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Abstract

Recently, the standardized in vitro digestion model (“INFOGEST method”) used to evaluate 

the gastrointestinal fate of foods has been revised and updated (Brodkorb et al, 2019, Nature 

Protocols, 2019, 14, 991-1014). Under fed state conditions, the calcium level used in this model 

is fixed and relatively low: 0.525 mM. In practice, the calcium concentration in the human gut 

depends on the nature of the food consumed and may vary from person-to-person. For this 

reason, we examined the impact of calcium concentration on the gastrointestinal fate of a model 

nutraceutical delivery system. The effect of calcium level (0.525-10 mM) on lipid digestion and 

β-carotene bioaccessibility in corn oil-in-water nanoemulsion was investigated using the 

INFOGEST method. At all calcium levels, the lipids were fully digested, but this could only be 

established by carrying out a back titration (to pH 9) at the end of the small intestine phase. 

Conversely, the bioaccessibility of β-carotene decreased with increasing calcium levels: from 

65.5% at 0.525 mM Ca2+ to 23.7% at 10 mM Ca2+. This effect was attributed to the ability of the 

calcium ions to precipitate the β-carotene-loaded mixed micelles by forming insoluble calcium 

soaps. The ability of calcium ions to reduce carotenoid bioaccessibility may have important 

nutritional implications. Our results show that the bioaccessibility of hydrophobic carotenoids 

measured using the INFOGEST method is highly dependent on the calcium levels employed, 

which may have important consequences for certain calcium-rich foods. Moreover, we have 

shown the importance of carrying out a back titration to accurately measure free fatty acid levels 

in the presence of low calcium levels.

Keywords: Calcium; nanoemulsion; β-carotene; lipid digestion; bioaccessibility; INFOGEST 

method.
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1. Introduction

Research on food fortification with nutraceuticals has increased recently in response to 

consumers’ growing interest in functional foods and beverages with potentially health-promoting 

properties 1, 2. Many nutraceuticals cannot simply be incorporated into foods because of 

solubility, stability, or sensory issues. Various kinds of colloidal delivery systems have therefore 

been fabricated to overcome these problems 3. Moreover, these delivery systems are being 

designed to exhibit specific functional attributes, such as controlled release, enhanced 

bioavailability, increased potency, synergistic effects, or targeted release 4-6. To test the potential 

efficacy of these delivery systems, both in vitro and in vivo methods have been developed 7, 8. 

These methods are essential for identifying the physicochemical processes that occur as a 

delivery system passes through the gastrointestinal tract (GIT). This information can then be 

used to identify the optimum composition and structure of colloidal delivery systems for specific 

applications 3. In general, the bioavailability of nutraceuticals within the GIT depends on three 

main factors: bioaccessibility, absorption, and transformation 9. For highly hydrophobic 

nutraceuticals, like carotenoids, the bioaccessibility is often the rate limiting step that determines 

the overall bioavailability. The bioaccessibility depends on the liberation of the nutraceutical 

from the food matrix and then its solubilization within the mixed micelle phase. The 

bioaccessibility of hydrophobic nutraceuticals is usually enhanced by increasing the fat content 

within the food matrix, as this leads to the formation of more mixed micelles to solubilize the 

nutraceuticals 10, 11.

In vivo human feeding studies are the most accurate methods of determining the impact of 

specific colloidal delivery systems on the bioaccessibility and bioavailability of nutraceuticals 8. 

In these studies, the levels of nutraceuticals and their metabolites are typically measured in the 
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bloodstream, urine, and/or feces over time. Despite their accuracy, however, human feeding 

studies are rarely used to test nutraceutical bioavailability because of their high cost, long time, 

potential safety issues, and ethical concerns 7, 12. Moreover, they do not provide any insights into 

the physicochemical mechanisms involved. For this reason, in vitro digestion models have been 

developed that are relatively simple and inexpensive to perform, and allow researchers to rapidly 

screen many different formulations during the early stages of delivery system development 13. A 

recent review article has highlighted that there is often a good qualitative correlation between the 

results obtained using in vivo and in vitro methods, which supports the utilization of the latter for 

testing nutraceutical bioaccessibility 8.

A number of in vitro digestion protocols have been developed over the past decade to test 

the gastrointestinal fate of foods, which vary in their attempts to mimic the complex 

physiochemical and physiological processes occurring inside the human gut 13, 14. These models 

typically come to some compromise between accurately simulating the complexity of the human 

gut and having a protocol that is inexpensive, simple, rapid, and repeatable. Recently, there have 

been attempts to standardize the in vitro digestion models used in both the food and 

pharmaceutical areas 15, 16. The advantage of having a standardized model is that results on 

different samples or from different laboratories can be compared. In the food industry, the most 

well-established and widely-used in vitro digestion model is that developed by the INFOGEST 

consortium 16. Despite its widespread use, this method often leads to widely differing results 

when studying lipid digestion in foods, ranging from almost complete digestion 17 to only modest 

digestion 18. In reality, humans are known to digest and absorb the vast majority of the lipids 

(triacylglycerols) they consume. It is, therefore, important to establish the origin of the observed 

variations in lipid digestion determined using the INFOGEST method. Moreover, this static in 
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vitro digestion procedure has recently been refined to improve its accuracy and reliability 13, and 

so it is useful to examine the efficacy of this refined method for studying lipid digestion.

