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The  behaviour  of proteins  (�-lactoglobulin  (�lg) and  soy protein  isolate  (SPI))  and  a surface  active  polysac-
charide  (hydroxypropylmethylcellulose,  HPMC)  o/w  interfacial  films  under  simulated  gastrointestinal
conditions  using  the  interfacial  tensiometer  Octopus  were  compared  and  related  to  the performance  of
the  emulsions  (using  the  same  emulsifiers)  under  in vitro  digestion.

The evolution  of  interfacial  tension  (�) was  used  to  investigate  the  effect  of  gastrointestinal  fluids  on
o/w  interfacial  films.  Clear  differences  were  observed  among  these  emulsifiers.  During  the  gastric  phase,
HPMC  showed  the  lowest  change  in  � values  as  compared  to  protein  films.  The most  important  changes
occurred  during  the  intestinal  stage  where  it was  observed  an  important  decrease  of  �  associated  with  the
rapid  penetration  of  BS,  followed  by  a lower  rate  of decrease  attributable  to  the  accumulation  of  FFA at  the
interface.  In the last  stage,  the  subphase  was  exchanged  by  buffer  alone,  to remove  the  reversibly  adsorbed
digestion  products.  SPI formed  the  most  resistant  interface  to  the remotion  of digestion  products,  followed

by  HPMC  and  finally  by �lg. The  results  agree  with  the  degree  of lipolysis  reported  for  the  emulsions
stabilized  by  these  emulsifiers,  which  suggest  that lipid digestion  could  be modulated  by the  ability  of
emulsifiers  to  prevent  the BS  activity  (to  adsorb  at the  O/W  interface  or remove  the  inhibitory  digestion
products  from  the  interface).  Thus,  emulsifiers-BS  interactions  appears  as  a  key  factor  in controlling  the
lipolysis.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Lipids are widely used as food ingredients in many processed
oods where they provide texture and flavour producing an impor-
ant impact on the physicochemical properties [1,2]. Moreover,
ietary lipids have an essential function in the body, for example
hey are a source of energy and provide fat-soluble vitamins, essen-
ial fatty acids as well as carotenoids or phytosterols [3]. However,
he high lipid absorption is associated with serious health problems
uch as cardiovascular diseases, obesity, diabetes and hyperlipi-

aemia [4–6]. In fact, the World Health Organization reported a
ignificant increment in the prevalence of the overweight and obe-
ity in the last decade attributed to changes in dietary patterns and
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xactas y Naturales, Universidad de Buenos Aires, Ciudad Universitaria (1428),
uenos Aires, Argentina.

E-mail address: apilosof@di.fcen.uba.ar (A.M.R. Pilosof).

ttps://doi.org/10.1016/j.colsurfb.2017.11.027
927-7765/© 2017 Elsevier B.V. All rights reserved.
lifestyles [7–9]. For this reason, in the recent years, an important
number of works may  be found on the control of lipid digestion
within the gastrointestinal human tract to facilitate the devel-
opment of functional foods to reduce the risk of suffering these
problems [10–13]. Thus, it would be of importance to develop long-
term strategies to reach a reduction of the consumption of dietary
fats producing healthy foods with a lower fat content but with
the same sensory properties [14]. In this context, previous studies
have shown that emulsion-based delivery systems can be designed
to control the rate and extent of lipid digestion within the gas-
trointestinal tract [13,15] enabling the design of functional foods
to control lipid digestion or retaining, protecting, and releasing
hydrophilic bioactives within the gastrointestinal tract [16,17].

Dietary fats are consumed in different forms such as o/w emul-
sions where the oil droplets are contained in an aqueous medium

and the surface of these oil droplets is coated by a layer of interfacial
active molecules [18,19].

After passing through the mouth and oesophagus, the food is
mixed in the stomach with the gastric juice. Although the pH

https://doi.org/10.1016/j.colsurfb.2017.11.027
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2017.11.027&domain=pdf
mailto:apilosof@di.fcen.uba.ar
https://doi.org/10.1016/j.colsurfb.2017.11.027
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emains in between 1 and 3, it could appreciably increase after
ood digestion [20]. As described in the literature, the meal could
emain here between 1 and 3 h before passing to the small intestine.
he protein hydrolysis starts in the stomach through the action of
epsin, affecting the structure of proteins used as emulsifiers [20].
he effects of pepsin on protein structure depend on the nature and
rotein conformation [13,21]. Singh and Sarkar [22] reported that
-lactoglobulin (�lg) in solution resists the hydrolysis carried out
y pepsin but the protein is hydrolysed when unfolded at the o/w

nterface.
This partially digested food (chyme) enters in the small intestine

here it is modified by different enzymes (trypsin, chymotrypsin
nd lipase), coenzymes, such as colipase and surface active com-
onents (bile salts (BS) and phospholipids) that have an important
ffect in the interfacial film coating the oil droplets [23]. Sodium
icarbonate released from the pancreas aids in maintaining the
H close to 7. Ionic strength is due to the presence of Ca2+, Na+,
l−, PO4

