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Abstract

Purpose Curcumin (CUR), a natural polyphenolic compound, has several pharmacological uses, primarily regarding its anti-
inflammatory, chemotherapeutic, and antioxidant properties. However, to date, a significant drawback of curcumin is its poor
bioavailability due to its low solubility and permeability. Therefore, the association of curcumin in polymeric nanocapsules may
be an excellent strategy to increase its bioavailability.

Methods Two nanocapsule systems were developed with an oily core of vitamin E surrounded by a biodegradable polymeric
shell of either chitosan (NC-CS) or alginate (NC-ALG) capable of improving the encapsulation efficiency, stability, and perme-
ability of CUR. NC-CS and NC-ALG showed particle sizes of approximately 116.7 +3.2 and 178 = 7.9 nm, dispersities of 0.107
and 0.149, and zeta potentials of 24.4+2.1 and —49.0 + 2.3 mV, respectively.

Results The encapsulation efficiency was approximately 90% in both cases, and they were demonstrated to be stable under
storage conditions for 3 months. Cytotoxicity studies performed in Caco-2 cells using the method of trypan blue dye revealed that
even at a high concentration of chitosan and alginate (157.9 pug/em?® or 600 mg/mL), both of the nanocapsules were not toxic,
exhibiting cell viability > 80%. The permeability was evaluated using Caco-2 cells as an in vitro model of the epithelial barrier.
The obtained results show that the permeability of NC-CS and NC-ALG encapsulated CUR was considerably higher compared
to that of an aqueous suspension.

Conclusions The obtained results suggest that nanocapsules could improve the solubility, permeability, and stability of curcumin.
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Furthermore, it has been reported that CUR is a potent
natural antioxidant [1, 2] and an anti-inflammatory agent
[3-5] and has therapeutic potential in metabolic and au-
toimmune diseases, such as type II diabetes, multiple scle-
rosis, Alzheimer’s disease, Parkinson’s disease, and ath-
erosclerosis [6—11]. Additionally, CUR has chemopreven-
tive and anti-cancer activities [12, 13].

Despite all of CUR’s aforementioned pharmacological
properties, it exhibits extremely poor water solubility,
which results in a low absorption of this drug by the
gastrointestinal tract [14] and therefore a poor bioavail-
ability, even if administered at a dose of 12 g/day [15].
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In vivo studies have shown that after oral administration
of CUR, most of the CUR is excreted in the feces, and
although it was not detected in urine, several of its deriv-
atives, such as curcumin glucuronide and sulfates, were
observed, indicating that this phytopharmaceutical un-
dergoes rapid metabolization in the liver and is rapidly
removed from systemic circulation [14]. Furthermore, it
is also known that CUR is unstable at neutral-basic pH
values and in serum-free mediums, since it is degraded to
vanillin, ferulic acid, feruloyl methane, and trans-6-(40-
hydroxy-30-methoxy-phenyl)-2,4-dioxo-5-hexenal [16].

In this sense, the association of CUR in nanocapsule
systems is a strategy to solve its problems of solubility,
permeability, and stability, since it has been reported
that the incorporation of therapeutic agents in polymer
matrices, particularly biocompatible and biodegradable
ones, such as chitosan and alginate, might potentiate
the protection of the biologically active compound from
degradation, control the drug release, and improve sol-
ubility, absorption, and its therapeutic effect [17].

Chitosan (CS) is a cationic biopolymer that has been
widely used for the delivery of various therapeutic
agents associated with CS micro- and nanoparticles,
due to its unique properties. Several applications of this
biopolymer are the preparation of mucoadhesive formu-
lations, enhancing the dissolution rate, especially for
poorly water-soluble drugs, the utilization of drug
targeting, and the improvement of protein absorption
[18]. CS is insoluble in water; in neutral or basic pH
conditions, it is positively charged. In an acidic pH,
amino groups can undergo protonation, thus making it
soluble in water. Nevertheless, the solubility of CS also
depends on the distribution of free amino and N-acetyl
groups [18, 19].

