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Abstract The details of the interfacial changes occurring

during digestion of an oil-in-water emulsion stabilized with

soy protein isolate (SPI) and the impact of the changes on

lipolysis and subsequent release of b-carotene (BC) were

studied using a two-step in vitro digestion model with

varying composition containing bile salts (BS), colipase

(COL), phospholipids (PL), and phospholipase A2 (PLA2).

The hydrolysis of the interfacial layer by pepsin resulted in

significant changes in the emulsion droplet size distribu-

tion. The introduction of bio-surfactants (BS and PL), in

combination with the release of lipid digestion products in

the duodenal stage, resulted in re-emulsification of the oil

droplets. During this stage a significant increase in the

negative charge of the oil droplets from -40 to -70 mV,

was also observed, indicating significant changes in inter-

facial composition. The activity of the pancreatic triglyc-

eride lipase (PTL), as monitored by the liberation of free

fatty acids, was largely governed by the composition of

digestive fluids. In the presence of BS alone, lipid hydro-

lysis reached 66.1 ± 3.4%, while addition of PL inhibited

lipolysis. Inclusion of PLA2 was found to increase the rate

of lipolysis markedly, and the introduction of COL, along

with BS, significantly increased the efficiency of the

lipolysis such that a maximum lipid hydrolysis of

81.2 ± 1.2% was reached with about 50% transfer of BC

to the mixed micelles.

Keywords Soy-protein stabilized emulsions � Lipolysis �
In vitro digestion � Droplet size � b-Carotene micellization

Introduction

Oil-in-water emulsions find widespread applications in

both the food and pharmaceutical industries. Despite the

established knowledge about the relationship between

emulsion droplets structure and processing functionality

[1], due to the complex nature of the reactions occurring

during digestion, much less is understood in terms of the

effect of the interfacial properties on the changes occurring

during gastro-intestinal (GI) transit; in particular, the

influence of interfacial composition and structure on

lipolysis. In the last few years, novel applications and

specialized designs have been arising for oil-in-water

emulsions, aimed at sophisticated delivery of highly lipo-

philic bioactives into liquid foods and controlled release of

bioactive molecules in the GI tract [2]. These efforts

require a greater understanding of how to design the

emulsions to optimize the interactions with the GI param-

eters during digestion and release.

Soy protein isolate (SPI) is extensively employed as a

functional ingredient in food emulsions. This isolate is

composed of two main protein fractions, glycinin and

b-conglycinin, which, in combination, represent more than

70% of the total proteins present in soybean seeds. Gly-

cinin is a heterogeneous hexamer with a molecular weight

of about 360 kDa [3]. Each monomer consists of one basic

and one acidic polypeptide, linked by a single disulfide

bond [4]. The other main protein, b-conglycinin, is a tri-

meric glycoprotein with molecular weight around 180 kDa

and consists of three subunits, a0, a, and b [5]. Soy proteins

adsorb at the oil–water interface as aggregates with a

A. Malaki Nik (&) � M. Corredig

Department of Food Science, University of Guelph,

Guelph, ON N1G 2W1, Canada

e-mail: amalakin@uoguelph.ca

A. J. Wright

Department of Human Health and Nutritional Sciences,

University of Guelph, Guelph, ON N1G 2W1, Canada

123

J Am Oil Chem Soc (2011) 88:1397–1407

DOI 10.1007/s11746-011-1806-z



thickness of 30–40 nm with little change in their confor-

mational structure, and with a surface coverage between

10–20 mg/m2 [6]. In addition to their excellent amino acid

profiles, their consumption has been linked to a number of

health benefits and biological activities. Of particular rel-

evance to the use of SPI in nutritional emulsions, these

proteins seem to embed bioactive peptides with satiety and

hypolipidemic effects [7–9].

Emulsion digestion includes a number of physico-

chemical and enzymatic events occurring during transit

through the gastrointestinal (GI) tract. Although some

changes occur in the mouth [10–12], the major reactions

occurring to protein-stabilized emulsions initiate in the

stomach with the action of pepsin. The impact of gastric

digestion on the physico-chemical properties of the

droplets depends largely on interfacial composition,

conformation, concentration, and most importantly, the

susceptibility of the adsorbed proteins to pepsin [13].

Emulsions stabilized with whey protein isolate (0.5%

WPI) or b-lactoglobulin (1% b-LG) are reportedly stable

under acidic conditions, in the absence of proteolysis [14,

15]. However, hydrolysis of the interfacial layers by

pepsin leads to extensive droplet aggregation of emul-

sions. Hence, the proteolysis of proteins originally pres-

ent in emulsion and the stability of the droplets are highly

dependent on various factors, including ionic strength and

the presence of mucin [15], phospholipids [16], and

protein concentration [17].

