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Abstract 
β-carotene, a plant-derived lipophilic red-orange molecule, had been reported to have 

potential health benefits due to its antioxidant and pro-vitamin A activity. However, its low 

water solubility, chemical stability and bioavailability makes its incorporation into food system 

a challenge. The aim of this study was to investigate the encapsulation efficiency of β-carotene 

in a novel carrier, oleosome, using high pressure homogenization (HPH) and to investigate 

the subsequent gastrointestinal fate and oxidative stability of the encapsulated system. The 

encapsulation efficiency was determined by quantification of β-carotene and ranged between 

65% to 88% due to variation in the dissolution of β-carotene in rapeseed oil. Particle size 

measurements showed no difference between the encapsulated and unencapsulated 

oleosome after HPH. The gastrointestinal fate was investigated by performing in vitro digestion 

and a similar digestive stability was observed between encapsulated (89.9% ± 10.7%) and 

unencapsulated β-carotene (57.0% ± 13.5%). The bioaccessibility, however, could not be 

determined due to the low amounts of mixed micelles in the system. The oxidative stability 

was determined by quantification of β-carotene and quantification of lipid oxidation products 

after storage at 40 ⁰C, pH 7, in the dark over a period of 21 days. Creaming was seen in both 

encapsulated and unencapsulated oleosome emulsion during storage. A higher amount of β-

carotene remained after 21 days when encapsulated in oleosome (44.3% ± 2.70%) compared 

to unencapsulated (28.4% ± 3.87%), indicating higher oxidative stability. However, the 

presence of β-carotene did not result in a lower amount of oxidation products from the lipid in 

oleosome. Based on these results, encapsulation of β-carotene into oleosome had no clear 

improvement on the stability after digestion but had improvement on the stability during 

storage. The effect on bioaccessibility remains to be investigated, and the HPH encapsulation 

method must be optimized to improve the physical stability and oxidative stability of the 

oleosome emulsion before it is suitable to be used as a delivery system in food. 

Keywords: oleosome, encapsulation, β-carotene, stability, oxidation, digestibility, 

bioaccessibility 
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1. Introduction 

β-carotene is a red-orange pigment found in many vegetables and fruits and is the most 

studied carotenoids due to its provitamin A activity and antioxidant capacity (Gul et al., 2015). 

This results in a lower oxidative stress environment which can then contribute to possible 

health benefits such as the prevention of certain cancers and cardiovascular diseases (Anand 

et al., 2022; Gul et al., 2015; Yang et al., 2022; Yuan et al., 2008). As such, it is of great interest 

within the food industry to incorporate β-carotene into their food products to make them into 

functional food (Acevedo-Fani et al., 2020). However, there are several challenges associated 

with the development of β-carotene enriched food due to its low chemical stability, low water 

solubility and low bioavailability. 

β-carotene consists of conjugated double bonds and 2 β-rings (Fig. 1). This specific structure 

contributes to its beneficial effect, but the unsaturated hydrocarbon chain makes β-carotene 

highly susceptible to degradation by light, heat and oxygen (Britton, 1995). As such, it is likely 

that β-carotene will be degraded over time if directly supplemented into food products, 

resulting in the loss of bioactivity. Furthermore, as a hydrophobic molecule, β-carotene has 

limited water solubility and dispersibility, thus making incorporation into aqueous-based food 

products limited (Jalali-Jivan et al., 2022; McClements, 2018).  

In addition, β-carotene must be bioavailable to elicit its potential benefits. Bioavailability is 

defined as the fraction of ingested molecule that reaches the bloodstream (Mourtzinos & 

Biliaderis, 2017). As a lipophilic molecule, β-carotene require liberation from the food matrix, 

followed by emulsification and incorporation into the mixed micelles before uptake by intestinal 

cells (Mcclements et al., 2015). However, this is affected by several host-related and dietary 

factors, including the state of β-carotene (crystalline or soluble) and the presence or interaction 

with other dietary components (Gibson, 2016; Lin et al., 2018). In addition, the presence and 

nature of lipids present is also important as it can affect the formation of sufficient mixed 

micelles for β-carotene to be incorporated for absorption. These factors thereby limit the 

bioavailability of β-carotene. 

  

Fig. 1. Chemical structure of β-carotene (National Center for Biotechnology Information, 2022) 

To address these challenges, encapsulation of β-carotene had been attempted using different 

delivery vehicles, whereby β-carotene is entrapped within the core of another substance 

(Mourtzinos & Biliaderis, 2017). Depending on the carrier, the solubility, bioaccessibility and/or 

bioavailability and chemical stability of β-carotene can be improved. Current carriers for β-

carotene in food application can be distinguished into 2 classes: polymer-based or lipid-based 

(Maurya et al., 2021). Some examples of polymer-based carriers include micro-/nanocapsules 
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and hydrogels while some examples of lipid-based carriers include micro-/nanoemulsions and 

liposomes (Jalali-Jivan et al., 2022; Lin et al., 2018). However, these carriers have certain 

setbacks such as instability under certain ionic environmental conditions (eg. pH, ionic 

strength), low permeability to the encapsulated bioactive compound, poor consumer 

perception, and usage of strong and toxic organic solvents (Drosou et al., 2022; Jalali-Jivan 

et al., 2022). Therefore, oleosome is proposed to be an alternative novel carrier of β-carotene 

for food applications. 

Oleosomes, or oil bodies (OB) are intracellular lipid storage organelles present in many plant 

tissues, particularly in seeds (Tzen et al., 1993). It consists of a triacylglyceride (TAG) core 

stabilized by a phospholipid monolayer embedded with structural proteins such as oleosins 

and caleosin (Nikiforidis & Kiosseoglou, 2011) (Fig.2). Oleosomes are easily extracted in the 

form of natural oil-in-water emulsion or cream from plant sources such as rapeseed without 

the use of toxic organic solvents (Nikiforidis, 2019). The emulsified oil droplet is stable due to 

electrostatic repulsion between charged proteins and polar lipids present on the membrane 

(C. Liu et al., 2020; Nikiforidis et al., 2012). The unique membrane structure also protects the 

TAG core from environmental stresses (Nikiforidis, 2019) and reduces degradation of the oil, 

which can affect the perceived quality and nutrition of the oil (Jacobsen, 1999). In addition, 

oleosome consists of α-Tocopherol, an antioxidant which can provide further oxidative stability 

to the TAG (Zhang & Omaye, 2000). As the membrane is permeable to hydrophobic 

molecules, encapsulation within the TAG core is possible and protection can be conferred to 

the encapsulated molecule (Acevedo et al., 2014; Boucher et al., 2008). Altogether, this makes 

oleosome a promising natural delivery system in food applications for unstable lipophilic 

bioactive compounds such as β-carotene.  

 

Fig.2. Structure of oleosome (Nikiforidis, 2019)  

Encapsulation of astaxanthin, D-limonene and curcumin within oleosomes had been 

attempted, and a higher stability and/or bioaccessibility was reported (Acevedo et al., 2014; 

Fisk et al., 2013; Zheng et al., 2019). The techniques used in these studies for encapsulation 

include hydrophobic partitioning, spray drying and pH loading. As oleosomes are naturally 

emulsified, another possible encapsulation method is homogenization after dissolution of the 

compound in oil (Zheng et al., 2019). As such, it is likely that β-carotene can be encapsulated 

into oleosomes via homogenization, but the encapsulation efficiency and the subsequent 

effect on the bioaccessibility and stability of β-carotene requires investigation.  

