
Bioaccessibility of oil-soluble vitamins (A, D, E) in plant-
based emulsions: Impact of oil droplet size

Journal: Food & Function

Manuscript ID FO-ART-02-2021-000347.R1

Article Type: Paper

Date Submitted by the 
Author: 25-Mar-2021

Complete List of Authors: Tan, Yunbing; University of Massachusetts, Food Science
Zhou, Hualu; University of Massachusetts, Food Science
Zhang, Zhiyun; University of Massachusetts, Amherst, Food Science
McClements, David; University of Massachusetts, Food Science

 

Food & Function



1

1 Bioaccessibility of oil-soluble vitamins (A, D, E) in plant-based 

2 emulsions: Impact of oil droplet size
3

4 Yunbing Tan1*, Hualu Zhou1, Zhiyun Zhang1, and David Julian McClements1, 2*

5

6 1Department of Food Science, University of Massachusetts Amherst, Amherst, MA 01003, USA

7 2Department of Food Science & Bioengineering, Zhejiang Gongshang University, 18 Xuezheng 

8 Street, Hangzhou, Zhejiang 310018, China

9

10

11

12 Submitted: Feb 2021

13 Journal: Food & Function

14

15

16 *Correspondence to: David Julian McClements, Biopolymers and Colloids laboratory, 

17 Department of Food Science, University of Massachusetts, Amherst, MA 01003, USA. E-mail: 

18 mcclements@foodsci.umass.edu

19 Yunbing Tan, Biopolymers and Colloids laboratory, Department of Food Science, University of 

20 Massachusetts, Amherst, MA 01003, USA. E-mail: ytan@umass.edu 

21

22

Page 1 of 42 Food & Function

mailto:mcclements@foodsci.umass.edu


2

23 Abstract

24 We systematically investigated the impact of oil droplet diameter (≈ 0.15, 1.6, and 11 μm) 

25 on the bioaccessibility of three oil-soluble vitamins (vitamin A palmitate, vitamin D, and vitamin 

26 E acetate) encapsulated within soybean oil-in-water emulsions stabilized by quillaja saponin. 

27 Lipid digestion kinetics decreased with increasing droplet size due to the reduction in oil-water 

28 interfacial area. Vitamin bioaccessibility decreased with increasing droplet size from 0.15 to 11 

29 m: 87 to 39% for vitamin A; 76 to 44% for vitamin D; 77 to 21% for vitamin E. Vitamin 

30 bioaccessibility also decreased as their hydrophobicity and molecular weight increased, probably 

31 because their tendency to remain inside the oil droplets and/or be poorly solubilized by the 

32 mixed micelles increased. Hydrolysis of the esterified vitamins also occurred under 

33 gastrointestinal conditions: vitamin A palmitate (~90%) and vitamin E acetate (~3%). 

34 Consequently, the composition and structure of emulsion-based delivery systems should be 

35 carefully designed when creating vitamin-fortified functional food products.

36 Keywords: droplet size; vitamin type; nanoemulsion; bioaccessibility; INFOGEST method.

37

38

39
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40 1. Introduction

41 Vitamins are a group of organic molecules that play a critical role in many physiological 

42 functions important to human health. Deficiencies in these micronutrients leads to severe 

43 diseases. For example, lack of vitamin A leads to night blindness, lack of vitamin D leads to 

44 bone fractures and rickets, and lack of vitamin E leads to anemia and stunted growth. In addition 

45 to their role as micronutrients, oil-soluble vitamins may also have other therapeutic effects e.g., 

46 by reducing the incidences of cancer, cardiovascular disease, and other chronic conditions 1. 

47 Despite their beneficial health effects, many people do not get sufficient quantities of oil-soluble 

48 vitamins from their diet. Moreover, many individuals suffer from conditions that reduce the level 

49 of these vitamins absorbed from their foods, including the elderly and patients suffering from 

50 certain gastrointestinal conditions, or they have greater micronutrient demands than the general 

51 population, including babies, children, adolescents, pregnant women, and athletes 2.

52 Several strategies have been developed to tackle vitamin deficiencies or insufficiency, 

53 including food fortification and vitamin supplementation. These strategies have been shown to 

54 be effective at maintaining adequate vitamin levels within the human body, as well as at 

55 preventing or curing chronic diseases 3, 4. For this reason, many food and supplement companies 

56 have developed products containing oil-soluble vitamins, which are designed to reduce 

57 deficiencies and/or improve health 5. For example, milk is usually fortified with vitamin D, while 

58 many plant-based milk analogs are fortified with vitamins A, D, and E. Oil-soluble vitamins 

59 cannot simply be mixed with fluid beverages because they are immiscible with water and would 

60 therefore separate. For this reason, they are usually mixed with an oil phase first, which is then 

61 homogenized to form vitamin-loaded lipid droplets that can then be dispersed within an aqueous 

62 environment 6.
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63 In general, the nutritional impact of ingested oil-soluble vitamins depends on the amount 

64 present within the human body in a bioactive form 7. This amount depends on the bioavailability 

65 of the vitamins, which depends on their bioaccessibility, transformation, and absorption within 

66 the gastrointestinal tract (GIT) 8. An understanding of the physicochemical basis of the 

67 bioavailability of oil-soluble vitamins is critical for improving the nutritional impact of fortified 

68 foods. In general, vitamin bioavailability is governed by the gastrointestinal conditions within the 

69 individual consuming the food, as well as by the precise nature of the food consumed 9. As an 

70 example, the bioavailability of vitamin E has been reported to vary from around 10% to 80% for 

71 different food matrices 10. Similar food matrix effects have also been reported for the 

72 bioavailability of vitamins A and D 11, 12. These results illustrate the importance of carefully 

73 designing the composition and structure of fortified foods so as to increase the bioavailability of 

74 encapsulated vitamins 9, 13.

75 The size of the oil droplets in emulsified foods can easily be varied by modification of the 

76 homogenization conditions or emulsifier properties 7. Droplet size greatly influences the 

77 physicochemical properties, stability, sensory attributes, and bioavailability of vitamin-fortified 

78 emulsions. For instance, many in vitro studies have shown that increasing oil droplet size 

79 significantly reduces the rate and degree of lipid digestion 12, 14. At the same fat content, reducing 

80 the droplet size increases the droplet surface area, thereby promoting lipase adsorption and 

81 increasing lipolysis.  However, the nature of these effects depends on emulsifier type, as this can 

82 impact the stability of the lipid droplets to flocculation or coalescence within the mouth, 

83 stomach, and small intestine 15. As a result, the size of the lipid droplets within the small intestine 

84 may be very different from those in the ingested emulsions.  It should be noted, producing 

85 emulsions with small droplets is typically expensive because specialized homogenization 
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86 equipment is required, such as microfluidizers, high-pressure valve homogenizers, or sonicators 

87 16. Consequently, it is vital to optimize the droplet size for specific applications. For oil-soluble 

88 vitamins, the impact of droplet size on vitamin bioavailability is particularly important. Previous 

89 publications have shown that the bioaccessibility of encapsulated pro-vitamin A (β-carotene) 

90 increases as the oil droplet size decreases, which was attributed to faster and more extensive lipid 

91 digestion and mixed micelle formation 17. Moreover, a recent study showed there was a reduction 

92 in the level of crystalline β-carotene present within the sediment phase formed after lipid 

93 digestion as the oil droplet size decreased, which was also attributed to faster and more extensive 

94 mixed micelle formation 18. These results indicate that oil droplet size plays a critical role in 

95 determining the bioaccessibility of hydrophobic bioactives.

