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ABSTRACT 

Bile components play a significant role in the absorption of dietary fat, by solubilizing the products of 

fat digestion. The absorption of poorly water-soluble drugs from the gastrointestinal tract is often 

enhanced by interaction with the pathways of fat digestion and absorption. Thus the phase behaviour 

of bile components and digested lipids is of great interest to pharmaceutical scientists who seek to 

optimise drug solubilisation in the gut lumen. This can be achieved by dosing drugs after food or 

preferably by formulating the drug in a lipid-based delivery system. Phase diagrams of bile salts, 

lecithin and water have been available for many years but here we investigate the association 

structures that occur in dilute aqueous solution, in concentrations that are present in the gut lumen. 

More importantly, we have compared these structures with those that would be expected to be present 

in the intestine soon after secretion of bile. Phosphatidylcholines are rapidly hydrolysed by pancreatic 

enzymes to yield equimolar mixtures of their monoacyl equivalents and fatty acids. We constructed 

phase diagrams that model the association structures formed by the products of bile digestion. The 

micelle-vesicle phase boundary was clearly identifiable by dynamic light scattering and 

nephelometry. The data indicate that a significantly higher molar ratio of lipid to bile salt is required 

to cause a transition to lamellar phase, i.e. liposomes in dilute solution. Mixed micelles of digested 

bile have a higher capacity for solubilisation of lipids and fat digestion products and can be expected 

to have a different capacity to solubilize lipophilic drugs. We suggest that mixtures of lysolecithin, 
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fatty acid and bile salts are a better model of molecular associations in the gut lumen and such 

mixtures could be used to better understand the interaction of drugs with the fat digestion and 

absorption pathway. 

KEYWORDS: bile, gastro intestinal tract, digestion, phase behaviour, ternary phase diagram, 

dynamic light scattering, nephelometry  

INTRODUCTION 

Oral delivery of poorly water-soluble drugs (PWSDs), which are predominant among candidate drugs 

emerging from contemporary drug discovery campaigns, presents significant technical challenges. 

The absorption of PWSDs from the gastrointestinal tract (GIT) is often limited by poor solubility and 

slow dissolution from the crystalline state. Thus traditional solid dosage forms are often unsuitable for 

delivery of PWSDs. The drug modification/formulation strategies available to improve the drug 

bioavailability include: particle size reduction, salts, solid dispersions, co-crystals, cyclodextrin 

complexes, or lipid-based delivery systems1. Lipid-based formulations (LBFs) aim to present the 

PWSD to the gastrointestinal lumen as a colloidal solution, avoiding the slow dissolution process 

from solid dosage forms. LBFs are mixtures that can be encapsulated in soft or hard, gelatin or 

polymer capsules. The capsule contents may include oils, surfactants and cosolvents, and LBFs are 

often formulated to self-emulsify in the GIT lumen. Upon dispersion of the LBF, oily ester 

components are subject to digestion in the small intestine, thus the solubilisation capacity of the 

formulation may change. This can lead to drug precipitation, at which point the advantage of the lipid 

formulation may be lost2. Care is required in lipid formulation design, because if the formulator 

focuses on maximising the mass of drug dissolved in the capsule formulation, without consideration 

of the fate of the drug upon dispersion and digestion, then the performance of the product in vivo may 

be poor. To understand the mechanism of absorption of PWSDs, it is important to understand the 

digestive system of the small intestine3. Additionally, in order to predict the fate of different drugs in 

LBFs, a good understanding of gastrointestinal digestion and the phase behaviour of the species 

present in the gut lumen is vital4. It is estimated that about 90% of phosphatidylcholines available in 

the small intestine are secreted from bile5. Hence, endogenous lipids that are secreted into the intestine 

lumen via the bile are expected to have a pronounced effect on the absorption process6 of all 

formulations of PWSDs, not just those administered in LBFs. Dietary lipids also play a significant 

role in the absorption process of poorly soluble drugs7-12, and food often enhances the bioavailability 

of PWSDs. However pharmaceutical scientists are keen to avoid dependence on food, and it is 

desirable that the bioavailability of the drug from a delivery system should be similar whether the 

product is administered to fed or fasted subjects. Therefore, to rationalize proper design of lipid based 

drug formulations it is essential to investigate lipid digestion and the way bile components and 

formulation components contribute to the solubilisation and absorption of PWSDs13-16. 

