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Abstract 16 

A commercially available weight loss supplement and the main ingredient, chitosan, were studied to 17 

develop mechanistic insight into their mode of action through the in vitro digestion of lipids and the self-18 

assembly of digestion products. A pH-stat coupled to small angle X-ray scattering (SAXS) was used to 19 

monitor both the kinetics of lipolysis and structural behaviour during the in vitro digestion of full cream 20 

milk (as a model meal) in the presence of chitosan or the commercial supplement. SAXS was further 21 

utilized to probe the equilibrium structures formed between chitosan and oleic acid (the primary digestion 22 

product anticipated to interact with the test materials) under varying pH conditions. The extent of 23 

digestion and characteristic phase transitions that occur during the in vitro digestion of full cream milk 24 

were altered when the supplement was added to the digestion at the manufacturer’s recommended dose. 25 

Chitosan present in the supplement was able to interact with emulsified oleic acid to form a lamellar liquid 26 

crystalline phase while refined chitosan dissolved in aqueous acetic acid did not produce this structure. It 27 

was hypothesised that chitosan had the ability to reduce weight gain by electrostatically binding to ionised 28 

fatty acids released during digestion in the intestine. It was demonstrated that at lower pH self-assembly 29 

structures were lost due to the electrostatic driving force for interaction with the chitosan being removed. 30 

The study provides direct scattering based evidence of the interaction of chitosan with lipid digestion 31 

products under intestinal conditions. 32 
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1. Introduction 49 

The prevalence of obesity has doubled in the last two decades with 1.9 billion adults worldwide being 50 

overweight with 600 million of these classified as obese. Obesity increases the risks of developing a range 51 

of chronic illness, including cardiovascular disease, cancer, and diabetes as well as reducing overall life 52 

expectancy. (World Health Organisation, 2014) The increase in the prevalence of obesity can be partly 53 

attributed to the rise in popularity of fast food that is high in fats and sugars. Numerous weight loss 54 

supplements have been developed claiming they help reduce weight by interfering with the digestion and 55 

uptake of fats.  56 

The digestion of fats commences in the mouth upon exposure to lingual lipase before the food bolus is 57 

swallowed and enters the acidic environment of the stomach, which typically has a pH between 2.0 and 58 

4.0 (Borgstrom, Dahlqvist, Lundh, & Sjovall, 1957), where it is partially digested by gastric lipase and 59 

coarsely emulsified (Lee, Porter, & Boyd, 2013; T. H. Liao, Hamosh, & Hamosh, 1984). When gastric 60 

emptying occurs, the partially digested food enters the small intestine, which has a pH value ranging from 61 

6.5-8.0 (Worning, Müllertz, Hess Thaysen, & Bang, 2010), where bile is secreted from the gall bladder 62 

to emulsify the fat into smaller fat droplets. Pancreatic lipase is secreted from the pancreas and adsorbs to 63 

the fat droplets to digest the triglycerides ultimately into monoglycerides and fatty acids, and in some 64 

circumstances complete digestion to glycerol. During lipolysis, the digestion products may accumulate 65 

on the surface of the fat droplets, hindering the lipase from accessing the remaining triglycerides and 66 

preventing digestion from proceeding (Reis, Watzke, Leser, Holmberg, & Miller, 2010). Bile extract 67 

solubilises and removes the digestion products from the oil/water interface (Carey & Small, 1972; 68 

Maldonado-Valderrama, Wilde, Macierzanka, & Mackie, 2011) allowing the lipase to access the 69 

undigested triglycerides and continue digesting lipids. (Wilde & Chu, 2011) 70 

Many available weight loss supplements claim they aid in reducing an individual’s weight gain by 71 

interfering with the digestive process. Some of these products contain chitosan, a linear polysaccharide 72 
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derived from the exoskeleton of shellfish consisting of randomly distributed D-glucosamine and N-acetyl-73 

D-glucosamine linked by β-(1→4) glycosidic bonds. (Knorr, 1982) The literature exploring the influence 74 

of chitosan on the in vitro digestion of lipids is often ambiguous as to whether the differences in digestion 75 

kinetics observed can be attributed directly to the chitosan. (Gades & Stern, 2003; Guerciolini, Radu-76 

Radulescu, Boldrin, Dallas, & Moore, 2001; F.-H. Liao, Shieh, Chang, & Chien, 2007; Maezaki, et al., 77 

2014; Panith, Wichaphon, Lertsiri, & Niamsiri, 2016) While it is hypothesised that chitosan does 78 

influence digestion, it is agreed that the chitosan does not inhibit the active site of the lipase directly 79 

