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Abstract 

Hypotheses. Bile salts (BS) are biosurfactants released into the small intestine, which play key 

and contrasting roles in lipid digestion: they adsorb at interfaces and promote the adsorption 

of digestive enzymes onto fat droplets, while they also remove lipolysis products from that 

interface, solubilising them into mixed micelles. Small architectural variations on their 

chemical structure, specifically their bile acid moiety, are hypothesised to underlie these 

conflicting functionalities, which should be reflected in different aggregation and 

solubilisation behaviour.  

Experiments. The micellisation of two BS, sodium taurocholate (NaTC) and sodium 

taurodeoxycholate (NaTDC), which differ by one hydroxyl group on the bile acid moiety, was 

assessed by pyrene fluorescence spectroscopy, and the morphology of aggregates formed in 

the absence and presence of fatty acids (FA) and monoacylglycerols (MAG) – typical lipolysis 

products – were resolved by small-angle X-ray/neutron scattering (SAXS, SANS) and molecular 

dynamics simulations. The solubilisation by BS of triacylglycerol-incorporating liposomes – 

mimicking ingested lipids – was studied by neutron reflectometry and SANS. 

Findings. Our results demonstrate that BS micelles exhibit an ellipsoidal shape. NaTDC displays 

a lower critical micellar concentration and forms larger and more spherical aggregates than 

NaTC. Similar observations were made for BS micelles mixed with FA and MAG. Structural 

studies with liposomes show that the addition of BS induces their solubilisation into mixed 

micelles, with NaTDC displaying a higher solubilising capacity. 

Keywords 

Bile salts; lipid digestion; bulk aggregation properties; lipolysis products; liposomes; small-

angle scattering 

  



Graphical abstract 

Bile salts molecular structure has an impact on their aggregation and solubilisation behaviours
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Introduction 

Understanding the process of lipid digestion, specifically, elucidating the origin of the 

contrasting roles of bile salts (BS) in this process, is critical towards developing new food 

formulations regulating calorie uptake, and addressing the current obesity crisis. The 

prevalence of obesity worldwide has nearly tripled since 1975, and currently at least 2.8 

million people die each year as a result of being either overweight or obese [1]. 

BS are biosurfactants produced in the liver, stored in the gall bladder and secreted into 

the duodenum (small intestine) [2], which carry out two fundamental functions in fat (lipid) 

digestion and absorption [3,4]. Firstly, they promote enzyme binding to the lipid 

droplet/water interface, thus allowing enzyme-catalysed lipolysis [5–8]; secondly, they 

promote the desorption of enzyme-inhibiting insoluble lipolysis products (diacylglycerols 

(DAG), monoacylglycerols (MAG) and free fatty acids (FFA)) accumulating at the interface, by 

incorporating them into mixed micelles and transporting them to the gut mucosa for 

absorption [2,9,10], in addition to effectively displacing food-stabilising proteins adsorbed on 

fat droplets surfaces [11,12]. While the role of BS on lipid digestion and absorption is 

indisputable, their mechanism of action still needs to be unlocked. Recent investigations 

carried out at the air/water interface, either bare [13,14] or stabilised by a phospholipid [14] 

or a polysaccharide [15] film, and on a hydrophobic surface [16] have suggested that BS 

distinct functions during lipolysis arise from their architectural diversity, in particular the very 

small variations (i.e., the position and number of hydroxyl groups) on their bile acid portion. 

Characterising BS behaviour in solution and the impact of their molecular structure is 

therefore key to establishing the source of their different functionalities in the gut. 

BS are unconventional surface-active materials made up of a short and flexible ionic 

chain linked to a rigid and slightly curved steroid skeleton (the hydrophobic “tail”), which 

contains weakly separated hydrophilic (hydroxyl groups) and hydrophobic (methyl groups) 

faces [17]. This unusual planar polarity enables them to self-assemble in solution into micelles, 

whose mechanism of formation and structure are still under debate, despite extensive 

investigations [18,19]. Two models, both involving the hydrophobic effect and intermolecular 

hydrogen bonding, have been proposed to describe their self-organisation process: (i) a two-

step mechanism, whereby primary, small micelles form, and subsequently associate with each 

other into secondary, larger micelles [20,21]; (ii) a continuous self-association process, 



following which aggregates grow in size upon the addition of unimers [22,23]. These models 

result in various shapes and sizes for BS micelles, from globular [23–29] and rod-like [24,30–

34], to disc-shaped [35] and helical [36–38] structures. These discrepancies across the existing 

body of literature call for further structural characterisations to provide a clear molecular-

level picture of BS complex aggregates and thus better understand BS physicochemical 

properties and biological roles. 

BS are also known to solubilise molecules formed during the lipolysis process in the 

small intestine: the products of phospholipid, galactolipid and triacylglycerol (TAG) hydrolysis, 

such as MAG and FFA. These mixtures give rise to a range of phases, depending on the 

composition of the lipid/BS/water systems [39–41]. In this study, the area of interest is the 

region of high-water content, which reflects the actual duodenal composition, where lipids 

and BS are highly diluted in the gastrointestinal tract. While the phase diagram of some highly 

hydrated lipid/BS system has been established [42–44], showing the presence of mixed 

vesicles, mixed micelles and the coexistence of both phases [40,45,46], the dependence of the 

mechanism of vesicle/micelle transition on BS type and concentration, and the effect of 

temperature, remain largely unknown. A range of structural studies have been carried out 

mainly with the aim of assessing the effect of dilution on lipid/BS mixed micelles and 

demonstrated a micelle-to-vesicle transition, driven by the differences in the solubility and 

spontaneous curvature of BS and lipids [47–50]. Upon dilution, BS molecules tend to leave the 

lipid/BS mixed micelles to maintain their bulk unimer concentration; since lipids display a 

lower spontaneous curvature than BS, the resulting increase in lipid/BS molar ratio in the 

micelles has been subsequently shown to induce a globular-to-cylindrical shape transition in 

a range of lipid/BS mixtures. Based on small-angle neutron scattering (SANS) measurements, 

a common cylindrical structure has been suggested for the aggregates of the lipophilic 

components (such as phospholipids [51] and MAG [50]), with the lipids being inserted radially 

and the BS lying flat between the lipid head groups, with their hydrophilic part facing the 

aqueous solvent. In lecithin/BS systems for instance, SANS data suggest that BS are mainly 

located in the end caps of the cylinder [52]. As soon as the amount of BS molecules is no longer 

sufficient to maintain the cylindrical body, the mixed aggregates transform into BS-

incorporating lipid vesicles. The same effect (i.e., micelle elongation, followed by vesicle 

formation) is observed upon increasing the lipid/BS molar ratio [53]. Some work has also been 

reported on the vesicle-to-micelle reverse pathway occurring upon solubilisation of lipid 



vesicles into mixed micelles by BS, which we examine in this study, and the same (but reverse) 

sequence of structures was observed upon addition of increasing amounts of BS to liposomes 

[42,54–56]. This ability of BS to induce micellar solubilisation, which is a crucial step in the 

transportation of nutrients towards the gut mucosa, where they are absorbed [9], arises from 

their amphiphilic character. While the transitions between these different aggregate 

structures have been reported, there is still a lack of structural studies, in particular on the 

impact of BS structural diversity, their localisation in the aggregates and their lipid-

solubilisation capacity. 

