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ABSTRACT  

Bile acids are thought to play an important role in the 

formation of gall stones and in duodenogastric reflux. 
Knowledge of bile acid concentrations in the stomach and 

intestine is, therefore, imperative. This thesis describes 
the development of a biosensor for the measurement of bile 

acids in aqueous solution. 

The enzymes 3a and la hydroxysteroid dehydrogen9e, with 

the cofactor nicotinamide adenine dinucleotide (NAD 1, 

oxidise bile acids to form the keto-bile acid and reduced 

nicotinamide adenine dinucleotide (NADI-t). The latter 
compound is reoxidised on an organic salt enzyme electrode 

to produce a current, which is proportional to the bile 
acid concentration. 

An electrolyte layer containing the enzyme and cofactor 

solution is trapped adjacent to the surface of the 
electrode by a cellulose membrane. The bile acid diffuses 

through the membrane and is then oxidised by the 

enzyme/cofactor system. Kinetic analysis shows that the 
magnitude of the current is governed by the rate of 

transport of the bile acid through this membrane. 
Bile acids form micelles, which are too large to diffuse 

through the membrane, and thus it is facile to measure 
monomer bile acid concentrations during micellisation. Bile 

acid micelles, with aggregation numbers of approximately 

twenty, are significantly smaller than typical detergent 

micelles, and therefore an equilibrium model rather than a 
phase separation model is employed to describe the 
micellisation process. 

This model is invoked to rationalise mixed micelle 
formation, the effects of bile acid structure and ionic 

strength on the micellisation of bile acids. 

The interaction between bile acid and phospholipid is 
also investigated. This culminates in the introduction of 
the enzyme electrode into an ex-vivo rat chamber to measure 
bile acid activity in the stomach of a rat. 
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CHAPTERSILL 

INTRODUCTION  

The need to understand the exact role played by bile 

acids in the dissolution of water insoluble compounds and 

in gastric mucosal damage is of considerable interest to 

the medical world. A sensor to measure bile acid 

concentrations is hence important. Contemporary analytical 

techniques measure total bile acid concentrations and 

operate in-vitro. In the physiological situation the bile 

acids exist in an "inactive" form, bound in vesicles, mixed 

micelles, or to proteins and in an "active" form as free 

monomer. Knowledge of both inactive and active bile acid 

concentrations in the bile is important. Using an enzyme 

electrode one can measure active bile acid concentration, a 

hitherto immeasurable quantity; thus enabling 

physiologically important experiments to be performed. 

Bile acids are acidic steroids (Figure 1.1); the common 

bile acids have an A/B ring junction in the -cis 

configuration. The other important stereochemical facet of 

these molecules is the orientation of the hydroxy groups on 

the 'alpha' side of the molecule. 	Coupling of the 

carboxylic acid group on the side chain with either taurine 

or glycine produces conjugated bile acids, which have lower 

DK
a
's than the unconjugated acids and are thus soluble 

even in acidic solutions. 

BILE ACID PHYSICAL ,CHEMISTRY  

The physicochemical properties of bile acids play a 
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crucial role in the present understanding of gallstone 

formation in the gall bladder, and absorption of fats in 

the intestine. Detergent properties are confered upon the 

bile acids by virtue of their amphiphilic nature [1,2.3] 

This important physicochemical characteristic is due to the 

lipophilic beta side and the hydrophilic alpha side of 

the molecule; this is easily visualised on inspection of a 

three dimensional diagram of the bile acid and a space 

filling model (Figure 1.2). The bile acids are atypical 

detergents in the sense that aggregation, to form micelles, 

occurs over a large concentration range rather than at a 

single concentration; the critical micelle concentration 

(C.M.C)
[4]

. This behaviour is due to the fact that bile 

acid micelles are much smaller than typical detergents with 

a hydrophobic fatty acid tail and hydrophilic head group. 

The bile acid micelle (Figure 1.3 (a)) is orientated with 

the hydrophilic groups exposed to the aqueous evironment 

and the lipophilic steroid nucleus forming a hydrocarbon 

core. 

Bile acid micellisation has been investigated using 

quasielastic light scattering (OLS)
[5] 

and a simple two 

stage phenomenological model has been developed
[6] 

to 

describe the micellisation process. An important facet of 

this model is the distinction made between trihy droxy and, 

dihydroxv bile acids; aggregation for the dihydroxy 

molecule, unlike the trihydroxv molecule, is a facile 

process
[7] 

Bile acids exist as monomers, or dimers. until a 
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concentration of approximately 1 to 3 mM is achieved (20 to 

25 mM for the trihydroxy bile acids), on exceeding this 

concentration the molecules begin to aggregate to form 

primary micelles
.[8.9] 

These micelles have low 

aggregation numbers in the region of ten to twenty 

monomers[101. The primary micelle has a globular shape and 

is highly hydrated, with a hydrodynamic radius being 

typically 1 to 2 nm
[11] 

Primary micelles will exist provided the total bile acid 

concentration remains below approximately 100 mM. In the 

intestine bile acid concentrations do not approach this 

value and therefore to elucidate the role played by bile 

acids in the intestine one must investigate the physical 

chemistry of the primary micelle - monomer system. 

As the total bile acid concentration exceeds 100 mM the 

primary micelles proceed to polymerise in a stepwise 

[5] 
fashion 	to form 'secondary micelles'. (figure 1.3(b)). 

The stepwise mechanism of polymerisation results in a large 

size distribution of the secondary micelles, thus the mean 

hydrodynamic radius of the micelles is a function of the 

total bile acid concentration. The micelle has a prolate 

ellipsoid shape and a radius in the region of 10 nm
[5]

. 

Bile acid concentrations of 100 mM or more are only 

achieved in the gall bladder and thus the investigation of 

secondary micelles may be important in cholesterol gall 

stone formation. 	Another very important physicochemical 

property of the bile acids is their ability to aid 
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dissolution of phospolipids and cholesterol. The 

interaction between bile acids and phosphatidvl choline 

(Figure 1.4) has been investigated and a phenomenological 

model has been developed [12,13,14] 

Phospatidyl choline is insoluble and when it is 

introduced into an aqueous environment it forms 

multilamellar vesicles. Incorporation of 

bile acids into this vesicle is quite facile and the 

resulting mixed vesicle. Figure 6.1(a), has a radius of 

approximately 20 to 50 nm. On increasing the bile acid 

concentration the size of vesicle increases until a point 

is reached where the vesicle is saturated in bile acid; 

further addition of bile acid results in rupturing of the 

vesicle and simultaneous formation of a 'mixed disc ' type 

micelle (Figure 6.1(b)). The radius of this micelle is in 

the region of 5 to 10 nm; in fact a solution of micelles is 

clew" 	whilst that of the vesicle is typically turbid 

in appearance. 

Due to the absence of amphiphilic properties in the 

cholesterol molecule (Figure 1.5) the only mechanism for 

transport of cholesterol in the bile is in vesicular or 

mixed micelle form
[15]

. Cholesterol incorporation into a 

vesicle of phospholipid is facile and the vesicles become 

more rigid and stable when cholesterol is used as a spacer. 

The interaction between bile acid and the phospholipid/ 

cholesterol vesicle is identical to that of the bile acid 

/phospholipid vesicle interaction; there is a transition to 

a micellar form as the bile acid concentration is 

19 
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The Structure of Cholesterol 



increased. 

The physical chemistry of the phospholipid/ cholesterol/ 

bile acid interaction is, again, of importance in the 

understanding of how cholesterol is deposited in the gall 

bladder to form cholesterol monohydrate crystals, otherwise 

known as gall stones. 

ANALYSIS  ..01 BILE  ACIDS  

The first step in the analysis of bile acids is the 

extraction of the bile acids from the biological 

[16 17 18] 

	

mixture 	" 	This is commonly done via ion-exchange 

chromatography, using an Amberlite resin. Ion-exchange 

chromatography can also separate conjugated bile acids 

from the unconjugated. Coupled capillary gas 

chromatography/mass spectrometry is then used for 

identification and quantification of the bile acids. HPLC 

and TLC are other common chromatographic techniques which 

have been employed in bile acid analysis. 

With the isolation[19]  of the enzyme 3a -hydroxysteroid 

dehydrogenase (E.C. 1.1.1.50) determination of bile acid 

concentrations using enzymatic analysis became facile. The 

enzyme 3 a - hydroxysteroid dehydrogenase (3a -HSDH) 

catalyses the redox reaction between the oxidised form of 

nicotinamide dinucleotide (NAD ) and the hydroxy group on 

the 3a position of the bile acid, which all the common bile 

acids possess 

	

MAD 	(Figure 1.6) is a pyridine coenzyme for the large 

class of enzymes termed pyridine-linked dehydrogenases. The 
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nicotinamide moiety is the portion involved in the redox 

reaction. which is thought to occur via a hydride transfer 

to the 4-position on the nicotinamide 
[20,21,22]_ 

 3m - 

hydroxvsteroid dehvdrogenase is isolated from Pseudomonos 

testosteroni in a highly purified form. The enzyme has a 

molecular weight
[23] 

of 47100 D and the primary structure 

of the enzyme has been determined
[23]

.The Michaelis 

constant(K
m
) for NAD

+ 
 is 0.2 mM; 3a -HSD is however 

inactive when NADP is used as the cofactor. Maximum enzyme 

activity is found to occur at pH 9. 

Complete conversion of the bile acid to the keto bile 

acid is accomplished by incubation of the sample with 

sufficient NAD , enzyme, and hydrazine hydrate in Tris 

buffer (pH 9.5) at room temperature for 30 minutes. The 

hydrazine hydrate, a ketone trapping agent, and high pH 

ensure that equilibrium, Figure 1.7, is never achieved and 

the reaction is driven to completion. The initial bile acid 

concentration is therefore equal to the final reduced 

cofactor concentration. NADH, which can easily be 

determined. 

MEASUREMENT  .LE  NADH CDNcFNTRATTpN  

Detection of NADH can be accomplished using essentially 

four different methods: 

1) Spectrophotometric determination of NADH: this is easily 

done due to the large differential absorption of NADH 

compared to NAD at 340 nm. The absorption cockficient of 

NADH at 340 nm is 6.22 *10
3 

M
-1 

cm
-1 	[24,25], 

 whilst that 

+ 
of NAD is negligible. 
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S + NAD+ 	 ..._ 	P + NADH 

Figure 1.7 
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2) Spectrofluorometric determination of NADH by excitation 

at 340 nm and detection at 460 nm. This method is more 

sensitive than simple spectrophotometric determinations and 

is hence used when low concentrations of NADH are to be 

measured [26] 

3) Reaction of NADH with various oxidising agents to form 

compounds which absorb in the visible wavelength region is 

the basis of colorimetric determination of NADH. A common 

compound used is a tetrazolium salt which forms formazan on 

reaction with NADH: formazan strongly absorbs in the 

visible region . The advantage of this system is the 

increased reaction sensitivity due to the higher extinction 

coefficient of formazan; unfortunately the system is 

kinetically slow and mediators are needed. 

NADH can also be coupled to a specific reaction and 

thereby induce chemiluminescence or bioluminescence. 

An example of chemiluminescence being used to measure 

NADH is in the methylene blue system: In the presence of 

methylene blue, NADH reduces oxygen to hydrogen peroxide. 

The hydrogen peroxide is then reacted with excess 

bis(2,4,6- trichlorophenyl)oxolate in the presence of 

perylene: this results in chemiluminescence. The intensity 

of the resulting radiation is proportional to the initial 

NADH concentration. The detection limit of this system is 

2*10
-7 

M and it has a linear response to NADH up to 1*10
- 4 

[27] 

The reaction scheme for the measurement of NADH using 
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bioluminescence (Figure 1.8) is more complex. Three 

enzymes are involved: an NAD dependent dehydrogenase, 

FMN:NADH oxidoreductase and luciferase. The essential cycle 

is the conversion of the long chained aldehyde to the fatty 

acid by the FMNH
2 
.The FMNH

2 
reacts with oxygen to form a 

peroxide intermediate, which oxidises the aldehyde and is 

simultaneosly reduced to form an intermediate which is in 

an excited state. Relaxation to FMN follows a 

chemiluminescent pathway. This whole cycle occurs on the 

surface of the enzyme, luciferase; and thus 

chemiluminescence is not observed in an enzyme free 

solution. The intensity of the emitted radiation is 

proportional to NADH concentration [28,29]  

4) Electrochemical detection of NADH has been investigated 

over a whole array of different electrode systems. The 

major difficulties encountered with the oxidation of NADH 

on solid electrodes is that of high overpotentials, 

poisoning of the electrode surface resulting in short 

'electrode lifetime', poor reproducibilty and ill-defined 

current-potential curves [30.31]  

The dropping mercury electrode operates at a very high 

overpotential and furthermore inhibits enzymes and thus 

rendering it unsuitable in biological systems. 

The platinum electrode is held at 1.3 V, relative to a 

saturated calomel electrode, and is easily poisoned in 

alkali solutions. 

Both glassy carbon and pyrolytic graphite electrodes have 

been used to oxidise NADH. they have the great disadvantage 
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that they require extensive pretreatment and even then are 

poisoned easily. They operate under slightly lower 

overpotentials (0.45V) in comparison to platinum 

electrodes, but even this value is so high that poisoning 

of the surface is a facile process. 

The use of mediators in the oxidation causes a dramatic 

decrease in the overpotential 
[321. 

 The disadvantage of 

using a mediator is the instability of the electrode system 

and in general the electrode cannot be run for over six 

hours continuoway. Phenazine methosulphate (figure 1.9a) 

has been used as such a mediator [33] ; it was found that it 

has good kinetic properties but is unstable. The electrode 

loses over 601 activity in the time span of two hours. This 

instability is probably due to the solubility of the 

mediator and the fact that enzymes are denatured by the 

cation. 

The ideal system, therefore, is one in which NADU is 

cleanly oxidised at low overpotentials on the surface of an 

electrode. This system will thus have a long 'lifetime' and 

can also be easily incorporated into an in-vivo situation. 

CONDUCTING ORGANIQ SALTS  

With the discovery of conducting organic salts 
[341 

 an

electrode material which has such properties was at last 

found. A conducting organic salt consists of two species: a 

donor and acceptor. 

The remarkable feature of these compounds is their 

electrical conductivity along only one of the crystal axes. 

29 



NMP±  

NC 

Figure 1.9 (b) 

CN 

C 

CN 

NC 

z 
TCNQ 

CH3 30 

Me SO3- 

Figure 1.9 ( a ) 

The Structure of PMS. 

CH3 

The Components of the Organic Salt. 



This is due to the fact that both donor and acceptor 

species arrange themselves into seperate stacks which 

allows for band overlap. Incomplete charge transfer between 

the bands of both species results in partially filled bands 

and thus results in conductivity. 

In the conducting organic salt, NMP TCNQ, the donor 

species is N-rnei-llylpinencvxiniurvi (NMP ) and the acceptor 

species is tetracyanoguinodimethane(TCNO). Figure 1.9(b). 

Nenazine methosulphate is, as has already been described, a 

mediator and thus it is not too surprising that the salt 

36] 
oxidises NADH at low potentials [35, 

	
. Conducting organic 

salts can also oxidise the cofactor FADH
2 

and can thus be 

used in conjunction with flavo- enzymes [37]  

The exact mechanism by which the electrons transfer 

between the electrode and NADH is still unknown: whether 

the transfer is a mediated process on the surface of the 

electrode (heterogeneous redox catalysis) or a component 

of the electrode dissolves off the electrode and oxidises 

the enzyme in solution (homogeneous mediated mechanism) is 

a matter of debate. It is still unknown whether NADH 

oxidation occurs via a hydride transfer or a two electron 

transfer. The two electron transfer is thought to follow a 

pathway in which there is an initial, rate determining, 

single electron transfer forming a radical intermediate, 

followed by the loss of a proton and another electron 

transfer. 
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An ENZYME ELECTRODEIDIELIAZ MEASUREMENT 	LILL 

ACIDS. 

