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Abstract 24 

 The influence of emulsifier type on the ability of excipient emulsions to improve 25 

the solubility, stability, and bioaccessibility of powdered curcumin was examined. 26 

Oil-in-water emulsions prepared using three different emulsifiers (whey protein 27 

isolate, caseinate, or Tween 80) were mixed with curcumin powder and then 28 

incubated at either 30 ºC (to simulate applications of salad dressings) or 100 ºC (to 29 

simulate applications of cooking sauces). The transfer of curcumin into the excipient 30 

emulsions was appreciably higher for excipient emulsions held at 100 ºC than those 31 

held at 30 ºC, and was appreciably higher for surfactant-stabilized emulsions than 32 

protein-stabilized emulsions.  For example, the amounts of curcumin transferred into 33 

emulsions held at 30 and 100 ºC were 66 and 280 µg/mL for Tween 80, but only 17 34 

and 208 µg/mL for caseinate.  The total curcumin concentration in the digesta and 35 

mixed micelle phases collected after excipient emulsions were exposed to a simulated 36 

gastrointestinal tract (mouth, stomach, and small intestine) depended on emulsifier 37 

type.  The total amount of curcumin within the digesta was higher for 38 

protein-stabilized emulsions than surfactant-stabilized ones, which was attributed to 39 

the ability of the proteins to protect curcumin from chemical degradation. For 40 

example, the digesta contained 204 µg/mL curcumin for caseinate emulsions, but only 41 

111 µg/mL for Tween 80 emulsions.  This study shows the potential of designing 42 

excipient emulsions to increase the oral bioavailability of curcumin for food and 43 

pharmaceutical applications. 44 

Keywords: Nutraceutical; Curcumin; Nanoemulsions; Excipient Emulsions; 45 

Bioavailability  46 
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1. Introduction  47 

Turmeric is widely used in food preparations as a spice, pigment, and nutraceutical 48 

because of its characteristic flavor profile, yellow color, and biological activity 
1, 2

.  49 

Curcumin is one of the most biologically active components within turmeric, and has 50 

been used for the treatment of numerous ailments, including coughs, fevers, jaundice, 51 

wounds, eczema, inflammatory joints, parasitic skin diseases, colds, liver diseases, 52 

urinary diseases, anemia, bacterial infections, and viral infections 
1
.  The claimed 53 

health benefits of curcumin are attributed to a broad spectrum of biological effects, 54 

including anti-inflammatory, antioxidant, antiviral, antibacterial, antifungal, and 55 

antitumor activities 
3
. Furthermore, curcumin has a low toxicity, even when ingested 56 

at relatively high doses (as high as 12 g per day) as indicated by clinical trials 
4
. 57 

The potential health benefits of curcumin, as well as its good safety profile, has led 58 

to interest in incorporating it into functional food products as a nutraceutical 59 

ingredient.  However, the high melting point and poor water solubility of curcumin 60 

make it difficult to incorporate into many functional foods and beverages, and its poor 61 

stability (metabolism and chemical transformation) and low bioaccessibility within 62 

the gastrointestinal tract reduce its biological activity 
4, 5

.  The use of curcumin as a 63 

nutraceutical ingredient can be facilitated by developing strategies to improve its 64 

solubility, stability, and bioaccessibility.  One strategy for improving the functional 65 

performance of curcumin is to encapsulate it within food-grade delivery systems such 66 

as nanoparticles 
6-9

, hydrogel beads 
10

, biopolymer complexes 
11

, emulsions 
12-15

, 67 

colloidosomes 
16

 and amorphous solid suspensions 
17

.  These delivery systems are 68 
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designed to facilitate the incorporation of curcumin into commercial food and 69 

beverage products, as well as to improve its overall bioavailability characteristics.  70 

An alternative strategy for increasing curcumin bioavailability is to develop 71 

excipient foods that are consumed with curcumin-rich foods.  In general, the 72 

composition and microstructure of excipient foods are designed to increase the 73 

bioavailability of nutraceuticals (or pharmaceuticals) located in foods (or drugs) they 74 

are co-ingested with it 
18

.  Previous studies have already demonstrated the potential 75 

of excipient foods for enhancing the bioavailability of hydrophobic nutraceuticals.  76 

For example, the bioavailability of carotenoids from raw fruits and vegetables can be 77 

increased by co-ingesting them with certain lipids 
19-21

. Oil-in-water emulsions are 78 

particularly suitable candidates for creating excipient foods because they can simply 79 

be prepared, their composition and structure can easily be manipulated, and they are 80 

already widely used in food and beverage products 
15, 22-26

.  Indeed, in previous 81 

studies, we have shown that surfactant-stabilized oil-in-water emulsions containing 82 

long chain triglycerides (corn oil) can increase the bioaccessibility of powdered 83 

curcumin 
27, 28

.  This effect was mainly attributed to the ability of the lipid digestion 84 

products (free fatty acids and monoglycerides) to form mixed micelles in the intestinal 85 

fluids that could solubilize and transport the curcumin molecules. 86 

In the present study, we examined the influence of emulsifier type on the ability 87 

of excipient emulsions to solubilize curcumin, and to increase its bioaccessibility in a 88 

simulated gastrointestinal tract model. Previous studies have shown that emulsifier 89 

type has an important impact on the digestion of lipid droplets, as well as on the 90 

release of encapsulated lipophilic bioactive agents 
29-32

.  We therefore hypothesized 91 
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that the type of emulsifier used to coat the lipid droplets in an excipient emulsion 92 

would impact its ability to increase curcumin bioaccessibility.  Three different 93 

food-grade emulsifiers (Tween 80, caseinate, and whey protein isolate) were used to 94 

prepare the excipient emulsions. Tween 80 is a small molecule non-ionic surfactant, 95 

whey protein isolate (WPI) consists primarily of globular proteins, and caseinate 96 

consists primarily of flexible random coil proteins 
33

. The excipient emulsions were 97 

mixed with powdered curcumin under conditions chosen to simulate practical 98 

applications in the food industry: 30 ºC for 30 min to simulate the utilization of 99 

curcumin in a salad dressing; 100 ºC for 10 min to simulate the utilization of 100 

curcumin in a cooking sauce. The effect of emulsifier type and incubation conditions 101 

on the transfer of curcumin from the powder into the excipient emulsions was studied, 102 

as well as their influence on curcumin bioaccessibility after exposure of the excipient 103 

emulsions to a simulated gastrointestinal tract (GIT). The information obtained from 104 

this study would provide important information for the rational design of excipient 105 

emulsions to increase the bioavailability and bioactivity of lipophilic nutraceuticals.  106 

