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Abstract 25 

Lipid-based formulations are gaining interest for use as drug delivery systems for poorly water-soluble 26 

drug compounds. During digestion, the lipolysis products self-assemble with endogenous 27 

surfactants in the gastrointestinal tract to form colloidal structures, enabling enhanced drug 28 

solubilisation. Although earlier studies in the literature focus on assembled equilibrium systems, little 29 

is known about structure formation under dynamic lipolysis conditions. The purpose of this study 30 

was to investigate the likely colloidal structure formation in the small intestine after the ingestion of 31 

lipids, under equilibrium and dynamic conditions. The structural aspects were studied using small 32 
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angle X-ray scattering and dynamic light scattering, and was found to depend on lipid composition, 33 

lipid chain length, prandial state and emulsification. Incorporation of phospholipids and lipolysis 34 

products into bile salt micelles resulted in swelling of the structure. At insufficient bile salt 35 

concentrations, a co-existing lamellar phase was observed, due to a reduction in the solubilisation 36 

capacity for lipolysis products. Emulsification accelerated the rate of lipolysis and structure 37 

formation. 38 

 39 

Introduction  40 

Poorly water-soluble compounds dominate the number of newly-discovered drug molecules and 41 

require formulation approaches to enable oral delivery. For poorly water-soluble compounds, lipid 42 

formulations are increasingly seen as a potential formulation approach. The digestion of triglycerides 43 

in the gastrointestinal tract generates fatty acids and monoglycerides. These species combine with 44 

bile salts (BS) and phospholipid (PL) present in the small intestine, to generate colloidal aggregates 45 

such as mixed micelles and vesicles. Hydrophobic molecules such as dietary lipids, drugs and 46 

lipophilic vitamins can be solubilised into these structures, thereby increasing their solubility in the 47 

aqueous environment, for enhanced absorption and bioavailability.  48 

The colloidal aspects of digestion of lipid formulations has received less attention due to a lack of 49 

methods to study structure formation during digestion in real-time. Consequently, formulation 50 

design is largely based on drug solubility in the formulation and not in the pre-absorptive colloidal 51 

milieu, meaning that these compounds are likely sub-optimally formulated. Thus a better 52 

understanding of the colloidal make-up in the gastrointestinal tract during digestion should assist in 53 

formulation design.  54 

Past work in examining phase behaviour in digesting lipid systems has involved the mixing of 55 

medium- and long-chain lipid digestion products and endogenous amphiphilic molecules with water 56 

and bile salts to form equilibrium systems [1-6]. These studies vary in the composition of guest 57 

molecules, osmotic pressure and pH conditions to simulate conditions in the small intestine. The 58 

structure in the resulting mixtures have been interrogated using techniques such as cryogenic 59 

transmission electron microscopy, freeze fracture electron microscopy, cross polarised light 60 

microscopy, small angle X-ray scattering, microscopy [7], where colloidal structure and size depend 61 

on lipid composition.  62 

Whilst such aforementioned equilibrium studies provide a basis for understanding intermolecular 63 

interactions during lipolysis under controlled conditions, they only provide a snapshot of the 64 
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structure at a given time during a highly dynamic process. In addition, the assumption with 65 

equilibrium studies is that the structure in digesting systems is only dictated by composition at that 66 

point in time, and that structures are not exposed to non-equilibrium effects such as gastric and 67 

intestinal motility, dilution and digestion reactions. In vitro lipolysis models have been developed 68 

which aim to better mimic in vivo conditions, and are capable of following the kinetics of digestion 69 

by determining the free fatty acid composition of digesting lipid media. Recent studies have utilised 70 

this model combined with synchrotron small angle X-ray scattering to enable the changes in 71 

nanostructure during lipid digestion to be elucidated in real-time [8, 9]. However, to the best of our 72 

knowledge, no studies exist which compare the two approaches, therefore the purpose of this study 73 

was to examine the structures formed at equilibrium, for a series of triglycerides of increasing chain 74 

length, compared with the composition and structures formed under non-equilibrium digestion 75 

conditions.  76 

The increased complexity of the dynamic approach take into account variation in lipid composition 77 

due to digestion reactions and intestinal mobility, and it is envisioned that they will add to the 78 

current understanding of structure formation under more in vivo relevant conditions. This will be 79 

critical in progressing empirical formulation of lipid-based drug delivery systems to rational design.  80 