The majority of lipid digestion occurs in the upper part

of the small intestine (duodenum) through the interfacial

action of pancreatic triglyceride lipase (PTL). The activity

of PTL, in turn, depends on various factors, including the

type and concentration of emulsifiers present in a food [13,

18–20], the presence of bile salts (BS), phospholipids (PL),

colipase (COL), phospholipase A2 (PLA2), and the prod-

ucts of lipolysis [21–23]. The impact of surface-active

molecules on PTL binding and activity is dependent on

their adsorption at the oil–water interface [14]. In general,

the size of oil droplets (i.e. the available surface area),

along with the interfacial composition, are fundamental in

determining the extent of PTL activity [24]. Most recently,

it was hypothesized that lipid hydrolysis can be reduced by

engineering multi-component interfaces and it was dem-

onstrated that lipid digestion was reduced in emulsion

droplets coated with b-LG-chitosan-pectin [25]. The

encapsulation of oil droplets within calcium alginate beads

in the form of filled hydrogel particles was also proposed as

a strategy to control the rate of lipid digestion [26]. More

understanding on the mechanisms occurring during diges-

tion as a function of interfacial composition would enable

the food industry to design oil-in-water emulsion systems

better tailored for reduced or enhanced lipolysis and for the

delivery of bioactives.

Oil-in-water emulsions can act as carrier vehicles for

lipophilic bioactives. In the current study, b-carotene

(BC) was used as a model of highly lipophilic molecules

to be encapsulated. BC belongs to the carotenoids, a class

of plant pigments with a complex adsorption pathway

[27]. Due to its hydrophobic nature, BC exhibits poor

bioavailability and optimization of its delivery is a chal-

lenge for the functional food and nutraceutical industry

[27, 28]. BC bioavailability depends on the release from

the food matrix, its incorporation into mixed BS micelles,

followed by transit across the unstirred water layer and

finally uptake by the intestinal cells [29]. However, the

details related to release and micellization are not com-

pletely understood.

The impact of various emulsifiers and processing con-

ditions on the overall behavior of food emulsions in the GI

tract have been extensively studied [13, 18, 30]. However,

the results are limited by the simplified in vitro digestion

models employed. Indeed, the models do not reflect

physiological conditions, but rather focus on particular

stages of the process. The overall goal of this study was to

understand the main factors governing the changes occur-

ring to SPI-stabilized emulsions during in vitro digestion,

focusing on the changes in interfacial composition, and the

effect of these changes on lipid hydrolysis and the release

and micellization of bioactive molecules in the GI tract

(using BC as a model compound). The study was aimed at

determining the underlying physical principles controlling

GI lipolysis of food emulsions. Ultimately, by modifying

interfaces, and with physiologically relevant in vitro

digestion models, it should be possible to derive principles

for the interfacial design of more efficient delivery systems

and to be able to control and optimize lipolysis and bio-

availability of lipid-based molecules.

Materials and Methods

Materials

Soy protein isolate (SPI) with 86.5 ± 0.2% purity was sup-

plied by the Solae Company (Solae, St. Louis, MO, USA).

Pepsin (from porcine stomach mucosa with an activity of

1,020 U mg-1 protein), porcine pancreatin (4 9 USP, con-

tains amylase, lipase, trypsin, chymotrypsin, and ribonu-

clease), phospholipase A2 (from porcine pancreas), porcine

bile extract (containing *49 wt% BS consisting of hyode-

oxycholic acid (1–5%), deoxycholic acid (0.5–7%), cholic

acid (0.5–2%), glycodeoxycholic acid (10–15%) and tauro-

deoxycholic acid (3–9%), according to the supplier), porcine

colipase (lyophilized, essentially salt free), and pyrogallol

(99%, A.C.S reagent) were purchased from Sigma–Aldrich

(St. Louis, MO, USA).
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Soybean lecithin (containing 70% phosphatidylcholine

and 10% phosphatidylethanolamine) was provided by

Lipoid (Lipoid GmbH, Ludwigshafen, Germany). b-carotene

(all-trans, Type 1 synthetic,[95% purity) and bleached and

refined soybean oil were purchased from Sigma.

The non-esterified fatty acid kit (NEFA-HR2) was pur-

chased from Wako Pure Chemical Industries (Wako diag-

nostics, VA, USA). All other chemicals and reagents were

of analytical grade and obtained from Sigma. Ultrapure

water was used to prepare all the reagents and buffers.

Emulsion Preparation

A stock solution of b-carotene (BC) in soybean oil (SO)

was prepared as previously described [31]. SPI (1.5 wt%)

was dispersed in water and stirred for 5 h at room tem-

perature to ensure protein hydration and solubilization. The

emulsion was prepared by homogenizing 10 wt% BC–SO

stock oil solution in the protein solution with a handheld

mixer (Ultra-Turrax, IKA T18 Basic, Germany) followed

by four passes at 40 MPa through a microfluidizer (110S

Microfluidizer Processor, Microfluidics, MA, USA).

