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f food nanoemulsions and the
nutrients they carry – internalisation, transport and
cytotoxicity of edible nanoemulsions in Caco-2
intestinal cells†

Tim J. Wooster, *a Sean C. Moore,a Wei Chen,b Helen Andrews,a Rama Addepalli,b

Robert B. Seymourb and Simone A. Osborne*b

Edible nanoemulsions are promising delivery systems with the potential to enhance nutrient/drug

solubilisation, digestibility, bioavailability and potentially facilitate direct cellular uptake. However, the

high potential of edible nanoparticles has also led to concerns about their biological fate and whether

these nanoparticles or the active ingredients they carry pose (new) toxicological risks. Here we outline

the development of new sub 50 nm edible nanoemulsions that allow us to probe the duality of

enhanced nutrient solubilisation and bioavailability with potential toxicological side effects. The toxicity

and biological fate of the edible nanoemulsions was investigated using Caco-2 cells to facilitate cell

viability assays, transport of nanoemulsions across an in vitro intestinal model and internalisation

visualised by confocal microscopy. These experiments demonstrate that edible nanoemulsion toxicity is

not just a function of surfactant composition, but more critically a synergistic effect between surfactants

and their physical location. Critically the presence of reactive ingredients (b-carotene) leads to

a dramatic increase in nanoemulsion toxicity that may counteract the benefits associated with enhanced

solubilisation/cellular uptake. Such research into the biological fate of edible food nanoemulsions and

the nutrients they carry is important not only because nanotechnology in food is an emotive topic, but

also because these insights may inform public policy decisions.
1 Introduction

The past 20 years have seen a dramatic increase in our devel-
opment and use of nanotechnology across all elds of science.
Within the somatter community there has been a focus on the
development and understanding of both hard (e.g. quantum
dots, gold nanoparticles etc.) and “so” nanoparticles (e.g.
microemulsions, micelles and nanoemulsions).1–5 There has
been strong interest from pharma, food and cosmetic indus-
tries in “so” colloidal nanoparticles such asmicellar structures
and nanoemulsions (which encompass solid lipid nano-
particles) because their small size gives optical transparency,
unique texture/rheological properties,2,6,7 and high interfacial
areas for functionalization/reactivity.1–4 So nanoparticles are
seen as particularly promising for enhancing the uptake of
poorly soluble drugs/nutrients.8–12 It is now well established that
nanoparticles smaller than 100 nm can undergo direct
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absorption by intestinal cells;13–16 in addition the interfacial
region of nanoemulsions/micelles can act to solubilise poorly
soluble molecules,8 – combined, these two properties can act to
dramatically enhance drug/nutrient absorption.8 However, the
potential for wide application of nanoparticles has also lead to
concerns about their safety.17,18 The concerns about nano-
particles centre on two questions, (i) “what is the biological fate
of (so) nanoparticles?” and (ii) what (new) risks do nano-
particles pose to human health?

Discussions of nanoparticle safety focusses on two main
topics; cell uptake and toxicity.3,13,15,16 It is now widely estab-
lished that particles smaller than 400 nm are capable of
undergoing internalisation by cells from the intestine, lungs,19

cartilage19 and can even be targeted to tumour cells. Nano-
particle uptake has generally been found to follow multiple
endocytosis pathways occurringmainly by: (i) clathrin-mediated
endocytosis; (ii) caveolae-lipid ra dependant endocytosis; and
sometimes (iii) macropinocytosis.20–26 Both caveolae (50–80 nm)
and clathrin (100–200 nm) mediated endocytosis occur via the
formation of membrane pits which bud into the cell to create
(coated) vesicles that internalise nutrients (nanoparticles)
present in the luminal uid.27,28 Nanoparticle endocytosis starts
by interaction with the surface of the membrane pit, either by
RSC Adv., 2017, 7, 40053–40066 | 40053
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direct interaction, via the surfactant (i.e. electrostatic attrac-
tion), through receptor recognition or recognition of proteins
adsorbed to the surface of the nanoparticle.29 The contents of
the internalised vesicles then proceed through cellular meta-
bolic pathways to late endosomes and lysosomes. It is clear that
endocytosis of nanoparticles is governed by interactions with
the cell membrane, in our current example of edible nano-
emulsions stabilised by PEO based surfactants (which are
unable to form specic ionic interactions with the cell
membrane) a key question is do they undergo cell internal-
isation and via what mechanism?

The toxicity of nanoparticles is of increasing importance
especially with regard to the potential bioaccumulation of
nanomaterials in the environment30,31 and the (potential) use of
edible nanoemulsions in medical, nutritional or skincare
products.1–5 The toxicity of a nanomaterial might arise either
from; (i) the inherent toxicity of the chemicals/ingredients used
in its manufacture and/or (ii) increased toxicity of the active
ingredients they carry due to increased cellular absorption and
bioavailability. In the case of nanoemulsions (and also solid
lipid nanoparticles – a solid nanoemulsion), there is strong
potential for low toxicity because the ingredients (lipids and
surfactants) used in their manufacture are: (i) biodegradable
within the human digestive tract; and (ii) are oen generally
recognised as safe (GRAS) ingredients. However, one concern of
nanoemulsions is that they are created with high amounts of
surfactants and additives, some of which cause low grade
toxicity even though they are GRAS (e.g. polyoxyethylene based
surfactants like Tween 80).32,33 To date there has been approxi-
mately 200 studies on the toxicity of nanoemulsions/solid lipid
nanoparticles.13,15,21,22 These studies have been conducted
across a broad range of cell types, nanoemulsion/SLN compo-
sition and surfactant type34–39 and have generally found: (i) the
surfactant appears to be the largest contributor to nano-
emulsion toxicity; and (ii) no conclusion can be made (to date)
on whether toxicity changes with decreasing nanoemulsion/
SLN size. It has generally been found that nanoemulsion (and
surfactant) toxicity correlates with their ability to interact with
the cell membranes.13,15,21,22 Nonionic surfactants such as the
poloxamers Tween 80 and pluronics have systematically been
found to be non-cytotoxic,34–37 and in some cases had higher
tolerability when bound to a nanoparticle than when free in
solution.37 In contrast, cationic surfactants have been shown to
have moderate-high toxicity, thought to arise from their greater
ability to bind directly with cell membranes.40,41 Despite wide-
spread use of excipients (i.e. alcohol/polyol co-solvents) in
microemulsion/nanoemulsion formulation there is limited
study of the cytotoxicity of such a combination. It is well known
that alcohols such as ethanol are toxic, largely from membrane
disruption effects.38,39 What is unknown is whether the use of
such excipients (ethanol) in combination with PEO surfactants
in nanoemulsion preparations alters the nanoemulsions' cyto-
toxic effects?

