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There is a growing interest in designing novel food microstructures that can control nutrient digestion and
provide satiety for tackling obesity. In this study, phase separated microstructures of skimmed milk
powder (SMP) and guar gum (GG) were the main focus, and these can be considered as water-in-water
(W/W) emulsions. Through the incorporation of oil into these systems, it was possible to form model
systems of SMP-GG-OIL, showing the lipid phase within the protein phase within the polysaccharide
phase. The in vitro digestibility of such phase separated model systems of SMP-GG-OIL with different
microstructures was investigated using a pH stat method. Confocal laser scanning microscopy also
revealed structural changes that occurred to the emulsified lipid droplets as they passed through a gastro-
intestinal (GI) model. The microstructures were created based on the tie-lines on a previously established
phase diagram of SMP-GG, and shown to be able to control lipid digestion. For a selected tie-line, the
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lipolysis follows the order: protein continuous > bi-continuous > polysaccharide continuous system, at a
certain level of oil addition. The mechanism involved in the lipolysis of the designed formulations/micro-
structures was dependent upon the protein, rather than GG, and was driven by the protein concentration.

rsc.li/food-function These findings provide insights for potential applications in functional food designing in the food industry.
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1. Introduction

To combat the obesity epidemic issues, especially in the
western world, new food products/microstructures having an
effect on satiety, so as to reduce the consumption of excessive
calories, are considered by the food industry. Several mecha-
nisms are known to be able to control the appetite/satiation
and subsequently energy intake, such as stomach physical dis-
tension, inhibition of gastric emptying (duodenal/jejunal
brake), inhibition of intestinal motility (ileal brake) and trig-
gering of neural and hormonal pathways as a consequence of
the interaction of nutrients with intestinal receptors." Other
mechanisms from a sensory perspective may also play a role in
satiation and energy regulation.* However, clinical studies
suggest that an intestinal mechanism (e.g. ileal brake mecha-
nism) is more potent, although both gastric and intestinal
signal interactions can modulate energy intake. The ileal brake
mechanism®® has become of growing interest when consider-
ing the design of novel food emulsion microstructures to
control (i.e. delay) lipid digestion.
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Until recently, many studies have focused on the investi-
gations of controlling in vitro lipid digestion in emulsion
based systems through interfacial design, gel/matrix structure
design or controlling the transportation of lipase,®”® and
mechanisms for lipolysis have been reviewed by Wilde and
Chu."” However, the technique used to modify the interfacial
structure may have some limitations, for example, the layer-by-
layer (LBL) electrostatic deposition technique (building mul-
tiple layers around the droplets using different oppositely
charged emulsifiers) may cause the occurrence of aggregation/
flocculation of droplets during emulsion preparation and an
increase of the total product cost. Some of the emulsion gel-
based systems can be complex to prepare for real food appli-
cation, specifically at the commercial scale. Thus, in order to
avoid such problems, an attempt to develop other alternative
microstructure approaches that are easy to form has become
rather important.

Currently, model phase separated systems containing
protein, polysaccharides and oil have shown that the oil phase
in such systems remains in the protein phase,"®'? and the fat
distribution in the microstructure can be controlled not only
by the amount used but also by the phase where it is dis-
persed.”® These studies demonstrate the potential of using a
mixed protein-polysaccharide system as a structuring agent of
fat distribution in the system. The concept of phase separation
could be used for a novel microstructure design, although
recently there is a trend wherein studies are also using hydro-
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colloid based oleogels for oil-structuring.>* However, to date,
there is limited knowledge on in vitro lipid digestion based on
such model phase separated systems (containing protein, poly-
saccharides and oil). Although mixed biopolymer solutions
(e.g. protein-polysaccharide mixtures) and their phase separ-
ation phenomena depending on type, concentration and
mixing ratio have been extensively investigated,>* > the break-
down properties of phase separated protein-polysaccharide
mixtures and modelled protein-polysaccharide-oil systems in
the gastro-intestinal (GI) tract are still less understood.

There has been a number of recent studies on developing a
better understanding of the behaviour of milk protein stabilized
emulsions during in vitro gastrointestinal digestion.'>'%*¢73°
However, most of these studies have been carried out using rela-
tively simple, well-defined systems and focus on a fundamental
level of understanding on the digestibility of proteins and
lipids. For example, the emulsion prepared usually contains a
low concentration of protein as an emulsifier (typically 1 wt%
protein in a system). Therefore, due to the very limited studies
on the investigation of in vitro digestion when an emulsion
system containing usual product formulations is used, in this
study it has been attempted to investigate how a formulation of
SMP-GG-OIL with excessive protein content present in the bulk
phase is digested in vitro.

In this study, focus is given to a dairy based food matrix to
investigate a model system containing milk protein, guar gum
and oil. Guar gum with low and high molecular weights has
been chosen due to its relatively high availability and low cost
and its potential appetite control effect as dietary fibre.*!
Skimmed milk powder is also used, because it not only pro-
vides milk proteins, but it also allows maintaining the original
ionic environment of milk (e.g. minerals and lactose), which is
more consistent with the real dairy products.

Thus, the objective of this study is to investigate how phase
separated mixtures of SMP-GG (W/W emulsions) are digested
(measured in vitro). After the addition of oil into these mix-
tures to form modelled formulations of SMP-GG-OIL (O/W/W
emulsions), the aim was to further investigate whether or not a
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phase separated microstructure (phase continuity) can control
lipid digestion, and the digestive effect of GG with different
molecular weights, to understand their structural changes
during simulated gastric and small intestinal digestion. The
hypothesis is that the phase separated structure could control
(likely delay) the oil digestion due to the potential phase conti-
nuity (e.g. protein phase and/or GG phase) protection effect.

