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Abstract 

Cholesterol is an important molecule for several functions from structural to 

hormonal. However, excess of cholesterol is implicated in several diseases, namely 

atherosclerosis and gallstone disease. Cholesterol absorption takes place at the intestine. 

The understanding of the mechanism beneath cholesterol absorption is relevant for the 

effectiveness of strategies to decrease cholesterol intake from the intestinal lumen. Prior 

to absorption, and due to its low aqueous solubility, cholesterol must be solubilized in 

bile salts (BS). In this work, focus was given to understand some of the principles 

related to cholesterol solubilization by BS as well as the interaction of BS with model 

membranes. First we explored cholesterol solubilization by glycodeoxycholic acid 

(GDCA), glycochenodeoxycholic acid (GCDCA) and glycocholic acid (GCA) in 

micelles of single, binary and ternary mixtures as these are the most prevalent BS at the 

intestinal lumen. Results showed that single micelles of the most hydrophobic BS 

(GDCA) presented the highest cholesterol solubilization, followed by micelles of 

GCDCA and of GCA. The 3 compositions of binary micelles, GCA/GCDCA (50:50), 

GCA/GDCA (50:50) and GCDCA/GDCA (50:50), and the ternary mixture, composed 

of GCA/GCDCA/GDCA (37.5:37.5:25), presented lower solubilization capacity than 

the simple micelles of GDCA but higher than GCA micelles. The results from this study 

suggest that BS mixtures present at duodenum are optimized neither for the highest nor 

for the lowest solubility of cholesterol; instead the solubilization capacity can be 

understood as a trade-off between cholesterol supply to membranes and cholesterol 

excretion. The results showed a linear correlation between cholesterol solubilization by 

BS micelles and the total concentration of cholesterol, until attaining a plateau that 

corresponds to the cholesterol saturation index (CSI). Moreover, the sterol occupancy 

per micelle depends on the BS, being 1 to simple micelles of GDCA and smaller to 

micelles of either GCDCA or GCA. The interpretation of these results leads to the 

understanding of solubilization of cholesterol by BS micelles as a partition phenomena 

rather than a binding event to an available place at the micelle. Solubilization is higher 

or lower depending on the partition of cholesterol to the considered micelle. However, 

this does not mean the micelle looses solubilizing capacity for other molecules. The 

understanding of the solubilization phenomena by the micelles in the presence of 

several co-solutes can give important information on strategies to decrease cholesterol 

solubilization and therefore intestinal absorption. Pursuing this objective, the effect of 
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stigmasterol and stigmastanol (phytosterols), palmitic acid (saturated fatty acid), oleic 

acid (unsaturated fatty acid) and α-tocopherol (vitamin) on the solubilization of 

cholesterol by the BS micelles was addressed. The highest effect in the decrease of 

cholesterol solubility was observed in the presence of phytosterols, followed by α-

tocopherol and a very small effect of oleic acid. The upper concentration of co-solutes 

used was either within the range where each is all solubilized by the BS micelles (α-

tocopherol and oleic acid), or above its saturation limit (phytosterols), in the latter case 

with coexistence of monomeric co-solute and crystals. The presence of palmitic acid in 

the micelles as co-solute enhanced cholesterol solubility.  

In addition to the increase in cholesterol solubility accomplished by the BS 

micelles, cholesterol absortion in the intestine may also be affected by changes in the 

properties of the brush border membranes due to partition of BS to the membrane 

epithelial cells. This was addressed through the determination of the partition coefficient 

between the aqueous phase and model membranes with lipid compositions 

representative of biological membranes. From the results it is clear that the most 

hydrophobic BS partitioned more extensively to POPC and POPC/SpM/Chol (1:1:1) 

membranes than the most hydrophilic. Also, partition to this latter membrane was lower 

than to POPC. A more detailed analysis reveals that the general hydrophobicity of the 

BS is not the only relevant parameter as the partition coefficient of GCDCA is larger 

than that of GDCA. Additionally, partition to POPC/SpM/Chol (1:1:1) membranes was 

less favorable than to POPC.  

Qualitative data was obtained for translocation in POPC membranes, showing 

faster values for the most hydrophilic BS, both conjugated and non conjugated BS. The 

translocation of BS through POPC/SpM/Chol (1:1:1) membranes showed to be faster 

for both BS measured (DCA and CDCA) as compared with POPC. The enthalpy 

variation upon BS partition to POPC bilayers (in liquid disordered phase) was negative, 

being positive for the partition into POPC/SpM/Chol (1:1:1) (with coexistence of liquid 

disordered and liquid ordered phases [1]). The establishment of the driving forces in the 

process of solubilization of hydrophobic solutes and BS partition to membranes can 

give important clues to understand the passive pathways in their absorption process in 

the intestine.  
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Resumo 

O colesterol é uma molécula com diferentes funções desde estruturais a 

hormonais. Contudo, excesso de colesterol está relacionado com várias doenças como a 

aterosclerose e a doença do cálculo biliar. A absorção de colesterol ocorre ao nível do 

intestino. A compreensão dos mecanismos envolvidos na absorção do colesterol é 

relevante para a eficácia de estratégias que levem a uma diminuição da absorção de 

colesterol a partir do lúmen intestinal. Para o colesterol ser absorvido, devido à sua 

baixa solubilidade em água, precisa de ser previamente solubilizado em ácidos biliares 

(BS).  

Neste trabalho, focamo-nos na compreensão de alguns princípios relacionados 

com a solubilização do colesterol pelos BS, bem como na interacção de BS com 

modelos membranares. Primeiramente, explorámos a solubilização do colesterol pelos 

ácidos glicodeoxicólico (GDCA), glicoquenodeoxicólico (GCDCA) e glicocólico 

(GCA) em micelas de misturas simples, binárias e ternárias, uma vez que estas são as 

mais prevalentes no lúmen intestinal. Os resultados mostraram que as micelas simples 

do BS mais hidrofóbico (GDCA) foram as que demonstraram maior capacidade de 

solubilização de colesterol, seguindo-se-lhes as de GCDCA e GCA. As 3 composições 

de micelas binárias, GCA/GCDCA (50:50), GCA/GDCA (50:50) e GCDCA/GDCA 

(50:50), e a micela ternária GCA/GCDCA/GDCA (37.5:37.5:25) apresentaram uma 

solubilização inferior à micela simples de GDCA mas superior à micela de GCA. Os 

resultados deste trabalho sugerem que as misturas de BS presentes no duodeno não 

estão optimizadas nem para a maior nem para a menor solubilização de colesterol; de 

facto, a capacidade de solubilização pode ser compreendida como um compromisso 

entre a entrega de colesterol às membranas e a sua excreção. Os resultados mostram 

uma correlação linear entre o colesterol solubilizado pelas micelas de BS e a 

concentração total de colesterol, até se atingir um patamar que corresponde ao índice de 

saturação de colesterol (CSI). Para além disto, a ocupação de esterol por micela depende 

do BS, sendo 1 para micelas de GDCA e inferior para as micelas de GCDCA e GCA. A 

interpretação destes resultados conduziu à compreensão da solubilização de colesterol 

como um fenómeno partição em vez de um mecanismo de ligação a um local disponível 

na micela. A solubilização será maior ou menor dependendo da partição do colesterol 

para a micela considerada. Uma vez atingido o limite de solubilidade não é possível 

solubilizar mais colesterol, mas tal não significa que a micela não possua capacidade de 
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solubilizar outras moléculas. A compreensão do fenómeno de solubilização pelas 

micelas na presença de vários co-solutos pode revelar informação pertinente no desenho 

de estratégias que levem a um decréscimo de solubilização e, portanto, a uma 

diminuição da absorção intestinal de colesterol. Com este objectivo em mente, foi 

averiguado o efeito do estigmaesterol e estigmaestanol (fitoesteróis), ácido palmítico 

(ácido gordo saturado), ácido oleico (ácido gordo insaturado) e α-tocoferol (vitamina) 

na solubilização do colesterol por micelas de BS. O maior efeito na diminuição da 

solubilidade do colesterol foi observado na presença de fitoesteróis, seguido pelo α-

tocopherol e por um efeito muito reduzido na presença de ácido oleico. A concentração 

máxima de co-solutos usados pode englobar-se em dois regimes distintos, por um lado 

os co-solutos completamente solubilizados pelas micelas de BS (α-tocoferol e ácido 

oleico) e por outro lado co-solutos acima do seu limite de saturação (fitosteróis), 

apresentando coexistência de co-soluto monomérico e cristais. A presença de ácido 

palmítico nas micelas de ácido biliar resultou no aumento da solubilidade do colesterol.  

Para além do aumento da solubilidade de colesterol mostrado pelas micelas de 

BS, a absorção de colesterol no intestino pode ser afectada por alterações nas 

propriedades da membrana intestinal. Isto foi determinado através da quantificação de 

coeficientes de partição entre a fase aquosa e modelos membranares com composições 

lipídicas representativas de membranas biológicas.  

Os resultados mostram que BS mais hidrofóbicos particionam mais 

extensamente para as membranas de POPC e POPC/SpM/Chol (1:1:1) do que os mais 

hidrofílicos. Uma análise mais detalhada revela que a hidrofobicidade geral dos BS não 

é o único parâmetro relevante pois o coeficiente de partição do GCDCA é maior que o 

do GDCA. Ainda é de salientar que a partição para a membrana composta por 

POPC/SpM/Chol (1:1:1) foi menor do que a partição para a membrana de POPC. 

Resultados qualitativos para a translocação de BS quer conjugados quer não conjugados 

em membranas de POPC mostram que são os BS mais hidrofílicos que translocam mais 

rapidamente. A translocação de BS para membranas de POPC/SpM/Chol (1:1:1) 

apresentou-se mais rápida para ambos os BS medidos (DCA e CDCA) do que para 

membranas de POPC.  

A variação de entalpia observada para a partição de BS para bicamadas lipídicas 

constituídas por POPC (fase líquido desordenado) foi negativa, sendo positiva para 

membranas de POPC/SpM/Chol (1:1:1) (coexistência de fase liquido ordenado/líquido 

desordenado [1]). O estabelecimento de forças motrizes no processo de solubilização de 
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solutos hidrofóbicos e partição de BS para membranas pode dar pistas importantes para 

perceber a difusão passiva no processo de absorção intestinal.  

Nota: não se encontra escrito de acordo com as regras do novo acordo ortográfico. 
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I. 1 - Cholesterol in health and disease: strategies to decrease cholesterol 

absorption 

Cholesterol is both vital and lethal for human beings. On one hand, cholesterol is 

a structural building block of membranes that maintains its integrity and rigidity. It is 

also the precursor of hormones and bile salts (BS) which are required for the 

solubilization of several hydrophobic molecules in intestinal lumen, including fatty 

acids (FA), cholesterol and vitamins, playing an important role to guarantee lipid 

homeostasis [2]. Cholesterol is also implicated in phase separation in biological 

membranes known as rafts which are described to be scaffolds for the function of 

several membrane proteins [3]. On the other hand, high cholesterol levels in blood are 

the main factor responsible for atherosclerosis, one of the major causes of 

cardiovascular diseases, and are also involved in the gallstone disease.  

Several efforts have been made to decrease cholesterol absorption. On average 

in human adult, cholesterol absorption through the intestine is 1800 mg per day of 

which 1200 mg are linked with endogenous production and 600 mg are supplied from 

the diet. One of the strategies to decrease endogenous cholesterol production has been 

the use of statins. Statins is a drug blocking the endogenous production of cholesterol by 

inhibiting of the enzyme 3-Hydroxy-3-methylglutaryl-CoA synthetase involved in the 

conversion of 3-hydroxy-3-methylglutaryl-CoA into mevalonate, one of the steps of 

cholesterol biosynthesis. 

Currently the process of cholesterol absorption is not completely elucidated. 

There are two main mechanisms explaining cholesterol absorption through intestinal 

epithelium, namely the passive diffusion and the mediated transport. There is strong 

evidence that both processes occur, but efforts should be done to clarify what is the 

effective contribution of each pathways to the overall process. This is not known as yet 

and a better understanding of cholesterol absorption process can lead to more effective 

strategies to decrease cholesterol absorption.  

In the passive diffusion mechanism the highly hydrophobic cholesterol is 

solubilized in the intestinal lumen with the help of BS to bypass its low solubility. Once 

solubilized in the BS micelle, it can diffuse to the neighbourhood of the membrane and 

be delivered from the micelle to the membrane as an aqueous monomer. The monomer 

is then inserted in the membrane, translocating from the outer monolayer to the inner 

monolayer and delivered to the cytosol. This process is ruled by the cholesterol 
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diffusion from the lumen to the membranes through the unstirred water layer. The 

solubilization of cholesterol in BS micelles has been addressed by several research 

groups [4; 5; 6; 7; 8; 9], but some open questions still remain. The solubility of 

cholesterol in several simple mixtures of BS and also its dependence with lecithin 

content is known. From the literature, it is clear that more hydrophobic BS present 

higher solubilization of cholesterol and that solubilization of cholesterol increases with 

the presence of lecithin. The typical aggregates formed by these lipids depend on the 

ratio BS/lipid and are usually self aggregated as mixed micelles and mixed vesicles. 

They can also form crystals, one of the ways used to excrete cholesterol through the 

intestine. Cholesterol solubilization by BS micelles seems to be crucial for its 

absorption, contrary to FA which, as monomers, are more soluble in aqueous solution. 

Information gathered since more than sixties years shows that nowadays there are still 

puzzling questions regarding solubilization of cholesterol by BS micelles. BS present in 

intestinal lumen are mainly glycine conjugated BS with the following proportions: 

glycocholic acid (GCA) 37.5%, glycochenodeoxycholic acid (GCDCA) 37.5% and 

glycodeoxycholic acid (GDCA) 25%. It is not clear why this is the physiological 

proportion of BS and if any modification of it would involve an increase or a decrease 

of cholesterol solubility. Another question concerns the effect of the increase of 

cholesterol solubility and its meaning in terms of cholesterol absorption through the 

membrane. The effects of the presence of each BS in the micelles, and particularly the 

additive effects of each BS in their mixtures were never systematically investigated. It 

was assumed the mixture of BS behaves similarly to the average behaviour of single 

micelles. In some examples in literature focus was given to mixtures that could mimic 

the in vivo scenario but the understanding of the effect of mixing different BS was not 

addressed. This study can give a significant contribuition to predict ways to avoid or 

enhance cholesterol solubilization in micelles. In fact, the mimesis of the physiological 

scenario per se gives only a quantitative answer of cholesterol solubilization in that 

particular environment, which will be a mixture of several effects making the system 

very hard to interpret. The idea is to understand which kind of synergies occurs between 

the most representative BS in the human lumen and what this result can tell us. If we 

have two BS with different affinities for cholesterol (i.e. different solubilizations) what 

would be the outcome in terms of cholesterol solubilization when we increase the 

proportion of one relatively to the other? Can we use this information to selectively 

avoid cholesterol solubilization? Does the mix of both BS gives ideal cholesterol 
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solubilization capacity? These questions are currently not answered in the literature and 

to look at the solubilization phenomena can bring new insights in the development of 

inhibitory cholesterol absorption strategies. The dependence of cholesterol 

solubilization and absorption on the BS composition can also be useful to interpret 

individual variations in their efficiency in cholesterol absorption. After the 

characterization of cholesterol solubilization in BS micelles with a robust experimental 

method, the next step will be to follow its partition into the membrane.  

As previously mentioned cholesterol absorption can occur by passive diffusion 

or by mediated transport. The latter is dependent on proteins involved in cholesterol 

transport. One of these proteins is Nieman Peak C1 Like1 (NPC1L1) that has been 

described to be involved in transport of cholesterol from the lumen to the interior of 

intestinal epithelium. In the other hand ABC transporters are responsible for the efflux 

of cholesterol and also phytosterols. The inhibition of cholesterol transporters is another 

strategy to decrease cholesterol absorption. One very popular drug, usually used in 

combination with statins is Ezetemibe which has been considered an inhibitor of 

NPC1L1. However it is not known whether this drug affects the elastic properties of the 

membrane and by this way the efficiency of passive process. Therefore the inhibitory 

properties of this drug can be either due to inhibition of cholesterol carriers and/or 

change of membrane permeability.  

Another strategy commonly used in a daily basis to reduce cholesterol 

absorption is the addition of phytosterols and esterified phytosterols to several food 

products consumed by humans. However the mechanism by which phytosterols induced 

a reduction of cholesterol absorption is not completely solved. One hypothesis is the 

physicochemical processes happening when cholesterol and phytosterols are together in 

intestinal lumen. The duodenum content is a complex mixture of BS, FA, phospholipids 

(PL) and monoacylglyerol (MAG) forming a structure called dietary mixed micelles 

(DMM) which solubilize cholesterol. If phytosterols are available in solution they can 

compete with cholesterol for solubilization in the dietary micelles, inhibiting in this way 

cholesterol absorption. Another proposed mechanism suggests the presence of 

phytosterols enhances cholesterol precipitation, leading to a decrease of cholesterol 

absorption due to its excretion in feces in a so called co-precipitation mechanism [10]. 

The ABC transporters are also involved in these mechanisms. This is mainly related 

with the fact that ABC transporters regurgitate both cholesterol and phytosterols [11; 

12]. Once cholesterol and phytosterols are internalized through the apical membrane, 
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cholesterol is immediately esterified and carried upstream to be further processed to 

chylomicrons and enter in the blood stream. On the other hand phytosterols and some 

non-esterified cholesterol are effluxed by the ABC transporters. Sitosterolemia is a 

disease leading to the accumulation of phytosterols in enterocytes due to the mal 

functioning of ABC transporters.  

Like most hydrophobic molecules cholesterol needs the help of surfactants to 

increase its solubility in aqueous environment. The effect of different BS on this process 

has been extensively studied in the sixties but was mainly focused on the healing 

strategies for gallstone disease. The main interest was to maximize the dissolution of 

cholesterol gallstones which were mainly precipitated cholesterol with salts in the 

gallbladder. Because enterohepatic recirculation occurs, BS are reabsorbed in the 

intestine and delivered again to liver, being then deposited in the gallbladder. 

Consequently the strategy was to administrate BS with high solubilizing power and 

partition properties to decrease gallstones in gallbladder.  

The paradigm can be thought the other way around, putting the focus on 

preventive absorption of cholesterol to avoid one of the most lethal human diseases in 

developed countries: atherosclerosis. In this case the operative solution is the 

minimization of cholesterol absorption, maximizing its precipitation in duodenum 

content and minimizing the solubilized cholesterol, being the cholesterol crystals 

excreted in feces. One approach to understand these complex phenomena can be to 

reduce the system complexity and to increase it back stepwise.  

The study of cholesterol solubility in single component micelles of the most 

prevalent BS in duodenum content seems to be a reasonable starting point. Observation 

of the cholesterol solubilization while changing BS hydrophobicity in the mixed 

micelles can give hints on what is happening in the physiological scenario. Literature 

shows us that several attempts were made to reveal the significant physicochemistry 

underneath these processes. In this chapter we will investigate the work done on this 

topic as some drawbacks and unsolved questions. Studying the effect of mixing BS with 

different hydrophobicities and their effect on cholesterol solubilization can give us 

insights for strategies to decrease cholesterol absorption. Based on available data in 

literature a quantitative analysis is addressed to understand the effects of each 

components, namely BS, FA and PL in the different proportions studied. The action of 

phytosterols, unsaturated FA and other hydrophobic nutrients such as vitamins on 

cholesterol solubilization by the BS micelles is also subject to study. A clarification on 
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the mechanism of action, either co-precipitation or co-solubilization, can suggest us 

clearer strategies to decrease cholesterol solubilization and by this way decrease 

cholesterol intake. Once the main determinants for phytosterols action on the decrease 

of cholesterol solubilization are known, sterols with more effective inhibitory skills can 

be targeted. Again this could be done using a quantitative approach where the system 

variables are under control. In order to efficiently understand the effect of one 

component in the solubilization we need to characterize it in such way we observe only 

its effect and not the overall effect from several variables.  

So far we mainly focused on solubilization of cholesterol and we also 

highlighted the mechanisms by which absorption of cholesterol can occur. As 

previously mentioned absorption of cholesterol occurs in intestinal epithelium. This 

epithelium is subjected to continuous contact with several molecules including PL, 

vitamins, FA and also the already mentioned BS. BS are known by their surfactant 

properties, meaning they have perturbing and destabilizing effects on membranes, even 

leading to their solubilization depending on Lipid/BS ratio. Although this continuous 

exposure can have harmful effects on the membrane, they have protective mechanisms 

against these agents, namely a structured area called water unstirred layer (UWL) 

composed by the glycocalyx behaving as a biological protective barrier. In cases of 

large changes in pH, which can occur in some diseases, the partition of BS into 

membranes can be a harmful health issue. Nevertheless the partition of BS into the 

membrane will lead to a change in its fluidity with potential effects on cholesterol 

passive diffusion. In this sense it is crucial to understand the effects of surfactants and 

other drugs used or present in the intestine as they can affect membrane permeability. 

This is even more problematic if the effect is not only directed for cholesterol but also 

for others essential nutrients and drugs. The partition coefficient of BS can help us to 

know the effective concentration of BS in the membrane and allows the understanding 

of their partitioning upon different BS hydrophobicities. This can be useful to elucidate 

which BS is more efficient to enhance cholesterol absorption. This understanding can 

have major implications in drug delivery design because BS can be thought as vehicles 

to carry molecules but also as enhancers for drug absorption. On the one hand BS can 

promote the absorption that should be prevented in case of cholesterol intake issues; on 

the other hand they can usefully promote drug delivery. Which BS are more effective 

and what should be their effective concentrations are the parameters that must be 

addressed. 
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Having introduced some general considerations about how to avoid cholesterol 

absorption and presented some strategies mainly focused on the understanding of 

solubilization prior to absorption, we will now review some basic knowledge starting 

with the morphology and physiology of the intestinal epithelium. 
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I. 2 - Morphology and physiology of intestinal epithelium 

Absorption in intestine is the pathway taken by nutrients from intestinal lumen 

to blood and lymphatic system. The intestine is constituted by three anatomic units, 

namely duodenum, jejunum and ileum. The Figure I. 1 shows the anatomic structure of 

the small intestine and also some characteristic properties: diameter (d), length (l), 

exposed surface area (s) and the variation in pH (pH) along each unit. 

Figure I. 1 Small intestine structure and some characteristics from the different anatomic units 

[13]. 

Morphologically the small intestine was built to maximize the absorption of 

nutrients making use of villi and microvilli (Figure I. 2). These structures increasing the 

surface area for absorption can be hundred times larger than the human body surface 

area.  

Figure I. 2 Light micrograph (A) and labelled tracing drawing (B) of small intestinal mucosal 

of monkey (source [14]). 

Anatomic 
unit 

l (cm) d (cm) s (m2) pH

Duodenum 25 5  0.09 5-7 

Jejunum 300 5  60 6-7 

Ileum 300 5  60 7 
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Nutrients absorbed by intestine do not enter directly into the general circulation. 

First they go to the liver through the capillaries network present in the digestive tract 

being drained into the hepatic portal vein. The liver is the largest internal organ mainly 

constituted by hepatocytes cells, arranged into hepatic plates of two cells thick [15]. The 

bile is produced in the hepatocytes and then secreted into thin channels called bile 

canaliculi, localized in each plate, and is drained at the periphery of each lobule into the 

bile ducts. These bile ducts end up in hepatic ducts that carry the bile away in a separate 

route and in opposite directions of the blood stream. In addition to the regular 

components of bile that we will mention later, a wide variety of xenobiotics are secreted 

by the liver into the bile ducts. This is a major route of elimination of some drugs from 

blood stream, excreting them into the intestine and expelled by the feces. However 

some of these compounds released with the bile into the intestine are not excreted in the 

feces, but instead can be re-absorbed by the intestine and enter the portal vein. So they 

are re-cycled into the liver where they can be either re-secreted from the hepatocytes or 

undergo other treatments. This recirculation between liver and intestine is a process 

called enterohephatic circulation. Bile is continuously produced by the liver and is 

drained into the bile ducts and then into duodenum. When the small intestine is in fasted 

state, a sphincter at the end of the duct closes and forces the bile to enter cystic duct 

which converges into a saclike organ that stores bile, called gallbladder. This organ has 

a capacity of 30 to 100 mL. In the fed sate the gallbladder contracts and expels the bile 

into cystic duct entering in the small intestine.  
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I. 3 - Properties of gastrointestinal tract (GIT) 

The most gastrointestinal absorption, 99 %, is localized in jejunum and ileum. 

The pH in these intestine sections varies depending whether the organism is in fed or 

fasted state. In the fasted state the pH in stomach is around 1.7. Leaving stomach, the 

acidic mixture proceeds to duodenum, where it is neutralized by bicarbonate ions 

secreted by the pancreatic duct, resulting in pH increase to 4.6. Between the proximal 

jejunum and distal ileum the pH increases gradually from 6 to 8 what represents a 

considerable pH gradient along small intestine. While food can be retained in stomach 

from half an hour as long as 13 hours, the transit time on jejunum and ileum is only 

from 3 to 5 hours and from 7 to 20 hours in the colon. Thus, the absorption process in 

the intestine occurs during a period of 3-5 hours with a pH ranging from 4.5 to 8. The 

presence of food in the intestine boosts the segregation of bile acids from bile which 

will emulsify fat, mainly Chol, PL and FA in the so-called mixed bile salt micelles 

(MBS) or also dietary mixed micelles (DMM).  

The first description of the luminal contents was done by Borgstrom [16; 17] describing 

the existence of three phases: an upper phase less dense, a middle phase presumed to be 

micellar and a precipitated phase (pellet). These phases are mainly composed by BS, 

Chol, PC, triacylglicerides (TAG), diacylglicerides (DAG), monoacylglicerides (MAG), 

cholesterol esters (CE) and FA. The most common BS present in human intestinal 

lumen are shown in Table I. 1 with their relative compositions (in mole percentage: 

mol%).  

Table I. 1 BS commonly found in intestinal lumen contents of human beings [16]. 

BS species mol% 
GCA 24

GCDCA 24
GDCA 16
GLCA 0.7

GLCAS 3
TCA 12

TCDCA 12
TDCA 8
TLCA 0.3

TLCAS 1
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These BS presented at Table I. 1 are mainly conjugated with taurine and glycine under 

the following names: GDCA, GCDCA, GCA, taurodeoxycholic acid (TDCA), 

taurocholic acid (TCA), taurochenodeoxycholic acid (TCDCA), glycolithocholic acid 

(GlCA), glycolithocholic sulphate acid (GlCAS), taurolithocholic acid (TLCA) and 

taurolithocholic sulphate (TlCAS). 

Composition and concentration of lipids present in duodenum were determined 

from duodenum aspiration and revealed several interesting results (Table I. 2). The most 

abundant lipids in duodenum are FA, TG, MG, DG and PL and are more soluble in the 

oil fraction than in the aqueous sub phase and oil/water interphase. Although some of 

these lipids present considerable concentration at the interface, their concentrations 

clearly decreases at the aqueous phase. 

Data shows BS are the lipids having similar concentrations along the different 

phases, meaning they are equally soluble and suggesting their primary role in the 

absorption of hydrophobic molecules. Indeed, in their hydrophobic core, BS 

accommodate very low water soluble molecules what eases the transport of these 

molecules from the oil phase to the apical membrane of epithelium, therefore, 

increasing, their availability in the apical membrane of epithelium. 

Values reported in Table I. 2 are commonly used as standard lipids 

concentrations to mimic DMM. 
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Table I. 2 Concentration of lipids found in duodenum contents according to fractions recovered from the chemical biopsies [18]. 

[ ] mM 
Fractions 

Chol FA MG DG TG PL BS CE CT
Unfractioned lipid compositions 2.42.0 20.414 5.44.5 7.36.3 34.644.5 4.81.8 14.58.8 0.20.4 89.462.2 

Lipid composition of oils 2922 801468 14554 1824 371169 8072 9.96.5 6.55.4 1458718 
Lipid composition of interfaces 7.67.1 166176 24.49  3.04.3 134131 19.611.3 9.65.8 10.13.5 374321 
Lipid composition of subphases 0.771.6 9.37.4 2.82.9 0.10.2 0.060.2 3.22.5 13.110.8 0.010.03 29.419.7 

Lipid composition of precipitates 4.42.2 86.537.4 12.96.0 5.32.9 2.31.6 8.37.3 5.02.1 n.d. 124.924.3 
total 44.2 1083.2 190.5 33.7 542.0 115.9 52.1 16.8 2078.3

% of each component at intestinal 
duodenum 

2.1 52.1 9.2 1.6 26.1 5.6 2.5 0.8
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Prior to epithelial absorption, molecules have to cross the unstirred water layer 

(UWL), a mucus layer composed of proteoglycans coated with a structure named 

glycocalyx. Glycocalyx is composed of glycoproteins, digestive enzymes and 

oligosaccharides chains enriched in sialic acid, conferring it a negative charge character. 

The size of this layer ranges between 30 to 100 μm, what is 2 to 5 times the size of the 

brush border membrane (approximately 18 μm) [19]. Unlike intestinal lumen (pH 6.5), 

the UWL exhibits an acidic microclimate, pH 5.2, due to both the negative charge 

hindrance of sialic acid by protons and the low proton diffusion resulting from the more 

structured and viscous character of UWL [19]. Together size, composition and 

physicalchemical characteristics confer UWL a pivotal role in the process of absorption 

of hydrophobic molecules as will be explored (section I. 14). To the best of my 

knowledge, so far, the importance of UWL has been overlooked.  

After crossing UWL, molecules reach the apical membrane of the epithelium. 

The intestinal epithelium is composed of enterocytes which are epithelial polarized 

cells, having the apical membrane in contact with the intestinal lumen, and by 

basolateral cells which are U shaped and in contact with lymphatic and blood vessels. It 

is worth to underline that molecules had faced pH change along the gastrointestinal tract 

(6 to 8), from lumen (6.5) to UWL (5.2) and again from UWL to the capillary network 

where pH is 7.4. 

Figure I. 3 Electron micrographs (left and inset) and labelled trace illustration (right) of 

glycocalyx [14].  
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After crossing the apical membrane the molecule has to cross another unstirred 

layer localized in the cytosol which should be accounted when considering absorption 

across intestinal epithelium.  

The lipid composition of several biological membranes is shown in Table I. 3. In 

the intestinal epithelium, the apical membrane is rich in cholesterol (Chol) and SpM 

whereas the basolateral is composed of POPC, Chol and SpM. Other lipids like PE, PS, 

and PI are also present in both membranes but more abundant in the basolateral.  

Table I. 3 Lipid composition (%w/w) in biological membranes [19]. 

Lipid composition BBMa MDCKb BBBc 
PC 20 22 18
PE 18 29 23
PS 6 15 14
PI 7 10 6

SpM 7 10 8
FA - 1 3
CL - - 2

Chol+CE 37 10 26
TG - 1 1

Negative/Zwiterionic lipid 
ratio 

1:3.5 1:2.3 1:1.8

a) Reconstituted brush border membrane of rat b) Madin-Darby canine kidney cultured epithelial cells c)

Blood brain barrier lipid model, RBE4 rat endothelial immortalized cell line   

The plasma membrane of the brush border membrane shows high polarity and 

sizes from 10 to 11 nm larger than the average size of eukaryotic plasma membranes (7-

9 nm) [19]. This is mainly assigned to the high Chol:PL and protein:lipid ratios [13]. 

Intestinal epithelium composition, in what respects to lipid composition of 

epithelial cells and pH changes along intestinal segments, UWL and blood stream, was 

just described. It’s now time to detail knowledge about the solubilization of 

hydrophobic molecules in the intestine and their partition to membranes. At this point it 

is convenient to consider the different sources supplying cholesterol to intestine 

endothelial cells. Diet furnishes around 600 mg of cholesterol per day while the 

synthesized cholesterol is around 1200 mg [2]. Cholesterol delivered by the gallbladder 

can also have various sources. The main one is the endogenous synthesis of cholesterol 

in the liver. Another source is the cholesterol delivered from lipoproteins to the liver 

from peripheral tissues.  
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Cholesterol delivery and consumption is an excellent interplay between several 

mechanisms that enable proper supply and consumption. These mechanisms use BS as 

strategy for cholesterol excretion. This is achieved by converting cholesterol, a 

hydrophobic molecule, into BS which properties enable them to solubilize cholesterol 

itself. This shows to be a sophisticated system able to regulate, on the one hand, 

cholesterol excretion and on the other hand guarantee its intake. 