In the case of nanoemulsions or microemulsions/micelle
based nutra/pharmaceuticals, a second potential source of
toxicity can arise from the active ingredients carried within the
nanoemulsion. Many nutrients/pharmaceuticals are highly
40054 | RSC Adv., 2017, 7, 40053–40066
reactive molecules which may break down (i.e. via oxidation,
photoactivation) or be metabolised to create reactive interme-
diates that are capable of reacting with molecular oxygen to
create reactive oxygen species (ROS).42 The ROS free radicals
(e.g. cOH and H2O2) then interact with various components of
the cell (DNA, lipids, proteins and enzymes), causing DNA
damage, lipid peroxidation, enzyme inactivation and/or protein
damage or aggregation.42 These effects can form a cascade
leading to cell mutation, uncontrolled proliferation and/or
apoptosis. Fortunately, cells possess a number of vehicles
including small molecule antioxidants (vitamin E and sele-
nium) and antioxidant enzymes (catalase and superoxide dis-
mutase) which normally intercept the free radicals in order to
prevent or minimise the cellular damage associated with ROS.42

However, if the ROS levels are too high, then the cellular
defences are overrun and cellular damage occurs. Potentially
leasing to increased cell death or mutation.42

A number of drugs/nutrients have been associated with
induction of oxidative stress/ROS induced cellular toxicity (e.g.
doxorubicin – lipid peroxidation, apoptosis, and chlor-
opromazine – photodegradation producing single oxygen and
superoxide, b-carotene.).43,44 The severity of the outcomes are
a function of both the nutrient/API concentration, bioavailability
and their reactivity.42 It is logical then that nanoemulsion/
micellar based delivery systems whose purpose is to enhance
oral bioavailability of nutrients/pharmaceutical active ingredi-
ents might in turn accentuate their toxicity through this
increased bioavailability. Within food and nutrition there is
growing interest in using biodegradable nanoparticles to
enhance the oral bioavailability of lipophilic and/or poorly
soluble nutrients.5,45,46 For example there is signicant interest
in b-carotene and other carotenoids as a nutritional supplement
because they are powerful anti-oxidants, can be precursors to
vitamin A, have negligible toxicity in their native form47 and have
demonstrated potential to reduce the effects of aging.47However,
increased cancer rates have been observed in smokers and
asbestos workers receiving high doses of b-carotene,48,49 which
was linked to the toxicity of the oxidation products of b-caro-
tene.47,50,51 Given our recent development of edible nano-
emulsions,46 we now seek to understand how their size and
composition impacts their safety and the safety of nutrients/APIs
they carry. Our key questions were whether the use of PEO based
surfactant limited cellular uptake and whether the combination
of ethanol with the PEO surfactant altered cellular toxicity. As
amodel nutrient/API, b-carotene was chosen because it is readily
soluble in oil and its known potential to undergo chemical and
metabolic transformation to create ROS. Such research into the
biological fate of edible food nanoemulsions and the nutrients
they carry is important not only because nanotechnology in food
is an emotive topic, but also because insights from such research
may inform public policy decisions.

2 Materials and methods
2.1 Materials

Tween 80 (Tween 80, 98%), ethanol (absolute, 99.8), iso-
propanol (99.9%), were used as supplied by Sigma-Aldrich
This journal is © The Royal Society of Chemistry 2017
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Australia (Clayton, Victoria, Australia). Canola oil was
a conventional commercial pure canola oil (see supplement
Table 1 for composition) manufactured by Crisco oils and used
as obtained from a local supermarket. b-Carotene was sourced
as Betatene (30% Soy, Cognis Nutrition and Health Australia),
which is a suspension of 30% carotenoids (94.5% b-carotene,
3.5% alpha-carotene, 2% tocopherols) in soybean oil. For cell
culture studies, Dulbecco's modied eagle's medium (DMEM)
with high glucose (4500 mg mL�1), heat inactivated foetal
bovine serum (FBS), non-essential amino acids (NEAA), Hank's
balanced salt solution (HBSS), rhodamine phalloidin, TO-
PRO®3 and penicillin/streptomycin were from Gibco/
ThermoFisher Scientic (Waltham, MA, USA). Transwells with
polycarbonate membranes (0.4 mm pore size; surface area 0.33
cm2) were from Corning/Sigma-Aldrich. Cell culture asks and
96 well plates were from Nunc/Sigma-Aldrich.
2.2 Nanoemulsion preparations

Pre-emulsions were prepared by dissolving the Tween 80 (0.5 to
5.6 wt%) in distilled deionised water at 45 �C and then adding
the oil (15 wt%, 15.3 vol%) using a Silverson rotor-stator mixer
(2 mm mesh) on its lowest speed setting for 2 minutes. Aer
mixing, different sized nanoemulsions were prepared using
a Microuidics M-110Y Microuidizer™ (MFIC Corporation,
Newton, MA, USA) with a F20 Y 75 mm interaction chamber and
H30 Z 200 mm auxiliary chamber inline, with inline post
homogenisation cooling (3–5 �C). The 45 nm was prepared by
subjecting a pre-emulsion to 6 passes at 1250 bar, the 80 nm
(5 passes) and 120 nm (2 passes) at 1000 bar, the 200 nm
emulsion 2 passes at 200 bar, 380 nm 1 pass at 200 bar and
1 micron 1 pass at 50 bar. The reproducibility between prepa-
rations was typically 2–6 nm.

Nanoemulsions containing the green uorescent fatty acid
BODIPY® FLC11, were prepared by rst dissolving the BODIPY®
FLC11 in isopropanol and thenmixing this with the vegetable oil
then evaporated to dryness under nitrogen to remove the iso-
propanol. Nanoemulsions of the required particle size were
then prepared according to the above procedures for nano-
emulsions without uorescent label.

Nanoemulsions containing b-carotene were prepared rst by
mixing 25 g of Betatene with 75 g of canola oil and heating in
the dark to 70 �C under nitrogen to ensure complete dissolution
of the b-carotene. 15 wt% oil in water nanoemulsions of the
Table 1 Initial composition (for preparation) and average particle size
(empty) and with the fluorescent fatty acid BODIPY® FL C11 (loaded). Not
80 and 18.3% v/v ethanol to ensure they all had the same composition b

Set size
(nm)

Canola oil (%
v/v) initial (nal)

Tween 80 (%
v/v) initial (nal)

Tween 80 (mg mL�1)
initial (nal)

45 15.3 (10) 6.3 (4.2) 63 (42)
80 15.3 (10) 5.0 (4.2) 50 (42)
120 15.3 (10) 5.0 (4.2) 50 (42)
200 15.3 (10) 3.0 (4.2) 30 (42)
380 15.3 (10) 0.3 (4.2) 3 (42)
�1000 15.3 (10) 0.08 (4.2) 0.8 (42)

This journal is © The Royal Society of Chemistry 2017
required particle size were then prepared according to the above
procedures for nanoemulsions without b-carotene. The nal
b-carotene nanoemulsion was diluted 1/3 with MilliQ water to
a nal oil concentration of 10 wt% and a nal b-carotene
concentration of 3 mg g�1. Particle size measurements
conrmed that the nanoemulsions containing b-carotene had
the same size as those without it.