2. Materials and methods

2.1. Materials

Skimmed milk powder (SMP) used was provided by Dairy Crest
(UK) and protein content was calculated to be approximately
26% (w/w). Guar gum (GG) with high molecular weight (type 400,
molecular weight of 2660 kDa) and low molecular weight (LMw)
(type 30, molecular weight of 420 kDa) were provided by Danisco
- DuPont (Denmark). Sunflower oil was used as received from a
local supermarket (Sainsbury’s, UK). Nile Red, rhodamine B and
Fast Green FCF dyes were obtained from Sigma-Aldrich (UK) for
confocal microscopy. All other chemicals, such as salts, alkaline
and acids used for the formulation of digestive fluids, were of
analytical grade obtained from either Sigma (Gillingham, UK) or
Fisher Scientific (UK) unless stated otherwise. The type of enzy-
matic materials used are given in the Methods section.

2.2. Methods

2.2.1. Preparation of water in water ‘W/W’ emulsions.
Following the phase diagram of the SMP-HMw GG system
established in our previous study,** we selected three SMP-GG
mixtures (A2, B2 and C2) on the tie-line 2 (TL2) to give formu-
lation compositions: (A2) 9% + 0.35%; (B2) 17% + 0.23%; and
(C2) 25% + 0.11% (SMP + GG, wt%), and also selected mixtures
A1, B1 and C1 on the tie-line 1 (TL1) to give formulation com-
positions: (A1) 11% + 0.53%; (B1) 20.5% + 0.36%; and (C1)
30% + 0.19%, respectively (see Table 1). These mixtures/
systems were selected because, on the same tie-line, the com-
positions in each separated phase in the three emulsions, are

Table 1 Summary of the preparation of the selected formulations based on the phase diagram of the SMP-HMw GG system and the SMP-LMw GG

system

Phase volume ratio Starting mixing concentration Composition
Formulations Structures (SMP: GG) (SMP + GG; wt%) (SMP + GG; wt%)
TL1 (HMw GG)
Al Ps-continuous 25:75 44% + 0.7% 11% + 0.53%
B1 Bi-continuous 50:50 41% + 0.72% 20.5% + 0.36%
C1 Pr-continuous 75:25 40% + 0.76% 30% + 0.19%
TL2 (HMw GG)
A2 Ps-continuous 25:75 36% + 0.46% 9% + 0.35%
B2 Bi-continuous 50:50 34% + 0.46% 17% + 0.23%
Cc2 Pr-continuous 75:25 33% + 0.45% 25% + 0.11%
TL2 (LMw GG)
a Ps-continuous 25:75 48% + 0.73% 12% + 0.55%
b Bi-continuous 50:50 44% + 0.76% 22% + 0.38%
¢ Pr-continuous 75:25 42% + 0.8% 31.5% + 0.21%

Ps = polysaccharide; Pr = protein. The mixing volume ratio of the starting mixing concentrations is the same as the phase volume ratio.

This journal is © The Royal Society of Chemistry 2022
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the same with changing phase volume ratios, after phase sep-
aration, but it allows comparison of the microstructures effect.
On different tie-lines, this selection can provide similar micro-
structures, and allows comparison of the effect of formulation
compositions.

These mixtures, on their respective tie-lines, correspond to
a polysaccharide continuous microstructure (SMP:GG in a
phase ratio of 25:75 for A2/A1), a bi-continuous microstruc-
ture (50:50 for B2/B1) or a protein continuous microstructure
(75:25 for C2/C1) (Table 1). Similarly, for the low molecular
weight GG phase diagram, three formulations (a, b and c) on
the tie-line 2 (TL2') of the phase diagram of the SMP-LMw GG
system were prepared, as shown in Table 1. These samples
were prepared by pipetting certain volumes and starting
mixing concentrations of SMP and GG (as shown in Table 1),
followed by mixing using a Stuart roller mixer (SRT9) at 100
rpm for 20 min at room temperature before use.

2.2.2. Preparation of oil in water in water ‘O/W/W’ emul-
sions. In order to make oil-in-water-in-water (O/W/W) emul-
sions, a constant amount of sunflower oil (e.g. 20%, v/v) was
added into each mixture without changing the SMP-GG phase
volume ratio in the aqueous phase to finally give the ‘final’
mixing volume ratios of (A1" or A2') 20:60:20; (B1’ or B2')
40:40:20; and (C1’ or C2') 60:20:20 (SMP: GG : Oil), respect-
ively. The same procedures were applied for 10% oil addition
to form the emulsions, giving the ‘final’ phase volume ratios
of: (A1’ or A2') 22.5:67.5:10; (B1’ or B2') 45:45:10; and (C1'
or C2') 67.5:22.5:10 (SMP: GG: Oil), respectively. These mix-
tures were subsequently homogenised using a high-speed over-
head mixer at 25000 rpm for 2 min (Ultra-Turrax, IKA T18
basic, USA) to form fine emulsions. The polysaccharide con-
tinuous and bi-continuous systems/structures refer to the
Matryoshka-like structures, which can be viewed as ‘o/w/w’
emulsions; the protein continuous systems were termed ‘oil-
filled w/w emulsions’, as published in our previous work.**

2.2.3. In vitro emulsion digestion study - a standardised
static in vitro digestion model. A standardised static in vitro
digestion model®® was modified and used in this study of
in vitro emulsion digestion. Simulated Gastric Fluid (SGF) and
Simulated Intestinal Fluid (SIF) were prepared following the
recommendations of Minekus et al.*>* Oral phase digestion was
not included in this study, as we focused here on the effect of
defined microstructures on gastric and duodenal digestion.