96 There is also strong evidence that the bioaccessibility of hydrophobic bioactives depends on 

97 their molecular dimensions relative to the dimensions of the hydrophobic regions inside mixed 

98 micelles. In particular, hydrophobic bioactives must be small enough to be accommodated within 

99 the hydrophobic domains of the mixed micelles. For example, small bioactives can easily be 

100 incorporated into mixed micelles formed from fatty acids with chain lengths varying from 

101 medium to long, thereby leading to a relatively high bioaccessibility 19. Conversely, large 

102 bioactives can only be incorporated into mixed micelles formed from long chain fatty acids, 

103 otherwise they tend to precipitate, leading to a relatively low bioaccessibility 20. The 

104 bioaccessibility also depends on the hydrophobicity of the bioactives: the transfer of a bioactive 

105 substance from the oil droplets to the mixed micelles tends to decrease as its hydrophobicity 

106 increases, thereby reducing the bioaccessibility 12, 21. These results indicate that the molecular 

107 characteristics of hydrophobic bioactives also play a major role in determining their 

108 bioaccessibility.
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109 In this study, we focus on the impact of oil droplet size on the gastrointestinal fate of three 

110 important oil soluble vitamins (vitamins A, D, E) encapsulated within model plant-based food 

111 emulsions. We focused on this type of emulsion because there has been growing interest in the 

112 utilization of plant-based foods within the food industry due to their perceived environmental, 

113 health, and ethical benefits.  Thus, it is important to understand the factors that impact the 

114 bioavailability of micronutrients delivered in this new generation of nutritionally-fortified plant-

115 based foods.  A standardized in vitro digestion model (INFOGEST) was used to evaluate the 

116 hydrolysis and bioaccessibility of the vitamins and lipid phase, as well as the physical and 

117 structural changes in the emulsions during gastrointestinal tract (GIT) passage. A major focus of 

118 this study was to provide insights into the physicochemical mechanisms underlying the effects of 

119 oil droplet size and vitamin type on the bioaccessibility of oil-soluble vitamins in plant-based 

120 emulsions. We hypothesized that the bioaccessibility of the vitamins would increase with 

121 decreasing droplet size, but by an amount that depended on their molecular characteristics. In 

122 particular, we hypothesized that the release of the vitamins from the oil droplets would decrease 

123 as their hydrophobicity increased, whereas their solubilization in the mixed micelles would 

124 decrease as their molecular dimensions increased. Vitamins A, D, and E are widely used in 

125 commercial fortified foods and supplements and so the results of this study have practical 

126 relevance in the design for these products. For this reason, we used retinyl palmitate and 

127 tocopheryl acetate versions of vitamin A and E, respectively, since these esterified forms are 

128 widely used to prevent their oxidation during storage, thereby increasing their bioactivity 10, 22. 

129 The results of this study should advance the understanding of food matrix effects on vitamin 

130 bioavailability, which may lead to the development of more effective functional foods and 

131 supplements.
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132 2. Materials and methods

133 2.1 Materials

134 Soybean oil (Wesson, Conagra Brands, Inc., Chicago, IL, USA) was purchased from a local 

135 supermarket. Quillaja saponin (Q-Naturale 200 V) was kindly provided by Ingredion Inc. 

136 (Westchester, IL, USA). Vitamin A palmitate (1.7 Mio IU/G, stabilized with tocopherol), 

137 vitamin D3 (1.0 Mio IU/G) and vitamin E acetate (98%) were kindly supplied by BASF 

138 corporation (Ludwigshafen, Germany). The reagents needed for the INFOGEST in vitro 

139 digestion experiments were purchased from Sigma-Aldrich Company (St. Louis, MO, USA), 

140 including porcine gastric mucin, pepsin from porcine gastric mucosa (250 units/mg), pancreatin 

141 from porcine pancreas, porcine lipase (100-400 units/mg), porcine bile extract, and bile acid 

142 assay kit. All other chemicals and reagents were analytical grade or higher. The double distilled 

143 water for solution preparation was produced by a water-purification system (Nanopure Infinity, 

144 Barnstaeas International, Dubuque, IA, USA).

145 2.2 Emulsion preparation

146 The method used to prepare the emulsions was similar to that used in our previous 

147 publication, with some slight modifications 18. Briefly, emulsions were prepared by 

148 homogenizing an oil phase (5 wt.%) into an aqueous phase (95 wt.%) containing emulsifier. In 

149 this study, two sets of oil phases were used for different research purposes. First, pure oil phase 

150 (soy oil) was used for the analysis of oil droplet size on the physicochemical properties, 

151 structure, and digestion of the emulsion samples within the simulated GIT. Second, vitamin-

152 loaded oil phase was used to study the bioaccessibility and transformation of the vitamins in the 

153 simulated GIT. The vitamin amount used was 10-times higher than the recommended daily 

154 allowance (RDA) for each type of oil-soluble vitamin. Information about the properties of the 
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155 different vitamins is included in Table 1 and Fig 1. The aqueous phase was the same for all the 

156 emulsions, and was prepared by dissolving 0.5 wt.% of quillaja saponin (based on the final 

157 emulsion) in phosphate buffer solution (5 mM, pH 7.0). 

158 Emulsions with different oil droplet sizes were prepared by using different homogenization 

159 approaches. Emulsions containing relatively large oil droplets (around 10 m: “large” 

160 emulsions) were prepared using a high-speed blender (M133/1281-0, Biospec Products, Inc., 

161 ESGC, Switzerland) operated at 10,000 rpm for 4 min. Emulsions containing medium oil 

162 droplets (around 1 m: “medium” emulsions) were prepared by further homogenization of the 

163 large emulsions using sonication (Sonicator FB505, Thermo Fisher Scientific, Waltham, MA, 

164 USA). The sonication conditions used were as follows: frequency = 20 kHz, amplitude = 20%, 

165 sonication on/off duration = 2/2 s, total sonication time = 3.5 min. Emulsions containing fine 

166 droplets (around 0.1 m: “fine” emulsions) were prepared by microfluidization (M110Y, 

167 Microfluidics, Newton, MA) of the large emulsions at 12,000 psi for 3 circulations.

168

169 Table 1. Molecular and physicochemical characteristics of the oil-soluble vitamins1 used in this 

170 study, as well as information about the amount of vitamin in the oil phase.  Key: RDA = 

171 recommended daily allowance.  