In contrast, alginate (ALG) is an anionic biopolymer used
to prepare nanocapsules due to its excellent biocompatibility,
biodegradability, non-toxicity, mucoadhesion, gelation, and
film formation properties [20]. ALG is a polysaccharide
consisting of D-mannuronic acid and L-guluronic acid ar-
ranged as blocks in a polymeric chain. It is known that at a
low pH, the release of the encapsulated material is stopped due
to the formation of an insoluble layer. However, at a higher
pH, it becomes a soluble viscous layer, releasing the encapsu-
lated material [21]. Alginate has been widely studied for par-
ticle formation in size range of 100 nm to 2 mm for drug
delivery, but it has not been used for the formulation of
nanocapsules containing a volatile oily drug [21].

In the present study, two nanocapsule systems were devel-
oped with an oily core of vitamin E surrounded by a biode-
gradable polymeric shell of either chitosan (NC-CS) or algi-
nate (NC-ALG) capable of improving the encapsulation effi-
ciency, stability, and permeability of CUR.

Materials and Methods
Chemicals

Curcumin ~70% (CUR) (Sigma-Aldrich®, Mexico),
Poloxamer 188 (Pluronic® F68, Sigma Chemical Co.,
USA), cetyltrimethylammonium bromide (CTAB) (Sigma-
Aldrich®, France), sodium alginate (ALG) (Manucol® DH,
ISP, Germany), chitosan (CS) (mol wt 50,000-160,000 Da,
75-85% deacetylated, Sigma-Aldrich®, Mexico), vitamin E
(x-tocopherol, Sigma-Aldrich, Switzerland), Cremophor®
EL (BASF, Germany), polysorbate 80 (Acros Organics,
USA), and acetic acid (CH3;COOH, Sigma-Aldrich,
Germany).

Preparation of NC-CS

Nanocapsules with a polymeric coating of CS were prepared
using a slightly modified solvent displacement technique [22].
Briefly, the formation of the nanocapsules is based on the
electrostatic and hydrophobic interactions that occur between
the chitosan dissolved in an acidic aqueous phase and the lipid
cores of vitamin E formed in the organic phase. The organic
phase was formed by dissolving 0.015 g CUR in 800 uL
ethanol followed by the addition of 200 pL vitamin E,
120 pL Cremophor® EL, and 5 mL acetone. This organic
phase was immediately poured into 20 mL of a polymeric
solution of CS (0.025 g) with a 5% stoichiometric excess of
acetic acid and 0.06 g of poloxamer 188. The polymer solu-
tion was prepared by dissolving the CS in 2 mL acetic acid
0.1 N under stirring for 15 min and was subsequently in-
creased to a volume of 20 mL with distilled water. Finally,
the solvents are removed from the nanosuspension under vac-
uum until a final volume of 20 mL is achieved.

Preparation of NC-ALG

NC-ALG were obtained by a modification of the solvent dis-
placement technique described by Rivera-Rodriguez (2013),
which consists of the “single-stage procedure” given the di-
polar ionic interactions between the polymer (ALG), which is
dissolved in the aqueous phase, and the cationic surfactant
(CTAB) present in the organic phase, which also contains
the oil (vitamin E). The organic phase was formed by dissolv-
ing 0.005 g of the cationic surfactant and 0.015 g of CUR in
800 1L of ethanol, followed by the addition of 200 puL vitamin
E, 120 uL Cremophor® EL, and 5 mL acetone. This organic
phase was immediately poured into 20 mL the aqueous phase
containing 0.06 g of poloxamer 188 and 0.030 g ALG under
mild stirring. When the ALG interacts with the cationic sur-
factant, a polymeric coating is formed at the oil/water inter-
face, thereby forming the alginate nanocapsules (NC-ALG).
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Finally, the solvents are removed from the nanosuspension
under vacuum until a final volume of 20 mL is achieved.

Characterization of CS and ALG Nanocapsules

NC-CS and NC-ALG were characterized regarding their size,
zeta potential, and morphology. The particle size and polydis-
persity index (PDI) were determined by dynamic light scatter-
ing (DLS) after dilution of nanocapsules in deionized water,
and each analysis was carried out at 25 °C with an angle
detection of 173°. The zeta potential values were calculated
from the mean electrophoretic mobility values, as determined
by laser Doppler velocimetry (LDV). For the LDV measure-
ments, samples were diluted in the same way as for the deter-
mination of the particle size. Samples were loaded into a
Malvern DTS1060 capillary cuvette. The DLS and LDV anal-
yses were performed on three independently prepared samples
using a Zetasizer Nanoseries 3600 (Malvern Instruments,
Worcestershire, UK). The morphology was determined using
transmission electron microscopy.