An enzyme electrode [381 , with a conducting organic salt 

electrode surface, was used to measure bile acids (Figure 

1.10). A dialysis membrane traps an electrolyte layer, 

which contains 3a -hydroxysteroid dehydrogenase, adjacent 

to the electrode surface. The membrane electrode is 

inserted into a pat containing NAD 	and bile acid solution 

is added. The resulting current is a function of three 

processes: 

1) The rate of diffusion of the bile acid through the 

membrane. 

2) the rate of the enzyme reaction. 

3) The rate of oxidation of the NADH on the electrode 

surface. 

The slowest of the three processes, which can be deduced 

from kinetic analysis, is the rate determining step. 

In the bile acid system a high enzyme concentration was 

used and the resulting current, at low substrate 

concentrations, is determined by the rate of diffusion of 

the substrate through the membrane. A very important facet 

of enzyme electrodes operating under 'membrane control' is 

that the apparent Michealis constant for the system, K ME 

is increased in comparison to the Michaelis constant for 

the homogeneous enzyme; thus increasing the linear response 

range of the system. The K
m 

for 3a -HSDH is in the 

micromolar range, however the K
ME 

of the enzyme electrode 

is in the millimolar region; it was therefore possible to 
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observe the onset of micelli 4aon. which occurrs in the 

millimolar region, using the enzyme electrode. Using the 

enzyme, 7 a- hydroxysteroid dehydrogenase [E.C. 1.1.1.159] 

[39.40] it was possible to exploit the stereoselectivity 

of the enzyme to measure the mole fraction of bile acids 

containing a 7 alpha group in a mixture of bile acids. 

Again the kinetics of the enzyme reaction were sufficiently 

fast to ensure that the electrode operated under membrane 

control as with the 3a -HSD system. 

alL MEDIAL IMPORTANCE OF BILE ACIDS  

Bile acids are not only interesting from the 

physical chemistry point of view but are very important 

from the medical viewpoint [41.421  

By virtue of their unique physicochemical properties 

bile acids play a prominent role in dissolution of water 

insoluble compounds in the intestine. 

The primary bile acids, cholic and chenodeoxycholic 

acid, are synthesised in the liver from cholesterol. The 

biosynthetic pathway begins with the 7 alpha-hydroxylation 

of the cholesterol ring and terminates with the oxidation 

of the cholesterol side chain. Conjugation with the 

relevant amino acid also occurs in the liver: indeed it is 

thought that all bile acids synthesised in the liver 

undergo conjugation. 

Biotransformation of the primary bile acids in the 

intestine is achieved by the action of bacterial micro-

organisms. The most common modification is 7 alpha- 
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dehydroxylation; this therefore produces deoxycholic and 

lithocholic acid from cholic and chenodeoxycholic acid 

respectively. Other bacterial modifications also occur, 

such as epimerisation (to form ursodeoxycholic acid). 

dehydration and dehydrogenation,thus resulting in a diverse 

bile acid pool. 

Bile acids are released from the liver (Figure 1.11), 

through the hepatic ducts, to the gall bladder. The gall 

bladder is used as the major storage site for bile acids by 

virtue of the fact that the lining of the gall bladder is 

impermeable to bile acids. This impermeability to bile 

acids also results in the concentration of the bile acids. 

in the gall bladder, being increased by an order of 

magnitude. 

The gall bladder contracts approximately 30 minutes 

after feeding thereby releasing bile. Bile acids ensure 

continuous release of bile during the digestion period, the 

so called choleretic effect of bile acids. As digestion 

comes to a close the Sphincter of Odi becomes tense and 

closes thus preventing any further secretion of bile into 

the duodenum. 

In the duodenum the bile acids aid the dissolution of 

fats and other insoluble compounds; as the bile acids flow 

down the intestine they are absorbed and returned to the 

liver in the portal vein - this is the entero-hepatic 

circulation of the bile acids. The absorption of bile acids 

is a very efficient process and the precise mechanism of 

bile acid uptake is still a matter for conjecture. In the 
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terminal ileum there is an active transport system which 

pumps bile acids into the lymphatic system: this pump seems 

to be specific for anionic bile acids and is therefore the 

major route chosen by taurine conjugated bile acids. 

Passive diffusion takes place throughout the intestinal 

lumen and is the favoured route of the unconjugated ,and 

possibly the glycine conjugated, bile acids. Thus each 

different bile acid probably has its own enterohepatic 

circulation pathway, which is defined by the 

physicochemical properties of the particular bile acid. 

Bile can be refluxed through the pyloric sphincter into 

the stomach lumen; under certain conditions the refluxed 

bile can cause damage to the stomach lining- a condition 

44] 
termed duodenogastric reflux [43, 	Bile acids, due to 

their detergent properties and being the major constituents 

of bile, are probably the culprits of any resulting damage. 

The stomach has developed an efficient mechanism (Figure 

1.12) by which the gastric mucosa are protected from the 

very low pH of the stomach lumen and other noxious 

materials, this mechanism is termed 'cytoprotection' 

[46,47] 

The first line of defence is a thick layer of mucus gel, 

which is a glycoprotein, into which bicarbonate is secreted 

from the surface epithelial cells. This thick layer 

sustains a very large pH gradient between the stomach lumen 

(pH 2-3) and the mucosa (pH 7-8). The mucus gel provides a 

physical barrier to noxious molecules and the bicarbonate 
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ions help neutralise hydrogen ions attempting to diffuse 

through the layer. 

The second line of defence are the epithelial cells, 

which are coated by a layer of phospholipid. The apical 

membrane of the cells and the 'tight junctions' between the 

cells are impermeable to hydrogen ions due to the presence 

of the surface layer of phospholipid: thus hydrogen ion 

diffusion into the mucosa is again inhibited. 

The mucosal blood flow system assists the protective 

mechanism by providing oxygen, nutrients, and bicarbonate 

ions to the suface epithelial cells and removing hydrogen 

ions, which have managed to penetrate the lines of defence. 

Any breach in the two lines of defence is quickly sealed 

by the formation of a thick gel of mucus. containing 

epithelial cells together with a bicarbonate rich fluid, 

over the breach. This prevents the damaged zone from 

further exposure to acid and pepsin, while re-

epitheliasiation takes place. 

The whole cytoprotection mechanism is thought to be 

controlled by prostoglandins, in particular PGE2. The 

prostoglandins control the rate of secretion of bicarbonate 

ions into the mucus gel, the thicknes of the mucus gel, the 

thickness of the phospholipid layer and the mucosal blood 

flow. It is therefore obvious that any disruption of local 

prostoglandin metabolism will have an adverse effect on the 

cytoprotection mechanism and thus increase the possibility 

of damage to the gastric mucosa. 

The bile acids may cause damage by attacking the mucus 
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gel by detergent action, or by interacting with the surface 

phaspholipids and thereby allowing hydrogen ions to diffuse 

through the epithelial cells. Bile acids are also known to 

disrupt prostaglandin metabolism and may cause damage 

through this effect. 

The exact role of bile acids in duodenogastric reflux is 

still a matter of controversy; the major obstacle in 

solving the problem arises in the measurement of the bile 

acids. 

Presently aspiration is the only method for measuring 

refluxed bile, but aspiration itself can induce reflux [47]  

thereby leading to non-physiologically relevaat 

measurements. 

The fact that bile is refluxed in normal individuals, 

without causing damage, poses the question of whether 

damage to the gastric mucosa is a function of 'residence 

time' of the bile. 

The need for an in-vivo sensor, to continucatay measure 

bile acid concentration without disturbing the equilibria, 

is therefore vital. 

The pH of the stomach lumen is so low that many bile 

acids will precipitate and thereby become 'inactive' in 

terms of pathogenesis; aspiration will measure this 

precipitated bile acid and again lead to spurious results. 

A sensor which measures bile acid activity is therfore 

necessary. 

Only an enzyme electrode coupled with micro-dialysis. of 
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all the present biosensors, has the potential to fulfil all 

these requirements. The micro-dialysis system avoids the 

difficulty of having to operate the enzyme electrode at 

the pH of the stomach. 

This thesis will describe the initial developmental work. 

which involved kinetic analysis and optimisation of the 

enzyme electrode. The change in monomer concentration was 

followed as a function of total bile acid concentration by 

exploiting the facility of the electrode to measure monomer 

concentration only. This investigation resulted in the 

development of a novel approach to explaining bile acid 

micellisation. An 'equilibrium model' was employed to 

rationalise the observed behaviour. This model gives a more 

accurate and powerful description for the formation of 

primary micelles than the hitherto employed 'phase 

separation' model. 

The electrode was then used to elucidate the variation of 

monomer concentration with total bile acid concentration in 

the presence of phosphatidyl choline. Again a simple 

equilibrium model was employed to give an accurate 

description for the bile acid - phospholipid interaction. 

Finally the electrode was introduced into an 'ex-vivo' 

rat chamber to measure bile acid activity in the rat's 

stomach. This was the first time a value for bile acid 

activity had ever been measured in a medical system: 

demonstrating the true power of the enzyme electrode over 

the other contemporary sensors for bile acids. 
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CHAPTER j_144 

THEORETICAL DESCRIPTION OF Q. 
RILE ACID SENSOR. 

EXPERIMFNTAI, 

CHEMICAL5,,gji1I SOI WrinNc 

All chemical were obtained from Sigma and did not 

require any further purification. 

Details of the two enzyme used are given in Table 2.1. 

The enzymes were used without further purification. A two 

step synthetic procedure
[1] 

was followed for the organic 

salt NMP TCNQ: 

TCNQ (1g,0.005 mol) was dissolved in boiling acetonitrile 

(100 cm
3
) and added to a boiling solution of LiI (2 g. 

0.015 mol) in acetonitrile. Purple crystals of LiTCNQ 

formed spontangously and were allowed to grow overnight. 

These crystals were then collected, washed with 

acetonitrile and dried in vacuo overnight. 

A boiling solution of LiTCNQ (0.96 g, 0.005 mol) in 

absolute ethanol (100 cm
3
) was added to a boiling solution 

of NMP MeSO4  (1g, 0.005 mol) in absolute ethanol (50 cm
3
). 

The solution was allowed to crystallise for 24 hours. The 

resulting black crystals of NMP TCNQ were washed with 

ethanol, recrystallised in acetonitrile and dried in vacuo 

overnight. 

All solutions were made up freshly each day in pH 8.9 

buffer containing 0.15 M CHES ( 2-[N-Cvclohexylamino]ethane 
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TABLE 2.1 

DETAILS OF 11.1E TWO ENZYMES USED 

Id livdkoxv- 	7d fordroxv- 

steroid jehuturisus_e 	steroid. dehydronenase  

COMPANY 	SIGMA 	 SIGMA 

SLFTLLED 	LYPHOLIZED 	LYPHOLIZED 

AS: 
POWDER 	 POWDER 

SPECIFIC 	50 units/mg protein 	5-20 units/mn 
ACTIVITY.: 	 protein 

K
m 	

2 uM 	 2 mM 

SOURCE: 	PSEUDOMONAS 	ESCHERICHIA 

TESTOSTERONI 	 COLI 

STORED AT 
	< 0 C 	 < 0 C 
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sulphonic acid), which has a pH buffering range from 8.6 to 

10. and 0.15 M sodium choride, unless otherwise stated. The 

buffer solution was prepared with doubly deionised water 

(DOW), which has been purified by passage through an ion-

exchange resin (Houseman) followed by circulation through a 

Milli 0 system (Millipore). 

A 10 mM solution of NAD in buffer, which had to be 

adjusted to pH 8.9 as the cofactor is quite a strong acid, 

was used for both enzyme systems. 

MEMBRANES, 

The membranes were obtained from Spectrum Medical 

Industries. The membrane is manufactured from natural 

cellulose and supplied in sheet form. 

Before using a membrane it was soaked in water to remove 

any impurities, soaking induces a three dimensional change 

in the structure. 

Two different membranes were used: 	Spectropore 2, 

which has a molecular weight cutoff of approximately 12,000 

and a thickness of approximately 2.3 * 10
-3 

cm, and 

Spectropore 3, which has a molecular weight cutoff of 3,500 

and a thickness of 3.3 * 10
-3 

cm. 

ELECTRODES  

Working electrodes were fabricated in-house by Mr M. 

Pritchard. A platinum disc was connected to a brass contact 

and press-fitted into teflon with a recess (depth 1 mm) to 

produce a cavity electrode. 

A mixture of organic salt and silicon oil was then used 
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to fill the cavity. A minimum of silicon oil, which 

functions as a binder, was employed. The surface of the 

electrode was then polished using filter paper. 

A drop of enzyme in electrolyte solution was dropped 

onto the electrode and thereby covered the surface. A 

membrane was then placed over the solution and held rigidly 

in position by an o-ring. Care was take to avoid the 

trapping of air bubbles behind the membrane and the 

membrane electrode was stored in fresh buffer solution to 

ensure that the membrane remains moist. 

A saturated calomel electrode was used as the reference 

electrode and a platinum wire was used as the counter 

electrode. 

APPARATUS  

Experiments were carried out using a modular system of 

electronics made in these laboratories by Mr J. Hooper. 

Bryans series 6000 or 29000 chart recorders were used to 

display the experimental results. 

All experiments were carried out in a small glass pot (6 

cm
3
), which was filled with a known volume of buffer and 

cofactor solution. The working, counter and reference 

electrodes were inserted into the solution and 

connected,(Figure 2.1). The background current was allowed 

to reach a steady value, which was usually of the order of 

nanoamperes (nA). An aliquot of the bile acid would then be 

added and the increase in the current recorded on the chart 

recorder. 
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THEORETICAL DESCRIPTION  OF inE ENZYME  

FLECTRODF 

The model employed for enzyme electrodes is dependent on 

the nature of the cofactor,the distinction being in the 

mechanism of the electrode reaction. For flavoenzymes the 

enzyme/cofactor couple is irreversibly oxidised on the 

electrode whilst for dehydrogenase enzymes only the NADH, 

and not the enzyme, is irreversibly oxidised. 

The scheme
[2] 

used for the bile acid sensor is 

illustrated in Figure 2.2: the enzyme kinetics is assumed 

to follow a simple one substrate one product mechanism. 

It was important to ensure that micellisation of the bile 

acid was not the cause for the current to reach a limiting 

value. This was realised by using taurocholic acid, a 

trihydroxy bile acid, which remains in a monomeric form up 

to a concentration of 25 mM
(3]

. Kinetic analysis was 

thus restricted to the results where the total bile acid 

concentration was less than 15 mM. 

Under the experimental conditions employed there is 

sufficient NAD to saturate the enzyme and thus the 

concentration of 'free' enzyme is negligible. The binding 

of the cofactor to the enzyme is assumed to be sufficiently 

fast to ensure that thermodynamic 'pre-equilibrium' is 

established between free enzyme and cofactor bound enzyme; 

thus the binding of cofactor is not taken into account in 

the steady state equations. The various equilibria, which 

constitute the kinetic scheme, are shown in Figure 2.3. 
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Kinetic Scheme for the NADH enzyme electrode 
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For each step in the scheme one can write: 

K
n 

= k
n
/k
-n 	

(2.1) 

and thus the overall equilibrium constant for the reaction 

between S + NAD and P + NADH + H 	K
TD' 

 is given by : 

K
TD 

= K
O
K

1
K
2
K
3 
	 (2.2) 

Transport of S and P through the membrane is determined 

by the rate constants k 	and k p  respectively: where : 

k
X 	

D
X 

K
X 	

L
m 
	(2.3) 

Where X is either S or P, D
X 
is the diffusion 

coefficient, 	the partition coefficient of X in the 

membrane and LM  the thickness of the membrane. 