(Souza, et al., 2014) but instead adsorbs to the triglycerides and forms a protective barrier around the fat 80 

droplets, preventing the lipase from accessing the undigested lipids. (Mun, Decker, Park, Weiss, & 81 

McClements, 2006) By measuring the zeta potential over time of emulsion droplets, it was found that 82 

lipase adsorbed onto emulsion droplets coated in chitosan to a lesser extent than emulsion droplets coated 83 

in lecithin, with the authors concluding that the chitosan formed a protective barrier around the fat. The 84 

adsorption of the chitosan onto oil droplets relies on the pH of the surrounding medium, with adsorption 85 

being favoured in slightly acidic conditions due to the ionisation of the amino groups on the chitosan (pKa 86 

of 6.3 ± 0.1 (Li, Revol, & Marchessault, 1996)) presumedly enabling electrostatic interaction with ionised 87 

fatty acids (pKa of linoleic acid is 4.99). (Helgason, Gislason, McClements, Kristbergsson, & Weiss, 88 

2009) At low pH values electrostatic interactions are absent as the chitosan is soluble and the fatty acids 89 

are protonated. There were no electrostatic interactions at higher pH as the chitosan is insoluble and 90 

deprotonated (unionised). The authors concluded pH 6.0 was the optimal pH value to encounter the 91 

electrostatic interaction between chitosan and fatty acids as both molecules are partially ionised and 92 

chitosan is partially soluble. However, there has yet to be a consensus on the correlation between the 93 

properties of chitosan and the degree of adsorption onto the oil droplets, as some authors have concluded 94 

an increase in molecular weight of chitosan causes an increase in adsorption of fatty acids (Helgason, et 95 

al., 2009; Panith, et al., 2016), while other authors have found there is no correlation. (Klinkesorn & 96 

McClements, 2009) 97 
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While the interaction with the surface of oil droplets makes sense, there is potential for interaction with 98 

bile components during digestion. Small angle X-ray scattering (SAXS) has been used to examine the 99 

colloidal structures formed at the interface between a chitosan solution and solutions of bile salt mixed 100 

micelles comprising sodium taurodeoxycholate. (Tangso, et al., 2014) A lamellar liquid crystalline phase 101 

was formed at the interface and it was concluded that electrostatic interactions were occurring between 102 

the chitosan and negatively-charged bile salt and that hydrophobic interactions were driving the formation 103 

of the ordered lamellar structure. Bile salt-chitosan complexes are able to absorb large quantities of fatty 104 

acids (Chiappisi & Gradzielski, 2015), which may impact on the absorption of fatty acids from the 105 

intestine that would otherwise be converted back into triglycerides and stored as fat. It is hypothesised 106 

that, analogous to the case with bile salts, chitosan forms ordered self-assembled structures upon 107 

electrostatic interaction with the fatty acids that are formed during lipolysis. As neither chitosan nor its 108 

complexes are expected to be permeable across the intestinal wall, attenuation of the absorption of the 109 

fatty acids would be expected. 110 

Therefore, the current studies investigate the impact that chitosan, both in isolated form and in a 111 

commercially available weight loss supplement (SUP), has on the in vitro digestion of fats. Bovine milk 112 

was used as a model triglyceride emulsion as it is known to self-assemble into an array of colloidal 113 

structures when exposed to lipase during an in vitro digestion, thereby providing a sensitive indicator of 114 

any influence on the digestion process. (Clulow, Salim, Hawley, & Boyd, 2018; Salentinig, Phan, Khan, 115 

Hawley, & Boyd, 2013) The colloidal structures formed during digestion depend on the ratio of the lipid 116 

digestive products, which are influenced by the stage of digestion. Bovine milk is composed of different 117 

triglycerides, mainly those containing the fatty acids oleic (C18:1) and palmitic (C16:0) acid. When full 118 

cream milk is exposed to a weight loss supplement the effect at any stage of digestion can be determined 119 

by comparing the structures observed by SAXS analysis. (Salentinig, et al., 2013) It will be shown that 120 
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chitosan interacts directly with free fatty acids by monitoring the colloidal structures formed during 121 

digestion, at chitosan/oleic acid solution interfaces and in bulk chitosan/oleic acid dispersions.    122 

  123 
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2. Materials and Methods 124 

2.1 Materials 125 

Trizma® maleate (reagent grade, >99.5% purity) was purchased from Sigma-Aldrich (St. Louis, 126 

Missouri). Sodium chloride (analytical grade, >99.7% purity) was purchased from ChemSupply (Gillman, 127 

South Australia, Australia). Calcium chloride dihydrate (analytical grade, >99% purity) was purchased 128 

from Ajax Finechem (Seven Hills, New South Wales, Australia). Sodium hydroxide pellets (>99% purity) 129 

and glacial acetic acid (100% purity) were purchased from Merck KGaA (Darmstadt, Germany). USP 130 

grade porcine pancreatic extract was purchased from Southern Biologicals (Nunawading, Victoria, 131 

