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Nanoemulsions can be used to improve the bioaccessibility of lipophilic bioactive compounds, such as curcumin,
being their behaviour highly influenced by their interfacial properties. The effect of chitosan and alginate layers’
deposition on curcumin nanoemulsions’ behaviour during in vitro digestion was evaluated using a dynamic
gastrointestinal system. Results showed that polyelectrolyte layers’ deposition improved curcumin antioxidant
capacity during in vitro digestion. In addition, multilayer nanoemulsions showed a better control of the rate and
extent of lipid digestibility by decreasing free fatty acids release, compared to uncoated nanoemulsions.

However, a lower curcumin bioaccessibility was observed for multilayer nanoemulsions. Although cytotoxicity
assays revealed that both nanosystems are toxic due to the use of sodium dodecyl sulphate (SDS), nanosystems
were 3.3-fold less toxic than SDS itself.

This study showed that multilayer nanoemulsions could be used to increase satiety by retarding lipid di-
gestion, which can be important for functional foods development for combating obesity.

1. Introduction

Consumers’ demands for new and healthier foods are encouraging
the food industry to seek for new strategies to fortify food products with
bioactive compounds, turning foods into products that promote health
and wellness (Cerqueira et al., 2013; Silva, Cerqueira, & Vicente, 2012,
2015b). Some of these bioactive compounds are lipophilic often re-
sulting in low bioavailability, whereas some are pH- and temperature-
sensitive, being prone to oxidative and chemical degradation (Guttoff,
Saberi, & McClements, 2015; Mayer, Weiss, & McClements, 2013;
McClements, 2015; Zou et al., 2015). Lipid-based delivery systems can
be designed to encapsulate, protect and control/trigger the release of
bioactive compounds at specific locations within the gastrointestinal
(GI) tract. Also, they can control the digestion of lipophilic bioactive

compounds in the GI tract, while improving their bioavailability (Li
et al.,, 2010; McClements & Li, 2010; Sun et al., 2015). In particular,
nanoemulsions can inhibit bioactive compounds’ chemical and oxida-
tive degradation, their large surface area can enhance lipid digestibility
rates, improve the release of bioactive compounds, promote the faster
formation of mixed micelles, while enhancing the bioactive compounds’
permeability across the mucus layer and epithelium cells (Cerqueira
et al., 2014; Sun et al., 2015; Ting, Jiang, Ho, & Huang, 2014). None-
theless, nanoemulsions present some drawbacks and their stability can
be influenced by their behavior towards dehydration, temperature
changes (e.g. heating, chilling and freezing-thawing) and passage
through the GI tract (Cerqueira et al., 2014; Silva, Cerqueira, & Vicente,
2015a). Multilayer nanoemulsions can be used as a strategy to improve
the physical stability of nanoemulsions to environmental conditions
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such as pH, ionic strength, heating, chilling or freeze-drying cycles,
while controlling lipids’ digestibility and release of bioactive com-
pounds in response to specific environmental triggers (Acevedo-Fani,
Soliva-Fortuny, & Martin-Belloso, 2017). They can be produced using
the layer-by-layer (LbL) technique, based on the deposition of charged
polyelectrolytes onto oppositely charged lipid droplets (Acevedo-Fani,
Silva, Soliva-Fortuny, Martin-Belloso, & Vicente, 2017; Pinheiro,
Coimbra, & Vicente, 2016). Multilayer nanoemulsions’ characteristics
are known for being largely influenced by the properties of the outer
polyelectrolyte layer, such as molecular weight, charge density, ionic
composition and pK,. However, the functional properties can be de-
signed according to the type of polyelectrolyte, sequence of the poly-
electrolyte layers, number of layers and the conditions to which the
solutions are subjected during the construction of the system (Li et al.,
2010).

The proper selection of the lipid nanosystem should be based on the
final application. It is known that the large surface area of nanoemul-
sions allows the acceleration of the chemical reactions occurring at the
oil-water interface such hydrolysis by lipases. Therefore, nanoemul-
sions’ capacity to increase the rate and extent of lipids digestion, make
them interesting for addressing human disorders that inhibit lipid di-
gestion or absorption (Troncoso, Aguilera, & McClements, 2012). On
the contrary, changing the interfacial properties through the deposition
of polyelectrolyte layers may help controlling lipids’ digestibility by
enhancing the coating integrity, preventing lipase and other enzymes
from reaching the encapsulated lipids (McClements & Li, 2010;
Troncoso et al., 2012). By slowing down the digestibility rate of lipids,
it is possible to stimulate ileal brake mechanism responsible for reg-
ulating hunger, satiety and satiation, thereby reducing the caloric in-
take of food products (Li et al., 2010; Maljaars, Peters, Haddeman, &
Masclee, 2009).

Therefore, understanding of the behavior of lipid-based nanosys-
tems within the GI tract is of the highest importance for the develop-
ment of lipid nanosystems with tailored physiological attributes, such
as satiety enhancement, improved bioavailability or reduced fat ab-
sorption (Liu, Ma, Zhang, Gao, & Julian McClements, 2017). With this
view, the main purpose of this study was to evaluate the influence of
the interfacial composition on the behavior of lipid-based nanosystems
under in vitro GI conditions. To perform this evaluation, curcumin, a
lipophilic bioactive compound with numerous beneficial effects on
human health but a very low bioavailability, have been encapsulated in
nanoemulsions. Nanoemulsions were produced using medium chain
triglycerides (MCTs) as oil phase and SDS, as a anionic emulsifier. These
nanoemulsions have been coated with oppositely charged biopolymers:
alginate and chitosan, forming multilayer nanoemulsions. A dynamic GI
model, comprising the simulation of stomach, duodenum, jejunum and
ileum, was used in this study once it allows a more realistic simulation
of the complex physicochemical and physiological processes that occur
within the human GI tract. Also, the cytotoxicity of the nanosystems
was evaluated using CaCo-2 cell line.