Although LBFs have generated considerable interest in recent years, surprisingly little is known about 

the molecular association structures that are formed in the intestinal lumen after the formulation is 

digested. Digestion of lipidic excipients leads to colloidal phases such as vesicles and micelles, a 

dispersed lipidic microenvironment, that increases the solubilisation of co-administered PWSD in the 

small intestine when compared to the fasted state17, 18. A detailed understanding of how drugs are 

solubilized within such structures will be needed to allow formulators to optimize the performance of 

LBFs. This will require a full understanding of the contents of the GIT lumen, and how the 

environment changes during gastrointestinal transit and absorption of gut contents. In this study, as a 

starting point, we have investigated the influence of digestion on the association structures formed by 

bile components. Whilst there is adequate data available on the phase behaviour of bile components as 
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they exist in the gall bladder, we hypothesized that phase behaviour is likely to be markedly affected 

by digestion, as soon as the bile is secreted into the intestine. 

Bile salt, phospholipids and cholesterol are secreted from the gall bladder in a molar ratio of 

approximately 16:4:14, 19. This stimulates the release of pancreatic secretion20, which initiates lipolysis 

in the small intestine5, 12. Phosphatidylcholines are hydrolysed in the intestine to 

lysophosphatidylcholines by phospholipase A221. It is known that other enzymes such as gastric lipase 

and carboxyl ester hydrolase are responsible for the lipolysis of other lipid components especially the 

exogenous lipidic surfactants22, 23. 

Figure 1 taken from previous work in our laboratory shows the in vitro digestion profile of lecithin 

conducted under standard lipolysis conditions as reported by Williams et al24. This experiment clearly 

shows that the digestion of lecithin, is rapid in the presence of pancreatin with 60% of the sample 

being digested within five minutes. The hydrolysis of phosphatidylcholines to 

lysophosphatidylcholines takes place well before absorption of the phospholipid from the GIT, which 

suggests that the important colloidal species in relation to solubilization of lipids and PWSDs will be 

mixed micelles or vesicles containing bile salts, lysolecithin and fatty acids. 

 

Figure 1. Titration of fatty acids (FA) produced upon the digestion of lecithin by pancreatic enzymes 

in a standard in vitro model25. Digestion tests were performed using 3 mM sodium taurodeoxycholate, 

0.75 mM phosphatidylcholine, 2 mM tris-maleate, 150 mM NaCl and 1.4 mM CaCl2 and 0.2 M 

NaOH was used as the titrant. 

Bile salts, which are amphiphilic and aggregate to form micelles in aqueous environment are bio-

surfactants in the GIT and play a vital role in digestion and absorption of lipids26-28. It is believed that 

bile salts facilitate the digestion of lipids by solubilisation of lipid digestion products into lamellar 

phase or mixed micelles. This removes digestion products from droplets of digested fat and 

accelerates further digestion and absorption of lipidic excipients29. Under physiological conditions 

bile salt mixed micelles swell through solubilisation of endogenous and dietary lipids digestion 

products. The phase transitions that occur in the intestine, from lamellar to mixed micellar, depend on 

the relative molar proportion of each component. These complex molecular interactions play a large 

part in the absorption of lipids from the small intestine11,12. 
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Bile, excreted by the liver and stored in the gall bladder, is a mixture of bile salts and phospholipids. It 

is reported30 that human bile also includes small amount of cholesterol, non-esterified fatty acids and 

glycerides. The most abundant bile salts in human bile are; glycocholate (GCH 30 mol %), 

glycochenodeoxycholate (GCD 29 mol %), taurocholate (TCH 12 mol %), taurochenodeoxycholate 

(TCD 11 mol %), glycodeoxycholate (GDX 9 mol %) and taurodeoxycholate (TDX 2 mol %)31, 32. 

It has been reported that 95% of the phospholipids (PLs) in bile are secreted as phosphatidylcholine 

(PC), principally as two molecular species 1-palmitoyl, 2-linoleyl (16:O-18:2) phosphatidylcholine or 

1-palmitoyl, 2-oleoyl (16:O-18:1) phosphatidylcholine (POPC)32-34. Given this knowledge we chose 

to model bile using pure POPC and GDX which we believe is representative of the mixture found in 

bile. The choice of GDX was validated by an initial series of experiments (see the Results section). To 

represent digested bile for the bulk of the work, we used mixtures of palmitoyl 

lysophosphatidylcholine, oleic acid and GDX.  

The phase behaviour of the ternary system of bile salt, phospholipid and water was first reported over 

45 years ago, with some significantly early work performed in the 1960s by Small et al.35. Small and 

his group examined the ternary phase behaviour of bile salt-cholesterol-water; lecithin-cholesterol-

water and bile salt-lecithin-water system using polarized microscopy and X-ray diffraction to 

investigate the effect of increasing the lecithin concentration on the phase behaviour35. Staggers et. al. 

studied ternary lipid systems composed of a physiological mixture of bile salts, mixed intestinal 

lipids, fatty acid, racemic monooleylglycerol, and cholesterol using quasi-elastic light scattering and 

electron photomicrography. This allowed the authors to develop an equilibrium phase diagram 

corresponding to aqueous lipid compositions of upper small intestinal contents during lipid digestion 

and absorption in adult human beings36. Bunge et. al. investigate a ternary lipid mixture of palmitoyl-

oleoyl-phosphatidylcholine, palmitoyl-erythro-sphingosylphosphorylcholine and cholesterol to 

understand the non-homogenous distribution of lipids at high temperatures using fluorescence 

microscopy, NMR, and electron paramagnetic resonance spectroscopy37. Furthermore, Mazer and 

Carey characterized the formation of micellar aggregates of sodium taurocholate, egg lecithin, and 

cholesterol solutions using quasi-elastic light scattering38. 