 81 

Experimental  82 

Materials  83 

Tris maleate (reagent grade), bile salt (sodium taurodeoxycholate >95%), monocaprylin (C8 84 

monoglyceride, approx. 99%), monolaurin (C12 monoglyceride, 99%), monoolein (C18:1 85 

monoglyceride, 99%), caprylic acid (C8 fatty acid, >99% by capillary gas chromatography), lauric 86 

acid (C12 fatty acid, >99.5%), myristic acid (C14 fatty acid, >99%) oleic acid (C18:1 fatty acid, >99%), 87 

tricaprylin (C8 triglyceride, >99%), tripalmitin (C16 triglyceride, >99%), and triolein (C18:1 88 

triglyceride, >97% TLC) were purchased from Sigma Aldrich (St. Louis, MO, USA). Tricaprin (C10 89 

triglyceride, 98%), trilaurin (C12 triglyceride, 98%) and trimyristin (C14 triglyceride, 99%) were 90 

obtained from TCI Co. Ltd (Kawaguchi, Saitama, Japan). Phospholipid (dioleylphosphatidyl choline, 91 

DOPC, >94%) was obtained from Trapeze Associates Pty Ltd. (Clayton, Victoria, Australia). 92 

Pancreatin extract was purchased from Southern Biologicals (Nunawading, Victoria, Australia) and 93 

had USP grade pancreatin activity. Calcium chloride (>99%) was obtained from Ajax Finechem 94 

(Seven Hills, NSW, Australia). Sodium chloride (>99%) was purchased from Chem Supply 95 

(Gillman, SA, Australia). Sodium azide was purchased from Merck Schuchardt OHG (Eduard-96 
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Buchner-Straße, Hohenbrunn, Germany). Water used was sourced from a Millipore water 97 

purification system using a QuantumTM EX Ultrapure Organex cartridge (Millipore, Australia). 98 

 99 

Preparation of equilibrium samples 100 

Simulated intestinal fluid was prepared using bile salt (BS, sodium taurodeoxycholate) and 101 

phospholipid (PL, DOPC) concentrations at a ratio of 5 mM:1.25 mM (fasted) and 20 mM:5 mM 102 

(fed), in digestion buffer pH 6.5 (50 mM Tris maleate, 150 mM NaCl, 5 mM CaCl2·2H2O, 6 mM 103 

NaN3 as an antibacterial agent) [10-13]. The mean values and 4:1 BS:PL ratio represent intestinal 104 

contents after digestion [14, 15]. The PL was weighed into a round bottom flask and dissolved in 105 

chloroform which was subsequently evaporated to produce a thin film of PL. BS and digestion 106 

buffer were added, and the PL and BS were dispersed in a sonicator bath for 30 min. Equilibrium 107 

samples simulating the gastrointestinal state on digestion of triolein (C18:1 triglyceride), trilaurin (C12 108 

triglyceride) and tricaprylin (C8 triglyceride) were prepared by adding monoglycerides (monoolein, 109 

monolaurin and monocaprylin) and fatty acids (oleic acid, lauric acid and caprylic acid) of the 110 

corresponding lipid chain length to simulated intestinal fluid, followed by tip sonication (Misonix, 111 

New York) for 30 s at 100 W. 112 

 113 

Lipolysis model and in vitro lipolysis 114 

In vitro digestion studies were performed using a pH-stat auto titrator (Radiometer, Copenhagen, 115 

Denmark), similar to previous reports [8, 13, 16, 17]. Lipids were added to 9 mL of the fasted or fed 116 

simulated intestinal fluid in the thermostatted digestion vessel at 37 °C at pH 6.5. 117 

The lipid was introduced to the BS/PL micelles in two forms, in a pre-dispersed emulsion form in 118 

the micellar media, where the emulsion was formed by tip sonication (Misonix, New York) for 30 s 119 

at 100 W, or as a non-dispersed oil added directly to the BS/PL micelles as a bolus load and 120 

magnetically stirred. The sample was added to a thermostated vessel at 37 °C via water bath and 121 

magnetically stirred for 5 min for complete mixing and thermal equilibration and the pH was 122 

adjusted to 6.500 ± 0.003, chosen as a compromise between the optimum for pancreatic lipase 123 

activity pH (6 – 10) [18] and duodenal pH (5.9 – 6.5) [19]. On addition of pancreatin (7000 TBU/1 124 