Aer preparation, all nanoemulsions were diluted 1/3 (i.e.
10 wt% oil) to an ethanol concentration (EtOH) where they were
physically stable to coalescence and Ostwald ripening for far
greater than 100 days.45,46

2.3 Droplet diameter measurement

Nanoemulsion droplet diameters were measured using
dynamic light scattering (Nano ZS, Malvern, Worcestershire,
United Kingdom), at a scattering angle of 173� using a 633 nm
laser with each measurement being the average of 16 runs, each
of 10 second duration. All samples were measured in distilled
de-ionised water to avoid change in droplet size during the
measurement due to the presence of N-alcohol. Nanoemulsions
were diluted to give a scattering intensity of less than 500 cps
(approximately 0.0075 wt%) to avoid the effects of multiple
scattering. Samples were measured aer 5 minutes equilibra-
tion at 25 �C and results are reported as the average of
3 measurements. The intensity average emulsion diameter, and
polydispersity of each sample was obtained from the Cumulant
analysis of each sample's correlation function.52 The distribu-
tion of sizes was obtained using the CONTIN analysis of each
samples correlation function.53

2.4 Simulated gastric and intestinal digestion

The gastric and intestinal digestibility of selected nano-
emulsions was assessed using a two compartment static in vitro
gastro-intestinal model. The digestions were conducted in
thermostated glass vessels (37 �C) in a pH-STAT setup
controlled by a TIM 856 bi-burette pH-STAT (Radiometer
Analytical, France). Gastric digestions were conducted at pH
5.5 using conditions as per Sassene et al. (100 mM NaCl, 80 mM
Na taurocholate, 2 mM Tris Malic acid buffer, 20 mM phos-
pholipid (egg PC – lipoid)) using rabbit gastric lipase (18 TBU
mL�1) to replicate the function of human gastric lipase.54

Intestinal digestion was conducted at pH 6.8, in the presence of
10 mM CaCl2, 14 mM mixed bile salts, and pancreatin (1500 U
distribution (Z-average diameter) of set size nanoemulsions without
e: all nanoemulsions were diluted to 10% v/v canola oil, 4.2% v/v Tween
efore exposure to Caco-2 cell layers

Ethanol (%
v/v) initial (nal)

Empty nanoemulsions
Z-average diameter (nm)

Loaded nanoemulsions
Z-average diameter (nm)

27.9 (18.3) 45.4 � 0.3 44.8 � 0.3
13.9 (18.3) 80.0 � 1.0 82.2 � 0.4
0.0 (18.3) 123.7 � 0.9 126.0 � 1.0
0.0 (18.3) 185.7 � 2.0 205.2 � 0.8
0.0 (18.3) 378.1 � 3.5 384.0 � 4.7
0.0 (18.3) 881.02 � 35.0 1088 � 150

RSC Adv., 2017, 7, 40053–40066 | 40055
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mL�1 of pancreatic lipase, 240 USP U amylase and 240 U mL�1

protease – trypsin, chymotrypsin and elastase) as per Wooster
et al.55 Fatty acid release during the gastric phase was quantied
by GC-FID using acid and base methylation (GC-FAME) as per
Cruz-Hernandez et al.56 Fatty acid release during the intestinal
phase was quantied direct titration using a degree of fatty acid
protonation of 0.6 as per Bennett et al,57 the validity of this
approach was conrmed by verifying the nal extent of diges-
tion using by GC-FAME analysis of the nal digesta.

2.5 Cytotoxicity of intact (undigested) nanoemulsions using
Caco-2 cells

Caco-2 cells were routinely cultured in DMEM with 10% FBS,
1% w/v penicillin/streptomycin and 1%w/v NEAA at 37 �C in 5%
CO2. For cytotoxicity studies, Caco-2 cells (passage 10–20) were
seeded into 96 well plates at a density of 1 � 104 cells per well
(day 0). Cells were grown for 14–21 days with growth media
changed every two to three days. On day 14 (for studies involving
BODIPY® FLC11 containing nanoemulsions) or 21 (for studies
involving b-carotene containing nanoemulsions), growth media
was removed and replaced with HBSS containing mg mL�1

concentrations nanoemulsion preparations or Tween 80
control. Additional Tween 80-EtOH and EtOH only controls
were also included. The EtOH concentration in these controls
was: 4.4, 2.2, 1.1, 0.55, 0.275 and 0.1375% w/w.

For studies involving BODIPY® FLC11 containing nano-
emulsions, the cells were incubated for four hours before the
nanoemulsion preparations or controls were removed and the
cells carefully washed once with HBSS. For studies involving
b-carotene containing nanoemulsions, the cells were incubated
overnight (14–16 hours) before the nanoemulsion preparations
or control were removed and the cells carefully washed once
with HBSS. Cytoxicity was determined using the CellTiter 96®
AQueous Non-Radioactive Cell Proliferation Assay (MTS) and the
CellTiter-Blue® Cell Viability Assay (Promega, Alexandria, NSW,
Australia). Briey, 20 mL of the MTS or CellTiter-Blue® assay
reagent was added to 100 mL of HBSS and incubated with the
cells for one or two hours. Absorbance was measured at 492 nm
for the MTS assay and at 573 nm for the CellTiter-Blue assay to
determine cell viability. Cytoxicity was expressed as the
percentage of viable cells compared to untreated (HBSS only)
cells versus the mg mL�1 concentration of Tween 80 in the
nanoemulsion preparations. Cytotoxicity assays were per-
formed in duplicate or triplicate using triplicate repeats (n ¼ 6
or n ¼ 9).

2.6 Transport studies of intact (undigested) nanoemulsions

Caco-2 (human colorectal adenocarcinoma, ATCC) cells
(passage 10–20) were seeded into transwell apparatus at a cell
density of 1.2 � 105 cell per cm2. Cells were grown for 21 days to
facilitate cell differentiation and formation of an intact mono-
layer. During this period growth media was removed every 2–3
days and replaced with fresh media. On day 21, cell differenti-
ation was measured by transepithelial electrical resistance
(TEER) in an apical to basolateral direction using aMillicell-ERS
Voltohmeter (Millipore, Darmstadt, Germany). TEER readings
40056 | RSC Adv., 2017, 7, 40053–40066
above 0.25 kU cm�2 and expression of rhodamine in cellular
tight junctions (Fig. 6) indicated Caco-2 cell differentiation and
formation of an intact cell monolayer suitable for transport
studies.

For transport of BODIPY® FLC11 containing nanoemulsions,
growth media was removed and replaced with HBSS, or
HBSS containing nanoemulsions or their constituents, for
4 hours. The amount of cellular transport of the BODIPY®
FLC11 containing nanoemulsions with diameters between
45 and 200 nm, was assessed by measuring the uorescence at
emission l ¼ 518 nm (excitation l ¼ 490 nm) from the apical
and basolateral layers. The amount of nanoemulsion in each
layer was quantied from calibration plots of standard dilutions
of each nanoemulsion size, which were linear (r2 $ 0.995) over
two orders of magnitude in concentration (0.22 to 22 mg mL�1

Tween 80). All measured uorescence values were within the
bounds of the linear calibration plots. The amount of BODIPY®
FLC11 containing nanoemulsions retained by the cells was
determined as the difference between the applied amount and
that quantied in the apical and basolateral layers. Distribution
of the BODIPY® FLC11 containing nanoemulsions in the cells
and in the apical and basolateral layer was expressed as a rela-
tive percentage � standard% error from two independent
experiments performed in triplicate (n ¼ 6).