The aim of this study was to determine the encapsulation efficiency of β-carotene into 

oleosomes using high pressure homogenization (HPH) and the subsequent effect on the 

digestive stability, bioaccessibility and oxidative stability of β-carotene after encapsulation. In 

addition, since β-carotene is an antioxidant, its effect on the oxidative stability of the TAG core 

after encapsulation within the oleosome was also investigated. For this purpose, the 

encapsulation efficiency after HPH was determined by quantification of β-carotene. The 

encapsulated oleosome emulsion was subjected to in vitro digestion to determine the digestive 



7 
 

stability and bioaccessibility of β-carotene. An accelerated storage test was performed to 

determine the oxidative stability of β-carotene and the TAG core after encapsulation.  

The aim of this study was achieved by addressing the following research questions: 

What is the encapsulation efficiency of β-carotene in oleosome using high pressure 

homogenization and the size of the β-carotene encapsulated oleosome?  

What is the effect of encapsulation within oleosome on the digestive stability and 

bioaccessibility of β-carotene after in vitro digestion?  

What is the effect of encapsulation within oleosome on the oxidative stability of β-carotene 

during storage? 

What is the effect of encapsulated β-carotene on the oxidative stability of oleosome emulsion 

during storage? 
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2. Materials and methods 

2.1. Materials 

Oilseed rape seeds were stored at -20 ⁰C until use. Rapeseed oil (Fusion brand) was 

purchased from a local supermarket. β-carotene (C9750-10G), butylated hydroxytoluene 

(BHT) (1082708-500MG), sodium azide (71290-100G), sodium bicarbonate (S5761-1KG), 

sodium chloride (S9888-1KG), sodium hydroxide (30620-1KG-R), potassium chloride 

(1.04933.0500), potassium dihydrogen phosphate (1048711000), magnesium chloride 

hexahydrate (1.05833.1000), ammonium carbonate (207861-500G), calcium chloride 

dihydrate (31307-500G), pancreatin from porcine pancreas (P7545-100G), pepsin from 

porcine gastric mucosa (P6887-5G), bile extract porcine (B8631-100G), cumene 

hydroperoxide (247502-100G), malonaldehyde bis(diethyl acetal) (T9889-100ML), p-anisidine 

(A88255-100G), ammonium thiocyanate (221988-500G), 37% hydrochloric acid (320331-

2.5L) were purchased from Sigma Aldrich (St Louis, USA). Trichloroacetic acid (TCA) 

(1.00807.0100), 2-thiobarbituric acid (TBA) (88481), barium chloride dihydrate 

(1.01719.0500), iron(II) sulfate heptahydrate (1.03963.1000) were purchased from Merck 

(Darmstadt, Germany). High performance liquid chromatography (HPLC) grade solvents were 

purchased from Actu-ALL Chemicals (Oss, The Netherlands). All other solvents used were of 

analytical grade. Ultrapure water was used for the preparation of all solutions. 

2.2. Oleosome extraction 

The extraction method of oleosome was based on the method by De Chirico et al. (2018) with 

some modifications. Oilseed rape seeds were soaked at 4 °C for 16 h in 0.1 M NaHCO3 pH 

9.5 solution (adjusted using 1 M NaOH) at ratio of 1:7 (w/v). The seeds were then blended in 

the same solution for 60 s at high power using a blender (Waring commercial 7011HS, 

Torrington, USA). The slurry was filtered through three layers of cheesecloth and the filtrate 

was centrifuged at 10,000 g for 30 min at 4 °C (Avanti centrifuge J-20XP, Beckman Coulter, 

Brea, USA). The upper creamy layer, which was the crude oleosome fraction, was isolated 

using a spatula and drained on filter paper (Whatman, grade 1). This fraction was collected 

and dispersed in the 0.1 M NaHCO3 pH 9.5 solution (1:4 w/v) and centrifuged at 10,000 g for 

30 min at 4 °C. The upper layer was isolated again using a spatula and drained on filter paper. 

The cream was then suspended in water (1:4 w/v) and centrifuged at 10,000 g for 30 min at 

4 °C. The cream layer was collected using a spatula and drained on filter paper. The oleosome 

cream was stored at 4 °C for up to 24 hours.  

The dry content of the oleosome cream was determined by gravimetric analysis after leaving 

the cream at 105 ⁰C overnight, followed by 1 hour in a desiccator.  

2.3. Preparation of oleosome emulsion for encapsulation 

Oleosome cream was re-suspended in water (5% w/v dry weight basis) using a magnetic 

stirrer and thermally treated at 95 °C in a water bath for 10 min to reduce endogenous lipolytic 

activity without altering its physical properties (De Chirico et al., 2020). 0.02% (w/v) sodium 

azide was added to the emulsion to prevent microbial spoilage.  

2.3.1. Encapsulation of β-carotene into oleosome 

β-carotene was dissolved in rapeseed oil (0.02% w/v) through sonication and heating at 50 

°C. The rapeseed oil with dissolved β-carotene was then added to the heat treated oleosome 

emulsion such that the final composition of the emulsion was 5% OB (w/v dry weight basis), 

5% rapeseed oil (v/v) and 0.001% (w/v) β-carotene. Firstly, a coarse emulsion was prepared 

by blending the oil and aqueous phase (oleosome emulsion) together at 13,500 rpm for 1 
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minute (Ultra Turrax T25, IKA Works Inc, Wilmington, NC). Next, the coarse emulsion was 

passed through a high-pressure homogenizer 5 times at 150 mPa (NS 1001L Panda, GEA 

Process Engineering Inc., Columbia, USA). This β-carotene encapsulated oleosome emulsion 

was termed as EOB. An oleosome control was prepared using the same method but with 5% 

rapeseed oil without β-carotene and was termed as OBC. Both EOB and OBC emulsions were 

flushed with nitrogen, protected from light and stored at 4 °C for up to 3 days. 

2.4. Particle size measurement 

The average droplet size of the OB emulsions was determined before encapsulation, after 

encapsulation and at the end of each storage time point. Measurement was done using a light 

scattering instrument based on the Mie theory of light scattering by spherical particles 

(Mastersizer 2000, Malvern Instruments Ltd, Worcestershire, UK). The refractive index used 

for the calculation of OB size was 1.465, corresponding to the refractive index of rapeseed oil 

and the refractive index of the medium (water) was 1.333. Each sample was measured in 

triplicates and expressed with volumetric particle size distributions and volume mean particle 

diameter, D4,3 = ∑nidi
4/∑nidi

3, where ni is the number of droplets with a diameter of di. 

2.5. In vitro digestion 

A simulated gastrointestinal tract that mimics the mouth, stomach and small intestine of the 

human gut was used to determine the digestibility of the encapsulated (EOB) and non-

encapsulated β-carotene which serve as a control. The control, termed ROC, was prepared 

by dissolving β-carotene (0.01% w/v) in 10% rapeseed oil through sonication and heating at 

50 °C. After which, water was added such that the final composition of ROC was 10% 

rapeseed oil, 90% water and 0.001% (w/v) β-carotene. The digestion protocol used was based 

on the harmonized INFOGEST protocol (Minekus et al., 2014) with some modifications. 

Simulated salivary fluid (SSF), simulated gastric fluid (SGF) and simulated intestinal fluid (SIF) 

used were modified with NaHCO3 replaced by NaCl. Stock solutions of the enzymes were 

prepared based on the respective enzyme activities. A trial digestion was performed 

beforehand to determine the amount of HCl and NaOH needed to adjust the pH to 3 and 7 

respectively. All solutions were heated to 37 ⁰C before usage and incubation of samples was 

done at 37 ⁰C on a rotating device in duplicates.  