 Molar mass 
(g/mol)

Log KOW RDA3 Vitamin in oil phase2 
(wt. %)

Vitamin A-palmitate 524.9 14.8 800 μg/d 0.63
Vitamin A (retinol) 286.5 5.7 - -
Vitamin D 384.6 7.5 15 μg/d 2.4
Vitamin E-acetate 472.7 10.9 15 mg/d 2.43
Vitamin E (α-tocopherol) 430.7 10.7 - -

172 1 The data were obtained from National Center for Biotechnology Information, U.S. National 

173 Library of Medicine, and ChemSpider, Royal Society of Chemistry.

174 2 The vitamins were added at 10-times of the RDA in this study.
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175 3 Average of recommended daily allowances for male and female.

176 2.3 In vitro digestion

177 The in vitro digestion experiment was performed according to the standardized INFOGEST 

178 method 23, with some slight modifications 24. Briefly, the in vitro digestion model included oral, 

179 gastric, and intestinal phases. In each phase, the sample was mixed with the digestive fluids at a 

180 volume ratio of 1:1, and then placed in an incubation device at 37 °C for a certain period of time. 

181 Specifically, in the oral phase, the original emulsion samples were mixed with simulated saliva 

182 solutions containing mucin (0.00375 g/ml) for 2 min. Afterwards, the oral samples were mixed 

183 with simulated gastric solutions containing pepsin (2000 U/ml in the final digestion mixture), the 

184 pH was adjusted to 3, and then the incubation lasted for 2 h in the gastric phase. In the oral and 

185 gastric phases, the samples were incubated within a mechanical shaking device (Model 4080, 

186 New Brunswick Scientific, New Brunswick, NJ, USA) operated at a speed of 100 rpm. In the 

187 intestinal phase, the gastric chyme was mixed with simulated small intestinal solutions 

188 containing pancreatic enzymes and bile salts (10 mM). The pancreatic enzymes consisted of both 

189 pancreatin compound enzymes and extra pancreatic lipase to obtain 100 U/ml trypsin activity as 

190 well as 2000 U/ml lipase activity in the final mixture. The pH environment of the samples was 

191 maintained at 7 by an automatic titration device (857 Titrando, Metrohm USA Inc., 

192 Hillsborough, FL, USA), and the titrant volume was recorded. The small-intestine phase lasted 

193 for 2 h. The centrifugation (Sorvall Lynx 4000 centrifuge, Thermo Scientific, Waltham, MA, 

194 USA) was used to separate the micelle and sediment phases from the digested intestinal samples, 

195 and the conditions were 18,000 rpm, 4 °C for 50 min. The fraction of sediment formed was then 

196 calculated:

197 Sedimentation = 100 ×
𝑊𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡

𝑊𝑖𝑛𝑡𝑒𝑠𝑡𝑖𝑛𝑒
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198 Here Wintestine and Wsediment are the weights of the whole intestinal sample and of the sediment 

199 collected after centrifugation, respectively.

200 2.4 Measurement of lipid digestion

201 The lipid digestion kinetics within the intestinal phase was quantified by titration of the free 

202 fatty acids (FFAs) released from the hydrolyzed triacylglycerols with NaOH solution. In 

203 addition, a back titration step (pH 9) was applied after the small-intestine phase to calculate the 

204 amount of FFAs that were non-ionized at pH 7 25. Blank samples were also analysed (same 

205 composition, but no oil) to remove the impact of non-oil components on the titration. The 

206 fraction of FFAs released was calculated according to the method described previously 25, 26.

207 2.5 Average size, charge, and microstructure characterization

208 The size, charge and microstructure of the particles within the emulsions were analyzed 

209 according to the analytical methods described in a previous publication 18, with some slight 

210 modifications. Briefly, the size of relatively large particles in the initial emulsions and digested 

211 samples were analyzed by the static light scattering method (Mastersizer 2000, Malvern 

212 Instruments Ltd., Malvern, Worcestershire, UK), whereas the size of the relatively small 

213 particles in the mixed micelle samples were analyzed by the dynamic light scattering method 

214 (Zetasizer Nano ZS, Malvern Instruments Ltd., Malvern, Worcestershire, UK). The ζ-potential of 

215 all samples was determined by microelectrophoresis (Zetasizer Nano ZS, Malvern Instruments). 

216 Before size and ζ-potential measurements, all samples were diluted with phosphate buffer 

217 solutions with pH values corresponding to the sample: initial and oral (pH 6), stomach (pH 3), 

218 and small-intestine (pH 7). The refractive index values used in the calculations of particle size 

219 and ζ-potential were 1.475 for the oil phase and 1.33 for the aqueous phase, respectively.
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220 For the confocal microscopy measurements, the samples were dyed by Nile red solutions at 

221 a ratio of 1:20 v/v, placed on microscope slides, and then imaged (Nikon D-Eclipse C1 80i, 

222 Nikon, Melville, NY, USA) at excitation and emission wavelengths of 543 and 605 nm, 

223 respectively.

224 2.6 Extraction and measurement of vitamin A, D, E

225 The same solvent extraction protocol was used for all the oil-soluble vitamins. A 2 ml 

226 aliquot of sample was mixed vigorously with 2 ml of an organic solvent containing hexane and 

227 ethanol (1:1, v/v). The resulting mixture was then centrifuged (Sorvall ST 8 centrifuge, Thermo 

228 Scientific, Waltham, MA, USA) at 4000 rpm for 2 min to separate the organic phase from the 

229 aqueous phase. The upper organic phase was then collected.  This procedure was carried out 

230 three times and the organic solvents were combined. A saturated sodium chloride solution was 

231 added to the extracted solvents and the mixture was centrifuged again to remove any remaining 

232 aqueous fractions. The organic supernatant was then collected and dried using nitrogen gas. The 

233 dried vitamins were dissolved in HPLC grade methanol and then passed through a 0.45 μm filter 

234 (VWR International, Philadelphia, PA, USA) to remove any particulate material prior to HPLC 

235 analysis.

236 Vitamin quantification was carried out using a reverse phase HPLC system (Agilent 1100 

237 series, Agilent Technologies, Santa Clara, CA, USA) equipped by a Zorbax SB-C18 column (4.6

238 ×250 mm, 5 μm, Agilent Technologies, Santa Clara, CA, USA). The operating conditions 

239 tailored for each vitamin type. Specifically, the mobile phase for vitamin A palmitate and 

240 vitamin A was pure methanol solution at 40 °C, and the detection wavelength used was 325 nm 

241 27. For vitamin D, a mixture of methanol:water (95:5, v/v) was used as the mobile phase at 25 °C 

242 for vitamin D, and the detection wavelength used was 265 nm 28. For vitamin E acetate and 
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243 vitamin E, a mixture of methanol and water (97:3 v/v) was used as the mobile phase at 30 °C, 

244 and the detection wavelength used was 286 nm. These conditions were based on a previous 

245 publication 29, with slight modifications. The flow rate (1ml/min) and injection volume (20 μL) 

246 were the same for all samples. Data analysis was carried out using the instrument software 

247 (Agilent ChemStation).