From what has just been said it is clear that several phenomena are important to 

handle cholesterol homeostasis. In the next two sections we will highlight some 

concepts regarding self-assembly phenomena.  
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I. 4 - Self-Assembly of amphiphiles: Thermodynamic principles 

Self aggregation of amphiphiles is a process occurring when the chemical 

potential of the aggregate is lower than the chemical potential of the monomer [20; 21]. 

Equilibrium between micelle and monomer is illustrated in Figure I. 4. 

Figure I. 4 Parameters used for thermodynamic equations of the association of N monomers in 

an aggregate. 

The chemical potential, 1 , associated to the monomer can be defined by the 

following equation,  

 Equation I. 1 

where, 0
1  is the standard chemical potential for the monomer, 1X  the molar fraction of 

the monomer, R the gas constant and T the absolute temperature. By analogy the 

chemical potential, N , associated to micelles with N monomers is defined as  

Equation I. 2 

where NX is the molar fraction of amphiphiles incorporated in micelles. At equilibrium 

the chemical potential of the micelle must be equal to the chemical potential of the 

monomer, therefore  

Equation I. 3 

From the mass law we can get the association and dissociation rate constants.  

Equation I. 4 

0 ln N
N N

XRT

N N
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Equation I. 5 

The ratio between association and dissociation defines the equilibrium constant (K) 

 Equation I. 6 

Developing this equality provides the expression correlating the molar fraction of 

amphiphiles in an aggregate of N monomers with the molar fraction of a monomer:  

Equation I. 7  

Aggregation occurs only when there is a difference in the cohesive energies between 

molecules in the aggregated and monomer states. If molecules in aggregates and in 

monomers experience the same kind of interactions with their surroundings the value of 

chemical potential will be the same  0 0
1M  . In these conditions the Equation I. 7 can 

be simplified to, 

Equation I. 8  

Therefore, if 1 1X   this indicates that molecules will be in the monomer state 

( 1NX X ). The monomer state will also be favoured when 0
N  increases with N. We 

can have a coexistence of several structurally different populations of aggregates within 

a single phase in thermodynamic equilibrium with each other. However, the necessary 

condition for the formation of stable aggregates remains that the chemical potential of 

the aggregate is lower that the chemical potential of the monomer ( 0 0
1N  ). 

There are three main contributions for the chemical potential of a molecule with 

an average superficial area (S) in an aggregate of N molecules which the origin is 

mainly related with interface attractive and repulsive events and bulk interaction. Theses 

contributions can be described by the following Equation I. 9. 

Equation I. 9 
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The term   refers to the attractive interfacial tension responsible for the stabilization of 

the interaction between interfaces of two liquids. The second term refers to the repulsive 

interactions including those geometric and electrostatic (S). Meanwhile there are some 

forces leading molecules to associate and other forcing them to be further apart. They 

are expressed in the Equation I. 9 by the constant C, C determining the optimal density 

of packing in the aggregate. The optimum value of S is given by the minimization of 

free energy relatively to the molecular surface area (
0
N

dS


), the molecular surface area 

being given by 0

C
S


 . The third term on equation is related to free energy of acyl 

chains, being responsible for the dependence of CMC with the increasing of acyl chain.  

From what was just been said the formation of aggregates depend of different 

factors which can condition the formation of aggregates but also their shape. Aggregates 

can assume different shapes namely, spherical, distorted spheres (ellipsoids or globular), 

cylinders or bilayers. The most favourable geometry for the aggregate is dependent on 

the surface area (S0), the length of acyl chain (l) and the volume occupied by the acyl 

chain (V). The packing parameter is therefore defined by 
0

V

lS
 which can predict the 

type of aggregate more favoured for a defined set of molecules. If we consider a total 

area for a micelle of M molecules equal to MS0 of radius r, and its volume equal to MV, 

the radius obtained is equal to 
0

3V
r

S
 , being the radius for the micelle inferior to the 

length of acyl chain. The packing parameter for the micelles is defined by the Equation 

I. 10. 

Equation I. 10 

Figure I. 5 illustrates different type of structures that can be formed by 

amphiphiles in aqueous solution and their dependence with the critical packing 

parameter. 
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Figure I. 5 The different types of structure and “mesophases” formed by amphiphiles in 

aqueous solution depending on their packing parameter. Isotropic solutions of monomers are 

illustrated and additionally, M for micellar, H hexagonal (cylindrical), C for cubic (usually 

isotropically interconnected) and L for lamellar. The subscripts I and II stand for normal and 

inverted (aqueous core) structures. HLB is the Hydrophile-Lipophile balance [21]. 
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I. 5 - Mixed Micelles 

Mixed micelles are micellar solutions composed of more than one component. 

The mixture of two surfactants in a solution is a typical example of a mixed micelle. 

The mixture of two surfactants is said ideal when there is no net interaction between the 

two species. To well predict the CMC of a mixed micelle composed of two surfactants 

we need to use the definition of chemical potential described in the above section. 

Assuming a generic aggregate type, with a concentration, Ci, the chemical potential can 

be defined as  

Equation I. 11 

considering that at critical micellar concentration, i iC x CMC . Therefore the chemical 

potential of the surfactant is given by 

  Equation I. 12 

and in similar manner the chemical potential of component i in the mixed micelle (mm) 

is given by, 

 Equation I. 13 

where mm
ix  is the mole fraction of the ith component in the mixed micelle and 0

,i mm  is 

the chemical potential of component i in the reference state. If only a single specie 

exists in solution then 1mm
ix  , ,i i mm   and 0 0

,i i mm  . Chemical potential of 

component i in the solution is the same than in the micelle at equilibrium and CMC 

value from mixed micelle can be predicted by 

Equation I. 14 

when insoluble lipids are incorporated into simple micelles they also form mixed 

micelles and the process of incorporation is called solubilization. 

The mixed micelles with BS can be divided in four main categories, A - mixed 

micelles with nonpolar hydrocarbons; B - insoluble nonswelling amphiphilic lipids; C - 

insoluble swelling amphiphilic lipids; and D - soluble amphiphilic lipids. The first class 

of mixed micelles is not physiological relevant. On contrary the other classes of 
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micelles are very relevant for the understanding of solubilization and absorption 

phenomena of hydrophobic molecules ranging from vital nutrients to xenobiotics. 

Example of mixed micelles with nonswelling lipids is the cholesterol BS micelles, and 

also their interaction with nonswelling amphiphiles like palmitic acid, oleic acid, 

phytosterols and tocopherol. Regarding the insoluble swelling amphiphilic class of 

mixed micelles, BS-lecithin micelles are the canonical example.  

After the introduction of the self-assembly of amphiphiles, some of these 

relevant features will be described considering the BS and their primordial role in the 

cholesterol solubilization process. Thus the coming section will focus on the state of 

knowledge about the BS structure, diversity, function and physicochemical parameters. 
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I. 6 - Bile salts structure, diversity and function 

Bile salts are biological ‘detergents’ while they can be classified as surfactants. 

Surfactants come from the agglutination of the words surface active agents, which 

highlights the main action of surfactants at an interface: they reduce the surface tension 

at the surface between two phases. Detergents are characterized by an amphiphilic 

nature which enables them to have a part liking non aqueous environments 

(hydrophobic) and another part liking aqueous hydrophilic molecules. Their main 

function in an in vivo scenario is to increase the solubility of hydrophobic molecules in 

aqueous environments. They are atypical surfactants in the sense they are not 

constituted by a hydrophobic alkyl chain and a polar head group, but instead two faces 

(hydrophilic-convex and hydrophobic- concave) equatorial segmented. The most 

common structures of the BS found in humans are presented in Figure I. 6. 

Figure I. 6 Structures of the most common bile salts found in humans: GDCA (top), GCDCA 

(middle) and GCA (bottom). 
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GDCA and GCDCA have both two hydroxyl groups, respectively placed on 

carbons 3 and 12, and on carbons 7 and 12. GCA has an additional hydroxyl group, 

being a trihydroxy bile salt. Solubility as a monomer in aqueous solution is considerably 

higher when compared to cholesterol or lecithin solubilities. The presence of hydroxyl 

groups gives them a more hydrophilic character, which allows them to be soluble in the 

monomer state in the milimolar range. The cholesterol and lecithin are soluble has 

monomers from the nanomolar to micromolar range. The CMC, which is the 

concentration where aggregation starts, is higher for the trihydroxy BS. Unconjugated 

BS are not usually found in human bile, because they have a pKa of approximately 6, at 

the pH range values found in duodenum such pKa can lead to some precipitation in the 

acidic form (at some extremes it forms a gel). Conjugation of BS with glycine or taurine 

lowers their pKa and enables them to be in the ionized form at the broad range of pH 

occurring in the intestine (pH ranging from 6 to 8). The conjugation with glycine or 

taurine is the most prevalent and leads to an elongation and increase of the polarity of 

side chain [22]. The characterization of several BS properties like pKa, CMC and their 

dependence to pH, ionic force and temperature have been extensively described in 

literature. The next section intends to present a review on the fundamental knowledge 

obtained by others. Whenever relevant, systematization is done in tables. Several 

physicochemical characteristics of unconjugated and conjugated BS are presented in 

Table I. 4. The CMC is strongly influenced by the number of hydroxyl groups. The 

trihydroxy BS display a greater aqueous solubility as a monomer than the dihydroxy 

BS. Considering the dihydroxy BS, GDCA shows a higher solubility than GCDCA. It 

should be emphasized that depending on the pH and ionic force used, values of CMC 

will be quite different. The pKa can also vary depending whether if the BS is in 

solution, in membrane or other hydrophobic environment. Data shows a pKa increase 

with the increase of BS concentration. Before reaching the CMC the pKa show a lower 

value than compared with a concentration above the CMC [23]. One common approach 

to measure the pKa was potenciometry, another was to follow carboxyl 13C NMR 

chemical shift dependence on pH being very sensitive to the environment of the bile salt 

and on its ionization state. The pKa of cholic acid can vary from 4.6 as a monomer in 

solution to 6.8 if inserted in egg-PC vesicles [24]. The ionization behaviour of BS in 

different environments is certainly important because bile salts secreted by the 

duodenum can find environments where large changes in pH (5 to 8) occur, and can 

vary upon partition to membranes.  



Chapter I  

25

Table I. 4 Physicochemical properties of non-conjugated and conjugated BS.  

CMC (mM) 
dye titration Spectral shift 

BS 

OT AZ Pyr Azo 
S.T. L.S ITC

RhSS RMNSS

R  
at CMC

0

 U.C. L.S.

pH
T
ºC 

8.0 [25] 10.0 [25]   6.0 [25; 26]   8 n.d.

 2.4 [27]   n.d. 35 
 13 [9]  8-9 36 D

C
A

 

 15 [9]  8-9 20 
4.0 [9; 25] 5.0 [25]  4.0 [25; 26]   8 n.d.

 11 [9]  8-9 36 
 11 [9]  8-9 20 

 2.0 [25] 3.2 [28] 1.5 [25] 12 [28]  5 [28] 10 37 C
D

C
A

 

 3.0 [27]   n.d. 35 
16.0 [25] 14.0 [25] 11.0 [25]  8 n.d.

 9.4 [29]   7.4 37 
 5 [9]  8-9 36 
 5 [9]  8-9 20 

C
A

 

 6.2 [27]   n.d. 35 
2.2 [25] 3.0 [25]  2.0 [25]  8 n.d.

 1.2 [30]   7.5. 35 
 1.9 [25]   6.3 37 

 1.1 [25; 26]   6.0 37 
 2.0 [29]   7.4 37 

 16 [9] 8-9 36 

G
D

C
A

 

 19 [9] 8-9 20 
2.0 [25]   1.8 [25; 26]  8 n.d.

 2.4 [25]   6.3 37 
 2.2 [29]   7.4 37 

1.1 [25; 26]  17 [9] 13 [9] 10 37 
 18 [9] 8-9 36 G

C
D

C
A

 

 20 [9] 8-9 20 
9 [25] 10.0 [25]   1.0 [25; 26]  8 n.d.

 4.0 [30]    7.5. 35 
 8.5 [29]   7.4 37 

 6 [9] 8-9 36 G
C

A
 

 6 [9] 8-9 20 
3.0 [25] 6.0 [25]  2.4 [25; 26]  8 n.d.

  1.1[30]    7.5. 35 
 1.9 [25; 26]   6.3 37 

 1.8[29]   7.4 37 
 1.2 [25; 26]  22 [9] 7.0 37 

T
D

C
A

 

 18 [9]  8-9 36 
4.0 [25] 7.0 [25]  2.8 [25; 26]  8 n.d.

 2.5 [25; 26]   6.3 37 
 2.0 [29]   7.4 37 

2.8 [31]  n.d. n.d.
 17.5 [28]   7.0 37 T

C
D

C
A

 

 16 [9]  8-9 36 
9.0 [25] 4.0 [25]  6.0 [25; 26]  8 n.d.

 2.0 [30]   7.5. 35 
 7.6 [29]   7.4 37 

 4.0 [25; 26]  n.d 20

T
C

A
 

  5 [9]  8-9 36 



Chapter I 

26 

T- orange OT(1- O-tolyl azo-2-naphthanol), AZ- azulene, Azo- azobenzene, Pyr- pyrene. L.S.- light 
scattering, U.C.- ultracentrifugation, ITC- isothermal titration calorimetry, RhSS- rohdamine 6-G 

spectral shift, NMRSS- resonance spectral shift, S.T.- surface tension R- radius Α - aggregation 
number, n.d.- not defined 

The numbers of monomers per micelle depend on the BS hydrophobicities. The general 

rule is that more hydrophilic BS have a lower aggregation number. The aggregation can 

also be dependent on the ionic strength and temperature used. The aggregation number 

(size) of BS micelles increases at lower temperature and higher ionic strengths. It is also 

observed that non conjugated BS have lower values of aggregation number. 

Had explored the physicochemistry parameters of micelles of BS is time to describe 

what happen when BS are in the presence of other lipids with relevance for the 

solubilization process at intestinal lumen.  
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I. 7 - Solubilization processes in the intestinal lumen 

I. 7. 1 - Cholesterol solubility limit in BS micelles: BS-insoluble amphiphiles 

mixed micelles type 

Mechanism for the solubilization of cholesterol in micelles is not yet 

understood. If the incorporation of cholesterol molecules in the micelle is faster than the 

diffusion of micelle itself to the cholesterol we are facing a diffusion controlled process 

(solubilization). Otherwise if the incorporation of cholesterol in the micelle is slower 

than the diffusion of micelle in the vicinity of cholesterol we are facing a non-diffusion 

controlled process, in the so called chemically controlled reactions. The dissolution of 

cholesterol monohydrate is a non-diffusion controlled process [32].  

A review of the literature shows some studies on solubilization of cholesterol 

through simple BS micelles. Some available information on solubilization of cholesterol 

by BS is shown in the Table I. 5. Depending on the method used, ionic force and pH, 

values can be quite different. In fact most of these results are obtained with filtrations or 

chromatographies techniques which are invasive. These methods can perturb the 

equilibrium between crystal precipitate phase and aqueous BS micelles phase 

explaining some differences between some experimental results. Methods 

differentiating micellized cholesterol from crystals of cholesterol in solution of BS 

micelles would be very straightforward, and NMR spectroscopy is good candidate for 

such study (see Chapter III). The results of solubilization between different 

experimental settings are sometimes difficult to compare due to the use of different 

concentrations of BS. To better compare them one strategy is to use the amount of sterol 

per micelle that is shown in the Table I. 5. This is given by the highest concentration of 

cholesterol solubilized (Cholesterol Saturation Limit-CSI) divided by the concentration 

of micelles. The concentration of micelles is given by the difference of BS 

concentration and the CMC divided by the aggregation number. 
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Table I. 5 Cholesterol saturation limit in BS micelles, CMC, aggregation numbers. 

The data shown in Table I. 5 clearly shows that the most hydrophobic BS have a 

higher solubilizing capacity. This is true for non-conjugated as for conjugated BS. It is 

also needful to keep in mind that pH has a considerable influence in solubilization 

capacity of micelles to cholesterol. If the pH is lower than the pKa of the BS there will 

be presence in solution of the acidic form of the BS. Because this protonated specie is 

less soluble in aqueous environment than the ionized one, once in solution it will 

compete for a place in the micelle. This will have influence not only in the CMC of BS 

but also affects the solubilization of cholesterol decreasing drastically the solubilized 

sterol. The ionic strength can also affect the solubilization of cholesterol in a canonical 

away. The increase of ions in solution will decrease repulsion between BS, enhancing 

the solubilizing power of the micelles [35]. Higher temperature also increases the 

solubilizing power of BS micelles for cholesterol. Although consequent work done on 

BS 
[Chol] 
(mM) 

[BS] 
(mM) 

CMC 
(mM)

[BS] micellar 
(mM) 

chol per 
micelle 

T 
(ºC)

pH 
[NaCl] 
(mM) 

Ref. 

6.1 100 15 1.0 6.6 0.9 37 10.0 150 [32] 
DCA 

3.0 60 11 3.4 5.1 0.6 35 7.5 150 [30] 

CDCA 12.1 240.0 5 2.0 47.6 0.3 37 10.0 150 [28] 

CA 0.6 60.0 13 6.3 4.1 0.1 35 7.8 100 [33] 

0.8 240.0 5 5.5 46.9 0.02 37 10.0 150 [28] 
UDCA 

0.3 100.0 5 5.5 18.9 0.02 37 10.0 150 [32] 

3.3 60.0 16 1.2 3.7 0.9 35 7.5 150 [30] 
GDCA 

10.0 200.0 16 1.2 12.7 0.8 37 7.0 n.d. [34] 

5.4 240.0 13 1.1 18.4 0.3 37 10.0 150 [28] 

2.2 100.0 13 1.1 7.6 0.3 37 10.0 150 [32] GCDCA 

6.0 200.0 13 1.1 15.3 0.4 37 7.0 n.d. [34] 

1.0 60.0 6 4.0 9.3 0.1 35 7.5 150 [30] 
GCA 

6.0 200.0 6 4.0 32.7 0.2 37 7.0 n.d [34] 

0.65 240 13 1.7 18.3 0.04 37 10.0 150 [28] 
GUDCA 

0.2 100.0 13 1.7 7.6 0.03 37 10.0 150 [32] 

TDCA 9.0 200.0 16 1.1 12.5 0.7 37 7.0 n.d. [34] 

3.32 240 15 2.2 15.9 0.2 37 7.0 150 [28] 

2.2 60 16 1.1 3.7 0.6 37 7.0 150 [28] TCDCA 

1.5 100 15 2 6.5 0.2 37 10.0 150 [32] 

TCA 0.6 60 6 2 9.7 0.06 35 7.5 150 [30] 

0.37 240 17 1.3 14.0 0.03 37 7.0 150 [28] 
TUDCA 

0.13 100 17 1.3 5.8 0.02 37 10.0 150 [32] 
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solubilization of cholesterol by BS micelles, no one tried to understand the effect of 

binary mixtures in this process while this could give clues on the solubilization process 

by mixed BS systems. Although these in vivo systems are quite complex they can be 

reduced to the three most common species conjugated with glycine in the following 

proportions (GCA 37.5 %, GCDCA 37. 5% and GDCA 25%). The first one is the one 

that has three hydroxyl groups and is solubilizing the less cholesterol. This can be 

probably explained by the highest solubility in water characterized by the higher CMC 

[30], being this micelles less hydrophobic than the micelles composed only by two 

hydroxyl groups. This could be an explanation for the phenomena but comparing both 

of the dihydroxy BS, they show a very different solubility capacities while similar 

CMC. This seems to be related with the hydroxyl position at carbon position 12 of 

sterol backbone of BS (Figure I. 5). Aggregation numbers for GCA seem to be much 

lower than the ones of GCDCA and GDCA.  

The type of relations that these BS have with each other in vivo is not 

completely clear. The reason behind the variability of BS and the type of synergies 

occurring between them seem to be interesting starting points on the way to the 

understanding of cholesterol solubilization in the intestinal lumen 

Some published works characterized these systems but it usually approached 

using the BS more representative. The main conclusion is that the solubility power of 

BS mixture is ruled by the BS solubilizing less cholesterol [34], being the behaviour 

similar to the GCA and GCDCA solubilizing capacities. The system is not optimized to 

solubilize the highest quantity of cholesterol, which is consistent with the main role of 

BS to be a pathway for cholesterol excretion. Even so, physiology selected BS with 

different solubilities for cholesterol. The question is why? An investigation on the 

properties of binary and ternary mixtures of different BS could give some clues 

regarding this question (Chapter IV). Moreover the study of these systems can lead to a 

better knowledge on strategies to decrease cholesterol absorption by reducing the 

available cholesterol in the micelles. We have just reviewed in this section the effects of 

an insoluble amphiphile (cholesterol) in BS micelles. It should be by now realized that 

other amphiphiles are in action at intestinal lumen. Among them is lecithin, a 

phospholipid that once in aqueous environment become swollen and form vesicles 

(liquid crystal phase). The coming section will now review all the known aspects of the 

solubilization of lecithins with BS.  
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I. 7. 2 - BS-swelling amphiphiles mixed micelles type 

Some of the most abundant lipids in lumen contents are phospholipids (PL). PL 

are known by their swelling properties and by their tendency to form liquid crystal 

phases. Depending on the lipid/BS ratio three scenarios can happen: 1- mixed micelles 

coexisting with simple micelles; 2- only mixed micelles; 3-only bilayers. The Figure I. 7 

shows a phase diagram obtained for the taurocholate-lecithin system at 20 ºC. 

Figure I. 7 Phase diagram for taurocholate-lecithin system at 20 ºC [36]. 

The determination of these structures is normally achieved using dynamic light 

scattering and transmission electron microscopy to obtain the different aggregates sizes. 

Diluting a mixture in the region I or II of the phase diagram depicted in Figure I. 7, 

shows that both coexistence boundaries can be crossed, with eventual divergence on 

aggregates composition and shape, at the phase limit. Upon further dilution the system 

is gradually transformed into unilamellar vesicles. The hydrodynamic radius increases 

upon dilution, contrary to what is observed in simple BS systems, where the size of 

micelles tend to decrease upon dilution [37]. The concept of intermixed bile salt 

concentration is very important when diluting these samples without changing the size 

of the micelles. At low lecithin/BS ratio mostly simple micelles exist with very spear 

mixed micelles. The mixed micelles become dominant when an increase in the 

Lecithin/BS ratio occurs and the simple micelles population decreases due to the 

increase of BS in the lipid-BS micelles. This will happen until a coexistence boundary 

above which the solubilization of more lipid requests a reorganization of the micellar 
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size and structure. The mixed micelles of lecithin-BS are described by two models, the 

Small and the Mixed Disc Model (Figure I. 8). 

Figure I. 8 Schematic models for the structure of the biles salt-lecithin mixed micelle, shown in 

longitudinal and cross sectional view [37]. 

There are some differences between both models. In one hand the Small model 

consists of a lecithin bilayer disc surrounded by the BS, with their hydrophilic face 

exposed to water and the hydrophobic face in contact with alkyl chains of 

phospholipids. On other hand the Mixed Disc Model introduces some higher order of 

complexity, namely assuming BS are not only in the perimeter but also incrustrated has 

hydrogen bonded dimers in the lecithin discs. This second model is better accepted 

because it can fit well the behaviour of the hydrodynamic radius dependence on 

lipid/BS ratio. As lipid/BS ratio is increased there are huge changes in the self aggregate 

forms obtained. The mean hydrodynamic radius grows extremely at increasing lipid/BS 

ratio because initially there are micelles mixed with lecithin, but at some point a rich 

domain of lecithin is formed (liquid crystal phase). This different self-aggregated 

species have very important solubilization functions in intestinal lumen. This is the 

strategy used to solubilize several hydrophobic nutrients that otherwise would not be 

accessible for absorption at the membrane. The intestinal lumen composition is a very 

complex mixture where PL, BS and cholesterol join together. The coming section will 

revisit some of the properties of this mixture. 
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I. 7. 3 - BS-swelling amphiphiles (lecithin) and cholesterol 

Precipitation of cholesterol is a phenomena associated since a long time with 

gallstone disease [38]. The development of this disease is related with the phase 

equilibrium between the different intervenients in the gallbladder, namely cholesterol, 

BS and PL. These systems were extensively studied in the past and some interesting 

knowledge was obtained. The Figure I. 9 shows the ternary phase diagram obtained for 

taurocholic acid, lecithin and cholesterol.  

Figure I. 9 Triangular phase diagram showing the physical state of all combinations of NaTC, 

lecithin, cholesterol as 20-g/dL solutions in 0.15 M NaCl at 24 ºC [35].  

The ternary phase diagram BS – phospholipid - cholesterol shows a one phase 

zone constituted only by micelles, a left two-phase zone with micelles and cholesterol 

crystals, a central three-phase zone where micelles, vesicles and cholesterol crystals co-

habit and a right two-phase zone with micelles and vesicles. From the studies of the 

phase diagram (Lecithin, Cholesterol, BS) considering higher proportions of BS and 

 
0.2

lecithin

lecithin BS



 , it was observed that crystals precipitate at higher rates and 

various forms of anhydrous cholesterol were present (needles arcs, spirals or tubules), 

as can be seen in Figure I. 10. Increasing contribution of lecithin showed a decrease in 

precipitation rates of cholesterol with the predominant formation of cholesterol 

monohydrate crystals. These crystals have shown to be solubilized by BS micelles 
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slower than the anhydrous cholesterol form [35]. When reaching some limit of lecithin, 

cholesterol precipitation as crystals vanishes and cholesterol starts to be completely 

soluble in vesicles. The dependence of these processes on the hydrophilicity of the BS 

showed that the most hydrophilic BS have lower capacity to solubilize cholesterol 

precipitates, reducing the zone of one micellar phase. 

Figure I. 10 Habits of solid and liquid crystals of Chol observed by polarizing light 

microscopy: a) arc-like crystal; b) irregular right-handed helical crystal; c) tubular crystal with 

helical stripes; d) tube-like crystal fracturating at ends to produce plate-like Chol monohydrate 

crystals; e) typical Chol Monohydrate crystals, with 79.2º and 100.8º, and often a notched 

corner; f) small non birefringent liquid crystal (labeled small); g) aggregated non birefringent 

liquid crystal (labeled aggregated); h) typical fused liquid crystals (labeled fused) with Maltese-

cross birefringence and focal conic textures; i) Chol monohydrate crystals emerging from an 

aggregated liquid crystal; j) same, from fused liquid crystals. Magnifications x 800 [35]. 

Intestinal lumen has a mixture of aggregates responsible for the solubilization of 

several hydrophobic molecules. Lecithin was shown to clearly increase the cholesterol 

solubility. However, there are other compounds that can affect solubilization of 

cholesterol. One of the most known and effective compounds are the phytosterols. 
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I. 7. 4 - Phytosterols so similar but so different from cholesterol  

Sterols and stanols from vegetal origin, usually referred as phytosterols (the term 

will be used from now on to describe both classes) are known by their inhibiting 

capacities of cholesterol absorption in the intestine.  

Some intriguing questions arise when considering the structures of the most 

common phytosterols. Some of them are quite similar to cholesterol and only small 

changes are noticed in the side chain, staying the backbone similar to cholesterol. Some 

of the most common phytosterol are illustrated in Table I. 6. The daily intake of 

phytosterols ranges from 150 - 400 mg/day with 65% intake of β-sitosterol, 30% of 

campesterol and 5 % of stigmasterol [39]. 

Table I. 6 Molecular structures of sterols and stanols. 
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The aqueous solubility of these phytosterols is also very low as monomer, being 

in the nanomolar range [40], similar to cholesterol. Above this concentration they 

precipitate as well as cholesterol. Currently two mechanisms explain how sterols of 

vegetal origin can inhibit cholesterol absorption. In one hand, phytosterols compete for 

solubilization in the micelle formed by the BS molecules, FA and PL. Therefore a co-

solubilization mechanism can occur between the sterol and the cholesterol. If 

cholesterol and sterol have the same affinity or similar affinities for the micelle, there 

will be less cholesterol solubilized due to the presence of phytosterols. In the presence 
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of similar amounts of cholesterol and phytosterols a fraction of each of them will be 

solubilized in the micelles. Consequently less cholesterol is solubilized in a 

phenomenon that can be understood as dilution of cholesterol by other sterol. On the 

other hand a co-precipitation mechanism can also explain the decrease of cholesterol 

absorption. In this mechanism phytosterols enhance precipitation of cholesterol by 

decreasing its solubility in water, preferring to be mostly in a crystal aggregate than in 

the micelle content. This will lead to a decrease in the available cholesterol to be 

absorbed because is no longer soluble, instead is aggregated in sterol precipitate 

crystals. Another possible scenario is that both processes can happen. Several published 

works account the effects of phytosterols on the cholesterol solubilization. Most of them 

use a mixture of different components, PL, FA, BS, cholesterol and phytosterols. 

Usually the idea is to use a system that can better mimic the in vivo scenario [16]. In 

such a complex mixture it is possible to lose information about particular properties of 

the involved compounds during solubilization. Keeping this in mind we will present a 

review starting with simple systems and increasing the complexity of the mixtures. The 

simplest system studied is a simple mixture using one BS and one sterol. The 

information collected for the solubilization of sterols in simple BS micelles is presented 

in Table I. 7. From these results, cholesterol solubilization in simple BS micelles is 

always higher than the most common phytosterols. This happens not only for taurine 

conjugated BS but also for glycine conjugated BS [8]. The solubility of cholesterol and 

phytosterols alone in TCA BS decreases when compared with its homologous glycine 

conjugated BS. Comparing the taurine conjugated BS, there is a decrease of solubility 

of phytosterols with the increase of hydrophilicity of BS. The same happens with 

cholesterol. The solubilization of stigmasterol appears in some systems with higher 

solubility than sitosterol in GDCA [41].  

Results presented in Table I. 7 show that the values obtained for cholesterol 

solubilization can be quite different between different reports. The introduction of 

phytosterols in the systems with cholesterol and a BS leads to a decrease of cholesterol 

solubility. From those results, the most effective phytosterols for reduction of 

cholesterol solubility are sitostanol (44 %) and sitosterol (44%), while stigmasterol 

(22%) is the less effective the. These results from less complex micelles could help the 

understanding of more complex systems.  
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Table I. 7 Solubility of cholesterol and phytosterols in simple BS micelles and of cholesterol in 

binary systems (BS micelles plus cholesterol/phytosterols in proportion 1:1). 

[Sterol] 
solubilized BS 

species 
Sterol 

composition 
T(ºC) pH 

[BS]  
mM 

mM 

ref 

GCA chol 37 7 50 1.57 [23] 

chol 37 10 100 2.20 [19]
GCDCA

chol 37 7 50 1.89 [23] 

chol 37 7 50 3.08 [23] 

chol 24 10 50 2.20 [32] 

sitosterol 24 10 50 0.31 [32] 

GDCA 

stigmasterol 24 10 50 0.94 [32] 

GUDCA chol 37 10 100 0.13 [19]

chol 35 7.5 15 0.025 [30] 

sitosterol 35 7.5 15 0.015 [30] 

chol 24 7 50 0.45 [32] 

sitosterol 24 7 50 0.19 [32] 

stigmasterol 24 7 50 0.20 [32] 

TCA 

chol 37 7 50 1.49 [23] 

chol 37 7 100 1.50 [19]TCDCA

chol 37 7 50 1.53 [23] 

chol 35 7.5 15 0.50 [30] 

sitosterol 35 7.5 15 0.30 [30] 

stigmasterol 35 7.5 15 0.20 [30] 

sitostanol 35 7.5 15 0.25 [30] 

chol 35 7.5 15 0.39 [31] 

sitosterol 35 7.5 15 0.22 [31] 

TDCA 

chol 37 7 50 2.65 [23] 

S
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gl
e 

B
S

 

TUDCA chol 37 7 100 0.19 [19]

chol:sitosterol 35 7.5 15 0.02 [31] TCA 

chol: sitosterol 35 7.5 25 0.04 [31] 

chol: sitosterol 35 7.5 15 0.30 [30] 

chol: stigmasterol 35 7.5 15 0.48 [30] 

chol:sitostanol 35 7.5 15 0.25 [30] 

chol:sitosterol 35 7.5 25 0.50 [30] 

chol: stigmasterol 35 7.5 25 0.70 [30] 

chol:sitostanol 35 7.5 25 0.50 [30] 

chol:sitosterol 35 7.5 15 0.38 [31] 

B
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ar
y 
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ed
 M
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le
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TDCA 

chol:sitosterol 35 7.5 25 0.56 [31] 
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In some published works where more complex models where use like DMM, 

used to mimic the intestinal lumen content, phytosterols effect on cholesterol 

solubilization diverges from the results obtained in simple mixtures. In this study 

stigmasterol has shown to be the most efficient phytosterol in cholesterol solubility 

decrease, followed by stigmastanol and sitosterol [42]. Using also a complex system, 

other study showed that sitosterol has a higher effect on decreasing cholesterol 

solubilization in single systems but also in the presence of monoolein, oleic acid and 

phospholipids [40]. The reason for these different effects of phytosterols on cholesterol 

solubilization is not yet understood and should be addressed.  

