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ABSTRACT

Background: Curcumin and Thymoquinone are very well-known phytochemicals for their potent anti-
inflammatory and anticancer properties. The major challenges for curcumin is its poor aqueous solubility
and erratic oral bioavailability.
Objective: To develop a novel liquid self-nanoemulsifying drug delivery system (SNEDDS) containing cur-
cumin and thymoquinone and further converted into a solid dosage form using adsorbents Syloid® and
Neusilin® as the solid carrier.
Methods: The characterization of the liquid and solid SNEDDS was performed by particle size & zeta
potential analysis, scanning electron microscopy, differential scanning calorimetry, fourier transform
infrared spectroscopy and X-ray powder diffraction. The drug loading, and in vitro release studies were
carried out to investigate the efficiency of curcumin release from SNEDDS.
Results: The liquid SNEDDS containing black seed oil showed excellent self-emulsification performance
with transparent appearance. The results of characterization studies showed that solidification using
50% (w/w) Syloid® and Neusilin® in the liquid formulation yield free flowing powder with no agglomer-
ation but Neusilin® produced smooth granules than Syloid® and kept the drugs stable in amorphous
state. In vitro dissolution studies indicated that liquid SNEDDS formulations of F4 and its solid SNEDDS
using Neusilin® provided high dissolution efficiency and reproducibility for curcumin and thymoquinone.
However, Neusilin® showed higher rate of dissolution (more than 65%, p < 0.05) compared to Syloid® for
curcumin.
Conclusions: Curcumin loaded-SNEDDS formulation containing thymoquinone in liquid & solid dosage
forms were successfully developed with an increased drug loading and dissolution rate, which could
be the potential combined delivery system for various anti-inflammatory and anti-cancer treatments.
© 2019 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

human subjects. It has been used in many other common illnesses
including stomach upset, stomach ulcers, dysentery, jaundice,

Curcumin (CUR), a yellow colored turmeric spice (Curcuma
longa) that belongs to the ginger family (Zingiberaceae). Besides
its identity as coloring additive and preservative in foods, turmeric
is used to treat as antibacterial and balancing blood sugar levels in
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arthritis, wounds, acnes, and skin/eye infections (Corson and
Crews, 2007). CUR has been shown to have wide range of pharma-
cological activities including anti-inflammatory (Satoskar et al.,
1986), anti-cancer (Kuttan et al. 1985), anti-oxidant (Sharma,
1976, ToDA et al., 1985), wound healing (Sidhu, et al., 1998) and
anti-microbial effects (Negi et al., 1999) (Egan et al., 2004).

Curcumin (1,7-Bis(4-hydroxy-3-methoxy phenyl)-1-6-
heptadiene-3,5-dione) is a low molecular weight hydrophobic
polyphenol that can exist in different tautomeric forms, functional-
ized with methoxy and hydroxy groups (shown in Fig. 1A-C)
(Payton et al., 2007).

In patients undergoing surgery, oral application of CUR reduces
post-operative inflammation (Satoskar et al., 1986, Kumar et al.,
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Fig. 1. Curcumin crude stem (A), raw powder (B) and chemical structure of CUR in Enol/Keto form (C) and THQ (D).

2002). CUR has also potent antiproliferative effects against a vari-
ety of tumors in vitro. It also enhances the antitumor effects of sev-
eral classic chemotherapeutic drugs, such as doxorubicin, cisplatin,
and paclitaxel (Bava et al., 2005).

Thymoquinone (THQ in Fig. 1D), is a phytochemical compound
found in the plant Nigella sativa Linn (Ranunculaceae). It is an
herbaceous plant widely used in indigenous system of traditional
medicine for treatment of numerous disorders for over 2000 years
(Zhang, 2013). Black seed oil (containing THQ) have been used
widely in traditional Arabic medicine for the effective treatment
of arthritis, lung diseases and hypercholesterolemia. The plant
Nigella sativa has some reported pharmacological properties such
as hypotensive, uricosuric, choleretic, anti-nociceptive, anti-
diabetic, anti-histaminic, anti-oxidant, anti-inflammatory, anti-
microbial, anti-tumor and immunomodulatory effects (Baetta and
Corsini, 2011).

The combination therapy using CUR and THQ could produce
greater therapeutic effect as well as reducing their toxicity (Woo
et al., 2012) (Akhondian et al., 2011). Co-administration of black
seeds (thymoquinone) and turmeric (curcumin) showed enhanced
efficacy in preventing inflammations, cancers and metabolic syn-
drome in fructose-fed rats. The current study will demonstrate
the therapeutic superiority of the combination of CUR and THQ
at low possible doses against individual single unit dose and with
improved treatment features (Decalf et al., 2016).

Almost 75% drugs in the current market, which are water insol-
uble and or poorly water soluble require innovative formulation
design techniques in order to maximize bioavailability and drug
exposure (Mohsin, 2012, Shahba et al, 2012, Mohsin et al.,
2016). Nonetheless, a great number of the drug compounds get
diminished in the GI tract after oral administration due to their
poor aqueous solubility and sometimes due to high lipophilicity
(Devraj et al., 2013). Lipid-surfactant based self-emulsifying for-
mulations are constantly remaining as the first choice to overcome
the limitations, and unpredicted oral bioavailability of such poorly
water soluble lipophilic compounds (Mohsin, 2012, Juan et al.,
2013, Obitte et al., 2014).

