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1. Introduction

Influence of the particle size and hydrocolloid
type on lipid digestion of thickened emulsions

N. Riquelme,®® P. Robert,” E. Troncoso®® and C. Arancibia (2 *®

Hydrocolloids are used as stabilizing agents in order to enhance the physical stability of emulsions during
their storage. However, they can also play an important role in nutrient release and bioavailability. In this
context, the aim of this research was to study the effect of the emulsion type and thickener type on the
physical-structural changes and free fatty acid release during in vitro digestion. Oil-in-water emulsions were
prepared with different particle sizes (CE: conventional emulsions and NE: nanoemulsions) and thickening
agents (starch and xanthan gum). The experimental conditions of homogenization used allowed food emul-
sions to be obtained at the microscale and nanoscale, with particle sizes ranging among 3.2-3.4 um and
78-107 nm for CE and NE, respectively. The addition of thickening agents (XG and ST) modified the physical
properties of emulsions (particle size, zeta potential and stability) slightly, and thickened samples with similar
viscosity were obtained. The kinetics of FFAs released during the in vitro intestinal digestion showed no sig-
nificant differences (p > 0.05) in the digestion rate among samples; however, emulsion and thickener types
decreased the final extent of free fatty acids, being more evident for those samples with starch. Xanthan
gum kept the particle size of nanoemulsions stable during the oral and gastric phases, which promoted the
release of FFAs during the intestinal phase. Therefore, xanthan gum could be used as a thickening agent of
nanoemulsions exerting a minor impact on their lipid bioaccessibility.

disorders, such as dysphagia, which can lead to malnutrition
and/or pneumonia by aspiration.>'® In order to minimize

The increasing elderly population (>60 years) in the world has
led the food industry to design products according to their
nutritional needs, in particular to maintain this population’s
health and quality of life. This group of people has a high risk
of nutritional deficiencies and/or chronic disease because of
the many changes (physiological, psychological and social)
they experience as a consequence of aging.'™ Recently, some
strategies for designing products focused on nutrition for
elderly people have been proposed.’® These consist of the
development of functional foods with enhanced bioaccessibil-
ity of essential nutrients and/or bioactive compounds based
on more efficient nutrient delivery systems, such as
nanoemulsions.”® Furthermore, older people often have
reduced masticatory activity’ and/or suffer from swallowing
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these difficulties, food texture can be modified by the incor-
poration of hydrocolloids, which can improve the swallowing
process, making it safer and more efficient.”''** Thus, the
use of both nanoemulsions and hydrocolloids will be con-
sidered in this study.

Oil-in-water (O/W) nanoemulsions are a dispersion of two
immiscible liquids, where the lipid phase is dispersed into an
aqueous phase in the form of small oil droplets (<100 nm)."?
Because of their ability to increase the bioavailability of lipid
compounds, these systems have been studied extensively.
Compared with nanoemulsions, conventional emulsions (large
particle size) are not so effective at delivering bioactive ingredi-
ents during digestion.'® Nanoemulsions’ advantage relies on
their larger surface area (small oil droplets) in contact with
digestive enzymes such as lipase, allowing a higher release of
lipid compounds, which can be incorporated into mixed
micelles, structure that corresponds to their more bioaccessi-
ble form.'” However, there are several factors that influence
nanoemulsion digestion within the gastrointestinal tract, such
as the particle size, interfacial properties and structure, rheolo-
gical properties and/or texture, among others."*"'®'° Therefore,
it is important to understand how physical and microstruc-
tural properties of nanoemulsions are modified during gastro-
intestinal tract digestion, in order to design more bioaccessible
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nanoemulsions that promote health status and consumers’
nutrition.

There are several thickening agents that can be used to
treat dysphagia, such as Enterex® (Victus Inc.), Nat100®
(Laboratorio Boston S.A); Vegenat® (Nutrisens Group) based
on modified starch; Thick & Easy® (Hormel Foods™);
Vivalite® Thickener Plus (Renova Functionals S.A) based on
modified starch and maltodextrin; Resource® Clear (Nestlé S.
A.) and Font Activ® Espesante Claro (Ordesa®) based on
xanthan gum. Starch has been traditionally used as a thickener
for dysphagia patients because it can be used to modify fluid
viscosity without producing major changes in the organoleptic
properties.>® However, the viscosity of food products that have
been thickened with starch can change during oral proces-
sing,*! since salivary a-amylase breaks down the chains of
amylose and amylopectin. This fact leads to a considerable
decrease in viscosity in the mouth, which may be unsafe to
dysphagia patients.*>** Therefore, non-starch-based hydrocol-
loids can be used as food thickening agents as an alternative
to starch. Xanthan gum is a polysaccharide produced by
Xanthomonas campestris.>* It presents great stability under a
wide range of temperatures and pH levels.”® It is used in the
food industry as a thickener due to its palatability and smooth
texture.'” In addition, this hydrocolloid is characterized by its
resistance to enzymatic degradation during oral processing.
This represents an advantage to dysphagia patients, because
in the presence of saliva, it does not become thinner over
time.>®