Solubilization of hydrophobic molecules in the intestinal lumen is only one of 

the features of BS. Another important aspect to have in consideration is their partition 

into membranes. The partition of BS into biological membranes can alter their fluidity 

properties and affect the partition of other molecules through the membrane. It is also 

important for the understanding of the enterohepatic circulation of BS. What is the 

extent of partition and what is the local concentration of BS in the membranes should 

also be addressed. The coming section will review the sate of knowledge about partition 

of BS to model membranes with biological relevance.  
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I. 8 - Absorption in membranes 

I. 8. 1 - Partition of BS into membranes 

Membranes are made of several lipids, the most representatives being PL, 

sphingomyelin and cholesterol [3]. The interaction of BS with membranes is of huge 

importance due to the resistance they need to have against the surfactant properties of 

BS which are present in the milimolar range in the intestine [43]. This high 

concentration of a surfactant combined to the solubilizing action of BS for hydrophobic 

molecules (such as sterols and phospholipids) raises some questions concerning 

partition of BS into membranes. The determination of partition equilibrium constant to 

membranes can give information on the local concentration of BS in the membrane. 

This is a fundamental parameter to predict the effects of BS on the structure of 

gastrointestinal membranes. The order parameter profile of acyl chains of model 

membranes in the presence of increasing BS concentrations can explain the effect on 

membrane structure fluidity by the action of BS, the effect of cholic acid being a good 

example [44]. Contrary to the cholesterol condensing effect in membranes [45; 46], BS 

shows an increase of the disorder inside the membranes by a decrease on the order 

parameter. This raises the following question: can the presence of BS in membrane 

enhance permeation of hydrophobic molecules such as cholesterol? To answer this 

question a quantitative study on partition of several BS must be addressed. Some 

previous investigations quantitatively addressed the partition of BS to membrane, by 

using radiolabelled probes and doing ultrafiltration [47; 48] or using ITC [49; 50]. The 

available experimental data on BS partition into membranes is summarized in Table I. 

8. From the reported values most of the works are done with a lipid to bound BS ratio to

high. Partition equilibrium constants show that at the middle of some titration 

experiments there are ligand to bound BS ratios of 1. High ligand concentration at the 

membranes leads to aggregation of BS on the surface of the membrane therefore 

providing erroneous partition data [49; 50]. Ideally the ratio of lipid to bound ligand at 

50 % titration should be higher than 20 to recover the intrinsic partition coefficient.  
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Table I. 8 Partition equilibrium constants of conjugated and non-conjugated BS to model 
membranes (LUV 100 nm). 

BS Lipid 
NaCl  
(mM) 

T 
(ºC) 

pH KP 

Lipid/ 
bound BS 

50% of 
titration 

Ref. 

150 20 8 1.0x102 2 [36] 

150 40 8 1.0x102 2 [36] GCA 

500 20 8 3.0 x102 2 [36] 

GCDCA 150 20 8 6.6x102 2 [36] 

UDCA 150 25 7.4 1.3 x104 50 [48] 

CDCA 

lecithin 

150 25 7.4 1.6 x104 7 [48] 

lecithin/ PS 7:3 150 25 7.4 2.8 x103 10 [48] 

lecithin/ PE 7:3 150 25 7.4 2.6 x103 17 [48] 

lecithin/ Chol 7:3 150 25 7.4 3.7 x103 36 [48] 

lecithin/ SpM 7:3 150 25 7.4 4.9 x103 13 [48] 

lecithin 150 25 7.4 6.3 x103 17 [48] 

EPC 140 25 7.4 1.6 x102 19 [49] 

100 20 7.4 8.8x102 2 [50] 

100 30 7.4 8.8x102 2 [50] 

100 40 7.4 3.3x102 2 [50] 

100 50 7.4 8.9x102 2 [50] 

CA 

POPC 

100 60 7.4 1.2x103 3 [50] 

EPC 140 25 7.4 5.4x102 7 [49] 

ESM 140 25 7.4 2.9x103 14 [49] 

100 20 7.4 1.7x104 1 [50] 

100 30 7.4 2.3x103 1 [50] 

100 40 7.4 2.5x103 2 [50] 

100 50 7.4 2.8x103 1 [50] 

DCA 

POPC 

100 60 7.4 2.0x103 1 [50] 

Considering the experimental results that were obtained in ideal conditions (bold 

highlighted in Table I. 8), with ligand to bound BS ratio at 50% of the titration around 

20 or higher, some generalizations can be made. UDCA a dihydroxy BS partitions more 

into lecithin membranes than the trihydroxy CA BS. This is expected due to the higher 

hydrophobicity the most hydrophobic BS (UDCA). Results obtained for the partition of 

CA to lecithin and a lecithin/cholesterol (7:3) membrane shows a decrease for the 

membrane in presence of cholesterol. This is consistent with the order increase of these 

membranes relatively to the membranes in absence of cholesterol. The increase of 

phosphoethanolamine proportion in lecithin membranes show a decreasing effect on the 

observed partition obtained. Phosphoethanolamine presences in membranes can 
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establish hydrogen bonding between them which may explain the observed decrease in 

the partition. The decrease observed between the partition of CA to lecithin and EPC 

could be due to the different PC lipid composition and also to the low ionic strength 

used which would lead to a lower partition, due to the lowest charge compensation. 

A clear determination of the partition of glycine conjugated BS to POPC, 

POPC/Chol/SpM (1:1:1) and SpM/Chol (1:1) membranes is crucial to understand the 

solubilizing capacities of BS in an in vivo scenario and also the permeability effects of 

BS in membranes. These lipid compositions can help to mimic the apical and 

basolateral membranes of enterocytes in the intestinal epithelium and also the 

composition of the external monolayer of canicular membrane from where BS are 

expelled from liver into the gallbladder. Although the constitution of this membrane is 

SPM and POPC, gallbladder content shows a higher presence of phospholipids. The 

mechanism by which this happens is not known but revealing what are the partitions of 

BS between these different membranes can give valuable information.  

The partition of BS to membranes is also an important process for the 

understanding of their re-absorption through the intestine. Each BS recycles several 

times between intestine and liver. Before being delivered to the blood stream, after 

partition into the membrane, BS needs to translocate between the apical and basolateral 

membranes.  

We will now review the current state of knowledge about translocation of BS. 

We should highlight that BS can also be transported by mediated transport (this topic 

will not be covered but further information can be found elsewhere [51]. 
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I. 8. 2 - Flip-Flop or translocation 

Depending on their environment BS can change their ionization state. This alters 

significantly the translocation rate from one monolayer to the other in the membrane. 

As an example, when solubilized in water below its CMC, cholic acid can change its 

pKa from 4.98 to 5.5 in micelles or to 6.8 when inserted in a lecithin membrane. If the 

pKa is increasing from micellar to membrane environment, this means that at the same 

pH we will have less charged BS molecules in the membrane that in the micelles [52], 

increasing this way the fraction of protonated form. The determination of translocation 

of unconjugated BS was studied by 13C NMR spectroscopy, both at low and high pH 

[24]. Results show that for low pH (3.5) at 35 ºC the characteristic time for translocation 

was 7.2 s for cholic acid and lower for the more hydrophobic BS (CDCA and DCA, in 

this order). Increasing the pH (around 10) decreases the flip-flop rate to characteristic 

times higher than 24 h. The BS flip-flop for Taurine conjugated BS, TDCA, was 

addressed using centrifugation ultrafiltration and the results showed that the average 

time for translocation in egg yolk phosphatidylcholine (EYPC) membranes was 2.5 h 

[53]. Upon raising the hydrophilicity of BS (TCA) an increase in average time for 

translocation in the lipid membrane was obtained (3 h). In the same study GDCA 

showed to have a translocation of 15 min. The translocation of DHE (cholesterol 

analogue) in POPC membranes is around 40 s, which should be faster than that of 

cholic acid at physiological pH [54]. One question still unsolved is if the translocation 

of other hydrophobic molecules can be enhanced by the presence of BS in the 

membranes and in such case which are the more effective in this process. This can be 

very important for drug delivery field.  

Translocation of BS is key point to understand the enterohepatic re-circulation 

of BS from lumen to liver. There is no information regarding the translocation of BS 

conjugated with glycine through lipid membranes containing POPC, SpM/Chol and also 

POPC/Chol/SpM, namely with the most prevalent BS in lumen, GCA, GCDCA and 

GDCA.  
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I. 9 - An overview of passive absorption: Solubilization versus partition 

phenomena 

The hydrophobic molecules present in the lumen need to be solubilized prior the 

absorption through epithelium surface. Once the solubility as monomer is overcome, 

different type of hydrophobic molecules show different aggregation behaviour, 

cholesterol has a very low solubility in water (1x10-9 M) [55] and forms crystal phases 

at higher concentrations. PL has higher solubility than cholesterol as monomer in water, 

but once the aqueous solubility is reached it forms liquid crystal phases (bilayers). FA 

and BS form micelles.  

In the duodenum content we find PL, cholesterol, BS and FA solubilized in 

mixed micelles and vesicles. This means the duodenum is characterized by a complex 

mixture with a wide variability of molecules with different solubilities arranged in 

different types of aggregates. In fact luminal contents are described through three 

phases, a upper less dense phase, a middle phase presumed to be micellar and a 

precipitated phase (pellet) [16]. In a more detailed picture we can find liquid crystal 

phases (mixed vesicles), mixed micelles, simple micelles and cholesterol crystals and 

other precipitates.  

The solubility in water of a given molecule as a monomer is inversely 

proportional to its hydrophobicity. On one hand the increase of the hydrophobicity of a 

molecule is normally reflected in a decrease of its solubility in aqueous environment. 

On the other hand the permeability of hydrophobic molecules, which is the ability of a 

molecule to cross a membrane, increases with the increase of hydrophobicity.  

The permeability of hydrophobic molecules through the membrane can be 

analyzed considering the solubility-diffusion model. This assumes the rate limiting step 

of the molecule crossing the membrane is the diffusion through the membrane, the steps 

of entering the membrane and exiting from the membrane being negligible in the overall 

process. In these conditions permeability can be defined as proportional to the diffusion 

and partition coefficient and being inversely proportional to the length of the membrane 

to be crossed. The equation for permeability (P) is therefore given by, 

Equation I. 15 P mK D
P

l

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where PK  is the partition coefficient defining the equilibrium of the hydrophobic 

molecule between the aqueous and membrane phases; mD  is the diffusion within the 

membrane and l is the length of the membrane. Observations from Meyer-Overton 

noticed that partitions of a solute from an aqueous solvent to a membrane were related 

with the partition coefficient from an aqueous phase to a non-polar solvent [56]. 

However some deviations to the Meyer-Overton rule were noticed and could be 

explained by the variation in the value of diffusion constant of solute through the 

membrane. Diffusion of molecules in a polymer is quite dependent on their size and 

shape like in a membrane. It is given by the Stokes-Einstein equation, assuming a 

sphere, which states that translational diffusion through a polymer or membrane is 

inversely proportional to the radius of the diffusing molecule. The diffusion in this 

hydrodynamic analysis is thought to occur in several steps depending on free volume 

being formed along the fluctuations in membrane. The diffusion will depend on how 

many holes of right size will be formed that can accommodate the molecule and how 

fast they will be formed.  

Figure I. 11 shows a profile of enterocyte cells from intestinal epithelium 

emphasizing the sizes of different structures, namely the UWL, the size of the 

enterocyte and also the pH range from lumen to blood stream.  

Figure I. 11 Pictorial description of enterocyte in intestinal endothelium highlighting the sizes 

of different compartments and also the changes of pH from lumen to blood flow (adapted from 

[19]).  
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One important aspect related with absorption is the effect of the unstirred water 

layer on the overall absorption process. From the Figure I. 11 it is noticed that UWL has 

a length 5 times the length of the gastrointestinal membrane and is the first structure that 

hydrophobic molecules need to cross before getting in contact with the membrane. For 

molecules like sterols which are very hydrophobic, presenting low solubility in aqueous 

phase, the diffusion through the UWL can be the limiting step for the overall absorption 

process [57]. The next Figure I. 12 shows the dependence of solubilization and passive 

permeability obtained for short chain FA, long chain FA and sterols with increasing 

hydrophobicity and also the rates of intestinal absorption observed considering the 

presence and absence of a diffusion barrier (UWL).  

Figure I. 12 Panel A shows the logarithm of the maximum solubility and passive permeability 

coefficient for a series of FA and sterols of increasing hydrophobicity. The product of these two 

values for any given lipid yields the maximum rate of absorption of that lipid in the intestine, 

both in the absence and presence of a diffusion barrier, as shown in panel B. The values of R 

show the ratios of the maximum rates of absorption of different lipids in the presence and 

absence of the diffusion barrier [58]. 

If the lipid shows a high solubility in aqueous environment it can diffuse easily through 

the UWL. The key factor for absorption is then the permeability through the membrane, 

which is dependent on the partition to, diffusion through and length of the membrane. 

The concentration in the vicinity of the membrane will be similar to the one in the bulk 

solution in the lumen, although the partition coefficient will be low due to the higher 

affinity for aqueous solution. On another hand if the permeating molecule is very 

hydrophobic the diffusion through UWL is the limiting step, limiting the availability of 

the hydrophobic molecule to the membrane. As sterols have a very low solubility in an 

aqueous environment, a wider concentration gradient between lumen and membrane 
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vicinity is formed, being in this case the UWL the limiting step for absorption to occur. 

Once molecules permeate the UWL they are absorbed by the membrane because of their 

higher partition coefficient to membrane. The same occurs with longer chain FA while 

in the case of short chain FA, due to their solubility in aqueous environment, the 

limiting step is the permeation through the membrane. Increasing hydrophobicity 

enhances partition to the membrane because all the molecules able to cross the UWL 

can partition to the membrane due to their high partition coefficient. However there is a 

decrease in the availability of these molecules at the membrane due to their low 

solubility in the aqueous environment. Another major aspect is that increasing the size 

of the molecule affects the diffusion through the UWL and also through the membrane. 

Decreasing of the hydrophobicity favours solubility and diffusion through the UWL to 

the membrane, but partition to the membrane is limited due to the lower affinity of these 

molecules for the membrane (lower partition).  

Having explored the solubility and diffusion phenomena in the overall process 

of absorption, through two different barriers UWL and the apical membrane, we will 

describe one of the major role of BS in this process, and how significant it is in the 

cholesterol absorption process.  

The solubilization of hydrophobic molecules is done in mixed vesicles and 

mixed micelles. Although diffusion of these aggregates is slower than the diffusion of 

the molecule as a monomer, the advantage of using the micelles as vehicles of transport 

is due to the enhancement of solubility achieved. For FA, the efficiency of their 

transport in micelles can be as large as 150 times higher [59]. Permeation depends on 

the delivery of molecules to be permeated and this delivery depends on the equilibrium 

defined by the vehicle that transports the molecule and the concentration of this 

molecule as a monomer in aqueous solution.  

Another important aspect in BS micelles is their size. The micelles of GDCA 

and GCDCA show an aggregation number of 16-18 aggregates per molecule and GCA 

about 6 [23]. Although it is known that hydrophilic BS solubilizes less cholesterol, 

which can be related to the size of the aggregates, the fact of having a smaller size can 

be an advantage to deliver cholesterol to the membrane due to the higher diffusion of 

this micelle when compared with the larger micelles of more hydrophobic BS. The next 

Figure I. 13 shows the different equilibrium established in the intestinal lumen and at 

interface with the gastrointestinal membrane.  
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Figure I. 13 Simple model representing passive diffusion of hydrophobic molecules 

(cholesterol) through apical membrane. The solubilization process is achieved by different kinds 

of aggregates: namely micelles and vesicles and several equilibriums are shown (composed of 

BS, Lecithin, FA, and Chol). Phytosterols are also shown to reinforce the possibility of 

physicochemical mechanisms (co-solubilization and/or co-precipitation) in the solubilization 

process that inhibit cholesterol solubilization. The absorption process of cholesterol involves the 

diffusion to near the membrane, partition of the monomer to the external leaflet, translocation to 

the inner leaflet and partition to the cytosol and all the events until the diffusing molecule is 

delivered to the blood flow. 

At this point we could argue why molecules are absorbed as a monomer and not 

as a fusion of micelles or lipid aggregates. An interesting inverse relation has been 

observed between the solubilization capacity and cholesterol absorption enhancement of 

bile salt micelles. The most hydrophilic taurine conjugates lead to a higher absorption of 

cholesterol in humans [60] and a higher efficiency in cholesterol absorption was 

obtained when it was solubilized in taurocholic instead of taurodeoxycholic BS [34]. 

Those results are important for the understanding and control of cholesterol absorption 

in two ways: i) they indicate that cholesterol delivery to the epithelial membrane does 

not occur through fusion of the mixed micelles with the membrane but rather via 

cholesterol in the aqueous phase; ii) increasing the affinity of cholesterol to the micellar 

aggregates in the intestine decreases its aqueous concentration and may inhibit 

cholesterol absorption. A simplistic interpretation of the system would be that BS 
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micelles are monomerizing agents supplying molecular cholesterol, and other 

hydrophobic molecules, for partition into the membrane via aqueous solution. Another 

important question would be whether BS are crucial for absorption of cholesterol and 

other hydrophobic molecules in the intestine. The solubility of cholesterol and FA in the 

presence and absence of BS micelles showed different behaviours. Cholesterol 

absorption decreased completely in the absence of BS, highlighting their crucial role in 

cholesterol solubilization. However FA were able to be absorbed even in the absence of 

BS, although a decrease of 10 to 20 % was observed [58]. In another study another 

surfactant, Pluronic F68, was also used but no cholesterol absorption process occurred, 

reinforcing the singular role of BS for absorption [61]. BS seem to have a particular 

influence in the cholesterol absorption and are requested to promote solubilization and 

absorption of cholesterol [62]. This is a surprising system and although a lot of studies 

were made on cholesterol solubility in BS micelles, in the presence and absence of 

lecithin, the focus was mainly on the topic of gallstone disease. This is a disease 

developing due to cholesterol precipitation in the gallbladder and efforts were addressed 

to solubilize gallstones by the action of BS which where more potent. 

Ursodeoxycholate, named after the major BS present in bears, was an efficient 

solubilizer of gallstones [51; 63]. The increase or decrease of molecules absorption can 

be a useful tool to control some diseases in humans. Due to the important function of 

BS in these processes, we decided to study the effects of several BS with physiological 

relevance but with different hydrophobicities.  

The next section will describe briefly some known cholesterol transporters and 

non passive transport strategies for cholesterol in gastrointestinal membrane and also at 

liver. 
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I. 10 - Cholesterol transporters  

I. 10. 1 - Nieman Peak C1 L1 (NPC1L1) (absorption of cholesterol in intestine 

and liver) 

NPC1L1 is a transmembrane protein highly expressed in the enterocyte 

(epithelial cells) of intestine, more specifically in jejunum and proximal ileum. It is also 

found in the human liver hepatocytes in the canalicular membrane [64]. This protein has 

been implicated in the transport of cholesterol. It has a sterol sensing domain (SSD), 13 

transmembrane regions, 3 large loops protruding into the extracellular space, several 

cytoplasmatic loops and a C-terminal cytoplasmatic tail. Evidences for action of 

NPC1L1 in the transport of cholesterol were demonstrated in mice genetically altered 

with no NPC1L1 protein leading to a 70% reduction of cholesterol absorption. They 

also did not show a further decrease upon using Ezetemibe, a known inhibitor of this 

protein. These mice subjected to large doses of cholesterol were resistant to 

hypercholesteremia and showed similar results to those obtained with normal mice 

treated with Ezetemibe. From a physicochemical perspective Ezetemibe is a molecule 

partitioning easily in the membranes, changing their elastic properties. There is no 

detailed study on the effect of this drug on the fluidity of membranes. If membrane 

properties would be altered this would compromise not only the absorption of 

cholesterol but also of other nutrients essential to life.  

NPC1L1 is also been involved on the selectivity towards phytosterols. Although 

phytosterols are very similar to cholesterol, they seem not internalized by this protein. 

However in terms of effectiveness to bind cholesterol, it has a higher binding affinity to 

this protein. Evidences also come from mice treated with Ezetemibe showing also a 

deficit in absorption of phytosterols [11]. The same question should also be addressed to 

other essentially hydrophobic molecules.  
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I. 10. 2 - Regulation by ABC transporters (efflux of cholesterol and 

phytosterols from apical membrane) 

ATP binding cassette (ABC) transporters are membrane proteins that are 

localized in the brush border membrane at the intestine. These proteins limit cholesterol 

absorption by regurgitating cholesterol back to the intestinal lumen. Once cholesterol is 

inside of the apical membrane of the enterocyte it is usually esterified, namely with 

oleic acid (60%) [65]. The cholesterol and phytosterols not esterified are effluxed back 

to the lumen by ABC transporters. Phytosterols, although very similar to cholesterol, are 

much less esterified than cholesterol; the reason why this happens is still unknown. 

Transporters are ATP dependent and there are divided in several classes. The most 

commonly found in apical membrane in the intestine are ABCG5 and ABCG8.  

Sitosterolemia disease was found to be related with defects in these transporters 

and was characterized by high absorption of cholesterol and phytosterols. 

I. 10. 3 - LDL receptor pathway (transporter of cholesterol from blood to cells)  

The LDL receptor pathway is the known mechanism by which mammalian cells 

acquire exogenous cholesterol. Briefly, LDL carrying cholesterol or cholesterol esters 

bind to the LDL receptor in the plasma membrane and they join with other receptors in 

localized regions of the plasma membrane, called clathrin-coated pits. The coated pits 

are composed of clathrin and other proteins invaginating into vesicles expelling it out 

from the plasma membrane to the cytosol. These vesicles eventually merge with early 

endossomes, loosing the clathrin coat, and form larger vesicles called endossomes. The 

LDL receptors are not degraded during this process and they are recycled again to the 

plasma membrane. This process is used by several other molecules. The endossomes 

can suffer maturation and be delivered to the trans Golgi network where they receive 

other proteins and become lyzossomes (the most acidic organelles with degradative 

function). The LDL-chol in the endossomes can migrate to the plasma membrane again 

or can go to the endoplasmic reticulum. Once there, they are esterified by ACAT (acyl-

coenzyme A: cholesterol acyltransferase).  

The efflux of LDL-cholesterol from endossomes seems to be related with 

Nieman Pick enzymes type C1 and type C2. The first type C1 is associated with both 
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internal membranes and delimiting membranes of endossomes. The type C2 is a 

glycosilated soluble protein, localized in the lumen of endossomes. The mechanism is 

not understood, but is known that a malfunction on these enzymes causes a lipid storage 

and trafficking disorder with accumulation of unesterified cholesterol.  

Summarizing, cholesterol can be absorbed through the intestine by two 

mechanisms. It is fundamental to determine the contributions of each of the mechanisms 

considering the cholesterol passive diffusion and mediated transport. The fully 

understanding of absorption, namely the passive diffusion view, should be pursued 

because it can give simple answers from physicochemistry principles that can help the 

understanding of better and more efficient strategies to decrease cholesterol absorption.
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II. 1 - The NMR spectroscopy

Like any other kind of spectroscopy, Nuclear Magnetic Resonance spectroscopy 

(NMR) relies on the absorption of a quantum of radiation, involving transition between 

energy levels in a molecule or atom [66; 67; 68]. In NMR spectroscopy the energy 

levels involved are those of a spinning nucleus under an applied magnetic field. Some 

nuclei show magnetic properties associated with their spin, which under a magnetic 

field tends to align with the field.  

When the external magnetic field is applied to a spinning magnetic nucleus, the 

spin axis precesses around the direction of the magnetic field (vertical Z axis), as we can 

see in Figure II. 1  

Figure II. 1 Precession orbit defined by the nuclear magnetic moment under an applied field B 

(left). Energy levels of proton nucleus ,
1

2
I  , in a magnetic field B. The lower energy state has 

magnetic number 
1

2Im  , and is designed by  . The higher energy level has the magnetic 

number 
1

2Im    and is designated by  . 

The nuclear magnetic moment   is directly proportional to the spin quantum 

number I, and is given by
2

Ih


 . The precession frequency (), also called Larmor

frequency, is directly proportional to the strength of the applied magnetic field (B), 

2

B


 . The   value is the nucleus gyromagnetic ratio, which has a characteristic
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value for each nucleus. The energy of interaction (nuclear Zeeman interaction) is 

proportional to the nuclear moment and the applied field
2

Ihm
E B




  . 

A nucleus of spin I has 2I+1 possible orientations relative to B, given by the 

magnetic spin quantum number (mI). The mI can take the following values defined by 

the interval, -I,  -I+1,…, I-1, I. Taking the example of proton we will have two possible 

orientations 
1

2
 and 

1

2
. Quantum restrictions limit the number of orientations that the 

magnetic moments can show under the influence of a magnetic field. In the case of a 

proton 1H, it can be either aligned with or opposed to the external magnetic field, 

corresponding to high and low energy states, respectively. In a macroscopic system in 

equilibrium in the presence of B, there will be a difference in population distribution 

between the two states that is given by the Boltzmann distribution, exp
N E

N kT




   
 

, 

where N  and N  are the respective populations in each state. The energy difference, 

E , between these two states is very small, and the excess of population in the low 

energy level is around 1 in a total of 106, being this the main reason for the low 

sensitivity in NMR spectroscopy.  

If the adequate energy is supplied to the spin systems, with the frequency , 

such the resonance condition, E h   is fulfilled, transitions between the two spins 

states will occur. Supply of electromagnetic radiation is then able of reversing the spin, 

by the absorption of energy. However, there are other mechanisms occurring, as the 

exciting energy is dissipated through the surrounding environment in a process 

described as nuclear relaxation. In relaxation the population of spin states returns to the 

equilibrium.  

The magnetic fields usually used in NMR range from 1.4 to 18.79 T, or even 

higher nowadays. The resonance condition for protons requires radiofrequencies of 60 

to 800 MHz, in the case of the above fields. Protons have a magnetic spin of 
1

2
I  . All 

other nuclei with non-zero values of I are also magnetic, although only those with 
1

2
I 

(ex. 3H, 13C, 31P) provide NMR signals free from broadening due to quadropolar 

relaxation. This is the case of 2H nuclei and others with
1

2
I  . Nuclei with even mass 
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number and charge number have zero spin and are NMR silent and therefore not 

observable. An example of this is the 12C isotope. The 13C isotope is observable but its 

natural abundance is low (1.103%). Also the resonance frequency of 13C is around 
1

4
 of 

1H, which makes it a less sensitive nucleus.  

An NMR spectrum can be of valuable information, not only because it provides 

qualitative data about the nature and structure of the molecular studies but also because 

it can be quantitative. The main features that can be addressed from a NMR spectrum 

are the chemical shift, peak integrals, multiplicities, couplings and the widths of peaks. 

These features will be quickly described using 1H as an example but also apply for other 

nuclei.  

As mentioned before, NMR requires the application of an external magnetic 

field to promote the differential distributions of spins in the nucleus. However the 

effective field sensed by the nucleus is affected by the presence of the electron cloud 

surrounding the nucleus. The more electrons are present around the nucleus the weaker 

is the field sensed, i.e. the more it is shielded. In molecules nuclei have particular 

electronic clouds around them which configure them a specific electronic environment. 

Depending on the position and the electronegativity of the vicinal atoms, each nucleus 

will experience different levels of shielding. So the effective field felt by a nucleus will 

be lower for the more protected nuclei (higher shielding). In conditions of fixed 

frequency and variable field this would mean that higher shielding would need a higher 

field for attaining resonance. The field (B0) applied will not be equal to the field noticed 

by the nuclei (BN) and results from shielding of the nucleus by the amount σB0. The 

field on the nuclei will be equal to, BN=B0(1-σ), where σ is called the shielding constant. 

Also, instead of using absolute values of shielding constant, it is normally used the 

difference from a reference compound (δ= σref- σ), given by, 

Equation II. 1 

where 0 is the spectrometer frequency. The position of a signal relative to a standard

gives the chemical shift ( i ).  

Another property of an NMR spectrum is the fact that the area of the different 

peaks is directly proportional to the number of chemically equivalent nuclei originating 

that peak. Provided that some care is taken to prepare the NMR experiment, namely 

0

i ref
i

 






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using an adequate relaxation delay for a full relaxation of the nuclei, NMR will be both 

qualitative and quantitative. 

Each proton in the molecule can feel the magnetic effects of other protons 

nearby, causing local modifications on the magnetic field felt by the nuclei. This effect 

is transferred through the covalent bonds between atoms via a mechanism called scalar 

coupling and results in characteristic resonance patterns. They depend on a number of 

factors, including the number and the nature of chemical bonds between the spins. They 

can be differentiated from chemical shift namely by two properties: 1- the value of 

splittings (which depend on the coupling constants between the nuclei) are independent 

of the magnetic field at which the spectrum is acquired; 2- if the spectrum of one family 

of spins i is observed, then it will manifest the coupling to another spin family of spins j 

to which it is coupled. As an example, considering two neighbouring 1H, the 

multiplicity of multiplet obtained arises from the spin coupling between them, and that 

is only observed between non-equivalent 1H, resonating at different frequencies. In this 

situation the pattern is given by the (n+1) rule stating that when a particular 1H has n 

neighbours that are equivalent to each other then signal multiplicity of the first will be 

given by the value n+1. Vicinal protons will give two duplets.   
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II. 1. 1 - The NMR experiment 

A basic NMR experiment can be divided in three steps: 1- preparation, 2- 

excitation (pulse) and 3- acquisition. In the first step, called preparation step, time is 

given for the spins to come to equilibrium and usually is referred as relaxation delay. In 

the second step, the radio frequency pulse is applied for a short ( sec ) time to promote 

the excitation of the spins and finally in the third step the signal is acquired during a 

defined acquisition time. In order to increase the signal to noise ratio, this sequence is 

repeated several times and the corresponding signals are summed up until a sufficient 

time averaging is recorded.  

The signal obtained from this basic experiment is called free induction decay 

(FID) which contains the information of the magnetization in function of time. A 

Fourier transform gives this information in frequencies dimension.  

The behaviour of the bulk magnetization M (the sum of the individual spins) 

immediately after subjected to a pulse of angle , is given by the components: 

The magnetization can be selectively manipulated by using defined radio 

frequency pulses to acquire different kinds of information. Figure II. 2 shows the effect 

of different pulse widths placing the magnetization in various planes. A 90º pulse place 

the M vector in the xy plane and 180º pulse inverts the magnetization.  