Briefly, 5 mL of the sample (EOB or ROC) was mixed with CaCl2 (final concentration of 0.75 

mM) and SSF to achieve a ratio of 50:50 (v/v) in the final mixture. Next, 10 mL of oral bolus 

was mixed (50:50 v/v) with SGF and CaCl2 (final concentration of 0.075 mM). The pH was 

adjusted to pH 3 using 1 M HCl before the addition of porcine pepsin (final activity 2000 U/mL). 

Samples were incubated for 2 hours. After which, the 20 mL of gastric chyme was adjusted to 

pH 7 using 1 M NaOH and mixed (50:50 v/v) with SIF and CaCl2 (final concentration of 0.3 

mM). Bile salts were added to obtain a final concentration of 10 mM or 20 mM. Pancreatin 

solution was added to achieve a final concentration of 2,000 U/mL or 4,000 U/mL based on 

lipase activity. Samples were incubated for another 2 hours and immediately processed to 

quantify the amount of β-carotene remaining in the samples and present in the micelles. 

2.6. Stability test 

18 mL of ROC, EOB and OBC were prepared in 50 mL tubes with at least 50% headspace in 

triplicates and stored at 40 ⁰C in the dark for a period of 7, 14 and 21 days at pH 7. At the end 

of each time point, part of the emulsions was taken for quantification of β-carotene (5 mL) and 

particle size measurement (1.5 mL). The remaining solutions were stored at -20 ⁰C and 

subsequently freeze dried for at least 48 hours for lipid oxidation analysis.  
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2.7. Sample preparation to quantify β-carotene 

2.7.1. β-carotene in EOB 

Encapsulated β-carotene was extracted from the oleosomes using organic solvents in 

triplicates. EOB samples were centrifuged at 7,000 xg for 5 minutes at 4 ⁰C and the upper 

cream layer was collected into new tube using a spatula. 1:2 (v/v) Methanol 

(MeOH):chloroform was added to the oleosome cream and mixed by vortexing for 10 minutes. 

The tubes were centrifuged at 7,000 xg for 10 minutes at 4 ⁰C and the organic phase was 

collected in a new tube. Chloroform was added to the tube again, vortexed for 10 minutes and 

centrifuged at the same conditions. The organic phase was added to the same tube. The tubes 

with the collected organic solvent were dried under N2 at ambient temperature and redissolved 

in MeOH:Tetrahydrofuran (THF) (1:1) + 0.01% BHT. Samples were filtered through 0.2 µm 

RC filter into amber vials for HPLC analysis. 

The encapsulation efficiency was determined using Eq. (1): 

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =
 𝑀𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 

𝑀𝑖𝑛𝑖𝑡𝑖𝑎𝑙
∗ 100%   (1) 

Where 𝑀𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 is the mass of the β-carotene present within the oleosome and 𝑀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 is 

the mass of the initial amount of β-carotene added to the system. 

The storage stability for the encapsulated β-carotene was defined as the percentage of β-

carotene remaining after storage using Eq. (2): 

𝑆𝑡𝑜𝑟𝑎𝑔𝑒 𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =  
𝑀𝑠𝑡𝑜𝑟𝑎𝑔𝑒

𝑀𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑
∗ 100%    (2) 

Where 𝑀𝑠𝑡𝑜𝑟𝑎𝑔𝑒 is the mass of β-carotene present in the samples after each storage time 

point.   

2.7.2. β-carotene in ROC 

β-carotene in ROC was extracted in triplicates by adding 1:1 (v/v) hexane to the samples and 

mixed by vortexing for 10 minutes. The samples were centrifuged for 4,816 xg (Multifuge X3R 

centrifuge, Thermo Fisher Scientific, Waltham, USA) for 10 minutes at 4 ⁰C. The tubes were 

stored at -20 ⁰C for 30 minutes to eliminate water by freezing. The upper organic phase was 

collected into new tubes and dried under N2 at ambient temperature. After which, the samples 

were redissolved in MeOH:THF (1:1) + 0.01% BHT and filtered through 0.2 µm RC filter into 

amber vials for HPLC analysis. 

The storage stability for the control was determined using the following Eq. (3): 

𝑆𝑡𝑜𝑟𝑎𝑔𝑒 𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =  
𝑀𝑠𝑡𝑜𝑟𝑎𝑔𝑒

𝑀𝑖𝑛𝑖𝑡𝑖𝑎𝑙
∗ 100%     (3) 

2.7.3. β-carotene in digested samples 

At the end of the intestinal phase, part of the final digesta was aliquoted out as the micelle 

sample to isolate the micellar phase. The remaining digesta in the tube was processed to 

determine the amount of β-carotene remaining after digestion. 5 mL of hexane was added to 

the tubes and mixed by vortexing for 10 minutes. The tubes were centrifuged at 4,816 xg for 

10 minutes at 4 ⁰C and the upper organic phase was collected in a new tube. This was 

repeated twice. The collected upper organic phase was dried under N2 at ambient temperature 

overnight. After which, the samples were redissolved in MeOH:THF (1:1) + 0.01% BHT and 

filtered through 0.2 µm RC filter into amber vials for HPLC analysis.  
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The micelle sample was transferred into a centrifuge tube and centrifuged at 8,000 xg for 30 

min at 4 ⁰C (Sorvall Lynx 4000, Thermo Fisher Scientific, Waltham, USA) or 160,000 xg for 30 

min at 18 ⁰C (Optima Ultracentrifuge XE-90, Beckman Coulter, Brea, USA). The clear 

supernatant was collected as the mixed micelle fraction and the β-carotene in this fraction was 

extracted in the same manner as the total digesta fraction. Both fractions were analysed in 

duplicates. 

The bioaccessibility was defined as the percentage of β-carotene solubilized in the intestinal 

phase that was solubilized within the mixed micelle fraction and is available for absorption Eq. 

(4), while the digestive stability was defined as the percentage of β-carotene that remained 

after the intestinal phase Eq. (5): 

𝐵𝑖𝑜𝑎𝑐𝑐𝑒𝑠𝑠𝑖𝑏𝑖𝑙𝑖𝑡𝑦 (%) =  
𝑀𝑚𝑖𝑐𝑒𝑙𝑙𝑒

𝑀𝑑𝑖𝑔𝑒𝑠𝑡𝑎
∗ 100%    (4) 

𝐷𝑖𝑔𝑒𝑠𝑡𝑖𝑣𝑒 𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 (%) =  
𝑀𝑑𝑖𝑔𝑒𝑠𝑡𝑎

𝑀𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 𝑜𝑟 𝑀𝑖𝑛𝑖𝑡𝑖𝑎𝑙
∗ 100%    (5) 

Where 𝑀𝑚𝑖𝑐𝑒𝑙𝑙𝑒 is the mass of β-carotene present in the micelle fraction and 𝑀𝑑𝑖𝑔𝑒𝑠𝑡𝑎 is the 

mass of β-carotene present in the digesta after the intestinal phase. 𝑀𝑒𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑒𝑑 was used 

for EOB and 𝑀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 was used for ROC. 

2.8. Quantification of β-carotene using HPLC 

Reverse phase HPLC (UltiMate 3000, Thermo Fisher Scientific, Waltham, USA) equipped with 

a photodiode array detector was used to quantify the concentration of β-carotene in the 

samples after encapsulation, after storage, mixed micelle fraction and total digesta fraction 

based on the method by Sadler and Dezman (1990) and Bushway (2006) with some 

modifications. β-carotene was chromatographed on a Phenomenex Onyx C18 column (100 x 

4.6 mm) at 35 ⁰C with a solvent system of acetonitrile (ACN):MeOH:ethyl acetate (ETAC) 

(60:30:10) + 0.1% triethylamine (TEA) pumped at a flow rate of 1 mL/min for 10 min. The 

injection volume was 20 µL and the detection wavelength was 445 nm. A standard curve of β-

carotene ranging from 0-100 µg/mL was prepared fresh for each run to calculate the 

concentration of β-carotene in the samples.  