CUR Encapsulation Efficiency

The quantification of the CUR was carried out using high-
performance liquid chromatography (HPLC, Merck-Hitachi,
Japan). The HPLC system was equipped with a DAD detector
and a reverse phase Hypersil® Division C8 column
(150 mm x 3 mm, 5 um; ThermoQuest, Hemel Hempstead,
England). CUR was detected at a wavelength of 425 nm. The
mobile phase consisted of a mixture of 55% deionized water
and 45% acetonitrile with a constant flow rate of 0.5 mL/min.
The injection volume of the samples was 80 pL.

The CUR encapsulation efficiency was determined indi-
rectly by centrifugation-filtration. To determine the amount
of non-encapsulated CUR, 1 mL of the nanocapsule formula-
tion was diluted with 4 mL of deionized water and centrifuged
at 15,000 rpm for 20 min (Centrifuge 2-16P, SIGMA, Fisher
Bioblock Scientific, Germany). Subsequently, an aliquot of
1 mL of the supernatant was taken and diluted with 4 mL of
deionized water. This last dilution of the formulation was fil-
tered two times (Millipore 0.2 and 0.1 pm) and diluted with
5 mL of the mobile phase. The total amount of CUR was
estimated by dissolving 1 mL of the formulation of the
nanocapsules in 10 mL acetonitrile followed by centrifugation
at 15,000 rpm for 10 min.

The encapsulation efficiency (EE) for CUR was calculated
as follows:

(A-B)

EE(%) = x 100

where A is the total concentration of CUR in the formula-
tion and B is the concentration of free curcumin measured in
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the aqueous external medium, corresponding to the non-
encapsulated curcumin.

Stability Studies

Stability of nanocapsules was evaluated under storage condi-
tions at 4 °C for 3 months. The parameters assessed were (1)
particle size, (2) zeta potential, and (3) polydispersity index
(PDI).

Cell-Based Studies
Caco-2 Cell Culture

The Caco-2 human colon cancer cells from the American
Type Culture Collection (ATCC, Rockville, MD) at passage
16 were cultured in T-75 cm? flasks containing Dulbecco’s
modified Eagle medium (DMEM, Gibco-Invitrogen, Fisher,
Illkirch, France) supplemented with glucose (4.5 g/L), FBS
(15%; v/v), vitamins (2%; v/v), nonessential amino acid solu-
tion (2%; v/v), L-glutamine (2%; v/v), and antibiotic solution
(2%; v/v), at 37 °C in a humidified atmosphere of 5% CO,/
95% air. When the cell culture reached 80-90% confluence,
cells were dispersed with 0.025 M trypsin-EDTA and
reseeded in a new flask. The culture medium was changed
every 3 days. For cell viability assay, cells were seeded onto
12-well plates (3.8 cmz, Well Plates Corning®, Kennebunk,
EU) at a density of 5 x 10* cells per well and cultured for
21 days. For permeability studies, cells were seeded on the
apical side of Transwell® permeable supports (Transwell
Corning®, Kennebunk, EU, 0.4 um polycarbonate mem-
brane, 1.12 cm? surface, and a volume of 0.5 mL in the apical
compartment and 1.5 mL in the basolateral compartment) at a
density of 2 x 10* cells per well for 21 days. In both studies,
the culture medium was changed every 3 days.