−3, etc. contained in the duodenal juices secreted by the
iver, pancreas and gallbladder [20,24]. These are the conditions
hat allow the maximum activity of the intestinal enzymes [25].
n the adults human tract most of the lipid digestion occurs in
he duodenum (∼70%), although the lipolysis starts in the stomach
12,26,27]. The duodenal lipolysis is carried out by the pancreatic
ipase, which adsorbs onto the oil droplets surface to hydrolyse the
riglycerides into 2-monoglycerides (MG) and free fatty acid (FFA).
his process is facilitated by the presence of the BS (secreted by the
allbladder) which adsorb at the oil droplet surface increasing the
vailable surface area [28].

At the end of the gastrointestinal digestion the surface of the
emaining oil droplets will be formed by a mixture of different
ubstances with interfacial activity such as: peptides, the lipolysis
roducts (FFA, MG  and diglycerides (DG)), BS and enzymes [26].

In the last decade it has been demonstrated that the nature of the
mulsifier and therefore the characteristics of the interfacial films
hey form upon adsorption, play a crucial role in the behaviour of
he emulsions during the digestion process [11,13,23,29–34] and
pecifically in the lipolysis kinetics. In a previous work, the per-
ormance of protein stabilized emulsions (�-lactoglobulin (�lg)
nd soy protein isolate (SPI)) and a surface active polysaccharide
tabilized emulsion (hydroxypropylmethylcellulose, HPMC), under
n vitro gastrointestinal digestion, were compared [13]. Under sim-
lar digestion conditions the emulsions stabilized by SPI and HPMC
howed a lower degree of lipolysis than that stabilized by �lg.
he lower extent of lipids digestion of SPI was attributed to the
ehaviour of the soy protein interfaces that could resist the dis-
lacement carried out by the BS under duodenal conditions [23],
etarding the adsorption of lipase as well as to the desorption of the
ipolysis products, also mediated by the BS. Regarding HPMC emul-
ions, the lower extent of lipolysis was attributed to its resistance
o enzymatic hydrolysis and abilities to adsorb and “sequester” BS
n the bulk, as well as at the interface [35].

Despite the key role attributed to the interfaces in determin-
ng the behaviour of emulsions during digestion, there are few
tudies dealing with the effects of digestion conditions on interfa-
ial films, mainly because of technical difficulties in mimicking the
ffect of the successive digestion conditions throughout the whole
astrointestinal transit of interfaces. New technologies such as the
CTOPUS (interfacial tensiometer with a subphase multi-exchange
evice) allow to study the effect of the successive digestion stages
mouth, gastric and duodenal stages) in the properties of the inter-
acial films [33]. It allows to measure in situ the evolution of the
nterfacial tension throughout the whole simulated gastrointesti-

al transit and the mechanical properties of the interfacial layer
fter each digestion stage. In these stages, the interfacial film is
ubjected to different experimental conditions by mimicking the
assage to the stomach and the duodenum in the presence of the
 Biointerfaces 161 (2018) 547–554

salts, biosurfactants and the main enzymes present in the phys-
iological medium. Maldonado-Valderrama, et al. [32] studied the
in vitro digestion of interfacial protein structures using the interfa-
cial tensiometer Octopus. They reported different susceptibilities of
interfacial layers of �lg and �-casein upon gastric digestion, where
pepsin partially hydrolysed the interfacial film formed by �lg, low-
ering both the interfacial coverage and the interfacial elasticity of
the network. However, pepsinolysis of the interfacial adsorbed �-
casein showed a reduction of the interfacial coverage but affected
the interfacial packing of the resulting network increasing the
interfacial dilatational modulus. Nevertheless, the extent of lipid
hydrolysis was found to be similar and comparable to that in the
absence of coverage (pure oil-water interface) indicating that pro-
teins do not comprise a barrier to lipolysis.