Figure II. 2 Diagram showing the magnetization evolution with several pulses: a) overall 

magnetization vector is aligned with the field (parallel to z axis ) b) pulse with an angle < 90ºc) 

pulse with an angle of 90º transferring the magnetization vector to the xy plane d) pulse with an 

angle of 180º inverting the magnetization vector.  
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After the pulse is switched off, the perturbed system will return to its equilibrium 

position, where M is back parallel to the applied field. This occurs through two separate 

processes. In one of the processes relaxation is achieved by loss of energy from excited 

nuclear spins to the surrounding molecular lattice, and is designated as spin-lattice 

relaxation or most commonly as T1 relaxation. In this case the longitudinal '
zM value 

returns to 0M . The second process is related with the nuclear spin interchanging energy 

with other spins and, as a consequence, some spins start to precess at higher rates 

relative to others, resulting in loss of phase coherence. This relaxation process is 

designated by spin-spin relaxation or T2 relaxation. In this process transverse 

magnetization '
yM and '

xM values returns to zero. Relaxation is then the process by 

which the bulk magnetization returns to its equilibrium value. In NMR the typical 

values of T1 and T2, relaxation times, can go from microseconds to minutes and the rate 

of relaxation is sensitive to the physical environment in which nuclei are and also to the 

nature of the motion which the molecule is undergoing. The equilibrium state has no 

transverse magnetization but there is a Z component along the direction of the applied 

field. The size of this component depends of the number of spins, their gyromagnetic 

ratio and strength of the applied field. The relaxation is an extremely important 

characteristic to keep in mind in NMR. Full relaxation of spins must be accomplished; 

otherwise the signal will not truly recover in time. Due to the spin-spin interaction, 

some couplings can occur leading to a more complicated spectrum due to the transfer of 

magnetization between spins. Considering a simple example, a 13C-1H system, both 

nuclei are NMR sensitive and would be influenced by each other. In this way they will 

be coupled giving rise to two resonances in the carbon spectrum and also in the proton 

spectrum. In the 13C NMR spectrum the carbon will be coupled with the proton and in 

the 1H NMR spectrum the proton will be coupled with the carbon. In simple molecules 

this could be easily interpreted but in molecules with higher number of atoms, these 

couplings would lead to a quite complex spectrum. To avoid the coupling effect, one 

strategy is to decouple the nuclei. Making use of the characteristic magnetization of 

each nucleus it is possible to manipulate them in such a way t we can saturate one of the 

nuclei. The saturation is a process by which equal populations of spins in the aligned 

and anti-aligned state can be achieved. This methodology makes the saturated nucleus 

(e.g. 1H) invisible to the adjacent nuclei (13C), resulting in a spectrum respecting only to 

this nucleus. The 13C spectrum of a molecule having the 13C-1H bond and acquired with 
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1H decoupling will present a single peak, as there is no longer coupling between 13C and 
1H. The intensity of this single peak will result from the collapse of the doublet and 

from the so-called Nuclear Overhauser Effect (NOE). The NOE effect is the change of 

intensity of resonances (e.g. 13C) upon the saturation of another resonance (e.g. 1H) 

close to it, and to which it is magnetically coupled through space. The NOE effect can 

be rationalized as follows. In the case of two coupled spins we can draw the expected 

spin states and transitions, as can be seen in the Figure II. 3.   

Figure II. 3 Spins states and transition probabilities (wi) for a coupled two spin system. 

The spin states and the transitions probabilities (wi) are shown in FigureII.3, being wi 

the probability of transition between two connected states and i is the change in the spin 

number during the transition. W1a and W1b are the allowed single quantum, 
1

2Im   , 

transitions for spin A and spin B assuming a total number of spins N distributed by the 

four energy levels. The Boltzmann distribution tells us that an excess of population 

should be present in the lowest energy level (+) and a deficit of population in the 

highest energy level (-). After spins being perturbed they tend to relax and the 

relaxation path is the same that the one took for excitation. Although other possible 

mechanism for relaxation could be the transitions of double quantum or zero quantum, 

they are forbidden by quantum mechanics. However other methods enable relaxation 

the so called non-radiative. If decoupling is applied to spin B this will approach the 

energy levels αα and αβ (Figure II. 3). At the same time it will also approach energy 

levels βα and ββ. The relaxation between αα and ββ is no longer forbidden because it 

became single quantum, but the difference in populations is now 2, which is double 

of what would be obtained without decoupling. To determine the effect of NOE ( ) in a 

system we can use the information of a spectrum recorded with decoupling and without 
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decoupling, which will be given by 
0

0
A A

A

M M

M
 
 , where MA and MA

0 are the 

magnetization in the presence and absence of saturation of spin A, respectively. Figure 

II. 4 shows the pulse sequence used in both channels (13C and 1H). The decoupling

effect is active instantaneously after applying the decoupling radiofrequency, while the 

NOE effect build up and decay depends on the T1 values. This difference in time scales 

can be used to separate the two effects. To obtain spectra proton decoupled with the 

NOE effect, the saturation should be done during the whole sequence in the proton 

channel. To get the 13C spectra without NOE, decoupling is done only during the 

acquisition step and this way a decoupled carbon spectrum is obtained without signal 

enhancement due to the NOE effect. In order ensure that full relaxation enables the 

restoration of equilibrium populations, the relaxation delay is defined as at least 5 times 

the T1 value (spin lattice relaxation time). 

Figure II. 4 Scheme sequence of the parameters to define in a NMR experiment to have a 13C 

NMR spectrum decoupled with NOE and without NOE.  

The enhancement of 13C NMR by the NOE effect due to the non-radiative 

transitions is useful due to the gain of signal intensity (sensitivity) obtained that could 

go up to two times. This has a large effect on the time requested to acquire spectra. This 

effect was used in our studies for quantification of cholesterol enriched in 13C in BS 

micelles. 
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II. 2 - Isothermal Titration Calorimetry (ITC)

Almost any chemical reaction or physical change involves a change in heat. A 

measure of the heat transferred to or from the surroundings, exothermic or endothermic 

reaction respectively, is given by the chemical quantity involved in the reaction (mol) 

times the change in enthalpy (H kJ/mol).  

A measure of the rate of heat transfer to the surroundings is simply equal to the 

rate of the reaction (
n

t




, mol/sec) times the enthalpy change. Therefore, calorimetric 

measurements can tell us about the extension of the reaction that has taken place (e.g. 

partition coefficient between two phases) and also how fast this process occurs. This 

type of measurements has some advantages relatively to some optical techniques 

namely, there is no concern with the turbidity of the solutions, it does not depend on the 

presence of a fluorophore probe tag and it can be done in a broader range of conditions 

(pH, temperature, ionic strength, etc). There are several ways through which 

calorimetric measurements can be done. In the present study we use a power 

compensation instrument. This system was designed to have two cells, being one the 

reference cell usually filled with water kept at constant temperature and another one 

where the reaction takes place, called sample cell. As the chemical reaction takes place 

in the sample cell and heat is released or absorbed, a temperature controller feedback 

system supplies or receives heat in order to maintain the isothermal conditions. The raw 

signal obtained in this kind of instrument is given by the power applied to keep the 

temperature constant as a function of time (μcal/sec). The heat change is given by the 

integral of the heat power during the time of the measurement, which basically lasts 

until the value comes to the baseline. Figure II. 5 show a typical scheme of the power 

compensation ITC. From a single experiment we can obtain the enthalpy change, the 

partition coefficient and also the free energy and entropy at the temperature of the 

experiment. ITC was for a long time used to determine binding constants of ligands 

with proteins [69]. However due to its high sensitivity and after some important changes 

in previous protocols, it has been used to follow the interaction of some amphiphilic 

molecules with lipid bilayers [70; 71]. The reason behind the adaptation of the previous 

protocols was lipid vesicles do not have well defined binding sites, and upon interaction 

with amphiphilic molecules, their structures can change when too high local 

concentrations of ligands are achieved.  
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Figure II. 5 Representative diagram of a typical ITC experiment with power compensation. 

Major features of this type of instrument such as reference and sample cells, syringe for adding 

titrant, and the adiabatic shield are noted in the figure. This diagram shows an 

oversimplification of how the power is applied by the instrument to maintain temperature 

constant between the reference and sample cells is measured, resulting in the output signal [72; 

73].  

From a measurement of ITC we can collect, for each titration step, the heat that is integrated 

which is proportional to the enthalpy change times the number of moles that interact with the 

lipid membrane. The heat (q) involved can be calculated using the following expression, 

Equation II. 2 

where V(i) is the injection volume, Vcell is the volume of the calorimetric cell, and qdil is the 

“heat of dilution” (residual heat due to nonbinding phenomena). The amount of amphiphile 

associated with the lipid bilayer is determined assuming a given model for the interaction. When 
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an amphiphile is interacting with a membrane, this can be characterized by a simple partition 

using the partition model which will be explored in the next section. 

II. 2. 1 - Partition Model 

Considering membrane and water as two separate phases, equilibrium is reached 

between them when the chemical potential of the solute in the lipid bilayer and in the 

aqueous phase are equal. In these conditions the mole fraction coefficient is defined by 

 Equation II. 3 

where bilayer
amphiphileX is the molar fraction of amphiphiles in the lipid bilayer, and water

amphiphileX  is 

the molar fraction of the amphiphiles in the aqueous environment. Because the 
amphiphile has a very low solubility in water, aqueous

amphiphile water watern n n   , and then if we 

divide the chemical amount by the volume of solution we will get concentration of 
water waterC (55.5 M) and concentration of aqueous amphiphiles aqueous

amphiphileC . Other authors 

used a concentration based partition coefficient obs
PK given by the concentrations ratio of 

amphiphiles in lipid phase and amphiphiles in the water phase. 

Equation II. 4 

TV represents the total volume, which is approximately equal to the water volume. The 

molar volume of lipid can be obtained from the literature; for POPC it is around 0.76 

dm3/mol [74]. XK  can be converted into obs
PK  by  

Equation II. 5 
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Using the partition model we can describe, in each step of titration, the amount of 

amphiphile associated with the lipid bilayer responsible for the observed change in heat. 

This is achieved by the following equation 

Equation II. 6 

this introduces the equilibration factor, γ, which is a measure of the fraction of lipid 

accessible to the amphiphiles during the titration experiment, with values of 1 for fully 

permeable (fast translocation of ligand) and 0.5 for impermeable membranes (slow 

translocation of ligand). 

Depending on the relative rates of translocation and insertion/ desorption, 

amphiphiles may or may not be equally distributed between the two bilayer leaflets. 

This requires the substitution of amphiphiles concentration by its effective 

concentration, [A]*, which depends on the effective lipid concentration, [L]*, according 

to the following equation.  

Equation II. 7 

Equation II. 8 

where index i refers to the injection number, superscript Syr indicates concentrations in 

the syringe and subscripts L and W indicate the phase where the amphiphile (A) is 

dissolved, being L for the lipid and W for water (T for the sum of both). 

For experiments following the uptake protocol (addition of lipid to ligand in the 

aqueous phase) all ligands are accessible for partition, and the effective lipid 

concentration is either equal to its total concentration - case of fast translocation - or 

only respective to the lipid in the outer monolayer - case of slow translocation, 

according to equation II.2.5. In this type of experiments, if γ is unknown, the 

uncertainty is propagated to the partition coefficient but the calculated enthalpy 

variation is accurate. On the other hand, in experiments following the release protocol 

(addition of pre-incubated lipid and amphiphiles to buffer), both the lipid effective 

concentration and the available moles of ligand (amphiphiles) must be calculated from 

 
 

obs
amphiphile P L

amphiphile_Lipid obs
P L

Lipid

1 Lipid

n K V
n

K V







       _ _ 1 1 Syr Syr
A T A T L W

cell

V i
n i n i A A V i

V
                   



Chapter II 

65

equation II.2.6 and II.2.7. In this situation, both obs
PK and ΔH are affected by the 

uncertainty in γ. The combination of both protocols allows the determination of the 

equilibration factor and, therefore, the accurate measurement of KP, ΔH and a qualitative 

estimation of the translocation rate constant. For the case of charged ligands the 

partition coefficient obtained directly from the ratio of concentration of both phases, 

obs
PK , is dependent on the concentration of ligand and is related to the intrinsic partition 

coefficient, obs
PK , via the of the bilayer surface potential ( 0 ). This relation is given by 

the following equation, 

Equation II. 9 

If charged molecules are partitioning into the membrane a surface potential 

develops due to the imposition of charge in the bilayer, characterized by an 

enhancement of charge density at the surface of membrane ( ). These parameters can 

be calculated using the Gouy-Chapman theory. Charge density can be obtained by the 

following two equations, 

Equation II. 10 

Equation II. 11 

where   is the dielectric constant. F is the Faraday constant, R is the ideal gas constant, 

T is the temperature of measurement, Ci is the concentration of charged species i with 

the charge Zi, e0 is the elemental electrostatic charge, Aj is the area of the j component 

of the lipid bilayer, nj and ni are the number of moles of the membrane component j and 

I, nL is the number of moles of lipid. Equation II. 10 gives the charge density calculated 

from surface potential and Equation II. 11 gives the charge density calculated from the 

local concentration of the charged molecules in the membrane. The ratio of lipid to 

bound amphiphiles should be higher than 20 for small amphiphiles and the ionic 

strength higher than 100 mM to decrease charge influence in the partition obtained [75]. 

The use of uptake and release protocols can help to describe the accessible area of lipid 
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to ligand which allows knowing, during the time scale of each peak, if translocation is 

fast or slow.  

The ITC technique was used for the determination of partition of conjugated and 

non conjugated BS to lipid membranes (Chapter V). 



Chapter III Direct Non-Invasive

Quantification of Cholesterol Solubilized in Bile 

Salt Micellar Aqueous Solutions 
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III. 1 - Abstract

In this work we develop a methodology to quantitatively follow the 

solubilization of cholesterol on glycodeoxycholic acid (GDCA) micelles using 13C 

NMR. The amount of solubilized cholesterol enriched in 13C at position 4, [4-
13C]cholesterol, was quantified from the area of its resonance, at 44.5 ppm, using the 

CH2 groups from GDCA as an internal reference. The loading of the micelles with 

cholesterol leads to a quantitative high field shift of most carbons in the non-polar 

surface of GDCA and this was used to follow the solubilization of unlabeled 

cholesterol. The solubilization followed pseudo first-order kinetics with a characteristic 

time constant of 3.6 h and the maximum solubility in 50 mM GDCA is 3.0 ± 0.1 mM, 

corresponding to a mean occupation number per micelle ≥ 1. The solubilization profile 

indicates that the affinity of cholesterol for the GDCA micelles is unaffected by the 

presence of the solute leading essentially to full solubilization up to the saturation limit. 

The relaxation times of GDCA carbons at 50 mM give information regarding its 

aggregation, and indicate that GDCA is associated in small micelles (Rh=13 Å) without 

any evidence for formation of larger secondary micelles. 

III. 2 - Introduction

Cholesterol homeostasis is a matter of vital importance in animal physiology and 

perturbations in its normal levels have been associated with diseases from 

atherosclerosis to diabetes and Alzheimer’s disease [76]. The amount of cholesterol in 

the cell membrane affects their mechanical properties and there is increased evidence 

for the presence of cholesterol dependent micro-heterogeneity with the coexistence of 

two immiscible liquid phases [3; 77]. This heterogeneity has been implicated in several 

cell functions from protein trafficking and signal transduction to infection and lipid 

homeostasis [3; 78; 79; 80; 81]. The total concentration of cholesterol in the body and 

its distribution between blood components and tissues is subject to sophisticated 

regulatory mechanisms [82]. Two major steps are considered critical in the maintenance 

of cholesterol total concentration [63; 83]: its synthesis in the liver; and the 

enterohepatic circulation with secretion of cholesterol into bile and its partial re-

absorption, together with cholesterol from diet, at the upper intestine. It is now well 
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established that cholesterol absorption requires its emulsification in mixed bile salt/lipid 

micelles [2; 5; 60; 84; 85; 86; 87; 88; 89] and passive mechanisms are usually 

considered predominant based on the relatively fast equilibration of cholesterol between 

hydrophobic assemblies [90; 91; 92], on the incomplete reduction of cholesterol 

absorption in the presence of known protein inhibitors [83] and on the fact that humans 

are able to synthesize the required cholesterol [88]. Cholesterol solubilization in bile salt 

micelles is also strongly correlated with gallstone formation and this has been addressed 

by several authors during the last decades [32; 93; 94; 95; 96; 97]. Although much 

studied, several processes involved in cholesterol homeostasis are still unclear and some 

important questions still remain, this being true even for the physicochemical 

characterization of bile salt and lipid mixed micelles and their emulsification of sterols. 

Additionally, the established methodologies to follow sterol solubilization are based on 

the physical separation of sterol in the different phases or aggregates of different sizes 

[29; 30; 38; 41; 93; 98; 99; 100] and those invasive approaches may disturb the 

equilibrium distributions. In this work we develop methodology that allows the direct 

quantification of cholesterol emulsified in small micelles, in the presence of large 

aggregates such as excess cholesterol crystals or lipid vesicles and micro-emulsions. 

Cholesterol enriched in 13C at carbon 4 was used which allows its detection in sub 

milimolar concentrations using modern NMR equipment. Small aggregates of 

emulsified lipid are easily quantified while large aggregates are invisible due to their 

slow tumbling rate [101]. NMR has been used previously in the study of sterol 

emulsification by bile salt micelles but it has been limited to qualitative information 

[102]. The development of NMR equipments with an improved sensitivity and 

resolution has allowed the quantitative characterization of the chemical commercial 

availability of 13C enriched cholesterol made possible the work presented in this paper 

where the quantitative characterization of cholesterol solubilized in small micelles is 

performed without the need for sample processing. 

In this work we establish the methodology with the characterization of the 

kinetics and maximum solubility of cholesterol in Glycodeoxycholic (GDCA) micelles. 

This bile salt was chosen because of its high concentration in human bile [16; 86; 99; 

103; 104] and its relatively high efficiency in cholesterol emulsification [41; 98; 105]. 

The aggregation behaviour of the bile salt is critical for its cholesterol solubilizing 

capacity and it has been the subject of several studies. The critical micellar 
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concentration (CMC) of GDCA has been re-assessed at the conditions used (aqueous 

solution with 150 mM NaCl, 10 mM Tris-HCl buffer at pH=7.4, 37 oC) using a probe 

partition methodology [106] and by isothermal titration calorimetry [33]. The structures 

of GDCA and [4-13C]cholesterol are shown in Figure III. 1. 

Figure III. 1 Molecular structures of GDCA (top) and [4-13C]cholesterol (bottom). The 

relaxation times (T1 in s) obtained for each carbon of GDCA and for carbon 4 of cholesterol are 

also shown. 
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III. 3 - Materials and methods

III. 3. 1 - Materials 

N-phenyl-1-naphthylamine (NPN) was obtained from Merck (Hohenbrunn, 

Germany), [4-13C]cholesterol and deuterium oxide (99.8%) for NMR experiments were 

obtained from Cortecnet (Paris, France) and sodium glycodeoxycholic acid (GDCA) 

was bought from Sigma (Steinheim, Germany). The non-aqueous solvents used for 

sample preparation (chloroform, methanol and acetone) were of spectroscopy grade and 

the aqueous buffer components (Triz-HCl, NaCl and NaN3) were of high purity and 

purchased from Sigma, water was first distilled and further purified by activated 

charcoal and deionization.  

III. 3. 2 - Methods 

The Critical Micellar Concentration (CMC) of GDCA was determined using the 

method developed in [106], based on the increase in the fluorescence quantum yield and 

shift to smaller wavelengths of NPN upon association with preformed micelles. The 

total concentration of NPN was 1 μM and the concentrations of GDCA in the aqueous 

buffer were changed between 0 and 50 mM, at 37 ºC. The fluorescent emission of NPN 

was followed using an excitation wavelength of 330 nm on a Cary Eclipse fluorescence 

spectrophotometer from Varian (Victoria, Australia) equipped with a thermostated 

multi-cell holder accessory. The aggregation of GDCA was also characterized by 

Isothermal Titration Calorimetry (ITC) using a VP-ITC instrument from MicroCal 

(Northampton, MA, USA) with a reaction cell volume of 1410.9 µL, at 37 ºC. The 

injection speed was 0.5 µL s-1, stirring speed was 199 rpm and the reference power was 

10 µcal s-1. 

Proton-decoupled 13C NMR spectra acquisitions were performed with a Varian VNMRS 

600 MHz NMR spectrometer, equipped with a high field "switchable" broadband 5 mm 

probe with z-gradient. Spectra were acquired at 37 ºC with a 90º pulse angle sequence, a 

spectral width of 31250 Hz with an acquisition time of 2.3 s, a relaxation delay of 7 s 

and 1024 acquisition scans. Proton decoupling was achieved using a Waltz16 

decoupling sequence. 13C-{1H} NOE effect was obtained by comparing 13C spectra with 

full proton decoupling to 13C spectra with proton decoupling only during acquisition 
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(spectra acquired with 3000 scans). Spectra were processed with MestreNova 6.1.1 

(Mestrelab Research S.L., Santiago de Compostela, Spain). 

Aqueous suspensions of [4-13C]cholesterol were prepared by evaporating the required 

volume of a solution in chloroform/methanol (87/13, v/v), blowing dry nitrogen over 

the heated (blowing hot air over the external surface of the tube) solution, and removal 

of organic solvent traces in a vacuum desiccator for 30 min at 23ºC. The glass tube with 

the dry residue was then transferred to a thermostatic bath at 37 ºC and hydrated with a 

preheated solution of GDCA in the aqueous buffer (Tris-HCl 10 mM at pH 7.4, 0.15 M 

NaCl, 1 mM EDTA and 0.02% NaN3 in D2O), and was continuously stirred at 100 rpm. 

The molar concentration of bile salt plus sterol was maintained at 50 mM along all the 

experiments. The samples were left in the bath with continuous stirring during the 

specified period (experiments on the kinetics of emulsification) or up to 24 to 36 h 

(experiments on the maximum solubilization) and then characterized by 13C NMR to 

obtain the amount of solubilized cholesterol using the GDCA signal as an internal 

standard.  

The solubilization of cholesterol in GDCA micelles may proceed via interaction of 

cholesterol solubilized in the aqueous phase with the micelles or by direct interaction of 

GDCA (as monomer or in micelles) with the cholesterol film. The mechanism is not 

known but both processes are expected to occur. For simplicity, in the kinetic scheme 

used, Equation III. 1, we have considered only direct interaction between the micelles 

(M) and solid cholesterol (CS, which may be as a film or in crystals suspended in the 

aqueous phase) to generate cholesterol emulsified in the micelles (CM). 

Equation III. 1 

The rate constants k1 and k-1 are the forward and reverse rate constants for solubilization 

in the micelles.  

From the kinetic scheme shown in Equation III. 1 one may obtain the rate equation for 

the amount of cholesterol solubilized in the micelles, Equation III. 2. 

Equation III. 2          d
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The solubilization rate constant ( dk ) is a function of the forward and reverse rate 

constants (  d 1 1k k M k   ),   M 0
C and   MC   are the concentration of cholesterol 

solubilized immediately after the addition of the micelles and at equilibrium, 

respectively. The best fit of Equation III. 2 to the experimental results, using Excel and 

Solver (Microsoft, Seattle, WA), allowed the calculation of the characteristic rate 

constant for cholesterol dissolution in the micelles ( dk ) and the maximum amount of 

cholesterol solubilized  MC  .
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III. 4 - Results and discussion

III. 4. 1 - Determination of GDCA Critical Micelle Concentration  

For the solubilization of cholesterol the bile salt must be associated in micelles 

and therefore the characterization of GDCA critical micellar concentration is an 

important parameter for the rationalization of the maximum amount of solubilized 

cholesterol. This parameter has been previously measured by other authors [25; 29; 30] 

and it was found to depend strongly on the properties of the aqueous solution namely its 

ionic strength [25] and temperature [33]. We have therefore measured the CMC of 

GDCA in the aqueous buffer solution and temperature used in this work from the 

variation of N-phenyl-1-naphthylamine (NPN) fluorescence quantum yield and 

maximum wavelength when in the presence of GDCA micelles [106]. 

The value obtained for GDCA CMC, 1.7 mM, is similar to those reported in the 

literature for the same value of pH and ionic strength being somewhat larger than the 

first CMC observed by pyrene fluorescence and light scattering, 1.2 mM, [30] and 

smaller than the mid transition observed by isothermal titration calorimetry (ITC), 2 

mM, [29]. Roda and co-workers have also followed the micelization of GDCA by 

surface tension and probe solubilization and found similar values for the CMC at pH=8, 

2.0 mM and 2-3 mM respectively, [25]. The different values reported are dependent on 

the techniques used to follow the formation of the micelles which have different relative 

sensibilities for smaller and larger aggregates. We have also followed the process of de-

micelization of GDCA by ITC and the results obtained are shown in Figure III. 2 plot B. 

A broad transition was observed from 1.2 to 3.5 mM with a maximal heat variation at 

2.2 mM. The heat variation as a function of the concentration of GDCA was analyzed 

using the same procedure as for NPN fluorescence to obtain the CMC – intercept of the 

two linear regimes – leading to 1.6 mM, in very good agreement with the results 

obtained from NPN partition.  
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Figure III. 2 Plot A: Fluorescence emission spectra (insert) and integrated intensity (350 - 500 

nm) of NPN in the presence of different concentrations of GDCA (□) in aqueous buffer at 37 
oC. Plot B: Thermogram obtained due to the addition of 5 μL aliquots of GDCA 25 mM into 

aqueous buffer at 37 oC (insert) and heat evolved as a function of the concentration of GDCA in 

the ITC cell. The linear best fit to the two regimes is also shown and the CMC is obtained from 

the intercept of the two lines leading to 1.7 mM (plot A) and 1.6 mM (plot B). 

III. 4. 2 - Solubilization of [4-13C]cholesterol in GDCA micelles  

We have followed the solubilization of cholesterol in GDCA micelles by 13C 

NMR using cholesterol enriched in 13C at position 4, [4-13C]cholesterol. The 

solubilization of cholesterol in bile salt micelles was previously attempted using 1H 

NMR but only qualitative information could be obtained due to the complexity of the 

NMR spectra [102]. The approach followed in the present work results in a carbon 

resonance from cholesterol well isolated from GDCA resonances that allows its 

accurate quantification. The slow tumbling of the excess cholesterol in crystals 

generates very broad peaks that are included in the baseline being invisible by NMR. 

This property, previously used by other authors [107; 108] to qualitatively follow 

emulsification of cholesterol and/or lecithin in bile salt micelles, allows the 

quantification of emulsified cholesterol in the presence of large aggregates without the 

need to perform any sample processing such as the filtration or size exclusion 

chromatography required in previous work [29; 30; 38; 41; 93; 98; 99; 100] 

In Figure III. 3 are shown typical 13C NMR spectra obtained for GDCA in D2O buffer. 

The insert shows the absorption spectra near the resonance from [4-13C]cholesterol for 
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GDCA alone (A), and in the presence of 1mM (B) and 3 mM (C) cholesterol, at a total 

concentration of lipid (GDCA+cholesterol) equal to 50 mM. The resonances from 

GDCA were attributed according to previous work [99].  

Figure III. 3 13C NMR spectra of GDCA in D2O aqueous buffer solution at 37 ºC, obtained on a 

Varian 600 MHz spectrometer (), with 1H decoupling and NOE. GDCA assignments were 

compared with those obtained elsewhere [109]. The insert plots are expansions of the spectra of 

GDCA in absence (A) and in the presence of [4-13C]cholesterol 1 mM (B) or 3 mM (C). The 

resonance of carbon 4 from cholesterol is fitted with the gray line (). 

Those results clearly show that the resonance from carbon 4 of cholesterol is easily 

distinguished from those of GDCA and that the method has enough sensitivity to allow 

the quantification of solubilized cholesterol. The spectra in Fig.III.3 were obtained using 

a 90º pulse, with 13C-1H Nuclear Overhauser Enhancement (NOE), to improve the 

method sensitivity, and with a relaxation delay (D1) of 7 s that allows the full relaxation 

of all nuclei with the exception of the carbonyl and quaternary carbons, see Table III. S 

1 in the supplementary material and Figure III. 1. The presence of the NOE has the 

inconvenience that the areas are no longer proportional to the concentration of the 

resonant carbon. To re-establish the quantitative value of the NMR spectra, the NOE 

factor must be calculated for each carbon. Those factors have been calculated through 

the comparison between the areas obtained with (1H decoupling throughout the entire 

experiment) and without NOE (1H decoupling only during the acquisition step) after 
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3000 scans and are given in Table III. S 2 of the supplementary material. This 

information allow us to take advantage of the NOE improvement in sensitivity (that 

allowed running a well defined spectra with only 1024 scans) while retaining 

quantitative power. The concentration of solubilized cholesterol was calculated using 

the CH2 groups of GDCA as internal standard and taking into account the natural 

enrichment in 13C of GDCA and full enrichment for cholesterol carbon 4, as explained 

in detail in Table III. S 3 of the supplementary material.  

The kinetics of cholesterol solubilization by GDCA micelles was obtained from the 

analysis of samples with 47 mM GDCA added to a cholesterol film that would lead to a 

total cholesterol concentration of 3 mM if completely dissolved. Several independent 

samples were prepared and their NMR spectrum was measured at given times after 

addition of GDCA to the cholesterol film. Typical results are shown in Figure III. 4 

showing that equilibrium is essentially achieved after 10 h and that the amount of 

solubilized cholesterol remains unchanged up to 60 h. Some additional experiments 

were performed at different total concentrations of cholesterol and the values obtained 

for the characteristic solubilization time were similar (data not shown). 

Figure III. 4 Typical kinetic profile obtained for the solubilization of a [4-13C]cholesterol film 

(3 mM) by 47 mM GDCA micelles at 37 oC (). The line is the best fit of Equation III. 2  with 

kd= 1.610-3 s-1 (leading to a characteristic solubilization time, τd, equal to 3.6 h), 

  MC  = 3 mM and   0MC = 0 mM. The amount of cholesterol not solubilized () is also

shown. 
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After knowing the characteristic time for solubilization, the cholesterol film of several 

samples with increasing concentrations of cholesterol (from 0.5 up to 5 mM) were 

prepared. An aqueous solution of GDCA (giving a total lipid concentration of 50 mM) 

was added and the NMR spectrum was measured 24 to 36 h after. Typical results 

obtained are shown in Figure III. 5 which allows the calculation of the maximum value 

for cholesterol solubilization (Cholesterol Saturation Index, CSI) in GDCA micelles at 

50 mM total lipid concentration. The CSI value considered in GDCA micelles was 

obtained from the intercept of both regimes and is equal to 3.0 ± 0.1 mM. 

Figure III. 5 Concentration of [4-13C]cholesterol solubilized by GDCA micelles (   MC  ) as a 

function of the total concentrations of cholesterol ( TC ) for a total concentration of lipid equal

to 50 mM at 37 oC. The CSI value may be obtained from the maximum   MC   (3.1 mM, point 

A), or from the intersection of the best fit to both regimes in cholesterol solubilization (3.0 mM, 

point B). The values shown are the average and standard deviation of at least three independent 

experiments. 

The results obtained show a complete solubilization of cholesterol up to a total 

concentration of 3.0 mM above which no further cholesterol may be solubilized by the 

GDCA micelles. This indicates that the partition coefficient of cholesterol between the 

aqueous solution and the GDCA micelles remains unchanged up to the maximum 

amount of cholesterol solubilized. Micelles saturated with cholesterol are therefore 

expected to retain their ability to solubilize other solutes structurally unrelated with 

cholesterol. 
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Solubilization of cholesterol by bile salts in general, and by GDCA in particular, has 

been previously studied by other authors where micelles and small aggregates were 

physically separated from cholesterol crystals and large aggregates followed by 

quantification of cholesterol in the solubilized fraction (see for example references [29; 

30; 38; 41; 93; 98; 99; 100]). The cholesterol saturation index obtained in this work for 

GDCA micelles is significantly higher than the values obtained previously at the same 

concentration of GDCA: 2.0 mM in water at pH~7 [98], 2.2 mM in 50 mM carbonate 

buffer at pH=10 with 100 mM NaCl [41], and 2.5 mM in 10 mM Tris-HCl buffer at 

pH=7.5 with 150 mM NaCl [30] this last work at experimental conditions equivalent to 

the current ones. 

The much smaller emulsification efficiencies encountered [41; 98] are partially due to 

the use of cholesterol monohydrate crystals, whose increased stability leads to a shift in 

the equilibrium towards the crystalline form [32]. Cholesterol films prepared from 

organic solvents usually lead to anhydrous cholesterol crystal [32] and in fact, the shape 

of the crystals obtained in this work at conditions of excess [4-13C]cholesterol indicate 

that anhydrous crystals are formed . This effect explains the small increase observed in 

the later work [30] as compared with previous reports [41; 98], but cannot justify the 

larger solubilization efficiency found in this work. The higher value now obtained must 

be related with the elimination of the step of physical separation between the different 

cholesterol phases indicating that some solubilized cholesterol was lost during the 

separation process. We note additionally that for some cholesterol samples the amount 

of solubilized cholesterol was somewhat smaller with the presence of crystals with the 

morphology of the hydrated form. This was interpreted as being the result of small 

amounts of water in the cholesterol powder and/or in the organic solvent used to prepare 

the film. 

