they aIl come down to 

the decrease in LDL-cholesterol, which is desirable, since it transports cholesterol 

to the artery wall where it can accumulate. 

In the following pages, a brief survey of common cholesterol-Iowering 

agents and drugs will be presented. Dietary fibers have been reported extensively 

as a natural means by which cholesterol can be lowered. Neomycin, nicotinic 

acid, fibric acid derivatives and probucol are sorne of the drugs which can be used 

for lowering cholesterol and which are commonly surveyed in the literature. 3-

Hydroxy-3-methylglutaryl co-enzyme A (HMG CoA) reductase inhibitor!' are a 

new class of drugs which are efficient in lowering cholesterol but because of their 
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novelty no long tenn study has yet been completed and their use is still limited. 

The bile acid binding resins, which are discussed last, are the most widely used 

and also the better known of the cholesterol-lowering drugs. They have been 

studied extensively and their ability to bind bile acids is of interest in the present 

work. 

1.5.2.1 Dietary Fibers 

The cholesterol-lowering action of sorne dietary fi bers is well documented 

(149). Dietary fibers are composed of a diverse group of substances, generally 

derived from plant ceU walls, which are not metabolized by the intestinal 

secretion. Bile acid binding by a number of types of fibers has been demonstrated 

both in vitro (150-156) and in vivo (152, 156). The most common types of fibers 

studied are wheat bran (157-165), om bran (166, 167), pectin (168) and soyabean 

(169). Guar gum and lignin are the most effective adsorbents, in vitro, while 

alfalfa, bran and cellulose are less effective (154,155,170,171). 

The extent of bile acid binding is a function of pH, osmolarity, type of bile 

acid and fiber, and the degree of micellization. Binding is greater at acid pH and 

increased bile acid concentration, but is inhibited by micelle formation, 

particularly at higher pH (153). The extent of adsorption differs for the various 

individual bile acids and a consistent pattern, based on the number of hydroxyl 

groups or on the state of conjugation, has not been identified (149-152, 172). 

The mechanisms proposed to account for the lowering cholesterol effect 

of the dietary fibers, include the binding of bile acids (173), alteration of the bile 

acid metabolism (174) and alteration of the solubilization and absorption of 

intestinal cholesterol (175). 

1.5.2.2 Neomycin 

Neomycin is a non-absorbable aminoglycoside antibiotic (176). With a 

daily dose of 1-2 grams, it can decrease LDL-cholesterol by 20-25% (6). Its 
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mode of action would appear to be inhibition of the re-absorption of bile acids by 

precipitatmg the micellar sterol in the intestines, thus lIlcreasing \ts t'ecal 

elimination (177-179). Side-effects of neomycin are mostly gastrointestmul, such 

as diarrhea and abdominal cramps. 

i.S.2.3 Nicotinic acid 

Hicotinic acid is a water-soluble vitamin-B (Figure 1.10) (180, 181). lt 

lowers both total and LDL-cholesterol by about 25%, and increases the HOL­

cholesterol levels (82). Its primary mechanjsm of action lS thought to be that lt 

inhibits the secretion of VLDL, which in tum will decrease the productIon of 

LDL (183). It is relatively safe, causing side effects like cutaneous flu~hmg and 

rashes in sorne patients, and is relatively cheap since the daily dose lS about 100-

250 mg (183). Nicotimc acid is consldered one of the rnost effective drugs for 

lowering cholesterol (184). 

1.5.2.4 Fibric Acid Derivatives 

The fibric aCld derivauves currently used to treat hypercholesterolemia arc 

gemfibrozil (5-(2,5-dimethylphenoxy)-2,2-dimethylpentanOlc acid (FIgure 1 10)) 

and clofibrate (2-(4-chlorophenoxy)-2-methylpropanOlc acid ethyl ester (Figure 

1.10)). A long-term study (4) showed that gemfibrozil increases HDL-cholesterol 

and decreases both total and LDL-cholesterol. A new generation of these 

derivatives, such as bezafibrate and fenofibrate, used ln Europe appear to be more 

potent than their parent compounds (185-188). GemfibrozIl and cJoflbrate also 

seem to decrease the cholesterol level by promotmg the catabolism of VLDL 

(189). Their side-effects are of gastrOlntestinal nature. 

1.5.2.5 Probucol 

Probucol (FIgure 1.10) is modestly effective in lowenng cholesterol. lt 

decreases total and LDL-choiesteroi by 8-15% (6, 190), but it aiso reduces HOL-
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cholesterol by 20-25% (6, 191). Side-effects are mosdy of gastrointestinal nature, 

although no long-tenn study has been carried out. 

~NÎl o 
COOH 

Nicotinic Acid Gemfibrozil 

CHa 
1 

-C-COOH 
( 

CHa 

26 

(CH 3 )3 C CH C(CH ) 
~ 13~_ 33 HOVS-y-s ~_\ OH 

(CH 3 ) 3 C CH3 C(CH ) 
3 3 

Clofibrate Probucol 

Figure 1.10 Chemical Structures of sorne cholesterol lowering 
drugs (192) 

1.5.2.6 HMG CoA Reductase Inhibitor 

One of the most promising groups of drugs that has recently been 

developed is lovastatin and its analogue, compactin. They are prototypes of a 

chemical class of funga! derivatives that inhibit the action of 3-hydroxy-3-

methylglutaryl co-enzyme A (HMG CoA) reductase, the rate·limiting enzyme in 

cholesterol biosynthesis (193). Compactin is butanoic acid, 2-methyl-

1,2,3,7 ,8,8a-hexahydro-7 -methyl-8-[2-( tetrahydro-4-hydroxy-6-oxo-2-H -pyran-2-



yl)ethyl]-l-naphthalenyl ester (Figure 1.11). Lovastatin, also referred to as 

mevinolin, differs from compactin by the presence of a second methyl group on 

the naphthalene ritlg (Figure 1.11), but its affinity for the enzyme is about twice 

that of compactin. 

o 

a) R t = Me, R 2 = H 

b)Rt=R2=H 

Figure 1.11 Structural formulas of a) mevinolin and b) compactin 
(194) 

They can effectlvely decrease LDL-cholesterol by 25-45% with dUlly 

doses of 20-80 mg (1 mg/lcg of body welght of compactin or 0 5 mg/kg of body 

weight of lovastatin) (6, 178). It is thought (195) that the y inhlbit cholesterol 

synthe sis by occupying tW0 snes on the enzyme: one is the HMG-binding domam 

of the active site and the other is a hydrophobie pocket located adjacent to the 

active site. Thus, by blocking endogenous sterol productIon ln the hver, the drug 

limits the availability of cholesterol necessary for normal bile aCld syntheSl~ and 

for biliary sterol secretlon. Consequently, the hepatic LDL-receptor acUvlty IS 

increased, decreasing the concentratIon of LDL-cholesterol and of the circulaung 

cholesterol (178). 
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Lovastaùn is generally weIl tolerated. Skin rashes and other allergie 

manifestatior. do oecur Cin 1-2% of patients). However, the most serious side­

effeet would appear to be the development of lenticular opacities, even though it 

has been noted only in a small percentage of paùems and that opacities often 

disappear (196). 

Although they effectively reduce cholesterol, their effects on coronary 

hean disease and their long-tenn safety have not yet been established. 

1.5.2.7 Bile Acid-Binding Resins 

The frrst choice of drug for the treatment of hypercholesterolemia is a bile 

acid binding resin that can be administered orally. The two currently used 

clinically are eholestyramine and eolestipol. 

Cholestyramine is a strongly basic anion exehanger; it is a co-pol ymer of 

styrene and divinyl benzene onto which are attaehed quaternary ammonium 

groups with ehlonde eoumer-ions (FIgure 1.12). Its equivalent we1ght is 230 and 

its molecular weight 1S above 1 x 106. Colestipol is a N -(2-ammoethyl)-1 ,2-

ethanediamine polymer with (ehloromethyl)oxirane. Its funetional groups are 

secondary and teniary amines making it a weaker basic ion-ex changer than 

cholestyramine. Although 11s baekbone IS water-swellable, whieh should lmprove 

its biocompatability, it has a lower binding eapaeity for bile acids than 

cholestyramine (197). Beeause cholestyramine has been known for more than 

thirty years (186, 198, 199), and is more effecti ve, it has reeelVed more attennon. 

Bile acid bmding resins lower both tctal allrl LDL-cholesterol. Their 

acùon IS to bind bIle acids in the intestinal lumen where it decreases their re-

absorption, reducing the amount of bile acids returning to the li ver. As mentloned 

earlier, a constant pool of bIle acid is required. Thus, the 10st bile aClds are 

replenished by synthe sis of bIle acids from cholesterol. utilizing both hepatic and 

ft 
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LDL-cholesterol. Because these resins are not absorbed or digested, they produce 

no toxie effects on short term administration. 

... - CH CH 2 - CH - CH 2 - ... 

Q+ 
CH2 N (CH3 )3 Cl 

• • • C1I2 - CH ••• 

Figure 1.12 Structure of cholestyramine 

It has been shown, in a long-term study (1), that cho1estyramme 

statistieally lowers LDL-cholesterol (15-30%, WIth daily doses of 16-24 g) and 

the incidence of coronary heart disease. The most common side-effects were 

shown to be gastrointestinal in nature-, e.g., constipatIon, bloating, nausea; 

however they were not found in all patit~nts. It may also Interfere wnh the 

absorption of other anionic drugs, e.g., digitoxin and w arfari n, when these are 

taken concurren!ly. 

Although cholestyramine requires patient education to achieve effectlvc 

adherence, due to the large dose required and the fact that it is not very palatable, 

it remains the fIfst choice in drug therapy to lower cholesterol smce its 

effectiveness has been shown m clinical trials and its long-term safety has been 

established. 
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1.S.2.8 Other Treatments 

Many other classes of drugs have been tested for lowering cholesterol, 

including antacids (200-203), activated charcoal (204, 205) and chitosan (which is 

currently re~eivlOg more attention) (175), just to name a few. They show poor to 

relatively poor effectiveness in lowering cholesterol. 

However, the most promising treatment is the combination of two drugs 

wIth complementary mechanisms. Among these are colestipol and probucol 

(206-208), colestipol and bezafibrate (185), cholestyramine and nicoumc acid or 

HMG CoA reductase lOhibnor (184) or probucol (190). Ir would appear that the 

best of these combinations would be an anion-exchange resin and HMG CoA 

reductase inhibitor (184). 

1.5.3 Binding of Bile Acids 

As mentioned previously, drugs such as cholestyramine lower the 

cholesterol level by binding bile acids. The mode of interaction has been 

postulated as being primarily electrostatic (209-211), the interaction taking place 

between the negatively charged carboxylic acid group of the bile acid and the 

posltlvely charged quatemary ammonium group of eholestyramine. Johns and 

Bates postulated that a secondary mode of interaction also existed, between the 

hydrophobie regions of the bile acid and of cholestyramine. To venfy the latter, 

they studied (210) the interactions between cholestyramine and fatty acids of 

various chain lengths. As the chain length increases the hydrophobicity also 

increases. They reported that with such an increase the affinity of binding also 

increases. AIso, beeause cholestyramine is a quaternary ammomum salt, it was 

proposed that there could be an ion-exchange process between the anionie bile 

acid and the chlonde anion (212). 
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Other studies have involved the bmdmg of bile aeids with protcms, sueh 

as human serum albumin (HSA) (213, 214), which plays a role in the transpon of 

bile acids baek te the liver during the enterohepatic circulation. Little inform:nion 

was found about the relative contribution of electrostatic and hydrophobie forces 

in the binding process, but it was found that bile acids indueed a conformation al 

change in HSA upon binding (215). 

Glutathione-S-transferase has aIso been idenufied as a protein which binds 

bile acids (216-219). However, its mode of interaction has not yet been 

identified. 

1.6 PRESENT STUDY 

Shon peptide chains grafted onto a polymerie backbone have been shown 

to adsorb bilirubin (220, 221) and bile acids (133). The interactions between bile 

salts and the polymerie resins was proposed as being primarily ionic. It was 

suggested that hydrophobie interactions cou Id also play a role in the bmding. 

This was concluded following adsorption studies and nmr expenments (133). 

The present work focused on elueidating the InteractIons between bile salt 

and ion-exchange resins. Cholestyramine, the bile aCld binding resin, was tirst 

studied. It is known to be effective in lowenng the plasma cholesterol level. 

Therefore, it was of interest to obtain a better understanding of the mechanism of 

action of this drug as te permit the design of improved sorbents in the future. The 

adsorption of bde aClds by cholestyramîne was studied, in vitro, under various 

experimental conditIons. 

These results were studied qU3.ntitatively by applying different bmding 

models, but they were found unsatisraetory. The ion-exchange mechamsm was 

then proposed and treated with the Donnan theory. It was suggested that the 
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interaction between cholestyramine and bile acid was an ion-exchange process, a 

finding aIso cited in Zhu's thesis (133). 

A series of cholestyramine-like sorbents were then prepared by solid 

phase peptide synthesis with systema.tic changes in the structure. These 

differences in structure pennitted to detennine how they would affect the 

adsorption of bile acid. The adsorptlon of bile acids by these resins were studied 

and from the results it was possible to detennine which structural parts of 

cholestyramine are important for the binding of bile acids and te verify if indeed 

ion-exchange is the mechanism of interaction. 

Molecular modelling was used as to offer a qualitative approach to the 

interaction of cholestyramine or ion-exchange resin and the bile acids. It helped 

to detennine how the resin and the bile acid can interact with one another and te 

verify if what was proposed by the Donnan the ory is plau'lible. 

= 
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2 ADSORPTION OF BILE ACIDS BY 
CHOLESTYRAMINE 

It has been suggested that the bmeling of bile acids by cholestyramine is 

mainly due to ionic interactions between the negatively charged carboxylic acid 

group of the bile acid and the positively charged quaternary ammonium group of 

cholestyramine, although a secondary mode of interaction was also suggested (1-

3). However, the ionic interaction is not specific for bile acids so that other 

species, such as fatty acids (2, 4) also interact competiuvely Wlth cholestyranune, 

leading to a decrease in the binding capacity for bile aClds. Thus, clinically 

excess amounts of cholestyramine are administered so that Jt will h~ effective In 

lowering plasma cholesterol levels. Since the use of cholcs~"jramine IS also 

accompanied by unpleasant slde-effects, it is of interest to develop more selective, 

i.e., specifie, and consequently more efficient bile acid binding resins. This 

would decrease adsorption of species other than bile acids and thereby permit a 

decrease in administered dose which would, ln turn, minimlze the slde effects. A 

better understandmg of the interactions between cholestyramme and the bile acids 

is needed to determine the factors that are important and responslble for the 

bmding. 

This chapter presents results for the adsorptlon of bile aClds by 

cholestyramine, in vitro, under various experimental conditions. A model is 

developed, based on these results, to explain the interactions, giving inslght and 

conclusions about cholestyramine and its binding affinity for bile aClds. 
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2.1 EXPERIMENTAL 

2.1.1 Treatment of Cholestyramine 

Cholestyramine (Dowex 1x2-200, 2% crosslinked, 100-200 dry mesh, 

Aldrich) as received contains VJIlOUS impurities. Ta remove them, it was added 

to al: 1 mixture of water and glacial acetic acid which was refluxed for 2-3 hours, 

or was left to stir overnight at room temperature. The mixture was filtered and 

the filtrate was analyzed spectrophf"\tmnetrieally at 246 nm for UV -absorbing 

impurity. This procedure was repeated, with fresh solution, until there was no 

trace of the UV-absorbing impurity in the filtrate. The cholestyramine was then 

washed with water, methanol and finally with a saturated aqueous sodium 

ehloride solution to convert the eounter-ions to the chloride ion. Finally, it was 

rinsed with anhydrous diethyl ether and dried in vacuo for several days at room 

temperature. 

Ta obtain eholestyranune with iodide as the eounter-ion, the same 

procedure was followed except that the final rinse was done with saturated 

aqueous sodium iodIde solution. 

The functionalities of cholestyramine, determined by potentiometric 

titrauons using silver mtrate (AgN03) as titrant and potassium nitrate (KN03) as 

the solution to "drive out" the eoumer-ion, was found to be 3.16 (± 2%) mmole of 

ehloride ion per gram of resin and 2.76 (± 5 %) mmole of iodide per gram of resin. 

These titrations were done twiee eaeh and gave rerroducible results. For the 

iodide containing cholestyramine, a functIonality of 2.45 mmole per gram is 

expected based on the welght dlfference and the functionality of 3.16 mmol/g for 

the chloride fonn; the difference lS aboùt Il %, and suggests that not all of the 

chloride was displaced by the iodide aman. 
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2.1.2 Adsorption Experiments 

Studies of the adsorption of bile acids were do ne with aqueous solutions, 

both buffered and non-buffered. Tns-HCI (tris(hydroxymethyl)aminomethane, 

Aldrich) and phosphate (KH2P04-NaOH, potassium dihydrogen phm,phate, 

Fisher), were used as buffers. These buffers have a pP range of 7-9 for Tns-HCl 

and 5.80-8 for the phosphate buffer, corresponding to the pH range of the 

gastrointestinal tract, which has a pH range of 7-8 (5). For most of the 

experiments, the Tris HCI buffer at pH 7.00 was used. 

A stock solution of bile salt (l0-50 mg/dL) was prepared, either 10 water 

or in aqueous buffer, and from it a senes of standard solutions weœ prepared by 

dilution. These solutions of known concentrations were tlien added to a welghed 

amoum of cholestyramine (4-10 mg). The mixtures were shaken for 20-24 hours 

at room ternperature (18-20oC) using a mechanical shaker or wah a reclprocal 

shaker in a water bath at a specifie temperature, moving at 100 oscillations per 

minute. The solutions containmg the resm were then filtered by gravny and the 

peak areas of the bile salt before and after adsorption were determined by HPLC. 

The bile salts used in this study were either sodium cholate (Sigma) or 

sodium gl/cocholate (Sigma), since the most commonly occurring pnmary bile 

salt in bile is cholic acid and its glycme conjugate is the most abundant conJugate 

(6). By choosing the bile acid and its conjugate, it was possible to study the effect 

of the conjugation on the binding by cholestyramine. 

2.1.3 Analysis of Bile Acids 

The bile acid concentrations were determined by high-pressure-liquid­

chromatography (HPLC) using a C-6 (5 microns) slloxane hexyl reverse phase 

column (CSC). The mobile phase, 70:30/methanol:acetlc aCld (0.1 N), was 

pumped at a flow rate of 1 ml per minute using a dual piston pump (Eldex AA-94 
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Dual HP Pump). A Rheodyne (model 7125) in je ct or with a 200 ~ Ioop was 

used. The detector was a Waters 410 Differentiai Refractometer that was 

interfaced to a Varian Datapack (Madel DS-604). 

The choice of the buffer for the adsorption was also influenced by its 

perfonnance with the HPLC since, according to the manufacturer, the optimal pH 

range of the column is between 2-7.5. The composition of the mobile phase was 

adjusted ta give good resolution for bath cholic and glycocholic acids. Figure 2.1 

shows a typlcal chromatogram for these two bile acids. 

The experimentally obtained peak areas were then analyzed, using a 

computer program developed by Zhu (7), based on calibration data prepared daily 

wtth bile salts soluttans of known concentrations. It calculated the bile acid 

concentration in the solutions at eqUlhbrium and the amount of bIle salt adsorbed. 

From these, adsorption isothenns were obtained. 

2.2 ADSORPTION OF BILE ACIDS BY CHOLESTYRAMINE 

2.2.1 Comparison Between Buffers 

Figure 2.2 shows the adsorption isothenns for cholestyramin~, with 

chloride as the counter-ion, and sodium glycocholate in water, in Tris-HCl and in 

phosphate buffer. There is an mcrease in the extent of adsorption, especially at 

low eqUllibrium concentrations, on going from phosphate buffer ta Tris-HCl to 

water, although the latter two seem to approach the same "plateau" value. 

For the phosphate buffer, at pH 7.0, the ions HPOi- and H2Pü4- are 

present in the solution in the ratIo of 3 ta 5. These anion~, especially HP042., 

compete with the bile acid antans for the bmding sites on cholestyramme (8), 

which explains why the adsorptIon lsotherm does not exceed 0.1 mole of bound 

bile aCld per eqUlvalent of pendant. 

, 
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Figure 2.1 HPLC chromatogram showing the peaks of cholic 
(9.355 minutes) and glycocholic (7.735 minutes) acids. The large 
peaks eluting before the bile acid are the buffer peaks 
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However, with Tris-HCI, such a competition does not oceur, since the 

anion of the buffer is also chloride, i.e., it is idenucal 10 the counter-ion of 

cholestyramine. In Tns-HCI the capacity of cholestyramine attams a value of 

about 1.1 mole of blle acid amons bound per equivalent of pendant. Previous 

results from thlS laboratory (7) (Figure 2.2), are limited to low concentrations and 

appear to be slightly lower. ThIs may be due to the fact that the cholestyramine 

was not treated 10 the same way as that used for the present study, WhlCh would 

affect the purity of cholestyramme. 

The adsorption isotherm for glycocholic acid in water shows an abrupt 

increase and reaches maximum adsorption at about 1.2 mole per equivalent. This 

rapld increase can be attnbuted to the absence of other anions 10 the system, 

which facllitates the interaction. In Figure 2.3 the results for the adsorption of 

bile salt by cholestyramme (CA Cl) In water are compared with those obtained by 

Johns and Bates (1), as taken from their diagram. Their lsotherm, plotted on a 

mass basis, is lower than that obtained in the present study. Thelr cholestyramme 

was of pharmaceutical grade and they do not indlcate whether It was purified. 

Therefore, the difference may be due 10 the presence of impurities. Furthermore, 

neither the funcuonahty nor the extent of cro.:is-hnking were reported, both of 

WhlCh would affect the capacity. 

For further experlments, Tm-HCl was chosen as the operatmg medIUm to 

keep a constant pH, because lt showed minimal lowering compared to the 

lsotherm obtained in water. 

. 
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Figure 2.3 Isotherms for the adsorpùon of sodium glycocholate in 
water by cholestyramine (Cl). Comparison of the present results 
with the literature (1). 0 present results (T == 20OC); - Johns and 
Bates (T = 25oC) (1) 

ft 



2.2.2 Coœparison Between Counter-Ions 

Changing the eounter-ion of eholestyramme from chloride to iodlde 

marked.ly reduces as ablhty to bmd sodium glycocholate (Figure 2.4). The 

adsorption lsotherm for the lodlde reaches a "plateau" at about 0.5 mole per 

equivalent of pendant, or about one half the value of 1.1 obtained with the 

ehloride counter-ion. This suggests that the chloride Ion is dlsplaced from 

cholestyramine more easily th an IS the IOdide ion. Thus, the IOdlde ion interacts 

more favorably with cholestyramine than the chloride, WhlCh IS ln keeping wlth 

reports in the literature (9). This was aiso seen when the chloride lOn was 

replaced by the lodIde ion (SecHon 2.1.1). The lod.lde IS thought (l0) to blI1d 

somewhat better than the chlonde IOn, such that when bIle salt amons are present 

they wIll displaee the chlonde lOn more readl1y. 

The chloride containing cholestyramme was chosen for funher 

experiments bec au se it was expected that any variations could be more promment 

when the adsorbent of hlgher adsorptIOn capacny was used. 

2.2.3 Comparison Between Bile Acids 

The lsothenns for the adsorptIon, using cholestyramine with chlonde 

eounter-ion (CA Cl), of different bIle aClds in aqueous rrh-buffer are glven ln 

Figure 2.5. Chollc and glycocholic acid amans have sUIular binding 

characteristies wah cholestyramine, both havmg maxImum adsorption at about 

1.1 mole per equivalent of pendant; thus eholestyramine shows httle, If any, 

speclficny. 

PreVlOUS results, obtained by Zhu (7), for the adsorptIon of chohc aCld by 

cholestyranune (Cl) are also shown ln Figure 2.5. It can be seen that they are 

slightly lower, as seen before ln Section 2.2.1. 
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Figure 2.5 Isothenns (T = 20oC) for the adsorption of different 
bile aClds by cholestyrarmne (Cl). in Tris-HCl (0.0026 M). 0 
cholic acid (present results); 0 choli/ aCld (prevlOus results (7)); .1 
glycocholic acid 
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2.2.4 Temperature Effect 

The adsorption of eholie and glyeoeholie acids was studied at four 

different temperatures, 6, 25, 37 and 65°C. For glycoeholic aeid in Tris-buffer, 

identlcal adsorption isotherms are obtained at all temperatures ather than 60C 

(Figure 2.6). However, a sigmficant decrease in adsorption eapacity is observed 

in the 6°C Isotherm. Smillar behavlOur is seen for cholle acid (Figure 2.7). For 

bath bile acids a maximum of about 1.1 mole per eqUlvalent IS reached so that, 

within experimental error, the isotherms other than those for adsorption at 60C 

correspond ta that obtamed at rc.)m temperature. This IS in agreement with 

observations by Johns and Bates (1) who found that, for adsorption at 25 and 

37oC, the process is not tempe rature dependent. 

Consideration of the anomalous Isothenn at 60C suggested that lt might 

reflect a change in the kinetles of adsorption. Ail solutions had been left to stir 

for a fixed period of 20-24 hours. It seemed possible that the adsorption proeess 

might be much slower at 6°C and, consequently, It had not reached eqUlhbnum at 

24 hours. Therefore, expenments were carned Out ta deterrnme the concentratIon 

of bile aCld In the solutIon at dlfferent adsorption urnes. The results (Figures 2.8, 

2.9) clearl y show that saturatIon is attamed WIthm 10 hours, i.e., weil wlthin the 

allotted tIme of 20-24 hours. 

Clearly the behaviour observed for the adsorption IS not consistent with a 

normal temperature dependence. The general pattern of the Isothenns appears to 

be an mcrease m adsorptIon wlth an mcrease in temperature unul an ulumate 

capacity IS reached ~omewhere between 6 and 25oC. Funher mcrease In 

temperature has essentially no effect on the adsorption isotherms. 

ft 
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One explanation for such behaviour is that the 301ubility of the bile aCld 

increases with a decrease in temperature leading to lower adsorption; however, 

this has not been venfied. The process of bIle aCld anions entenng the 

choleslyramme pores involves the transfer from an aqueous to a less polar 

environment. Generally, such a transfer process is endothermic (11, 12) so that as 

the temperature is increased this transfer becomes more favourable. Thus, an 

increase in temperature would result 10 an increase in adsorption. However, it IS 

also expected that an increase in temperature would mcrease the solubllity of bile 

acids in aqueous buffer (13), leading to a decrease in adsorption. On the other 

han d, as proposed earlier, a reverse temperature dependence for the solublhty of 

bile aClds could take place. These qualitative arguments do not yleld a 

satisfactory explanation. Later in the chapter, a model is proposed, and a 

hypothesis is brought forward to explam the results obtained for dlfferent 

temperatures. 