To our knowledge, this is the first study of the influence of emulsifier type on the 107 

potential efficacy of excipient emulsions.  108 

2. Experimental 109 

2.1. Materials 110 

Corn oil was used as an example of a digestible long chain triglyceride, which 111 

was purchased from a local supermarket. The following chemicals were purchased 112 

from the Sigma Chemical Company (St. Louis, MO): curcumin (C1386-10G); mucin 113 

from porcine stomach (M2378-100G); pepsin from porcine gastric mucosa 114 
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(P7000-25G); lipase from porcine pancreas pancreatin (L3126-100G); porcine bile 115 

extract (B8631-100G); Tween 80 (P1754-1L); and Nile Red (N3013-100MG). The 116 

purity of the curcumin was ≥ 65%.  Sodium caseinate was purchased from the 117 

American Casein Company (Burlington, NJ). Whey protein isolate (WPI) was 118 

supplied by Davisco Foods International Inc. (Le Sueur, MN, USA). All other 119 

chemicals were of analytical grade. Double distilled water was used to prepare all 120 

solutions and emulsions. 121 

2.2. Excipient emulsion preparation 122 

Initially, aqueous phase was prepared by mixing 1% (w/w) Tween 80, sodium 123 

caseinate, or WPI with an aqueous buffer solution (10.0 mM phosphate buffer saline 124 

(PBS), pH 6.5) and stirring for at least 2 h. The emulsifier solution were then stored 125 

overnighted at 4 °C to ensure complete hydration. The sodium caseinate or WPI 126 

solution were filtered using filter paper (Fisher Scientific, PA) to remove any 127 

insoluble particles before further use. 128 

Excipient emulsions stabilized by different emulsifiers were prepared by 129 

homogenizing 10% (w/w) corn oil with 90% (w/w) aqueous emulsifier solution using 130 

a high-speed blender for 2 min (M133/1281-0, Biospec Products, Inc., ESGC, 131 

Switzerland). The resulting coarse emulsions were then passed through a high 132 

pressure homogenizer (Microfluidizer, M110Y, Microfluidics, Newton, MA) with a 133 

75 µm interaction chamber (F20Y) at an operational pressure of 12,000 psi for 3 134 

passes. The resulting excipient emulsions were stored in a refrigerator at 4 ºC before 135 

use. 136 
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2.3. Preparation of curcumin-emulsions mixtures 137 

Curcumin (9 mg) was weighed into a beaker and then excipient emulsions (30 138 

mL) was added.  These amounts were selected to ensure that the curcumin could be 139 

fully dissolved within the oil phase of the emulsions at equilibrium, since the 140 

solubility of curcumin within corn oil has previously been reported to be ≈ 3.2 ± 0.1 141 

mg/mL at ambient temperature 
34

.  The resulting mixtures were then incubated at 142 

either 30 ºC for 30 min or 100 ºC for 10 min to simulate a salad dressing or a cooking 143 

sauce, respectively. After incubation, the samples were immediately placed in an ice 144 

water bath to cool them down, and then used for the following experiments. 145 

2.4. Curcumin solubility in excipient emulsions 146 

 The solubility of curcumin in each excipient emulsion was measured 147 

spectrophotometrically based on the method of Ahmed, et al. 
34

 with some 148 

modifications. 10 mL of curcumin-excipient emulsion mixture was collected, and then 149 

centrifuged at 1750 rpm (≈940 × g) for 10 min at ambient temperature (CL10 150 

centrifuge, Thermo, Scientific, Pittsburgh, PA, USA) to remove non-dissolved 151 

(crystalline) curcumin. For the Tween 80 emulsions, 1 mL of the resultant supernatant 152 

was mixed with 5 mL of choloroform, vortexed, and then centrifuged at 1750 rpm 153 

(≈940 × g) for 10 min at ambient temperature. For caseinate and WPI emulsions, 154 

pepsin was used to hydrolyze the protein emulsifier prior to isolation, so as to prevent 155 

extensive aggregation of the proteins during extraction. The bottom layer containing 156 

the solubilized curcumin was collected, while the top layer was mixed with an 157 

additional 5 mL of chloroform and the same procedure was repeated. The two bottom 158 
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chloroform layers were combined, and diluted to an appropriate concentration to be 159 

analyzed by a UV–VIS spectrophotometer at 419 nm (Ultraspec 3000 pro, GE Health 160 

Sciences, USA). A cuvette containing pure chloroform was used as a reference cell. 161 

The concentration of curcumin extracted from each mixture was calculated from a 162 

calibration curve of absorbance versus curcumin concentration in chloroform. The 163 

solubility of curcumin in each mixture was then calculated as the concentration of 164 

curcumin extracted from each mixture multiplied by the dilution factor. 165 

2.5. Color analysis of mixtures 166 

The color of curcumin-excipient emulsion mixtures after centrifugation was 167 

carried out using a colorimeter (ColorFlex EZ 45/0-LAV, Hunter Associates 168 

Laboratory Inc., Virginia, USA). Color was expressed in CIE units L
*
 169 

(lightness/darkness), a
*
 (redness/greenness), and b

*
 (yellowness/blueness). An aliquot 170 

of sample (15 mL) was placed in a 64-mm path length glass sample cup and then 171 

illuminated with D65-artificial daylight (10° standard angle). Three replicate 172 

measurements were performed and the results were averaged. 173 

2.6. Particle characterization 174 

The mean particle diameter and particle size distribution of excipient emulsions 175 

before and after exposure to gastrointestinal conditions were monitored using static 176 

light scattering (Mastersizer 2000, Malvern Instruments Ltd., Worcestershire, UK). 177 