Among the self-emulsifying formulation systems, self-
nanoemulsifying drug delivery systems (SNEDDS) are relatively
more in demand technologically, which have shown to reduce
the slow, and incomplete drug dissolution and facilitate the forma-
tion of its solubilized phase that are highly potent for systemic
absorption (Umeyor, 2016a, 2016b). Primarily, SNEDDS is a liquid
isotropic mixtures of active pharmaceutical drug in a combination
of lipids, surfactants and water soluble co-solvents, which can be
solidified as solid SNEDDS. (Zschiesche et al., 2002, Juan et al.,
2013). SNEDDS can produce ultrafine emulsions (droplet size
between 10 and 200 nm) upon gentle agitation in aqueous phase,

such as the upper part of intestinal content. However, the most risk
factor of developing formulations with the model drug CUR was its
stability concern in the dosage form, where it was reported that
CUR is not stable in liquid lipid systems (Pathak and Udupa, 2010).

One of the most important aspects of lipid-based SNEDDS is the
most recent conversion technique, in which liquid formulation can
be developed into solid dosage form (Shazly and Mohsin, 2015,
Anthony A. Attama®, 2016, Shahba et al., 2018). This technique is
getting more attention, where liquid lipid formulations have been
converted in several recent studies utilizing adsorbent method,
solid lipid nanoparticles technique and fluid bed coating tech-
niques. Among all the solidification techniques, adsorbent method
is the most economic, simple, and takes considerably less amount
of time for development. The materials that are suitably used for
adsorption on the surface are mainly silica substances and have
high capacity to adsorb lipids (oils) to produce free flowing pow-
der. This free flowing powder can be compressed directly into
tablet by one step process or encapsulated into hard gelatin cap-
sules. In the current investigations, adsorption method was taken
into consideration to achieve the enhanced solubility and bioavail-
ability with low production cost, convenience of process control,
high stability and reproducibility, and better patient compliance
of CUR dosage form.

Therefore, the aim of the current studies was to load a maximal
amount of CUR in the most suitable liquid SNEDDS containing THQ,
which was later converted into solid dosage form to increase its
stability and reduce the impact of its in vitro dissolution time
and carry the drug in solubilized form (avoiding precipitation)
before entering to the systemic circulation for absorption.

2. Materials and methods
2.1. Materials

Curcumin (CUR, 99.5% pure) was purchased from Enzo life
Sciences, (Lausen, Switzerland) and THQ (purity >99.8%) from
Sigma Aldrich Company St Louis, MO, USA. Sodium chloride (NacCl),
and Hydrochloric acid (HCI) were obtained from (BDH laboratories
Ltd. UK). The high purity water was obtained through a Milli-Q
Integral Water Purification System (Millipore, Bedford, MA). Imwi-
tor 988 (1988, medium chain mono- and diglycerides), and HCO40
(PEG-40-hydrogenated castor oil) were obtained as gift from Nikko
Chemicals Co. (Tokyo, Japan). Black seed oil (BSO) was collected
directly from naturally obtained Nigella Sativa seeds by cold press-
ing (100% pure, no added solvents). The amount of thymoquinone
was available in the BSO depending on the ratio used in the formu-
lations. CrEL (Cremophor EL), and CrRH40 (Cremophor RH40) were
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purchased from BASF, Germany. Transcutol P (TcP) was kindly sup-
plied by Gattefossé, France. Neusilin® US2 grade substance as
adsorbent (fine powder of Magnesium Alumino Metasilicate) was
obtained from Fuji Chemical Industry, Japan. Another adsorbent
Syloid® 244 FP silica material was purchased from W. R. Grace &
Co., USA. All other chemicals and solvents used in the studies were
analytically pure and or HPLC grade, respectively.

2.2. Black seed oil (therapeutically active excipient)

The black seed oil is used for the first time to design SNEDDS
which is chemically rich (Goreja, 2003). The fixed oil (>30% solvent
free) extracted from the pure seeds has the active principles
include thymoquinone (THQ), thymohydroquinone, dithymo-
quinone, thymol, carvacrol, nigellicine, nigellidine and -hedrin
(Randhawa and Al-Ghamdi, 2002). The most of the prime actions
have been recognized with use of THQ (2-isopropyl-5-
methylbenzo-1, 4-quinone, approximately 4.59 mg/g content of
BSO) (Fig. 1D). THQ is the most bioactive component and a
hydrophobic molecule, thus its solubility is a challenge (Ali and
Blunden, 2003, Salem, 2005) (549-740 pg/ml in aqueous solutions)
(Salmani et al., 2014) to make it available for systemic circulation
and cause limitations in drug formulation. THQ, as a naturally
derived compound not only shows anti-oxidant and anti-
inflammatory properties but also a vast array of other benefits.
Although, it has lately received particular consideration but has
been extensively explored in the current studies for its therapeutic
properties.

2.3. Methods

2.3.1. Development of self-nanoemulsifying lipid formulations
(SNEDDS)

The compositions of SNEDDS were prepared using different nat-
ural/ semi synthetic oils, hydrophilic surfactants and water-soluble
co-solvents. The whole range of SNEDDS within lipid formulations
were studied using only six components; Black seed oil (BSO),
Imwitor 988 (1988), Cremophor EL (CrEL), CrRH40 (Cremophor
RH40), Hydrogenated castor oil (HCO40), Transcutol P (TcP), and
by changing just one excipient at a time (Table 1). As mentioned
above black seed oil (BSO) contained the known phytochemical
THQ (4.59 mg/g), which was quantified in the SNEDDS formulation
along with model compound CUR.