2.2.5. Challenges for a Chosen Model 

From the results presented it can be seen that there are a number of 

questions which need to be answered. The model proposed to descnbe the 

adsorption behaviour should show not only the fit isotherms but should also 

exp Iain other expenmental observations. Thus, for example, the model should 

explain why the adsorption from Tris-HCl buffer and from water are different 

even though neither has competitive ions for the interaction with cholestyramme. 

AIso, it should exp Iain why lodJ.de IS not displaced as well as chlonde. 

Furthermore, the model should offer a reasonable explanation for the temperature 

effect seen for the adsorption of bile acids by choiestyramme. 
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2.3 ADSORPTION ISOTHERMS 

Adsorption isothenns reflect the binding affinity of an adsorbent for an 

adsorbate. Quantitatively, the se affinities are expressed as binding constants that 

can be derived by use of various mathematical models. Generally each model 

results in its own binding constant, Le., binding constants can differ from one 

model to the other because the concepts on which they are based are different. 

Many models are presented in the literature, of which sorne of the most 

commonly used will be discussed here. 

2.3.1 Freundlich Model 

The FreundIich model (14, 15), which does not have a strlctly theoretical 

foundation, is expressed as: 

(Equation 2.1) 

where r is the moles of bound adsorbate per unit weight of adsorbent, k f and p are 

constants. The constant kf is generally a measure of the capacity of adsorption, p 

is a measure of the strength of adsorption and C is the concentration of adsorbate 

in solution at equilibrium. 

The most common use of the Freundlich model is to simply obtain a fit to 

adsorption isothenns. The constants which are obtained are empirical and 

generally do not give an explanation of the adsorption data. Therefore, this model 

will not be used to develop an explanation for the present data. 

2.3.2 Langmuir Isotherms 

The Langmuir-type equation (equation 2.2) (16) has been used extensively 

to explain adsorption (17). It is expressed as: 
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lIr = (1/(nk»(l/C) + 1/n (Equation. 2.2) 

where r is the moles of bound adsorbate per unit weight of adsorbent, n is the 

number of available sites, k is an intrinsic binding constant and C is the 

concentration of adsorbate in the equilibrium solution. 

The Langmuir isotherm was originally applied to the adsorption of agas 

on a solid surlace. Subsequently, it has been modified and extended to other 

types of :}dsorption, such as liquid-liquid adsorption and liquid-solid adsorptIon. 

It presents a good fit for chemisorption but when the interaction is more physical 

(physi-sorption) the fit is not always good. However, in sorne cases a good fit of 

the data is obtained even though the assumptions of the model are not met (18-

22). It cannot be fit to isotherms with an "S"-shape, indicating interaction 

(cooperati vity) between sites. 

The assumptions of the Langmuir model are: i) the adsorbent contains a 

fixed number of adsorbing sites and, at any temperature or presssure, there exist 

both occupied and unoccupied sites; ii) each site can accommodate only one 

adsorbate molecule; iii) the heat of adsorption is the same for aIl the sites and 

does not depend on the numbcr of sites which are occupied; and IV) there are no 

interactions between molecules on different sites. 

Equation 2.2 was used by Ihara (23-25) to interpret the data for the 

adsorption of fatty aClds by ion-e'{change resins and also by Johns and Bates (1-3) 

for the study of the adsorption of Jile acids by cholestyrarnine. 

The data obtained in ,his study for the adsorption of bile salts by 

cholestyrarnine (CA) under various condiuons, as shown in Section 2.2, were 

fitted using Equation 2.2. The Langmuir isotherms are shown in Figures 2.10-

2.14. Table 2.1 gives the values obtail.ed for t~e number of avmlable sites, n, and 
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the intnnsic bindmg constants, k, for the vanou~ systems as obtained frorn the 

mtercept and the slope of the Langmulf lsothenns. The lines represent the best tn 

obtained by linear regression of the data. 

Superficlal analysls of the data ln Table 2.1 shows that the bmdll1g 

constant for the adsorpuon by cholestyramine (CA Cl) of glycocholic aCld 10 

water is higher than the one In phosphate buffer, as expected from the general 

shape of the isothenn (Figure 2.2). Funhermore, the values of n, the number of 

available sites, are also consistent wlth the trend. The results for cholestyramme 

(CA 1) adsorbmg glycocholic aCld and cholestyramine (CA Cl) adsorbll1g cholIc 

acid, are also consistent with the trends seen 1Il the isothenns (Flgures 24, 2.5) 

However, further exammat10'1 of the data reveals that· (1) the flts, as 

\1easured by the correlation coefflclent, are generally poor; (n) values are 

obtained for n that exceed the number of avallable ~ite~ or, in ~ome ca~e~, take 

negative values, WhlCh clearly has no physical meaning. Furthermore, III a 

number of cases, e.g., Figure 2.12, there is clear eVldence for curvature near the 

intercept, WhlCh suggests sorne forro of interacnon WhlCh wou Id renùer the 

LangmUlr treatment meamngless. lndeed, ln most cases the negatlve values nt n 

reflect curvature In the LangmulI plot. 

At best sorne of the values denved from thcse Langmuir Isotherms show 

trends, but they do not glYe meamngful quantitative results. The ncgal1vc values 

cannat be used, so that the LangmUir model lS only of hmned, If any, value for 

these systt..ms. 

1 
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Table 2.1 Values of the number of available sites, n, and the intrinsic 
bmding constant, k, obtained by the Langmuir isothenns; the quality of 
the fit is shown by the correlation (Corr.). 

n k nk Corr. 
(moVg resm) (M-l) (moVg M-l) 
(103) (10-3) 

CA Cl + GCAffris -45 -0.18 0.80 0.990 
KH2P04 0.66 1.9 0.12 0.977 
H20 3.5 60 21 0.821 

CA 1 + GCA/Tris 4.0 1.8 0.68 0.996 

CA Cl + CA/Tris 37 0.20 0.72 0.990 

CA Cl + GCAffris 
6°C 23 0.23 5.3 0.922 
25°C 1.0 11 11 0.938 
37°C -21 -0.38 7.8 0.994 
65°C -4.0 -1.5 59 0.980 

CA Cl + CA/Tris 
6°C -7.5 -0.51 3.8 0.991 
25°C 37 0.20 7.2 0.990 
37°C 35 0.26 9.0 0.999 
65°C 63 0.12 7.8 0.970 

2.3.3 Stoichiometric and Site Binding Models 

The models used to obtam bmding constants are of two general types: 

stOlchlOmetric models and the site oriented approaeh (26, 27) In the 

stOlchiometnc model a moleeule is viewed as binding n ligand(s) in a stepwise 

manner, Le_, it fonn~ stepwIse aSSOCIatIons. The n aSSOCIatIOns are consIdered to 

occur sequentially, and no assumptions are made about the sites. The seconà type 

of model considers the addition of a ligand to a specifie sIte to obtain a sne 

bmding constant- While no assumptIons are required to obtam the stOlchlometric 

bmding constants. cenalI1 assumptIons are necessary to detemune site bmding 

constants, such as that the blIldlllg Sites are grouped lnro classes. Confusion about 

• - ft 



the physical meaning of the stoichlOmetric bmding constants (27, 28) tends to 

make the sIte oriented approach a preferred model. 

2.3.3.1 One Binding Site per Pendant 

Generally, when an mteraction occurs between a smgle adsorbate 

molecule and one pendant, which represents a single binding site, the Scatchard 

equation (29) is then used: 

x = k l [A] = (Equation 2.3) 
1 + kt [A] 1 + KI [A] 

where [Al is the equilibrium concentration of free ligand, X is the number of 

moles bound per mole of actIve site and k 1 and KI are the SIte and stOlchlOmetnc 

binding constants, respectIvely. Bindmg to a smgle site is charactensed by a 

linear Scatchard plot (X/[A] as a function of X) (29) wuh a siope equai to -kl = -

KI' i.e., a sIngle bmdmg constant IS obtruned. 

The one binding site modei was apphed only to the data for Isolherrns that 

showed maximum adsorptlon lower than one mole of bIle aCld bound per 

equivalent of pendant. In these cases the fit!', obtamed by non-linear regre~slOn, 

shown 10 Figures 2.15-2.18, are quue satisfactory, although slgmtïcant dCVIUtIOns 

tend to occur at low concentrations. This l~ partlcularly clear III FIgure 2 18, for 

an isotherm that appears to have sorne "S" character. Furthermore, for lsotherms 

of low binding, for which the best fit IS obtained, the l~othenns never approach 

one mole of bound bile aCld per pendant within rcahsuc equllIbnull1 

concentratIons. 

Table 2.2 shows tL~ 'itolchlometric binding con~t:J.nts WhlCh were obtained 

usmg the one bindmg sIte model, aiong \Vith a measure of the fit CR) wlllch gets 

smaller as the fit nnproves. lt can be secn that the values of the bmdmg con<.;tant"i 

and of R are in accord wlth the observed trend. 
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Figure 2.15 Isothenn ( T= 20oC) for the adsorption of glycocholic 
aCld by cholestyramlile (. Cl), in phosphate buffer, fmed according 
to the one bllldmg site mode!. Expenmental 0 , tit-
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Figure 2.17 Isotherm CT = 6oC) for the adsorption of glycocholic 
aCld by cholestyramine (Cl), 10 Tris-HCl, fitted according to the 
one bindmg SIte model.Experimenral 0 , fit-
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Table 2.2 Stoichiomenic Binding Constants for the Adsorption of Bile 
Acid by Cholestyrarnine, using the One Binding Site Model. Ris the 
measure of the fit 

Kl(Mol) R 
(1003) 

CA Cl + GCNKH2P04 0.31 0.0036 

CA 1 + GCAffris 2.7 00010 

CA Cl + GCArrris 
60 C 2.5 0.10 

CA Cl + CA{fris 
6°C 2.5 0.033 

The binding constants obtained are indicative of moderate to weak 

binding, particularly in the presence of phosphate buffer. Although the one 

binding site mode 1 does not apply ta all of the isotherms, it is generally 

satisfactory for cases where X<I, except for cholestyramine (Cl) adsorbmg cholic 

acid, in Tris-HC1 at 6OC. Another model is required ta explain the other results. 

2.3.3.2 Two Binding Sites per Pendant 

ConsideratIon of the isotherms not inc1uded in the calculations described 

in SectIon 2.3.3.1 shows that: 1. "plateau" values exceeding one mole of bile acid 

per equivalent of pendant, and 2. sorne "S" character at low concentrations. 

These features suggest multiple binding at each pendant with sorne interaction 

between bound species. If specifie binding is assumed, it seems unlikely thut the 

polymer would have bindmg sites other than the pendanls. Consequently, a 

model wnh more than one ligand per pendant is mdicated, i.e., more than one 

binding site per pendant. 

Both the site and stOlchiomcuic models can be applied 10 the case where 

there is adsorption of two ligands per pendant, l.e., two SItes pe'r pendant. The SIte 

bindmg mode! assumes that the two bindmg sites are iniually equivalent and 

ft 
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interacting, Le., they are not inde pendent. The expression to calculate the binding 

constants is shown in Equation 2.4 (28): 

x = 2k1 [A] + 2k1k2 [A]2 (Equation 2 .. 4) 
1 + 2k1 [A] + k1k2 [A]2 

where kl and k2 are the sile binding constants for the binding of the ligands on the 

[IfSt and second binding sites on the pendant. Equation 2.4 cao be expressed as a 

quadratic equation: 

[A]2 + 2[A] (l-X) 
k2 (2-X) 

=0 

Solving for the concentration al equilibrium, [Al yields: 

[A] = X ~ 1 + () 
k2 (2-X) 

wht.:e: 

o = {1 + 2(e - l)X - (e - 1)X2}1l2 

and: 

Then, a modified Scatchard equation IS obtained: 

X/lA] = k2 X(2-X) 
X - 1 + E 

(Equation 2.5) 

(Equation 2.6) 

(Equation 2.7) 

(Equation 2.X) 

As X approaches 0, X/lA] = 2k1 and when X = 1, or at half-saturatlon, XII'" 1 "7 

(k1k2)1/2 (30,31). 
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For the stoichiometric model. the following equation is obtained for a two 

site binding model (32): 

x = K1[A] + 2K1K2[A]2 (Equation 2.10) 

1 + K1[A] + K i K 2[AP 

Comparison of equations 2.4 and 2.10 gives rise to the foilowmg 

relationship between the binding constants (27, 33): 

(Equation 2.11a) 

(Equation 2.l1b) 

Application of equation 2.10 to the experimental data for the adsorptlon of 

bile acids by cholestyramine under varic'Js experimental conditions is shown in 

Figures 2.19-2.23. Table 2.3 shows the frrst and second stoicluometnc bmding 

constants obtained from the two binding sIte model along wlth the measure of the 

fit (R). It can be seen that the fits are reasonably good. For the Isothenl1s wuh 

low adsorptIOn, e.g., CA Cl + GCAI KH2P04; CA 1 + GCAn'ns; CA Cl + 

GCArrris 6oC, the second binding constant is zero, indicatmg that the one 

binding site model adequately descnbes the adsorption. Indecd, the bindmg 

constants obtained for these isothenns are very similar to those obtamed by the 

one site calcuiations (Table 2.2). For the other isothenns, the first stOlchlOmetnc 

binding constant IS larger than the second, tndtcaung that wc bmdmg of the bde 

acid to the frrst site is better than the bmding to the second The magmtude of the 

binding constants, In general, mdicates only moderate bmdmg aff!l1ity. Only in 

the case of adsorption from water is the bmdmg constant large. 
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Figure 2.19 Isothenns (T = 20oC) for the adsorption of glycocholic 
acid by cholestyramine (Cl) in different buffers, fitted according to 
the two binding site model. Tris HCl:experimental ~ , best fit _ ; 
phosphate buffer:experimental 0 , best fit - ; water:experimental 
0, best fit-
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Figure 2.20 Isotherm (T =20oC) for the adsorption of cholie acid 
by eholestyramine (Cl), in Tris-Hel, fitted according to the two 
binding site mode!. Experimental 0 ; best fit -
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Figure 2.21 Isotherm (T = 200C) for the adsorption of glycocholic 
acid by cholestyrarnine (1), in Tris-HCl, fitted according to the two 
binding site model. Experimental: 0 , best fit --
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Figure 2.22 Isotherms for the adsorption of glycocholic aCld by 
cholestyramine (Cl), in Tris-Hel, at different temperatures, fitted 
according to the two binding site model. 6OC:experimental 0 , 
best fit -; 25°C fl ; 37°C a ; 650C V ; best fit (25, 37, 65OC)-
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Figure 2.23 Isothenns for the adsorption of cholic acid by 
cholestyramine (Cl), in Tris-HCI, at different temperatures, fitted 
according to the two binding site model. 6oC:experimental 0 , 
best fit - ; 25°C 'V ; 37°C /}. ; 65°C 0 ; best fit (25, 37, 65oC)-
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This treatment of the data appears to give reasonable values for the 

binding constants, with Kt=6K2' in most cases. However, based on molecular 

models it is difficult to explain how the cholestyramine pendants could have two 

binding sites; mainly how is it stencally possible for two bile acids to bind to the 

benzylammonium pendant. Also the experimental isotherms tend to reach a 

"plateau" value of about 1.1 mol/eq. pendant, and with no indicauon that they 

tend 10 reach a value of 2. Therefore, this model is not entirely satisfactory. To 

obtain funher insight regarding the binding, further ca1culations were made. 

Table 2.3 Stoichiometric Binding Constants for the Adsorption of Bile 
Acid by Cholestyramine using the Two Site Binding Model. R is the 
measure of the fit. 

Kl(M-l) 
(10-3) 

CA Cl + GCAffris 3.7 
!KH2P04 0.34 
1H2O 103 

CA Cl + CA{fns 3.4 

CA 1 + GCA{fris 3.0 

CA Cl + GCAffris 
6°C 2.9 

25,37,65°C 3.7 

CA CA + CAffris 
6°C 2.0 

25. 37,65°C 3.4 

2.3.4 Modified S~atchard Model 

630 

480 

850 

R 

0.090 
0.0041 
0.25 

0.020 

0.089 

0.11 
630 0.090 

350 0.025 
850 O.OLO 

Ta adequately describe adsorption for isothenns with "S" character, 

indicative of cooperativity, two binding constants are required, even though 

saturation occurs at 1 mole of ligand per site (X=l). A model that has been 
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proposed (34, 35) to be used for such a system is based on two i'~sumptiGns: the 

sites are mitially equivalent and the pendants bind a maximum of one ligand. 

Sites on separate pendants are assumed to be sufficlently close so that binding of 

a ligand on one site affects the affinity of a subsequent ligand binding on an 

adjacent site (34, 35). Thus, the cooperativity nature of the binding is between 

adjacent pendants, each having one bmdillg site. 

The site binding constants can be obtained by the following equation (35): 

X' = k'l[A] + k',k'2[A]2 (Equation 2.12) 
1 + 2k',[A] + k'.k'2[A]2 

where X' is equal to 2X, as defined by equation 2.4. This is done to account for 

the interaction between two adjacent pendants, which effeetively deereases the 

substitution on the pol ymer support by half, i.e., it is assumed that initially 

adjacent pendants interaet with one another making the number of available sites 

less than the functionality; kil and k 1 2 are site binding constants for the binding 

of the frrst ligand on one pendant and for the binding of the second ligand on the 

adjacent pendant, respectlvely. 

The modified Seatchard equation (34, 35) can then be expressed as 

follows: 

XI/rA] = 2k'2 X'(l-X') 
2X' -1 + 0' 

where: 

8'= {1 + 4(e' - I)X' - 4(e' - 1)X'2}112 

(Equation 2.13) 

(Equation 2.14) 

(Equation 2.15) 
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Then k' 1 and k ' 2 can be evaluated from a Scatchard plot of X'/[A1 as P. function 

of X', since as X' approaches 0, X'/rA] = k' 1 and at X' = 0.5, X'/lAI = 1/2 

(k' Ik' 2)1/2· 

This model has been used previously to explain the binding of bihrubin by 

polymers cor.taining various peptide pendants (34-36). Application ta the 

adsorption of bile acids to cholestyramine, under various expenmental condiuons 

gives the rt!sults shown in FIgures 2.24-2.28. ln a number of cases, e.g., 

adsorption of glycocholic acid by cholestyramme (Cl), in Tns-HCI, at 20-65'~ 

and adsorption of cholic acid by cholestyramir.~ (Cl), in Tris-HCI,at 20-65UC, a 

much improved fit is obtainer .. However, although an "S" shape is eVldent 10 th,; 

6°C Isotherms, it is not fitted by the model, possibly because of sc:.ltter in the 

original data. Furthermore, as required by the modcl, 10 cases of adsorption more 

than one mole of bile acid per equivalent of pendant the ùt IS nat good at hlgh 

Ceq, since it cannot exceed X=l (e.g., the Isothenn for the adsorption of 

glycocholic acid by choiestyramme (Cl) in water). 

Table 2.4 shows the stoichlOmetnc binding constants (whlch are related ta 

the site binding constants, k'l and k'Z' by Equation 2.lla,b) obtained by thlS model 

along with the measure of the fit (R). It can be seen that for the adsorption of 

glycocholic acid by cholestyramine (Cl) in phosphate buffer and Tris-HCl at 6«::, 

the second binding constant is zero. For cholestyramine (1) adsorb1Og glyeoehohc 

acid and cholestyramine (Cl) adsorbing cholie acid at 6oC, both !fi Tns-HCI, tr.e 

first bind10g constant IS larger than the second (K\>KLJ and for the other 

experiments, the opposite was observed (K\<KLJ. When Kl>K2' the ,>ccond bde 

acid is bound less effectively th an the first, and it is referred ta as negauve 

cooperativity. When Kl<K2' posltlve cooperativlty is indicated, meanmg that the 

second bile acid is bOldlJ more strongly than the fust. The measure of the fit R 

shows that the fits are best when X < 1. The presence of the tïrst bIle aeld 
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Figure 2.24 Isotherms (T = 20OC) for the adsorption of glycocholic 
ucid by cholestyramine (Cl) in different buffers, fitted according to 
the modified Scatchard model. Tris-HCl:experimental L\ , best fit 
- ; phosphi.l.te buffer:experimental a , best fit - ; 
water:experimental 0, best fit-
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Figure 2.25 Isotherm (T = 20oC) for the adsorption of cholic aCld 
by cholestyramine (Cl), in Tris-HCl, fitted according to the 
modified Scatchard model. Experimental 0 , best fit-
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Figure 2.26 Isotherm (T = 2QoC) for the adsorption of glycocholic 
acid by cholestyramine (1), in Tris-HCI, fitted according to the 
modified Scatchard mode!. Experimental 0 , best fit-
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Figure 2.27 Isothenns for the adsorption of glycocholic acid by 
cholestyramine (Cl), in Tris~HCl, at different temperatures, fitted 
according to the modified Scatchard mode!. 6<>C:experimental 0 , 
best fit -; 25°C ~ ; 37°C 0 ; 650C V ; best fit (25, 37, 65oC)-
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Figure 2.28 Isothenns for the adsorption of cholic acid by 
cholestyramine (Cl), in Tris-Hel, at different temperatures, fitted 
according to the modified Scatchard model. 6oC:experimental 0 , 
best fit - ; 25°C 'V ; 370 C 11 ; 65°C 0 ; best fit (25, 37, 65oC) -
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moleeule apparently assists the binding of the second, perhaps by sorne 

hydrophobie interactions as observed in the formation of bile acid micelles. 

Table 2.4 Stoichiometnc Binding Constants for the AdsorptIOn of Bile 
Acid by Cholestyramine, using the Modified Scatchard Model. R is the 
measure of the fit 

CA Cl + GCAffris 
!KH2P04 
1H2O 

CA Cl + CAffris 

CA l + GCArrris 

CA Cl + GCAfI'ris 
6°C 

25,37,65°C 

CA Cl + CAffris 
6°C 

25,37,65°C 

K1(M-l) 
(10-3) 

0.93 
0.69 
7.0 

0.87 

5.8 

8.9 
0.93 

3.2 
0.87 

38 

139 

40 

1.2 

38 

2.6 
40 

R 

0.53 
0.014 
0.96 

0.45 

0.040 

0.43 
0.53 

0.089 
0.45 

With the modiîied Scatchard model, good fits are obtamed for sorne 

isothenns. However,there are sorne anomalies. For example, it IS difficult ta 

explain why cholestyramine (Cl) adsorbing cholie acid at 60C shows a negative 

eooperativity while at higher temperatures, it b positive. Although the 

experimental conditions differ, the Interaction between the pendant and the bile 

acid should be smular Aiso thls modei assumes Interactlons between active sites, 

and in the case of cholestyramine, thls may not be possible, as illustrated in 

Figure 2.29. This matter will be discussed in more detail in Chapter 4. 
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Figure 2.29 Structure of Cholestyramine showing two pendants 
bearing the quaternary ammonium group. (black:carbon, 
blue:hydrogen, yellow:nitrogen) 

89 



, • c.. ,;: ;:;: T'if JAl ~ ......... 

2.3.5 Summary 

For isothenns saturating at a value of less than one mole bound of bile 

acid per eqUlvalent of pendant, the one binding site model gives a satisfactory tit, 

and this was COIToborated by use of the two binding site model which gave the 

second binding constant as being zero. However, in the use of the modltied 

Scatchard model, although the adsorption of glycocholic aCld by cholestyramine 

is found to have a Kl>K2' indicating negative cooperauvity, an adsorption of less 

than one mole of bound bile acid per equivalent of pendant is observed. The two 

bindmg site model for the other isotherms fits sorne of the data, although the 

isothenns with an "S" shape could not be explained; the modified Scatchard 

model fits the latter. 

It is difficult ta understand V/hy different models are needed to account for 

the various isothenns. It appears unlikely that cholestyramin~ wou Id have two 

binding sites per pendant. The limitations of the modified Scatchard model, are 

in its saturation to X=l and that mteractions between adjacent pendant are 

required. 

These calculauons show that in most cases sorne interaction is occurring 

between sites. However, these treatments do not give an explanation that 

accounts for the global patterns. 

2.4 ION-EXCHANGE 

Ion-exchangers are insoluble solid materials which carry exehangeable 

eounter-ions, cations or anions. They consist of a framework, held tngether by 

chemical bonds or lattice energy, that carries a positive or negative electnc charge 

surplus which is compensated by counter-lOns. The counter-lOns are free to move 

within the framework and can be replaced by other ions of the same slgn ThiS 
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replacement can take place when the ion-exchanger is in contact with an 

electrolyte solution. 

Electroneutrality must be preserved within the ion-exchange resin; thus a 

eounter-ion can leave the framework only when another eounter-ion 

simultaneously enters. The counter-ion content of the ion-exehanger, the ion­

exchange eapaclty, IS a constant which is given solely by the magnitude of the 

framework charge and is independent of the nature of the counter-ion. 

The most important class of ion-exchanger are organic ion-exehange 

resins. Their framework, or matnx, consists of an irregular maeromolecular 

three-dimensional network of hydrocarbon chains and carries ionic groups, such 

as -SOf, -COQ·, -NH3+, -NR3+, ta show a few. 

The chemieal, thermal and meehanieal stability and the ion-exchange 

behaviour of the resins depend ehiefly on the structure and the degree of cross­

linking of the matrix and on the nature and number of fixed ionic groups. The 

degree of eross-linking determines the mesh width of the matrix, and thus the 

swelling ability of the resin, and in tum the mobiliues of eounter-ions. The latter 

detennines the rate of ion-exchange and other processes. 

The nature of the fixed ionic group determines the acid or bast: strength of 

the ion-exchanger. For example, weak base groups sueh as -NH3+ lose a proton 

forming -NH2 at high pH, but strong base groups such as -NR3+ remain ionized. 

Thus, the ion-exchange capacity of weak base resms will be more pH dependent 

than that of strong base resins. The nature of the fixed ionic group aIso affects the 

selecùvity of the resin. eounter-ions \Vhich tend to associate with the fixed ionic 

groups by forming ion-pairs or complex.es are preferred by the resin. 