2.7 Confocal laser scanning microscopy

Following transport of Bodipy C11 containing nanoemulsions,
the Caco-2 cells were washed with HBSS, xed to the transwell
membranes and stained with TO-PRO®-3 and rhodamine
phalloidin to visualise the nuclei and cellular tight junctions
(respectively).58 Stained cells were imaged on a Leica TCS SP5
confocal microscope (Leica Microsystems, Mannheim, Ger-
many). A 488 nm argon laser was used to excite the Bodipy C11
(581/591) and emitted light was collected between 495 nm and
530 nmwhile 543 nm and 633 nm helium-neon lasers were used
to excite the rhodamine labelled phalloidin with the emitted
light collected between 560 nm and 600 nm and the TO-PRO®-3
with the emitted light collected between 640 nm and 710 nm
respectively.

2.8 Statistical analysis

All statistical comparisons were conducted using either a one-
way ANOVA with Dunnett's comparison tests or an unpaired t
test. These calculations were carried out using GraphPad Prism
6 Soware for Windows. Signicance was observed at P < 0.05.
Inhibitor concentrations at 50% (IC50) were calculated from
percentage inhibition using GraphPad Prism 6 (using variable
slope response curves (four parameters)) and expressed asmean
IC50 (with all R2 above 0.88) � standard error.

3 Results & discussion
3.1 Nanoemulsion creation

It is typically very difficult to create stabile nanoemulsions with
particle sizes below 120 nm using edible triglyceride oils
because of the extreme homogenisation energies required.45,59
This journal is © The Royal Society of Chemistry 2017
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However, we recently highlighted that using a combination of
low energy microemulsion phase inversion composition
approaches with high shear homogenisation facilitated the
creation of sub 50 nm nanoemulsions.46 Fig. 1 presents the
impact that ethanol addition had on nanoemulsion droplet
diameter. At low contents (0–30 vol%), ethanol had a benecial
effect, reducing nanoemulsion droplet diameter from �120 nm
at 0 vol% to �50 nm at 34–40 vol% ethanol in the aqueous
phase. The addition of ethanol above 40 vol% lead to a dramatic
increase in nanoemulsion average droplet diameter, which
eventually lead to complete destabilisation and separation into
layers of oil and water. It was possible to create nanoemulsions
as small as Dh¼ 45 nm (Dv ¼ 34 nm) because the partitioning of
ethanol to the interfaces induces two effects; (i) a reduction in
interfacial tension due to the (local) dilution of water and (ii)
dehydration of Tweens PEO headgroups bending its sponta-
neous curvature (H0) towards (and even exceeding) the preferred
curvature of the interface (i.e. the balance point).46 Nano-
emulsions with average diameters, Dh of 45, 80 and 120 nm that
were used for cytotoxicity and transport studies were made with
compositions (i) (ii) and (iii) in Fig. 1. Nanoemulsions with
larger sizes, Dh of 200, 380 nm and 1 micron were achieved by
balancing the amount of surfactant available to stabilise the
newly created interface during homogenisation and by
controlling the shear applied during homogenisation. Aer
preparation, all nanoemulsions were diluted to an ethanol
Fig. 1 Impact of ethanol volume fraction (as% of aqueous phase) on
the average hydrodynamic diameter of 15% v/v canola oil in water
nanoemulsions stabilised by 6.3% v/v polyoxyethylene (20) sorbitan
mono-oleate (Tween 80). Average hydrodynamic diameters are the
average of four measures on two separate preparations of each
emulsion formulation. Systems (i) 45 nm, (ii) 80 nm and (iii) 120 nm
were used for assessment of cytotoxicity, and cellular uptake. System
(i) was also used for beta-carotene cytotoxicity experiments.

This journal is © The Royal Society of Chemistry 2017
concentration where they were physically stable to coalescence
and Ostwald ripening for in excess of 100 days.45,46

3.2 Digestion of nanoemulsions

The gastrointestinal digestibility of example edible nano-
emulsions was compared to a control phospholipid emulsion
(readily digestible) using a two-step static in vitro digestion
model,8,55 which includes a validated mimic of gastric lipase.54,60

A pH of 5.5 was used for the gastric compartment as this is the
post-prandial pH found aer consumption of liquid protein
beverages, and is in the pH range for maximal gastric lipase
activity.61 Intralipid was chosen as the control emulsion as it is
a certied parenteral emulsion known to be readily digestible
and being extensively used as a model in lipedema. Fig. 2
presents the extent of lipolysis of the two emulsions during
progression from gastric to intestinal conditions. Under gastric
conditions, the lipolysis of the phospholipid stabilised emul-
sion steadily increased with time, being 6.3� 3.8% at 5 min, 9.5
� 2.1% at 15 min, 15.1 � 1.2% at 30 min and slowing moder-
ately to 22.4 � 8.8% at 60 min. In contrast, the 45 nm nano-
emulsion did not undergo signicant lipolysis during the rst
60 minutes of gastric digestion. Under intestinal conditions,
both emulsions underwent a very rapid initial rate of lipolysis
(IL: 79.5 � 0.5 mmol min�1, NE: 59.4 � 2.2 mmol min�1)
reaching�92% lipolysis within 10min, and 95% within 60 min.
The gastro-intestinal lipolysis of the control phospholipid sta-
bilised emulsion is typical of a readily digestible emulsion
undergoing digestion in adults, where typically 15–20% lipol-
ysis occurs via gastric lipase within the stomach and the
remainder via a combination of lipases within the intestine.61
Fig. 2 Extent of (in vitro) lipolysis as a function of time for two different
emulsions: (i) a �200 nm Intralipid reference nanoemulsion stabilised
by phosphatdylcholine; and (ii) a 50 nm edible nanoemulsion stabilised
by polyoxyethylene(20)sorbitan monoleate (Tween 80) during two
step simulated gastric and intestinal digestion. Lipolysis extent is
measured by GC-FAME during the gastric phase and pH-STAT during
the intestinal phase. Results are the mean of three independent
digestions, error bars represent one standard deviation.
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The complete lack of lipolysis of the 45 nm nanoemulsion
within the gastric compartment is similar behaviour to other
surfactants (Triton X) and likely arises because the Tween
surfactant inhibits adsorption of gastric lipase to the interface.62

Upon passage to the intestinal compartment, bile salts rapidly
adsorb to the interface and overcome the inhibition of lipase
adsorption thereby facilitating rapid digestion.55
3.3 Toxicity of edible triglyceride nanoemulsions

Cytotoxicity of edible nanoemulsions was assessed with the
Caco-2 cell line using MTS and CellTiter-Blue cell viability
assays. Fig. 3 presents the impact of varying concentrations of
edible nanoemulsions, or their components, on the viability of
differentiated Caco-2 cells, whilst Fig. 4 presents light micros-
copy images of selected Caco-2 cell layers that have been
exposed to edible nanoemulsions or their components. It is
apparent that cell viability decreases with increasing emulsion
particle size. Nanoemulsions with a Dh of 45, 80 and 120 had
Fig. 3 Effect of different sized nanoemulsions or their constituents on
Viability Assay (A, C and E) and CellTiter 96® AQueous Non-Radioactive C
prior to 4 hour treatment with different sized nanoemulsions in HBSS. Na
D) 380 & 1000 nm. Constituents included (E and F) Tween, Tween-etha

40058 | RSC Adv., 2017, 7, 40053–40066
80–100% cell viability (with both cell viability assays) at Tween
80 concentrations ranging from 0.3125 to 10 mg mL�1 whereas
cell viability decreased to 70 (CellTiter-Blue) and 35% (MTS) at
10 mg mL�1 when the nanoemulsion size increased to 200 nm.
Caco-2 cell viability decreased dramatically (Fig. 3) when
emulsion droplet size was increased further to 380 nm and
1 micron. Emulsions with a Dh of 380 nm had 100% viability up
to a Tween 80 concentration of 0.5 mg mL�1; above this
concentration there was clear evidence of extensive cell death
with cell viabilities decreasing to 74% (CellTiter-Blue) and
40–55% (MTS). Increasing droplet size to 1 micron (1000 nm)
increased cytotoxicity even further, with cell viability decreasing
to 70% (CellTiter-Blue) and 40% from 0.2 mg mL�1 Tween 80
concentrations.