2.3.2. Droplet size distribution, polydispersity index (PDI) and zeta
potential analysis of liquid SNEDDS

The droplet size analysis was important for the current studies
as the self-emulsifying efficiency is strongly associated with the
mean droplet size and the clarity of the produced emulsion (Atef
and Belmonte, 2008). The mean droplet size distribution and poly-
dispersity index of SNEDDS in aqueous media was measured using
Zetasizer (NanoZS, Malvern Instruments, UK) particle sizing instru-
ments utilizing laser diffraction analysis (Agarwal et al., 2009). To
avoid multiple scattering effects in the measurements, the formu-
lations were diluted at a ratio of 1:1000 V/V (SNEDDS: Milli-Q
water) and mixed for 1 min before analysis at room temperature
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(22 °C). Each sample was measured 10 times within one run using
disposable capillary cuvette (DTS1060, Malvern Instruments, UK)
equipped with electrodes. The particle size was calculated from
the average volume size distribution.

The zeta potential (surface charge) were measured using plain
folded capillary zeta cells by a Malvern Zetasizer Nano ZS90 (Mal-
vern Instruments, UK) at 22 °C. All experiments in particle sizing
analysis were performed at least three times and the average value
were considered with good agreement found between
measurements.

2.3.3. CUR solubility studies

Anhydrous formulation represents the pre-concentrate, which
can have maximum drug loading capacity for dosage form design.
The loading of CUR within the representative four SNEDDS was
determined using the simple “shake flask” drug solubility method.
Samples for solubility experiment were prepared at room temper-
ature (22 °C+1 °C) with excess CUR in the SNEDDS. After 7-days
incubation in dry heat incubator at 37°C, the samples were
removed and centrifuged (at 13,000 rpm for 10 min) to separate
excess solid drug from dissolved drug. Then, an aliquot of the
supernatant was taken by weight (approx. 50 mg) and diluted in
25 ml of methanol. The amount of CUR solubilized was analyzed
using a validated ultra-high-performance liquid chromatography
(UHPLC) method published by our group (Mohsin Kazi, 2017).
THQ concentration which was already present in the SNEDDS were
also determined along with CUR by the similar simultaneous
UHPLC method analysis. Three replicate samples were considered
for analysis of each formulation system.

2.3.4. Solidification of SNEDDS

It was hypothesized that free flowing powders may be obtained
from liquid SNEDDS formulations by adsorption onto solid carriers.
The adsorption is a simple quick process and just involves addition
of the liquid formulation onto suitable carriers by mixing in a vor-
tex device (for approx. 3-5 min). After solidification, the resulting
powder may be filled directly into hard gelatin capsules. A signifi-
cant benefit of the adsorption technique is good content unifor-
mity. SNEDDS can be adsorbed at high levels (up to 70% w/w)
onto suitable carriers (Witek et al., 1999). Solid carriers can be
micro porous inorganic substances, high surface area colloidal
inorganic adsorbent substances, cross linked polymers or nanopar-
ticle adsorbents, for example, silica, silicates, magnesium trisili-
cate, magnesium hydroxide, talcum, crospovidone, cross-linked
sodium carboxymethyl cellulose, cross linked polymethyl
methacrylate (Carli and Chiellini, 2002), like Syloid® 244 FP and
Neusilin® US2 (commercial adsorbent that are very common to
use as solid carriers).

In the current study, Neusilin® US2 (NUS2) and Syloid® 244 FP
(SYL) were chosen as adsorbent for the conversion of liquid
SNEDDS. Optimised formulations of liquid SNEDDS were converted
to solid SNEDDS by using NUS2 and SYL to get the advantage of the
solid dosage form as free flowing powder. The prepared liquid for-
mulation of CUR was added drop-wise on a solid adsorbent carrier
in glass mortar. The mixture was physically mixed until uniform

Table 1
The composition of excipients used at different ratios (% w/w) in the development of lipid formulation systems.
Formulation % BSO % 1988 % HCO40 % TcP % CrEL % CrRH40
F1 21 9 70 - - -
F2 21 9 - - 70 -
F3 21 9 - - - 70
F4 12 12 - 6 N 70

** BSO: Black Seed Oil, 1988: Imwitor 988, CrEL: Cremophor EL, Cr RH40: Cremophor RH40, TcP: Transcutol P, HCO40: hydrogenated castor oil.
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free-flowing powder was obtained. Then the powder was filled in a
“00” size fish gelatin capsules for further studies.

2.3.5. Solid state characterization of solid SNEDDS

2.3.5.1. Differential scanning calorimetry (DSC). The thermochemical
properties of the pure CUR, CUR loaded solid SNEDDS were charac-
terized by differential scanning calorimetry (DSC) using DSC-60,
Shimadzu, Kyoto, Japan. Microbalance (Sartorius) was used to
weigh small quantity (2 mg) of test samples and placed into an alu-
minum pan with a lid and then the pan was sealed. An empty alu-
minum pan sealed with its lid was used as a control for all the
samples. The temperature ramp speed and the heat flow were
set at 10 °C/ min and recorded from 40 to 250 °C, respectively.
Each sample was purged with pure dry nitrogen at a flow rate of
70 ml/ min.

2.3.5.2. Field emission scanning electron microscopy (FESEM). High-
resolution images of CUR solid SNEDDS were produced using a
field emission scanning electron microscope (Jeol JSM7600F). Sam-
ples were analyzed at different magnification ranged (2000x and
1000x) with immediate data capture of the images onto a personal
computer. The solid CUR samples were scattered on double-side
adhesive carbon tape, which was then attached to FESEM specimen
mounts. The specimens were sputter-coated for 2 min to obtain
uniform coating on the sample by Auto fine coater (Jeol JFC-1600).

2.3.5.3. Fourier transform infrared spectroscopy (FT-IR). FT-IR studies
were done to assess whether any possible interaction is existing
among drug CUR, oil, surfactant and co-solvents. The complexation
and chemical properties of powdered samples was performed by
Fourier Transform Infrared spectroscopy (FT-IR Spectrum BX from
Perkin Elmer LLC, USA). A suitable amount of pure CUR powder,
CUR loaded solid SNEDDS-SYL and CUR loaded solid SNEDDS-
NUS2 powder were equipped by compressing the powders for
5 min at 5 bars on a KBr press and the spectra were scanned on
the wavenumber range of 400-4400 cm™'.

