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23 Abstract

24 Food, nutrition, and pharmaceutical scientists are trying to elucidate the major factors 

25 impacting the bioavailability of macronutrients (e.g., lipids) and micronutrients (e.g., vitamins) 

26 so as to improve their efficacy. Currently, there is still a limited understanding of how food 

27 matrix effects impact digestion and bioaccessibility determined under the INFOGEST model, 

28 which is currently the most widely used standardized in vitro gastrointestinal model. Therefore, 

29 we examined the impact of corn oil concentration on lipid digestion and β-carotene 

30 bioaccessibility using model food emulsions. For all oil concentrations tested (2.5 to 20%), 

31 complete lipid digestion was achieved using fed-state gastrointestinal conditions, which could 

32 only be seen if a back-titration was performed. The particle size and negative surface potential on 

33 the mixed micelles formed at the end of the small intestine phase both increased with increasing 

34 oil concentration, which was attributed to the generation of more free fatty acids. The β-carotene 

35 bioaccessibility increased when the oil concentration was raised from 2.5 to 10% due to the 

36 increased solubilization capacity of the mixed micelles, but then it decreased when the oil 

37 concentration was raised further to 20% due to precipitation and sedimentation of some of the β-

38 carotene. The maximum β-carotene bioaccessibility (93.2%) was measured at 10% oil. These 

39 results indicate that the oil concentration of emulsions influences β-carotene bioaccessibility by 

40 altering digestion, solubilization, and precipitation processes. This knowledge is important when 

41 designing more effective functional or medical food products.

42

43

44 Keywords: Oil concentration; β-carotene; emulsion; bioaccessibility; INFOGEST method.

45
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46 1. Introduction

47 Historically, a number of commonly consumed food products have been fortified with 

48 essential micronutrients (vitamins and minerals) to prevent nutritional deficiencies in the general 

49 population, including milk, juice, cereal, and bread.1, 2 More recently, there has been great 

50 interest in the fabrication and development of a new generation of fortified food products 

51 containing nutraceuticals.3 These bioactive food components are claimed to exert beneficial 

52 health effects when consumed at sufficiently high levels over extended periods.4 In particular, 

53 many nutraceuticals have been claimed to protect against chronic conditions such as 

54 cardiovascular disease, eye disease, brain disease, diabetes, hypertension, and cancer.5 A 

55 growing number of consumers are therefore purchasing nutraceutical-fortified functional foods 

56 to improve their health and wellbeing, with the aim of increasing their lifespan and quality of 

57 life.6, 7 In the future, it is hoped that functional foods may play an important role in reducing the 

58 incidences of chronic diseases, thereby reducing the need for pharmaceutical or surgical 

59 interventions.8, 9 The efficacy of functional foods depends on the bioavailability of the 

60 nutraceuticals they contain, which depends on the composition and structure of the surrounding 

61 food matrix.10, 11 As a result, there has been a major research effort to elucidate the key factors 

62 affecting nutraceutical bioavailability so that more efficacious functional food products can be 

63 designed.12, 13

64 Many nutraceuticals are strongly hydrophobic substances that are challenging to incorporate 

65 into functional foods because of their poor water-solubility and bioaccessibility.10, 14 For this 

66 reason, hydrophobic nutraceuticals are typically loaded into colloidal particles that have 

67 hydrophobic interiors and hydrophilic exteriors before being incorporated into functional 

68 foods.13, 15, 16 Oil-in-water emulsions are one of the most commonly used colloidal systems for 
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69 encapsulating and delivering hydrophobic nutraceuticals because they can be economically 

70 fabricated using existing homogenization technologies.14, 17 Nevertheless, the composition and 

71 structure of these delivery systems, as well as the surrounding food matrix, must be carefully 

72 designed to ensure good nutraceutical bioaccessibility.18, 19 Indeed, a variety of food matrix 

73 effects impact nutraceutical bioaccessibility. For instance, multivalent cations (such as calcium 

74 and magnesium) reduced carotenoid bioaccessibility, which was due to their ability to form 

75 insoluble soaps with long-chain fatty acids thereby reducing the number of mixed micelles 

76 present.20 Whey proteins have been shown to either increase or decrease β-carotene 

77 bioaccessibility, depending on the extent of digestion.21 The presence of plant-based oils and 

78 dietary fibers has also been shown to either increase or decrease the carotenoids bioaccessibility 

79 vegetables depending of the nature of the meal they are included in.22 An improved 

80 understanding of the impact of food matrix effects on nutraceutical bioaccessibility may 

81 therefore contribute to the formulation of functional food products with higher and more 

82 consistent biological activities.23

83 The impact of food matrix effects on the bioaccessibility of nutraceuticals is usually 

84 explored using gastrointestinal tract (GIT) models.24, 25 These models are designed to simulate 

85 the conditions present within the different parts of the human GIT (mouth, stomach, and small 

86 intestine), such as incubation times, mechanical actions, pH, mineral compositions, enzyme 

87 activities, and other factors.25 These in vitro models cannot account for the dynamic complexity 

88 of the real human GIT, but they can provide valuable insights into the physicochemical 

89 phenomenon involved since samples can easily be collected and characterized.26, 27 Moreover, 

90 they can be used to rapidly screen formulations with different compositions and structures, which 

91 cannot be easily achieved using in vivo testing methods, due to cost, time, and ethical reasons. 
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92 One of the most widely used simulated GIT models was developed by the INFOGEST 

93 international consortium.25, 27 The conditions used in this model have been standardized so that 

94 researchers from different laboratories can compare their results under similar conditions. At 

95 present, however, there is still a relatively lacking understanding of how different food matrix 

96 effects impact the bioaccessibility of nutraceuticals determined using this new simulated GIT 

97 model.

98 In this article, we use the updated INFOGEST method to study the impact of oil 

99 concentration on the bioaccessibility of β-carotene encapsulated within a model food emulsion. 

100 This carotenoid has an extremely low water-solubility and poor bioaccessibility in its pure 

101 crystalline form, which makes it a good candidate for encapsulation.12 In addition, it exhibits 

102 provitamin A activity and is a natural antioxidant, which means that enhancing its 

103 bioaccessibility may have health benefits.28 Moreover, β-carotene is a strongly pigmented 

104 substance so that is concentration can easily be quantified using simple UV-visible spectroscopy 

105 methods. This carotenoid has also been used extensively in previous GIT studies, which has led 

106 to a good understanding of the major factors impacting its bioaccessibility.14, 29, 30 As a result, β-

107 carotene serves as a useful model hydrophobic nutraceutical for comparing the efficacy of 

108 different approaches for increasing nutraceutical bioaccessibility. 

109 The bioaccessibility of carotenoids depends on several factors: liberation from the food 

110 matrix; solubilization within mixed micelles; and interaction with other food ingredients.31 

111 Typically, the lipid phase surrounding the carotenoids must be digested before they are released. 

112 The products generated from lipid digestion, namely monoacylglycerols (MGs) and free fatty 

113 acids (FFAs) interact with bile salts, phospholipids and other lipophilic components to form 

114 mixed micelles that incorporate the carotenoids within their hydrophobic interiors. These 
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115 carotenoid-loaded mixed micelles then travel through the gastrointestinal fluids and across the 

116 mucus layer before reaching the epithelium cells where they are absorbed. It should be noted, 

117 however, that some food components (such as chitosan) may interact with the mixed micelles 

118 and cause them to precipitate, thereby preventing the carotenoids from reaching the epithelium 

119 cells.32 

120 In vitro studies have shown that oil concentration can impact the bioaccessibility of 

121 carotenoids encapsulated in or ingested with oil-in-water emulsions.33 For instance, increasing 

122 the oil content of emulsions has been shown to enhance the bioaccessibility of carotenoids, 

123 which was due to the formation of a higher number of mixed micelles that could solubilize the 

124 carotenoids.34 Nevertheless, only a limited range of fat contents has been examined from 

125 previous literatures. In practice, emulsion-based functional foods fortified with nutraceuticals, 

126 such as beverages, creams, sauces, and dressings may contain a wide range of fat contents. 

