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Curcumin is a phenolic compound of turmeri
inherent poor water solubility, permeabilify,
use. Herein, curcumin-loaded solid self- m1cr0
C-SSNEDDS) were developed usmg

kable¢ pharmacological properties. However, curcumin’s
in ity in the gastrointestinal tract hinder its therapeutic
nd nanoemulsifying drug delivery systems (C-SSMEDDS and
ilin®UFL2 as a solid carrier. All developed formulations significantly
111ty, >100-fold as compared to the free curcumin. In both the simulated

stomach (pH 1.2) and 1 -8) conditions, C-SSMEDDS and C-SSNEDDS enhanced the dissolution
profiles of curcumin wi % release within 5 minutes and possessed an average droplet diameter of ~100
and ~150 nm y Moreover permeation studies in the Caco-2 cell monolayer revealed that both
cantly greater cellular accumulation and absorption compared with the free curcumin.
DDS and C-SSNEDDS were physicochemically stable for at least 1 year at ambient temperature
summary, the findings indicated that C-SSMEDDS and C-SSNEDDS are potential strategies for

dmini . formulations fp
administration. Finally, the
(25°C £ 0.5°C).
improving curcumin oral bioavailability.
INTRODUCTION

Curcumin, a highly lipophilic compound commonly
obtained from the Curcuma longa L. (turmeric) rhizomes [ 1], has
been widely explored as an interesting candidate to treat central
nervous system disorders possibly due to its anti-inflammation,
antioxidant, and neurotransmitter modulating properties [2].
It has been reported that curcumin protects neuronal cells in
Alzheimer’s disease from beta-amyloid-induced oxidative
stress [3]. In in vivo settings, curcumin decreases the invasion
of inflammatory cells in the brain by inhibiting differentiation
and the development of cell expression [4]. Moreover, at a dose
of 100 mg/kg, curcumin possesses antidepressant-like action
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in mice by increasing the brain’s dopamine, norepinephrine,
and serotonin levels, comparable to the oral administrations of
fluoxetine and imipramine [5]. In addition, curcumin has proven
its safeness in humans, since the long-term administrations (i.e.,
18 months) of curcumin doses of as high as 8 g/day do not cause
any potential toxicity in clinical trials [6]. However, the medical
use of curcumin is restricted due to its low oral bioavailability,
correlating to its poor aqueous solubility, high intestinal/
hepatic metabolisms, and rapid elimination [7,8]. In addition,
a number of studies have reported various factors affecting
the decomposition process of curcumin, such as exposure to
ultraviolet and visible light, which could be a challenging task
for long-term preservation [9]. Therefore, it is important to
develop novel oral delivery system for curcumin.

Due to the benefits of lipid-based nanodrug delivery
systems over other systems, these systems have been
increasingly developed for curcumin delivery [10,11]. The
two most potential advantages of these systems are (1) the
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utilization of biocompatible and biodegradable natural nontoxic
lipids as carriers, and (2) the ability to selectively improve the
absorption of lipophilic drugs in the gastrointestinal (GI) tract
via lymphatic uptake pathway [12]. Among various well-known
systems, self-emulsifying drug delivery systems (SEDDS) are
attractive approaches to enhancing curcumin water solubility
and oral bioavailability [13—15]. SEDDS, commonly classified
as self-microemulsifying/-nanoemulsifying drug delivery
systems (SMEDDS/SNEDDS), are isotropic combinations of
surfactants, oil, and active ingredient that could re-constitute
to become an emulsion upon contact with the GI fluid after
oral administration. Owing to their tiny particle sizes and
high solubilization potential, SEDDS is a technology that is
anticipated to improve the lipophilic drug water solubility.
These properties allow for enhancing drug permeation through
the GI membrane, leading to an increase in drug bioavailability
[16,17]. However, as a liquid state, SEDDS may cause the
drug to be physicochemical unstable (i.e., precipitation and
leakage) at ambient temperature due to the incompatibilities
between the gelatinous capsules and the volatile excipients.
This disadvantage could be overcome without affecting self-
emulsifying properties by preparing these systems in a solid
form using an absorbent [18-20].