In a subsequent work using the Octopus device, del Castillo-
Santaella, et al. [36] reported that the modification of �lg
conformation (pulsed light (PL) treatment) induced the formation
of a more susceptible interfacial film than that formed by native
�lg during pepsin and trypsin digestion. Analysis of the lipolysis
and desorption phases also indicated a slightly lower resistance to
lipolysis offered by the PL-�lg layer, as deduced from the highest
desorption degree observed for PL-�lg.

The focus of the current work is to compare the behaviour
of protein (�lg and SPI) and a surface active polysaccharide
(hydroxypropylmethylcellulose, HPMC) o/w interfacial films under
simulated gastrointestinal conditions using the interfacial ten-
siometer Octopus and to relate their behaviour to the performance
of the emulsions (using the same emulsifiers) under in vitro diges-
tion as previously reported [13]. As far as we  know, such a
comparison between gastrointestinal in vitro interfacial digestion
and emulsion digestion using different macromolecular emulsifiers
has not been reported.

The results of the present work will provide a deeper under-
standing of the interfacial aspects that underlie the behaviour of
o/w emulsions. In this way  we  provide additional route to manip-
ulate interfaces to control lipid digestion.

2. Materials and method

2.1. Materials

2.1.1. Emulsifiers
BioPURE �lg was  obtained from DAVISCO Foods International,

Inc. (Le Sueur, Minnesota) with a protein composition (dry basis)
of 97.8%, being �lg 93.6% of total proteins. Denatured soy protein
isolated (SPI, thermally procedure), being 98% water soluble, was
obtained from defatted soybean flour (Sambra S.A., Brazil) as indi-
cated by Carp, et al. [37].

Methocell HPMC (food grade) from the Dow Chemical company
was kindly supplied by Colorcon (Argentina) and used without
purification [38].

Commercial sunflower oil was  purified according to Bahtz, et al.
[39] by mixing it with Florisil 60–100 Mesh, from Fluka, in order
to minimize the surface active impurities present in the oil. More-
over, the glass material used in the present work was  also cleaned
properly to avoid some possible contamination with surface-active
components [23].

2.1.2. Simulated gastrointestinal fluids
The simulated gastric fluid (SGF) was prepared using NaCl

(100 mM),  CaCl2 (3 mM),  NaH2PO4 (5 mM)  and KCl (22 mM). The

pepsin from porcine gastric mucosa (P700, powder ≥ 250 units/mg
solid, Sigma Aldrich) was  dissolved in the SGF and the pH was
adjusted at 2.5 using HCl 1 M.  The pepsin was dissolved immedi-
ately prior its use to avoid loss of proteolytic activity.
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Table 1
Stage and composition of the digestion process.

Stage Composition

Control Emulsifier solution (1% w/w)
SGF NaCl, CaCl2, NaH2PO4, KCl pH 2.5 + Pepsin
SIF 1 NaCl, CaCl2, NaH2PO4 pH 7.0 + Trypsin + Chymotrypsin
SIF 2 NaCl, CaCl2, K2HPO4 pH 7.0 + Pancreatic Lipase + BS
DES NaCl, CaCl2, K2HPO4 pH 7.0

Fig. 1. Evolution of the interfacial tension (�) during the in vitro digestion of the
F.A. Bellesi et al. / Colloids and Surfa

It was utilized the protocol reported by Sarkar, et al. [40] to pre-
are the duodenal juice (SIF), that consists of a mixture formed
y K2HPO4 (39 mM),  NaCl (150 mM)  and CaCl2 (30 mM)  at pH 7.0.
he intestinal proteases (trypsin: type I, T8003 and chymotrypsin:
ype II, C4129, both provided by Sigma Aldrich) were used at
hysiological concentrations (40 U/mg emulsifier and 0.45 U/mg
mulsifier, respectively) [41]. It was carried out the lipolysis with
ipase from porcine pancreas (L3126, type II, at a final concentra-
ion of 54.4 mg/ml) in the presence of bovine BS (B3883, 5 mg/ml),
oth from Sigma Aldrich.

.2. Methods

.2.1. Interfacial properties
The interfacial tension, as well as the dilatational rheology mea-

urements of the o/w interfaces, have been done using the pendant
rop method in an interfacial tensiometer (OCTOPUS), equipped
ith a subphase multi-exchange device, developed at the Univer-

ity of Granada [33]. The OCTOPUS consists of an arrangement with
wo coaxial capillaries connected to one of the channels of a specific

icro injector, which can operate independently [32,42].
A droplet solution was formed at the tip of double PTFE (con-

tant volume: 10 �l) immersed in a glass cuvette filled with the
urified oil. This cuvette is covered by a thermostated compartment
37.0 ± 0.1 ◦C). The whole set-up is computer controlled with a soft-
are (DINATEN) which fits the experimental drop profile to the
oung-Laplace equation by using a drop profile analysis tensiom-
try to accurately determine (±0.1 mN/m)  the interfacial tension
�), drop volume (V) and the interfacial area (A).