Whilst these studies indicate the likely phase behaviour of bile when it is first secreted into the 

intestine, the above studies were not performed at physiological concentrations and did not consider 

the role of digestion on phase behaviour. The primary aim of the study reported here is to compare the 

structures formed by bile components and digested bile components at concentrations found within 

the intestine. 

This paper presents phase studies of the phospholipid (POPC)-bile salt (GDX)-water and digested 

phospholipid (LPC+OA)-bile salt (GDX)-water ternary systems at physiologically relevant 

concentrations, with the primary focus being on identification of the phase boundary between the 

micellar and vesicular phases. We investigate the solubilisation capacities of the bile salts 

(individually and as a mixture in proportions as found in human bile) which we used  select GDX as a 

representative bile salt for our study. Additionally, we compare the ability of GDX to solubilise POPC 

and dilauroyl phosphatidylcholine (DLPC) and egg lecithin which is a natural mixture of lipids. 
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Figure 2. Structures of 1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphocholine (POPC), 1-palmitoyl-2-

hydroxy-sn-glycerol-3-phosphocoline (LPC), oleic acid (OA) and glycodeoxycholic acid, sodium salt 

(GDX). 

MATERIALS AND METHODS 

MATERIALS 

The phospholipids 1-palmitoyl-2-oleoyl-sn-glycerol-3-phosphocholine (POPC), 1-palmitoyl-2-

hydroxy-sn-glycerol-3-phosphocoline (LPC) and 1, 2-didodecanoyl-sn-glycero-3-phosphocholine 

(DLPC) were obtained from Avanti Polar Lipids Inc. in powder form. Egg lecithin was from Lipoid 

GmbH, Germany. Glycodeoxycholic acid, sodium salt (GDX) was obtained from Calbiochem, oleic 

acid (OA) (> 99% pure), glycocholate (GCH), glycochenodeoxycholate (GCD), taurocholate (TCH), 

taurochenodeoxycholate (TCD), and taurodeoxycholate (TDX) were obtained from Sigma-Aldrich. 

Sodium hydroxide (pellets), sodium phosphate monohydrate and sodium chloride were analytical 

grade. All water used was obtained from a Milli-Q water purification system (Millipore). 

FASTED STATE SIMULATED INTESTINAL FLUID BUFFER  

Fasted state simulated intestinal fluid buffer (FaSSIF buffer) was based on the published composition 

of complete FaSSIF39, minus the phospholipid and bile salt components and thus was composed of: 

0.174 g of NaOH , and 1.977 g of NaH2PO4.H2O and 3.093 g of NaCl in a 500 ml of purified water. 

The pH was adjusted to 6.5 ± 0.02 using 1 M NaOH and 1 M HCl as required. 
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LIPID STOCK SOLUTIONS PREPARATION 

Lipid solutions were prepared using the evaporated film method; 0.175 g of lipid (POPC or LPC+OA) 

was dissolved in 10 ml of methanol and the methanol evaporated within a round bottom flask using a 

rotary evaporator. The resulting lipid film was then dispersed in 6.825g of the aqueous phase FaSSIF 

buffer, generating a 2.5% w/w stock solution. This stock solution was diluted and vortex-mixed for 5 

minutes to prepare 0.25, 0.5, 1.0 1.5, 2.0 and 2.25 % w/w solutions as required. The same method was 

used to prepare 1% w/w solutions of DLPC and egg-lecithin. 

BILE SALT STOCK SOLUTIONS PREPARATION 

The aqueous stock solutions of 2.5% w/w GDX was prepared by dissolving of 0.175 g of GDX into 

6.825 g of FaSSIF buffer. The stock was diluted to give 0.25, 0.5, 1.0, 1.5, 2.0 and 2.25 % w/w 

solutions as required. 

Stock solutions of 1% w/w of GDX, GCH, GCD, TCH, TDX, TCD and a mixture of five most 

abundant bile salts in human bile32 (30% GCH, 29% GCD, 12% TCH, 11% TCD and 9% GDX) 

dissolved in a FaSSIF buffer were also prepared. 

TURBIDITY 

The required volumes of the lipid and bile salt stock solutions were mixed in situ within the individual 

wells of a 96 microwell plate, with the plate and introduced into the nephelometer (see below). The 

delay between mixing of the solution and the first turbidity measurement was recorded 

(approximately 9 to 10 minutes). Turbidity measurements of each plate were repeated every 10 

minutes until the signal value stabilised. All measurements were performed at 37oC and the mean of 3 

data sets was determined for each solution. 