This work reports a structural investigation of the micellisation of two selected BS, 

sodium taurocholate (NaTC) and sodium taurodeoxycholate (NaTDC) (Figure 1), on their own, 

and in the presence of typical products of TAG lipolysis, namely: fatty acids (FA) and 

monoacylglycerols (MAG). These two BS were selected because they are known to exhibit 

contrasting adsorption/desorption dynamics at interfaces, possibly holding a key to their 

contrasting roles in lipid digestion [14,15], a hypothesis we explore here by focusing on the 

bulk aggregation behaviour. Following the structural characterisation of BS neat and mixed 

micelles, we investigate the outcome of their interaction with lipid vesicles, made up of 1,2-

dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) (Figure S1A) and TAG (the major type of 

dietary fats). Liposomes are used here as a mimic of colloidal structures found in the 

gastrointestinal tract, in order to compare the solubilising capacity of the two BS, which builds 

on our previous interfacial studies with monolayers of DPPC [14]. We employ an array of 

complementary techniques to examine the morphology of BS neat and mixed micelles: small-

angle neutron and X-ray scattering (SANS, SAXS), neutron reflectometry (NR) and atomistic 

molecular dynamics (MD) simulations. In this study, caprylic (C8:0) and oleic (C18:1) acids 

were employed as FA, monocaprylin (C8:0) and monoolein (C18:1) as MAG, and tricaprylin 

(C8:0) and triolein (C18:1) as TAG (Figure S2), to evaluate the effect of both chain length and 

saturation on the structures formed.  



Experimental section 

Materials 

NaTC (P97.0% TLC) (Figure 1), NaTDC (P95.0% TLC) (Figure 1), pyrene (puriss. p.a., for 

fluorescence, P99.0% GC), caprylic acid (C8:0 FA, P99.0%) (Figure S2), oleic acid (C18:1 FA, 

P99.0% GC) (Figure S2), monocaprylin (C8:0 MAG, P99.0%) (Figure S2), monoolein (C18:1 

MAG, P99.0%) (Figure S2), sodium chloride (NaCl, P99.8%), tricaprylin (C8:0 TAG, P99.0%) 

(Figure S2), triolein (C18:1 TAG, P99.0%) (Figure S2), ethanol (EtOH, P99.8% GC) and acetone 

(AcOH, P99.5%) were all purchased from Sigma-Aldrich (Gillingham, UK). DPPC (Figure S1A) 

and 1,2-dipalmitoyl-d62-sn-glycero-3-phosphocholine (d62-DPPC) (Figure S1B) were purchased 

from Avanti Polar Lipids, Inc. (Alabaster, AL, USA), and chloroform (CHCl3) from Fisher 

Scientific (Loughborough, UK). Ultrapure water, or MilliQ-grade water (H2O, 18.2 MΩ·cm, 

Merck Millipore, Molsheim, France), was used in all experiments, except for the SANS 

measurements, where deuterium oxide (D2O, P99.9%), provided by Euriso-top SAS (St. Aubin, 

France), was employed, and for NR experiments, where both D2O and silicon-matched water 

(SiMW, 38% D2O / 62% H2O by volume) were used. All reagents were used as supplied. 

 

Figure 1: Structures of sodium taurocholate (NaTC) and sodium taurodeoxycholate (NaTDC). The same colour-coding for 

the two BS is used in some of the figures.  

Methods 

1. Pyrene fluorescence spectroscopy 

The critical micellar concentrations (CMC) of NaTC and NaTDC were determined by 

fluorescence spectroscopy, using pyrene as a probe. This method is based on the dependence 

of pyrene fluorescence intensity on the environment polarity [57]. In the absence of micelles 

(below the CMC), pyrene is surrounded by polar molecules of water and the ratio of the third 
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to the first vibrational peaks (FIII/FI, with FIII/FI = IIII/II, where II and IIII are the intensities at 

wavelengths of 373 and 383 nm, respectively) is low. Above the CMC, pyrene partitions into 

the micelles and FIII/FI increases because of the less polar environment. 

Pyrene fluorescence emission (0.5 µM of pyrene in solutions of BS) was measured on a Cary 

Eclipse fluorescence spectrophotometer (Agilent Technologies UK Ltd, Stockport, UK), using 

114F-QS quartz cells (Hellma Analytics, Müllheim, Germany), with excitation at 310 nm, both 

at 23 and 37°C. The Flll/Fl intensity ratio was fitted using the following equation: 

FIII/FI = 𝐹! +	 "	.		%&!"#

"	.		'$	['(]	.		+	.		,-!"#
      (1) 

where F0 is the fluorescence emission intensity of pyrene in water, Fmax the maximum 

fluorescence emission intensity of pyrene in the micellar aggregates, DFmax = Fmax – F0 the 

maximum change in FIII/FI, and K and c two constants [58]. F0 and Fmax were determined 

experimentally. DFmax characterises the polarity of the environment probed by pyrene: the 

higher this parameter, the higher the hydrophobicity. The fluorescence from BS was 

subtracted from the measurements. The CMC is taken here as the concentration value at 

which FIII/FI starts to level off. 

2. Neutron reflectometry 

Neutron reflectometry (NR) measurements were performed on the INTER time-of-flight 

neutron reflectometer at ISIS pulsed neutron source (STFC Rutherford Appleton Laboratory, 

Didcot, UK) [59]. Details of the instrument configuration are provided in Supporting 

Information and sample preparation in this section. 

DPPC/TAG liposomes preparation. Chain-deuterated lipids (d62-DPPC) were dissolved in 

CHCl3, with or without C8:0 (tricaprylin) or C18:1 (triolein) TAG. The organic solvent was then 

removed by using a rotavapor (at 474 mPa, at 40°C) and placing the samples under vacuum 

overnight (at 10 mPa, at 50°C). The solubility limit of each TAG in DPPC vesicles is around 14% 

for tricaprylin [60,61] and 3% for triolein [60,62,63]; therefore, TAG concentrations of, 

respectively, 12% and 2% (slightly below the threshold values) were employed. The dried lipid 

film was dispersed into degassed D2O at a DPPC concentration of 2 mg/mL, and then vortex-

mixed for 15 minutes. Thereafter, the hydrated lipid suspension was subjected to 5 cycles of 

3-minute freezing (in liquid nitrogen) and 3-minute thawing, before tip-sonicating the 



aqueous solution at a frequency of 20 kHz and amplitude of 30% (alternating between 2 

seconds of pulse and 3 seconds of pause) for 30 minutes (SONOPULS HD 3100 ultrasonic 

homogeniser, microtip model: MS 73, BANDELIN electronic GmbH & Co. KG, Berlin, Germany), 

and centrifuging it at 11,000 rpm for 30 minutes, to remove titanium fragments. The liposome 

dispersion was finally extruded 11 times through 50 nm-pore size polycarbonate membranes 

(Avanti Mini-Extruder, Avanti Polar Lipids, Inc., Alabaster, AL, USA). The hydration and 

extrusion procedures were carried out at 50°C ± 2, well above the temperature of the main 

gel-to-fluid phase transition of d62-DPPC (Td62-DPPC phase transition ≈ 37°C, which is around 3°C lower 

than TDPPC phase transition) [64,65]. The phase transition temperatures of tricaprylin-incorporating 

(DPPC/TC) and triolein-incorporating (DPPC/TO) DPPC vesicles were preliminarily determined 

by micro-differential scanning calorimetry and were found to be lower than for DPPC (TDPPC/TC 

phase transition = 38.0 ± 1.0°C and TDPPC/TO phase transition = 39.4 ± 0.3°C vs. TDPPC phase transition = 40.2 ± 

0.4°C) (Figure S3). 