The interfacial tension of the pure o/w interface was checked
aily in order to corroborate the absence of surface-active con-
aminants and values of 24.0 ± 0.4 mN/m were obtained at 37 ◦C.
he reproducibility of the results was assured from the standard
eviation of at least three independent measurements. A one-way
NOVA analysis (P < 0.05 is significant) was performed.

The computer controlled dosing system also allows to induce
rea deformations and periodic automatically controlled sinusoidal
nterfacial compressions and expansions were performed during
he formation of the adsorbed layer by decreasing and increasing
he drop volume at the desired amplitude and angular frequency.
scillations were performed at a frequency of 0.1 Hz and each
erturbation consisted of 10 oscillations cycles applied when the

nterfacial tension reach a plateau. The amplitude of the oscilla-
ion was 10% of the initial drop volume in order to guarantee that
he rheological parameters are independent of the amplitude. The
esponse obtained from the variations of the interfacial tension
ith the area deformation is used to determine the dilatational

roperties [43].
The dilatational modulus (E) is composed by the storage part

E’), that is called dilatational elasticity, representing the real part
f the term, and a loss component (E”), describing the imaginary
art of E (Eq. (1)):

(i�) = E′(�) + iE′′(�) (1)

here E”/� = � is the interfacial viscosity (� = 2�f, which is the
ngular frequency of the generated area variations) [44].

.2.2. Interfacial in vitro digestion protocol
A coaxial double capillary system was used to make the sub-

hase exchange experiments without disturbing the interfacial
ayer. As indicated previously, the OCTOPUS allows to perform the

nalysis of the sequential adsorption of different types of molecules
t the same interface.

It was designed an in vitro gastrointestinal model that mimics
he principal events that occur during the digestion process. The
�lg  adsorbed layer at the O/W interface. The conditions of each digestion stages are
summarized in Table 1. Error bars mean SD, n = 3.

gastric and the duodenal stages used in the present work are sum-
marized in Table 1. Firstly, the corresponding emulsifier interfacial
film was formed at the o/w interface (control). Once the interfacial
tension reaches a plateau, the drop subphase was  exchanged by the
SGF to mimic  the passage to the stomach. An hour later, the bulk
solution was  exchanged by the SIF to simulate the duodenal stage.
At the end of the in vitro digestion process the subphase was  also
exchanged by the SIF (with no enzymes and BS) in order to remove
the reversibly adsorbed molecules (BS, FFA, enzymes, etc.).

3. Results and discussion

3.1. In vitro digestion of o/w interfacial films

As a first step for the analysis of the interfacial behaviour of
the emulsifiers (proteins and HPMC) during the in vitro digestion,
their irreversible adsorption at the o/w interface was corroborated
by exchanging the subphase with clean buffer. No changes were
observed in the interfacial parameters (data not shown), which
indicates that these emulsifiers exhibit a strong desorption barrier.

Figs. 1–3, show the time evolution of the interfacial tension (�)
for �lg (Fig. 1), SPI (Fig. 2) and HPMC (Fig. 3) adsorbed layers under
gastrointestinal conditions. Table 1 reflects the composition of each
digestive medium used in the different stages corresponding to the
simulated digestion process. The values of � and E obtained at the
end of each one of these stages are summarized in Table 2.

3.1.1. Control stage
The control conditions consisted in the adsorption of each emul-
sifier onto the oil/water interface to form an interfacial film, which
is then subjected to conditions of each compartment of the gas-
trointestinal tract thought the subphase exchange.



550 F.A. Bellesi et al. / Colloids and Surfaces B: Biointerfaces 161 (2018) 547–554

Fig. 2. Evolution of the interfacial tension (�) during the in vitro digestion of the
SPI  adsorbed layer at the O/W interface. The conditions of each digestion stages are
summarized in Table 1. Error bars mean SD, n = 3.
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pepsin activity [52,53], demonstrating the importance of emulsifi-
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ig. 3. Evolution of the interfacial tension (�) during the in vitro digestion of the
PMC adsorbed layer at the O/W interface. The conditions of each digestion stages
re summarized in Table 1. Error bars mean SD, n = 3.