One factor that is known to play an important role in lipid digestion in foods is the level of 

calcium present 19, 20. Calcium may act as both a promoter or inhibitor of lipid digestion 

depending on the system 21. On one hand, cationic calcium ions can promote flocculation of oil 

droplets, especially in emulsions stabilized by anionic emulsifiers, resulting in less surface area 

for lipolysis reaction. On the other hand, calcium ions can facilitate lipid digestion due to their 

ability to act as co-factors for pancreatic lipase and the ability to precipitate free fatty acids 

generated at the lipid droplet surfaces. There have, therefore, been several attempts at 

understanding the impact of calcium ions on lipid digestion 19, 20. 

The digestive conditions within the INFOGEST method are based on the fed state of human 

digestion. Nevertheless, the calcium level used in the simulated intestinal fluids (0.6 mM) is 

considerably below those reported in human intestinal fluids 22, 23. Besides, some foods contain 

high levels of calcium, such as cheeses and milk, which can lead to much higher calcium levels 

(up to 10 mM) in the small intestine during digestion 23-25. These relatively high calcium levels 

may interfere with the lipid digestion process.

The objective of the current study was to examine the impact of calcium levels on the 

digestion of lipids in nanoemulsion-based delivery systems using the INFOGEST method. 

Moreover, we also examined the impact of calcium levels on the bioaccessibility of a model 

hydrophobic nutraceutical (β-carotene) encapsulated within the nanoemulsions. This carotenoid 

has been associated with several diet-related health benefits due to its pro-vitamin A and 

antioxidant activities 26. Structurally, β-carotene consists of two beta-rings held together by a 

long polyene chain, and hence it is a highly hydrophobic polyunsaturated molecule that has low 
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water-solubility and is highly prone to oxidation. A considerable research effort has, therefore, 

been carried out to develop colloidal delivery systems to encapsulate and protect this carotenoid, 

as well as to boost its bioavailability 27, 28. Nevertheless, the fate of these systems within the 

INFOGEST method has rarely been examined. 

In summary, the main objective of this research is to investigate the effects of different 

calcium levels on lipid digestion and β-carotene bioaccessibility of a nanoemulsion-based 

delivery system using the INFOGEST method. The physical and structural properties of the 

nanoemulsion were measured during in vitro digestion to identify the possible underlying 

mechanisms involved. The information generated by this research should lead to a better 

understanding of the lipid digestion process, as well as to the creation of more efficacious 

nutraceutical delivery systems. Moreover, it provides valuable insights into the critical role that 

calcium ions play in the standardized INFOGEST model.

2. Materials and Methods

2.1 Materials

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

supermarket. Whey protein isolate (WPI) was provided by Agropur Inc. (Le Sueur, MN, USA). 

β-carotene (Type Ⅰ, synthetic, ≥93% in UV); porcine gastric mucin, pepsin from porcine gastric 

mucosa (250 units/mg), pancreatin from porcine pancreas, porcine lipase (100-400 units/mg), 

porcine bile extract, and bile acid assay kit were purchased from the Sigma-Aldrich Company 

(St. Louis, MO, USA). Ethyl alcohol (ACS/USP grade) was purchased from Pharmco Products, 

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

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

distilled water was used to prepare all solutions and nanoemulsions.  It was produced using a 
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laboratory water-purification system (Nanopure Infinity, Barnstaeas International, Dubuque, IA, 

USA).

2.2 Preparation of Nanoemulsion Delivery System

The nanoemulsions were prepared using a method described previously 10. The aqueous 

phase, was prepared by dissolving emulsifier (WPI) in phosphate buffer solution (5 mM, pH 7.0) 

to reach a level of 1.0 wt% in the final nanoemulsion. The oil phase was prepared by dissolving 

β-carotene (0.1 wt% of oil phase) in corn oil by sonicating for 1-min at 40 kHz followed by 5-

min incubation at 50 ºC for three times. The oil and aqueous phases were blended (10:90 w/w) 

using a high-speed mixer at 10,000 rpm for 2 min to form a coarse emulsion (M133/1281-0, 

Biospec Products, Inc., ESGC, Switzerland). This emulsion was then passed 5-times through a 

microfluidizer at an operation pressure of 12000 psi to form the carotenoid-enriched 

nanoemulsions (M110Y, Microfluidics, Newton, MA).

2.3 Particle Size Characterization

The particle size distribution was determined using laser diffraction (Mastersizer 2000, 

Malvern Instruments Ltd., Malvern, Worcestershire, UK). Before measurements, the samples 

were diluted using appropriate buffer solutions and then stirred (1200 rpm) to ensure they were 

homogeneous and to avoid multiple scattering effects. Phosphate buffer solution (5 mM, pH 7.0) 

was used for dilution of samples obtained from the initial, oral and small intestine phases. 