All the primed rate costants are heterogeneous rate 

constants, measured in cms
-1
. Lower case letters denote the 

concentrations of the different species and the subscripts 

t and o are employed to depict concentrations of substrate 

or product in the bulk or electrolyte layer respectively. 

The electrolyte layer is assumed to be sufficiently thin 

to ensure no concentration polarisation. 

THE STEADY  STATE EQUATIONS  

In the steady state we can write six equations 

describing the flux, j: 

j = k 
s
(s

t 
- s

o
) 	 (2.4) 

= L.[ k
t
s
o
e
+ 
- k

-1
es] 	(2.5) e+  =[e.NAD+ ) 

= L[k
2
es 	k

-2
ep] 	 (2.6) 

= L[k
3ep 	

k
-3

P
o
e [NADH]/K

o
[NAD+ ]] 	(2.7) 

= k 
p
p
o 

(assuming p
t 
is negligible) 	(2.8) 

= k [NADH] 	 (2.9) 
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It is apparent that three rate determining regimes exist: 

1) MEMBRANE CONTROL, where transport of the substrate or 

product through the membrane is rate liminting. 

2) ENZYME CONTROL, where the enzyme catalysed conversion 

of substrate to product is rate limiting. 

3) ELECTRODE CONTROL, where the oxidation of NADH on the 

electrode is rate determining. 

The total concentration of enzyme is a constant, et, 

thus: 

	

e
t 
= e + es + ep 	 (2.10) 

Assuming, of course, that the concentration of free 

enzyme is negligible. 

We have six unknowns, s , p 	[NADH], and the three 
00 

enzyme concentrations, e+. es and ep; all of which can be 

eliminated via equations (2.4) to (2.10) to give the 

'master equation' (2.11): 

e 	1 	j 	K 
t  
	 [1 	. 	I

+ m  

	

k
cat 	

k
s 

s
t 	

Lk
cat

s
t 

. 2 

	 r 1 	
K
2 	

1 
f 

Lk
p
k K

TD
s
t
INAD 	k

-1 
k
-1 	

k
-2 

e
t 	

e
t 	 

(2.11) 

k
s 

s
t 
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1 
	

1 	1 	1 
+  	(2.12) 

k
cat 	

k
2 	

K
2
k
3 	k3 

and: 

   

Km 	1 1 	1 
+ 	 +  	(2.13) 

K
1
K
2
k
3 

k
cat 	

k
1 

The expressions for k
cat 

and 
KM/kcat 

have been discussed 

by Albery and Knowles
[4,5), 

 using free energy diagrams. 

It is interesting to note both the similarities and 

differences between the master equation for NADH based 

enzyme electrodes, equation (2.11), and the master equation 

for flavoenzyme based enzyme electrodes (see equation 8 of 

reference 6), equation 2.14: 
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et  

. 
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[1 
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s
t 

j ] . 

k
s
s
t 

K Km 

{ 

Lk
cat 

1 	-1 

3 	
(1+K 	) 	j 

, 	2 	(134 .) 1 

[ 1 1 	K 
+ , i 

Lk 
 

cat 	
k 	k 	‘' 	k

P 
 4 

j  )1
+ 

et 
 

k
P 	

k
s
s
t 

K1
1 K21 K31 

( p t 

t 
k 

Three terms are similar: 

1) The term for diffusion of the substrate through the 

membrane. 

2) The term where 'unsaturated' enzyme kinetics are rate 

limiting. 

3) The term where 'saturated' enzyme kinetics are rate 



limiting. 

The two models differ in their description of the 

electrode reaction, and it is this facet which results in 

the major discrepency between the two equations. 

In the flavoenzyme case the rate limiting transition 

state lies between the step e + p going to e + p. Thus the 

rate determining free energy difference is a function of 

four different terms, each one corresponding to the four 

different 'forms' of enzyme: e, es, e p and e .If mass 

transport and enzyme kinetics are fast, as is the case for 

glucose oxidase (GOD) [71   , it is possible far the current to 

be linearly dependent on substrate concentration and also a 

function of electrode potential. 

For NADH based enzyme electrodes the rate limiting 

transition state lies between the step NADH going to NAD +  + 

H . The enzyme system is a rapid pre-equilibrium and the 

rate limiting free energy difference is the electrochemical 

turnover of NADH (Figure 2.4). It is interesting to note 

that if one is operating under electrode control with an 

NADH enzyme electrode the flux will always be a function of 

substrate concentration, but this dependence will not be 

linear! 

The final term arises from the fact that the enzyme 

itself is not involved in an irreversible step. Thus one 

can visualise a situation where the rate limiting 

transition state lies 'behind' the 'dominant' form of the 

enzyme! So if the the enzyme is trapped as es or e p there 

can be three different energy terms which can be rate 

56 



S + E.NAD÷  

Rate Limiting 

Transition State 

On Electrode 

P + E + NADH 

Reactants and Products of 

Enzyme Reaction in Thermodynamic 

Equilibrium 

Figure 2.4 

The Free Energy Profile for the 

System when Operating under 

'Electrode Control'. 

57 



2 

ES 

EP 

Figure 2.5 
The Free Energy Profiles for the System 

When the 'Cycling Terms' are Dominant. 
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determining, this is illustrated in Figure 2.5. It is 

interesting to note that again the flux is dependent on 

substrate concentration, this is because in passing from 

the dominant form of the enzyme through the rate limiting 

transition state a substrate molecule binds and is then 

consumed. The flux is also a function of NADH and product 

concentration and hence there is a non-linear dependence of 

flux with substrate concentration. 

KINETIC ANALYSIS 	DATA  

By assuming no product inhibition the two terms in 

equation (2.11) representing electrode control and 

'cycling' of the enzyme can be ignored and the equation 

reduces to a much simpler form. The equation can then be 

rearranged into a form which is equivalent to a Hanes 

plot
tti] 

for Michaelis-Menten kinetics 

s t 
- 	

1 
[ 1 + 

s
t 

( 1 , 

k
ME 	

K
ME 	

k
s
s
t 

(2.15) 

The effective rate constant for the enzyme electrode at 

low substrate concentrations, k
ME' 

 is given by : 

1 	K
m 	

1 

(2.16) 

k
ME 

e
t
Lk

cat 	
k
s 

This term compares enzyme kinetics with mass transport of 
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K
m
(Lk

cat
)
-1 

K
ME

- 	
-1 

(Lk
cat

)  

+ e (k

_ 1  

t s 
(2.17) 

substrate through the membrane. 

The equivalent of the Michaelis constant for the enzyme 

electrode is K
ME

' and is given by : 

60 

One can see that if, at low substrate concentrations, 

mass transport is rate limiting then KME  > KM. As the 

substrate concentration is increased beyond K
ME 

the system 

begins to saturate and finally reaches a final flux given 

by: 

j = Lkcatet 	 (2.18) 

As electrode kinetics is a function of substrate 

concentration the final limiting flux can only be 

determined by enzyme kinetics: unlike the flavoenzyme 

system which may be limited by electrode kinetics. 

Thus from the Hanes-type plot a value for k
ME 
 can be 

obtained from the intercept on the Y-axis. 

For values of s
t 

/j significantly greater than Es
t 

/j]
o 

where 

Es
t 
 /I]

o 
 = (k ME)-1  , the function rho, p, can be 

calculated: 

p = [j/s 1/Ejls 	< 1 	 (2.19) 

Substitution of this into equation (2.15) gives: 
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V 
	p

-1
- 1 	1 	

1 

	k
ME 	

(2.20) 

s
t 	

K
ME 	

k
s 

Thus a plot of y against p will give K
ME 

and the ratio 

k 
ME

/k 
s
. If this ratio is unity then at low substrate 

concentrations mass transport is rate determining: 

conversely if the ratio is less than unity enzyme kinetics 

are rate determining (Figure 2.6). 

If the two terms which have been ignored in the 

rearrangement of equation (2.11) are rate determining then 

this will become apparent from the Hanes-type plot. Both 

the electrode control and enzyme cycling terms exhibit non-

linear dependence of flux with substrate concentration and 

thus result in obviously different Hanes plots, see Figure 

2.7. 



Enzyme kinetics rate limiting 

(KMEY1  

Function 'Rho' 

Figure 2.6 

A Diagram to Show how the 'Rho Plot' Depends on the 

Kinetics of the System . 
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Figure 2.7 

The Form of the Hanes Plot if 

the 'Cycling' or 'Electrode' terms 

are important. 



REFERENCES_ 

1)  Melbv.L.R.. 	Can.J.Chem. 	1448. 	3, 	1965 

2)  Albery.W.J.. Bartlett,P.N., 	Cass,A.E.G. 	& Sim.K.W., 

J.Eectroanal.Chem. 	218 	127, 1987 

3)  Hofmann,A.F., & 	Small,D.M., 	Annu.Rev.Med. 18, 	333, 	1967 

4)  Albery.W.J., & 	Knowles,J.R., 	Biochem. 	J.., 5631, 1976 

5)  Albery.W.J., & 	Knowles,J.R., 	Biochem. 	15, 5588, 1976 

6)  & 	Bartlett.P.N.. 	J.Electroanal.Chem, 

1985 

194. 	211, 

7)  Hanes,C.S., 	Biochem.J. 	26, 	1406, 	1932 

8)  Michaelis, 	L., 	& 	Menten,M.L.. 	Biochem. 	Z., 49, 333, 	1913 

64 



CHAPTER THREE 

DEVELOPMENT .Q.E. Q BILE ACID cwoR 

In the initial development of the enzyme electrode, it 

was necessary to analyse the experimental data and to 

thereby elucidate which one of the three processses, mass 

transport, enzyme kinetics or electrode kinetics, was rate 

determining. 

To ensure that the enzyme electrode behaved as a typical 

membrane enzyme electrode experiments were carried out 

under different experimental conditions. 

The eguation53.1 and 3.2 predict how k
ME 
 and K

ME 
will 

behave as the size of the different variables are altered. 

To verify if these predictions are correct several 

experiments were carried out. 

1 	K 	1 
m  

+ 	 (3.1) 

k
ME 	

e
t
Lk

cat 	
k 

s 

' -1 
K
m
(Lk

cat
)
-1 

e
t
(k

s
) 

KME 
-1 

(Lk
cat

)  

(3.2) 

one can see that, if mass transport is rate determining, 

by changing the enzyme concentration the value for k ME 

should remain unchanged whilst the value for K
ME 

will be 

proportional to the enzyme concentration. 

The same electrode, the area of which was 7.85* 10
-3 

cm
2
, 
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was used for all the experiments. 

The first set of experiments used the 3a -hydroxysteroid 

dehydrogenase as the enzyme behind the cellulose acetate 

dialysis membrane: 

EXPERIMENT  A. 

The dialysis membrane used was Spectropor 3 and the 

enzyme concentration was 5 mg/ml. The current - 

concentration plot (figure 3.1) was analysed. The modified 

Hanes plot
[1] 

(Figure 3.2) seemed to indicate that at low 

substrate concentrations the rate determining step was the 

transport of the bile acid through the membrane. A rho plot 

was then constructed, Figure 3.3, to verify that at low 

substrate concentration the observed current is determined 

by mass transport. 

The K
m 

of the enzyme
[2,3,43 

is in the micromolar region 

for all the bile acids and from the rho plot analysis it 

was found that the K
ME 

of the enzyme electrode was 

approximately 5 mM. This shows that the enzyme kinetics are 

considerably faster in comparison to the diffusion of the 

bile acid through the membrane and that the enzyme 

electrode is operating under membrane control at low 

substrate concentrations. 

EXPERIMENT  J., 

Here the same enzyme was used but its concentration was 

halved. The membrane was again Spectropor 3. It is 

immediately noticeable (Figure 3.1) that at high substrate 

66 



610 

70,0 

210 

10,0 

0,0 

RESULTS OF ALL THREE RUNS. 
Taurocholic acid in a solution of 0.15M NaC1, 

0.15M CUES, pH 8.9. 

0.0 	2.0 	4.0 	5.0 	8,0 	10.0 	120 	14.0 

CNN nA 
0 	DE !ci 	+ DF. 115 

67 

Figure 3.1 



0.2 — 
E 

I- 
z 
te

z  
D 

0.1 - D 

0.0 1 	I 	I 	1 	I 	1- 	I 	I 	1 	I 	1 	I 	1 	I 	I 

Taurocholic acid using Spectrapor 3 
membrane and 3 a enzyme (5mg/m1). 

HANES PLOT FOR EXPERIMENT 'A' 

68 

44 	2.0 	4.0 	B.0 	8.0 	10.0 

TOTAL ccoicErapgriCtkl ATM 

Figure 3.2 

1,2.0 
	

14.0 
	1&4 

RHO PLOT FOR EXPERIMENT 'A' 
Taurocholic acid using Spectrapor 3 
membrane and 3 a enzyme (5mg/m1). 	 0.12. 	 

0.11 - 

0.10 - 

0.09 - 

0.08 - 

0.07 - 
Z 

4.48 - 

z 
D 	0.05 - 

0.04 -

4.43 - 

0.02 - 

0.01 - 

-r 
0 0 	0.2 	0.4 

	
4.B 
	

0.8 
	

1.0 

FUNC110tg 1111-3' 

Figure 3.3 

12 



69 

concentrations the observed current for experiment B was 

lower than that for experiment A. The modified Hanes plot, 

Figure 3.4. again indicated that at low substrate 

concentrations the flux is determined by the diffusion of 

the bile acid through the membrane. Construction of a rho 

plot, Figure 3.5, again showed that this was true and 

values for k ME  and KME were calculated (Table 3.1). The 

value for k
ME 
 remained unchanged and KME was halved in 

comparison with experiment A. indicative of mass transport 

being rate determining at low substrate concentrations. 

EXPERIMENT C 

Inspection of equations 3.1 and 3.2 show that by keeping 

the enzyme concentration constant and changing the membrane 

the values for k ME  and KME should change, a change in k ME 
inducing a corresponding change in KME . 

In this experiment the same enzyme concentration as 

experiment B was used. The membrane used was Spectropor 2, 

which has a molecular weight cut-off limit of 12,500 and is 

thinner than the Spectropol,  3 membrane used previously. 

Diffusion of the bile acid through this membrane will thus 

be faster, which is depicted in Figure 3.1 and hence one 

expects k ME to increase and K
ME 

to decrease in comparison 

with experiment B. Values for k
ME 
 and K

ME 
were obtained 

from figures 3.6 and 3.7 respectively. Inspection of Table 

3.1 shows that this behaviour was indeed observed. 

EXPERIMENT  

The last experiment to confirm that the observed flux was 
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TABLE 3.1 

TABLE, DISPLAYING VALUES  .E.CLE flL PHYSIrAL CONSTANTS  

OF 21UL  ENZYME  ELECITRUE  

EXPERIMENT VALUE I_Mk 
ME 

VALUE ag .MME 
* 	10

-6 	
/ 	cm 	

s-1 
 / mM 

A 19.50 5.15 

B 20.39 2.44 

C 36.37 1.50 

18.70 18.22 

TABLE 1,2 

TABLE  SHOWING THE VALUES  ED , ja, EEL CONSTANT$ FOR 

MASS TRANSPORT THROUGH  jja IFECTROB41Z 3 MEMBRANE  .E.Q.11 

DIFFERENT BILE ACIDS, 

BILE ,ACID 	 VAIJW FOR  BATF CONSTANT 

k 	/ 
ME 

-1 
cm s 

TAUROCHOLIC 	ACID 21.12 * 10
-6 

CHOLIC ACID 25.72 * 10
-6 

HYDROLYSED TAUROCHOLIC 23.12 * 10
-6 

ACID 
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dependent on the diffusion of the bile acid through the 

membrane was carried out with 7 alpha hydroxysteroid 

dehydrogenase rather than 3 alpha hydroxysteroid 

dehyrogenase. This enzyme has different kinetic and 

thermodynamic properties than the 3 alpha hydroxysteroid 

dehydrogenase. As long as the kinetics of this enzyme are 

sufficiently fast to ensure membrane control one can 

Predict that the k
ME 
 should remain unchanged in comparison 

with the 3 alpha enzyme but the K
ME 

will change. Provided 

the 'saturated' kinetics of the 7 alpha enzyme reaction are 

faster then the 3 alpha then an increase in K
ME 

is expected 

and a corresponding decrease if the kinetics are slower. 