2.9. Oxidative stability of oleosome 

2.9.1. Extraction of oil from freeze dried emulsion 

5 mL of hexane:diethyl ether (1:1 v/v) was added to the freeze dried samples and incubated 

for 10 minutes while shaking. All content was transferred into a new tube. Additional 5 mL of 

hexane:diethyl ether (1:1 v/v) was added to the original tubes and incubated for 10 minutes 

with shaking. The content was transferred to the same tube and centrifuged at 4,816 xg for 5 

minutes. The supernatant (with dissolved oil) was collected and dried under N2 at room 

temperature overnight. The tubes with extracted oil were flushed with N2, protected from light 

and stored at -20 ⁰C.  

2.9.2. Determination of hydroperoxides 

Lipid hydroperoxides was determined using the method by Matalanis et al. (2012) with some 

modifications. 5 mL of chloroform: methanol (2:1 v/v) were added to 0.1 mL of oil samples and 

vortexed for 30 seconds. 0.2 mL of this organic solvent was then added to 2.8 mL of 

chloroform:1-butanol (2:1 v/v), along with 15 µL of 3.94 M ammonium thiocyanate and 15 µL 

of ferrous iron solution which was prepared by mixing 0.132 M barium chloride and 0.144 M 

ferrous sulfate. A blank was prepared in the same manner but replacing the ferrous iron 
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solution with water. The mixture was vortexed and incubated in the dark at room temperature 

for 20 minutes. After which, the absorbance was measured at 510 nm in triplicates using a UV 

spectrophotometer (Cary 60, Agilent Technologies, Santa Clara, USA). A standard curve of 

known amounts of cumene hydroperoxide ranging from 0.025 mM to 0.3 mM (coefficient 

correlation, R2 = 0.9942) was prepared to calculate the concentration of lipid hydroperoxides 

in the samples.  

2.9.3. Determination of Thiobarbituric Acid Reactive Substances (TBARS) 

TBARS was determined according to the method of Qiu et al. (2015) with some modifications. 

In a screw cap glass tube, 0.1 mL of oil sample was added to 5 mL of TBA solution which was 

made from 15 g of TCA, 0.375 g of TBA, 1.76 mL of HCl (37% w/w) and 82.9 mL of water. 

The mixture was vortexed and heated at 100 ⁰C for 10 minutes. The tubes were cooled on ice 

for 10 minutes and centrifuge at 10,000 xg for 15 minutes to remove any precipitate. After 

which, the absorbance was measured at 532 nm in triplicates using a UV spectrophotometer 

(Cary 60, Agilent Technologies, Santa Clara, USA). A standard curve of known amounts of 

malonaldehyde bis(diethyl acetal) ranging from 0.04 mM to 0.2 mM (coefficient correlation, R2 

= 0.9887) was prepared to calculate the concentration of TBARS in the samples. 

2.9.4. Determination of p-Anisidine value (p-AV) 

p-Anisidine value (p-AV) in the oil samples was determined according to the standard method 

from the International Union of Pure and Applied Chemistry (IUPAC) (1979) with some 

modifications. 0.1 mL of oil samples were added to 2 mL of isooctane. 2 mL of this organic 

solvent solution was then added to 400 µL of 0.25% p-anisidine (in glacial acetic acid). A 

solvent blank was prepared in the same manner using water instead of oil and a sample blank 

was prepared in the same manner with glacial acetic acid instead of 0.25% p-anisidine to 

correct for the color from β-carotene. The samples were vortexed and incubated in the dark 

at room temperature for 10 minutes. After which, the absorbance was measured at 350 nm. 

The p-AV was calculated using Eq. (6): 

𝑝 − 𝐴𝑉 = 2.1 ∗
1.2∗𝐴𝑠

𝑀𝑜𝑖𝑙
     (6) 

Where As is the absorbance of the sample (corrected for β-carotene sample blank if 

applicable) and 𝑀𝑜𝑖𝑙  is the mass of the oil added. 

2.10. Statistical analysis 

All experimental data were processed using Microsoft Excel and reported as mean ± standard 

deviation (stdev). Student’s t-test (2-tail, unpaired, unequal variances) was used to determine 

any significant differences in the mean particle size between EOB and OBC after HPH and 

stability test, in the amount of β-carotene in EOB and ROC after digestion and stability test, 

and in the amount of oxidation products in EOB and OBC after stability test. Differences were 

considered significant at p<0.05. 
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3. Results & Discussion 

3.1. Characterisation of β-carotene-loaded oleosome (EOB) 

3.1.1. Encapsulation efficiency 

The encapsulation efficiency of the EOB had a range of 65% to 88% between different batches 

(Table 1). However, when the EOB was centrifuged to isolate the oleosome layer, no 

sediments was seen at the base of the tube and no free oil layer was seen at the top (Appendix 

I). Thus, it was assumed that the dissolved β-carotene had been successfully encapsulated. 

The reason that encapsulation efficiency had a large variation and was not above 90% as 

seen in other papers (Acevedo et al., 2014; Zheng et al., 2019) that used oleosome as a carrier 

was probably due to some degradation of β-carotene during sample preparation and the 

variability of β-carotene that was dissolved in rapeseed oil. The duration of sonication and 

heating of β-carotene in rapeseed oil to dissolve it was not standardized, leading to large 

variability in the encapsulation efficiency. As such, this should be optimized to reduce variation 

and to maximize the encapsulation efficiency. 

Table 1. Encapsulation efficiency of oleosome with β-carotene (EOB) from batch 1 (B1), batch 2 (B2) and batch 3 

(B3). Data were reported as mean ± stdev (n=3).  

 Encapsulation efficiency (%) 

B1 87.4 ± 1.43 

B2 73.0 ± 0.843 

B3 65.0 ± 3.88 

3.1.2. Particle size distribution 

The volume mean diameter of the oleosome, D4,3 and particle size distribution were reported 

after extraction and HPH (Fig. 3). The D4,3 of the oleosome after extraction was found to be 

1.71 ± 0.03 µm (Fig. 3A). This was within the size range of 2.0 µm as determined by 

transmission electron microscopy (TEM) (Katavic et al., 2006). After HPH, the mean diameter 

was 1.79 ± 0.16 µm and 1.76 ± 0.12 µm for OBC and EOB respectively and no significant 

difference was observed. All 3 samples had a monomodal particle size distribution (Fig. 3B). 

Acevedo et al. (2014) reported an increase in oleosome mean diameter after encapsulation of 

astaxanthin (AST). This could be due to the different encapsulation method used. The 

encapsulation of astaxanthin was based on partitioning of hydrophobic compounds, whereby 

AST intercalate into the membrane of the oleosome (Hama et al., 2012). For HPH, the 

membrane of the oleosome was broken up and the proteins and phospholipids subsequently 

reassembled naturally around the TAG core (with or without dissolved β-carotene). Thus, no 

difference was expected between loaded and unloaded oleosomes after HPH.  
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Fig. 3. Particle size (A) and particle size distributions (B) of the oleosome without (OBC) and with β-carotene 
(EOB) after high pressure homogenization (HPH) and oleosome after extraction. Data were reported as mean 
(n=3) ± stdev. Different lowercase letters mean significant difference (p<0.05). 