It was also evident that increasing concentrations of 380 and
1000 nm nanoemulsions created false positive results in the cell
viability assays (Fig. 3) shown by an increase in percentage of
viable cells from 2.0 and 0.5 mg mL�1 (Tween 80 content) in
Caco-2 cell viability determined in vitro using CellTiter-Blue® Cell
ell Proliferation Assay (MTS) (B, D and F). Cells were grown for 14 days
noemulsion sizes included (A and B) 45, 80 120 and 200 nm and (C and
nol and ethanol (0.1375, 0.275, 0.55, 1.1, 2.2 and 4.4% v/v ethanol).

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Light microscope images of Caco-2 cells grown in 96 well plates for 14 days before 4 hour exposure to different sized nanoemulsions:
10 and 5mgmL�1 (respectively) (A and B) 45 nm, (C andD) 80 nm, (E and F) 120 nm, and (G and H) 200 nmnanoemulsions; 3 and 1mgmL�1 (I and
J) 380 nm; 0.8 and 0.2 mg mL�1 (K and L) 1000 nm; and their constituents 10 and 5 mg mL�1 (M and N) Tween 80; 4.4 and 2.2% v/v (O and P)
ethanol; 10 and 5 mg mL�1 (Q and R) Tween 80-ethanol buffer and (S) HBSS buffer.
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380 nm and 1000 nm nanoemulsions (respectively). This was
possibly due to the light scattering effect of the nanoemulsions,
either adhered to the cell layer or 96 well plate or taken up by
cells, or by a xative effect of those preparations. To visualise
these false positive results, light microscope images were taken
of the cells. In Fig. 4 panels A – H, images of cells exposed to 10
and 5 mg mL�1 45, 80, 120 and 200 nm nanoemulsions show
conuent cell layers, except for panel G where cells were treated
with 10mgmL�1 200 nm nanoemulsions and produced obvious
cell toxicity and death. All cell viability results in response to 45–
200 nm nanoemulsions were indicative of the cell images
captured. Fig. 4 panels I and K captured the false positive results
measured in the cell viability assays in response to 380 and
1000 nm nanoemulsions and show smaller cuboid-like cells
with a morphology different to the elongated Caco-2 cells
observed in the HBSS control (Fig. 4 panel S). Compared to the
This journal is © The Royal Society of Chemistry 2017
smaller nanoemulsions (45–200 nm) that enter cells more
easily, the larger nanoemulsions may aggregate on the cell
surface displacing water from the cell surface as well as dehy-
drating the cells aer entering causing the Caco-2 cells to
appear xed to the surface of the culture plate.

Fig. 3 also presents the impact of Tween 80, ethanol co-
solvent and Tween 80-ethanol buffer on cell viability. Ethanol
by itself appears to have a mild impact on cell viability, having
no effect at concentrations up to 4.4% v/v in the CellTiter-Blue
assay and decreasing cell viability in the MTS assay (to 50%)
only at 4.4% v/v. Likewise, Tween 80 alone had only a mild effect
on cell viability, with no impact on cell viability up to 4.4% v/v in
the CellTiter-Blue assay and decreasing cell viability in the MTS
assay (to 65%) only at 10 mg mL�1. The combination of Tween
80 with ethanol affect cell viability more than Tween 80 and
EtOH alone. No changes in cell viability were observed in
RSC Adv., 2017, 7, 40053–40066 | 40059
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Fig. 5 Distribution of BODIPY C11 581/591-labelled nanoemulsions
(NE) of different sizes in Caco-2 cell monolayers grown on transwell
membranes (for 21 days) following 4 hour transport and effect on
transepithelial electrical resistance (TEER). Percentage distribution of
BODIPY C11 581/591-labelled NE in apical , basolateral and
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response to 0.3125 to 2.5 mg mL�1 Tween 80/ethanol (con-
taining 0.1375–1.1% v/v EtOH), however, 5 and 10 mg mL�1

Tween 80/ethanol (containing 2.2 and 4.4% v/v ethanol)
decreased cell viability to 60% and 20% in theMTS assay, and to
70% in the CellTiter-Blue assay at the highest concentration.

Fig. 4 visualises the cell viability trends measured by the MTS
and CellTiter-blue assays showing some cell death in the
highest ethanol concentration (Fig. 4 panel O) and marked cell
death in the two highest Tween 80/ethanol treatments (Fig. 4
panels Q and R) compared to the HBSS control (Fig. 4 panel S).
Exposure of the Caco-2 cell layers to ethanol alone did not
appear to change monolayer conuency at 2.2% v/v, however, at
4.4% v/v the cell layers appeared as islands of cells mixed with
free cells. Exposure of the cells to the Tween 80/ethanol mixture
lead to complete disruption of the cell layers; at 10 mg mL�1

Tween 80/4.4% ethanol only free cells are observed, at 5 mg
mL�1 Tween 80/2.2% v/v ethanol islands of cells and free cells
are observed. From the cell viability results and the light
microscope images it is clear that exposure to Tween 80 alone
does not cause cell disruption (at the concentrations studied)
whilst exposure to ethanol alone does cause cell disruption.
Furthermore, mixtures of Tween and ethanol appear to cause
more extensive cell disruption than the ingredients alone,
pointing towards a synergistic interaction which is perhaps of
similar nature to the one that was exploited to facilitate the
creation of edible nanoemulsions.46

It is not surprising that the presence of ethanol and Tween
80 caused some decreases in cell viability. In vitro studies of the
impact of ethanol on intestinal barrier function reveal that
ethanol decreases cell viability via oxidative stress.63,64 Banan
et al. found that the onset of ethanol cytotoxicity occurs between
1–2.5 vol% depending on the duration of exposure – a range
that is consistent with the onset of cell death observed in the
current study (i.e. onset at between 4.4 and 2.2 wt%). Tween
surfactants are also known to exhibit a concentration depen-
dant cytotoxicity on Caco-2 cell lines, albeit at concentrations
typically ten times higher than anionic surfactants and bile
salts.33,35,65,66 Tween surfactants decrease cell viability by inter-
acting with or inserting into the cell membrane, which at high
concentrations leads to solubilisation of the membrane.33,35,65,66