The turbidity of the mixtures, measured in arbitrary nephelometry turbidity units (NTU), was 

monitored using a NEPHLOstar Galaxy microplate nephelometer (BMG Labtechnologies, Germany), 

which measures the turbidity as a function of back scattered light, (not light absorption). The 

nephelometer program settings used were: gain = 70, cycle time = 30 s, measurement time per well = 

0.30 s, positioning delay = 0.5 s. The backscattered laser light (λ = 635 nm) was monitored at an angle 

of 80o. Polystyrene, flat-bottomed 96-microwell plates (NUNC, Thermo Scientific, USA) were used. 

DYNAMIC LIGHT SCATTERING  

A Malvern Zetasizer Nano ZS ZEN3600 (Worcestershire, UK) was used to measure the 

hydrodynamic diameter of particles. Measurements were conducted at 37oC using low-volume 

disposable sizing cuvettes (cell type ZEN0112, Sarstedt, Germany). The backscattered laser light (λ = 

633nm) was monitored at a measurement angle of 173o. The viscosity of the dispersant (water) was 

used as sample viscosity. 

The required volumes of the lipid and bile salt stock solutions were mixed in situ within the individual 

cuvette and then introduced into the nanosizer. Solutions were prepared in the region of the phase 

boundary, previously identified using turbidity measurements. Measurements were carried out one 

day after sample preparation and the average of 6 data sets was taken for each solution. 

Particle size can be determined by measuring the random changes in the intensity of light scattered 

from a mixture or solution40, 41. Using the refractive index of lipid, the instrument generates the 

distribution of volume and numbers of particle sizes from the intensity distribution. In this study, 

since we were interested in determining the phase boundary, we used the intensity distribution to 

analyse our data. The reason the intensity distribution was preferred is that at the phase boundary the 

volume or number of vesicles within the mixture was negligible compared to the volume or number of 
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micellar particles. Hence, there was no visible peak for the volume or number distribution of the 

vesicular particles at the point at which the vesicles first appeared in the system (as the fraction of 

lipid increases). 

RESULTS 

To understand the phase behaviour of phospholipid/bile salt systems and investigate the effects of 

lipid digestion upon this phase behaviour, a simplified model system for undigested and digested 

phospholipids and bile was used. The systems contained of a single bile salt mixed with either a single 

phospholipid or an equimolar combination of lysophospholipid and fatty acid. The structures formed 

were initially investigated using nephelometry (turbidity measurements), a high-throughput method42 

that can readily be performed in 96-well plates and has the potential to distinguish between micellar 

and vesicle phases. The phase boundary experiments were carried out by mixing phospholipids and 

bile salt solutions to make sample sets having constant total lipid content, ranging from 0.25 to 2.5 % 
w/w. As the amount of POPC added to the GDX solutions increased, lamellar aggregation structures 

(i.e. multilamellar vesicles) were formed. The comparatively large size of vesicles caused a strong 

backscattering of the laser light and consequently a high value of turbidity was detected. The turbidity 

of each sample (in arbitrary turbidity units) was plotted against the mass fraction of phospholipid or 

lyso-phospholipid/fatty acid present in the sample. The nephelometry results were cross-validated by 

measuring the particle size using dynamic light scattering (DLS) measurements. The phase boundary 

between micelles and vesicles phases was subsequently located as the point of intersection of lines 

fitted to the two adjoining regions of the turbidity curve. An example of the turbidity curve is shown 

in Figure 3, indicating how the phase boundary was identified.  

 

Figure 3. Determination of micelle/vesicle phase boundary by nephelometry. In a typical 

nephelometry experiment, turbidity is plotted as nephelometry turbidity units (NTU) versus mass 

fraction of total bile salt phospholipid content. Filled and open circles represent micelles and vesicles 

respectively, the dashed lines represent best fit for the micellar and vesicular regions. The phase 

boundary, (PB), shown as dotted vertical lines, indicates the range of mass fraction of lipids around 

the intersection of the two slopes where it was considered to be the phase boundary between the 

mixed micellar and the ‘micelles plus vesicles’ phases. 
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SELECTION OF A REPRESENTATIVE BILE SALT AND LIPID  

One of the objectives of the study was to select a single pure bile salt and pure lipid that could be used 

in phase studies to represent the physiological mixtures found in the human GI tract. The use of 

single, representative compounds is important for parallel computational studies which we are 

undertaking using molecular dynamics which aims to improve our understanding of the atomistic 

behaviour of the system of the phase behaviour of digested and undigested phospholipids, bile salt 

and water. We first examined the solubilisation of phospholipids by different pure bile salts at 

physiologically relevant concentration. 

