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The objective of this study was to investigate the influence of globular protein interfacial cross-linking on
the in vitro digestibility of emulsified lipids by pancreatic lipase. 3% (wt/wt) corn oil-in-water emulsions
stabilized by either lecithin or �-lactoglobulin were prepared (pH 7). A portion of the �-lactoglobulin stabilized
emulsions was subjected to a heat treatment known to cross-link the adsorbed globular proteins (85 °C,
20 min). Pancreatic lipase and bile extract were then added to each emulsion at 37 °C (pH 7) and the
evolution of the particle charge, particle size, appearance and free fatty acids released were measured
over a period of 2 h. The rate and extent of lipid digestion did not differ greatly between lecithin and
�-lactoglobulin stabilized emulsions, nor did it differ greatly for unheated (BLG-U) or heated (BLG-H)
�-lactoglobulin stabilized emulsions. For example, the initial rate of lipid digestion was found to be 3.1,
3.4, and 2.3 mM fatty acids s-1 m-2 of lipid surface for droplets stabilized by BLG-U, BLG-H, and lecithin,
respectively. Pancreatic lipase was able to adsorb to the droplet surfaces and access the emulsified
lipids, regardless of the initial interfacial composition and the fact that some of the original emulsifier
appeared to remain at the oil-water interface during digestion. These results help to explain why the
human body is so efficient at digesting dietary triacylglycerols.
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INTRODUCTION

Lipids play a major role in the human diet, providing energy,
essential nutrients and bioactive components (1). Consequently, it
is important to understand the factors that impact their bioavail-
ability. Lipids might be present in foods in a variety of different
forms, including as bulk, structural, emulsified, or interfacial
structures (2–4). In this study, we are primarily interested in the
digestion of protein-coated lipid droplets, since these are present
in many traditional foods (e.g., milk and cream) and they may be
useful in nutraceutical delivery systems (5, 6). After ingestion
emulsified lipids undergo a variety of compositional and structural
changes as they pass through the human gastrointestinal (GI)
tract (4, 7). In the mouth, an ingested emulsion is: mixed with
saliva; changes its pH, ionic strength and temperature; is acted upon
by digestive enzymes; interacts with the surfaces of the tongue,
mouthandthroat;and,experiencesacomplexflow/forceprofile(8–14).
These factors may result in changes in lipid droplet size, aggrega-
tion state, and interfacial properties. In the stomach, the emulsion
is: exposed to highly acidic conditions (pH 1-3); mixed with
enzymes (e.g., proteases and gastric lipase) and surface active
substances (e.g., phospholipids and proteins); and, experiences a
complex flow/force profile (7, 15–20). Endogenous and exogenous
surface active substances may displace the original surface active

materials present at the oil-water interface. Gastric lipase initiates
the digestion of emulsified lipids (18, 20), while proteases may
digest proteins adsorbed to the droplet surfaces (21–23). Conse-
quently, there may be further changes in the composition, structure,
and interfacial properties of the lipid droplets. In the small intestine,
the partially hydrolyzed and emulsified lipids are mixed with
digestive juices containing bile salts, phospholipids, pancreatic
lipase, colipase and bicarbonate (20, 24). As a result of mixing
with these alkali digestive juices the pH of the emulsion in the
small intestine moves close to neutral. Surface active substances
present in the small intestine compete with surface active materials
initially present at the lipid droplet surfaces, and may displace them.
Pancreatic lipase may adsorb to the lipid droplet surfaces and
hydrolyze the conversion of triglycerides and diglycerides into
monoglycerides and free fatty acids (25), while proteases may carry
out hydrolysis of any interfacial proteins (23). Consequently, there
will be further changes in the composition, structure and interfacial
properties of the lipid droplets (21). The lipid digestion products
released from the droplets are eventually incorporated into bile salt/
phospholipid micelles and vesicles that are transported to the
enterocytes where they are absorbed (26).

