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Effect of interfacial composition on uptake of
curcumin–piperine mixtures in oil in water
emulsions by Caco-2 cells

İbrahim Gülseren,*ab Anilda Guriac and Milena Corrediga

Encapsulation in lipid particles is often proposed as a solution to improve curcumin bioavailability. This

bioactive molecule has low water solubility and rapidly degrades during digestion. In the present study,

the uptake of curcumin from oil in water emulsions, prepared with two different emulsifiers, Tween 20

and Poloxamer 407, was investigated to determine the effect of interfacial composition on absorption.

Piperine was added to the curcumin to limit the degradation of curcumin because it is known to inhibit

b-glucuronidase activity. The emulsions were administered to Caco-2 cell cultures, which is used as a

model for intestinal uptake, and the recovery of curcumin was measured. The curcumin uptake was

significantly affected by the type of interface, and the extent of curcumin uptake improved significantly

by piperine addition only in the case of oil-in-water emulsions stabilized by Poloxamer 407. This work

provides further evidence of the importance of interfacial composition on the delivery of bioactives.
1. Introduction

Functional foods and bioactive food ingredients are increas-
ingly researched due to their promise in the promotion of
health. The extent of bioactivity exerted by these ingredients is
largely dened by their cellular uptake and bioavailability. The
bioavailability of such compounds may be limited by their low
solubility in aqueous media, rapid degradation during pro-
cessing and storage, interactions with the food matrix during
digestion, and metabolic transformation.1–3 Indeed, the bioac-
tivity of individual metabolites may be more or less pronounced
than that in the parent compound, and the bioactivity may be
highly altered by cellular metabolism and molecular interac-
tions following the uptake.

To enhance the delivery of bioactives with low solubility
properties, encapsulation appears to be a viable solution. A well-
designed encapsulation vector may be able to protect bioactive
compounds during processing and storage and under the
rapidly changing media conditions during digestion. Accord-
ingly, the cellular uptake of the encapsulation vectors can be
tailored by modulating composition, particle size and charge,
and concentration of the medium and by controlling physico-
chemical stability, which in turn will affect the uptake and
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stability of the native bioactive.4,5 In this research, curcumin is
used as a model molecule for delivery in emulsion systems.

It has been shown that differences in interfacial composition
may affect the stability of the emulsions and the kinetics of
lipolysis;4,6 however, much less is understood on the effect that
different interfaces may have on the uptake of bioactives from
small oil droplets by entherocytes.7 Digestion occurs primarily
in the upper intestine, and intestinal cells appear to uptake
bioactive compounds from both digested and undigested oil
droplets. A number of in vitro studies have been demonstrated
differences in the lipolysis rate depending on interfacial
composition.1,8 Since undigested droplets can also be absorbed,
and the rate of digestion and absorption may be tailored by
altering the interfacial characteristics of emulsion droplets, the
present research evaluates curcumin delivery from undigested
emulsion droplets with varying interfacial characteristics. Two
different emulsiers were used to prepare oil in water emul-
sions: Tween 20, a small molecular weight emulsier, and
Poloxamer 407, which is oen employed in medical nutrition.9

Poloxamer 407 has also been previously demonstrated to inhibit
pancreatic lipase activity10 and to be incorporated in cellular
membranes.11 On the other hand, Tween 20 stabilized emul-
sions are rapidly digested and absorbed.12 These emulsiers
were chosen for the present study because emulsions stabilized
by these molecules have been reported under in vitro digestion
conditions to have slower rates of fatty acid release and to be
little affected by gastric conditions.8,13

Curcumin, a highly lipophilic bioactive molecule isolated
from the rhizomes of turmeric (i.e., Curcuma longa), displays a
wide variety of health promoting activities including antioxi-
dant, anti-inammatory, anti-carcinogenic, and antimicrobial
This journal is © The Royal Society of Chemistry 2014
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activities.14,15 In the majority of research studies on curcumin,
the mixtures utilized were composed of at least three major
curcuminoids (i.e., Yu & Huang, 2011)16 and possibly other
compounds depending on the level of purity. Curcumin is
rapidly metabolized in the intestines and in the liver, quickly
b-glucuronidated, and reduced to form a family of related
compounds,15 which makes it very challenging to trace curcu-
min during absorption or in the bloodstream and excretion
products.17,18