Samples were diluted with appropriate buffer solutions (same pH as sample) and 178 

stirred in the dispersion unit at a speed of 1200 rpm. The particle size is reported as 179 

the surface-weighted mean diameter (d32). The electrical charges (ζ -potential) of the 180 
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particles in the samples were measured using a micro-electrophoresis instrument 181 

(Nano-ZS, Malvern Instruments, Worcestershire, UK). Samples were diluted with 182 

appropriate buffer solutions prior to measurements to avoid multiple scattering 183 

effects. 184 

The mean particle diameters (Z-average), particle size, and electrical charges (ζ 185 

-potential) of micelle centrifuged from raw digesta were measured by a dynamic light 186 

scattering instrument and micro-electrophoresis instrument, respectively (Nano-ZS, 187 

Malvern Instruments, Worcestershire, UK). Micelles were diluted with buffer solution 188 

(5 mM PBS, pH 7.0) prior to measurements to avoid multiple scattering effects. 189 

2.7. Microstructural analysis 190 

 The microstructure of samples was characterized using optical or confocal 191 

scanning fluorescence microscopy (Nikon D-Eclipse C1 80i, Nikon, Melville, NY). 192 

Samples analyzed by confocal microscopy were dyed with Nile Red (0.1%) to 193 

highlight the location of the lipid phases. All images were captured with a 10× 194 

eyepiece and a 60× objective lens (oil immersion). Changes in the properties of 195 

curcumin crystals in the mixtures were observed using a cross-polarized lens (C1 196 

Digital Eclipse, Nikon, Tokyo, Japan). 197 

2.8. Simulated gastrointestinal digestion 198 

 Powdered curcumin was mixed with excipient emulsions, and then held at 100 ºC 199 

for 10 min. Each sample was passed through a three-step GIT model that consisted of 200 

mouth, gastric, and small intestine phases, which was slightly modified from the our 201 

previous study 
35

.  202 
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Initial system: The curcumin-excipient emulsion mixtures were placed into a 203 

glass beaker in an incubator shaker (Innova Incubator Shaker, Model 4080, New 204 

Brunswick Scientific, New Jersey, USA) at 37 °C. The initial concentration of 205 

curcumin and corn oil was the same in all curcumin-excipient emulsion mixtures. 206 

Mouth phase: A simulated saliva fluid (SSF) containing 3 mg/mL mucin and 207 

various salts was prepared as described previously 
36

. SSF was preheated to 37 °C and 208 

then mixed with the preheated curcumin-excipient emulsion mixture at a 1:1 mass 209 

ratio. The mixture was then adjusted to pH 6.8 and placed in a shaking incubator at 210 

100 rpm and 37ºC for 10 min to mimic oral conditions 211 

Stomach phase: Simulated gastric fluid (SGF) was prepared by placing 2 g NaCl 212 

and 7 mL HCl into a container, and then adding double distilled water to 1 L. The 213 

bolus sample from the mouth phase was then mixed with SGF containing 0.0032 214 

g/mL pepsin preheated to 37 °C at a 1:1 mass ratio. The mixture was then adjusted to 215 

pH 2.5 and placed in a shaker at 100 rpm and 37 ºC for 2 hours to mimic stomach 216 

digestion. 217 

Small Intestine phase: 24 mL chyme samples from the stomach phase were 218 

diluted with buffer solution (10 mM PBS, 6.5) to obtain a final corn oil concentration 219 

of 1.0%. The diluted chyme was then incubated in a water bath (37 ºC) for 10 min and 220 

then the solution was adjusted back to pH 7.0. Next, 3 mL of simulated intestinal fluid 221 

(containing 0.5 M CaCl2 and 7.5 M NaCl) was added to 60 mL digesta. Then, 7 mL 222 

bile extract, containing 375.0 mg bile extract (pH 7.0, PBS), was added with stirring 223 

and the pH was adjusted to 7.0. Finally, 5 mL of lipase suspension, containing 120 mg 224 
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of lipase (pH 7.0, PBS), was added to the sample and an automatic titration unit 225 

(Metrohm, USA Inc.) was used to monitor the pH and control it to a fixed value (pH 226 

7.0) by titrating 0.25 M NaOH solution into the reaction vessel for 2 h at 37 °C. The 227 

percentage of free fatty acids released in the sample was calculated from the number 228 

of moles of NaOH required to maintain neutral pH as described previously 
37

. 229 

2.9. Curcumin concentration and bioaccessibility after digestion 230 

 After in vitro digestion, 30 mL raw digesta of each mixture was centrifuged 231 

(18000 rpm, ≈ 38,465 × g, Thermo Scientific, Waltham, MA, USA) at 25 ºC for 30 232 

min. The clear supernatant was collected and assumed to be the ‘‘micelle’’ fraction in 233 

which the curcumin was solubilized. In some samples, a layer of non-digested oil was 234 

observed at the top of the test tubes and it was excluded from the micelle fraction. 235 

Aliquots of 5 mL of raw digesta or micelle fraction were mixed with 5 mL of 236 

chloroform, vortexed and centrifuged at 1750 rpm (≈940 × g) for 10 min at ambient 237 

temperature. The bottom layer containing the solubilized curcumin was collected, 238 

while the top layer was mixed with an additional 5 mL of chloroform and the same 239 

procedure was repeated. The two collected chloroform layers were mixed together, 240 

and then diluted to an appropriate concentration to be analyzed by a UV–VIS 241 

spectrophotometer at 419 nm. The concentration of curcumin in the overall raw 242 

digesta or in the mixed micelle phase were calculated from the absorbance using a 243 

standard curve and the known dilution factor. 244 

 The bioaccessibility was calculated from this data using the following equation: 245 

  Bioaccessibility= 100 × (CMicelle/ CRaw Digesta) 246 
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Here, CMicelle and CRaw Digest are the concentration of curcumin in the micelle fraction 247 

and in the overall raw digesta after the pH-stat experiment, respectively. 248 

2.10. Statistical analysis 249 

 All experiments were carried out on at least two freshly prepared samples. The 250 

results are expressed as means ± standard deviations (SD). Data were subjected to 251 

statistical analysis using SPSS software (version 18.0). Means were subject to 252 

Duncan's test and a P-value of <0.05 was considered statistically significant. 253 