In this study, we examine the impact of interfacial protein
cross-linking on the lipase digestibility of lipid droplets coated
by a model globular protein (�-lactoglobulin, �-Lg). In par-
ticular, we focused on the impact of heat treatment on the rate
and extent of lipid digestion, since heat treatment is known to
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promote interfacial cross-linking of this protein (27, 28).
Previous studies have established that the composition and
structure of the interfacial layer surrounding lipid droplets affects
the rate of lipid digestion, as well as the release rate of any
entrapped lipophilic constituents (2, 16, 17, 19, 20, 29–36). As
mentioned earlier, there may be appreciable alterations in the
composition and characteristics of the interfacial layer sur-
rounding protein-coated lipid droplets as they pass through the
human GI tract (37). The protein layer surrounding the lipid
droplet could be desorbed (by surface active substances) or
digested (by enzymes) prior to any lipid digestion occurring.
Previous studies have shown that cross-linking adsorbed globular
proteins by heating above their thermal denaturation temperature
makes them more difficult to displace from lipid droplet surfaces
by surface active substances (27, 38). We therefore hypothesize
that cross-linked proteins should be more difficult to displace
from lipid droplet surfaces by surface-active substances in
digestive juices, which may impact the rate and extent of lipase
digestibility. In addition, a cross-linked protein layer may also
restrict access of digestive enzymes to emulsified lipids, which
should also impact the rate and extent of lipase digestibility.
This would have important consequences for formulating
delivery systems to control lipid bioavailability (5), or for
formulating foods that ensure high bioavailability of ingested
lipids for individuals with compromised digestive systems (24).
The conditions used in this study are designed to simulate the
digestion of emulsified lipids in the small intestine. In reality,
there may be substantial changes in interfacial composition and
properties when an emulsion passes through the mouth and
stomach, so future studies should also examine these factors.

MATERIALS AND METHODS

Materials. Mazola corn oil (ACH Food Companies, Inc., Memphis,
TN) was obtained from the local grocery store and used without further
purification. BioPURE �-lactoglobulin (�-Lg) was provided by Davisco
Foods International, Inc. (Le Sueur, MN). A 0.62% (w/w) �-Lg solution
was prepared in 10 mM phosphate buffer at pH 7. The solution was
stirred for at least 2 h at ambient temperature (25 ( 3 °C) and then
kept overnight in the refrigerator prior to use. Lecithin (Ultralec F
deoiled lecithin) was supplied by ADM (Decatur, IA). A 0.62% (w/w)
lecithin dispersion was made in 10 mM sodium phosphate buffer at
pH 7 and stirred at ambient temperature (25 ( 3 °C) overnight prior
to use. The pH of the emulsifier solution was adjusted to pH 7, if
needed, prior to use. Porcine pancreatic lipase type II (batch 115K0681,
EC 232-619-9) and porcine bile extract (batch 106K0097, EC 232-
369-0) were obtained from Sigma Aldrich (St. Louis, MO). All
analytical grade chemicals were purchased from either Fisher Scientific
(Pittsburgh, PA) or Sigma Aldrich (St. Louis, MO).

Emulsion Preparation. 3% (w/w) corn oil and 97% (w/w) of
emulsifier solution (0.62% w/w in aqueous phase) were mixed using a
high speed blender (Tissue Tearer, model 985370-395, BioSpec Products,
Inc., Bartlesville, OK) for 2 min. This coarse emulsion was then
homogenized for 3 passes (2700 psi first stage, 300 psi second stage) at
room temperature (25 ( 3 °C) using a two-stage homogenizer (APV, Lake
Mills, WI). The final temperature of the emulsion did not exceed 30 °C
(as determined by dipping a thermometer in the emulsion that exited the
homogenizer). The pH of the emulsion was adjusted to 7.0, if it had
changed by more than 0.1 units from the initial value in the emulsifier
solution. The �-Lg stabilized emulsion was divided into two portions that
received different heat treatments: unheated emulsions (BLG-U) were held
at ambient temperature (25 ( 3 °C); heat-treated emulsions (BLG-H) were
subjected to heat treatment at 85 °C ((2 °C) for 20 min in a water bath.
Previous studies showed that �-Lg thermally denatured when held at this
temperature (39, 40). About 10 mL of the emulsions were placed into test
tubes. The time to reach the heating temperature was between 110 and
150 s. After heating, the emulsions were quickly cooled down in an
ice-water bath. The emulsions were kept in a refrigerator (4 °C) until