Because of its inefficient aqueous solubility,19 for improving
curcumin delivery, it is important to enhance its stability using
encapsulation vectors that would also aid in the absorption of
curcumin through epithelial cells. In the cases of food and
nutraceutical applications, food-grade components should be
used. Various formulations have shown the potential to
improve delivery of curcumin such as liposomes,20,21 oil-in-
water emulsions,22 protein particles23,24 and through solid lipid
nanoparticles.12

An additional approach suggested for enhancing the delivery
of curcumin is the use of piperine.25 This compound, isolated
from black pepper, enhances curcumin absorption and has
been shown to inhibit metabolizing enzymes, retard clearance
of bioactives or nanoparticles from the body, and provide
protection against oxidative damage.26–29 Piperine co-adminis-
tration with other bioactives has been shown to enhance the
bioavailability of a number of therapeutic drugs and phyto-
chemicals such as curcumin in animal and human intervention
trials.25,28,29

In the present study, it was hypothesized that differences in
the interfacial composition may affect the absorption of a
bioactive molecule. Curcumin-loaded oil in water emulsions
were prepared using two different emulsiers, Tween 20 and
Poloxamer 407, to determine differences in the uptake of cur-
cumin by Caco-2. Piperine was added to the dispersed phase to
better control the metabolic transformation of curcumin and to
obtain higher recoveries during cell uptake. In vitro cell culture
models, such as Caco-2 cultures, are an established model for
testing drug or bioactive compound delivery.15,29–31

2. Materials and methods
2.1. Materials

Soy oil (S7381), curcumin (C7727,$94% curcuminoid content),
piperine (P49007), Poloxamer 407 (16758), Dulbecco's Modied
Eagle Medium (DMEM) (containing 25 mM glucose), HEPES
buffer protease inhibitor cocktail (P8340), b-glucuronidase from
Helix pomatia, and G7017 were obtained from Sigma-Aldrich
Corporation (Oakville, ON, Canada). Triton-X-100 was
purchased from Fisher Scientic, Fair Lawn, NJ, USA. MilliQ
(Billerica, MA, USA) grade water was used for sample prepara-
tion. Fetal bovine serum (FBS) heat inactivated, nonessential
amino acids (NEAA), 0.25% trypsin – 1 mM EDTA$4Na (1�), L-
glutamine, penicillin–streptomycin (10 000 units of penicillin
and 10 000 mg of streptomycin per ml), phosphate-buffered
saline (PBS), and Hank's balanced salt solutions (HBSS), were
purchased from Invitrogen (Invitrogen Canada Inc., Burlington,
ON, Canada). A b-glucuronidase assay kit (I-2908) was
This journal is © The Royal Society of Chemistry 2014
purchased from Molecular Probes (Eugene, OR, USA). A Cell-
Titer 96® reagent AQueous One Solution Cell Proliferation Assay
kit was purchased from Promega Corporation, Madison, WI,
USA. Transwell permeable polyester (PET) clear inserts (0.4 mm)
and 12-well cell culture plates were obtained from Corning.

2.2. Emulsion preparation

Soy oil (40% v/v) in water emulsions containing curcumin were
stabilized with 4% Tween 20 or 4% Poloxamer 407. The physico-
chemical properties of emulsions prepared with these mole-
cules have been previously reported.32,33 Curcumin was solubi-
lized in soy oil at 40 mg kg�1, with or without addition of
piperine at a 10 : 1 ratio (4 mg kg�1). The soy oil phase was
heated (approx. 60 �C) and stirred for 1 h with curcumin to
ensure solubilisation, prior to homogenization. The mixture
was pre-homogenized using a shear mixer at full speed (30 000
rpm) for 1 min (Power Gen 125, Fisher Scientic, Mississauga,
ON, Canada). High-pressure homogenization was carried out at
750 bar for ve passes using Emulsiex C5, Avestin (Ottawa, ON,
Canada). All the samples were freshly prepared and adminis-
tered to the cell culture within 2 h of preparation.

2.3. Particle size and z-potential analysis

The particle size distribution of the emulsions was measured
using static light scattering (Mastersizer 2000, Malvern Instru-
ments, Worcestershire, UK) using water as the dispersing agent.
The refractive indexes of soy oil and water were taken as 1.47 and
1.33, respectively. Dynamic light scattering (DLS) was used to
measure the z-potential of emulsions (Zetasizer Nano, Malvern
Instruments, Worcestershire, UK). The samples were diluted in
MilliQ grade water (1 : 100) prior to all measurements.