In the case of emulsions, hydrocolloids are used as stabiliz-
ing or emulsifying agents because some of them have surface
activity, presenting polar and nonpolar groups that allow the
reduction of interfacial tension at the oil-water interface.”” In
addition, hydrocolloids improve the physical stability of emul-
sions by inducing the formation of a thick hydrophilic coating
around oil droplets, which can promote electrostatic and steric
repulsion among them.">*® However, the impact of hydrocol-
loids on lipid digestion is not well documented. Chang &
McClements® reported that the use of an anionic polysacchar-
ide (fucoidan) increased the initial digestion rate of fish oil
emulsions stabilized by protein, due to its ability to prevent
lipid droplet aggregation, thereby increasing the lipids’ surface
area available for lipase. Xu et al.*° studied in vitro the effect of
two anionic polysaccharides (pectin and xanthan gum) on the
lipid digestion of fish-oil-in-water emulsions. The results
suggested that the incorporation of anionic polysaccharides
promoted lipid digestion. However, Qin et al.*' and Arancibia
et al.>* demonstrated that the use of hydrocolloids, such as cat-
ionic chitosan and anionic alginate and carboxymethyl cell-
ulose, respectively, decreased the rate and final extent of free
fatty acids released during the in vitro lipid digestion of food
emulsions/nanoemulsions. These hydrocolloids caused physi-
cal retention of oil droplets into the aqueous phase, retarding
the lipase access to the substrate or inhibiting lipid digestion.

Against this background, we hypothesized that microstruc-
tural differences of thickened emulsions could modify the free
fatty acids released during the in vitro digestion of these food
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matrices, affecting consequently lipid bioaccessibility. The aim
of this research was to study the impact of the emulsion type
(conventional emulsion vs. nanoemulsion) and thickener type
(starch or xanthan gum) on the physical-structural changes
and free fatty acids released during in vitro digestion.

2. Materials and methods
2.1 Materials

Avocado oil (Casta de Peteroa — Terramater S.A., Chile), soy
lecithin (Metarin P, Cargill, Blumos S.A., Chile), Tween 80
(Sigma-Aldrich  S.A., USA), a starch-based thickener
(ENTEREX®, Victus Inc., USA), a xanthan gum-based thickener
(RESOURCE® CLEAR, Nestlé Health Science S.A., France) and
purified water (from an inverse osmosis system, Vigaflow S.A.,
Chile) were used to prepare emulsions. Pepsin from porcine
gastric mucosa (3200-4500 units per mg protein, P6887), pan-
creatin from porcine pancreas (4 x USP specifications, P1750),
bile extract (from porcine, B8631) and lipase from porcine pan-
creas (100-500 units per mg protein using olive oil, L3126) pur-
chased from Sigma-Aldrich (USA), and different salts (KCI,
KH,PO,, NaHCO;, NaCl, MgCl,(H,0)s, (NH,),CO;, NaOH, HCl
and CaCl,(H,0),) purchased from Merck (Germany) and
Winkler (Chile) were used to prepare simulated digestion
fluids. Nile Red (Sigma-Aldrich S.A., USA) and polyethylene
glycol (Sigma-Aldrich S.A., USA) were used in microscopy
analyses.