3.2. Effect of oleosome encapsulation on the digestive stability and bioaccessibility of 

β-carotene 

EOB and ROC samples were subjected to in vitro digestion and the β-carotene content 

remaining in the samples after digestion and present in the micellar phase were quantified 

(Fig. 4). The digestive stability indicates the amount of β-carotene that survived the transit 

through the oral, gastric and intestinal phases (Fig. 4A). The level of β-carotene in all samples 

were less than the initial amount present, ranging from 55%-90%. This suggests that there 

was some chemical degradation of β-carotene after simulation through the oral, gastric and 

intestinal phases. The digestive stability of EOB after digestion with 1x concentration of 

pancreatin (2000 U/mL) and bile salts (10 mM) was 89.9% ± 10.7%, which was slightly higher 

(p=0.11) than ROC (57.0% ± 13.5%). Based on a study by Zheng et al. (2019), a significantly 

higher digestive stability was achieved when curcumin, a similar lipophilic molecule with poor 

chemical stability, was encapsulated in soy oleosome compared to the control (curcumin in 

double distilled water). Since β-carotene is sensitive to pH changes and has poor stability 

especially at acidic pH (Qian et al., 2012; Shao et al., 2017), the encapsulation within the core 

of the oleosomes would have reduced the exposure of β-carotene to the different pH 

environment of the simulated GI tract and thus reduced its degradation during digestion. Taken 

together, the digestive stability of β-carotene should be significantly higher when encapsulated 

in oleosome compared to the unencapsulated form. The high p value (p=0.11) resulting in 

non-significant difference could be attributed to the small sample size (n=2). This resulted in 

a larger standard error compared to having a larger sample size of n≥3, and in turn resulted 

in a lower T statistic value and larger p value. As such, the experiment should be repeated 

with a larger sample size to determine if there is any significant difference in the digestive 

stability of β-carotene in EOB compared to ROC. 

The bioaccessibility indicates the amount of β-carotene solubilized within the mixed micelles 

that is available for absorption (Fig. 4B). The micellar phase from the digesta was isolated 

through centrifugations and taken as the clear supernatant. Different centrifugation speed and 

time combinations had been used to isolate the mixed micelles in different studies (J. Liu et 

al., 2022; White et al., 2009), thus 2 different modified combinations were tested: 160,000 xg 

for 30 mins and 8,000 xg for 30 mins. After digestion with 1x concentration of pancreatin and 

bile salts, no β-carotene was detected in the supernatant after centrifugation at 160,000 xg. 

At 8,000 xg, the bioaccessibility was found to be 3.05% ± 4.32% in EOB and 0% in ROC (Fig. 

4B). While the slight increase in bioaccessibility suggests that there was more β-carotene 
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available for absorption upon encapsulation compared to free β-carotene, this was only seen 

in 1 of the duplicates. It was noted that some orange oil droplet was present at the surface of 

the tube after centrifugation (Appendix I). Thus, it was possible that there were not enough 

emulsifiers present or limited lipid digestion resulting in few free fatty acids available to form 

mixed micelles. As such, the concentration of both pancreatin and bile salts were doubled. 

This was done to increase lipolysis to produce more free fatty acids from TAG and to increase 

the emulsifying capacity of the system to determine if the bioaccessibility could be increased 

as seen in Hou et al. (2014). While the amount of pancreatin and bile salts could not be 

increased as such in vivo, similar effect could be obtained through consumption of other food 

that contain fats and emulsifiers. Thus, the observation from these changes could still have 

some physiological relevance. However, after doubling the concentrations, the orange oil layer 

was still observed in the samples after both centrifugation and time combinations. As with 1x 

concentration, no β-carotene was present in the clear supernatant after centrifugation at 

160,000 xg. At 8,000 xg, the bioaccessibility decreased to 0.68% ± 0.07% for EOB and 

increased slightly for ROC to detectable levels (0.97% ± 0.10%) (Fig. 4B). This could be due 

to the lower (73.9% ± 0.07%) and higher (78.9% ± 6.92%) digestive stability of EOB and ROC 

respectively compared to when 1x concentration was used (Fig. 4A). This then affected the 

amount of β-carotene that can be incorporated into the mixed micelles. The difference in 

digestive stability of β-carotene could be due to the difference in lipolysis rate. In EOB, the 

higher amount of pancreatin and bile salts likely increased the lipid digestion. This in turn 

increased the amount of β-carotene released from the TAG core to the environment and thus 

resulted in lower stability. In ROC, as the β-carotene was not encapsulated, changes in 

lipolysis rate should not affect the amount of β-carotene exposed to the environment and thus 

not affect its stability.  

When soy oleosome in soymilk was used to encapsulate curcumin, the bioaccessibility of 

curcumin was 60% which was 50% more than the unencapsulated curcumin. However, this 

could be an overestimation as the soymilk contained other emulsifiers that could have 

contributed to the formation of mixed micelles (Zheng et al., 2019). In other static in vitro 

digestion studies where β-carotene was encapsulated in different carriers, variations in β-

carotene bioaccessibility had been reported. Mun et al. (2015) reported a bioaccessibility of 

55% (centrifugation at 4,000 rpm for 40 min at 25 ⁰C) when β-carotene (dissolved in corn oil) 

was encapsulated in hydrogel (Mun et al., 2015). Shao et al. reported a bioaccessibility of 24% 

to 38% (centrifugation at 10,000 rpm for 45 min at 4⁰C) when β-carotene (dissolved in soybean 

oil) was encapsulated in emulsions stabilized by Ulva fasciata polysaccharides, gum arabic 

and beet pectin, with the control (soybean oil) having a bioaccessibility of 4.44% (Shao et al., 

2017). Both studies used different buffer compositions and enzymes concentration. The pH 

for the gastric phase were also different at 2.5 and the pH for the intestinal phase was kept 

constant at pH 7 using NaOH with a pH-stat titration unit. In addition, the different matrices in 

the system could have resulted in different amounts and types of free fatty acids and 

emulsifiers available to form mixed micelles. Based on these studies, the oleosome 

encapsulated β-carotene was expected to have a much higher bioaccessibility than the 

amount quantified in this study. It could be that the micelles were not isolated from the 

centrifugation conditions used, or that there were insufficient free fatty acids to form mixed 

micelles.  

https://www-sciencedirect-com.ezproxy.library.wur.nl/topics/biochemistry-genetics-and-molecular-biology/ulva
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Fig. 4. Digestive stability (A) and bioaccessibility (B) of oleosomes with β-carotene (EOB) and β-carotene in 
rapeseed oil (ROC) after digestion with 1x or 2x concentration of pancreatin and bile salts. β-carotene present in 
the mixed micelles used for the quantification of bioaccessibility was isolated by centrifugation at 8,000 xg for 30 
min. Data were reported as mean (n=2) ± stdev. Different lowercase letters mean significant difference (p<0.05). 

3.3. Effect of oleosome encapsulation on the oxidative stability of β-carotene during 

storage 

Accelerated shelf-life test was performed at 40 ⁰C in the dark for 21 days to determine the 

stability of β-carotene with and without encapsulation in oleosome. The temperature was fixed 

at 40 ⁰C as oleosomes are unstable above this temperature (Acevedo et al., 2014). The 

amount of β-carotene was quantified every 7 days (day 0, 7, 14 and 21) (Fig. 5). The level of 

β-carotene decreased with time in both EOB and ROC. This can also be observed in the tubes 

as the orange intensity decreased over time (Appendix I). However, the rate of degradation 

was different in both samples. β-carotene in EOB decreased gradually, while β-carotene in 

ROC had a sharp decrease after 7 days followed by a gradual decrease. The degradation in 

ROC was expected given that β-carotene is sensitive to oxygen and heat (Boon et al., 2010). 