In Vitro Gastro-Duodenal Digestion

The details of the composition of the different in vitro

digestion model fluids used in this study were reported

elsewhere [14]. In brief, the gastric phase was carried out by

treating the SPI-stabilized emulsions with simulated gastric

fluids (SGF) containing 3.2 mg pepsin and 12.6 mg of

pyrogallol (as an antioxidant) per mL of the mixture

(emulsion-SGF). The mixture was incubated at 37 �C for 1 h

using a temperature-controlled shaking water bath (New

Brunswick Scientific Co., Inc., NJ) at 250 rpm and final pH

of 2 (emulsion-SGF mixture). The pH of the mixture was

monitored during 1 h gastric digestion and no significant

change was observed. After the gastric phase, the mixture

was incubated with simulated duodenal fluids (SDF) con-

taining 5 mg mL-1 pancreatin with or without colipase (1:1

molar ratio with lipase) and simulated bile fluids (SBF)

containing 8 mM bile salts (BS) with or without 5 mM

phospholipids (PL). In the case of phospholipase A2 addi-

tion, 450 lL of (PLA2) was added into 5 mL of the digestive

mixture. The final mixtures were incubated at pH 6.5 and at

37 �C for 2 h (shaking water bath, New Brunswick Scientific

Co., Inc., NJ). Therefore, the five different in vitro digestion

models used in this study consist of (1) BS, (2) BS–PL,

(3) BS–COL, (4) BS–PL–COL, and (5) BS–PL–COL–PLA2.

Isolation of Micellar Phase

After the in vitro digestion, the micellar fraction was sep-

arated from the undigested oil droplets and particulate

materials by centrifuging at 144,000 g at 7 �C for 1 h using

a Sorvall WX Ultra 80 ultracentrifuge (Mandel Scientific,

ON, Canada). The collected aqueous fraction was filtered

(0.22 lm nylon filters, Fisher Scientific) to remove any

crystalline BC. The aqueous phase was used to quantify the

amount of BC transfer, as described below.

Particle Size and f-Potential Measurements

The particle size distribution and average particle diame-

ters (D3,2 = (R nidi
3/R nidi

2)) before and during in vitro

digestion were determined using a Mastersizer 2000S

(Malvern Instruments Inc., Southborough, MA). Refractive

indices of 1.46 and 1.33 were used for the emulsion

droplets and dispersant (i.e. water), respectively. For the

gastric stage, water at pH 2 was used for size measure-

ments. The average diameters reported were calculated for

three batches of each sample. f-potential measurements

were conducted using a Nano Series Zetasizer (Malvern

Instruments lnc., Southborough, MA). All samples,

including initial emulsions and digestive mixtures, were

diluted 500-fold with 5 mM phosphate buffer at similar pH

as performed during the digestion (pH 6.5) to minimize

multiple scattering effects. The f-potential measurements

are reported as the average and standard deviation of three

measurements.

Confocal Laser Scanning Microscopy (CLSM)

The microscopic images were recorded using an upright

Leica DM 6000B microscope connected to a Leica TCS

SP5 system (Heidelberg, Germany) coupled with the Leica

LAS AF Imaging software. 0.1 wt% Nile Red was added to

the oil phase and stirred at room temperature for 1 h. The

oil phase was then filtered using 0.45 lm nylon filters

(Fisher Scientific) and used to prepare the emulsions.

Before and during digestion, samples were transferred onto

a concave microscopy slide and covered with a cover slip.

Images were taken using a 639 magnification oil immer-

sion objective at 543 nm.

Free Fatty Acid Determination

The extent of lipid hydrolysis was monitored by quantifi-

cation of liberated fatty acids (i.e. free fatty acids, FFA)

during the digestion, as described in detail by Malaki Nik

et al. [14]. Following acidic extraction, the amount of FFA

at certain time intervals was determined using a non-

esterified fatty acid (NEFA) kit (Wako Diagnostics, VA,

USA) and UV–vis micro-plate spectrophotometer (Spec-

tramax plus, Molecular Devices Corporation, CA, USA) by

measuring the absorbance at kmax of 550 nm. The quanti-

fication was carried out using a standard curve prepared
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with oleic acid ranging from 0.1–2 mM and the percent

hydrolysis was calculated with respect to the total moles

of fatty acid present initially. The kinetic parameters,

including maximum product conversion (Pmax) and initial

reaction rate (t0) were determined by plotting [P]/t against

[P], where [P] is the concentration of liberated FFA at time

t. Pmax and t0 were obtained by extrapolation to [P]/t = 0

and [P] = 0, respectively. Curve fitting was carried out

using Sigma Plot, Enzyme Kinetics Module version 1.3

(Systat Software Inc., CA, USA).

b-Carotene Extraction and Measurement

BC was extracted from the dispersed (micellar) phase using

solvent extraction as described elsewhere [31]. The amount of

BC was quantified by measuring the absorbance at 450 nm

using Hewlett Packard 8451A Diode Array Spectrophotome-

ter. The proportion of BC transferred to the micellar phase was

calculated based on the initial amount of BC present in each

emulsion. In this paper, ‘‘bioaccessibility’’ refers to the pro-

portion of BC originally present in the emulsion, which was

incorporated into the aqueous micellar phase of the digestate.