2.2.3.1. Simulated in vitro gastric digestion. 10 mL of SMP-
GG mixtures (formulations A1, B1 and C1 without oil addition)
or SMP-GG-Oil emulsions (A1’, B1’ and C1’, with oil addition)
were mixed with 8 mL of pre-prepared SGF stock solution, fol-
lowed by adding a total of 1 mL of HCI solution (1 M and/or 5
M, variable volumes) and CacCl, solution (0.3 M, 0.5 pL) to adjust
the pH down to 3. Then, the simulated gastric digestion was
started by adding 1 mL of porcine pepsin solution (11.24 mg
mL~", pepsin (P6887-1G) from porcine gastric mucosa with an
activity of 3200-4500 units per mg of protein, Sigma) into the
acidified mixtures. This gave a final volume of 20 mL digestion
mixture with a 1:1 mixing ratio of food sample to simulated
gastric juice. Digestion was carried out for 2 hours (refers to aver-
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aged half-emptying timeframe) in an incubator at 37 °C with
constant stirring at 200 rpm. Samples were taken periodically (0,
30, 60 and 120 min) as well as at pH 3 using a pipette from the
middle of the mixing digesta for further analysis. Control experi-
ments to investigate the impact of the presence of guar gum on
in vitro digestion were conducted under the same conditions,
but by using RO water instead of guar gum.

2.2.3.2. Simulated in vitro small intestinal digestion. After
2 hours of simulated stomach digestion, only sample mixtures
with oil were taken to the next stage of digestion (small intestinal
digestion). Here, 20 mL mixtures from the stomach phase
(gastric chyme) were adjusted to pH 7, aiming to stop gastric
digestion using a total of 1.46 mL of NaOH (1 M, variable
volumes) and distilled water (necessary volumes). Then, 11 mL
of pre-prepared SIF, 2.5 mL of bile salt solution (porcine bile
extract, B8631-100G, Sigma) and 40 pL of CaCl, (0.3 M) were also
added into the gastric phase sample. Subsequently, after a final
pH check (pH = 7), the intestinal digestion was started by
adding 5 mL of freshly prepared porcine pancreatin solution
(pancreatin from porcine pancrease, P7545-25G, Sigma). This
eventually resulted in a final mixing ratio of gastric chyme
sample (20 mL) to simulated duodenum juice (20 mL) of 1:1.
Digestion was conducted at 37 °C for 2 hours in a temperature
controlled water bath with constant stirring and automatic pH-
stat titration control. Samples were periodically (0, 30, 60, 90 and
120 min as well as at pH = 3) taken and/or immediately frozen
by placing in a —80 °C freezer and stored for further analysis.

2.2.4. Confocal microscopy. Confocal laser scanning
microscopy (CLSM) (Leica TCS SP5 DM6000B, Heidelberg,
Germany) was used to visualise the microstructures of the
systems. Mixtures which only contained SMP-GG were stained
with rhodamine B (0.01 g L) to visualise the protein phase
and its distribution in the mixtures. The emulsions containing
SMP-GG-Oil were dual stained using Nile Red (0.06 g L', in 1,2-
propanediol) and Fast Green FCF (0.1 g L™"). Here, Nile Red
and Fast Green FCF were used to stain and identify the oil and
protein phases in the emulsions, respectively. The samples were
placed on a microscope slide with a glass coverslip on the
surface before imaging. Observations were made approximately
20 min after the mixture preparation at room temperature.

2.2.5. Proteolysis measurements. Proteolysis of SMP in the
mixtures (A2, B2 and C2) was measured by the OPA method as
described by Church et al.>* Briefly, OPA reagent was prepared
freshly when required by combining the following reagents
and diluting to a final volume of 50 mL with deionized water:
25 mL of 100 mM sodium tetraborate; 2.5 mL of 20% (w/w)
sodium dodecyl-sulfate (SDS); 40 mg of OPA and 100 pL of
f-mercaptoethanol. Then 50 pL of SMP-GG mixture sample
taken at 0, 15, 30, 45, 60, 90 and 120 min during simulated
gastric digestion was mixed with 1 mL OPA reagent. The
mixture sample was incubated for 5 min before measuring the
absorbance at 340 nm using a UV spectrophotometer (LKB
Biochrom, Ultrospec 4050, USA). Increase and release of
primary amine groups (NH,) from proteolysis as a function of
gastric protein digestion are indicated with an increase in the
absorbance value. The higher the absorbance value, the

This journal is © The Royal Society of Chemistry 2022
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greater the extent of the protein hydrolysis. The amount of
NH, released can be determined by establishing a calibration
curve using a specific amino acid, such as leucine.

2.2.6. Droplet size analysis. The droplet size was analysed
by image analysis using a public domain image analysis soft-
ware (Image], NIH, Bethesda, USA) due to the complexity of the
measured systems. For image acquisition, the scanned images
(with only an oil droplet phase) separated from the overlapped
images (with both protein and oil phases) using CLSM images
were selected for analysis. At least four hundred droplets in
three samples of each formulation were analysed. The Sauter
mean diameter (d,) (defined as the diameter of a sphere that
has the same ratio of volume to surface area as a particle of
interest) was calculated using Microsoft Excel based on eqn (1)
as follows (where 7; is the number of droplets of diameter d,):

>ond?

drg = —
2T nd?
7

(1)

2.2.7. Free fatty acid (FFA) release measurements. During
lipolysis, triacylglycerides (TAGs) are broken down into smaller
fragments including free fatty acids. Specifically, two free fatty
acids are split by pancreatic lipase in the first and the third posi-
tion of the TAG, with the position two fatty acid remaining on
the glycerol (2-monoglyceride) due to steric restrictions.*> The
liberation of free fatty acids as a function of digestion time
causes an overall decrease in system pH and thus can be used to
determine the rate and extent of digestion using the pH-stat
method.?® In this study, the pH-stat automatic titration unit (702
SM Titrino, Metrohm, Runcorn, Swiss) was used to measure the
total volume of NaOH (0.1 M) that must be titrated back into the
sample system (SMP:GG:Oil mixture + simulated intestinal
fluids (SIF) + bile salts and pancreatin) to maintain the pH at 7
over 2 hours of digestion. The volume of NaOH that was titrated
to the emulsion sample was recorded every 2 or 5 min.