2. Materials and methods
2.1. Materials

Neobee 1053 MCTs, composed by caprylic/capric triglyceride oil
with a fatty acid distribution of 55% of C8:0 and 44% of C10:0, was
kindly provided by Stepan (The Netherlands) and was used without
further purification. SDS, curcumin (Mw = 368.38 Da), 1,1-diphenyl-2-
picrylhydrazyl (DPPH), pepsin from porcine gastric mucosa (600
U-mL™1), lipase from porcine pancreas (40 U'mL 1), pancreatin from
porcine pancreas (8 x USP), bile extract porcine and the salts used for
preparing the gastric and small intestinal electrolyte solutions, hydro-
chloric acid, sodium bicarbonate, Nile Red 9-diethylamino-5H-benzo
[a]lphenoxazine-5-one and dimethyl sulfoxide were purchased from
Sigma-Aldrich (St Louis, MO, USA). Chitosan (deacetylation degree
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>95%) was purchased from Golden-Shell Biochemical CO., LTD
(Zhejiang, China) and sodium alginate with Mw = 15,900 Da and
viscosity = 200 cp (1% aqueous solution with Brookfield Model
LV's~ ! rpm at 25 °C) from Manutex RSX, Kelco 104 International, Ltd.
(Portugal). Lactic acid (90%) was purchased from Acros Organics (Geel,
Belgium). Sodium hydroxide and phenolphthalein were obtained from
Panreac (Barcelona, Spain). Chloroform was obtained from Fisher
Scientific (NJ, USA) and acetone from Fisher Chemical (Loughborough,
UK). All cell culture media and supplements, namely RPMI 1640, Fetal
Bovine Serum (FBS), Penicillin-Streptomycin (PS) and trypsin/EDTA,
were obtained from Invitrogen (Paisley, UK). For cytotoxicity experi-
ments phosphate buffered saline (PBS) powder was purchased from
Sigma-Aldrich (St. Louis, USA) and CellTiter 96® AQueous One Solution
Cell Proliferation Assay was obtained from Promega (Wisconsin, USA).
Human colon carcinoma Caco-2 cells were purchased from Deutsche
Sammlung von Mikroorganismen und Zellkulturen (DSMZ,
Braunschweig, Germany). Distilled water (Milli-Q apparatus, Millipore
Corp., Bedford, MA, USA) was used to prepare all solutions.

2.2. Experimental procedures

2.2.1. Preparation of curcumin nanosystems

2.2.1.1. Curcumin nanoemulsions. Oil-in-water (O/W) nanoemulsions
were prepared according to a previous work (Silva et al., 2015b),
with slight modifications. Briefly, 0.1% (w/w) of curcumin was
solubilized at 90 °C in MCTs during 30 min. The oily phase was then
added to an aqueous phase containing 1% (w/w) of SDS in distilled
water. An oil-to-aqueous phase volume ratio of 1:9 was used. The
nanoemulsions were pre-mixed during 2 min at 83.3 s~ ! using an Ultra-
Turrax homogenizer (T 25, Ika-Werke, Germany) followed by 20 cycles
of homogenization through a high-pressure homogenizer equipped with
a zirconia nozzle (Z4 nozzle) with 100 um of orifice (Nano DeBEE, BEE
International, USA) at 15,000 Psi (103 MPa).

2.2.1.2. Curcumin multilayer nanoemulsions. Multilayer nanoemulsions
were formed through adsorption of consecutive deposition of layers of
polyelectrolytes onto the curcumin nanoemulsions using the LbL
electrostatic deposition technique. The saturation method was
applied, i.e. the layers were constructed by subsequent adsorption of
polyelectrolytes from their solutions without the intermediate rinsing
step. Therefore, an optimization step was conducted, in which different
polyelectrolytes’ concentrations (ranging from 0.01 to 0.1% w/w) were
tested. The concentration at which the nanoemulsions are completely
coated by the polyelectrolyte layer and there is no significant excess of
polyelectrolyte in  solution (i.e. optimum polyelectrolytes’
concentration) was assessed. These concentrations have been chosen
based on particle size and zeta potential measurements, in accordance
with other authors (Pinheiro et al., 2016). Briefly, constant values of
zeta potential with increasing polyelectrolyte concentrations suggest
that the nanoemulsions became saturated with the polyelectrolyte and
also, polyelectrolyte concentrations at which low particle sizes are
obtained suggest that nanoemulsions are not susceptible to droplet
aggregation due to the strong electrostatic repulsion between the
droplets and to the saturation of the droplets surfaces with the
polyelectrolyte. Concentrations of 0.04%, 0.04% and 0.02% (w/w)
for the build-up of the 1st (chitosan), 2nd (alginate) and 3rd (chitosan)
layers were selected to construct the multilayer nanoemulsions. Briefly,
anionic curcumin nanoemulsions were coated with alternating layers of
positively charged chitosan solution (dissolved in 1% lactic acid) at pH
3, and negatively charged sodium alginate solution (dissolved in
distilled water) at pH 7 (volume ratio of 1:1, respectively) until the
desired number of biopolymer layers was achieved (i.e. until obtaining
the chitosan/alginate/chitosan/SDS-stabilized multilayer
nanoemulsions). Polyelectrolyte solutions were used at the pH values
where the polyelectrolytes were strongly charged and added dropwise
with a syringe pump (NE-1000, New Era Pump Systems, Inc., USA) to
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fresh curcumin nanoemulsions, under stirring for 15 min.