Therefore, the present research developed curcumin-
loaded solid-SEDDS (C-SSEDDS) with improved oral
bioavailability. The system physicochemical properties
of droplet size, morphology, zeta potential, drug loading
capacity, and drug recovery were investigated. The particles

in vitro release profiles in the simulated GI fluids were the
N

examined. In addition, the in vitro cytotoxicity and C o-
permeability of the systems were also investigated. F%
system’s long-term storage stability was detesmi ambien
temperature (25°C + 0.5°C).

1
t
MATERIALS AND METHODS

Materials

Curcumin (purity of >80%) was bought from the Thai-
China Flavours and Fragrances Industry (Bangkok, Thailand).
The standard curcumin was imported from Sigma—Aldrich
(MO, USA). Transcutol® HP (diethylene glycol monoethyl
ether) and Labrasol® (PEG-8 caprylic/capric glycerides, LS)
were obtained from Gattefosse (Cedex, France). Oleic acid,
castor oil, and Lexol® (medium-chain triglyceride) were bought
from Namsiang Trading (Bangkok, Thailand). Neusilin®UFL2
was imported from Fuji Chemical Industry Co., Ltd. (Toyama,
Japan). All other utilized chemicals were of reagent grade or
higher.

Caco-2 cells (HTB-37™) were imported from the
American Type Culture Collection (VA, USA). Dulbecco’s
modified Eagle’s medium (DMEM F-12), fetal bovine serum,
trypsin, antibiotic/antifungal, and other relevant cell culture
chemicals were bought from Sigma—Aldrich (MO, USA). The
12-mm-transwell plates were obtained from Corning Costar
(NY, USA). The 2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-
2H-Tetrazolium-5-Carboxanilide (XTT) assay kits were bought
from Roche Diagnostics Corporation (Thermo Fisher Scientific,
Thailand).

Development of curcumin-loaded solid SEDDS

Solubility studies

To evaluate the curcumin solubility, an excess
curcumin amount was subjected to 1 ml of several vehicles as
indicated in Table 1, magnetically stirred (900 rpm) for 1 hour,
and the samples were centrifuged (14,000 rpm, 30 minutes) after
equilibrium (Mikro 120 Hettich, Burladingen, Germany). The
supernatant was then diluted with an appropriate mobile phase
and the curcumin content was quantified by high-performance
liquid chromatography (HPLC) (LD10A, Shimadzu, Kyoto,
Japan), with a C18 column (Vertisep, 250 x 4.6 x 5 pm),
a mobile phase consisted of acetonitrile and acetate buffer
(50:50, v/v), a flow rate of 1.2 ml/minute, and an UV detection
wavelength of 425 nm. The curcumin concentrations were then
calculated based on a calibrated standard curve (y = 123,817.5x
+39,589.1, R? = 0.9994) with a linear range of 0.1-100 pg/ml.

Pseudo-ternary phase diagram

The pseudo-ternary  phase  diagrams  were
systematically observed in the absence of curcumin at ambient
temperature (25°C £ 0.5°C) by the water titration method
and created utiliging the CHEMIX School software (version
3.51) [13-15 surfactant and co-surfactants (S_.) were

1ous ratios of 1:0.25, 1:0.5, 1:1, and 2:1

establiShed)in
(tv). N nd S . were then thoroughly blended, with the
oil S”” ratios varied from 9:1 to 1:9 (v/v). To establish

an euilibrium condition, the distilled water was subjected

ropwise to a clear solution with mild agitation. Next, the
mixture’s transparency was visually observed and evaluated.
Finally, the mixtures were titrated with water until turbidity.
The optimal ratios were chosen from samples with isotropic and
transparency properties, indicating that they were in the areas of

a micro/nanoemulsion.

Preparation of curcumin-loaded liquid SEDDS

The SEDDS at the selected optimal ratios were
fabricated for the curcumin incorporation. Curcumin was
dissolved in SEDDS and mixed by stirring at 900 rpm to obtain
a final curcumin content of 100 mg/ml [13—15].

Table 1. Solubility of curcumin in various vehicles.