The total quantity of FFA released from intestinal digestion
was determined by the following equation (eqn (2)):

FFA (mmol) = VNaon X MyaoH, (2)

where Vyaon is the volume of sodium hydroxide required to
neutralize the FFA produced (in mL) and my,on is the molarity
of the sodium hydroxide solution used (in M).

2.2.8. Statistical analysis. Experiments were conducted in
triplicate, ie. three separate samples for each experiment, and
the statistical analysis was carried out using the Minitab V.17 stat-
istical package (Minitab Inc., PA, USA) using one-way ANOVA and
according to Fishers’ test with statistical significance at P < 0.05.

3. Results and discussion

3.1. Digestion of O/W/W emulsion (formulation containing
SMP-GG-OIL)

In this study, emulsions on TL1 (A1, B1' and C1') and TL2
(A2', B2' and C2') have been formed (‘o/w/w’ emulsions with

This journal is © The Royal Society of Chemistry 2022
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Matryoshka-like structures (e.g. A1’ and B1’) and ‘oil-filled w/w
emulsions’, e.g. C1').**> These emulsions were selected and sub-
jected to simulated gastric and duodenal digestion conditions;
the resulting changes in the emulsion structure were recorded
using confocal microscopy. The impact on lipolysis was deter-
mined by measuring free fatty acid production via the pH-stat
method.

3.1.1. Microstructure. Fig. 1 shows that remarkable micro-
structure changes occurred during the simulated digestion
process for all three samples (A1, B1' and C1’ on TL1). Protein
aggregates/particles were observed in the gastric phase due to
acidification (low pH = 1-3).'® As the protein particle size
increases with the increase in the protein concentration, the
droplet size of oil entrapped within protein aggregates cannot
be precisely recorded using a conventional light scattering par-
ticle sizer instrument due to interference induced by a sub-
stantial increase in protein aggregates/particle size. For
example, in the preliminary experiment, the particle size (D, ;)
in the initial systems was measured as 23 + 0.42 pm (GG con-
tinuous), 14.2 + 0.46 pm (bi-continuous), and 4.7 + 0.23 um
(protein continuous) using a light scattering instrument.
However, these data obtained were not reliable and valid, as
the measured droplet size was much larger than that revealed
in the confocal images based on image analysis. This was due
to the presence of inhomogeneous structures of the formu-
lations. Notably in the case of the protein continuous system
(gastric phase), the particle sizer was no longer recording the
oil droplet diameter but rather protein particles/aggregates.
For this reason, an Image] technique was employed to help
analyse the oil droplet size.

Under simulated stomach digestion, the protein aggregates
(entrapping oil droplets) are expected to break down into small
protein fragments, such as polypeptides and peptides (see
Fig. 1 for gastric digestion between 30 and 120 min), which is
attributed to the protein digestion by the action of pepsin. As a
result, some isolated oil droplets start to appear from 30 min
in gastric digestion for all three samples; however, the large oil
droplet observed in emulsion A1 (at 30 min) suggests that floc-
culation may occur, which promotes coalescence. Indeed,
Sarkar et al.®” reported that the hydrolysis of the protein layer
adsorbed at the O/W interface by pepsin would lead to the
occurrence of flocculation and coalescence of droplets. Li
et al.*® further studied the gastric digestive reaction of sodium
caseinate-stabilized emulsions and found that digestion in
simulated gastric fluid containing pepsin accelerated coalesc-
ence of the emulsion droplets. This was due to the changes of
interfacial coverage and viscoelasticity as indicated by
Maldonado-Valderrama and co-workers.>’

In the simulated duodenal phase, triacylglycerides (TAGs)
in the oil get broken down into mono and diglycerides and
free fatty acids (FFAs), and then any undigested and/or par-
tially digested protein is further hydrolysed by the action of
trypsin and a-chemotrypsin. Fig. 1 shows that the oil droplets
have undergone coalescence, as the droplets appear larger in
size, which is associated with the loss of protein network pro-
tection due to proteolysis. This implies that oil is digested by

Food Funct., 2022,13, 6022-6035 | 6025
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Fig. 1 Confocal micrographs showing the microstructures of three formulations Al’ (a), B1' (b), and C1’ (c) before and during in vitro digestion. The
initial A1’, B1' and C1' emulsions represent polysaccharide continuous, bi-continuous, and protein continuous microstructures, respectively. Red =
oil (stained by Nile red); green = protein (stained by Fast Green); black = guar gum/water; SMP = skimmed milk powder; GG = guar gum. Scale bar is
50 ym.
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pancreatin, generating FFA and micelles.'®***° Moreover, the
phases (with pale yellow/orange colour) present in the duo-
denal phase of the three samples were found. This is in agree-
ment with a recently published study.*' Although they did not
explain what those phases are, it may indicate some of the
undigested proteins, or may be the mixture of peptides, oil,
digestion products and bio-surfactants (e.g. bile salt). This is
clearly an area for further study, as indicated by Foster and
Norton,** who highlighted the complexity of the fat digestion,
especially in the presence of released peptides, digestive pro-
ducts and the body of bile salts, as such mixed materials could
be the sources of self-assembling structures that would compli-
cate the system further. In these phases, apart from the large
droplets (indicated by white arrows) induced from coalescence
during digestion, a considerable number of small particles/
droplets were also generated in the duodenal phase after long
digestion time, particularly for the formulations B1’ and C1’ at
120 min (Fig. 1b and c, as indicated by green arrows). This can
be attributed to the break-up of these large coalesced droplets
during digestion, and these small droplets released from the
large droplets may be different from the original emulsion dro-
plets. They were probably mixed with digestion products, pro-
teins/peptides and bile salts, where droplets were stabilized by
high surface active bile salts and some lipolytic products may
also have been solubilized in bile salts and may have existed as
mixed micelles.