2.3.5.4. X-ray diffraction study (XRPD). Powder X-ray diffraction of
the sample, was evaluated by Ultima IV diffractometer (Rigaku,
College of Pharmacy, King Saud University, Saudi Arabia) over the
3-60° 20 range at a scan speed of 0.5 deg./min. The tube anode was
Cu with Ka=0.1540562 nm monochromatized with a graphite
crystal. The pattern was collected at 40 kV of tube voltage and
40 mA of tube current in step scan mode (step size 0.02°, counting
time 1 s per step).

2.3.5.5. In vitro dissolution studies. The final SNEDDS formulations
were selected according to optimal solubilization capacity of the
CUR. The release studies of the representative SNEDDS formula-
tions were performed using automated dissolution tester with an
automated sample collector, dissolution apparatus II (paddle type,
Model UDT-814, LOGAN Inst. Corp., USA) with 500 ml of pH 1.2
solution as acid medium to simulate stomach medium at
37 £0.5°C. The rotation speed of the paddle was adjusted to
50 rpm. Then, the drug loaded formulations (encapsulated in fish
gelatin capsules, size “00”) were dropped into dissolution medium
using capsule sinkers to prevent the capsules from floating in the
medium. On the other hand, the capsule was filled with solid
SNEDDS powder (prepared with NUS2 and SYL at 5 mg dose of sol-
ubilized CUR), and the pure CUR only powder contained 5 mg of
CUR. At predetermined time intervals an aliquot (2 ml) of the sam-
ple was collected and analyzed for CUR contents by UHPLC. An
equivalent volume (2 ml of the fresh dissolution medium solution),
was immediately added to the vessel which was withdrawn due to
sampling. Samples were collected periodically after 5, 10, 15, 30,
45, 60, 90, and 120 min and replaced by freshly prepared

dissolution medium. The dissolution studies were carried out in
triplicates.

2.4. Dynamic dispersion studies

CUR was dissolved in the representative F4-SNEDDS at a dose
equivalent to 60% of its maximum loading capacity estimated in
the relevant anhydrous formulation. The formulation which has
high drug loading capacity from the study of the equilibrium solu-
bility was included in the corresponding dynamic dispersion stud-
ies to investigate whether the model drug will precipitate during
dispersion in bulk aqueous media and the precipitation rate.
500 mg of formulation was dropped into 50 ml aqueous media
(1 in 100 dilution) using milli-Q water & Fasted State Simulated
Intestinal Fluid (FaSSIF) and kept in a dry heat incubator at 37 °C
for 24 h with occasional shaking. During this 24 h incubating per-
iod, 1 ml of the dispersed sample from each container was with-
drawn periodically (at certain intervals from 0 to 24 h), and
centrifuged for 5 min at 13,000 g. A 100 pl aliquot of the resulting
supernatant was assayed by the developed UHPLC method to
quantify the drug concentration which was remained in solution
during aqueous dispersion. The experiments were performed in
triplicates.

3. Results and discussion

Over the years, several studies have been conducted to improve
the solubility and absorption of CUR from the intestine after oral
administration of different doses using rat models (Ravindranath
and Chandrasekhara, 1980, Ravindranath and Chandrasekhara,
1981). Most of the studies showed that oral administration of
CUR in rats resulted in approximately 80% being excreted in the
feces (Wahlstrom and Blennow, 1978) (Holder et al., 1978) sug-
gesting very poor absorption of CUR from the intestine. Few other
studies have confirmed the presence of different metabolites of
CUR, which has been shown to be bio-transformed to dihydrocur-
cumin and tetrahydrocurcumin (Pan et al., 1999). In another study,
the main biliary metabolites of CUR are found as glucuronide con-
jugates of tetrahydrocurcumin and hexahydrocurcumin (Holder
et al., 1978). Therefore, an effort was given to the efficient formu-
lation development so that high amount of CUR along with THQ
can be loaded and maintained in solubilized form in intestinal con-
tents for better absorption.

3.1. SNEDDS development and their assessment

The excipients used to design SNEDDS in this research and the
way in which they were blended together to represent various for-
mulation systems are shown in Table 1.

Table 1 shows that four formulations were developed using var-
ious concentrations of oils, surfactants and or cosolvents. The first
three formulations (F1-F3) contained 21% BSO each, whereas for-
mulation F4 has 12% BSO. Among all the formulations, F4 has less
THQ quantity due to the low amount of BSO present in the formu-
lation. F1-F3 formulations contained high amount of (70%) surfac-
tant without any co-solvent but F4 contained 6% co-solvent (TcP)
at the expense of oil%.

Within the context of self-emulsifying efficiency, visual assess-
ment is a smart preliminary evaluation method to sensor and
reduce the excess usage of chemicals due to the trial & errors. In
the current study, visual assessment helped to determine the
self-emulsification properties of the formulation labeled as
SNEDDS (Kommuru et al., 2001). The following factors for visual
assessments were taken into consideration during the optimiza-
tion of SNEDDS: miscibility of the oil/surfactant mixture, homo-
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geneity and appearance upon aqueous dilution (ratio maintained,
formulation: water 1:1000). Within the scope of the current
research work, efficient formulations were labeled if the formula-
tions were homogeneous and have clear appearance.

Table 2 showed the efficiency assessment results where provi-
dentially all the four formulations were transparent after aqueous
dilution. Therefore, these formulations were considered as SNEDDS
due to their “transparent” appearances and passed to further
experimental studies.

