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Introduction: Curcumin faces a major challenge in clinical use due to its poor aqueous
solubility, which affects its bioavailability over oral use. The present study was carried out to
overcome this problem.

Methods: An amorphous micellar curcumin-spray dried powder (MC-SDP) with self-
assembled casein was prepared by the addition of sucrose as a protectant. The dry powder
of curcumin-loaded micelles was obtained by a spray-drying technique in the presence of
sucrose as a protectant. The MC-SDP in the form of dry powder was further developed into
tablets to investigate the dissolution profile. The physical properties of preformed powder
were characterized by differential thermal analysis (DTA), X-ray diffraction (XRD), and
scanning electron microscopy (SEM). Quantitative analysis in the form of solutions was
analyzed by high-performance liquid chromatography (HPLC).

Results: The physical properties demonstrated that MC-SDP varies from dented to smoother
surfaces as a function of sucrose. Furthermore, melting transitions of curcumin in the form of
MC-SDP were broadened in all sample mixtures, as observed in the DTA thermogram. The
XRD spectra showed that the sharp and very intense peaks of single curcumin crystalline
structure no longer existed in all MC-SDP forms, indicating that the mixtures were amor-
phous. Moreover, a further dissolution study of MC-SDP showed a significant increase of
drug dissolved with the presence of sucrose, where >80% of curcumin from MC-SDP was
dissolved within 30 min.

Conclusion: The study demonstrated the manufacture of micellar spray-dried powder that
would contribute to the development of oral delivery of curcumin.

Keywords: micellar, amorphous, crystalline, solid dispersion, dissolution, powder

Introduction
Curcumin, also called diferuloylmethane, is the largest active compound contained
in turmeric rhizome (Curcuma longa). The intensified investigations on curcumin
are fundamentally due to the finding that curcumin exhibits several therapeutic
effects, including antioxidant, anti-inflammatory, anticancer, anti-Parkinson's, and
anti-Alzheimer's effects.'™

To date, curcumin faces a major challenge for clinical use due to its poor aqueous
solubility, which massively affects its bioavailability over oral use.” Alkaline hydro-
lysis followed by molecular fragmentation was reported as the major cause of
curcumin rapid degradation.® Strategies have been employed to improve the aqueous
solubility as well as bioavailability of curcumin by using several delivery systems
including nanoparticles, liposomes, solid lipid nanoparticles, complex inclusions, and
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polymeric micelles. Those approaches mostly used the application of
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nanotechnology with the use of polymers.'? Furthermore,
an enhanced bioavailability of curcuminoids in the brain
was achieved following intranasal administration by using
polymeric nanoparticles.'”> Many polymers have been
widely applied to improve the solubility of poorly water-
soluble drugs. The use of biodegradable polymers has had
excellent results in the development of drug delivery sys-
tems for mucosal delivery including oral, intranasal, and
pulmonary mechanisms.'* "¢ Attractive designs of delivery
systems for curcumin have been rapidly developed in this

area including the wuse of
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zein-hyaluronan-based
nanoparticles.

Among the above-mentioned delivery systems, poly-
meric micelles have recently attracted much attention in
overcoming solubility-related problems of curcumin.'*"’
Polymeric micelles, most of them are surfactants, consist
of amphiphilic block copolymers that spontaneously
assembled into nano-sized structures in aqueous solution.
The micellar structure consists of two parts, called the core
and the corona.”® Hydrophobic drugs can be entrapped
into their hydrophobic core. In contrast, for reversed
micelles, the core is the hydrophilic part. This system
can last longer in blood circulation and increase the half-
life in the systemic circulation.! Furthermore, it has been
that the
micelles segregates them from the alkaline environment

reported encapsulation of curcumin in
and prevents them from hydrolysis."”

Most micellar surfactants that have been investigated
in previous decades used synthetic surfactants including
sodium caseinate, tetradecyltrimethylammonium chloride
(TTAC), or

(CTAB).**** More recently, natural micellar-forming

hexadecyltrimethylammonium  bromide

polymers such as casein have attracted interest in the

development of micelle delivery systems.*** As
a natural biodegradable polymer, casein is classified as
generally recognized as safe (GRAS), and is commonly
known as safe, biodegradable, and does not affect the
immune responses.”® Many casein-based pharmaceutical
products are in clinical evaluation.’” Immense investiga-
tions have discovered curcumin’s instability in a liquid
formulation.”®° Therefore, solid formulations are of par-
ticular interest.’%!