3. Results and discussion 254 

3.1. Effect of emulsifier type and incubation conditions on excipient emulsion 255 

stability 256 

3.1.1. Influence on particle size  257 

 The curcumin-excipient emulsion mixtures were held at two incubation 258 

temperatures to simulate different food applications: (i) 30 ºC for 30 min to mimic 259 

adding curcumin to a salad dressing; (ii) 100 ºC for 10 min to mimic adding curcumin 260 

to a cooking sauce. The mixture of powdered curcumin and excipient emulsion was 261 

stirred to ensure homogeneity, and then exposed to one of the incubation conditions.   262 

 At 30 ºC, the excipient emulsions were very stable to changes in droplet 263 

characteristics (Table 1 and Figure 1a).  Indeed, there were no significant changes 264 

in mean droplet diameter (d32), particle size distribution, or ζ-potential of the 265 

emulsions compared to the initial mixtures (data not shown).  There was also little 266 
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change in the properties of the protein-coated droplets in the excipient emulsions after 267 

being incubated at 100 ºC for 10 min.  On the other hand, there was a slight increase 268 

in the mean droplet diameter and evidence of a few larger droplets in the particle size 269 

distribution for the Tween 80 excipient emulsions after being held at this elevated 270 

temperature (Figure 1a and Table 1). This effect was attributed to some coalescence 271 

of the oil droplets coated by the non-ionic surfactant at elevated temperatures due to 272 

dehydration of their polar head groups.     273 

3.1.2. Influence on microstructure  274 

The microstructures of the curcumin-excipient emulsion mixtures after 275 

incubation at either 30 or 100 ºC were recorded using confocal fluorescence 276 

microscopy (Figure 2a). There was no observable change in the microstructure of any 277 

of the excipient emulsions incubated at 30 ºC, confirming that they had high stability 278 

to droplet aggregation at ambient temperature. There was also no observable change 279 

in the microstructure of the excipient emulsions containing protein-coated oil droplets 280 

after incubation at 100 ºC. However, there was evidence of some larger oil droplets in 281 

the Tween 80 emulsions, which suggested that some coalescence had occurred, which 282 

again is in agreement with the particle size measurements (Figure 1a).  283 

Previous studies have reported that oil droplets stabilized by dairy proteins 284 

(caseins or whey) are resistant to heat treatment when heated at neutral pH and low 285 

ionic strengths.  For example, caseinate-coated oil droplets were shown to be stable 286 

to heating at 121°C for 15 min 
38

, whereas whey protein-coated droplets were stable 287 
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to heating at 121 °C for 16 min 
39

.  The good heat stability of these emulsions can be 288 

attributed to the strong electrostatic and steric repulsion between the oil droplets under 289 

these conditions.    290 

3.1.3. Influence on particle charge  291 

There was no significant change in the magnitude of the electrical charge on the 292 

emulsion droplets for all three emulsifier types when they were incubated at either 30 293 

or 100 ºC (Table 1), which suggested that the composition of the interfacial layers did 294 

not change appreciably after exposure to either incubation temperature. 295 

3.1.4. Influence on curcumin dissolution and transfer  296 

We also measured the effect of emulsifier type on the amount of curcumin 297 

transferred into the excipient emulsions after incubation at 30 or 100 ºC. The amount 298 

of curcumin transferred into the excipient emulsions depended on both incubation 299 

temperature and emulsifier type (Table 1). The level of curcumin within the excipient 300 

emulsions was much higher after incubation at 100 ºC than at 30 ºC (Table 1). For 301 

example, the amount of curcumin solubilized in the caseinate emulsions was around 302 

17 and 208 µg/mL after incubation at 30 and 100 ºC, respectively. This effect can 303 

mainly be attributed to the fact that the equilibrium solubility of curcumin in both 304 

water and oil phases increases with temperature 
40

, which would have increased the 305 

solubilization rate.  In addition, the mass transfer rate of curcumin increases with 306 

temperature because of the reduction in aqueous phase viscosity.   307 
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The amount of curcumin transferred into the excipient emulsions was 308 

considerably higher for the surfactant-coated oil droplets (Tween 80) than the 309 

protein-coated ones (WPI and caseinate) at both incubation temperatures (Table 1).  310 

A possible explanation for this phenomenon is that the proteins formed a physical 311 

barrier around the oil droplets that was more effective at inhibiting the transfer of the 312 

curcumin molecules across the oil-water interface.  Alternatively, adsorbed proteins 313 

may have bound some of the curcumin molecules at the droplet surfaces, or 314 

non-adsorbed proteins may have bound some of the curcumin molecules in the 315 

aqueous phase.    316 

Differences in the amount of curcumin transferred into the excipient emulsions 317 

could also be clearly observed by visual observation of mixtures after centrifugation 318 

(Figure 1b). The yellow color of the mixtures incubated at 100 ºC was much deeper 319 

than that of the mixtures incubated at 30 ºC.  Additionally, there were more 320 

curcumin crystals at the bottom of the mixtures incubated at the lower temperature. 321 

Emulsifier type also had an appreciable impact on the visual appearance of the 322 

excipient emulsions.  At similar incubation temperatures, the yellow color of the 323 

Tween 80 emulsions was much deeper than that of the caseinate or WPI emulsions, 324 

and they had less crystals visible at the bottom of the tubes.  These differences in 325 

appearance were quantified instrumentally using a colorimeter (Table 1).  The a
*
 326 

values of all the mixtures was fairly similar, but there were significant differences in 327 

the b
*
 and L

*
 values (Table 1). This is because the b

*
 values are sensitive to color 328 

changes in the yellow-blue axis, whereas the a
*
 values are only sensitive to color 329 
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changes in the red-green axis.  In addition, the L
*
 values are reduced when there is a 330 

decrease in light scattering or an increase in color intensity 
41

.  The b
*
 values of all 331 

mixtures incubated at 100 ºC were higher than those incubated at 30 ºC, indicating 332 

that they had a more intense yellow color due to greater curcumin solubilization. 333 

Additionally, the b
*
 values of the Tween 80 emulsions were higher than those of the 334 