From the maximum amount of solubilized cholesterol and the aggregation parameters of 

GDCA the average occupation number of cholesterol in the micelles could be calculated 

giving important information regarding the local concentration of cholesterol in the 

micelles. The value obtained by us for the CMC (1.6 to 1.7 mM), as well as those 

reported in the literature (1.2 to 2 mM) [25; 29; 30], indicates that most GDCA is 

associated in micelles at the total concentration used in this work, ~50 mM. The second 

parameter required, the aggregation number, is however not well defined making the 

calculation of the micelle concentration a difficult task. The size of bile salt micelles has 
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been characterized by ultracentrifugation [23], static light scattering [28; 30; 37; 110; 

111; 112; 113; 114], dynamic light scattering [110; 113] and by freezing point 

depression [115]. Those measurements give the average molecular weight or 

hydrodynamic radius of the aggregates from which the mean aggregation number may 

be calculated. It is usually considered that bile salts have complex aggregation 

behaviour with the formation of primary and secondary micelles depending on their 

total concentration [23]. From the techniques used for the characterization of bile salt 

aggregation, the only one that could give a detailed description of this behaviour is 

dynamic light scattering with quantitative information of all scattering species. This was 

however not performed in the indicated references where only the average aggregation 

parameters were reported. The mean aggregation number reported for GDCA at neutral 

or alkaline pH, with 150 mM NaCl, ranges from 15 [114] to 22 [41]. The dependence of 

the size of the micelles on the total concentration of bile salt was somewhat better 

characterized for the taurine conjugate (TDCA) where an increase in the mean 

occupation number was clearly shown at high ionic strength [113] and no significant 

effects were observed without added salts [115]. 

Given the poor definition of the aggregation number of GDCA micelles, and in 

particular at a total concentration of 50 mM, it is not possible to calculate accurately the 

mean occupation number of cholesterol. If the extreme values reported are used the 

calculated mean occupation number varies from 1.0 to 1.4. 
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III. 4. 3 - Effects of solubilized cholesterol in GDCA NMR spectra 

Despite the large uncertainty in the mean occupation number of cholesterol in 

the GDCA micelles at saturation, most micelles have at least one cholesterol molecule 

and some effect of the solubilizate on the surfactant properties is anticipated. In fact, we 

have observed a frequency shift of the resonances from most GDCA carbons in direct 

proportion to the amount of cholesterol solubilized, Figure III. 6 and Table III. S 4.  

Figure III. 6 Resonance shifts observed for GDCA carbons 1, 2, 4, 5, 9, 12, 17, 22 and 23, as a 

function of the concentration of solubilized [4-13C]cholesterol, after using the resonance of 

GDCA carbon 18 as an internal reference to reduce uncertainty. The resonance shift of carbon 4 

of [4-13C]cholesterol and carbon 16 of GDCA is also shown, as well as raw data obtained for 

GDCA carbon 18. 

Those shifts are a result of an altered environment around the nuclei [24] and allow the 

quantification of solubilized solute, Figure III. 7. A single resonance was always 

observed for each nucleus indicating that cholesterol exchange between micelles is 

faster than the time scale of the NMR technique. 
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Figure III. 7 Solubilization of [4-13C]cholesterol (plot A) and cholesterol (plot B) by GDCA 

micelles (   MC  ) as a function of the total concentration of cholesterol (  TC ) for a total lipid

concentration equal to 50 mM at 37 oC. The amount of cholesterol solubilized was obtained 

from the area of its resonance for [4-13C]cholesterol () or from the shift observed on the bile 

salt resonances () (plot A and B). The lines are the best fit to the two regimes for unlabeled 

cholesterol solubilization and their intersection gives the cholesterol Saturation Index 2.7 ± 0.1 

mM. 

The resonance frequency from most carbons was affected by the presence of 

cholesterol. To improve the reproducibility in the resonance frequencies between 

different experiments, we have used the methyl resonance from GDCA carbon 18 as an 

internal reference and it was fixed at 15.37 ppm. This reference was chosen because its 

chemical shift was not dependent on the concentration of solubilized cholesterol and 

showed a relatively small standard deviation, lower right panel of Figure III. 6. The 

carbons which showed a significant shift in their resonances due to the presence of 

solubilized cholesterol (> 0.005 ppm per mM cholesterol) and with a correlation 

coefficient (R2) for a linear dependence ≥ 0.97 are carbons 1, 2, 4, 5, 9, 12, 17, 22 and 

23, see Figure III. 6 and Figure III. S 4 in the supplementary materials for details. The 

resonance shift for most carbons – with the exception of 6, 11, 15, 16 and 18 (this last 

one used as reference) - showed a linear dependence with the amount of solubilized 

cholesterol with R2 ≥ 0.9 and the resonance from [4-13C]cholesterol itself was strongly 

correlated with the concentration of cholesterol solubilized with a slope equal to -0.033 
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ppm/mM and R2 = 0.996. The shift encountered for the nuclei that showed strong 

correlation is given in Figure III. 6 (together with the results obtained for 16 C as an 

example of one nucleus not significantly affected, and with the raw data obtained for 

18C). The slope obtained from the linear fit was used to calculate the amount of [4-
13C]cholesterol solubilized in the micelles and this is shown in Figure III. 7 plot A. This 

dependence was also used to calculate the amount of unlabeled cholesterol solubilized 

in GDCA micelles, the results are shown in Figure III. 7 plot B. The solubilization 

profile obtained for cholesterol is similar to that obtained for [4-13C]cholesterol as 

expected from the similar properties of both molecules. The value obtained for the 

saturation index (2.7 mM) is however significantly smaller than that obtained for [4-
13C]cholesterol. This highlights the influence of the solute powder characteristics on the 

type of crystals formed and consequently on the maximal amount solubilized. 

The distinct sensibility of GDCA carbons on the presence of solubilized cholesterol 

allow us to speculate regarding the localization of cholesterol in the micelles. Bile salt 

aggregation is usually considered to depend on its total concentration with the formation 

of small micelles (primary micelles, up to 10 molecules) at concentrations close to the 

CMC, and larger micelles (secondary micelles, formed by the association of primary 

micelles) at higher concentrations [23]. The observation that cholesterol solubilization 

by bile salt micelles is more efficient at higher concentrations lead to the suggestion that 

solubilized cholesterol may be located preferentially at secondary micelles, between the 

outer surfaces of the primary micelles in the larger aggregates [28]. It is also usually 

considered that the most hydrophobic surface of the bile salt is hidden from the aqueous 

solution when primary micelles are formed [107] while the formation of the secondary 

micelles is driven by the remaining hydrophobicity of the more polar surface and by 

hydrogen bonding between bile salt hydroxyl groups [23]. Within this picture, the 

results obtained in this work (significant shift proportional to solubilized cholesterol, for 

carbons 1, 2, 4, 5, 9, 12, 17, 22 and 23) indicate that cholesterol is preferentially located 

in the core of primary micelles, near the most hydrophobic surface of GDCA.  
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III. 4. 4 - GDCA dynamics 

From the 13C T1 relaxation times obtained, Figure III. 1, one can obtain some 

information regarding the dynamics of GDCA in micelles and solubilized cholesterol. 

Within the CH2 groups, T1 varies between 0.2 and 0.3 s for atoms in the fused ring and 

up to C 23 being 0.7 s for C 25 in the glycine head group. This indicates that C 25 

experiences internal mobility while the atoms in the sterol moiety can only move as a 

whole. The relaxation time observed for the 13C labelled methylene carbon of 

cholesterol (0.2 s) indicates that the mobility of the solute is similar to that of the host 

micelle. An inspection of the results obtained for the CH3 groups of GDCA reveals that 

the micelle is most compact at the interface between the fused ring and the GDCA 

carbonyl group in agreement with the low mobility obtained for C 22 and C 23.  

The relaxation times observed for the less mobile groups may be used to calculate a 

micelle correlation time [66], this being  1.5 ns. This can in turn be used to estimate 

the minimum size of GDCA micelles, using the Perrin equation for a sphere [116], 

leading to an hydrodynamic radius of 13 Å, for η = 0.7195 cp [117]. The calculated 

radius is similar, although somewhat smaller, than the one reported by light scattering 

Rh = 22 Å [114]. 
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III. 5 - Conclusions

Cholesterol, enriched in 13C at carbon 4, solubilized in GDCA micelles was 

quantitatively measured by 13C NMR indicating an efficient solubilization with a 

pseudo first order characteristic time constant of 3.6 h and a mean occupation number 

above 1 at saturation. In spite of the high mean occupation number obtained, the 

solubilization profile shows that the affinity of cholesterol for the micelles is unchanged 

up to the saturation point and this indicates that GDCA micelles retain their ability to 

solubilize other solutes structurally unrelated to cholesterol. This explains the non-

competitive solubilization of cholesterol and aromatic hydrocarbons, or small chain 

alkyl benzenes, by bile salt micelles [118]. Conversely, the maximum solubility of 

cholesterol in bile salt micelles is expected to decrease due to the presence of solutes 

that co-crystallize with cholesterol [29; 118] as a result of the decreased aqueous 

solubility [119]. 

Solubilized cholesterol affects significantly the chemical shift of most GDCA carbons 

in the non-polar surface indicating that it is preferentially located in the hydrophobic 

core of primary micelles. This shift in GDCA resonances may be used to quantitatively 

follow solubilization of NMR silent solutes and this was shown for the case of 

unlabeled cholesterol. 

The critical micelle concentration of GDCA measured by probe partition and heat of de-

micelization indicates that most bile salt is aggregated in micelles at the concentrations 

used, in agreement with previous results. Some information regarding the size of the 

micelles was obtained from the 13C T1 relaxation times of GDCA and no evidence was 

encountered for the formation of large secondary micelles at a total concentration of bile 

salt equal to 50 mM. 
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III. 6 - Supplementary material

Table III. S 1 13C Longitudinal relaxation times (T1) for GDCA carbons and carbon 4 of [4-
13C]cholesterol. The T1 values from C26 and C13 where not obtained due the use of time 

interval smaller than the necessary to measure the T1 for this carbons. 

Resonances p.p.m. T1 (s)

C 24 179.67 2.1 

C 26 179.53

CH 12 75.95 0.4 

CH 3 74.32 0.4 

CH 14 50.78 0.4 

CH 17 49.30 0.6 

C 13 49.26 

CH2 25 46.44 0.7 

CH 5 45.18 0.4 

CH2  
[4-13C]cholesterol 

44.51 0.2 

CH 8 39.08 0.4 

CH 20 38.56 0.4 

CH2 1 38.44 0.3 

CH2 4 38.27 0.2 

C 10 36.97 2.3 

CH 9 36.42 0.5 

CH2 23 35.52 0.3 

CH2 22 34.52 0.2 

CH2 2 32.29 0.3 

CH2 11 31.36 0.3

CH2 16 30.59 0.3 

CH2 6 30.21 0.3 

CH2 7 29.17 0.3

CH2 15 26.80 0.2 

CH3 19 26.02 0.9 

CH3 21 19.71 0.7 

CH3 18 15.60 1
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Table III. S 2 13C-1H Nuclear Overhauser Effect (NOE) on a solution of GDCA 49 mM with 

1 mM of [4-13C]cholesterol, in D2O buffer at 37 ºC, obtained on a Varian 600 MHz 

spectrometer, with 90º pulse, D1=7 s, gain of 40, 3000 scans. The NOE effect (ɳ1) and 

correction factor (C.F.) were obtained via comparison of the spectra with 1H decoupling along 

all the pulse (with NOE) and decoupling only along the acquisition time (without NOE). The 

table shows the average and standard deviation of two independent experiments for each 

resonance of GDCA and for carbon 4 of [4-13C]cholesterol.  

Carbon number Carbon type p.p.m. ɳ C.F. Error (%) Average Error(%)

10 C 36.77 0.40 0.71 1.4

13 C 49.06 0.52 0.76 19.4 

24 C 179.67 0.21 0.81 3.2

Quaternary 

26 C 179.44 0.23 0.81 0.8 0.77 6.3

3 CH 74.21 0.45 0.69 8.3

5 CH 44.93 0.55 0.73 0.1

8 CH 38.87 0.46 0.70 7.7

9 CH 36.22 0.64 0.65 1.7 

12 CH 75.85 0.38 0.64 11.1

14 CH 50.60 0.52 0.66 6.8

17 CH 49.13 0.38 0.90 4.2

Tertiary 

20 CH 38.36 0.08 0.67 11.8 0.70 12.2

1 CH2 38.17 1.03 0.65 17.2

2 CH2 32.02 0.69 0.68 12.9

4 CH2 37.98 0.60 0.70 13.7

6 CH2 30.00 0.76 0.65 13.4

7 CH2 28.99 0.46 0.66 4.8 

11 CH2 31.14 0.40 0.72 2.2

15 CH2 26.60 0.46 0.67 10.5

16 CH2 30.42 0.61 0.64 2.5

22 CH2 34.37 0.62 0.65 7.4

23 CH2 35.33 0.59 0.59 0.9

Methylene 

25 CH2 46.19 0.42 0.51 5.7 0.65 8.5

18 CH3 15.42 1.35 0.52 4.9 

19 CH3 25.83 1.03 0.49 0.4
Methyl 

21 CH3 19.47 0.87 0.44 4.0 0.48 8.3

[4-13C]chol CH2  44.50 0.27 0.77 3.1

1 0

0

I I

I



  where I is the area with NOE and I0 the area without NOE. The correction factor is 

given by 
1

1 
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Table III. S 3 Chemical shifts assignments, peak area, and quantification results from a 13C 

NMR spectra obtained for an aqueous solution of GDCA 47 mM with [120]cholesterol 3 mM in 

a D2O buffer, without NOE (correction factor times area with NOE) at 37 ºC, obtained on a 

Varian 600 MHz spectrometer. The methylene carbons (gray) where the resonances from the 

bile salt that were used for the quantification. 

Equation III. 3 

The concentration of emulsified cholesterol considered was the average of the different 

values obtained using Equation III. 3 for each BS CH2 resonance. 

Carbon number Carbon Type ppm 
Area  

With NOE 
Area 

Withou
NOE

24 C 179.67 354.1 286.3

26 C 179.53 299.5 242.3

12 CH 75.95 386.3 246.5

3 CH 74.32 344.1 236.3

14 CH 50.78 358.0 234.5

17 CH 49.30 236.9 213.9

13 C 49.26 541.9 413.5

25 CH2 46.44 443.7 228.3

5 CH 45.18 322.8 234.4

[4-13C]chol CH2 44.51 1918.9 1476.4

8 CH 39.08 362.8 252.4

20 CH 38.56 358.3 238.3

1 CH2 38.44 407.8 263.4

4 CH2 38.27 404.5 281.3

10 C 36.97 385.8 272.8

9 CH 36.42 383.6 251.2

23 CH2 35.52 438.1 257.7

22 CH2 34.52 380.9 247.6

2 CH2 32.29 314.6 214.1

11 CH2 31.36 382.1 274.2

16 CH2 30.59 350.8 222.9

6 CH2 30.21 379.5 247.0

7 CH2 29.17 341.5 226.1

15 CH2 26.80 377.5 253.2

19 CH3 26.02 546.8 268.3

21 CH3 19.71 571.7 250.4

18 CH3 15.60 537.6 277.2

 MC s.d.

3.0 0.1 

   
 

w ith o u t N O E

w ith o u t N O E

1 .1 0 3
[ ]

1 0 0
C h o l

M
B S

A
C B S

A

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Table III. S 4 Chemical shifts of GDCA carbon resonances as a function of solubilized [4-
13C]cholesterol. The 13C NMR spectra were obtained on D2O buffer at 37 ºC using a Varian 600 

MHz spectrometer. The carbon resonances in bold gray show a significant shift (slope  0.005 

ppm and R2 0.97), proportional to the amount of the solubilized cholesterol as measured by the 

area of [4-13C]cholesterol.  

GDCA  TC  (mM)

Carbon 
number 

Carbon type 0.3 0.5 1.0 2.0 2.6 3.1 3.2 
Slope 
(mi) 

R2 

24 C -0.001 0.001 0.003 0.006 0.012 0.013 0.012 0.004 0.94 

26 C 0.000 0.002 0.003 0.007 0.012 0.012 0.013 0.004 0.98 

12 CH -0.003 -0.004 -0.009 -0.018 -0.018 -0.021 -0.025 -0.007 0.98
3 CH -0.001 -0.002 -0.003 -0.009 -0.009 -0.013 -0.015 -0.004 0.97 

14 CH -0.001 -0.005 -0.008 -0.015 -0.016 -0.014 -0.017 -0.005 0.92 

17 CH -0.003 -0.004 -0.011 -0.033 -0.040 -0.042 -0.050 -0.015 0.98
13 C 0.000 -0.001 -0.002 -0.007 -0.008 -0.009 -0.010 -0.003 0.98 

25 CH2 0.001 -0.001 -0.002 -0.007 -0.006 -0.007 -0.007 -0.002 0.94 

5 CH 0.003 0.004 0.005 0.011 0.012 0.016 0.018 0.005 0.99
8 CH 0.000 -0.002 -0.003 -0.006 -0.009 -0.008 -0.011 -0.003 0.96 

20 CH 0.003 0.004 0.005 0.009 0.009 0.009 0.010 0.003 0.88 

1 CH2 0.000 -0.001 -0.003 -0.010 -0.013 -0.017 -0.014 -0.005 0.97
4 CH2 0.003 0.006 0.010 0.017 0.019 0.022 0.025 0.007 0.99
10 C 0.001 0.002 0.003 0.003 0.005 0.004 0.004 0.001 0.84 

9 CH 0.000 -0.002 -0.003 -0.010 -0.011 -0.013 -0.014 -0.005 0.98
23 CH2 -0.003 -0.007 -0.014 -0.033 -0.041 -0.048 -0.053 -0.016 1.00
22 CH2 -0.002 -0.004 -0.006 -0.013 -0.015 -0.016 -0.018 -0.005 0.99
2 CH2 -0.001 -0.004 -0.006 -0.016 -0.017 -0.019 -0.021 -0.006 0.99
11 CH2 0.004 0.002 0.003 0.002 0.002 0.004 0.004 0.000 0.19 

16 CH2 -0.001 0.000 -0.001 0.000 0.001 0.002 0.001 0.001 0.67 

6 CH2 0.004 0.002 0.000 -0.001 -0.001 -0.001 -0.001 -0.001 0.47 

7 CH2 -0.001 -0.002 -0.004 -0.008 -0.012 -0.012 -0.011 -0.004 0.97 

15 CH2 0.003 0.001 0.004 0.002 0.003 0.003 0.003 0.001 0.24 

19 CH3 0.001 0.001 0.002 0.004 0.005 0.004 0.005 0.002 0.95 

21 CH3 -0.001 -0.002 -0.004 -0.010 -0.011 -0.013 -0.013 -0.004 0.99 

18 CH3 
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The chemical shift of this resonance showed the smaller dependence on the 
concentration of solubilized cholesterol and was used as internal reference. 
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Steps required in to calculate the concentration of solubilized cholesterol from the 

shift observed on the resonances of the GDCA carbons. 

The resonances from the GDCA carbons indicated in gray in Table III. S 4 were linearly 

dependent on the concentration of cholesterol solubilized by the micelles (when 

measured by the intensity of [4-13C]cholesterol signal) and were used to calculate the 

concentration of unlabeled cholesterol solubilized in the micelles. 

The slope was calculated from the best fit of Equation III. 5 to the experimental results, 

where i  is the variation in the chemical shift of carbon i when the amount of [4-

13C]cholesterol solubilized was equal to [13CM] as quantified by Equation III. 4, and is 

given in Table III. S. 4 together with the correlation coefficient. 

Equation III. 4 

The concentration of unlabeled cholesterol solubilized in the GDCA micelles was 

calculated from the value observed for i  and the slope given in Table III. S 4. The 

values shown in the manuscript are the average ( MC ) and standard deviation (  
MC ) 

of the concentration of cholesterol calculated from the slopes of each GDCA carbon 

shown in gray in Table III. S 4 ( M i
C ), Equation III. 5. 

 Equation III. 5 

An example is given in Table III. S 5. 

13
i i Mm C     

       

    
 

1

1

1
; ;

1M

n

M Mn i
i i

M M M Ci i
ii

C C
C C C

m n n

  






  




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Table III. S 5 Concentration of cholesterol solubilized in GDCA micelles calculated from the 

variation observed in the resonance of GDCA carbons, for the case where 1.5 mM total 

unlabeled cholesterol was equilibrated with 48.5 mM GDCA. Only the carbons shown in gray 

in Table III. S 4 were considered. 

GDCA 
Conversion of BS resonances shift  into solubilized cholesterol 

concentration on BS micelles 

Carbon 
number 

Carbon 
type 

Slope 
(mi) 

GDCA
GDCA 
50 mM 

GDCA chol 

GDCA  
48.5 mM 

Chol unlabelled

1.5 mM 

Δδ 

 MC  (mM) =

im

  MC  (mM) s.d. 

12 CH -0.007 75.728 75.716 -0.012 1.6 1.5 0.2 

17 CH -0.015 49.113 49.092 -0.021 1.4 

5 CH 0.005 44.984 44.993 0.008 1.6 

1 CH2 -0.005 38.278 38.268 -0.009 1.7 

4 CH2 0.007 38.079 38.093 0.014 1.9 

9 CH -0.005 36.224 36.218 -0.005 1.2 

23 CH2 -0.016 35.340 35.318 -0.022 1.3 

22 CH2 -0.005 34.333 34.325 -0.008 1.4 

2 CH2 
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-0.006 32.125 32.116 -0.009 1.3 
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IV. 1 - Abstract

Solubility of cholesterol in BS micelles is important to understand the 

availability of cholesterol for absorption in the intestinal epithelium and to develop 

strategies to decrease cholesterol intake from the intestinal lumen. The cholesterol 

saturation limit in different simple, binary and ternary BS micelle mixtures in relevant 

physiological conditions was determined. The effect of phytosterols (stigmastanol and 

stigmasterol), palmitic and oleic acids (saturated and unsaturated FA, respectively) and 

α-tocopherol (vitamin) in cholesterol solubility by the BS micelles was studied. The 

results showed that, depending on the constitution of the BS micelles, the average value 

of sterol per micelle was equal or lower than one. The solubility profile for the different 

BS mixtures used showed a linear dependence on the total concentration of sterol used 

until the solubility limit was reached. This was interpreted as a partition rather than a 

binding mechanism.  

The effect of studied competitors showed that stigmasterol had the highest effect 

in the decrease of cholesterol solubility followed by stigmastanol, tocopherol and oleic 

acid. Palmitic acid slightly increased the solubility of cholesterol. From our studies, we 

can suggest two possible mechanisms to explain the effect of these compounds in 

cholesterol solubilization by BS micelles: A) co-solubilization, where we include 

tocopherol and oleic acid, that decreases cholesterol solubility, and palmitic acid that 

increases cholesterol solubility; and B) co-solubilization and co-precipitation, where we 

include stigmastanol and stigmasterol, which presented the most effective decrease on 

cholesterol solubility.  

IV. 2 - Introduction

Of the 1800 mg of cholesterol absorbed per day by an average human, 600 mg 

are supplied by the diet and the remaining is due to the endogenous production [2; 87]. 

Although cholesterol is a vital molecule for human beings, it became lately known by 

its lethal properties. Indeed, high cholesterol levels in blood are responsible for 

atherosclerosis, one of the most deadly and incapacitating diseases in humans [121]. It 

is therefore crucial to make all the efforts to clarify the mechanisms underlying the 

development of this disease and the mechanisms that can potentially avoid it or clearly 

diminish its effects.  
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The solubilization of cholesterol in the intestine can be a key research target for 

this task and is strongly dependent on the diet. Prior to absorption cholesterol needs to 

be solubilized due to its low solubility in water [55]. This is achieved with the help of 

several molecules present in the duodenum content, namely BS, being the most 

representative the ones conjugated with glycine, PL and FA [16]. This mixture of 

components self-aggregates and forms either intermixed micelles or vesicles depending 

on the BS/Lipid ratio. These structures solubilize cholesterol and other hydrophobic 

nutrients and carry them to the apical membrane of the brush border membrane located 

in the intestinal epithelium [11; 26].  

BS are crucial for cholesterol absorption [62]. Cholesterol solubilization by BS 

has been extensively studied in the past, focusing mainly in the therapeutic potentialities 

for gallstone disease [93]. A substantial mapping of ternary and binary phase diagrams 

of PL, BS and cholesterol was determined [104]. The size of the micelles, mixed 

micelles and vesicles formed with the different proportions of these components is 

known [59; 122]. The solubility of cholesterol in BS micelles and in the presence of PL 

was also addressed [34]. Looking carefully at the results obtained by different research 

groups, clear differences on the CSI were observed although similar approaches were 

implemented [8; 28; 30; 32; 34; 93; 123] (see Table I. 6, Chapter I). There are also some 

discrepancies between results obtained at different pH values because solubility of BS is 

affected by pH. At lower pH there is an increase in the least soluble protonated specie in 

solution, which will be solubilized in the micelle, decreasing the solubility capacity for 

other hydrophobic molecules such as cholesterol. 

Although conjugated glycine BS have a higher prevalence in humans, most of 

the studies were done with taurine conjugates. Probably because of their low pKa they 

do not change ionization state during their presence in the duodenum [23]. At the 

typical duodenum pH (around 6 to 8), glycine conjugated BS species are mostly in their 

ionized form. To have a quantitative answer on the solubilization of cholesterol by BS 

we developed a method using 13C NMR spectroscopy [120] which enables to follow 

cholesterol solubilization in the micelle. The determination of the cholesterol saturation 

limit in GDCA micelles was achieved and the ratio of cholesterol per micelle obtained 

was equal to one [120]. The main advantage of this method is that we can follow 

cholesterol solubilization in the micelle in a non-invasive way, i.e., without using any 

technique that could disrupt the equilibrium, such as filtration or chromatography used 

in previous studies [8; 34; 40; 123; 124]. One important observation was that different 
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hydrophobic BS have different capacities to deliver cholesterol to membranes [60] and 

that they were required for solubilization of cholesterol [7]. Cholesterol delivered didn’t 

occur by a merging event (fusion) between the micelle and the membrane but instead it 

was delivered as an aqueous monomer [61]. 

In this work the approach was to reduce the complexity of the system 

(duodenum content) to two major class components only (BS and cholesterol). First we 

addressed the possibility of synergistic effects between the most representative BS 

present in the intestinal duodenum and how they affect the sterol solubilization. We 

used different compositions of BS, namely single, binary and a ternary relevant 

physiological composition, at the duodenal characteristic concentration. This would 

give valuable information regarding the decrease in cholesterol absorption through the 

intestinal epithelium as a direct result of the solubilization phenomena occurring in 

intestinal lumen.  

One of the most used strategies to reduce cholesterol absorption in the intestine 

is to include in the diet sterols from vegetal origin [29; 125]. They are known to reduce 

cholesterol absorption and therefore cholesterol intake, although the mechanism is not 

yet completely understood. There are two possible mechanisms by which phytosterols 

can prevent cholesterol absorption: co-precipitation or/and co-solubilization [29; 125]. 

The most common phytosterols present in vegetables and added to margarines are 

sitosterol, stigmasterol and stigmastanol and their respective esters [110; 111; 112; 113]. 

Mixing these phytosterols with cholesterol in different proportions in the presence of BS 

can help to clarify the mechanisms behind phytosterol action, which can give hints to 

develop better and more effective strategies to reduce cholesterol absorption. As our 

method allows us to follow cholesterol solubilization in micelles, we can also get a 

quantitative answer on the decreasing effect of phytosterols on cholesterol solubility. 

The phytosterols studied here are the stigmasterol and stigmastanol.  

The study also addressed the influence of saturated palmitic acid (PA) and 

unsaturated oleic acid (OA) FA on cholesterol solubilization by BS micelles. It is 

known that unsaturated FA can decrease cholesterol intake, while saturated FA seem to 

increase cholesterol absorption [126]. In this regard we addressed also the quantitative 

effect of these two components in the solubilization of cholesterol in BS micelles. 

Finally we also studied the effect of α-tocopherol, a component of vitamin E, in the 

solubilization of cholesterol as a model of a lipophilic vitamin. The following Figure 

IV. 1 shows the different BS and molecules used as competitors in this work.
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Figure IV. 1 Molecular structures of BS (GDCA, GCDCA and GCA); Cholesterol (enriched in 
13C in position 4); phytosterols (stigmastanol and stigmasterol), Vitamin (α-tocopherol) and FA 

(saturated–palmitic acid, unsaturated-oleic acid). For cholesterol, stigmasterol and oleic acid, 

the protons bounded to double bonds were discriminated to help in the interpretation of results. 
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IV. 3 - Materials and methods

N-Phenyl-1-naphthylamine (NPN) was obtained from Merck (Hohenbrunn, 

Germany), [4-13C]cholesterol and deuterium oxide (99.8%) for NMR experiments were 

obtained from CortecNet (Paris, France), and the BS sodium glycochenodeoxycholic 

acid (GCDCA), sodium glycocholic acid (GCA), sodium glycodeoxycholic acid 

(GDCA), α-tocopherol, stigmastanol and stigmasterol were bought from Sigma 

(Steinheim, Germany). Oleic acid and palmitic acid were bought from Avanti. The non-

aqueous solvents used for sample preparation (chloroform, methanol, and acetone) were 

of spectroscopy grade, and the aqueous buffer components (Tris-HCl, NaCl, and NaN3) 

were of high purity and purchased from Sigma; water was first distilled and further 

purified by activated charcoal and deionization.  

The CMC of single, binary and ternary BS mixtures used were determined using 

the method developed in reference [44], based on the increase in fluorescence quantum 

yield and blue shift of the fluorescence emission spectra of NPN on association with 

preformed micelles. The total concentration of NPN was 1 μM, and the concentrations 

of simple, binary and ternary BS mixtures in the aqueous buffer were changed between 

0 and 50 mM at 37 ºC. The fluorescent emission of NPN was followed using an 

excitation wavelength of 330 nm on a Cary Eclipse fluorescence spectrophotometer 

obtained from Varian (Victoria, Australia) equipped with a thermostated multi-cell 

holder accessory. Tocopherol solubility was followed by absorption spectroscopy due to 

its absortivity (3.2x103cm-1M-1, λ=292 nm). A calibration curve was done at a range of 

tocopherol concentrations going from 0.5 to 5 mM in GDCA 50 mM solution using a 

cuvette of 0.1 cm width, showing to be linear in this range. Whenever a separate phase 

is formed the absortivity is no longer linear.  

The size of the micelles present at a concentration of 50 mM, with and without 

cholesterol solubilized, was also characterized by dynamic light scattering (DLS) using 

a Beckman Coulter N4 Plus apparatus operating with a He neon laser at 632.8 nm as 

light source and a scattering angle of 90o. The autocorrelation curves were analyzed 

with the PSC control software provided with the equipment. The refraction index 

considered for the samples was 1.33, and the viscosity was 1.127 cp [46]. The 

experiments were done at 37 ºC, up to six measurements were run for each sample, and 

two independent samples were analyzed. 
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The solids obtained were characterized by Polarized Light Thermal Microscopy 

(PLTM) using a hot stage Linkam system, model DSC600, with a Leica DMRB 

microscope and a Sony CCD-IRIS/RGB video camera. Real Time Video Measurement 

System software by Linkam was used for image analysis. The images were obtained by 

the combined use of polarized light and wave compensators, using a 200 magnification. 

Proton-decoupled 13C NMR spectra acquisitions were performed on a Varian 

VNMRS 600 NMR spectrometer equipped with a high field ‘‘switchable’’ broadband 5-

mm probe with z-gradient operating at a frequency for 1H spectra (599.72 MHz) and for 
13C spectra (150.8 MHz). 13C NMR spectra were acquired at 37 ºC with a 90º pulse 

angle sequence, a spectral width of 31,250 Hz with an acquisition time of 2.3 s, a 

relaxation delay of 7 s, and 1024 acquisition scans. Proton decoupling was achieved 

using a WALTZ-16 decoupling sequence. 13C-{1H} nuclear Overhauser enhancement 

(NOE) was obtained by comparing 13C spectra with full proton decoupling and 13C 

spectra with proton decoupling only during acquisition (spectra acquired with 3000 

scans). The values used for correcting the NOE effect are shown in Figure IV. S1 and 

Figure IV. S2. Spectra were processed with MestreNova 6.1.1 (Mestrelab Research, 

Santiago de Compostela, Spain). The relaxation delay used ensured that the 13C signals 

are quantitative for carbons with a relaxation time equal to 1.4 s or shorter. This is the 

case for C4 of cholesterol and for all BS carbons except the carbonyl and quaternary 

carbons [120]. 1H NMR spectra of stigmasterol and oleic acid were obtained at 37 ºC 

with a 90º pulse angle sequence, a spectral width of 7225 Hz, acquisition time of 1.5 s, a 

relaxation delay of 2.5 s, and 512 acquisition scans. 