3.1.2. FFA release from lipolysis. It was found that the
effect of different emulsion formulations (microstructures) on
lipolysis was: C1’ (protein continuous) > B1’ (bi-continuous) >
A1’ (GG continuous) (Fig. 2a). A similar effect was also
observed for TL2: formulation C’ (protein continuous) > B’ (bi-
continuous) > A’ (GG continuous) (Fig. 2b).

Fig. 2a shows that the amount of FFA released during lipoly-
sis increased steadily in the first 20 min. The lipolysis of the
three samples then begins to show the effect of microstructures,
with the FFA production of all samples plateauing within
40 min. However, it should be noted that during the first
15-20 min, a drop in pH from 7 observed (because of the pan-
creatin digestive action) in emulsion C1' was larger than that
observed in B1' and Al’, suggesting that the rate of FFA pro-
duction in emulsion C1’ was faster than other two samples (fol-
lowed by C1’ > B1' > Al'), although Fig. 2 shows a same rate of
lipolysis among samples during the first 20 min. This is owing
to the program setting limitation of the pH stat instrument
used. The limitation of the pH stat unit used was that the
program could only be set at the same rate of titration of NaOH
solution rather than at a dynamic titration mode; therefore, the
drop in the pH (especially in the initial digestion stage) could
not be immediately compensated by the titration with NaOH.
This resulted in the same slope of the digestion curves (unsepa-
rated) in the initial digestion stage. Nevertheless, the extent of
the lipolysis of the measured systems is well described in Fig. 2.
Moreover, as a comparison, control samples that are prepared
under the same treatment, but with the absence of pancreatin,
have not shown a decrease in pH (pH = 7) over time, suggesting
that there are no FFAs being released (data not shown).

This journal is © The Royal Society of Chemistry 2022
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Although all the samples reached a plateau at a long diges-
tion time, it does not mean that lipid hydrolysis proceeded to
completion. The lipolysis leveling off suggests that the O/W
interface was no longer available for the enzymatic action, i.e.
the reaction was inhibited by the accumulation of the lipolytic
products (i.e. FFAs and MAGs) at the droplet surface in the
simulated duodenal phase. However, it would be also useful to
conduct a back titration at the completion of each pH stat
experiment as future work, because the pH stat method has
limitations that may underestimate the lipolysis due to poss-
ible incomplete titration of fatty acids (e.g. titration near or
below pK, values). It is noteworthy that after the initial rapid
digestion (Fig. 2), a slowdown of lipolysis rather than an
immediate cessation of lipolysis (plateaus) of the samples for
a short period of time (i.e. between 30 and 45 min for sample
C2/, Fig. 2b) was observed. This was mainly because when the
drop in pH of all samples in the initial stage was compensated
by the titration of NaOH (pH reached at 7), the pH-stat was
regaining control.

Table 2 shows that the total amount of FFA released in
emulsion A1’ is approximately half that of emulsion C1'; while
the total FFA produced in emulsion B1' is greater than emul-
sion A1', although it is less than emulsion C1' (Table 2). The
lipolysis of emulsions A2’, B2’ and C2’ with lower compositions
(TL2) shows similar trends as in the case of emulsions A1’, B1'
and C1’ (Fig. 2a and b), and their total FFAs released from lipo-
lysis also are recorded in Table 2.

The comparison of the formulations on different tie-lines
(TLs) is setting up a way to study the influence of formulation
composition on the digestibility of two samples but retaining
the same structures (i.e. comparing protein continuous micro-
structures, C1’ and C'). We found that when changing the com-
position of a selected formulation without changing its struc-
ture, the formulation with a higher biopolymer concentration
(TL1) had greater lipid digestibility. Moreover, when changing
the amount of oil, for instance, at 10% oil, in comparison with
20%, it was also found that the lipolysis of samples still had
the order C1' > B1’ > A1’ and C2’ > B2’ > A2’ (data not shown).

These results suggest that lipolysis increases with increas-
ing protein phase volume, which also equates to an increase in
the protein concentration within the emulsion, while the
protein phase composition remain the same. In other words,
for a given tie-line, when there is a greater concentration of GG
in the emulsion, lipolysis is reduced. From this point of view,
it can be concluded that different microstructures affect
lipolysis.