In the present study, further processing was carried out
to transform micellar curcumin into a solid dispersion
powder. The developed formulations were expected
to enhance the solubility and bioavailability upon oral
administration. At the same time, the dry product could
ease the handling and The

improve  stability.

physicochemical characteristics of micellar curcumin-
spray dried powder (MC-SDP) were investigated in
terms of their morphology using scanning electron micro-
scopy (SEM); the thermal properties were investi-
gated using differential thermal analysis (DTA); and the
crystallography structure was investigated using X-ray
diffractometry (XRD). Also, a dissolution experiment
was carried out, in which the dissolved curcumin concen-
measured and

tration was analyzed using high-

performance liquid chromatography (HPLC).

Materials and Methods

Materials

Curcumin (CUR), casein (CAS), sucrose (SUC), and D-a-
tocopherol polyethylene glycol-1000 succinate (TPGS) were
purchased from Sigma-Aldrich (Singapore). Ethanol was
purchased from E. Merck (Singapore).

Preparation of Micellar Curcumin-Spray
Dried Powder

A solution of casein was prepared at pH 7 in
a concentration of 3 mg/mL (much higher than its critical
micellar concentration). TPGS was dissolved in aquadest
and added to the casein solution. Sucrose was dissolved in
aquadest and added to the mixture of casein and TPGS to
make a total volume of 250 mL. Curcumin (75 mg) was
dissolved in ethanol q.s. and then added dropwise to the
mixture under constant stirring (850 rpm) for 5 h. The
formed micelles were further spray dried using a Buchi
B-290 Mini-Spray Dryer (Flawil, Switzerland) equipped
with a high-performance cyclone. The spray-drying
conditions were as follows: inlet temperature of 150°C,
outlet temperature of 90°C, spraying pressure of 5.0-5.8
mbar, feed flow of 5 mL/min, airflow rate of 320 L/h and
aspiration air of 90%. The obtained MC-SDP was col-
lected in a tight container and stored in a desiccator at
25°C until further analysis. Four different formulations of
MC-SDP were prepared to make up a weight ratio (%) of
CAS:TPGS:SUC as follows: 17:1:0 (F1); 17:1:25 (F2);
42.5:1:0 (F3) and 42.5:1:25 (F4).

Determination of Drying Yield (%)

The percentage of drying yield was calculated from the
total dry powder of MC-SDP collected following
the spray-drying process in proportion to the initial amount
of materials in the formula. Yield percentage was obtained
by the following equation:
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total weight of dry powder
total weight of initial formula

%Yield = x 100%

Morphology Analysis Using Scanning

Electron Microscopy

The morphology of the dry product of MC-SDP was
analyzed using SEM. Portions of the dry powder were
scattered and glued onto 25 mm diameter plates, and
further attached to specimen mounts. Samples were further
sputter-coated with a layer of gold for 5 nm in thickness
(approximately for 180 s) and examined with an electron
microscope (Phenom, USA).

Thermal Analysis Using Differential
Thermal Analysis

DTA instrument (Mettler Toledo FP 85, Switzerland) was
used to detect the solid state of the dry product of MC-
SDP. Samples were placed in aluminum crucibles and the
DTA analysis was performed at a heating rate of 10°C/
min, covering temperature ranges from 30°C to 300°C.

Crystallography Analysis Using X-Ray
Diffractometry

The crystallography structure of the dry MC-SDP was
examined by an X-Ray Diffraction Instrument (Phillips
X’Pert PRO PAN Analytical, the Netherlands). Samples
into the holder and
Furthermore, the holder was inserted into the instrument.

were inserted surface leveled.
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The conditions of the analysis were set as follows: voltage
40 kV, current 25 mA, angular range of 5-40° (20), and
scanning speed of 2°/min.

Dissolution Study

Thirty milligrams of MC-SDPs (equal to 1.0 mg curcu-
min) were made into a mini-tablet using a single punch
hydraulic press (Natoli Engineering Company, USA) with
a force of 2000 N. The tablets were added to 500 mL pH
6.8 phosphate buffer. The temperature of the dissolution
medium was set at 37°C and a stirring paddle was set at
100 rpm. Dissolved curcumin concentration as a function
of time was sampled at 5, 10, 15, 20, 25 and 30 min time
intervals and analyzed using the HPLC. The absorption
peak at 421 nm was used to monitor the dissolved curcu-
min. All measurements were performed in triplicate.