mL) the pH-stat titrated the digestion mixture with 0.2 M NaOH in order to maintain constant pH 125 

accounting for the free fatty acid products. Digestion was allowed to proceed for 30 min, in which 126 

the degree of enzymatic digestion of the lipid was reflected in the volume of NaOH used to 127 

neutralize the fatty acids. A blank digestion without lipid but with BS/PL micelles present was 128 
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performed as a background experiment, to account for fatty acids that were produced from PLs and 129 

was subtracted from the profiles for the lipolysis experiments.  130 

 131 

Synchrotron small angle X-ray scattering (SAXS) and flow-through in vitro lipolysis 132 

SAXS measurements were performed on the SAXS/WAXS beamline [20] at the Australian 133 

Synchrotron. For equilibrium studies, samples were placed in 1.5 mm glass capillaries and inserted 134 

into a 37 °C thermostatted metal heating block controlled by a water bath accurate to ± 0.1 °C. An 135 

X-ray beam with a wavelength of 1.1271 Å (11 keV) was selected. The sample to detector distance 136 

was 1015 mm, covering a q-range of 0.014 – 0.65 Å-1, with q being the scattering vector defined as q 137 

= (4π/λ)sin(θ/2) [21],  where λ is the wavelength, and θ , the scattering angle. The 2D SAXS 138 

patterns were collected using a Pilatus 1M detector (active area 169 × 179 mm2 with a pixel size of 139 

172 µm). Calibration was performed using silver behenate. The scattering pattern was converted to a 140 

plot of intensity versus q. The d-spacing of the lamellar phase was calculated using the equation d = 141 

2π/q where q was the location of the first order lamellar peak. Buffer scattering was subtracted as 142 

background from all data. 143 

To monitor changes in nanostructure in real-time during digestion, the digestion vessel was fitted 144 

with silicone tubing (total volume <1 mL) to enable continuous flow of the digestion medium via 145 

peristaltic pump at a rate of 10 mL/min, through a 1.5 mm diameter quartz capillary. The capillary 146 

was fixed in the X-ray beam. A remotely operated syringe driver was used to deliver 1 mL of 147 

pancreatin extract over several seconds into the vessel to initiate digestion. A 5 s acquisition time per 148 

30 s for up to 60 min was used to yield the required information in flow through mode depending 149 

on the kinetics of digestion. The computer software ScatterBrain Analysis [20] was used to acquire 150 

and reduce 2D patterns to 1D curves.  151 

 152 

Dynamic light scattering (DLS) 153 

DLS measurements were performed on a Malvern Zetasizer NanoZS to determine the 154 

hydrodynamic radius (RH) and particle size distribution. Samples were centrifuged for 5 min at 3500 155 

rpm prior to the measurement to remove any trace dust particles. A laser power of 4 mW was used 156 

at a back scattering angle of 173° at room temperature. The average diffusion coefficient, D, was 157 

obtained by the cumulant analysis of the correlation functions [22]. The samples were measured 158 

without any further dilution, as dilution may influence the size of the mixed micelles. The 159 
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hydrodynamic radius RH reported is the apparent value. The mean hydrodynamic radius was 160 

deduced from the diffusion coefficient using the Stokes–Einstein equation. 161 

 162 

High performance liquid chromatography (HPLC) 163 

HPLC with refractive index detection was employed to separate and quantify fatty acids during 164 

digestion for correlation with total fatty acid produced as indicated by the pH stat titration, as 165 

previously described [23]. Briefly, an isocratic reversed-phase HPLC method using a 4.6 × 150 mm 166 

Phenomenex Luna C8 (2) (5 µm, 100 Å), with a 15 × 3 mm Brownlee RP-18 (7 µm) guard column 167 

was used. The HPLC system consisted of a Shimadzu CBM-20A system controller, LC-20AD 168 

solvent delivery module,SIL-20A auto sampler and a CTO-20A column oven set at 40°C, coupled 169 

to a RID-10A differential refractometric detector (Shimadzu Corp., Kyoto, Japan). An injection 170 

volume of 40 μL was used to separate caprylic acid and capric acid using a mobile phase consisting 171 

of MeOH/water (75:25 v/v) with 0.1% TFA (v/v of total mobile phase) at a flow rate of 1 172 