Vehicles Curcumin solubility (mg/ml)
Water 0.02+£0.00
Oils
Castor oil 1.00 +£0.13
Lexol GT865* 0.82 +0.06
Oleic acid 0.04 +0.01
Surfactants
Cremophor RH40" 25.63+£2.20
Glycerin 0.79+0.18
Labrasol® 29.75+£0.78
Propylene glycol 1.95+0.37
Transcutol® 30.90 £ 1.82
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Preparation of curcumin-loaded solid SEDDS

The C-SEDDS was transformed into its respective
powder form, C-SSEDDS, utilizing the simple mixing method.
This conversion was achieved through the mortar-and-pestle
technique, employing a solid inert carrier, Neusilin®UFL2. The
optimized liquid C-SEDDS was mixed with Neusilin®UFL2
at a ratio of 1:1 (w/v), and the final products were placed in
glass bottles and subsequently stored in a desiccator for further
experiments.

Characterizations of C-SSEDDS

Curcumin loading and recovery

The curcumin loading and recovery of C-SSEDDS
formulations were analyzed immediately after preparations
to confirm appropriate drug incorporation. Accurate weight
of C-SSEDDS, 10 mg, was mixed with methanol, and the
curcumin amounts were measured using HPLC as described in
the “Solubility studies” section. The curcumin loading/recovery
percentages were determined by Equations (1) and (2).

Amount of the curcumin

Curcumin from C-SSEDDS  100% )

loading (%) Weight of the C—SSEDDS ’
Amount of the curcumin

Curcumin from C-SSEDDS

recovery (%) Amount of curcumin added

Mean droplet size and polydispersity index

The mean droplet sizes XSlty
indexes of C-SSEDDS were measured hoton
correlation spectroscopy technique (ZetaPA eta—analyzer
Brookhaven Instrument Corporation, Holtsville, USA).
For this, 10 mg of samples were diluted with 15 ml of three
different media, namely water, HCI (pH 1.2), and phosphate
buffer (pH 6.8). The machine was run at a 90° angle for six
measurement cycles.

Morphology

The morphology of the C-SSEDDS formulations
was observed by transmission electron microscopy (TEM,
Tecnai G TF20, Philips, USA). The samples were diluted with
water at the ratio of C-SSEDDS:water at 1:1.5 w/v. Then, the
C-SSEDDS solution was dropped onto a film-coated copper
grid to generate a thin film, followed by negatively stained with
2% uranyl acetate and air-dried. Finally, TEM micrographs of
the samples were photographed.

In vitro dissolution studies

The dissolution studies were conducted with USP
apparatus I (Model UDT-804, Logan Instrument Corp.,
NJ, USA) at 100-rpm paddle speed. A fixed amount of free
curcumin (the control) and C-SSEDDS, equivalent to 50 mg
curcumin, was weighed and dispersed in the dissolution media
composed of 300 ml of HCI (pH 1.2) (simulating the stomach

condition) or phosphate buffer solution (pH 6.8) (simulating the
small intestine condition) and maintained at 37°C £ 0.5°C in
the dark for the entire tests. Samples were withdrawn at 5, 15,
30, and 60 minutes and media refilled. The samples were then
filtered and analyzed using HPLC as previously described. The
emulsification time of micro/nano-emulsions was also visually
assessed.

Determination of C-SSEDDS absorption in Caco-2 cells

In vitro cytotoxicity studies

Caco-2 cells (passage number 35-45) were cultured
on a 96-well plate at a seeding amount of 1 x 10* cells/well
at 37°C, 5% CO,, and 95% humidity. Then, the C-SSEDDS,
equivalent to the curcumin concentrations of 5-25 pg/ml,
were dispersed in a serum-free medium and subjected to each
separate well, followed by a 4-hour incubation. After that, the
medium was withdrawn and XTT solution (200 pl) was put into
each well and incubated for another 4 hours. Finally, the cell
viability was quantified at a measuring wavelength of 490 nm
employing the microplate reader (DTX880, Beckmancoulter,
CA). The control, representing 100% viability, was the cell-free
culture medium. he cell viability (%) was determined by the
followmg Equ (3).