Solid-supported lipid bilayer (SLB) formation. Lipid bilayers were deposited onto silicon 

substrates (80 x 50 cm2 surface) that were previously enclosed in laminar flow solid/liquid 

cells. The protocol for the deposition of SLB by vesicle fusion was defined with a quartz-crystal 

microbalance with dissipation monitoring (more detail in Supporting Information, Figure S4). 

Prior to any measurement, the flow cells were thoroughly cleaned through bath sonication in 

EtOH, and the silicon blocks in CHCl3, AcOH and EtOH, sequentially, before rinsing both 

extensively with ultrapure water and drying them under nitrogen. The silicon substrates were 

then treated by UV/Ozone to further remove organic impurities and have more hydrophilic 

surfaces. Once assembled, the cells were prefilled with degassed D2O for alignment and pre-

characterisation purposes. The solid/liquid cells were connected to a liquid chromatography 

pump, which allowed for easy exchange of the buffer solutions. 

Liposomes were injected by hand into the flow cells at a temperature of 50°C ± 2 (well above 

Td62-DPPC phase transition ≈ 37°C [64,65]). Salt (0.5 M NaCl) was then flushed into the solid/liquid 

cells, to induce, by osmotic shock, the rupture and fusion of surface-adsorbed lipid vesicles 

and, ultimately, bilayer formation. Finally, the chamber was rinsed with D2O to remove the 

liposomes remaining intact on the solid surface and in the bulk phase. 

Three aqueous phases differing by their D2O/H2O ratio were used to vary the neutron contrast: 

pure D2O, pure H2O and 38% D2O / 62% H2O (V/V) corresponding to SiMW (silicon-matched 



water), with a scattering length density (SLD) of 2.07×10-6 Å-2 matching the silicon substrate, 

combined to different bilayers compositions (d62-DPPC, d62-DPPC/TC or d62-DPPC/TO) (Table 

1). Prior to any measurement, the bare silicon substrates were characterised in D2O and H2O. 

Details on the analysis of the reflectivity data are given in Supporting Information. 

Table 1: Calculated neutron SLD of each component (see also Supporting Information) 

Component Neutron SLD (×106) (Å-2) 

Solid substrate 
Silicon (Si) 2.07 

Silicon oxide (SiOx) 3.41 

d62-DPPC 
d62-tails 6.71 

h18-head group 1.88a 

DPPC h80-DPPC 0.25 

Aqueous phase 

D2O 6.33 

SiMW 2.07 

H2O -0.56 

BS 
NaTC 0.95b 

NaTDC 0.90 b 

FA 
Caprylic acid (C8:0) 0.19c 

Oleic acid (C18:1) 0.08c 

MAG 
Monocaprylin (C8:0) 0.35c 

Monoolein (C18:1) 0.20c 

TAG 
Tricaprylin (C8:0) 0.33c 

Triolein (C18:1) 0.15c 
a The SLD value reported for the head group does not include any contribution from water hydration. 

b The SLD of each BS was calculated using the following molecular volume (vm) values: vm NaTC = 0.680 nm3 [66], vm NaTDC = 0.658 

nm3 [33]. 

c The SLD of each FA, MAG and TAG was calculated using their mass density value: while the density of both FA and TAG was 

known (0.91 for C8:0 FA, 0.89 for C18:1 FA, 0.96 for C8:0 TAG and 0.91 for C18:1 TAG), the density of both MAG was assumed 

to be of similar value to that of FA and was fixed at 0.90 for the calculation of the SLD. 

3. Small-angle X-ray and neutron scattering 

Small-angle X-ray scattering (SAXS). SAXS measurements were performed on the high 

brilliance ID02 beamline, at the European Synchrotron Radiation Facility (ESRF, Grenoble, 

France) [67], using a 2-mm-inner diameter flow-through quartz capillary, thermostated by a 

Peltier module. Details of the instrument configuration are provided in Supporting 

Information. 

Small-angle neutron scattering (SANS). SANS measurements were performed on the SANS2D 

time-of-flight instrument, at ISIS pulsed neutron source (STFC Rutherford Appleton 

Laboratory, Didcot, UK) [68] (for BS micelles and mixed micelles), and on the D33 



spectrometer, at the Institut Laue-Langevin (ILL, Grenoble, France) [69] (for BS micelles and 

TAG-incorporating liposomes), using 1 mm path-length quartz cells (Hellma Analytics, 

Müllheim, Germany) thermostated with a circulating water bath. Details of the instrument 

configuration are provided in Supporting Information. 

BS micelles. SAXS and SANS measurements were carried out on a range of BS aqueous 

solutions (2 - 200 mM) at 25°C, using ID02 and SANS2D, and at 37°C, using D33. The solutions 

of BS were prepared with and without salt (0.15 M NaCl), in either H2O (SAXS) or D2O (SANS) 

(Table 1; calculated electron SLD of H2O: 9.47×10-6 Å-2, NaTC: 12.05×10-6 Å-2, NaTDC: 12.16×10-

6 Å-2 (for further detail on the SLD calculation method, see Supporting Information)). 

Mixed micelles. BS/FA and BS/MAG mixed micelles were prepared by vortex-mixing, followed 

by sonication with a probe sonicator for 30 s. Based on solubility tests (data not shown), FA 

(caprylic acid (C8:0) and oleic acid (C18:1)) and MAG (monocaprylin (C8:0) and monoolein 

(C18:1)) were employed at concentrations both close to and far from their solubility limit in 

BS micelles, which was higher for NaTDC (from 0.10 to 1.50% w/w) (Table S1). Each mixed 

micelle (BS/FA and BS/MAG) comprised 100 mM BS (well above BS CMC), to maximise the 

scattering. All micelles were prepared with and without salt (0.15 M NaCl) in D2O and 

measured at 25°C by SANS (SANS2D). 

Solubilisation of lipid vesicles into mixed micelles. The liposomes described in the previous 

section (DPPC, DPPC/TC and DPPC/TO), prepared with hydrogenated lipids (DPPC), were 

mixed with varying amounts of BS aqueous solutions, with at least 12 hours of equilibration 

before measurements. All samples were made in D2O and were measured by SANS, at 25 and 

37°C (D33). 

Details on the data modelling are provided in Supporting Information. 

4. Molecular dynamics simulations 

All-atom molecular dynamics (MD) simulations were carried out to investigate the molecular-

scale mechanisms governing the self-assembly of NaTC and NaTDC in a 0.15 M NaCl aqueous 

solution. Three different concentrations (10, 20 and 50 mM) were employed for each BS. Table 

2 summarises the number of BS, water, sodium cations (Na+) and chlorine anions (Cl-) included 



in each of the six simulated systems. The number of BS was chosen so that the number of BS 

molecules in the simulation is at least twice the average aggregation number (Nagg) 

determined from the experimental investigations. 

Table 2: Number of BS, water, Na+ and Cl- in each simulated system. 