WPI and caseinate emulsions at both incubation temperatures, indicating that more 335 

curcumin was incorporated into the surfactant-stabilized emulsions than into the 336 

protein-stabilized emulsions.  These results are therefore in good agreement with the 337 

measurements of the amount of curcumin transferred into the excipient emulsions 338 

discussed earlier. 339 

The presence of curcumin crystals within some of the mixtures was confirmed 340 

using a crossed polarizer lens in the optical microscope (Figure 2b). Crystalline 341 

material was clearly observed in all the excipient emulsions incubated at 30 ºC, which 342 

suggested that the curcumin crystals did not fully dissolve when held at this 343 

temperature in the presence of the excipient emulsion. Conversely, no crystals were 344 

observed in any of the excipient emulsions incubated at 100 ºC, which indicated that 345 

all the curcumin crystals had rapidly dissolved and been incorporated into the oil 346 

droplets. The microscopy measurements also indicated that there were some large oil 347 

droplets in the Tween 80 emulsions after heating at 100 ºC for 10 min, again 348 

suggesting that some droplet coalescence had occurred. 349 

3.2. Influence of emulsifier type on gastrointestinal fate of excipient emulsions 350 
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In this section, we examined the influence of initial emulsifier type on the 351 

potential fate of the excipient emulsions in the gastrointestinal tract (GIT) using an in 352 

vitro model that simulated the mouth, stomach, and small intestine. 353 

Curcumin-excipient emulsions incubated at 100 ºC for 10 min were selected for this 354 

study, since they gave the highest amount of curcumin transfer.  The results of these 355 

experiments are useful for understanding the influence of excipient emulsions (such 356 

as cooking sauces) on the bioaccessibility of powdered curcumin.   357 

3.2.1. Influence on particle size  358 

 The mean particle diameters (d32) of the Tween 80, caseinate, and WPI excipient 359 

emulsions after incubation at 100 ºC were around 0.24, 0.21 and 0.18 µm, respectively.  360 

Consequently, all of the excipient emulsions initially had fairly similar particle sizes 361 

prior to exposure to the simulated gastrointestinal tract.  362 

 Surfactant-stabilized excipient emulsions: For the Tween 80 emulsions, the mean 363 

particle diameter remained fairly constant after exposure to the mouth and stomach 364 

phases, but increased appreciably after exposure to the small intestine phase (Figure 365 

3). Examination of the particle size distributions of the Tween 80 emulsions after 366 

exposure to the mouth and stomach phases indicated that they contained a large 367 

fraction of droplets with similar sizes to those in the initial emulsions, which 368 

suggested that these droplets were relatively stable to coalescence (Figure 4a).  This 369 

was presumably because the oil droplets were coated by a layer of non-ionic 370 

surfactant and were therefore fairly resistant to changes in pH, salt, and protease 371 
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activity. The particle size distribution of the Tween 80 emulsions after exposure to the 372 

small intestinal phase indicated that there was a wide range of different-sized particles 373 

present.  Presumably, these particles consisted of non-digested lipid droplets, mixed 374 

micelles (micelles and liposomes), and insoluble calcium salts remaining after the 375 

lipid digestion step.  376 

 Protein-stabilized excipient emulsions: For the caseinate and WPI emulsions, the 377 

mean particle diameter remained relatively constant after exposure to the mouth, 378 

increased markedly after exposure to the stomach phase, and then decreased after 379 

exposure to the small intestine phase (Figures 3).  The particle size distributions 380 

indicated that an appreciable fraction of the particles in the excipient emulsions 381 

exposed to the mouth phase had fairly similar dimensions to those in the initial 382 

emulsions (Figure 4b and 4c), which suggested that the oil droplets were stable to 383 

coalescence under simulated oral conditions.  However, there was an appreciable 384 

increase in the particle size in the excipient emulsions after exposure to the stomach 385 

phase, indicating that extensive droplet aggregation had occurred.  This effect may 386 

be attributed to a number of physicochemical phenomenon occurring in the simulated 387 

gastric phase, including reduction of the electrostatic repulsion between the oil 388 

droplets due to changes in pH and ionic strength, bridging and depletion flocculation 389 

induced by biopolymers, and coalescence resulting from digestion of the adsorbed 390 

protein layer by pepsin.  After exposure to simulated small intestine conditions, the 391 

particle size decreased somewhat, but was still much larger than the initial emulsions.  392 

These particles were probably a mixture of non-digested lipid droplets, mixed 393 
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micelles, and calcium soaps.  Similar behavior has been reported in other studies of 394 

the digestion of oil-in-water emulsions containing oil droplets coated by different 395 

kinds of emulsifiers 
35, 42, 43

.  396 

3.2.2. Influence on microstructure  397 

 Information about changes in the microstructure of the excipient emulsions in 398 

different regions of the GIT was obtained by confocal fluorescence microscopy.  399 

 Surfactant-stabilized excipient emulsions: The microscopy images indicated that 400 

the droplets in the Tween 80 emulsions underwent extensive flocculation in both the 401 

mouth and stomach phases (Figure 5), which was not detected by light scattering 402 

(Figures 3 and 4). These results suggest that the flocs in these emulsions were held 403 

together by relatively weak attractive forces that were disrupted when the samples 404 

were prepared for the light scattering measurements. This behavior is in agreement 405 

with previous studies 
26, 35

, and may be caused by sample dilution and/or mechanical 406 

agitation during sample preparation 
33, 44

.  After exposure to the small intestine stage, 407 

some large lipid particles were clearly visible in the confocal microscopy images 408 

(Figure 5), which may have been non-digested oil droplets or large colloidal particles 409 

formed by lipid digestion products, such as vesicles.  410 

Protein-stabilized excipient emulsions: The microscopy images indicated that the 411 

protein-stabilized emulsions contained larger aggregates than the surfactant-stabilized 412 

ones after exposure to mouth and stomach conditions (Figure 5).  Again, the 413 

microscopy images showed that appreciable droplet flocculation occurred within the 414 
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mouth phase, which was not detected by the light scattering method (Figures 3 and 415 