2.2 Thickened emulsion preparation

Different O/W emulsions were prepared with varying particle
sizes (conventional emulsion-CE and nanoemulsion-NE) and
thickener types (starch-ST or xanthan gum-XG). Two control
samples with no-added thickeners but with different particle
sizes (CE and NE) were prepared. All emulsions contained 5%
w/w of avocado oil (lipid phase), 6% w/w of a mixture of emul-
sifiers (5% w/w soy lecithin and 1% w/w Tween 80) and 89%
w/w of purified water (aqueous phase). For CE elaboration, the
lipid phase was dispersed into the aqueous phase (water and
emulsifier mixture) using a high-speed homogenizer (IKA T25,
Ultra Turrax, Germany) at 10000 rpm for 15 min. The pre-
emulsion was homogenized by high pressure (APV 2000, SPX
Flow, Poland) using the following operation conditions: 1 cycle
at 100 bar- and 9 cycles at 1500 bar to CE and NE, respectively.
Thickeners were then added to the emulsions at iso-viscous
concentrations (4.45 g of ST or 3.2 g of XG for 100 g of CE, and
5 g of ST or 4 g of XG for 100 g of NE) using a kitchen robot
(Thermomix™ TMS5, Vorwerk Elektrowerke GmbH & Co,
Germany) at 60 °C and 500 rpm for 10 min. These food emul-
sions were stored in glass flasks at 4 °C for 24 h before
measurements were performed.

2.3 Characterization of thickened emulsions

2.3.1 Particle size and zeta potential. The particle size
(Sauter diameter D;,) of conventional emulsions was deter-
mined by optical microscopy, where 5-6 images of each

This journal is © The Royal Society of Chemistry 2020
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sample were captured with a digital camera (EOS Rebel T3,
Canon, Japan) connected to an optical microscope at 100x
(PrimoStar, Carl Zeiss, Germany), and then processed with
AxioVision software (AxioVision Rel. 4.8, Carl Zeiss, Germany)
to calculate the average diameter of at least 200 oil droplets
(from each replica) following eqn (1).

_ Z I’lidis
B Z nidiz

where d; is the oil droplet diameter and #n; is the number of
droplets having a diameter d;. The particle size distribution of
the emulsions was determined as a frequency distribution
through histogram analysis.

The particle size (hydrodynamic diameter) of nanoemul-
sions was determined by dynamic light scattering (Nano ZS,
Malvern Instruments, UK) using a refractive index value of 1.47
for the disperse phase (avocado oil) and of 1.33 for the con-
tinuous phase (water). Samples were diluted to 6% v/v using
Milli-Q water to obtain a solution without turbidity. Each value
of the particle size corresponds to an average of three measure-
ments of the hydrodynamic diameter of the same sample.

The zeta potential (ZPot) of all emulsions was measured by
Electrophoretic Light Scattering (ELS) using Zetasizer equip-
ment (Nano ZS, Malvern Instruments, UK). For these analyses,
samples were diluted to 6% v/v using Milli-Q water to obtain a
solution without turbidity. A refractive index of 1.47 for
avocado oil was used for the measurements. The ZPot values
correspond to an average of 3 measurements for each sample.

2.3.2  Flow behavior. Flow behavior of the emulsions was
determined by using a rotational rheometer (RheolabQC,
Anton Paar, Austria) equipped with double gap or concentric
cylinder geometry (DG42 and CC27 for control samples and
thickened emulsions, respectively). Shear stress was recorded
at a shear rate between 1 and 200 s™' and 200 and 1 s™" for
120 s. The equipment worked at 37 + 1 °C. The temperature
was controlled using a Peltier system. The emulsions were
allowed to stand for 10 min before measurements were con-
ducted, to recover the emulsion structure and reach the test
temperature. The upward flow curves of control and starch-
based samples were fitted to the Ostwald-de Waele model (eqn
(2)), and xanthan gum-based emulsions to the Herschel-
Bulkley model (eqn (3)).

D;,

(1)

o= K" (2)

6 =00 +Ky" (3)

where o is shear stress (Pa), o, is yield stress (Pa), K is the con-
sistency index (Pa s), y is the shear rate (s™') and 7 is the flow
index. Also, the thixotropic behavior of different emulsions
was determined by the percentage of the relative hysteresis
area (eqn (4)):**

Aup — Adown

A =
T Aup

X 100 (4)

This journal is © The Royal Society of Chemistry 2020
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where A, is the percentage of the relative hysteresis area, A, is
the area under the upstream data point curve and Aggwn is the
area under the downstream data point curve.

All measurements were carried out in triplicate and each
replica was measured twice (6 measurements in total).
Apparent viscosity at a shear rate of 50 s (1750 s-1) was used as
a parameter of comparison between samples. This shear rate
was chosen because it is taken to be the shear rate that occurs
during the food swallowing process.>*

2.3.3 Physical stability. The physical stability of the
thickened emulsions was evaluated through a creaming index
(C1) after a centrifugation process. Hence, 8 mL of each emul-
sion were placed in conical centrifuge tubes and then were
centrifuged (Universal 32R, Hettich, UK) at 2400g for 15 min
in order to accelerate physical destabilization of the emul-
sions.?” Then, the CI was calculated using eqn (5):

H,
CI(%) = ?: x 100 (5)
where Hg is the total height of the emulsion and Hg is the
height of the cream layer formed.