used within the in vitro digestion model (from 1 to 3 days). Results are
reported as the average and standard error of measurements on three batches
of emulsion prepared on different days.

In Vitro Pancreatic Lipase Digestion. The emulsion, bile extract
solution, pancreatic lipase solution, and pancreatic lipase/bile extract
solutions were incubated at 37 ((2) °C for at least 10 min prior to
use. To 30 mL emulsion, 7.5 mL of solution containing 187.5 mg bile
extract and/or 300 mg pancreatic lipase in phosphate buffer (10 mM,
pH 7) was added, and then stirred for 30 s. The final concentrations of
the bile extract and pancreatic lipase were 5 mg/mL and 8 mg/mL,
respectively. The pH of the solution was adjusted to 7.0, if required.
The samples were then incubated at 37 ((2) °C in an incubated shaker
(Innova 4080, New Brunswick Scientific, Edison, NJ) for 2 h at 95
rpm to mimic the intestinal digestion process (2). Subsamples were
taken periodically during this incubation time for analysis. At the end
of the 2 h digestion, the pH of the samples were 6.81 ((0.04), 6.68
((0.05), and 6.69 ((0.01) for unheated �-Lg, heated �-Lg, and lecithin
emulsions, respectively. The samples were then stored for another 22 h
(total 24 h digestion) to highlight any differences between the emulsions,
and then centrifuged at 2500 g for 10 min (Fisher Scientific Centrific,
centrifuge model 225A, Suwanee, GA).

Optical Microscopy. Samples were periodically taken during the
2 h digestion period, and a drop was placed on a glass microscope
slide and covered by a coverslip. The microstructure of the emulsion
was observed using optical microscopy (Nikon Eclipse 80i, Nikon
Instrument Inc., Japan), with a 50× objective lens. The samples were
held at 37 ((1) °C using a temperature controlled microscope stage
(LTS 120 stage, PE94 Temperature Controller, Linkam Scientific
Instruments Ltd., Surrey, U.K.). Images were acquired using a digital
camera (QImaging Retiga 2000R Fast1394 camera, QImaging, Surrey,
Canada) and analyzed using a software program (NIS-Elements Imaging
Software BR 2.30, Nikon Instrument Inc.).

�-Potential Measurements. The �-potential of the lipid droplets in
the emulsions was measured periodically during the 2 h digestion. In
addition, the �-potential of a subsample collected after 2 h of digestion
and then adjusted to pH 3 was measured (to ascertain whether protein
was still adsorbed to the lipid droplet surfaces). Approximately 5-6
drops of the sample was added to 50 mL phosphate buffer (pH 7, 10
mM) during the digestion process, or to 50 mL phosphate buffer (pH
3, 10 mM) at the end of the 2 h digestion process. About 5-6 mL of
diluted emulsion was then injected into the measurement chamber of
a commercial particle electrophoresis instrument (Zetamaster, Malvern
Instruments, Westborough, MA). Each individual measurement was
determined from the average of five readings of the same sample at
room temperature (25 ( 3 °C).