Statistical Analysis

All results were analyzed statistically using ANOVA and

Duncan multiple comparisons testing with SAS version 9.1

(SAS Institute Inc., NC, USA). Data shown are the average

of at least three independent experiments and significance

was considered at p \ 0.05.

Results and Discussion

Proteolysis of Interfacial Layer

It has been previously demonstrated using SDS–PAGE

electrophoresis [32] that, upon incubation of SPI-stabilized

emulsions with SGF containing pepsin, rapid degradation

of almost all soy protein subunits present in both the cream

and serum phases occurred within the first 2 min. The

proteolysis of soy protein subunits continued for the entire

length of the in vitro gastric phase (1 h) with the presence

of polypeptides\14 kDa observed. Subsequent incubation

with SDF containing trypsin and chymotrypsin led to fur-

ther degradation of the soy polypeptides with no visible

bands in the SDS–PAGE gels [32].

The Impact of In Vitro Digestion Conditions

on Stability of SPI-Stabilized Emulsions

The changes in droplet size of SPI emulsions during in

vitro conditions were followed by measuring the mean

droplet diameter (D3,2) (Fig. 1) and particle size distribu-

tion of selected emulsions (Fig. 2). The oil-in-water

emulsions prepared with 1.5 wt % SPI showed a mono-

modal size distribution (Fig. 2) with a D3,2 value of

0.23 ± 0.02 lm (Fig. 1). There was no change in mean

droplet diameter of the emulsion-SGF mixtures in the

absence of pepsin (control sample) with a D3,2 value of

0.24 ± 0.01 lm at the end of the in vitro gastric phase

(Fig. 1). Although a similar mean droplet diameter was
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Fig. 1 Changes in average droplet diameter (D3,2) of emulsion

incubated with SGF (without pepsin), followed by SDF (without

enzymes) and SBF (without BS and PL) (filled circle); emulsion

incubated with SGF (with pepsin) followed by SDF (without

enzymes) and SBF (without BS and PL) (open circle); and emulsion

incubated with SGF (with pepsin) (open circles) and then SDF-SBF

with PL (open upward triangles) or without PL (filled downward
triangles). Data represent the average of three independent experi-

ments with standard deviation
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Fig. 2 Particle size distribution of original emulsion droplet (filled
circles), emulsion after incubation with SGF (open circles), incuba-

tion with SGF-SDF-SBF (filled upward triangles), and SGF-SDF-

SBF with PL (open upward triangles). The particle size distribution

was measured after 30 min of duodenal incubation. Graph is

representative of three independent experiments
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observed, the particle size distribution showed a small

population of droplets [1 lm (data not shown). These

results suggested that, in spite of the general stability of the

emulsion, some droplet aggregation might occur under the

gastric conditions (very low pH and high ionic strength,

around 72 mM). Incubation of the control sample with

SDF and SBF containing inorganic salts, but no enzymes,

resulted in a significant increase in mean droplet diameter,

which reached a plateau value of D3,2 around 0.8 lm

(Fig. 1). This increase in size was most likely caused by the

further increase in ionic strength of the mixture to around

200 mM.

Incubation of emulsions with SGF containing pepsin

resulted in a substantial increase in the D3,2 of the emulsion

droplets. The mean droplet diameter increased significantly

and gradually from 0.23 ± 0.02 to 6.68 ± 0.65 lm (Fig. 1,

p \ 0.05), while still maintaining a monomodal distribution

(Fig. 2). This indicated that pepsinolysis of the interfacial

layer would significantly reduce the stability of oil-in-water

emulsions. Interestingly, stability of the emulsion droplet

against gastric digestion has been shown that would affect

the rate of gastric emptying with subsequent impact of

lipolysis during the duodenal transit [33].

When the pepsin-digested emulsion droplets were then

dispersed in SDF (no enzyme) and SBF (without BS and

PL), a significant decrease in the D3,2 value was measured

(Fig. 1). Under these conditions, the droplet diameter was

reduced from around 7 lm at the end of the gastric phase to

around 0.4 lm and remained unchanged until the end of

the duodenal phase (Fig. 1), indicating that droplet floc-

culation was the main mechanism involved in destabili-

zation of the emulsion droplets by pepsin in the SGF. The

change in pH (from 2 to 6.5 in the SDF), in combination

with the dilution and continuous agitation, caused disrup-

tion of the emulsion flocs.

Figures 1 and 2 also illustrate the changes in the average

and droplet size distribution of the emulsion-SGF mixture

when BS was added to the simulated fluids. With the

addition of BS, there was a decrease in the droplet size

during incubation with SDF and SBF, but at different rates

than when only ions were present in the system (compare

filled inverted triangles with empty circles in Fig. 1). It is

known that BS cause profound changes at an oil–water

interface by adsorbing on the surface and causing dis-

placement of other emulsifiers [34]. In the presence of BS,

a monomodal size distribution was obtained within the first

30 min of the duodenal stage (Fig. 2). It is important to

note that most of the lipid hydrolysis occurred within first

30 min of reaction. Therefore, oil droplet size is an

important variable within this period, as it implies differ-

ences in the surface area available for lipase adsorption.