A Spectropor 3 membrane was used and an enzyme 

concentration of 5 mg/ml. Kinetic analysis again, Figures 

3.8, 3.9 and 3.10 shows that at low substrate 

concentration the rate determining process is the diffusion 

of the bile acid through the membrane, this is verified by 

the fact that the K
m 
of the enzyme

[5.6,7,8] i
s 

approximately 1 mM and the K
ME 

of the enzyme electrode 

(Table 3.1) is 18 mM. The increase in K
ME 

in comparison 

with the 3 alpha hydroxysteroid dehydrogenase indicates 

that the 'saturated' kinetics of the latter enzyme are 

slower than the former. Whether this is because the actual 

kinetic parameter, (kcat ), is smaller for the 3 alpha 

enzyme or because there is a large difference in enzyme 

concentration is unknown. The value for kME remained 

constant in comparison with the 3 alpha experiment, again 
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confirming that diffusion through the membrane is rate 

determining. 

Having established that the enzyme electrode operates 

under membrane control up to bile acid concentrations of at 

least 5 mM further developmental work was carried out. 

As diffusion of the bile acid through the membrane is the 

rate determining process the k
ME 
 for a bile acid will be 

dependent on the mass of the acid molecule. This was 

observed (Table 3.2) when comparing taurocholic acid, which 

has a molecular mass of 537, with cholic acid, which has a 

molecular mass of 408. This facet of the electrode allows 

the possibilty of using the biosensor in a 'differential 

mode': 

The enzyme cholyl glycine hydrolase (E.C.3.5.1.24) 

catalyses the hydrolysis of a conjugated bile acid to the 

non-conjugated bile acid[9 '
101 

 The enzyme is active at a 

pH of 5 thus incubation of a taurine conjugated bile acid 

with the enzyme will result in the product of the reaction 

precipitating out, as non-conjugated bile acids have higher 

pk values than the conjugated. If one had a mixture of 
a 

bile acids one could theoretically calculate the mole 

fractions of conjugated and unconjugated in the mixture: 

Before hydrolysis the current due to the mixture could be 

measured: 

k
t
c
t 	t 	

k c 
u u 

(3.3) 

where : 
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i
1 

= current due to mixture befor hydrolysis 

k 
t
= rate constant for transport of 

conjugated bile acids 

k 
u
= rate constant for unconjugated bile 

acids 

ct= concentration of conjugated bile acids 

c
u
= concentration of unconjugated bile acids 

After hydrolysis: 

i
2
= k

u
( c

t 
+ c

u
) 
	

(3.4) 

By doing calibration plots with taurocholic and 

cholic acid values for the two rate constants can 

be found and therefore values for c
t 
and c

u 
can be 

calculated from the differences in the currents i
1 

and i
2 
 • 
' 

and: 

2 
- i

1
1 

ct - 
(k
u 

- k
t

) 

2 
C
u
=  	c

t 
k
u 

(3.5) 

(3.6) 

Initial experiments were therefore carried out on samples 

of taurocholic acid only. The samples were incubated with 

enzyme overnight at pH 5. the precipitated cholic acid was 

redissolved by addition of a known volume of base until the 

pH of the system was equal to pH 8.9. The increase in rate 

constant for mass transport after hydrolysis was lower 
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than expected (Table 3.2). this was probably due to the 

hydrolysis reaction not going to completion and the 

concentration of unconjugated bile acid being lower than 

expected. 

Contemporary techniques
(117 

for separating different bile 

acids are very advanced and more developmental work is 

necessary before the enzyme electrode can challenge these 

methods in this particular aspect of analytical chemistry. 

EFFECT OF 21-1. 

It was hoped that this sensor could be directly 

introduced into the stomach of a patient suffering from 

duodenogastric reflux. An immediate problem associated with 

this is the pH of the stomach lumen, which is is in the 

range of 2 to 3. Could the enzyme electrode still operate 

at such low pH values? An experiment was carried out to 

follow the behaviour of the enzyme electrode at four 

different pH values with the same enzyme concentration 

trapped behind the membrane. 

A spectropor 3 membrane was used and the buffer Bis-Tris 

Propane was also used as it has a buffering capacity, which 

extends from pH 5 to 9. The enzyme used was 3 alpha 

hydroxvsteroid dehydrogenase, the concentration of which 

was kept at a constant value of 5 mg/ml throughout the 

experiment. 

From Figure 3.11 it is obvious that reduction in pH has a 

great effect on the flux. It is evident that as one goes to 

pH values lower than pH 7 the linear response of the 
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electrode drops radically. The linear response can, of 

course, be extended by emplyting a higher enzyme 

concentration but it is thought that at a pH of 4 there is 

no enzyme activity at all. Thus introduction of the 

electrode, in its present form, into the stomach is 

unfeasible. 

A technique which might circumvent the problem of pH is 

the use of microdialysis
[12] 

 . Here a microdialysis probe 

with buffer at high pH flowing through it could be 

introduced into the stomach, bile acid (at the pH of the 

stomach) will diffuse into the probe where it will come 

into contact with the the enzyme electrode. 

EFFECT NAD CONCENTRATION. 

In the model for the enzyme electrode the enzyme is 

saurated with cofactor and thus the binding of the cofactor 

is never flux determining. Optimisation of the sensor, 

obviously, requires the determination of the most efficient 

cofactor concentration. One could define the optimum 

concentration as the minimum concentration of NADI' for 

which binding of the cofactor to the enzyme becomes non-

rate determining. Using a concentration in excess of this 

value would be a waste of expensive cofactor and is to be 

avoided. Employment of a concentration below this would 

result in a current determined by enzyme control, which is 

again to be avoided. To investigate the effect of NAD 

concentration on the biosensor a series of experiments were 

carried out where only NAD concentration was varied, all 
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other variables were held constant. The reaction scheme, 

an ordered bi-bi mechanism[
13,14], 

 which was used to 

rationalise the current as a function of NAD
+ 
 is shown in 

Fig 3.12. The rate constant k
cat

/K
m 

now has a term which 

takes into account the binding of the cofactor and at low 

cofactor concentrations this term becomes important. 

Thus we see that as the cofactor concentration is reduced 

below 10 mM the flux becomes enzyme controlled even at low 

substrate concentrations, Figure 3.13. This is because the 

cofactor concentration is so low that the binding of the 

enzyme to cofactor becomes rate determininq.It is 

important to note that the 'free enzyme' and enzyme-

cofactor complex are now not in thermodynamic pre-

equilibrium and hence the binding of the cofacor must be 

included in the description of the flux. 
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CHAPTER FOUR 

THE PHYSICAL CHEMISTRY OF 

MICELLE FORMATION, 

The present understanding of micelle formation is based 

on the important phenome Tien known as the 'hydrophobic 

effect'. In the past the aggregation of amphiphilic 

molecules was explained by 'like to like' attractive forces 

between hydrophobic moieties coming in to play
[1,2], 

 these 

forces are however of minimal importance in contemporary 

models. 

The structure of liquid water plays a very important role 

in the rationalisation of the hydrophobic of feet. The 

exact structure of water has not been unequivocally 

described and at present the most convenient model to use 

is the 'distorted hydrogen-bond' model
[3

'
4
'
5]

. In this 

model all the water molecules are hydrogen bonded to four 

neighbouring water molecules but these bonds can be bent 

and stretched to produce cavities of variabe sizes, such 

distortions have been observed in X-ray analysis of ice
[4] 

Other models used to describe water involve the notion of a 

significant fraction of broken hydrogen bonds, which is in 

disagreement with spectroscopic data
[6

'
7]
. 

A hydrophobic molecule is one which is readily soluble in 

a non-polar solvent but only sparingly soluble in water, as 

opposed to a molecule which is insoluble in both 

hydrocarbon and aqueous environments. The hydrophobicity of 

a molecule can be determined by investigating the transfer 
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dt(w° 	w )/ T] 
HC 	 -o 	-o 

H
HC 

- H w  

d(1/T) 

(4.3) 

of said molecule from water to a hydrocarbon solvent. The 

simplest hydrophobic molecules are hydrocarbons or other 

such nonpolar molecules. 

A hydrophobic molecule will have a lower standard 

chemical potential in the hydrocarbon solvent, u
o

HC 
, than 

in water,
o

W 
thus: 

o 
W
HC

- W
W 

= !flan (XW /X
HC 
 ) + RT In (f

W
/f

HC
) 	(4.1) 

and: 

Hr - w 	< 0 	 (4.2) 

Where : 

XHC fHC 
= mole fraction and activity coefficient in 

'  

hydrocarbon solvent respectively. 

and: 

Xw  . fw  = mole fraction and activity coefficient in water 

respectively. 

The desired free energy difference can be determined from 

the ratio of the mole fraction of the molecule in the two 

solvents 
 

To determine whether the transfer is driven under 

enthalpic control or entropic control the transfer is 

followed as a function of temperature
[9,101, 

 as: 
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Where H0. is the partial molal enthalpy of the species in 

solvent 'i'. 

It was found that the solubility of ethane in water 

decreased with temperature and thus 

o 	-o 
H 	H

NC 
< 0 	 (4.4) 

This surprising result leads to conclusion that transfer 

of a hydrophobic molecule from a hydrocarbon environment to 

water is favourable from an enthalpy standpoint but there 

is a large loss in entropy associated with the process, 

which produces the positive free energy change for the 

transfer. 

The dissolution of hydrophobic molecules in water has 

been rationalised on the basis of the structure of 

water[11]. The hydrophobic molecule resides in one of the 

cavities in the water structure, the water molecules on the 

hydrocarbon-water interface rearrange themselves and form 

hydrogen bonds with each other. These hydrogen bonds are 

stronger than those in pure water and thus there is a 

decrease in enthalpy: by virtue of these strong bonds the 

water molecules are held rigidly in position and hence a 

loss in entropy ensues. 

Salvation of ionic compounds also disrupts the water 

structure, but unlike hydrophobic molecules, ions have the 

capacity to attract water molecules due to strong 

electrostatic forces operating beteen the two species. 
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Despite the water molecules being in a more ordered 

conformation the dissolution of a solid ionic compound, 

with a high degree of organisation, results in a great 

increase in entropy for the system. If the bonds formed 

between the ions and water molecules are stronger or 

greater in number than those broken then the enthalpy 

change for the system will be negative. The overall free 

energy change is, however, always negative. 

An amphiphilic molecule possesyn a hydrophilic moiety and 

a hydrophobic moiety (Figure 4.1). A typical amphiphile is 

a polar derivative of a hydrocarbon, the hydrocarbon 

constituting a hydrophobic tail and the polar moiety the 

hydrophilic head. Bile acids fit into this definition but 

rather than possessing a 'tail' and a 'head' one side of 

the molecule is hydrophobic and the other side hydrophilic. 

Self-aggregation of amphiphiles results in aggregates with 

the polar head groups of the molecules remaining in contact 

with the aqueous environment but the hydrophobic tail 

groups buried in a hydrocarbon core. These aggregates are 

termed micelles. 

The amphiphilic molecule will also reside in a cavity in 

the water structure but, unlike a hydrophobic molecule, the 

cavity will not completely surround the molecule as the 

polar head group will be embedded in its own separate 

solvation sphere. 

The hydrocarbon core of a micelle is thought to be very 

similar to a liquid hydrocarbon and thus incorporation of 
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- 	Hydrophobic tail 

Figure 4.1 

Structure of a Typical Amphiphile. 



an amphiphile monomer into a micelle should be a similar 

process to the transfer of hydrophobic molecules from a 

polar solvent to a nonpolar solvent
[12]

. The free energy 

change for the incorporation of amphiphile into micelle is 

in fact similar in size to that of hydrocarbon transfer 

from water to nonpolar solvent and the assumption of a 

liquid hydrocarbon core is therefore quite valid. Further 

evidence for a liquid hydrocarbon core is the ability of 

micelles to dissolve hydrophobic compounds in their core. 

When an amphiphile monomer enters a micelle it will lose 

its solvation sphere, which surrounds the hydrocarbon tail, 

and thus cause an increase in entropy. Enthalpic 

contributions should be minimal and thus micelle formation 

should be driven by entropic contributions, a typical 

manifestation of the hydrophobic effect. 

The hydrophobic effect behaves as an attractive force for 

micelle formation but a repulsive force must also exist 

otherwise the micelle would continually incorporate 

monomers and form a separate distinct phase. This repulsive 

force is the electrostatic repulsion between the head 

groups in the micelle and determines the size of the 

micelle. 

Thus one can visualise the standard chemical potential of 

the amphiphile in the micelle being a function of two 

terms: 

p 	= 	U 	 W 
mic 	mic 	mic 

(4.5) 

where : 
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U
o
. = contribution from 'hydrophobic effect' 

mic 

W
o 	

= contribution from electrostatic repulsion 
mic 

Exact calculations for the separate functions are as 

yet impossible but approximations have been made with 

limited success. 

The hydrophobic contribution can be approximated to the 

transfer of the amphiphile from water to liquid hydrocarbon 

and is thus independent of micelle size
B3 

The electrostatic term poses a much more complicated 

problem. The most common model used is that of Debye and 

Huckel 
[13'14.15,16]In 

 this model the micelle is 

positioned at the origin of the coordinate system and the 

electrostatic potential field generated by the micelle is 

calculated, then using this value the electrostatic 

contribution to the free energy term can be calculated. The 

distribution of the mobile counter ions is assumed to 

follow the Boltzmann distribution law. Thus: 

N = N exp( -z$/kT) 
	

(4.6) 

and: 

N = N exp( z$/kT) 	(4.7) 

where: 

z = charge on the ion 

+/- 
= bulk concentration of the counter ions in ions per 

cm 
3 

).1) = electrostatic potential at the point in question 

It is obvious that N > N 	near a negatively charged 
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dr 2 
	

DkT 

where K is the well known Debye-Huckel parameter 

	 N r$ = 	r $ 	(4.12) 

micelle as $ is negative and N = N at a great distance 

from the micelle where $ = 0. 

The charge density, p, at any point in the solution will 

be given by: 

P = Nz( exp(-z$/kT) - exp( z$/kT)) 	(4.8) 

Expansion of the exponential gives equation 4.9: 

z$ 	1 	z it 
3 

= -2Nz [ 	 

kT 	3! 	kT 

1 	( z$ 

5! 	kT 

Another assumption in the model is that z$ >) kT so that 

only the term which is linear with respect to z$ need be 

considered. This assumption holds quite well when dealing 

with univalent electrolytes but for highly charged ionic 

micelles ignoring the higher terms may lead to large 

errors. Assuming the assumption does hold, however, : 

p = - 2Nz
2 
$/kT 
	

(4.10) 

The electrostatic potential is obtained from Poisson's 

equation, in spherical coordinates (r, 8, (1)). and assuming 

spherical symmetry: 

1 	d
2
(r$) 
	

4u p 

    

(4.11) 

r 	dr
2 

Substituting for p: 

  

d
2
(r$) 	8Trz

2 
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K 

[ 

8uz
2 
L 	

1/2 
 I 

1000 DkT 

(4.13) 

where: 



I= ionic strength of solution = 1/2 E N 	z
2 

+/- 

L = Avogadro's number 

D = dielectric constant of the solvent, which is a 

constant. 

Solving the differential equation and applying the boundary 

conditions gives: 
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q 

1.1) = — [ 1 

DR 

K R 

  

 

(4.14) 

+ K a 

 

Where 	R= radius of micelle and a= distance of closest 

approach between micelle and counter ion. 