248 Data analysis was performed using a method published previously 24. The transformation of 

249 the esterified vitamin A and E to the non-esterified forms was calculated using the following 

250 equation: 

251 Transformation = 100 ×
𝐶𝑣𝑖𝑡𝑎𝑚𝑖𝑛

𝐶𝑣𝑖𝑡𝑎𝑚𝑖𝑛 + 𝐶𝑣𝑖𝑡𝑎𝑚𝑖𝑛 ― 𝑒𝑠𝑡𝑒𝑟

252 Here Cvitamin and Cvitamin-ester are the molar concentrations of the pure vitamin and esterified 

253 vitamin in the overall digesta after simulated intestinal digestion, respectively.

254 2.7 Statistical analysis

255 Emulsion preparation was duplicated, and the digestion process and all measurements were 

256 triplicated. The results are presented as the mean and standard deviation after combining data 

257 from replicated measurements. Statistical differences for pairwise comparison were calculated at 

258 a confidence level of 95% using ANOVA with either a Duncan test (homogenous) or Dunnett's 

259 T3 test (inhomogeneous). All statistical calculations were carried out using SPSS software (IBM 

260 Corp., Armonk, NY, USA).

261 3. Results and discussion

262 3.1 Physical and structural characterization during simulated GIT digestion

263 Oil-in-water emulsions with a wide range of target mean droplet diameters were prepared 

264 using different homogenization approaches: fine ( 0.1 μm), medium ( 1 μm) and coarse (10 
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265 μm) emulsions. The measured D3,2 values of these emulsions were 0.149, 1.57, and 11.1 μm for 

266 microfluidization, sonication, and simple blending, respectively (Fig. 2a). These light scattering 

267 measurements were supported by the confocal microscopy images of the initial emulsions (Fig. 

268 3), which showed that the size of the individual oil droplets increased from fine to medium to 

269 large emulsions. In all the initial emulsions, the oil droplets were evenly dispersed throughout the 

270 microscopy images. Microscopy analysis also indicated that there was a wide distribution of 

271 droplet sizes within each type of emulsion, particularly the coarse one. Visibly, a cream layer 

272 was formed on top of the large emulsions after they were stored for a few hours, which can be 

273 ascribed to the rapid upward movement of the large droplets due to gravity (data not shown).  In 

274 contrast, the fine and medium emulsions remained homogeneous after a few hours of storage 

275 because the smaller droplets they contained creamed more slowly. These results suggest that 

276 vitamin-fortified emulsions should contain relatively small oil droplets (≤1 μm) if they are 

277 supposed to remain physically stable during storage.  However, this problem may be overcome if 

278 they have a high viscosity or are gelled. 

279 The particles in the initial emulsions were all negatively charged, with the -potential values 

280 ranging from around -68.4 to -57.0 mV (Fig. 2b), which can be attributed to the fact that quillaja 

281 saponin contains anionic carboxyl groups above pH 3 30. There was a significant (p < 0.05) 

282 difference in the ζ-potential of emulsions containing different oil droplet sizes, which may be 

283 ascribed to either incomplete coverage of the saponin on the interface (fine emulsions) or the 

284 presence of non-adsorbed saponin molecules (large emulsions) 31. In addition, sonication might 

285 have promoted the formation of free radicals that altered the magnitude of the surface charge in 

286 the medium emulsions.
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287 The potential gastrointestinal fate of the emulsions was then established by passing them 

288 through the INFOGEST in vitro digestion model. The properties of the samples were assessed 

289 after each phase of the digestion process: mouth, stomach, and small-intestine. In addition, they 

290 were analyzed at the initial stages of the small-intestine phase (SI-initial) by adjusting the fluids 

291 arising from the end of the stomach phase to pH 7 but without adding the enzymes and bile salts. 

292 The SI-initial phase was included because it is the oil droplet size at the beginning of the small-

293 intestine phase that is important for lipid digestion, rather than the original droplet size of the 

294 emulsions 32.

295 Similar to our previous study 18, the mean oil droplet size in all the emulsions remained 

296 fairly similar as they moved from the oral phase to the SI-intestinal phase, despite the 

297 considerable differences in pH, ionic strength, mucin levels, and enzyme activity in these 

298 different gastrointestinal regions (Fig. 2a). The confocal microscopy images were again 

299 consistent with the light scattering results (Fig. 3): the droplet size remained fairly constant in 

300 each GIT stage. However, the droplet concentration did decrease because the samples were 

301 progressively diluted by digestive fluids. Presumably, the good stability of the emulsions to 

302 droplet aggregation in the mouth, stomach, and SI-initial phases is because the quillaja saponin 

303 remains securely attached to the droplet surfaces and generated strong repulsive interactions. 

304 The absolute value of the ζ-potential decreased significantly (p < 0.05) after incubation in 

305 the oral phase, ranging from around -40.8 to -21.7 mV, and then further decreased in the stomach 

306 phase, ranging from around -9.8 to -2.9 mV (Fig. 2b). These results agree with those of previous 

307 studies on related systems 33, 34. This reduction in the absolute value of the ζ-potential is a result 

308 of alterations in the composition and ionization state of the droplet surfaces when the pH, ionic 

309 strength, and composition of the GIT fluids are altered. Our results suggest that the adsorbed 
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310 saponin molecules were able to stabilize the oil droplets against aggregation by generating strong 

311 steric repulsion, since extensive droplet aggregation was not observed under conditions where 

312 there was only a weak electrostatic repulsion (i.e., a low -potential). When the samples were 

313 adjusted to pH 7 at the beginning of the small intestine phase, the absolute value of the negative 

314 charge on the particles increased significantly (p < 0.05), with the -potential values becoming 

315 fairly similar to those in the initial samples, i.e., -63.2 to -55.3 mV (Fig. 3b). This increase in 

316 negative charge is due to ionization of the carboxylic acid groups on the quillaja saponin at 

317 higher pH values 35. There were significant differences in the ζ-potentials of different emulsions 

318 in the mouth, stomach, and SI-initial phases, but the general trends were similar for all systems.

319 After intestinal digestion, the physical and structural properties of the emulsions changed 

320 greatly. The average particle size of the medium and large emulsions decreased significantly (p < 

321 0.05) to 0.31 and 0.71 μm respectively, while that of the fine emulsion remained fairly similar, 

322 being around 0.20 μm (Fig. 2a). The confocal microscopy images also showed that the size of the 

323 oil-rich particles in the medium and large emulsions decreased after the intestinal phase (Fig. 3). 

324 This reduction in particle size is mainly attributed to hydrolysis of the large oil droplets, leading 

325 to the generation of digestive products (FFAs and monoacylglycerols). These digestive products 

326 then combine with other components within the digestive fluids (e.g., calcium ions, enzymes, 

327 bile acids, and mucin) to form a variety of colloidal particles. Some of these particles are readily 

328 dispersible in water (e.g., micelles and vesicles), while others are insoluble in water (e.g., 

329 calcium soaps, bile salt complexes, protein aggregates, and non-digested oils). In this study, 

330 centrifugation was used to separate the soluble fraction (the “mixed micelle” phase) from the 

331 insoluble fraction (the “sediment” phase) and undigested fraction (the “oil” phase).  The visual 

332 appearances of the centrifuged samples are shown in Fig. 2c, which clearly show the sediment 
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333 and mixed micelle phases. Any non-digested oil phase at the top of the samples was difficult to 

334 see because it was very thin.