The slower rate of decrease in the mean droplet diameter in

the samples containing BS compared to the control reflects

the complex exchanges occurring at the interface. The

competition of BS with SPI peptides for the interface

showed a slower re-emulsification than in the presence of

SPI peptides alone. In addition, it is also important to note

in the presence of BS alone and in the absence of lipase,

that the mean emulsion droplet diameter remained constant

over the 2 h of duodenal digestion with a value of around

4 lm (data not shown). Hence, the products of lipid

hydrolysis also played a major role in decreasing the size

distribution of the emulsion, most likely causing dis-

placement of BS from the interface. Indeed, in the presence

of lipid hydrolysis, the emulsion droplets showed a plateau

after the in vitro digestion comparable to that of the control

emulsions.

Addition of PL to the BS mixture also had a marked

influence on the rate of mean droplet diameter decrease.

Compared to the fluids without PL, the decrease occurred

at a slower rate (Fig. 1). The particle size distribution

shown in Fig. 2 for this system indicates that the presence

of PL caused coalescence of the oil droplets (see also

discussion below on change in microstructure). These

results clearly demonstrate that PL also adsorbed at the

interface, competing with the BS. At the end of duodenal

digestion and in the presence of BS–PL, the multimodal

sized distribution was found indicating the presence of

some large undigested oil droplets (Fig. 2).

Change in Emulsion Microstructure

During In Vitro Digestion

The microstructures of the SPI-stabilized emulsions before

and during gastro-duodenal digestion are shown in Fig. 3.

The original emulsions had a uniform structure with no

obvious aggregation or coalescence (Fig. 3a), confirming

the particle size analysis data. Incubation of the SPI-sta-

bilized emulsion with SGF without pepsin led to minimal

droplet aggregation, as some large droplets are now visible

(Fig. 3b). When the emulsion was treated with SGF con-

taining pepsin, large aggregated droplets were observed

after 60 min of incubation (Fig. 3c), also in agreement with

the particle size measurements. These observations indicate

that the newly formed soy peptides were less efficient at

stabilizing the emulsion droplets under the in vitro gastric

conditions. Figure 3d and h show the microstructure of the

digestive mixture in the presence of BS after 15 and 60 min

of duodenal incubation, respectively. Aggregated droplets

were present and, even after 60 min of incubation, some of

the undigested oil droplets remained in the form of

aggregated particles, although the D3,2 data revealed a

decrease in the overall average size (Fig. 1). It is not

possible to determine the exact mechanism of flocculation

in these systems containing BS. It is hypothesized that

depletion flocculation occurred, because of the presence of
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BS micelles. It has been proposed previously that high

concentration of BS resulted in depletion flocculation of

the oil-in-water emulsions [35]. In addition, high ionic

strengths cause charge neutralization [36], causing desta-

bilization of the droplets. Finally, bridging of pancreatic

lipase between oil droplets [37] or milk fat globules [38]

has been proposed recently as a mechanism of droplet

aggregation under duodenal condition. All of the above

mechanisms could occur in the duodenal in vitro stage in

the presence of BS and PTL.

Inclusion of COL with BS significantly altered the

microstructure of the emulsions during digestion (Fig. 3e

and i). In this case, some coalescence was observed,

compared with the emulsions with only BS. Figure 3 also

compares the microstructure of emulsions digested with

duodenal fluids containing BS or BS with PL (Fig. 3d and

h, f and k, respectively). In contrast with the flocculation

observed with BS alone, with PL, the oil droplets under-

went significant coalescence. A number of large droplets

were visible in this sample even after 60 min of duodenal

incubation. These results were consistent with the particle

size distributions. The mean droplet size values after

15 min of incubation in the presence of BS–PL were

similar to those of the gastric stage. However, the confocal

microscopy images clearly showed microstructural differ-

ences between them (Fig. 3c compared to f). At the end of

the gastric phase, the emulsion droplets were extensively

flocculated, while after the in vitro duodenal stage, the

droplets were coalesced. These results suggest that weaker

interfacial films were formed with BS–PL compared to

with BS alone. The BS–PL–COL–PLA2 system was the

most physiologically relevant in vitro duodenal digestion

CBA

ED

IH

G F

L K

+BS +BS-COL +BS-PL +BS-PL-COL-PLA2

Fig. 3 Confocal micrographs of SPI-stabilized emulsions during

various in vitro models: a original emulsion, b emulsion treated with

SGF without pepsin, c emulsion treated with SGF with pepsin,

d–l emulsions treated with SGF, including pepsin and then SDF,

containing the following: BS only (d, h), BS–COL (e, i), BS–PL (f,
k), BS–PL–COL–PLA2 (g, l) after 15 (d, e, f, g) and 60 (h, i, k,

l) min. Magnification bar represents 50 lm
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model employed. In this case, even after 60 min (Fig. 3l),

some undigested small oil droplets were observed, together

with a few coalesced droplets. In all samples, fewer oil

droplets were observed after 60 min, showing the lipolysis

of the oil droplets. However, the difference was more

pronounced for the system containing BS–COL (Fig. 3i).