127 Consequently, it is important to understand how β-carotene behaves in the gastrointestinal tract 

128 when it is present within food matrices with different oil contents. For this reason, the goal of the 

129 current paper was to determine the impact of oil droplet concentration on -carotene 

130 bioaccessibility in model food emulsions using the standardized INFOGEST method.25 We 

131 hypothesized that the concentration of oil droplets initially present would alter the 

132 bioaccessibility of the carotenoids by altering lipid digestion, micelle solubilization, and/or 

133 micelle precipitation. The knowledge gained from this study should aid in the design of more 

134 effective functional food products. 
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135 2. Materials and methods

136 2.1. Materials

137 Corn oil (Mazola, ACH Food Companies, Memphis, TN, USA) was purchased from a 

138 supermarket. Tween 20 was purchased from ACROS Organic (Pittsburgh, PA, USA). Chemicals 

139 purchased from the Sigma-Aldrich Company (St. Louis, MO, USA) included β-carotene 

140 (synthetic, ≥93% in UV); porcine gastric mucin; pepsin from porcine gastric mucosa (≥250 

141 units/mg); pancreatin from porcine pancreas; porcine lipase (100-400 units/mg); and, porcine 

142 bile extract. Information about the methods used to measure enzyme activity are included in the 

143 supplier’s website.  Ethyl alcohol (ACS/USP grade) was obtained from Pharmco Products, Inc. 

144 (Shelbyville, KY, USA). All other chemicals and reagents (analytical grade or higher) were 

145 purchased from either Sigma-Aldrich or Fisher Scientific (Pittsburgh, PA, USA). All solutions 

146 and emulsions were prepared using double distilled water (18 MOhm·cm) obtained from a 

147 water-purification system (Nanopure Infinity, Barnstaeas International, Dubuque, IA, USA).

148 2.2. Preparation of emulsion-based delivery systems

149 Carotenoid-fortified delivery systems were fabricated according to a method described 

150 previously.35 An aqueous phase was prepared by dispersing non-ionic surfactant (2.0 wt% Tween 

151 20) in phosphate buffer solution (5 mM, pH 7.0). The oil phase was prepared by dispersing β-

152 carotene (0.1 wt%) in warmed corn oil (50 ºC) by repeated sonication (40 kHz, 1 min) and 

153 stirring (5 min) cycles until fully dissolved (clear solution). The oil phase (20 wt%) and aqueous 

154 phase (80 wt%) were combined together using a high-speed blender (M133/1281-0, Biospec 

155 Products, Inc., ESGC, Switzerland) (10,000 rpm, 2 min), and then homogenized using a 

156 microfluidizer (M110Y, Microfluidics, Newton, MA) (12000 psi, 3 passes). Emulsions with 
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157 lower oil concentrations (2.5, 5 and 10%) were then prepared by dilution of the stock emulsion 

158 with phosphate buffer solution.

159 2.3. Measurement of particle size

160 The dimensions of relatively large particles (initial emulsions and digested emulsions) were 

161 determined using a static light scattering particle size analyzer (Mastersizer 2000, Malvern 

162 Instruments Ltd., Malvern, Worcestershire, UK). Before measurement, samples were diluted 

163 with buffer solution (same pH) and stirred (1200 rpm) to ensure they were homogeneous, the 

164 light scattering signal was high enough to obtain reliable results, and any multiple scattering 

165 effects were minimum.  A phosphate buffer solution with an appropriate pH was used to dilute 

166 the samples: initial, oral and small intestine (pH 7); stomach (pH 3). Appropriate refractive 

167 indices were used for the oil phase (1.472) and aqueous phase (1.33) when converting the light 

168 scattering pattern into a particle size distribution. The results were then reported as the surface-

169 weighted mean particle diameter (D3,2) calculated from the full particle size distribution.

170 The dimensions of relatively small particles (mixed micelles) were determined using a 

171 dynamic light scattering particle size analyzer (Zetasizer Nano ZS, Malvern Instruments Ltd., 

172 Malvern, Worcestershire, UK). The samples were diluted with phosphate buffer solution (pH 7) 

173 before analysis to obtain an appropriate signal intensity for reliable measurements. The same 

174 refractive indices were used in the analysis as for the static light scattering measurements. The 

175 results are reported as the Z-average diameter.

176 2.4. Surface potential characterization

177 The surface potential (ζ-potential) of the particles in the emulsions and digested emulsions 

178 was measured using a dedicated microelectrophoresis instrument (Zetasizer Nano ZS, Malvern 
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179 Instruments). Sample dilutions were performed using the same phosphate buffer solutions 

180 described for the particle size measurements.

181 2.5. Microstructural analysis

182 Confocal microscopy analysis was performed according to a method described previously.36 

183 Briefly, the oil phase was dyed with Nile red solution and then the resulting samples were 

184 imaged using a confocal laser scanning microscope (Nikon D-Eclipse C1 80i, Nikon, Melville, 

185 NY, USA). 

186 2.6. In vitro digestion

187 In vitro digestion of the emulsion samples was performed using the recently updated 

188 INFOGEST gastrointestinal tract simulation method 25, with some slight modifications. Initially, 

189 enzyme characterization assays were performed to establish the optimum enzyme activities 

190 required as described in the INFOGEST method. The temperature was maintained at 37 °C for 

191 the whole digestion process, and preheated solutions were used throughout the procedure to 

192 avoid any temperature fluctuations (which might impact enzyme activity).

193 Oral phase: Simulated saliva fluids containing 0.00375 g/ml mucin were mixed with 

194 emulsion samples at a ratio of 1:1 w/w. The mechanical forces experienced by foods in the 

195 human mouth were simulated using a mechanical shaking device (Model 4080, New Brunswick 

196 Scientific, New Brunswick, NJ, USA) operating at a speed of 100 rpm. The samples were 

197 maintained in the oral phase for 2 min.

198 Gastric phase: The sample exiting the oral phase was mixed 1:1 (v/v) with simulated 

199 gastric fluids containing pepsin (2000 U/ml in the final digestion mixture), and then the system 

200 was adjusted to pH 3.0 to trigger gastric digestion. The mechanical forces applied to the sample 
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201 were the same as those employed in the oral phase.  The sample was maintained under simulated 

202 gastric conditions for 2 h.

203 Intestine phase: The sample exiting the gastric phase was further diluted 1:1 (v/v) with 

204 simulated small intestinal fluids containing pancreatic enzymes and 10 mM bile salts. Pancreatin 

205 and pancreatic lipase were added to reach a trypsin activity of 100 U/ml and a lipase activity of 

206 2000 U/ml in the final mixture. An automatic titration device (857 Titrando, Metrohm USA Inc., 

207 Hillsborough, FL, USA) was used to maintain the sample at pH 7.0. The sample was maintained 

208 under simulated small intestinal conditions for 2 h. After this time, the intestinal sample was 

209 centrifuged (Sorvall Lynx 4000 centrifuge, Thermo Scientific, Waltham, MA, USA) at 46,285 

210 ×g (18,000 rpm, 4 °C) for 50 min to separate the mixed micelle and sediment phases.