2.2.2. Nanosystems size measurements

The particle size distribution and polydispersity index (PdI) of na-
noemulsions and multilayer nanoemulsions were determined using
Dynamic Light Scattering (DLS) (Zetasizer Nano ZS-90, Malvern
Instruments, Worcestershire, UK). Nanoemulsion samples were diluted
10 x in distilled water at room temperature. Data were reported as the
mean droplet diameter (hydrodynamic diameter, Hy). PdI is a di-
mensionless and indicates the heterogeneity (monodisperse or poly-
disperse) of particles’ size in a mixture (Malvern, 2011). Each sample
was analysed in a disposable polystyrene cell (DTS0012, Malvern In-
struments). The measurements were performed in duplicate, with three
readings for each of them. The results are given as the average *
standard deviation of the six values obtained (Rao & McClements,
2013; Silva et al., 2011).

2.2.3. Nanosystems charge measurements

The droplet charge (zeta potential, Zp) of the nanoemulsions and
multilayer nanoemulsions was determined using a particle micro-elec-
trophoresis instrument (Zetasizer Nano ZS-90, Malvern Instruments,
Worcestershire, UK). Samples were diluted 100 x in distilled water
prior to measurements in order to avoid multiple scattering effects at
ambient temperature and the diluted emulsions were placed into dis-
posable capillary cells (DTS 1060, Malvern Instruments) (Ozturk, Argin,
Ozilgen, & McClements, 2014; Rao & McClements, 2013).

2.2.4. Nanosystems stability and curcumin release at GI conditions

The stability of curcumin nanosystems under GI environmental
conditions was investigated using the dialysis method, in accordance
with other authors (Pinheiro et al., 2015). 2mL of aqueous curcumin
nanosystems were added into a dialysis membrane (molecular weight
cut-off 15kDa; Cellu-Sep H1, Membrane filtration products, USA). The
sealed dialysis membrane was then placed into 50 mL of buffer solution
(phosphate buffer, PBS, for pH 7.4 and KCI-HCI buffer for pH 2) under
magnetic stirring at 37 °C. At appropriate time intervals, 0.5 mL of su-
pernatant were taken and 0.5 mL of fresh release medium (i.e. PBS or
KCI-HClI buffer) was added to keep the volume of the medium constant.
The stability of the nanosystems and the released amount of curcumin
from the nanosystems was evaluated by measuring the H, after 54 h and
the absorbance at 425 nm, maximum absorbance peak (Elisa Biotech
Synergy HT, Biotek, USA), respectively. All tests were run at least in
triplicate.

2.2.5. In vitro digestion

2.2.5.1. Dynamic GI model. A dynamic GI model was used for the in
vitro digestion experiments, according to Pinheiro et al. (2016). This
model simulates the main events that occur during digestion and
consists of four compartments simulating the stomach, duodenum,
jejunum and ileum. Each compartment consists of two connected glass
reactors with a flexible wall inside and water is pumped around the
flexible walls to maintain the temperature at 37 °C and to enable the
simulation of the peristaltic movements (by the alternate compression
and relaxation of the flexible walls). The changes in water pressure are
achieved by peristaltic pumps, which alter the flow direction according
to the time controlling devices connected to them. The compartments
are connected by silicone tubes and, at a predefined time, a constant
volume of chyme is transferred. All compartments are equipped with
pH electrodes and pH values are controlled by the secretion of HCI
(I1molL™Y) into the stomach and NaHCO; (1molL™!) into the
intestinal compartments. The gastric and intestinal secretions are
added via syringe pumps at pre-set flow rates. The jejunum and ileum
compartments are connected with polystyrene hollow-fibre devices
with molecular weight cut-offs of 0.05 um (SpectrumLabs Minikros®,
M20S-100-01P, USA) to absorb digestion products and water from the
chyme and to modify electrolyte and bile salts concentration of the
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chyme (Pinheiro et al., 2016; Reis et al., 2008).

It should be noted that, although at the mouth stage there may be
changes in nanoemulsions' size and interfacial characteristics, influen-
cing their fate in the GI tract (McClements & Xiao, 2012), this phase was
not included because the sample is liquid (and therefore the mastication
is not relevant and the residence time in the mouth is very low) and
does not contain starch (i.e. the primary enzyme present in saliva,
amylase, would not act) (Pinheiro et al., 2016).

2.2.5.2. Experimental conditions. In vitro digestion was performed as
described by other authors (Pinheiro et al., 2016; Reis et al., 2008) with
minor modifications. A volume of 40 mL of curcumin and curcumin-
loaded nanosystems (i.e. nanoemulsions and multilayer nanoemulsions)
was introduced into the dynamic GI system (gastric compartment) and
run for a total of 5 h, simulating the average physiological conditions of
GI tract by the continuous addition of gastric, duodenal, jejunal and
ileal secretions. Gastric secretion consisted of pepsin and lipase
dissolved in a gastric electrolyte solution (NaCl 4.8gL™!, KCl
2.2gL7, CaCl, 0.22 gL~ ! and NaHCO;5 1.5 gL.™ 1), secreted at a flow
rate of 0.33mLmin~'. The pH was controlled to follow a
predetermined curve (from 4.8 at t=0 to 1.7 at t = 120min) by
secreting HCl (1 mol'L. ™). The duodenal secretion consisted of a
mixture of 4% (w/v) porcine bile extract, 7% (w/v) pancreatin
solution and small intestinal electrolyte solution (SIES) (NaCl 5 g'L’l,
KCl 0.6gL~', CaCl, 0.25gL™') secreted at a flow rate of
0.66 mL'min~'. The jejunal secretion fluid consisted of SIES
containing 10% (v/v) porcine bile extract solution at a flow rate of
2.13mL'min " '. The ileal secretion fluid consisted of SIES at a flow rate
of 2.0mLmin~ ~'. The pH in the different compartments of small
intestine was controlled by the addition of 1 mol'.~* NaHCOj solution
to set points of 6.5, 6.8 and 7.2 for simulated duodenum, jejunum and
ileum, respectively. During in vitro digestion, samples were directly
collected from the lumen of the different compartments (stomach
sample collected at 90 min of gastric digestion and duodenum sample
collected at 120 min of duodenal digestion), from jejunal and ileal
filtrates (i.e. fractions absorbed at jejunum and ileum compartments,
respectively, collected at the end of the experiment) and from the ileal
delivery (i.e. fraction that was not absorbed in the small intestine,
collected at the end of the experiment). The jejunal and ileal filtrates
were used to determine the bioaccessibility of curcumin. The samples
were analysed in terms of Hy, Zp and amount of released free fatty acids
(FFA). Both curcumin nanosystems were tested in the dynamic GI
model at least in triplicate.