For a micelle with aggregation number, M, and hence 

charge Mz. the contribution to the free energy from the 

electrostatic repulsion per mole of amphiphile is therefore 

given by equation 4.15: 

 

LM z
2 	

1 

2 

   

W
o

m 
 . ic = L /M f tl) d q 

K 

 

(4.15) 

  

1 + K a 

  

This model assumes the micelle surface to be a uniformly 

charged surface when in reality it consists of point 

charges that are a significant distance apart. 

A more accurate model would probably be one which 

combines the Debye-Huckel theory, for ions in solution, 

with the Gouv-Chapman theory
[17,18]

for planar electrodes. 

The latter model would be especially applicable to large 

micelles with high charge densities. 

The Gouy-Chapman theory describes the fall of 



electrostatic potential in the solution surrounding a flat 

metal electrode. The major difference in this theory in 

comparison to the Debye-Huckel theory is in the form of 

Poisson's equation, which is in cartesian coordinates: 

d
2 

$ 

P(x) 	= 	- D  	(4.16) 

Again assuming a Boltzmann distribution of mobile ions 

and application of the boundary conditions gives the 

electrostatic potential as a function of distance: 

tanh (z4U4kT) 

 

exp ( -xx) (4.17) 

tanh (z$ /4kT)
o 

Where, K, the equivalent of the Debye-Huckel parameter, 

represents the thickness of the diffuse layer of ions 

surrounding the electrode and is given by : 

K = ( 2 Nz
2 

/ DkT)
1/2 	

(4.18) 

Thus for a highly charged electrode the diffuse layer will 

be very compact and for electrodes of lower charge the 

electrostatic potential tends to drop with distance from 

the electrode in an exponential manner. 

The term ID
o 
represents the potential on the surface of 

the electrode, which is a constant. 

The employment of cartesian coordinates avoids the need 

for expanding the exponential term and hence the assumption 

<< kT is not made. 

The exact form of the term W
o 	

for bile acids will, in 
mic 

all probability, be a very complex function including 

factors for the number of hydroxyl groups and conjugation. 
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The hydroxyl groups on the bile acids are polar but not 

charged and so quantitative models for their role in the 

electrostatic repulsion term will be difficult to 

formulate. 

The number of hydroxyl groups does however play a very 

important role in the size of the micelle
[19

'
20

'
21]

. The 

greater the number of hydroxyl groups the greater the 

electrostatic repulsion and the smaller the micelle; this 

explains, qualitatively, why trihydroxy bile acids form 

smaller micelles than dihydroxy acids. Lithocholic acid, 

which has only one hydroxyl group, is so hydrophobic that 

it tends to form gels rather than micelles. The position of 

the hydroxyl groups is also size determining, as 

deoxycholic acid forms larger micelles than 

chenodeoxycholic acid. Ursodeoxycholic acid posseses a 3 

alpha hydroxyl group and a 7 beta hydroxyl group; this 

results in even smaller micelles. The reason for 

ursodeoxycholic acid forming such small micelles in 

comparison with the other dihydroxy bile acids probably 

lies in the 'hydrophobic effect'term, U
o

mic, 
 as the beta 

hydroxyl group will affect the solvation of the hydrophobic 

beta side. When the monomer enters the micelle the gain in 

entropy which results from the change in the state of the 

solvation cage surrounding the beta side will not be as 

dramatic as the other dihydroxy bile acids because of the 

presence of the beta hydroxyl group; so eventhough W
o 
mic 

will be less positive the term U
o 
miC will be consideraby 

less negative and thus result in a small micelle. 



Conjugation is another factor which determines the size 

of a micelle
[21]

. It is found that unconjugated bile acid 

micelles are much larger than their conjugated counterparts 

and taurine conjugates are smaller than glycine conjugates. 

This trend can be rationalised in terms of the 

electrostatic repulsion as taurine is more polar than 

glycine and thus electrostatic repulsion is greater in 

taurine conjugated micelles. 

A measure of hydrophobicity is the hydrophobicity index, 

HI. which is obtaihzd from reverse-phase high pressure 

liquid chromatography. The larger HI the more hydrophobic 

the molecule and the larger the micelle
[22] 

It is obvious, however, that an increased concentration 

of counterions will reduce the electrostatic repulsion 

between the hydrophilic sides of the bile acid molecules in 

a micelle. So it is expected that, for a particular bile 

acid, an increased counterion concentration will result in 

larger micelles. 

It has been observed for many amphiphilic molecules that 

two distinct types of micelles can be formed. Small 

micelles, with aggregation numbers in the region of 100, 

and large micelles with aggregation numbers of 1000 or 

more. This has also been observed with the bile acids and 

has le d to the 'Primary-Secondary Micelle Hypothesis 

When the total bile acid concentration is in the 

millimolar region aggregation results in the formation of 

small, primary, micelles. These are globular in shape and 
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have mean hydrodynamic radii of approximately 2 nm. As the 

total bile acid concentration approaches molar values the 

primary micelles aggregate to form large secondary 

micelles, which are elongated rodlike structures with 

hydrodynamic radii of lOnm or more. This aggregation of 

primary micelles occurs as a succession of stepwise 

polymerisation reactions and thus leads to a very broad 

micelle size distribution whereas the primary micelles do 

not exhibit such large distributions of micelle size
[24] 

The formation of secondary micelles can again be 

explained by the hydrophobic effect. An important 

characteristic of bile acids, which distinguishes them from 

other amphiphiles, is that the hydrophilic side of the 

molecule also possesv.s a significant area of hydrocarbon, 

which is exposed to the aqueous environment. Thus it is now 

evident that by linear polymerisation of primary micelles 

the area of hydrocarbon on the hydrophilic side will be 

removed from the polar environment and enter a more 

hydrophobic one. In the past it was assumed that the 

driving force for the polymerisation of primary micelles 

was the gain in enthalpy from the new hydrogen bonds formed 

between the hydroxyl groups on the two micelles
[23]

. This 

however does not explain why trihydroxy bile acids do not 

form secondary micelles. A further argu ment against this 

hypothesis is that to form these new hydrogen bonds the 

solvation spheres around the hydroxyl groups must first be 

removed, this costs energy and therefore the net enthalpy 

change is negligible. The process is driven by the gain in 
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entropy, which is a result of the hydrophobic effect. 

Most other amphiphiles, which form the two different 

sized micelles, produce large micelles which are also 

asymmetric but they are single particles with a homogeneous 

hydrocarbon core. Bile acids form 'string of bead' type 

micelles by virtue of the fact that their hydrophilic sides 

also contain a significant area of hydrocarbon
(24] 

THERMODYNAMICS OF MICELLE FORMATION, 

A rigorous treatment of the thermodynamics of micelle 

formation has been accomplished by Hall and Pethica, 

however to gain physical insight into micellisation such a 

treatment is not of much assistance
(251 

In the past many investigations of micelle formation have 

assumed the micelle to be a separate phase and thus: 

mic r- 
	(.1

W 
+ RT{ In X

w 
	In f

W
} 
	

(4.20) 

where: 

p
o
= standard chemical potential of molecule in micelle 

mic 

p
o
= standard chemical potential of molecule in water 

The subscript 'mic' will be used to describe the 

individual molecule in the micelle rather than the micelle 

as a whole. 

and: 

X = concentration of molecules in mole fraction units 

f = activity coefficient at that concentration 
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Application of Gibb's phase rule to such a system 

results in free amphiphile and micelle being in 

equilibrium, at a given temperature and pressure, at only 

one X
W 
value. The value X is effectively the solubility of 

the amphiphile in water. 

However all detergent systems investigated tend to show 

that the value of X
W 
does vary over a small concentration 

range in the presence of micelle
[26.27] 

An inherent assumption in the 'Phase Separation Model' is 

that the micelles are not a component of a homogeneous 

aqueous phase and thus the entropy of mixing of micelles 

and solvent need not be taken into account. This assumption 

is incorrect as the micelles are dispersed homogeneously 

throughout the solution and thus an entropy of mixing term 

must exist in the description of the chemical potential of 

the amphiphile in the micelle. 

The entropy of mixing of micelle with solvent, per mole 

of micelle, is: 

RT1n ( mole fraction of micelle ) 	(4.19) 

The solution is sufficiently dilute. with respect to 

micelle concentration, to assume that interactions between 

micelles are negligible and hence no activity coefficientis 

reguired.ThernolefractionofalicelleisXmic 
 /m , where 

m is the aggregation number. Thus the entropy of mixing of 

micelle with solvent, per mole of amphiphile, is: 

and : 

(RT/m) In 
(X 
 m. /m) 
mic 

(4.21) 



RT 	X . 
0 	0 

w 	W = RT{ln(X f )} 	In 
mic  

mic 	W 	W W 
m 	m 

(4.24) 

RT 	X 
mic  

0   In 	(4.22) 
mic mic 

andLimic 	, 
must equal uwhich is given by: 

W 

W 	
=

W 
+ RT 	In (X

W  fW 
 )1 
	

(4.23) 

Equating the two equations gives the result: 

100 

m 	m 

Thevalueof0represents the probability of a 
mic 

molecule being in a micelle. 

Any detergent system will consist of micelles with 

different aggregation numbers. All these different micelles 

can be considered as different species and thus must have 

the same chemical potential, p
0

mic,n. 
 This gives equation 

4.25: 

p
mic.n 

- p
(1/:; 

= RT1n(X
W  f W 

 ) - (RT/n)ln( 
Xmic.n

/n) (4.25) 

Where X . 	is the mole fraction of a micelle with 
mlc.n 

aggregation number, n. Now the value 	 represents the 
mic,n 

probability of a molecule being in the micelle with 

aggregation number n, thus it will be more positive than 

0 
p 	. 

max 

It is of interest to note that as n increases the last 

term in equation 4.25 becomes less significant and hence a 

large micelle will behave in a manner predicted by a phase 



separation model. 

An experimental variable known as the critical micelle 

concentration (CMC) is often used to describe the onset of 

micellisation. A physical property of the monomer, such as 

the current with the bile acid sensor is followed as a 

function of total amphiphile concentration. The CMC is the 

total amphiphile concentration at which the micelle 

formation becomes appreciable. With a phase separation 

model this will occur at a unique value. Xw. 

For most amphiphiles micelle formation does not occur at 

a discrete concentration but over a narrow concentration 

range, thus calculation of a CMC has a large error limit 

associated with it. Figure 4.2. This error limit increases 

as the aggregation number of the micelle decreases and thus 

for the bile acid system, where aggregation numbers are 

usually less than 50, employment of a phase separation 

model is inaccurate. 

Micellisation can also be represented as a simple 

equilibrium between micelle and monomer, with an 

equilibrium constant. K
n
. 

K
n 

n M 	(nM) 

Thus: 

n(X
mic  

/ 	) 

K 
n 

X
n 

f
n 

W 	W 

(4.26) 
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Monomer 

Concentration 

"C.M.C" 

Figure 4.2 

Evaluating the "C.M.C." 

by the Graphical Method. 

Total Concentration 



103 

This is in fact identical to equation 4.25, with: 

n(u
mic,n

- 1.1
W
) = 	-RT1n ( K

n
) 
	

(4.27) 

The concept of a CMC with an equilibrium model is not at 

first apparent. However the model does account for the 

increase in monomer concentration even after micellisation 

has begun and is therefore especially useful for 

investigations of small bile acid micelles. Using an 

equlibrium model it is possible to obtain a value for 'n' 

and also a value for (c
mo

)
1/2

, the monomer concentration at 

which there are an equal number of molecules in the micelle 

as in the monomer form, and can be considered the 

equivalent of the CMC in the phase separation model. 

The mathematics involved in setting up an equation for 

the analysis of experimental data is very simple: 

The model is: 

K
n 

nM 
	

(nM) 

and: c
t
= total amphiphile concentration 

c .= 	micelle 	concentration; 	c = 	monomer 
mi 	 ma 

concentration 

thus: 

c .= K (c )n 
mi n mo 

(4.28) 

c
t
= 	c

mo 
+ nc 

mi 	
by conservation of mass 	(4.29) 

Dy definition: 

(c
mo

)
1/2 	

= 	nc mi 	 (4.30) 

(equal number of M in mi and mo) 

Therefore: 



a
t  

- 1 + ny
(n-1) 

'mo 
(4.36) 

y 
mo 
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(c
mo

)
1/2  

= K
n 
( c) 

mo 1/2 
n 

(4.31) 

Substitution for K
n 
into 4.28 gives: 

	

c . 	1 

	

mi 	 mo 

n 

(4.32) 

      

(c
mo

)
1/2 	n 	

(c
mo

)
1/2 

We can then define the dimensionless parameters y. y 

	

me 	mi 

and y
t
: 

	

= c 	) v
t
=c

t
/(c

mo
1
1/2

: v
mo

= c
mo

/(c
mo

)
1/2

: 	v 

	

mi 	mi
/(c 

 mo 1/2 ' 

From 4.32 therefore: 

v
mi 	

= 1/n ( y mo)
n 

(4.33) 

so: 

t 
= Y 	+ (y 

mo 	mo
)
n 	

(4.34) 

Rearranging and then taking logarithms: 

c c 

lnr 	t 	ma  ]- (n-1){1n(c 
mo 

 ) - In (c
mo

)
1/2 	

(4.35) 
L c  

MO 

Values for c
mo 
 are found from the magnitude of the 

measured current and c
t 
is also known thus the appropriate 

	

graph can be plotted. The gradient is 	(n-1) and the 

intercept on the x-axis will give (c
mo

)
1/2 

It is interesting to note how y
ma 
 behaves as a function of 

V • 
't.  
From equation 4.34: 

and so: 
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a y 	(v - v ) 
t 	 

1 + n 	
t 	mo 
	(4.37) 

ma 	mo 

There are therefore two regimes: 

1) 	When y
t 

<< 1 and y
t 
is equal to y 

mo
. In this regime 

the concentration of micelle is negligible. 

2) 	When y
t 

>> y mo ; now y
t 	

(y mo)
n 

So 	a in(v mo)/a  incv ) = 1/n 	so the increase in 

monomer concentration after the total concentration has 

exceeded 
(cma)1/2 

is small and dependent on the size of 

the micelle. The larger the micelle the smaller the 

increase and hence at large 'n' the micellar solution 

appears to be behaving like a phase separated system. 

Now from equation 4.33: 

aln ymi  
= n 	(4.38) 

aln 
MO 

a v 

So after y
t
= 1 	: 

aln( ymi)/  a ln( y
t
) = 1 	(4.39) 

On exceeding 
(cma)1/2 

the micelle concentration increases 

dramatically. 
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CHAPTER ,FIg 

Results IQ/ ihe virpuisptinti. of ,file.  

Acids. 

Before analysis of the results for the bile acid 

micellisation obtained using an enzyme electrode it is very 

important to ensure that the enzyme electrode is measuring 

the true monomer concentration and thereby not disturbing 

the micelle - monomer equlibrium. To prove this we envisage 

the folowinq simple model,Figure 5.1, where we assume that 

the monomer concentration behind the membrane is 

negligible: 

1 

where: 

N is the monomer species in equlibrium with the 

micelle. N. The first order rate constants k
1 
and k

-1 

represent the incorporation and expulsion of a monomer unit 

into and out of the micelle respectively. The rate constant 

k d  represents the mass transport rate constant for a 

monomer molecule. in cm s
-1 

Let c= total amphiphile concentration = m + n 

m= monomer concentration 

n= micelle concentration 

Then by Fick's second law of diffusion one creates 

equation 5.1: 



monomer 

concentration at 

membrane 

monomer concentration 

44 

monomer 

monomer concentration 

in bulk 
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diffusing through 
membrane to electrode 

reaction layer, zk  

membrane 

N 	M 

k 

Figure 5.1 

Is the Electrode Shifting the 

Monomer-Micelle Equilibrium? 