Acidified distilled water (pH 3) was used to dilute the gastric samples. The refractive index 

values of the oil and aqueous phases were taken to be 1.472 and 1.33, respectively.

The particle size of the samples from the micelle phases were measured by dynamic light 

scattering (Zetasizer Nano ZS, Malvern Instruments Ltd., Malvern, Worcestershire, UK). 
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Phosphate buffer solution (5 mM, pH 7.0) was used to dilute samples so as to avoid multiple 

scattering.

2.4 Surface Potential

The surface potential (ζ-potential) was measured by particle electrophoresis (Zetasizer Nano 

ZS, Malvern Instruments). The initial nanoemulsion and the samples from the small intestine 

phase were diluted with phosphate buffer (5 mM, pH 7.0). The samples obtained from the oral 

and gastric phases were diluted using the corresponding simulated digestive fluids with 

adjustment to the samples’ pH (pH 7 and 3 respectively).

2.5 Confocal Microscopy

Microstructure images were measured according to a method reported previously 29. Prior to 

measurement, Nile red solution (1 mg/mL in ethanol) was mixed with the samples at a ratio of 

1:20 (v/v) to dye the oil phase. A small droplet of the dyed sample was placed on a microscope 

slide and covered by a coverslip. The excitation and emission wavelengths were set at 543 and 

605 nm, respectively. A 60× oil immersion objective lens was used to obtain images of the 

samples using a fluorescence confocal laser scanning microscope (Nikon D-Eclipse C1 80i, 

Nikon, Melville, NY, USA). The images were acquired and stored using the microscopes image 

analysis software (NIS-Elements, Nikon, Melville, NY).

2.6 In vitro Digestion

The updated INFOGEST in vitro digestion method 13 was used in this paper with some 

slight modifications. Before digestion, the activity of all enzymes and the concentration of the 

porcine bile extract were determined. The whole process of the digestion procedure was carried 

out at 37 °C, and all solutions were preheated prior to use to avoid temperature fluctuations. A 
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test sample was obtained by diluting the nanoemulsion with phosphate buffer solution (5 mM, 

pH 7.0) to an oil concentration of 5%.

Oral phase: The test sample was mixed 1:1 (v/v) with simulated saliva fluids, which 

contained 0.00375 g/mL mucin and 1.5 mM CaCl2 (H2O)2, to form the oral bolus. The resulting 

sample was then incubated for 2-min in a mechanical shaking device (Model 4080, New 

Brunswick Scientific, New Brunswick, NJ, USA) at a speed of 100 rpm.

Gastric phase: The oral bolus was then diluted 1:1 (v/v) with the pre-warmed simulated 

gastric fluids, which contained pepsin (2000 U/mL in the final digestion mixture) and 0.15 mM 

CaCl2 (H2O)2, and incubated under shaking at pH 3.0 for 2 h. This process led to the formation of 

gastric chyme.

Intestine phase: The gastric chyme was then diluted 1:1 (v/v) with simulated intestinal 

fluids containing pancreatic enzymes, 10 mM bile salts and CaCl2 (H2O)2, and incubated at pH 7 

for a further 2 h. The enzyme activity was achieved by adding enough pancreatin to reach a 

trypsin activity of 100 U/mL in the final mixture, as well as additional pancreatic lipase to reach 

a lipase activity of 2000 U/mL in the final mixture. The INFOGEST method suggests 0.6 mM 

CaCl2 (H2O)2 in the intestinal fluids, which results in 0.525 mM in the final solution after mixing 

with the gastric chyme. The effect of calcium level was investigated by also using a series of 

other calcium concentrations (1.5, 5 ,7.5 and 10 mM in the final mixture).

The release of the FFA was measured using a pH stat method, and calculated from the 

amount of NaOH needed for titration (857 Titrando, Metrohm USA Inc., Hillsborough, FL, 

USA). During the small intestine phase, the volume of NaOH solution required to maintain the 

system at pH 7.0 was measured. Afterwards, a back titration to pH 9.0 was applied to neutralize 

any non-ionized FFAs. A blank test was carried out using a blank sample with the same 
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composition as the test sample, but no oil, to subtract the contribution of any non-lipid 

components to the digestion profiles. After digestion, the separation of the micelle and sediment 

phases was achieved by centrifugation (Sorvall Lynx 4000 centrifuge, Thermo Scientific, 

Waltham, MA, USA) of the intestine samples at 30,970 ×g (18,000 rpm) for 50 min at 4 °C.

2.7 Extraction and Measurement of β-Carotene

The β-carotene concentrations in the initial nanoemulsion, total intestine digesta, mixed 

micelles, and sediment were extracted and measured according to a published study 30 with slight 

modification. To extract β-carotene, an aliquot of 0.5 ml sample was mixed with 1.2 ml of a 

hexane:isoproperal (2:3, v/v) mixture. The resulting system was then centrifuged (Minispin 

centrifuge, Eppendorf North America, Inc., Hauppauge, NY, USA) at 6000 rpm for 2 min. The 

supernatant was collected and measured at 450 nm by a UV-visible spectrophotometer (Genesys 

150, Thermo Scientific, Waltham, MA, USA).