4).  This effect can again be attributed to dissociation of the flocs during sample 416 

preparation.  Previous studies have also indicated that protein-stabilized emulsions 417 

are more sensitive to aggregation under gastric conditions than surfactant-stabilized 418 

ones 
35

. The instability of the protein excipient emulsions may occur for a number of 419 

reasons: (i) hydrolysis of adsorbed proteins may reduce droplet stability to 420 

coalescence; (ii) changes in pH and ionic strength may reduce droplet stability to 421 

aggregation by weakening electrostatic repulsion; (iii) biopolymers (such as mucin) 422 

may promote depletion or bridging flocculation 
35

. In the small intestine phase, the 423 

size of the particles was appreciably less than that observed in the stomach phase.  424 

As mentioned earlier, these particles are probably a mixture of non-digested fat, lipid 425 

digestion products, and calcium soaps 
26

. 426 

 Overall, the particle size and microstructure measurements indicated that the 427 

protein-stabilized emulsions behaved differently than the surfactant-stabilized ones in 428 

the simulated gastrointestinal tract.  In particular, the protein-stabilized emulsions 429 

were much more prone to extensive aggregation in the stomach, which may have an 430 

appreciable influence on lipid digestion and curcumin release in the small intestine.    431 

3.2.3. Influence on particle charge 432 

 The electrical characteristics (ζ-potential) of the particles in the excipient 433 

emulsions was also measured after exposure to different regions of the simulated GIT 434 

(Figure 6).  435 
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 Surfactant-stabilized excipient emulsions: The particles in the initial Tween 80 436 

emulsions had relatively low negative charges (≈ −5 mV) due to the fact that the 437 

droplets were coated by a non-ionic surfactant. After exposure to the mouth phase the 438 

particles became more negative ( −11 mV), which can be attributed to adsorption of 439 

anionic species (such as mucin) from the simulated saliva to the droplet surfaces 
26

. 440 

After exposure to the stomach phase, there was a decrease in the magnitude of the 441 

negative charge on the droplets (≈ −2 mV), which may be due to electrostatic 442 

screening effects associated with the low pH and high ionic strength of the gastric 443 

fluids.  After exposure to the small intestine conditions, the particle charge became 444 

highly negative (≈ -40 mV), which is probably due to the presence of colloidal 445 

particles containing various types of anionic constituents, such as bile salts, 446 

phospholipids, and free fatty acids 
26

. 447 

  Protein-stabilized excipient emulsions: The initial caseinate- and WPI-stabilized 448 

excipient emulsions had relatively high negative charges (−34 and -38 mV) due to the 449 

fact that the pH (6.5) used was appreciably higher than their isoelectric point (around 450 

pH 4.5 to 5).  The charge on these particles became less negative after exposure to 451 

the mouth phase (−26 and -32 mV), which may have been due to electrostatic 452 

screening due to the presence of mineral ions in the simulated oral fluids, or due to 453 

interactions with mucin 
35

. After passing through the stomach phase, there was a steep 454 

decrease in the magnitude of the negative charge on the droplets in the 455 

protein-stabilized emulsions (≈ −2 mV).  This effect can be attributed to a number of 456 

phenomena: (i) electrostatic screening effects caused by the high ionic strength of the 457 
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gastric fluids; (ii) alterations in protein charge due to the change in solution pH; (iii) 458 

adsorption of anionic biopolymers (mucin) to the droplet surfaces; and, (iv) digestion 459 

of the protein layer by proteases in the gastric fluids. One might expect 460 

protein-stabilized oil droplets to have positive charges under highly acidic conditions 461 

(pH 2.5) because this pH is well below their isoelectric points. However, the 462 

adsorption of anionic mucin to the droplet surfaces may have caused the 463 

protein-coated droplets to have a net negative charge 
35

.  After exposure to the small 464 

intestine fluids, the protein-stabilized excipient emulsions both became highly 465 

negative (≈ -40 mV), which is due to the relatively high levels of anionic constituents 466 

in the intestinal fluids after digestion, such as bile salts, phospholipids, and free fatty 467 

acids 
26

. 468 

 Overall, these results again show that there were appreciable differences in the 469 

properties of the excipient emulsions depending on the initial emulsifier type, which 470 

may influence their digestion and curcumin release in the small intestine.  471 

3.2.4. Influence on lipid digestion 472 

 In this section, we used the pH stat method to evaluate the effect of initial 473 

emulsifier type on the rate and extent of lipid digestion of excipient emulsions that 474 

had been incubated with curcumin at 100 ºC for 10 min. The volume of NaOH that 475 

had to be titrated into the mixtures to maintain a constant pH (7.0) was measured as a 476 

function of digestion time, and then the fraction of titrable free fatty acids released 477 

was calculated.   478 
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 Emulsifier type had an appreciable influence on the digestion of the excipient 479 

emulsions (Figure 7). The behavior of the Tween 80 and WPI excipient emulsions 480 

was fairly similar: most of the emulsified lipid was digested within the first 10 min, 481 

and then there was a more gradual increase in free fatty acids afterward, until a 482 

relatively constant final value was reached. The initial rate of digestion was slightly 483 

faster in the Tween 80 emulsions, which might be attributed to their smaller initial 484 

droplet size when entering the intestinal phase, which would lead to a higher surface 485 

area of lipid exposed to the lipase. The fact that the WPI-coated and Tween 80-coated 486 

droplets were digested at a similar rate was somewhat surprising since these two 487 

excipient emulsions had very different behaviors in the mouth and stomach phases, as 488 

seen in the particle size and microstructure measurements (Figure 3 and Figure 5). 489 

This was probably due to the fact that the bile salts and phospholipids in the small 490 

intestinal fluids were still able to adsorb to the oil droplet surfaces and displace the 491 

original emulsifiers, thereby enabling subsequent lipase adsorption and digestion of 492 

the triacylglycerols to occur 
43

. In addition, any flocs formed in the stomach by the 493 

WPI-coated droplets may have been disrupted under small intestine conditions.  The 494 

excipient emulsion containing caseinate-coated droplets was digested considerably 495 

slower than the other two emulsions, and the final amount of free fatty acids produced 496 

was also lower. Previous studies have also reported a slower rate and lower extent of 497 

lipid digestion for caseinate-stabilized emulsions compared to other emulsions 
35, 43