The basicity of the resm plays a raIe in the ion-exchange. It has been 

found that, for weak base resins, the Interaction between the fixed ionic group and 

the eounter-ion is primarily electrostatie (37). However, for strong base resins the 
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interaction depends not only on electrostatic forces but also on a selectivity 

sequence. The selectivity, defined as the ability of ion-exchange resin to 

distinguish between various counter-ions, depends primarily on electrostatic 

interactions as well as on other interactions, like coulombic, polarization, and 

hydration of the counter-ion (37). An order of strength of the binding of various 

anions has been determined (10): 

ORa» S04-2> Cr04-2xitrate-3> tartrate-2> NOf> As04-3> P04-3> molybdate> 

acetate, 1-, Br> CI-> F-> OH-b), 

where a) is the position of the hydroxyl group for weak base resins, and b) is its 

position for strong base resins (10, 38,39). 

Thus, when an ion-exchanger is in dilute solution of electrolyte, there will 

be a displacement of the original counter-ion if the electrolyte ion is better "liked" 

by the resin: 

where rand s refer to the resin and solution phases, respectively. This process is 

referred to as ion-exchange. 

lon-exchange is mainly a statistical redistribution of counter-ions between 

the pores of the resin and the external solution. It linuts the mruumum adsorption 

to the number of stoichiometric equivalents of the ionic group of the resm, since 

if more, then other interactions would be taking place in the resin pores. 

The primary interaction in ion-exchange is electrostatic, and depends on 

the size and the valence of the counter-ion; there are also other forces which exist 

between the ions and their environment. In addition, some large counter-ions 
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may be excluded from the resin pores by steric hindrance, although the resin can 

expand or swell. The swelling of the resin will depend upon such factors as the 

polanty of the solvent, the degree of cross-linking, the solvation tendency of the 

fixed ionic group, the valence of the counter-ions and others. The ion-exchange 

process depends upon the mobilities of the counter-ions, making it dependent 

upon the diffusion through the resin pores. 

The ion-exchange process has been reviewed extensively in the literature 

and many mathematical models have been applied to explain il. Early attempts ta 

formulate a theory were based on the law of mass action (40). The ion-exchange 

process has aIso been considered as an adsorption process, by applying the 

Freundlich and the Langmuir Isotherms. Although these can fit the data, they do 

not provide a true representation of the process (23-25, 41). 

2.5 DONNAN THEORY 

Beginning in 1911, Donnan reponed the study of the distribul'{Jn of 

electrolytes in a system consisting of a membrane freely permeable to low 

molecular weight ions but impermeable to colloidal ions present only on one side 

of the membrane (42-44). This theory was then extended to systems of 

electrolytes of which at least one specir<; of ions is restrained in any way from 

diffusing to other parts of the system. The Donnan theory has been applied 

extensively to ion-exchange. 

Since one of the Ionic specles is restrained to one pan of the solution, 

either by a membrane or by bemg fixed to a pol ymer matrix, an unequal 

distributIon of ions wIll ensue. Migration of bath catlv, s and amons WIll take 

place between the two reglOns givmg rise ta an clectric pote nuaI. The force by 

which eqmlibrium is re-est:lblished between the two phases is referred to as the 

Donnan patential and the attained equilibrium as the Donnan equilibnum. The 
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Donnan equilibrium is then obtained when the action of the Donnan potennal 

balances the tendency of the eoumer-ions ta diffuse out ioto solution. 

The theory of Donnan can be explained using the following example: 

Solutions of sodium chloride and a compound referred to as NaA are put together, 

but the anion A- is resmcted to one side by the presence of a seml-penneable 

membrane. The sodium and chloride ions are able to diffuse through the 

membrane (Figure 2.30). For charge conservation in bath phases, an ion can pass 

through the membrane only if : i) an ion of the same sign simultaneously strikes 

the other side of the membrane, or ii) an ion of opposite sign strikes the same side 

at the same time. These requiremeots follow since', at equilibrium, 

electroneutrality must exist in both phases. 

A-

Na+ Na+ 

Cl- Cl-

phase 1 phase 2 

Figure 2.30 Representation of the equilibrium existing between 
two solutions separated by a semi-permeable membrane 

At equilibrium, the electrochemical potential of an ion on one side must 

equal the electrochemical potenual of the same ion on the other side of the 

membrane: 

!!:Na + = J!'Na + (Equation 2.16) 

where 1 refees to phase 1. 
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The electrochemical potential of sodium ions in phase 2 can be defined 

by: 

!!Na + = IlNa + + nF<I>, (Equation 2.17) 

where IlNa+ is the chemical potential of the sodium ion, <I> is the electrostatic 

potential of phase 2, n is the number of Faradays of charge passing through the 

membrane and F is Faraday's constant. 

At equilibrium: 

(Equation 2.18) 

But: 

(Equation 2.19) 

Then: 

(Equation 2.20) 

or: 

(Equation 2.21) 

If the solUtlons are dilute, activities can be approximated with 

concentrations: 

(Equation 2.22) 

Then, for a system that contains more than one ionic species, it can be written: 
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~<l> = (RT/nF) ln (C'Na +/CNa +) = (RT/nF) ln (CC.-/C'Clo). (Equation 2.23) 

Thus, the Donnan equilibrium can be defined by: 

':1 - C' +/C + - C o/C' ° II. - Na Na - CI CI , (Equation 2.2"a) 

or: 

Â. = [Na+h/[Na+}z = [Cloh/[CloL (Equation 2.2-'b) 

where À. is known as the Donnan dlstribution coefficient. This relationship will 

ho Id for any number of ions that are present in the system (45)0 

The Donnan theory has been applied to a variety of experiments of ion­

exchange processes (46-48), in textile research, parucularly dying processes (49-

53), in the study of the interactions between amino acids and ion-exchangers (54) 

and between drugs and receptor sites (55), as well as In swelling of gels (56). 

2.5.1 Simplified Donnan Model 

Haynes (54) used a simple form of the Donnan theory ta study the 

interaction between amino acids and a strong cation exchange resin In the 

hydrogen form that couid Interact wlth the amino acid as follows: 

where RS03- refers to the fixed lOnic group within the resin and A ~ the amInO 

acid in its cationic form. The internaI volume of the resin (solvent volume/gram 

of resin) was referred to as V l' which lOiually has a hydrogen ion concentration of 

Cl; thu~ CI VI;;;:; n, the imtIal numbel of moles of hydrogen cations per !,'1'um of 

resin. From the Donnan equation, at equilibrium: 
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(Equation 2.25) 

where 1 and 2 refer to the resin and external phases, respectively. 

The concentrations of the cations in the resin phase can be expressed as 

foUows: 

[H+h = Cl - (XlVI) 

and: 

(Equation 2.26) 

(Equation 2.27) 

where X is the number of moles of cation A in phase 1. Substitution of equations 

2.26 and 2.27 in equation 2.25 gives the following equation: 

Cl . XN I = XlVI (Equation 2.28) 
[H+h [A+]z 

Upon rearrangement: 

x = C1V1 (Equation 2.29) 
1 + [H+h/[A+h 

The dissociation of the ami no acid cation can be expressed as: 

and: 

KI = [A±][H+] 
[A+] 

Then equation 2.29 can be rewritten as: 

x = n[A±h/K I 

1 + [A±]iKI 

(Equation 2.30) 

(Equation 2.31) 
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It was assurned that, since only the amino acid and the hyèrogen cations 

are present, the pH remains constant in phase 2 iiIld is such that the amino acid is 

in its dipolar fonn, 1.e., A±. Then, the dipolar amino acid Ai corresponds to the 

total concentration in phase 2 (the external solution) and can be expressed as Ca; 

lIKl will be made equal to a so that equation 2.31 can be rewritten as: 

(Equation 2.32) 

Upon rearrangement, a general expression was derived to analyse the data and it 

1S: 

XlCa = an • aX, (Equation 2.33) 

Thus, by plotting X/Ca as a function of X, il was possible to obtam n and KI' 

Attempts were made to apply this simplified approach of the Donnan 

theory co the adsorption of bile acids by c~olestyramine. The interaction between 

cholestyramine and the bile acid anion can be expressed as: 

where RN(CH3h+ is the fixed ionic group of cholestyramine. Then equation 2.33 

was applied: 

XiCa = an • aX (Equation 2.33) 

where X is the arnount of bile acid bound by cholestyramine, Ca IS the bde aCld 

concentration at equilibrium, n is the number of exchangeable chloride ions and a. 

= l/K., Ka being the dissociation constant for the bile acid: 

RICOOH ;:, ====~' RleOO- + H+ 
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The plots of X/Ca as a functIon of X for the adsorption of glycocholic acid 

by cholestyramine with chlonde and lOdide as counter-ions are shown 10 Figures 

2.31 and 2.32 respectlvely. Attempts to fit the plots by linear regresslOn resulted 

in correlatIon coefficients of 0.67 and 0.81, respectively, Le., the data obviously 

do not give a linear correlation. Fallure to give sansfactory results for the present 

results posslbly reflects pH changes 10 the external solution. Furthermore, the 

strongest deviations occur at low values of X (0-1 range), while the data of 

Haynes show no data pomts in tins region and are all in the range of 1-6 mole of 

adsorbate per gram of resin. Clearly, a more refined approach is needed. 

2.5.2 The Donnan Theory applied to the Adsorption of Bile Acids 
by Cholestyramine 

Previous work by Scallan (56) forms the basis for the development of the 

Donnan theory for the ion-exchange system used in thlS study. This system 

involves the adsorption of bile acids by cholestyramine which contains bound 

baSIC quaternary ammomum groups, wnh chloride as counter-lOn. Because the 

basic group cannot move out of the resm phase, thiS can be referred to as a 

Donnan system. Ail the other lOns, namely sodium, the bile salt in its anionic 

form, chlo;-J.de, hydromum and hydroxyl groups are free to move between the 

resin and the external !:>olutlOn phases. It IS of interest to obtain the amount of hIle 

salt anion WhlCh will interact directly with the quatemary ammonium group. 

Figure 2.33 shows the constltuents of tlie two phases of the system, with 

the broken line that represents a hypothetical membrane. A.t eqmlibrium, the 

mobile ions are present in both phases, at a certain concentration. The -NR3t 

represents the fixed iOI11c groups and Its molar concentratlon is expressed by [Bt]. 
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cholestyramine (Cl), in Tris-HCl, fitted with the simplified Donnan 
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In principle, the quaternary ammonium (-NR3+) group can bind the chloride, 

hydroxide and bile acid anions to fonu species with respective molar 

concentrations of [BCI], [BOH] and [BA}, Al! of the other ions are shown llsing 

their symbols, The bIle acid anion is shown as RleOO'. 

At equilibrium, electroneutrality must be preserved in both phases. 

Therefore, for the solution phase: 

(Equation 2.34) 

and for the resin phase: 

[CI-1r + [R'COO-]r + [OH-]r = [Na+]r + [H+Jr + [B+1, (Equation 2.35) 

where s and r refer to the external solution and resin phases, respectively. 

-NR3+ (B+] 

-NR3+Cl- [BCI] 

-NR3+OH- [BOH] 

-NR3+RICOO- [BA] 

[Cl'] [Cl-] 

[RICOO-] [RICOO'] 

[Na+] [Na+] 

[OR] [OR] 

[H"'] [H"'] 

Resin Phase External Solution 

Figure 2.33 Representation of the equilibria existing when bile 
acids are in solution with cholestyrarnine 
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The total concentration of fixed groups in the resin phase [C], which 

corresponds to the functionality, can be expressed as follows: 

[Cl = [B+]r + [BCI]r + [BOHlr + [BAlI'" (Equation 2.36) 

However, because cholestyramine is a strong anion exchange resin it may be 

assumed that the quaternary ammonium salt is completely ionized, Le., [BCI]r = 0 

(9). Then: 

[Cl = [B+]r + [BOH]r + [BAlr, 

or, in tenns of moles: 

C = B+r + BOHr + BAr (moles) 

and: 

C = Cl·s + CI+r (moles). 

(Equation 2.37a) 

(Equation 2.37b) 

(Equation 2.38) 

The concentration of bile salt anion can be detennined experimentally, 

both for the external solution phase and for the œsin phase, where it can be in the 

bound and the unbound forms. Conservation of mass requires that: 

R'COONal = R'COO·r + R'COO·s + BAr (moles) (Equation 2.39) 

where R'COON~ is the number of moles of bile salt present in the initial solution. 

Furthennore, in tenns of the sodium lOns: 

R'COONal = Na+s + Na+r (moles) (Equation 2.40) 

For a Donnan equilibrium, it can be said that: 
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À. = [Na-t-]r = [H+]r = [CI-], = [OH-l, = [R'COO-], 
[Na-t-]s [H+]s [CI-]r [OH-]r [R'COO-lr 

Taking the inverse of À. and adding the last three ratios yields: 

1/À. = [Cl-]r + [OH-]r + [R'COO-lr 
[Cl-l, + [OH-]5 + [R'COO-]s 

From electroneutrality: 

1/')... = [Na+]r + [H+]r + [B+] 
[Na-t-]s + [H-t-]5 

From equation 2.41: 

1/')... = [1\:'a+][ + [H+]r + [B+] .. 
([Na+]r1')...)+{[H+ lr1À.) 

and: 
-1/2 

À =( + -[N-a-=-!?-r +-=-~-[H-'J,) 

(Equation 2.41) 

(Equation 2.42) 

(Equation 2.43) 

(Equation 2.44) 

(Equation 2.45) 

This series of equations, together with experimentally detennined 

concentrations, can be used co obtain the concentration of each ionic specics in 

both phases along with the amount of bound bile salt and hydroxyl anions. A 

knowledge of the latter permits a determination of the baslcity constant for the 

bound hydroxyl group and the formation cor.:;tant for the bound bile acid groups: 

Kb 
-NR3+OH- \ " -NR3+ + OH-

Kb = [-NR3+)[OH-1 
[-NR3+OH-] 

and: 

(Equation 2.46) 
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Kr 

-NR3+ + R'COO' ~ -NR3+R'COO' 

Kr = [-NRJ+R'COO'] 
[-NR3+][R'COO'] 

(Equation 2.47) 

This model can also be extended to the adsorption of bile acids from Tris­

HCI buffer. The only difference is the presence of an addition al catIOn in the 

system, the cation from the Tris-buffer, (HOCH2hCNH3+ which will be referred 

as TNH3+. Figure 2.34 shows the equilibrium that would exist. Because Tris-HCl 

is a buffer, the following equilibrium must be included: 

TNH3+ ~ TNH2 + H+ 

This equilibrium will exist in both phases explaining why TNH2 is shown in 

Figure 2.34. Even though TNH2 is not an ionic species, it will partition between 

the two phases. 

At equilibnum. the electroneutrality can be expressed for the solution 

phase: 

(Equation 2.48) 

and for the resin phase: 

(Equation 2.49) 

Equations 2.36, 2.37, 2.39 and 2.40 are still applicable but Equation 2.38 

becomes: 

(Equation 2.50) 

since there will bl' chloride ions coming from the Tris-HCl buffer. 

Equation 2.41 can be expressed as: 

105 



Â. = [Na+]r = [H+]r = [TNH3+]r = [CI"]s = [OH"]5 = [R'COO]s 
[Na+]s [H+]9 [TNHds [CI"]r [OH"]r [R'COO"]r 

(Equation 2.51) 

and: 

(Equation 2.52) 

The basicity and formation constants for the binding of the hydroxide and 

bile aciè ·~.,s can then be detenruned by equations 2.46 and 2.47, respectively. 

-NR3+ [B+] 

-NR3+CI" [BCI] 

-NR3+OH- [BOH] 

-NR3+R'COO- [BA] 

[Cl"] [CI-] 

[TNH3+] [TNH3+] 

[TNH2] t iNH2] 

[R'COO-] [R'COO") 

[Na+] [Na+] 

[OR] [OH-] 

[H+] [H+] 

Resin Phase External Solunon 

Figure 2.34 Representation of the equilibria existing when bile 
acids are in a Tris-Hel buffer solution with cholestyramine 
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2.6 APPLICATION OF THE DONNAN MODEL 

2.6.1 Experimental 

The initial experiments were carried out with the idea that it wou Id be 

easier to detennine the concentrations of mobile ions in the extemal solution 

rather ,tIan in the resin phase. Also water was used as the medium for the 

adsorbate. This facilitates the detennination of the chloride concentrations in 

bo~h phases since cholestyramine (Cl) is the only source of chloride anions. 

Then the following parameters had to be measured: the bile salt anion 

concentrations, before and after adsorption, the chloride anion and the sodium 

cation concentrations in solution and the pH at equilibrium. To determine the bile 

salt anion concentrations (glycocholate) the usual HPLC technique was used (see 

Section 2.1.3). 

Measurements of the chloride ion concentrations in solution were first 

attempted by potentiometric titration with silver nitrate (AgN03) and 

subsequently by conductimetry. The latter technique was found to yield better 

results for the present system. The conductimetry experiments were carried out 

as follows: A known volumt.' of the extemal solution was filtered to retain the 

resin; it was titrated with a standardized silver nitrate (AgN03) solution 

(O.05162M). The conductivity during the titration was measured using 2 

hydrogen/platinum electrodes (Sargent Welch), with a conductance meter (YSl 

Scientific, model 35). From the plot of conductance as a function of the volume 

of AgN03 the end-point was determined and gave the chloride ion concentration 

in the external solution. Figure 2.35 shows an example of the titration curve for 

this type of titration. 

107 

.1. 



108 

200 --------------------------------~o~--~ 

-o 
..d 
E o 
t; 180 G ..... 
E 

......", 

GJ 
CJ 
t:: 
c.tI 

+oJ 160 CJ 

~ 
t:: o 

Co) 0-0-0-0 00 - - -0-0-0 -0-0-0-0-0- - --~ 

140~-----~----~------~~~~----~----~ 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 

Volume of AgN03 (ml) 

Figure 2.35 Typical data, obtained by conductance, for the 
titration of the chloride anions by silver nitrate AgN03) 



Measurements of the sodium cation concentrations were tried initially by 

flame atomie emisslOn spectroscopy. These indicated that the difference between 

the sodium ion concentration before and after adsorption was either zero, or in 

sorne cases it appeared to be larger after adsorption. Measurements with a 

sodium selective electrode (Corning) also indicated that the concentrations before 

and after adsorption were equal. Therefore, it would appear that the change in 

sodium concentration due 10 adsorptIon is small and difficult 10 quantify. 

Measurements of the pH of the solutions were made with a pH meter 

(Corning, 220) eqUlpped with a general purpose combination electrode (Corning). 

AlI of the above measurements were carried out following adsorption 

expenments between sodium glycocholate and cholestyramine m aqueous 

solution (950 ml), at room temperature, as was explained earlier (see Section 

2.1.2). 

The wet swollen volume of cholestyramine was detennined as fo11o\\<s: 5 

ml of water were added to 3.09 g of cholcstyramme (Dowex lx2, Aldrich). It was 

left ta "sît" for two hours to ensure complete swelling. The resin was filtered by 

gravit y and added to a known volume (lO ml) of cyclohexane (A and C); the 

increase in volume was noted (1.50 ml). Thus, the density of the swollen 

cholestyramine was found ta be 0.687 g/ml. 

2.6.2 Results and Discussion 

From the experimental determinations of the concentrations of the bile 

acid anions and of the chloride anions in solution, it is possible to obtain the total 

concentration of bile acid, in both the unbound and bound forms, and of the 

chloride concentrauon in the resm phase. From the knowledge of the chloridt: 

concentrations in bath phases, A can be evaluated. Based on this value of A, and 

the measured concentrations in the solution phase, it is possible ta detennine the 
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concentrations of the other ions in the resin phase, using the equations shown 

previously. The following Results section will show how these concentrations 

were detennined. 

2.6.2.1 Re~mlts 

Table 2.5 shows the experimentally detenruned concentrations of chloride 

anions in the external solution. Since it is assumed, in the model, that the basic 

quaternary ammonium groups are all ionized, it is possible to obtrlÎn the moles of 

chloride ion in the resin phase by use of equation 2.53. 

CI'r = C • Cl's (moles) (Equation 2.53) 

where C in the fu::~tionality, determined previously as 3.16 mmole of active sites 

per gram of resin. The moles of chlonde anion in the resin phase are converted to 

the molar concentrations, usmg the density of 0.687 g/rnl to obtam the volume of 

the resin, and are presented in Table 2.5. 

Table 2.5 Experimental values of the chloride [CI-]s anion equihbnum 
concentrations in the external solution and the calculated values of the 
chloride [Cl-l r concentrations in the resin phase. Calculated values of the 
Donnan distribution coefficient À 

Sample 

1 

2 

3 

4 

[Cl-]s 
(M) 
(104) 

1.70 

3.23 

4.54 

6.30 

[Cl-]r À 
(M) (lQ4) 

1.75 0.973 

1.38 2.33 

1.08 4.21 

0.43 14.7 
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Based on the se chloride ion concentrations in both phases, values of Â. can 

be calculated by equatlon 2.41, and are shown in Table 2.5. These values of Â. are 

significantly concentration dependent, similar to those reported by Scallan for 

anionic resins (56). 

The experimentally measured values for the concentrations of 

glycocholate in the external solution and the total bile acid content in the resin 

phase are given in Table 2.6. The amounts of unbound glycocholate in the resin 

phase, as calculated by equation 2.41 using À and the concentrations of 

glycocholate in solution, are also given in Table 2.6. This indicates that the 

majority of the glycocholate in the resin phase is not ionized, i.e., it is in a bound 

state. It 1S of interest that on a molar basis, the concentrations of free 

glycocholate in the resÎa phase are rather high, probably exceeding the CMC. 

Table 2.6 Experimental values for the concentration of glycocholate 
anions [R'COO-]s in the external solution and calculated concentrations of 
ionized [R'COO-]r and bound [BA] glycocholate in the resin phase 

Sample 

1 

2 

3 

4 

[R'COG-Is 
(M) 
(105) 

0.287 

1.37 

2.34 

5.76 

[R'COO-]r [BA] 
(M) (M) 
(102) 

2.95 0.225 

5.90 0.656 

5.56 1.03 

3.93 1.70 

Figure 2.36 shows the smoothed curve representing the adsorption 

isotherm for cholestyramine adsorbing glycocholic aCld in water, as reported 

previously in Section 2.2.1. Data points are shown representing the total 

concentratlOn of bile acid In the resin phase, which take mto account both the 

unbound and bound forros of the bile acid anions. When the actual concentration 
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of bound bile acid ([BAJ) is put onto the isotherm. It can be seen that the points, 

which represent the amount of bile acid bound to the resin, are slightly below the 

smoothed isotherm, the difference decreasing with increasing Ceq. 

Expenments to de termine the sodium concentration in the resin phase 

indicated that it is present only in small quantity. Since the experiments were not 

sufficiently sensitive to detect the loss of sodium cation from the aqueous phase, 

[Na+]r is a calculated value based on the sodium ion concentration in solution 

obtained by: 

[Na+]r = À[Na+]s 

and: 

[Na+]r = À[{(R'COONa)1 -Na+s}/Vr] 

(Equation 2.54) 

(Equation 2.55) 

Since the number of moles of sodium cation lost ta the resin phase is very small, 

the sodium ion concentration in the external phase can be approximated bj: 

[Na+]r = À[R'COONa]1 (Equation 2.56) 

The results, given in Table 2.7, confirm that most of the sodium cation is in the 

external solution phase and that the quantity in the resin phase is negligible 

compared to the concentrations of other cations. 

As mentioned in the Experimental section, attempts ta de termine the pH 

of the external solution after adsorption resulted in readings that were not very 

stable but seemed to level off at pH 6-6.5. However, in view of the uncertainties 

in the experimental data, the pH of the solution is determined from the 

electroneutrality equation: 

(Equation 2.57) 
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(Equation 2.58) 

Solving the above quadraric equation yields the hydrogen ion concentratlon~ 

shown in Table 2.7, as the pH. There is an increase in pH as the 111 itl al 

concentraùon of bile acid increases. 

Table 2.7 Calculated concentrations of sodium cations, [Natl s and [Nat]f' 
and the pH in both phases 

Sample [Nat], [Na+]r pHs pHr 
(104 M) (107 M) 

1 1.05 0.10 4.17 8.18 

2 3.06 0.71 4.52 8.15 

3 4.74 2.0 5.45 8.83 

4 6.86 10 5.99 8.82 

Based on the pH of the external solution and the value of À., it IS then 

possible to evaluate the pH in the resin phase (Table 2.7). It is of particular 

interest that the resin phase is considerably basIc even though the solution phase 

is distinctively acidic. Simllar dlstmct differences in pH have been venfied 

experimentally by Scallan, by measUling the rates of aCld catalyzed reacuons in 

the presence of aniomc sorbents. 

The concentratlon of free fixed iomc groups in cholestyramine, [Bt], can 

be obtained by application of equation 2.35, and the concentration of bound 

hydroxyl groups, [BaH], is detennined by equation 2.37 CTable 2.8). Knowing 

both [BaH] and the concentrations of bound glycocholate, basicity constants for 

BOH and formation constants for -NR3tR'COO' can be evaluated, using equauon.> 

2.47 and 2.48 respecuvely, and are reported in Table 2.9. 
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Table 2.8 The calculated concentrations of free fixed ionic groups [B+], 
and bound hydroxyl groups [BOH]. 

Sample lBT] [BOH] 
(M) (102 M) 

1 1.78 17.0 

2 1.44 7.48 

3 1.14 0.85 

4 0.47 0.28 

Table 2.9 The values of the formatior.. constants of bound glycocholate 
(K;) and the basicity constant of bound hydroxyl groups(Kb). 

Sample Kf Kb 
(M-l) (104 M-l) 

1 4.3 0.16 

2 7.7 0.27 

3 16 9.1 

4 92 11 

The equilibrium constants for the binding of glycocholic acid to 

cholestyramine pendant increase with increasing equilibrium concentrations. 

Such behaviour rnay indicate sorne forrn of positive cooperativity, Le., as more 

bile acid is bound subsequent binding of bile acids is facllitated. On the other 

hand, the se changes may aiso reflect variauons m the dielectrlc of the medium, 

Le., inside the resin. Certainly, the basicity constant, Kb, shows a simultaneous 

increase. This behaviour is considered in more detail ln the DiscussIOn. 
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2.6.2.2 Discussion 

Application of Donnan theOI"y to the adsorption of glycocholic acid by 

cholestyramine (Cl) yields interesting results that reqUire further analysis. The 

assumptions were: 1. Complete ionization of the quaternary ammomum groups 

with the chloride CO linter-ion in cholestyramine. This appears (0 be li reasonable 

assumption. 2. Concentrations rather than activities were used in the Donnan 

equation (EquatlOn 2.41). In the external phase, the concentrations of the ions are 

in the range of 1O-4-1O-IOM (Table 2.5-2.7), which certainly can be considered as a 

dilute solution, so that the use of concentrations is acceptable. However, for the 

ion concentrations of the resin phase, particularly the chloride and glycocholate 

anion concentrations (Table 2.5, 2.6), the solutions are not dilute and activity 

effects may be significant. This may, in fact, contribute to the change in the 

fonnation constant with equilibrium concentration. 