2.2.6. Morphological characterization

Nanosystems’ morphology was evaluated by transmission electron
microscopy (TEM) (EM 902A, ZEISS, Germany) operating at 80kV.
TEM samples were prepared by depositing the nanosystems on a
carbon-coated copper grid, and negatively stained with 1% (w/v) ur-
anyl acetate for observation. Samples were air-dried prior to being
analysed. Also, the oil droplets in the nanosystems were studied using
an epifluorescence microscope (BX51 OLYMPUS, Tokyo, Japan) with a
% 100 oil immersion objective lens. Samples were stained with Nile Red
(9-diethylamino-5H-benzo[a]phenoxazine-5-one, 0.25 mgmL~! in di-
methyl sulfoxide, 1:10 (dye:sample, v/v), which enabled the oil dro-
plets to become visible. Slides were prepared by taking 10 pL of the
stained nanosystems’ solution and placing in a glass microscope slide
and covering with a glass cover slip.

2.2.7. Free fatty acids release

The extent of lipolysis was evaluated by determining the amount of
FFA released from curcumin nanoemulsions using a titration method,
selected due to their low complexity and time demand (Pinsirodom &
Parkin, 2005). Briefly, 5mL of jejunal filtrate, ileal filtrate and ileal
delivery samples were collected and 10 mL of acetone were added to
quench the enzymes' activity, then three drops of 1% (w/v) of
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phenolphthalein were added as an indicator. A direct titration using
0.1 mol'L.~! NaOH was performed and the volume of NaOH added until
the titration end point was determined and used to calculate the con-
centration of FFA produced by lipolysis. Therefore, the percentage of
FFA released was calculated from the number of moles of NaOH re-
quired to neutralize the FFA divided by the number of moles of FFA that
could be produced from triglycerides if they were all digested (as-
suming 2 FFA produced per 1 triacylglycerol molecule) (Li, Hu, Du,
Xiao, & McClements, 2011):

) X m, X Miipi
BFFA = 100 X ( NaOH ‘NaOH llpld)

Wiipia X 2

(€8]

where Vyqon is the volume of sodium hydroxide required to neutralize
the FFA generated (in mL), myqop is the molarity of the sodium hy-
droxide used (in mol'L™ 1), Wipids is the total weight of MCTs oil initially
present and M;;;q is the molecular weight of the MCTs oil (based on
their average fatty acid composition, the molecular weight of MCTs oil
was considered to be 503 g.mol™1).

2.2.8. Curcumin bioaccessibility

It was assumed that the fraction of the curcumin present in the in-
itial nanoemulsions/multilayer nanoemulsions that ended up in the
micelle phase was a measure of curcumin bioaccessibility (Ahmed, Li,
McClements, & Xiao, 2012; Pinheiro et al., 2016) and that the mixed
micelles that contained the bioaccessible curcumin fraction were able to
pass the hollow-fibre membranes (i.e. corresponding to jejunal filtrate
and ileal filtrate samples), while undigested emulsions were retained
(Minekus et al., 2005; Pinheiro et al., 2016). Curcumin bioaccessibility
was determined based on the methodology described by other authors
(Ahmed et al., 2012; Pinheiro et al., 2016). Briefly, 5 mL of the sample
(jejunal or ileal filtrate) were vortexed with 5mL of chloroform, and
then centrifuged (Sigma 4 K15, Germany) at 651 g, at room tempera-
ture, for 10 min. The bottom chloroform layer was collected and the
extraction procedure was repeated with the top layer. The second
bottom chloroform layer was added to the previously set aside
chloroform layer, mixed, and analysed in a UV-VIS spectrophotometer
(Elisa Biotech Synergy HT, Biotek, USA) at 425 nm (maximum absor-
bance peak of curcumin). Curcumin concentration was determined
from a previously prepared calibration curve of absorbance versus
curcumin concentration in chloroform.

2.2.9. Antioxidant activity of curcumin

Free-radical scavenging capacity of curcumin and curcumin nano-
systems was analysed using DPPH test according to the method de-
scribed by Pinheiro et al (2015), with some modifications. Briefly,
0.2mL of ethanol and 0.3mL of the curcumin dissolved in ethanol
(concentrations ranging from 0.05 to 5.0 mgmL™') or curcumin from
the digested nanosystems were mixed in a 10 mL test tube with 2.5 mL
of DPPH (60 umol L. ™! in ethanol), achieving a final volume of 3.0 mL.
For the antioxidant activity of curcumin during the digestion steps,
nanosystems without curcumin were used as controls. The solution was
kept at room temperature for 30 min and the absorbance was measured
at 517 nm (Pinheiro et al., 2015; Rufino et al., 2007; Souza et al., 2012).

The DPPH scavenging effect was calculated as follow:

Ao=(As=A) 100
Ay 2

where Ay is the absorbance at 517 nm of DPPH without sample, A; is the
absorbance at 517 nm of sample and DPPH and A, is the absorbance at
517 nm of sample without DPPH. The absorbance measurements were
performed in Elisa Biotech Synergy HT (Biotek, USA) (Pinheiro et al.,
2015).