. 498 

The inhibition of lipid digestion in caseinate-stabilized emulsions mixture has been 499 

attributed to extensive droplet flocculation in the stomach. When the chyme from the 500 
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stomach phase is mixed with simulated small intestinal fluids, it is more difficult for 501 

lipase molecules to access the undigested triacylglycerol molecules in flocculated 502 

emulsions than in non-flocculated ones. Additionally, caseinate forms a relatively 503 

thick steric layer around oil droplets 
45

, which may also significantly hinder the ability 504 

of lipase molecules to access undigested triacylglycerols within the droplets. 505 

3.2.5. Influence on curcumin bioaccessibility 506 

 As mentioned earlier, the oral bioavailability of crystalline curcumin is normally 507 

limited by its chemical instability and low solubility in gastrointestinal fluids.  We 508 

therefore measured the concentration of curcumin in the mixed micelle phase and in 509 

the total digesta to provide a measure of the amount of curcumin that was solubilized 510 

and the amount that was not chemically degraded (Table 2).  These values were also 511 

used to calculate the bioaccessibility of the curcumin, i.e., the fraction of curcumin in 512 

the small intestine phase that was solubilized within the mixed micelles.  The 513 

properties of the colloidal particles present in the mixed micelle phase were also 514 

measured to assess whether emulsifier type influenced them (Table 2).     515 

 The mixed micelles obtained from all three different excipient emulsions had a 516 

highly negative charge, with the ζ-potential ranging from -46 to -53 mV. The most 517 

likely reason for this phenomena is that the micelles consisted primarily of anionic 518 

bile salts, phospholipids, and free fatty acids. In addition, the pH was above the 519 

isoelectric point of the proteins so that any undigested proteins would also have a 520 

negative charge.  The mean diameters of the particles in the micelle phase obtained 521 
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from the three different excipient emulsions was also fairly similar (d ≈ 160 nm), 522 

which suggested that the initial emulsifier type did not have a major impact on the 523 

nature of the final digestion products formed. It should be noted that the mixed 524 

micelle phase actually contains a mixture of small micelles (typically < 10 nm), and 525 

vesicles (d > 100 nm), which would account for the fairly large size measured in our 526 

study 
46, 47

.  527 

The amount of curcumin present within the raw digesta and the mixed micelle 528 

phase provides a good indication of the stability of the curcumin during in vitro 529 

digestion and the amount available for absorption. The amount of curcumin present in 530 

the raw digesta decreased in the following order: caseinate > WPI > Tween 80 (Table 531 

2). The amount of curcumin present in the micelle phase was fairly similar for both 532 

caseinate and WPI excipient emulsions, but lower for the Tween 80 excipient 533 

emulsion. The higher levels of curcumin present in the total digesta of the 534 

protein-stabilized emulsions suggest that the proteins protected the curcumin from 535 

chemical degradation within the simulated gastrointestinal fluids.  Curcumin may 536 

have been protected in the presence of the proteins for a number of reasons.  First, 537 

the proteins may have some antioxidant properties that inhibited the chemical 538 

degradation reaction.  Second, the proteins formed a relatively thick layer around the 539 

oil droplets that may have physically reduced the interactions between the curcumin 540 

molecules and the aqueous phase 
48, 49

. Third, the proteins may have formed 541 

complexes with the curcumin molecules that protected them from degradation.  542 

Fourth, the slower digestion rate of the caseinate emulsions may have increased the 543 
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amount of time the curcumin spent in the hydrophobic core of the lipid droplets 544 

(rather than in close contact with the aqueous phase), which may have also enhanced 545 

curcumin stability.   546 

Interestingly, the bioaccessibility of curcumin was lower in the 547 

caseinate-stabilized excipient emulsions than in the WPI- and Tween 80-stabilized 548 

ones. There are two possible reasons for this phenomenon: (i) more undigested oil 549 

remained in the caseinate emulsions, and some of the curcumin was trapped within 550 

this undigested oil; (ii) there were more mixed micelles generated for the WPI and 551 

Tween 80 emulsions that could solubilize the curcumin. 552 

4. Conclusions 553 

The present study focused on the influence of the type of emulsifier used to form 554 

excipient emulsions on their ability to increase the bioaccessibility of powdered 555 

curcumin. Prior to digestion, the amount of curcumin transferred into the excipient 556 

emulsions depended on incubation temperature and emulsifier type. There was a 557 

greater amount of curcumin transferred from the powder into the oil droplets for 558 

mixtures incubated at 100 ºC than for those incubated at 30 ºC. The transfer of 559 

curcumin into the excipient emulsions was higher when the oil droplets were coated 560 

with a surfactant (Tween 80) than when they were coated with a protein (caseinate or 561 

WPI).  The amount of curcumin in the raw digesta phase depended on emulsifier 562 

type (caseinate > WPI > Tween 80), which was attributed to the ability of the proteins 563 

to protect the curcumin from chemical degradation under simulated gastrointestinal 564 

conditions. The bioaccessibility of curcumin also depended on emulsifier type (WPI ≈ 565 
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Tween 80 > caseinate), which was attributed to the fact that caseinate inhibited lipid 566 

digestion.  Consequently, there would be less curcumin released from the oil phase, 567 

and less mixed micelles available to solubilize the curcumin.  Overall, the total 568 

amount of curcumin available for adsorption was highest for the caseinate-stabilized 569 

emulsions, and therefore they may be most suitable as excipient emulsions.  A 570 

schematic representation of these effects is shown in Figure 8.  Our results have 571 

important implications for designing excipient emulsions to increase the oral 572 

bioavailability of other lipophilic nutraceuticals and vitamins. Future research should 573 

focus on testing excipient emulsion bioavailability using cell culture, animal feeding, 574 

and human feeding studies. 575 
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Graphical Abstract 
 

 

 
       

 

 
 

“Designing excipient emulsions to increase nutraceutical bioavailability: Influence of 

Lipid Droplet Size on Solubility and Bioaccessibility of Powdered Curcumin”  

 

Zhou et al  

 

Excipient emulsions can be specifically designed to increase the bioavailability of 

curcumin from the powdered form.  The bioavailability depends on the nature of the 

emulsifier used to coat the droplets in the excipient emulsion.   
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Figure 1 (a). 