The values of À., determined from the ratio of the chloride amon 

concentration in the solution to that in the resin phase, increase with lI1creaslI1g 

concentration of bile salt anion in solution (Table 2.5, Figure 2.37) and retlect a 

Il ne utrali zation Il of charge as a result of strong binding of glycocholate to the 

resin sites. The values of À. are less than one, as expectea for a strong base ion­

exchange resin (56), since the concentrations of mobile cations in the reSlI1 pr se 

are less than in the external solUtlon, while the opposite trend is seen for the anion 

concentrations. 

According ta the experimenu.J results, the amount of chlonde dlsplaced 

from the resin phase to the external solution phase increases with lI1creasmg 

equilibrium concentration of glycocholate in solution (Figure 2.38). However, at 

low Ceq, the amount displaced is larger than the amount of bile salt anion, bound 

plus unbound, that enters the resm phase, Le., it is not a ~tOlchiometric 

displacement. The difference between the concentration of 
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chloride ion displaced to the external solution and the total concentration of bile 

acid anion entering the resin phase, in the bound and unbound forms, corresponds 

to the total concentration of hydroxyl anion in the bound (BOH) and unbound 

(OR) fOnTIs, in the resin phase. This difference decreases with increasing 

equilibrium concentration of glycocholate and becomes negligible for Ceq>2 

mg/dL (Figure 2.39). 

An experiment in which cholestyramine was added ta water only, 

according to the procedure used for the usual adsorption experiment, gave no 

chloride ion in the external solution. Thus, the chloride is not displaced by the 

hydroxyl group, which follows the selectivity sequence (section 2.4). However, 

upon addition of bile salts, the chloride ion was displaced to the "xtemal solution. 

The glycocholate in the resin phase exists both in the bound and unbound 

fOnTIs. The concentration of unbound glycocholate initially increases with 

increasing concentration of glycocholate in the external solution, reaches a 

maximum and then stans to decrease (Figure 2.39). On the other hand, the 

concentration of bound glycocholate increases smoothly (Figure 2.40). At low 

Ceq, the bile acid anion enters the resin phase, displacing excess chloride anions, 

and establishes an equilibrium between the unbound and the bound forms. As the 

concentration of bile acid in the resm increases, a maximum in glycocholate is 

attained at about the same Ceq where the excess chloride displaced bccomes 

negligible. Concomitantly, there is a sharp increase m the pH inside the resm 

(Figure 2.41). Further increase in glycocholate results in a stoichiometric 

chloride displacement and the binding of bile acid appears to be favoured, 

decreasing the concentration of unbound glycocholate. The overall behavlOur 

indicates a discontinuity, simllar to that seen on reaching the CMC. 
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Without question the concentrations of bound glycocholate are weIl above 

the range where aggregation should take place. Because the pendants of 

cholestyramine are relatively close ta one another (Figure 2.29), interactions can 

occur between bound bile acid molecules at adjacent sites. Such interaction, 

involving either the hydrophilic or hydrophobie faces of the glycocholate, cause a 

degree of ordering of the bile acid, similar to that observed in the formation of 

mixed micelles. It is weIl known that the quatemary amines are effective in 

fonning such micelles (57). The electrostatic interaction of glycocholate with the 

pendant favours the formation of mixed micelles. An important consequence of 

this ordering is that, in addItion to the electrostatic interaction between the 

glycocholate and the pendant, interaction between glycocholate ions at adjacent 

sites will have a synergistic effect on the binding. This effect, which represents a 

form of positive cooperativity, will be reflected by an increase in Kr with 

increasing Ceq. 

At all Ceq, the concentrations of unbound glycocholate 10 the resin phase 

(Table 2.6) are also in a range such that aggregation could take place (58), 

especially dimenzatlOn. Such aggreganon would favour the partition of bile aCld 

into the resin phase. The concentration of unbound glycocholate In the resm 

reaches a maximum with an increase 10 Ceq and then begins to decrease where 

the ordering of bound glycocholate leads to a situation of positive cooperanvity. 

Since the ordering favours additional binding of bile acid, it wIll be the preferred 

form in the resin phase. Thus, the glyc~cholate will then tend to be bound rather 

than be unbound, WhlCh explains the decrease in the concentration of unbound 

bile acid with an increase in Ceq. 

From calculauons, the sodium ion concentration in the resin phase is of 

the order of lO-IL 10-7 M (Table 2.7). The fact that few sodium cations enter the 

resm phase can be explamed by co-ion exclusion. 
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The pH of the external solution, as detennined by calculation, shows li 

smooth increase in [OR], from 4.17 to 5.99, as Ceq increases from 0.14 to 2 81 

mg/dL (Table 2.7, Figure 2.42). The increase ln the concentration of the hydroxyl 

anion can be explained by the hydrolysis of the glycocholate amon, RICOO', i.e.,: 

\ 
R'COOH + OH' 

As the concentration of bile acid increases, the hydrolysis process will become 

more important, such that the concentration of the hydroxyl anion in the external 

solution will increase and, in turn, so will the pH. 

The pH of the resin phase shows a sudden increase from 8.15 to 8.83 

(Table 2.7, Figure 2.41) at a Ceq which corresponds approximately to the point 

where the concentration of the unbound form of bile acid ln the resin phase begin 

to decrease (Figure 2.39). As was proposed above, this may be attributed to the 

fact that the binding of bile acid becomes more favourable at hlgher Ceq. If 

binding of bile acid becomes favoured, it will compete with the binding of the 

hydroxyl groups: 

), 

-NR3+R'COO' 

Binding of the hydroxyl group, by hydrolysis, releases a proton thus decreasing 

the pH. At low Ceq, hydrolYSlS of the resin pendant keeps the pH at a relatively 

lower value. However, as more bile acid enters the resin phase, the concentratIon 

of bound hydroxyl group decreases, thus the contrlbution of the hydrolYSlS 

process is diminished, leading to a sudden increase in pH. 
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Furthennore, as micellization takes place at hif;her Ceq, the resin phase becomes 

more hydrophobic, which could also increase the pH. 

The concentration of free fixed quatemary ammonium groups, obtained 

from both equations 2.39 and 2.45, decreases as the concentration of bile salt in 

the resin phase increases (Table 2.8, Figure 2.40), reflecting the increase in bound 

glycocholate. As more bile acid enters the resin phase, less hydroxyl group is 

bound (Table 2.8, Figure 2.40) due to a displacement of the hydroxyl group by 

glycocholate, which is possible since large counter-ions can displace smaller ones 

(59). 

As mentioned above, the values for the formation constant of bound 

glycocholate anions (Kr) and of the basicity constant (KtJ are concentration 

dependent; both increase with increasing equilibrium concentration of bile acid 

(Table 2.9, Figures 2.43, 2.44). The value of Kb changes in the direction of 

increased base strength, i.e., less hydroxyl groups are bound to the pendants. 

However, increasing Kr indicates that the binding of bile acid to the active site 

becomes more favoured. As pointed out above, the concentrat!~11S of bound 

giycocholate are well above the CMC, so that the bound bile acid molecules not 

only interact electrostatically with the resin pendant, but also between themselves. 

Therefore, as the concentration increases, the glycocholate ions will intemct, thus 

increasing the quality of binding of the bile acid by the resin. The glycocholate 

ion will preferentially bind to the pendant and order itself with the adjacent bile 

acid ions. Therefore, although the main interaction is electrostatic, other 

interactions such as micelle formation by the bile salt in the resin phase and 

hydrophobic interactions between bound glycocholate ions can also take place. 

126 



\. 

( 

127 

100 -------------------------------------, 

P 
1 

/ 
75 

50 

25 

o L-__________ ~ ____________ L_ __________ ~ 

o 1 2 

Ceq (mg/dL) 

Figure 2.43 Variation of the fonnation constant of bound bile acid 
(Kf), in the resin phase, with increasing Ceq 

3 

1 
1 
~ , 

1 
i 

1 
~ 
l 
! 
1 



--' 
1 
:::il 
~ 

0 
-' 
'-" 

~ 

128 

15 ~------------------------------------~ 

10 

5 

o ~b===~~ __ ~ __________ ~ ________ ~ 

o 1 2 

Ceq (mg/dL) 

Figure 2.44 Variation of the basicity constant of the bound 
hydroxyl group (Kb), in the resin phase, with increasing Ceq 

3 



The importance of hydrophobic interactions between the hydrophobie 

parts of adsorbate and adsorbent has been proposed previously for other ion­

exchange processes (25, 42-44), as well as for the adsorptIon by cholestyramine 

(1-3). The importance of the interactions between the hydrophobic faces of the 

bile acid allions and the pendant phenyl group is considered further in Chapter 4. 

2.6.3 Challenges to the Dom.an Model 

The Donnan model, which is based on Ion panitioning between two 

phases. gives valuable inslght concerning adsorption of bile salt by 

cholestyramine. In the mam, it is an ion-exchange process - the bile acid anion 

displaces the chloride counter-ion of cholestyramine. At low Ceq, this 

displacement is not stoichiometric due to the addition al displacement of chloride 

by hydroxyl anion. However, as the concentration at equilibnum of bile acid 

increases, the displacement of the chloride counter-lon is due only to added bile 

acid anion. The bile acid in the resm phase eXlsts in two fonns, bound and 

unbound. Initially, the concentrations of both fonns mcrease. However, as the 

Ceq illcreases, the bound form becomes favoured due to the strong electrostatic 

interaction between the pendant and the bile acid anion and to thé .nteractions 

betv'een bile aCld amons on adjacent pendants. The pH of the external solution 

differs from that of the resin phase, the resin phase being basic compared to a 

slightly acidic external soluuon. Thus, the overall characteristics of the 

interaction between cholestyramine and the bile aCld can be explained by the 

Donnan theory. 

Other experimental observations can also be explained qualitatively on the 

basis of the Donnan theory. The lowering in the isothenn for the adsorption of 

glycocholic acid by cholestyramme when Tri~-HCl buffer replaces water as the 

adsorpuon medium IS in keepmg wIth the presence of additional ions in the 
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buffered system, which will affect the partitioning between phases. Furthermore, 

the Tris-HCl in the resin phase also buffers the resin phase and makes it less 

basic. 

The fact that iodide, at a given Ceq, is less displaced than chloride is 

consistent with an ion-exchange mechanism for the interaction between bile acid 

and cholestyramine. As seen earher (section 2.4) iodide is better bound to a 

stl'ong anion exchanger than chloride. Thus, the bile aCId can displace the 

chloride eounter-ion more easily. Although, the quaternary ammonium group and 

the chloride and iodide anions are dissociated, the latter must stay in the resin 

phase to maintain electroneutrality. Their displacement into the external solution 

becomes possible due to the entry of another anion, to mamtain electroneutrahty. 

However, this process is more favorable in the case of the chloride coumer-ion 

than the iodide, thus explaining the lower adsorption capacity of cholestyramine 

having iodide as counter-ion. 

Perhaps the most cunous a::.pect of the binding of glycocholate by 

cholestyramine is the temperature dependence descnbed in Section 2.2.4. From 

the Donnan theory it was said that the interaction between the bIle acid anions and 

the pendant of cholestyramine is an ion-exchange process. Such a process 

depends, in part, on the mobiliues of the ions between the different phases. At 

low temperature, 6°C, the movement of the ions, between the two phases, would 

be more difficult than at higher temperature (25-65oC). Thus, as the temperature 

is increased the movement of the ionic species becomes easier reaching a limmng 

value somewhere between 6 and 25°C. 

Furthennore, positional rearrangements of backbone would also fa'/our the 

ordering of bound glycocholate. Certamly these effects become more hlOdered as 

the temperature is decreased. In additIon, it is now weIl documented that 

hydrophobic interactions are quite temperature dependent. For example, protem 
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denaturation ean occur both at a high temperature and at a low temperature - the 

high temperature denaturation is due to an entropie contribution of the 

hydrophobieity and that at low temperature is due to the temperature dependenee 

of the enthalpic term. Thus, the sudden decrease in adsorption between 25° and 

6°C may reflect such a hydrophobie effect. 

2.7 CONCLUSIONS 

Application of the Donnan theory to the simple system for the adsorption 

of glycocholic aeid by cholestyramine in water, affords considerable insight to 

this process. The ions in the system partition themselves between the two phases 

- the external solution and the resin phase. The concentration of bound bile aeid 

in the resin phase is above the CMC, thus micelle-type ordering is occurring. The 

micellization accurs between the bound bile aeid and the pendant in the form of 

mixed micelles. ln additIon, it is also possible that the unbound bile acid 

aggregates to form "regular" micelles. The micellization process promotes the 

entry of glycacholic aeid into the resin phase, explaining the ability of 

cholestyramine to adsorb glycocholic aeid significantly, in vitro. The increase in 

both the formation constant (Kf) and the basicity constant (Kb) can also be 

explained. The Donnan theory leads to a better understanding of the interactions 

involved in this system and allows the rationalization of the experimental results. 

131 



2.8 REFERENCES 

1. W.H. Johns and T.R. Bates,J. Pharm. Sei., 58,179,1969 

2. W.H. Johns and T.R. Bates, J. Pharm. SCl., 59,329, 1970 

3. W.H. Johns and T.R. Bates,J. Pharm. SCI., 59,789,1970 

4. L.M. Hagennan, D.A. lulow and D.L. Schneider, Proc. Soc. Exptl. Biol. Med., 143. 89. 
1973 

5. H.W. Florey, R.D. Wright and M.A. Jennings, Phys. Rev., 21, 36, 1941 

6. W.H. Elliou, Chap 11, Metabolism of Bile Acids in Liver and Extrabepatic Tissues, in 
Sterols and Bile Acuis, H. Daruelsson and J. Sjovall cds., Elsevier. Amsterdam. 1985 

7. X.x. Zhu, Ph.D. Tbesis, MeGiU Umverslty. 1988 

8. H.M. Bun, E.C. Cameron, H. Erber and 1.D.E. Pnee, J. Pharm. Sei., 76, 379, 1987 

9. The Dow Chemical Company, Dowex'lon Exchange. The Lakeslde Press, RR. Donnelley 
and Som: Co., USA, 1958 

10. R Kunin, Chap 4 Anion Excbange Resin Characteristics, ID Jon Exchange ReSlns, 2nd 
edinon, John Wiley and Sons Ine., New-York, 1958 

Il. G. Nemethy and H.A. Seheraga, J. P hys. Chem., 66, 1773, 1962 

12. M.C. Carey and D.M. Small, J. Colloid Interf. SCI., 31, 382, 1969 

13. M.C. Carey, Hepatology, 4, 66S, 1984 

14. T.A. Horbett, P.K. Weathersby and A.S. Hoffman, J. BlOeng, 1,61,1977 

15. 1. Lundstrom,Prog. Colloid Po{ym. SCI., 70,76,1985 

16. l.M. Klotz, F. Walker and R. PIvan,J Am. Chem. Soc., 68,1486.1946 

17. B.R. Young, W.G. Pilt and S.L.Cooper, J Co/lold Interf. SCI., 124,28, 1988 

18. R. Lee and S.W. Kun,J. BlOmed. Mater. Res., 8, 251,1974 

19. H.Y.K Chuang, W.F. King and R.G. Masson, J. Lab. Clm. Med , 92, 483,1978 

20. W.J. DIHman Jr. and LF. Mtller, J. Colloid Interf. SCl., 44,221, 1973 

21. J.L Brash and Q.M. Samak, J Colloi Interf. SCl ,65,495,1978 

22. H.Y. Ton, R.D. Hughes, D.B.A. Sille and R. Williams, J BlOmed Mater. SCI. 13, 407, 
1979 

23. Y. Ihara, J. Appl. Polym SCl .. 32. 5665. 1986 

24. Y. Ihara,J. Appl. Polym Sei., 33, 3087, 1987 

25. Y. Iharn. J. Appl. Pl'Jlym. SCI., 36, 891, 1988 

26. LM. Klotz and D.L. Hunston,J. Biol Chem., 8,3001, 1975 

27. LM. Klotz and D.L. Hunston, Arch BlOchem. BlOphys , 193. 314. 1979 

28. LM. Klotz and D.L. Hunston. Proc Natl. Acad. SCI USA. 74.4959. 1977 

29. G. Scatchard. Ann NY Acad SCI, 51. 660. 1949 

30. LM. KJotz, Trends. Fharmacol. SCl., 4,253, 1983 

132 



31. 

\. 32. 

33. 

34. 

35. 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

52. 

53. 

54. 

55. 

56. 

57. 

58. 

59. 

B. Perlmutter-Hayman, Ace. Chem. Res., 19,90, 1980 

I.M. KJotz, Arch. Biochem., 9, 109, 1946 

D.L Hunston, Anal. Biochem., 63,99, 1975 

W.c. Gallcy, M. Bouvlcr, S.-D. Clas, G.R. Brown and L.E. St-Pierre, Biopolymers, 27, 79, 
1988 

M. BOUVier, G.R. Brown and L.E. St-Pierre, Cano J. Chem., 65,1927,1987 

M. Bouvier, G.R. Brown and L.E. St-Pierre, Cano J. Chem., 67, 596, 1989 

D. Relchenberg, Chap. 7, Ion-Exchange Selectivity in lon-Exchange. A Series of 
Advances vol 1, J.A. Mannsky ed., Marcel Dekker Inc., New-York, 1966 

R. Kurun and F.x. McGarvey, Ind. Eng Chem., 41,1265, 1949 

F.K. Lmdsay and J.S. D'Arnico, Ind Eng. Chem., 43,1085,1951 

H.P Gregor, J. Am. Chem. Soc., 73,642,1951 

D.B. Taylor,J. Pharmacol. Exptl. Ther., 186,537,1973 

F.G Donnan and A.B. Harris, J. Chem. Soc, 99, 1554, 1911 

F.G. Donnan and A.J. Allmand, J. Chem. Soc., 105, 1941, 1914 

F.G. Donnan, Chem. Rev ,1,73, 1924 

J.R. Barrante, Chap.9 Electrochemistry, in Physlcal Chemlstry for the Life SCience, 
Prentice-Hall, New-Jersy, 1977 

G.E. Boyd and K. Bunzl,}. Am. Chem Soc., 89,1776, 1967 

R. McGregor and P. W. Harns, J. App/ Polym SC/., 14, 513,1970 

M.M. Reddy, S. Amdur and J.A. Mannsky, J. Am. Chem. Soc., 94, 4087, 1972 

J. Delmemco and R.H. Peters, Text. Res. J., 34, 207, 1964 

l. Delmemco and R.H. Pcters, Text. Res J, 35, 14, 1965 

T.H. GUlon and R. McGregor, Text. Res J, 44, 439, 1974 

G. Alberghma, S.-L. Chen, S. Flslchella, T. IJima, R. McGregor, R.M. Rohner and H. 
Zollmgcr, Text. Res. J,58, 345, 1988 

G. Alberghma, M.E. Amato, S. Flslchella and H. Zollmger, Text. Res. J., 59,264, 1989 

l.L. Haynes, J. CO//Old Inter[ SCI ,26,255, 1968 

D.B. Taylor, J. Pharmacol. Exptl Ther, 186,537, 1973 

J. Gngnon and A.M. Scallan, J. Appl Po/ym. SCI., 25,2829,1980 

M.C. Carey, Chap 13, Physical-Chemical Properties of Bile Acids and their Salts, m 
Sterols and Bde Acids, H. Daruelsson and 1. SJovall, eds., Elsevier, Amsterdam, 1985 

M.C. Carey and D.M. Smal!, Arch.lntem. Med., 130,506,1972 

F. Helffench, Chap 5 Equilibria, ln Ion Exchange, McGraw-Hill, New-york, 1962 

133 

, 
il 



·' 3 ADSORPTION OF BILE ACIDS BY 
SYNTHESIZED RESINS 

To obtain a better understanding of the binding of bile acids by 

cholest) ramine, studies were carried out using synthesized ion-exchange resins 

with funct~onal groups which chemically resemble cholestyramine in various 

characteristics. Schematically, cholestyramine can be viewed as a resin of the 

type P-R"-CJI4-R'-NR3+, where P represents the cross-linked polymer backbone, 

R" is a spacer (absent in cholestyramine), R' is another spacer (CH2 in the case of 

cholestyramine) and R is either H or CH3. By systematic changes of chemical 

structure, either the backbone, P, or the position of the methylene group, R' or R", 

between the benzene ring and the quaternary ammonium group, or the 

quaternization of the amino group, it is possible to obtain information about the 

interactions with bile acids and to compare their affinities to that of 

cholestyramine. From a knowledge of the effectiveness of these synthesized 

resins in binding bile acids, it should be possible to determine which functions in 

cholestyramine are important for effective adsorption. 

The nrst series of resins consisted of a hydrophilic polyacrylamide 

backbone onto which were grafted 4-(aminomethyl)benzoic acid; it was either 

coupled directly to the backbone or separated from it by a spacer, R", consisting 

of three alanines. The effect of the presence of the spacer was studied; 

comparison was also made between the primary and quaternary amino groups. 

The effect of the degree of substitution of the resin was studied using 

polyacrylamide resins of different functionalities. Onto polyacrylamide was also 

coupled 4-aminophenylacetic acid, with and without the spacer, to determine 

whether the methylene group plays a role in the adsorption. 
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Merrifield resin, a hydrophobie styrene baekbone resembling that of 

cholestyramine, was also used in the syntheses of sorne resins. Again 4-

(aminomethyl)benzoic acid and 4-aminophenylacetic acid were attached to the 

backbone, either directly or separated by a three alanine spacer. Similar studies 

as for the polyacrylamide backbone were done. 

The following ehapter deseribes how these resins were prepared and 

characterized and reports their adsorption eharaeteristies for bile acids. 

Conclusions about tbe important features of cholestyramine for binding bile acids 

are also diseussed. 

3.1 EXPERIMENTAL 

Four polymerie baekbones were utilized; two hydrophilic polyacrylamide 

resins and two hydrophobie Merrifield resins, The first polyaerylamide baekbone 

was a copolymer of dimethylaerylamide and N-acryl-1,6-diarninohexane 

reticulated with bisacrylyl-1,2-diaminoethane (11% crosslinked, Chemalog) 

(Figure 3.1a). The funetionality of the resin was 0.241 mmol/g resin. as 

deterrnined by potentiometric titration in O.050M potassium nitrate (KN03) using 

silver nitrate (AgN03). The second polyacrylamide resin was a copolymer of 

dimethyl aerylamide and the acryloyl derivative of sareosine rnethyl ester 

reticulated with bis(acrylamido)ethane (1 mmol/g resin, Milligen) (Figure 3.1b). 

Before it was used as the backbone, it was reacted either with ethylene diamine 

(Aldrich) or tris-(2-aminoethyl)arnine (Aldrich) (Figure 3.2) to produce resins 

with functionalities of 0.835 and 1.40 mmol of primary amino group per gram of 

resin, determined by acid-base titrations and by potentiometric titrations with 

AgN03· 
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Figure 3.1 Structures of the two polyacrylamide backbones used 
in this study. a) Copolymer of a dimethyl acrylamide (A) and N­
acryl-l,6-diaminohexane (B) reticulated 'Pith bisacrylyl-l,2-
diaminoethane (C); b) copolymer of a dimethylacrylamide CD) and 
the acryloyl derivauve of sarcosine methyl ester (E) reuculated 
with bis(acrylarnido)ethane (F) 
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Figure 3.2 Functionalization of the polyacrylamide backbone (1 
mmoVg resin) with a) ethylenediamine and b) tris-(2-
aminoethyl)amine 
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The fIfst Merrifield resin was a 1 % crosslinked chloromethylated (1.00 

mmoVg resin) styrene divinylbenzene copolymer (Sigma). The second Merrifield 

resin was similar to the frrst but with a substitution of 4.15 mmoVg resin. 

3.1.1 Syntheses of the Resins 

In every case the pendants were constructed by attaching the carboxylic 

acid function, of an appropriate amino acid, to the amino group of the polymer 

resin by forming the symmetrical anhydride which reacted to produce a peptide 

linkage. 

In preparation for the coupling reaction, the amine groups of the 

compounds to be attached to the polymer backbone, generally amino acids, 

needed to be protected. The spacer t-Boe-L-Alanine (Vega BIotechnologies) was 

used without further purification. To protect th,..; amino group of 4-

(aminomethyl)benzoic acid (Aldrich) and 4-aminophenylac~tic acid (Aldrich), di­

tert-butyl-dic.zbonate (t-Boe, Aldrich) (2-fold excess) was added to a solution of 

the acid and triethylamine (freshly distilled, 2-fold excess) (A and C) in 

tetrahydrofuran (THF)/water (1:1) (1). The reaction was followed by tIc. Upon 

completion, the Tî-fF1H20 was distilled off, in vacuo, and the residue was 

dissolved in ethyl acetate; the organic layer was washed with a 5% citric acid 

solution, followed by water. The organic layer was dried over magnesium sulfate 

(MgS04), evaporated in vacuo to yield the t-Boe derivative as a whIte powder, 

which was re-crystallized with methylene chloride. 

AIl couplings were done by solid phase peptide synthesis (SPPS) 

techniques, using a Vega 250 synthesiser (2). Unless otherwise specified aIl 

solvents, except dichloromethane (DCM) which was dried over molecular sieves 

(0.4 nm), were distilled prior to use. 
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The polyacrylamide resin was neutralized with 40% di-

isopropylethylamine (DIEA) in DCM for 20 minutes. Symmetrical anhydrides of 

alanine, of the protected 4-(aminomethyl)benzoic acid and 4-aminophenylacetic 

acid were prepared for the coupling by dissolving at OOC six equivalents of the t­

Boe derivative in DCM, for alanine, or in dimethylfonnamide (DMF) for the 

others. Stirring was continued for 20 minutes and 3 equivalents of 10% 

dicyclohexylcarbodiimide (DCC)/DCM were then added slowly. The mixture 

was allowed to stir for 30 minutes at )0(;, during which time dicyclohexylurea 

(DCU) precipitated (Figure 3.3). The mixture was then filtered and the filtrate 

was added to the resin. The reaction was left ta stir until completion of the 

coupling, as indicated by a negative ninhydrin test (3). The t-Boe protecting 

groups were then removed using 40% trifluoroacetic acid (TF A) in DCM, 

followed by neutralization with 5% DIEA in DCM (Figure 3.4). The ninhydrin 

test was again used to monitor the deprotection step. 