Figure 4a shows turbidity plots for each of six bile salts mixed in different mass fractions with POPC. 

This illustrates marked differences in the ability of the individual bile salts to solubilise POPC into 

mixed micelle. The experiments were performed so that the total mass of bile salt plus POPC was 

maintained at a constant concentration of 1%w/w in buffer. The mass fraction of POPC (as a fraction of 

bile salt plus POPC), WLipid, is plotted on the horizontal axis. Turbidity is low at low WLipid indicating 

that POPC is solubilised within a mixed micellar phase. As WLipid is increased, turbidity rises 

gradually until a critical point is reached above which the bile salt is unable to solubilise POPC in 

micelles. A phase boundary is crossed above which, micelles exist in equilibrium with lamellar phase 

vesicles. At the critical point, identified by the phase boundary, the turbidity increases sharply due to 

the increased scattering caused by the larger vesicular particles. As WLipid is further increased, the 

turbidity reaches a maximum value, after which it decreases due to the presence of larger 

multilamellar vesicles which tend to sediment during the timecourse of the turbidity measurement. 

The turbidly values in this region cannot be used to identify phase behaviour and for simplicity have 

been omitted from the plotted data. Some examples of the complete turbidity versus WLipid graphs are 

provided in Supplementary Material Figure S1. 

The ability of each pure bile salt to solubilise POPC in micellar form is reflected in the value of WLipid 

at the phase boundary. The two conjugated trihydroxy bile slats, TCH and GCH were poor solublisers 

of POPC, with a substantial increase in the turbidity evident at WLipid < 0.1. Conversely, the glycine-

conjugated dihydroxyl compounds GCD and GDX were able to solubilise the two highest mass 

fractions of POPC.  The taurine-conjugated equivalent compounds, TDC and TDX were poorer 

solubilisers than their glycine-conjugated analogues, but were much better solubilisers than the 

trihydroxyl bile salts. Thus the POPC solubilisation capacity of the bile salts ranked in the following 

order: TCH < GCH < TCD < TDX < GDX < GCD. This order corresponds directly with the 

hydrophobic indices of bile salts reported by Donovan et. al.43. 

In order to determine which single bile salt best represented the phase behaviour of the natural 

mixture found in bile we tested a mixture of the five most abundant bile salts (GCH, GCD, TCH, 

TDX and GDX) combined in the same proportions as found in human bile (by weight: 30% GCH, 

29% GCD, 12% TCH 11% TDX and 9% GDX). This mixture was an effective POPC solubiliser with 

similar solubilisation capacity to the glycine-conjugated dihydroxyl bile salts, GDX and GCD. Either 

of these two bile salts on their own reproduces the solubilisation capacity of a physiologically 

representative mixture of the bile salts, and would both be suitable single component models. As 

GDX is significantly less expensive than GCD, we selected GDX as the model of choice for future 

studies. The ability of GDX to solubilise pure POPC, DLPC or PC from egg lecithin is shown in 

Figure 4b. The latter is a natural mixture of lipids and lipid fragments found in egg yolk, and is 

composed of phosphoric acid, choline, fatty acids, glycerol, glycolipids, triglycerides, and 

phospholipids. The main phospholipid components of egg lecithin are PC (80 %) and PE (11%)44, 45. 

POPC is the most abundant PC and egg lecithin has been extensively used as a model compound for 

representation of natural PC mixtures46, 47 and mixtures of phospholipids in different phase studies35, 38, 

43, 48. The turbidity curves for the three phospholipids showed that the phase behaviour of POPC and 

egg lecithin when mixed with GDX were very similar. However, the shorter chain-length, saturated 



9 

 

lipid DLPC was significantly better solubilised by the bile salt. This indicated that POPC was a good 

choice as a model of mixed phospholipids. Therefore, we decided to focus future studies on the GDX: 

POPC system, and its digested equivalent, GDX:LPC:OA (Figure 2). It should be noted that in vitro 

digestion models used during lipid formulation performance evaluation typically utilize TDX as the 

model bile salt25, 49, 50. Given that the results of the present study show that TDX and GDX show only 

marginal differences in PL solubilisation (Figure 5a), it is unlikely that formulation performance will 

change dramatically on using either of these two dihydroxyl bile salts. This statement and our 

decision to select a dihydroxyl bile salt is supported by previous work by Williams et. al.25, which 

report similar digestion rate and extent of lipid formulations in the presence of TDX or a bile mixture 

(mimicking the typical bile salt secretion in the bovine and human gall bladder), but not when using 

only a trihydroxyl bile salt (TCH). 