Scavenging effect (%) =

2.2.10. Cell culture

Caco-2 cell line, originally obtained from human colon

608

Journal of Functional Foods 48 (2018) 605-613

adenocarcinoma, undergoes in a process of spontaneous differentiation
that leads to the formation of a monolayer of cells, expressing several
morphological and functional characteristics of the mature enterocyte
(Sambuy et al., 2005). Caco-2 cells were routinely grown in a standard
medium: RPMI 1640 supplemented with 10% (v/v) of inactivated FBS
and 1% (v/v) of PS. Stock cells were maintained as monolayers in
80 cm? culture flasks. Cells were subcultured every week at a split ratio
of 1 to 4 by treatment with trypsin/EDTA (0.25%) and incubated at
37 °Cin a 5% CO, humidified atmosphere. For cytotoxicity experiments
cells were used between passages 40 and 50.

2.2.11. Cytotoxicity assay

Caco-2 cells were harvested and seeded in 96-well plates at a den-
sity of 2 x 10* cells/well and the medium was changed every 48h.
After cells reached confluence (~96h), 100 uL of nanoemulsions or
multilayer nanoemulsions were added to cells in a concentration ran-
ging between 0.15 and 4.75 pg of curcumin/mL. Also, the components
of the nanosystems (curcumin, SDS and chitosan) were tested for
toxicity in Caco-2 cell line. Curcumin stock solution was prepared in
pure ethanol while the SDS and chitosan stock solutions were prepared
in distilled water, all at a final concentration of 4 mg-mL~!. After 4 h of
incubation at 37 °C in a 5% CO, humidified atmosphere cells were
rinsed twice with PBS to remove traces of samples and 100 uL of a
CellTiter 96® AQueous One Solution Cell Proliferation Assay reagent
(MTS) previously diluted in RPMI 1640 medium was added to each well
and left to react for 2h. MTS is bio-reduced by cells into a coloured
formazan product that is soluble in tissue culture medium. The quantity
of formazan produced was measured spectrophotometrically at 490 nm
in a microplate reader (EPOCH, Bio-Tek, USA) and is directly propor-
tional to the number of living cells in culture. Results were expressed in
terms of percentage of cellular viability relative to a group control (cells
only with RPMI medium). Experiments were performed in triplicate in
three independent assays.

2.3. Statistical procedures

Data analyses were performed using Microsoft Windows Excel 2011,
using the Tukey's Multiple Comparison Test with a confidence interval
of 95% in GraphPad Prism 5 (GraphPad Software, Inc.) and using
ANOVA in STATISTICA 7.0 (Statsoft, Tulsa, OK, USA).

3. Results and discussion
3.1. Development and characterization of curcumin nanosystems

3.1.1. Curcumin nanosystems characteristics

The process conditions used for the development of the curcumin
nanoemulsions led to a final mean droplet diameter of 80.0 + 0.9 nm,
being particularly efficient for the development of small droplet sizes
(<100nm). PdI and Zp values were 0.177 = 0.009 and
-65.8 + 5.8 mV, respectively.

Regarding multilayer nanoemulsions, a Hg of 130 *= 1.5nm, a PdI
of 0.237 + 0.004 and a Zp of 10.4 + 0.9 mV were obtained. The
concentration of the encapsulated curcumin within the nanosystems
was 78 * 0.8ugmL~'. Fig. 1 (initial) presents the TEM micro-
photographs of nanoemulsions and multilayer nanoemulsions, con-
firming the development of these nanosystems and validating the mean
droplet diameters obtained by DLS.

3.2. Evaluation of nanosystems behaviour under GI pH and temperature
conditions

The behaviour of the nanosystems was evaluated under GI pH and
temperature conditions, i.e. pH 2 and 7.4 at 37 °C. It was observed that
at these pH/temperature conditions, both nanosystems were unable to
release curcumin. This was confirmed by measuring the content of
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Multilayer nanoemulsion

Fig. 1. TEM microphotographs of nanosystems (nanoemulsion and multilayer nanoemulsion) negatively stained with uracyl 1% w/w and epifluorescence micro-
photographs of nanosystems stained with Nile Red, as they undergo the different stages of dynamic in vitro digestion. The scale bars of TEM and epifluorescent images

are 400 nm and 20 um, respectively.

curcumin in the release media, which was below the detection limit of
0.01 ugmL™', and by measuring the curcumin that remained en-
capsulated (77.5 = 1.5 ug-mLfl), which did not show any significant
variation with respect to the curcumin initially present within the na-
nosystems (77.9 + 0.8 ugmL™'). Regarding size stability, at pH 7.4
the nanosystems showed the ability to maintain their initial size
(p > 0.05), after 54 h of release assays, presenting 82.3 + 1.7 nm for
nanoemulsions and 139.8 = 9.4 nm for multilayer nanoemulsions. At
this pH, above the pK, of chitosan (=6.5), the amino groups are en-
tirely deprotonated and could contribute to loss of solubility of the
chain segments (Vachoud, Zydowicz, & Domard, 2000). It is also pos-
sible that chitosan layers held some positive charge at pH 7.4. In fact,
previous works showed that when polyelectrolyte chains are entangled
between oppositely charged polyelectrolytes, the pK, of the charged
groups can considerably change, increasing the stability of multilayer
nanoemulsions to pH changes (Burke & Barrett, 2003a, 2003b; Li et al.,
2010). At pH 2, the nanosystems presented signs of creaming and phase
separation, being unstable at this pH after 54 h of release assays. At pH
values below the pK, of the carboxylic acid groups present in alginate
(=3.6) these groups are deprotonated, thereby the alginate layer could
desorb from the droplets’ surface, inducing phase separation
(Harnsilawat, Pongsawatmanit, & McClements, 2006; Li et al., 2010).
The low solubility of curcumin in aqueous systems, reported to be
11 ngmL ™! could also explain the lack of curcumin released to both
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release media, since sink conditions towards curcumin were not es-
tablished (Jelezova et al., 2015; Zhao et al., 2012). Nevertheless, this
assay was only performed to understand the stability of developed
nanosystems under the pH and temperature values used in the sub-
sequent in vitro GI system.