& Sample absorbance — Blank
. absorbance .
% 100% (2) Via y(A»)— x 100%  (3)

Control absorbance — Blank
absorbance

Curcumin transport across Caco-2 monolayers

For the in vitro permeation studies of C-SSEDDS,
Caco-2 cells (1 x 10° cells/well) were cultured on the apical
side of the Transwell® plate (1.12 cm? surface area, 12 wells/
plate), and incubated at 37°C + 0.5°C and 5% CO, for the
entire experiments. Cells were cultured for 21 days with media
changes every even day. The formation and integrity of Caco-2
monolayers and tight junctions were checked by transepithelial
electrical resistance (TEER) with a volt-ohm meter (Millicell®
RERS-2, Millipore Corporation, MA). Monolayers with TEER
below 400 Q-cm? were discarded. After cell differentiation, the
apical compartment solution was replaced with 500 pl of the
serum-free medium containing C-SSEDDS (equivalent to 7.5
pg curcumin), and the basolateral compartment solution was
replaced with a serum-free medium. A sample volume of 0.5 ul
was taken from the basolateral side at 0.5, 1, 2, 3, and 4 hours, and
fresh medium was refilled. The curcumin amount in the apical
side and in the cell monolayer was determined after 4 hours. The
apical and basolateral samples were concentrated by a vacuum
concentrator (Labconco Corporation, Missouri, USA) at 45°C for
1 hour, and the solid mass was re-dissolved in 200 pl methanol
before injection into HPLC for quantification of curcumin. The
cell monolayers were washed thrice with 0.5 ml of phosphate
buffer saline (PBS) (pH 7.4), dispersed in 0.5 ml of acetonitrile,
and mixed with methanol. The samples were then concentrated,
re-dissolved, and subjected to HPLC as described above.
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The curcumin transport from the apical side to
the basolateral side was shown as permeation amount in
the basolateral compartment against time. The apparent
permeability coefficient (P " cm/second) of curcumin was
determined based on Equatlon 4).

P, = (dQ/d/(C, < A) 4)

dQ/dt is the curve slope (mg/hour), C; is the initial
curcumin concentration on the apical side (15 pg/ml), and A is
the diffusion area (1.12 cm?).

Stability of C-SSEDDS

The curcumin-loaded solid self-microemulsifying
drug delivery system (C-SSMEDDS) and curcumin-loaded
solid self-nanoemulsifying drug delivery system (C-SSNEDDS)
were placed in glass bottles, stored in a desiccator, and kept
in the dark for 1 year at ambient temperature (25°C + 0.5°C).
After each time interval of 3, 6, and 12 months, the physical
appearance, self-emulsifying time, and droplet size were
evaluated. Using HPLC, as indicated above, the curcumin
remaining percentages were determined.

Statistical analysis

The results were demonstrated as mean + standard
deviation (SD) from at least three separate measurements.
For statistical comparisons, one-way analysis of variance and
Tukey’s post hoc tests were utilized, with significant differences
setat p <0.05.

RESULTS AND DISCUSSIONS ° 9

with an aqueous phase with gentle a % by gastric
mobility [16]. In terms of formulation factorss-0il is the most
crucial component because it can dissolve lipophilic drugs or
facilitate self-emulsification at a certain dose. It also enhances
the transportation of these lipophilic drugs via the intestinal
lymphatic route, thus improving drug absorption from the GI
system [ 17]. Furthermore, they help increase the microemulsion
thermodynamic stability by reducing the interfacial energy
via absorption at the interface. After C-SSEDDS are diluted
in an aqueous solution, they immediately generate oil-in-
water particles that rapidly spread in the medium. The most
commonly utilized surfactants are the nonionic molecules
with a reasonably high hydrophilic-lipophilic balance (HLB),
as they are less toxic and typically have a low critical micelle
concentration [16].

Development of curcumin-loaded solid SEDDS

Solubility studies

SEDDS is a potential strategy to increase the water
solubility of curcumin, a lipophilic drug with an aqueous
solubility of ~0.02 mg/ml. Thus, the types of oils and surfactants
were chosen based on the curcumin solubility in each vehicle.
The castor oil and Lexol® showed higher curcumin solubility
compared to that of the oleic acid, and therefore, were selected as

the oily vehicle. Regarding the surfactants, nonionic surfactants
of Cremophor RH40® (HLB ~12-14), Labrasol® (HLB ~14),
and Transcutol® (HLB ~4) yielded good curcumin solubility
(~25-30 mg/ml) (Table 1).