211 2.7. Measurement of lipid digestion

212 Lipid digestion was quantified by converting the volume of NaOH titrated into the reaction 

213 vessel into the fraction of free fatty acids released. The titration process was separated into two 

214 steps. In the first step, the volume of NaOH solution required to maintain the system at pH 7.0 

215 throughout the small intestine phase was recorded. In the second step, the volume of NaOH 

216 solution required to titrate the solution to pH 9.0 was recorded.  This second step is required 

217 because not all of the free fatty acids generated during lipid digestion are fully deprotonated at 

218 neutral pH. The total volume of NaOH from these two steps was then used to calculate the total 

219 amount of FFAs released. The effect of any non-lipid components (the “blank” test) that might 

220 have contributed to the measured volume was accounted for by subtracting the volume of NaOH 

221 required to titrate a sample containing no oil (but otherwise the same as the test sample). The 

222 mathematical calculation was performed according to a method described previously.37, 38
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223 2.8. Extraction and analysis of β-carotene

224 The β-carotene in the digested samples was extracted and analyzed according to a method 

225 described in a previous study 39 with slight modifications. Briefly, an organic solvent consisting 

226 of 2:3 (v/v) hexane/isopropanol was used to carry out the extraction of the carotenoids. An 

227 aliquot of 0.5 ml sample was mixed with 1.2 ml of organic solvent. This mixture was then 

228 centrifuged (Minispin centrifuge, Eppendorf North America, Inc., Hauppauge, NY, USA) at 

229 6000 rpm for 2 min, the supernatant was collected, and then its absorbance at 450 nm was 

230 measured using a UV-visible spectrophotometer (Genesys 150, Thermo Scientific, Waltham, 

231 MA, USA).  The bioaccessibility, release, and stability (%) of the β-carotene were calculated 

232 using the following equations:

233 Bioaccessiblity = 100 ×
𝐶𝑚𝑖𝑐𝑒𝑙𝑙𝑒

𝐶𝑑𝑖𝑔𝑒𝑠𝑡𝑎

234 Release = 100 ×
𝐶𝑚𝑖𝑐𝑒𝑙𝑙𝑒 + 𝐶𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡

𝐶𝑑𝑖𝑔𝑒𝑠𝑡𝑎

235 Stability = 100 ×
𝐶𝑑𝑖𝑔𝑒𝑠𝑡𝑎 × DF

𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙

236 Here, Cmicelle, Csediment, Cdigesta, and Cinitial are the concentrations of β-carotene in samples 

237 collected from the mixed micelle, sediment, total intestine digesta, and initial emulsion, 

238 respectively.  Also, DF is the dilution factor for the gastrointestinal experiments (= 8).

239 2.9. Statistical analysis

240 The emulsion preparation was carried out in duplicate, and the digestion process and other 

241 characterization assays were carried out in triplicate. The means and standard deviations of these 

242 measurements were then calculated. The statistical differences among samples were calculated at 
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243 a confidence level of 95% using ANOVA with Tukey test. SPSS software (IBM Corp., Armonk, 

244 NY, USA) was used to perform all statistical calculations.

245 3. Results and discussion

246 3.1. Physical and structural properties of emulsions during digestion

247 Initially, the impact of oil droplet concentration (2.5, 5, 10 and 20%, w/w) on the 

248 gastrointestinal behavior of carotenoid-fortified emulsions was examined. These emulsions all 

249 had a fixed surfactant-to-oil ratio of 1:10 (w/w) and a fixed carotenoid-to-oil ratio of 1:1000 

250 (w/w). 

251 The surface weighted mean particle diameter (D3,2) of the initial stock emulsion was 0.158 ± 

252 0.001 μm, indicating that the combination of surfactant and homogenization conditions used in 

253 our study were efficient at creating small oil droplets. Tween 20 is a relatively hydrophilic non-

254 ionic surfactant (HLB = 16.7) that can rapidly absorb to oil droplet surfaces and stabilize them 

255 against aggregation.40 The surface potential of the Tween 20-coated oil droplets in the initial 

256 emulsion was -18.0 ± 0.8 mV. This relatively high negative charge may be ascribed from 

257 preferential adsorption of anionic hydroxyl ions (OH-) from the water or from the presence of 

258 anionic impurities in the surfactant, such as free fatty acids.41

259 The in vitro gastrointestinal fate of the emulsions was established by passing them through 

260 the INFOGEST model.25 Changes in the physical and structural properties of different emulsion 

261 samples were determined after each digestion step to provide some insights into the key factors 

262 imparting lipid digestion and carotenoid bioaccessibility. 

263 After the oral phase, the D3,2 values of all the samples remained relatively small, ranging 

264 from about 0.158 to 0.170 μm (Fig. 1a). This result suggests that the surfactant-coated oil 

265 droplets were relatively stable against aggregation within the oral phase. The ζ-potential of the 
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266 oil droplets was also fairly similar before (-18 mV) and after (-18 to -19 mV) exposure to the oral 

267 phase (Fig 1b), suggesting that there was not a major change in interfacial composition.42 The 

268 presence of the non-ionic surfactant would be expected to inhibit the attachment of other 

269 substances to the droplet surfaces, such as mucin.

270 After the stomach phase, the D3,2 values of all the emulsions were fairly similar to those 

271 obtained in the oral phase, ranging from around 0.159 to 0.196 μm (Fig. 1a), indicating that the 

272 oil droplets were relatively stable to aggregation in the simulated gastric solution conditions. 

273 However, the magnitude of the surface potential on the oil droplets decreased significantly (p < 

274 0.05) after exposure to the stomach phase, reaching values between about -1.9 and -1.2 mV (Fig. 

275 1b). Similar results have also been reported by other researchers monitoring the behavior of 

276 Tween 20-stabilized emulsions in a simulated gastric environment.43 In other words, these results 

277 indicate that the surfactant-coated oil droplets were resistant to aggregation when exposed to the 

278 highly acidic conditions in the stomach,44 presumably because they were primarily stabilized by 

279 steric repulsion between the hydrophilic polyoxyethylene head-groups of the surfactant 

280 molecules, rather than by electrostatic repulsion. The reduction in the negative charge on the 

281 droplet surfaces may have been due to protonation of any anionic impurities (such as free fatty 

282 acids) or due to a reduction in the adsorption of OH- groups under acidic conditions. 

283 A number of researchers have shown that the digestion of lipids within the small intestine 

284 depends on the aggregation state of the oil droplets exiting the stomach.45-47 For this reason, the 

285 gastric samples were initially adjusted to pH 7 (without lipase and bile salt addition) to represent 

286 the small intestine phase before lipid digestion (“SI-Initial”). The size of the droplets remained 

287 relatively small when the condition was elevated to pH 7, again showing that they were stable in 

288 maintaining the oil droplet size under neutral conditions. Moreover, the magnitude of the ζ-
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289 potential became strongly negative again, around -17.2 to -22.3 mV (Fig. 1b), suggesting that the 

290 oil droplet surfaces once again contained some anionic substances, such as fatty acids or 

291 hydroxyl ions. It should be noted that oil droplet concentration did not have a major impact on 

292 the size, surface charge and microscopic properties of the emulsions in the oral, gastric, or initial 

293 small intestine phases.