3.3. Dynamic in vitro digestion

3.3.1. Influence of polyelectrolytes on the behaviour of nanosystems during
in vitro digestion

The effect of the polyelectrolytes’ layers in the nanosystem values of
Hy, PdI, Zp and morphology were evaluated at each stage of the dy-
namic in vitro digestion. As stated before, the initial droplet diameters
were around 80 nm and 130 nm for the nanoemulsions and multilayer
nanoemulsions, respectively. At the stomach stage, a slight increase of
nanoemulsions H; was observed, from 80nm to 104.1 *+ 5.9nm
(Fig. 2). On the contrary, a significant increase in the PdI was observed
from 0.180 to 0.380 = 0.05, which evidences the occurrence of coa-
lescence phenomena, further confirmed by the epifluorescence micro-
scopy (Fig. 1 — stomach). For the multilayer nanoemulsions, an increase
of the Hy to 214.9 + 27.6 nm was observed under gastric conditions.
This increase associated with the increase of the PdI to 0.572 *= 0.190,
reveals that the phenomena of coalescence occurred. This was con-
firmed by the epifluorescence microscopy (Fig. 1 — stomach) although
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Fig. 2. Hydrodynamic diameter (Hy) of the nanosystems (nanoemulsion and
multilayer nanoemulsion) as they undergo the different stages of dynamic in
vitro digestion. The results are presented as the mean values of triplicate ex-
periments. For better reading the horizontal axis is on log scale.
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Fig. 3. Zeta potential values (Zp) of the nanosystems (nanoemulsion and mul-
tilayer nanoemulsion) as they undergo the different stages of dynamic in vitro

digestion. The results are presented as the mean values of triplicate experi-
ments.

the TEM micrographs show that droplets in the nano-size range are still
present. The behaviour of the multilayer nanoemulsions is related with
the interfacial effect of the layers. One explanation could be the de-
protonation of alginate under gastric conditions, which starts to desorb
from the droplets surface inducing phase separation in this stage
(Harnsilawat et al., 2006; Li et al., 2010). Also under gastric conditions,
nanoemulsion droplets have a highly negative charge of —64 + 8mV
(Fig. 3), exhibiting a strong electrostatic repulsion between them, able
to avoid droplets flocculation, coalescence and aggregation. In contrast,
multilayer nanoemulsions present low Zp values (17.5 * 1.3mV,
Fig. 3), and despite of the electrical repulsion, the forces involved are
not enough to completely inhibit the occurrence of the coalescence
phenomena. The electrostatic attraction between alginate (inner layer)
and chitosan (outer layer) is weakened due the partial loss of charges
that alginate undergoes at acidic pH (below the alginate pK,), leading
to some aggregation of the particles that was visible through epi-
fluorescence microscopy shown in Fig. 1 (Tokle, Lesmes, &
McClements, 2010; Tokle, Lesmes, Decker, & McClements, 2012). The
electrical charge of multilayer nanoemulsions becomes more positive in
the stomach, which can be explained by various phenomena, such as:
(i) the increase of the electrical charge of chitosan due to pH and ionic
strength of the solutions, maintaining the electrostatic repulsion be-
tween polyelectrolytes and surfactant; (ii) adsorption of components
from the gastric solution to the chitosan outer layer; or (iii) polyelec-
trolytes’ displacement by the active materials present in the gastric
solution (Hur, Decker, & McClements, 2009). TEM micrographs show
that multilayer nanoemulsions have particles within the nano-size
range; this might be explained by the alginate layer retaining some
negative charges, despite at these conditions their electrical charge
should be nearly O mV. As referred before, when charged groups of
polyelectrolytes are entangled between two or more oppositely charged
polyelectrolytes, a change in the pK, values can occur, increasing the
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stability of multilayers to changes in pH (Burke & Barrett, 2003a,
2003b; Li et al., 2010).

Under intestinal conditions, both nanosystems exhibited an increase
of Hy and PdI values, possibly due to particle aggregation either by
flocculation or coalescence of droplets (Fig. 2). At the duodenal stage,
the Hy, increased to 168.5 *+ 44.1 nm and the PdI was 0.42 = 0.12 for
the nanoemulsions with a Zp value of —44.1 = 8.8 mV. For multilayer
nanoemulsions, the Hy increased to 292.3 + 53.5nm, with a PdI of
0.65 * 0.28 and a Zp of —23.3 * 2.9 mV. The microscopic evaluation
(Fig. 1 — duodenum) showed that at the duodenum stage, both nano-
systems still exhibited droplets at the nano-scale, but at the same time
exhibits droplets at the micro-scale, which confirms the wide droplet
size distribution indicated by the PdI value. The jejunal conditions
further promoted the increase of the H, values of both nanosystems, to
681.2 + 47.6nm and 586.9 * 101.8nm for nanoemulsions and
multilayer nanoemulsions, respectively. Ileal filtrate and ileal delivery
exhibited higher mean droplet diameters than the jejunal filtrate. At
these digestion fractions, Hy values in the magnitude of 1-2 um were
observed (Fig. 2). However, TEM analyses showed that non-digested
nanosystems were still present in the jejunum and ileum stages of the
digestion; these can contribute to the high values of PdI (higher than
0.5). The largest increase in the H; observed at small intestine condi-
tions may be due to the fact that bile salts are able to displace surfac-
tants and polyelectrolytes from the droplets’ surface and lipase may
induce the hydrolysis of the triacylglycerol molecules present into FFA,
monoacyglycerides and/or diacylglycerides (Pinheiro et al., 2016).
Also, this hydrolysis can generate structures such as micelles, vesicles or
other colloidal structures (Mu & Hgy, 2004).