The degradation observed in EOB could be due to partly exposed core of the oleosome from 

the HPH process, which then exposed β-carotene to thermal and oxidation stress leading to 

degradation. A significant difference (p<0.05) was found between the amount of β-carotene 

remaining in EOB and ROC at all time points (except day 14), with a higher amount of β-

carotene remaining in EOB (44.3% ± 2.70%) compared to ROC (28.4% ± 3.87%) at the end 

of the storage period. This suggests that the encapsulation within the oleosome conferred a 

protective effect to the β-carotene against heat and oxidation during storage. 
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Fig. 5. Percentage of β-carotene remaining in the oleosomes with β-carotene (EOB) and β-carotene in rapeseed 
oil (ROC) after 0, 7, 14 and 21 days of storage at 40 ⁰C in the dark. Data (with dashed line to guide the eye) were 
reported as mean (n=3) ± stdev. Different lowercase letters mean significant difference (p<0.05). 

3.4. Effect of encapsulated β-carotene on the physical and oxidative stability of 

oleosome during storage 

3.4.1. Changes in particle size distribution during storage 

Accelerated shelf-life test on EOB and OBC were performed at 40 ⁰C and the particle size was 

measured at the various time point to give an indication on the physical stability of the 

emulsion. As the isoelectric point of oleosins that are present on the membrane of the 

oleosomes are around 5.5 (Tzen et al., 1993; White et al., 2008), the pH of the emulsion has 

to be above or below that to maintain electrostatic repulsion. Thus, the stability test was done 

at pH 7 to represent neutral food systems. The volume mean particle diameter and particle 

size distribution were reported in Fig. 6 and Fig. 7. The mean particle size of both EOB and 

OBC increased with time, indicating that both emulsions were physically unstable towards 

flocculation and probably also coalescence. This also correlated with the creaming 

observation in the day 7, day 14 and day 21 samples (Appendix I). On day 7, the extent of 

aggregation was significantly higher in OBC than EOB as the mean particle size was larger in 

OBC (33.5 ± 0.49 µm) compared to EOB (27.7 ± 1.57 µm). This should likely be due to steric 

hindrance of β-carotene rather than changes in electrostatic repulsion between encapsulated 

and non-encapsulated oleosomes. As β-carotene is a non-charged molecule, the electrostatic 

interaction between oleosomes in both OBC and EOB should be similar (Ligia Focsan et al., 

2019; Mascoli et al., 2021). However, this should be verified with zeta potential measurements. 

The increase in aggregation in EOB at later time points could be attributed to the loss of β-

carotene as seen in section 3.3 which reduced the steric hindrance between particles. The 

large variation in mean particle size of samples at the later time points was due to the poor 

reproducibility in measurement of flocculated system as the aggregates are considered 

uniform spheres (Dickinson, 2010).  

0

20

40

60

80

100

120

0 7 14 21

%
 r

em
ai

n
in

g

Storage time (Days)

EOB ROC

c

a

a

d

b

bd

e



18 
 

 

Fig. 6. Particle diameter of oleosomes without (OBC) and with β-carotene (EOB) with and without 1% SDS at pH 
7 after different storage time at 40 ⁰C. Data (with dashed line to guide the eye) were reported as mean (n=3) ± 
stdev. Different lowercase letters mean significant difference (p<0.05). 

1% sodium dodecyl sulfate (SDS) was added to the samples in 1:2 v/v ratio to disrupt the 

interactions within the aggregated oleosomes (Romero-Guzmán et al., 2020). After the 

addition of 1% SDS, the mean particle size in OBC decreased from 31.8 ± 2.75 µm to 7.69 ± 

0.52 µm and 35.8 ± 1.31 µm to 7.09 ± 2.52 µm in EOB after 21 days. This means that the 

increase in mean particle size was mainly attributed to aggregation of oleosomes. However, 

since the particle size after 1% SDS addition was still higher than the initial particle size of <2 

µm, coalescence also occurred in the emulsions. The aggregation and coalescence 

phenomenon were also reflected in the particle size distribution as seen by the polymodal 

distribution in both OBC and EOB (Fig. 7A and Fig. 7B) and monomodal distribution after the 

addition of 1% SDS (Fig. 7C and Fig. 7D). This could be due to insufficient repulsive forces 

and steric hindrance between oleosomes. At pH 7, the proteins on the surface of the 

oleosomes should be negatively charged and thus result in electrostatic repulsion between 

oleosomes. However, as the emulsions underwent HPH, the oleosomes were broken up and 

the membrane components were reassembled around the oil droplet. Thus, it could be that 

the surface of the oil was not completely covered with proteins, which resulted in coalescence 

when the droplets came into contact randomly due to Brownian motion (Dickinson, 2010). This 

could also explain why the increase in mean particle size was much higher than what was 

observed in Ding et al. (2014) when the oleosome emulsions were stored at the same pH of 

7. However, in that study, the stability test was performed at room temperature and not at 40 

⁰C, and the difference in temperature could have contributed to the difference in the stability 

of the oleosome emulsion. From the particle size distribution, it seems that the extent of 

aggregation does not differ much with increasing storage time. On the other hand, the extent 

of coalescence increased with time as seen by the shift in the distribution of particle size from 

left to right.  
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Fig. 7. Particle size distribution of oleosomes without (OBC) (A), oleosomes with β-carotene (EOB) (B), OBC with 

1% SDS (C) and EOB with 1% SDS (D) at pH 7 and 40 ⁰C during storage at day 0 ( ), day 7 ( ), day 14 (

) and day 21 ( ). Data were reported as mean (n=3).  

3.4.2. Oxidative stability of β-carotene encapsulated oleosome 

As β-carotene is an antioxidant, its effect upon encapsulation on the oxidative stability of oil 

(TAG) in the oleosomes was investigated by measuring the primary and secondary oxidation 

products formed at the end of each storage time point. The production of lipid hydroperoxides 

was measured as an indicator of primary oxidation (Fig. 8). On day 0, the hydroperoxides were 

2.88 ± 0.73 mmol/kg oil in OBC and 2.34 ± 0.22 mmol/kg oil in EOB. For OBC, the 

hydroperoxides level decreased overtime to 1.10 ± 0.19 mmol/kg oil on day 21. For EOB, the 

amount of hydroperoxides increased to 2.98 ± 0.13 mmol/kg oil before decreasing to 1.23 ± 

0.35 mmol/kg oil on day 21. The initial amount of hydroperoxides in both OBC and EOB were 

higher than what was reported in other studies. In Ding et al. (2018) and Kapchie et al. (2013), 

the hydroperoxides levels of soybean oleosomes at pH 7 was close to 0. The higher levels 

observed in this study could be due to the HPH process which exposed the oleosomes to 

heat, resulting in some lipid oxidation in the emulsions. In addition, the lipid core might not be 

fully covered by the phospholipids and proteins after HPH, thus exposing the lipids to more 

oxygen compared to intact oleosomes. On day 7, the hydroperoxides level was significantly 

higher in EOB compared to OBC (p<0.05). This could be attributed to the lower volume mean 

particle size of EOB compared to OBC on day 7 as seen in Fig. 6, resulting in a higher surface 

area/volume ratio and thus higher lipid oxidation rate. 

As the hydroperoxides are unstable, they can be broken down into lower molecular weight 

compounds such as aldehydes (D. M. Shin et al., 2019). A low amount of hydroperoxides 

could either be due to little oxidation in the lipids or higher rate of decomposition of the 
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hydroperoxides into secondary products compared to the rate of formation of hydroperoxides. 

Therefore, measurement of the secondary oxidation products was also done to provide a 

better understanding of the oxidation state of the samples along with the primary oxidation 

data.  

 

Fig. 8.  Formation of lipid hydroperoxides in oleosomes without (OBC) and with β-carotene (EOB) with time 
during storage at 40 ⁰C and pH 7. Data (with dashed line to guide the eye) were reported as mean 

(n = 3) ± stdev. Different lowercase letters mean significant difference (p<0.05). 