Australia). Hydrochloric acid (36%) was purchased from Univar (Downers Grove, Illinois, United States). 132 

Low molecular chitosan flakes (50-190 kDa, 75-85% deactylated) were purchased from Aldrich Chemical 133 

Company Inc. (Milwaukee, USA). Oleic acid (>99% purity) was purchased from TCI Company Ltd. 134 

(Kawaguchi City, Saitama, Japan). Full cream milk (3.4% fat content, Pura brand) and a commercially 135 

available weight loss supplement (SUP) containing low molecular weight chitosan (525 mg), Plantago 136 

afra seed husk (100 mg) and ascorbic acid (175 mg) per tablet were purchased at local grocery stores 137 

(Coles Brunswick, Melbourne, Australia). Water used was sourced from a Millipore water purification 138 

system using a QuantumTM EX Ultrapure Organex cartridge (Millipore, Sydney, Australia). 139 

2.2 Monitoring colloidal structures during digestion of full cream milk in the presence of SUP 140 

2.2.1  Preparation of lipid digestion medium 141 

Micelles that mimic typical fed state intestinal conditions containing 5 mM 1,2-dioleoyl-sn-glycero-3-142 

phosphatidylcholine (DOPC) and 20 mM sodium taurodeoxycholate (NaTDC) were prepared by first 143 

dissolving DOPC (218 mg) in chloroform (1 mL) and then removing the chloroform under vacuum to 144 

form a thin film of DOPC on the inner wall of a round-bottomed flask. NaTDC (579 mg) and digestion 145 

buffer [50 mL, 50 mM Trizma maleate (pH 6.5), 150 mM NaCl, 5 mM CaCl2.2H2O, and 6 mM NaN3] 146 
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were added to the round-bottomed flask and the resulting mixture was sonicated using a bath sonicator 147 

for 30 min. The resulting micellar solution was left to equilibrate at 4°C for at least 24 hours before being 148 

used.  149 

Lipase extract was prepared by vortexing porcine pancreatin powder (4.0 g) in digestion buffer (5.0 mL) 150 

for 15 min. The mixture was then centrifuged (at 3500 rpm, 4°C) for 15 min and the supernatant with an 151 

activity of ~10 000 TBU mL-1 was collected. The extract was freshly prepared daily, and all unused extract 152 

was discarded at the conclusion of any experiments. 153 

2.2.2 In vitro lipolysis studies using the pH-stat method 154 

The digestion profiles were monitored using a pH-stat autotitrator (Metrohm, Herisau, Switzerland), in 155 

accordance with previous protocols (Salentinig, et al., 2013). Full cream milk (7.5 mL) was added to 156 

digestion buffer (6.0 mL) in a thermostatted digestion vessel and kept at 37°C with constant stirring. The 157 

pH was adjusted to 6.500 ± 0.003 before lipase extract (1.5 mL, activity ~1000 TBU mL-1 of digest) was 158 

added to initiate lipolysis. Sodium hydroxide (0.2 M) was titrated into the system to counter the decrease 159 

in pH caused by the release of ionised fatty acids produced by digestion and a back titration was performed 160 

by increasing the pH to 9.0 as a measure of the amount of unionised fatty acids released during digestion. 161 

The sum of the values obtained from the back titration and the forward titration represents the total fatty 162 

acids released during in vitro digestion and the measured titration profiles were rescaled accordingly after 163 

accounting for the amount of titrant added to a control titration of digestion buffer alone. (Stillhart, Dürr, 164 

& Kuentz, 2014) The total amount of fatty acids released was calculated assuming one triglyceride is 165 

hydrolysed into 2 fatty acids and a monoglyceride. The extent of digestion was monitored by measuring 166 

the titration of free fatty acids released by sodium hydroxide and digestion was determined to be 167 

completed when the amount of titrant added plateaued.  168 

Chitosan formulations were produced by mixing one SUP tablet, containing 525 mg of chitosan, in 20 169 

mL digestion buffer as this ratio was equivalent to the maximum dose stated in the product instructions. 170 



10 

 