It was found that the electrical charges (expressed by the Zp values)
at these stages of the digestion decreased in the case of nanoemulsions
and completely changed in the case of the multilayer nanoemulsions
(from positive to negative charges), reaching a relatively constant value
between -25mV and —20mV (Fig. 3). These changes of the droplets
charge suggest that the bile salts or FFA adsorbed to the surface of the
nanoemulsions or to the surface of the chitosan layer present in mul-
tilayer nanoemulsions, or that the presence of the bile salts or free fatty
acids promoted the displacement of the surfactant and polyelectrolytes
from the droplets surface (Klinkesorn & Julian McClements, 2010;
Salvia-Trujillo, Sun, Um, Park, & McClements, 2015; Zou et al., 2015).
From jejunum to ileum stages of the digestion there were no significant
differences (p > 0.05) between the values of Zp of both nanosystems.

3.3.2. Influence of polyelectrolytes on lipids digestion

The addition of polyelectrolyte layers to the curcumin nanoemul-
sions had a significant effect on the extent of lipid digestion, sig-
nificantly reducing (p < 0.05) the overall FFA released (Fig. 4),
and

achieving 71.3 = 3.5% 52.3 + 10.6% for curcumin
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Fig. 4. Percentage of free fatty acids (FFA) released from the nanosystems
(nanoemulsion and multilayer nanoemulsion) in the jejunum and ileum filtrate
and ileum delivery fractions. The results are presented as the mean values of
triplicate experiments.
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nanoemulsions and multilayer nanoemulsions, respectively. This sug-
gests that the presence of the layers in the multilayer nanoemulsions
delayed lipid digestion, slowing down the release rate of FFA. For both
jejunal and ileal filtrate fractions, curcumin multilayer nanoemulsions
lead to a significantly (p < 0.05) lower amount of FFA, when com-
pared to curcumin nanoemulsions, being these results in agreement
with previous studies (Pinheiro et al., 2016). A possible explanation for
the decrease of the FFA release when using polyelectrolyte layers is the
ability that bile salts have to form electrostatic complexes with the
chitosan outer layer, reducing the digestibility of the lipids by sterically
hindering the lipase (Klinkesorn & Julian McClements, 2010;
Klinkesorn & McClements, 2009). Another possible explanation is that
at this stage of the digestion, since the cationic functional groups of
chitosan have a pK, value around pH 6.5, chitosan could lose most of its
charges and form large chitosan aggregates that would impede the
access of lipase to the lipids (Zhang et al., 2015). Also, the presence of
calcium ions, that have a strong ability for binding with alginate, may
slow down the digestion of the FFA (Hu, Li, Decker, & McClements,
2010).

It is also interesting to notice that amount of FFA present in the ileal
delivery fraction is significantly higher for multilayer nanoemulsions
comparing to nanoemulsions, which means that the coating addition,
besides slowing down the release of FFA, also contributed to hinder
their absorption.

These results suggest that the addition of chitosan and alginate
layers surrounding nanoemulsions may be useful to control the rate of
lipid digestion and FFA adsorption within the GI tract. These findings
could be important for the design of structures that are able to decrease
the rate of lipids digestion, increasing the amount of undigested food at
ileum, which can encourage the ileal brake mechanism responsible for
the regulation of hunger, satiety and satiation, while also reducing the
caloric content of food products (Li et al., 2010; McClements & Li, 2010;
McClements, 2010).

3.3.3. Influence of polyelectrolytes on curcumin bioaccessibility

Higher bioaccessibility values were observed for nanoemulsions
(43.64 = 6.36%) when compared multilayer nanoemulsions
(26.98 * 3.99%) Fig. 5. One possible explanation for this result can be
the fact that polyelectrolyte layers were efficient in protecting the re-
lease of curcumin from the multilayer nanoemulsions, leading to un-
digested nanosystems able to retain curcumin; another explanation is
the presence of less mixed micelles, which are necessary to solubilise
the curcumin (Salvia-Trujillo, Qian, Martin-Belloso, & McClements,
2013; Zhang et al., 2015).

For both nanosystems, the determined amount of curcumin was
similar between the jejunal and ileum filtrates. However, the
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Fig. 5. Percentage of bioaccessibility of curcumin from nanosystems (nanoe-
mulsion and multilayer nanoemulsion) in jejunum and ileum filtrate fractions.
The results are presented as the mean values of triplicate experiments.
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Fig. 6. Antioxidant capacity of curcumin nanosystems expressed in percentage
of the radical scavenging activity (RSA) as the nanosystems undergo the dif-
ferent stages of dynamic in vitro digestion. The results are presented as the mean
values of triplicate experiments.

nanoemulsions presented significantly higher concentrations of cur-
cumin at both jejunal and ileum filtrate. These results are in agreement
with FFA release results (Fig. 4), A crucial step for the bioavailability of
bioactive compounds is the access of lipases to the lipid phase where it
is dissolved, therefore, the release of FFA in the jejunal and ileal com-
partments is related to curcumin bioaccessibility observed in these
samples. In fact, the digestion products (i.e. FFA) can be part of the
mixed micelles, increasing the solubility of curcumin and thus in-
creasing the bioaccessibility in the small intestine (Pinheiro et al., 2016;
Porter, Trevaskis, & Charman, 2007).

The bioaccessibility of free curcumin solubilised in MCTs was also
evaluated (data not shown), achieving only 0.15 = 0.01% at the je-
junal filtrate, while there was no evidence of curcumin at the ileal fil-
trate fraction. The reasons for the low bioaccessibility of the free cur-
cumin in MCTs can be attributed to: (i) poor solubility of curcumin in
aqueous solutions, (ii) the lack of mixed micelles for the solubilisation
of curcumin and (iii) curcumin instability (i.e. degradation) during in
vitro digestion.