When the Merrifield resins were used as backbone, coupling of the frrst 

alanine or 4-(aminomethyl)benzoic acid or 4-arninophenylacetic acid was carried 

out using the cesium salt of the above (4) to fonn an ester linkage. Substitution of 

the resin was determined by a picric acid test (5). Subsequent couplings wele 

carried out as described above. The resin was then collected, washed with DCM 

and finally with anhydrous diethylether. It was then dried in vacuo at room 

temperature (18-200C). 

3.1.2 Quaternization of the Resins 

The resins were quaternized with methyl iodide (Aldrich) (16-fold excess) 

in methanol or DMF and potassium bicarbonate (Fisher) (lO-fold excess), in the 

absence of light for 2-7 days (6). At the completion of the reaction, the resin was 
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Figure 3.3 Preparation of symmetrical anhydrides of a model 
compound RCOOH 
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P-NH-CO-R-NH2 

Figure 3.4 Scheme for Solid Phase Peptide Syntheses. R: -
CH(CH3)-, -CHr C6H4-, CJl4-CHr; P: backbone 
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collected, washed with methanol and finally with anhydrous diethylether. It was 

dried in vacuo at room tempe rature (18-20cC). The extent of the quaternization 

was determined by potentiometric titration with AgN03• 

Table 3.1 lists the resins which were synthesized with their substitution 

and the reaction times for the quaternary reaction. 

3.1.3 Adsorption Experiments 

Studies of the adsorption of bile acids were do ne with solutions of sodium 

glycocholate in aqueous Tris-HCl buffer (0.0025 M), at pH 7. A stock solution of 

bile salt (10-20 mg/dL) was prepared, in Tris-Hel buffer, and from it a series of 

standard solutions were prepared by dilution. These solutions of known 

concentration \Vere then adrlpn (0 a weighed amount of dricd resin (10-15 mg). 

The mixtures were ~haken for 20-24 hours at room temperature (18-20oC) using a 

mechanical shaker. The solutions containing the rcsin were then filtered by 

gravit y and the peak areas of the bile salt before and after adsorption were 

determined by HPLC, as described previously (Section 2.1.3). 

3.2 ADSORPTION OF BILE ACIDS BY SYNTHESIZED 
RESINS 

10 establish a reference pOInt, isotherms were first determined for the 

adsorptbn of glycocholic acid by the hydrophilic pol/mer backbone, 

polyacrylamide, both in the form of a primary amine and in the quaternized form. 

The pendants \Vere then added; the fifst series of resins were sorbents for which 

the active group was attached directly to the polyacrylamide backbone. A second 

series of resins was prepared by introducing a spacer, consisting of three alanines, 

between the active group and the backbone. For both series of n;sins, a portion 

was also quaternized to obtain sorbents with the corresponding quaternary 
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Table 3.1 List of Synthesized Resins, their Substitution and the Reaction 
Time for the Quaternization. 

RES IN SUBSTITUTION TIME 
(mmoVg) (ho urs) 

Pla-Ab 0.241 
Pl-Qc 0.232 380 

Pl-Cd_Me-PhLA 0.234 
Pl-C-M-Ph-Q 0.0855 193 

P1-C-Ph-M-A 0.234 
P1-C-Ph-M-Q 0.126 243 

p.-Sg-C-Ph-M-A 0.222 
P1-S-C-Ph-M-Q 0.113 240 

Pl-S-C-M-Ph-A 0.222 
P1-S-C-M-Ph-Q 0.139 192 

P2h_D· 0.358 

P2-C-Ph-M-A 0.747 

P2-C-M-Ph-M-A 0.358 

P2-TJ 1.403 

MnLC-Ph-M-A 0.897 

Mn-S-C-Ph-M-A 0.322 

Mn-S-C-M-Ph-A 0.314 

Mr2LC-Ph-M-A 2.89 
MrrC-Ph-M-Q 1.44 171 

a: Pl = polyacrylamide (0.241 rrunoVg) 
b: A :.: primary amino group (-NH:z) 
c: Q = quatemary arrunonium group (-N(CH3h+ I-) 
d: C = peptide bond (-NH-CO-) 
e: M = methylene group (-CHr ) 
f: Ph = phenyl group (-CJId 
g: S = spacer (3 alanine groups) 
h: P2 = polyacrylamide (1 mmoVg) 
1: D = ethylene diamine (-NH-CH2-CHr NH:z) 
J: T = tris-(2-aminoethyl)arnine (-NH-CHrCHrN-(CH2CH2NH2):z) 
k: Mf! = Merrifield resin (1 mmoVg) 
1: Ma= Merrifield resin (4.15 mmoVg) 
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ammonium group. Isothenns were obtained to detennine me effect of the 

quaternization, the importance of the spacer, the effect of the position of the 

methylene group between the phenyl group and the quatemary ammonium group 

on adsorption of glycocholate from Tris-HCl buffer. 

The same pendarlts were then coupled to a hydrophobic backbone so that 

the adsorption capacities of resins having a hydrophilic and a hydrophobic 

backbones which bear the same pendant could be compared. 

To see if the number of active sites per gram of resin is important in the 

adsorption of bile acids, hydrophilic resins of different functionalities were also 

tested. 

Sorne studies were also done, using resins with the hydrophilic backbone, 

in which the adsorption medium and the bile acid were changed. 

3.2.1 Hydrophilic Backbone with Primary Amino Groups 

The commercial resin cholestyramine uses a hydrophoblc, polystyrene 

backbone. The possibility of producing a resin with active groups similar to that 

of cholestyramme but on a more hydrophilic backbone was attractive. For this 

reason, resins were prepared ming two polyacrylamide backbones, differing only 

in functionality. 

3.2.1.1 Spacer Effects 

It was of interest fIfSt to determine the isothenn for the adsorption of bile 

acids by the hydrophilic backbone, designated Pl-A, having a functionality of 

0.241 mmoVg resin. Hgure 3.5 shows the isothenn, at 200<:, for the adsorption of 

glycocholate by Pl-A. This isothenn has the regular Langmuir !lhape and 

indicates a low, but significant, affinity of the resin for glycocholate. This 

behaviour is compared with that for resins consisting of the same backbone with 

4-(aminomethyl)benzoic acid coupled to the primary amine functional sites, with 

144 

-----------------------



and without a spacer consisting of three alanines, to produce resins of the 

st:"ucture P1-C-Ph-M-A and P1-S-C-Ph-M-A, where S is the ala3 spacer, C is the 

peptide linkage, Ph is the phenyl group, M is the methylene group and A stands 

for the primary amino group.. For the resin without the ala3 spacer, P1-C-Ph-M­

A, the extent of adsorption increased from 0.05 to 0.10 moVeq pndnt, at Ceq of 15 

mg/dL (Figure 3.5). Although the pendant resembles that of cholestyramine, 

except that it is in the primary amine form, this resin adsorbs much less 

glycocholate, 0.1 compared to 1.1 moVeq pndnt for cholestyramine (Section 

2.2.1), under similar experimental conditions. This startling effect, which was 

entirely unexpected, seems to indicate that quaternization, with the resultant 

increase in basicity, is of key importance. 

In an attempt to improve the accessibility to the 4-(aminomethyl)benzoic 

acid and thus promNe adsorption, a spacer consisting of three alanines was 

incorporated. Previous studies (2) with sorbents having pendants consisting of 

basic amino acids showed that the active group adsorbs bilirubin more effectively 

when it is separated from the hydrophilic backbone by a spacer. The choice of 

the amino acid, alanine, to form the spacer is justified by the fact that it contains 

no reactive groups in its structure other than the amide linkage, thus excluding the 

possibility of any reaction with the spacer either during the syntheses or during 

the adsorption experiment. Furthennore, this spacer should have a 

hydrophobic/hydrophilic ratio that is similar to that of the backbone. 

The addition of the ala3 spacer actually causes a decrease in the adsorption 

capacity of the resin for glycocholic acid, even when compared to tht. backbone. 

The extent of adsorption decreases from 0.08 to 0.005 moVeq pndnt for the resin 

with the ala3 spacer to which is attached 4-(aminomethyl)benzoic acid, P1-S-C­

Ph-M-A (Figure 3.5). For aIl intents and purposes, this resin shows no adsorption 

of glycocholate. 
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Figure 3.5 Isotherms (T = 20oC) for the adsorption of glycochohc 
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Since the incorporation of the ala3 spacer should have little effect on the 

basicity, other factors must aIso be important in determining the extent of 

adsorption. The decrease in adsorptIon may be due to a decrease in the accessible 

volume for the glycocholate anions when the pendant length is lI1creased. On the 

other hand, a synergistic effect involving the active site and the backbone is also 

possible. 

3.2.1.2 Effect of the Position of the Methylene Group 

Figure 3.6 shows the isotherms for the adsorption of glycocholate by the 

polyacrylarnide backbone (functionality = 0.241 mmol/g) to which is attached 

either 4-(aminomethyl)benzOlc aCld to form resin P}-C-Ph-M-A, or 4-

aminophenylacetic acid to form resin P}-C-M-Ph-A. The composnion of these 

resms dtffers only in the position of the methylene group. 

The position of the methylene group will influence the basicny of the 

amino group si6mficantly. When it IS located between the phenyl group and the 

amino group, the amine will be more basic. To obtain a measure of the 

magmtude of this effect, benzylamine, CJ-I4-CHrNH2' wlth pKb= 4.67. may be 

compared with aniline, C~4-NH2' with pKb= 9.37. Thus, for the pendant 

produced by coupling 4-aminophenylacetic acid, so that the amino group is 

directly attached 10 the benzene ring, the amine will be much less basic because 

the pOSItIve charge can be stabllized by the phenyl nng. Indeed, a hlgher 

adsorptlon capacity for glycochohc acid is seen for the resin with the methylene 

group between the benzene nng and the amino group. 

As was seen for the resm P}-C-Ph-M-A, the incorporation of an ala3 

spacer, S, to the resin PI-C-M-Ph-A ta fom1 p}-S-C-M-Ph-A results in a 

significant decrease 10 adsorption capacity. However, the effect of the methylene 

is not as eVldent for the resms p}-S-C-Ph-M-A and P1-S-C-M-Ph-A conta1Omg the 
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ala3 spacer, since both already have a very low capacity for the adsorption of 

glycoholate anions (Figures 3.5, 3.6). 

As a further investigation of the role of the methylene spacer, adsorption 

isotherms were also obtained for a polyacrylamide backbone of higher 

functionality, 1 mmoVg resin (P2), with pendants produced by coupling 4-

(aminomethyl)benzoic acid, to yield resin P2-C-Ph-M-A, and 4-

(aminomethyl)phenylacetic acid, to produce resin, P2-C-M-Ph-M-A. These resins 

di[fer in that, white both con tain the methylene group between the phenyl group 

and the active amine, the 4-(aminomethyl)phenylacetic acid pendants have an 

additional methylene group at the l position, i.e., between the phenyl group and 

the carbonyl group attached to the backbone. The adsorption capacity of the resin 

having both methylene groups for glycocholate is approximately double that of 

the one with one methylene group (Flgure 3.7). The presence of the methylene 

group between the carbonyl group and the phenyl group allows a greater 

accessibility to the binding sites. Furthermore, the increased hydrophobicity may 

also be of impOItance. 

3.2.2 Hydrophilic Backbone with Quaternary Ammonium Groups 

It is apparent from the previous sections that basicity plays an important 

role in the adsorption of bile acids. To increase the basicity of the resins the y 

were quaternized and tested for their capacity to adsorb bile acids. 

To account for incomplete quatemization, the isotherms reported for the 

quaternized resins have been normalized as follows: The difference between the 

functionality of the original resin, in the amine form, and that of quaternized form 

was assumed ta represent un-quaternized sites. The data from the adsorption 

experiment were treated to obtain the total amount of bile acid bound by the 

pendants, both un-quaternized and quatcmized. Based on the isotherm for the un-
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quaternized resin and the number of un-quaternized sites, the moles of bile acià 

bound by the un-quaternized pendants, at a particular Ceq, was calculated. The 

remaining bound bile acid was considered to be bound by the quaternary pendants 

so that the isothenn for the adsorption of bile acid by the quaternized pendants, 

expressed as moles of glycocholate per equivalent of pendant, was obtained. This 

normalization process may somewhat oversimplify the actual adsorption 

behaviour since interactions between adjacent sites are completely ignored. 

Figure 3.8 compares the isothenns, at 20oC, for the adsorption of 

glycocholate by the polyacrylamide backbone, PI-A, with that of the quaternized 

analog, PI-Q. Within the range of bile acid concentrations used in these 

experiments, the quaternized resin, PI-Q, has a distinctly higher adsorption 

capacity (0.08 mol/eq pndnt) than the unquaternized, PI-A, (0.05 mol/eq pndnt). 

However, adsorption is still relatively ineffective with binding occurring at less 

than 10% of the available sites. The increase in adsorption capacity as a result of 

quaternization is seen consistently for aH of the resins (Figures 3.9-3.11), except 

in the case of the 4-(aminomethyl)benzoic acid coupled to the hydrophilic 

backbone to form PI-C-Ph-M-Q, for which the isothenns of the quaternized and 

unquatermzed forms are equivalent (Figure 3.13). 

The higher affinity of the quaternized pendants for bile acid suggests that 

the primary interaction is of electrostatic nature, as shown in Chapter 2. 

Furthennore, hydrogen-bonding which can occur for the primary amines but not 

for the quaternary amines, appears to be unimportant. The primary amine resins 

are weaker bases tlwn the corresponding quaternized resins so that the intrraction 

wah the bile acid amon is less favoured. At the increased pH of the resin phase, 

which was demonstrated in Chapter 2, the primary amine sites will be only 

partially protonated. Thus, the basicity of the resin is an important factor for the 

interaction of ion-exchange resins with bile acids. 
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Figure 3.12 Isothenns (T = 20oC) for the adsorption of glycocholic 
acid by P1-C-Ph-M-Q, e, and P1-C-Ph-M-A, 0 

2l 



In case of P1-C-Ph-M-A, which is the exception to the increas~ in 

adsorption capacity after quaternization, even the primary amine has a relatively 

high captdty for the adsorption of glycocholate, up to 0.1 mol/eq pndnt compared 

to about 0.01-0.02 mol/eq pndnt for the other unquatemized resins. It would 

appe:}r that, In the absence of the ala3 spacer, changes in the basicity of the amino 

group due to quaternization have no affect and both have the same affinity for 

glycocholate anions. However, when the ala3 spacer is incorporated, this 

similarity disappears and the quatemized resin has a higher affinity for the bile 

acid than does the corresponding un-quatemized resin. 

The most startling aspect of the adsorption of bile aeids by these resins is 

that, although the quaternized 4-(aminomethyl)benzoic aeid funetional sites are 

identical ta the pendants of cholestyramine, -Ph-M-Q, when coupled to a 

hydrophilic backbone the adsorption ca"Jacity for ~!ycocholate is very much lower 

(Figure 3.13). Thus, the use of a water swellable backbone in the bile acid 

binding resin causes a decrease in the adsorption rather than Inereasing it. This 

suggests that the hydrophobie eharacter of the backbone must be an important 

feature. On the hand, the lower substitution (0.241 mmol/g resin) of the 

hYdrophilic backbone may also be important. 

3.2.3 Hydrophilic Backbones of Increasing Functionality 

To determine the effect of changes in density of active sites, identical 

polyacrylamide backbones of increased functionality were tested for their 

affinities for bile acids. They were tested in the primary amine form, without 

adrling any pendants. When the amount of bile açld adsorbed was expressed as 

mg/g of resin, an increase in adsorption was seen with increasing substitution 

(Figure 3.14a). However, on a molieq pndnt basis, similar isothcnns were 

obtained (Figure 3.14b). 
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Therefore, as the substitution is increased the resins adsorb greater 

amounts of bile acids on a weight basis, but the adsorption per active site remains 

the same. 

3.2.4 Hydrophobie Backbones 

The previous results give strong evidence for the importance of 

hydrophobie interactions in the binding of bile acids by polymerie resins. Ta 

consider this effect funher the backbone was ehanged from hydrophilie ta 

hydrophobie. In the se experiments, 4-(aminomethyl)benzoic acid was coupled ta 

the Merri fie Id resin (polystyrene cross-linked with divinyl benzene) (l mmol!g), 

to fonn reSIn Mn-S-C-Ph-M-A. The extent of adsorption of sodium glycocholate 

by this hydrophobie resin was too small to measure. Similarly, the resin Mn-S-C­

M-Ph-A, produced by eoupling of 4-aminophenylacetic aeid, adsorbed only 

negligible quantiues of glyeocholic acid. 

In the aqueous Tris-HC1, the Merrifield resin swells very litde when 

compared to the polyacrylamide baekbone; the latter swell extensively. 

Therefore, the decrease in the adsorption capacity may be due to poor 

accessibillty ta the bindmg sites, since a low swellability makes it more nifficult 

for the bile acid anion to enter the resin. 

When the Merrifield resin of higher functionality (1.44 mmol/g resin) was 

used as backbane, and 4-(aminomethyl)benzoic acid was couplcd to it to foml the 

resin Mf2-C-Ph-M-A, the primary amine foml still did not adsorb measurable 

amounts of sodium glycocholate. However, when it was quaternized to form Mf2-

C-Ph-M-Q, the adsorption could be quantified, but the capacity was onl)' about 

0.01 mol/eq pndnt (Figure 3.15). 
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Therefore, it would appear that for the hydrophobie Merrifield resin, the 

ion-exchange occurs only with di fficulty; for quantification purposes a higher 

number of active sites per gram of resin is required. 

3.2.5 Comparison Between Buffer Solutions 

The resin P1-C-M-Ph-Q produced by eoupling 4-aminophenylacetie acid 

to the polyacrylamide backbone (0.241 mmol/g resin), was tested for its eapaeity 

to adsorb glycocholic acid in Tris-HCl (0.0026 M, pH 7) and in phosphate buffer 

(0.0025M, pH 7) (Figure 3.16). There is a slight, but significant deerease in 

adsorption of glycocholate in the phosphate buffer. As mentioned in Section 

2.2.1, this may be due to the phosphate ions competing with the bile acid anions 

In the Interaction wuh the quatemary ammonium group of the pendant. 

The adsorption by the resin P1-S-C-Ph-M-Q, i.e., the polyaerylamide 

backbop-e ta winch IS coupled alaj and 4-(aminomethyl)benzoic acid, was studied 

using glycocholic acid in Tris-Hel (0.0028 M, pH 7) and water (Figure 3.17). 

The adsorptIon of glycocholic acid from water is considerably greater than from 

the buffer. Again, as mentioned in Section 2.2.1, when the adsorption medium is 

water, no other ion interactions compete wlth the interaction of the glycocholic 

anion with the quaternary ammonium group of the resin. 

3.2.6 Comparison Between Bile Acids 

The isothenn for the adsorption of cholie acid by the quatemized 

polyacrylamide backbone, P1-Q, is slightly higher than that for glycocholie acid 

(Figure 3.18). Since chollc acid is less polar, it will interact more strongly with 

the resin than will glycocholic acid. Furthennore, because of the higher water 

solubility of glycocholate less is adsorbed. 
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3.3 SUMMARY 

The results presented in this chapter de scribe the effects of systematic 

changes of the chemical composition of cholestyramine-like sorbents 0n their 

capacity to adsorb bile adds. These changes include a change from a 

hydrophobie to a hydrophilic backbone; the incorporation of an ala3 spacer 

bctween the backbone and the active site; changes in the position of the 

methylene group from being between the phenyl group and the amino group to 

being between the phenyl group and the cru bonyl group, thus affecting the 

basicity of the amino group; and change of the primary amino group to a 

quaternary ammonium group, which also affects the basicity of the active group. 

3.3.1 Comparison with Cholestyramine 

The striking, and probably most important, result of these experiments is 

that an of the synthesized resins have a lower capacity for the adsorption of bile 

acids than does cholestyramine, under similar experimental conditions. For the 

synthesized resins, the most effective adsorption was obtained with resins 

consisting of the polyacrylamide backbone bearing the same pendant as 

cholestyramine, 4-(aminomethyl)benzoic acid, P1-C-Ph-M-Q, (0.1 mol/eq pndnt). 

However, the extent of binding, measured on a molar basis, is only 15% that of 

choIes tyramine. 

Originally it was thought that a cholestyramine-like active site attached to 

a hydrophilic backbone would result in a sorbf"nt with an increased adsorption 

capaci ty for bile acids, since the resin should be more compatible th an 

cholestyramine with the aqucous environment. Although the polyacrylamide had 

a low substitution (0.241 mmol!g resin), it was thought that each active site wou Id 

still aùsorb a bile acid molecule. However, these resins have a much lower 

capacity for bIle acids. 
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3.3.2 Experimental Results 

Although the hydrophilic polyacrylamide that was used was extensively 

swollen in the aqueous solution, it was a highly cross-linked (11 %). As cross­

linking is increased, diffusion within the resin becomes more difficult (7); indeed, 

the diffusion paths can become so small that the entry of large ions IS prohibited. 

Therefore, although the hydrophilic backbone may be more biocompatible, its 

capacity to adsorb bile acids may be limited as a result of the high degl"~ of 

cross-linking, so that the bile acid anion cannot enter the resin to displace the 

counter-ion. 

The resins with the hydrophobie Merrifielrl backbone might be expected 

to show adsorption characteritics similar to that of cholestyramine. However, in 

actual fact, the y adsorbed only very small amounts of bile acids; too httle to be 

quantified by HPLC. They exhibited minimal swelling in an aqueous 

environment, almost not being wet. Such behaviour in the aqueous adsorption 

medium accounts for the low adsorption capacities for the glycocholate anion. 

The ion-exchange process was confirmed by the adsorption isothenns 

obtained for the hydrophilic resins for which the position of the methylene group 

was changed (Figure 3.6). The removal of the methylene group between the 

benzene group and the primary amino group significantly decreased the 

adsorption capacity. When the amioo group is attached directly on the benzene 

ring the po~itive charge from the protonated amino group can be stabilized by the 

aromatic ring, making the amino 'sroup less basic. The lower basicity decreases 

the ex te nt of the interaction with the counter-ion as well as with the bile aCld 

anion and the ion-exchange pr(}l~ess becomes less effective. However, when the 

methylene group is between ,he benzene ring and the primary ammo group 

(Figure 3.9), the active site is mort basic, favouring the electrostatic interaction 

with anions. 
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The addition of the ala3 spacer between the backbone and the 

benzylarnmoniurn group consistently decreased the adsorption capacities of those 

resins (Figures 3.5, 3.6). When the structure of cholestyramine is examined it can 

be seen that the active group is attached directly onto the backbone. It wou Id 

appear that the spacer is not required for the ion-exchange process. In fact the 

spacer has an inhibiting effect, perhaps due to a decrease in the space av!'!Hable 

inside the resin pores which rnakes it more difficult for the bile acid anion to 

penetrate the matrix and displace the counter-ion. 

The results show that the adsorption of bile acids by the quaternary 

ammonium group is superior to that by prirnary amines. The quaternized resins 

have higher affinities for glycocholic acid than the corresponding unquaternized 

resins (Figures 3.8,3.10-3.12), except in one case (Figure 3.9). At pH around 8-9 

in the resin phase, which is a realistic value when the pH of the solution is 7, the 

unquaternized resins rnay be incompletely protonated, i.e., sorne of the primary 

amino groups, -NH2, would be present. In this case, the non-protonated pendants 

would not be involved in the ion-exchange process, decreasing the capacity of 

adsorption. This would confmn that the adsorption of bile acids by 

cholestyramine is primarily an ion-exchange process. 

When the adsorption is done with different buffers, the trends observed 

with the polyacrylarnide resins are similar to those seen for chobstyramine. For 

the resin consisting of a polyacrylamide backbone with 4-aminophenylacetic acid 

as pendant, PI-C-M-Ph-Q, adsorption of glycoch~lic acid in phosphate buffer 

(Figure 3.16) was about half the adsorption from the Tris-FCl, a decrease similar 

to that observed with cholestyramine (Figure 2.2). This decrease in the extent of 

adsorption is due to the presence of phosphate anions which compete with the bile 

acid anions for the quaternary ammonium group. 
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The adsorption of glycocholic acid by the polyacrylamide backbone 

bearing the ala3 spacer and 4-(aminomethyl)benzoic acid, P1-S-C-Ph-M-Q, was 

done in water and Tris-HCI (Figure 3.17). As observt.d for cholestyramine 

(Figure 2.2) the adsorption in w.'ter increased faster with increasi~\g Ceq than for 

Tris-HCI due to the ab~ence of any ionic species other than glycocholic acid and 

the resin with its fixed ionic groups and the cor·nter-ion. 

When the adsorption of cholic ap.u glycocholic acids by the quaternized 

polyacrylamide resin, P1-Q, (O.241mmol/g resin) are cOP1pared, similar affinity is 

indicated for these two bile acids, as was also reported for cholestyramine 

(Figure 3.18). From a tirst look, it might have been expected that the hydrophilic 

backbone would aèsorb more glycocholate since it is more hydrophilic than 

cholic acid. However, since the interaction between the bile acid and the resin is 

dii lon-exchange process, interactions with the backbone are of minimal 

importance, which is confirmed by the present results. 

From all of the above results, it can be sél.id that cholestyramine so far 

appears to be the hile acid-binding resin of choice. The results confirm that the 

interaction between the bile acids and cholestyramine in volves an ion-exchange 

process. 
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4 MOLECULAR MODELLING OF THE 
INTERACTIONS BETWEEN BILE ACIDS AND 

ION-EXCHANGE RESINS 

Recently spectacular advances have been made in interactive three­

dimensional computer graphies. It allows the visualization of three dimensional 

structures of chemkal compounds as well as the determination of the most 

favoured conformation as determined from energy calculauons. The model can 

then be extended to detenmne how interactions take place between molecules. 

Using computer graphies, it becomes possible to present hypotheses concerning 

the modes of interaction between ligands and ~ubstrates, such as macromoleeules, 

enzymes, proteins. Thercfore, the principal use of a three-dimensional computer 

program is as a predictive too1. 

The three-dimensional structure obtained from computer graphies can be 

compared with X-ray erystallography data. Programs developed recently aiso 

permit the crystaliographk data to be entered direetly to obtain a comparable 

confonnation of the chemical compound. 

Computer graphies programs have found widespread applications in 

various fields of chemistry, such as organic chemistry (1) where it is used to 

predict the stereochemical outcome of a reaetion; in medicinal chemistrv where it 

is used to study drug-receptor site interactions (2); and in protein chemistry where 

active site:; of enzymes can be identified (3-5). 