This formulation (6 mL) was added in place of the digestion buffer during the in vitro digestions. As the 171 

addition of chitosan increased the viscosity of the digestion media an additional concentration was used 172 

equivalent to a quarter of the recommended dose, the SUP formulation described above (1.5 mL) was 173 

diluted with digestion buffer (4.5 mL) before addition to full cream milk. Digestions of full cream milk 174 

in the presence of raw chitosan dissolved in aqueous acetic acid were not possible due to the chitosan/fatty 175 

acid complex forming a gel that was too viscous to be stirred in the digestion vessel. This was not the case 176 

when the commercial formulation was used.   177 

The initial rate (within 7 minutes of digestion starting) and amount of free fatty acids released during in 178 

vitro digestions are expressed as the mean ± standard deviation and experiments were performed in 179 

triplicate. Statistical analysis was performed using the IBM SPSS Statistics 26 and applied a one-way 180 

variance test (ANOVA) with Tukey post-hoc analysis.  181 

2.2.3 Investigation of colloidal structures formed during in vitro digestion using small angle X-ray 182 

scattering (SAXS) 183 

Small angle X-ray scattering measurements were performed on the SAXS/WAXS beamline at the 184 

Australian Synchrotron, part of ANSTO. For in situ digestion studies an X-ray beam with a wavelength λ 185 

= 0.954 Å (photon energy = 13 keV) was used. The sample-to-detector distance was 1531 mm, providing 186 

a q-range of 0.02 – 0.56 Å-1, where q is the scattering vector (= (4π/λ)sinθ, where 2θ is the scattering 187 

angle). The 2D SAXS patterns were obtained with a 5 s acquisition time and a 15 s delay between 188 

measurements for the flow through set-up using a Pilatus 1 M detector (pixel size of 172 μm and active 189 

are 169 × 179 mm2). All data obtained were interpreted with Scatterbrain, an in-house designed program 190 

to reduce the 2D scattering images to plots of scattered X-ray intensity [I(q)] versus q. The liquid 191 

crystalline phases formed during digestion were identified from the relative position of the diffraction 192 

peaks observed, whilst the absolute positions of the peaks give the dimensions of the liquid crystalline 193 

unit cells (Hyde, 2001).  194 
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The digestions for the in situ SAXS experiments were set up as described above in section 2.2.2 with the 195 

following alterations. A syringe driver was used to remotely deliver 1.5 mL of the pre-prepared enzyme 196 

solution to initiate the digestions. The formulations were sonicated for 20 seconds prior to the digestion 197 

to also aid dispersion. The digesting mixture in the digestion vessel was continuously drawn through a 2 198 

mm quartz capillary positioned in the path of the X-ray beam (< 2 mL volume) by a peristaltic pump at a 199 

flow rate of ~10 mL min-1 and cycled back into the digestion vessel. 200 

2.3 Investigation of colloidal structures at the interface of chitosan and fatty acid solutions using 201 

SAXS 202 

Interfaces between the chitosan and fatty acid solutions were prepared as described previously for 203 

chitosan-bile salt solution interfaces (Tangso, et al., 2014). Samples were prepared by dipping a 204 

rectangular VitroCom borosilicate “flat cell” (dimensions: 0.40 x 8.00 x 50 mm) into a solution of chitosan 205 

(either 4 wt% chitosan dissolved in 1% v/v aqueous acetic acid or SUP) which was filled to halfway up 206 

the cell and the bottom tightly sealed with parafilm to ensure the chitosan solutions did not leak out. Oleic 207 

acid emulsions (60 mM oleic acid dispersed in either 1% w/v F108 micelles or 20 mM DOPC/5 mM 208 

NaTDC micelles) were carefully pipetted into the top opening of the cell to ensure the chitosan solution 209 

was not disturbed and to create an interface between the chitosan and oleic acid solutions. The surface of 210 

the flat cell was cleaned and the other end also sealed with parafilm. To characterise the self-assembled 211 

structures formed across the interface created between solutions of oppositely charged polymer and 212 

surfactant, briefly, the flat cells were placed into the path of the X-ray beam in the SAXS/WAXS beamline 213 

of the Australian Synchrotron and a line scan was conducted starting at the bottom of the flat cell 214 

(containing the bulk polymer solution) to the top of the flat cell (containing the bulk OA/surfactant 215 

solution) at a spatial resolution of 100 μm (illustrated schematically in Figure 1). The interface that was 216 

created between the two solutions and observed visually through the in-line sample observation camera 217 
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on SAXS/WAXS was designated as the origin in plots of SAXS profiles versus position from the 218 

interface. 219 

For these line scan measurements across chitosan/oleic acid interfaces an X-ray beam with a wavelength 220 

λ = 1.033 Å (photon energy = 12 keV) was used. The sample-to-detector distance was 1531 mm, providing 221 

a q-range of 0.02 – 0.51 Å-1. 2D SAXS patterns were obtained with a 1 s acquisition time. Data was 222 

collected on a Pilatus 1M detector and processed as described previously using Scatterbrain. 223 