2.4. Stability of emulsions

To ensure the stability of curcumin and piperine in the oil-in-
water emulsions, the release of curcumin was assessed using
dialysis. The samples were extensively dialyzed against a 50%
ethanol solution (at a 60 : 1 ethanol solution : sample volume
ratio) at room temperature. Samples were withdrawn every 30
min from the dialysis medium, and the amount of curcumin
remaining in the sample was determined by subtracting the
difference aer measuring the concentration in the dialysate
using a uorescence spectrometer (Synergy H4 Hybrid Reader,
Biotek, Fisher Sci.) at excitation and emission wavelengths of
430 and 549 nm, respectively. These values are based on litera-
ture data for curcumin uorescence in ethanol, and the curcu-
min was quantied using a calibration curve in 50% ethanol.34

2.5. Cell culture

The Caco-2 cell line (CRIFS Culture Collection, Food Science,
University of Guelph, ON, Canada) was maintained in DMEM
supplemented with 10% FBS, 2 mM L-glutamine, 1% NEAA and
1% antibiotic solution of penicillin–streptomycin and 25 mM
HEPES buffer in a humidied atmosphere 5% CO2 in a 37 �C
incubator (Forma Series II Water-jacketed CO2 Incubator,
Model no: 3110, Forma Scientic, California, USA). Cells were
Food Funct., 2014, 5, 1218–1223 | 1219
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cultured in T-75 cm2 tissue culture asks (Fisher Sci., Mis-
sissauga, Ontario, Canada) harvested with trypsin–EDTA prior
to seeding. In order to maintain relatively constant cellular
phenotypes, cells of passages 26–38 were used throughout
this study.
2.6. Cytocompatibility

Cytocompatibility was assessed aer seeding Caco-2 cells at a
density of 4� 103 cells per well. The cells were allowed to attach
by incubating for 24 h incubation at 37 �C in a 5% CO2 atmo-
sphere. The growth medium was removed and freshly prepared,
Tween 20 or Poloxamer 407 (4%) stabilized oil-in-water emul-
sions (40% oil) were added to the medium at a dilution ratio of
1 : 5.6 (sample : medium; v/v). Diluted emulsions were
prepared using HBSS buffer (1�).

The cells were incubated with media containing emulsion
droplets for 24 h at 37 �C and 5% CO2. The samples were
removed from each well, the wells were rinsed twice with PBS,
and cell viability was determined by a cellular metabolic assay.
The CellTiter 96® reagent AQueous One Solution a cell prolifer-
ation assay kit was then used following the manufacturer's
instructions. NADPH production was monitored by reading the
absorbance at 490 nm using an automated 96-well plate reader
(Multi Detector Microplate Reader, Biotek Synergy HT Model,
Vermont, USA). Results were compared with control wells that
were not incubated with samples but only with media and the
CellTiter 96® reagent.
2.7. Curcumin uptake through Caco-2 monolayers

Caco-2 cell monolayers were generated on insert lters of
12-well plates. A total of 0.5 ml of Caco-2 cell suspension was
added onto the insert at a nal concentration of 6 � 104 cells
per well, whereas 1.5 ml of the medium was added to the
basolateral compartment of the respective well. Uptake experi-
ments were performed aer 21 days of growth on the inserts
when the Caco-2 cell monolayer was completely differentiated.
The medium was changed every two days and the integrity of
the monolayers was monitored by measuring the transepithelial
electrical resistance (TEER) using an EVOM2 epithelial volt-
meter (WORLD Precision Instruments, Sarasota, FL, USA).

TEER was calculated as follows:

TEER (U cm2) ¼ [TEER (U) � TEERbackground (U)]

� area (cm2), (1)

where TEER (U) is the electrical resistance across the mono-
layers directly read from the EVOM2 epithelial voltmeter, and
TEERbackground (U) is that of the insert only (without cells). The
surface area of the insert was 1.12 cm2.

The cellular monolayer was washed once with HBSS, and
0.5 ml of HBSS at pH 6.5 was added on the donor compartment,
whereas 1.5 ml of 0.4% BSA in HBSS (pH 6.5) was added onto
the basolateral compartment. The cells were incubated for
45 min at 37 �C in order to equilibrate the monolayers prior to
the uptake experiments. For the uptake studies A–B (apical to
basolateral), freshly prepared emulsions were diluted with
1220 | Food Funct., 2014, 5, 1218–1223
HBSS buffer (1�) to 8% oil volume fraction, and 20 ml were
added to the apical compartment. Samples were incubated for
2 h at 37 �C in a 5% CO2 incubator. TEER values were recorded
before (t ¼ 0) and aer (t ¼ 2 h) the permeation experiment to
monitor the integrity of the monolayer.