335 The size of the particles in the mixed micelle phase was analyzed by dynamic light 

336 scattering (Fig. 2d). The average diameter of the mixed micelles in the medium emulsions (218 

337 nm) and large emulsions (191 nm) were significantly (p < 0.05) greater than those in the fine 

338 emulsions (146 nm). The smaller size of the particles in the fine emulsions may be due to more 

339 thorough and complete digestion of the lipid phase. The visible appearance of the mixed micelle 

340 phases collected after centrifugation are shown in Fig. 2e. The mixed micelles from the medium 

341 emulsions were slightly more turbid than those collected from the fine and large emulsions, 

342 which may have been because they contained larger particles that scattered light more strongly 

343 (Fig. 2d).  Interestingly, the mixed micelles collected from the large emulsions were the least 

344 turbid, indicating fewer mixed micelles were present as a consequence of incomplete lipid 

345 digestion (Section 3.2).

346 The average diameters of the colloidal particles in the entire digested intestinal samples 

347 (199 to 705 nm) (Fig. 2a), were considerably larger than those in the mixed micelle phase (146 to 

348 218 nm) (Fig. 2d). This effect is due to the removal of the larger insoluble colloidal particles 

349 during the centrifugation step used to collect the mixed micelle phase, such as non-digested oil 

350 droplets and calcium soaps. It should be noted that different instruments were used for the 

351 particle size measurement of these two samples (static and dynamic light scattering), which 

352 might also partially account for the observed differences. The static light scattering results 

353 showed that the average size of the digested intestinal samples increased with increasing initial 

354 oil droplet size, which can again be attributed to the fact that not all of the oil droplets were fully 

355 digested for the larger droplets (Fig. 2a). This hypothesis was supported by the confocal 
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356 microscopy images (Fig. 3), which showed that there were still some non-digested oil droplets in 

357 the large emulsions, as well as some other large structures, which were probably insoluble 

358 calcium salts and large vesicles. 

359 Previous research has shown that the bioaccessibility of the encapsulated hydrophobic 

360 bioactives decreases as the degree of lipid digestion decreases 17. This effect has been attributed 

361 to the fact that some of the hydrophobic bioactives are trapped inside the non-digested oil phase, 

362 as well as there are less mixed micelles generated to solubilize them. As a result, a significant 

363 fraction of the hydrophobic bioactives is either trapped within the sediment phase or the non-

364 digested lipid phase. The total amount of sediment phase collected after centrifugation of the 

365 digested intestinal samples was similar (p > 0.05) in all samples, being 1.9, 1.8, 1.7 % for the 

366 fine, medium, and large emulsions, respectively (Fig. 2f). This suggests that the initial droplet 

367 size did not have a major impact on the amount of sediment formed. Nevertheless, some of the 

368 non-digested lipid may have formed a thin layer on the top of the samples.

369 The ζ-potentials of the colloidal particles in the total digested intestinal samples and in the 

370 mixed micelle samples were measured (Fig. 2b). The magnitude of the negative charge 

371 significantly (p < 0.05) decreased from the beginning (SI-initial) to the end (SI-end) of the 

372 intestinal samples (Fig. 2b). This effect is probably because the anionic FFAs generated during 

373 lipid digestion dominated the surface charge of the colloidal particles after digestion.  

374 Presumably, the surface charge density resulting from these FFAs was considerably less negative 

375 than that of the quillaja saponin. In addition, quillaja saponin may be hydrolyzed by the digestive 

376 enzymes, thereby reducing its contribution to the surface charge of the lipid droplets 36. The ζ-

377 potential of the mixed micelles was similar to that measured in the total digested samples, which 

378 can again be attributed to the fact that the FFAs dominated the electrical charge measurements.

Page 17 of 42 Food & Function



18

379 Overall, these experiments showed that there were considerable differences in the structures 

380 and physicochemical properties of the emulsions within different regions of the GIT depending 

381 on their initial droplet size. 

382 3.2 Lipid digestion process

383 Lipid digestion was monitored by titration of the released FFAs. An appreciable fraction of 

384 the FFAs from soy oil are long chain ones that are not fully ionized at pH 7 37, so most of them 

385 are not detected by the titration method. As a result, the measured FFA values are much lower at 

386 pH 7 than expected (Fig. 4a). For this reason, the samples were titrated to pH 9 using alkaline 

387 solution to determine the concentration of FFAs that were not ionized at pH 7. This led to a 

388 significant increase in the fraction of FFAs that were detected (Fig. 4a), which agrees with 

389 previous studies using the INFOGEST method 25. Notably, the total amount of FFAs released 

390 was greater than 100% after the back titration step was performed, which also agrees with 

391 previous research 18. This effect has been attributed to the fact that some of the monoglycerides 

392 were converted to FFAs under strongly alkaline conditions. 

393 The fraction of FFAs released was fairly similar for the fine and medium emulsions at pH 9, 

394 being around 124 and 125%, respectively (Fig. 4a). Conversely, the fraction released from the 

395 larger emulsions was significantly (p < 0.05) lower, being around 99% (Fig. 4a). The kinetics of 

396 lipid digestion also depended on droplet size, with the initial digestion rate increasing as the 

397 droplet size decreased (Fig. 4b). The specific surface areas of the emulsions increased as their 

398 droplet size decreased, so there was a larger number of triacylglycerol molecules exposed to the 

399 lipase. Despite the almost ten-fold difference in initial droplet size, the small and medium 

400 emulsions appeared to both be fully digested by the end of the small-intestine phase. In contrast, 

401 the large emulsions were only partially digested because of their relatively low specific surface 
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402 area. Nevertheless, human feeding experiments have shown that complete lipid digestion can 

403 occur for emulsions containing relatively large oil droplets 38, which can be attributed to the 

404 dynamic nature of the human gut.  In particular, the transit times of foods within different 

405 regions of the GIT can be modulated, as well as the levels of bile and digestive enzymes 

406 secreted.  As a result, the rate and extent of lipid digestion observed using a simulated GIT may 

407 be quite different from that in a real GIT.  Clearly, further research is needed to establish in vitro 

408 – in vivo correlations for different kinds of food matrices. 

409 3.3 Gastrointestinal fate of vitamins A, D, E

410 In the following section, the impact of oil droplet size and vitamin type on the 

411 gastrointestinal fate of the oil soluble vitamins was determined using the in vitro digestion 

412 model, including their stability, release, transformation, sedimentation, and bioaccessibility. We 

413 hypothesized that the molecular characteristics of the vitamins, such as their size and 

414 hydrophobicity, would impact their gastrointestinal fate. This hypothesis was based on previous 

415 studies that vitamins or pro-vitamins with more hydrophobic structures tend to remain inside 

416 non-digested oil droplets, thereby reducing their bioaccessibility 39. Vitamin A palmitate and 

417 vitamin E acetate were used in this study because the esterified forms of these vitamins are 

418 typically employed in commercial products in order to improve oxidation stability during 

419 storage. All vitamins were added at a level that was 10-fold higher than their recommended daily 

420 allowances (RDAs). These relatively high levels were used so that the concentration of the 

421 vitamins could be reliably measured using the analytical procedures employed.