4 

k d 



. 	2 
c) m 

—D 	 = k
1
n - k

-1
m = k

1
c - (k

1 
+ k

-1
) m 

a 
z2 

where D is the diffusion coefficient of the monomer 

and : 

n 	k
-1 = 

n 	k
1 

and so : 

 

c - m
1 = 	(5.2) 

k
1 

 

where m is the bulk monomer concentration. 
CO 

Substitution of 'c' into equation (5.1) gives the 

following partial differential equation (equation 5.3): 

a 2(m - m) 	a 2m  
CO 

z 	z 2  
-D 	 - (k

-1 
 + k

1 
 )(m 	m) 

... 

The solution of which is: 

(m 	m) = (m - m
o 

) exp( -z / z
k
) 	(5.4) 

where: 

m
o 

= monomer concentration at the membrane 

and: 

z
k 

= ( D / (k
1 

+ k
-1 

))
1/2 	

(5.5) 

SO: 

D 
m 

 

D (m - m
o

) 

= k
d  mo 	

(5.6) 

z 

  

This can be solved for m
o 
: 
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CO 
m 
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m 
0  

 

(5.7) 
1 + (k

d
z
k
/D) 

If k
d 

z
k
/ D is << 1 then m x m . To prove that this 

condition is satisfied literature values
[1] 

for the 

relevant functions are used: 

D = 1.83 * 10
-8 

cm
2 

s
-1 

k
1 	

k
-1 

= 1 * 10
7 

s
-1 

k 	= 36.4 * 10
-6 

cm s-1  

It is immediately apparent that mass transport of the 

monomer is a much slower process in comparison to the 

kinetics of the micelle equilibrium. 

This data gives a value of 3* 10
-8 

cm for z
k 

and so k
d 

z
k
/D is 6 * 10

-5
•  which is very small in comparison with 1. 

The small perturbation to the micelle equlibrium due to 

monomer diffusing into the membrane is overcome within a 

very small reaction layer, z
k' 

because of the fast kinetics 

of the micelle system and so m 	m . 

Having proved that the enzyme electrode is measuring the 

true monomer concentration and not affecting the micelle-

monomer equlibrium the question of whether the bile acid 

system fits the equilibrium model must be answered. 

The reproducibility of the micellisation was tested to 

ensure that the observed limiting current is not just a 

facet of the enzyme electrode saturating due to rate 

limiting enzyme kinetics. 

The first experiment was carried out with Spectropor 3 

membrane. 3 ot-hydroxvsteroid dehydrogenase and 
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taurodeoxycholic acid.To ensure that the system was 

operating under membrane control the enzyme electrode was 

first tested using taurocholic acid, which does not form 

micelles until total bile acid concentration of 

approximately 25 mM. If the current is linear with respect 

to bile acid concentration until a concentration of at 

least 5mM is attained then one can be assured that the 

enzyme electrode is in the membrane controlled region. 

Three current verus total bile acid concentration runs were 

performed at three different enzyme concentrations. If the 

limiting current was due to enzyme saturation then three 

different limiting currents should have been observed. 

From Fiq.(5.2) this is obviously not the case. From these 

plots monomer concentrations are taken in the region where 

micellisation is occurrinq.i.e. where there is a high 

degree of curvature in the plot. Thus a data table such as 

Table(5.1) is created. This data is then manipulated so 

that graphical analysis of equation 5.8: 

c- c 
t 	mol

-  (n-1) (ln(c mo ) 	ln (c
mo

)
1/2 

MO 

can take place. 

The plot for run 1 is shown in Figure 5.3. The data seems 

to fit very well and so the data for Runs 2 and 3 were 

similarly analysed. The results are summarised in Table 

5.2. 

The first point to note from these results is that the 

data is independent of enzyme concentration. which is 

ln [ 



o run 
TOTAL GONCEIFATO /di 

+ run2 	# run3 

RESULTS OF ALL THREE RUNS 
Taurodeoxycholic acid, using Spectrapor 3 
membrane and 3 cc enzyme at three different 
concentrations (5, 7.5 and 10mg/m1). 
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TABLE 5.1 

DATA TABLE SHOWING  THE VARIATION OF .MONOMER CONCENTRATION 

WITH TOTAL BILLACID CO_KLENTRATION  IE THE REGION, WHERE  

MICELLISATION_La TAKING PLACE, 

JEAJL'BILE ACID 	 MONOMER BILE  LW 

CONCENTRATION / mM CONCFNTRATTON /mm 

3.5 1.030 

4.5 1.050 

5.5 1.063 

6.5 1.068 

7.0 1.073 



   

OBE PLOT 
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EQUILIBR1U V V 

 

 

Taurodeoxycholic acid, using Spectrapor 3 
membrane and 3 a enzyme 

LOOM ER MICEN1RATIMirriii) 

Figure 5.3 



TABLE  L2, 

TABLE DEMONSTRATING  THE REPRODUCIBILITY  

OF ail EQUILIBRIUM.  MODEL,PARAMFTFRS,  

RUN NUMBER 	AGGREGATION 
	

C
MO}1/2 
	CORRELATION 

NUMBER 	/ mM 
	

COEFFICIENT 

1 20.1 0.98 0.99 

2 22.9 1.00 0.98 

3 18.4 0.97 0.98 
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indicative of micellisation rather than enzyme saturation. 

The second point to note is that the equilibrium model is a 

very accurate description of the bile acid system. The 

error limits on the results are very small especially in 

comparison with literature results for bile acids, which 

have always used a phase separation model to describe the 

micellisation process 
 

To add further proof that the observed limiting current 

was due to micellisation three similar runs were carried 

out using the same bile acid and same enzyme,whose 

concentration was again varied for each run, but a 

different membrane. Spectropor 2, which has a molecular 

weight cut-off of 12.000. rather than Spectropore 3 was 

used. 	From the results of the experiment with 

Spectropore 3 the micelles should be sufficiently small to 

diffuse through the membrane, however the actual shape of 

the bile acid micelles prevents them from diffusing through 

the membrane
[6,7]. 

 If enzyme saturation was causing the 

limiting current then saturation would occur at a much 

lower total bile acid concentration in comparison with the 

Spectropore 3 experiment because the value of k 	has been 

increased using Spectropor 2. The limiting current would 

also be a function of enzyme concentration. 

Figure 5.4 shows that the limiting current is independent 

of enzyme concentration and Figure 5.5 demonstrates that 

the data fits the equilibrium model. The values for the 

aggregation number and 
(cmo)1/2 

are presented in Table 5.3. 

which again demonstrates the reproducibility of the data. 



1 0.0 
10.0 0 0 	2.0 	4.0 	5.0 	8.0 

'TOTAL CONCENTROCN fmM 
0 	RIJN 1 	t FIN 2 	4 RUN 5 

1.8 

EQUILIBRIUM PLOT FOR SPECTROPORE 
Taurodeoxycholic acid, using Spectrapor 2 

	 membrane and 3a enzyme at three different 
concentrations (5, 7.5 and 10mg/m1). 

0.386 0.345 0.396 

REPRODUCIBILITY OF SPECTROPORE 2 RUNS 
Taurodeoxycholic acid, using Spectrapor 2 
membrane and 3a enzyme at three different 
concentrations (5, 7.5 and 10mg/m1). 
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TABLE 5.3 

TABLE DEMONSTRATING THE REPRODUCIBILITY  

OF THE EQULIBRIUM  MODEL ON CHANGING  

MEMBRANE  IQ SPECTROPORE 2, 

RUN 	AGGREGATION  
IC110111_2 	

CORREIAJION  

NUMBER 	NUMBER 	/ mM 	COEFFICIENT  

1 21.8 1.35 0.99 

2 21.9 1.17 0.98 

3 20.6 1.13 0.97 
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From Figure 5.4 it is obvious that the current reaches a 

limiting value at aporoximately the same total bile acid 

concentration irrespective of the porosity of the membrane. 

Two further experiments were carried out to prove, 

unequivocally. that micellisation is the process being 

investigated. The first experiment was to use Spectropore 

3, 3 a- hydroxysteroid dehydrogenase and 

taurochenodeoxycholic acid. If a limiting current is 

observed then the possibility that the limiting current is 

due to some facet of taurodeoxycholic acid chemistry can be 

precluded. Figure 5.6 again shows that a limiting current 

is seen and Figure 5.7 also shows that the resulting data 

fits the equilibrium model very well. The last experiment 

also used taurochenodeoxycholic acid and Spectropor 3 but 

instead of 3a-hydroxysteroid dehydrogenase the enzyme 7 a-

hydroxysteroid dehydrogenase was placed behind the 

membrane. If the observed limiting current was due to 

enzyme saturation then the observed limiting current would 

occurr at a very different total bile acid concentration 

because the K
ME 

of the enzyme electrode with the 7a 

hydroxysteroid dehydrogenase is much larger than the la 

hydroxysteroid dehydrogenase system. Again inspection of 

Figure 5.8 shows that micellisation occurs at a similar 

concentration with both enzymes and Figure 5.9 also shows 

that the data obtained with the 7a hydroxysteroid 

dehydrogenase is consistent with the equilibrium model. 

Table 5.4 demonstrates that the aggregation numbers and 
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7 ALPHA ENZYME AND TCDCA 
Taurochenodeoxycholic acid using Spectrapor 3 
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EQUILIBRIUM PLOT WITH 7 ALPHA ENZYME 
Taurochenodeoxycholic acid using Spectrapor 3 
membrane and 7 a enzyme. 
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TABLE 5.4 

COMPARINCt  IAE RESULT OBTAINED BY CHANGING IBL ENZYME 

FROM 3 ALPHA 70,7  ALPHA  

HYDROXYSTEROID DEHYDROGENASE.  

BILE ACID USED WAS TAUROCHENODEOXYCHOLIC ACID. 

ENZYME FORM 	AGGREGATION NUMBER 
	

JC -MO 1/2 

I mM 

3 a 	9.03 	2.53 

11.62 7 a 	 2.55 
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(c
mo

)
1/2 

values obtained with the two different enzymes 

are very similar, which emphasises the accuracy of the 

enzyme electrode and model. 

Thus it has been shown that for a particular bile acid: 

1) Changing the enzyme does not affect the results. 

2) Changing the enzyme concentration (assuming you have 

sufficient enzyme to ensure membrane control!) does not 

affect the results. 

3) Changing the membrane ( assuming the pores are 

sufficiently small to prevent micelles from diffusing 

through the membrane!) does not affect the results. 

and : 

4) All the data obtained fits the equlibrium model for 

micelle formation . 

All this is ample proof that the results obtained by the 

enzyme electrode are valid and can be rationalised very 

accurately using an equlibrium model. 

The enzyme electrode was then used to probe various 

facets of bile acid physical chemistry. namely micelle size 

as a function of bile acid structure and ionic strength, to 

test whether the results correlate with existing knowledge 

of micelle formation. 

Experiments were carried out on all the common dihydroxy 

bile acids and the values for their aggregation numbers, n 

and 
(cmo)1/2 

were calculated. The experiments were 

performed with a counterion concentration of 0.3M NaCl. Two 

of the bile acids produced surprising results. 

Deoxycholic acid was so hydrophobic that on reaching a 
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total bile acid concentration of approximately 0.2 mM 

separation of a liquid gel was observed. Application of an 

equlibrium model for such a phenomenon is obviously of no 

use as there was no change in monomer concentration with 

total bile acid concentration and a phase separation model 

would be a more accurate description of the process. 

Tauroursodeoxycholic acid was so hydrophilic that micelle 

formation did not occur within the membrane controlled 

region of the enzyme electrode, which was 9 mM. 

Table 5.5 summarises the results obtained from these 

experiments. It is immediately obvious that the results are 

consistent with present knowledge of bile acid micelles. 

The importance of the position of the hydroxyl group is 

evident when the aggregation numbers of the unconjugated 

bile acids are compared. Deoxycholic acid being so 

hydrophobic, (note the size of the HI value), that 

separation of a distinct phase occurrs. By simply inverting 

the 12a hydroxyl group to the 0 position a dramatic effect 

results, ursodeoxycholic acid only forming micelles with 

aggregation numbers of 21. The hydrophobic effect is 

showing its power, here, in determining micelle size. 

Comparing the aggregation numbers of chenodeoxycholic 

acid and its conjugates demonstrates the importance of the 

electrostatic repulsion term in determining micelle size. 

The most hydrophilic conjugate,taurochendeoxycholic acid, 

forms the smallest micelles. 
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TABLE 

THE VARIATION  IN MICELISATION BEHAVIOUR  

OF DIFFERENT BILE ACIDc, 

ACID ,BILE AGGREGATIOR (C pmilit2 

DEOXYCHOLIC 

NUMBER,  

(0.75) - 

URSODEOXYCHOLIC 20.9 (0.25) 1.52 

CHENODEOXYCHOLIC 39.5 (0.59) 1.24 

GLYCOURSODEOXYCHOLIC 6.5 (0.10) 1.72 

GLYCOCHENODEOXYCHOLIC 27.5 (0.30) 1.56 

GLYCODEOXYCHOLIC 100.7 (0.65) 1.47 

TAUROCHENODEOXYCHOLIC 8.3 (0.13) 1.73 

TAURODEOXYCHOLIC 30.8 (0.59) 1.53 

THE PARAMETER SHOWN IN BRACKETS IS THE HYDROPHOBICITY 

INDEX. 
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MIXED MICELLE FORMATION 

BY exploiting the stereospecificity of the two enzymes. 

3a and 7a hydroxysteroid dehydrogenase. one can investigate 

the composition of mixed micelles. This was done by making 

up stock solutions of mixtures of taurocholic and 

taurodeoxycholic acid and determining the composition of 

the resulting micelle when both bile acids are present in 

the solution. The composition of the monomer pool is found 

by completing one experiment with 3a hydroxysteroid 

dehydrogenase, which measures the total monomer bile acid 

concentration and then by using 7a hydroxysteroid 

dehydrogenase the concentration of monomer taurocholic acid 

is measured. The dihydroxy bile acid does not respond with 

the 7a enzyme as it does not possess a 7a-hydroxyl grouo, 

and one can therefore calculate the concentration of 

monomer taurodeoxycholic acid by simple subtraction. A 

simple equilibrium model was developed which allows 

calculation of the micelle composition. 

The Model: 

K 

aA + BB 

 

M. 

   

Where: 

A and B are the two different bile acids. 

M. is the mixed micelle with a monmers of A and R 
1 

monomers of B. The aggregation number, n, is thus given by 

(a 413) 

K .theequlibriurriconstant..Th
a 

b 
1 
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Now let: 

r = mole fraction of A in the stock solution and 

therefore (1-r) is the mole fraction of B in the solution. 

And: 

a = monomer concentration of A 

b = monomer concentration of B 

m. = micelle concentration 
1 

c
t 

= total bile acid concentration 

c 	= total monomer bile acid concentration 
MO 

= a+b 

Therefore by conservation of mass: 

a + am. = rc
t 	

(5.9) 

b + urn. = (1-r)c
t 	

(5.10) 

and so: 

b + 0/a ( rct  - a) = (1-r)c
t 	

(5.11) 

The experiment with the 3a hydroxysteroid dehydrogenase 

will give (a+b). the 7a enzyme will give b. say, and r and 

c are known hence calculation of the ratio 0/a is 

possible.The ratio 0/a when compared with the ratio (1-

r)/r will demonstrate which of the two bile acids has a 

higher affinity for the micelle. Thus if: 

0/a < 	(1-r)/r 

then bile acid A has a higher affinity for the micelle 

than bile acid B. Obviously if the ratios are equal then 

the affinities of both bile acids for the micelle are also 

equal. 	The validity of the model was tested by two 

experiments. The first experiment was to follow the 



129 

micellisation, with both enzymes, and to see if the 0/a 

ratio remained constant as a function of total bile acid 

concentration. If the ratio does remain constant then one 

can conclude that the composition of the micelle is 

independent of total bile acid concentration and the model 

is valid in this respect . The second experiment involved 

repeatedly following the micellisation of the same mixture, 

again using both enzymes. and comparing the value of the 

ratio obtained from the different runs. Figure 5.10 

shows the results of the 3a and 7a enzyme runs for a 

mixture of taurocholic and taurodeoxycholic acids. 