The most interesting aspect of computer modelling programs is the 

prediction of the interactions betweell moiecules. It is this which was of interest 

for the present study, since it was expec~ed that it wou Id be possible to give a 

qualitative treatment to the adsorption of bile acids by ion-exchange resins and 

make possible me design of efficient adsorbents for bile acids. As pointe<i out in 
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Chapter 2, it is of interest to determine what are the interac.tions, other than 

electrostatic, between the bile acids and the active sites on the polymer, and 

between the bile acid molecules bound at adjacent sites. 

4.1 ENERGY MINIMIZA TION 

Before describing the program used in the present study and the results, a 

brief survey about energy minimization is pres~nted. 

Upon entering a structure into computer graphies, it is important to obtain 

the "best" conformation of a particular chemical compound. When 

crystallographic data are available. the task of obtaining the "best" conformation 

is made easier because it has already been resolved. However, for chemical 

structures which have not been resolved prevlOusly, it tends to be more d1fflcult. 

Therefore, a chemical structure is entered and energy mimm1zation 

calculations are used ta obtain the molecular conformation of ITllmmUm internaI 

energy. The chemical structure can then be modified, either by changmg bond 

angles or torsion angles, and re-minimized to obtain another energy value. The 

structure with the lowest energy is considered to be the rnost stable conformatIon. 

Upon entering a chemical structure it is important to predict Wh1Ch structure could 

be favoured, which requires chemical intuition. 

The modern computer programs for modelling are capable of calculating 

the energy for each conformation. The minimization proce~s 1S one by WhlCh the 

conformation is rnodified and the internaI energy is re calculuted after each 

modification. Energy minimization 1S attained when the energy converges ta a 

minimum. 

The energy calculated for each iteratIve step represents the overall 

contribution to the potential energy (f(x) = Es) as a functlon of molecular 

deformation from an arbitr.uy reference geometry. It can be expressed as: 
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f(x) = Es = L Kb(b-bJ2 + L Ka(9-9o}2 + L ~{1.cos(nq, + an 
+ I: e{(r jr)12 • 2(r jr)6} + L qtq/Dr + L fHB(r,9) 

(Equation 4.1) 

The tenns relate to the bond length, the bond angle, the torsion angle, the 

non-bonded pairs, the partial charges and the hydrogen-bond contributions to the 

energy, respectively; b and bo are the new bond length after defonnation and the 

bond length at equilibrium, respectively; 9 and 90 are the new bond angle and the 

bond angle at equilibrium, respectively; <p is the torsion angle, n the periodicity 

and a is the phase; ro and r are distances between non-bonded atoms involved in 

Van der Waals interactions, at equilibrium and after deformation, respectively; ql 

and % ~ the charges of atoms i and j, respecùvely, and Dr is the dielectric 

constant; fHE is a function of the potential energy in hydrogen-bonding, which 

depends on the bond angle and the distance between the atoms. Kb' Ke, Kq and € 

are force constants (6, 7). Therefore, to achieve an energy minimization, the 

computer program calculates the energy for the initial confonnation, the strncture 

is then modified and the energy is re-calculated. This sequence of operations is 

repeated until the conformation of minimum energy is obtained. 

The most commonly used methods of energy minimization are the method 

of "steepest descent" and the "conjugate gradients" method (6). Each uses the 

energy value and the vector of the energy fust derivative (the force). The second 

method aiso uses the second derivauve of the energy to compute a new 

conformanon which 1S expected to be of lower energy. By repeating the 

procedure iteratively, it is expected that eventually a structure will be obtained for 

which no small change of confonnation leads to a lower energy. 

The "steepest descent" method is based on the position of the atoms and 

the corresponding energy. Once the energy is quantified, the atoms are changed 
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to a new position and energy calculations are done again. The change in position 

is done according to Equation 4.2: 

(Equation 4.2) 

where Xl is the original position of a particular atom, xl+l is its new positIon, a. is 

the step-Iength and ['(x) is the force, which can be expressed by Equation 4.3: 

f'(x) = af(x)/ax (Equation 4.3) 

Then the energy of the molecular conformation is calculated with the coordinates 

corresponding to the initial trial geometry. 

The "steepest descent" method calculates the energy of a particular 

conformation, modifies it and re-calculates the energy. This procedure 1S 

repeated until the energy minimum is obtained. As the confonnation of the 

molecule IS approaching the mimmum energy, I.e., the minirnJm in the f(x) curve 

of Figure 4.1, the force, fCx), wIll approach zero. When: 

f'(x) 0, 

then from Equation 4.2: 

Therefore, as the minimum energy is approached the two conformatIons 

will become similar ll1d the calculations are stopped before the "true minimum" IS 

atwined, since the method is not able "to see" th.! difference. ThiS represents a 

disadvantage of the "steepest descent" method. However, the conforiTlation 

obtained by this method is close to the actual confoffilation of minimum ener6Y· 

For the conjugate gradients rnethod (9), the followmg equauon IS applted: 
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(Equation 4.4) 

where ~ is chosen to get to the minimum energy along the search direction; Pl 

represents a specified direction along the force curve and is related to the gradient 

of the force f'(x l ) (Figure 4.1) by Equation 4.5: 

PI = f"(xl) + ~1.IPI.l (Equation 4.5) 

where: 

(Equation 4.6) 

and: 

(Equation 4.7) 

As the energy minimum is approached, the gradient of the force f'(x) 

(Figure 4.1) will become equal from one step ta the other (~x approaches zero), 

leading ta ~1.1 = 1: 

PI = f"(xl) + PI.l (Equation 4.8) 

As the minimum is approached: 

~x = 0 (Equation 4.9) 

From Equation 4.4: 

(Equation 4.10) 

and from Equation 4.8: 

(Equation 4.11) 
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Then: 

(Equation 4.12) 

So it can be said that this minimization method will reach the minimum energy 

when the direction p down the energy gradient equals the tangent on the same 

energy gradient. 

Hl) 

Figure 4.1 Representations of the energy plot f(x), its frrst (f(x» 
(force) and second (f'(x» derivative (8) 

The pro gram which was used in the present study, Alchemy n®, uses the 

conjugate gradients method for minimization. 
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4.2 ALCHEMY ll® 

The molecular modelling program Alchemy II(b, was purchasect from 

Tripos Associates Ine., a subsidiary of Evans and Sutherland. This program was 

used on a IBM-compatible AT-PC with a mathematical co-processor. 

This program (11, 12) allows the COllstrucUon of three-dimensional 

models of molecules from smgle atoms, chemical groups and molecular 

fragments, giving fise to a structure represented by the Dreiding mode!. A 

reasonable molecular conformation can be obtained with an encrgy mmimization 

procedure which utilizes the conjugate gradients method. The conformation can 

be viewed as the Drcidmg, the ball and stick, or the space-filling model. It 

determines the presence of chiral centers and can modify the bond length of thf! 

molecule, the bond angles and the dihcdral angles. CrystaJlographlc dut a can be 

entered directly. It can fit a sem::, of molecules ta one another with a least­

squares fimng routme and then compare molecular geometries. Molecules can be 

moved one relatlve ta the othe. te manually fit them. 

For the present stucty, the bdc acid molecules, cholic and glycocholic 

acids, were mode lIed. Fur cholic acid, the crystallographic data (13) were 

entered, and the conformation of minimum energy was obtained. The model for 

glycocholic acid was obtruned by modifying that for cholic aCld by adding the 

glycine group, and the conformation of minimum energy was obtamed. The 

pendants of the polymcr resms were modelled using a nine-carbon backbone, and 

each was mimmlzed, modified and re-minimlzed so as to obtain the conformation 

of lowest energy. For cholestyramine, winch has an actIve site at every second 

benzene nng. two pendants were aIso examined. 
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4.3 MOLECULAR MODELLING 

4.3.1 Bile Acids 

Figures 4.2 and 4.3 show the confonnations of lowest energy for cholic 

and for glycocholic acid. Energy minitruzation results in conformations of similar 

energy (Table 4.1), which is expected smce the only difference between the two IS 

the glycme group on the side chain of glycocholic aCld. Thesc models clearly 

indicate that one "face" of the bile aCld is hydrophoblc, wah the protrudmg 

methyl groups at pOSItion 18 and 19. The more polar groups. the hydroxyl and 

the carboxyiic acid groups, are gathered on the other side makmg lt more 

hydrophilic. From the space-filling models it IS apparent that, for glycochohc 

acid, the hydrophlhc "cavity" IS more compact, i.e., more c\osed, due to the longer 

side chain which directs the carboxylic acid group tov. :'rds the hydrophlhc cavuy. 

This is confmned by the measured distances bctween (he hydroxyl groups of the 

hydrophiUc face of glvcochollc aCld and cholic aCId (Table 4 2), wnh the distance 

between 01> attached to carbon-3, and 0 4, of the termmal carboxylic acid, 

decreasing from 9.32 Â for cholic add to 5.66 Â for glycocholic aCld. 

4.3.2 Polyacrylamide Resins 

Of the syntheslzed resms, those prepared wnh the polyacrylamide 

backbone a1ways had grcatcr adsorption capacity for bile acid than tho~c wlth the 

Memfield backbone. TIlerefore, [or the purpose of molecular modelhng, only the 

hydrophilic resms will be considered. 

Figures 4.4 shows the confonnation of lowest energy for the quaternary 4-

(aminomethyl)benzOlc acid attached directly ta the hydrophlhc polyacrylamide 

backbone, i.e., the model for the resin P1-C-Ph-M-Q. The polyacrylamide 

backbone (P) is represented by a njne-carbon chain onto which are attached 
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a: 

Figure 4.2 Conformation of cholie acid shown as a)the Dreiding 
model and b )the spacefill representation. (black:earbon, 
blue:hydrogen, red:oxygen) 
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a: 

Figure 4.3 Conformation of glycocholic acid shown as a)the 
Dreiding model and b)the spacefill representation. (black:carbon, 
blue:hydrogen, red:oxygen, yellow:nitrogen) 
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Figure 4.4 Conformation of the pendant containing the quatemary 
4-(aminomethyl)benzoic acid shown as the ball and stick 
representation. (black:carbon, blue:hydrogen, red:oxygen, 
yellow:nitrogen; P: backbone) 
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Table 4.1 Potential Energy of the Minimized Confonnations of Bile Acids 
and the Models for Ion-Exchange Resin Pendants 

Name Energy 
(kJ/mol) 

ChoUc Acid -164 

Glycocholic Acid -164 

\-CO-C6H4-CH2N +(CH3h -47.7 

\-CO-CH2-C6fi4-N+(Clf3)3 -51.5 

\-ala3-CO-C6fi4-Clf2N+(CH3h -57.7 

\-ala3-CO-CH2-C6ff4-N+(CH3)3 -59.8 

Cholestyramine-l pendant -52.3 

Cholestyramine-2 pendants -392 

Table 4.2 Distances (in Â) between the lfydroxyl Groups of Bile Acids 

0 1-02 

0 1-03 

0 1-04 

°r0 3 

O2-°4 

0 3-04 

0 1: attached to C3 
O2: attached to C7 
03: attached to C12 

Cholic Acid 

6.03 

4.80 

9.32 

4.69 

3.68 

7.39 

0 4: attached to the carbonyl group of the side chain 

Glycocholic Acid 

4.79 

5.76 

5.66 

4.36 

4.82 

2.95 
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acrylamide groups at C-2, C-6 and C~8. The active group is coupled to N-acryl-

1,6-diaminohexane attached at C-4. The potential energies for the structures 

representing the various resins are also given in Table 4.1. 

The quatemary 4-(aminomcthyi)benzoic acid active site extends 

approximately 14 A beyond the acrylamide units of the backbone. The addition 

of an ala3 spacer (S) not only makes the pendant longer (to ca. 22 À) but takes 

away the linearity of the pendant, i.e., it tends to become curved (Figure 4.5). 

Indeed the model of the ala3 spacer alone attached to the backbone is also non­

!inear (Figure 4.6). As a consequence, the incorporation of the ala3 in the resin 

can result in entanglements of the pendant. It may also cause the accessible 

volume in the resin to be diminished, thus limiting the access of bile acid ta the 

inside of the resin. Finally, comparison of Figures 4.4 and 4.5 shows that the 

pendant with the ala3 spacer has a considerably more polar nature, thus is more 

hydrophilic, and this may be critical. This was not anticipated, as indicated by the 

previous discussion (Section 3.3.2) regarding the spacer. These features may 

contribute ta the low adsorption capacnies of these resins. 

The acrylamide groups and the pendant are shawn as lying on the same 

side of the backbone. When they were alternated, Le., as one up and one down, a 

conformauon of higher energy (-253 as compared with -329 kJ/mol) is obtamed. 

Thus, the preferred confonnatlon IS expccted to have the acrylamide groups and 

the pendant on the same side of the backbone. Evidently, the lower energy results 

from pendant-pendant interactlons which are probably disrupted on binding of 

bile acids. This will be considered in more detaillater. 
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Figure 4.5 Conformation of the pendant containing the quatemary 
4-(aminomethyl)benzoic acid and the ala3 spacer shown as the baIl 
and stick representation. (black:carbon, blue:hydrogen, 
red:oxygen, yellow:nitrogen; P:backbone, S:ala3) 
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Figure 4.6 Conformation of the pendant containing the ala3 spacer 
shown as the ball and stick representation. (black:carbon, 
blue:hydrogen, red:oxygen, yellow:nitrogen; P:backbone, S:ala3) 
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4.3.3 Cholestyramine 

The model of the cholestyramine adsorbent was made with a backbone 

consisting of eleven carbons to which is attached either one or two pendants. 

Figure 4.7 shows cholestyramine with two pendants. Energy minimization of the 

two structures indicates an energy difference of 339 kJ/mol, with the two pendant 

model being of lower energy (Table 4.1). For the model WIth two pendants the 

phenyl groups can align themselves, a conformatIon which adds extra stabllity. 

The conformation that has the two adjacent phenyl groups on OppOSltt! sides of 

the backbone has a higher energy, -321 kJ/mol, Le., the alignment of the phenyl 

groups results in a stabilizauon, by 71 kJ/mol. Therefore, it would be expected 

that adjacent phenyl groups of cholestyraminc would tend to allgn themselves. 

This is of considerable importance since this conformatIOn offers httle 

space between phenyl groups for adsorbate molecules te enter and interact WIth 

the phenyl rings, especlally large adsorbate rnclecllies slIch as bile aClds. Thls 

suggests that there is probably tittie interaction between the blle acid hydrophobic 

face and the phenyl group of the pendant. The main interaction of aùsorbate wIth 

the quatemary amines is ionie, aithough other interactions between adsorbed 

molecules contribute to the binding process. 

4.4 MODELLING OF THE INTERACTION BETWEEN BILE 
ACIDS AND ION-EXCHANGE RESIN PENDANTS 

It was of interest to use the structures that resulted from energy 

minimization to obtain insight conceming the interactions between the bile acids 

and the pendants. In Chapter 2, it was proposed that an electrostauc mteraction 

between the negatively charged carboxylic acid group of the bIle aCld and the 
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Figure 4.7 Confonnation of cholestyramine with two active sites 
shown as the ball and stick representation. (black:carbon, 
blue:hydrogen, yellow:nitrogen) 
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positiveiy charged quaternary ammonium group of the resin is the main driving 

force for binding. U nfortunately, the program used for modelling cannot make 

energy minimization calculations for two molecules with respect tn each Olher or 

of one with respect ta the other, i.e., it does not pennit one molecule ta be at a 

fixed confonnation Ce.g., the pendant), while energy nunil111zation is achieved by 

moving the other one Ce.g., the bile acid) relative ta the first. Therefore. as a first 

approximation, calculations were made after fOffinng a chemical bond between 

both the pendant and the bile acids, to determine the conformation of mimmum 

energy for the new structure. This should allow a predictIOn of the probable 

three-dimensional position of the twC) molecules with respect 10 one another. 

4.4.1 Modelling of the Interaction using a Chemical Bond between 
the Ion-Exchange Resin Pendant and the Bile Acid 

4.4.1.1 Cholestyramine 

The first set of interactions were modelled by fonning a bond between the 

quaternary ammonium group of the cholestynuninc pendant and the carboxylic 

acid group of the bile acid (-N+(CH3h-O-CO-) to reprcsent cholestyramme 

interacting WIth choUc acid. The rcsulnng conformation of P11mmUm energy has 

the bile acid lying perpendicular to the pendant (Figures 4.8). ThIS IS a ruther 

unexpected arrangement for these two molecules. Because cholestyramme has 

one actIve site, Le., one quatemary anune at every sec.ond benzene ring, the bIle 

acid moleculcs bound at adjacent sites would be one onto the other. However, 

attempts ta find anathcr mInimum by rota~ing the bIle acid and re-calculatmg the 

conformation of nunimum energy, again resulted in a conformation with the bile 

acid perpendicular to the cholestyramine pendant. Indications are that, at least 

when there is sufficlent space, the cholic acid molecules tend to face the polymer 

backbonc. 
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Figure 4.8 Conformation of the interaction of A)cholic acid with 
B)cholestyramine with two pendants shown as th~ spacefill 
representation. (black:carbon, blue:hydrogen, red:oxygen, 
yellow:nitrogen) 
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For glycocholic acid, which has a longer side-chain that is curved towards 

the inside of the cavity, fonnation of the bond between the quaternary ammonium 

group and the bile acid carboxylic acid group results in a conformation such (hat 

the bile acid malecule tends ta be curved towards the pendant (Figure 4.9). As 

mentloned above, such conformation IS limited to low coverage. The weakness of 

these calculations hes in the mabllity to Include interactlons between bile aCld 

molecules bound at adjacent sites. As discussed ln Chapter 2, these are probably 

of conSIderable importance. 

4.4.1.2 Synthesized Resins 

The modelling studies using bile acid chemically bonded to the quatemary 

amine were also made for the Interactions of cholic acid WIth the pendant having 

the quatemary 4-(aminomethyl)benzoic acid. These also show that the bile aCld 

tends to adopt a conformation perpendicular to the pendant (Figure 4.10), even 

after rotation of 90° of the N -0 bond. 

4.4.2 Modelling of the Interaction Between the Ion-Exchange 
Pendant and the Bile Acid 

It appears that forming a bond between the bile aCld and the pendant hmits 

the position of the blle acid with respect to the pendant. Consequently, lt may not 

give a true picture of the interactions WhiCh take place. The next set of models 

for the interactions between the bile acid and the ion-exchange resin pendants 

were obtained by manually placing the bile acid In various position wlth respect 

to the pendant. 

4.4.2.1 Cholestyramine 

Cholestyramine interacung with bile aCld is limited by the avallable space 

in the vicinity of the active sites. At hlgh coverage, the bile acid anion cannot lie 
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Figure 4.9 Conformation of the interaction of A)glycoholic acid 
with B)cholestyramine with two pendants shown as the spacefùl 
representation. (black:carbon, blue:hydrogen, red:oxygen, 
yellow:nitrogen) 
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Figure 4.10 Confonnation of the interaction of A)cholic acid with 
a B)synthesized resin pendant shown as the spacefill 
representation. (black:carbon, blue:hydrogen, red:oxygen, 
yellow:nitrogen) 
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perpendicular to the pendant since this wou Id result in e"vercrowding of bile acid 

molecules on adjacent pendants. Funhennore, il cannot place itself so that the 

bile acid hydrophoble side interacts with the benzene group of the pendant due to 

the close proxlmity of the adjacent benzene groups (~ection 4.4.1.1). Figure 4.11 

shows a possible configuration for the bIle add, cholie aeid, ir teracting with 

adjacent pendants of cholestyramine, at a caver .. ge of one mole of bile acid per 

pendarlt. The two bile acid molecules can eiùlcr 'Je face to face (Figure 4.11) 

(hydrophilic sldes) or back to back (hydrophobie side~Î ,Figure 4.12). The 

carbon yI oxygen of chotic aCld are 7.59 Â apart and me hydroxyl groups at C3 are 

7.31 Â apart in Flgure 4.11, giving rise tG possible interactions between the bile 

acids, consistent with micelle formation. The same proximity is seen 111 Figure 

4.12, the C18 methyt groups bemg separated by a distance of 4.32 Â. 

It was seen eartier (Section 2.2.3) that at saturatlOn cholestyramine (Cl) 

adsorbs bath chollc and glycocholic acid by about 1.1 molecule per pendant. This 

model shows that proximuy of the pendants would pennit micelle formatlon 

which would favour the entry of bIle aCld 111 excess of the number of sites, 

agree1l1g WIth the experimental observations of the adsorption (Sectlon 2.6.2.2). 

This model doe'} not lI1clude any interaction between the benzene group of the 

cholestyramme pendant and the hydrophobie side of the bùe aCld, due to sterie 

limItatlOnS between adjacent bcnzene groups of cholestyramine. Similar 

interactions are aiso expected with glycocholic acid. 

4.4.2.2 Synthesized Resins 

For the syntheslzed polyacrylamide resins, the substitution is not as high 

as for cholestyramme. Therefore the pendants are not as close to one another as 

they are for cholcstyramme. Because ~here is more space between the pendants, 

interactlon between the the pendant cham a'1d the bIle aCId art' pOSSIble. Figure 

4.13 shows such an interaction between cholle acid and the penda.1t of the 
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Figure 4.11 Conformation of the interaction of two A)cholic acid 
with B)cholestyramine with two pendants, shown as the spacefill 
representation. (black:carbon, blue:hydrogen, red:oxygen. 
yellow:nitrogen) 

195 



l 

B 

Figure 4.12 Confonnation of the interaction of two A)cholic acid 
with B)cholestyramine with two pendants, shown as the spacefùl 
representation. (black:carbon, blue:hydrogen, red:oxygen, 
yellow:nitrogen) 
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Figure 4.13 Confonnation of the interaction of A)cholic acid with 
a B)synthesized resin pendant, shown as the spacefill 
representation. (black:carbon, blue:hydrogen, red:oxygen, 
yellow:nitrogen) 
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quaternary 4-(aminomethyl)benzoic acid, with the three alanine spacer. It shows 

the hydrophobic side of cholic acid in the vicinity of the ala3 spacer methyl 

groups, giving rise to a possible hydrophobie interaction, and the quatemary 

ammonium group of the pendant with the carboxylic group of cholic acid, for the 

eleetrostatic interaction. Another possible conformation is shown in Figure 4.14 

where the bile acid is plaeed perpendicular to the pendant of the quaternary 4-

(aminomethyl)benzoic acid, without the ala3 spacer. This cou Id be possible sinee 

the pendants are not as ..:lose to one another as in cholestyramine. Figure 4.15 

shows the bile acid beiPg down the pendant, as proposed for cholestyramine. 

As ean be seen, for the synthesized resins the bile acid can move more 

freely since there IS more spaee about the pendant. However, because of the high 

cross-linking, the accessibility to the active site is difficult. Similar interaction 

would be predicted for the other pendant. Interactions of glycocholic acid with 

the ion-exchange resin pendant, are also proposed to be similar to the ones for 

cholic acid. 

4.5 SUMMARY 

Proposed models for the interactions of bile acid with ion-exchange resin 

pendants have been presented in this chapter. First, it was noted that the 

cholestyramine pendants are close to one another and are separated by benzene 

rings, thus leaving little space between them to allow any bile acid to be 

interacting with the benzene rings. Therefore, the bile acid will be interacting 

with the quaternary ammonium group, leaving the bile acid inside the cavity. 

This allows the bile acid to interact with one another to form micelles. Micelle 

formation favours the transfer of bile acid from the external solution to the inside 

of the cholestyramme pores. 
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Figure 4.14 Confonnation of the interaction of A)cholic acid with 
a B)synthesized resin pendant, shown as the spacefill 
representation. (black:carbon, blue:hydrogen, red:oxygen, 
yellow:nitrogen) 
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Figure 4.15 Confonnation of the interaction of A)cholic aeid with 
a B)synthesized resin pendant, shown as the spaeefill 
representation. (black:carbon, blue:hydrogen, red:oxygen, 
yellow:nitrogen) 
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The possible interactions with the synthesized resins are more numerous 

since the ~endants are not as close together. However, it was also seen that the 

longer pendants, which contain three alanine, are curved at a mimmum energy 

conformation. This may lead ta entanglements of the cham, thus reducmg the 

availability of the active she. The pendants without the ala3 spacer, although they 

are shorter and not as curved, may not be accessible to the bile aCld due ta other 

factors such as cross-linkage (Section 3.3). 

In the present chapter, attempts have been made to model the mteractions 

of bile acid with ion-exchange resin pendants. Although Alchemy II® has 

limitations, it yields models that can be used to show how structurally, the 

interactions could take place. The models show that micelle formatIon is possible 

when cholestyramine adsorbs cholic and glycochohc acid, WhlCh IS in agreement 

with conclusions derived by use of the Donnan model. The interactions of bile 

acid with the synthesized resins present more possibilities but due to other factors 

(Chapter 3) their accessibility is more difficult. 
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5 CONTRIBUTIONS TO ORIGINAL 
KNOWLEDGE 

The object of this research was ~o obtain a better understanding of the 

interactions of bile acids with cholestyramine and novel cholestyramine-like ion­

exchange resins. To thifl end, detailed investigation was undertaken of the 

adsorption of bile acids, under various conditions, by cholestyramine. ln 

addition, cholestyramine-like sorbents were synthesized to detennine the 

interaction of bile aClds with the various chemical structures. 

The Interaction of Cholestyramine with Bile Acids 

A detailed investigation of the adsorption of bile aClds by cholestyramine 

was made Wlth different I;';xpenmental condltions. Donnan theory provided il 

quantitative model for the interactions of bile acids with cholestyramine. From 

the Donnan theory, it was found that the concentration of bile acid, bound and 

unbound. in the resin phase is in the range where ffilcelhzation can occur. Such 

aggregation promotes the partitioning of bile acid into Llie resin phase. Based on 

these results, it was concluded that the interaction is an ion-exchange process and 

that additional interaction occurs within the resin phase. 

The Interaction of Synthesized Resins with Bile Acids 

First, novel ion-exchange resms were prepared by solid phase peptide 

synthesis. Those cholestyranrine-like sorbents, differing by a change m the 

structure, provided funher insight as to why cholestyramine 1S such an effective 

bile acid sequestering agent. The structural changes were: 1. the use of a 

hydrophilic backbone instead of a hydrophobie one; 2. the presence of an ala) 

spacer; 3. the change in the basicity of the amino group by either removing the 

methylene group between the phenyl group and the ammo group; 4. 

quaternization of the primary anrine. The results from the adsorption experiments 
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indicated the importance of the backbone, which detennines the accessibility to 

the active site, and the importance of the basicity of the active site. These results 

are consistent with an ion-exchange interaction between the resins and the bile 

acid. 