Static Light Scattering (SLS). The mean particle diameter (d4,3 and
d3,2) and particle size distribution (PSD) of samples were measured
using a static light scattering instrument (Mastersizer S, Malvern
Instruments). A presentation code of 3NAD was used in the analysis
of the light scattering data, which corresponded to an oil phase refractive
index of 1.47 and a water phase refractive index of 1.33. A few drops
of sample were dispersed in approximately 125 mL phosphate buffer
(10 mM, pH 7) in the sample chamber with agitation until ap-
proximately 11-14% obscuration was obtained. Measurements were
done in duplicates at ambient temperature.

Free Fatty Acid (FFA) Release. Lipase activity was determined by
measuring the liberated free fatty acids (FFA) using a previously described
titration method (2) with some modifications. Briefly, subsamples were
taken at certain times during the 2 h digestion period. To 5 mL sample
was added 10 mL of 95% ethanol (to inactivate the lipase) containing 3
drops of 1% phenolphthalein indicator, which was then titrated with 0.05
N NaOH to end point (pink color). A standard curve was prepared using
oleic acid (0, 50, 100, 150, and 200 mM), and this was used to calculate
the free fatty acid concentration of the samples. The free fatty acids liberated
from the samples due to lipase activity were determined by subtracting
the FFA concentration measured in the samples before digestion from that
measured after digestion. The calculation of % FFA released was done by
assuming that the average molecular mass of corn oil triacylglycerides is
800 g/mol and that 1 mol of triacylglyceride would be converted to 2 mol
of free fatty acids and 1 mol of monoglyceride after 100% digestion.
Measurements were done in duplicates.
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Opacity Measurements. The opacity of emulsion samples was
determined using a laser backscattering method (Turbiscan Classic
MA2000, Formulaction, l’Union, France). Ten milliliters of emulsion
was mixed with either 2.5 mL bile extract or bile extract/lipase or buffer
solution and put in test tubes. The samples were incubated at 37 °C
during digestion with constant swirling (95 rpm). Prior to measurements
samples were vortexed to make them homogeneous and then placed in
the measurement chamber of the vertical scanning laser instrument
(Turbisan Classic MA2000, SCI-TEC Inc., Sandy Hook, CT), and the
backscattering was measured periodically (about every 30 min) at a
height of 35 mm during 2 h digestion.

Statistical Analysis. ANOVA and Tukey-HSD analysis were done
by SPSS v15.0 (SPSS Inc., Chicago, IL) using 95% confidence level.

RESULTS AND DISCUSSION

Emulsion Microstructure. The change in the microstructure
of the three emulsions during the digestion process was
measured (Figure 1). Initially, the emulsion stabilized by lecithin
contained appreciably larger oil droplets than the ones stabilized
by �-Lg, which indicated that the globular protein was better
at facilitating the formation and/or preventing the aggregation
of lipid droplets during homogenization. Previous studies
showed that �-Lg is effective at forming small droplets during
homogenization that are stable to aggregation at neutral pH and
low salt concentrations (41, 42). The addition of bile extract to
the emulsions used in this study did not cause any observable
changes in their microstructure. The microstructure of the
emulsions did not change appreciably during the first 2 h of
digestion for all emulsions, however, appreciable changes were
observed after 24 h digestion (Figure 1). The unheated �-Lg
emulsion showed coalescence and flocculation, while the heated
�-Lg emulsion showed a much lower extent of coalescence.
The lecithin emulsion also showed some increase in lipid droplet
size after 24 h digestion, which can be attributed to droplet
coalescence. On the other hand, the lecithin emulsion containing
no lipase and bile extract remained relatively stable for 24 h
storage at 37 °C (results not shown). It is interesting to note

that the lipid droplets did not completely disappear after the
digestion period, which suggested either (i) the lipid phase was
not fully digested or (ii) there was insufficient bile salts and
phospholipids present to solubilize all the lipid digestion
products formed (i.e., mono- and diacylglycerols and free fatty
acids). Previous studies showed that lipid digestion is inhibited
when the digestion products are not removed from the droplet
surfaces (24), which may at least partially account for the fact
that not all the emulsified lipid was digested.