mL/min. 173 

 174 

Results  175 

Structures formed in equilibrium systems 176 

The equilibrium structures present in BS and BS/PL mixed micelles representing fasted and fed 177 

simulated intestinal fluids were studied using SAXS (Figure 1). The addition of PL to the BS 178 

micelles resulted in a change in morphology of the BS micelles, as indicated by a shift in the local 179 

minimum in q at approximately 0.05<q<0.08 A-1 (indicated by the arrow in Figure 2). The size of 180 

the fed micelles appeared smaller than the corresponding fasted system. These trends were 181 

confirmed with dynamic light scattering measurements (Table 1), and the correlation functions are 182 

presented in Figure SI-1. 183 
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Figure 1: SAXS profiles for fasted BS (5 mM NaTDC) and BS/PL (5 mM NaTDC:1.25 mM 185 

DOPC) micelles, and fed BS (20 mM NaTDC) and BS/PL (20 mM NaTDC:5 mM DOPC) 186 

micelles, prepared in digestion buffer pH 6.5 and measured at 37 °C.  187 

 188 

Table 1: Summary of hydrodynamic radius and PDI for fasted and fed BS and BS/PL micelles from 189 

DLS measurements, measured at 25 °C 190 

  Sample Radius (nm) PDI 

Fasted BS micelles 2.5 ± 1.2 0.23 

Fasted BS/PL micelles 4.3 ± 1.5 0.30 

Fed BS micelles 2.4 ± 0.9 0.11 

Fed BS/PL micelles 2.8 ± 1.0 0.18 

 191 

Influence of the addition of lipolysis products on the structure of mixed bile salt micelles 192 

SAXS measurements were performed on BS/PL mixed micelles upon the addition of the 193 

monoglyceride and fatty acid in a 1:2 molar ratio. These systems reflected the endpoint of digestion 194 
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of triolein (C18:1), trilaurin (C12) and tricaprylin (C8), where the chain lengths were selected to 195 

represent long, medium and short chain TGs respectively. 196 

For the systems containing C18:1 and C12 lipolysis products, the monoglyceride (MG) and fatty acids 197 

(FA) were incorporated into the fed state BS/PL micelles (Figure 2 and 3), with no evidence of any 198 

co-existing lamellar phase. However, in the fasted systems, a co-existing lamellar phase was formed 199 

in the C18:1 system at the higher concentrations (MG:FA = 10:20 mM and 15:30 mM) with d-spacing 200 

of 47.5 Å, indicating a limit of solubilisation of the MG and FA between 5:10 and 10:20 mM. The 201 

lamellar phase was present in the fasted state for the C12 systems at all concentrations with d-spacing 202 

of 34.6 Å, indicating a solubilisation limit less than the 5:10 mM level.  203 

  204 

Figure 2: SAXS profiles of fasted and fed BS/PL mixtures with C18:1 lipolysis products 205 

(monoolein:oleic acid) in the 1:2 mol ratio. The arrow indicates the decreasing q value for the 206 

minimum in the micellar scattering profiles, which indicates increasing size of micelles.  207 

 208 
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 209 

Figure 3: SAXS profiles of fasted and fed state BS/PL mixtures with C12 lipolysis products 210 

(monolaurin:lauric acid) in the 1:2 mol ratio. The arrow indicates the decreasing q value for the 211 

minimum in the micellar scattering profiles, which indicates increasing size of micelles.  212 

 213 

In contrast to the C18:1 and C12 systems, in the system containing 25:50 mM C8 lipolysis products, a 214 

co-existing lamellar phase with a d-spacing of 29.6 Å was present under both the fasted and fed 215 

conditions (Figure 4). As with the medium and longer chain systems, with increasing lipid loading, a 216 

shift in the local minimum in q at approximately 0.05<q<0.08 A-1 (indicated by the arrow in Figure 217 

4) occurred, indicating micelles formed with larger dimensions This observation was confirmed with 218 

dynamic light scattering measurements (Table SI-1), and the correlation functions are presented in 219 

Figure SI-2. 220 
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 221 

Figure 4: SAXS profiles of fasted and fed state BS/PL mixtures with C8 lipolysis products 222 

(monocaprylin:caprylic acid) in the 1:2 mol ratio. 223 

 224 

Structures formed during dynamic in vitro lipolysis  225 

Dependence of lipid loading on structure formation during digestion of tricaprylin  226 