Oils were important ingredient of the system to solubilize large
amount of CUR and may also facilitate the transport via intestinal
lymphatic system (depending on the lipophilicity), and therefore
increase drug absorption from the gastro intestinal tract (GIT).
Long and medium chain triglyceride (LCT/MCT) oils from natural
sources or slightly modified with varying degree of saturation have
been commonly used to design SNEDDS system. The surfactant is
an essential excipient to stabilize SNEDDS and make it possible
to uptake large amounts of drug compounds as a result of
improved solvent capacity.

It is worth mentioning that initially only the visual observation
may be enough for an experienced formulator to differentiate good
and poor formulations. The picture in Fig. 2 shows that all four for-
mulations were producing transparent dispersion when diluted
with water at maximum 1 in 1000 dilution level.

3.2. Particle sizing, PDI and zeta potential measurement

The variety of components used in SNEDDS may affect the size
of droplet upon aqueous dispersion in presence of the stomach
contents. Therefore, the droplet size analysis of the formulation
was essential within the scope of the study. Table 3 summarised
the mean droplet size and monodispersity of the SNEDDS formula-
tions which were critical factors to their stability. In the study, the
droplet size measurement and PDI values suggest that water sol-
uble (polar) excipients in the formulation can produce relatively
the lower nanodroplets upon aqueous dispersion. Hence, the dro-
plet sizes of all the formulations were less than 26 nm with widely
monodispersed in the aqueous media (polydispersity values of less
than 0.2).

The zeta potential absolute values of all four CUR loaded
SNEDDS were recorded for F1: —9.19 mV, F2: -19.88 mV, F3:
—14.20 mV and F4: —23.15 mV, respectively (shown in Table 3).
The negative value of the surface charge could be attributed to
the presence of lipid excipients in the formulation. The higher sur-
face charge suggests the stabilization of the SNEDDS for long peri-
ods of time.

3.3. The droplet size of the SNEDDS: Effect of surfactant

Fig. 3 is showing the particle size of three SNEDDS formulations
(F1-F3) containing different surfactants with same lipid composi-
tions. CUR loaded SNEDDS using surfactant Cremophor RH40
(HLB =~ 14-16) showed smaller particle sizes than other SNEDDS
containing Cremophor EL (HLB ~ 12-14) and HCO40 (HLB ~ 12.5).
The mean particle diameters of the SNEDDS composed of Black

Table 2
Performance of self-emulsifying lipid-based formulations in terms of homogeneity,
appearance and self-emulsification capability.

Formulation ~Compositions (w/w) Homogeneity Appearance

F1 {BS0:1988 (7:3)/HCO40}[3/7] Yes Transparent

F2 {BS0:1988 (7:3)/CrEL}[3/7] Yes Transparent

F3 {BS0:1988 (7:3)/CrRH40}[3/7] Yes Transparent

F4 {BSO:1988:TcP (2:2:1)/CrRH40} Yes Transparent
[3/7]

Fig. 2. Appearance of the blank SNEDDS (A) (THQ naturally present) and CUR
loaded formulations (SNEDDS) (B) after aqueous dispersion with water.

Table 3
Mean particle size, polydispersity index (PDI) and zeta potential values of the CUR-
THQ loaded different liquid SNEDDS formulations.

Formulation Particle size PDI Zeta potential

(d.nm) (mV)
[BSO:1988 (7:3)/HCO40 25.41+9.20 0.189+0.055 -9.19+1.18
[3:7]
[BSO:1988 (7:3)/CrEL [3:7] 20.46+7.13 0.187+0.015 —-19.88 +2.57
[BSO:1988 (7:3)/CrRH40 18.34£8.22 0.147 £0.087 -14.2+1.02
[3:7]
[BSO:1988:TcP (2:2:1)/ 19.81 +£3.09 0.134+0.050 —23.15+2.69
CrRH40 [3:7]

" PDI - “Polydispersity Index” is a measure of the heterogeneity of particle sizes
in a mixture.
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Fig. 3. Effect of surfactant on the particle size of CUR-THQ loaded SNEDDS.

Seed 0il (BSO) and Imwitor 988 with Cremophor RH40 was the
lowest of 18.34 nm. On the other hand, the SNEDDS composed of
BSO and Imwitor 988 with surfactants Cremophor EL and HCO40
were higher in particle diameter of 20.46 and 25.4 nm, respec-
tively. The mean particle diameters of all the SNEDDS in Fig. 3
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suggested that if the SNEDDS formulation contains hydrophilic
surfactant with higher HLB value, it could reduce the particle size
substantially. However, the formulators should be aware of using
high concentration of hydrophilic surfactants in the SNEDDS as it
may increase stomach irritation.

3.4. Physical stability study

The time course-dependent change in the average droplet sizes
of the representative lipid SNEDDS containing CUR 60% of the equi-
librium solubility were assessed during sample storage for 60 days
at room temperature (22 °C). The results are presented in Fig. 4.
The average particle sizes at day 60 were 24.01 nm for F1,
21.20 nm for F2, 20.47 nm for F3 and 19.30 nm for F4, respectively.
The results suggested no significant changes in droplet sizes at two
different storage conditions due to the stable dispersion in aqueous
media.

3.5. Equilibrium solubility of CUR in SNEDDS and drug stability

The therapeutic efficiency of CUR is very limited due to its poor
aqueous solubility and low oral bioavailability. In this study, we
tried to develop SNEDDS with new mixing ratio, which might
improve the solubility and oral absorption of CUR. During the ini-
tial SNEDDS screening process for CUR, the following important
parameters were taken into considerations: (1) the selection of
simple, orally safe, and compatible formulation compositions, (2)
good solubility of CUR in various components, and (3) the efficient
droplet size after forming nanoemulsifying systems (Zhang et al.,
2008). It was evident that selection of oil, surfactant and co-
solvent as well as the mixing ratio of oil to surfactant/co-solvent
could play a vital role on the performance of SNEDDS formulation.