What is very unusual is the dramatic decrease in the onset
concentration for cell death in the nanoemulsions when both
Tween and ethanol are present, particularly when combined
into nanoemulsions above 200 nm. Cell viability decreased by
more than 50% in response to 1 mg mL�1 380 nm nano-
emulsion and 0.2 mgmL�1 1 micron emulsions; concentrations
approximately 10 and 50 times lower than the concentrations
that produced toxicity following exposure to 200 nm nano-
emulsions. Potential mechanisms behind this are discussed in
the nal section of this paper.
retained . * indicates statistical significance in NE distribution
compared to 45 nm NE. Decrease in TEER (apical – basolateral
direction) following 4 hour transport of BODIPY C11 581/591-labelled
NE in HBSS. # indicates statistical significance in TEER change
compared to HBSS control. All data represents the mean of two
independent experiments performed in triplicate (n ¼ 6) � standard
error. Statistical significance determined using a one way ANOVA with
Dunnett's multiple comparison test.
3.4 Cellular uptake & transport studies

The cellular uptake and transport of edible nanoemulsions was
assessed by labelling the nanoemulsions with a uorescent
label (BODIPY 581/591) attached to a C11 fatty acid. Cellular
transport was quantitatively assessed by measuring
40060 | RSC Adv., 2017, 7, 40053–40066
uorescence in both the apical and basolateral layers (Fig. 5),
whilst internalisation of the nanoemulsions (45 to 380 nm) was
subjectively assessed using confocal microscopy (Fig. 6). The
uorescence transport measurements in Fig. 5 indicate that
a considerable amount of nanoemulsion interacted with the
Caco-2 cell layers. Measurements of nanoemulsion concentra-
tion (via uorescence) in the apical layer aer 4 hours of
transport indicated that approximately 25 to 40% of nano-
emulsions had been transported through or absorbed by the
cell monolayer. There appears to be a systematic relationship
between nanoemulsion size and the amount transported and
absorbed by the Caco-2 cell layers. Small 45 nm nanoemulsion
concentration decreased in the apical layer by 24.5 � 0.97%;
this increased to 30.8 � 1.6% and 41.3 � 1.8 as nanoemulsion
size increased to 80 and 120 nm respectively. Above 120 nm, the
amount of nanoemulsion in the apical layer decreased by 36.5�
2% for the 200 nm nanoemulsions and by 29.3 � 3.5% for the
380 nm nanoemulsions suggesting that there is an optimum
nanoemulsion size or composition for cellular transport and
absorption.

Analysis of nanoemulsion concentration in the basolateral
layer indicated that a moderate amount of nanoemulsion (10–
14%) was transported through the Caco-2 cell layer. However,
there was no signicant difference in nanoemulsion concen-
tration in the basolateral layer across the different droplet sizes.
By difference, these results suggest that between 13 and 26.7%
of nanoemulsions were retained by the Caco-2 cell layers. The
question is, what might be the mechanism driving this incor-
poration? The transport of molecules or structures through
Caco-2 cell layers can occur via: (i) transcellular routes
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Confocal microscope images of fixed and stained Caco-2 cell monolayers grown on transwell membranes for 21 days prior to 4 hour
exposure to BODIPY C11 581/591-labelled nanoemulsions of different sizes: (I) 45 nm; (II) 80 nm; (III) 120 nm; (IV) 200 nm (V) 380 nm; (VI)
unlabelled 45 nm nanoemulsions or constituents (VII) Tween 80-ethanol. Fixed cells were stained with TO-PRO-3 (blue nuclei) and rhodamine
phalloidin (red tight junctions).
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(transport through lipophilic/phobic pores or active/passive
diffusion in solution); and/or (ii) paracellular routes through
the disruption of tight junctions (TJs) or adherens junctions
(AJs). Preliminary information on the potential route of nano-
emulsion transport through the Caco-2 cell layers was gained
through measurements of transepithelial electrical resistance
(TEER) (Fig. 5B) and 3D confocal microscopy (Fig. 6). In general,
the TEER values of Caco-2 cell layers that were exposed to
nanoemulsions (45 to 200 nm) did not signicantly decrease (by
15.2–26.9%) in comparison to those that had been incubated
with HBSS alone (13.6 � 5.6%) for four hours. However, the
decrease in TEER for Caco-2 layers that had been exposed to the
380 nm emulsion was more than double (38.6 � 3.3%) the
decrease seen for cells incubated in HBSS. The lack of
a considerable reduction in cell TEER (for nanoemulsions Dh <
200 nm) suggests that nanoemulsion uptake is less likely to
occur via disruption of TJs/AJs which facilitate transport via
paracellular routes.

The possibility of nanoemulsion transport occurring via
transcellular routes was preliminary investigated using confocal
microscopy and multiple stains to identify cell compartments.
Specically, rhodamine phalloidin was used to stain actin
present in the cell membrane and tight junctions red, TO-
PRO®3 was used to stain nuclei blue and the uorescently
labelled nanoemulsions were visualised as yellow. Taking the
images from the 80 nm nanoemulsion as an example (Fig. 6II),
the perfuse staining of the exterior of each cell and interstitial
This journal is © The Royal Society of Chemistry 2017
space highlights that the cell membrane and tight junctions are
comprised of actin and are intact. Examination of all of the cell
compartments in Fig. 6III reveals a very high number of yellow
stained (uorescent) structures consistent with Bodipy C11.
Such structures are not visible in the images of cell layers
incubated with Tween 80-ethanol (Fig. 6VII) or the unlabelled
45 nm nanoemulsions (Fig. 6VI). A closer examination of
a Caco-2 cell in Fig. 6IV shows that the nanoemulsion clusters
are contained within the cell membrane and not between the
cells. Curiously, the confocal images of cells exposed to
different sized nanoemulsions did not show an obvious size
effect on cellular uptake. Such quantitative analysis is difficult
with confocal microscopy due to the use of different laser
intensities and the potential for bleaching. Overall, it is clear
from the transport studies that nanoemulsions are incorpo-
rated into Caco-2 cells to quite a considerable extent under in
vitro conditions. Preliminary investigations using TEER and
confocal microscopy strongly suggest that nanoemulsion
uptake occurs largely via transcellular routes, however para-
cellular uptake cannot be discounted particularly for the
380 nm nanoemulsion which have increased cytotoxicity and
decreased TEER values.