BS type [BS] (mM) # BS # Water # Na+ # Cl- 

NaTC 
10 12 62709 190 178 

20 25 64461 208 183 

50 25 25009 96 71 

NaTDC 
10 12 62717 190 178 

20 25 64811 208 183 

50 25 25433 96 71 

Each of these systems was initially built with the BS molecules and the salt ions randomly 

distributed in the simulation box using the CHARMM-GUI multicomponent assembler. After 

the initial systems were assembled, the same simulation protocol was followed for each 

system. First, a steepest descent energy minimisation was performed on each of the systems 

using a maximum of 5000 minimisation steps and an energy tolerance of 1000 kJ/mol. Then 

the minimised configurations were equilibrated at 303.15 K using the constant number, 

volume and temperature (NPT) ensemble, in which the Nosé-Hoover thermostat [70,71] was 

applied, for 25 ps. Finally, a production simulation was carried out for 150 ns at 300 K using 

the NPT ensemble with the Nosé-Hoover thermostat at 303.15 K and the Parrinello-Rahman 

barostat [72] at 1 bar. 

All the simulations used the GROMACS simulation 2018 package [73,74]. The inter- and intra-

molecular interactions of the BS, Na+ and Cl- were described with the CHARMM36 general 

force field [75]. The CHARMM-modified TIP3P water model [76], which is commonly used with 

the CHARMM force field [77], was used to model water molecules. The Lennard-Jones 

interactions were cut off at 10 Å, whilst the electrostatic interactions were cut off at 12 Å. The 

Particle-Mesh-Ewald (PME) method was used to compute long-range electrostatic 

interactions. Hydrogen-containing bonds were constrained using the LINCS algorithm [78], so 

that a 2 fs could be used in all simulations while ensuring stable integration of Newton’s 

equations of motion with the velocity Verlet algorithm. 

Analysis was performed using Python codes developed in-house, which make wide use of the 

MDAnalysis package [79,80]. BS clusters are identified by an algorithm that makes use of the 



NetworkX package [81]. An undirected, unweighted graph G(V, E), was defined, where nodes 

(V) represent individual BS molecules and edges (E) are assigned by a distance cutoff (C17 

atoms within 9 Å of each other). The connected subgraphs of G, which represent clusters 

present at a given time, were subsequently identified. Contact maps were calculated by 

finding the number of interactions between different specified atoms within a distance cutoff 

(atoms within 9 Å of each other, the same distance as used in the clustering algorithm). 

In order to determine the size of the BS clusters in our simulations, the radius of gyration (Rg) 

of each aggregate was calculated. The radius of gyration and eccentricity of an aggregate 

consisting of N atoms, each with mass mi and position ri, are defined as: 

𝑅() = *

+
∑ 𝑚,|𝒓, − 𝒓-.+|)/
01*      (2)         Eccentricity = 1 – 

2!./

2"0
     (3) 

where M is the sum of all atomic masses in the aggregate, and Imin and Iav the minimum and 

average of the cluster’s moments of inertia. While the values calculated cannot directly be 

compared to the ones obtained from SANS data, where the eccentricity is defined as 

Eccentricity = +1 −	 	31234

	356
4       (see Supporting Information, equation S10), the overall trends as 

a function of molecular species and concentration provide a means of comparison. 

  



Results 

1. Aggregation of BS in solution 

Critical micellar concentration (CMC) of BS. The micellisation of NaTC and NaTDC in water 

was studied by fluorescence spectroscopy, using pyrene as a probe at two different 

temperatures (Figure 2, Table 3). 

 

Figure 2: Evolution of pyrene emission fluorescence (FIII/FI) in water as a function of the concentration in BS (NaTC, NaTDC), 

at two different temperatures: (○) 23°C, (⏺) 37°C. Solid lines are fits of the data to Equation (1). 

 CMC (mM) DFmax 

 23°C 37°C 23°C 37°C 

NaTC 5 ± 2 5 ± 2 0.47 0.45 

NaTDC 2 ± 0.5 2 ± 0.5 0.79 0.75 

Table 3: CMC and DFmax values for each BS studied, at 23°C and 37°C. 

For each BS, three regions can be distinguished: at low concentrations, BS are in the form of 

free unimers and pyrene emission is low as it is in a polar environment; as BS concentration 

increases, BS molecules start aggregating and incorporating some of the pyrene into a less 

polar environment (the micelles interior); at high concentrations, a plateau, characteristic of 

all of the pyrene being fully inside micelles, is reached. The two BS, however, present very 

distinct profiles (Figure 2): a smooth, gradual rise in FIII/FI for NaTC, and a sharp increase for 

NaTDC occurring at low BS concentrations, as reported elsewhere [82–84]. These contrasting 

profiles are associated to different values of the CMC and DFmax, which are insensitive to 

temperature (in agreement with the literature [85]): NaTC has a much higher CMC than 
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NaTDC, but a much lower DFmax (Table 3, Equation (1)). The CMC values are consistent with 

literature data obtained using the same technique (NaTC: CMC = 3 – 5 mM; NaTDC: CMC = 2.9 

mM) [84]. The higher value of DFmax obtained with NaTDC shows that pyrene probes a more 

hydrophobic environment in NaTDC micelles, compared to NaTC, in line with the lower 

polarity of NaTDC, which bears one less hydroxyl group. 

Morphology of BS micelles. SANS and SAXS were used to examine the structure of NaTC and 

NaTDC micelles as a function of concentration, in the absence and presence of salt (0.15 M 

NaCl). Various models were assessed (sphere, cylinder, prolate ellipsoid and oblate ellipsoid), 

and the model that provided the best fit was the ellipsoid model. However, neither SANS nor 

SAXS could differentiate between oblate and prolate structures; data were fitted here 

considering plain oblate ellipsoids (Figures 3, 4, 5 and S5, Table S3). 



 
Figure 3: Scattered intensity (I) as a function of the scattering vector (q) for BS aqueous solutions of either NaTC (A, C, E, 

G) or NaTDC (B, D, F, H), prepared at different concentrations (from 2 to 200 mM), with (A, B, C, D) and without (E, F, G, H) 

0.15 M NaCl, and measured at 25°C, by SANS (A, B, E, F) and SAXS (C, D, G, H). Solid lines correspond to fits to the data as 

described in the text (Equation (S6)). For readability purposes, curves are staggered vertically. 

In the absence of salt, the two BS exhibit a peak characteristic of electrostatic interactions 

(Figures 3, E, F, G, H), which was described by a Hayter-Penfold potential in the SANS data 

(SAXS data with strong interactions present were not fitted). In the presence of NaCl, this peak 

disappears due to the screening of charges, except at the highest concentrations of BS, 100 



and 200 mM (Figures 3, A, B, C, D); the structure factor was therefore neglected in the analysis 

of the SANS and SAXS data obtained with BS concentrations ranging between 2 and 50 mM, 

which are the data we focus on in the main text. 

 

Figure 4: Evolution of (A) the volume of the object probed (VObject probed), namely, the whole micelle with SAXS and the 

micellar core with SANS, and (B) the fraction of water in the object probed (xWater in objects probed), as a function of BS 

concentration, with 0.15 M NaCl: (⏺) SANS, (⏹) SAXS. Errors on xWater in objects probed are smaller than the symbols. 