2.4 Invitro lipid digestion

Emulsions (CE and NE) were subjected to in vitro lipid diges-
tion to evaluate the influence of the emulsion particle size and
thickener type on the physical properties, microstructure and
free fatty acid (FFA) release. Mouth, stomach and intestinal
fluids were prepared according to the standardized protocol
INFOGEST 2.0°® with some modifications, to carry out simu-
lated static in vitro gastrointestinal food digestion.

2.4.1 Mouth phase. 25 g sample (preheated to 37 °C) were
mixed with 25 mL human saliva (1:1) and incubated at 37 °C
for 2 min in an incubator shaker at 80 rpm (NB-205, N-Biotek
INC., Korea). Human saliva was obtained from a single healthy
volunteer, who did not consume food 2 h before saliva collec-
tion. First, the volunteer rinsed his mouth with water and then
spat saliva for a period of 2 h. The saliva was then placed in a
glass beaker under an ice bath. Saliva collection was per-
formed in accordance with the guidelines approved by the
ethics committee at the University of Santiago of Chile (Report
no. 705). Informed consent was obtained from the human par-
ticipant of this study.

2.4.2 Stomach phase. The simulated gastric fluid (SGF)
consisted of an electrolyte stock gastric solution (1.7% v/v 0.5
M KCl, 0.2% v/v 0.5 M KH,PO,, 3.0% v/v 1.0 M NaHCO,, 3.0%
v/v 2.0 M NaCl, 0.1% v/v 0.15 M MgCl,(H,0)s, 0.2% v/v 0.5 M
(NH,),CO,, 0.3% v/v 6.0 M HCI, 0.001% v/v 0.3 M CaCl,, and
91.5% v/v purified water) and pepsin solution (0.5% w/v in
purified water). At this stage, 50 mL of the in vitro oral digested
sample (bolus) was mixed with 50 mL of SGF (ratio 1:1) pre-
heated at 37 °C. Then, the mixture was incubated in a water
bath (WNB7, Memmert GmbH+Co, Germany) at 37 °C for
1.5 h under continuous agitation at 200 rpm. The pH of the
mixture was monitored and controlled using an automatic
titration unit (902 Titrando, Metrohm, USA) equipped with
Tiamo 2.4 software. To adjust gastric pH, 0.5 M HCI solution
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was used until the conditions of the human stomach during
digestion were reached (pH 2.0), following three control
stages: (1) pH 4.0, adding 0.1 mL min~" for 15 min; (2) pH 3.0,
adding 0.08 mL min~" for 35 min; and (3) pH 2.0, adding
0.07 mL min~" for 40 min.

2.4.3 Intestine phase. The simulated intestinal fluid (SIF)
was prepared with electrolyte stock intestinal solution (1.7%
v/v 0.5 M KCl, 0.2% v/v 0.5 M KH,PO,, 10.5% v/v 1.0 M
NaHCO3;, 2.4% v/v 2.0 M NaCl, 0.2% v/v 0.15 M MgCl,(H,0)s,
0.15% v/v 6.0 M HCI, 0.01% v/v 0.3 M CaCl, and 85% v/v puri-
fied water), bile salt solution (7% w/v in stock intestinal solu-
tion), pancreatic dispersion (0.003% w/v in stock intestinal
solution) and lipase solution (10% w/v in stock intestinal solu-
tion). First, 100 mL of the mixture obtained from the stomach
phase (chyme) was mixed with 100 mL of SIF (ratio 1: 1), adjust-
ing the pH to 7.0 with 0.5 M NaOH solution. This mixture was
incubated at 37 °C for 2 h and stirred at 200 rpm, maintaining
its pH at 7.0 by adding 0.5 M NaOH solution (0.5 M) with the
help of the pH-stat device (902 Titrando, Metrohm, USA). This
was carried out to neutralize the FFAs generated by lipolysis
during the lipid digestion process. The amount of FFAs released
was calculated using the following eqn (6):'®

1% X M, X My .
%FFA — ( NaOH(t) NaOH w0,1> % 100 (6)
Moil X 2

where Viaonge) corresponds to the volume (L) of NaOH solution
used to neutralize the FFAs generated during the digestion
time, Myaon is the molar concentration (mol L") of the NaOH
solution used to titrate the sample, M, , is the molecular
weight (g mol™") of the oil, and m,; is the amount (g) of the
initial oil present in the sample.