The particle size distribution and mean particle diameter of
the emulsions was initially measured without the addition of
lipase and/or bile extract to show the ability for the emulsifiers
to produce small lipid droplets. Initially, all of the emulsions
had a monomodal particle size distribution, i.e., there was a
single peak in the particle size distribution (Figure 2). The initial
volume-weighted (d4,3) mean particle diameters of unheated
�-Lg, heated �-Lg, and lecithin emulsions were 0.47 ((0.01),
0.46 ((0.01), 0.75 ((0.02) µm, respectively. The initial surface-
weighted (d3,2) mean particle diameters of the same emulsions
were 0.30 ((0.01), 0.30 ((0.02), and 0.36 ((0.01) µm,
respectively. These results again showed that the globular
proteins were capable of forming emulsions with smaller initial
droplet sizes, which can be attributed to their ability to facilitate
droplet disruption within the homogenizer and prevent subse-
quent droplet aggregation (6). The heat-treatment of �-Lg
emulsions after homogenization did not promote droplet ag-
gregation as shown by the similar mean particle diameter
between heated and unheated �-Lg emulsions. This supports
previous studies that have shown that �-Lg emulsions are stable
to heating at neutral pH, provided they are heated in the absence
of high levels of salt (41). On the other hand, previous studies
have shown that these heating conditions are sufficient to cause
appreciable interfacial protein cross-linking through disulfide
bond formation (27, 43). These differences in interfacial cross-
linking might be expected to (1) impact the adsorption of bile

Figure 1. Optical microscopy images of emulsions before and during digestion (objective lens: 50 ×): (a) unheated �-Lg emulsionl (b) heated �-Lg
emulsionl (c) lecithin emulsion. Scale bar represents 20 µm.
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salts and lipase to the lipid droplets surfaces, and (2) to impact
the access of lipase to the emulsified lipids.

With the addition of bile extract, the d4,3 values of unheated
�-Lg, heated �-Lg, and lecithin emulsions were 0.47 ((0.01),
0.48 ((0.01), 0.75 ((0.00) µm, respectively. The d3,2 values
of the same emulsions were 0.30 ((0.02), 0.32 ((0.01), 0.36
((0.01) µm, respectively. All three emulsions initially had a
monomodal particle size distribution before and after bile extract
addition. These results indicated that the addition of bile extract
alone did not cause an appreciable alteration in the particle size
distribution of the three types of emulsion i.e., it did not promote
droplet flocculation or coalescence. On the other hand, when
lipase extract was added to the emulsions a second peak of large
particles (d ) 10-1000 µm) was observed in the particle size

distribution profiles (Figure 2). This peak can be attributed to
the fact that the lipase extract contained some insoluble
particulate matter that also scattered lightsthe lipase extract
solution had a cloudy appearance. During digestion there were
alterations in the particle size distribution of the emulsions,
which could be attributed to physicochemical changes resulting
from lipid droplet digestion and/or aggregation (Figure 2). One
would expect a decrease in droplet size if lipid digestion
products (free fatty acids and monoacylglycerols) left the
droplets and became incorporated within bile salt/phospholipid
micelles. On the other hand, one would expect an increase in
droplet size if coalescence occurred due to displacement or
digestion of the emulsifiers originally stabilizing the droplets.
Our results showed that there was a gradual shift of the peak
corresponding to the lipid droplets to larger droplet sizes during
the digestion period, which suggested that there was some
coalescence in the emulsions (Figure 2).