294 There was, however, a pronounced change in the properties of the oil droplets by the end of 

295 the small intestine phase, after bile salts and lipase was added. Moreover, the extent of this 

296 change depended on oil concentration. At the end of the small intestine digestion, the mean size 

297 value (D3,2) increased with increasing oil concentration, from 0.273 μm for 2.5% oil to 0.549 μm 

298 for 20% oil (Fig. 1a). These observations corresponded with the confocal microscopy images, 

299 which also showed an increase in the size of colloidal lipid particles with higher oil 

300 concentration (Fig. 3a). Interestingly, the particle size (measured by dynamic light scattering) 

301 and turbidity (measured by UV-visible spectroscopy) of the mixed micelles produced by lipid 

302 digestion also increased with increasing oil concentration (Figs. 2 and 3b). In general, these 

303 samples may contain undigested oil droplets, micelles, vesicles, and/or insoluble calcium soaps, 

304 whose size could all change depending on the initial oil concentration in the emulsions. Simple 

305 micelles typically have diameters around 10 nm or less, but the vesicles and other components in 

306 the mixed micelle phase lead to much higher particle sizes 48. 

307 β-carotene bioaccessibility would be expected to increase as the amount of mixed micelles 

308 formed by lipid digestion increased.49 Consequently, one would expect the bioaccessibility to 

309 increase as the oil concentration increased. Conversely, the bioaccessibility would be expected to 

310 decrease as the amount of insoluble sediment from the samples increased. In this study, we 
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311 observed that the quantity of sediment formed increased as the oil concentration increased (Fig. 

312 3c).

313 After the intestinal phase, the absolute value of the negative surface potential increased as 

314 the oil concentration increased, rising from -30.5 mV for 2.5% oil to -59.4 mV for 20% oil (Fig. 

315 1b). This effect can be ascribed to the generation of more anionic fatty acids during lipid 

316 digestion, which were present at the surfaces of the colloidal particles in the digested samples. 

317 The ζ-potential of the mixed micelle phase also increased as the oil concentration increased, 

318 rising from -30.4 mV for 2.5% oil to -68.0 mV for 20% oil (Fig. 1b). Again, this effect can be 

319 explained by the presence of a higher level of anionic fatty acids after lipid digestion, which 

320 would be incorporated into the mixed micelles. The average size of the mixed micelles also 

321 increased with increasing oil concentration (Fig. 2). This suggests that there may have been 

322 larger micelles or vesicles formed at higher FFA levels, or that there was an increase in the 

323 vesicle-to-micelle ratio. At high oil concentrations, the fatty acids appeared to be incorporated 

324 into insoluble calcium soaps rather than into mixed micelles, based on the fact that more 

325 sediment was observed at the bottom of the samples (Fig 3c).

326 3.2. Lipid digestion in the intestinal digestion

327 The amount of FFAs released from the lipid phase in the different emulsions was monitored 

328 using the pH-sat method (Fig. 4). The FFAs released was measured using a two-step procedure: 

329 (i) at pH 7 during digestion, which only detects the ionized fatty acids formed under neutral 

330 conditions; (ii) by back-titrating to pH 9, which also detects any fatty acids that were not ionized 

331 under neutral conditions. At pH 7, the fraction of FFAs released during digestion decreased 

332 significantly (p < 0.05) with increasing oil concentration, changing from 79.0% for 2.5% oil to 

333 47.7% for 20% oil (Fig. 4a). Thus, the percentage of fatty acids measured by the end of lipid 
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334 digestion was considerably less than 100%. Previous studies have shown that a fraction of the 

335 FFAs released during lipid digestion are not ionized at pH 7, so they are not titrated by NaOH 

336 during pH stat measurements.38, 50 A back titration was therefore carried to measure these non-

337 ionized fatty acids.

338 After titration to pH 9, the percentage of FFAs produced still tended to decrease with 

339 increasing oil concentration (Fig. 4a). Interestingly, though, the amount of FFAs produced was 

340 considerably higher than 100% (assuming two fatty acids formed per triacylglycerol). For 

341 instance, the final amount of FFAs released was calculated to be around 127% for the emulsions 

342 initially containing 2.5% oil. The reason for the higher amount of lipid digestion than expected 

343 may be that some of the monoacylglycerols were converted into a glycerol molecule and a fatty 

344 acid under alkaline conditions.51 This phenomenon appears to be an important limitation of the 

345 INFOGEST method for monitoring lipid digestion.51 Overall, our results suggest that the 

346 majority of the fat droplets was digested in all systems. 

347 It should be noted that the dependence of the final FFAs released on oil concentration was 

348 different at pH 7 and pH 9. This suggests that the ratio of ionized-to-non-ionized FFAs in the 

349 digested emulsions depended on their initial oil concentration. For this reason, the ratio of final 

350 FFA levels at pH 7 to pH 9 was calculated: 0.62, 0.51, 0.46 and 0.48 at 2.5, 5, 10, and 20% oil, 

351 respectively. Thus, when there is more oil phase present the FFAs have a greater tendency to be 

352 in the non-ionized state. Previous studies have reported that the pKa values of fatty acids 

353 increases as their concentration increases, especially for long-chain ones.52 Indeed, the pKa 

354 values of long-chain fatty acids have been shown to be highly dependent on their local 

355 environment.51 This phenomenon was mainly attributed to interactions between the polar head-

356 groups of fatty acids when they are in close proximity.
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357 The generation of FFAs during the course of lipid digestion was calculated using the 

358 measured NaOH volumes and a correction factor: CF = Final FFAs(pH 9)/Final FFAs(pH 7) 

359 (Fig. 4b). In addition, the molar concentration of FFAs produced during digestion was calculated 

360 (Fig. 4c). For all oil concentrations, the amount of FFAs generated increased steeply during the 

361 first 500 s and then more gradually afterward. These results suggest that the lipase rapidly 

362 adsorbed to the surfaces of the oil droplets and initiated digestion of the underlying 

363 triacylglycerols.53 At the end of the small intestine period, there appeared to be a fairly similar 

364 total amount of lipid digestion for the emulsions containing 2.5 to 10% oil, but a reduced amount 

365 for the emulsions containing 20% oil (Fig. 4b). This result suggests that some of the lipids may 

366 not have been digested at the highest oil concentrations used, which may have been due to the 

367 limited amount of lipase, bile salts, and calcium present in the in vitro GIT model. Conversely, 

368 the absolute amount of FFAs produced during lipid digestion increased as the oil concentration 

369 increased (Fig 4c), which should be expected because there were more triacylglycerol molecules 

370 present to convert into fatty acids.

371 3.3. Stability, release, and bioaccessibility of β-carotene

372 After passing through the full INFOGEST digestion method, the β-carotene concentration 

373 was measured in the mixed micelle phase, the sediment phase, the total digest and the initial 

374 emulsions. These values were then used to determine the stability, release, and bioaccessibility of 

375 the carotenoid.

376 Stability: The stability of the carotenoids was calculated by comparing the total β-carotene 

377 concentration from the small intestine samples with that in the original emulsion, accounting for 

378 the dilution steps (Fig. 5a). Carotenoid stability was fairly similar for all oil concentrations used 

379 (2.5 to 20%), ranging from around 70 to 80%. These values agree with those published 
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380 previously for related systems.54 We postulate that the observed reduction in total β-carotene 

381 concentration by the end of the INFOGEST model was mainly due to chemical degradation of 

382 the carotenoids. The highly acidic gastric fluids within the simulated stomach, as well as the 

383 slightly elevated temperature that the samples were exposed to during the whole digestion (37 

384 oC), would have accelerated any acid-induced chemical degradation of the carotenoids.55 

385 Moreover, the samples were exposed to light for short periods during the experimental operation 

386 (e.g., when transferring samples between digestion phases), which may also have accelerated the 

387 chemical degradation of the carotenoids. In addition, some of the carotenoids may also have 

388 adhered to the surfaces of the containers or other apparatus used in the simulated digestion 

389 method, which would also have reduced their concentration in the small intestine phase. Overall, 

390 our results suggest that the oil droplet concentration did not strongly impact the chemical 

391 stability of the β-carotene in the emulsions. This may have been because the initial concentration 

392 of the carotenoids in the oil droplets (0.1%) was the same in all systems.