Aqueous suspensions of [4-13C]cholesterol with and without different 

competitors (phytosterols, FA, tocopherol) were prepared by evaporating the required 

volume of a solution in chloroform/methanol (87:13, v/v), blowing dry nitrogen over 

the heated solution (blowing hot air over the external surface of the tube), and removing 

organic solvent traces in a vacuum desiccator for 30 min at 23 ºC. The glass tube with 

the dry residue was then transferred to a thermostatic bath at 37 ºC and hydrated with a 

preheated solution of BS in the aqueous buffer (10 mM Tris–HCl (pH 7.4), 0.15 M 

NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), and 0.02% NaN3 in D2O) and 

was continuously stirred at 100 rpm. In the case of FA another assay was done 

solubilizing first the FA in BS solution wait 24 h and then added to a film of 

cholesterol. The total concentration of BS plus sterol was maintained at 50 mM in all 

experiments of solubilization. In the experiments of competition using phytosterols, FA 
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and tocopherol the total concentration of GDCA BS used was 50 mM. The samples 

were left in the bath with continuous stirring during 24 to 48 h (experiments on the 

maximum solubilization) and then characterized by 13C NMR to obtain the amount of 

solubilized cholesterol using the BS CH2 resonances (similar to the resonance followed 

in cholesterol) as an internal standard or by the addition of TSP (trimethylsilyl 

propionate, used as an internal standard) to the sample or both.  
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IV. 4 - Results and discussion

IV. 4. 1 - Determination of CMC of glycine conjugated BS 

The concentration at which BS form micelles is very important because it states the 

concentration at which the BS are soluble as a monomer, and this information, together 

with the aggregation number, gives the concentration of micelles in solution. The CMC 

determination of GDCA was addressed in a previous work by our research group using 

two independent methods, isothermal calorimetric titration and dye solubilization 

(NPN). The results obtained agreed within the experimental error [120].  

In this work we have determined the CMC of different simple BS, GCA and 

GCDCA, binary mixtures, GDCA/GCA; GDCA/GCDCA and GCA/GCDCA, in 

proportion (50:50) and one ternary mixture physiologically relevant, 

GCA/GCDCA/GDCA, in proportion (37.5:37.5:25), using the fluorescence properties 

of NPN. The normalized fluorescence intensity maximum dependence on the 

concentration for the several BS and their mixtures is shown in Figure IV. 2. CMC 

values and standard deviations errors obtained are shown in Table IV. 1.  
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Figure IV. 2 Dependence of NPN fluorescence intensity maximum (1 μM) in different 

concentrations of single, binary (50:50) and ternary BS mixtures (37.5:37.5:25) (shown in the 

figure) in aqueous buffer pH=7.4 and I=150 mM at 37 ºC. The values obtained for the CMC and 

standard deviations are shown in Table IV. 1 (page 113). 

From the results it was observed that the BS showing the highest CMC is GCA. 

This BS has three hydroxyl groups, one more than the others BS studied (see Figure IV. 

1), being soluble in water in the monomeric state up to a higher concentration than the 
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others. Both dihydroxy BS show a similar CMC, within the error of the measurement 

having a much lower CMC than GCA.  

The results obtained in this work for the simple mixtures, are smaller than the 

available data obtained by ITC, using similar conditions (GDCA, 2.0 mM, GCDCA, 2.2 

mM, and GCA, 8.5 mM) [29]. The observed difference between the results is not due to 

the measurement itself but to the approach used to determine the CMC value. CMC by 

definition is the concentration at which micelles start to form. The values above 

reported for the CMC using ITC correspond to the BS concentration at which the first 

derivative is null, this approach leads to higher values of the CMC and is not in 

agreement with its definition because at this concentration 50% of the BS are already 

aggregated in micelles. In our measurements the approach was to define two linear 

regimes, one in the beginning where no changes are observed in the parameter measured 

(at low BS concentration) and another where there is a sharp transition. The CMC value 

is calculated from the intersection of both regimes, the point where micelles start to 

form. The CMC obtained for the binary mixtures, GDCA/GCA (50:50), GCA/GCDCA 

(50:50) and GDCA/GCDCA (50:50) was equal to the ones predicted considering that 

the mixture of surfactants was ideal (see Chapter I, section I. 5 page 21). By ideal 

mixture we mean that there is no net interaction between the species in the mixture and 

that the free energy associated to the mixing is equal to the sum of free energies of each 

surfactant. The CMC obtained for the ternary mixture GCA/GCDCA/GDCA 

(37.5:37.5:25) showed lower value of CMC than the one predicted considering an ideal 

solution. This would mean that this mixture of BS shows some interaction that cannot 

be described by the average behaviour of each BS.  

After the determination of BS CMC we carried the study of solubilization of 

cholesterol in BS micelles.  
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IV. 4. 2 - Determination of Cholesterol Solubilization Index 

The determination of sterol solubilized in BS micelles was obtained using the 

method developed by this group and described in Chapter III [120]. Briefly, labelled [4-
13C]cholesterol solubilized in the micelles was followed by 13C NMR spectroscopy and 

also by the chemical shift analysis (CSA) of BS resonances that were most sensitive to 

the presence of cholesterol. Figure IV. 3 shows the results obtained for the CSI for the 

several mixtures, the average values and standard deviations are shown in Table IV. 1. 

 
 

 
 

Figure IV. 3 Concentration of [4-13C]cholesterol solubilized by BS micelles (  MChol ) as a

function of the total concentrations of cholesterol (  TChol ) for a total concentration of lipid

(BS+ Chol) equal to 50 mM. The experiments were performed at 37 oC. The amount of 

solubilized cholesterol was obtained from the area of its resonance for [4-13C]cholesterol (plot 

A) or from the chemical shift observed on the bile salt resonances (plot B). The CSI value can

be obtained from the maximum  MChol , or from the intersection of the best fit to both regimes

in cholesterol solubilization (see Chapter III, Figure III. 5 and III. 7). The average and standard 

errors associated with the CSI obtained are shown in Table IV. 1. They are the average of at 

least three independent experiments.  

The same values for CSI were obtained from both methods, showing that the 

chemical shift of BS resonances is a reliable method to quantify solubilization of 

cholesterol even for more complex mixtures (binary and ternary) of BS. Figure IV. 3 

show that GDCA was the BS solubilizing more cholesterol, it has the lowest solubility 

in water (lowest CMC) and the highest hydrophobicity [101]. The most hydrophilic BS 

(GCA) showed the lowest solubilizing capacity for cholesterol. Surprisingly, although 

GCDCA has a similar CMC to GDCA, its cholesterol solubilizing capacity is more 
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similar to GCA. Similar qualitative results, but not quantitatively were obtained before 

by other authors for the same BS [32]. This emphasizes that the hydroxyl position 

change between the structures of GDCA and GCDCA is not affecting its solubility in 

water as monomer but considerably modifies the capacity of the hydrophobic core of 

the micelles to accommodate cholesterol. The studied BS mixtures showed a 

solubilizing capacity equal to the one obtained using the average of solubility capacities 

of each BS weighted by their molar fraction. The exception to this result was the 

mixture GDCA/GCDCA which showed a lower capacity to solubilize cholesterol than 

the expected from the average of each BS. This mixture in terms of CMC behaves 

ideally but regarding solubilization it was observed that it reduces cholesterol solubility, 

suggesting that the core of the micelles is more disturbed. The disturbing effect has the 

same magnitude as the one observed for the mixture of BS showing the lowest 

solubility for cholesterol, reinforcing that the presence of the hydroxyl group at that 

position has a particular destabilizing effect regarding cholesterol solubility. This 

mixture showed to be one of the best to reduce cholesterol solubility. To the best of our 

knowledge, this is the first time that this effect among different compositions of BS has 

been evaluated. Looking carefully to the mixtures of BS it is clear that the mixture of 

BS solubilizing the less cholesterol is GCA/GCDCA. The addition of GDCA to this 

mixture decreases the CMC without a significant increase in solubility of cholesterol. 

The biologically relevant mixture shows a trade off between the lowest CMC, which 

leads to the formation of micelles at a lower concentration, with a mean capacity of 

solubilization of cholesterol. To better compare the results of cholesterol solubilization 

obtained by us and the results of others groups, we will use the ratio of concentration of 

cholesterol solubilized in the micelles by concentration of micelles 

([Chol]M/[Micelles]). The aggregation number for GDCA, GCA and GCDCA reported 

in the literature in similar conditions than the ones used in this work are shown in Table 

IV. 1 [122].
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Table IV. 1 Values of CSI and CMC determined for single, binary and ternary mixtures 

of BS. The predicted values for CSI and CMC are also shown assuming that the 

mixtures of BS behave as an ideal solution. The values of aggregation number obtained 

for micelles in similar conditions obtained by others are also given.  

BS 
compositions 

CSI 
(mM) 

CSIa) 
(mM) 

CMC 
(mM) 

CMCb)

(mM) 
Size  
(nm)  c

)
[Micelles] 

(mM) 

[ ]

[ ]
MChol

Micelles

GDCA 3.0  0.1 1.7  0.1 2.6  0.2 16 3.0 1.0

GCA 1.0  0.1 6.5  0.1 2.4  0.4 6 7.8 0.1 

GCDCA 1.3  0.1 1.6  0.1 2.9  0.1 18 2.7 0.5

GDCA/GCA 1.9  0.1 2.0 2.7  0.1 2.7 2.4  0.2

GDCA/GCDCA 1.6  0.2 2.2 1.8  0.1 1.6 2.4  0.2

GCA/GCDCA 1.4  0.1 1.2 2.7  0.2 2.6 2.3  0.1

GCA/GCDCA/ 
GDCA 1.8  0.2 1.6 1.9  0.2 2.3 2.4  0.2

a) CSI predicted for the complex BS mixtures using the average value of cholesterol solubilization

obtained for each single BS weighted by their molar fraction. 
b) CMC predicted values were obtained as explaining in Chapter I, section I.5, page 20.
c) Aggregation number per micelle, values obtained from the reference [122].

These results allow us to calculate the quantity of sterol per micelle. The values 

obtained for CSI and CMC for the different BS and their mixtures are also shown. The 

results obtained showed that GDCA micelles contain an average of one molecule of 

cholesterol per micelle, being these micelles that best accommodate cholesterol. The 

other dihydroxy BS, GCDCA, shows half of the solubilizing capacity of GDCA. GCA 

shows even less affinity for cholesterol with a mean occupancy of 0.1. The results are 

consistent with the available literature on cholesterol solubilization, where GDCA 

shows an average cholesterol solubilization per micelle of 0.9, GCDCA 0.4 and GCA 

0.2 [28; 30; 34].  

This solubilization capacity from the various BS can be interpreted using the 

Poisson distribution which enables the determination of the probability (p) of observing 

the most probable discrete events (x) considering the average mean occupancy ( ) of 

cholesterol for each BS which is given by the following Equation IV. 1,  

Equation IV. 1  ,
!

xe
p x

x





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Table IV. 2 show the probability results for several discrete events to occur for 

the single BS micelles. 

Table IV. 2 Poisson distribution of cholesterol per micelle of BS, considering the average 

solubility of cholesterol per micelle (λ) and x discrete possible events. 

Events 

x 

GDCA

1 

GCDCA

0.5 

GCA 

0.1 

0 0.37 0.61 0.90 
1 0.37 0.30 0.09 
2 0.18 0.08 0.00 
3 0.06 0.01 0.00 

The Poisson distribution results show that the events considering micelles 

without any sterol and micelles with one sterol are the events having the highest 

probability of occurrence. For the BS solubilizing higher quantities of cholesterol as 

GDCA, there is also a significant probability of having micelles with two, or even three, 

molecules of cholesterol.  

From the profile of the curves obtained from Figure IV. 3 there is a linear 

increase of the amount of cholesterol solubilized with the increase in the total 

concentration of cholesterol until the saturation limit is reached. This is compatible with 

the partition of cholesterol between cholesterol in aqueous solution and cholesterol in 

micelles. This also discards the possibility of binding phenomena where the variation of 

free binding sites available in the micelles would lead to a non-linear dependence with 

the total concentration of cholesterol in the system. A possible interpretation from the 

results would be as follows: a higher solubilization means that a higher partition occurs 

between the aqueous phase and the GDCA micelles. This would mean that the free 

energy associated with the solubilization of cholesterol in those micelles is more 

favourable than with the other BS micelles, including the binary and ternary mixtures 

and the chemical potential for the solubilization process associated with GDCA is the 

smallest for all the studied micelles. The ternary mixture of BS showed an intermediary 

solubilizing capacity, showing that the system is not optimized for a maximum of 

cholesterol solubility. Instead it behaves as an average of the solubilities of the different 

BS. If the main function was only the solubilization of hydrophobic molecules it would 

be expected that the solubilization capacity of micelles would be the highest possible, 
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which from the results would be the one from GDCA micelles. However absorption 

process should be thought as a trade off between solubilization in intestinal lumen and 

partition to the gastrointestinal membrane. This reinforces the commitment between a 

micelle having a mean solubilizing capacity allowing hydrophobic drugs to be 

solubilized at a small concentration of solubilizer but at the same time it should be an 

efficient supplier of monomers to the aqueous phase for the partition into the membrane.  
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IV. 4. 3 - Effect of phytosterols in cholesterol solubilization in GDCA micelles 

Several compounds are known to affect cholesterol absorption in the intestine 

and have been implicated in changes in the solubilization capacity of the dietary mixed 

micelles (DMM) in the intestinal lumen. Phytosterols are probably one of the most 

studied families of molecules studied with this purpose [29; 39; 127]. FA, namely the 

unsaturated ones, and some vitamins (α-tocopherol) are also involved in the decrease of 

cholesterol absorption [128]. To understand weather these compounds affect the 

solubility of cholesterol in BS micelles and, most importantly, to determine 

quantitatively their effect we used a pre-established method that follows the cholesterol 

solubilized in the micelle [120]. Figure IV. 4 shows an expansion of a typical 13C NMR 

spectrum of GDCA micelles acquired in the presence of various molecules considered 

and of labelled [4-13C]cholesterol. The resonance at 44 ppm belongs to the carbon four 

(C4) of labelled [4-13C]cholesterol and allows the determination of the cholesterol 

solubilized in the micelles.  

Figure IV. 4 13C NMR expanded spectra (from 56 to 34 ppm) of 50 mM GDCA with 3.5 mM 

[4-13C]cholesterol:3.5 mM competitor in D2O aqueous buffer solution at 37 ºC, acquired in a 

Varian 600 MHz NMR spectrometer, with 1H decoupling and NOE. The peak of 13C4 enriched 

cholesterol appears at 44 ppm (dotted box). It is noticeable the decrease in peak height in the 

presence of the phytosterols, tocopherol, oleic acid and an increase in the case of palmitic acid. 
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Results clearly showed stigmasterol and stigmastanol induced the highest effect 

on cholesterol solubility decrease. They belong to two classes of phytosterols of vegetal 

origin designated as sterols and stanols, respectively, known as inhibitors of cholesterol 

absorption. Two mechanisms can explain the decreasing of cholesterol solubility 

through the action of phytosterols [29; 129]. On the one hand, phytosterols and 

cholesterol can compete for the hydrophobic core inside the micelle in a process called 

co-solubilization. On the other hand, cholesterol can have its solubilization decreased in 

the presence of phytosterols due to a co-precipitation of both sterols, in a mechanism 

called co-precipitation. A last possibility is a combination of both processes.  

Figure IV. 5 shows bar graphs of the effect of stigmastanol at the different 

phytosterol/cholesterol ratios of 0, 0.5 and 1 with constant total cholesterol 

concentration of 3.5 mM. 

Figure IV. 5 Effect of stigmastanol on cholesterol solubilization in GDCA BS micelles. The 

values shown respect to phytosterol/cholesterol ratios of 0, 0.5 and 1. BS were composed of 

GDCA 50 mM and the cholesterol content used in every experiment was 3.5 mM. The values of 

solubilization of cholesterol at equilibrium (  MChol ) are the average of at least three

independent experiments and the standard deviation is shown.  
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In the absence of competitor the solubility of cholesterol in a GDCA 50 mM 

solution is 3.2 mM. This value is higher than the CSI obtained for micelles of GDCA 

shown in Table IV. 1 because in the study of competition with co-solutes we use a total 

concentration of BS equal to 50 mM; and in the previous measurements the total 

concentration was 50 mM including cholesterol and BS.  

The presence of stigmastanol in the solution shows a decreasing cholesterol 

solubility effect. Assuming the affinities of both sterols for the micelle are the same, 

what is a reasonable assumption given the similarities of their molecular structures, it 

would be expected that when both sterols were in equal proportion, cholesterol 

solubilization would decrease to half of its value in the absence of stigmastanol. This 

seems to explain what is observed when the cholesterol/stigmastanol proportion is 1. 

However, when this proportion is 0.5, being stigmastanol concentration half of 

cholesterol, the observed decrease in cholesterol solubilization is also around half of its 

value in the absence of stigmastanol. This represents a much higher effect than it would 

be expected considering the above mentioned similar interaction of both sterols with the 

BS micelles.  

One possible way to clarify the mechanism behind the action of stigmastanol in 

decreasing cholesterol solubility in BS micelles could be the assessment of stigmastanol 

solubility in the micelle. Unfortunately our method was not able to follow stigmastanol 

solubility in the micelle due to the absence of a proton or carbon resonance, which 

would allow the quantification of its micellar solubilization. Another possibility would 

be to follow the sterol emulsified by chemical shift analysis similar to the one done with 

cholesterol [120]. 

In the case of the effect of stigmasterol, it was possible to quantitatively 

determine the solubilization of both sterols in the BS micelles. The molecular structures 

of cholesterol and stigmasterol are very similar as they have the same sterol backbone. 

The major difference is in the side chain (see Figure IV. 1) where stigmasterol has an 

additional double bond. The proton spectrum of cholesterol in BS micelles (shown in 

the Figure IV. 6) has a peak at 5.3 ppm which is characteristic of alkene protons. 

Stigmasterol has a proton near the double bond which resonates at this same frequency 

of cholesterol alkene proton (gray arrow in Figure IV. 6).  The two additional protons of 

the double bond in the side chain resonate close to water frequency at 4.6 ppm (black 

arrows in Figure IV. 6). Although these two latter signals could not be used due to 

distortions caused by the proximity to water resonance, the signal of the protons located 
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in the cholesterol and stigmasterol backbone could be informative of the solubilization 

of both sterols.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure IV. 6 1H NMR spectra of 50 mM GDCA BS micelles in D2O buffer Tris-HCL pH=7.4 

with 3.5 mM [4-13C]cholesterol. The inserts present an expansion from 5.5 to 3.0 ppm showing 

the peak of cholesterol solubilized in micelles (black line) and the peaks from cholesterol and 

stigmasterol (gray line). 

 

Using a known quantity of TSP as internal reference it was possible to quantitatively 

determine the concentration of solubilized sterols from the peak area of the above 

mentioned proton. Concentration of cholesterol in the same solution was obtained by 

quantitative 13C NMR spectroscopy. While in the proton spectrum the area of the signal 

at 5.3 ppm corresponds to both of the sterols solubilized in the micelle, in the 13C NMR 

spectrum only cholesterol is quantified because only it, and not stigmasterol, is enriched 

in 13C. Referring to TSP signal we defined a corresponding area for the cholesterol 

concentration. Therefore, subtracting it to the overall sterols area, the corresponding 

area for the stigmasterol solubilized in the micelle was determined. Figure IV. 7 shows 

the results obtained for the effect of the presence of stigmasterol on cholesterol 

solubilization in GDCA BS micelles, the sterol solubilization in the micelles and the 

sum of both sterols solubilized in the micelle. 
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Figure IV. 7 Effect of stigmasterol on cholesterol solubilization by GDCA BS micelles. The 

values shown respect to ratios of phytosterol/cholesterol 0, 0.5 and 1. The BS composition is 

GDCA 50 mM and the total cholesterol content used in every experiment was 3.5 mM. The 

values of solubilization at equilibrium for both cholesterol and stigmasterol in the GDCA 

micelles (  MSterol ) are the average of at least three independent experiments. The standard

deviation associated with the amount of sterol solubilized is also shown.  

The results show that the increase in the proportion of stigmasterol/ cholesterol 

from 0.5 to 1 leads to a decrease in the solubility of cholesterol in the GDCA micelles, 

an increase of stigmasterol solubilized in the micelle and to a decrease of the total sterol 

(cholesterol plus stigmasterol) solubilized relatively to the total amount solubilized by 

the micelles in the absence of phytosterol.  

The methodology used in this work allows to show that co-solubilization of both 

sterols is occurring. To the best of our knowledge this is the first time solubilized 

cholesterol and phytosterol are measured directly in the same micelle solution with non-

invasive techniques like filtration or chromatography. The overall solubilizing capacity 

of GDCA micelles in the presence of both sterols decreases with the increase in the 

proportion of stigmasterol. This was interpreted as an indication of co-precipitation 

mechanism and is compatible with a lower aqueous solubility for the mixture 

cholesterol plus stigmasterol than that of cholesterol. The decrease in cholesterol 

solubility is significantly larger in the presence of stigmasterol than of stigmastanol for 

the GDCA micelles. However, this difference is only observed for the ratio 1:1. The 
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reduction in cholesterol solubilized was very similar for both phytosterols at the ratio 

phytosterol/cholesterol equal to 0.5. 

The literature about solubilization of phytosterols and their quantitative effects 

on decreasing cholesterol solubility in BS micelles and/or dietary models are not 

consensual. Cholesterol and stigmasterol solubility in non conjugated BS was studied as 

a function of BS concentration. Results showed that the presence of stigmasterol in 

deoxycholic acid micelles, at similar concentration to the one used in our work, induced 

a mild decreasing effect on cholesterol solubility [130]. In the same work, cholestanol (a 

stanol similar to stigmastanol) showed a strong decrease in the amount of solubilized 

cholesterol. The total sterol (cholestanol plus cholesterol) solubilized at the BS micelle 

was lower than the cholesterol solubilized in absence of phytosterols. This was also 

observed for the competition of sitostanol in taurine conjugated BS, TCA, although in 

this work other phytosterols studied showed similar decreasing effects for cholesterol 

solubility (sitosterol and campesterol) [124].  

In systems mimicking intestinal lumen like DMM, published results show that 

sitosterol (from sterol family, similar to stigmasterol) leads to a decrease of cholesterol 

solubility to half. They also show that the total amount of sterol (phytosterol plus 

cholesterol) solubilized by the micelles decreases when compared with the amount of 

cholesterol solubilized by the micelles in the absence of competitor [40].  

However, another study using the same DMM reported different solubility limits 

for both sterols. It showed also that the solubility of cholesterol decreased to half in the 

presence of competitor, but that the solubility of both sterols in the micelle was equal to 

the cholesterol solubility when in absence of competitor [29; 40].  

Using a dietary model different than the previous ones, other studies investigated 

the effects of several phytosterols. They showed that stigmasterol has the highest effect 

on the decrease of cholesterol though the sum of both sterols solubilized in the micelle 

was equal to the cholesterol solubilized in absence of competitor [42].  

The results for dietary models can show some variability due to the complexity 

of the mixtures precluding the information obtained. In this work the strategy was to use 

a simple mixture of GDCA micelles changing the proportion of competitor/cholesterol 

ratio evaluating its effects on cholesterol solubilization. This gives some hints about the 

mechanisms of action of phytosterols. On the one hand, as the ratio of 

stigmasterol/cholesterol increases cholesterol solubility decreases due to a co-

solubilization mechanism. The solubility of stigmasterol also increases with the increase 
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of stigmasterol present in the system when stigmasterol/cholesterol ratio is increased. 

On the other hand, the solubilizing capacity of the micelle for both sterols decreases 

when compared to the solubility capacity for cholesterol in absence of phytosterol. This 

can be explained by a co-precipitation mechanism leading to a decrease in available 

sterol to be solubilized in the micelle.  

Our results point to the existence of co-solubilization and co-precipitation 

mechanisms to describe the action of phytosterols in the decrease of cholesterol 

solubility in the GDCA micelles. In equal proportion of phytosterol/cholesterol, 

stigmasterol shows to be the phytosterol with highest capacity to decrease cholesterol 

solubility when compared with stigmastanol.  

Significant information came from the chemical shift analysis similar to the one 

done in section IV. 4. 2 and already published [120]. Because stigmastanol 

solubilization in the GDCA micelles could not be determined, we address whether 

chemical shift analysis could be a robust method to determine phytosterol solubilization 

in the micelle. The initial assumption was that as phytosterols and cholesterol have 

similar chemical structures they would show similar chemical shift when inserted in the 

micelle. Making use of the quantitative NMR information obtained for both stigmasterol 

and cholesterol solubilized in the micelle and the observed chemical shift variation in 

BS resonances, a correlation between chemical shift and solubilized sterol was obtained. 

Table IV. S 3 shows the chemical shift variation and the slopes obtained for the micelles 

in presence of cholesterol or cholesterol plus stigmasterol. Slopes relating chemical shift 

with sterol solubilization in the two situations show similar values. This allows the 

determination of the total solubilized sterol following the chemical shift of the most 

sensitive BS resonances [120]. The determined value of solubility was equal to the 

value of solubilized sterol in the micelle determined by quantitative 13C NMR. This 

demonstrates the robustness of the method and the validity of the initial assumption. 

Therefore using the same strategy for the stigmastanol it was possible to determine the 

solubility of stigmastanol in the micelle in presence of cholesterol.  

Table IV. S 4 shows an example of the determination of both sterols 

solubilization (cholesterol and stigmastanol) by chemical shift analysis of the BS 

resonances. After the complete analysis of all the chemical shifts we could post the 

different results obtained for both sterols and cholesterol solubilized in the micelle 

(Table IV. 3). 
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Table IV. 3 Comparison between total sterol (cholesterol+ stigmasterol) solubilized in GDCA micelles determined by quantitative 13C and 1H NMR 

spectroscopy and the total sterol determined from quantitative chemical shift analysis (qCSA). Determination of stigmastanol solubilized in the micelle using 

similar chemical shift analysis as for stigmasterol. The total cholesterol present in the solutions was 3.5 mM and the concentration of GDCA was always 50 

mM.  

mM Cholesterol 
Chol/Stigmasterol 

2:1 
Chol/Stigmasterol 

1:1 
Chol/Stigmastanol

2:1 
Chol/Stigmastanol 

1:1 

 MChol 3.2  0.1 1.6  0.2 1.0  0.2 1.8  0.1 1.6  0.1 

 MStigmasterol 0.6  0.2 1.0  0.1 

Q
u

an
ti

ta
ti

ve
 

N
M

R
 

 MTotal Sterol 2.2  0.3 2.0  0.1 

 MTotal Sterol 2.1  0.3 2.0  0.1 2.5  0.1 2.9  0.2 

 tan
M

Stigmas ol a) 0.7  0.3 1.3  0.1 

q
C

SA
 

N
M

R
 

 MStigmasterol a)
0.5  0.1 1.0  0.1 

a) The concentration of stigmasterol and stigmastanol was obtained by the difference between the total sterol obtained by chemical shift

analysis and the concentration of cholesterol determined by 13C NMR quantification for at least three independent experiments. 
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The results obtained show that both stigmastanol and stigmasterol are 

solubilized in the micelle. Moreover they indicate that the total sterol solubilizing 

capacity of the micelles decreases in the presence of phytosterols. The decrease in sterol 

solubility is more pronounced in the presence of stigmasterol than stigmastanol. 

However, the values of solubilization of each phytosterols determined for the two 

considered proportions are similar. These results suggest that stigmasterol promote 

more efficiently the co-precipitation mechanism than stigmastanol, this being reflected 

in the observed decrease of cholesterol solubility.  
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IV. 4. 4 - Effect of saturated and unsaturated fatty acids in cholesterol 

solubilization in GDCA micelles 

To study the effect of saturated and unsaturated FA on cholesterol solubilization, we 

used palmitic and oleic acid as competitors for cholesterol. The results obtained are 

shown in Figure IV.8.  

Figure IV. 8 Effect of saturated (palmitic acid-left panel) and unsaturated fatty acids (oleic 

acid-right panel) on cholesterol solubilization. Values shown are for fatty acids/cholesterol 

ratios in the absence of fatty acids and with ratios of cholesterol/fatty acids equal to 0.5 and 1. 

BS composition is 50 mM GDCA and the cholesterol content used in each experiment is 3.5 

mM. The values indicated for the solubility are the average and standard deviation of at least 

three independent experiments. The solubility of oleic acid by the BS micelles, in the presence 

of sterol is shown, was obtained by 1H NMR quantification and is also shown. 

The saturated palmitic acid shows a small increase in the solubility of 

cholesterol for the different proportions used. For these experiments two different 

assays were performed. In the first one a film of cholesterol and FA and the system was 

allowed to equilibrate for 24 h was prepared, following the methodology described in 

Chapter III, to which the BS solution was added to which BS are joined. In the other 

assay, a pre-equilibrated solution of BS with FA was added to the cholesterol film. The 

results obtained from the two experiments were similar and are part of the results of 

Figure IV. 8. In the absence of FA, GDCA micelles solubilize 3.2 mM out of a total 

cholesterol concentration of 3.5 mM. Addition of PA 1.75 mM to the BS micelles leads 
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to a slight increase of cholesterol solubility. Doubling the concentration of PA in the 

system leads to the total solubilization of cholesterol present in solution. To clarify 

whether the cholesterol solubility limit was achieved, a higher cholesterol concentration 

(5 mM) was studied for both PA concentrations (1.75 and 3.5 mM). Results showed that 

PA has a low increasing effect on the solubility of cholesterol. But the limit of solubility 

was achieved when 3.5 mM was solubilized in the micelle for each concentration of PA. 

DLS measurements did not show any increase on aggregate average size in the presence 

of PA (2 - 3 nm) for both proportions used.  

The analysis of the chemical shift from the different resonances of BS with 

cholesterol and FA showed that several resonances were sensitive to the increase of FA 

in the system and could be used to quantify solubilized FA. Table IV. S 4 

(supplementary material) shows a typical example of the quantitative determination of 

the solubilized PA in the BS micelles followed by the chemical shift analysis. This 

result demonstrates that PA was completely solubilized by BS micelles at both 

concentrations used. 

Results obtained for cholesterol solubility in the presence of OA presented in 

Figure IV. 8 (right panel) showed another trend when compared with PA. The 

unsaturated OA leads to a slight decrease on cholesterol solubility although it is very 

small when compared with the effect of phytosterols with the same proportions. 

Solubility of OA in the micelles was also followed by quantitative NMR; which 

demonstrated they were completely soluble in both concentrations used (1.75 and 3.5 

mM). This result is different than the observed for phytosterols, where the competitor 

was not completely solubilized by the micelles and showed a defined solubility limit. 

The result was also confirmed by chemical shift analysis (Table IV. S 5 supplementary 

material). This was consistent with observations done with DMM where oleic acid 

showed to decrease cholesterol solubility when high OA/ cholesterol ratios were used 

[29].  

DLS measurements did not show a significant change in the size of the micelles 

(2-3 nm) in presence of the FA. Both palmitic and oleic acids can form micelles in 

aqueous solution, which could theoretically solubilize cholesterol. The resulting 

dependence of the BS chemical shift in presence of FA clearly shows that FA are being 

solubilized at the micelle, affecting several BS resonances by their presence with 

chemical shifts quite distinct between themselves and when compared with those in 

presence of cholesterol. At the highest content of FA used in this work (3.5 mM), on 
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average one molecule of FA is solubilized for each micelle of GDCA. This can explain 

why the size of BS micelles is not modified. 

IV. 4. 5 - Effect of α-tocopherol in cholesterol solubilization in GDCA micelles 

Vitamin E is one of the most abundant lipid-soluble antioxidants in higher 

mammals [128]. It can exist in two forms: tocopherols and tocotrienols. α- Tocopherol 

(molecular structure in Figure IV. 1) is one of the most representative forms of 

tocopherols. We will study their effect on cholesterol solubilization by BS micelles and 

compare its behaviour with the one of FA and phytosterols. Results obtained are shown 

in Figure IV. 9. 

Figure IV. 9 Effect of tocopherol on cholesterol solubility by the BS micelles. The values 

shown are for tocopherol/ cholesterol ratios of 0, 0.5 and 1. The BS composition is 50 mM 

GDCA and the total cholesterol content used in each experiment is 3.5 mM. The values of 

solubility are the average of at least three independent experiments and the standard deviation 

are shown. The solubilization of tocopherol in the BS micelles in presence of sterol is also 

shown and measured by absorption.  