In the presence of salt, larger aggregates were found by fitting the SAXS data, compared with 

SANS (e.g., with 50 mM NaTC, the volume (VObject probed) obtained from SAXS is 10 ± 3 nm3 

compared to 3 ± 2 nm3 with SANS; with NaTDC, it is 31 ± 6 nm3 with SAXS vs. 13 ± 4 nm3 with 

SANS), suggesting that the micelles have a hydrated region (or ‘shell’), which is not detected 

by neutrons (Figure 4A, Table S3). SAXS measurements performed in D2O demonstrated that 

the solvent (D2O vs. H2O) had no impact on the micellar structure (data not shown). However, 

SAXS data could not be fitted to a core/shell model either, suggesting that this corona region 

is not well defined. The extent of micellar hydration (xWater in objects probed) returned by the fits 

was higher in the SAXS data, in agreement with SAXS probing this region better (Figure 4B, 

Table S3). Based on this assumption, the aggregation number (Nagg) and volume (VMicelle) of 

each BS micelle, as well as the amount of water in micelles (xWater in micelles) and the micellar 

volume fraction (ΦMicelles), were determined from SAXS data, while the volume of the core 

(VMicelle core) and the extent of hydration in the core (xWater in the core) were obtained from SANS. 
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Figure 5: Evolution of (A) the polar radius (RPol), (B) the equatorial radius (REq) and (C) the eccentricity of the object probed 

(namely, the whole micelle with SAXS and the micellar core with SANS), as a function of BS concentration, with 0.15 M 

NaCl: (⏺) SANS, (⏹) SAXS. Hashed areas indicate the BS concentration range below which BS (NaTC, NaTDC) are present 

in the form of unimers only (Nagg = 1) and over which micellisation occurs, based on pyrene fluorescence spectroscopy data 

(Figure 2). 

Both in the absence and presence of salt, much smaller objects (both below and above the 

CMC) (VMicelle core, VMicelle, Nagg) are obtained with NaTC, compared to NaTDC (e.g., with 50 mM 

BS and 0.15 M NaCl, Nagg = 4 ± 1 for NaTC vs. Nagg = 11 ± 2 for NaTDC) (Figure 4A, Table S3). 

This is consistent with values from the literature (NaTC: Nagg = 3 – 7, NaTDC: Nagg = 12 – 19) 



[16,19]. Such small micellar sizes are consistent with the peculiar structure of BS, where 

efficient packing is hindered by the planar shape of the hydrophobic region. 

Additionally, for both BS, under both salt conditions, micellar size increases with 

concentration (VMicelle core, VMicelle, Nagg) (e.g., from 10 to 50 mM with NaCl, Nagg increases from 

1 ± 1 to 4 ± 1 for NaTC, and 9 ± 2 to 11 ± 2 for NaTDC) (Figure 4A, Table S3), suggesting a 

gradual process of self-assembly. This increase in micellar size is particularly notable in the 

lower concentration range, up to ca. 20 mM for NaTC and ca. 10 mM for NaTDC, in agreement 

with the fluorescence data (Figure 2), which showed that micellisation takes place over a wide 

range of concentrations, particularly for NaTC. Above these concentrations, the micellar size 

(Nagg) stabilises to ca. 4 ± 1 and 11 ± 2 for, respectively, NaTC and NaTDC. The ellipsoids formed 

by the two BS grow mostly in the direction of their polar radius (RPol), from ca. 4 ± 2 Å to 11 ± 

2 Å with 10 to 50 mM NaTC, and from ca. 6 ± 2 Å to 21 ± 2 Å with 2 to 50 mM NaTDC (Figure 5A, 

Table S3), with their equatorial radius (REq) remaining stable around 15 ± 2 Å for NaTC and 22 

± 2 Å for NaTDC (Figure 5B, Table S3) (with salt, from SAXS data). At high concentrations, NaTDC 

aggregates adopt a more isotropic shape (e.g., at 50 mM BS, RPol = 21 ± 2 Å and REq = 19 ± 2 Å, 

from SAXS data) (Figures 5, A, B, Table S3). The radii values obtained in this study are in the 

range of BS dimensions, the molecule being approximately 20 Å long and 7 Å wide [2]. Overall, 

upon increasing BS concentration to 50 mM, the micelle eccentricity decreases from ca. 1.00 

to 0.68 ± 0.18 and 0.43 ± 0.27 for NaTC and NaTDC, respectively, indicating a transition from 

ellipsoidal to more spherical shapes, more marked with NaTDC (Figure 5C). Previous SAXS 

studies on NaTDC in tris buffer used a similar model (oblate biaxial ellipsoid), obtaining 

comparable sizes [26]. 

As expected, the presence of salt results in larger micellar sizes (VMicelle core) for NaTDC (e.g., 

VMicelle core increases from 8 ± 3 to 13 ± 4 nm3, at 50 mM, upon addition of 0.15 M NaCl), 

whereas the aggregates formed by NaTC display the same, significantly smaller volume both 

in the absence and presence of salt (e.g., VMicelle core = 3 ± 2 nm3, at 50 mM) (Figure 4A, Table 

S3). 

Measurements were also performed at 37°C, in the absence of salt, and showed that 

temperature has no impact on BS micellar dimensions and structure, regardless of BS type and 

concentration (Figure S5). 



Molecular organisation of BS in micelles. MD simulations were performed in order to obtain 

further insight into the molecular arrangement of each BS in their micellar aggregates, at 10, 

20 and 50 mM, in the presence of salt (0.15 M NaCl) (Figures 6, 7, 8, S6 and S7, Tables S4 and 

S5). 

 

Figure 6: Probability distribution of (A, B) the radius of gyration and (C, D) the eccentricity of the aggregates, including 

unimers, obtained for BS aqueous solutions of either NaTC (A, C) or NaTDC (B, D), at different concentrations (10, 20 and 

50 mM), in the presence of 0.15 M NaCl. 

For both BS, a decrease in the number of isolated unimers in solution and an increase in the 

average cluster size are observed as BS concentration increases, thereby showing that BS 

molecules self-aggregate into increasingly large micelles, more notably so with NaTDC (Figure 

S6, Table S4), in agreement with the scattering data (Figure 4A, Table S3). This result is 

consistent with the evolution of the radius of gyration of the micelles (of size greater than one 

BS molecule), which shifts to higher values with increasing amounts of BS, varying from 8.6 ± 

1.2 Å at 10 mM, to 9.6 ± 1.6 Å at 20 mM and to 10.9 ± 2.2 Å at 50 mM, for NaTC (Figure 6A, 

Table S4), and from 9.8 ± 1.1 Å at 10 mM, to 10.7 ± 1.8 Å at 20 mM and to 11.1 ± 1.0 Å at 50 
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mM, for NaTDC (Figure 6B, Table S4). Additionally, in contrast to NaTC, where a significant 

number of free unimers was present at the lowest concentrations, very few NaTDC molecules 

were found as isolated unimers in solution at any concentration, which is in line with the CMC 

measurements (Table 3). Results also show that the eccentricity of BS aggregates (of size 

greater than one molecule) does not change much upon increasing BS concentration, 

remaining approximately equal to 0.30 and 0.25 at all concentrations for NaTC and NaTDC, 

respectively (Table S4). When also taking the free unimers into account, a decrease in 

eccentricity is observed for both BS upon increasing BS concentration, from 0.68 ± 0.23 at 10 

mM, to 0.59 ± 0.27 at 20 mM and to 0.55 ± 0.25 at 50 mM, for NaTC (Figure 6C, Table S4), and 

from 0.48 ± 0.22 at 10 mM, to 0.37 ± 0.18 at 20 mM and to 0.32 ± 0.18 at 50 mM, for NaTDC 

(Figure 6D, Table S4), which is in very good agreement with the scattering studies (Figure 5C). 