393 Release: The release of the carotenoids was calculated as the sum of β-carotene in the 

394 micelle and sediment phases divided by the total β-carotene in the digest. The release rate was 

395 only around 80.5% for the emulsions containing 2.5% oil, but close to 100% for all the other 

396 emulsions (Fig. 5b). This result suggests that it is harder to efficiently extract the carotenoids 

397 from the samples when the initial oil concentration (and therefore final mixed micelle 

398 concentration) is relatively low. Thus, in future studies on food matrix effects, a higher oil 

399 concentration is recommended.

400 Bioaccessibility: The bioaccessibility of the carotenoid was the fraction of β-carotene from 

401 the total digest that was dissolved in the mixed micelle phase. Similarly, the fraction of 

402 carotenoids in the sediment was calculated by comparing the concentration of β-carotene in the 
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403 sediment with that in the total digest. As the oil concentration increased from 2.5 to 10%, the 

404 bioaccessibility of carotenoids in the mixed micelle phase increased from 60.5% to 93.2%, 

405 whereas that in the sediment phase decreased from 20.4 to 7.9% (Fig. 5b). The initial increase in 

406 bioaccessibility with increasing oil concentration can be attributed to the generation of more 

407 mixed micelles available of solubilizing the carotenoids. When reported as an absolute β-

408 carotene concentration, the quantity of carotenoids in the mixed micelle phase increased from 

409 1.20 to 6.77 μg/ml when the oil concentration was raised from 2.5% to 10%, while the total 

410 quantity of carotenoids in the small intestine phase increased from 2.02 to 7.24 μg/ml, 

411 respectively (Fig. 5c). This result highlights the fact that it is necessary to use a higher oil 

412 concentration to increase the total amount of carotenoids available for absorption in the small 

413 intestine. As expected, the β-carotene concentration in the sediment phase slightly increased 

414 when the oil concentration was raised being 0.357, 0.432, and 0.543 μg/ml for 2.5, 5.0, and 10% 

415 oil, respectively (Fig. 5c). The β-carotene in the sediment phase is probably trapped within 

416 insoluble calcium soaps formed by bile salts, free fatty acids and calcium ions.

417 Interestingly, increasing the oil concentration in the emulsions from 10 to 20% led to an 

418 inhibition in β-carotene bioaccessibility from 93.2% to 80.3% (Fig. 5b). This effect can be due to 

419 an increase in the quantity of carotenoids within the sediment phase at the highest oil 

420 concentration, i.e., 1.20 μg/ml or 14.3% (Figs. 5b and 5c). We hypothesize that this effect is due 

421 to the formation of a greater amount of sediment at higher oil concentrations, as seen by visual 

422 appearance of the samples (Fig. 3c). The origin of this effect may be due to the increase in the 

423 pKa values of the long-chain FFAs at higher oil concentrations.52 As a result, a lower fraction of 

424 these fatty acids would be ionized at neutral pH, making them less water-soluble and more prone 

425 to forming insoluble sediments. Consequently, some of the carotenoids would be trapped within 
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426 these sediments. Researchers have suggested that hydrophobic nutraceuticals trapped within fatty 

427 acid-rich sediments are unavailable for absorption and so end up within the feces.56 These results 

428 suggest that it is important to design functional foods that can prevent carotenoids being trapped 

429 within the insoluble precipitates formed from fatty acids during lipid digestion.

430 In a previous study on closely related systems, it was reported that the bioaccessibility of β-

431 carotene decreased from around 84% to 39% when the oil droplet concentration was increased 

432 from 4% to 20% 33, which was a much bigger reduction than observed in the current study. 

433 Indeed, the carotenoid bioaccessibility only decreased from around 82.5% to 80.3% when the oil 

434 concentration was increased from 5% to 20% oil in our study. This large difference in results can 

435 be attributed to the fact that different in vitro digestion methods were used. In the previous study, 

436 the lipid droplets were not completely digested exiting the small intestine phase because the 

437 lipase concentrations used were much lower than those employed in the INFOGEST method. As 

438 a result, the -carotene was not fully released from the lipid phase, as well as there were less 

439 mixed micelles available to solubilize it.

440 4. Conclusions

441 In this study, the impact of oil concentration (2.5 to 20%) on the bioaccessibility of β-

442 carotene vehiculated within model food emulsions was investigated using the updated 

443 standardized INFOGEST gastrointestinal simulation. At the beginning of the small intestine 

444 digestion, the size and surface potential of the oil droplets in the emulsions was independent of 

445 oil concentration. At the end of the small intestine phase, almost complete lipid digestion was 

446 observed in all of the emulsions after a back titration was carried out. Even so, the measured 

447 degree of lipid digestion decreased with increasing oil concentration. Interestingly, the fraction 

448 of the fatty acids released was much higher than expected in some of the samples (>120%), 
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449 which was attributed to conversion of some of the monoacylglycerols into fatty acids and 

450 glycerol, which is obviously a limitation of the INFOGEST method. The bioaccessibility of the 

451 β-carotene increased from 60.5% to 93.2% when the oil concentration was raised from 2.5% to 

452 10 %, but then decreased to 80.3% when the oil concentration was further raised to 20%. This 

453 effect was ascribed from the precipitation of some of the long-chain fatty acids at higher oil 

454 concentrations, which caused some of the carotenoids to be trapped inside the sediment phase. 

455 These results suggest that the oil concentration in functional foods should be optimized to obtain 

456 the highest bioaccessibility. On the other hand, the total amount of carotenoids actually available 

457 for absorption does increase with increasing oil concentration, which means that it may be 

458 necessary to include a certain amount of oil to reach a desired target dose of the carotenoids.

459

Page 21 of 36 Food & Function



460 Conflicts of interest

461 There are no conflicts to declare.

462 Acknowledgements

463 This material was partly based upon work supported by the National Institute of Food and 

464 Agriculture, USDA, Massachusetts Agricultural Experiment Station (Project Number 831) and 

465 USDA, AFRI Grants (2016-08782). We also thank the Chinese Scholarship Council (2017- 

466 06150098) for support.