Letting the trihydroxy bile acid be 'B': 

(1-r) = 0.439 

r = 0.561 

Five different total bile acid concentrations were taken 

and the ratio 0/a was found at each value. Table 5.6 

summarises the results. The ratio is fairly constant with 

a change in total bile acid concentration and hence one can 

assume that the composition of the micelle does not change 

as the total bile acid concentration increases and the 

simple model is a fairly accurate description of the 

micellisation process. 

The reproducibility of the model was tested by following 

the micellisation on the same mixture three times. Figure 

5.11 and 5.12 show the data from the 3a and 7a enzyme 

electrode, respectively. Table 5.7 shows the results of 

all three 'runs'. The value of the ratio remained fairly 

constant and thus a quantitative comparison between B/a 
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V IXED BILE ACID V ICELLISATION 

510 
• Taurocholic acid and taurodeoxycholic acid 

mixed micelles using two different enzymes. 

50.0 

45.0 

C 

F 

30.0 
rt 
J 
U 

20,0 

10.0 

0.0 	1111 	III 	II 	III 	I 

0.0 	2.0 	4.0 	5.0 	8.0 	10.0 	12.0 	14.0 

TOTAL CHOWN /rn1A 
0 	3 AN 	 4- 7 A1.11-1\ Ral 

Figure 5.10 



TABLE  5.6 

VALUES FOR THE RATIO  AS A FUNCTION  OF TOTAL BILE  ACID 

CONCENTRATION,  

TOTAL BILE ACID CONCENTRATION P.TIO, VALUE 

/ mM 

5.0 0.244 

5.5 0.263 

6.0 0.252 

7.0 0.238 

8.0 0.274 

T.ABIF  5.7 

REPRODUCIBILTY 	Da MIXED MICELLE MODFI 

PARAMETERS  

RATIO VALUE 	TOTAL AGGRFGATJON  
NUMBER 	 ,NUMBER 

1 0.151 52.3 

2 0.168 21.2 

3 0.154 - 	3.2 !! 
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REPRODUCIBILITY WITH THE 3 ALPHA ENZYME 
Taurocholic acid and taurodeoxycholic acid 

	

3.0 	 mixed micelles 	  

2.8 - 
2. B -

2.4 -

2.2 -

2.0 -

12 -

1.B -

1.4 -

12-

1.0 -

0.8 -

0.B -

0.4 -

0.2 - 

	

0.0 	 
00 
	

2.0 
	 4.0 	 B.0 

	 8.0 
	10.0 

TOTAL BILE BCD OZNCENIRATEN /ma 
RLN 1 	+ RU4 2 	0 RU1 3 

Figure 5.11 
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and (1-r)/r is allowed. 

It is interesting to note from Table 5.8 that the 

monomer concentration of taurodeoxvchoilic acid actually 

decreases with total bile acid concentration. This trend, 

which at first seems very curious, is however permissible 

with the simple equlibrium model: 

From equations 5.9 and 5.10 : 

a 

a + 	(1-r)c
t 
- b} = rc

t 	
(5.12) 

6 

And by differentiating the above equation one can find 

how the monomer concentration of taurodeoxycholic acid, a 

should vary as a function of total bile acid concentration, 

ct. 

a 

da - 	db = 	r - a/0(1-r)1 dct  

0 

(5.13) 

So if: 

r 	a/0(1-r)} dc
t 
+ (a/0) db < 0 

Then the monomer concentration of A will decrease with 

an increase in total bile acid concentration. The 

probability of this inequality existing is increased if a/13 

is greater than one. This is the case and hence the 

decrease in monomer dihydroxy bile acid with total 

concentration is rationalised. 

The model, however, does not allow the use of the simple 

equation used for pure micelles: 

In ((c
t 
- c

m
)/c

m
) .7. (n-1) 	in c

m 
- In (c

mo ) 1/2
] 

because the equlibrium constant, K. for the mixture system 
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TABLE 5.8 

THE VARIATION OF MONOMER CONCENTRATION  

WITH TOTAL MONOMER BILE ACID 

CONCENTRATION IN A MIXED MICELLE. 

TOJAL MONOMER 	TAUROCHOLIC MONOMER 	TAURODEOXYCHOLIC 

CONCENTRATION 	,CONCENTRATION 	CONCENTRATION  

/mM 	/mM 	 /mM 

2.475 1.700 0.775 

2.550 1.800 0.750 

2.600 1.950 0.650 

2.725 2.250 0.475 

2.825 2.400 0.425 



a 
a * 	b* 

K - 

n 
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is a more complicated function with a dependence on the 

relative quantities of the two bile acids: 

1 	( a*  + b* ) 	

(5.14) 

Where a* and b* are the monomer concentrations of A and 

8, respectively, at the point at which there are an equal 

number of bile acid molecules in the monomer pool as in the 

micelle. 

The value for the aggregation number. n, can 

theoretically be calculated : 

ct- crim = n cmi=iat + b*)()

a

( it  

a 	b 

(3 

( 5 . 1 5 ) 

Taking logarithms and rearranging gives equation 5.16: 

ln(ct  - c 
ma

) = ln(a t +b* ) + a fln(a) + kln(b)} - alna*  

Rlnb*  

Where k is the ratio 0/a, which has already been 

evaluated. Thus by plotting ln(c
t 
- c 

mo
) against {ln(a) + 

kln(b)} a linear plot should be generated with a gradient 

equal to a and it is then facile to calculate 13 and n. 

The reproducibilty of the linear plots was tested by 

analysing the results from the second experiment and 

checking the consistency of the final results. From Table 

5.7 it is evident that the errors are so large that any 

value. obtained in this way. for the aggregation number of 

a mixed micelle cannot be trusted. 
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Experiments were carried out on several mixtures of 

different composition, the results of which are displayed 

in Table 5.9. One can conclude that bile acid 'A'. which 

is taurodeoxycholic acid, has a much higher affinity than 

bile acid 'B'. taurocholic acid, for the micelle. 

It is interesting to note that the trihydroxy bile acid 

does enter the mixed micelle but will not enter a micelle 

of pure trihydroxy molecules until a much higher bile acid 

concentration is reached. Thus one can conclude that: 

0 	 0 
< u 	where 

mic.mixed 	mic,pure 

mic,mixed is the chemical potential of the bile acid 

in a mixed micelle and u0 is the chemical 
mic.pure 

potential of the bile acid in a pure micelle. This 

decrease in the chemical potential could be attributed to 

the dihydroxy - trihydroxy bile acid electrostatic 

repulsion being less than that between trihydroxy bile 

acids or simply by the entropy of mixing gained by forming 

a mixed micelle. 

To calculate whether this is also the case far the 

dihydroxy bile acid one would have to compare the 

aggregation numbers of a pure dihydroxy micelle with that 

of the mixed micelle. The calculation of the aggregation 

number of the mixed micelle however proved impossible. 

EFFECT OF COUNTERION CONCENTRATION  

By changing the concentration of the counterion the size 

of a pure bile acid micelle should be affected. Present 

knowledge of micelle physical chemistry predicts that an 
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TABLE 5.9 

THE VARIATION  OF THE VALUE OF THE RATIO AS 

A FUNCTION  OF MIXTURE COMPOSITION. 

MOLE  FRACTION 
	

VALUE OF RATIO 	(1-0/r  

OF TAUROCEOLIC ArIn  

	

0.439 
	

0.254 
	

0.783 

	

0.513 
	

0.501 
	

1.053 

	

0.555 
	

0.512 
	

1.247 

	

0.813 
	

1.200 
	

4.347 

	

0.252 
	

0.150 
	

0.337 

	

0.286 
	

0.250 
	

0.400 
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increased counterion concentration will increase the degree 

of shielding between the hydrophilic portions of the 

amphiphile and hence will decrease their electrostatic 

repulsion . The size of a bile acid micelle was therefore 

investigated as a function of ionic strength. 

The enzyme electrode requires a minimum ionic strength 

due to the presence of buffer and cofactor. Both buffer and 

cofactor solutions are vital as a high pH environment. 

maintained by the buffer solution, is necessary for the 

enzymes to operate and obviously the cofactor is essential 

for the operation of an enzyme electrode. The minimum ionic 

strength the enzyme electrode can operate under is 30mM; 

the minimum cofactor concentration being 10 mM and the 

minimum buffer concentration required to maintain a high pH 

is 20 mM. 

The counterions are provided from the sodium chloride 

solution, whose concentration was varied from 0mM to 600 

mM. The bile acid investigated was taurodeoxycholic acid 

and the enzyme used was the 3a hydroxysteroid 

dehydrogenase. 

Figure 5.13 shows the affect of the ionic strength on the 

micellisation data and Figure 5.14 demonstrates that the 

resulting data also fits the equilibrium model accurately. 

The results are summarised in Table 5.10 ; where values 

for the ionic strength. counterion concentration, 

aggregation number, and 
(cmo)112 

are listed. 

The important feature of these results is the variation 
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TABLE  5.1q 

INVESTIGATION OF MICELLE FORMATION  As, A 

FUNCTION OF IONIC STRENGTH. 

IONIC, STRENGTH 	[NaC1] 	AGLREGATION 	IL _1 
Mu—t/2 

/ mM / mM NUMBER / mM 

35 0 5.6 4.26 

55 20 7.4 3.23 

85 50 7.9 3.06 

110 75 7.2 2.57 

135 100 7.5 2.35 

260 100 11.5 2.66 

360 200 14.3 2.61 

560 400 22.2 1.96 

760 600 34.6 1.63 



in aggregation number and 
(cmo)1/2 

with ionic strength. The 

aggregation number remains fairly constant until the ionic 

strength reaches a value of approximately 200 mM after 

which there is a dramatic increase in micelle size. The 

value of 
(cmo)1/2 

however is affected even at low ionic 

strengths, decreasing with increasing ionic strength. 

These trends can easily be explained. qualitatively, by 

the Debye-Huckel theory. At low ionic strength the Debye 

length is so large that the counterions cannot approach the 

micelle to a sufficiently close distance to reduce the 

electrostatic repulsion between the monomer units in the 

micelle. This explains why the aggregation number of the 

micelle remains independent of ionic strength, when the 

latter is sufficiently small. As the ionic strength 

increases the Debye length will decrease, a point is 

therefore reached where the Debye length is sufficiently 

small to allow counterions to insert themselves between the 

monomer units of the micelles. This close proximity between 

counterion and micelle reduces the electrostatic repulsion 

and hence there is an increase in micelle size. 

The variation in 
(cmo)1/2 

with ionic strength should 

behave in accordance with the extended Debye-Huckel theory. 

The Debye-Huckel theory remains valid until the ionic 

strength of the solution reaches a value of approximately 

100 mM, in this region the aggregation number of the 

micelle remains constant at a value of 7. The equilibrium 

can therefore be expressed as: 
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The equilibrium constant, K. can be written as: 

K = 

7 
f M

7 
]

m 
- K 

E M
7 

X
7 

(5.17) 

Where: 

K
o 

= Equilibrium constant in the limit of infinite 

dilution 

m 
= activity coefficient of the monomer 

'y
7 

= activity coefficient of the 7-mer 

and : 

log K = log K
o 
 + 7log /

m 
- log 'y

7 	
(5.18) 

The extended Debye-Huckel theory takes into account the 

finite sizes of the ions in question and thereby produces 

the following equation for the activity coefficient of an 

ion: 

where: 

r.= radius of the ion 
1 

r
d 

= Debye length 

z.= charge on the ion 
1 

I= ionic strength of the solution 

A= constant 

Substituting for the activity coefficients into equation 



log( c
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)
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= log ( (c
mo

)
1/2

)
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7A I
1/2 

[ 	7 	1 

6 	1 + r
7
/r
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1+r
m
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d 
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5.18 gives equation 5.20: 

A 	A 

log K =log K - 7 	 I
1/2 

+ 	 I
1/2 

- 
1 + r

m
/r
d 	

1 + r
7
/r
d 

But from equation 4.31 we also have an expression 

relating K with (c
mo

)
1/2: 

1 
K - 

 

(4.31) 

n (c )
n-1 

mo 1/2 

Combining the two equations produces a description of how 

the 
(cmo)1/2 

behaves as a function of ionic strength. This 

is given by equation 5.21. 

By making the simple assumption that the volume of the 

micelle is simply the total volume of seven monomer units, 

an equation relating r
7 
and r

m 
is obtained: 

r7  = rm  * 7
1/3 	

(5.22) 

Substitution for r
7 
into equation 5.21 gives equation 

5.23: 

log 

(c
mo

)
1/2  

((c
mo

)
1/2

)
0 

-7AI
1/2

( 1 + 0.848r
m
/r
d

) 

(1+ 2.91r
m
/r
d
+ 1.91(r

m
/r
d

)
2 

) 

Inversion of the above equation followed by application 

of the binomial expansion gives equation 5.24: 
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log(c
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)
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= log((c
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)
1/20 

 

7A1 

(1+2.06r
m
/r
d 

+ 1.91(r
m
/r
d

)
2

) 

Partial differentiation with respect to 1
1/2 

results in 

equation 5.25: 

8log(c
ma

)
1/2 

7A(1 - 2(r
m
/r
d

1
2 

) 

 

ai
1/2  

 

[1 +2(r
m
/r
d 

+ 2(r
m
/r
d

)
2 
 ]2 

1/2 
	1 

From the data it is possible to calculate a value for 

this differential, alog(
cmo)1/2

in1/2
_From Fig. 5.15 it is 

evident that gradient is approximately constant and linear 

regression gives a value of -0.042 for the gradient, this 

negative value seems reasonable as increasing the ionic 

strength stabilises the highly charged micelle. An increase 

in K induces a decrease in (c
mo1/2 • 

By assigning values to the ratio 
rm/rd 

and by knowing the 

magnitude of A the function on the right hand side can be 

calculated, comparison of the calculated function with the 

experimental value will give an estimate of the actual size 

of the ratio 
rm/rcr 

Table 5.11 shows the magnitude of the 

gradient for different values of r
m
/r
d
. The actual size of 

the ratio can thereby be estimated as 0.225. At an ionic 

strength of 64 mM the Debye length is 1.2 nm and hence the 

monomer radius is approximately 0.27 nm, which agrees with 

the literatureE5,63. 

One can introduce the constant x . which relates the 

ionic strength to the ratio. r
m
/r
d
: 



403 8.03 8.00 10.03 12 CO 

4 0 	4.4 	4.8 5.2 	5.8 	B.0 	B.4 

145 
VARIATION OF 'CMC' WITH IONIC STRENGTH 

Micellisation of taurodeoxycholic acid. 
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TABLE 5.11 

CALCULATION  OF THE RATIO r /r 

EXPERIMENTAL VALUE FOR THE GRADIENT = -0.042 

- 7*A 
	

-0.112 

THEREFORE: 

CALCULATED VALUE FOR FUNCTION 	= 2.67 

ASSIGNED VALUE FOR 

0.100 

0.200 

0.210 

0.220 

0.225 

0.230 

VALUE OF RESULTING 

FUNCTION 

1.52 

2.38 

2.50 

2.56 

2.68 

2.74 

THEREFORE THE ESTIMATED SIZE FOR THE RATIO IS 0.225. 
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x = (r
m
/r
d
)/ 1

1/2 	
(5.26) 

So at an ionic strength of 64 mM x can be calculated to 

he 0.028. Equation 5.24 therefore can be written in the new 

form: 

log(c
mo

)
1/2 

= log((c ) 	) 
mo 1/2 o 

7A I
1/2 

     

...5.27 

where: 

(5.28) 

   

1+0.061
1/2

+ 1.911(0.0282) 

So log(c ) 
ma 1/2 

1/2 

can be plotted against I.1/2  

1/2 

 

1 + 0.061
1/2 

+ 0.0015 I 

 

The theory, if correct, predicts a linear relationship 

with a gradient of -7A. Figure 5.16 shows that the plot is 

in fact linear and regression gives a value of -0.126 for 

the gradient. The literature value for -7A is -0.113. such 

a close aggreement can be considered as another triumph for 

the equilibrium model for micellisation. The extended 

Debye-Huckel theory has successfully been applied to 

describe the stabilisation of the micelle with increasing 

ionic strength. 