 

Figure 7: Contact maps showing the intermolecular interactions that drive the self-assembly process of BS molecules (NaTC, 

NaTDC), at different concentrations (10, 20 and 50 mM), in the presence of 0.15 M NaCl. The atom labels used on the two 

axes are defined in Figure S7. 
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Figure 8: Snapshots from the MD simulations of BS micelles (NaTC, NaTDC) formed at different concentrations (10 and 50 

mM), in the presence of salt (0.15 M NaCl). NaTC forms on average 1 aggregate of 5 molecules at 10 mM, 3 aggregates of 

7 molecules at 20 mM, and 2 aggregates of 10 molecules at 50 mM, while NaTDC self-assembles into approximately 1 

micelle of 8 molecules at 10 mM, 2 micelles of 11 molecules at 20 mM, and 2 micelles of 11 molecules at 50 mM. Colours 

are used to highlight either the different BS molecules or the different atoms. The micelles shown in this figure are not 

perfectly to scale. 

Contrary to BS methyl groups (C7, C20, C21), which show the highest intermolecular contact 

probabilities, the sterol hydroxyl groups (O1, O2 and O3 for NaTC, O1 and O2 for NaTDC) and 

ionic chain amide oxygen and sulfur atoms (O4 and S for NaTC, O3 and S for NaTDC) do not 

significantly interact in the self-assembled BS micelles (Figure 7); these observations confirm 

that BS self-aggregation is primarily driven by hydrophobic interactions occurring between BS 

hydrophobic faces, the hydrophilic moieties contributing much less to BS bulk aggregation 

behaviour. Such bulk hydrophobic self-associations have also been observed with 

biomolecules [86]. Intermolecular contacts increase in magnitude with increasing BS 

concentration, reflecting the increase in aggregate size. Compared to NaTC, NaTDC molecules 

interact more strongly with each other, at all concentrations, thereby confirming the higher 

propensity of NaTDC – the more hydrophobic BS – for bulk aggregation. The arrangement of 

BS molecules in their micelles can be seen in the snapshots shown in Figure 8. 

2. Aggregation of BS with FA and/or MAG in mixed micelles 

Shape and size of BS mixed micelles. The scattering from BS micelles in the presence of FA or 

MAG, typical products obtained from the lipolysis of TAG, was fitted with the same ellipsoid 

model (Figures 9, S8 and S9, Table S6). 

NaTC

NaTDC

10 mM 50 mM



Similarly to BS micelles, the low scattering signals (I(0) < 100 cm-1) and the peaks of interaction, 

which disappear in the presence of salt (0.15 M NaCl), suggest that the mixed aggregates are 

relatively small and interact through electrostatic interactions, unless charges are screened by 

salt (Figures S8 and S9). 

 

Figure 9: Evolution of the volume of the BS mixed micelles (100 mM) obtained from SANS data (VMixed micelle core), in the (A) 

absence and (B) presence of 0.15 M NaCl, with various additives at a low concentration (0.25% w/w). Results obtained 

with pristine BS (NaTC, NaTDC) micelles, in the absence of additives, with salt, are also indicated for comparison. 

Under all conditions, BS/FA and BS/MAG mixed micelles are marginally larger than BS neat 

micelles (Figure 9A, Table S6), and NaTDC was found to form larger mixed aggregates, 

compared to NaTC, independently of the ionic strength, type and structure of FA or MAG, and 

concentration (up to 1.5% w/w) (Figure 9, Table S6), therefore suggesting that NaTDC 

solubilisation capacity is larger than NaTC (although this was not studied systematically). 

Values of the volumes obtained from SANS (VMixed micelle core) range between 3 – 19 nm3 and 7 

– 33 nm3 for, respectively, NaTC and NaTDC mixed aggregates, whereas VMicelle core = 4 ± 2 nm3 

and 11 ± 4 nm3 for, respectively, NaTC and NaTDC pure micelles, without salt. 

Comparing the results obtained with the same concentration of additive (0.25% w/w), both 

the type of additive (FA vs. MAG) and the chain length and saturation (C8:0 vs. C18:1) affect 

micellar size (Figure 9, Table S6). In the presence of oleic acid and monoolein (C18:1), BS mixed 

aggregates are marginally larger than with, respectively, caprylic acid and monocaprylin (C8:0) 

(e.g., VMixed micelle core = 13 ± 4 nm3 with C18:1 MAG vs. VMixed micelle core = 11 ± 4 nm3 with C8:0 

MAG, for NaTDC, without salt); however, the difference is small and would require a larger 

systematic study to be confirmed - as well as is testing the limits of SANS detection given the 

small radii sizes (Table S6). A  larger micellar size with longer lipid chain length has been 
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observed previously with the addition of both FA and MAG to BS/phospholipids mixed 

micelles [87]. 

The addition of salt causes an increase in micellar size under all conditions, and to a larger 

extent for NaTDC, as compared to NaTC, thereby showing the incorporation of a larger 

amount of additives and/or BS molecules into the aggregates in the presence of salt (Figure 9, 

Table S6). For instance, VMixed micelle core increases from 14 ± 5 to 41 ±11 nm3 and from 26 ± 7 to 

41 ± 11 nm3 for NaTC and NaTDC, respectively, in the presence of 1.50% w/w C8:0 FA. 

3. Solubilisation of TAG-incorporating lipid vesicles into mixed micelles 

Prior to evaluating the effect of the two BS on TAG-containing liposomes, the bilayer structure 

of each lipid vesicle was analysed by NR. 

DPPC/TAG SLB structure. Using NR, the internal morphology of each TAG-incorporating lipid 

bilayer (d62-DPPC, d62-DPPC/TC and d62-DPPC/TO) was characterised at the sub-nanometre 

length scale with contrast variation (Figures 10 and S10, Table S7). 

 



 
Figure 10: (A) Scattering length density (SLD) profile of each SLB: d62-DPPC, d62-DPPC/TC, d62-DPPC/TO, in three different 

aqueous phases: (⏺) D2O, (⏺) SiMW, (⏺) H2O, along the direction perpendicular to the sample surface (z), obtained from 

the analysis of the reflectivity curves measured at 50 ± 2°C. Fits of the experimental data corresponding to these profiles 

are shown in Figure S10. (B) Schematic representation of each SLB, showing the location and organisation of each TAG 

(blue molecules) in the DPPC (green molecules) bilayer. Tricaprylin lies between the two tail regions of the DPPC bilayer, 

with two branches perpendicular to them and one parallel, whereas triolein is incorporated into the tails regions. 