MTT Cell Viability Assay

Formulation of nanocapsules was diluted in DMEM to get
polymeric concentrations of 125, 250, and 500 pg/mL (equiv-
alents in dose per unit area of 32.9, 65.8, and 131.6 pg/cmz)
and curcumin concentrations of 75 pg/mL, 150, and 300 pg/
mL (equivalents in dose per unit area of 19.7, 39.4, and
78.8 pg/ecm?), whereas for curcumin alone, it was suspended
in DMEM and then diluted to get the different concentrations
of curcumin (125, 250, and 500 pg/mL or 32.9, 65.8, and
131.6 ug/cmz). After differentiation (21st day), the culture
medium was removed, and 1 mL of each dilution of the for-
mulation was taken and placed in each of the wells in tripli-
cates (n = 3). Cells were exposed for a period of 2 h. After 1 h
of incubation, 5 L MTT solution (5 mg/mL) was added to
each well and incubated for 1 h more to complete 2 h in a
humidified atmosphere of 5% CO,/95% air at 37 °C. Next, the
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supernatant was removed and 1 mL of isopropanol (Sigma-
Aldrich Co.) solution containing 0.04 N HCI (Sigma-Aldrich
Co.) and 0.1% nonidet P-40 (Fluka Chemical Corp., Buchs.,
Switzerland) was added to each well before reading their op-
tical density at 590 nm in a single cell Life Science UV-Vis
Spectrophotometer Model DU530 (Beckman-Coulter Inc.,
Brea, CA, USA). The experiment was performed at least three
times.

Permeability Studies

Permeability studies were also performed after complete
cell differentiation, and only wells exhibiting
transepithelial electrical resistance (TEER, MERSSTXO01
electrode, Millicell ERS-2, Millipore, Billerica, MA,
USA) greater than 600 Q cm? were used. Before starting
the experiment, the culture medium was removed, and cell
monolayers were washed twice with 1 mL of PBS buffer.
Then, 0.5 mL of the formulations diluted with a concen-
tration of 250 pg/mL was added to the apical side of the
cell monolayers, while on the basolateral side, 1.5 mL of
DMEM was placed. Cells were incubated at 37 °C for
120 min. Every 60 min, the TEER was measured, and
the total volume of the basolateral side was taken and
replaced by fresh DMEM. Passage of the CUR was deter-
mined by UPLC-TQ-ESI-MS/MS (Waters ACQUITY
UPLC system, Milford, MA, USA). The chromatographic
analysis was performed on a Waters ACQUITY BEH
Shield RP 18 column (2.1 x 100 mm, 1.7 wm). The mo-
bile phase was composed of 60% A (acetonitrile and 0.1%
formic acid) and 40% B (0.1% formic acid solution). The
flow rate of the mobile phase was 0.25 mL/min, and the
injection volume was 7.5 pL. The column temperature
was conditioned at 30 °C, and the autosampler was main-
tained at 4 °C. At the end of the experiment, the perme-
ability studies were stopped by removing the apical me-
dium and washing the cells three times with PBS.
Immediately, the samples were replaced with fresh medi-
um that had been incubated at 37 °C. The monolayers
were allowed to regenerate for 24 h at 37 °C in a humid-
ified atmosphere of 5% CO,/95% air.

Results are expressed as apparent permeability coefficient
(Papp) and variation of the TEER (%) compared to the initial
values, calculated according to the following equations:

TEER (%) = % x 100

pan en)~ (42) (15

Results and Discussion

In the present work, the development of two nanocapsule
systems with an oily core of vitamin E surrounded by a bio-
degradable polymeric shell of CS or ALG is described. These
nanocapsule systems were designated NC-CS and CN-ALG
and were characterized physicochemically in terms of the par-
ticle size, zeta potential, and polydispersity index (PDI).
Furthermore, the stability was evaluated, and the toxicity
and permeability studies were performed on Caco-2 cells,
the latter with the purpose of determining how much the
nanocapsule systems increase the permeability of the CUR
with respect to raw CUR. This type of nanocapsule systems
has gained considerable importance in recent years due to its
multiple advantages, including the increase in the stability of
the drug encapsulated against biological media and during
storage, passive targeting or more extended systemic circula-
tion, and the solubility improvement of highly lipophilic drugs
due to the use of oil cores.

Characterization of NC-CS and NC-ALG

Both formulations containing CUR were prepared according
to the solvent displacement technique and characterized for
their size, polydispersity index (PDI), pH, zeta potential, and
encapsulation efficiency (Table 1). The results show that the
polydispersion indexes of NC-CS and NC-ALG are 0.107 and
0.149, respectively, which indicate that NC-CS formed more
homogeneous populations (a narrow distribution) compared
to NC-ALG since the polydispersity index is closer to 0.1
[22]. The particle size of NC-CS was approximately
116.7 nm and presented a positive surface charge (24.4 mV)
while NC-ALG was about 178 nm with a negative surface
charge (—49.0 mV). Transmission electron microscopy
(TEM) micrographs of these nanocapsule systems are shown
in Fig. 1 and corroborate the particle size.