422 3.3.1 Vitamin stability

423 The resistance of different vitamins to chemical degradation after they had passed through 

424 the entire GIT model was measured. It should be noted that conversion of the vitamins from the 
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425 esterified to non-esterified form was not considered to be degradation in these experiments. 

426 Instead, this was considered to be transformation (see later). In all cases, there was an 

427 appreciable reduction in the vitamin concentration by the end of the digestion process (Fig. 5). 

428 For instance, the percentages of the different vitamins remaining after digestion were around 40-

429 41%, 79-83% and 75-91% for vitamins A, D, and E, respectively, which indicated that vitamin A 

430 was the least stable. All the oil-soluble vitamins used in this study are known to be chemically 

431 reactive molecules, which are therefore susceptible to chemical degradation. For instance, the 

432 retinyl structure of vitamin A contains an electron-dense region that can scavenge free radicals. 

433 The hydroxyl groups on the chromane ring of vitamin E have been linked to its strong free 

434 radical scavenging activity. The numerous double bonds in vitamin D make it susceptible to 

435 oxidation. The elevated temperatures (37 °C), prolonged times (> 4 hours), and high oxygen 

436 levels in the GIT model may therefore have promoted the chemical degradation of the oil-soluble 

437 vitamins. The samples were covered throughout the GIT experiments to avoid exposure to light, 

438 but there was some slight exposure when the samples were transferred from one GIT stage to 

439 another, which could also have promoted the chemical degradation of the vitamins. These results 

440 suggest that it is important to develop strategies to inhibit the chemical degradation of vitamins 

441 within the GIT so as to increase their effectiveness.

442 The impact of oil droplet size on vitamin stability was also investigated. Droplet size did not 

443 significantly impact the stability of vitamins A and D (p > 0.05). However, the stability of 

444 vitamin E was significantly higher (p < 0.05) in the large emulsions (90.7%) than in the fine 

445 (74.8%) or medium (78.9%) ones. This may have been because some of the vitamin E was 

446 trapped within the non-digested oil phase (Fig. 4), which protected it from oxidation by pro-

447 oxidants in the aqueous phase or interfacial region.
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448 3.3.2 Vitamin bioaccessibility

449 The bioaccessibility is an important factor contributing to the overall bioavailability of 

450 encapsulated vitamins. It depends on two main physicochemical processes: (i) release of the 

451 vitamins from the oil droplets; and (ii) solubilization of the vitamins in the mixed micelles 

452 (“micellization”) 9. Those vitamins that are not solubilized within the mixed micelles typically 

453 end up either in the undigested oil layer (top) or in the sediment layer (bottom) of the digested 

454 samples. In this section, we therefore discuss the impact of oil droplet size on the release, 

455 sedimentation, and bioaccessibility of each vitamin.

456 Vitamin A: The concentrations of vitamin A in each phase of the intestinal samples were 

457 measured and then the release, sedimentation, and bioaccessibility values were calculated from 

458 these data (Fig. 6). As mentioned earlier, the encapsulated vitamins are released from the oil 

459 phase upon lipid digestion, and so reducing lipid digestion should reduce the amount of vitamins 

460 released. Consequently, the fraction of vitamin A released decreased as the droplet size 

461 increased, being around 95.9%, 79.8%, and 51.3% for the fine, medium, and large emulsions 

462 respectively (Fig. 6a). Interestingly, the release of the vitamin A from the fine and medium 

463 emulsions was substantially different, though the final amount of lipid digested was fairly similar 

464 (Fig. 5). This suggests that the kinetics of the digestion process might be critical for the release 

465 of the vitamins. In particular, rapid digestion may have led to more efficient transfer of the oil-

466 soluble vitamins from the oil droplets to the mixed micelles. Other studies have also reported that 

467 strongly hydrophobic bioactive molecules may not be fully released from large oil droplets that 

468 are not fully digested 40.

469 In our study, the vitamin A palmitate was further hydrolyzed into vitamin A and palmitic 

470 acid by the esterases within the pancreatic enzymes. The degree of transformation was relatively 
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471 high, ranging from 90.3% for the large emulsion to 97.1% for the fine emulsion (Fig. 6a). 

472 Notably, the emulsions that gave the highest release of the vitamins (fine emulsions) exhibited 

473 the greatest degree of vitamin A transformation, which is probably because the hydrolysis 

474 reaction mainly occurs within the aqueous phase, rather than inside the oil droplets 41. The 

475 conversion of the vitamin A to the non-esterified form would also account for its greater 

476 degradation, since this form is known to be more susceptible to oxidation. The relative 

477 concentrations of vitamin A and vitamin A palmitate in the different phases (total digesta, mixed 

478 micelles, and sediment) are shown in Fig. 6b. These results show that there was a greater fraction 

479 of the non-esterified form of vitamin A in the mixed micelles than in the sediments, which again 

480 can be attributed to the greater exposure of the vitamins to the surrounding aqueous environment 

481 when they are solubilized within the micelles.

482 After the release process, the vitamins were either solubilized to the mixed micelles in the 

483 aqueous phase or they formed insoluble complexes that became part of the sediment phase. In 

484 this study, most of the released vitamin A (vitamin A and vitamin A palmitate) was located in the 

485 micelle phase (Fig. 6b). In the real human gut, this fraction of vitamin A would be available for 

486 absorption by the epithelial cells, thereby increasing the overall bioavailability. Vitamin A 

487 bioaccessibility decreased with increasing oil droplet size, changing from 86.8% for the fine 

488 emulsion to 39.0% of the large emulsions. As mentioned earlier, this can at least partly be 

489 attributed to a reduction in the amount of vitamin released from the oil droplets. A relatively 

490 small fraction (around 12%) of the vitamin A was also located in the sediment phase for all the 

491 emulsions. This vitamin A may have been released from the oil droplets and then precipitated 

492 when it came into contact with the aqueous phase, or it may have been solubilized within mixed 

493 micelles that were then precipitated by calcium 42. In the human body, the insoluble fraction of 
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494 vitamins in the sediment phase would not be expected to be absorbed by the epithelial cells, 

495 thereby reducing the bioavailability.

496 The distribution of vitamin A and vitamin A palmitate within the intestinal samples was 

497 somewhat different in the emulsions with different droplet sizes (Fig. 6b). For example, the 

498 vitamin A palmitate concentration in the total intestinal sample increased with increasing oil 

499 droplet size, changing from 0.8 nmol/ml for the fine emulsions to 2.8 nmol/ml for the large 

500 emulsions. This effect is probably because there were more non-digested oil droplets in the large 

501 emulsion, which protected the vitamin A palmitate from being converted to the vitamin A form. 

502 The total vitamin A palmitate concentration in the sediment phase also increased with increasing 

503 oil droplet size, changing from 0.04 to 2.0 nmol/ml. Moreover, the fraction of the vitamin A 

504 palmitate in the sediment phase also increased with increasing oil droplet size. This effect is 

505 probably because the strongly hydrophobic vitamin A palmitate is more prone to be incorporated 

506 into the insoluble structures in the sediment phase.