3.5 Toxicity of nanoemulsions containing b-carotene

The effect that a reactive nutrient has on nanoemulsion toxicity
was assessed as a function of NE concentration using differ-
entiated Caco-2 monolayers viaMTS cell viability assays (Fig. 7).
RSC Adv., 2017, 7, 40053–40066 | 40061
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Fig. 7 Effect of b-carotene containing nanoemulsions on Caco-2 cell
viability determined in vitro using CellTiter 96® AQueous Non-Radio-
active Cell Proliferation Assay. Cells were grown for 21 days on 96 well
plates prior to overnight (14–16 hours) treatment with b-carotene
containing nanoemulsions (C), unlabelled nanoemulsions (B) and
Tween 80 (,) diluted in Hank's balanced salt solution (HBSS). Data is
expressed as the mean percentage viable cells compared to HBSS
control � standard error, from three independent experiments per-
formed in triplicate (n ¼ 9). IC50 values were calculated from
percentage inhibition using GraphPad Prism 6 (using variable slope
response curves (four parameters)) and expressed as mean IC50 (of
three experiments, n ¼ 3) � standard error. a,bSuperscripted letters
show significant differences (p < 0.05) between IC50 values using
unpaired t tests.
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Differentiated Caco-2 cell layers were exposed to: (i) plain (or
empty) triglyceride nanoemulsions; (ii) triglyceride nano-
emulsions containing 3 mg mL�1 b-carotene within the oil
phase; and (iii) the surfactant–ethanol mixture for 14–16 hours.
In Fig. 7 all treatments produced a dose response in Caco-2 cell
viability. At empty nanoemulsion concentrations up to 180 mg
mL�1 there was minimal loss of cell viability, however, when the
concentration exceeded 180 mg mL�1 there was a sharp and
progressive decrease in cell viability with a calculated IC50 of
257 mg mL�1 and complete loss of cell viability at 1 mg mL�1.
Exposing the Caco-2 cell layers to the surfactant–ethanol
mixture used to create the triglyceride nanoemulsion lead to
a similar cell viability concentration dependence. There was
minimal loss of cell viability up to 100 mg mL�1, then a dramatic
decrease in cell viability above 100 mg mL�1 with a calculated
IC50 of 192 mg mL�1 and complete loss of cell viability above 200
mg mL�1. By comparison, incorporation of b-carotene into the
triglyceride nanoemulsion caused a considerable decrease in
the limit of exposure of cell viability. The concentration
dependence of b-carotene containing nanoemulsions on cell
viability shied to signicantly lower concentrations with cell
death occurring from 30 mg mL�1 producing an of IC50 51 mg
mL�1 and complete loss of cell viability at �100 mg mL�1.

It is apparent from Fig. 7 that incorporation of b-carotene
into edible LCT nanoemulsions considerably increases their
toxicity. Such a result confounds some recent research by
Everett et al. who found that the incorporation of b-carotene
into microemulsions did not have a signicant impact on the
40062 | RSC Adv., 2017, 7, 40053–40066
concentration dependant viability of Caco-2 cell layers.67

However, our results match those of Hurst et al. and multiple
cohort studies on the conicting benets of b-carotene
supplementation in smoking and non-smoking populations.
Several studies have proposed,50,51,68 and then demon-
strated,69–71 that oxidised b-carotene leads to an increased
incidence of ROS induced cell damage. Autoxidation of b-caro-
tene is a free-radical propagation process which results in the
formation of numerous (short chain) carotenoid derived alde-
hyde (CDA) breakdown products. The aldehydes produced from
carotenoid autoxidation interact with enzymes and proteins
and are acutely toxic to mammalian cells, reducing mitochon-
drial function, oxidising DNA in broblasts and promoting cell
apoptosis.72–77 These studies have shown that concentrations of
CDA in the range of 10–20 mMare toxic to a range of human cells
lines including K562, RPE 28 SV4 and ARPE-19 cell lines.69–71

The ndings of Hurst et al. suggest that in our current study,
oxidation of b-carotene to produce CDA is increasing nano-
emulsion cytotoxicity upon carotene incorporation.
4 Biological fate of edible
nanoemulsions

In this study we aimed to assess whether edible nanoemulsions
pose an increased risk to human health compared to normal
emulsions. The main premise/concern was that nanoparticles
can be absorbed directly by intestinal cells, and hence result in
bioaccumulation and/or toxicity because the nanoparticles are
able to alter/bypass the normal absorptive routes. A sequential
approach was taken rst examining the digestion of nano-
emulsions, next their direct absorption and toxicity was
measured followed by determining the toxicity of nano-
emulsions containing reactive nutrients/APIs.

The rst line of human defence against dangerous foods or
materials is the digestive system; if molecules or structures are
not immediately rejected by the taste system, then enzymatic
degradation has the potential to reduce harm. For lipid emul-
sions digestion commences within the stomach by acid stable
gastric lipase (10–30% of lipid FAs undergo hydrolysis) and is
completed by the action of co-lipase dependant pancreatic
lipase and other lipases present in the intestine.78 Our in vitro
digestion results using a validated gastric lipase mimic indicate
that Tween 80 based edible nanoemulsions are: (i) indigestible
during gastric lipolysis; and (ii) undergo rapid and complete
intestinal lipolysis. A lack of digestion by gastric lipase is
a concern because FAs produced during digestion within the
stomach regulate the amount of gastric emptying via cholecys-
tokinin mediated neurohormonal feedback pathway. A lack of
initial regulation of gastric emptying has been shown to swamp
the duodenum with concentrated emulsion,79 potentially
creating a scenario where there is direct nanoemulsion
absorption. However, our in vitro results also demonstrated that
pancreatic lipase rapidly digests edible nanoemulsions once
they reach the small intestine compartment, potentially
limiting their degree of cellular uptake.
This journal is © The Royal Society of Chemistry 2017
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Experiments on the cytotoxicity of edible nanoemulsions
revealed a strong inverse dependence between droplet size and
cytotoxicity. The 45 nm nanoemulsions required much higher
doses to impact cell viability compared to larger nanoemulsions
and conventionally sized emulsions. Increased cytotoxicity was
found to be a synergistic interaction between ethanol and
Tween 80 surfactant. This appears to be the rst report of
ethanol increasing polyoxyethylene (PEO) surfactant (i.e. Tween
80) cytotoxicity even though this combination is commonly
used as solubilisation enhancers in pharmaceutical micro-
emulsion formulations such as SNEDDS (Self NanoEmulsifying
Drug Delivery System).80 As for the mechanism, since ethanol
readily diffuses into the epithelial cells of the digestive tract, it is
unlikely that Tween 80 is increasing the potency of
ethanol.38,39,81 Instead, it is likely that ethanol is increasing the
potency of Tween 80. The mechanisms via which Tween 80 (and
other non-ionic surfactants) impact cell viability vary depending
on surfactant concentration.35 At low concentrations Tween 80
monomers are thought to be able to be incorporated into the
cell lipid bilayer, changing its physical properties.35,65 As Tween
80 concentration increases above the critical micelle concen-
tration (CMC), surfactant micelles act to solubilise lipid
membrane components disrupting its integrity.35 Studies by
Anderberg et al. have shown that the IC50 for Tween 80 shows
a strong time dependence, being >34 mM aer 10 minutes and
0.69 mM aer 24 hours.65 In contrast the IC50 of anionic
surfactants and bile salts were not different aer 10 minutes or
24 hours exposure, suggesting that permeation of Tween 80 into
the cell might be a rate limiting step.65 Given that the range of
IC50 observed in our current study (0.19 to 3.8 mM)‡ is within
the range of the IC50 observed by Anderberg et al. aer 24 hours,
it would suggest that ethanol enhances Tween 80 permeation.
This suggests that the surfactant/alcohol synergy that facilitates
nanoemulsion formation potentially increases nanoemulsion
cytotoxicity if the surfactant is in sufficient excess.