The solubility of CUR in anhydrous SNEDDS formulations were
shown in Table 4. The components used in the SNEDDS were able
to solubilize the maximum amount of drug and possessed a high
efficiency in self-emulsification approach.
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Fig. 4. Particle sizes (nm) of the SNEDDS formulations at zero time and 60th day of
storage at room temperature.

Table 4

Amongst all the anhydrous formulations, BSO: 1988 (7:3) with
HCO40 at ratio [3:7] developed as F1 formulation provided
11.1 mg/g solubility of CUR with clear appearance upon aqueous
dilution. Formulations (F2 and F3), which contained the same oil
combinations as F1 but replaced with surfactant Cremophor EL
and Cremophor RH 40 at ratio [3:7], respectively showed the com-
parably lower solubility (7.97 mg and 10.09 mg) in anhydrous for-
mulations. These formulations also yielded a transparent clear
appearance when dispersed in aquesous media. On the other hand,
BSO, 1988, & TcP at (2:2:1) ratio with 70% CrRH40 as surfactant
have high equilibrium solubility of 23.40 mg and also produced a
transparent clear appearance.

From the overall solubility results, it was confirmed that
among all SNEDDS formulations, the higher drug solubility and
better aqueous dispersibility was reported for F4 formulation
[Transparent appearance, BSO: 1988: TcP (2:2:1)/ CrRH40 (3/7)]
and chosen for further experimental studies of solidification and
characterization of SNEDDS, in vitro dissolution and dispersion
for CUR. It was also established that CUR prefers the SNEDDS
which contains more polar glycerides and water soluble
surfactants.

The solubility experiment of CUR and THQ was conducted at
initial and after 3 months’ incubation period to establish the drug
stability profile in SNEDDS. If the clear picture is appeared on the
stability concern of the SNEDDS then it could be easy to develop
the dosage form for particular drug. The concentration of CUR
and THQ in all the SNEDDS were not reduced more than 5% which
suggested that the SNEDDS were stable for several months in liq-
uid form (Table 4).

3.5.1. Estimation of THQ in the blank and CUR loaded SNEDDS

Thymoquinone (THQ) was the main component of Black
Seed Oil (BSO) which was used in all the SNEDDS formulations.
Table 5 summarized the concentration of THQ available in the
blank formulations and combined with CUR in the SNEDDS.
The pure BSO oil (contains 4.59 mg/g THQ) is nondispersible
in aqueous media therefore it was used partly to have the effi-
cient SNEDDS. The THQ concentration was almost similar in all
blank formulations due to the same fraction of BSO used
(SNEDDS F1, F2 & F3 systems comprised 210 mg/g BSO, THQ
~ 0914 - 0.860 mg/g), except F4, which has low amount of
BSO (120 mg/g, THQ ~ 0.539 mg/g, P<0.05) in the SNEDDS.
The % THQ was not significantly different from blank SNEDDS
compared with the CUR loaded SNEDDS (Table 5). The highest
% THQ was obtained from F4 blank and CUR loaded formula-
tion of 97.86% and 98.40%, respectively. However, it was
slightly higher compared to other three formulations (F1, F2,
& F3) which were contributed to 95.24%, 94.41%, & 90.47%
THQ in the blank SNEDDS and 94.82%, 94.51% & 89.22% THQ
in the CUR loaded SNEDDS, respectively. The overall data from
the THQ concentrations in blank and CUR loaded SNEDDS sug-
gests that there was no interaction recorded between THQ and
CUR in the combined dosage form. Thus the combined dosage
form of THQ-CUR could have the potential therapeutic benefit
if loaded with SNEDDS.

Equilibrium solubility of CUR and THQ in various self-nanoemulsifying formulations (SNEDDS) at 0 months and 3 months.

No. Composition Solubility at 0 month Solubility at 3 months

Solubility of CUR (mg/g) THQ found (mg/g) CUR (mg/g) THQ (mg/g)
F1 BSO:1988 (7:3)/HCO40 [3:7] 11.097 £ 1.232 0.914 +0.075 10.988 + 0.985 0.914 +0.023
F2 BSO:1988 (7:3)/CrEL [3:7] 7.966 + 0.980 0.911 + 0.066 8.010 £ 0.555 0.911 +£0.099
F3 BS0:1988 (7:3)/CrRH40 [3:7] 10.095 + 0.755 0.860 + 0.102 9.791+1.011 0.860+ 0.125
F4 BSO:1988:TcP(2:2:1)/CrRH40 [3:7] 23.396 + 1.246 0.542 +0.081 21.785 £ 1.081 0.532 +0.009
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Table 5

% THQ concentration in blank and CUR loaded self-nanoemulsifying formulations. Pure Black Seed Oil (BSO) naturally contains 4.59 mg/g (0.46%) of THQ.

Formulations BSO (mg) in SNEDDS

THQ found in blank SNEDDS THQ found with CUR (mg/g)

(mg/g)

THQ (mg/g) %THQ THQ (mg/g) %THQ
BS0:1988 (7:3)/HCO40 [3:7] 210 0.918 £0.010 95.24 0.914 +0.075 94.82
BS0:1988 (7:3)/CrEL [3:7] 210 0.910 +0.091 94.41 0.911 +0.066 94,51
BS0:1988 (7:3)/CrRH40 [3:7] 210 0.872 +0.086 90.47 0.860 + 0.102 89.22
BS0:1988:TcP(2:2:1)/CrRH40[3:7] 120 0.539 +0.070 97.86 0.542 +0.081 98.40

3.6. In vitro dissolution studies of liquid and solid SNEDDS

It is well-known that CUR and THQ as pure powder are poorly
soluble in water and aqueous solution containing acidic pH. The
in vitro dissolution experiments were conducted for pure CUR
powder, liquid SNEDDS and solid SNEDDS containing CUR and
THQ using two adsorbents such as Syloid® 244 FP and Neusilin®
US2 to investigate the drug release profiles.