The CUR encapsulation efficiency of both formulations
was >90%, with a final concentration of CUR of approxi-
mately 750 pg/mL. The high CUR encapsulation efficiency
was mainly due to the preparation method and the properties
of the oil core [23]. Nevertheless, the maximum solubility of
the active substance in the oil is one of the most important
criteria for the selection of the base forming oil and the con-
centration of the active material during the development of
this type of formulation [24]. Therefore, vitamin E was select-
ed to form the core of the nanocapsules since curcumin pre-
sents a good solubility in it.

Stability Studies

Several factors can affect the stability of nanocapsule systems,
for example, the composition of nanocapsules, the conditions,
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Table 1 Physicochemical

characteristics of the nanocapsule Formulation Particle size (nm) PDI ( potential (mV) EE (%) pH
systems obtained. PDI:
encapsulation efficiency NC-ALG 178+7.9 0.149 -49.0+23 6.08£0.06

Values are given as mean + SD; n =

and methods of preparation and storage. Nevertheless, it is
difficult to identify the specific factors.

An easy way to identify if a nanocapsule system is unstable
is through examining its visual aspects, such as color and the
presence of aggregates, but it is also necessary to determine
certain physicochemical elements, such as the particle size,
pH, and quantification of the active substance.

Table 2 shows the results obtained in terms of the particle
size, PDI, and zeta potential after maintaining the nanocapsule
systems (NC-CS and NC-ALG) at a temperature of 4 °C (stor-
age conditions). In both formulations, the particle size, PDI
value, and zeta potential were slightly modified. In the case of
the NC-CS, the stability of these formulations was approxi-
mately 3 months from the initial experiment; the decrease in
the particle size and the precipitation of the CUR were pre-
sented with a greater magnitude. This finding may be attrib-
utable to the fact that chitosan begins to hydrolyze slowly
(breaking of the chitosan chains) during the storage period
given the pH of the formulation and therefore the viscosity
decreased, making it more susceptible to suffer physical sta-
bility problems [25, 26]. Although an increase in PDI values is
related to the degradation of the polymer and the aggregation
or presence of the binding of particles, the value obtained after
3 months was 0.196 and indicates that there is a narrow size
distribution (homogeneous population) since the PDI value is
between 0.1 and 0.2 [27, 28]. Furthermore, the zeta potential

Fig. 1 Transmission electron
microscopy micrographs, scale
bar, represents 100 nm for NC-CS
(a) and 200 nm for NC-ALG (b)

>
* e

NC-CS
0518

3

remained at approximately 24 mV such that electrostatic re-
pulsion was maintained between the particles, minimizing the
likelihood of aggregation [29] at least during the 3 months of
the study.

However, the stability of NC-ALG was slightly lower than
that of NC-CS due to the decrease in particle size is greater
after the second month. These results are similar to other stud-
ies where it has been reported that between months 1 and 5,
the decrease of the particle size is more marked and is follow-
ed by a phase where the difference in the particle size is less
than 1 nm from months 5 to 12 [25]. Unlike CS, ALG is stable
in the pH range of 5 to 10 [30]. Nevertheless, at a neutral or
alkaline pH, ALG forms a soluble viscous layer and starts to
release the encapsulated material [21], causing a decrease in
the particle size given the dissolution of the alginate matrix
[31]. In this case, the polydispersity index after 3 months of
storage was higher than 0.2 and indicates that the dispersion is
less homogeneous than that of NC-CS. Additionally, there
was a decrease in the zeta potential, which is indicative that
the system was less stable due to the possible aggregation of
the particles [29].

Cell Viability Assay

An important parameter when assessing the potential of a new
nanoparticulate drug delivery system is its cellular toxicity.