Results and Discussion

Drying Yield (%w/w)

Figure 1 shows that incorporating sucrose in MC-SDP
formulation (F2 and F4) substantially improved the yield
rate in which F2 with 73.4+1.6% and F4 with a drying
yield of 91.9£3.1% (w/w). Excluding sucrose from formu-
lations (F1 and F3) resulted in decreased drying yield of
MC-SDP, where F1 with 64.4+0.6% and F3 with only 60.1
+1.7%. The presence of sucrose as protectant produced
a greater yield percentage, as it might increase the mass
density of the powder and prevent deposition of material
on the wall of the spray dryer chamber. Powder loss is

F3 F4

Figure | Drying yield percentage of MC-SDPs containing curcumin made at different percentage weight ratios of CAS:TPGS:SUC.

Notes: (FI) 17:1:0; (F2) 17:1:25; (F3) 42.5:1:0; (F4) 42.5:1:25.

Abbreviations: MC-SDPs, micellar curcumin-spray-dried powders; CAS, casein; TPGS, D-a-tocopherol polyethylene glycol-1000 succinate; SUC, sucrose.
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generally caused by stickiness to the wall and the

cyclone’s poor efficiency in collecting fine particles.***

Scanning Electron Microscopy

The morphology of MC-SDP was examined by SEM and
is presented in Figure 2. The surface morphology of MC-
SDP formulations without sucrose showed dented surfaces
on some particles with a wrinkle-like structure (F1 and F3).
This was slightly different from the MC-SDP that incorpo-
rated sucrose to the formulations (F2 and F4). Adding

sucrose to MC-SDP formulations resulted in smoother sur-
faces in which the wrinkle-like structures were not observed.
In this case, sucrose might be a determinant factor that could
alter the surface morphology among formulations. The pre-
sence of hygroscopic sucrose might stimulate agglomeration
with surrounding smaller particles since they easily adsorb
moisture (F2 and F4). From the results, the obtained particles
varied in shape and size, and the dented-surface particles
were no longer found, compared to those in the MC-SDP

formulations without sucrose.

Figure 2 SEM photomicrograph of MC-SDPs containing curcumin made at different percentage weight ratios of CAS:TPGS:SUC.

Notes: (FI) 17:1:0; (F2) 17:1:25; (F3) 42.5:1:0; (F4) 42.5:1:25.

Abbreviations: SEM, scanning electron microscopy; MC-SDPs, micellar curcumin-spray-dried powders; CAS, casein; TPGS, D-a-tocopherol polyethylene glycol-1000

succinate; SUC, sucrose.

submit your manuscript

1790

Dove

International Journal of Nanomedicine 2020:15


http://www.dovepress.com
http://www.dovepress.com

Dove

Wijiani et al

The change of the surface particle morphology from the
wrinkle-like structure (F1 and F3) to relatively smoother
surfaces (F2 and F4) may highlight the benefit of including
sucrose in spray-dried formulations. Other advantages are
related to their ability to form interactions with casein dur-
ing spray drying. Such interactions could preserve the
native conformation of casein, and reduce the molecular
mobility whilst transforming into solid. The use of sucrose
was beneficial because such interactions are better formed
with disaccharides compared to larger sugars.** In the
absence of sucrose, casein could not escape the drying
interface and might be exposed to denaturation. Including
sucrose in the formulation may reduce the chance of casein
occurring on the particle surface. Hence, casein could be
well surrounded by sucrose and prevented from heat-caused
denaturation.*>*® Furthermore, sucrose may enhance the
solid mass formation as it forms a macrostructure of solid
particles during the spray-drying process, which could not
be achieved by a formulation without sucrose.”’

Differential Thermal Analysis

A DTA thermogram of single materials is presented in
Figure 3. Single curcumin, casein, and sucrose exhibited
endothermic peaks at a temperature range of 180-200°C,
whereas TPGS showed an endothermic peak at a much
lower temperature of 37°C

Figure 4 demonstrates broader endothermic peaks of
MC-SDP formulations for F1, F2, and F3 at 176.3°C,
189.2°C, and 192.7°C, respectively. These peaks were
not as sharp as the crystalline curcumin. Curcumin mole-
cules might be homogeneously distributed and miscible
with the other components in the mixture, indicated by
a single and small endothermic peak. The presence of
other molecules among curcumin molecules in the crystal
lattice arrangement has weakened their hydrophobic bond-
ing, resulting in smaller and broader peaks. Interestingly,
there were no other endothermic peaks detected in the
thermograms, indicating that a single-phase mixture was
achieved. Furthermore, the smaller peaks might
indicate the formation of a relatively more disordered crys-
talline state of the three MC-SDP formulations. This result
is in agreement with a similar study investigating the
thermal properties of curcumin in amorphous solid disper-
sions using hydroxypropyl methylcellulose (HPMC) as
a polymeric matrix.*®** The physical mixture also showed
a single peak observed at a higher temperature (220°C),
which could be explained by the hot melting materials
during the heating process, resulting in a homogenous
dispersion. This was supported by further XRD data ana-
lysis that confirmed this suggestion.