Tricaprylin molecules may also display a Ͱ-shape conformation; nonetheless, these measurements do not allow the 

determination of the ratio between the two configurations. The sketches are not completely to scale and represent an 

ideal system, the real samples being naturally characterised by a larger degree of disorder. 
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As expected, d62-DPPC was found to form a symmetric SLB, with one homogeneous tail region 

and two hydrophilic head group layers. The data for the d62-DPPC/TC SLB were fitted by a 

model in which the SLD profile shows a smooth dip in correspondence with the midplane of 

the bilayer, which is interpreted as an accumulation of tricaprylin molecules exhibiting a T 

shape, with two branches located between the two lipid tail regions (perpendicular to them) 

and one inserted within the tails (parallel to them) (Figure 10, Table S7). This arrangement 

resembles that of cholesterol in polyunsaturated lipid bilayers [88]. Because triolein 

hydrophilic moiety is quite insignificant compared to its hydrophobic region, triolein was 

hypothesised to insert into both lipid tails layers only (not into their head groups), as 

suggested elsewhere [60,89]. Compared to the d62-DPPC/TC SLB, the drop in the tails SLD was 

uniform, therefore indicating that no additional central layer was formed (unlike tricaprylin), 

but that hydrogenated triolein molecules inserted in parallel to the d62-DPPC tails. The 

considerable rise in both the amount of water in d62-DPPC head groups (fwater) and in their 

layers thickness (t) may be explained by the presence of triolein in the tails, resulting in more 

solvated head group regions because of the more disordered packing (both vertically and 

laterally) induced by the inclusion of triolein. The lateral organisation of triolein molecules 

within the bilayer cannot be resolved in specular reflectometry measurements; therefore, the 

parameters cannot indicate whether triolein is evenly distributed or organised into domains. 

Further detail on each fitting procedure is given in Supporting Information. 

DPPC/TAG liposomes structure. Going back to solution behaviour, the morphology of DPPC 

liposomes was first analysed by SANS (Supporting Information, Figure S11). Data fitting using 

the vesicular model described in [90] demonstrates the presence of both uni- and multi-

lamellar vesicles with average radii of 11 and 42 nm, respectively. Further detail on the fitting 

procedure is given in Supporting Information. The structure of the TAG-incorporating 

liposomes (DPPC/TC and DPPC/TO) could not be described by the same model, or by various 

combinations of uni- and multi-lamellar vesicles; hence, data were described qualitatively. 

Impact of BS on liposomes structure. The effect of BS on the structure of TAG-incorporating 

liposomes (DPPC, DPPC/TC and DPPC/TO) was investigated by SANS, at 25 and 37°C (Figures 

11, S12 and S13, Table S8). First, the existence of three different phases was established 

(visually) based on BS concentration and type: (i) from 5 to 30 mM for NaTC, and from 5 to 10 

mM for NaTDC, turbidity decreases, compared to the pure lipid vesicles; (ii) at 50 mM for 



NaTC, and from 20 to 30 mM for NaTDC, mixtures undergo phase separation over time, giving 

rise to a transparent phase and a very opaque one (samples were measured before phase 

separation was completed); (iii) at 100 mM for NaTC, and 50 mM for NaTDC, solutions look 

completely transparent. Based on these results, three BS concentrations (10, 50 and 100 mM 

for NaTC, and 10, 30 and 50 mM for NaTDC), representative of each phase observed, were 

selected for this study. 

 

Figure 11: Scattered intensity (I) as a function of the scattering vector (q) for each TAG-incorporating lipid (DPPC, DPPC/TC, 

DPPC/TO) vesicle, mixed with different amounts (10, 30, 50 and 100 mM) of BS (NaTC, NaTDC), measured at 25°C, by SANS. 

The scattering curve of the pure liposomes (⏺) is also shown for comparison. The solid line is the trend line that best fits 

the data set (Equation (S3)). 

SANS results confirm the presence of distinct structures in the three concentration ranges 

chosen (Figure 11): (i) at low concentrations (10 mM for both BS), each liposome undergoes 

very limited structural changes; (ii) in the intermediate concentration range (50 mM for NaTC, 

30 mM for NaTDC), the intensity decreases, suggesting solubilisation of some of the vesicles 
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into BS micelles, while an interaction peak develops, suggesting intermicellar interactions; (iii) 

at high concentrations (100 mM for NaTC, 50 mM for NaTDC), the signal originates mostly 

from smaller interacting objects, such as micellar aggregates, while most of the liposomes 

have disintegrated. 

The structures generated upon the addition of low and intermediate quantities of BS were not 

analysed due to the presence of multiple structures over a range of length scales, which would 

have required several assumptions to be made. The disruption of the liposome morphology is 

likely due to the adsorption and/or incorporation of BS molecules onto/into the vesicles 

bilayers, inducing a gradual vesicle-to-micelle transition, as suggested elsewhere with sodium 

cholate [42,44,91–93], sodium deoxycholate [42,44,91] and NaTC [56] with DPPC vesicles. 

Interestingly, the evolution of the scattering curves (Figure 11) is reminiscent of mixtures of 

the zwitterionic surfactant oleyl amidopropyl betaine with AOT (an anionic surfactant) and 

NaCl, recently reported [94]; upon reducing salt content, the curves show a similar structural 

evolution, which was analysed with a model comprising a mixture of vesicles with 

ellipsoidal/cylindrical micellar aggregates. 

The scattering from the aggregates at high BS concentrations was fitted with the ellipsoid 

model described above (Figure S12, Table S8). The mixed aggregates are larger than BS 

micelles in both directions (RPol and REq), and differences are more significant with NaTDC, as 

compared with NaTC (e.g., RPol = 8 ± 2 nm3 for NaTC vs. RPol = 10 ± 2 nm3 for NaTDC, and REq = 

16 ± 2 nm3 for NaTC vs. REq = 19 ± 2 nm3 for NaTDC, in the presence of DPPC/TO). These results 

demonstrate that the addition of BS to liposomes leads to the gradual solubilisation of 

DPPC/TAG into BS mixed micelles, transitioning through various morphologies and their 

mixtures, and that the structures present depend on the type of BS; NaTDC solubilises 

liposomes at lower concentrations than NaTC and, as observed for the pristine micelles, its 

mixed aggregates are larger. 

Interestingly, temperature has a significant impact on the ability of BS to solubilise lipids into 

mixed micelles (Figure S13). At physiological temperature (37°C), liposome solubilisation 

occurs at a lower BS concentration for both BS, resulting in a mixed micelles predominant 

phase from 50 mM for NaTC (against 100 mM, at 25°C) and 30 mM for NaTDC (against 50 mM, 

at 25°C). 



The same phases are obtained in the same BS concentration ranges for all liposome 

compositions (DPPC, DPPC/TC, DPPC/TO), at both temperatures (25 and 37°C) (Figures 11 and 

S13, Table S8), despite the different location of the TAG within the liposomes (Figure 10). 



Discussion 

The objective of this work was to bring an understanding to the aggregation process 

of BS, focusing on the role of their molecular architecture, which is expected to control their 

behaviour at the lipid/water interface and, therefore, could explain their contrasting 

functionalities during fat digestion [14,16]. For this purpose, the structure of BS micelles, as 

well as of the mixed micelles they form in the presence of FA or MAG (the main products of 

lipolysis), was characterised, and the ability of BS to solubilise TAG-incorporating liposomes, 

mimicking ingested lipids, was evaluated. NaTC and NaTDC, two BS differing by the number of 

hydroxyl groups on their bile acid moiety (Figure 1), were selected based on previously 

reported distinct adsorption/desorption properties [14–16]. 

Bulk aggregation behaviour of BS, in the absence and presence of the products of lipolysis 

The study of BS micellisation revealed two distinct self-assembly processes (Figure 2, 

Table 3): NaTC, unlike NaTDC and classic surfactants, micellises over a broad range of 

concentrations; overall, the CMC of NaTC (CMC = 5 ± 2 mM) is higher than NaTDC (CMC = 2 ± 

0.5 mM), which correlates with the hydrophobicity of the two BS [95]. SANS (Figures 3, A, B, 

E, F) and SAXS (Figures 3, C, D, G, H) data were compatible with ellipsoid micelles, while SAXS 

data detected larger (Figure 4A) and much more hydrated objects (Figure 4B) than SANS, as 

neutrons were probably not sensitive to the more hydrated regions of the aggregates. 