467

Page 22 of 36Food & Function



468 References

469 1. M. D. Samaniego-Vaesken, E. Alonso-Aperte and G. Varela-Moreiras, Vitamin food 
470 fortification today, Food & Nutrition Research, 2012, 56.
471 2. D. D. Miller and R. M. Welch, Food system strategies for preventing micronutrient 
472 malnutrition, Food Policy, 2013, 42, 115-128.
473 3. M. B. Roberfroid, What is beneficial for health? The concept of functional food, Food 
474 and Chemical Toxicology, 1999, 37, 1039-1041.
475 4. N. S. Kwak and D. J. Jukes, Functional foods. Part 1: the development of a regulatory 
476 concept, Food Control, 2001, 12, 99-107.
477 5. C. G. Gupta, Nutraceuticals: Efficacy, Safety and Toxicity, Academic Press, London, 
478 UK, 2016.
479 6. J. Gray, G. Armstrong and H. Farley, Opportunities and constraints in the functional 
480 food market, Nutrition & Food Science, 2003, 33, 213-218.
481 7. G. Caprara, Diet and longevity: The effects of traditional eating habits on human 
482 lifespan extension, Mediterranean Journal of Nutrition and Metabolism, 2018, 11, 
483 261-294.
484 8. M. Yokoyama, H. Origasa, M. Matsuzaki, Y. Matsuzawa, Y. Saito, Y. Ishikawa, S. 
485 Oikawa, J. Sasaki, H. Hishida, H. Itakura, T. Kita, A. Kitabatake, N. Nakaya, T. 
486 Sakata, K. Shimada and K. Shirato, Effects of eicosapentaenoic acid on major 
487 coronary events in hypercholesterolaemic patients (JELIS): a randomised open-
488 label, blinded endpoint analysis, The Lancet, 2007, 369, 1090-1098.
489 9. A. Kassoff, J. Kassoff, J. Buehler, M. Eglow, F. Kaufman, M. Mehu, S. Kieval, M. 
490 Mairs, B. Graig, A. Quattrocchi, D. Jones, J. Locatelli, A. Ruby, A. Capone, B. 
491 Garretson, T. Hassan, M. T. Trese, G. A. Williams, V. Regan, P. Manatrey, P. 
492 Streasick, L. Szydlowski, F. McIver, C. Bridges, C. Stanely, K. Cumming, B. Lewis, 
493 M. Zajechowski, R. R. Margherio, M. S. Cox, J. C. Werner, R. Falk, P. Siedlak, C. 
494 Neubert, M. L. Klein, J. T. Stout, A. O'Malley, A. K. Lauer, J. E. Robertson, D. J. 
495 Wilson, C. Beardsley, H. Anderson, P. Wallace, G. Smith, S. Howard, R. F. Dreyer, 
496 C. Ma, R. G. Chenoweth, J. D. Zilis, M. Johnson, P. Rice, H. Daniel, H. Crider, S. 
497 Parker, K. Sherman, D. F. Martin, T. M. Aaberg, P. Sternberg, L. T. Curtis, B. Ju, 
498 J. Gilman, B. Myles, S. Strittman, C. Gentry, H. Yi, A. Capone, M. Lambert, T. 
499 Meredith, T. M. Aaberg, D. Saperstein, J. I. Lim, B. Stribling, D. Armiger, R. 
500 Swords, D. H. Orth, T. P. Flood, J. Civantos, S. deBustros, K. H. Packo, P. T. Merrill, 
501 J. A. Cohen, C. Figliulo, C. Morrison, D. A. Bryant, D. Doherty, M. McVicker, T. 
502 Drefcinski, J. M. Seddon, M. K. Pinnolis, N. Davis, I. Burton, T. Taitsel, D. Walsh, 
503 K. K. Snow, D. A. Jones-Devonish, V. D. Crouse, J. Rosenberg, E. Y. Chew, K. 
504 Csaky, F. L. Ferris, K. H. Shimel, M. A. Woods, E. M. Kuehl, P. F. Ciatto, M. 
505 Palmer, G. Babilonia-Ayukawa, G. E. Foster, L. Goodman, Y. J. Kim, I. J. Kivitz, 
506 D. Koutsandreas, A. LaReau, R. F. Mercer, R. Nashwinter, S. A. McCarthy, L. M. 
507 Ayres, P. Lopez, A. Randalls, T. R. Friberg, A. W. Eller, M. B. Gorin, S. Nixon, B. 
508 Mack, D. Y. Curtin, P. P. Ostroska, E. Fijewski, J. Alexander, M. K. Paine, P. S. 

Page 23 of 36 Food & Function



509 Corbin, J. Warnicki, S. B. Bressler, N. M. Bressler, G. Cassel, D. Finkelstein, M. 
510 Goldberg, J. A. Haller, L. Ratner, A. P. Schachat, S. H. Sherman, J. S. Sunness, S. 
511 Schenning, C. Sackett, D. Cain, D. Emmert, M. Herring, J. McDonald, R. Falk, S. 
512 Wheeler, M. McMillan, T. George, M. J. Elman, R. Ballinger, A. Betancourt, D. 
513 Glasser, M. Herr, D. Hirsh, D. Kilingsworth, P. Kohlhepp, J. Lammlein, R. Z. Raden, 
514 R. Seff, M. Shuman, J. Starr, A. Carrigan, P. Sotirakos, T. Cain, T. Mathews, C. 
515 Ringrose, S. R. Chandra, J. L. Gottlieb, M. S. Ip, R. Klein, T. M. Nork, T. S. Stevens, 
516 B. A. Blodi, M. Altaweel, B. E. K. Klein, M. Olson, B. Soderling, M. Blatz, J. R. 
517 Perry-Raymond, K. Burke, G. Knutson, J. Peterson, D. Krolnik, R. Harrison, G. 
518 Somers, F. L. Myers, I. Wallow, T. W. Olsen, G. Bresnik, G. De Venecia, T. Perkins, 
519 W. Walker, J. L. Miller, M. Neider, H. D. Wabers, G. Weber, H. E. L. Myers, M. 
520 D. Davis, B. E. K. Klein, R. Klein, L. Hubbard, M. Neider, H. D. Wabers, Y. L. 
521 Magli, S. Ansay, J. Armstrong, K. Lang, D. Badal, P. L. Geithman, K. D. Miner, K. 
522 L. Dohm, B. Esser, C. Hurtenbach, S. Craanen, M. Webster, J. Elledge, S. Reed, W. 
523 Benz, J. Reimers, M. R. Fisher, R. Gangnon, W. King, C. Y. Gai, J. Baliker, A. 
524 Carr, K. Osterby, L. Kastorff, N. Robinson, J. Onofrey, K. E. Glander, J. Brickbauer, 
525 D. Miller, A. Sowell, E. Gunter, B. Bowman, A. S. Lindblad, R. C. Milton, T. E. 
526 Clemons, F. Ederer, G. Gensler, A. Henning, G. Entler, W. McBee, K. Roberts, E. 
527 Stine, S. H. Berlin, K. Tomlin, S. Pallas, P. R. Scholl, S. A. Mengers, R. Anand, F. 
528 L. Ferris, R. D. Sperduto, N. Kurinij, E. Y. Chew and A. R. Grp, A randomized, 
529 placebo-controlled, clinical trial of high-dose supplementation with vitamins C and 
530 E and beta carotene for age-related cataract and vision loss - AREDS Report No. 9, 
531 Arch. Ophthalmol., 2001, 119, 1439-1452.
532 10. S. Marze, Bioavailability of Nutrients and Micronutrients: Advances in Modeling and 
533 In Vitro Approaches, Annual Review of Food Science and Technology, 2017, 8, 35-
534 55.
535 11. E. Arranz, M. Corredig and A. Guri, Designing food delivery systems: challenges 
536 related to the in vitro methods employed to determine the fate of bioactives in the 
537 gut, Food & Function, 2016, 7, 3319-3336.
538 12. D. J. McClements, F. Li and H. Xiao, in Annual Review of Food Science and 
539 Technology, Vol 6, eds. M. P. Doyle and T. R. Klaenhammer, 2015, vol. 6, pp. 299-
540 327.
541 13. S. Wang, R. Su, S. F. Nie, M. Sun, J. Zhang, D. Y. Wu and N. Moustaid-Moussa, 
542 Application of nanotechnology in improving bioavailability and bioactivity of diet-
543 derived phytochemicals, Journal of Nutritional Biochemistry, 2014, 25, 363-376.
544 14. D. J. McClements, Enhanced delivery of lipophilic bioactives using emulsions: a 
545 review of major factors affecting vitamin, nutraceutical, and lipid bioaccessibility, 
546 Food & Function, 2018, 9, 22-41.
547 15. M. C. Braithwaite, C. Tyagi, L. K. Tomar, P. Kumar, Y. E. Choonara and V. Pillay, 
548 Nutraceutical-based therapeutics and formulation strategies augmenting their 
549 efficiency to complement modern medicine: An overview, Journal of Functional 
550 Foods, 2014, 6, 82-99.