The dependence of structure formation on the mass of lipid to be digested was examined during in 227 

vitro lipolysis of C8 TG (Figure 5). Digestion of low lipid mass (5 mM) C8 TG in fasted and fed state 228 

as bolus load and as an emulsion revealed no further structure formation from the mixed micelles 229 

that were initially present. At high lipid (50 mM) in both the fasted and fed state, a co-existing 230 

lamellar phase (d=25.0 Å) was present after 12 min at 40% digestion. The 50 mM digestion in the 231 

fasted state was repeated to enable sampling to quantify fatty acid liberated using HPLC. A strong 232 

correlation between the moles of fatty acid was found by pH stat titration and HPLC methods 233 

(Figure 5G).  234 
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Figure 5: Digestion of A) 5 mM fed state and B) 25 mM fed state C) 50 mM fasted state D) 50 mM 236 

fed state C8 TG as a bolus over 30 min at 37 °C studied by time-resolved SAXS (left) and the 237 

corresponding fatty acid content (right) by pH stat titration (line) and HPLC (closed circles, mean ± 238 

range, n=2). 239 

Effect of lipid chain length, prandial state (bile salt concentration) and emulsification on 240 

structure formation 241 

In vitro digestions were performed for a series of triglycerides with a fixed concentration of lipid in 242 

the digest (5 or 50 mM) to determine the influence of lipid chain length and the oil/BS ratio on the 243 

resultant structures. 244 

At fed state bile salt levels (20 mM), vesicles and micelles were observed due to an increase in 245 

hydrophilicity of the interface and a decrease in the critical packing parameter. Digestion of low 246 

concentration of short chain triglycerides revealed the presence of mixed micelles only, whereas 247 

triglycerides with carbon length ≥ C10 formed a co-existing lamellar phase even at low lipid loading. 248 

Triglycerides of chain lengths ≥ C12 are more hydrophobic than C8 and C10, and have melting points 249 

above physiological temperature [1, 24]. Hence these lipids were dispersed in the mixed micelles by 250 

tip sonication to form an emulsion prior to lipolysis experiments. 251 

During in vitro digestion of 50 mM Captex 355 (~250 mg) as a bolus load in the fed state, time-252 

resolved SAXS measurements revealed the formation of a lamellar peak after 15 min which was 253 

correlated to a change in the digestion kinetics as evident from the kink in the titration profile 254 

(Figure 6A).  255 

When the lipid was presented as an emulsion prior to lipolysis, the rate of lipolysis increased such 256 

that the lamellar phase formed within several minutes due to rapid digestion of the triglyceride. The 257 

rapid digestion kinetics is indicated by the rapid titration of the sample with NaOH and subsequent 258 

plateau (Figure 6B).  259 
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 260 

Figure 6: Digestion of 50 mM Captex 355 (approx. 250 mg) as a bolus (A) vs. emulsified (B) in the 261 

fed state over 60 min at 37 °C studied by time-resolved SAXS (left) and the corresponding titration 262 

profiles (right). 263 

 264 

After emulsification, medium and long chain triglycerides existed in the crystalline form prior to 265 

initiation of lipolysis, unless emulsions were stored above their melting point to maintain a 266 

supercooled state. Digestion of C12 TG showed lamellar phase (d=34.9 Å) before digestion at low 267 

lipid mass (5 mM) in fasted and fed state as bolus where the intensity of the peak increased during 268 

digestion. When the same systems were pre-emulsified, initially an emulsified microemulsion was 269 

present, rather than a lamellar phase, and after lipase addition a lamellar phase formed (d=34.9 A) 270 

(Figure 7). 271 
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 272 

Figure 7: Digestion of 5 mM C12 TG as an emulsion in the fed state over 30 min at 37 °C studied by 273 

time-resolved SAXS (left) and the corresponding titration profile (right). 274 

 275 

DSC measurements showed that C14 TG emulsions prepared at 70 °C and stored at 37 °C for 24 hr 276 

existed in the supercooled state (Figure SI-3). During in vitro lipolysis, an emulsified microemulsion 277 

was present initially, and a lamellar phase formed during lipolysis (d=39.8 Å), whereas emulsions 278 

stored at 4 °C contained crystalline triglyceride initially (d=35.7 Å). During lipolysis of 5 mM C14 279 

TG in 0.5 mM micelles, the intensity of the lamellar phase visibly decreased in intensity, whilst a co-280 

existing lamellar phase with larger lattice dimensions (d=39.8 Å) formed over time.  281 