Changes in f-Potential Values of the Oil Droplets

During In Vitro Digestion

The changes in the f-potential values during the in vitro

digestion of the various models are summarized in Table 1.

The emulsion droplets prepared with SPI had a f-potential

value of -38.9 ± 0.7 mV at pH 6.5. Treating the emulsion

with SGF with and without pepsin at pH 2 resulted in a

change to approximately ?10 mV, which remained con-

stant throughout the in vitro gastric stage (data not shown).

The absolute value of f-potential depends not only on pH

but also on ionic strength. As reported recently [15], a

higher ionic strength significantly reduces the net positive

charge of emulsions, as the ions shield the charges around

the droplets. In addition to the extensive hydrolysis of the

interfacial layer during gastric digestion, emulsion droplet

flocculation can be attributed to the low net charge of the

oil droplets under gastric conditions. A f-potential value

of 44.9 ± 1.1 mV was obtained for the emulsion-SGF

mixture after pH adjustment to 6.5, indicating that the

liberation of (poly) peptides upon pepsinolysis caused an

increase in the magnitude of the charge at the interface.

A f-potential value of about -50 mV was recorded for

the control samples treated with SDF (without enzyme) and

SBF (without BS and PL). This value remained unchanged

throughout the duodenal phase (Table 1). Compared to the

control sample, significant changes in the absolute value of

f-potential were observed during the duodenal phase of in

vitro digestion in the presence of different bio-surfactants.

In the presence of BS, the negative f-potential gradually

increased, reaching a plateau within the 60 min of diges-

tion (Table 1). As previously discussed for the particle size

data (Fig. 1), the adsorption of BS on the SPI-peptide

covered interface occurred at a slow rate. In contrast, recent

work [14] demonstrated that BS adsorb quickly onto whey

protein stabilized interfaces (i.e. within 10 min of duodenal

stage). The results seem to demonstrate that the displace-

ment of interfacial film by BS is highly dependent on the

original protein used to stabilize the emulsion. A similar

trend was also found for the SPI-emulsion incubated with

SDF containing BS–COL (Table 1).

Incorporation of PL in the in vitro SDF containing BS

resulted in a rapid and significant change in f-potential within

the first 2 min of the duodenal phase. The value of f-potential

reached -62.3 ± 1.4 mV after 2 min, with a further increase

in negative charge to 72.9 ± 1.1 mV at the end of digestion

(Table 1). The results suggest that PL readily adsorbed at the

oil–water interface along with the BS. Comparing this

value with the oil-in-water emulsions stabilized with PL

(-52.5 ± 0.6 mV, data not shown), it can be concluded that

the oil–water interface was covered by a mixed BS–PL

interfacial film with more BS present at the interface. The PL

molecules most likely aided in the displacement of the soy

proteins and peptides from the interface.

Addition of COL or COL–PLA2 to the BS–PL system

also resulted in a rapid increase in the negative f-potential

and the value reached a plateau within 5 min of the duo-

denal stage (Table 1), confirming that, in all the in vitro

digestion models containing PL, the change in f-potential

values occurred significantly faster compared to those

without PL (Table 1).

Table 1 f-potential (mV) values after the gastric phase and with exposure to duodenal fluids of variable composition

Time (min) ControlA BS BS–COL BS–PL BS–PL–COL BS–PL–COL–PLA2

0B -44.9 ± 1.1b -44.9 ± 1.1a -44.9 ± 1.1a -44.9 ± 1.1a -44.9 ± 1.1b -44.9 ± 1.1a

2 -50.1 ± 1.6a,x -45.4 ± 2.4a,y -41.5 ± 5.2a,y -62.3 ± 1.4b,z -67.7 ± 2.5a,z -65.9 ± 1.4b,z

5 -49.9 ± 1.6a,x -54.9 ± 2.9b,x -55.0 ± 2.6b,x -61.6 ± 2.5b,y -68.8 ± 5.3a,z -67.7 ± 3.1b,z

10 -49.9 ± 0.7a,x -60.1 ± 2.8c,y -59.9 ± 3.9b,y -65.6 ± 3.7c,z -68.1 ± 6.1a,z -71.3 ± 1.5b,z

15 -51.4 ± 0.8a,x -58.2 ± 2.5c,y -65.7 ± 4.7c,z -64.8 ± 1.2c,z -67.6 ± 3.4a,z -71.3 ± 0.8b,z

30 -50.6 ± 1.3a,x -64.6 ± 3.1d,y -68.0 ± 4.2c,y -66.6 ± 0.7c,y -68.1 ± 3.0a,y -71.5 ± 0.9b,y

60 -51.5 ± 0.6a,x -71.9 ± 3.0e,y -76.9 ± 1.3d,y -71.1 ± 2.5d,y -69.7 ± 6.7a,y -71.5 ± 3.4b,y