The bioaccessibility, recovery, and stability (%) of β-carotene were then calculated using 

the following equations:

Bioaccessiblity = 100 ×
𝐶𝑚𝑖𝑐𝑒𝑙𝑙𝑒

𝐶𝑑𝑖𝑔𝑒𝑠𝑡𝑎

Recovery = 100 ×
𝐶𝑚𝑖𝑐𝑒𝑙𝑙𝑒 + 𝐶𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡

𝐶𝑑𝑖𝑔𝑒𝑠𝑡𝑎

Stability = 100 ×
𝐶𝑑𝑖𝑔𝑒𝑠𝑡𝑎 × 8

𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙

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

from the mixed micelle, sediment, total intestine digesta, and initial nanoemulsion, respectively.
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2.8 Statistical Analysis

The digestion process and all measurements were carried out in triplicate, while 

nanoemulsion preparation was carried out in duplicate. The means and standard deviations were 

calculated by combining the data from different measurements. Depend on the homogeneity of 

the variances, either Duncan test (homogenous) or Dunnett's T3 test (inhomogeneous) was used 

in the analysis of variance (ANOVA) at a confidence level of 95% to determine the statistical 

differences among treatments. Statistical calculation was finished by the SPSS software (IBM 

Corp., Armonk, NY, USA).

3. Results and Discussion

3.1 Gastrointestinal Fate

The physical and structural properties of the β-carotene encapsulated nanoemulsions were 

measured during each stage of the in vitro GIT model using the INFOGEST method. The initial 

nanoemulsion consisted of 1% WPI and 10% corn oil with a β-carotene level of 0.1% in the oil 

phase. The nanoemulsion had a monomodal particle size distribution with a mean particle 

diameter (D3,2) of 143.5 ± 1.3 nm (Figs. 1a and 1b). The confocal microscopy images showed 

that the nanoemulsion contained a dispersion of fine oil droplets that were evenly distributed 

throughout the sample (Fig. 1c). The protein-coated oil droplets had a high negative surface 

potential (-56.1±1.0 mV) because the pH of the nanoemulsion (pH 7) was higher than the 

isoelectric point of the WPI (around pH 5) (Fig. 2). The nanoemulsion formed was physically 

and structurally similar to that of our previous studies 31, 32. These results showed that the 

microfluidization protocol and emulsifier used were successful at forming β-carotene-fortified 

nanoemulsions.
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The nanoemulsion was then subjected to the simulated oral phase. The light scattering 

experiments suggested that the particle size of the nanoemulsions remained fairly similar after 

exposure to the simulated oral conditions (Fig. 1a), but the confocal microscopy images showed 

that some of the oil droplets had flocculated (Fig. 1c). The magnitude of the negative surface 

potential on the protein-coated oil droplets decreased significantly (p < 0.05) (Fig. 2). These 

effects might have occurred because the change in ionic strength altered the electrostatic 

interactions, or the presence of mucin promoted depletion or bridging flocculation 33.

The nanoemulsion was then exposed to simulated gastric conditions by adjusting the pH to 

3.0 and adding pepsin to reach a level of 2000 U/mL in the final mixture. The physical properties 

of the nanoemulsion changed appreciably within this stage. The mean particle diameter increased 

to over 30 µm, and the position of the peak in the particle size distribution shifted upwards, with 

most of the particles being in the range from 1 to 300 μm (Figs. 1a and 1b). The confocal 

microscopy images indicated that excessive droplet flocculation occurred under simulated gastric 

conditions (Fig. 1c). Additionally, the negative surface potential of the particles in the 

nanoemulsion decreased to around -1.9 mV. Moreover, visual observations showed that the 

nanoemulsions became unstable to phase separation, with a thin cream layer being seen on the 

top and a clear serum layer at the bottom (Fig. 3).

Previous studies suggest that the flocculation state of oil droplets when they first enter the 

small intestine phase impacts their digestion: when the droplets are highly flocculated, the lipase 

is unable to easily access the surfaces of all the oil droplets, thereby inhibiting digestion 34. For 

this reason, we adjusted the gastric chyme to pH 7.0 before adding the other intestinal 

components (calcium, bile salt, and pancreatic enzymes) so as to focus on the impact of pH on 

the flocculation state of the oil droplets. The sample obtained by this process is referred to as the 
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“SI-Initial phase”. The light scattering and microscopy measurements indicated that there was a 

pronounced decrease in droplet flocculation when the system was adjusted to pH 7 (Fig. 1). This 

effect can mainly be attributed to an increase in the negative charge on the protein-coated oil 

droplets (Fig. 2), which recovered to a value fairly similar to that of the oral phase. Thus, the 

increased electrostatic repulsion between the oil droplets in the emulsions reduced the degree of 

flocculation. Nevertheless, there was evidence of some large individual oil droplets present in the 

SI-initial phase, which suggests that droplet coalescence as well as flocculation had occurred 

during incubation in the gastric phase. Visual observations of the nanoemulsions in the SI-initial 

phase showed that they consisted of homogenous nanoemulsions without any obvious phase 

separation (Fig. 3). The good stability of the nanoemulsions to gravitational separation can be 

attributed to the fact that most of the individual oil droplets were relatively small and not 

flocculated.