The observed decrease of � with time during this stage evidences
he interfacial activity reported in the literature for these emulsi-
ers [23,45,46]. When comparing the interfacial behaviour of the
roteins (�lg (Fig. 1) and SPI (Fig. 2)), similar dynamic curves were
bserved, being their adsorption kinetic lower than that for HPMC
Fig. 3), or with the behaviour reported for low molecular weight

mulsifiers such as BS, tween 20 or lecithin [23]. As it was reported
y MacRitchie [47] the protein adsorption at the o/w interface takes
lace in three different steps (diffusion to the interface; adsorption

able 2
nterfacial tension (�) and elastic modulus (E) obtained at the end of each digestion stages
P  < 0.05).

Stage �lg SPI 

� E � 

Control 12.6b ± 0.3 24.6b ± 2.5 9.5c ±0.4 

SGF  14.5c ± 1,1 30.3c ± 1.7 11.4d ± 0.
SIF  1 15.5c ± 0.3 25.6bc ± 2.3 15.7e ± 0.2
SIF  2 7.5a ± 0.1 5.6a ± 1.2 2.6a ± 0.1 

DES  12.8b ± 0.2 8.23a ± 1.2 5.6b ± 0.2
Fig. 4. Evolution of the Elastic modulus (E) during the in vitro digestion of the
interfacial film formed by �lg, SPI and HPMC. Error bars mean SD, n = 3.

and unfolding of the protein at the interface) and the behaviour
observed could be attributed to the complex and globular structure
of these proteins which require more time to accommodate at the
o/w interface. In contrast to the protein behaviour, HPMC reached
very fast a steady-state value of � associated with its lower molec-
ular weight and structural complexity [45]. Although a decrease
of � is observed at the beginning of the measurement, all sys-
tems achieved an almost constant value of � after 1800seconds of
adsorption (Table 2).

Fig. 4 shows that both proteins formed a cohesive network with
higher E values (Table 2) [48,49], while the HPMC exhibited the
lowest E value, indicating that weaker intermolecular interactions
between the adsorbed molecules took place, forming a more flexi-
ble structure [45].

3.1.2. Gastric stage: SGF
After the control stage, the emulsifier’s solution was exchanged

by SGF. During the gastric stage, significant changes in � values
were observed for proteins interfacial films (Figs. 1 and 2) as they
increased to 14.5 mN/m (�lg) and 11.4 mN/m (soy protein) at the
end of the gastric stage (Table 2), thus reflecting the effects of pepsi-
nolysis in the protein interfacial films [32,36,49]. Macierzanka, et al.
[50] observed a rapid increment in � when introducing the pepsin,
related to a rapid degradation of the protein interfacial films (�lg
and �-casein) at the o/w interface. del Castillo-Santaella, et al. [36]
showed that the pepsin hydrolysis dilutes the interfacial layer and,
consequently, the interfacial tension increases (a reduction of the
emulsifier concentration at the interface occurred). The exposure of
pepsin susceptible sites owing the protein adsorption and interfa-
cial unfolding of proteins at the o/w interface facilitates the action
of pepsin contrarily to �lg in solution where it was  reported their
resistant to pepsinolysis [51]. The results corroborated the fact that
the unfolding of �lg at the interface increment the susceptibility to
pepsin hydrolysis through the exposition of new sensible sites to
cation in protein digestibility studies.
On the other hand, the effect of the gastric stage on HPMC

interfacial film was less notable than that observed for the pro-

 (mN/m.). Error bars mean SD, n = 3. Different letters indicate significant differences

E5LV

E � E

24.3b ± 2.7 11.28c ± 0.7 7.1c ± 0.1
8 23.6b ± 1.2 10.05c ± 0.6 6.9c ± 0.5

 20.3b ± 2.5
4.9a ± 0.9 3.5a ± 0.2 1.6a ± 0.7

 9.6a ± 2.9 7.3b ± 0.3 4.6b ± 0.2
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ein films, as the polysaccharides are not hydrolysed by pepsin
54,55]. Fig. 3 shows a rapid decrease in � values for HPMC films
hen the subphase was  exchanged by SGF. After that, � remained

lmost constant (Table 2). This fact agrees with the lower degree of
estabilization reported for HPMC emulsions during in vitro gastric
igestion [13]. The slight decrease in � observed at the beginning of
he gastric stage (Fig. 3) could be caused by the presence of compo-
ents from the gastric fluid (pepsin and salts) that possibly increase
he interfacial coverage. This behaviour supports previous studies
eporting that surfactants can adsorb into the interface via defects
ithin the interfacial films [56,57].