 282 

 283 

 284 

 285 

 286 

 287 

 288 

 289 
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Table 2: Summary of lattice dimensions of the lamellar phase measured by SAXS in equilibrium 290 

systems representing endpoint of triglyceride digestion, and during dynamic lipolysis experiments. 291 

“– ” indicates systems not studied. 292 

System Phases Equilibrium system 

lamellar 

d-spacing (Å) 

Dynamic system 

lamellar 

d-spacing (Å) 

C8 Micelles, lamellar 29.6 25 

C10 Micelles, lamellar – 29.9 

C12 Micelles, lamellar 34.6 36.1 

C14 Micelles, lamellar - 39.8 

C16 Micelles, lamellar – 44.6 

C18:1 Micelles, lamellar 47.5 49.6 

Captex 355 

(mixed C8/C10) 

Micelles, lamellar – 30.1 

 293 
 294 

Discussion 295 

Similarities and differences between equilibrium and dynamic studies 296 

In the literature, model systems representing intestinal contents after lipid digestion consist of 297 

lipolytic products such as diglyceride, monoglyceride, fatty acid, fatty acid soaps, which are 298 

combined with water, buffer or simulated intestinal fluids [2, 25]. These studies vary in complexity 299 

and approach to structural interrogation. Borné et al. observed rich phase behaviour including 300 

reversed hexagonal, lamellar, micellar and micellar cubic phases in the monoolein:oleic acid:water 301 

ternary phase diagram, however these studies did not include bile salt and there was no pH control 302 

[3]. With increasing pH, the monoolein:oleic acid:sodium oleate system dispersed in water was seen 303 

to reversibly transition from emulsified inverse micellar phase to micellar cubosomes, hexosomes, 304 

bicontinuous cubosomes to vesicles within a pH range of 7-8 [26]. 305 

In the current study, BS and BS/PL systems representing the gastrointestinal environment prior to 306 

lipid digestion revealed the presence of micelles only, which is consistent with previous observations 307 

[4, 5, 9]. The DLS measurements revealed a larger hydrodynamic radius for the fasted BS/PL 308 
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micelles, compared to the fed BS and BS/PL micelles, and fasted BS micelles. Upon increasing bile 309 

salt concentration, it is anticipated that the curvature increases [27, 28]. 310 

The medium and long chain lipolysis products remained solubilised in the fed state BS/PL micelles, 311 

similar to previous studies [1, 4, 29], however a co-existing lamellar phase formed in the comparable 312 

fasted systems due to the reduced solubilisation capacity of the fasted BS/PL micelles. The width of 313 

the lamellar peaks observed in the SAXS data indicates the formation of a fluid lamellar phase, 314 

rather than the crystallization of fatty acid out of the mixed micelles, as previously reported [6]. 315 

Furthermore, the measurements are performed at physiological temperature, which is above the 316 

melting point of the selected lipids [24].  317 

Regardless of the bile salt level, a co-existing lamellar phase was observed in the short chain system 318 

at MG:FA > 5:10 mM. This reflects a poorer solubilisation or compatibility for the saturated short 319 

chain lipids in BS/PL micelles which is consistent with previous literature comments [4, 30, 31]. In a 320 

recent study, short chain fatty acids were shown to be more polar and water-soluble thus they are 321 

less incorporated into mixed micelles than their longer chain counterparts, but in this case also 322 

appear to more readily form lamellar structures at higher concentrations [31].  323 

The colloidal structures formed under dynamic lipolysis conditions were the same as those 324 

produced at equilibrium in the C8 TG system. With increasing lipid loading, the minimum in the I(q) 325 

shifted to lower q indicating swelling of the mixed micelles to accommodate the lipolysis products. 326 