The nanoemulsions were then exposed to the full intestinal phase by adding the appropriate 

levels of digestive enzymes, bile salts, and mineral ions. The confocal microscopy images (Fig. 

1c) and pH stat measurements (see later) indicated that the majority of the lipids had been 

digested by the end of the small intestine phase. Visually, the nanoemulsions had a watery-turbid 

appearance, with no cream layer at the top, again suggesting that most of the oil droplets had 

been fully digested (Fig. 3). The particle size distribution measurements indicated that the 

digested samples contained a broad range of different sized particles, which were probably 

micelles, liposomes, insoluble calcium soaps, and protein aggregates (Fig. 1b). The ζ-potential of 

the digested samples was highly negative, which can be attributed to the presence of various 

kinds of anionic species, such as proteins, peptides, bile salts, phospholipids, and free fatty acids 

(Fig. 2) 35. 
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The properties of the particles in the mixed micelle sample (0.525 mM calcium, pH 7) were 

also measured (Figs. 2 and 4). Micelles are too small to be detected by static light scattering and 

so dynamic light scattering was used instead. The mean particle diameter of the mixed micelle 

phase was around 208 nm (Fig. 4a), which is considerably larger than the dimensions of 

individual micelles (< 10 nm) 36, 37. This phenomenon is probably because the samples also 

contained liposomes and calcium soaps 38-40. The magnitude of the negative ζ-potential on the 

particles in the mixed micelle phase was relatively high (-59.4 mV), which can again be 

attributed to the presence of various anionic species (Fig. 2). The mixed micelle solution was 

slightly turbid suggesting that it contained particles large enough to scatter light strongly (Fig. 3).

Overall, the physical and structural properties of the nanoemulsions during passage through 

the INFOGEST GIT model were fairly similar to those found using other in vitro digestion 

models 31, 41. The main exception was that the micelle phase formed after lipid digestion was 

more turbid in the INFOGEST method.

The release of FFAs over time was measured during the small intestine phase using the pH-

stat method by adding enough alkaline solution to maintain a neutral pH (Fig. 5a). Similar to 

previous studies, the amount of FFA increased greatly during the first 1000 s, then gradually 

increased afterwards 42. However, under the fed conditions used in the standardized INFOGEST 

method, which employed only 0.525 mM calcium, the fraction of FFAs released by the end of 

the small intestine phase was only 39.4% (Fig. 5b). This value is much lower than that reported 

(> 90%) for similar nanoemulsions tested using an alternative in vitro digestion method 31. This 

phenomenon may have occurred because most of the FFAs were non-ionized at neutral pH when 

low calcium levels were used 22. For this reason, we used an additional back-titration step to pH 

9 to detect the total number of FFAs released. In this case, a much higher final FFA value was 
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reached, i.e., around 128% (Fig. 5b). Indeed, the final FFA value was considerably higher than 

the expected value of 100%, assuming that two FFAs were released per triacylglycerol molecule. 

Several other studies have reported FFA values >100% at the end of lipid digestion 22, 43. This 

effect might have been attributed to the production of more than two FFAs per triacylglycerol 

due to alkaline hydrolysis of the triacylglycerol molecules at high pH values 44.

Overall, this study shows that a high proportion of the FFAs generated during the small 

intestine phase under neutral conditions are non-ionized, and so could not be titrated by sodium 

hydroxide. Interestingly, this effect is not seen in alternative in vitro digestion models that use 

much higher calcium levels, which may have been because the presence of the calcium ions 

altered the equilibrium between the ionized and non-ionized states of the FFAs. In summary, for 

the INFOGEST method, a back titration to pH 9 is required to measure the faction of non-

ionized FFAs present in the samples after digestion. 

The β-carotene concentration in the intestinal samples, as well as its distribution in the 

mixed micelle and sediment phases, was also measured at the calcium level (0.525 mM) 

normally used in the INFOGEST method (Fig. 6a). Most of the β-carotene was solubilized in the 

mixed micelle phase after digestion, leading to a relatively high bioaccessibility (65.5%) (Fig. 