Pseudo-ternary phase diagrams

To identify the micro/nanoemulsion area, pseudo-
ternary phase diagrams were constructed in the absence of
curcumin based on the results of solubility tests. Consequently,
the optimal oil: surfactant: co-surfactant ratio was estimated.

Castor oil and Lexol® were used as oil in these systems.
The phase diagrams were built for the 03 systems of (1) Labrasol®
and Transcutol®, (2) Labrasol® and Cremophor RH40%, and
(3) Transcutol® and Cremophor RH40®, which represented
as Smlx (LT), S, (LC), and S_. (TC), correspondingly. The
maximum regron "of SEDDS was obtained with S, in the ratio
of 1:1. Then, the effect of S . on phase diagrams was further
investigated. Regardless of the oil types, the phase diagrams
of the system with S . (LT) were turbid, indicating unstable
systems, and hence, were not employed. The phase diagrams
of Lexol” and S_, (TC) at the ratio of 1:9 showed the largest
region of SNEDDS (Fig. 1a), similar to the phase diagram of
Lexol® and S . (LC) at the ratio of 2:8 (Fig. 1b). In addition,
the phase dia f castor oil and S . (TC) at the ratio of 1:9

showed a n of SMEDDS (F1g lc), similarly to the
S s of Lexol® and S . (LC) at the ratio of 1:9 (Fig.
lb n the results, 04 formulations of SEDDS were used

her experiments.

The phase diagrams also indicated that the micro/
nanoemulsion area was achieved when using Transcutol®
or Labrasol® with Cremophor RH40® due to the effect of the
longer hydrocarbon chain length of Cremophor RH40® (C57)
compared to Transcutol® (C6) and Labrasol® (C8-C10), which
leads to increased oil dissolution and nano-size droplets [16,21].

Preparation of curcumin-loaded liquid SEDDS

As previously discussed, 04 SEDDS formulations
were chosen to fabricate C-SEDDS. The effect of S . on
curcumin solubility was investigated by dissolving curcumin
in 1 ml of oil: S . mixture at the ratio of 1:9. Regardless of
the oil types, the 'SEDDS formulation with S, (TC) exhibited
curcumin solubility of 100 mg/ml. On the contrary, the SEDDS
formulation of Lexol” and S_; (LC) showed curcumin solubility
of 70 mg/ml. Conclusively, 02 formulations composed of castor
oil with S . (TC), and Lexol®with S_. (TC) at the ratio of 1:9
were classified as C-SMEDDS and C- SNEDDS respectively.

Transcutol®, Labrasol®, and Cremophor RH40® are
nonionic surfactants with HLB values of 4, 14, and ~12-14,
respectively [16]. The fact that curcumin possesses higher
solubility in S . (TC), a lipophilic-hydrophilic surfactant
mixture, than in S .. (LC), a hydrophilic-hydrophilic
surfactant mixture, could be attributed to the lipophilic
surfactants that dissolve curcumin more efficiently than
hydrophilic ones [22].

Unfortunately, we found that after 1-month storage,
the C-SEDDS showed only ~70% of the curcumin remaining.
This discouraging effect might be due to Cremophor RH40®,
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Table 2. Physicocr@%erizations of C-SSMEDDS and C-SSNEDDS (n = 3).

Mean particle size (nm)

Emulsification time (second)

Formula Curcumin Curcumin Tnitial Tnitial
loading (%)  recovery (%) n_ltla 3 months 6 months 1 year r!ma 3 months 6 months 1 year
time time
C-SSMEDDS 5.08+0.13 84.17+151 1047+ 1122+65 1053+ 1014 12.07+ 1253+ 12.17 + 1231+
6.1 7.7 +4.6 0.54 1.48 0.31 0.20
C-SSNEDDS 5.14+0.13 86.92+0.48 1545+ 153.6 + 159.8 + 152.1  11.69+ 11.67 + 10.63 + 12.08 +
4.0 10.4 9.8 +7.6 0.30 1.08 0.51 0.50

which possesses conjugated unsaturated bonding that is
strongly vulnerable to oxidation, leading to the peroxyl radicals
formation, and resulting in curcumin degradation [23,24].