 224 

Figure 1 – A schematic representing the line scan set up where the solid black line between the oleic acid 225 

and chitosan is deemed the interface or origin. 226 

2.4 Measurement of colloidal structures formed in bulk dispersions of chitosan and oleic acid at 227 

different pH values 228 

Oleic acid emulsions were prepared by adding oleic acid (60 mM) to either 5 mM DOPC+20 mM NaTDC 229 

‘fed’ micelles or a 1% w/v Pluronic F108 solution before sonicating the emulsions for 30 minutes in a 230 

bath sonicator. Chitosan solutions were prepared by dissolving either chitosan flakes in 1% v/v acetic acid 231 

or a SUP tablet in digestion buffer. Bulk mixtures of oppositely charged components were then were 232 

prepared by mixing equal amounts of oleic acid emulsions and chitosan solutions with a vortex mixer. 233 

Samples were left to equilibrate overnight on a roller at 37°C. The pH of the bulk samples was adjusted 234 

by adding either 0.5 M NaOH or 0.5 M HCl until the desired pH was reached. An aliquot was taken and 235 

the bulk solution was readjusted to a new pH, all samples were stored at 37°C until analysed. Samples of 236 

each dispersion were loaded into 1.5 mm diameter special glass capillaries (CharlesSupper, Natick, MA, 237 

U.S.A.) and loaded into a temperature controlled capillary holder at 37 °C mounted in the X-ray beam. 238 
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An X-ray beam with a wavelength λ = 0.954 Å (photon energy = 13 keV) was used. The sample-to-239 

detector distance was 997 mm, providing a q-range of 0.02 – 1.93 Å-1. Data was collected on a Pilatus 240 

2M detector, which has twice as many pixels as the Pilatus 1M detector described above and recorded 241 

data were processed as described previously using Scatterbrain. 242 

3. Results  243 

3.1  Liquid crystalline nanostructure(s) formed during the digestion of full cream milk in the 244 

presence of chitosan 245 

3.1.1 In vitro lipolysis profiles of full cream milk 246 

To investigate the effect of the supplement on the kinetics of lipid digestion, in vitro digestion of full 247 

cream milk was conducted in the presence and absence of SUP. The titration profiles provide the amount 248 

of fatty acids liberated against time and the slope of the linear region between 1.0 and 7.0 minutes of the 249 

titration profiles indicates the initial rate of the digestion. The amount of fatty acids liberated after 60 250 

minutes was taken to be the maximum extent of lipolysis achievable as the titration profiles had reached 251 

a plateau.  252 
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 253 

 254 

 255 

Figure 2 – Effect of concentration of chitosan (in the form of SUP) on the rate and extent of fatty acid 256 

production during the in vitro lipolysis of full cream milk. No added SUP is indicated by the orange 257 

squares, SUP at the recommended dose equivalent to 4% w/v of chitosan is indicated by blue circles, and 258 

SUP at ¼ of the recommended dose, equivalent to 1% w/v of chitosan is indicated by the purple triangles. 259 

Data are mean ± s.d., n=3. 260 

The maximum extent of the lipolysis of full cream milk without chitosan after 60 minutes of digestion 261 

was 0.61 ± 0.04 mmol. When the lower dose of SUP (equivalent to 1 wt% chitosan) was added to the 262 

digestion, the extent was not significantly altered being 0.57 ± 0.02 mmol (p = 0.356). However, when 263 

the higher dose of SUP (equivalent to 4 wt% chitosan) was added the extent was significantly reduced to 264 

0.46 ± 0.04 mmol (p = 0.001). The initial digestion rate was not significantly affected in the presence of 265 

chitosan as the lipolysis of full cream milk in the absence of chitosan was 0.079 ± 0.003 mmol min-1 while 266 
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in the presence of chitosan at 1% w/v and 4% w/v the rates measured were 0.073 ± 0.005 (p = 0.976) and 267 

0.031 ± 0.010 mmol min-1 (p = 0.085) respectively.  268 

3.1.2  Colloidal structures formed during the digestion of full cream milk 269 

Small angle X-ray scattering (SAXS) was used to determine the effect of chitosan on the liquid crystalline 270 

structures formed during the digestion of full cream milk. During this process, the digesting lipids self-271 

assemble into characteristic liquid crystalline nanostructures (Clulow, et al., 2018; Salentinig, et al., 2013) 272 

and a lamellar phase (Lα, first peak appearing at approximately q = 0.14 Å-1) forms rapidly and is present 273 

throughout the lipolysis. This phase is known to be associated with the formation of calcium soaps of the 274 

liberated fatty acids due to the presence of calcium ions in full cream milk and the digestion buffer 275 