The physical chemistry of the calcium-bile salt 

interaction is important as the calcium ion is thought to 

be involved in the mechanism of gall stone formation. The 

effect of calcium on the bile acid micelles was probed by 

substituting calcium chloride for the sodium chloride. The 

results are displayed in Table 5.12. the double charge on 

the calcium ion has a dramatic effect on the ionic strength 

and hence even at low calcium concentrations the Debye 

length is so small that the ion can efficiently shield the 
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TABLE 5.12 

ME EFFECT 	USING CALSIUt  AS 311E, COUNTERION, 

TONIC 	STRENGTH [CaCl2]   AGGREGATION IC MOi  la 

/ mM / mM 

— 

/mM NUMBER 

1660 600 101.4 0.62 

1160 400 78.0 1.15 

660 200 37.6 1.94 

410 100 22.5 1.84 
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electrostatic repulsion between molecules in the micelle. 

This allows the growth of relatively large micelles. 
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CHAP1J SIX  

aig. PHYSICAL CHEMISTRY  QE THE BILE SALT 

PHOSPHOLIPID 	INTFRACTJON 

Phospholipids, which are the major constituents of 

biological membranes, are frequently used as model 

membranes as their dispersions exhibit similar permeability 

properties as those of natural membranes and their 

interactions with proteins also resemble those of natural 

mebranes
[1,21 

Knowledge of the bile acid-phospholipid physical 

chemistry is imperative to gain an understanding of how the 

bile acids may attack the surface phospholipids or even 

the gastric mucosa in the stomach. 

Phospluktidyl choline is the only phospholipid in bile and 

accounts for approximately 25Z of all the solids in the 

gall-bladder and once again an understanding of the 

relevant physical chemistry may explain the mechanism of 

gall stone formation
[31 

 

Phosphatidyl choline possesses one polar head group, as 

shown in Figure 1.4. and two long hydrocarbon tail groups, 

which are hydrophobic. In comparison with a single tailed 

amphiphile the hydrophobic surface area is approximately 

doubled and therefore the free energy loss, due to the 

hydrophobic effect, associated with micelle formation is 

considerably larger. The resulting micelle should therefore 

have a much larger aggregation number: this is observed but 
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rather than forming a simple globular micelle the molecules 

form bilavers. the ends of which connect to form sealed 

vesicles. Single tailed amphiphiles only form 

bilaver structures under extreme conditions, which are 

virtually anhydrous. Unlike globular micelles the core of a 

vesicle will contain solvent and it is within the plane of 

the bilayer that there is a liquid-like hydrocarbon 

core
[3] 

When exposed to an aquecus environment phosptuktidyl 

choline forms a heterogeneous collection of multiconcentric 

lamellar vesicles, which vary greatly in size and shape. 

Prolonged sonication of these aggregates produces vesicles, 

which are in a metastable state but consist of only one 

bilaver. These unilamellar vesicles are homp9eneous in size 

and thus their physical characteristics can de directly 

related to the surface area of the vesicle. 

Huang
[4] 

has studied such vesicles and found that the 

aggregation number of such a vesicle is approximately 2700, 

which is more than an order of magnitude larger than the 

aggregation number associated with typical globular 

micelles. Electron microscopy studies showed that the 

thickness of the bilaver is approximately 6 nm and the 

diameter of the vesicle is 25 nm. thus indicating a 

considerable volume of solvent residing in the core of the 

structure. Huang found that the particle can contain a 

maximum of 0.64 grammes of solvent per gramme of dry 

phospholipid. 

[3] 
Small et. al. 	have made a comprehensive study of the 
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bile salt-phospIndidyl choline-water interaction. 

Construction of ternary phase diagrams shows that a mixture 

of the three components can either form a homogeneous 

phase or sepearate into 2 or 3 phases, assuming that the 

large vesicle structures are a separate phase. The number 

of phases present is dependent on the relative mole 

fractions of the three components and in the physiological 

region, where there is usually an abundance of water. 

either one or two phases can exist simultaneously. 

Quasi-elastic light scattering investigations[5-91 
have 

le d to the development of the mixed disk model to 

rationalise the observed behaviour. Studies of mixtures in 

the physiological region have shown that as bile acid is 

added to a multilamellar vesicle of phoTlvtidyl choline, 

the vesicle incorporates the molecules into its bilayer. 

Figure 6.1(a). The initial hydrodynamic radius of the 

vesicle is aproximately 20 nm and as bile acid is gradually 

absorbed it reaches a maximum of 50 nm (the 'micellar phase 

limit') whereupon the mixed vesicle ruptures to form 

smaller mixed micelles of bile acid and phospholipid, 

Figure 6.1(b). The rupturing of the mixed vesicle coincides 

with a clearing of the solution, which was originally 

opaque. It is thought that the equilibrium between bile acid 

in solution with that incorporated in the vesicle 

determines the size of the vesicle and hence the micellar 

phase limit. 

In the region of the micellar phase limit both vesicle 
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and mixed micelle are present and the mean hydrodynamic 

radius of the system gradually decreases to the asymptotic 

value of the mixed micelle, which is approximately 5 nm. 

The mixed micelle. Figure 6.1(b), consists of a single 

bilayer of lipid with bile acid molecules incorporated into 

it and additionally the bile acids form a belt around the 

perimeter of the bilayer which reduces the phospholipid-

water interfacial area. The mixed micelle is saturated with 

bile acid and further addition of bile acid molecules 

simply increases the monomer concentration in solution. 

The enzyme electrode was used to follow the monomer bile 

acid concentration as bile acid was added to phosphatidyl 

choline multilamellar vesicles. The vesicles were prepared 

in the glass pot by coprecipitation; this involved 

dissolving the phospholipid in an organic solvent, adding 

the resulting solution to the empty pot and allowing the 

organic solvent to evaporate away. The aqueous buffer was 

then added to the pot which produces an opaque soltuion of 

vesicles into which the enzyme electrode was inserted. 

A stock solution of taurodeoxvcholic acid and phosphvtidyl 

choline was made up. the concentration of the latter 

compound was made equal to that in the glass pot to ensure 

that its concentration remained constant throughout the 

experiment. Aliquots of the stock solution were then added 

to the vesicles and the monomer concentration was 

measured. The equilibriation times of these systems is of 

the order of minutes and hence the system was allowed to 

reach a steady state for 15 minutes before the monomer 
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concentration was measured. 

Three runs were carried out under exactly the same 

conditions to ensure reproducibilty of the observed 

behaviour. The results of these runs are shown in Figure 

6.2. The curious point of inflexion is a reproducible 

phenomenon and upon adding further bile acid the solution 

begins to clear. One can immediately assign the point of 

inflexion as the micellar phase boundary. A simple 

equlibrium model was developed to account for the point of 

inflexion. 

Three equilibria are required to describe the system: 

n A 
	

A
n 

1 

Where A is the bile salt monomer and A
n 
the bile salt 

absorbed in the mixed vesicles. 

and: 

K
2 	1  

A + N 	N 
e 1 	s 

Simple Langmuir type behaviour is invoked to describe the 

mixed micelle. where N
e 
is an empty site on the mixed 

micelle and N
s 
is a filled site on the mixed micelle. The 

total number of sites on the mixed micelle is a constant 

because the micelle is saturated in bile acid molecules. 

So: 

N
t 

= N
e 	

N
s 
; where N

t 
is the total number of 

sites. 
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The last and final equlibrium represents the formation of 

micelles composed of only bile acid molecules, this is only 

relevant at the higher concentrations as at low 

concentratios the mole fraction of 'pure' micelle is 

negligible. 

a A 

 

M 
1 

  

At low total bile acid concentrations only the first two 

equilibria need be considered, so: 

K
1 

= [A
n
7/ a

n 
and K

2 
= N

s
/(a*N

e
) 

Eliminating N
s 

and N
e 

and using the conservation of mass 

gives the following equation: 

a
t 

= a + nK
1
a
n 

+ a K
2 
N
t 

(1+K
2
a) 

	(6.1) 

where a
t 
is the total bile acid concentration. 

Differentiating with respect to at  gives: 

a 
a1 + 	

K2 
Nt 

n
2 

K1 

a(n-1) 
+ 

2 t  

a a
t 	

(1+ K
2
a)

2 
(6.2) 

The point of inflexion occurs when the second 

differential equals zero. This condition is satisfied when 

2K
2 

 
2 
N
t 

1 
n
2
(n-1)K a

(n-2) 
= 

(1+K
2 

a)3  

(6.3) 

Further experiments were carried out under different 
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conditions and on each occasion the monomer bile acid 

concentration was measured using the enzyme electrode. 

11 Ine. Effect 	Changing 1132,,, amount af PhosOnaidyl 

Choline,„ 

By increasing the phospholipid one expects the number of 

sites in the mixed micelle to increase and inspection of 

equation 6.3 predicts that an increase in N
t 
should result 

in the point of inflexion occurring at a higher total bile 

acid concentration. 

Three different runs were completed, each with 

different 	amounts of phospholipid. The same bile acid, 

taurodeoxycholic acid, buffer and ionic strength were used. 

The results are displayed in Figure 6.3. The total bile 

acid concentration required to form mixed micelles 

increases with increasing phospholipid, as predicted. 

2) as. Effect gi Chnlestprol  

Cholesterol is insoluble in water and can only be 

transported through the body by being incorporated into 

either a mixed vesicle or mixed micelle(10). The 

cholesterol places itself in the interstices between the 

phospholipid molecules in the bilaver and by behaving as a 

spacer is thought to stabilise the vesicle
[11] 	

A 

cholesterol/phosphatidyl choline vesicle dispersion was 

formed by dissolving the cholesterol and phospholipid in an 

organic solvent, allowing the solvent to evaporate and then 

reconstituting with aqueous solution. Bile acid was then 

added to the vesicle and the monomer concentration 
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measured, the results being shown in Figure 6.4. Two runs 

were completed to demonstrate the reproducibility of the 

phenomen on. 

The cholesterol molecule is known to stabilise the 

vesicle over the mixed micelle
[11) 

and thus it seems 

reasonable that a larger concentration of bile acid is 

required to affect the vesicle to micelle transition. When 

bile acid molecules are absorbed into the vesicle they too 

behave as spacers and thus the higher monomer concentration 

observed with the cholesterol vesicle may be due the 

competition between cholesterol and bile acid for 'spacer 

sites'. 

3) The Effect  ..0.1 Salcjatca 	 

The doubly charged calcium ions will reduce the 

electrostatic shielding in both the mixed vesicle and in 

the mixed micelle. Using calcium will therefore affect K 1' 
K
2 

and n. 

It is impossible to compare K
1 
when sodium is the 

counterion with the K
1 
value for the calcium system as they 

have different units. It is therefore difficult to predict 

whether a larger or smaller concentration of bile acid is 

required to form mixed micelles. 

Figure 6.5 shows the result of using calcium ions as the 

counter ions. A higher total bile acid concentration is 

needed to dissolve the phospholipid. 

This observation could be an important factor in the 

formation of gallstones, as calcium is thought to be 

[12,13] 
involved in the formation of gallstones 	. Does the 
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EFFECT OF CALCIUM 

Taurodeoxycholic acid with phosphatidyl 
choline vesicles. 
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calcium stabilise the large cholesterol/phospholipid/bile 

acid vesicle over the smaller micelle and thus result in 

the precipitation of cholesterol gall stones? 

"Le FffPrt sa Bile Acid Structurg 

Taurocholic acid is the most hydrophilic common bile 

acid and hence it was interesting to note how this bile 

acid behaved in the presence of a phospholipid vesicle in 

comparison with the hydrophobic taurodeoxycholic acid. 

From Figure 6.6 it is obvious that the hydrophilic acid 

has a markedly lower affinity for the vesicle. which 

results in a higher monomer concentration, and therefore 

requires a larger concentration of bile acid to form the 

mixed micelle. 

This agrees with the results of Mazer
(8

'
9]
. who found 

that the vesicle size increases the more hydrophobic the 

bile acid is. 

THE EX-VIVO RAT CHAMBER EXPERIMENT  

Having measured bile acid monomer concentration in the 

presence of phospholipid vesicles, in-vitro, the next step 

in the development of the sensor was to measure the monomer 

concentration in the presence of a biological membrane. 

Preferably in an in-vivo system. This was achieved by 

measuring the monomer concentration in a rat's stomach 

lumen. 

The experimental system consisted of an ex-vivo rat 

gastric chamber model
(14]

, which allows the continuous 

measurement of the bile acid concentration and the 
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transmucosal potential difference. The gastric transmucosal 

potential difference exists between the stomach lumen and 

the gastric mucosa and is maintained by the surface 

epithelial cells
[15]

. The stomach lumen is maintained at a 

negative potential in comparison with the mucosa by virtue 

of the active sodium transport through the epithelial 

cells. Any decrease in this potential difference is 

indicative of damage to the superficial cells
[16.17] 

A male Wistar rat was denied access to food for 24 hours 

prior to the experiment whereupon it was anaesthetised and 

placed on a grooved perspex platform. The stomach was the 

pinned out on a perspex plate thereby exposing the mucosa. 

A hollow perspex cylinder ( volume 6 ml) was then secured 

firmly over the mucosa ensuring a watertight seal. The 

system, Figure 6.7, is now identical to the in-vitro 

situation except the bottom of the pot is now the gastric 

mucosa rather than glass! The perspex cylinder was then 

filled with saline (pH 7) and cofactor solution and the 

transmucosal potential difference measured continuously. 

The end of a gel-filled catheter was placed in the gastric 

chamber and the end of another catheter was placed in the 

peritoneum. which is on the opposite side of the mucosa to 

the chamber. The ends of both catheters were then placed in 

separate pots of 3M potassium chloride into which matched 

calomel electrodes were placed. The value of the potential 

difference between the two calomel electrodes is the 

transmucosal difference. 

The enzyme electrode was placed in the cylinder and 
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Figure 6.7 

The Ex-Vivo Rat Chamber experiment 
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rotated to ensure the solution is homogeneous. The 

background current was allowed to stabilise whereupon 

taurodeoxycholic acid was added, resulting in a 5 mM total 

bile acid concentration. The increase in current and 

decrease in transmucosal potential difference was measured 

as a function of time. After a period of 10 minutes the 

electrode was switched off and the bile acid solution 

replaced with fresh saline solution again. The 

results are shown in Figure 6.8. 

The current obtained from the enzyme electrode 

corresponds to a monomer concentration of approximately 0.5 

mM, an order of magnitude lower than the total bile acid 

concentration. Whether the bile acid is absorbed in 

vesicles or micelles or even diffusses away through the 

mucosa is as yet unknown. 

Replacing the bile acid solution with fresh saline 

solution allows any damage to the gastric mucosa to be 

repaired and hence the potential difference returned to 

within 1 mV of its original value. 

The experiment does demonstrate, however, the possibility 

of employing the enzyme electrode in an in-vivo system. 

This is impossible with any other analytical technique. 
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The Measurement of Bile Acid Activity in the 

Ex-Vivo Rat Chamber . 

N.B. The Increase in current is significantly less than expected! 
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