3.2. Digestion of W/W emulsion (mixture of SMP-GG)

3.2.1. Effect of guar gum on protein digestion.
Formulations without oil addition (only mixtures of SMP-GG)
were subjected to gastric proteolysis measurements. Over a 2 h
timeframe, protein digestion, under a simulated gastric
environment, resulted in the formation of peptides, and
quantification of the rate and extent of protein digestion was
determined using the OPA method, where the absorbance
value measures the total free primary amine group (NH,)
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Fig. 2 Free fatty acid released from the simulated small intestine digestion of emulsions (in pH Stat) as a function of time (HMw GG used). Samples

are emulsions Al', B1' and C1' from TL1 (a) and emulsions A2, B2 and C2’

Table 2 Total amount of FFA production measured in emulsion formu-
lations (from TL1 and TL2) at 20% sunflower oil after back titration at
120 min

Phase volume ratio  Total FFA/mmoL

Formulation  Structure SMP : GG : OIL Mean + SDEV
TL1

A1’ Ps-continuous  20:60:20 0.711 + 0.048
B1' Bi-continuous  40:40:20 0.988 + 0.076
C1’ Pr-continuous  60:20:20 1.332 £ 0.079
TL2

A2’ Ps-continuous  20:60:20 0.675 + 0.058
B2’ Bi-continuous  40:40:20 0.860 + 0.053
Cc2’ Pr-continuous  60:20:20 1.202 + 0.105

Ps = polysaccharide; Pr = protein. HMw GG was used.

release. An increase and release of total amine groups (NH,),
corresponding to the degree of protein hydrolysis, is indicated
with an increase in the absorbance value. It was assumed that

6028 | Food Funct, 2022,13, 6022-6035

from TL2 (b) with an addition of 20% (v/v) sunflower oil.

guar gum and polysaccharide continuous microstructures
would be able to protect protein digestion by providing either
viscosity to reduce the pepsin action, or to sterically hinder
pepsin action.

Fig. 3 shows that, with or without GG addition, there is
more amino acid release as the total protein concentration
increases. For example, the sample A1 and control A1 show the
same amino acid release behaviour, which disproves the
assumption that the sample in the absence of GG would be
digested more quickly due to a lower viscosity in the system.
However, it is observed that the protein digestion increases
with increasing protein concentration (C1 > Bl > Al), con-
firmed from the control group samples. Once more, a similar
effect was also found in samples from TL2 (data not shown).
Nevertheless, it was surprising that an absorbance value was
recorded even before the protein digestion began (at zero
min), and this is probably due to the initial proteins (before
digestion) having exposed reduced sulfhydryl groups, NH,

This journal is © The Royal Society of Chemistry 2022
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groups of primary amines which can react with o-phthaldialde-
hyde to form a fluorescent molecule.**

These results suggest that GG does not protect against pro-
teolysis, or at least that the viscosity of the samples prepared
in this study is not sufficient to inhibit the protein digestion.
However, an extremely high viscosity in the system would have
a ‘slow down’ effect on the proteolysis/digestion process.*’
Amyoony et al.** have studied the effect of the GG concen-
tration on lipolysis and found that a 4% GG solution showed a
reduction in lipolysis. They suggested that the high viscosity
imparted by the high concentration of GG was the main
reason due to the reduced diffusion of enzymes to the sub-
strates. However, in this study, such high viscosity samples/for-
mulations were not included.

With regard to the extent of proteolysis, we found that
protein digestion increased with increasing protein content,
and this is also evident from the structural changes during
simulated stomach digestion, as shown in the confocal images
(Fig. 4), especially at the digestion end-point at 120 min, where
the mixture C1 appears to have smaller protein fragments,
compared to the mixture Al that reveals more intact protein
fragments/aggregates, suggesting that proteins in a system
with protein continuity seem to be more easily digested than
those in a system with polysaccharide continuity. In fact, it has
been reported that at a constant enzyme concentration con-
dition, the rate of protein digestion increased with increasing
protein/substrate concentration until reaching a critical level;*>
therefore, in this study, the enzyme concentration is not a lim-
iting factor in milk protein digestion.

3.3. Effect of guar gum on the lipolysis of O/W/W emulsions

Previous studies have reported that some polysaccharides
show an ability to bind with bile salts; for example, electro-

This journal is © The Royal Society of Chemistry 2022

static interactions between chitosan and bile salts,*® dynamic
molecular contact of beta-glucan with bile salts and entrapment
of bile micelles by an arabinoxylan matrix without direct mole-
cular interaction.”” Torcello-Gomez and Foster’® also reported
the interactions between non-ionic cellulose ethers (e.g. MC,
HPMC and HPC) and bile salts in the control of lipid digestion
of O/W emulsions. Macierzanka et al*® explored the inter-
actions between bile salts with various dietary fibres in the bulk
and the interfaces for understanding the digestive process.

To investigate this, we therefore have compared the lipolysis
of formulations/emulsions A2’, B2' and C2' (TL2) at 10% sun-
flower oil in both the presence and absence of GG (Fig. 5A.) It
can be seen that in both GG-continuous and bi-continuous for-
mulations, a similar extent of lipolysis is measured when com-
pared to the control samples, respectively. The presence of GG
in protein continuous formulations even slightly enhances
lipolysis, disproving the assumption that GG would bind bile
salts or interact with enzymes to reduce the accessibility of
lipase to the oil/water interface, thereby delaying lipolysis.
Again it is apparent that from the control samples without GG
addition (Fig. 5A), the formulations with higher protein
content have a greater lipolysis, corresponding to the findings
on proteolysis (Fig. 3 and 4). This indicates that GG might also
not be the factor to determine lipolysis during simulated small
intestinal digestion.

However, when fixing the GG concentration in the formu-
lations, but changing the protein content, we found that the
sample with a higher protein concentration shows greater lipid
digestion (Fig. 5B); moreover, the larger the difference of
protein concentration between the two samples at the same
level of GG, the greater the difference in FFA release, which
suggests that the lipolysis in the formulations is protein
dependent and driven by the protein concentrations.