90 -50.8 ± 0.9a,x -74.2 ± 1.8e,y -76.7 ± 1.6d,y -70.8 ± 1.1d,y -68.3 ± 5.4a,y -71.1 ± 2.1b,y

120 -50.6 ± 1.3a,x -74.8 ± 1.0e,y -76.9 ± 3.5d,y -72.9 ± 1.1d,y -69.4 ± 3.8a,y -68.5 ± 1.3b,y

Data are the averages of at least three independent experiments ± standard deviation

Different superscripts indicate significant difference within a column (a to e) and within a row (x–z) at p \ 0.05
A Contained SDF (without pancreatin) and SBF (without BS or PL)
B Determined after adjustment to pH 6.5, but prior to SDF and SBF addition
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The Rate of Lipid Hydrolysis

To analyze the extent of triglyceride (TG) digestion by

pancreatic triglyceride lipase (PTL), the emulsion-SGF was

subjected to the various in vitro digestion models. Hence,

the lipolysis experiments were carried out at constant

substrate and PTL concentrations. Fig. 4a and b show the

plot of product formation as a function of time, for the

different digestion models. Moreover, all the kinetic

parameters including maximal product formation (P max)

and initial rates (t0) represented in Table 2 were obtained

by plotting [P]/t against [P] (Fig. 4c and d).

In all models, lipolysis occurred rapidly and without any

lag phase. However, the extent of lipolysis depended

highly on the composition of the digestive fluids. In the

model containing only BS, the reaction reached a plateau

within 20 min of about 130 lmol mL-1. In other words,

66.1 ± 3.4% of the original TG were converted into MG

and FFA at the end of the duodenal stage (Table 2). The

limited hydrolysis of TG in the presence of BS confirmed

the inhibitory effect of BS along with lipolytic products on

PTL activity that was described in previous work [14].

Addition of COL to the in vitro digestion fluids

increased the extent of lipolysis, but not the initial rate

(Table 2). The highest value of Pmax (196.3 ± 2.5

lmol mL-1) was noted for systems containing BS–COL

(Fig. 4a), corresponding to 81.2 ± 1.2% of lipid hydrolysis

(Table 2). These results are in good agreement with pre-

vious published work proposing that COL improves the

binding of PTL to its substrate through formation of a

PTL–COL complex [39]. In the current study, inclusion of

COL led to a 15.1% increase in lipolysis compared to BS

alone. Possibly the COL–PTL complex remained at the

interface for longer, and had a higher resistance to dis-

placement by the BS and lipolytic products, than PTL

alone. Reportedly, under the same experimental conditions,

incubation of a whey protein stabilized emulsion (0.5%

protein) with SDF and SBF containing COL and BS

resulted in a significantly higher value of initial velocity

along with higher Pmax [14]. However, in this case the

addition of COL in combination with BS increased only

Pmax. Again, these results stress the importance of COL in

terms of lipid hydrolysis, and that its effect is governed by

the original and modified composition of the interfacial

layer.

The values of PTL initial velocity were considerably

higher in all systems containing PL (Table 2). The highest

t0 was recorded in the presence of BS–PL with a value of
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Fig. 4 Product formation with PTL activity (as FFA concentration)

(a, b) and the corresponding linear plot of [P]/t versus [P] for

determination of kinetic parameters (c, d). The concentration of

products was measured in the various in vitro models: BS only (filled

upward triangles); BS–COL (filled circles); BS–PL (open upward
triangles), BS–PL–COL (open diamonds), and BS–PL–COL–PLA2

(open circles). Data shown is the averages of three independent

experiments with standard deviation
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105.0 lmol mL-1 min-1. Furthermore, a higher t0 was

found with BS–PL–COL and BS–PL–COL–PLA2 com-

pared to the systems lacking PL (Table 2). The addition

of PL along with BS also led to a rapid increase in the

generation of FFA, reaching a plateau within 20 min of

duodenal incubation (Fig. 4b). However, the lowest Pmax

values were observed in the systems containing BS–PL

(120.1 ± 2.9 lmol mL-1). Together with the particle size

and f-potential data, it is possible to conclude that the

preferential adsorption of PL at the interface enhanced the

PTL inhibition. The lowest percentage of lipolysis was

recorded for the in vitro digestion containing BS–PL, with

a value of 51.0 ± 5.0% (Table 2).

Addition of COL to the BS–PL system slightly mini-

mized the inhibitory effect of BS–PL on PTL a value of

147.4 lmol mL-1 or 59.8 ± 5.3% lipid digestion observed

(Table 2). These data seem to confirm that the oil–water

interface was covered by both BS and PL, and inclusion of

COL significantly improved the PTL binding and activity.

Lipolysis was 8.8% higher compared to the in vitro

digestion system containing only BS–PL (Table 2).

The effect of PL needs to be considered in light of the

presence of PLA2 in the duodenal fluids. This enzyme

converts PL into lysophospholipids (Lyso–PL) and FFA.