2.8. Quantication of curcumin in the basolateral
compartment

Aliquots (100 ml) withdrawn from the basolateral compartment
of the transport system were diluted in ethanol (1 : 1; v/v), and
the samples were transferred to a 96-well uorescence plate
(Corning Glass Works, Corning, Mississauga, ON, Canada). The
samples were analyzed immediately by uorescence spectros-
copy as described in Section 2.4.

2.9. Cell lysis and enzyme assay

To evaluate the inuence of piperine uptake and efficacy in
controlling the breakdown of curcumin by b-glucuronidase, an
enzymatic test based on b-glucuronidase activity was also per-
formed. Aer the transport experiment, the cells were washed
twice with PBS buffer at pH 7.4 to remove the residual media.
Cell lysing was performed following the protocols of Palmgrén
et al. (2005) with slight modications.35 Briey, 250 ml of 1%
Triton-X-100 solution was added to each well along with
protease inhibitor cocktail previously prepared based on the
manufacturer's instructions. Then the plate was kept in an ice
bath for 5 min. Aer that, the cells were carefully scraped from
the membranes, suspended by pipetting, sonicated briey, and
centrifuged for 10 minutes at 14 000 � g in a cold microfuge
(Microfuge® 22R, Beckman Coulter, Mississauga, ON, Canada).
The supernatants were further transferred to 96 well plates
(Fisher Sci. Mississauga, ON, Canada), and enzyme activity was
measured using a spectrouorimeter. Excitation and emission
wavelengths were 495 and 518 nm, respectively. Briey,
b-glucuronidase activity in the samples was tested using an
appropriate assay kit (I-2908, Molecular Probes, Eugene, OR,
USA). b-Glucuronidase from Helix pomatia, was used as an
enzyme activity standard. Enzyme activity was expressed in
sigma units, where 1 unit is dened as the amount of enzyme
that will liberate 1.0 mg of phenolphthalein from phenol-
phthalein glucuronide in 1 h at 37 �C at pH 5.0. The duration of
the enzymatic assay was 30 min.

3. Results and discussion
3.1. Physico-chemical characteristics of curcumin–piperine
bearing emulsions

Curcumin and curcumin–piperine in the oil-in-water emulsions
were prepared using high-pressure homogenization. The
particle size was determined using integrated light scattering
immediately aer preparation. Table 1 summarizes the mean
apparent diameter (D3,2) and the z-potential for the two emul-
sions. No signicant differences were noted between the
emulsions, and all showed a monomodal distribution of oil
droplets of 0.2 mm in diameter. The average diameter was not
affected by the emulsier type or by the presence of piperine. In
This journal is © The Royal Society of Chemistry 2014
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Table 1 Mean particle diameter (D3,2) and z-potential of oil-in-water
emulsions at the time of preparation as measured by a light scattering
technique. Emulsions contained either curcumin or curcumin with
piperine, as a b-glucuronidase inhibitor, and Tween 20 or Poloxamer
407 were used as emulsifiers. All of the samples were prepared in
triplicate

Emulsion D3,2 (mm) z-Potential (mV)

Curcumin–Tween 20 0.22 � 0.03 �1.2 � 1.6
Curcumin–Poloxamer 407 0.21 � 0.07 �2.3 � 0. 3
Curcumin–piperine–Tween 20 0.21 � 0.02 �2.3 � 2.4
Curcumin–piperine–Poloxamer 407 0.21 � 0.07 1.3 � 0.9

Paper Food & Function

Pu
bl

is
he

d 
on

 1
7 

M
ar

ch
 2

01
4.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

C
hi

ca
go

 o
n 

24
/1

0/
20

14
 2

2:
45

:3
4.

 
View Article Online
addition, the absence of curcumin and piperine from the oil
phase did not alter the particle size distribution signicantly
(data not shown). Moreover, there were no changes in particle
size distribution aer 4 days of refrigerated storage (data not
shown). These results demonstrate that all the emulsions were
stable throughout the duration of the cell culture experiments.

Two different emulsiers were utilized in emulsion formu-
lations. Tween 20 is a surfactant with a small molecular weight
that reduces interfacial tension rapidly upon homogenization
and forms a surfactant monolayer at the interface.12 Poloxamer
407 is a polymeric emulsier oen employed in nutritional
products. Both types of emulsions have been widely character-
ized.10 The concentrations of emulsiers were sufficient for
obtaining stable emulsions, and in both cases, surface charge
was low, as demonstrated by z-potential. These emulsions were
chosen because they have been reported to be show slow lipid
digestion in in vitro digestion models.