From the solubilization profile a decrease of cholesterol solubility in the presence of α- 

tocopherol is noticed. Although this effect is clearly lower than the one observed for 

phytosterols, it is higher than the one observed for the oleic acid. Tocopherol solubility 

in GDCA micelles was followed by absorption and it was complete for both 

concentrations studied, like in the case of FA.  
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The analysis of chemical shift variation of BS resonances allows the 

determination of the solubility of tocopherol in the BS micelles (Table IV. S 6 

supplementary material). Resulting values are similar to the ones obtained by the 

absorption assay.  
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IV. 5 - Conclusions

The solubilization of hydrophobic drugs in intestinal lumen by BS micelles is a 

process very important in drug delivery and pharmokinetics. It is also of extreme 

importance for the understanding of cholesterol absorption in the intestine and the 

development of strategies to avoid atherosclerosis and gallstone disease.  

There are several works in literature where the cholesterol solubility on BS 

micelles was addressed [8; 30; 34; 40; 41; 123; 131]. However most of the work was 

done with conjugated taurine and unconjugated BS, which are not the most prevalent in 

intestinal lumen [16]. Other works used more complex mixtures, DMM, in order to 

mimetize the intestinal content and determined cholesterol and other co-solubilizers 

solubility [29; 40; 42; 132]. The results obtained in these works showed different 

cholesterol and total sterol solubilization, being difficult to interpret them (see Chapter I 

section I. 7). 

In this work we studied quantitatively cholesterol solubilization in several 

simple and complex mixtures of the most abundant and representative BS present in the 

intestinal lumen, using a NMR non-invasive method [120]. Our results clearly showed 

that BS micelles composition present in vivo are not optimized for the highest 

solubilizing capacity, instead they show a compromise between CMC (ability to 

solubilize hydrophobic compounds at determined concentration of BS, where micelles 

are formed) and the mean solubility limit for cholesterol. The results obtained for the 

solubility of cholesterol were interpreted as part of the dual physiological role of BS 

micelles at intestinal lumen; they not only help the solubilization of the hydrophobic 

molecules but also work as a vehicle of their delivery to the intestinal membrane.  

In order to understand diet changing effect on cholesterol solubility by BS 

micelles in the intestinal lumen, we studied the effect of several hydrophobic molecules, 

such as phytosterols (stigmasterol and stigmastanol), fatty acids (saturated palmitic acid 

and unsaturated oleic acid) and vitamin E (tocopherol). These molecules, namely 

phytosterols, unsaturated FA and tocopherol are known to decrease cholesterol 

absorption in the intestine [87], although the mechanism is not fully understood [10; 29; 

133; 134].  

From the results obtained in this work two main mechanisms of action were 

observed. Co-solubilization where cholesterol and the other hydrophobic molecule are 

solubilized in the micelles, with two different behaviours: 1- decrease of cholesterol 
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solubility, like in the case of tocopherols and OA; 2- increase of cholesterol solubility, 

like in the case of PA. Co-solubilization and co-precipitation mechanism where is 

observed a decreasing effect in cholesterol solubility by the action of phytosterols 

(stigmastanol and stigmasterol). Phytosterols showed to be more effective in the 

decreasing of cholesterol solubility, being followed by tocopherol and OA. 

This work clearly shows that cholesterol solubility can be reduced by different 

mechanisms which were quantitatively evaluated and characterized, showing the 

importance of the presence of sterols of vegetal origin, vitamins and unsaturated FA in 

intestinal lumen. These results can help to improve better strategies to decrease 

cholesterol absorption and also in the development of better models based on BS for 

drug delivery to the GIM.  
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IV. 6 Supplementary Material

Table IV. S 1 13C-1H Nuclear Overhauser Effect (NOE) on a solution of 49 mM GCA with 1 

mM of [4-13C]cholesterol, in D2O buffer at 37 ºC, obtained on a Varian 600 MHz NMR 

spectrometer, with 90º pulse, D1=7 s, gain of 40, 3000 scans. The NOE effect (ɳ2) and 

correction factor (C.F.) were obtained via comparison of the spectra with 1H decoupling along 

all the pulse (with NOE) and decoupling only along the acquisition time (without NOE). The 

table shows the NOE values for each resonance of GCA and for carbon 4 of [4-13C]cholesterol.  

GCA Carbon type assignments NOE c.f. average s.d.  

10 C 37.18 0.52 0.66

13 C 48.95 0.85 0.54

24 C 180.02 0.34 0.74

26 C 179.54 0.34 0.75 0.67 0.10

3 CH 74.43 0.58 0.63

5 CH 43.9 0.74 0.58

7 CH 71.13 0.91 0.52

8 CH 42.06 0.67 0.60

9 CH 29.18 0.73 0.58

12 CH 75.94 0.68 0.60

14 CH 44.36 0.63 0.61

17 CH 49.21 0.38 0.72

20 CH 37.95 0.78 0.56 0.62 0.07

1 CH2 37.66 0.61 0.62

2 CH2 32.06 0.68 0.60

4 CH2 41.2 0.57 0.64

6 CH2 36.68 0.80 0.56

11 CH2 30.54 0.63 0.61

15 CH2 25.73 0.63 0.61

16 CH2 30.04 0.64 0.61

22 CH2 34.37 0.71 0.59

23 CH2 35.29 0.97 0.51

25 CH2 46.13 1.15 0.47 0.58 0.05

18 CH3 14.91 1.19 0.46

19 CH3 24.9 1.03 0.49

21 CH3 19.5 1.29 0.44 0.46 0.03

[4-13C]chol CH2 0.35 0.74

2 0

0

I I

I



  where I is the area with NOE and I0 the area without NOE. The correction factor is 

given by 
1

1 
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Table IV. S 2 13C-1H Nuclear Overhauser Effect (NOE) on a solution of 49 mM GCDCA 

with 1 mM of [4-13C]cholesterol, in D2O buffer at 37 ºC, obtained on a Varian 600 MHz NMR 

spectrometer, with 90º pulse, D1=7 s, gain of 40, 3000 scans. The NOE effect (ɳ) and correction 

factor (C.F.) were obtained via comparison of the spectra with 1H decoupling along all the pulse 

(with NOE) and decoupling only along the acquisition time (without NOE). The table shows the 

NOE values for each resonance of GCDCA and for carbon 4 of [4-13C]cholesterol.  

GCDCA Carbon type assignments NOE c.f. average s.d. 

24 C 179.36 0.28 0.78 

26 C 179.30 0.28 0.78 

13 C 45.15 0.36 0.73 

 

10 C 37.65 0.42 0.71 0.75 0.04 

3 CH 74.32 0.44 0.70 

7 CH 70.87 0.62 0.62 

17 CH 57.72 0.62 0.62 

14 CH 52.76 0.48 0.68 

5 CH 44.25 0.32 0.76 

8 CH 42.24 0.08 0.93 

20 CH 38.20 0.79 0.56 

 

9 CH 35.37 0.52 0.66 0.69 0.12 

25 CH2 46.27 1.00 0.50 

12 CH2 42.20 1.99 0.33 

4 CH2 41.35 0.39 0.72 

1 CH2 38.18 0.03 0.97 

6 CH2 37.06 0.69 0.59 

23 CH2 35.18 0.76 0.57 

22 CH2 34.40 0.61 0.62 

2 CH2 32.58 0.53 0.65 

16 CH2 30.71 0.66 0.60 

15 CH2 26.31 0.57 0.64 

 

11 CH2 23.51 0.56 0.64 0.62 0.16 

19 CH3 25.62 1.00 0.50 

21 CH3 20.97 1.45 0.41 
 

18 CH3 14.49 1.04 0.49 0.47 0.05 

[4-13C]chol CH2 44.22 0.71 0.59  
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Table IV. S 3 Chemical shift analysis dependence on the total concentration of sterol (stigmasterol+cholesterol) and cholesterol in the micelle. Resulting slope 

obtained for cholesterol (mchol) and cholesterol plus sterol (mchol+sitosterol) in the BS micelle are similar and was used to determine the total amount of sterol in 

the micelle ([Total sterol]M). The total sterol amount determined by chemical shift analysis is equal to the total sterol ([Sterol]M) amount determined by 

quantitative NMR (qNMR). 

Conversion of BS resonances shift into solubilized sterol concentration on BS micelles 

[Chol]M mM 3.2 1.7 

[123]M mM 0.7

[Total sterol]M 

=
im


 mM GDCA 

qN
M

R
 

[Sterol]M mM 2.4

qC
S

A
 

2.4  0.2 

Carbon 
numbe

r 

Carbon
type 

δGDCA 

GDCA 50 mM 

δChol 

GDCA  
50 mM 
Chol  

3.5 mM 

δ Chol+Stigmasterol 

GDCA  
50 mM 
Chol  

3.5 mM 
Stigmasterol  

1.75 mM 

Δ(δChol- 

δGDCA)

Δ(δchol+stigmasterol-

δGDCA)

Slope 
(mchol) 

Slope 
(mchol+stigmasterol) 

12 CH 75.691 75.6562 75.666 -0.032 -0.025 -0.010 -0.010

17 CH 49.074 49.0414 49.034 -0.029 -0.040 -0.009 -0.017

5 CH 38.24 38.2128 38.228 -0.024 -0.012 0.004 0.005

1 CH2 38.047 38.0636 38.064 0.020 0.017 -0.008 -0.005

4 CH2 36.187 36.1627 36.173 -0.021 -0.014 0.006 0.007

9 CH 35.302 35.2395 35.26 -0.059 -0.042 -0.007 -0.006

23 CH2 34.298 34.2715 34.281 -0.023 -0.017 -0.019 -0.017

22 CH2 32.089 32.0591 32.068 -0.027 -0.021 -0.007 -0.007

2 CH2 

C
he

m
ic

al
 S

hi
ft

 V
ar

ia
ti

on
 

75.691 75.6562 75.666 -0.032 -0.025 -0.008 -0.009
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Table IV. S 4 Chemical shift analysis dependence on the total concentration of sterol (stigmastanol+cholesterol) and determination of stigmastanol solubilized 

in the micelle using the quantitative chemical shift analysis (qCSA) of the total sterol and the quantitative NMR (qNMR) solubilization of cholesterol in BS 

micelle. 

Conversion of BS resonances shift into solubilized sterol concentration on BS micelles 

[Chol]M mM 3.2 1.7 1.6  

[Stigmastanol]M mM 0.7 1.3 
GDCA 

 
qN

M
R

  
 

[Total sterol]M mM 
  qC

S
A

 

2.5  0.2 2.9  0.2 

Δ(δchol+stigmastanol- δGDCA)

GDCA  
50 mM 
Chol 

 3.5 mM 
Stigmastanol 

 1.75 mM 
 

Δ(δchol+stigmastanol- δGDCA) 
 

GDCA 
 50 mM 

Chol 
3.5 mM 

Stigmastanol  
3.5 mM 

Carbon 
numbe

r 

Carbon
type 

 

δGDCA 

 
GDCA  
50 mM 

δChol 
 

GDCA  
50 mM 
Chol  

3.5 mM 
 

δ Chol+Stigmastanol

GDCA  
50 mM 
Chol 

 3.5 mM 
Stigmastanol 

1.75 mM 
 

δ Chol+Stigmastanol 

GDCA  
50 mM 
Chol  

3.5 mM 
Stigmastanol  

3.5 mM 
 

Slope 
(mchol) 

 

im


 mM 

12 CH 75.688 75.659 75.666 75.666 -0.009 2.4 2.8 
9 CH 36.188 36.166 36.172 36.169 -0.007 2.3 2.7 

23 CH2 35.300 35.242 35.254 35.243 -0.018 2.5 2.9 
22 CH2 34.300 34.275 34.279 34.275 -0.008 2.7 3.2 
2 CH2 C

he
m

ic
al

 S
hi

ft
 

V
ar

ia
ti

on
 

32.088 32.063 32.066 32.060 -0.008 2.8 2.9 
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Table IV. S 5 Concentration of palmitic acid solubilized in GDCA micelles calculated from the 

variation observed in the resonance of GDCA carbons, for the case where total palmitic acid 

([135]T) 1.75 mM was equilibrated with 50 mM GDCA and 3.5 mM of [4-13C]cholesterol .  

GDCA 
Conversion of BS resonances shift into solubilized PA concentration in BS 

micelles 

Carbon 
number 

Carbon 
type 

Slope 
(mPA) 

from BS 
resonances 

shift  
analysis in 
presence 

of PA 

δchol 
[120]= 
50 mM 

[Chol]M=3.2 
mM 

δ chol+PA 
GDCA 50 

mM 
[Chol]T= 3.5 

mM 
[135]T= 1.75 

mM 
[Chol]M= 3.2 

mM 

Δδ 

 MPA (mM)

= 
PAm

  MPA

(mM) 
s.d.

9 CH -0.011 36.170 36.153 -0.017 1.5 1.7 0.1

25 CH2 -0.012 46.204 46.184 -0.020 1.7

7 CH2 -0.013 28.947 28.927 -0.020 1.5

19 CH3 -0.018 25.793 25.761 -0.032 1.8

21 CH3 -0.008 19.470 19.457 -0.013 1.6

18 CH3 C
he

m
ic

al
 S

hi
ft

 V
ar

ia
ti

on
 

-0.011 15.361 15.341 -0.020 1.8 

The chemical shift analysis for the PA was done using the slope (mPA) obtained 

for the solubilization of PA acid in BS micelles using the resonances showing the more 

sensitivity to the presence of the FA. The criterion was the use the BS resonances 

showing a higher correlation between the chemical shift variation and the PA 

solubilized (R2 0.98). Cholesterol chemical shift contribuition on the BS micelles 

composed of cholesterol and PA(δchol+PA) was discounted using the chemical shift 

predicted considering the cholesterol concentration solubilized in the micelle 

determined by the 13C NMR (δchol). After this discount the average PA concentration 

solubilized in the micelle (  MPA ) was determined using the average of the ratios 

obtained between the chemical shift variation (δ) for the selected resonances and the 

slope obtained independently for the PA solubilization in GDCA micelles. 
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Table IV. S 6 Concentration of oleic acid solubilized in GDCA micelles calculated from the 

variation observed in the resonance of GDCA carbons, for the case where 3.5 mM total 

OA ([136]T) was equilibrated with 50 mM GDCA and 3.5 mM of [4-13C]cholesterol .  

GDCA 
Conversion of BS resonances shift into solubilized OA concentration on BS 

micelles 

Carbon 
number 

Carbon 
type 

Slope 
(mOA) 

from BS 
resonances 

shift 
analysis in 
presence 
of OA 

δchol 
[120]= 
50 mM 
[Chol]M 

= 3.2 
mM 

δchol+OA 
GDCA 50 mM

[Chol]T 

= 3.5 mM 
[136]T 

= 3.5 mM 
[136]M 

= 3.5 mM 
 [Chol]M 

= 3.2 mM 

Δδ 

 MOA (mM)

= 
OAm

  MOA

(mM) 
s.d.

12 CH -0.010 75.649 75.634 -0.015 3.2 3.5 0.2

9 CH -0.011 36.150 36.133 -0.017 3.5 

25 CH2 -0.011 46.187 46.17 -0.017 3.5 

22 CH2 -0.009 34.258 34.243 -0.015 3.4 

2 CH2 -0.013 32.044 32.026 -0.018 3.2 

11 CH2 -0.007 31.132 31.115 -0.017 3.9

19 CH3 -0.016 25.768 25.743 -0.025 3.4

21 CH3 -0.008 19.459 19.445 -0.014 3.6

18 CH3 

C
he

m
ic

al
 S

hi
ft

 V
ar

ia
ti

on
 

-0.012 15.341 15.319 -0.022 3.8

The chemical shift analysis for the OA acid was done using the slope (mOA) 

obtained for the solubilization of OA acid in GDCA micelles using the resonances 

showing to be most sensitive to the presence of the FA. The criterion was the use of BS 

resonances showing higher correlation between the chemical shift variation and the OA 

solubilized (R2 0.98). Cholesterol chemical shift contribution on the BS micelles 

composed of cholesterol and OA (δchol+OA) was discounted using the chemical shift 

predicted considering the cholesterol concentration solubilized in the micelle 

determined by the 13C NMR (δchol). After this discount the average OA concentration 

solubilized in the micelles (  MOA ) was determined using the average of the ratios 

obtained between the chemical shift variation (δ) of the selected resonances and the 

slope obtained independently for the OA solubilization in GDCA micelles. The value 

obtained for the solubilization of OA by chemical shift analysis was equal to the one 

obtained by quantitative NMR ([136]M).  
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Table IV. S 7 Concentration of tocopherol solubilized in GDCA micelles calculated from the 

variation observed in some carbon selected resonances of GDCA, for the case where 1.75 mM 

total tocopherol was equilibrated with 50 mM GDCA and 3.5 mM of [4-13C]cholesterol .  

GDCA 
Conversion of BS resonances shift into solubilized tocopherol concentration on 

BS micelles 

Carbon 
number 

Carbon 
type 

Slope 
(mtoopherol) 
from BS 

resonances 
shift 

analysis in 
presence 

of 
tocopherol 

δchol 
[120] 

= 50 mM 
[Chol]M 

= 2.8 
mM 

δchol+OA 
GDCA 50 

mM 
[Chol]T 

= 3.5 mM 
[tocopherol]T

= 1.75 mM 
[tocopherol]M

= 1.75 mM 
 [Chol]M 

=2.8 mM 

Δδ 

 Mtocopherol

 (mM)  

= 
tocopherolm


 Mtocopherol

(mM) 
s.d. 

10 C -0.0094 36.736 36.719 -0.016 1.7 1.7 0.1 

8 CH -0.0102 38.834 38.819 -0.014 1.4 

11 CH2 -0.0067 31.134 31.121 -0.013 1.9 

16 CH2 -0.0048 30.370 30.361 -0.008 1.7 

6 CH2 -0.0048 29.980 29.972 -0.008 1.7 

19 CH3 -0.0121 25.791 25.770 -0.021 1.7 

18 CH3 

C
he

m
ic

al
 S

hi
ft

 V
ar

ia
ti

on
 

-0.0139 15.356 15.333 -0.024 1.7 

The chemical shift analysis for the tocopherol was done using the slope 

(mtocopherol) obtained for the solubilization of tocopherol in GDCA micelles using the 

resonances showing to be the most sensitive to the presence of the vitamin. The 

criterion was the use BS carbon resonances showing the higher correlation between the 

chemical shift variation and the tocopherol solubilized (R2 0.98). Cholesterol chemical 

shift contribution on the BS micelles composed of cholesterol and tocopherol 

(δchol+tocopherol) was discounted using the chemical shift predicted considering the 

cholesterol concentration solubilized in the micelle determined by the 13C NMR (δchol). 

After this discount the average tocopherol concentration solubilized at the micelle 

(  Mtocopherol ) was determined using the average ratios between the chemical shift 

variation (δ) of the selected BS resonances and the slope obtained independently for 

the tocopherol solubilization in GDCA micelles. The average value obtained for the 

solubilization of tocopherol by chemical shift analysis was equal within the error to the 

one obtained by absorption quantification ([tocopherol]M). 
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V. 1 - Abstract 

Bile salts (BS) are bio-surfactants responsible for the solubilization of 

hydrophobic compounds (e.g. cholesterol) in the intestinal lumen, which due to their 

low aqueous solubility would not be solubilized otherwise. Although they are known by 

their solubilization capacities, BS can also interact with membranes altering their 

physicochemical properties. One key parameter for the accurate understanding of how 

these properties are altered is the partition coefficient. This parameter can provide the 

local concentration of BS in the membrane.  

In this work we determined the partition of several BS, non-conjugated and 

conjugated with glycine, to large unilamellar vesicles (LUV) composed of POPC and 

POPC/SpM/Cholesterol (1:1:1) by isothermal titration calorimetry (ITC).  

The results showed that the most hydrophilic BS partition less to the membranes 

than the most hydrophobic, but the translocation follows the inverse trend. The presence 

of cholesterol and sphingomyelin leads to a decrease of partition of the non-conjugated 

BS (DCA, CDCA), exhibiting positive enthalpies and faster translocations when 

compared with less ordered membranes. This was interpreted as a possible 

manifestation of liquid order/liquid disordered phase coexistence in those membranes.  

The intrinsic enthalpy of partition was calculated from the observed enthalpy in 

the presence of pH buffers with distinct ionization enthalpies. Results indicated that 

non-conjugated BS change their ionization state to a larger extent upon partition from 

water to the membrane. 

V. 2 - Introduction 

Cell membranes are continuously exposed to stimuli. Their function is 

ambivalent; on one hand they form a structured surface ensuring integrity between two 

separated aqueous media. On the other hand they are requested to be permeable enough 

to guarantee cell homeostasis. A good example of what have been said is 

gastrointestinal membrane (GIM).  

In the intestine, prior to absorption, non-polar molecules (e.g. Cholesterol) need 

to be solubilized in the duodenum content (rich in BS, PL and FA [16]) and carried to 

the proximity of the GIM [16; 18]. Model membranes composed of POPC and 

POPC/SpM/Chol (1:1:1) can mimic the apical and basolateral membranes of the 

gastrointestinal epithelium [137]. Once near the GIM, cholesterol carried by the BS 
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micelles can be absorbed by diffusion, by a protein mediated process, or both [2]. The 

most representative BS present at intestinal lumen are those conjugated with glycine 

(GDCA, GCDCA and GCA) [18]. Micelles of BS are commonly seen merely as 

vehicles for the transport of hydrophobic molecules to the membrane, overcrossing the 

UWL, however, their interaction with the membrane can profoundly alter its elastic 

properties [47; 48]. These interactions will depend on the local concentration of BS in 

the membrane. Upon the addition of cholic acid to POPC membranes the order 

parameters for palmitoyl chain decrease [44] unlike the well known condensing effect 

of cholesterol which increases the order of acyl chains of POPC [46].  

Available literature shows that some attempts to determine the partition 

coefficient of BS into membranes of physiological relevance were made under the goal 

of understanding the membrane solubilization by BS [36; 49; 50; 113; 138]. Most data 

on partition of BS to model membranes were obtained using lipid to bound ligand ratio 

quite low (see Chapter I Section I. 8). This ratio is a critical parameter because a too low 

ratio leads to high perturbation in the membrane due to aggregation phenomena. The 

partition obtained is not the intrinsic partition coefficient and is characteristic of that 

particular concentration used, being useless to predict the partition coefficient at other 

different concentration. To guarantee the absence of these effects, the lipid to bound 

ligand ratio should be higher than 20 at 50% of the titration, otherwise more complex 

partition models are requested [75; 139].  

The qualitative evaluation of kinetics of ligand translocation across bilayers, 

translocation factor () can be determined using both the uptake and release protocols 

[140; 141]. This determination allow to know the amount of lipid available (only the 

outer monolayer or both monolayers) to the association with the ligand.  

The enthalpy of partition observed from the interaction of amphiphiles with 

membranes can also help to characterize their phase polymorphism. The increase of 

membrane order usually leads to characteristic enthalpic changes, showing a transition 

that goes from exothermic (into less ordered membranes like POPC) to endothermic for 

partition into more ordered membrane like SpM/Chol (6:4) [142; 143; 144; 145].  

POPC membranes are known to be in a liquid disordered state, however the 

POPC/SpM/Chol (1:1:1) membrane state is not consensual. Some reports suggest it is in 

a liquid order state [146; 147] and other describe it as being in liquid order/liquid 

disordered phase coexistence state [1]. 
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The observed enthalpy directly obtained from partition of an amphiphile into a 

membrane assessed by ITC gathers several contributions, namely the intrinsic enthalpy, 

the contribution from the heat of dilution and the buffer ionization enthalpy. The 

enthalpic contributions due to the proton dissociation of different buffers can be used to 

discount its contribution from the observed enthalpy. This is done determining the 

partition enthalpy as a function of the enthalpies of ionization of different buffers [148]. 

Due to that contribution some buffers are less suitable for ITC measurements as their 

ionization enthalpy affect strongly the observed enthalpy. However when the intrinsic 

partition enthalpy is very low, the use of a buffer with a high enthalpic contribution can 

help in the enhancement of the observed heat, allowing the measurement that would be 

impossible otherwise. This strategy is commonly used for protein-ligand [72; 149] but 

can also be applied to lipid membrane-amphiphile systems. 

Results from the presented work show a decrease in the partition of conjugated 

and non-conjugated BS with the increase of hydrophilicity of the BS to POPC 

membranes. The translocation obtained varies in the opposite direction. Partition of 

DCA and CDCA to POPC/SpM/Chol (1:1:1) membranes was lower whereas the 

translocation was higher than the obtained for POPC membranes. This result together 

with the high endothermic enthalpy observed from the partition to the POPC/SpM/Chol 

(1:1:1) membrane were interpreted as a manifestation of liquid ordered/liquid 

disordered phase coexistence state. 
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V. 3 - Materials and methods 

Sodium salt of glycochenodeoxycholic (GCDCA), glycocholic (GCA), 

glycodeoxycholic (GDCA), cholic acid (CA), chenodeoxycholic acid (CDCA), cholic 

(CA) were purchased from Sigma. The conjugated and non-conjugated BS were 

weighted and solubilized in the respective buffer and whenever necessary the pH was 

adjusted with NaOH. 

The lipids 1-palmitoyl-2-oleyloil-sn-glycero-3-phosphocholine (POPC), 

Cholesterol (Chol) and egg Sphingomyelin (SpM) were purchased from Avanti Polar 

Lipids (Alabaster, AL, USA). The required aqueous suspensions of lipids were prepared 

by evaporating a solution of the necessary lipid mixture in chloroform/methanol (87:13, 

v/v) azeotropic solution, blowing dry nitrogen over the heated solution and leaving the 

residuum in a vacuum desiccator for at least 8 h at 23ºC. The solvent free residue was 

then hydrated with Hepes (10 mM, pH 7.4), Phosphate (10 mM, pH 7.4) or Tris-HCl 

buffer (10 mM, pH 7.4) containing 150 mM sodium chloride (NaCl), 1 mM 

ethylenediaminetetraacetic acid (EDTA), and 0.02% of sodium azide (NaN3) aqueous 

solution. The hydrated lipid was subject to several cycles of vortex/incubation at a 

specified temperature (room temperature for POPC and 60ºC for POPC/CHOL/SpM) 

for at least 1 hour to produce a suspension of multilamellar vesicles. These vesicles 

were then extruded at the same temperature, using a minimum of 10 steps, through two 

stacked polycarbonate filters (Nucleophore) with a pore diameter of 0.1 μm. For the 

lipid vesicles containing BS (release experiments), the methodology used was 

incubating a concentrated solution of BS with the lipid vesicles, with an equilibration 

time of 24 h at 37 ºC.  

The final phospholipid concentration was determined using a modified version 

of the Bartlett phosphate assay [150]. The final cholesterol concentration was 

determined by the Lieberman−Burchard method [151]. 

Titrations were performed on a VP-ITC instrument from MicroCal 

(Northampton, MA) with a reaction cell volume of 1410.9 μL, at 37 °C. The injection 

speed was 0.5 μL s−1; the stirring speed was 296 rpm (to avoid formation of foam) and 

reference power was 10 μcal s−1. As recommended by the manufacturer, a first injection 

of 4 μL was performed before starting the experiment to account for diffusion from/into 

the syringe during the equilibration period. However the injected amount was taken into 
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account in the calculations. The titration proceeded with additions of 10 μL per 

injection. Amphiphilic ligands like BS may adsorb to some equipment parts, 

particularly to the filling syringe, reducing the amount of ligand available. To overcome 

this drawback, after cleaning thoroughly with water and before it was filled up with the 

required titration solution, the equipment cell was rinsed with a solution having the 

same composition of the one to be used in the experiment. All solutions were previously 

degassed for 15 min.  

Two protocols for the ITC experiments were used in this work: (I) uptake, in 

which liposomes were injected into a BS solution in the cell, and (II) release, in which a 

liposome solution containing BS was injected into the cell containing buffer. The 

purpose of the uptake and release protocols was to obtain thermodynamic parameters 

for the reaction as well as a qualitative evaluation of the translocation rate constant [71; 

140]. The thermograms were integrated using the data analysis software Origin 7.0 as 

modified by MicroCal to handle ITC experiments. The resulting differential titration 

curves were fitted with the appropriate equations using Microsoft Excel and the Add-In 

Solver.  

Concentrations in the cell were calculated from the volume overflowed from the 

cell due to the addition of the solution with the syringe, considering overflow faster than 

mixing and therefore the composition of the leaving solution to be the equilibrium 

composition before the addition [72; 149]. 

The predicted heat involved in titration step (i), q(i), is calculated by Equation V. 

1, and the best fit of the model to experimental values was obtained by least square 

minimization between the experimental and the predicted heat per injection for all of the 

titration steps, as previously described [139]: 

 Equation V. 1 

Where the V(i) is the injection volume, Vcell the volume of the calorimetric cell, and qdil 

the “heat of dilution” (residual heat due to nonbinding phenomena). The amount of BS 

associated with the lipid bilayer is calculated assuming simple partition between the 

aqueous and the lipid phase,  

Equation V. 2 
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observed partition coefficient ( obs
PK ) is given by the ratio of the concentrations of BS in 

each phase calculated with respect to the volume of the respective phase. It is provided 

by the equation V. 4, where nBS_T is the total chemical amount of BS from which nBS_W 

are in the aqueous and nBS_Lipid are in the lipid phases. 

Equation V. 3 

 Equation V. 4 

In the equation V. 3, VT is the total volume, and VL and VW are the volumes of the lipid 

and aqueous phases, respectively. The molar volumes, LV  considered for the lipids used 

in this work were 0.76 dm3 mol−1 for POPC and SpM  and 0.34 dm3 mol−1 for 

cholesterol [74]. For the mixture POPC/Chol/SpM (1:1:1) a weighted average value was 

used. Values of the adjustable parameters, obs
PK  and ΔH, are generated by the Microsoft 

Excel Add-In Solver. The corresponding heat evolved at each injection is calculated 

using equation V. 1 and V. 4. They are compared to the experimental values obtained in 

the titration, and the square difference is minimized. In the above mentioned equations 

it is implicitly assumed that the entire lipid is available to the ligand. Depending on the 

relative rates of translocation and insertion/desorption, BS may or may not be able to 

equilibrate between the two bilayer leaflets. This requires the substitution of BS

concentration by its effective concentration, [BS]*, which depends on the effective lipid 

concentration, [L]*, according to Equation V. 5 and V. 6.  

Equation V. 5 

Equation V. 6 

where the index i refers to the injection number, the superscript Syr indicates 

concentrations in the syringe, and the subscripts L and W indicate the phase where BS 

are dissolved (L for the lipid, W for water and T for the sum of both). This introduces 
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the equilibration factor, γ, which is a measure of the fraction of lipid accessible to BS 

during the titration experiment, with values of 1 for fully permeable (fast translocation 

of ligand) and 0.5 for impermeable membranes (slow translocation of ligand). For 

experiments following the uptake protocol (addition of lipid to ligand in the aqueous 

phase), the whole amount of ligand is accessible for partition, and the effective lipid 

concentration is either equal to its total concentration (case of fast translocation) or is 

reduced to the lipid in the outer monolayer (case of slow translocation). In this type of 

experiments, if γ is unknown, the uncertainty is propagated to the partition coefficient, 

but the calculated enthalpy variation is accurate. On the other hand, in experiments 

following the release protocol, both the lipid effective concentration and the available 

chemical quantity of ligand must be calculated from equation V. 4. In this situation, 

both obs
PK  and ΔH are affected by the uncertainty in γ. The combination of both 

protocols allows the calculation of the equilibration factor and therefore, the accurate 

measurement of obs
PK , ΔH and a qualitative estimation of the translocation rate constant. 
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V. 4 - Results and discussion 

V. 4. 1 - Partition of BS into bilayers in the liquid disordered phase (POPC) 

using the uptake protocol 

 
The partition of non conjugated BS (CA, DCA and CDCA) and their glycine 

conjugates to LUV of POPC was investigated by ITC. BS concentrations used in these 

experiments were always much lower than their CMC and the ratio of lipid to bound 

ligand was always above 20.  

In a typical experiment of the uptake protocol, 10 mM of lipid was loaded in the 

syringe to titrate a solution of BS with a concentration in the cell of 10 μM. Figure V. 1 

shows the raw data (Plot A) and the differential heat due to DCA titration with LUV 

composed of POPC (Plot B), assuming slow translocation (=0.5). 