3.3.4. Influence of polyelectrolytes in the antioxidant activity of curcumin

Fig. 6 shows curcumin antioxidant activity, determined as the ra-
dical scavenging activity of curcumin. Results showed that curcumin
radical scavenging activity decreased during in vitro digestion, from
27.01 = 1.39% in stomach to 8.32 = 1.21% for the nanoemulsions in
the ileum filtrate and from 23.30 + 1.27% in the stomach to
14.35 = 0.84% in the ileum filtrate for multilayer nanoemulsions. The
decrease of the antioxidant activity of curcumin could be explained by
the degradation of curcumin during digestion. Curcumin is prone to
chemical degradation at neutral pH and above, resulting in the for-
mation of different reaction products, as trans-6-(4’-hydroxy-3’-meth-
oxyphenyl)-2,4-dioxo-5-hexanal, ferulic acid, feruloylmethane, and
vanillin (Zou et al., 2015). Also other factors, such as ionic strength,
enzymatic degradation, mechanistic motilities or free radicals (e.g.
hydroxyl radicals), can theoretically contribute to the degradation of
curcumin (Ting et al., 2014). Fig. 6 shows that for jejunal and ileal
filtrate samples, the radical scavenging activity is significantly lower
(p < 0.05) for the nanoemulsions, which might be explained by a
higher degradation of curcumin during digestion in this sample. This
result suggests that the polyelectrolyte layers are more effective in the
protection of curcumin. This could be explained by the fact that poly-
electrolyte layers are sterically hindering curcumin from enzymatic or
free radicals degradation, nonetheless it may also be explained by the
higher size and lower surface area of the multilayer nanoemulsions: if
there is a lower surface area in contact with the surrounding aqueous
phase, less curcumin would be in direct contact with any catalysts that
could trigger curcumin degradation (Zou et al., 2015). However, once
the nanosystems present different interfacial properties, further studies
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Table 1
ICsp values of nanoemulsions, multilayer nanoemulsions, sodium dodecyl sul-
fate (SDS), curcumin and chitosan.

Sample pg mL™? ug SDS mL ™!
Nanoemulsion 1.125 = 0.028 112.48 + 2.81
Multilayer nanoemulsion 1.128 = 0.079 112.81 + 7.89
SDS 34.30 + 2.18 34.30 + 2.18
Curcumin > 4.75 -

Chitosan > 31.25 -

would be needed to confirm the size contribution for these results.
3.4. Cytotoxicity assay

The evaluation of the nanosystems’ cytotoxicity is of utmost im-
portance for safety reasons, if the ultimate objective is the introduction
of these nanosystems into food products. As a preliminary test, the
cytotoxicity of original nanosystems (i.e. before digestion) has been
evaluated in order to take also into account their nano-size (i.e. after
digestion their size significantly increased).

Although curcumin did not present any intrinsic cytotoxicity
(> 4.75 ugcurcuminmL_l), the results showed that nanoemulsions and
multilayer nanoemulsions were toxic for Caco-2 cells after 4h of in-
cubation, within the studied concentration range, with ICs, values of
1.125 * 0.028 gnanosystems ML ! and 1.128 * 0.079
ugnanosystems-mL’l, respectively, equivalent to 0.855 * 0.02
ugcmumm-mL_l and 0.858 + 0.06 ugcumummmL_l for the nanoemul-
sions and multilayer nanoemulsion, respectively (Table 1). In order to
understand the cytotoxicity of the nanosystems, the ICs, values for
chitosan and SDS were determined. Chitosan did not show any cyto-
toxicity in the range of concentrations tested, relatively to the control
(100% of cell viability) after 4h of incubation (> 31.25 of
U€chitosanML "1, Table 1). The ICs, value determined for SDS was
34.30 + 2.18 pggpgemL ™', which was 3.3-fold lower than the ICs,
values found for nanoemulsions and multilayer nanoemulsions
(112.48 + 2.81 pggpgmL ™' and 112.81 + 7.89 pggpeml ™, respec-
tively, Table 1). These results suggest that the decrease in the cell
viability is caused by the presence of the SDS in the nanoemulsions and
multilayer nanoemulsions. In fact, SDS is not recognized by EFSA for
use in food products (EFSA, 2010), although the FDA approves the use
of SDS as surfactant for fruit juice drinks under 25 ppm (CFR, 2014a,
2014b).

Despite of the cytotoxicity of both nanosystems, this work suggests
that the use of droplets in the nano-scale by itself did not potentiate the
cytotoxic effect of SDS; on the contrary, both nanosystems reduced the
cytotoxicity of SDS by 3.3-fold, as can be seen in Table 1. Therefore, in
the size ranges studied, cytotoxicity did not seem to be related to size
alone, but rather by the presence of SDS (i.e. effect of chemical nature
rather than physical size).

4. Conclusions

The purpose of this study was to investigate the effect of nanosys-
tems’ interfacial composition on their stability during in vitro digestion,
on lipids digestibility, curcumin bioaccessibility and antioxidant ac-
tivity, using a dynamic GI system. In addition, nanosystems’ cytotoxi-
city has been evaluated.

Higher curcumin bioaccessibility was obtained with nanoemulsions,
while multilayer nanoemulsions were effective in controlling lipid di-
gestibility, significantly delaying the lipid digestion rate and decreasing
the extent of lipid digestion and absorption. Results also suggest that
the addition of polyelectrolyte layers was efficient in protecting cur-
cumin from changes in the GI tract, better preserving their antioxidant
capacity during digestion. Cytotoxicity assays revealed that the use of
nanosystems per se did not influence the cytotoxicity; on the contrary,
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nanosystems containing SDS were 3.3-fold less toxic than SDS itself.

This study suggests that the developed nanosystems can be used as
platforms for the design of functional foods with different functional-
ities such as increased curcumin bioavailability (i.e. nanoemulsions) or
regulation of satiety and reduction of food products caloric intake (i.e.
multilayer nanoemulsions). Further studies are needed to evaluate their
performance once incorporated in food matrices followed by digestion/
absorption simulation. Moreover, in vivo studies are needed to de-
termine their functionality under more realistic GI conditions.
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