It is clear that undigested nanoemulsions are incorporated
into Caco-2 cell layers to a considerable extent, and that
a modest amount can even be found in the basolateral layer
suggesting (active) transport. The question is “what is the
mechanism that drives this process”? The clear cytotoxic effects
of the Tween 80/ethanol combination (which can lead to
considerable disruption of the cell layer) might suggest para-
cellular transport facilitated by TJs/AJs breakdown. However,
TEER measurements of Caco-2 cell layers exposed to nano-
emulsions between 45 and 200 nm indicate no signicant
breakdown compared to the HBSS control. Confocal microscopy
using triple staining elegantly showed extensive uptake of
various sized nanoemulsions via a transcellular route with most
imaged cells showing multiple emulsion inclusions. Our
preliminary transport studies also revealed that nanoemulsion
uptake increased as nanoemulsion size increased from 45 to
120 nm, decreasing moderately as nanoemulsion size increased
above 120 nm. These results suggest an optimum in nano-
emulsion cellular uptake, which is possibly inuenced by
‡ 0.19 mM refers to 380 nm nanoemulsion whilst 3.8 mM is the Tween 80/ethanol
mixture alone.

This journal is © The Royal Society of Chemistry 2017
droplet size and/or composition. Similar relationships between
the extent of cellular uptake and nanoemulsion size have been
observed in other studies, with optimum size also being around
100 nm.25 It has been proposed that the size-dependent uptake
of nanoparticles is likely related to the membrane-wrapping
process.82 Transcellular nanoparticle uptake is thought to
occur via endocytosis – the efficiency of which is related to
nanoparticle ligand density and cell receptor density. Thermo-
dynamically, the optimum for spherical nanoparticles is 50 nm,
however multiple studies have found optimums around
100 nm, possibly due to a different ligand/reception density
balance or a balance between clathrin dependant and clathrin
independent endocytosis pathways.

A limitation of our current study is that we did not probe the
mechanistics of cellular uptake, although confocal microscopy
and epithelial TEER measurements indicate that edible nano-
emulsion uptake occurs largely via transcellular routes. There
have been extensive studies into the mechanisms of trans-
cellular uptake of synthetic nanoparticles which provide key
insights.14,16–21 Transcellular nanoparticle uptake has exten-
sively been found to follow multiple endocytosis pathways
occurring mainly by: (i) clathrin-mediated endocytosis; and (ii)
caveolae-lipid ra dependant endocytosis.20–26 Both caveolae
(50–80 nm) and clathrin (100–200) mediated endocytosis occur
via the formation of membrane pits which bud into the cell to
create (coated) vesicles that internalise nutrients and nano-
particles present in the luminal uid.27,28 In the current case of
PEO surfactant stabilised (Tween 80) edible nanoemulsions
evidence from the absorption of PEO surfactant micelles
suggests uptake via a mixture of caveolae and clathrin mediated
pathways.21,22 Studies by Sahay et al. have found that monomers
of PEO based surfactants appear to enter cells via caveolae-
mediated endocytosis.21 However, as surfactant concentration
increases above the CMC excess surfactant block caveolae-
endocytosis and Sahay et al. found that micelle uptake
occurred via clathrin mediated endocytosis.21 Similarly, Gigout
et al. found that PEO surfactant micelles (pluronic PF68)
undergo cell internalisation via endocytosis pathways in CHO
cells and chondrocytes.19 Combined these results support our
observations that PEO surfactant stabilised nanoemulsions are
internalised by Caco-2 intestinal cell layer via endocytotic
pathways, potentially favouring the clathrin pathway.

The greatest interest in creating stable edible nano-
emulsions is their potential to enhance (cellular) uptake of
poorly soluble APIs/nutrients. A question that comes with
enhanced absorption is does enhance API or nutrient absorp-
tion have any consequences for the cell? In the current study
cytotoxicity of edible nanoemulsions containing b-carotene
(IC50 ¼ 51 mg mL�1) was much higher than empty edible
nanoemulsions (IC50 ¼ 257 mg mL�1), or the surfactant mixture
used in their preparation (IC50 ¼ 192 mg mL�1). These results
contrast the recent work of Everett et al. who found that the
incorporation of b-carotene into microemulsions did not
increase cytotoxicity over that of the surfactants themselves.83

However, our results are in line with the ndings of two large
cohort studies that found increased cancer rates in smokers and
asbestos workers receiving high doses of b-carotene,48,49 which
RSC Adv., 2017, 7, 40053–40066 | 40063
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was later proposed to be linked to the toxicity of the oxidation
products of b-carotene.47,50,51 Importantly, the four fold increase
in nanoemulsion toxicity in the presence of b-carotene is
dramatic and suggests that the presence of a nutrient or API can
considerably increase the toxicity of a nanostructured delivery
vehicle. These are of course rather preliminary ndings with
a nutrient prone to development of ROS promoting degradation
products. It remains to be seen if such phenomena will be
observed with other nutrients or APIs and whether their
oxidation during manufacture and storage is of concern.

5 Summary and conclusions

In this study we sought to understand the biological fate of edible
nanoemulsions in order to assess if they, or the active ingredients
they carry, pose an increased risk to human health. In vitro
digestion studies revealed that edible nanoemulsions stabilised
by PEO based surfactants were indigestible by gastric lipase, but
readily underwent digestion by pancreatic lipase. Caco-2 trans-
port studies and confocal microscopy studies indicate that
nanoemulsions are readily incorporated into, and transported
through, conuent intestinal cell layers demonstrating that
direct absorption of nanoemulsions might be possible in vivo.
Confocal and cell membrane integrity studies suggests intracel-
lular rather than paracellular nanoemulsion uptake, possibly via
(clathrin mediated) endocytosis. Interestingly the cytotoxicity of
edible nanoemulsions revealed a strong inverse dependence
between droplet size and cytotoxicity. The 45 nm nanoemulsions
required much higher doses to impact cell viability compared to
larger nanoemulsions and conventionally sized emulsions.
Increased cytotoxicity was found to be a synergistic interaction
between ethanol and Tween 80 surfactant. These observations
highlight that cytotoxicity arises from surfactant present in the
continuous phase of the nanoemulsion and occurs via incorpo-
ration into/disruption of the cell membrane by the Tween 80,
which is facilitated by the presence of ethanol. The most critical
nding of this work was that incorporation of a reactive ingre-
dient (b-carotene) into the edible nanoemulsion lead to a ve-
fold increase in NE toxicity. The increased toxicity of edible b-
carotene nanoemulsions likely arises from the formation of ROS
species during oxidation/metabolism of b-carotene. Overall we
have found that whilst the formation of edible nanoemulsions
does increase cellular uptake, they do not increase cellular
toxicity per se. In fact, edible nanoemulsions have much lower
toxicity compared to conventional emulsions with the same
formulation due to lower amounts of surfactant in solution.
However, the most dramatic result was that the presence of
a lipophilic nutrient (b-carotene) considerably increased the
toxicity of a nanostructured delivery vehicle. These results are
important not only because they create new opportunities for
edible nanoemulsions in consumer products, but also because
they may help to inform public policy decisions on nanotech-
nology in food, which is a highly emotive topic.
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