6b), which is in agreement with previous studies 41. The recovery rate of the carotenoid was 

around 97.9% (Fig. 6b), which indicates that most of the β-carotene in the intestinal digesta was 

located in either the mixed micelle or sediment phases. The stability of the β-carotene 

encapsulated within the nanoemulsions was relatively high (84.4%), which indicated that the 

carotenoid was relatively stable to chemical degradation within the simulated GIT.
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3.2 Effects of Calcium Levels

The calcium level used in the INFOGEST method (0.525 mM) is at the low end of reported 

physiological levels 22. As mentioned earlier, in the fasted state, the calcium levels reported in 

human duodenal fluids range from about 0.5 to 3 mM. Moreover, the calcium levels in foods and 

individuals may vary considerably depending on their diet and physiology. For this reason, the 

effect of different calcium concentrations (0.525, 1.5, 5, 7.5 and 10 mM) on lipid digestion and 

carotenoid bioaccessibility was investigated. It should be noted that we only altered the calcium 

concentration in the small intestine phase, while the level in the oral and gastric phases was kept 

constant. The impact of the calcium levels on the physical and structural properties of the 

intestinal samples were measured (Fig. 7).

At low calcium levels (0.525 and 1.5 mM), the D3,2 values were 0.424 and 0.499 µm 

respectively, and the particle size distributions were bimodal. The confocal microscopy images 

indicated that there were only a few relatively large oil-rich particles present in these samples 

after digestion. These particles may have been oil droplets formed by the non-ionized free fatty 

acids. When the calcium level was increased to 5 mM, the mean particle diameters increased 

significantly (p < 0.05) to 0.692 µm and the particle size distribution broadened. The confocal 

microscopy images indicated that there were some large spherical lipid-rich particles, as well as 

many smaller irregular lipid-rich particles. When the calcium level was increased further to 7.5 

and 10 mM, the D3,2 values remained fairly similar, but there was a change in the shape of the 

particle size distribution. Besides, there were more particles of a ring shape or an irregular shape 

in the confocal images at these high calcium levels. We hypothesize that the cationic calcium 

ions promoted the aggregation of some of the small anionic mixed micelles, leading to the 
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production of calcium soaps. Previous studies have also reported that high levels of calcium can 

promote the formation of insoluble calcium soaps 24, 43.

The surface potential of the particles in the digesta became increasingly less negative as the 

calcium ion level was increased (Fig. 7a). This effect is consistent with the binding of cationic 

calcium ions to the anionic mixed micelles. At sufficiently high calcium levels, the formation of 

calcium soaps may have been promoted because of the decrease in surface potential on the 

mixed micelles and the tendency for bridging to occur. 

The release of FFAs during digestion in the small intestine phase (pH 7.0) was monitored 

by titration with sodium hydroxide using the pH stat method (Fig. 5a). The FFA release profiles 

of the nanoemulsion all followed a fairly similar pattern irrespective of the calcium levels used: 

there was a sharp increase during the first 1000 s followed by a gradual increase later. The 

fraction of titrated FFAs by the end of the digestion period increased from around 39% to 95% as 

the calcium concentration was increased from 0.525 to 10 mM. Interestingly, the final FFA value 

measured at pH 7 was linearly related to the calcium concentration (Fig. 5b). As discussed 

earlier, most FFAs generated during lipid digestion are not titratable at low calcium levels 

because they are in a non-ionized form 22. Therefore, a back titration to pH 9 was carried out 

after the small intestine phase to measure the total amount of FFAs produced. Under these 

conditions, all the samples were seen to be fully digested after the intestinal phase with a final 

FFA value ranging from 116 to 128%. This result highlights the critical importance of carrying 

out the back-titration step under the low calcium conditions used in the standardized INFOGEST 

method. The actual FFA release kinetics were determined by multiplying the measured values 

with a correction factor (C), which was defined as the ratio of the final FFA values measured at 

pH 9 and pH 7 (Fig. 5c). The corrected FFA release profiles indicate that the calcium level used 
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had little impact on the lipid digestion curve. The calcium concentration used in the in vitro 

digestion model therefore appears to impact the ionization state of the FFAs, rather than the total 

amount of FFAs generated. We hypothesize that the calcium ions altered the ionization 

equilibrium of the carboxylic acid groups (2[-COOH] + Ca2+  Ca(-COO)2 + 2H+), thereby 

releasing the titratable protons. Thus, most FFAs could be titrated when higher calcium levels are 

employed in an in vitro GIT model. Alternatively, this result suggests that the in vitro digestion 

model could be simplified (no back titration) if relatively high calcium levels (10 mM) are used 

in the small intestine phase.  

The β-carotene concentrations of the whole small intestine samples, as well as those of the 

micelle and sediment phases, were measured at different calcium levels (Fig. 6a). The β-carotene 

concentrations in the whole small intestinal samples did not change appreciably (4.3 to 4.8 

μg/ml) when the calcium level was changed. Moreover, the β-carotene remained relatively stable 

under different calcium level during the GIT (75.3 to 84.4%) (Fig. 6b), which suggests that 

calcium do not have a major impact on the chemical stability of the carotenoid during the in vitro 

GIT digestion. The recovery of the β-carotene from the micelle and sediment phases combined 

was between about 89.2 to 98.2% of that of intestinal phase (Fig. 6b), which indicated that most 

of the β-carotene was released from the oil phase after digestion.