Molecular Modelling 

Molecular modelling was applied to show graphieally how the interaction 

between cholestyramine or the synthesized resins and the bile acids occur. Due to 

the proximity of the active sites in cholestyramine, the bile acids interact with the 

quatemary ammonium group leaving the bile acids inside the cavity allowing 

interaction between them, which confrrms the possibility of micellization. The 

synthesized resins, however, having pendants funher apan, can interact with bile 

ac.ids through the quaternary ammonium groups as weil as the hydrophobie face 

being directed towards the hydrophobie pan of the pendant. These resuits also 

confrrm tha~ the interaction between cholestyramine and bile acids is an ion­

exchange process. 
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6 SUGGESTIONS FOR FUTURE WORK 

1. Cholestyramine: 

It would be of interest to study funher the interaction of cholestyramine 

with bile acid, with respect to the Donnan theory. First, adsorption experiments, 

in water, should be done to obtain data at higher Ceq. le would be of interese to 

observe how the fonnation constant varies and if it reaches a constant value at a 

certain Ceq. The same approach should taken as to obtain data, in Tris-HC1. 

Exact knowledge of the concentrauon of buffeT used ln each sample would be 

necessary, smce the chloride determination is involved (see next Section). 

2. Synthesized Resins 

Ion-exchange resins similar to the one prepared in this thesis should be 

synthesized but using a backbone of lower cross-linkage. i.e .• which would be 

more appropriate to maximize the ion-exchange process. 

A general approach could be taken to apply the Donnan theory to the 

adsorption of bile acids by the synthesized resins. Figure 6.1 shows a general 

representation of the equilibria whieh exist between the bile acid and the 

synthesized resins, in Tris-Hel. In principle. the flXed ionie group is represented 

by P-NR3+' where P can be any backbone, and R can either be a hydrogen or a 

methyl group. The fixed ionie group can eitheT be free or bound to either lodide, 

chloride, hydroxide or bile acid anions to fonn species with respective molaI' 

concentrations of [B+], [BI], [BCI], [BOH] and [BAI. AU of the other ions are 

also expressed as molar concentrations. The Tris-HCl cation is expressed as 

TNH3+· 

" 
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L 

P-NR3+I- [BI] 

P-NR3+ [B+] 

P-NR3+CI- [BCI] 

P-NR3+OH- [BOH] 

P-NR3+R"COO- [BA] 

[1-] [1-] 

[TNH3+] [TNH3+] 

[TNHzl [TNH2] 

[CI-] [CI-] 

[Na+] [Na+] 

[R'COQ-] [R'CQO-] 

[H+] [H+] 

[OH-] [OH-] 

Resin Phase External Solution 

Figure 6.1 Representation of the equilibria existing between the 
resin and external phases, for all the adsorption of bile acids by 
synthesized Iesin 

At equilibrium, electroneutrality must be preserved in both phases. 

Therefore, for the external solution: 

[l'], + [CI l. + [R'COO']. + [OH']. = [TNH3+1s + [Na+], + [8+]. 

(Equation 6.1) 

and for the resin phase: 
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[I"]r + [Cl"]r + [RICOO"]r + [OH"]r = [TNH3+]r + [Na+]r + [H+]r + [B+]r 

(Equation 6.2) 

The total amount of moles of fixed ionic groups, CC), in the resin phase 

can be expressed as follows: 

C = B+r + BIr + BClr + BOHr + BAr (moles) (Equation 6.3) 

For the quaternized resins which can be considered as strong anion 

exchange resins, it may be assumed that the quaternary ammonium salt is 

completely ionized, i.e., BIr = BCIr = O. However, for the unquaternized resms, 

which C .... 1 be referred as weak base anion exchange reslOS, such assumptions 

cannot be made. The value of C can also be expressed as: 

C = BIr + I"r + I"s (moles) (Equation 6.4) 

The bile salt anion can either be found in the external solution phase or in 

the resin phase in the bound and unbound fonns. Conservation of mass requires 

that: 

(R'COONa)1 = RICOO"s + RICOO"r + BAr (moles) (Equation 6.S) 

where (R'COONa)l is the number of moles of bile acid present in the initial 

solution. Furthermore, in terms of the sodium ions: 

(R'COONa)1 = Na+s + Na+r (moles) (Equation 6.6) 

The Donnan partition coefficient can be expressed as: 

À=[TNHt]r=[Na+]r=[H+],=[I"l.=[Cl"].=[R'COO"].=[OH"l. (Equation 6.7) 
[TNH3+]. [Na+]. [H+]. [I"]r [Cl"]r [R'COO"]r [OH"]r 
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and: 

-1/2 

Â. =6+ [B~) ) 
\ [Na~]r + [H+]r + [R"NH3~]r 

(Equation 6.8) 

The fonnation constant for each bound species can be expressed by the 

general formula: 

Kx 
P-NR3~ + X', P-NR3+X' 

where X can be the iodide, chloride, hydroxyde or bIle salt anion. 

To obtain these constants, the ionic species in the equilibrium would have 

to be evaluated. The measure of bile acid anion in solution can be done by HPLC 

(Section 2.1.3). It could be assumed that most of the sodium cations are present 

in the solution. and the y can be said to equal approximately the initial 

concentration (Section 2.6.2.1). 

For the quaternized resins, because they are strong base resins, the iodide 

and chloride ion would either be in the resin or the external solution phases. The 

total amount of both anions could be detemuned by potentiometry, in the solution 

phase, and from a knowledge of their initial concentrations, their concentrations 

in the resin phase could be found. Then the Donnan partition coefficient, À, could 

be found from: 

Â. ~=[C~ 
--u:r.:- 1ëffr 

and: 

(Equation 6.10) 
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Â.= fI-, + CI-J 
1- + CI- ] r r 

(Equation 6.11) 

For unquaternized resins, which are weak base resins, the difficulty wou Id 

be in measuring the chloride anion concentration in the solution. PrevlOusly, this 

measurement was carried out using potentiometry. However, this method would 

also measure the iodide ion concentration in solution, since chis method does not 

differentiare between these two anions. Therefore, methods to measure 

concentrations of iodide and chloride Ions indivldually would be requlred. One 

method could be the potentiometric titration of the external solution. Ir would 

measure both the lodide and chloride in solution. The preclpitate of sllver iodlde 

and chloride could then be collected. Because SIl ver chloride is soluble 10 

ammonium hydroxyde and silver iodide is insoluble, it could be added to the 

predpitate and the insoluble silver iodlde could then be collected, dried anô 

weighed. The amount of chlonde could then be obtalOed by dlfference. The 

chloride ion concentrations cao also be rneasured by USlOg a chlonde selectIve 

electrode. 

The concentration of the Tris-HCl cation also must be determined. 

However, since the Tris-HCl cation is positively charged, the same phenomenon 

as the sodium cation could take place, mainly that it cou Id be found rnostly in the 

extemal solution. 

Then if it is possible to de termine the concentrations of the ab ove Ions in 

solution, from electroneutrality the hydrogen and hydroxlde ions concentratlOns 

could be detenruned. The iomc concentrations in the reSIn phase could be 

determined from a knowledge of Â.. Finally the forrnauon constants could be 

detennined for each bound specles. 

The difficulty ln the application of the Donnan theory to the present 

system, is not in its princip le but in the experimental detennination of the 
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concentrations of the various ionic species. The synthesized resins have much 

lower substitution than cholestyramine, the measurement of the chloride and 

iodide anions in solution may be difficult. Therefore, carefully planned 

experiments are required to obtain results for the quantitative Donnan model. 

3. Adsorption Studies 

Adsorption studies should be continued in vitro using buffers which 

would mimic better the conditions found in the human intestine. Experiments in 

vivo might also be of interest. The Donnan theory could be verified as to see if it 

would also be applicable 10 other in vitro conditions and in vivo. 

4. Molecular Modelling 

Molecular modelling should be extended further to include the swdy of 

the interaction of ion-exchange resins with bile acids. Ir would be of interesr to 

try 10 obtain further insight as to how these p;vo molecules interact and to see if 

the different possibilities proposed herein can be verified further. 
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APPENDIX 1 

PHYSICAL PROPERTIES OF BILE ACIDS 

CHOLICACID 

3(l,7(l,12a-trihydroxy-5~-cholan-24-oic acid 

C24H400S; MW = 408.56; pKa = 4.98-5.5 

monohydrate, plates from diluted ace tic acid 

when anhydrous, mp = 1980 C 

[(l]~o+ 370 Cc = 0.6 in alcohol) 

solubilityat 15°C in water: O.28g!L 

soluble in alcohol, in acetone, in glacial acetic 
acid, in solutions of alkali-hydroxides or 
carbonate; slightly soluble in ether, in 
chloroform, in benzene 

SODIUM SALT 

C24H39NaOS 

crystals 

solubilityat lSoC in water: > 568.9g/L 

GLYCOCHOLIC ACID 

N -[30.,7 o., 12(l-truh ydroxy -24-oxo-cholan -24 
-yl]glycine 

C26H43N06; MW = 465.61; pKa = 3.8-4.09 

sesquihydrate, crystals from 5% alcohol, 
mp = 130°C 

anhydrous form, mp = 16S-168°C 

[(l]~3+30.8o Cc =7.5 in 95% ethanol) 
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solubilityat 15°C in water: O.33g/L, in boiling 
water: 8.3g/L 

SODIUM SALT 

~6H42NNa06 

crystals from 95%alcohol and ether, mp = 230-240oC 

[a]~4+32 (water) 

solubilityat 15°C in water: > 274g/L 

T AUROCHOLIC ACro 

2- ([3a.,7a,12a.-trihydroxy-24-oxo-5~-cholan-24 
-yl]amino) ethanesulfonic acid 

clusters of slender, four-sided prisms from 
alcohol and ether, stable to air, mp = d1250C 

[a]~8+38.8o (c = :: in alcohol) 

freely soluble in water; soluble in alcohol; 
insoluble in ether, in ethyl acetate 

SODIUM SALI 

C26H44NNa07S 

crystals with 1.5-2 moles of water, mp = d230°C 

[a]~ +240 (c = 3) 

freely soluble in water and alcohol 

CHENODEOXYCHOLIC ACID 

3,7-dihydroxycholan-24-oic acid 

C24H4004; MW = 392.56; pKa = 5.88-6.53 

needles from ethyl acetate and heptane, mp = 1190C 

[alto+l1.5o (woxane) 
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freely soluble in methanol, in alcohol, in 
acetone, in acetic acid; insoluble in water, in 
petroleum ether, in benzene 

3a,12a-dihydroxy-5~-cholanic acid 

~4H4004 

crystals from alcohol, mp = 176-8°C 

[a]~O+550 (alcohol) 

solubility at 150C in water: O.24g!l 

soluble in alcohol, in acetone, in glacial acetic 
acid; slightly soluble in ether, in chlorofonn, 
in benzene 

SODIUM SALT 

~4H3904Na 

solubility at 15°C in water: > 333g/L 

LITHOCHOLIC ACID 

3a-hydroxy-53~-cholan-24-oic acid 

C24H4003, MW = 376.56 

hexagonalleaflets from alcohol, prisms from 
acetic acid. mp = 184-6°C 

[a]~O+33.70 (c = 1.5 in absolute ethanol) 

freely soluble in hot alcohol 

CHOLESTEROL 

cholest-5-en-5~-ol 

C27H460; MW = 386.64 

monohydrate, pearly leaflets or plates from 
diluted alcohol; become anhydrous at 70-S0oC, 
mp = 14S-15QoC 
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[allP-31.5o (c = 2 in ether); [al -39.50 (c = 2 
in chlorofonn) 

solubilityat 15°C in water: 2mg/L 

soluble in ether, in benzene, in chloroform, in 
acetic acid; slightly soluble in alcohol 
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APPENDIX2 

DATA FOR FIGURES 

Chapter 2 

Fi~ure 2.2 

Cholestyramme (CI) 
G1ycocholic acid 

Ceq(mg/dL) X (mol/eq pndnt) Ceq X 

a)Tris-HCl, O.OO26M 19.67 0.8895 
23.80 0.8975 

0.63 0.03 24.53 0.9377 
0.84 0.0527 26.35 0.7736 
1.17 0.065 30.67 0.9669 
1.28 0.065 34.30 1.0010 
1.86 0.1052 38.86 1.0193 
1.88 0.0922 
2.92 0.1439 
2.99 0.1517 b)Phosphate,O.OO27M 
3.26 0.1836 
3.52 0.2009 0.78 0.0062 
3.94 0.2007 1.82 0.0117 
4.13 0.2170 2.88 0.0213 
4.49 0.2682 2.98 0.0258 
4.64 0.2450 3.86 0.0292 
4.73 0.2538 3.98 0.0160 
4.97 0.2720 4.71 0.0428 
5.28 0.2771 4.91 0.0401 
5.37 0.2580 7.66 0.0381 
5.56 0.3619 7.96 0.0510 
5.76 0.3709 8.62 0.0472 
5.98 0.3535 10.35 0.0641 
6.11 0.3542 10.78 0.0778 
6.18 0.2926 10.79 0.0712 
6.26 0.4105 11.74 0.0499 
7.35 0.4646 12.63 0.1043 
7.52 0.4334 15.81 0.0723 
8.61 0.5950 15.82 0.0971 
9.68 0.5595 17.57 0.0715 
9.72 0.5799 19.40 0.1094 
11.01 0.6450 20.42 0.1308 
11.92 0.6250 
16.84 0.8680 
19.21 0.7682 



. c) water 

\ Ceq (mg/dL) X (mol/eq pndnt) 

0.12 0.1702 
0.14 0.1171 
0.17 0.3316 
0.21 0.3193 
0.24 0.3080 
0.29 0.1213 
0.39 0.4152 
0.41 0.5846 
0.55 0.6248 
0.57 0.2996 
0.67 0.3286 
0.74 0.4819 
0.77 0.8261 
0.92 0.6564 
0.98 0.7621 
0.98 0.7176 
1.14 0.4995 
1.26 0.7553 
l.34 0.6949 
1.41 0.7555 
l.67 0.9014 
1.92 0.7194 
2.33 0.6904 
2.64 0.8578 
2.81 0.8012 
3.74 1.0291 
5.44 1.1462 
6.40 1.0797 
7.74 1.0106 
10.09 0.9781 
10.14 1.1573 
10.88 1.1930 
11.71 1.0621 
14.69 1.1135 
17.47 1.0736 
18.47 1.0855 
20.52 1.1029 
20.76 1.0998 
24.13 1.2649 
24.24 1.1017 
25.25 0.9878 
29.72 1.0354 
40.84 1.2577 

( 

d) Tris-HCI O.OOSM 

Ceq X 

0.7948 0.0197 
1.053 0.0324 
1,487 0.0421 
2.097 0.0603 
2.930 0.0831 
3.121 0.0884 
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FiKure 2.3 

Cholestyramine (Cl) 
Glycocholic acid 
Water 

Ceq (M) X (mol/g) Ceq X 

a) present results b) Johns and Bates 

2,461E-6 5,387E-4 3.125E-5 9.000E·4 
2.871E·6 3.706E-4 6.875E·5 1.575E·3 
3,486E-6 1.050E-3 1.250E-4 1.925E·3 
4.307E·6 1.01OE-3 1.875E-4 2,300E·3 
4.922E-6 9.748E-4 3.187E-4 2.675E-3 
5.94':'E·6 3.839E-4 5.125E-4 2.950E-3 
7.998E·6 1.314E-3 7. 1 88E-4 3.250E-3 
8,408E·6 1.8S0E-3 
1.1 28E-S 1.977E-3 
1.169E-S 9.482E-4 
1.374E-5 1.040E-3 
1.5 1 8E-5 l.S2SE-3 
1.579E-5 2.615E-3 
1.887E-S 2.078E-3 
2.010E·5 2.412E-3 
2.010E-S 2.271E-3 
2.338E-5 1.581E-3 
2.584E-5 2,390E-3 
2.748E-S 2.l99E-3 
2.892E-5 2,391E-3 
3.425E-5 2.853E-3 
3.938E-S 2.277E-3 
4.778E-5 2.185E-3 
5.414E-S 2.715E-3 
5.763E-5 2.5J6E-3 
7.670E·5 3.257E-3 
1.1 16E-4 3.628E-3 
1.313E-4 3.417E-3 
1.587E-4 3.096E-3 
2.069E-4 3.663E-3 
2.080E-4 3.776E-3 
2.231E-4 3,362E-3 
2.402E-4 3.524E-3 
3.013E-4 3,398E-3 
3.583E-4 3.436E-3 
3.788E-4 3.491E-3 
4.208E·{ 3.481E-3 
4.258E-4 4.003E-3 
4.949E-4 3.487E-3 
4.971E-4 3.l26E-3 
5.178E-4 3.277E-3 
6.095E-4 3.981E-3 .. -. 
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Fieure 2,4 Eieu[~ 2.S 
l . . 

Choleslymmine (Y) Choleslyramme (Cl) 
Glycocholic acid 
Tns-HCI,0.OO26M Tris-HCl,0.0026M 

Ceq (mg/dL) X (mol/eq pndnt) Ceq X 

a) y = CI a)G1ycocholic Acid 

as Figure 2.2 a) as Figure 2.2 a) 

b) y = 1 b)Cholic Acid, present results 

2.44 0.0981 2.81 0.1401 
4.91 0.1797 5.25 0.3011 
10.93 0.3542 6.76 0.4009 
11.18 0.4220 12.41 0.7415 
13.02 0.4252 17.54 0.8781 
14.93 0.5036 26.67 1.0487 
19.76 0.4497 30.99 1.0740 
20.26 0.5167 32.19 1.0656 
25.90 0.6080 
26.54 0.5469 
27.89 0.5641 c)Cholic Acid, past results 
31.56 0.5871 

0.663 0.0263 
1.016 0.0416 
1.227 0.0475 
1.907 0.0686 
2.859 0.1004 
3.643 0.1223 
5.912 0.1778 

-
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Fia:ure 2,6 

Cholestyramine (Cl) 
G1ycochohc aCld 
Tris-HCI, 0.OO27M 

Ceq (mg/dL) X (mol/eq pndnt) Ceq X 

a) 6°C c) 37°C 

1.35 0.0383 0.84 0.0409 
l.46 0.0640 1.06 0.0569 
2.52 0.0666 1.49 0.0881 
3.81 0.1163 2.30 0.1137 
5.01 0.1154 2.67 0.1160 
5.19 0.1970 4.15 0.2073 
7.29 0.3558 4.18 0.2144 
8.14 0.3400 4.50 0.2546 
8.39 0.2630 5.19 0.3384 
10.20 0.4813 5.42 0.2899 
15.23 0.4836 5.81 0.3363 
15.41 0.3099 5.88 0.3454 
16.50 0.4309 6.75 0.3944 
20.06 0.4829 7.26 0.3908 

7.53 0.5151 
13.18 0.7406 

b) 2SoC 15.68 0.7494 
16.37 0.8843 

0.25 0.0170 23.30 0.8621 
0.30 0.0264 28.74 0.8825 
0.61 0.0240 
0.91 0.0405 
1.08 0.0670 d) 650C 
1.39 0.0578 
1.85 0.1014 1.74 0.0768 
2.14 0.1326 2.15 0.0753 
3.19 0.1650 3.20 0.1306 
3.93 0.2243 3.50 0.1388 
4.36 0.2746 3.50 0.1652 
4.83 0.3251 3.69 0.1491 
4.95 0.3138 3.97 0.1752 
5.95 0.3797 4.53 0.2423 

4.94 0.2297 
6.37 0.4313 
7.24 0.4842 
10.63 0.6565 
10.75 0.6610 
16.45 0.8166 
16.56 0.7250 
19.32 0.8719 

~-, 
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, Fh:ure 2,7 

'- Cholcslyraminc (CI) 
Cholle aCld 
Tns-HCI,O.OO26M 

Ccq (mg/dL) X (mol/cq pndnt) Ceq X 

a) 6°C d) 65°C 

1.47 0.0425 1.20 0.0803 
2.57 0.0697 1.38 0.0652 
3.92 0.0966 2.92 0.1674 
4.79 0.1743 4.62 0.2702 
5.94 0.1641 5.37 0.2987 
6.88 0.2286 6.l6 0.3554 
7.92 0.2982 6.32 0.3508 
8.53 0.3882 6.50 0.3435 
8.55 0.2503 7.34 0.4284 
9.25 0.3744 7.46 0.4759 
16.33 0.4689 
17.15 0.5157 
17.46 0.4606 
22.98 0.5999 

b) 25°C 

as Figure 2.5 b) 

c)37oC 

0.71 0.0461 
1.15 0.0792 
1.42 0.0951 
2.45 0.1500 
3.00 0.1774 
3.34 0.2080 
3.48 0.2357 
3.91 0.2452 
-+.08 0.2579 
5.36 0.3914 
5.46 0.3460 
5.81 0.3770 
6.40 0.4482 
6.41 0.4243 
8.2-+ 0.5455 
8041 0.5327 
10.17 0.6137 
11.91 0.7515 
12.13 0.7167 

f 15.03 0.7962 
.. 
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Fi2ure 2.8 Fi2ure 2.9 

Cholestyramine (Cl) Cholestyramine (Cl) 
Glycoeholie aeld Cholie aCld 
Trls-HCl,0.OO26M Trls-HCl,0.OO26M 
Kineucs Kmeùcs 

Tlme (hours) X (mol/eq pndnt) Time X 

a) 6°C a) 6°C 

2 0.6444 2 0.6398 
4.5 0.7106 4.5 0.6875 
6 0.7169 8 0.7533 
22 0.7403 24 0.7858 

29 0.7960 
48 0.7992 

b) 25°C 

2.5 0.6729 b) 25°C 
5 0.7828 
7.5 0.8728 2.5 0.8779 
12 0.897 5 1.0233 
22 0.8988 7.5 1.0202 

22 1.0163 
c) 37°C 

2.5 0.5977 c) 37°C 
5.5 0.7736 
7.5 0.8114 2.5 0.8922 
50.5 0.8643 5.5 0.9400 

7.5 0.9530 
50.5 0.9862 

d) 65°C 

2 0.6000 d) 65°C 
4.75 0.7398 
7 0.7713 2 0.5172 
22.15 0.7821 4.75 0.6439 

7 0.6868 
22.5 0.7012 
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Fi~ure 2.10 

CholcsLyranune (Cl) 
Glycochohc aCld 
LangmulI' IsoLhcnn 

l/Ccq (M'l) IIX (~mol) I/Ccq llX 
(x 104 ) (x 10' ) 

a)Tris·HCI (O.OO26M) b )Phosphate (O.OO27M) 

7.746 10.53 6.251 50.96 

5.805 5.995 2.679 27.00 

4.168 4.861 1.693 14.83 

3.809 4.827 1.636 12.25 

2.622 3.003 1.263 10.82 

2.594 3.427 1.225 19.75 
1.496 1.721 1.035 7.382 

1.385 1.573 0.9931 7.879 

1.238 1.574 0.6366 8.293 

1.181 1.456 0.6126 6.195 

1.086 1.178 0.5657 6.694 
1.051 1.290 0.4711 4.929 

1.031 1.245 0.4523 4.061 
0.9235 1.140 0.4518 4.438 
0.9080 1.225 0.4153 6.331 
0.8770 0.8731 0.3861 3.029 
0.8465 0.8519 0.3084 4.370 
0.8154 0.8938 0.3082 3.253 
0.7980 0.8920 0.2775 4.420 

0.7779 0.7697 0.2513 2.888 
0.6634 0.6801 0.2388 2.415 
0.6484 0.7290 
0.5663 0.5310 
0.5037 0.5647 
0.5016 0.5448 
004429 0.4898 
004091 0.5055 
0.2896 0.3640 
0.2538 0.4113 
0.2479 0.3552 
0.2049 0.3520 
0.1988 0.3370 
0.l850 0.4084 
0.1590 0.3268 
0.1255 0.3100 
0.1422 0.3156 

• 
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Fi~ure 2.10 (cont'd) 

l/Ccq (M-1) 1/X (~mOl) 
(x 10-4) (x 10- ) 

c)Water 

40.63 1.856 
34.83 2.698 
28.68 0.9528 
23.22 0.9895 
20.32 1.026 
16.81 2.605 
12.50 0.7610 
11.89 0.5405 
8.865 0.5057 
8.554 l.055 
7.278 0.9615 
6.589 0.6556 
6.332 0.3825 
5.300 0.4813 
4.976 0.4146 
4.976 0.4403 
4.277 0.6325 
3.870 0.4183 
3.639 0.4547 
3.458 0.4182 
2.920 0.3505 
2.540 0.4392 
2.093 0.4576 
1.847 0.3683 
1.735 0.3944 
1.304 0.3070 

~, 0.8963 0.2756 
t 0.7619 0.2926 
r 0.6300 0.3230 

0.4832 0.2730 
, 0.4809 0.2648 
t 0.4482 0.2975 

i 0.4164 0.2838 
(. 0.3319 0.2943 
r 

l 
0.2791 0.2911 
0.2640 0.2865 

~ 
0.2376 0.2873 

t 0.2349 0.2498 

\ 
0.2021 0.2868 
0.2012 0.3199 

i: 0.1931 0.3052 

! 0.l641 0.2512 

t , 
" 



224 

Filmre 2.11 
~ 

Cholcstyrammc (Y) Cholestyramine (CI) 
Glycochohc acid Tris-HCl 
Tris-HCl Langmuir Isotherms 
LangmUlr lSotherms 

I/Ccq (M-1) 1/X (~rnOI) l/Ceq 1/X 
(x 104 ) (x 10- ) (x 104 ) (x 10-3) 

a)Y = Cl a)GIycocholic Acid 

as Figure 2.10 a) as Figure 2.10 a) 

b)Y =1 b)Cbolic Acid 

1.998 3.221 1.532 2.255 
0.9931 1.758 0.8202 1.049 
0.4461 0.8920 0.6370 0.7881 
0.4361 0.7487 0.3470 0.4261 
0.3745 0.7431 0.2455 0.3598 
0.3266 0.6274 0.1614 0.3013 
0.2468 0.7026 0.1389 0.2942 
0.2407 0.6115 0.1338 0.2965 
0.1883 0.5197 
0.1837 0.5777 
0.1748 0.5601 
0.1545 0.5382 