(Clulow, et al., 2018). A transient micellar cubic phase (I2, space group Fd3m, first peak appearing at 276 

approximately q = 0.126 Å-1) appears briefly before the hexagonal phase (H2,
 first peak appearing at 277 

approximately q = 0.116 Å-1) forms. The bicontinuous cubic phase (V2, space group Im3m, first peak 278 

appearing at approximately q = 0.048 Å-1) forms as the H2 phase diminishes and is present until the 279 

conclusion of the digestion. The scattering profiles of the formulations and the lattice parameter of each 280 

phase formed during the in vitro digestions of full cream milk are summarised in Figure 3. 281 

The digestion of full cream milk without chitosan (Figure 3A) reproduced the phases in accordance with 282 

previous literature described. When SUP was added at 1 wt% equivalence of chitosan (Figure 3C) the 283 

phases occurred with similar lattice parameters as per previous literature, despite being slightly delayed 284 

in the timing of their appearance. When SUP was added at 4 wt% equivalence of chitosan (Figure 3E) 285 

only the lamellar phase associated with calcium soaps was formed and the non-lamellar phases associated 286 

with more complete milk lipid digestion were not. 287 
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 288 

Figure 3 –The dependence of phase progression during digestion of milk in the absence and presence of 289 

chitosan systems evident from scattering profiles (left) and lattice parameter and timing of appearance of 290 

phases (right). No chitosan (A, B), 1% chitosan equivalent in SUP (C, D), and 4% chitosan equivalent in 291 

SUP (E, F).   292 

3.2 Liquid crystalline nanostructures formed at the interface between chitosan and oleic acid 293 

formulations 294 

Equally spaced diffraction peaks were present at the interface between the chitosan formulations and the 295 

oleic acid dispersions (0 mm from the origin) for both systems containing SUP (Figure 4C, Figure 4D), 296 

indicating the formation of a lamellar phase with a lattice parameter of 47 Å. The peaks were not observed 297 

within the bulk solution regions (e.g. at +4 or -4 mm from the origin) of either the chitosan or oleic 298 

acid/SUP solutions indicating they were formed due to the specific interactions between the components 299 

of the two formulations. The systems prepared using pure chitosan solution (Figure 4A, Figure 4B) did 300 
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not show multiple peaks representing the lamellar phase. However, the system containing the chitosan 301 

solution and oleic acid emulsified in micelles (Figure 4B) displayed one diffraction peak at the interface. 302 

As no other peaks were apparent and the peak did not appear at the same q-value as that of the lamellar 303 

phase in Figure 4C and Figure 4D, the mesophase giving rise to the peak in Figure 4B could not be 304 

unequivocally defined from the data. 305 

 306 

Figure 4 –Spatially resolved scattering profiles obtained during line scans conducted across four different 307 

interfaces where chitosan solution or SUP is on the negative side of the origin in each case: oleic acid 308 

dispersed in F108 in contact with 4 wt% chitosan solution (A), oleic acid dispersed in fed micelles in 309 

contact with 4 wt% chitosan solution in acetic acid (B), oleic acid dispersed in F108 in contact with SUP 310 

solution (equivalent to 4 wt% chitosan) (C), and oleic acid dispersed in Fed micelles in contact with SUP 311 

solution (equivalent to 4 wt% chitosan) (D).  312 

 313 

A B

C D
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3.3 The influence of pH on the mesophases formed in bulk samples created with chitosan and 314 

oleic acid formulations  315 

The mesophases resulting from the interactions between the different oleic acid emulsions and chitosan 316 

solutions mixed together to form dispersions were monitored under various pH conditions and the SAXS 317 

profiles of these systems are shown in Figure 5. For the pure chitosan systems in Figure 5A and Figure 318 

5B, a single broad peak was observed at approximately 0.14 Å-1 and is likely associated with an inverse 319 

micellar phase (L2)(Bernardes, da Silva, Piculell, & Loh, 2010; Ferreira, Piculell, & Loh, 2016) which 320 

consists of inverse micelles in an oil phase.  321 

 322 

Figure 5 – The dependence on structure formation with varying pH for the different systems; oleic acid 323 

dispersed in F108 with 4 wt% chitosan solution in acetic acid (A), oleic acid dispersed in fed micelles 324 

with 4 wt% chitosan solution in acetic acid (B), oleic acid dispersed in F108 with SUP (C), and oleic acid 325 

dispersed in fed micelles with SUP (D). The profiles have been offset for clarity.  326 

When SUP was used as the source of chitosan (Figure 5C and Figure 5D), at higher pH a series of sharp 327 

evenly spaced peaks were apparent at q values 0.136 Å-1, 0.272 Å-1, and 0.408 Å-1 associated with a well-328 
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ordered lamellar phase (Lα) with a lattice parameter of 47 Å. At lower pH (5.5), the two systems containing 329 