The emulsions were also evaluated for their loss of curcumin
during storage. Emulsions containing curcumin and those with
curcumin and piperine were dialyzed against 50% ethanol at
room temperature for 2 h. This length of time corresponded to
the time of exposure of the emulsion in the cell culture exper-
iments. Table 2 summarizes the amount of curcumin loss as a
function of time for the various emulsions. This experiment was
not fully equivalent to the stability of the emulsion in a cell
culture medium; however, the system was chosen because
curcumin is soluble in ethanol,34 and a higher amount of
release may be expected under these conditions compared with
the cell culture environment. The losses in curcumin encapsu-
lation (%) were determined spectrouorimetrically at excitation
and emission wavelengths of 430 and 549 nm, respectively.34 In
the majority of cases, percentage losses in curcumin were found
Table 2 Amount of curcumin recovered in the dialysate during a stabili
function of time. Curcumin was quantified using fluorescence spectrosco
analyses were carried out at least in duplicate

Storage
time (min)

Curcumin–Tween
20, loss (%)

Curcumin–Poloxam
407, loss (%)

30 6.8 � 1.2 3.0 � 2.6
60 2.9 � 1.4 1.3 � 0.9
90 3.7 � 1.8 0.6 � 0.4
120 1.8 � 0.7 0.4 � 0.2

This journal is © The Royal Society of Chemistry 2014
to be less than 3% over 2 h. There were no signicant differ-
ences in the extent of curcumin released over time (data not
shown). In addition, the losses were not affected by emulsier
type or the addition of piperine. Based on these ndings, it was
concluded that the emulsions were an appropriate vector for the
curcumin uptake studies and that very little leakage should be
expected during the cell culture experiments.

Ethanol (50%) was utilized in order to evaluate the possible
release of curcumin from the emulsion. It is clear that aqueous
environments will remove a lower extent of curcumin from the
samples because it is insoluble in water. Similar assays were
used in previous studies to determine the stability of solid lipid
nanoparticles.36

3.2. Caco-2 viability and monolayer integrity upon the
administration of emulsions

The oil-in-water emulsions were administered to the Caco-2 cell
culture to ensure that the samples were not cytotoxic at levels
employed in this research and that the cell viability remained
similar to that in control cells. As clearly shown in Fig. 1, the
presence of emulsion droplets in the media enhanced the
viability cells of the cells, demonstrating that the samples were
not cytotoxic and thus suitable for the cellular uptake experi-
ments. Decreasing the oil volume fraction resulted in a decrease
in cell viability, clearly demonstrating that cell proliferation is a
function of sample composition. It is important to note that in
all cases with the same sample, medium dilution was carried
out, as described in Section 2.

The inuence of the emulsion bearing curcumin or curcu-
min–piperine administered to the Caco-2 culture on the integ-
rity of the monolayer was measured by determining the
transepithelial electrical resistance (TEER) values prior to and
aer the uptake experiment. There were no signicant changes
in the TEER (%) (Fig. 2), conrming what was already observed
in Fig. 1 and again demonstrating that the presence of the
emulsions had little inuence on the cellular monolayer and
that the integrity of the Caco-2 monolayer was well preserved
during the experiment. The data clearly demonstrated that this
setup was appropriate for curcumin uptake assays.33

3.3. Curcumin uptake

Recent uptake experiments with curcumin encapsulated in
solid lipid nanoparticles or emulsions showed very little
recovery in the basolateral fraction aer absorption.12 In the
present work, in addition to the presence of piperine, higher
ty experiment. The emulsions were dialyzed against 50% ethanol as a
py, and losses are reported as a percentage of the total curcumin. The

er Curcumin–piperine–
Tween 20, loss (%)

Curcumin–piperine–
Poloxamer 407, loss (%)

2.0 � 0.3 1.3 � 0.5
1. 7 � 0.4 1.9 � 0.9
2.2 � 0.7 1.9 � 0.1
1.3 � 0.9 2.7 � 0.8

Food Funct., 2014, 5, 1218–1223 | 1221
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Fig. 1 Caco-2 viability (%, related to control) as affected by the
administration of oil-in-water emulsions (40%) as a function of
emulsion dilution. Emulsions containing Tween 20 (filled symbols) and
Poloxamer 407 (empty symbols), both containing curcumin, were
diluted from 1 to 50 times in HBSS buffer (1�) prior to their addition to
the cells. Cells were incubated for 2 h in a humidified atmosphere at
37 �C and 5% CO2. Control samples contained only the medium and
are considered to have 100% viability. Results are the average of at
least three independent experiments, and bars represent standard
deviation.