TBARS was measured as an indication of the secondary oxidation in the OBC and EOB at the 

various time points (Fig. 9A). The amount of TBARS quantified in both OBC and EOB were 

low (<0.05 mmol/kg) on day 0 and day 7 and was undetectable at the later time points. This 

was unexpected as a higher amount of TBARS and an increasing trend should be observed 

with time (Ding et al., 2018; Gray et al., 2010). This could be due to air bubbles present in the 

tubes from the boiling process during incubation which affected the absorbance measurement. 

While a significant difference (p<0.05) was observed in the amount of TBARS between EOB 

and OBC on day 7, the higher level of TBARS observed in EOB was likely an overestimation 

due to the orange pigment from β-carotene that was not corrected in the blank. As such, p-

anisidine test was also performed to quantify the secondary oxidation products.  

The p-AV increased with time in both EOB and OBC (Fig. 9B). The initial amount of secondary 

oxidation products was similar with OBC having a p-AV of 3.45 ± 0.14 and EOB having a p-

AV of 3.65 ± 0.59. On day 7, the amount of secondary oxidation products was significantly 

higher (p<0.05) in OBC compared to EOB. At later time points, the formation of secondary 

oxidation products was faster in EOB than OBC, with EOB having higher significantly higher 

(p<0.05) p-AV than OBC after 21 days.   
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Fig. 9. Changes in TBARS (A) and p-AV (B) with time in oleosomes without (OBC) and with β-carotene (EOB) 
during storage at 40 ⁰C and pH 7. Data (with dashed line to guide the eye) were reported as mean 
(n = 3) ± stdev. Different lowercase letters mean significant difference (p<0.05). 

As β-carotene is known for its antioxidant activity, it was hypothesized that the oil within the 

oleosome with encapsulated β-carotene would be protected against oxidation compared to 

without β-carotene. However, a lower amount of oxidation products in EOB was not observed 

in both primary and secondary oxidation data. One possible reason could be the location of β-

carotene within the TAG core. If β-carotene is not present at the outer part of the TAG core, it 

could not exhibit its antioxidant property and oxidize itself in place of the lipids (Gray et al., 

2010). Another possible reason could be that β-carotene is acting as a pro-oxidant rather than 

an antioxidant. If β-carotene is acting as an antioxidant, the increase in oxidation products 

could be due to the degradation of β-carotene over time as seen in Fig. 5. However, this does 

not justify the higher amount of primary and secondary oxidation products in EOB compared 

to OBC. Thus, it could be that β-carotene is enhancing instead of reducing lipid oxidation (Lee 

et al., 2003). In a high reactive oxygen species (ROS) environment, β-carotene may act as 

pro-oxidant (Shin et al., 2020). In this study, a high amount of lipid hydroperoxides was present 

on day 0, which constitutes a high ROS environment. β-carotene peroxy radicals can be 

formed from the lipid peroxy radicals which can contribute to the chain reaction of lipid 

oxidation (Burton & Ingold, 1984; Iannone et al., 1998). β-carotene can also become radical 

cation by donating elections to free radicals (Liebler, 1993; Mortensen et al., 2001). The β-

carotene radical cation can oxidize tocopherols (Liebler, 1993) which then reduce the 

antioxidant capacity of the system, resulting in higher lipid oxidation in the TAG core. However, 

further studies are required to determine if the lack of protective effect on the oxidative stability 

is due to the location of β-carotene in the oleosome or the high ROS environment. 
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4. Conclusion 
This study aimed to investigate the encapsulation efficiency of β-carotene into oleosomes 

using HPH and the subsequent effect on the gastrointestinal fate and oxidative stability of the 

β-carotene loaded oleosome emulsion. The encapsulation efficiency ranged between 65% to 

88% which depended on the solubility of β-carotene in rapeseed oil. In addition, there was no 

difference in mean particle size and particle size distribution between the OBC, EOB, and the 

oleosome after extraction from oil seed. Thus, HPH is a feasible method to encapsulate β-

carotene into oleosome. 

No clear protective effect of encapsulation on the digestive stability of β-carotene can be 

observed between EOB (89.9% ± 10.7%) and ROC (57.0% ± 13.5%). In addition, the effect 

on the bioaccessibility cannot be concluded due to the limited amount of mixed micelles 

isolated. Therefore, further studies are required before determining if oleosome is a suitable 

carrier to potentially improve the bioavailability of β-carotene in food systems.  

Based on the accelerated storage test, a higher oxidative stability of β-carotene was obtained 

when encapsulated in oleosome (44.3% ± 2.70%) compared to unencapsulated form (28.4% 

± 3.87%). This suggests that encapsulation within oleosome can confer protection to β-

carotene against degradation during storage, and thus could help preserve β-carotene when 

used as a delivery system in food. 

Both OBC and EOB were physically instable during storage as indicated by creaming and the 

large mean particle size (>25 µm) which was likely due to the HPH process. No improvement 

in the oxidative stability of lipids in oleosome was obtained in the presence of β-carotene. On 

the contrary, a higher amount of lipid oxidation products was present with β-carotene. This 

could be due to the high ROS environment in the initial samples (>2 mmol hydroperoxides/kg 

oil) from the encapsulation method. As such, the HPH encapsulation method requires further 

optimization to improve the physical and oxidative stability of the emulsions before application 

in food.  
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5. Recommendations 
While HPH was demonstrated to be able to encapsulate β-carotene into oleosomes, the 

encapsulation efficiency was highly dependent on the amount of β-carotene that was 

solubilized in rapeseed oil. Therefore, the sonication and heating step to solubilize β-carotene 

in rapeseed oil should be standardized for future work. Attempts should also be made to 

dissolve higher amounts of β-carotene.  

No significant difference in the mean particle size and particle size distribution was observed 

between the native, unencapsulated and β-carotene encapsulated oleosomes after HPH. 

However, an electron microscope should be used to provide further understanding of the 

membrane structure of the oleosome after HPH which could also provide insights into the 

possible location of β-carotene in the oleosome. 

The non-significant difference in digestive stability between EOB and ROC, could probably be 

due to the small sample size which affected the standard error of mean and in turn resulted in 

a larger p value. As such, it was suggested to perform the in vitro digestion with a larger 

sample size (n≥3) to determine if the difference observed was indeed non-significant. The 

effect of encapsulation on the bioaccessibility of β-carotene cannot be firmly concluded given 

that β-carotene was only detected in 1 of the duplicates in EOB. Despite the increase in the 

concentration of bile salts and pancreatin to facilitate the formation of more mixed micelles, 

no improvement in the bioaccessibility was seen. This suggests that there might not be enough 

free fatty acids in the system to form mixed micelles, or that the mixed micelles isolation 

conditions were not optimal. Thus, future studies should involve the addition of fats in the 

system and/or optimization of the centrifugation conditions to generate and/or isolate more 

mixed micelles to determine the effect of encapsulation on the bioaccessibility of β-carotene. 

During the storage period, aggregation and coalescence occurred in both OBC and EOB. 

Given the poor reproducibility of the measurement of large flocs, it was suggested to visualize 

and measure the size of the flocs with a light microscope to complement the data obtained 

from the particle size measurement. In addition, it was recommended to measure the zeta 

potential of the samples to determine any differences between samples at various time points. 

Given that the physical instability of the emulsion was likely due to the HPH process, further 

research should be done to optimize the method to obtain droplets that are better covered 

with proteins and phospholipids. This would make the emulsion more stable against 

aggregation and/or coalescence, thereby, making it more applicable for use in food systems. 