Nevertheless, the bioaccessibility of β-carotene decreased from 65.5 to 23.7% as the 

calcium concentration was increased from 0.525 to 10 mM (Fig. 6b). In particular, the β-carotene 

concentration in the micelle phase decreased from around 3.02 to 0.78 μg/ml, what in the 

sediment phase increased from around 1.32 to 3.20 μg/ml (Fig. 6a). This result indicates that 

there was a change in the location of the carotenoids within the digesta at the end of the small 

intestine phase. During lipid digestion, most of the encapsulated β-carotene should be released 
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from the oil droplets and solubilized within the mixed micelles formed by bile salts and FFAs 12. 

In the presence of calcium ions, however, the micelles tend to aggregate and eventually form 

particles that are large enough to sediment to the bottom of the samples 31. Indeed, an increasing 

amount of sediment was observed in the samples as the calcium concentration was increased 

(Fig. 8a). As a result, some of the β-carotene-loaded mixed micelles are incorporated into 

insoluble calcium soaps, which decreases the measured bioaccessibility. These results show that 

the bioaccessibility of carotenoids is highly sensitive to the level of calcium present in the small 

intestine, which may have important practical applications. For instance, consumption of 

carotenoid-rich foods with calcium-rich foods could lead to a decrease in carotenoid 

bioaccessibility.  Even so, it will be important to establish whether a similar effect is observed in 

vivo using animal or human feeding studies.

In addition, we also observed that the mixed micelle phase was highly turbid at lower 

calcium levels but became increasingly clear at higher calcium levels (Fig. 8b). This 

phenomenon may have occurred because there were a lot of mixed micelles (micelles and 

vesicles) present at low calcium levels, which scattered light strongly and made the mixed 

micelle phase looks turbid. Conversely, at high calcium levels, many mixed micelles precipitate 

and sediment to the bottom of the samples so the mixed micelle phase looks clearer.

3.3 Effect of pH Values

If back titration is used, the intestine sample has to be adjusted to pH 9 at the end of the 

digestion stage, which may change the physical properties of the colloidal particles present, as 

well as the bioaccessibility of any nutraceuticals. This series of experiments therefore focusses 

on the effect of pH (from 6 to 9) on the physical and structural properties of the particles in the 

mixed micelle phase at both low and high calcium levels (0.525 and 10 mM), which is displayed 
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in Figs. 4 and 9. At low calcium level (0.525 mM), the mean particle diameter increased from 

around 183 to 250 nm when the pH was increased from 6 to 8, but then slightly decreased to 229 

nm when the pH was further increased to 9 (Fig. 4a). This effect was presumably due to 

increases in the ionization state of the FFAs as the pH was raised 45. Changes in the charge of the 

carboxylic acid groups may have altered their ability to pack into mixed micelle structures. At 

high calcium levels (10 mM), the mean particle diameter increased gradually from 113.1 to 

136.4 nm when the pH was raised from 6 to 8, but then increased more steeply to 253.4 nm when 

the pH was further increased to 9 (Fig. 4a). The mixed micelles were significantly (p < 0.05) 

smaller at the higher calcium level than the lower one. This is probably because many of the 

larger mixed micelles have been preferentially precipitated out of the system by binding to 

calcium ions, leaving the smaller ones.

The surface potential of the mixed micelle samples remained negative across the entire pH 

range (from 6 to 9), which is because all of the colloidal particles present are anionic. At pH 6, 

the ζ-potential of the low calcium sample (-32.3 mV) were similar to that of high calcium sample 

(-29.9 mV) (Fig. 4b). This phenomenon may have occurred because there was a high fraction of 

non-ionized FFAs at pH 6, since the pKa value of the carboxylic acid groups is higher than this 

value 46. As a result, the magnitude of the negative surface potential was lower. On the other 

hand, calcium ions to bind to the surfaces of the mixed micelles in high calcium sample and thus 

reduced the negative potential. The impact of pH value on the surface potential depended on the 

calcium levels present. For low calcium levels, the magnitude of the ζ-potential increased 

significantly (p < 0.05) with increasing pH: from -32.3 mV at pH 6 to -63.6 mV at pH 9 (Fig. 

4b). This effect can be attributed to the increasing ionization of the FFAs as the pH is increased 

over the pKa values of the carboxylic acid groups. For high calcium levels, increasing the pH had 
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little effect on the surface potential (-25 to -34 mV), which may have been because the ionized 

FFAs were bound and precipitated by the calcium ions.

The impact of pH and calcium levels on the turbidity of the mixed micelle samples was also 

investigated (Fig. 9). In this case, control samples were also used, which were obtained by 

collecting the mixed micelle phase from samples containing no oil. For the control samples, the 

mixed micelle phase was cloudy at pH 6 but transparent from pH 7 to 9, irrespective of calcium 

level. The turbidity of the control samples at pH 6 was presumably due to the fact that they 

contained proteins (whey protein, pancreatin, and pancreatic lipase) with isoelectric points close 

to this value. At pH 6, the turbidity of the control samples containing 10 mM calcium was 

slightly less than those containing 0.525 mM calcium, which might have occurred because the 

cationic calcium ions promoted some precipitation of the anionic proteins.