To compare the digestion kinetics of the different samples,
the initial rate of FFAs released was calculated by data fitting
to a linear regression during the first 25 min of in vitro intesti-
nal digestion. The final digestion extent was calculated as the
total percentage of FFAs released at the end of the in vitro
intestinal digestion.

2.4.4 Microstructure. After each phase of digestion, the
emulsion microstructure was observed by confocal laser scan-
ning microscopy (CLSM) (LSM 510, Zeiss, Germany). First,
150 pL of samples from different digestion phases (before
digestion and after digestion in each phase) were dyed with
Nile Red solution (30 pL of 0.1 g L™" in polyethylene glycol).
Then, each sample-dye (10 pL) was placed between two cover-
slips in the observation chamber, using a 63X oil immersion
objective lens. The excitation and emission wavelengths of
Nile Red were 559 nm and 636 nm, respectively. For these
microscopy analyses, at least 10 images of each sample were
recorded and analyzed using ZEN Lite 2.3 software (Zeiss,
Germany).

2.5 Statistical analysis

The experimental data were reported as the average of at least
three replicates and their corresponding standard deviation.
Two-way ANOVA (with the emulsion and thickener type as inde-
pendent variables) and Tukey’s test with a level of significance
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of @ = 0.05 were performed to identify significant differences
among samples, using XLSTAT® software (Addinsoft, France).

3. Results and discussion
3.1 Initial characterization of the thickened emulsions

Emulsions at the micro-scale and nano-scale were produced
with and without thickeners, applying different experimental
conditions (high-speed and high-pressure homogenization,
respectively). Table 1 shows the initial physical parameters of
the thickened emulsions. The particle size was significantly
higher (p < 0.05) in CE (3.17 to 3.37 um) than in NE (78 to
107 nm) (Table 1), and the addition of hydrocolloids as a
thickening agent slightly increased the particle size of both
types of emulsions. This was more evident in emulsions
thickened with xanthan gum (3.37 pm for CE and 107 nm for
NE). An increase in the particle size may be due to the adsorp-
tion of xanthan gum at the oil-droplet interface. The anionic
polysaccharide can be located at the oil-water interface and
under this condition, it can interact with the other emulsifiers
to form a thick emulsifier layer around oil droplets, which
increased the particle size values of the emulsions.’””*®
Regarding zeta potential, all emulsions showed a negative elec-
trical charge with values among —58.3 and —41 mV (Table 1).
This is due primarily to the use of soy lecithin, an emulsifier
negatively charged by the anionic phospholipids in its chemi-
cal structure.*® In addition, conventional emulsions showed
more electronegative ZPot values than nanoemulsions, prob-
ably because of the formation of lecithin micelles induced by
an excess of this surfactant in the aqueous phase. A larger par-
ticle size of conventional emulsions implies a smaller inter-
facial area around oil droplets; therefore there will be soy
lecithin molecules to adsorb at the oil-water interface and the
other ones will be available to form micelles.*® The thickener
type also significantly affected (p < 0.05) the ZPot values,
where the CE and NE samples with xanthan gum showed a
more negative electrical charge than starch-based samples,
due to the anionic groups in the xanthan gum chain.*®
Regarding the flow behavior study, emulsions with different
concentrations of hydrocolloids but with similar apparent vis-
cosity (1750 s-1, Table 1) were obtained. This consideration was
defined to obtain negligible distortion in the results of in vitro
digestion assays by the effect of differences in the initial vis-
cosity of samples. The flow curves for control and starch-based
emulsions were fitted to the Ostwald-de Waele model (R* >
0.99). However, the flow curves for xanthan gum-based emul-
sions were fitted to the Herschel-Bulkley model (R* > 0.98)
because these showed an initial resistance to flow (yield stress)
(Table 1, Fig. 1). Control emulsions (without thickener) pre-
sented a Newtonian flow behavior (flow index ~1, Table 1),
while thickened emulsions showed a pseudoplastic behavior
(flow index < 1). Also, the thickened emulsions presented a
thixotropic behavior showing differences between the emulsi-
fier type, where emulsions with starch showed a greater thixo-
tropic behavior (Table 1). The physical stability of emulsions