-

NC-ALG
0519

I
100 nm

110.0KV  X50K 110.0RV  X30K 200 nm
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Table 2 Physicochemical
characteristics of chitosan Formulation Time (months) Particle size (nm) PDI ( potential (mV)
nanocapsules (NC-CS) and algi-
nate nanocapsules (NC-ALG) NC-CS 0 116.7£3.2 0.107 244421
during stability studies under 1 1152+29 0.115 23.8+2.1
storage conditions (4 °C) 2 101.3+4.1 0.145 239432

3 95.45+3.0 0.196 24.5+2.8

NC-ALG 0 178+7.9 0.149 —49.0+2.3

1 161.9+2.1 0.178 —-487+19

2 157.7+4.77 0.213 —46.8+2.5

3 149.3+29 0.245 —443+2.7

Values are given as the mean = SD; n=3

PDI polydispersity index

The viability of the Caco-2 cells after being exposed and in-
cubated for 2 h at 37 °C with the two formulations considering
different polymer concentrations is shown in Fig. 2. The re-
sults show that even at a polymer concentration of 500 pg/mL
(131.6 ug/cmz), the cell viability was above 80%, which in-
dicates that these nanocapsule systems are not toxic; however,
the toxicity increases as the polymer concentration does.
Nevertheless, the cell viability was higher for NC-ALG than
NC-CS at the same level. These differences in toxicity are
mainly due to the characteristics of the polymer such as the
molecular weight and surface charge since they are critical
parameters for the interaction with cell membranes and con-
sequently cell damage [28]. On the other hand, the particle
size has also been identified as a primary parameter in the
increase of the toxicity of different materials [32].

Previous studies in Caco-2 cells have shown that the tox-
icity of CS nanoparticles depends on the molecular weight of
CS, the concentration to which the cells are exposed and the
physicochemical properties of these nanosystems, such as the
size and the surface charge [28, 29, 33]. This last parameter is
essential since it is related to cellular damage due to the strong
ionic interaction that can be carried out between the amino
groups of CS and the cell membrane [30]. Nevertheless, in
the case of ALG, these interactions are weaker since they are

Fig. 2 Cell viability by the MTT
assay on Caco-2 cells 2 h after the
addition of chitosan nanocapsules
(NC-CS), alginate nanocapsules
(NC-ALG), and curcumin (CUR) 100
at different concentrations. Values
are given as mean + SD; n=3

120

80

60

40

Cell viability (%)

20

of the electrostatic type between the carboxyl groups of ALG
and the cell membranes, causing the toxicity to be mainly
related to the particle size [31].

Effect of NC-CS, NC-ALG, and CUR on TEER

TEER is a parameter that provides a measure of the barrier
properties of the epithelium and its integrity [32, 34].
Furthermore, this parameter is frequently used as a sensitive
marker of cell damage, indicating toxicity or suggesting a
change in the epithelial barrier function [35, 36].
Modifications in the membrane permeability are usually
associated with a reduction in TEER values due to the opening
of tight junctions [37]. TEER measurements were made at 0,
60, and 120 min after the exposure of NC-CS, NC-ALG,
CUR, and DMEM (control) on the Caco-2 cell monolayer.
After the last TEER measurement, the above systems were
removed, and the cells were washed three times with PBS.
Immediately, the fresh culture medium was placed to verify
if the TEER values were recovered after 24 h. Figure 3 shows
that NC-CS and NC-ALG decreased the TEER value to ap-
proximately 81 and 88%, respectively, while the TEER values
for CUR and DMEM were above 90%. This decrease in the
TEER values indicates the opening of tight junctions.

BCTRL OCUR @NC-CS BNC-ALG

125 250
Concentration (ug/mL)
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Fig. 3 Effect of chitosan
nanocapsules (NC-CS) or algi-
nate nanocapsules (NC-ALG)
(dose per unit area of 32.9 pg/cm?®
or 125 mg/mL of polymer in both
cases), curcumin (CUR) (dose per
unit area of 32.9 pg/em?® or

125 pg/mL), and Dulbecco’s
modified eagle medium (CTRL)
on the values of transepithelial
electrical resistance (TEER) as a 75
function of time. Values are given
as mean + SD; n=3

TEER (%)

70
65

60

However, 24 h after the NC-CS and NC-ALG were removed,
the initial value of the TEER was recovered, meaning that the
disturbance of the monolayer is transient. Considering that the
concentration of N-CS and CN-ALG (125 pg of polymer per
well or 111.6 pg/cm? in both cases) used does not compromise
the cell viability, the reduction in the TEER could be associ-
ated directly with the capacity of NC-CS and NC-ALG to
open tight junctions temporarily.