507 Vitamin D: The gastrointestinal fate of the vitamin D is shown in Fig 7. Almost complete 

508 release of the vitamin was observed for the fine emulsions (93.2%) and medium emulsions 

509 (97.4%), while a significantly lower (p < 0.05) release was observed for the large emulsions 

510 (68.2%) (Fig. 7a). This difference can mainly be attributed to the extent of lipid digestion in 

511 different emulsions. As discussed earlier, the fine and medium emulsions were fully digested by 

512 the end of the small-intestine phase, whereas the large emulsions were only partially digested 

513 (Section 3.2). Consequently, some of the hydrophobic vitamin D molecules remained inside the 

514 undigested oil phase in the large emulsions. As a result, the vitamin D bioaccessibility in the fine 

515 emulsions (75.8%) and medium emulsions (76.0%) was significantly (p < 0.05) higher than in 
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516 the large emulsions (44.2%) (Fig. 7a). A relatively high bioaccessibility has also been reported in 

517 emulsion delivery systems where the lipid phase was completely digested 11.

518 Similar to vitamin A, the fraction of vitamin D in the sediment phase was higher in the 

519 medium emulsions (21.4%) and large emulsions (24.0%) than in the fine emulsions (17.4%) 

520 (Fig. 7a). These results suggest that oil droplet size only had a modest influence on the 

521 solubilization of the vitamin D within the mixed micelles (micellization). The absolute vitamin D 

522 concentrations in each phase were also measured (Fig. 7b), which also showed that there was 

523 less vitamin solubilized in the mixed micelles for the large emulsions.

524 Vitamin E: The gastrointestinal fate of vitamin E is shown in Fig 8. As with the other oil-

525 soluble vitamins, the release of vitamin E decreased significantly (p < 0.05) with increasing oil 

526 droplet size, from 96.7% for the fine emulsion to 43.1% for the large emulsion (Fig. 8a). The 

527 magnitude of the effect was similar to that observed for vitamin A palmitate, since the vitamin E 

528 acetate was also strongly hydrophobic (Table 1). A hydrolysis of the vitamin E acetate was 

529 detected, but the hydrolysis level was much lower than that reported for vitamin A palmitate, 

530 ranging from 2.6 to 3.6% (Fig. 8a). There was no significant (p > 0.05) difference in the 

531 hydrolysis level among the emulsions containing different oil droplet sizes. The bioaccessibility 

532 of vitamin E significantly (p < 0.05) decreased with increasing oil droplet size, from 77.4% for 

533 the fine emulsion to 20.7% for the large emulsion (Fig. 8a). This effect can partly be due to the 

534 reduction in the release of the vitamins from the oil droplets with increasing droplet size 

535 discussed above, as well as an appreciable fraction being incorporated into the sediment phase 

536 (19-30%). Interestingly, the sediment phase contained much more vitamin E acetate than vitamin 

537 E (Fig. 8b). This may be because the non-esterified form of the vitamin E can easily be 

538 incorporated into the mixed micelles, whereas the esterified form cannot 43. In addition, the 
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539 vitamin E acetate may be more prone to precipitation in the aqueous phase than the vitamin E 

540 because it is larger and more hydrophobic.

541 3.3.3 Impact of vitamin properties on gastrointestinal fate 

542 In this section, we examined the impact of the molecular characteristics of the different 

543 vitamins on their gastrointestinal fate in emulsions containing different droplet sizes. The release 

544 of the vitamins from the oil droplets appeared to be inversely correlated to their hydrophobicity. 

545 Vitamin A palmitate (logP = 14.8) and vitamin E acetate (logP = 10.9) are much more 

546 hydrophobic than vitamin D (logP = 7.5) (Table 1). As a result, in the large emulsions that were 

547 not fully digested, a much higher fraction of the vitamin A palmitate and vitamin E acetate were 

548 not released than for the vitamin D. This result suggests that the most strongly hydrophobic oil-

549 soluble vitamins remained within the hydrophobic core of the oil droplets as the latter were 

550 hydrolyzed by lipase. In contrast, for the fine emulsions, which were fully digested by the end of 

551 the small-intestine phase, the bioaccessibility was relatively high for all the vitamins because 

552 there was no more non-digested oil for the vitamins to remain trapped within.

553 As discussed earlier, the vitamin A and vitamin E used in this study were initially in an 

554 esterified form but were partially hydrolyzed by the digestive enzymes used in the GIT model. 

555 The extent of transformation was highly dependent on vitamin type being much higher for 

556 vitamin A palmitate than for vitamin E acetate. This difference may be due to a number of 

557 physicochemical processes. First, there are differences in the ability of digestive enzymes to 

558 hydrolyze different esterified vitamins. For instance, it has been shown that only cholesteryl ester 

559 hydrolase can hydrolyze vitamin E acetate 43, whereas several esterases can hydrolyze vitamin A 

560 palmitate, including cholesteryl ester hydrolase and pancreatic lipase. Second, the total 

561 concentration of vitamin E acetate added was considerably higher (around 10-fold) than vitamin 
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562 A palmitate, which might also account its lower transformation. In detail, the total vitamin E 

563 concentration in the intestinal phase ranged from 0.24 to 0.29 μmol/ml for all samples (Fig. 8b), 

564 whereas the total vitamin A concentration ranged from 0.028 to 0.029 μmol/ml (Fig. 6b). The 

565 extent of vitamin transformation in the GIT would be expected to have a major impact on its 

566 bioavailability, as it alters the vitamin’s molecular weight and hydrophobicity, thereby impacting 

567 its tendency to be solubilized in mixed micelles or precipitate into the sediment phase.

568 The incorporation of the vitamins into the insoluble sediment phase was also influenced by 

569 vitamin type. There was considerably less vitamin A (around 12%) in the sediment phase than 

570 for vitamin D (around 17-24%) and vitamin E (around 19-30%). This effect may be because the 

571 non-esterified form of vitamin A was smaller and less hydrophobic than the other vitamins 

572 (Table 1) and was therefore more easily solubilized within mixed micelles rather than the 

573 sediment.

574 Vitamin bioaccessibility depends on the release of the vitamins from the interior of the oil 

575 droplets, followed by their solubilization within the mixed micelles. The molecular structure of 

576 the oil-soluble vitamins used was shown to influence their bioaccessibility, with the extent of this 

577 effect depending on oil droplet size. For the fine emulsions, lipid digestion was complete and the 

578 vitamins were fully released. In this case, the bioaccessibility was mainly determined by the 

579 ability of the vitamins to be incorporated into the mixed micelles. As a result, the bioaccessibility 

580 of vitamin A was much higher than that of vitamin D and vitamin E acetate because the smaller 

581 vitamin A molecules could be solubilized more easily. In contrast, for the large emulsions, lipid 

582 digestion was incomplete and some of the more hydrophobic vitamins remained trapped within 

583 the non-digested oil phase. In particular, vitamin E acetate and vitamin A palmitate showed less 

584 release and higher accumulation within the oil droplets. However, there was more vitamin D and 
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585 vitamin E acetate in the sediment phase than for vitamin A. Overall, vitamin E acetate had the 

586 lowest bioaccessibility, followed by vitamin A, then vitamin D for the large emulsions. The 

587 vitamin E acetate was also lowest in the medium emulsion, except that the bioaccessibility of 

588 vitamin D was higher than that of vitamin A in this case. Lipid digestion of different sized oil 

589 droplets might modify the composition or structure of the mixed micelle phase, which then 

590 influences the micellization process of the released vitamins. Among all the vitamins, the 

591 bioaccessibility of vitamin E acetate was most strongly impacted by the size of the oil droplets in 

592 the emulsions. It should be noted that gastric lipase was not included in the in vitro digestion 

593 simulation used in this study, and hence it would be interesting to include this enzyme in future 

594 studies.  Moreover, it will be important to assess whether the results obtained from static in vitro 

595 digestion studies can be correlated to those obtained from in vivo feeding studies with animals or 

596 humans.