This journal is © The Royal Society of Chemistry 2020
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Table 1 Initial physical parameters of the thickened emulsions

Thickener Particle Zeta potential Creaming
Emulsion type type size (nm) (mvV) oo (Pa) K (Pa-s) n A (%) 50 s (Pa-s) index (%)
Conventional No-added 3170 £ 90° —55.1+3.2°9 — 0.002 + 0.001" 1.00 + 0.06° — 0.001 + 0.0002% 11.5+1.8
emulsion (CE) Starch 3166 + 90 —51.9+1.8° — 3.691 + 0.484° 0.53 +0.01° 8.93+0.71° 0.556 + 0.003° n.o

Xanthan gum 3368 + 78 —58.3 = 3.5¢
Nanoemulsion (NE) No-added 78 +1.0° —44.0 + 0.4%°
Starch 86+ 0.4 —41.0+2.3* —
Xanthan gum 107 + 8.0° —50.8 + 2.1

20.2 +0.6% 2.265 + 0.114° 0.37 + 0.03%

22.0 +1.0% 1.837 +0.507° 0.41 + 0.03%

5.00 + 0.85 0.559 + 0.006° n.o
0.001  0.001* 1.00  0.02° — 0.001 £ 0.0003* n.o
3.736 + 0.248° 0.53 +0.01° 16.29 + 1.68° 0.548 +0.011° n.o
5.58 +1.18% 0.565 £ 0.002° n.o

Notes: 1. Different letters indicate significant differences (p < 0.05) in the parameters (same column) for different thickened emulsions. 2. Flow
curves were fitted to the Ostwald-de Waele model (R* > 0.99) for emulsions without thickener and starch-based emulsions, and the Herschel-Bulkley
model (R* > 0.98) for xanthan gum-based emulsions. o,: yield stress, K: consistency index, n: flow index, A,: hysteresis area and 75, s-:: apparent vis-

1

cosity at 50 s”". n.o: not observed.
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Fig. 1 Flow curves (upward and downward curves) of thickened emul-
sions. CE: conventional emulsion, NE: nanoemulsion, control: without
thickener, ST: starch and XG: xanthan gum. Flow curves were fitted to
the Ostwald-de Waele model (R* > 0.99) for emulsion control and
starch-based emulsions, and the Herschel-Bulkley model (R? > 0.98) for
xanthan gum-based emulsions.

was monitored by creaming formation after a centrifugation
process. All samples presented a good physical stability. No
signs of destabilization were detected (Fig. 2), except for the
CE-control (without thickener), which showed the formation of
a cream layer on the top of the tube, corresponding to 11.5%
of the creaming index (Table 1). The stability of emulsions
depends on several factors. These include the particle size,
since it is known that an emulsion with large droplets (conven-
tional emulsions) is less stable than the one with small dro-
plets (nanoemulsions) and the addition of a thickening agent
decreases the destabilization rate of emulsions, because it
increases the viscosity of the continuous phase.'® Therefore,
we can conclude that good physical stability can be induced in
emulsions by both factors: particle size and the addition of
thickening agents (starch and xanthan gum).

3.2 Invitro lipid digestion

The kinetics of free fatty acid (FFA) release in conventional
emulsions (CE, CE-ST and CE-XG) and nanoemulsions (NE,
NE-ST and NE-XG) during in vitro intestinal digestion is shown

This journal is © The Royal Society of Chemistry 2020

in Fig. 3, where two regions can be clearly distinguished. In
the first region, %FFAs released rapidly increased with increas-
ing digestion time (25 min), due to the fast adsorption of the
lipase at the oil droplet surface.** In the second region, FFAs
released reached constant values and did not increase with
digestion time, because the lipolysis products (i.e. fatty acids
and monoglycerides) compete with lipase for the available
surface area in the oil-water interface, reducing its activity.*>
Also, differences among emulsions in the amount of FFAs
released at the end of the intestinal digestion were found,
where conventional emulsions showed a lower FFA release
(30-43%) than nanoemulsions (43-60%). This behavior agrees
with the studies conducted by Majeed et al,*’ Zhang et al.**
and Salvia-Trujillo et al.,*> who reported that emulsions with a
small particle size (nano-scale) were digested more rapidly
than the large ones (micro-scale), due to the increased area of
the oil droplet exposed to the enzyme action. Moreover, the
addition of either a CE or NE thickener (ST or XG) decreased
the release of FFAs with respect to the control one (CE or NE).
This tendency was more evident for those samples with the
largest particle size (conventional emulsions) (Fig. 3).
Hydrocolloids in the aqueous phase of o/w emulsions can: (i)
modify the properties of the oil droplet interface and the vis-
cosity of the continuous phase, (ii) interact with other com-
ponents (e.g. ions, bile salts and enzymes), and (iii) generate
changes in the physicochemical properties of the gastrointesti-
nal fluids. All these factors could impact the digestion kinetics
of thickened emulsions.*****