Food Funct., 2022,13, 6022-6035 | 6029
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3.4. Effect of the molecular weight of GG on the lipolysis of
O/W/W emulsions

The lipolysis of two sets of formulations (a’, b’ and ¢’ on the
TL2' of the LMw GG phase diagram, and A1’, B1’ and C1' on
the TL1 of the HMw GG phase diagram, Fig. 6a), at 20% sun-
flower oil is compared in Fig. 7 (i.e. comparing a’ and A1’ and
¢’ and C1'). These phase diagrams were established and
explained in our previous study.*” These two tie-lines have
similar slopes; therefore, at a fixed phase volume, the only vari-
able changing was the viscosity of the GG phase, due to the
decrease in GG molecular weight. The compositions for these
selected formulations are shown in Table 1.

The phase volume ratios of SMP-GG in mixtures a (25/75), b
(50/50) and c (75/25) on TL2'(LMw GG used) are the same as
those in A1, B1 and C1 on TL1 (HMw GG used), respectively,
which results in similar and comparable microstructures and
compositions for these formulations when incorporating a
certain amount of oil. For example, when adding 10% sun-
flower oil into the mixture a, b and ¢ to form emulsions, the
microstructures containing LMw GG shown in Fig. 6b were
similar to those with HMw GG (A1’, B1' and C1' in Fig. 1).

As anticipated, Fig. 7b-d show that there is no significant
difference (P > 0.05) in lipolysis when comparing these formu-
lations containing LMw GG to those containing HMw GG at
20% oil, although a slight difference was observed in bi-con-
tinuous formulations (b’ and B1'), which is probably attributed
to the small difference in protein concentrations. This further

6030 | Food Funct, 2022,13, 6022-6035

confirms the previous findings that lipid digestion in the for-
mulation is very likely to be dependent upon the protein con-
centration, rather than the GG; therefore, changing the mole-
cular weight of GG (viscosity) would not make any difference
in lipolysis. Recently, Grundy et al’® have investigated the
impact of viscosity of oat components (guar gum as the
control) on lipid digestion, and suggested that there did not
seem to be a strong correlation between the biopolymer vis-
cosity and the inhibition of lipolysis; however, they highlighted
the importance of considering polysaccharide molecular pro-
perties and not just their impact on solution viscosity.

Moreover, the lipolysis in the protein continuous formu-
lation is also shown to be greater than that in bi-continuous
and GG continuous formulations (i.e. ¢’ > b’ > a’, Fig. 7a), con-
firming the previous results shown in Fig. 2. The different
microstructures were a consequence of the concentration of
biopolymers, but the phase continuity determining the extent
of lipolysis was due to the amounts of proteins in the
formulations.

It is well known that there are many factors affecting lipid
digestion by different means, for example, oil droplet size/size
distribution (equivalent to changes in the O/W interfacial
area); physicochemical conditions (pH, ionic strength and
temperature); O/W interfacial compositions (emulsifier/surfac-
tant types, oil types and interfacial layer/film structure) and
others such as enzyme activity and bio-surfactant activity (bile
salts and phospholipids). In this study, all of the digestibility
measurements were conducted under the same physico-

This journal is © The Royal Society of Chemistry 2022
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trations, but with the same amount of GG (HMw) at 10% oil.

chemical conditions, as they all followed the same digestion
model where the same concentration and activity of enzymes
was used throughout the work. Thus, findings suggest that the
protein content controlled lipid digestion is very likely to be
due to either changing the oil droplet size or the O/W inter-
facial composition during the digestive processes.

In protein-stabilized emulsions, generally not all of the
protein is present at the O/W interface (in the adsorbed state),
especially when excessive proteins are present in the system.
This means that there will be a considerable proportion of pro-
teins residing in the aqueous phase. It has been reported that
the adsorbed and unadsorbed proteins are likely to exist in
different conformational states; therefore, their susceptibility
to pepsin could be different.”" For instance, under a given set
of simulated gastric conditions, many workers reported that
protein (such as f-lactoglobulin and B-casein) in the native
state was largely resistant to pepsin digestion in the aqueous
phase of an emulsion, even more difficult to be digested in a
solution (not in an emulsion), whereas interfacially adsorbed

This journal is © The Royal Society of Chemistry 2022

proteins were more susceptible to pepsin hydrolysis. This has
been attributed to a possible change in the conformation of
the adsorbed protein, exposing the peptic cleavage sites for
proteolysis with the folded structure of unadsorbed protein in
the bulk phase burying their peptic cleavage sites into the core
of the structure to prevent pepsin hydrolysis.>*>?

In fact, in the current experimental design, there were large
amounts of proteins present in the formulations. The formu-
lations A1/, B1' and C1' (SMP-GG-OIL) contained 11% SMP
(~3 wt% proteins), 20.5% SMP (5 wt% proteins) and 30% SMP
(8 wt% milk proteins), respectively, corresponding to the
protein concentrations in the mixtures Al, B1 and C1
(SMP-GG), respectively, as illustrated in Table 1. It has been
shown that 1 wt% of milk protein is sufficient to form a fine
emulsion containing 20% sunflower or soya oil,">*° therefore,
it is very likely that there were considerable amounts of unab-
sorbed proteins remaining in the bulk phase of the prepared
formulations, which may have made a difference in simulated
in vitro digestion.

Food Funct., 2022,13, 6022-6035 | 6031
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Several studies on model emulsions have shown that the
net surface charge on the O/W interface decreases when emul-
sions undergo gastric conditions because of the hydrolysis of
interfacial protein by pepsin.’®*”** In emulsions stabilized by
milk proteins, such as whey protein isolate, sodium caseinate,
B-lactoglobulin or p-casein, this hydrolysis can lead to floccula-
tion and further coalescence of the droplets, resulting from
insufficient electrostatic repulsions.” In this study, the formu-
lation with a protein continuous structure (emulsion C1’) had
a much higher protein content than those with bi-continuous
(emulsion B1’) and polysaccharide continuous (emulsion A1’)
structures. When these emulsions pass through the simulated
gastric environment, hydrolysis of the adsorbed protein at the
interface by pepsin will weaken the protein network and form
peptides on the droplet surface. The reduced steric barriers
and electrostatic repulsion of peptides remaining at the inter-
face would, consequently, induce flocculation and promote
coalescence of the droplets. This would result in an increase in
the oil droplet size, but a decrease in the surface area where
the bile salts and lipase can access in order to hydrolyse the
lipid phase during the later duodenal digestion stage.