As shown in Table 2, the addition of PLA2 into the system

containing BS–PL–COL did not change the initial velocity

of lipolysis compared to when only BS–PL–COL are

present; however, significantly higher Pmax was found

(Table 2). This suggests that hydrolysis of adsorbed PL at

the oil–water interface by PLA2 and the generated FFA and

Lyso–PL modified the structure of the interfacial layer. It

was reported [21] that Lyso–PL has a high affinity for

mixed BS micelles and may readily desorb from the oil–

water interface. The same positive impact of PLA2 on the

PTL activity has been also recently reported for whey

protein stabilized interfaces [14].

b-Carotene Bioaccessibility

The amounts of bioaccessible b-carotene (BC) isolated

from the micellar phase (the centrifugal supernatant) are

summarized in Fig. 5. In the presence of BS alone,

48.4 ± 2.9% BC transfer was obtained. In contrast,

addition of PL along with BS significantly reduced the

amount of micellarized BC, as only 33.4 ± 3.7% BC was

recovered in the aqueous phase. The combination of BS–

COL significantly increased the amount of micellarized BC

compared to BS alone. However, addition of COL to the

BS–PL had no effect on BC transfer (38.9 ± 1.7%). It

seemed that the impact of BS, PL, and COL on BC transfer

originated from the impact of these bio-surfactants and

cofactor on the extent of lipid hydrolysis (Table 2).

The highest bioaccessibility was obtained in the in vitro

digestion model that included PLA2, in addition to BS–PL–

COL. In this case, a high degree of lipid hydrolysis was

observed (Table 2) and 79.7 ± 3.4% of the BC was

transferred to the aqueous phase. Comparing the BC bio-

accessibility for the BS–COL system (treatment 4 in

Fig. 5) versus the model containing BS–PL–COL and

PLA2 (treatment 5 in Fig. 5) demonstrates that the presence

of Lyso–PL liberated during PL hydrolysis significantly

increased BC micellization. Indeed, in both cases, 80% of

the TG were hydrolyzed; however, significantly higher BC

transfer occurred in the presence of Lyso–PL.

Figure 6 shows that there was a positive correlation

between the extent of lipid hydrolysis and BC bioaccessi-

bility (Fig. 6, r2 = 0.94). This is consistent with recent

Table 2 The kinetic

parameters of lipid hydrolysis

by PTL for the different

duodenal conditions

Different superscripts within a

column indicate significant

difference between means,

p \ 0.05

Pmax

(lmol mL-1)

t0

(lmol mL-1 min -1)

r2 Lipid

hydrolysis (%)

BS 150.0 ± 2.6c 42.5c 0.95 66.1 ± 3.4c

BS–PL 120.1 ± 2.9d 105.0a 0.87 51.1 ± 5.0d

BS–COL 196.3 ± 3.2a 41.1c 0.97 81.2 ± 1.2a

BS–PL–COL 147.4 ± 2.7c 93.9b 0.82 59.8 ± 5.3b

BS–PL–COL–PLA2 186.3 ± 2.5b 86.4b 0.94 79.2 ± 2.3a

1 2 3 4 5

B
C

 tr
an

sf
er

 (
%

)

0

20

40

60

80

100

a 

d 

c 

a 

b 

Fig. 5 The total amount of BC transferred to the aqueous phase in the

presence of 1 BS–PL, 2 BS–PL–COL, 3 BS, 4 BS–COL, and 5 BS–

PL–COL–PLA2. Means and standard deviations indicated for three

independent experiments, letters show statistical differences

(p \ 0.05)
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reports [14] that a higher extent of lipolysis led to more BC

transfer to the aqueous phase. However, prior to the linear

region in Fig. 6, a clear lag phase was observed such that

approximately 55% lipolysis resulted in approximately

30% BC transfer. In addition, the release behavior of BC

was below the theoretical line indicating that BC had a

higher tendency towards the oil phase than the micellar

phase. This trend might be explained by a preferential

partitioning and hence a concentration of BC in the oil

phase during the course of digestion. A similar trend was

recently reported for the lipophilic drug progesterone,

which became more concentrated in the oil phase as the oil

was digested [40]. The present work also illustrates that

factors other than lipolysis might play a role in the mic-

ellization behaviour of BC. In particular, the composition

of the mixed micelles is implicated based on the fact that

BC bioaccessibility was higher when Lyso–PL were pres-

ent compared to only BS and PL (Fig. 6).

Conclusions

The gastro-intestinal behavior of SPI-stabilized emulsions

has been explored, by considering the influence of the in

vitro conditions on lipolysis and micellization of BC.

During the gastric stage, the hydrolysis of the interfacial

layer led to significant flocculation of the emulsion drop-

lets. The particle size, f-potential, and microstructure of the

emulsion droplets were markedly affected by the presence

of BS and PL in the in vitro duodenal stage. BS and PL

were found to play a significant role in PTL activity by

affecting PTL access to its substrate. Both COL and PLA2

enhanced the extent of lipolysis, although through different

mechanisms. The amount of TG hydrolyzed also was

correlated with the amount of BC transferred to the mixed

BS micelles, and Lyso–PL was seen to play an important

role in BC micellization.
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