In the test (nanoemulsion) samples, the mixed micelle solutions were cloudy at pH 6 and 

became increasingly clear as the system was raised to pH 9. This effect was observed at both 

calcium levels used, but the turbidity of the mixed micelle phase was less in the samples 

containing the higher calcium levels. This effect may have been because the cationic calcium 

ions promoted aggregation of the anionic proteins and mixed micelles. For the test samples, the 

pH-dependent change in turbidity of the mixed micelle phase might be due to both protein and 

mixed micelle aggregation. As the pH is increased, both the proteins and fatty acids become 

more negatively charged, which should increase the electrostatic repulsion between the colloidal 

particles, thereby opposing aggregation.

In summary, these results showed that the change of pH value in the micelles samples could 

modify the size and charge properties as well as the solubility of the components insides, and 
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these effects are dependent on the calcium level applied. Consequently, it might place possible 

impacts on the bioaccessibility of the solubilized nutraceuticals.

4. Conclusions

In this study, the effect of calcium concentration on lipid digestion and carotenoid 

bioaccessibility was evaluated for β-carotene-fortified nanoemulsions using the standardized 

INFOGEST method. In the absence of a back-titration step, the extent of lipid digestion appeared 

to increase with increasing calcium level. When this step was included, however, the lipids were 

fully digested in all the nanoemulsions, regardless of the calcium levels used. This effect was 

attributed to the ability of the calcium ions to change the ionization state of the carboxylic acid 

groups on the free fatty acids. At neutral pH, the FFAs are not fully ionized and so they are not 

titrated by sodium hydroxide in the pH-stat method. In the presence of calcium, however, the 

FFAs form calcium soaps and release protons (H+) that can be titrated. This study therefore 

highlights the importance of including the back-titration step in the INFOGEST method in order 

to get accurate measurements.

Interestingly, increasing the level of calcium in the small intestine phase decreased the 

bioaccessibility of the carotenoids, which was attributed to the ability of the cationic calcium 

ions to precipitate the anionic -carotene-loaded mixed micelles.  As a result, the carotenoids 

were no longer present in the mixed micelle phase generated during lipid digestion. The ability 

of calcium ions to reduce carotenoid bioaccessibility may have important implications for the 

nutritional benefits of these nutraceuticals. Consuming carotenoid-rich foods with calcium-rich 

foods could lead to a reduction in carotenoid bioavailability and efficacy.
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Fig. 1. Physical properties of corn oil nanoemulsion during simulated gastrointestinal tract (GIT) 

digestion: (a) surface-weighted mean particle diameter (D3,2); (b) particle size distribution; (c) 

confocal photos. Samples with significant differences in the D3,2 value were designated with 

different letters. Abbreviation: small intestine (SI). Note: the volume fraction was stacked up the 

y-axis for comparison.
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Fig. 2. Surface potential of corn oil nanoemulsion during simulated gastrointestinal tract (GIT) 

digestion. Samples with significant differences in the surface potential were designated with 

different letters. Abbreviation: small intestine (SI).
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Fig. 3. Photos of corn oil nanoemulsion during simulated gastrointestinal tract (GIT) digestion. 

Abbreviation: small intestine (SI).
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Fig. 4. Effect of different pH values on physical properties of samples from the micelle phase: 

(a) Z-Average; (b) surface potential; (c) and (d) particle size distribution. For addition of 0.525 

mM calcium salt, samples with significant differences were designated with different capital 

letters (A, B, C), whereas lower case letters (a, b, c) were used for 10 mM calcium salt. Note: the 

volume fraction was stacked up the y-axis for comparison.
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Fig. 5. Effect of different calcium concentrations on the release of free fatty acids (FFA) of 

samples from the small intestine phase: (a) FFA released value verse time at pH 7; (b) final FFA 

released value at pH 7 and 9; (c) corrected FFA released value verse time. For Final FFA value, 

different capital letters (A, B, C) were used to designated significant difference among samples 

at pH 7, while different lower-case letters (a, b, c) were used at pH 9.
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Fig. 6. Effect of calcium concentration on the β-carotene concentration (a) and percentage (b) of 

samples from different digest phases. For different indicators, capital letters (A, B, C), lower-

case letters (a, b, c) and Greek letters (α, β, γ) were used to designated significant difference 

among samples of different calcium concentration.
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Fig. 7. Effect of different calcium concentrations on physical properties of samples from the 

small intestine phase: (a) surface-weighted mean particle diameter (D3,2; solid circle) and surface 

potential (open circle); (b) particle size distribution; (c) confocal photos. Samples with 

significant differences in the D3,2 values were designated with different low-case letters (a, b, c), 

whereas different capital letters (A, B, C) were used for surface potential. Note: the volume 

fraction was stacked up the y-axis for comparison.
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Fig. 8. Photos of the samples from intestinal phase with different calcium levels: (a) 

sedimentation after centrifuge; (b) micelle phase.
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Fig. 9. Photos of samples from control sample (no lipid) and micelle phase of high and low 

calcium levels at different pH values.
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