L_ 



225 

Fh=ure 2.13 

Cholestyramine (Cl) 
Glycocholic acid 
Tris-HCl 

I/Ceq (~rl) 1(X (~mol) I/Ceq 1(X 

(x 10-3) (x 10- ) (x 10-3) (x 10-3) 

a)60C c)370C 

36.12 8.249 58.05 7.725 
33.40 4.937 46.00 5.553 
19.35 4.744 32.72 3.586 
14.82 0.8880 21.20 2.778 
12.80 2.717 18.26 2.724 
9.732 2.738 11.75 1.524 
9.395 1.604 11.66 1.474 
5.990 0.9293 10.84 1.241 
5.812 1.201 9.395 0.9337 
4.780 0.6565 8.996 1.090 
3.202 0.6533 8.392 0.9395 
3.164 1.020 8.292 0.9148 
2.955 0.7332 7.224 0.8011 
2.431 0.6543 6.716 0.8085 

6.475 0.6134 
3.700 0.4266 

b)2SoC 3.110 0.4216 
2.979 0.3573 

195.0 18.58 2.093 0.3665 
162.5 11.97 1.697 0.3580 
79.93 13.16 
53.58 7.801 
45.15 4.716 d)6S0C 
35.08 5.466 
26.36 3.116 28.02 4.114 
27.78 2.383 22.68 4.196 
15.28 1.915 15.24 2.419 
12.41 1.409 13.93 2.276 
11.18 1.151 13.93 1.912 
10.01 0.9719 13.21 2.119 
9.850 1.007 12.28 1.803 
8.195 0.8321 10.76 1.304 

9.870 1.376 
7.655 0.7326 
6.735 0.6525 
4.587 0.4813 
4.535 0.4780 
2.964 0.3869 
2.944 0.4358 
2.523 0.3624 
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( Fieure 2.14 

Choleslyrammc (Cl) 
Cholie aCld 
Tm-HCl 
Langmuir isotherms 

I/Ceq (M-1) 11X (~mOl) l/Ceq 11X 
(x 10-3) (x 10- ) (x 10-3) (x 10-3) 

a)6oC c)370C 

29.29 7.434 60.65 6.854 
16.75 4.533 37.44 3.98 
10.98 3.271 30.32 3.322 
8.990 1.813 17.58 2.106 
7.249 1.925 14.35 1.781 
6.259 1.382 12.89 1.519 
5.437 1.059 12.37 1.340 
5.048 0.8139 11.01 1.288 
5.036 1.262 10.55 1.225 
4.655 0.8439 8.033 0.8072 
2.637 0.6738 7.886 0.9132 
2.511 0.6127 7.411 0.8381 
2.466 0.6860 6.728 0.7049 
1.874 0.5267 6.718 0.7446 

5.226 0.5792 
5.120 0.5931 

b)2S0C 4.234 0.5148 
3.615 0.4204 

as Figure 2.12 b) 3.550 0.4408 
2.865 0.3968 

d)6S0C 
35.88 3.935 
31.20 4.846 
14.75 1.887 
9.320 1.169 
8.019 1.058 
6.990 0.RS90 
6.813 0.9007 
6.625 0.9198 
5.866 0.7375 
5.772 0.6639 



Filmre 2,15 

Cholestyramine (Cl) 
Glycocholic acid 
Phosphate buffer, O.OO27M 

One-binding site model 

Ceq (mg/dL) X (mol/eq pndnt) 

a)Experimental data 

as in Figure 2.2b) 

b )Predicted data 

o 
2 
4 
6 
8 
10 
15 
20 

o 
0.01263 
0.02495 
0.03696 
0.04868 
0.06012 
0.08757 
0.1134 

227 
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( 
FiKure 2.16 

Cholestyramme 1 
Glycocholic aCld 
Tris-HCl,O.OO26M 

One Binding Site Moclel 

Ceq (mg/dL) X (mol/eq pndnt) 

a)Experimental data 

as in Figure 2.4b) 

b)Predicted data 

0 0 
2 0.1091 
4 0.1967 
6 0.2682 
& 0.3287 
10 0.3797 
15 0.4788 
20 0.5505 
30 0.6475 

FiKyre 2.17 FiKyre 2.18 

Cholestyramine CI Cholestyramine Cl 
Glycocholic aCld Cholic acid 
Tns-HCl,O.OO27M Tns-HCl,O.0026M 

One Binding Site Model One Binding Site Model 

Ccq (mg/dL) X (mol/eq pndnt) Ceq X 

60C 60C 

a)Experimental data a)Experimental data 

as In Figure 2.6a) as in Figure 2.7a) 

b)Predicted data b)Predicted data 

0 0 0 0 
2 0.09199 2 0.1052 
4 0.1685 4 0.1904 
6 0.2331 6 0.2610 
8 0.2884 8 0.3201 
10 0.3362 10 0.3705 
15 0.4318 15 0.4689 

( 20 0.5033 20 0.5407 

, 

.L 



Fieure 2.12 

Cholestyramine Cl 
Glycocholic acid 

Two Binding Site Modet 

Ceq (mg/dL) X (moVeq pndnt) 

a)Tris·HCI, O.0026M 

i)Experimental data 

as in Figure 2.2a) 

ii)Predicted data 

o 
2 
4 
6 
8 
10 
15 
20 
30 
35 
40 

o 
0.1386 
0.2547 
0.3538 
0.4399 
0.5156 
0.6712 
0.7927 
0.9734 
1.043 
1.104 

b)Pbospbate buffer, O.0027M 

i)Experimental data 

as 10 Figure 2.2a) 

li)Predicted data 

o 
2 
4 
6 
8 
10 
15 
20 

o 
0.01371 
0.02705 
0.04003 
0.05267 
0.06498 
0.09443 
0.1220 

Ceq x 

c)Water 

i)Experimental data 

as in Figure 2.2c) 

ii)Predicted data 

o 
2 
4 
6 
8 
10 
15 
20 
30 
40 

o 
0.8276 
0.9320 
0.9827 
1.0173 
1.0447 
1.0985 
1.1419 
1.2132 
1.2712 
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Fieure 2.20 Fieure 2.21 

\ 
Cholestyramine Cl Cholestyramine 1 
Cholle acid GlyeocholIe aCld 
Tris-HCI. 0.OO26M Tns-HCl.0.0026M 

Two Binding Site Model Two Binding Site Model 

Ceq (mg/dL) X (mol/eq pndnt) Ceq X 

a)Experimental data a)ExperimentaI data 

as 10 Figure 2.Sb) as in Figure 2.4b) 

b)Predicted data b)Predicted data 

0 0 0 0 
2 0.1474 2 0.1091 
4 0.2746 4 0.1967 
6 0.3855 6 0.2682 
8 0.4827 8 0.3287 
10 0.5690 10 0.3797 
15 0.7468 15 0.4788 
20 0.8852 20 0.5505 
25 0.9960 30 0.6475 
30 1.087 
35 1.162 

[ 
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Eil:ure 2.22 Fil:ure 2.23 

Cholestyrarmne Cl Cholestyrammc Cl 
Glycocholic acid Cholic aCld 
Tris-HCl,O.OO27M Tris-HCl,O.0026M 

Two Binding Site Model Two Binding Site Model 

Ceq (mg/dl) X (moVeq pndnt) Ceq X 

a)6oC a)6oC 

i)J:.xoerimental data i)Experimental data 

as in Figure 2.6a) as in Figure 2.7a) 

ii)Predtcted data lÏ)Predictcd data 

0 0 0 0 
2 0.1051 2 0.08919 
4 0.1902 4 0.1687 
6 0.2606 6 0.2404 
8 0.3197 8 0.3051 
10 0.3700 10 0.3643 
15 0.4684 15 0.4919 
20 0.5402 20 0.5975 

b)2S, 37, 650C b)25, 37, 650C 

i)Expenmental data i)Experimental data 

as in Figure 2.6b),c),d) as m Figure 2.7b),c),d) 

u)Predtcted data ll)Predlcted data 

as in FIgure 2.19a ii) as in Figure 2.20b) 



'l 
\.. 

Fieure 2.24 

Cholestyramine (Cl) 
Glycocholic acid 

Modified Scatcbard model 

Ceq (mg/dL) X (mol/eq pndnt) 

a) Tris·HCI, O.0026M 

i)Expcrimental data 

as in Figure 2.2a) 

1Î) Predicted datl 

o 
2 
4 
6 
8 
10 
15 
20 
24 
30 

o 
0.0711 
0.2088 
0.3572 
0.4864 
0.5889 
0.7518 
0.8364 
0.9134 
0.9459 

b)Phospbate burrer, O.0027M 

I)Expenmental data 

as ln Figure 2.2b) 

IÎ)Predicted data 

o 
2 
4 
6 
g 
10 
15 
20 

o 
0.0137 
0.02666 
0.03896 
0.0506 
0.0617 
0.08725 
0.1099 

Ceq X 

c)Water 

i)Experimental data 

as in Figure 2.2c) 

ii)Predicted data 

o 
2 
4 
6 
8 
10 
15 
20 
30 
40 

o 
0.8799 
0.9464 
0.9662 
0.9754 
0.9807 
0.9875 
0.9908 
0.9940 
0.9955 
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Fhmre 2.25 

Cholestyramine Cl 
Chohc acid 
Tris-HCl, 0.OO26M 

Modified Scatchard Model 

Ceq (mg/dL) X (mol/eq pndnt) 

a)Experimental data 

as in Figure 2.5b) 

b)Predicted data 

o 
2 
4 
6 
8 
10 
15 
20 
30 

o 
0.08676 
0.2486 
0.4117 
0.5439 
0.6434 
0.7917 
0.8648 
0.9291 

Fiaure 2.26 

Cholestyramme 1 
Glycocholic acid 
Tris-HCl,0.0026M 

Modified Scatchard Model 

Ceq X 

a)Experimental data 

as in Figure 2.4b) 

b)Predicted data 

o 
2 
4 
6 
8 
10 
15 
20 
30 

o 
0.1040 
0.1864 
0.2537 
0.3098 
0.3576 
0.4511 
0.5'.98 
0.6150 
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FÏI:ure 2.27 Fi~ure 2.28 

Cholcstyramme Cl Cholestyramine Cl 
Glycochohc aCld Cholic aCld 
Tns-HCl,O.OO27M Tns-HCl,0.0026M 

Modilied Scatchard Model Modilied Scatchard Model 

Ceq (mg/dL) X (moVeq l1ndnt) Ceq X 

a)6oC a)6oC 

I)Expcrimentai data i)Experimental data 

as 10 Figure 2.6a) as in Figure 2.7a) 

li)Predicted data b)Predicted data 

0 0 0 0 
2 0.1338 2 0.07854 

[ 
4 0.2112 4 0.1600 1 

;J 
6 0.2615 6 0.2380 
8 0.2969 8 0.3092 
10 0.3232 10 0.3729 
15 0.3664 15 0.5002 
20 0.3926 20 0.5916 
30 0.4229 30 0;.7081 

Il b)2S, 37, 6SoC b)25, 37, 6SoC 

~ I)Expenmentai data i)Experimental data 

1 u'> ln Figure 2.6b),c),d) as 10 Figure 2.7b),c),d) t 
! 

u)Prcdicted data b)Predicted data 

as ln Figure 2.24a 11) as 10 Figure 2.25b) 

l 
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Fh:ure 2,31 

Cholestyramine (Cl) 
Glycocholic acid 
Tris-HCl (0.0026 M) 

Simplified Donnan model 

X/Ca ~ml/g) X (mmol/g) X/Ca X 
(x 10- ) 

11.12 1963.5 4.122 3650.1 
10.53 1354.6 3.025 2932.7 
10.36 1224.0 
10.48 1194.3 
10.20 1533.2 
10.09 173.91 
9.946 866.91 
9.902 686.40 
9.620 885.06 
9.602 1913.7 
9.500 1166.6 
9.426 2128.5 
9.328 1168.9 
9.302 1846.4 
9.275 1430.2 
9.184 662.97 
9.100 347.16 
9.062 605.88 
8.938 214.50 
8.809 897.60 
8.634 837.54 
8.500 808.83 
8.454 716.10 
8.443 914.43 
8.436 2062.5 
8.310 2864.4 
8.293 787.38 
8.197 662.31 
8.171 214.50 
8.164 500.61 
7.929 474.87 
7.891 304.26 
7.733 85l.40 
7.663 99.000 
7.276 2935.4 
6.762 1224.0 
6.152 3094.4 
6.068 2961.8 
5.510 4089.4 
5.074 3190.8 
4.696 3303.3 
4.408 3623.1 
4.221 3363.3 
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( Filmee 2.32 Fi2uee 2.35 

Choleslyramme (1) Conducumeuy 
G1ycocholic aCld Choleslyramme 
Tns-HCl (0,0026 M) AgN03 

Simplified Donnan medel Vol AgN03 Conductance 
(ml) (micromho) 

X/Ca ~mVg) X (mmoVg) 
(x 10- ) 0 149,05 

0.04 148.8 
6.462 323.73 0.10 148.2 
6.071 1392.6 0.14 147.85 
5.883 593.01 0.18 147.45 
5.426 \661.9 0.22 147.10 
4.105 1705.1 0.26 146.75 
3.777 2006.4 0.30 146.35 
3.316 1804.8 0.34 146.05 
3.259 1861.5 0.38 145.65 

0.42 145.30 
0.46 144.95 
0.50 144.7 
0.54 144.4 
0.58 144.1 
0.62 143.85 
0.64 143.80 
0.66 143.75 
0.68 143.80 
0.70 144.25 
0.72 145.35 
0.74 147.55 
0.80 159.25 
0.90 178.85 
1.00 198.35 

Fi2ure 2.36 

Cholestyramine (Cl) 
G1ycocholic aCld 
Waler 

Ceq (mg/dl) X(mol/eq pndnl) Ceq X 

a)original data 

as FIgure 2.2 c) 

b)total bile acid in resin c)bile acid bound in resin 

0.14 0.1171 0.14 0.1035 

{ 
0.67 0.3288 0.67 0.3018 
1.14 0.4995 1.14 0.4740 
2.81 0.8012 2.81 0.7830 



Fil:ure 2.37 

Variation of the Donnan partition coefficient, À, Wlth mcreasing Ceq 

À. 
(104) 

0.973 
2.33 
4.21 
14.7 

Fil:ure 2.38 

Ccq 
(mg/dL) 

0.14 
0.67 
1.14 
2.81 

• Variation of the concentration of chloride anions in the extema! 'lolution and ln the resin phase, 
with increasing Ceq 

[Cl-]s [Cl-]r Ceq 
(104 M) (M) (mg/dL) 

1.70 1.75 0.14 
3.23 1.38 0.67 
4.54 1.08 1.14 
6.30 0.43 2.81 

Fil:lI[~ 2.J2 

Variation of the dlfference bctwecn the concentrauon of chlonde amons in the external soluuon 
and the total bIle acid concentration ln the resin phase, and the vanauon of the concentration of 
unbound bde aCld in the resin phase, with increasmg Ceq 

[Cl-ls-«BA + R'COQ-r)/Vr) [R'COO-]r Ceq 
(106 M) (l02M) (mg/dL) 

64 2.95 0.14 
29 5.90 0.67 
3.4 5.56 1.14 
0.9 3.93 2.81 
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Fh:ure 2.40 

Vanauon of the concentration of bound bile acid, [BA], of bound hydroxyl group, [BOH], and of 
free fixcd ioruc group, [B+], IR lhc rcsm phase, wllh increasmg Ceq 

[BA] [BOH] [s+] 

(M) (102 M) (M) 

0.225 17 1.78 
0.656 7.48 l.44 
1.03 0.85 1.14 
1.70 0.28 0.47 

Fi2ure 2.41 

Variation of the pH in the resin phase with increasing Ceq 

pH 

8.18 
8.15 
8.83 
8.82 

Fi2yre 2.42 

Ceq 
(mg/dL) 

0.l4 
0.67 
1.14 
2.81 

Ceq 
(mg/dL) 

0.14 
0.67 
1.14 
2.81 

Vanation of the concentrauon of hydroxyl amons 10 the extemal solution, Wlth IRcreasing Ceq 

0.147 
0.322 
2.84 
9.68 

Fi2yre 2.43 

Ceq 
(mg/dL) 

0.14 
0.67 
1.14 
.~.81 

Variation of the formation constant of bound bùe acid, Ke, in the resm phase, with increasing Ceq 

Kr Ccq 
(M-I) (mg/dL) 

4.3 0.14 
7.7 0.67 
16 1.14 
92 2.81 
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Fh:ure 2.44 

Vanation of the baslcity constant of the bound hydroxyl group. Kb' ln the reSIn phase. wlth 
increasing Ceq 

Kb Ceq 
(104 M-l) (mg/dL) 

0.16 0.14 
0.27 0.67 
9.1 1.14 
11 2.81 
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t CHAPTER3 

Eil:yre 3,5 

GlycocholIc aCld 
Tns-HCl,0.OO26M 

Ccq (mg/dL) X (mol/cq pndnt) 

a)\·NH2 

0.47 0.0057 
0.77 0.0054 
0.80 0.0068 
1.01 0.0055 
1.C4 0.0036 
1.22 0.0121 
1.62 0.0134 
2.17 0.0050 
3.35 0.0125 
3.37 0.0232 
3.54 0.0254 
4.26 0.0233 
4.73 0.0286 
5.29 0.0176 
5.54 0.0313 
5.56 0.0322 
7.48 0.0414 
7.72 0.0299 
8.24 0.0389 
10.00 0.0414 
10.06 0.0425 
11.77 0.0399 
13.87 0.0514 

b )\.C Q,C6H4 .CH2NH2 

0.93 0.0102 
1.44 0.0175 
2.04 0.0187 
2.90 0.0308 
4.10 0.0301 
4.46 0.0368 
5.24 0.0471 
6.59 0.0522 
8.15 0.0607 
8.33 0.0534 
8.53 0.0702 

( 
9.11 0.0624 
9.34 0.0555 
949 0.0536 



Figure 3,~ (cont'd) 

9,86 0.0526 
11.80 0.0762 
11.88 0.0621 
14.82 0.0864 
18.06 0.1059 

c)\-ala3-CO-C6"4-CH2N"Z 

2.49 0.0053 
5.20 0.0045 
7.85 0.0046 
10.47 0.0061 
13.22 0.0030 

Fhmre3.6 

Glycochohc acid 
Tri"-HCI.0.OO27M 

Ceq (mg/dL) X (mol/eq pndnt) 

a)\-NH2 

as Figure 3.5 a) 

b)\-CO-CH2-C6H4-NH2 

0.73 0.0025 
1.37 0.0095 
2.37 0.0103 
3.23 0.0090 
3.75 0.0081 
4.06 0.0091 
4.91 0.ül05 
5.76 0.0109 
5.81 0.0076 
6.45 0.0118 
6.69 0.0225 
7.26 0.0149 
8.09 0.0140 
9.10 0.0153 
9.14 0.0152 
9.38 0.01112 
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Filmre 3,6 (com'd) 

c)\-ala3-CO-CH2-C6"4 -NH2 

2.53 0.0049 
5.21 0.0030 
10.52 0.0017 
13.15 0.00665 

as Figure 3.5 b) 

Fi~ure 3.7 

Glycochohc aCld 
Tns-HCI,0.OO25M 

Ceq (mg/dL) X (mol/eq pndnt) 

0.65 
0.69 
1.46 
2.29 
3.12 
3.74 
4.03 
5.36 
6.19 
7.20 
8.38 
8.77 
8.85 
Il.02 
13.63 
14.26 

0.0058 
0.0053 
0.0103 
0.0151 
0.0218 
0.0242 
0.0262 
0.0336 
0.0365 
0.0334 
0.0531 
0.0554 
0.0525 
0.0594 
0.0680 
0.0671 

Ceq 

0.72 
1.14 
l.59 
2.36 
2.37 
3.04 
3.36 
4.21 
4.81 
4.92 

X 

0.0105 
0.0284 
0.0473 
0.0572 
0.0448 
0.0761 
0.0693 
0.0836 
0.0989 
0.0932 
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Fi"ure 3.8 

Glycocholic aCld 
Tns· HCl, 0.OO25M 

as Figure 3.5 a) 

b)\.N(CH3h'" 1-

Ceq (mg/dL) 

1.04 
1.52 
2.43 
3.80 
4.22 
5.37 
7.02 
8.88 
10.16 
13.37 
15.94 
17.97 

Figure 3,9 

x (moVeq pndnt) 

0.0090 
0.0181 
0.0306 
0.0400 
0.0382 
0.0321 
0.0508 
0.0595 
0.0718 
0.0605 
0.0753 
0.0768 

Glycochohc aCld 
Tns·HCl,0.OO26M 

as Figure 3.6 b) 

Ceq (mg/dL) 

1.25 
2.55 
3.90 
5.25 
6.77 
7.56 
9.35 
10.47 
12.31 
12.87 

X (moVeq pndnt) 

0.0112 
0.0319 
0.0324 
0.0379 
0.0593 
0.0504 
0.0663 
0.0726 
0.0517 
0.0906 
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( Fh:ure 3.10 

Glycochohc aCld 
Tris-HCl.0.OO28M 

a)\-ala3-CO-C6H4-CHz-NH2 

as Figure 3.5 c) 

b)\-ala3-CQ-C6H4-CHr N(CH3h+ J-

Ccq (mg/dL) X (mol/eq pndnt) 

0.94 0.000846 
1.57 0.0124 
2.00 0.0218 
3.31 0.0172 
3.72 0.0366 
4.64 0.0403 
5.67 0.0351 
6.67 0.0412 
7.55 0.0436 
8.17 0.0456 

Fh:ure 3.11 

Glycochohc aCld 
Tns-HCI. 0.OO28M 

a)\-ala3-CO-CHrC6H4-NH2 

as Figure 3.6 c) 

b)\-ala3-CO-CHrC6H4-N(CH3ht J-

Ccq (mg/dL) X (mol/eq pndnt) 

0.96 0.00458 
2.01 0.00600 
3.12 0.00610 
5.15 Om08 
8.35 0.0112 
9.46 0.00626 
10.52 0.0132 



Fieure 3.12 

Glycocholic aCld 
Tns-HCl,0.OO26M 

as Figure 3.5 b) 

b)\-CO-C6H4-CH2-N(CH3h+ 1-

Ceq (mg/dL) 

0.70 
1.57 
2.15 
3.24 
3.81 
4.53 
5.54 
6.00 
7.22 
7.70 
8.46 
10.43 
11.42 
14.05 
16.11 
16.78 

Fieure 3.13 

Glycochohc acid 
Tns-HCl 

x (moVeq pndnt) 

0.00558 
0.0102 
0.0125 
0.0250 
0.0230 
0.0241 
0.0331 
0.0350 
0.0566 
0.0462 
0.0618 
0.0623 
0.0663 
0.0964 
0.0993 
0.102 

a)Cholestyramine 

as Figure 2.2 a) 

as Figure 3.12 b) 
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\ Fh:u ce 3.14 a Fieure 3.14 b 

Glycocholic aCld Glycocholic acid 
Tm-HCl,O.OO25M Tns-HCl,O.0025M 

CCl} (mg/dL) X (mg/g) X (mol/eq pndnt) 

a)\-NH2 

0.47 0.666 as Figure 3.5 a) 
0.77 0.636 
0.80 0.810 
1.01 0.644 
1.04 0.426 
1.22 1.421 
1.62 1.586 
2.17 0.596 
3.35 1.474 
3.37 2.731 
3.54 3.012 
4.26 2.736 
4.73 3.361 
5.29 2.0'73 
5.54 3.705 
5.56 3.780 
7.48 4.905 
7.7'2 3.517 
8.24 4.572 
10.00 4.862 
10.06 4.998 
11.77 4.693 
13.87 7.682 

b)\\-NH-CH2CH2-NH2 

0.90 2.320 0.0057 
1.74 3.562 0.0087 
2.71 7.163 0.0176 
3.83 9.913 0.0243 
4.88 9.716 0.0239 
5.29 9.539 0.0234 
5.71 8.773 0.0216 
5.78 9.130 0.0224 
5.83 9.575 0.0235 
6.03 10.327 0.0254 
6.04 10.078 0.0248 
6.78 11.966 0.0294 
7 117 14.096 0.0346 
8.17 16.397 0.0403 
8.21 13.985 0.0343 
l) 69 18.642 0.0458 



Fieure 3.14a (cont'd) 

0.87 
1.53 
2.19 
3.17 
3.62 
4.00 
5.58 
5.70 
6.34 
7.59 

Fi~ure 3.15 

2.043 
5.278 
8.654 
12.827 
12.846 
14.875 
21.648 
19.226 
20.312 
25.018 

Glycochohc aCld 
Tris-Hel,O.OO25M 

Ceq (mg/dL) X (mol!eq pndnt) 

0.68 0.0030 
1.62 0.0039 
2.63 0.0077 
4.91 0.0071 
5.82 0.0102 
7.36 0.0096 
9.82 0.0084 
10.64 0.01l5 

Fieure 3.14b (cont'd) 

0.003 
0.0077 
0.0126 
0.0187 
0.0188 
0.0217 
0.0316 
0.0281 
0.0297 
0.0366 
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Fil:ure 3.16 

\-CO-CH2-C6H4-N(CH3)3+ r 
G1ycochohc aCld 

Ccq (mg/dL) X (mol/eq pndnt) 

a) Tris-HCI, O.0026M 

as Figure 3.9 b) 

b) Phospbate, O.002SM 

0.74 0.004 72 
1.60 0.00578 
2.09 0.0128 
2.55 0.0184 
5.04 0.0268 
7.67 ('0369 

Fil:yre 3.17 

G1ycochohc acid 
\-ala3-CO-C6H4-CH2N(CH3)3+ 1-

Ceq (mg/dL) X (mol/eq pndnt) 

a)Tris-HCI, O.0028M 

as Figure 3.10 b) 

b)Water 

0.41 0.0125 
1.04 0.0169 
2.17 0.0364 
2.58 0.0451 
3.97 0.0602 
4.72 0.0554 
5.67 0.0691 

Fieyre 3,18 

\-N(CH3)3 + 1-
Tns-HCl,O.OO25M 

Ceq X 

a)G1ycocbolic acid 

as Figure 3.8 b) 

b)Cbolic acid 

0.64 
1.35 
1.85 
2.22 
109 
3.91 
4.50 
6.45 
7.21 
7.35 
8.04 
9.59 
9.60 
10.89 
12.33 

0.0134 
0.0191 
0.0163 
(1.0279 
0.0324 
0.0390 
0.0317 
0.0505 
0.0529 
0.0574 
0.0523 
0.0750 
0.0632 
0.0622 
0.0791 
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