E values (Fig. 4), that inform about the interactions between the
dsorbed molecules, remained almost constant for both �lg and SPI
nterfacial films before and after the gastric stage, suggesting that
he hydrolysis of the protein interfacial film did not significantly
ffect its elasticity. However, the results observed for the �lg inter-
acial film differ from that reported by Maldonado-Valderrama,
t al. [32], as they reported a slight decrease in the dilatational
odulus when �lg got adsorbed at an olive o/w interface under

imulated gastric conditions, in the presence of pepsin. However,
hese results may  be due to the differences in the ionic content of
heir SGF, as the presence of different contents of ionic salts does
ffect the interfacial behaviour of the adsorbed molecules [21,58].
t could be possible that the salts may  have a larger effect than
he pepsin hydrolysis in the dilatational modulus, by promoting
he screening of the charges and the conformational change of the
dsorbed protein [21]. Roth, et al. [59], reported that the screening
f the protein surface charges promoted the increment in the cohe-
iveness of the interfacial films, then obstructing the penetration
f low molecular weight emulsifiers to the interface. No significant
hanges were observed for SPI films (Table 2), which is in accor-
ance with the lower degree of destabilization of SPI stabilized o/w
mulsions when subjected to the gastric conditions [13]. There-
ore, it is possible that SPI interfacial films could be less affected by
epsin activity than that formed by �lg.

E values for HPMC did not show any significant change after the
ubphase was  exchanged (Table 2), suggesting that the degree of
nteraction between the adsorbed molecules of HPMC at the inter-
ace was not affected. Camino and Pilosof [38] showed that the
alues of the charge of the HPMC stabilized emulsions were sim-
lar, both in neutral and acid pH, thus suggesting that the degree
f interactions between HPMC is not affected by pH changes (from
ontrol (pH 7.0) to gastric stage (pH 2.5)). Moreover, HPMC sta-
ilized emulsions did not experimented significant changes under
astric digestion conditions due to the poor impact caused by the
alts content and pepsin activity [13].

However, the low electrostatic repulsion or steric impedi-
ents between the adsorbed molecules may  cause some degree

f destabilization of protein emulsions under the simulated gas-
ric conditions. In fact, an important increment in the oil droplets
ize distribution of these emulsions under gastric conditions was
bserved in a previous work [13]. This behaviour is also in
ccordance with previous reports that indicated that high salt con-
entrations increased the flocculation of �lg stabilized emulsions
ecause the attractive interactions were more predominant than
he electrostatic repulsions and, consequently, the interactions
etween the droplets increased [60–62].

.1.3. Intestinal stages: SIF
As summarized in Table 1 the passage through the duodenal
onditions was simulated in two successive steps: firstly, it was
imulated the duodenal proteolysis of the protein interfacial films
arried out by pancreatic proteases (duodenal stage 1 (SIF 1)). It was
hen incorporated the SIF in the presence of pancreatic lipase and
 Biointerfaces 161 (2018) 547–554 551

BS during the subphase exchange to simulate the duodenal lipolysis
process in all cases (duodenal stage 2 (SIF 2)).

3.2. Intestinal stage 1: SIF 1-duodenal proteolysis of protein
interfacial films

The incorporation of the intestinal proteases (SIF 1) exerted a
slight effect on the interfacial properties of both protein interfacial
films (Figs. 1 and 2) with an increment in the � values to 15.5 mN/m
(Table 2). These results suggest that the hydrolysis of the adsorbed
proteins resulted in a reduction of the interfacial coverage asso-
ciated with the formation of products that may be desorbed from
the o/w interface [36]. These authors have reported that the pro-
tein had already been partially hydrolyzed by pepsin which could
again promote the exposure of trypsin and chymotrypsin suscep-
tible sites.

Table 2 reflects a reduction of E in both interfacial films
(although not statistically significant) indicating that the resulting
interfacial structure was  less compact, which could probably occur
due to a degradation of the interfacial films caused by the duodenal
enzymes.

However, few information exists in the literature in relation to
the effects of the duodenal proteases on the interfacial properties
of o/w interfaces.