Fig. 2 Changes in transepithelial electrical resistance (TEER) (%)
measured during the uptake of curcumin or curcumin and piperine
emulsions in a Caco-2 cell culture as a function of time of incubation.
Control is medium only. Emulsions were stabilized either with Tween
20 (S1 and S2) or Poloxamer 407 (S3 and S4) and contained curcumin
or curcumin and piperine incorporated in the oil phase of all emulsion
samples. Tween 20 or Poloxamer 407 (4%) were used in the stabili-
zation of emulsions. The sample definitions are given in Table 1 for
conciseness. All of the experiments were carried out at least in
triplicate.

Fig. 3 Basolateral uptake (%) of curcumin by Caco-2 cells grown for
21 days on permeable Transwell® plates as affected by the adminis-
tration of oil-in-water emulsions (8%) stabilized by (A) Tween 20 (4%),
or (B) Poloxamer 407 (4%) as a function of incubation duration in the
cell culture medium. Emulsions contained either curcumin (filled
circles) or curcumin and piperine (empty circles). The experiments
were carried out at least in triplicate.
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concentrations of oil were administered to the cells, and 0.4%
BSA was added to the receiving buffer to better mimic the
uptake environment of the cells, whereby serum proteins may
act as carriers of hydrophobic molecules.37 These changes
improved the basolateral recovery of curcumin aer absorption
by the Caco-2 cell monolayer. The basolateral concentration of
curcumin in the presence and absence of piperine was investi-
gated as a function of incubation duration (2 h) and emulsier
type, as summarized in Fig. 3. In the case of Tween 20-stabilized
emulsions (Fig. 3A), the extent of curcumin uptake was not
1222 | Food Funct., 2014, 5, 1218–1223
signicantly different from the initial values. However, the
intake generally increased with time, accounting for about 20%
of all curcumin present in the media aer 2 h of incubation.
These results clearly indicate that curcumin present in Tween
20-stabilized emulsions was absorbed by the Caco-2 cells and
was recovered in the basolateral fraction. It is important to note
that in the case of Tween 20 emulsions, the presence of piperine
in the emulsion droplets did not induce a signicant increase in
basolateral curcumin uptake.

A different behaviour was shown for the Poloxamer 407-
stabilized emulsions (Fig. 3B). In the case of emulsions con-
taining only curcumin (without piperine), the uptake amount
remained constant, at about 10% within the 2 h of incubation.
On the other hand, in the presence of piperine, the uptake
increased with time, and about 40% of the original curcumin
was recovered in the basolateral fraction aer 2 h. In this case,
in the presence of piperine, there was a signicant enhance-
ment of uptake by Caco-2 cells. Unlike the case of Tween 20
emulsions, the presence of piperine improved the recovery of
curcumin by affecting the rapid metabolism of this compound
in the cell. The reason for the difference in the behaviour of the
This journal is © The Royal Society of Chemistry 2014
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emulsions in the presence of piperine between the two emul-
siers is unknown at this point as it does not seem to be related
to the emulsion uptake but to the effect of piperine in the cell.
Tween 20 may have created micellar structures that partitioned
the compounds from the cell; however, the activity of b-glucu-
ronidase was measured in all cell lysates, and no differences
between piperine–curcumin and curcumin only emulsions were
noted, regardless of the emulsier type (data not shown).

4. Conclusions

Curcumin was employed as a model molecule to determine the
ability of different emulsion systems to enhance the uptake of
hydrophobic molecules. Since this compound is practically
insoluble in water and is very much prone to oxidative and
metabolic degradation, the biological effects evoked by curcu-
min in tissues other than the gastrointestinal tract may have to
be attributed also to its metabolites. Nonetheless, efficient
delivery vectors may be necessary to extend its stability during
storage and to enhance its bioavailability upon consumption;
therefore, measures to observe its cell uptake are needed. By
using piperine, curcumin recovery may be enhanced. This
work clearly showed that the co-administration of synergistic
bioactive compounds can be an effective approach in the
manufacturing of novel functional food products and that
interfacial composition may be important in determining the
kinetics of lipolysis and release of bioactives, in addition to
their cell uptake and stability.
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