Preparation of curcumin-loaded solid SEDDS

To increase the chemical stability of curcumin during
storage, C-SMEDDS and C-SNEDDS were transformed into
solid C-SMEDDS (C-SSMEDDS) and solid C-SNEDDS
(C-SSNEDDS) using Neusilin®UFL2 as an adsorbent. All
C-SSEDDS, prepared at the C-SEDDS:Neusilin®UFL2 ratio of
1:1 (w/w), demonstrated fine powder with a free-flowing property.
Curcumin loading was ~5% for each C-SSEDDS formulation,
whereas curcumin recovery was >80%, indicating that this
technique was suitable for preparing C-SSEDDS (Table 2).

Mean droplet size, morphology, and emulsification time

To improve oral bioavailability, the nano-size of drug
delivery carriers is one crucial property [10]. In this study,
deionized water, HC1 (pH 1.2), and PBS (pH 6.8) were used
as a dispersion medium. In all tested media, C-SMEDDS and
C-SNEDDS showed similar droplet sizes, ~100 and ~150
nm, respectively. SMEDDS are formulations that result in the
production of transparent microemulsions with droplet sizes
of 1-100 nm. Whereas, SNEDDS form emulsions with sizes
ranging from 100 to 300 nm [16]. Thus, the present particle sizes
fall within the parameters of typical SEDDS. In addition, the
C-SSMEDDS and C-SSNEDDS prepared with Neusilin®UFL2
gave mean droplet sizes similar to those of C-SEDDS in the
liquid form (Table 2). The polydispersity indexes were in the
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S00nm E

Figure 2. TEM micrographs of (a) C-SSMEDDS and (b) C-SSNEDDS after
dilution with water.

range of 0.175-0.280, indicating a narrow size.dist

result confirmed that the droplet size remained 1thout
aggregation, in the GI fluid. Furthermorg) rega d ess of the
formulation factors, TEM micrographs of C-SSMEDDS and
C-SSNEDDS showed spherical micelles with an average size of
~100 and ~150 nm, respectively (Fig. 2), which was consistent
with data obtained by photon correlation spectroscopy technique.

In vitro dissolution studies

Before the dissolution tests, the emulsification time
was assessed as an important factor for evaluating the self-
emulsification efficiency. Upon mixing with all mediums,
C-SSMEDDS and C-SSNEDDS demonstrated instant self-
emulsification with an emulsification time of 10-15 seconds
(Table 2) without phase separation or aggregation.

The in vitro release patterns of C-SSMEDDS and
C-SSNEDDS in pH 1.2 and 6.8 are demonstrated in Figure
3a and b, respectively. Expectedly, the free curcumin powder
could not be quantified by HPLC in both mediums because
of its low solubility and dissolution. In contrast, SSEDDS
could significantly improve the dissolution rates of curcumin.
Specifically, curcumin was burstly released from C-SSMEDDS
and C-SSNEDDS at pH 1.2, with % release of ~70% and
~60% within 5 minutes, respectively. Similarly, in pH 6.8,
within 5 minutes, ~60% and ~70% of curcumin were released
for C-SSMEDDS and C-SSNEDDS, respectively. Since the
dissolution process governs the subsequent availability of

}'0

—
=
=

" . pH 1.2; 0.1 N HCI
: .
g0 1 $ » *
g 60 ¥ A
g %0 = e
o 40 '
B
g 30 — C-SSMIEDDS
LY
10 coosers C-SSNEDDS
0
0 10 20 30 0 s0 60
Time (min)
100
b pH 6.8; 0.1 N PBS

—t— C-S5IVIEDDS

weergers C-SSMEDDS

Cumnulative curcumin release (%)
a5 B288832388

0 10 0 30 40 50 60
Time (min)

)
%C mulative release percentages of curcumin from C-SSMEDDS and

DS in (a) HCI (pH 1.2) and (b) phosphate buffer solution (pH 6.8).
ach value represents the mean + SD (n = 3).

the drug for absorption within the body, a rapid curcumin
release could enhance its absorption and, ultimately, its oral
bioavailability.