 

 

 

Figure 1 (a). Particle size distributions of mixtures of curcumin and excipient 

emulsion (Tween 80, caseinate and whey protein isolate (WPI) blank emulsion) 

measured by static light scattering after incubation at 30 ºC for 30 min and 100 ºC for 

10 min; 
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Figure 1 (b). 

 

 

 

Figure 1 (b). Image of mixtures of curcumin and excipient emulsion (Tween 80, 

caseinate and whey protein isolate (WPI) blank emulsion) after incubation at 30 and 

100 ºC, and the concentration of curcumin in the mixtures is 3 mg/mL. 
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Figure 2. Effect of temperature and emulsifier type (Tween 80, caseinate and WPI) 

on: (a) microstructure or (b) polarized light microscopy of mixtures of curcumin and 

excipient emulsion. 
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Figure 3. Influence of simulated gastrointestinal conditions on the mean droplet 

diameter (d32) of curcumin-emulsion with three different emulsifier (Tween 80, 

caseinate and WPI blank emulsion) mixtures after incubation 100 ºC for 10 min. 

Different lowercase letters mean significant differences (p < 0.05) of the droplet 

diameter of an emulsion between digestion phases; Different capital letters mean 

significant differences (p < 0.05) of the droplet diameter between three different 

emulsifier (Tween 80, caseinate and WPI blank emulsion) within the same digestion 

phase. The experiments were carried out three times. 
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Figure 4 (a). 

 

 

 

Figure 4a. Influence of simulated gastrointestinal conditions on the particle size 

distributions of: (a) curcumin- Tween 80 emulsion mixture after 10 min incubation at 

100 ºC; 
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Figure 4 (b).  

 

 

 

Figure 4b. Influence of simulated gastrointestinal conditions on the particle size 

distributions of: (b) curcumin- caseinate emulsion mixture after 10 min incubation at 

100 ºC; 
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Figure 4 (c).  

 

 

 

Figure 4c. Influence of simulated gastrointestinal conditions on the particle size 

distributions of: (c) curcumin- WPI emulsion mixture after 10 min incubation at 100 

ºC; 
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Figure 5. Influence of simulated gastrointestinal conditions on microstructure of 

curcumin-emulsion with three different emulsifier (Tween 80, caseinate and WPI 

blank emulsion) after 100 ºC for 10 min incubation determined by confocal 

fluorescence microscopy. The scale bars represent a length of 20 µm, and the red 

regions represent lipids. 
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Figure 6. Influence of simulated gastrointestinal conditions on the particle charge of 

curcumin-emulsion with three different emulsifier (Tween 80, caseinate and WPI 

blank emulsion) after 100 ºC for 10 min incubation. Different lowercase letters mean 

significant differences (p < 0.05) of the particle charge of an emulsion between 

digestion phases; Different capital letters mean significant differences (p < 0.05) of 

the particle charge between three different emulsifier (Tween 80, caseinate and WPI 

blank emulsion) within the same digestion phase. The experiments were carried out 

three times. 
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Figure 7. Influence of incubation temperature on the free fatty acids release profile at 

small intestine phase for curcumin-emulsion with three different emulsifier (Tween 80, 

caseinate and WPI blank emulsion) mixtures after 100 ºC for 10 min incubation 
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Figure 8. The curcumin trapped within the excipient emulsions may be released and 

solubilized in the mixed micelles after digestion of the lipid droplets by lipase.  
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Table 1. Effect of temperature on the mean droplet diameter (d32), ζ-potential, curcumin solubility, and tristimulus color coordinates of mixtures 

of curcumin and excipient emulsion prepared using three different emulsifiers. Samples designated with different letters (a, b, c) were 

significantly different (Duncan, p < 0.05). 

 

 30 °C  100 °C 

Tween 80  Caseinate  WPI   Tween 80  Caseinate  WPI 

d32 (µm) 0.178±0.001
b
 

 
0.211±0.004

ab 
0.162±0.003

b 
 0.237±0.051

a 
0.212±0.009

 ab 
0.183±0.037

 b 

ζ-potential (mV) -5.8±0.4
 c
 -34.1±1.0

 b
 -39.8±0.8

 a
  -5±2.8

 c
 -33.5±1.5

 b
 -38.6±3.3

 a
 

Solubility (µg/mL) 66 ± 1 
c
 17 ± 1 

d
 22±1 

d
  280±38

 a
 208±14

 b
 213±15

 b
 

L 93.67 ± 0.05
 b
 94.64±0.16

 a
 94.53±0.00

 a
  90.49±0.00

 c
 88.33±0.01

 d
 90.36±0.23

 c
 

a -12.72 ±0.05
 a
 -9.82±0.09

 d
 -10.11±0.02

 c
  -11.0±0.01

 b
 -8.49±0.01

e
 -10.92±0.21

 b
 

b 47.52 ±0.04
 d
 29.57±0.04

 f
 31.90±0.01

 e
  80.80±0.01

 a
 65.02±0.01

 c
 69.54±0.45

 b
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Table 2. Influence of emulsifier on curcumin bioaccessibility (BA), curcumin 

concentration in the raw digesta (CRaw digesta), and curcumin concentration (CMicelle), 

mean particle diameter, polydispersity index (PDI), and ζ-potential of the micelle 

phase isolated from raw digesta. Samples designated with different letters (a, b, c) 

were significantly different (Duncan, p < 0.05). 

 

 Tween 80 Caseinate WPI 

BA (%) 68.1±11.6 ab
 55.2 ±7.6 b 76.2±1.5 

a 

CRaw digesta (µg/mL) 111.1±11.1 c 203.5 ±21.9 a 140.5±4.9
 b
 

CMicelle (µg/mL) 74.9±7.1 b 110.7±3.4 a 107.1±5.9
 a
 

Mean diameter (nm) 167±19 a 161±37
 a
 160±24

 a
 

PDI 0.23±0.09 a 0.28±0.10
 a
 0.40±0.20

 a
 

ζ-potential (mV) -52.2±6.9 a  -46.9±9.6
 a
 -45.7±10.6

 a
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