In order to highlight the changes occurring in the lipid droplets
we calculated the mean particle diameter of only those particles
with d < 10 µm, so as to avoid the contribution from the insoluble
lipase extract (Figure 3). These results indicated that there was
little change in the mean particle size of the protein-stabilized lipid
droplets during the 2 h digestion period, but that appreciable growth
of the lecithin-stabilized lipid droplets occurred (Figure 3). These
results suggest that the droplets initially coated by lecithin were
more unstable to aggregation than the ones initially coated by
protein. A rough indication of the change in lipid droplet
concentration during digestion was obtained from backscattering
measurements (Figure 4). These results suggest that there was little
change in the concentration of lipid droplets present in the protein-
stabilized emulsions, but that there was an appreciable decrease in
the concentration of droplets in the lecithin-stabilized emulsions.
Nevertheless, this decrease may also be partially due to the increase
in droplet size that occurred during digestion, which would also
impact the light scattering properties of the droplets (44). These
results supported the particle size distribution measurements, which
showed that there was little change in the relative volume of lipid
droplets within the emulsions during digestion (Figure 2). One
reason that the lecithin-coated droplets may be more susceptible
to dissolution than the protein-coated droplets is that lecithin
molecules can be incorporated within the mixed micelles and
vesicles that normally solubilize lipid digestion products (36).
Hence, it might be possible to solubilize more of the digestion
products in emulsions containing lecithin, than in ones containing
protein.

Figure 2. Particle size distributions of corn oil-in-water emulsions with
different emulsifiers as a function of pancreatic lipase digestion time: (a)
unheated �-Lg emulsion; (b) heated �-Lg emulsion; (c) lecithin emulsion.
The “before lipase” emulsion contained bile extract, but no lipase. The
times shown are the incubation periods in the digestion model.

Figure 3. Surface-weighted mean particle diameters (d3,2) of corn oil-in-
water emulsions with different emulsifiers as a function of pancreatic lipase
digestion. The lower case letters indicate samples that were significantly
different (p < 0.05) at the same measurement time.
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Interfacial Composition. Some insights into the changes in
interfacial composition during the digestion process were
obtained using �-potential measurements (Figure 5). In the
absence of bile or lipase, the �-potentials of the lipid droplets
in the unheated �-Lg, heated �-Lg, and lecithin emulsions (pH
7) were -48.9 ((0.4), -41.3 ((0.3), and -53.7 ((0.9) mV,
respectively. When bile extract was added, there was an
appreciable change in the measured �-potential values: � )
-54.9 ((1.4), -40.0 ((0.6), -63.6 ((0.7) mV, for unheated
�-Lg, heated �-Lg, and lecithin emulsions. These changes in
�-potential suggest that there was some alteration in the
composition of the lipid droplet surfaces induced by the addition
of bile extract. For the heated �-Lg emulsion, the change in
�-potential was relatively small (∆� ) +1.3 ( 0.7 mV), which
might be an indication that bile salts were unable to absorb to
the lipid droplet surfaces and/or displace cross-linked proteins.
On the other hand, the �-potential on the lipid droplets in the
unheated �-Lg (∆� ) -6.0 ( 1.5 mV) and lecithin (∆� ) -9.9
( 1.1 mV) emulsions became much more negative after bile
was added, which suggested that bile was able to adsorb to the
droplet surfaces and possibly displace some of the original
emulsifier. The �-potential of bile-stabilized lipid droplets in
emulsions prepared using bile extract as an emulsifier were
found to be -85.7 ( 1.1 mV at pH 7, which suggested that
bile was unable to completely displace the original emulsifiers
from the lipid droplet surfaces at the levels used.

After the addition of lipase and bile extract, the �-potential for
all three emulsions became more negative than when bile extract
alone was added. For example, 10 min after the lipase and bile
extract were added the �-potentials of all three emulsions were
approximately -65 mV (Figure 5). This increase in negative
charge suggested that there was a change in the lipid droplet
surfaces, possibly due to adsorption of the lipase, but also possibly
due to the release of anionic free fatty acids (FFA) that remained
at the oil-water interface. The �-potential remained highly negative
through the two hour digestion period, which may be attributed to
the fact that most of the FFA released remained within the lipid
droplets (see below).