597 4. Conclusions

598 The saponin molecules effectively maintained the oil droplet size under the GIT conditions, 

599 and the surface charge of the oil droplets depended on the pH of the different GIT regions due to 

600 changes in surface composition and ionization. The change of initial oil droplet size did not 

601 significantly influence the physical characteristics of the emulsions in the GIT. As expected, the 

602 rate of lipid digestion increased with decreasing droplet size because of the increase in specific 

603 surface area. After conventional 2 h intestinal phase, complete lipid digestion was measured in 

604 the fine and medium emulsions by the end of the small-intestine phase, but not for the large 

605 emulsions. Consequently, the release of the hydrophobic vitamins was suppressed in the large 

606 emulsions because they tended to accumulate in the non-digested oil phase. These vitamins 

607 might be able to be released when long digestion time or higher lipase concentration are used to 
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608 achieve complete lipid digestion. Moreover, the incorporation of the vitamins into the mixed 

609 micelle phase was reduced in the large emulsions, which was attributed to fewer mixed micelles 

610 being formed. As a result, more of the vitamins released from the large droplets ended up in the 

611 sediment phase after lipid digestion. In combination, these two effects caused the bioaccessibility 

612 of the vitamins to decrease with increasing oil droplet size.

613 The chemical stability of the vitamins in the GIT depended on vitamin type. The vitamin A 

614 palmitate was the least stable, followed by vitamin D and vitamin E acetate. Furthermore, 

615 vitamin type also impacted the bioaccessibility of the vitamins. For the large emulsions, vitamin 

616 D was released more easily from the oil droplets than vitamin E acetate and vitamin A palmitate, 

617 which was attributed to it lower hydrophobicity and molar mass. After release, the esterified 

618 vitamins were exposed to pancreatic enzymes in the gastrointestinal fluids, which partially 

619 hydrolyzed them. Vitamin A palmitate was almost completely hydrolyzed to vitamin A, while 

620 most of the vitamin E acetate remained in the esterified form. Vitamin type also impacted the 

621 incorporation of the vitamins into the mixed micelles or sediment. More sedimentation and less 

622 micelle solubilization were observed for vitamin E acetate and vitamin D than for vitamin A.

623 Overall, this study highlights the importance of incorporating this type of vitamins within 

624 small oil droplets so as to increase their bioaccessibility. It also shows that the molecular 

625 characteristics of oil-soluble vitamins influence their bioaccessibility, which should be 

626 considered when designing delivery systems. The knowledge generated in this study may be 

627 used to design functional foods and supplements with enhanced vitamin bioavailability and 

628 therefore efficacy. In the future, it would be recommended to test the impact of vitamin type and 

629 droplet size on bioavailability using in vivo animal and human feeding studies.
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Fig. 1. The chemical structure of oil soluble vitamins. The data were obtained from National 
Center for Biotechnology Information, U.S. National Library of Medicine.
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Fig. 2. Physical and structural properties of soy oil-in-water emulsions with different initial oil 
droplet diameters during passage through a simulated GIT: (a) Mean particle diameter (D3,2); (b) 
ζ-potential; (c) photographs of samples after digestion and centrifugation; (d) mean particle size 
(Z-average diameter) of mixed micelles measured by dynamic light scattering; (e) photographs 
of mixed micelles; and (f) sedimentation fraction of intestinal samples. Different capital letters 
(A, B, C) designate significant differences (p < 0.05) among emulsion samples with different oil 
droplet size (same GIT stage), while lower-case letters (a, b, c) designate different stages (same 
oil droplet size).
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Fig. 3. The confocal microscopy photos of soy oil in water emulsions with different oil droplet 
size during digestion.
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Fig. 4. The impact of oil droplet size on the final degree (a) and rate (b) of free fatty acid release 
of soy oil in water emulsions during the intestinal phase. Capital letters (A, B, C) and lower-case 
letters (a, b, c) were used to designate significant difference (p < 0.05) among different oil 
droplet size.
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Fig. 5. The stability of vitamins A, D, and E encapsulated in soy oil-in-water emulsions with 
different initial oil droplet diameters at the end of the in vitro digestion model.  Capital letters (A, 
B, C), lower-case letters (a, b, c) and Greek letters (α, β, γ) were used to designate significant 
differences (p < 0.05) among different oil droplet sizes.
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Fig. 6. The effect of oil droplet size on (a) the release, transformation, bioaccessibility, and 
sedimentation, and (b) the vitamin A and vitamin A-palmitate (total vitamin A) concentration in 
each phase of the soy oil-in-water emulsions after in vitro digestion. Capital letters (A, B, C), 
lower-case letters (a, b, c), the Greek letters (α, β, γ) and Roman numbers (i, ii, iii) were used to 
designate significant difference (p < 0.05) among different oil droplet size.
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Fig. 7. The effect of oil droplet size on (a) the release, bioaccessibility, and sedimentation, and 
(b) vitamin D concentration in each phase of the soy oil-in-water emulsions after in vitro 
digestion. Capital letters (A, B, C), lower-case letters (a, b, c) and the Greek letters (α, β, γ) were 
used to designate significant difference (p < 0.05) among different oil droplet size.
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Fig. 8. The effect of oil droplet size on (a) the release, transformation, bioaccessibility, and 
sedimentation, and (b) vitamin E and vitamin E-acetate (total vitamin E) concentrations in each 
phase of the soy oil-in-water emulsions after in vitro digestion. Capital letters (A, B, C), lower-
case letters (a, b, c), the Greek letters (α, β, γ) and Roman numbers (i, ii, iii) were used to 
designate significant difference (p < 0.05) among different oil droplet size.
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Fig. 9. The Schematic diagram describing the impact of oil droplet size and vitamin type on the 
bioaccessibility of oil soluble vitamins: (a) a large oil droplet size reduces enzyme adsorption to 
the interface, inhibits lipid digestion process, and inhibits the release of vitamins; and it also 
influences the vitamin micellization process; (b) the size and hydrophobicity of the vitamins 
influence their release from the oil droplets and the solubilization into the micelle structures. The 
3D structure of the oil soluble vitamins was obtained from National Center for Biotechnology 
Information, U.S. National Library of Medicine.
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