At high lipid (50 mM) in both the fasted and fed state, a co-existing lamellar phase (d=25.0 Å) was 327 

present after 12 min at 40% digestion, which is comparable to the digestion of Captex 355 despite a 328 

difference in triglyceride composition [9]. Percent digestion was calculated from the number of 329 

moles of NaOH added during the reaction, on the basis that one mole of triglyceride is hydrolysed 330 

to produce 1 mole of 2-monoglyceride and 2 moles of fatty acid [32, 33].  331 

Interestingly a digestion of 25 mM C8 TG in the fed state revealed micelles, which differs from the 332 

equilibrium data which indicated the presence of a co-existing lamellar phase. During in vitro 333 

digestion of 5 mM C12 TG in the fasted and fed state, a lamellar phase was present which correlates 334 

with equilibrium data for the fasted state, but not the fed, highlighting differences in the two 335 

approaches. 336 

In both approaches, the d-spacing of the lamellar phase increased by approximately 5 Å in bilayer 337 

dimensions as triglyceride chain length increased, as summarised in Table 2. The study of structures 338 

during in vitro lipolysis are anticipated to be more in vivo relevant than equilibrium systems as in the 339 

dynamic system, as there are non-equilibrium effects such as intestinal motility and digestion 340 
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reactions which change composition during digestion. However, with increasing lipid chain length 341 

and lipid loading, the digestion was increasingly incomplete due to crystallisation of the lipid [6]. 342 

This is in contrast to the in vivo scenario where complete digestion and absorption of dietary lipid 343 

occurs; hence this is a limitation of the in vitro lipolysis model. Despite previous reports in literature 344 

[8, 34-36], more complex phase behaviour was not observed during the digestion of long chain 345 

triglycerides, due to the pH and bile salt levels used in the study. However, the vesicles and mixed 346 

micelles observed are consistent with studies that have found these to be the dominating structures 347 

in equilibrium studies simulating the end of digestion of medium [4, 37, 38] and long chain 348 

triglycerides [15, 39-41], and in dynamic studies and ex vivo human aspirates [14, 42, 43].  349 

It is important to realise that drug is expected to participate and impact on self-assembly when 350 

included in the lipid formulation and its impact on kinetic events might differ to that in equilibrium 351 

situations, and would need to be evaluated on a case by case basis. This has been highlighted 352 

recently, using scattering approaches to determine the impact of drug on lipid self-assembly [44, 45]. 353 

In both cases however, the lipids were not undergoing digestion. Nevertheless, by establishing the 354 

drug-free baseline behavior in the current study, and highlighting the importance of differences in 355 

self-assembly in the dynamic systems, the need to conduct such dynamic studies, rather than rely on 356 

equilibrium self-assembly determination is emphasized. 357 

 358 

Effect of emulsification on structure formation 359 

The influence of the initial form of the lipid dispersion on structure formation during in vitro 360 

lipolysis was investigated, because previous in vitro digestion protocols using pH stat systems added 361 

the lipid as a bolus to the simulated intestinal fluid [8, 12, 36] and the production of a coarse 362 

emulsion via magnetic stirring, whereas recent studies measuring structures by in situ scattering 363 

methods pre-emulsified the lipid [35].  364 

The pH stat titration profile revealed that the onset of lamellar phase formation occurred when 30% 365 

of the triglyceride had been digested, indicating a critical degree of digestion to form sufficient 366 

lipolysis products to enable structure formation, before the ‘end point’ of digestion had been 367 

reached. The percent digested was calculated from the number of moles of NaOH added during the 368 

reaction, on the basis that one mole of triglyceride is hydrolysed to produce 1 mole of 2-369 

monoglyceride and 2 moles of fatty acid [32, 33]. After emulsification, an increased rate of digestion 370 

and structure formation is observed, which arises from interfacial activation of the pancreatic lipase 371 

due to the increased surface area of lipid droplets [46]. In vivo, ingested lipids are anticipated to be 372 
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emulsified in the gastrointestinal fluids by the contractions in the stomach and small intestine, hence 373 

pre-emulsification of the sample prior to the intestinal in vitro lipolysis step may be more relevant to 374 

the in vivo situation. 375 

 376 

Conclusion 377 

Understanding of the self-assembly structure of intestinal contents after lipid digestion is essential 378 

for understanding the impact lipid-based formulations have on the fate of drug after oral 379 

administration. This study used SAXS and DLS to provide insight into structural aspects of lipid 380 

digestion where addition of phospholipids and lipolysis products were observed to swell bile salt 381 

micelles. When the solubilisation capacity for lipids was exceeded, a co-existing lamellar phase was 382 

observed. Some differences in structures were apparent between the two approaches used to study 383 

structures formed during lipid digestion, highlighting challenges in extrapolation of data from 384 

equilibrium to dynamic systems. Emulsification was observed to accelerate the rate of in vitro 385 

lipolysis and structure formation. 386 

 387 
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