The oxidative stability of β-carotene was significantly higher in EOB than ROC during the 

accelerated storage test at 40 ⁰C. On the other hand, no protective effect on the oxidative 

stability of lipids within the oleosome was seen when β-carotene was encapsulated. Instead, 

based on the amount of primary and secondary lipid oxidation products, the extent of lipid 

oxidation appears to be higher in the presence of β-carotene. This could be attributed to the 

location of β-carotene in the oleosomes which limited the antioxidant capability towards the 

lipids. It is also possible that the high ROS environment in the sample (based on the initial lipid 

hydroperoxides level caused β-carotene to act as a pro-oxidant. If this is the case, the 

tocopherol amount from the oleosome should decrease. Thus, the tocopherol content should 

be measured to determine if β-carotene is indeed acting as a pro-oxidant. Alternatively, efforts 

could be made to optimize the HPH process to reduce the amount of lipid hydroperoxides in 

the initial starting sample before repeating the accelerated storage test.  
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Appendix I - Images 

 

Fig. 10. Appearance of the oleosome cream from oleosome without (OBC) (left) and with β-carotene (EOB) 
(right) after centrifugation.  

 

Fig. 11. Digested oleosome with β-carotene (EOB) after centrifugation to isolate the mixed micelles fraction.  
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Fig. 12. Appearance of oleosome without β-carotene (OBC), oleosome with β-carotene (EOB), β-carotene in 
rapeseed oil (ROC) on day 0 (A), day 7 (B), day 14 (C), day 21 (d) of stability test at 40 ⁰C.  
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Appendix II – Data analysis 
Table 2. T-test (unequal variance) analysis of the mean particle size of oleosome without (OBC) and with β-
carotene (EOB) after high pressure homogenization (HPH). Presented are the p values. Values are considered 
significant when p≤0.05. 

  Mean particle size 

OBC EOB 0.4147291 

 

Table 3. T-test (unequal variance) analysis on the digestive stability of oleosome with β-carotene (EOB) and β-

carotene in rapeseed oil (ROC). Presented are the p values. Values are considered significant when p≤0.05. 

 Digestive stability 

1x OBC 1x EOB 0.113586 

2x OBC 2x EOB 0.492423857 

1x OBC 2x OBC 0.280298 

1x EOB 1x EOB 0.289424 

 

Table 4. T-test (unequal variance) analysis on the oxidative stability of oleosome with β-carotene (EOB) and β-
carotene in rapeseed oil (ROC) during storage at 40 ⁰C and pH 7. Presented are the p values. Values are 

considered significant when p≤0.05. 

 Oxidative stability 

D7 EOB  D7 ROC 0.00507 

D14 EOB D14 ROC 0.105 

D21 EOB D21 ROC 0.00424 

D0 EOB D7 EOB 0.0879 

D0 EOB D14 EOB 0.0118 

D0 EOB D21 EOB 0.000175 

D7 EOB D14 EOB 0.0186 

D7 EOB D21 EOB 0.00192 

D14 EOB D21 EOB 0.0324 

D0 ROC D7 ROC 0.0115 

D0 ROC D14 ROC 0.0139 

D0 ROC D21 ROC 0.00662 

D7 ROC D14 ROC 0.994 

D7 ROC D21 ROC 0.00543 

D14 ROC D21 ROC 0.0361 

 

Table 5. T-test (unequal variance) analysis on the mean particle size of oleosome without (OBC) and with β-
carotene (EOB) during storage at 40 ⁰C and pH 7 with and without 1% sodium doedecyl sulfate (SDS). Presented 
are the p values. Values are considered significant when p≤0.05. 

 Particle Size 

D7 OBC  D7 EOB  0.0257 

D14 OBC D14 EOB 0.488 

D21 OBC D21 EOB 0.109 

D7 OBC - SDS D7 EOB - SDS 0.0645 

D14 OBC - SDS D14 EOB – SDS 0.340 

D21 OBC - SDS D21 EOB - SDS 0.727 
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D7 OBC D14 OBC 0.124 

D7 OBC D21 OBC 0.407 

D14 OBC D21 OBC 0.182 

D7 OBC - SDS D14 OBC - SDS 0.600 

D7 OBC - SDS D21 OBC - SDS 0.0015 

D14 OBC - SDS D21 OBC - SDS 0.00173 

D7 EOB D14 EOB 0.606 

D7 EOB D21 EOB 0.00236 

D14 EOB D21 EOB 0.459 

D7 EOB - SDS D14 EOB – SDS 0.284 

D7 EOB - SDS D21 EOB - SDS 0.112 

D14 EOB – SDS D21 EOB - SDS 0.741 

D7 EOB D21 OBC 0.888 

D7 OBC D21 EOB 0.0661 

 

Table 6. T-test (unequal variance) analysis on the hydroperoxides level of oleosome without (OBC) and with β-
carotene (EOB) during storage at 40 ⁰C and pH 7. Presented are the p values. Values are considered significant 
when p≤0.05. 

 Hydroperoxides  

D0 OBC  D0 EOB  0.132 

D7 OBC  D7 EOB  0.00364 

D14 OBC D14 EOB 0.836 

D21 OBC D21 EOB 0.443 

D0 OBC D7 OBC 0.508 

D0 OBC D14 OBC 0.00893 

D0 OBC D21 OBC 0.00115 

D7 OBC D14 OBC 0.00340 

D7 OBC D21 OBC 2.15E-08 

D14 OBC D21 OBC 0.0306 

D0 EOB  D7 EOB 0.000301 

D0 EOB  D14 EOB 0.0158 

D0 EOB  D21 EOB 0.000168 

D7 EOB D14 EOB 0.000481 

D7 EOB D21 EOB 2.64E-05 

D14 EOB D21 EOB 0.0411 

D14 OBC D21 EOB 0.0878 

D14 EOB D21 OBC 0.0103 

D0 OBC  D7 EOB 0.757 

 

Table 7. T-test (unequal variance) analysis on the TBARS level of oleosome without (OBC) and with β-carotene 
(EOB) during storage at 40 ⁰C and pH 7. Presented are the p values. Values are considered significant when 

p≤0.05. 

 TBARS 

D0 OBC  D0 EOB  0.0178 

D7 OBC  D7 EOB  0.00689 
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D0 OBC D7 OBC 0.863 

D0 EOB  D7 EOB 0.0325 

D0 OBC D7 EOB 0.0421 

D0 EOB D7 OBC 0.0821 

D0 EOB D7 OBC 0.0821 

 

Table 8. T-test (unequal variance) analysis on the p-AV of oleosome without (OBC) and with β-carotene (EOB) 
during storage at 40 ⁰C and pH 7. Presented are the p values. Values are considered significant when p≤0.05. 

 p-AV  

D0 OBC  D0 EOB  0.634 

D7 OBC  D7 EOB  0.00845 

D14 OBC D14 EOB 0.849 

D21 OBC D21 EOB 0.0202 

D0 OBC D7 OBC 0.000569 

D0 OBC D14 OBC 0.00673 

D0 OBC D21 OBC 3.86E-05 

D7 OBC D14 OBC 0.0136 

D7 OBC D21 OBC 6.92E-05 

D14 OBC D21 OBC 0.0400 

D0 EOB  D7 EOB 0.0246 

D0 EOB  D14 EOB 0.00331 

D0 EOB  D21 EOB 0.00174 

D7 EOB D14 EOB 0.00251 

D7 EOB D21 EOB 9.27E-05 

D14 EOB D21 EOB 0.00189 

D17 OBC D14 EOB 0.00454 

D14 EOB D21 OBC 0.0117 

D0 OBC  D7 EOB 0.00367 

 

 