Table 2 shows the FFA digestion rate and FFA release from
the oil-in-water emulsion with and without thickeners during
the in vitro intestinal digestion. There were no significant
differences (p > 0.05) in FFA digestion rates between emulsions
(~ 3.3% FFA per min), while the %FFAs released at the end of
digestion varied significantly (p < 0.05) depending on the par-
ticle size and thickener type (Table 2). Nanoemulsions showed
significantly higher (p < 0.05) FFAs released with respect to
conventional emulsions, regardless of the thickener type,
which can be attributed to the greater interfacial area that
facilities the substrate-enzyme interaction.***>*%4% The thick-
ener type significantly affected (p < 0.05) the final amount of
FFAs obtained (Table 2), although its effect was different
according to the scale of the emulsions (micro or nano-scale).
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Fig. 2 Physical stability of the thickened emulsions after the centrifugation process. CE: conventional emulsion, NE: nanoemulsion, control:

without thickener, ST: starch, and XG: xanthan gum.
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Fig. 3 Free fatty acids released during the in vitro intestinal digestion of the thickened emulsions elaborated with different emulsions and thickener
types. CE: conventional emulsion, NE: nanoemulsion, control: without thickener, ST: starch, and XG: xanthan gum.

Table 2 Digestion rate and final extent of free fatty acids (FFA) released
from the thickened emulsions during the in vitro intestinal digestion

Thickener Digestion rate Final extent
Emulsion type type (% FFA per min) (FFA released %)
Conventional No-added 3.305 + 0.0001*  43.1 +3.0™
emulsion (CE) Starch 3.305 +0.0007%  34.2 +1.3%°
Xanthan gum 3.302 + 0.0007°  29.8 + 3.6"
Nanoemulsion (NE) No-added 3.306 +0.0004*  60.1 + 0.2¢
Starch 3.305 +0.0017%  43.2 +4.2°
Xanthan gum  3.306 + 0.0004®  54.6 + 5.6°¢

Note: 1. Different letters indicate significant differences (p < 0.05) in the
parameters (same column) for different thickened emulsions.

In the case of CE thickened with xanthan gum, the release of
FFAs decreased significantly in comparison with control
samples (CE). However, when this hydrocolloid was added into
nanoemulsions, no significant differences (p > 0.05) were
found between control NE and xanthan gum-based NE, indi-
cating a minor impact of this thickening agent on lipid bioac-
cessibility. This behavior can be influenced by the formation
of a compact and stable network structure around the oil dro-
plets that protects them against coalescence, maintaining a

Food Funct.

relatively small particle size during the oral and gastric diges-
tion phases.’® The addition of starch to NE decreased signifi-
cantly the FFAs released, which may be due to the lower stabi-
lity of this sample under mouth and gastric digestion con-
ditions, which increased its particle size, consequently redu-
cing the production of FFAs during the in vitro intestinal diges-
tion. Therefore, FFA release decreased significantly in xanthan
gum-based CE and starch-based NE.

3.3 Physical changes of thickened emulsions during their

in vitro lipid digestion

The particle size and the microstructure of the emulsions after
each in vitro digestion phase (mouth, stomach and intestines)
were characterized to obtain information about how these
physical properties are affected by digestive action. Fig. 4
shows the changes in the particle size of the different emul-
sions after the oral phase, where a significant increase (p <
0.05) in the particle size (PS) was found, except for the XG-
based nanoemulsion. This result was in line with a shift in the
particle size peak towards higher values (Fig. 5) with respect to
the control peak and with microstructure photographs (Fig. 6).
Therefore, mouth digestion led to an increase in the particle
population with larger sizes, due to coalescence of oil droplets

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Changes in the particle size distribution of the thickened emulsions during the in vitro lipid digestion. CE: conventional emulsion, NE: nanoe-

mulsion, control: without thickener, ST: starch, and XG: xanthan gum.

in the mouth. However, the xanthan gum-based nanoemulsion
did not show a considerable change in the particle size, and
its distribution during oral processing remained unaltered.
This may be explained by the formation of a structured
network between small oil droplets and polymer chains that
increased the resistance of oil droplets to coalesce under oral
conditions.” In the case of starch-based emulsions, a break-

This journal is © The Royal Society of Chemistry 2020

down of the swelling starch granules was also observed after
the oral phase (Fig. 6) given the effect of enzyme hydrolysis of
starch granules by a-amylase in the saliva.’”