Page 24 of 36Food & Function



551 16. M. F. Yao, D. J. McClements and H. Xiao, Improving oral bioavailability of 
552 nutraceuticals by engineered nanoparticle-based delivery systems, Current Opinion 
553 in Food Science, 2015, 2, 14-19.
554 17. R. F. S. Goncalves, J. T. Martins, C. M. M. Duarte, A. A. Vicente and A. C. Pinheiro, 
555 Advances in nutraceutical delivery systems: From formulation design for 
556 bioavailability enhancement to efficacy and safety evaluation, Trends in Food 
557 Science & Technology, 2018, 78, 270-291.
558 18. A. Gomes, G. F. Furtado and R. L. Cunha, Bioaccessibility of Lipophilic Compounds 
559 Vehiculated in Emulsions: Choice of Lipids and Emulsifiers, Journal of 
560 Agricultural and Food Chemistry, 2019, 67, 13-18.
561 19. S. Park, S. Mun and Y.-R. Kim, Emulsifier Dependent in vitro Digestion and 
562 Bioaccessibility of β-Carotene Loaded in Oil-in-Water Emulsions, Food Biophysics, 
563 2018, 13, 147-154.
564 20. E. Biehler, A. Kaulmann, L. Hoffmann, E. Krause and T. Bohn, Dietary and host-
565 related factors influencing carotenoid bioaccessibility from spinach (Spinacia 
566 oleracea), Food Chemistry, 2011, 125, 1328-1334.
567 21. M. Iddir, C. Degerli, G. Dingeo, C. Desmarchelier, T. Schleeh, P. Borel, Y. Larondelle 
568 and T. Bohn, Whey protein isolate modulates beta-carotene bioaccessibility 
569 depending on gastro-intestinal digestion conditions, Food Chemistry, 2019, 291, 
570 157-166.
571 22. O. O'Connell, L. Ryan, L. O'Sullivan, S. A. Aherne-Bruce and N. M. O'Brien, 
572 Carotenoid Micellarization Varies Greatly Between Individual and Mixed 
573 Vegetables With or Without the Addition of Fat or Fiber, International Journal for 
574 Vitamin and Nutrition Research, 2008, 78, 238-246.
575 23. H. Palafox-Carlos, J. F. Ayala-Zavala and G. A. Gonzalez-Aguilar, The Role of 
576 Dietary Fiber in the Bioaccessibility and Bioavailability of Fruit and Vegetable 
577 Antioxidants, Journal of Food Science, 2011, 76, R6-R15.
578 24. Y. W. Ting, Q. Zhao, C. X. Xia and Q. R. Huang, Using in Vitro and in Vivo Models 
579 To Evaluate the Oral Bioavailability of Nutraceuticals, Journal of Agricultural and 
580 Food Chemistry, 2015, 63, 1332-1338.
581 25. A. Brodkorb, L. Egger, M. Alminger, P. Alvito, R. Assuncao, S. Ballance, T. Bohn, C. 
582 Bourlieu-Lacanal, R. Boutrou, F. Carriere, A. Clemente, M. Corredig, D. Dupont, 
583 C. Dufour, C. Edwards, M. Golding, S. Karakaya, B. Kirkhus, S. Le Feunteun, U. 
584 Lesmes, A. Macierzanka, A. R. Mackie, C. Martins, S. Marze, D. J. McClements, 
585 O. Menard, M. Minekus, R. Portmann, C. N. Santos, I. Souchon, R. P. Singh, G. E. 
586 Vegarud, M. S. J. Wickham, W. Weitschies and I. Recio, INFOGEST static in vitro 
587 simulation of gastrointestinal food digestion, Nature Protocols, 2019, 14, 991-1014.
588 26. D. Dupont, M. Alric, S. Blanquet-Diot, G. Bornhorst, C. Cueva, A. Deglaire, S. Denis, 
589 M. Ferrua, R. Havenaar, J. Lelieveld, A. R. Mackie, M. Marzorati, O. Menard, M. 
590 Minekus, B. Miralles, I. Recio and P. Van den Abbeele, Can dynamic in vitro 
591 digestion systems mimic the physiological reality?, Critical Reviews in Food 
592 Science and Nutrition, 2019, 59, 1546-1562.

Page 25 of 36 Food & Function



593 27. M. Minekus, M. Alminger, P. Alvito, S. Ballance, T. Bohn, C. Bourlieu, F. Carriere, 
594 R. Boutrou, M. Corredig, D. Dupont, C. Dufour, L. Egger, M. Golding, S. Karakaya, 
595 B. Kirkhus, S. Le Feunteun, U. Lesmes, A. Macierzanka, A. Mackie, S. Marze, D. 
596 J. McClements, O. Menard, I. Recio, C. N. Santos, R. P. Singh, G. E. Vegarud, M. 
597 S. J. Wickham, W. Weitschies and A. Brodkorb, A standardised static in vitro 
598 digestion method suitable for food - an international consensus, Food & Function, 
599 2014, 5, 1113-1124.
600 28. A. V. Rao and L. G. Rao, Carotenoids and human health, Pharmacological Reseach, 
601 2007, 55, 207-216.
602 29. G. Maiani, M. J. Caston, G. Catasta, E. Toti, I. G. Cambrodon, A. Bysted, F. Granado-
603 Lorencio, B. Olmedilla-Alonso, P. Knuthsen, M. Valoti, V. Bohm, E. Mayer-
604 Miebach, D. Behsnilian and U. Schlemmer, Carotenoids: actual knowledge on food 
605 sources, intakes, stability and bioavailability and their protective role in humans, 
606 Molecular Nutrition & Food Research, 2009, 53 Suppl 2, S194-218.
607 30. E. G. Donhowe and F. B. Kong, Beta-carotene: Digestion, Microencapsulation, and In 
608 Vitro Bioavailability, Food and Bioprocess Technology, 2014, 7, 338-354.
609 31. D. J. McClements and Y. Li, Review of in vitro digestion models for rapid screening 
610 of emulsion-based systems, Food & Function, 2010, 1, 32-59.
611 32. Y. Tan, R. Li, C. Liu, J. M. Mundo, H. Zhou, J. Liu and D. J. McClements, Chitosan 
612 reduces vitamin D bioaccessibility in food emulsions by binding to mixed micelles, 
613 Food & Function, 2020.
614 33. Z. Xia, D. J. McClements and H. Xiao, Influence of Lipid Content in a Corn Oil 
615 Preparation on the Bioaccessibility of beta-Carotene: A Comparison of Low-Fat and 
616 High-Fat Samples, Journal of Food Science, 2017, 82, 373-379.
617 34. X. Liu, J. Bi, H. Xiao and D. J. McClements, Enhancement of Nutraceutical 
618 Bioavailability using Excipient Nanoemulsions: Role of Lipid Digestion Products 
619 on Bioaccessibility of Carotenoids and Phenolics from Mangoes, Journal of Food 
620 Science, 2016, 81, N754-761.
621 35. B. Zheng, Z. Zhang, F. Chen, X. Luo and D. J. McClements, Impact of delivery system 
622 type on curcumin stability: Comparison of curcumin degradation in aqueous 
623 solutions, emulsions, and hydrogel beads, Food Hydrocolloids, 2017, 71, 187-197.
624 36. A. H. Saberi and D. J. McClements, Fabrication of protein nanoparticles and 
625 microparticles within water domains formed in surfactant–oil–water mixtures: 
626 Phase inversion temperature method, Food Hydrocolloids, 2015, 51, 441-448.
627 37. Y. Li and D. J. McClements, New mathematical model for interpreting pH-stat 
628 digestion profiles: impact of lipid droplet characteristics on in vitro digestibility, 
629 Journal of Agricultural and Food Chemistry, 2010, 58, 8085-8092.
630 38. Y. Tan, R. Li, H. Zhou, J. Liu, J. M. Mundo, R. Zhang and D. J. McClements, Impact 
631 of calcium levels on lipid digestion and nutraceutical bioaccessibility in 
632 nanoemulsion delivery systems studied using standardized INFOGEST digestion 
633 protocol, Food & Function, 2020.