Rapid drug dissolution from the C-SSEDDS could
be attributed to the nano-carriers obtained by means of rapid
self-emulsification through establishing an interface between
the dissolution medium and the oil [25]. The self-emulsification
efficiency of (co)-surfactants is closely associated with their
respective HLB values. Cremophor RH40® (HLB 12-14)
is generally considered as a surfactant with good self-
emulsification efficiency [26]. However, the released drug
amount was <100% due to the drug-Neusilin®UFL2 complex
formation, possibly via hydrogen bonding [27]. Neusilin®UFL2,
an amorphous powder of synthetic magnesium aluminosilicate,
has a mean particle size of approximately 2.94 um, an average
pore size of about 17 nm (high porosity), a pore volume of 1.37
cm®/g, and a specific surface area of 300 m?/g. Consequently, it
offers great adsorption capacity [28].

Determination of C-SSMEDDS and C-SSNEDDS absorption
in Caco-2 cells

The potential cytotoxicity of C-SSMEDDS and
C-SSNEDDS on differentiated Caco-2 cells was investigated
using the XTT assay before permeation studies. In accordance
with the International Organization for Standardization (ISO
10993-5) (ISO 2009), a cell viability of more than 70% is seen
as nontoxic. At dosages of 25 pug/ml curcumin, the viability
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Table 3. The percentages of curcumin in the apical side, basolateral side, and cell monolayer; and the apparent permeability
coefficients across Caco-2 monolayer after 4-hour of incubation (n = 3).

Curcumin £ SD (%)
Formulation P_ x 107 (cm/second)
Apical side Basolateral side Caco-2 cells v
Curcumin dispersion 23.88+1.14 Not detected Not detected Not detected
C-SSMEDDS 66.78 £2.61 26.46 £0.23 742+1.15 5.11+0.28
C-SSNEDDS 66.46 + 1.74 26.51+0.31 7.72 +£0.98 5.11+0.27
Table 4. The TEER value of the Caco-2 cells monolayer before and 2.00
after in vitro permeation studies (n = 3). 2 ’
L 175
TEER (Q/cm?) g
Formulations
Before tested After tested at 4 hours g 1.50
C-SSMEDDS 404+ 5 329+ 10" g 125
C-SSNEDDS 403 + 11 344 + 127 "; 1.00
‘p<0.01 d with before tested E . CSSMEDDS
. . =3
)4 compared wi cIore teste E 075 ——e—- C.SSNEDDS
a2
. . . . . -°
of cells decreased to 50%, suggesting toxicity at this high g 0.50
concentration. On the other hand, all formulations with low E 025
curcumin amounts (5, 10, and 15 pg/ml) showed cell viabilities a
of >70%, demonstrating no potential cytotoxicity. Thus, the 0.00 0 1 3 3 7
amounts of C-SSMEDDS and C-SSNEDDS, equivalent to 15 Time (b)

pg/ml curcumin, were selected for the permeation experiments.
Curcumin is not a P-glycoprotein (P-gp) efflux
transporter substrate because it has the same P, value in both
SR . Pp,
directions, from the apical to the basolateral side and from
the basolateral to the apical side. Therefore, only curgumi

transported from the apical to the basolateral side was peffo
0
only in

After 4-hour incubation, the free curcumin dispersi
~24% curcumin recovery (Table 3), which w eﬁ

the apical side, while curcumin could not in the
Caco-2 cell monolayer and basolateral compagtment, indicating
restricted curcumin absorption. This is due to the curcumin’s
rapid hydrolytic degradation at neutral conditions [29]. On
the contrary, the curcumin distribution of C-SSMEDDS and
C-SSNEDDS in the apical side, the basolateral side, and the
cell monolayer showed no significant differences with ~100%
curcumin recovery (Table 3). Moreover, Figure 4 shows that
both formulations could help curcumin permeate through the
cell monolayer as soon as 30 minutes after incubation, and
showed linear kinetics up to 4 hours.