SUP appeared to transition to the more disordered inverse micellar phase. The system containing SUP 330 

and 60 mM oleic acid dispersed in F108 (Figure 5C) produced a mixture of both a putative inverse micellar 331 

phase and lamellar phase at pH 6.0.  332 

4. Discussion 333 

When SUP was added to milk at the recommended dose equivalent to 4 wt% chitosan, both the rate and 334 

extent of the digestion (indicated by titratable fatty acids) were significantly reduced, which indicates that 335 

digestion was inhibited (Figure 2). The addition of SUP caused the digestion media to become more 336 

viscous which may have caused issues with homogenous stirring of the digestion. To investigate the 337 

influence of viscosity on the titration, additional digestions were performed with a quarter of the 338 

concentration of SUP to reduce the viscosity but maintain the presence of the active ingredient chitosan. 339 

The rate and extent of the in vitro digestion of full cream milk remained unchanged in this case. As the 340 

kinetics of digestion did not change at the much lower SUP concentration, a change in viscosity was not 341 

considered to be responsible for the reduction in the kinetics of digestion. To further probe whether there 342 

was a specific interaction between the chitosan and digestion products, SAXS was used to probe the lipid 343 

self-assembly during in vitro digestion.  344 

The characteristic phase transitions during the digestion of full cream milk, described in section 3.1.2, did 345 

not occur when the SUP was added at a concentration equivalent to the recommended dose relative to a 346 

standard meal, i.e. 4% (Figure 3C). The only observed liquid crystalline structure was the Lα phase which 347 

was reported to be due to the formation of calcium soaps. (Clulow, et al., 2018) A change in identity or 348 

lattice parameter in such experiments indicates a disruption of the packing of lipids in the structure, either 349 

through direct interaction of chitosan with the lipids during digestion or by alteration of the local lipid 350 

composition due to the removal of digestion products during the digestion process. In contrast to the 351 

higher dose of SUP, when the lower concentration of SUP was added to the digestion medium (Figure 352 
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3B), the same phase transitions occurred during in vitro digestion in the absence of SUP. The lattice 353 

parameters of the different mesophases formed during digestion were also unaffected. The lack of change 354 

in phase identity or lattice parameters indicated that at low concentration the chitosan polymer was not 355 

intercalating directly into the colloidal structures. The fact that the extent of digestion was also the same 356 

as in the absence of chitosan (Figure 2) meant that the slightly slower digestion kinetics were not due to 357 

substantial direct inhibition of the lipase but may be in part due to sequestration of a proportion of fatty 358 

acids (and possibly monoglycerides through hydrophobic interaction with fatty acid components) causing 359 

a delay in reaching the critical digestion product concentrations required to induce the phase changes in 360 

the digesting milk fat droplets. This hypothesis is also consistent with the slight reduction in the intensity 361 

of the observed diffraction peaks in the presence of 1% w/v chitosan in Figure 3C compared to Figure 362 

3A. Nevertheless, the effect is subtle and did not impact the overall structures formed at low concentration.  363 

The higher dose of chitosan prevented the formation of colloidal structures other than the lamellar soap 364 

phase, indicating that the chitosan was interacting more extensively with the lipid digestion products at 365 

4% w/v. Zhou et al. investigated the fat- and bile acid-binding capacities of chitosan formulations differing 366 

in molecular weight and degree of acetylation. (Zhou, Xia, Zhang, & Yu, 2006) The different chitosan 367 

formulations were able to adsorb to the fat and bile salt but there was no correlation between the binding 368 

capacity and the physicochemical properties of chitosan. In the current study, where chitosan only slightly 369 

reduced the overall extent of digestion, if the chitosan was not binding the fatty acids produced then the 370 

phase transitions would be expected to be unaffected. To verify that the fatty acids interact directly with 371 

chitosan, a further study was conducted exploring the structure formation at an interface between 372 

dispersions of the chitosan and oleic acid solutions.  373 

The aforementioned structural changes during digestion occurred after 5 min digestion time when the 374 

lipolysis was approximately 50% complete in each case. It should be noted that the current study did not 375 

employ a gastric digestion step, in part because only limited lipolysis occurs in the gastric phase and 376 
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would not therefore impact significantly on the structural behaviour, but also because aggregation of 377 

casein at low pH makes the structural evaluation impractical. Furthermore, it has been reported previously 378 

that the liquid crystalline structures formed, essentially only calcium soaps at gastric extents of digestion, 379 

are disassembled in acidic media and as such no structures are observable in the gastric phase of digestion. 380 