 

 
 
 
 
 

 
 
 
 
 
Figure V. 1 (A) Data from an uptake experiment at 37 ºC, DCA 10 μM (cell) and POPC 10 mM 

(syringe). The injection volumes were 1 x 4 μL and the others 27 x 10 μL. (B) Typical results 

obtained for the heat evolved () and theoretical fit with a obs
PK =2.2x103, using a gamma of 

0.5 (slow translocation). At 50% of titration the ratio of lipid to bound ligand was equal to 152. 

 

Figure V. 1 shows that partition of DCA to the POPC membrane is exothermic. Results 

obtained show that 60 % of the ligand was titrated and the ratio of lipid to bound ligand 

in this experiment was always above 50. At 50 % of the titration there is 1 bounded 

molecule of BS per 152 lipid molecules. At this small local concentration of ligand no 

membrane perturbation is expected and therefore, the partition coefficient obtained is 

the intrinsic one. To determine the effect of hydrophobicity of BS in their partition to 

membranes, we carried the titration with CDCA and CA. We also addressed the effect 

of BS conjugation with glycine on partition. Figure V. 2 shows the different titration 

curves obtained for CDCA, CA and their glycine conjugates. 
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Figure V. 2 Comparison of titration curves and fit to the experimental results for the partition of 

conjugated and unconjugated BS to POPC LUV (syringe) at 37 ºC: Panel A: GCDCA 20 

uM() and CDCA 10 uM (); Panel B: GCA 20 uM () and CA 30 uM (). Average and 

standard deviation results for partition coefficient and enthalpy are given in Table V. 1. 

From the above results we can observe that the partition of BS to POPC 

membranes decreases from CDCA to its conjugated form. The same trend was observed 

for DCA and its conjugated form as can be seen in Table V. 1. Relatively to the most 

hydrophilic BS, CA, its conjugation does not lead to any decrease on the partition into 

the POPC membranes. Herein, results assume an equilibration factor () of 0.5 which 

considers slow translocation of the BS during the characteristic time of the titration. 

This assumption was used to define the most appropriate ligand and lipid 

concentrations. However, this value may not be correct to all BS used. In order to 

clarify this point, we employed a well known protocol [71] using a global fit for uptake 

and release experiments, allowing to know whether or not all the lipid was accessible 

during the time of the measurement.  
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Table V. 1 Partition constant and enthalpy contributions from the interaction of BS (unconjugated and Glycine conjugated) with lipid 

membranes composed of POPC and POPC/SpM/ Chol (1:1:1), using a translocation parameter of 0.5 or the value obtained by a 

global fit of the uptake and release experiments at 37 ºC. 

Uptake Protocol (assuming  Uptake & Release Protocol ( from the global fit 
obs
PK  (x103)  KJmol-1 obs

PK  (x103)  KJmol-1 BS species 
POPC POPC/SpM/

Chol 
POPC POPC/SpM/

Chol 
POPC POPC/SpM/

Chol 
POPC POPC/SpM/

Chol 
POPC POPC/SpM/

Chol 

DCA 2.2  0.2 0.1  0.1 -28  4 110  6 1.8   0.1  0.1 -23  2 101  36 0.8  0.2 1.0  0.1 

CDCA 3.1  0.1 0.2  0.1 -12  1 24  10 2.10   0.2  0.1 -11.3  0.1 31  5 0.8  0.1 1.0  0.1 

CA 0.3  0.1 -5  1 0.26   -5.1  0.1 
GDCA 1.6  0.1 -12  1 1.9   -11  1 

GCDCA 1.9  0.2 -18  3 2.0   -13  1 
GCA 0.3  0.2 -9  2 0.20   -12  2 
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V. 4. 2 - Partition of BS into bilayers in liquid disordered phase (POPC)-

release versus uptake protocol 

In the release protocol it is important to ensure that at the beginning of the 

titration the lipid /BS ratio is the same as it is at 50% of a typical uptake partition 

experiment. Figure V. 3 illustrates the uptake and release experiments of CDCA (Panel 

A) and GCDCA (Panel B) to and from POPC membranes. From these experiments it is

possible to determine the partition coefficient, the enthalpy associated to partition and 

the gamma factor. The gamma factor is a physical discriminator of how fast is the 

translocation process. 

 

 

 

 

 

 

 

Figure V. 3 Titration curves obtained for uptake () and release () protocols with POPC 

membranes. Experiments at 37 ºC, Plot A: CDCA partition profile obtained for both protocols 

with theoretical fit giving a obs
PK of 2.1x103, H= -11 KJmol-1 and = 0.78. Plot B: GCDCA 

partition profile obtained for both protocols with a fit to the experimental results giving a 

obs
PK of 2.2x103, H= -13 KJmol-1 and = 0.5. Insets show the dependence of the square 

deviation between the global best fit and the experimental results (χ2) as a function of . 

From the global fit to both experiments,  is obtained from the minimum value of χ2, 

adjusting to several possible  values (varying from 0.5 to 1). The graphs in the insets in 

both panels show the dependence of χ2 on different values of . Results clearly show 

that depending of BS,  and therefore the translocation rate can vary, being higher for 

the most hydrophilic BS used (CA and GCA). 

Values obtained for partition of conjugated and non-conjugated BS indicate that, 

as expected, more hydrophobic BS partition more extensively to the POPC membranes 
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than those less hydrophobic. The trihydroxy BS showed a lower partition to the POPC 

membranes than the dihydroxy BS in both cases of conjugated and non-conjugated BS. 

The partition of BS decreases with the increase of CMC, indicating that the most 

soluble BS in water are partitioning less extensively to the membrane. The results show 

that for the glycine conjugated BS from which both partition and CMC were determined 

in this work showed that the logarithm of CMC correlate with the logarithm of partition 

coefficient, showing that partition coefficient can be predicted knowing the CMC of the 

BS.  

Although several works are available in literature measuring partition of BS to 

lipid phase membranes, several inconsistencies were observed in this determinations 

[47; 48; 49; 50]. In most of these studies the lipid to bound ligand ratio was lower than 

20 at 50 % of titration, which critically affects membrane properties by the presence of a 

too high BS concentration, compromising the partition value obtained from the 

experiment [75; 139]. 

Partition of DCA to EPC membranes was addressed by ITC and showed to be 

dependent on the lipid to bound ligand ratio used [49]. Although this was noticed this 

effect was not taken in consideration and the lipid to bound ligand ratio used in the 

mentioned experiments was between 7 and 10 at 50% of the titration, being the value 

obtained for the partition equal to 5.4x102. This value is 10 times lower when compared 

with partition of DCA to POPC membranes obtained in this work. However we should 

highlight that the previous work was done at a lower temperature which have also a 

contribution on this decrease. 

Another ITC work, where DCA and CA partition was addressed for POPC 

membranes, used lipid to bound ligand ratio at 50% of the titration equal to 2. However 

electrostatic correction was included in the partition model used to fit the experimental 

data, decreasing the error obtained for partition coefficient [50]. The values obtained are 

comparable to the ones determined in this work (see Table I. 8 and Table V. 1). Both 

works mentioned above assumed fast translocation meaning that the entire lipid was 

available for the BS partition. This affects the partition determined because an 

overestimation of translocation parameter () necessarily overestimates the lipid phase 

volume considered leading to an underestimation of the observed partition coefficient. 

Our results show that a  value of 1 is a valid assumption only in the case of trihydroxy 

conjugated and non-conjugated BS. 
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There were some attempts for measuring partition of conjugated and non-

conjugated BS to lecithin and lecithin containing other lipids like SpM, PE, PS using 

ultracentrifugation, equilibrium dialysis and gel chromatography using labelled 3H BS 

[36; 47; 48]. Again most of these studies are not determining the intrinsic partition 

coefficient due to the high local concentration used during the titration (see Chapter I, 

Table I. 8). However, the interaction of CA and UDCA with lecithin, and CA with 

lecithin/Chol (7:3) and lecithin/PE (7:3) were obtained with lipid to bound BS which 

was in the reasonable limits for a reliable determination. These results showed that for 

lecithin there is a decrease in partition for the most hydrophilic BS (CA when compared 

with UDCA). A comparable trend was obtained for the interaction of both conjugated 

and non-conjugated BS with POPC membranes in the presented work, showing a 

decrease of partition of BS to POPC membranes with the increase of hydrophilicity 

(Table V. 1). Although quantitatively the values obtained for CA are different, which 

can be a manifestation of different lipid composition of lecithin (several different PC) 

compared with POPC (used in the present work), the trend is similar to that obtained by 

our work.  

The concentration of BS in all titrations used in our work was always lower than 

their CMC as the interaction of the monomer is different from the interaction of 

micelles which can solubilize membranes [7; 61]. The enthalpy variation obtained for 

the partition of BS to POPC membranes was negative for the different conjugated and 

non-conjugated BS used. The values available in literature for the transfer of DCA and 

CA to EPC membranes show that enthalpy variation obtained is positive [49]. Although 

in this work the heat flow from the calorimetric titration is exothermic. In another work 

the enthalpy variation obtained for the partition of CA and CDCA to POPC membranes 

is negative, comparable to the one obtained in this work [50]. These enthalpy results are 

in agreement with the results for partition of other amphiphiles to POPC membranes 

[143; 144; 145; 152].  

In terms of translocation there is a clear distinction in the behaviour of the three 

different glycine conjugated BS. GCA is the most hydrophilic BS, it has the highest  

value indicating a faster translocation. On the other hand GCDCA has the lowest value 

of , stating that during the time scale of each measurement translocation does not 

occur. GDCA shows an intermediary behaviour. Fast translocation behaviour was also 

observed for the most hydrophilic non-conjugated BS CA. The reason for this behaviour 

can be related with the defect induced by the most hydrophilic BS (with more hydroxyl 
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groups) once in the membrane, leading to the translocation of the BS from one 

monolayer to the other. Order parameter measurements for cholic acid in lecithin large 

unilamellar vesicles indicated that this BS has a high destabilizing effect on the 

membranes [44]. From these results we can clearly conclude the BS partitioning the 

most to the membrane are the most hydrophobic though they are not the ones having the 

highest translocation rate. 
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V. 4. 3 - Partition of BS into membranes of POPC/SpM/Chol (1:1:1)-release 

versus uptake protocol  

Partition of BS to lipid bilayers composed of POPC/SpM/Chol (1:1:1) was 

addressed for non-conjugated BS (DCA and CDCA). The approach was similar to the 

one used for POPC membranes. First the uptake experiments were done and then 

compared with the results from release experiments. Figure V. 4 shows results for DCA 

(Panel A) and CDCA (Panel B) using the uptake versus release protocol to and from the 

above mentioned lipid phase. 

 

Figure V. 4 Titration curves obtained for uptake () and release () protocols with 

POPC/SpM/Chol (1:1:1) membranes. Experiments at 37 ºC, Plot A: DCA partition profile 

obtained for both protocols giving a obs
PK  of 1.7x102, H= 75 KJmol-1 and = 1. Plot B: CDCA 

partition profile obtained for both protocols giving a obs
PK  of 1.7x102, H= 28 KJ/mol-1 and = 

1. Insets show the dependence of the square deviation between the global best fit and the

experimental results (χ2) as a function of .  

From these results obtained it is noticed that DCA and CDCA partition into the 

membrane composed of POPC/SpM/Chol (1:1:1) is less extensive than to POPC 

membranes. Considering previous studies of partition determination of CA to lecithin 

membranes in the presence and absence of cholesterol, it was shown a decrease of 

partition for the most ordered membranes containing cholesterol [48]. This result was 

expected due to the increase of order that cholesterol brings into the membrane and the 

same behaviour was shown for the partition of several amphiphiles for POPC/Chol and 

SpM/ Chol membranes when compared with POPC membranes [143; 144; 145; 152]. 
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Partition of both BS measured to the POPC/Chol/SpM (1:1:1) membranes was 

endothermic. Positive enthalpies variations were obtained for partitions of a large set of 

amphiphiles into lipid membranes in liquid order phase (phospholipids, lysolipids and 

dehydroergosterol) [143; 144; 145]. 

Literature results agree that POPC and SpM/Chol (60:40) are in the liquid 

disordered and ordered phase, respectively. However, for the membrane 

POPC/SpM/Chol (1:1:1) lipid composition there is no general consensus. One study 

refers that this lipid composition is thought to be in a regime of liquid order/ liquid 

disorder phase coexistence [1]. This has been questioned suggesting that this 

composition is already in the liquid ordered phase [146; 153].  

From the results above discussed the enthalpy variation associated with partition 

into more disordered membranes is clearly negative but the enthalpies for more ordered 

membranes become less negative and the partition may even become endothermic. The 

same trend occurs with the partitions of the BS to POPC membranes, showing a clear 

exothermic behaviour, expected for this disordered membranes. The large endothermic 

enthalpy obtained for the partition of BS to POPC/SpM/Chol (1:1:1) membranes 

suggests that the BS could be partitioning to a liquid ordered phase or liquid order 

domains.  

The translocation factor for the BS partition obtained for the POPC/SpM/Chol 

(1:1:1) was always equal to one and was higher than those observed for the POPC 

membranes. This is an unexpected result as the measured translocation rate of several 

amphiphiles in different type of membranes has shown that the fastest translocation 

occurs for POPC (liquid disordered state), decreases for POPC/Chol (50:50) and 

SPM/Chol (60:40), being these last two membranes thought to be in liquid ordered state 

[1]. Considering that translocation obtained for the BS in the POPC/SpM/Chol (1:1:1) is 

always higher than the one obtained for POPC membranes (liquid disordered phase) and 

the high positive enthalpies obtained from partition (characteristic of more ordered 

systems), these results may be consistent with a membrane having liquid 

order/disordered phase coexistence, although we should highlight it as an indirect 

evidence. 
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V. 4. 4 - Enthalpy contribution from buffer ionization 

The overall enthalpy measured in a chemical reaction includes the contribution 

of the enthalpy of proton uptake or release to or from the buffer. In order to determine 

its contribution we followed the interaction of BS with POPC membranes in different 

buffers, namely phosphate, Tris-HCl and Hepes. These buffers are well known to have 

different ionization enthalpies [148].  

The dependence of the observed partition enthalpy on the ionization enthalpy of 

the different buffers can give information relative to the number of protons released to 

the BS, enabling the discrimination of the intrinsic enthalpy due to partition. The results 

are shown in Figure V. 5.  

Figure V. 5 Dependence of the observed enthalpy variation associated with partition into POPC 

membranes for GDCA () and DCA (), on the buffers ionization enthalpy. The enthalpy of 

ionization for the different buffers was obtained from [148]. The dependence obtained for the 

unconjugated BS, DCA, give an intrinsic enthalpy partition of -27 KJmol-1 and the number of 

protons released by the buffer to the BS is 0.6.  

The enthalpy variation upon partition of non-conjugated BS DCA proved to be 

dependent on the enthalpy of buffer ionization, unlike the observation made with the 

glycine conjugated BS, GDCA. 

The values obtained for the several unconjugated BS are shown in Table V. 2 as 

well as the corresponding change in pKa for the different BS upon partition.  
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Table V. 2 Variation in observed pKa due to the partition of BS from water to 

membranes of POPC. The pKa values of different BS in aqueous environment are also shown 

[23]. Information regarding the protons released or received by the buffer is shown and was 

obtained from the dependence of enthalpy of partition with enthalpy of ionization for the buffers 

considered. 

 

BS 
H+ release
from buffer

pKa 
Membrane 

pKa 
Water 

 pKa 

DCA 0.63  0.12 7.6 5.3 2.3 

CDCA 0.78  0.12 7.8 5.9 2.0 

CA 0.83  0.19 8.0 5.0 3.0 

GDCA -0.04  0.06 4.7 4.7 0.0 

 
 

Results show clearly that the partition process of non-conjugated BS to 

membranes involves change in their ionization state, contrary to observations made for 

conjugated BS (GDCA). Results also suggest that upon partition to the membrane the 

conjugated BS has its carboxylic group in a similar environment to the one it has when 

in bulk solution. For this reason no significant protonation was observed. A possible 

explanation is that unlike non-conjugated BS, glycine present in the conjugated BS can 

establish hydrogen bonds with membrane due to the extra amide group. This hydrogen 

bonding may allow BS stabilization in the membrane without any substantial gain by 

the protonation of the carboxylic group. In the case of the non-conjugated BS all of 

them seem to be stabilized by the protonation of the carboxylic group, being CA the BS 

changing the most its ionization state. CA is the most hydrophilic and therefore the one 

expected to partition the less and having a higher destabilizing effect on the membrane. 

This BS shows the highest protonation probably because they are less inserted in the 

membrane being more accessible to protonation than other more hydrophobic BS 

considerably deeper inserted in the membrane being for this reason less accessible to 

protonation. 

The thermodynamic data for the non-conjugated BS interaction with POPC 

membranes after discarding the ionization enthalpy effects of the buffer are shown in 

Table V. 3. 
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Table V. 3 Thermodynamic data relative to the intrinsic partition of several non-

conjugated BS to POPC lipid membranes at 37 ºC. 

POPC 
BS H

(KJmol-1) 
G

(KJmol-1) 
T S

DCA -28  4 -20  2 -8 

CDCA -26  4 -21  2 -5 

CA -18  6 -14  2 -4 

Thermodynamic data show that intrinsic enthalpy obtained for the non-conjugated BS is 

exothermic being more negative for the dihydroxy BS and less negative for the 

trihydroxy BS. The partition of non-conjugated BS to POPC membranes is enthalpic 

driven. The partition of apolar molecules to lipid membranes is normally considered to 

be a consequence of the hydrophobic effect which is characterized by an entropic 

contribution attributed to the water release from the solute hydration shell. Partition of 

BS to membranes reveals to be essentially due to large exothermic enthalpies and 

negative entropies which are in sharp contrast with the hydrophobic effect. In our 

measurements we used Hepes buffer which has a mean enthalpic contribution from the 

three buffers considered and enable to recover the partition of conjugated and non-

conjugated BS to POPC membranes. The enthalpic contribution from phosphate buffer 

ionization was lower but it would interfere with the determinations of lipid 

concentrations based on quantification of phosphate in the membranes, being for this 

reason avoided. 

The results clearly show that the choice of the buffer for certain amphiphiles is 

very important in the ITC measurements due to its enthalpic ionization contribution. 
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V. 5 - Conclusions 

 

Duodenum content in the intestine is an intricate mixture of components, most of 

them very hydrophobic (e.g. cholesterol) which are solubilized with the help of BS. The 

surfactancy properties of BS are well known [6] as well as their perturbing effects on 

membranes, namely the solubilization limits [154; 155] and the effects of the order 

parameters of the palmitoyl chain of POPC [44]. The partition of BS to membranes is 

thought to occur through aqueous monomer interaction with the membrane [4]. To get a 

quantitative answer on the extent of the perturbation occurring in the membrane, the 

local concentration of BS in the membrane can be one of the parameters for 

consideration. For this reason the partition coefficient must be accurately measured. In 

this study we measured the partition of BS (CDCA, DCA, CA, GCDCA, GDCA, and 

GCA), non-conjugated and conjugated with glycine, into membranes composed of 

POPC and POPC/SpM/Chol (1:1:1) by ITC. Our results indicate that the partition to 

POPC membranes is higher for the most hydrophobic BS, CDCA and DCA, and lowest 

for the hydrophilic CA. The same trend is observed for the glycine conjugated BS, 

although there was no substantial difference between conjugated and non-conjugated 

BS. Most of the work available in literature in this area have been using too high lipid to 

bound ligand which clearly affects the observed partition. Moreover the partition model 

used also accounted for the translocation, using a global fit considering both uptake and 

release well establish protocols. This enabled the determination of the translocation 

which in some cases is in a different regime than the assumed fast translocation, which 

underestimates the values of observed partition obtained. 

The partition to membranes in the liquid disordered state (POPC) was always 

higher than to POPC/SpM/ Chol (1:1:1) membranes. The enthalpies determined for the 

two types of membranes showed different behaviours, being exothermic for the POPC 

membranes and endothermic for POPC/SpM/Chol (1:1:1) membranes. Another 

complementary result is the translocation factor which differs among the different BS, 

being the translocation faster for the trihydroxy BS than for the dihydroxy. Although the 

 parameter does not reveal a quantitative value for the translocation rate constant, it 

qualitatively expresses whether the translocation was fast or slow, discriminating if the 

lipid from both monolayers is or not available for the partition of the amphiphile 

considered. For the BS partition studied in membranes with different lipid composition, 

like CDCA and DCA, they showed a higher translocation on POPC/SpM/Chol (1:1:1) 
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membrane and an enthalpy of partition characteristic of a more ordered phase 

membrane. Altogether, these results suggest that POPC/SpM/Chol (1:1:1) membranes 

show liquid disorder/order phase coexistence. 

The dependence of the partition enthalpy on the enthalpy of buffer ionization 

revealed that non-conjugated BS seems to be stabilized by the change in their ionization 

state when the partition to the membrane occurs, being this effect higher for the most 

hydrophilic BS. This is highlighted by the increase of pKa of BS from water to the 

membrane.  

Partition of BS to POPC membranes is enthalpic driven, being more exothermic 

for the dihydroxy BS. Results also highlighted the fact that partition of BS to be lower 

in membranes composed of POPC/SpM/Chol (1:1:1), indicating these membranes to be 

less suitable to solubilization. Although they are more resistant, they exhibit a higher 

translocation factor which can be consistent with a passive diffusion view of the BS 

across gastrointestinal membrane and also at the canicular membrane when bile 

migrates from liver to the gallbladder. These results can have high relevance for drug 

delivery and pharmokinetics field. 
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VI. 1 - General conclusions

Cholesterol absorption through the intestinal epithelium is a very intricate 

process. There is some fundamental knowledge on the absorption process that is 

normally rationalized in two major mechanisms: the passive diffusion and the mediated 

transport. Evidences for both processes are found in literature but the weight from each 

of the processes is not known. Fundamental knowledge of passive diffusion mechanism 

could help the understanding of the overall process. It is clear that the absorption 

process goes through different steps. Before interaction with membrane cholesterol 

molecules need to be available for permeation. Due to their high hydrophobicity, they 

need to be solubilized in the so called intermixed dietary micelles and vesicles. These 

structures are composed essentially by BS, PL and cholesterol, although this is already a 

simplistic view of lumen content.  

The first question addressed in this work regarded the effect of most prevalent 

BS, found in intestinal lumen, in respect to their cholesterol solubilization capacities. 

We develop a non-invasive method to determine cholesterol solubilized in the BS 

micelles [120]. From our studies it is clear that more hydrophilic BS solubilizes less 

cholesterol than hydrophobic BS, but we extended this knowledge for binary mixtures 

of BS and also to a physiologically relevant ternary mixture of BS. This understanding 

was important to rationalize strategies that could be helpful to decrease or increase 

cholesterol solubilization or others hydrophobic compounds. It is also important to 

notice that the micelle with more solubilized cholesterol does not mean that this system 

will deliver more cholesterol to the membranes. This will depend on the avidity of 

cholesterol for the membrane (partition coefficient) and also depends on the interaction 

of cholesterol with the micelle itself. The solubility in the micelle reflects the size of the 

reservoir of cholesterol that can be delivered to the membranes and it also affects the 

rate at which it occurs through changes in the concentration of cholesterol in the 

aqueous phase.  

Another important observation is that micelles of hydrophilic BS are normally 

smaller than those formed by more hydrophobic BS. This can also be an argument for 

selectivity of certain type of micelles used on cholesterol delivery to membranes. These 

micelles will diffuse faster than bigger ones being more effective on the delivery of 

cholesterol at the gastrointestinal membranes. These arguments only reinforce the 

necessity to understand the solubilization process in a more detailed way than until now.  
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The solubilization of cholesterol in the several simple and composed micelles 

showed several important results. The dependence of cholesterol solubility with total 

cholesterol showed a linear dependence until a plateau was attained, confirming the 

cholesterol solubility limit. Moreover, the solubility of cholesterol obtained per micelle 

gave different average values for distinct BS being usually smaller than 1. Both results 

were interpreted as indicative that solubilization of sterol by the micelles is more related 

to a partition phenomena than to a binding event.  

From our results the binary mixtures showed some distinct solubilization 

capacities when compared to their individual behaviour. The GDCA/GCA mixture was 

the one that showed higher solubilization if only mixed systems are considered. The 

GCA/GCDCA showed a higher solubility for cholesterol than both individual BS 

species. This is an unexpected result and shows that the mixtures of these BS increase 

their cholesterol solubilizing capacities. This was not observed in the other binary 

mixtures, where normally the value obtained for the solubilization of cholesterol is an 

average of the solubilities obtained for single BS. These results clearly show that some 

proportions of BS can affect solubility of cholesterol and this can be a specific target for 

decreasing cholesterol solubilization. Moreover, the solubilization of BS at intestinal 

lumen is not optimized for the highest or lowest solubilization, but is regulated for a 

trade off between cholesterol solubility at intestinal lumen and absorption through GIM. 

This is achieved having micelles with a low CMC, forming micelles at a lower value of 

solubilizer and having a moderate solubilizing capacity.  

Another question addressed in this work has to do with the effect of 

phytosterols, fatty acids (saturated and unsaturated) and tocopherol in the solubilization 

of cholesterol by the BS micelles. The use of competitors in human diet has been used 

as a strategy for the reduction of cholesterol absorption. Two possible mechanisms have 

been described in literature explaining their inhibitory effects (co-solubilization and co-

precipitation). Also in the literature there are some inconsistencies related with the 

weight effects of sterols and stanols in the solubilization of cholesterol. Our results 

showed that stigmasterol has a higher inhibitory skill on cholesterol solubility than 

stigmastanol. Phytosterols seem to reduce the amount of cholesterol solubilized via both 

co-solubilization and co-precipitation, based into to two fundamental observations: a) 

the dependence of cholesterol and stigmasterol solubilization in micelles with the 

increase stigmasterol/cholesterol ratio showed a solubility limit for stigmasterol 

increasing and a decrease on cholesterol solubilization in the micelle; b) the overall 
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sterol at the micelle decrease when compared with the capacity for cholesterol in 

absence of phytosterols.  

The vitamin (α- tocopherol) and the unsaturated FA (OA) showed smaller 

decreasing effects on cholesterol solubility than phytosterols, nevertheless being higher 

for the vitamin. However they showed similar mechanisms of action, namely both 

inhibitors were completely soluble in the micellar solutions and their presence in 

micelles decreased the solubility of cholesterol. This indicates that although their effect 

is smaller than that of phytosterols, both vitamins and unsaturated FA decrease 

cholesterol solubility and can be usefull for decreasing cholesterol intake in the 

intestine. Saturated FA (PA) increased the solubility of cholesterol in the micelles. 

The interaction of conjugated and non conjugated BS with model lipid 

membranes, that could mimic the apical and basolateral membranes of intestinal 

epithelium, was another subject studied in this work by isothermal titration calorimetry. 

The partition for two membranes was characterized, namely, POPC and 

POPC/SpM/Chol (1:1:1) membranes. The results showed that the most hydrophobic BS 

partition more extensively for the membranes than the hydrophilic ones. The difference 

of the observed partition between non-conjugated and conjugated was very similar for 

POPC membranes. The partition for membranes of POPC/SpM/Chol (1:1:1) decreased 

when compared with partition obtained for POPC.  

The translocation parameter, that is the fraction of lipid accessible to BS during 

the titration, assuming the value 1 when all lipid is available (fast translocation), and 

0.5, when only half of the lipid is available for translocation (slow translocation), was 

also measured. Translocation showed to be fastest for hydrophilic BS (CA and GCA) 

and slowest for the hydrophobic BS. In this latest GCDCA showed to be particularly 

slow. The translocation factor increase when passing from POPC membranes in the 

liquid disorder state to the membranes of POPC/SpM/Chol (1:1:1). The positive 

enthalpy variation obtained for the partition of the BS with the POPC/SpM/Chol (1:1:1) 

membrane allied with the highest translocation obtained for this membranes when 

compared with the POPC membranes were interpreted as arguments for considering 

POPC/SpM/Chol (1:1:1) membrane as being in a liquid order/liquid disorder phase 

coexistence state. 

The dependence of enthalpy of partition was studied as function of buffer 

ionization enthalpy for unconjugated and conjugated BS to evaluate changes in the 

ionization of BS upon interaction with the membranes. The non-conjugated BS showed 
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to be strongly dependent on the enthalpy associated with the ionization of the buffer, 

contrary to that observed for conjugated BS. This allowed obtaining the number of 

protons transferred as well as the intrinsic enthalpy variation upon partition to the 

membranes. The understanding of the interaction of BS with membranes is a very 

important process, namely for determining the local concentration of BS at the 

membranes, that can be important to interpret enterohepatic re-circulation of BS 

mechanisms, the effects of BS on membrane permeability and also their surfactancy 

effects on the biological membranes (cytoxicity of BS).  

The study presented here gives some important contribution for the field of 

passive absorption in the intestine. Previous to absorption, the hydrophobic molecules 

or drugs need to be solubilized in BS micelles. They seem to have a crucial role for 

cholesterol absorption but they are also very important for drug delivery. Results 

obtained indicate that the solubilization of cholesterol by BS micelles in the intestinal 

lumen is a very important process, which conditions the availability of the cholesterol 

(and other hydrophobic molecules). The co-solubilizers can be either BS themselves or 

other molecules like phytosterols, FA, vitamins and drugs, which depending on their 

nature, structure and concentration, can have completely different actions.  

The BS can also interact with membranes changing their properties, which can 

alter the passive diffusion of several molecules through the membrane. The 

determination of the solubilization and partition parameters of BS can improve the 

knowledge on pharmokinetics field and develop better strategies for inducing or 

reducing the absorption through intestinal epithelium. Further studies on this area can 

help in the development of better strategies to reduce cholesterol intake in human and 

into the development of more efficient carriers of drugs using BS.  
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VI. 2 - Pitfalls and future perspectives

The argument that this work is a vision too simplistic of reality can be valid but 

this has been a deliberate option. To understand a complex system the approach can be 

done by decrease of the system complexity to the simplest possible, and then increase 

complexity step by step. Taking this in consideration an evaluation of the cholesterol 

solubilization limit in a single mixture of BS (most representatives in the biological 

context) at a relevant concentration was determined. Knowing this, the cholesterol 

solubilization index was addressed in binary and ternary BS mixtures. In a biological 

context the presence of several other contributors for the cholesterol solubilization 

should not be ignored, namely phospholipids, fatty acids, vitamins and others.  

The methodology developed in this study to follow the solubility of sterol in the 

micelle used NMR spectroscopy with an enriched 13C cholesterol molecule. One 

question that can arise is why it was used cholesterol labelled in 13C if we could see the 

alkene proton of cholesterol by 1H NMR. The answer is simple: the signal in 1H NMR 

spectrum is seen at 5.4 ppm (near the proton signal of water), being difficult to measure 

without distortion of the signal. 13C NMR allows us to follow cholesterol inside the 

micelles. Then, when adding oleic acid or stigmasterol to the system, we can follow 

both competitor and cholesterol, gathering 1H and 13C NMR information. Another 

reason for doing so is the presence in an in vivo context of several compounds with 

double bonds able to interfere with the quantification of cholesterol. This approach was 

addressed considering the possibility of being used for a more complex physiological 

mixture. This method in future can be used to follow the transfer of cholesterol from BS 

micelles to membranes or to cellular lines, in the presence and absence of co-

solubilizers. Another important study in the future is to evaluate the effect of other 

sterols and stanols with different side chains on cholesterol solubilization. The effect of 

polyunsaturated FA (e.g. Omega 3, Omega 6) should be evaluated to observe if they are 

more effective on the decrease of cholesterol solubility by BS micelles than the 

unsaturated oleic acid. Another important evaluation is concerned with possible 

synergies between all of different inhibitors of cholesterol solubilization. Does the 

mixture of vitamins and phytosterols will decrease more cholesterol solubility in BS 

micelles than each component separately? Are the effects additive? 
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The transfer of cholesterol between different BS micelles to model membranes 

would give the relation between solubilization and partition that can best characterize 

absorption mechanism in intestinal epithelium.  

This work should be extended to cell lines mimetizing gastrointestinal 

membrane (e.g. Caco cells), the strategy can be using labelled cholesterol in 14C and 

determining the cholesterol inside of different compartments, that should mimetize 

intestinal lumen (donor compartment) and blood (acceptor compartment). This will 

have profound implications for the understanding of passive absorption process but also 

to understand the weight of passive diffusion on the overall process of absorption.  
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