Additional information about interfacial composition at the
end of the 2 h digestion period was obtained by adjusting the
emulsions to pH 3 (Table 1). Emulsions stabilized by �-lacto-
globulin should be positively charged at this pH, whereas those
stabilized by bile salts should be negatively charged. For
comparison, we also measured the �-potential values of emul-
sions stabilized by the same emulsifiers at pH 3 in the absence
or presence of bile extract (Table 1). The �-potential of lipid
droplets coated by bile extract was also measured at pH 3 as
-24.1 ((1.1) mV. The fact that the droplets are positively
charged at pH 3 in the emulsions initially stabilized by
�-lactoglobulin in the presence of bile extract or bile extract
plus lipase suggested that some of the protein remains adsorbed
to the lipid droplet surfaces. In other words, the bile salts do
not completely displace the proteins from the oil-water
interface. We used a bile salt concentration of approximately 5
mM in this study, which is close to the reported levels found in
the small intestine during fasting (2.0-6.4 mM), but is low
compared to the levels found after digestion of a meal (6.8-16.2
mM) (36). We therefore postulate that there may not have been
sufficient bile salts present to completely displace all of the
original emulsifier molecules from the lipid droplet surfaces.

It should be noted that there may have been additional
enzymes in the lipase extract used in this study that may have
digested the adsorbed lecithin (phospholipases) or �-lactoglo-
bulin (proteases) coating the lipid droplets. These enzymes may
have facilitated the displacement of lecithin and proteins from
the oil-water interface.

Lipase Activity. The influence of protein cross-linking on the
digestibility of lipid droplets was determined by monitoring the
formation of free fatty acids (FFA) during lipase digestion (Figure
6). The initial rate of FFA formation in the emulsions containing
lipid droplets initially coated by lecithin was less than that of the
emulsions containing lipid droplets initially coated by �-lactoglo-
bulin. This phenomenon can be attributed to the fact that the
lecithin-coated droplets were larger than the protein-coated droplets,
and hence the surface area of lipid exposed to lipase was less (33).
Alternatively, it may have been due to differences in interfacial
composition that altered the ability of the lipase to interact with
the emulsified lipids. After 2 h of digestion approximately the same
amount of free fatty acids was released from all three emulsions.

Figure 4. Change in backscattering from corn oil-in-water emulsions with
different emulsifiers as a function of pancreatic lipase digestion time.

Figure 5. Electrical charge (�-potential) within corn oil-in-water emulsions
stabilized by different emulsifiers as a function of pancreatic lipase digestion
time.

Table 1. �-Potential Measurements of Oil-in-Water Emulsions Containing
Lipid Droplets Initially Coated by Lecithin or �-Lactoglobulin (Unheated or
Heated) at pH 3a

�-potential (mV)

sample lecithin BLG-U BLG-H

emulsion -39.7 ( 1.2 a +38.7 ( 2.3 b +47.1 ( 1.1 c
emulsion + bile -44.9 ( 1.0 a +27.3 ( 3.0 b +29.3 ( 2.3 b
emulsion + bile + lipase* -19.8 ( 0.6 a +13.6 ( 0.8 b +8.4 ( 3.9 b

a The emulsions containing lipase were measured after 2 h of digestion. Different
letters in a row indicate significant difference at the 95% confidence level.
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We also found that there was little difference in the initial rates or
the final amounts of free fatty acids released from the heated or
unheated emulsions containing protein-coated lipid droplets (Figure
6). In other words, the lipase appeared to be able to access and
digest the triacylglycerols encapsulated within the lipid droplets
regardless of whether the globular proteins at the oil-water
interface were cross-linked or not. Finally, there was a fairly similar
decrease in solution pH after 2 h digestion for the three different
systems, which can be attributed to similar levels of free fatty acid
formation: 6.81 ((0.04), 6.68 ((0.05), and 6.69 ((0.01) for
unheated �-Lg, heated �-Lg, and lecithin emulsions, respectively.