 

Figure 4. Solubilisation of phospholipids by bile salts examined using nephelometry. Measurements 

were made at a constant total concentration of bile salt plus phospholipid (1 % w/w). The X-axis shows 

the mass fraction of total bile salt phospholipid content. (a) A comparison of the ability of six 

different bile salts (GCH, GDC, TCH, TDX, GDX and TDC) to maintain the phospholipid POPC in 
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micellar phase (low turbidity). A mixture of the five most common bile salts present in human bile in 

the appropriate physiological molar ratio is also compared (Top 5). (b) Comparison of the ability of 

GDX to solubilise the phospholipids POPC, DLPC and egg lecithin. 

PHASE BEHAVIOUR OF BILE SALT: LIPID MIXTURES 

In this study we were interested in identifying the point beyond which POPC can no longer be 

solubilised into a mixed micellar phase, i.e. the phase boundary between micellar solution and the 

region in which micelles exist in equilibrium with vesicular phases. In particular we were interested in 

comparing the ternary phase diagrams of the GDX/POPC/buffer system with the GDX/digested 

POPC (i.e. equimolar LPC+OA)/buffer system, within the concentration region relevant to 

physiological conditions. The later digestion system contained equimolar concentrations of LPC and 

OA (to reflect the presence of fatty acid liberated from PC on digestion to LPC).  

Figure 5 presents the turbidity data for these systems as a function of WLipid. Figure 5a shows the 

GDX/POPC/buffer system, at seven different total concentrations of POPC and GDX (0.25, 0.5, 1.0, 

1.5, 2.0, 2.25, and 2.5 % w/w). This plot indicates that a significant increase in turbidity occurred with 

increased POPC mass fraction in the range of WPOPC 0.27-0.31 for 1 to 2.5 % w/w POPC +GDX and 

WPOPC = 0.45-0.54 for 0.25 and 0.5 w/w POPC+GDX. As above, this discontinuity marked by a 

significant increase in turbidity identifies the phase boundary. 

A similar data set, but this time employing digested phospholipid plus oleic acid, to represent digested 

biliary lipid, is presented in Figure 5b. A similar profile was evident, but in this case the solubilisation 

properties were markedly different and the solubilisation capacity for digested phospholipid was 

significantly higher, especially at higher lipid concentrations. WLPC+OA = 0.49-0.55 for all total 

concentrations of GDX + (equimolar LPC+OA) from 0.25 to 2.5% w/w. 
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Figure 5. Turbidity of ternary systems as a function of phospholipid mass fraction (WPOPC and 

WLPC+OA) showing the solubilisation of POPC and digested POPC (LPC+OA) by GDX at varying 

total lipid concentrations between 0.25 and 2.5 % w/w. (a) POPC/GDX/buffer (b) 

LPC+OA/GDX/buffer. 

PARTICLE SIZE MEASUREMENT OF GDX/POPC AND GDX/(LPC+OA) MIXTURES 

Further evidence of the existences of a phase boundary between micellar and (micellar plus vesicular) 

phases of the ternary systems was obtained by particle sizing. Figure 6 presents dynamic light 

scattering (DLS) results, for 1.5 and 2.5 % w/w total concentrations of GDX/POPC and 

GDX/(LPC+OA). At low WLipid for both undigested and digested lipids the particle size data indicated 

the hydrodynamic diameter of the mixed micelles; as shown in Tables 1 and 2. For mass fractions of 

lipid in the range WPOPC = 0.0 - 3.0 and WLPC+OA = 0.0 - 0.4, the particle size was found to be 3-12 nm 

in diameter, increasing gradually with WLipid. At higher values of WLipid a second population of 

particles in the range 300-700 nm was evident, indicating that the size distribution had become 

biphasic, and that vesicles were now present. The emergence of large particles occurred in the range 
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of WPOPC = 0.30 - 0.35 and 0.29 - 0.30 at total concentrations of 1.5 and 2.5 % w/w, respectively. The 

same significant increase in particle size is observed for the digested POPC in the range of WLPC+OA = 

0.45-0.55 for both 1.5 and 2.5% w/w total concentrations of LPC+OA/GDX. This estimate of the phase 

boundary was in agreement with the estimate obtained by nephelometry. The presence of the large 

error bars found in the case of the particle size of the vesicles was due to the mixtures being formed 

by simple agitation. More vigorous agitation or sonication would result in a more reproducible 

particle size. However, we did not attempt to homogenise the mixtures, or attach any significance to 

the vesicle diameter. The focus of the work was to identify the point at which vesicles appear, rather 

than draw any conclusions from the absolute particle size. 