The corresponding P values were determined
based on the curcumin’s ability to cross the cell monolayers.
The C-SSMEDDS and C-SSNEDDS showed no significant
difference in P_ value (Table 3). The associations between
the permeability through the Caco-2 monolayer and the
absorbed fraction in humans have been evaluated in many
studies [30,31]. A compound with P of <1 x 1076, 1-10 x
107, and >10 x 10°° cm/second is considered as in vivo low
absorption (0%-20%), moderate absorption (20%—70%), and
high absorption (70%—-100%), correspondingly [31]. Thus,
according to the P value, C-SSMEDDS and C-SSNEDDS
were classified as moderate permeability systems, ~5.11 x 107¢
cm/second (Table 3).

It is worth noting that the cell monolayer TEER
values after 4 hours of incubation was decreased from ~400 to

A A
Figute 4./Permeation amounts of curcumin across Caco-2 cells monolayer.
Eac e represents means + SD (n = 3).

Q40 Q-cm? (Table 4). This is due to the effects of surfactants

at disrupt the cell membrane [32]. Nonetheless, the Caco-
2 monolayer integrity has been stated with TEER values of
150400 Q-cm? [33]. Therefore, the current study TEER values
indicated that the monolayer integrity was sustained throughout
the in vitro permeability experiments.

Overall, the results clearly showed that the
degradation of curcumin in the cell culture medium (pH 7.4)
could be hindered by the C-SSMEDDS and C-SSNEDDS
formulations. In addition, SSEDDS could significantly
enhance the curcumin absorption efficiency because of several
advantages of these systems. First, SSEDDS increase the
curcumin solubility. Based on Fick’s first law, the compound
permeation rate is generally influenced by the surface areas
and the drug concentrations in the intestinal lumen. An
increase in the drug concentrations at the epithelial cell
surfaces leads to a higher drug absorption by the transcellular
pathway [34]. In addition, nanoparticles with sizes of <200
nm could be directly taken up by cells via endocytosis [35].
Third, surfactant, in SSEDDS, could transiently disrupt cell
membrane integrity, which facilitates curcumin penetration
through the cell membranes via transcellular transport [32].
Finally, the lipid core of the nanoparticles could stimulate
the formation of chylomicrons and facilitate uptake into the
lymph, bypassing hepatic first-pass metabolism [36].

Stability of C-SSEDDS

After 1-year storage at ambient temperature (25°C +
0.5°C) and without sunlight, the physicochemical properties
of both C-SSEDDS were maintained. Both samples remained
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in the powder form with no physical changes. Upon dilution
with water, a rapid self-emulsification time of 12 seconds was
observed and the droplet sizes of C-SSMEDDS and C-SNEDDS
were ~100 and ~150 nm, respectively, similar to their freshly
prepared counterparts (Table 2). In addition, compared to the
freshly prepared formulations, no significant differences (p >
0.05) were noted in the percentages of remaining curcumin,
which was ~100%. Thus, the finding indicated that C-SSEDDS
demonstrated physical and chemical stability for at least 1 year
at ambient temperature.

CONCLUSION

This study demonstrated the possibility of
C-SSMEDDS and C-SSNEDDS as promising delivery systems
for curcumin. These nano-carrier systems could improve
curcumin oral bioavailability by encapsulating and protecting
curcumin degradation in the GI tract, and enhancing curcumin
dissolution and absorption through intestinal monolayer. Upon
dilution in water, the obtained C-SSMEDDS and C-SSNEDDS
demonstrated fast and complete self-emulsification within 15
seconds, and possessed mean droplet sizes of ~100 and ~150
nm, respectively, with a narrow size distribution. Furthermore,
the droplet sizes of C-SSMEDDS and C-SSNEDDS were
not affected by the pH variation in the GI tract. Curcumin
dissolved and released completely in dissolution media within
15 minutes. In addition, the developed formulations showed a
greater curcumin absorption in the Caco-2 cell monolayer than
the free curcumin, suggesting an improvement in the curcumin

further investigated in animal studies to confirm safet
efficacy, followed by a full clinical evaluation, to facilitat
commercialization of these systems.

oral bioavailability. Nevertheless, these assumptions could §
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