The release profiles as shown in Fig. 5A, pure CUR powder
showed very low release (less than 2%) even after 120 min in gas-
tric media (pH 1.2). The release of CUR from the liquid SNEDDS
showed the best dissolution performance as approximately 85%
of CUR from the liquid SNEDDS was released in the medium within
10 min. Upon aqueous dilution, liquid SNEDDS dispersed very
quickly to form nanodroplets in the dissolution medium. It was
also apparent that release of CUR from liquid SNEDDS was inde-
pendent of pH under the condition of dissolution. Solidification
of SNEDDS showed different results compared to the liquid

SNEDDS for CUR. Solid SNEDDS using SYL could only release 20%
CUR during 120 min dissolution times. The solid SNEDDS using
NUS2 has almost 40% release, which suggest that NUS2 has better
performance than SYL for CUR.

On the other hand, the liquid and solid SNEDDS containing THQ
had superior release profiles compared to CUR. Almost 99% THQ
was released within the first 10 mins in the dissolution media from
the liquid SNEDDS. Similarly, the higher release profiles of THQ
were observed with the solid SNEDDS using SYL and NUS2 as
96.45% and 92.92%, respectively. The overall release profiles sug-
gested that both CUR and THQ has the highest release profiles from
liquid SNEDDS but CUR has poor release from solid SNEDDS com-
pared to THQ (P <0.05).

The reason for poor release of CUR from the solid SNEDDS is the
use of adsorbent in the liquid SNEDDS. The adsorbent SYL and
NUS2 is porous alumino metasilicate, which may keep the drug
CUR (externally loaded) in their pores and suppress the release.
Whereas this was not occurred in case of THQ as it was internally

110 - (A)
100 o

90
g 80 - %‘%—_é—___@"--—é-————‘@
g 70 —o— CUR Liquid SNEDDS
] — & — CURSolid NUS2
= 60
oo —i— CUR Solid SYL
£ 50 -
< 3 THQ Liquid SNEDDS
‘s 40 ’ - .- 'i ____________ * ——————— = =4 == Pure CUR Powder
X 30 - - === THQ Solid NUS2

Shad «+edees THQ Solid SYL

10 e o

i) 45— e

0 10 20 30 40 50 60 70 80 90 100 110 120
Time (min)

110 - Z . N
c 100 —
% 80 Liquid SNEDDS
7] 70 +
2 (B)
;E 60
2 so 4
‘T 40
g 30
0 20
2 10
) i , : , : ' : , , , ; ;
. 0

0 2 4 6 8 10 12 14 16 18 20 22 24
Time (Hrs)

Fig. 5. In vitro dissolution profiles (A) of the representative CUR and THQ loaded liquid F4 SNEDDS (F4- BSO: 1988: TcP (2:2:1)/CrRH40 (3/7)), solid F4 SNEDDS with NUS2,
solid F4 SNEDDS with SYL and pure CUR powder in gastric media (pH 1.2), (B) % Cur in solution during 24 hrs time after 1:100 dilution in the gastric media (FaSSIF at pH 5.0)
(CUR was dissolved at 60% of the equilibrium solubility in the anhydrous F4). The formulation represents only liquid F4 SNEDDS. Data are presented as mean + SD, (n = 3).
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(naturally) present in BSO. In the future, to have better release pro-
files of CUR, it is necessary to close the pores of the adsorbent.

3.7. Dynamic in vitro dispersion studies

In order to investigate how long, the CUR concentration remains
in solution or if any quick precipitation is likely to occur for the
representative liquid F4 SNEDDS formulation, dynamic dispersion
tests in vitro were carried out and compared with equilibrium sol-
ubility experiments. The dispersion test was carried out using only
liquid F4 SNEDDS containing CUR at an amount equivalent to 60%
(14.04 mg) of the equilibrium solubility. Fig. 5B showed the % CUR
that was remaining in solution at 0, 0.5, 1, 2, 4, 8 and 24 h after dis-
persion of the formulation in fasted state intestinal media (FaSSIF
at pH 5.0) at 37 °C. It was also indicated the concentration of
CUR which was maintained in a supersaturated state immediately
after the dilution had taken place. In Fig. 5B, the percent of the
original dose remaining in solution was plotted against time. The
result from the study showed that F4 (Which contain BSO and
1988 with Cremophor RH40) maintained at least 98% of the dose
(CUR concentration) in solution.

Lipid based formulation within oral drug delivery systems has
been disadvantaged by the lack of in vitro data describing the rela-
tionship between formulation and performance in vivo. SNEDDS
that disperse within few seconds to give an ultrafine emulsion or
microemulsion are well-designed in appearance, but a more
important characteristic is the ability of the formulation to keep
the drug in solution throughout its transit through the gastroin-
testinal tract. To achieve this goal, the drug must be keep in solu-
tion during dispersion, which typically takes place in the stomach,
and also during digestion and subsequent to digestion in the small
intestine. In this study we focused on the dispersion phase in
intestinal media (FaSSIF) and examine how precipitation rate is
influenced by the different excipients used in the formulation.