Determination of Apparent Permeability

The permeability of an active coating on a monolayer of Caco-
2 cells depends mainly on its concentration, exposure time,
and temperature. Therefore, each of these factors was homog-
enized in order not to overestimate the results. Table 3 shows
the mean apparent permeability (Papp) and the absorption
enhancement ratio (R) of NC-CS, NC-ALG, and CUR across
the Caco-2 cell monolayers. In the case of nanocapsule sys-
tems, the concentration used was 250 pug/mL of each polymer
and a CUR concentration of 150 pg/mL (equivalent to 125 ug
of polymer and 75 pg of CUR per well or 111.6 and 67.0 png/
cm?, respectively) and CUR of 250 pg/mL (equivalent to
125 pg/mL of CUR per well or 111.6 ug/em?), that is, the cell
viability was not compromised since it was higher than 80%
according to the results of Fig. 2. The results show that the
permeability of CUR increased 28.6 and 14.6 times when it
was in NC-CS and NC-ALG, respectively, compared to the
dispersion of curcumin in DMEM (CUR).

The increase in the permeability of CUR in NC-CS is due
to the ability of CS to temporarily open tight junctions, thus
allowing an increase in the permeability of active compounds,
since it acts as a promoter of absorption and the rise in the
solubility of the CUR. The mechanism by which CS has this
capacity is based on the interaction of its protonated amino
groups with cell membranes. This interaction produces a re-
versible structural reorganization of the binding proteins and a
specific redistribution of the actin F cytoskeleton and the ZO-
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1 protein (present in the fight junctions), which leads to the
opening of the tight junctions and thus the increase in
paracellular transport [38—41]. Another mechanism is related
to the interactions between the amino groups of CS and the
membrane proteins that are negatively charged to form
clathrin vesicles and that once in the cytoplasm can bind with
the endosome/lysosome compartments to break the chemical
bonds and structure of the particles by the acidity of the me-
dium or enzymes to release the active compound.
Furthermore, it has been seen that positively charged particles
with a spherical shape and with a monodisperse population
have improved cellular uptake through the caveolae-mediated
endocytosis and macropinocytosis pathway [42—45]. In this
sense, the permeability of CUR in NC-CS is higher given
the combination of internalization mechanisms. Meanwhile,
the interaction of ALG with the cell membrane is weaker due
to its negative charge at the pH of the culture medium (= 7.2),
such that the mechanism of passage through the monolayer of
Caco-2 cells depends mainly on the particle size mainly since
it has been reported that particle sizes between 100 and
200 nm utilize paracellular transport mechanisms [46].
Nevertheless, NC-ALG also utilizes internalization mecha-
nisms by endocytosis, such as clathrin-mediated endocytosis,
caveolae-mediated endocytosis, and micropinocytosis [45,
47].

Table 3 Mean apparent permeability (Papp) and the absorption en-
hancement ratio (R) of chitosan nanocapsules (NC-CS), alginate
nanocapsules (NC-ALG), and curcumin across Caco-2 cell monolayers
after 2-h incubation

Formulation Papp x 10 (cm/s) R
CUR 4.96 +0.36 -
NC-CS 141.60 + 37.62 28.6%
NC-ALG 72.38 £19.33 14.6*

Values are given as the mean = SD; n=3

*Significantly different from curcumin P < 0.05
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Conclusions

The results of the present study show that the permeability of
curcumin increases 28.6 and 14.6 times when it was in NC-CS
and NC-ALG, respectively, compared to raw curcumin, sug-
gesting that the bioavailability of curcumin could be in-
creased. Nevertheless, the permeability of curcumin was
higher when it was encapsulated in NC-CS due to the smaller
particle size and by the combination of paracellular and trans-
cellular passage mechanisms through the monolayer of the
Caco-2 cells compared to NC-ALG. However, it is also nec-
essary to consider that the solubility of curcumin in these
nanosystems was increased due to the oily core and the sur-
factants used. Furthermore, NC-CS were observed to be more
stable under storage conditions than NC-ALG. Therefore,
these systems could be an essential strategy to improve the
solubility, permeability, and stability of curcumin.
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