The initial rate of lipid digestion (kS) was calculated as the
free fatty acids produced per unit time per unit surface area
of lipid: kS ) kid32/6�VE, where ki is the initial slope of a plot
of free fatty acids released over time, VE is the total volume of
the emulsion, d32 is the initial mean particle diameter, and �i is
the initial volume fraction of the lipid droplets. We calculated
values of 3.1, 3.4, and 2.3 mM s-1 m-2 for the emulsions
stabilized by BLG-U, BLG-H, and lecithin, respectively. These
calculations again show that there is little difference between
the rate of lipid digestion in the cross-linked (heated) and non-
cross-linked (unheated) protein coated droplets.

After 24 h, the emulsion samples were centrifuged, which
resulted in the formation of a number of visibly distinct layers.
The lecithin emulsions separated into a transparent oil layer at the
top, a turbid serum layer in the middle, and a precipitated pellet at
the bottom. The unheated �-Lg emulsions separated into a
transparent oil layer at the top, a transparent aqueous phase in the
middle, and a precipitated pellet at the bottom. The heated �-Lg
emulsions separated into an opaque cream layer at the top, a turbid
aqueous phase in the middle, and a precipitated pellet at the bottom.
These measurements indicated that the lipid droplets initially
stabilized by lecithin or unheated �-Lg were more prone to
coalescence, than the ones initially stabilized by heated �-Lg.
Previous studies of the digestion of oil-in-water emulsions have
shown that the upper oil layer contains undigested triacylglycerols
and their digestion products, while the transparent or turbid serum
layer contains mixed micelles and vesicles (45). Presumably, the
precipitated pellet found in this study contained the insoluble matter
from the pancreatic lipase.

The fact that relatively high amounts of fatty acids were
formed (>50%), even though there was little change in lipid
droplet concentration in the emulsions (Figures 2 and 4),
suggested that fatty acids and other digestion products remained
within the droplets during the digestion process. Presumably,

the extent of lipid digestion may have been greater if there were
more bile salts present in the aqueous phase to solubilize the
digestion products formed.

Conclusions. This study has provided some interesting new
insights into the impact of globular protein interfacial cross-
linking on the ability of pancreatic lipase to access and digest
emulsified lipids under conditions simulating the human small
intestine. We found that the rate and extent of fatty acids
released from emulsified lipids did not depend strongly on
protein cross-linking. Our results suggested that lipase could
adsorb to the droplet surfaces and gain access to the emulsified
triacylglycerols regardless of the nature of the initial interfacial
layer surrounding the droplets. Nevertheless, further studies are
required using analytical techniques that directly measure the
adsorption of lipase to the lipid droplet surfaces to support this
hypothesis. Our experiments also showed that emulsified
triacylglycerols can be digested by lipase, even when the
digestion products are not released into the surrounding aqueous
phase and solubilized by bile salt micelles. It should be noted
that our experiments were carried out at relatively low bile salt
concentrations, which should have accentuated the impact of
the interfacial layer on the rate of lipid digestion. Hence, the
fact that we did not observe an appreciable effect of protein
cross-linking on lipid digestion in this study suggests that an
effect would not be observed at higher bile salt concentrations.

In future studies, it would be useful to examine the impact
of bile salt concentration on the rate and extent of lipid digestion
since the levels used in this study were closer to those found in
the fasting state of humans rather than in the postprandial state.
In addition, it would be useful to use a more realistic in vitro
digestion model that examined the influence of simulated mouth,
stomach and small intestine conditions on lipid droplet properties
and digestion. Particularly, it would be important to investigate
the role of proteases in the stomach and small intestine that
can digest the adsorbed protein layer, since these may alter the
accessibility of the lipase to the lipids. Finally, our results
support the observation that the human body is highly efficient
at digesting lipids from a range of different sources that have
different initial interfacial compositions. Nevertheless, animal
and human feeding studies using lipid droplets coated by either
cross-linked or non-cross-linked proteins would be needed to
support this hypothesis.
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