Page 26 of 36Food & Function



634 39. Y. Yuan, Y. Gao, J. Zhao and L. Mao, Characterization and stability evaluation of β-
635 carotene nanoemulsions prepared by high pressure homogenization under various 
636 emulsifying conditions, Food Research International, 2008, 41, 61-68.
637 40. J.-P. Hsu and A. Nacu, Behavior of soybean oil-in-water emulsion stabilized by 
638 nonionic surfactant, Journal of Colloid and Interface Science, 2003, 259, 374-381.
639 41. D. J. McClements, Food emulsions: principles, practices, and techniques, CRC press, 
640 2015.
641 42. S. Sabouri, A. J. Wright and M. Corredig, In vitro digestion of sodium caseinate 
642 emulsions loaded with epigallocatechin gallate, Food Hydrocolloids, 2017, 69, 350-
643 358.
644 43. A. Gasa-Falcon, I. Odriozola-Serrano, G. Oms-Oliu and O. Martin-Belloso, Impact of 
645 emulsifier nature and concentration on the stability of beta-carotene enriched 
646 nanoemulsions during in vitro digestion, Food & Function, 2019, 10, 713-722.
647 44. A. Teo, K. K. Goh, J. Wen, I. Oey, S. Ko, H. S. Kwak and S. J. Lee, Physicochemical 
648 properties of whey protein, lactoferrin and Tween 20 stabilised nanoemulsions: 
649 Effect of temperature, pH and salt, Food Chemistry, 2016, 197, 297-306.
650 45. S. H. E. Verkempinck, L. Salvia-Trujillo, L. G. Moens, L. Charleer, A. M. Van Loey, 
651 M. E. Hendrickx and T. Grauwet, Emulsion stability during gastrointestinal 
652 conditions effects lipid digestion kinetics, Food Chemistry, 2018, 246, 179-191.
653 46. A. Mullertz, D. G. Fatouros, J. R. Smith, M. Vertzoni and C. Reppas, Insights into 
654 intermediate phases of human intestinal fluids visualized by atomic force 
655 microscopy and cryo-transmission electron microscopy ex vivo, Molecular 
656 Pharmaceutics, 2012, 9, 237-247.
657 47. J. Pasquier, A. Brûlet, A. Boire, F. Jamme, J. Perez, T. Bizien, E. Lutton and F. Boué, 
658 Monitoring food structure during digestion using small-angle scattering and 
659 imaging techniques, Colloids and Surfaces A: Physicochemical and Engineering 
660 Aspects, 2019, 570, 96-106.
661 48. M. F. Yao, H. Xiao and D. J. McClements, in Annual Review of Food Science and 
662 Technology, Vol 5, eds. M. P. Doyle and T. R. Klaenhammer, 2014, vol. 5, pp. 53-
663 81.
664 49. S. H. E. Verkempinck, L. Salvia-Trujillo, L. G. Moens, C. Carrillo, A. M. Van Loey, 
665 M. E. Hendrickx and T. Grauwet, Kinetic approach to study the relation between in 
666 vitro lipid digestion and carotenoid bioaccessibility in emulsions with different oil 
667 unsaturation degree, Journal of Functional Foods, 2018, 41, 135-147.
668 50. A. Helbig, E. Silletti, E. Timmerman, R. J. Hamer and H. Gruppen, In vitro study of 
669 intestinal lipolysis using pH-stat and gas chromatography, Food Hydrocolloids, 
670 2012, 28, 10-19.
671 51. M. Heider, G. Hause and K. Mader, Does the commonly used pH-stat method with 
672 back titration really quantify the enzymatic digestibility of lipid drug delivery 
673 systems? A case study on solid lipid nanoparticles (SLN), European Journal of 
674 Pharmaceutics and Biopharmaceutics, 2016, 109, 194-205.
675 52. J. R. Kanicky and D. O. Shah, Effect of premicellar aggregation on the pK(a) of fatty 
676 acid soap solutions, Langmuir, 2003, 19, 2034-2038.

Page 27 of 36 Food & Function



677 53. Y. Li, M. Hu and D. J. McClements, Factors affecting lipase digestibility of emulsified 
678 lipids using an in vitro digestion model: Proposal for a standardised pH-stat method, 
679 Food Chemistry, 2011, 126, 498-505.
680 54. Z. Zhang, R. Zhang and D. J. McClements, Encapsulation of β-carotene in alginate-
681 based hydrogel beads: Impact on physicochemical stability and bioaccessibility, 
682 Food Hydrocolloids, 2016, 61, 1-10.
683 55. C. Qian, E. A. Decker, H. Xiao and D. J. McClements, Physical and chemical stability 
684 of beta-carotene-enriched nanoemulsions: Influence of pH, ionic strength, 
685 temperature, and emulsifier type, Food Chemistry, 2012, 132, 1221-1229.
686 56. J. Corte-Real and T. Bohn, Interaction of divalent minerals with liposoluble nutrients 
687 and phytochemicals during digestion and influences on their bioavailability - a 
688 review, Food Chemistry, 2018, 252, 285-293.
689

Page 28 of 36Food & Function



Fig. 1 The effect of different oil concentration on (a) the surface weighted mean particle 
diameter (D3,2) measured by static light scattering and (b) ζ-potential measured by 
electrophoresis of the corn oil in water emulsion during in vitro gastrointestinal digestion. 
Different capital letters (A, B, C) were used to designate significant difference (p < 0.05) among 
oil concentration (same stage), and lower-case letter (a, b, c) for different stage (same oil 
concentration). SI is abbreviated for small intestine. Data is reported as mean ± SD (n=6).

Page 29 of 36 Food & Function



A

B

B

B

2.5 5 10 20
0

75

150

225

300

Oil Concentration (%)

A
ve

ra
ge

 S
iz

e 
(n

m
)

Fig.2 The average diameter of the particles in mixed micelle samples obtained after intestinal 
digestion of emulsions with different oil concentration. These measurements were carried out 
using dynamic light scattering. Capital letters (A, B, C) were used to indicate significant 
difference (p < 0.05) among samples. Data is reported as mean ± SD (n=6).
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Fig. 3 The effect of different oil concentration on the (a) confocal photos of intestine samples, 
(b) optical photos of mixed micelle samples, and (c) the appearance of centrifugation separation 
of the intestinal samples (note the sediment at the bottom of the tubes). From left to right, the 
data correspond to the emulsions of increasing oil concentration from 2.5% to 20%.
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 Fig. 4 The effect of different oil concentration on (a) final free fatty acid (FFA) released, (b) 
corrected FFA released profile, and (c) corrected FFA concentration profile of the corn oil in 
water emulsion during intestinal digestion. The significant difference among different oil 
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concentration for final FFA released at pH 7 and pH 9 were labeled as lower-case letters (a, b, c) 
and capital letters (A, B, C) respectively. Data is reported as mean ± SD (n=6).
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Fig. 5 The effect of different oil concentration on (a) stability and release, (b) bioaccessibility 
and sedimentation, and (c) β-carotene concentration in each phase of the corn oil in water 
emulsion after intestinal digestion. Capital letters (A, B, C), lower-case letters (a, b, c) and the 
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Greek letters (α, β, γ) were used to designate significant difference among different oil 
concentration. “Intestine” indicated the total digest obtained after intestinal digestion. Data is 
reported as mean ± SD (n=6).
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