(Salentinig, et al., 2013) 381 

The line scans at the interface between chitosan solution and oleic acid (OA) dispersed in fed micelles 382 

(Figure 4B) the structured phase grows towards the bulk oleic acid solution, spanning 2.5 mm within the 383 

phase from the origin. This was also the case for the interface between SUP and OA dispersed in F108 384 

(Figure 4C),  This observation agrees with previous literature (Tangso, et al., 2014) which observed that 385 

interfacial structuring between bulk solutions of the polymer poly(diallyldimethylammonium chloride) 386 

and a surfactant sodium dodecyl sulphate grew towards the surfactant solution. Distal to the interface, the 387 

bulk solution contains a relatively high concentration of either the polymer or fatty acid, setting a 388 

concentration gradient driving the components to migrate to the opposite side. The solution of chitosan is 389 

more viscous than the fatty acid dispersions, making it apparently more difficult for the oleic acid to 390 

penetrate into the chitosan solution. In contrast, the chitosan at the surface is more hydrated and diffuses 391 

into the less viscous fatty acid emulsion.  392 

Bulk samples containing different mixtures of SUP or chitosan combined with OA dispersed with either 393 

F108 or fed micelles were produced at various pHs to represent the range of pHs experienced in the small 394 

intestine (Figure 5). The samples containing the chitosan solution were not altered significantly by 395 

changes in pH but the samples containing the SUP transitioned from an ordered lamellar phase at high 396 

pH to a more disordered inverse micellar phase at low pH. This suggests that the manner in which the 397 

oleic acid emulsions were stabilised (bile salt micelles vs Pluronic) does not influence the nature of the 398 

self-assembled material formed, but that the composition of the chitosan containing system does. The 399 

chitosan solution formed a structure giving rise to a single broad diffraction (Bragg) peak in both the line 400 
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scan in Figure 4 and the bulk mixtures in Figure 5 which could not allow unequivocal phase identification, 401 

whereas SUP formed a highly ordered lamellar phase structure. Although both systems formed an ordered 402 

structure of some form, the high degree of ordering using SUP suggests highly coherent multilayers of 403 

lamellar structure more indicative of a bulk lamellar structure, possibly indicating more significant 404 

precipitation of the coacervate material in that system compared to the chitosan only solution. SUP is a 405 

complex mixture of materials, making it an almost impossible task to completely elucidate the interactions 406 

with each individual formulation component occurring in the mixture with the oleic acid emulsions. 407 

However it is clear that there is a direct interaction between chitosan and fatty acids which is highly pH 408 

dependent, with structuring not apparent in the unmixed materials which addresses the central hypothesis 409 

of the study and is summarised in Figure 6. The fact that the order in the system is partly disrupted on 410 

dropping pH to approximately the pKa of oleic acids points to the important role of electrostatics in the 411 

system and may indicate a reduced charge density of the refined chitosan solution compared to the 412 

chitosan mixed with excipients in the SUP, as the low pH SUP/oleic acid mixtures presented structure 413 

more closely resembling the refined chitosan solution systems (compare Figures 5A to 5C). A 414 

consequence of the observed pH dependence is the potential for the strong interactions of the fatty acids 415 

with chitosan in SUP at neutral pH (6.5 to 8.0) can inhibit fatty acid absorption from occurring in the 416 

small intestine, leading to a drop in calorific uptake which will subsequently limit the amount stored as 417 

fat and reduce weight gain.  418 
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419 

Figure 6 - Schematic explaining likely interactions between chitosan, free fatty acids and bile acids as 420 

function of pH. At high pH a lamellar phase is formed when most oleic acid molecules are ionised, due 421 

to strong electrostatic interaction with chitosan, but at low pH where more oleic acid is protonated the 422 

oleic acid drives the curvature towards the internal aqueous domain inducing formation of inverse 423 

micelles indicated by the broad peak evident in the SAXS profiles at low pH.  424 

5. Conclusion 425 

This study investigated the interaction between chitosan formulations and lipid emulsions and the effect 426 

on the behaviour of digestion products during in vitro lipolysis. The presence of a high concentration of 427 

chitosan, present in a commercially available weight loss supplement (SUP), was able to reduce the 428 

amount of fatty acids produced during lipolysis and prevent the self-assembly into the known liquid 429 

crystalline structures formed during the in vitro digestion of full cream milk. When a neat interface was 430 
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created between SUP and oleic acid emulsions, a well-defined lamellar phase appeared and was also 431 

present in bulk samples indicating there is a strong interaction between the two systems which was 432 

preserved across a moderate pH range. The chitosan-based weight loss supplement was shown to interact 433 

with the products of lipid digestion which may reduce fatty acid uptake and subsequently lead to reduced 434 

weight gain.  435 
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