After the gastric phase, the digested emulsions (chyme)
showed a particle size similar to or slightly higher than that in
the mouth phase (Fig. 4), with a greater polydispersity of the
particle size (Fig. 5). This behavior was verified by the micro-
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Fig. 6 Confocal micrographs of the thickened emulsions after the in vitro lipid digestion in each phase (mouth, stomach and intestine simulated
conditions) and without digestion. CE: conventional emulsion, NE: nanoemulsion, control: without thickener, ST: starch, and XG: xanthan gum.

Scale bars represent a length of 20 pm and the red regions represent lipids.

structure images (Fig. 6). An increase in the coalescence
increased the wide peak of the particle size, due to the gastric
conditions (high ionic strength and low pH). Regarding thick-
eners, the starch-based samples showed a higher particle size
than xanthan gum-based samples after the stomach phase
(Fig. 4 and 5), which was more noticeable for nanoemulsions.
Differences between thickeners may be explained by the hydro-
lysis of starch in the mouth phase, since the breakdown of the
structure could promote interactions between oil droplets and
saliva components, which favors droplet aggregation®® and
increases the oil droplet coalescence under gastric con-
ditions.>® Instead, xanthan gum-based emulsions remained
more stable because of the formation of a protective layer
induced by this hydrocolloid around oil droplets that avoided
their coalescence under gastric conditions.>”

Regarding the intestinal phase, the chyle obtained showed a
higher particle size than that obtained after the gastric phase,
especially for control emulsions and xanthan gum-based emul-
sions and they showed a multimodal particle size distribution
with an extensive range of oil droplet sizes that varied between
1-10 pm and 50-500 nm for conventional emulsions and
nanoemulsions, respectively (Fig. 5). An increase of the particle
size and the multimodal distribution may be attributed to the
formation of micelles and vesicles containing digesta products

Food Funct.

(monoglycerides and free fatty acid-bile salt complex), and the
coalescence of undigested drops,"’ which is also evidenced
from the respective microstructure images (Fig. 6). In addition,
the microstructure images showed a decrease in the amount of
oil droplets in the chyle due mainly to lipase activity, which was
more evident in nanoemulsions. This result is in agreement
with the release of FFAs, since nanoemulsions showed the
highest percentages of free fatty acids generated after the intesti-
nal phase (Fig. 3 and Table 2).

Finally, the physical changes of the emulsions during their
in vitro digestion could explain the differences found in the
percentage of FFAs released. First, the extensive coalescence
observed for the conventional emulsions through the in vitro
digestive process affected lipid intestinal digestion, decreasing
the FFA production. Second, the thickener addition altered
lipid digestion decreasing the %FFAs released; however,
xanthan gum can keep stable the particle size of nanoemul-
sions during the oral and gastric phases, avoiding the coalesc-
ence of oil droplets, which promotes the release of FFAs
during the intestinal phase. Therefore, xanthan gum could be
used as a thickening agent of nanoemulsions exerting a minor
impact on their lipid bioaccessibility, which can be a useful
tool for developing bioaccessible food products for elderly
people.

This journal is © The Royal Society of Chemistry 2020
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4. Conclusions

Both the particle size and hydrocolloid type influence lipid
bioaccessibility in O/W conventional emulsions and nanoe-
mulsions, because of the structural changes that thickener-
based emulsions undergo during in vitro digestion. The use of
nanoemulsions increases the amount of free fatty acids (FFAs)
released during intestinal digestion in comparison with con-
ventional emulsions. The incorporation of different hydrocol-
loids (starch and xanthan gum) as thickening agents decreases
the release of FFAs, but this behavior depends on the particle
size. Xanthan gum-based nanoemulsions showed similar FFA
production with respect to control nanoemulsions, with
addition of no thickener. Therefore, the use of xanthan gum as
a thickening agent of nanoemulsions represents a great
alternative to starch because it generates less impact on lipid
digestion. The results obtained from this study can be useful
for designing emulsion-based food matrices with controlled
nutrient delivery for populations with specific nutritional
requirements such as elderly people.
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