However, a model with distinct core and shell could not be used, suggesting the absence of a 

clear core/shell segregation characteristic of conventional surfactants. Atomistic MD 

simulations confirmed that BS molecules self-assemble via their hydrophobic steroid skeleton, 

their ionic chain and hydroxyl groups being in contact with the bulk water (Figures 7 and 8). 

Independently of the ionic strength, NaTC aggregates are much smaller than NaTDC micelles 

(Figures 4A and 6, A, B); this size difference can be attributed to their relative hydrophobicity: 

NaTC has one more hydroxyl group and hydrophobic interactions are thus weaker. Both BS 

micelles exhibit a transition from an ellipsoidal to a more spherical shape upon increasing BS 

concentration, which is more marked for NaTDC (Figures 5C and 6, C, D). MD simulations 

reveal that this transition is mostly due to the presence of a large number of unimers, which 

cannot be decoupled from the micelles in the scattering data, and are in larger number for 



NaTC (Figure 6), which is in agreement with the gradual micellisation process obtained from 

pyrene fluorescence (Figure 2).  

During the lipolysis process, the products from lipid digestion (FA and MAG) 

accumulating at the lipid droplet interface are removed from the fat droplet surface by BS and 

solubilised into mixed micelles. The addition of FA (caprylic (C8:0) or oleic (C18:1) acid) or MAG 

(monocaprylin (C8:0) or monoolein (C18:1)) to BS solutions induced an increase in aggregates 

size, suggesting the incorporation of the additives into the BS micelles (Figure 9A), as also 

reported elsewhere in the presence of monoolein and oleic acid, with either a glycoconjugate 

(like sodium glycocholate or sodium glycochenodeoxycholate) [96] or L-alpha-

phosphatidylcholine from egg yolk and NaTDC [97]. Compared to NaTC, NaTDC was found to 

solubilise higher amounts of FA (data not shown) and to form larger mixed micelles in the 

presence of additives (Figure 9), thus demonstrating NaTDC higher solubilising efficiency, 

forming larger aggregates as a result. In other studies, with other polar lipids, such as 

monoolein [98], phospholipids [42–44,53,91] and lecithin [47], the solubilising capacity of BS 

dihydroxy conjugates has also been demonstrated to be higher than that of trihydroxy 

conjugates. 

Solubilising capacity of BS 

Following our study on BS interaction with a phospholipid (1,2-dipalmitoyl-sn-glycero-

3-phosphocholine, DPPC) monolayer at the air/water interface [14], used as a preliminary 

mimic of fat droplet interfaces, we have modelled ingested lipids using TAG-incorporating 

liposomes and investigated their fate in the presence of BS. 

NR measurements show that the localisation of TAG molecules in DPPC bilayers 

depends on the TAG structure (i.e., chain length and saturation). More specifically, tricaprylin 

(or C8:0 TAG) inserts into the phospholipid vesicles by forming an additional layer between 

the two inner tails regions and incorporates part of its skeleton into the lipid hydrophobic 

layers, whereas triolein (or C18:1 TAG) is embedded in the lipid tails (Figure 10). While the 

bulk morphology of the TAG-incorporating lipid (DPPC/TC and DPPC/TO) vesicles could not be 

resolved, pure DPPC liposomes were shown to comprise a mixture of rather polydisperse uni- 

and multi-lamellar lipid vesicles, whose average radius is respectively equal to 11 and 42 nm 

(Figure S11). 



SANS data analysis revealed that BS have a substantial impact on liposome structure, 

driving a gradual transition from liposomes to mixed micelles (Figure 11). Compared to NaTC, 

lower amounts of NaTDC are needed to induce this transition, leading to a mixed micelles-

predominant phase (and near complete disruption of liposomes) at 30 mM, compared to 50 

mM for NaTC, at 37°C (Figure S13); this correlates with NaTDC higher hydrophobicity [95] and 

is consistent with observations made in the presence of sodium cholate vs. sodium 

deoxycholate [42,44,91]. Therefore, this study provides evidence that NaTDC exhibits a better 

solubilising capacity than NaTC, which supports our working hypothesis that deoxycholate-

based BS are more likely to be involved in the incorporation of lipolysis products into mixed 

aggregates, for absorption in the gut mucosa, compared to cholate derivatives, which, instead, 

may have a higher efficacy at facilitating enzyme adsorption onto the surface of fat droplets. 



Conclusion 

Our working hypothesis is that the contrasting roles played by BS during the process 

of fat digestion may be explained by architectural differences in their bile acid moiety. We 

therefore compared the aggregation properties of two BS, NaTC and NaTDC, (known to 

present contrasting interfacial properties), and also characterised the mixed micelles they 

formed with liposomes and typical products of lipolysis (FA and MAG). 

Despite extensive investigations, BS micellisation process and micellar structures are, 

to date, still a topic of controversy. The unique combination of scattering techniques and 

atomistic simulations employed in this work brings a fundamental, molecular-level picture of 

structures relevant to the process of lipid digestion, whose knowledge is crucial to unlock the 

processes involved in lipid digestion and, ultimately, develop therapeutic strategies to control 

and optimise the absorption of lipids contained in food formulations. Specifically, our results 

show that the two structurally distinct BS display a different micellisation behaviour, leading 

to different sizes and shapes. NaTDC exhibits a lower, sharper CMC, and forms more spherical, 

larger micelles than NaTC, whose micellisation takes place over a broad range of 

concentrations. BS planar hydrophobic faces, which drive micellisation, imply that the 

morphologies depart from a conventional core/shell structure. NaTDC has a higher capacity 

to solubilise FA and MAG (used as models of lipolysis products) and forms larger aggregates. 

TAG-incorporating liposomes – employed here to mimic a fat interface coming into contact 

with BS molecules in the gut – are gradually solubilised by both BS into mixed micelles, but 

lower concentrations of NaTDC are required to achieve the same outcome, compared to 

NaTC. 

In addition to providing a detailed characterisation of BS self-assembly behaviour and 

the structures formed with lipolysis products found in the gut, our results confirm the impact 

– so far largely neglected in the literature – of BS morphological diversity on their bulk 

aggregation properties. They reveal that the two selected BS display very distinct self-

assembly behaviour and interactions with dietary lipids, which correlate with their different 

interfacial properties [14] and, therefore, support the hypothesis of contrasting roles during 

the process of fat digestion. More specifically, our results combined together suggest that 

NaTDC may be more prone to help desorb insoluble lipolysis products from the interface, by 



incorporating them into mixed micelles, while NaTC, which has a higher affinity for the 

interface [14], may be involved in facilitating enzyme adsorption onto fat droplets surfaces.  

Future work should focus on investigating the mechanism of liposomes disruption 

induced by BS, and indeed of other lipidic nanostructures such as emulsions, by monitoring 

their structural evolution over time, taking advantage of time-resolved scattering experiments 

and contrast variation. This structural knowledge is key to understanding and thus controlling 

lipolysis and will help address the issue of excessive lipid uptake and associated 

cardiometabolic disorders.   
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