Table 1 Summary of the result of particle size (hydrodynamic diameter, Dh) measurement of 1.5% w/w 

total concentration of lipid and bile salt  

WPOPC 

Particle Size, nm 

(Average Dh) WLPC+OA 

Particle Size, nm 

(Average Dh) 

Micelle Vesicle Micelle Vesicle 

0.000 4.8 NA 0.233 5.1 NA 

0.166 4.9 NA 0.333 6.0 NA 

0.233 6.9 NA 0.366 5.0 NA 

0.266 7.4 NA 0.400 5.1 NA 

0.333 7.4 322.0 0.466 5.7 511.7 

0.366 9.3 287.0 0.500 5.7 427.4 

0.400 10.3 549.9 0.533 6.8 365.1 

0.433 12.0 592.3 0.566 8.5 556.0 

 

Table 2 Summary of the result of particle size (hydrodynamic diameter, Dh) measurement of 2.5% w/w 

total concentration of lipid and bile salt  

WPOPC 

Particle Size, nm 

(Average Dh) WLPC+OA 

Particle Size, nm 

(Average Dh) 

Micelle Vesicle Micelle Vesicle 

0.000 3.0 NA 0.232 4.3 NA 

0.199 4.0 NA 0.265 4.1 NA 

0.232 4.6 NA 0.298 4.0 NA 
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0.265 4.8 NA 0.332 4.8 NA 

0.282 5.5 409.3 0.432 4.9 526.1 

0.298 5.6 725.7 0.465 6.6 617.1 

0.315 4.7 404.6 0.498 7.1 583.9 

 

To allow comparison with the turbidity results, the turbidity data at 1.5 and 2.5 % w/w total lipid 

concentration is included in Figure 6. The appearance of significantly larger particles corresponds to 

the discontinuity in turbidity, giving confidence that our estimate of the phase boundary from turbidity 

data is justified. The DLS experiments determined that the undigested POPC and digested POPC (see 

Figure 6 a/c and b/d) transition from micellar to vesicular at WPOPC=0.3 and WLPC+OA=0.5 respectively. 

Therefore, the undigested phospholipid is less easily solubilised by the bile salt than the digested 

phospholipid, and a lower WPOPC is required to induce the appearance of vesicles. 

 

 

Figure 6. Particle size measurement by DLS versus weight fraction of lipid for mixtures of POPC or 

LPC+OA with GDX/water (Left axis ●) and corresponding turbidity measurements from 

nephelometry (Right axis, ○) (a) 1.5 % w/w POPC/GDX, (b) 1.5 % w/w LPC+OA/GDX, (c) 2.5 % w/w 

POPC/GDX and (d) LPC+OA/GDX 2.5 % w/w. The dashed lines represent best fit of the micellar and 

vesicular components of the turbidity data. 
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Figure 7. Ternary phase diagrams showing the phase behaviour at each composition investigated and 

the phase boundaries, (a) POPC/GDX/water, (b) LPC+OA/GDX/water. Filled symbols represent 

composition comprising micelles only and open symbols represent compositions where vesicles are 

present, with or without mixed micelles. Symbol colour and shape match with the turbidity curves 

shown in Figure 3. Crossed squares mark the phase boundaries calculated form turbidity curves using 

regression analysis. The dotted line indicates the predicted phase boundary of the system. The upper 

right and bottom left stars (), indicated by the labels, represent the compositions of FeSSIF* and 

FaSSIF*39 respectively. (*Note: FeSSIF and FaSSIF media contains NaTCH, whereas NaGDX is used 

in the diagram.) 

DISCUSSION 

The nature of the colloidal association structures present in the GIT is important in relation to 

digestion and absorption of dietary lipids, and the solubilisation of PWSD in the intestine13, 18. It is 

generally accepted that solubilisation in mixed micelles and vesicles can significantly enhance 

bioavailability of PWSD and is largely responsible for the positive food effect commonly observed 

with lipophilic drugs16, 51. Despite the importance of the association structures formed by bile 

components and digestion products, there is a limited literature on how lipid delivery systems, which 

often include digestible lipids and surfactants, are incorporated into mixed micelles and vesicles. It 

has been reported that vesicles can have a higher solubilisation capacity for PWSD than mixed 

micelles. Thus one would expect that the transitions between micellar and vesicular phases would 

have a significant effect on bioavailability, and that the influence of the delivery system on which 

phases are present in the intestine could be an important determinant of intestinal drug absorption18. It 

follows that it may be possible to optimize the design of lipid-based delivery systems to provide 

favorable association structures, depending on the preference of the drug for micelles or vesicles16. 

The complexity of the gut contents during digestion of different types of food would make it difficult 

to predict the precise nature of the gut contents, or indeed the influence that the excipients present in 

delivery system might have on this complex milieu. However, it is important to note that the 

bioavailability of PWSD administered with or after food is often higher than the fasted state. It is the 

bioavailability of the drug administered to a fasted state which is of primary interest to formulators of 

lipid-based delivery systems (LBDDS) since this represents a more challenging absorption 

environment for PWSD. The main objective of LBDDS is to achieve equivalent bioavailability in the 

fasted state, when the delivery system may have a critical role in the outcome, and the association 

structures in the intestine are more likely to be predictable. Hence we have embarked on a series of 

studies to improve the understanding of these association structures, and here we report on the 

structures formed by bile components before and after phospholipid digestion. 