3.3. Intestinal stage 2: SIF 2- duodenal lipolysis

As it was  also observed during the digestion of the emulsions
formed by these emulsifiers [13], the most important changes
occurred after introducing the pancreatic lipase and BS under duo-
denal conditions (SIF 2 stage in Table 2). These results concur
with other studies and suggest that, under the lipolysis condi-
tions, the emulsions and o/w interfaces experiment the most
dramatic changes [12,58,63,64]. These changes can be associated
with important phenomena such as: BS adsorption to the interface,
interactions between BS and partially digested interfacial films,
adsorption and activity of pancreatic lipase, changes in the interfa-
cial charges, accumulation of reaction products, etc. BS could also
solubilize the lipolytic products in form of micelles. Thus, the result-
ing characteristics of the interface are very complex [20,65–67].

The changes in � during the lipolysis (Figs. 1–3) can be ana-
lysed by distinguishing two different regions [32,42]: an important
reduction of � was  first observed when exchanging the subphase;
after that, a slower reduction rate of � was observed approximately
1800 s later, that continued until the end of this step. The highest
decrease in � values observed at the beginning of this stage for all
the systems could be associated with the rapid penetration of the
interfacial films by BS which exhibit a high interfacial activity and
small sizes with a fast diffusion from the subphase to the interface
[23,68]. A rapid adsorption of BS under duodenal conditions was
also observed at the interfaces formed by both intact proteins [23]
and HPMC [35].

Maldonado-Valderrama, et al. [32] and Torcello-Gomez, et al.
[42] suggested that the change in the slope of the decrease of the
� values could be due to saturation of the interface by BS and
lipase, as well as the presence of the lipolysis products, such as
FFA and monoglycerides, that can remain adsorbed at the interface
due to their interfacial activity [69,70]. Consequently, the presence
of these lipolytic products at the interface may  inhibit the ability
of lipase to contact and hydrolyse more lipids, thus retarding the
lipolysis process. According to the literature, the increment in the

number of FFA released from the emulsions considerably decreased
at the end of the duodenal stage because their accumulation at
the interface was  promoted [13,20,71]. Furthermore, steric factors
could also promote the inhibition of the interfacial anchoring of
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ipase/colipase, as reported for experiments under static digestion
ystems.

Results in Table 2 show the strong decrease of E reaching val-
es that were ranging in between those obtained for pure duodenal
omponents and pure protein solutions, thus forming fluid interfa-
ial films. These results indicate that the accumulation of BS and FFA
n the interface reduced the degree of interaction in the interfacial
lms and correlate with the fact that these interfacial films were
enetrated by BS upon the subphase exchange under the intestinal
onditions [23,35]. These lower E values indicate the formation of

 fluid interfacial network which could promote the high degree
f destabilization of their emulsions as reported using the same
mulsifiers [13,35].

However, the reduction of E values was smaller for SPI films
han for �lg films, which indicates that SPI was less disrupted by
he penetration of lipase/BS. A high resistance to BS displacement
as also observed for non hydrolyzed SPI films [23].

.4. Desorption stage: DES

This final stage consisted in exchanging the subphase by pure SIF
desorption stage (DES)) to remove any reversibly adsorbed mate-
ial, such as lipolysis products, proteolysis products, BS or enzymes,
rom the o/w interface in order to obtain the characteristics of
he remnant interfacial films after being exposed to the digestion
rocess. A very quick increment in the � values (Figs. 1–3) at the
eginning of this stage was observed, as well as an increment of
he viscoelastic parameters (Fig. 4), indicating that soluble prod-
cts were eliminated from the interface. Although the � values

ncreased, they reached lower values than those corresponding to
he pure o/w interface (24.0 mN/m), thus indicating the presence
f irreversibly adsorbed interfacial materials which remained at
he o/w interface such as lipolytic products (FFA and monoglyc-
rides) as reported by Maldonado-Valderrama, et al. [32] for �lg
nd �-casein interfacial films [72].

The analysis of the increment of � during the DES stage could
elp to quantify the resistance of the interfacial films to the remo-
ion of the reversibly adsorbed materials from the o/w interface.
he accumulation of materials at the interface has been reported
o be one of the mechanisms involved in the modulation of lipase
ctivity [34].

The final � values (Table 2) show that the increment of � did
ccur in the following order: �lg &z.rsquo; HPMC &z.rsquo; SPI.
hese results could indicate that SPI formed the most resistant

nterfaces to the remotion of the reversible adsorbed materials
ollowed by HPMC and finally by �lg, that presented the high-
st increment of �. This behaviour indicates that SPI and HPMC
ould develop stronger interactions with the reversible adsorbed
aterials than �lg, retarding their degree of desorption.