A recent study by Dai et al., has put an insight on the correlation
between drug precipitation and in vivo bioavailability (Dai et al.,
2007) indicating the potential significance of this approach. From
the past experimental studies, we strongly believe that in vitro
digestion testing should be used in parallel with dispersion/precip-
itation testing to predict the in vivo performance of SNEDDS formu-
lations. The two in vitro dynamic techniques, when used in parallel
offer the formulator a great advantage of anticipating the likeli-
hood of drug precipitation in both the stomach and intestine
(Cuiné et al., 2007).

3.8. Characterization studies

3.8.1. Solid SNEDDS

3.8.1.1. Differential scanning calorimetry (DSC). Thermodynamical
techniques were applied for determining the thermal stress of pure
drug and medicinal compounds of the excipients as well as their
interactions during the formulation development process. Poly-
morphic transformation in lipid-based drug delivery systems,
could take place during the conversion of solid dosage form (i.e.,
solid SNEDDS), thus may exhibit significant effects on drug loading
and delivery. Fig. 6 shows the DSC thermograms of pure CUR pow-
der, CUR solid SNEDDS (F4) with NUS2, and CUR solid SNEDDS (F4)
with SYL. Pure CUR powder showed a single sharp endothermic
melting peak at about 176 °C corresponding to its melting point,
indicating its characteristic crystalline nature. As observed in
Fig. 6 the DSC trace of CUR solid SNEDDS with NUS2 and CUR solid
SNEDDS with SYL did not contain any endothermic peak (the
endothermic peak of crystalline drug was disappeared). This sug-
gests the conversion of crystalline CUR to the amorphous CUR
which could be attributed to complete dissolution of the drug in
the solid SNEDDS of F4. This phenomenon was also true for all

the CUR loaded solid SNEDDS formulations investigated in the cur-
rent studies.

3.8.1.2. Scanning electron microscopy (SEM). SEM pictures of pure
CUR powder, CUR solid SNEDDS with NUS2, and CUR solid SNEDDS
with SYL are given in Fig. 7 which illustrated the arrangement of
pure CUR powder, CUR loaded SNEDDS with NUS2 and with SYL
for F4 SNEDDS. The image of pure CUR was observed to be irregular
in shape while CUR loaded SNEDDS using both NUS2 & SYL was
observed to be discrete, spherical, and regular in shape. However,
there was a large particle evidenced due to aggregation of solidi-
fied SNEDDS formulation.

3.8.1.3. X-ray powder diffraction (XRD). XRD analysis is a distinctive
method in determining the crystallinity of a drug compound with
proper interpretation before and after loading in the SNEDDS for-
mulation, thus allows the identification of the drug crystalline
changes. Fig. 8 shows the X-ray diffraction (XRD) pattern of pure
CUR powder; solid blank SNEDDS with SYL (without CUR), solid
blank SNEDDS with NUS2 (without CUR), solid CUR loaded SNEDDS
using SYL and solid CUR loaded SNEDDS using NUS2. Pure CUR
manifested the distinct peaks at 20: 7.8°, 8.8°, 12.1°, 14.5°, 15.8°,
17.3°, 18.1°, 19.4°, 21.2°, 23.3°, 24.6°, 25.6°, 26.1°, 27.4°, 28.2°,
29°, 42.8° indicating the highly crystalline form of the drug. The
XRD pattern of solid blank SNEDDS using NUS2 & SYL without
CUR showed peaks at about 20.2°, 21.6°, and 22.3°, indicating the
crystalline nature of the lipid. The characteristic peaks of CUR in
the XRD pattern of CUR loaded SNEDDS indicated that CUR was
not in crystalline nature in SNEDDS and the amorphous state
would contribute to the higher drug up taking capacity of SNEDDS.
Furthermore, the major peak of drug loaded lipid did not shift but
had a reduced intensity as compared to the free lipid. This may be
attributed to the incorporation of CUR between the parts of the
lipid components, leading to a change in the crystallinity of the
CUR loaded SNEDDS.

3.8.1.4. Fourier transform-infrared spectroscopy (FT-IR). The FT-IR
spectra of pure CUR powder, CUR loaded solid SNEDDS using SYL
and NUS2 were shown in Fig. 9. In FT-IR analysis, the infrared spec-
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Fig. 9. FT-IR spectra of pure CUR powder, solid CUR loaded SNEDDS with SYL and solid CUR loaded SNEDDS with NUS2.

trum of different chemical bonds or functional groups were located
in a different wavenumber which were in the state of vibration. So
the presence of peak at particular wavenumber can directly reflect
the presence of a specific chemical bond (Wan et al., 2012). In con-
trast, if specific interactions took place between CUR and SNEDDS
formulation, new peaks or a shift of existing peaks would appear.
The overall FT-IR results proved no chemical interaction between
drug and its carriers (representative SNEDDS). Similar conclusion
was drawn for other formulations of similar nature.

4. Conclusions

SNEDDS formulation of CUR containing 12% black seed oil, 12%
Imwitor 988, and 6% Transcutol P with 70% surfactant Cremophor
RH40 was successfully developed and optimized based on lower
droplet size (nanometer range with good polydispersity), higher
solubility and therefore increased dissolution rate. The representa-
tive liquid SNEDDS was successfully solidified and encapsulated
using hard gelatin capsules. The optimized F4 liquid and solid
CUR loaded SNEDDS formulation showed higher percent cumula-
tive CUR release as compared to the pure drug powder without
any significant change in the observed physical parameters. The
present investigation confirmed that the developed SNEDDS of
CUR & THQ formulation was superior to CUR marketed products
with respect to in vitro dissolution profile and could be used as a
potential nanocarrier system to deliver high amount of CUR and
THQ to the systemic circulation with enhanced bioavailability.
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