6032 | Food Funct., 2022,13, 6022-6035

However, the stability of the droplets depends on the initial
amount of unadsorbed protein present in the system.
According to Singh and Ye,”" in the presence of excess unad-
sorbed protein, the stability of the oil droplets during gastric
digestion is significantly improved. Because exchanges may
occure at the interface between adsorbed protein on the oil
surface and non-adsorbed protein in the bulk phase, and
hydrolysis of protein at the interface may induce further
adsorption and hydrolysis of the protein from bulk phase to
stabilise the oil droplets. This has been evident in the study of
Amir et al.>®> who suggested that changes in the size distri-
bution of the droplets during pepsin hydrolysis mainly depend
on the original protein concentration. A higher protein
content in an emulsion during gastric digestion would gene-
rate more stable droplets; therefore, during gastric digestion,
the droplets in the formulation with a protein continuous
structure would tend to be more stable than those with bi-con-
tinuous and GG continuous structures. This has been sup-
ported by the droplet size data plotted in Fig. 8, based on the
confocal images obtained at 60 min during simulated stomach
digestion (Fig. 1).

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 shows that the droplet size decreased with increasing
the protein content in the formulations (following: C1’' < B1' <
A1") after 60 min gastric digestion. In addition, it should be
noted that the droplet sizes in the initial emulsions C1’ (before
in vitro digestion) were also shown to be smaller than those in

This journal is © The Royal Society of Chemistry 2022

the polysaccharide continuous emulsion formulation A1’
(Fig. 1); the same observation in the case of initial emulsions
A2', B2' and C2' (TL2) was also recorded (data not shown). The
decrease in droplet size in the emulsion C1’ or C2' is attributed
to the increase in protein concentration, which aids emulsifi-
cation, generating smaller droplets. The larger surface area
created from both initial small droplets in the emulsion with a
higher protein content, and more stable droplets during
gastric digestion would facilitate lipid digestion. This explains
why the order of the lipolysis of emulsions is: C1' > B1’' > A1’
and C2' > B2’ > A2'.

Interestingly, Li et al.>® have reported that the changes in
the droplet size and the proteolysis of the interfacial proteins
of the emulsions under gastric conditions had no influence on
the rate and the extent of lipid digestion in the subsequent
intestinal environment, which was because bile salts, as strong
bio-surfactants, would displace interfacial materials (either
proteins or peptides) from O/W interfaces, which eliminated
the difference in the lipolysis induced by the changes in the
droplet size. However, Singh and co-workers®® and Acevedo-
Fani and Singh'® suggested that the nature of the adsorbed
layer of the droplets and the droplet size played a major role in
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controlling the action of lipase and lipid digestion.
Nevertheless, it is worth pointing out that in their study, only a
very low concentration of proteins was used, (typically 1 wt%
protein in emulsions); therefore, the effect of the excessive
unadsorbed proteins in the bulk phase on proteolysis and sub-
sequent lipolysis has not been taken into account. In contrast,
in our study, the considerable amount of proteins present in
the bulk phase not only creates smaller oil droplets in the
initial formulations, but also aids to stabilise the oil droplets
during proteolysis under gastric conditions; therefore, this
may involve different mechanisms by which it affects lipolysis,
compared with those cases only containing small protein
concentrations.

Based on these findings, it can therefore be argued that
from the formulation point of view, the excessive protein
content present in the formulations/emulsions may play an
important role in controlling gastric proteolysis and sub-
sequent lipolysis by not only creating smaller oil droplets in
the initial emulsion, but also by enhancing the stability of oil
droplets in the gastric digestion environment.

4. Conclusions

In the present study, it has been shown that phase separated
microstructures/emulsions based on a model system (con-
taining protein, polysaccharides and oil) were able to control
lipid digestion (measured in vitro), and the extent of lipid
digestibility of formulations with different phase continuities
from a selected tie-line on the phase diagram was: protein
continuous > bi-continuous > polysaccharide continuous
systems.

The investigations of the effects of polysaccharides (guar
gum) on both proteolysis and lipolysis in the presence or
absence of guar gum suggested that guar gum has no influ-
ence on digestion, which was further confirmed by changing
the molecular weight of GG (although some other polysacchar-
ides have been reported to have this potential). However, lipid
digestibility is indeed protein concentration dependent. These
findings indicated that protein content in emulsion formu-
lation, plays an important role in controlling both gastric pro-
teolysis and subsequent lipolysis. This is because of the
mechanism that, from a formulation point of view, the exces-
sive protein content present in the initial emulsion, would not
only create smaller oil droplets, but also aid to enhance the
stability of oil droplets during proteolysis under gastric diges-
tion conditions. This corresponds to an increased interfacial
area for the adsorption of pancreatic lipase-co-lipase in the
duodenal phase, promoting lipolysis. These findings on
protein digestibility in formulation would bring insights into
the research and applications of real commercial dairy pro-
ducts (with designed structures), especially when there is a for-
tified protein strategy (high protein content in formulation)
that is used, to ensure controlled nutrient release and absorp-
tion during digestion, and open a new way for potential assist-
ance in tackling obesity issues.
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