The knowledge of the capacity of the emulsifiers to interact
ith BS supposes a special interest since it is a key mechanism

o modulate the rate and extent of lipolysis [34]. One of the key
oles of BS is to prepare the O/W interface for a better access of the
ipolytic enzymes to the lipid substrates and then incorporate the
ipolytic products into BS micelles that would be transported in the
queous medium and absorbed to the mucosa of the small intes-
ine [68]. Therefore, if the adsorbed or unadsorbed emulsifiers are
apable to interact with BS, a reduction of the ability/availability of
S to improve the lipase activity could occur, thus promoting the
ccumulation of inhibitory lipolysis products at the O/W interface.

The hypothesis that lipid digestion and lipid absorption could
e controlled by the selection of suitable (adsorbed or unabsorbed)

mulsifiers which impact in the activity of BS has been previ-
usly indicated. Previous reports studying the susceptibility of the

nterfacial films to be displaced by BS have demonstrated that
he displacement could depend on the molecular feature of each
 Biointerfaces 161 (2018) 547–554

emulsifier, as well as on the interfacial coverage [34]. Maldonado-
Valderrama, et al. [56] investigated the competitive displacement
of �lg by BS from air-water and O/W interfaces under in vitro
duodenal digestion suggesting that the BS penetrate into, weaken
and break up the �lg interfacial networks via an orogenic mech-
anism [73]. Sarkar, et al. [40] also suggested that BS adsorbed at
the emulsion droplet surfaces pushing off the milk protein from
the interface. These displacements indicate the lower resistant to
the interfacial films and could be related with the higher degree of
lipolysis obtained by the emulsions stabilized by these emulsifiers.
In conclusion milk proteins itself do not suppose an effective bar-
rier to lipolysis which was  attributed to their low resistance to the
proteases action or to penetration/displacement carried out by BS
[34].

The lowest increment in � obtained for SPI (Fig. 2) and HPMC
(Fig. 3) could indicate the higher affinity between these emulsi-
fiers and BS, which may  reduce their desorption degree. This is
in accordance with previous results obtained when analyzing the
competitive and sequential adsorption between non hydrolyzed
proteins (�lg, egg white proteins and soy proteins) and BS under
duodenal conditions [23] establishing that SPI resisted the BS dis-
placement, being the only protein that could compete with BS for
the interface.

Recent works have demonstrated that the interactions of BS
with surface active or non-surface active polysaccharides can
decrease the BS content and hence potentially delay or inhibit
the lipolysis. Soluble dietary fibers (glucan and arabinoxylan)
could interact with BS micelles either by forming dynamic com-
plexes with the micelles or by trapping BS micelles in aggregated
structures [74]. Moreover, strong evidences on the interactions
between BS and HPMC were demonstrated, as BS were bound or
“sequestered” by HPMC, mainly by interactions with the hydropho-
bic core of HPMC, thus being partially screened their charge [35,75].

This cooperative performance between soy protein and HPMC
with BS suggests the existence of favorable molecular interactions.
In addition, HPMC stabilized emulsions presented a similar degree
of lipolysis than SPI stabilized emulsions, with a much lower extent
of lipolysis than that of �lg stabilized emulsions [13].

The capacity of SPI and HPMC to interact with BS has also been
associated with the lower plasma total and LDL cholesterol detected
in hyper-cholesterolemic humans and laboratory animals. As indi-
cated by Golding and Wooster [76], the BS micelles transit the
remainder of the small and large intestine where they are pro-
gressively reabsorbed. However, if this transport mechanism fails
or is slow, not only the accumulation of lipolytic products at the
interfaces will result in a self-regulation of fat digestion but also
prevent the re-absorption of BS from the small intestine into the
enterohepatic circulation [77].

4. Conclusions

The evolution of the interfacial tension throughout the whole
simulated gastrointestinal transit and the mechanical properties of
the interfacial layer after each digestion stage as determined in the
Octopus tensiometer could be successfully related to the evolution
of emulsions stabilized with the same emulsifiers.

The changes observed during the desorption stage of interfa-
cial lipolysis indicated that lipolysis products would be eliminated
more easily from the interface formed by �lg than from those
formed by HPMC or SPI, in agreement with the degree of lipoly-

sis of those emulsions reported in a previous work [13]. Thus, the
results of the present work seem to be consistent with the rela-
tion between a reduced lipolysis and a lower withdrawal of the
materials, such as BS micelles, from the o/w interface.
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This work evidences the crucial role of the interfacial region in
he digestion process where the interactions of emulsifiers and BS
ould influence their availability to remove lipolysis products, thus

eing a key factor to control the rate and extent of lipolysis.
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