Figure 1 indicates that digestion of phospholipids after secretion into the duodenum will be rapid and 

suggests that the properties of mixed micelles of digested bile are of more significance than bile 

salt/phospholipid micelles. We show in this paper that the phase behavior changes significantly after 

digestion. This is likely to be of physiological significance and may be important in relation to drug 

solubilisation. 

Dilute solutions of GDX in buffer are transparent micellar solutions, the micellar structures being less 

than 10 nm in diameter resulting in weak scattering of visible light. In contrast, vesicular suspensions 

of POPC or (LPC+OA) in the absence of GDX are of dimensions typical of multilamellar liposomes, 

in the range 100-1000 nm (unless high energy homogenization is used to reduce their size). These are 

turbid suspensions that cause extensive scattering of visible wavelengths of light. The addition of bile 

salt to the vesicular phase of phospholipids produces a less turbid solution and, if sufficient bile salt is 
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added, can completely solubilize the vesicles forming mixed micelles35, 52. The investigation of lipids-

bile salt-water system in this study shows where the phase boundary lies, beyond which the lipids 

exists at least partly in vesicular form. As WLipid increases towards unity, a second phase boundary 

would be expected, beyond which all of the GDX is incorporated in vesicular structures. We were 

unable to identify that phase boundary in the current study, though this is not of direct interest since 

the molar ratios present in the intestine are likely to lie closer to the former phase boundary. The early 

studies of Small et. al indicated, in studies of lecithin-bile salt-water and lecithin-bile salt-cholesterol 

in aqueous media, that isotropic micellar solutions are formed at lower concentration of lecithin in the 

presence of mixture of bile salts and in the presence of only sodium cholate. Increasing the lecithin 

concentration in both cases resulted in a mixture of a paracrystalline phase dispersed as myelin forms 

and mixed micelles35, 48. In a study of temperature and concentration dependent lecithin-water systems 

conducted by Luzzati et. al. mostly lamellar phase was observed for the systems under the melting 

temperature of lecithin, whereas crystalline phase was observed for the dry lecithin system53. Shipley 

et al indicated in their study of the interaction of cholesterol esters with phospholipids that hydrated 

dimyristoyl lecithin forms a lamellar liquid-crystalline phase at temperatures beyond 23oC54. Our 

studies of GDX and POPC or digested POPC are consistent with the above studies, and provide more 

detail of the phase behaviour of dilute systems. POPC is below its melting temperature under the 

experimental conditions described here and therefore would be expected to form lamellar liquid 

crystalline vesicles. 

As indicated on the phase diagrams in Figure 7, the key finding of this study is that there is a 

significant shift in the phase boundary towards higher WLipid after digestion of the phospholipid, 

indicating the increased ability of the bile salt to solubilise these digested lipid species. This trend 

occurred at all concentrations studied, representative of the range of bile concentrations in the 

intestine. This observation implies that as bile leaves the gall bladder and enters the intestine, its rapid 

digestion induces a phase transition from lamellar into micellar form, which may facilitate more rapid 

solubilisation of lipid digestion products, from the surface of droplets of dietary fat. A more rapid and 

potent solubilizing system is useful for the role of bile in the intestine but could be potentially 

damaging to the epithelial cell membranes of the gall bladder. Thus we hypothesise that sequestration 

of bile salts in vesicular form by phospholipids is protective and necessary for storage in the gall 

bladder, but more effective solubilisation capacity is released by immediate digestion after secretion 

into the intestine. Future work in this field now needs to focus on the association structures that form 

once digested bile makes contact with LBDDS, before and after their digestion. This will be evaluated 

in our investigation of the same systems at atomistic details using molecular dynamics simulation 

methods. 

CONCLUSIONS 

Many drug absorption studies13, 18, 55-57 shows that the phase behaviour of the small intestine 

influences the absorption of PWSD candidates. In this study, it is shown that the environment of the 

small intestine varies depending on the phospholipid and bile salt concentrations. Additionally, there 

is a clear distinction between undigested and digested phospholipids in the transition of colloidal 

phases form micelles to vesicles. The results presented also support previous studies that indicate the 

positive effect of food in the absorption process of PWSD candidates58, 59. The phase behaviour of bile 

salt and undigested and digested phospholipids conducted here provides an improved understanding 

of the environment of the small intestine in relation to the absorption of PWSDs. Future studies will 

be conducted to assess the impact of bile dilution as well as the presence of exogenous lipid digestion 

products in the absorption process of PWSD candidates. 



17 

 

ASSOCIATED CONTENT 

SUPPORTING INFORMATION 

An additional figure which shows complete solubilisation plot of POPC and digested POPC 
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