However, this was not the case for F4, with a higher

concentration of sucrose. The endothermic peak was sharper
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Figure 3 DTA thermograms of curcumin and single components used in the developed MC-SDP formulations.
Abbreviations: DTA, differential thermal analysis; MC-SDP, micellar curcumin-spray dried powder; CAS, casein; TPGS, D-a-tocopherol polyethylene glycol-1000 succinate;

CUR, curcumin; SUC, sucrose.
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Figure 4 DTA thermograms of MC-SDPs containing curcumin made at different percentage weight ratios of CAS:TPGS:SUC and their physical mixture.
Notes: (FI) 17:1:0; (F2) 17:1:25; (F3) 42.5:1:0; (F4) 42.5:1:25; (PM) physical mixture of curcumin, casein, D-a-tocopherol polyethylene glycol-1000 succinate, and sucrose.
Abbreviations: DTA, differential thermal analysis; MC-SDPs, micellar curcumin-spray-dried powders; PM, physical mixture; CAS, casein; TPGS, D-a-tocopherol poly-

ethylene glycol-1000 succinate; CUR, curcumin; SUC, sucrose.

and larger. As sucrose is present at a much higher concentra-
tion, the mixture may be oversaturated. This oversaturated
mixture might lead to stronger intermolecular interactions
between curcumin and casein and sucrose, which may be
responsible for the resulting thermal properties (Figure 4).
Nevertheless, despite the fact that their intermolecular
arrangement was more of a crystal-like structure, no single
materials were phase separated from the mixtures. This was
a strong indication that the employed matrix was able to
stop drug molecules from being rearranged again and crystal-
lized. The saturated sucrose in the mixture has been sug-
gested to increase the tendency of internal interactions;
however, the molecular dynamics were not sufficient to
recrystallize.*>*" It can be confirmed that casein, as well as
sucrose in the developed MC-SDP formulations, success-
fully prevented curcumin from recrystallization. Moreover,
the employed ratio of polymeric casein and sucrose was
sufficient to inhibit the crystallization of curcumin.

X-Ray Diffraction Analysis

Diffractogram patterns of all samples were determined
using XRD analysis. This technique is one of the most
robust techniques used to investigate the crystallographic
structure of curcumin after encapsulation into micelles and
spray drying into powder. The XRD data of single materials
are shown in Figure 5. It was revealed that the diffraction

patterns of curcumin, TPGS, and sucrose showed intense
sharp peaks, implying the crystalline structure of the mate-
rials. Casein showed a different pattern, with broad patterns
without any sharp peaks, indicating that the material was in
a more disordered crystalline-structure or amorphous state.

Different patterns were observed for all MC-SDP formu-
lations. All of these intensive and sharp peaks were no longer
observed in MC-SDP formulations (Figure 6). Entrapped
curcumin in the polymeric casein micelles, as well as sucrose
and TPGS, were in a disordered crystalline or amorphous
state. A more intensified interaction between curcumin with
the hydrophobic groups of the casein molecules has caused
the disappearance of the crystalline order of curcumin.** This
amorphous state, from the perspective of physicochemistry,
is characterized by having higher energy, which is the cause
of the increased water solubility.*> Moreover, the presence of
sucrose seemed not to affect the crystallography structure of
the developed formulations. There was no difference in terms
of the diffraction pattern between formulations with and
without sucrose, suggesting that the addition of sucrose did
not alter the crystallography structure of MC-SDP. These
results were in agreement with the DTA data, where casein,
as well as sucrose, inhibited curcumin from recrystallization.
These results were more convincing from the XRD data of
the physical mixture. The crystalline peaks of all materials
were apparent in the physical mixture. This data information

submit your manuscript

1792

Dove

International Journal of Nanomedicine 2020:15


http://www.dovepress.com
http://www.dovepress.com

Dove

Wijiani et al

.’-g

>

>

g

._“§

<

] l

®

é (VN W CUR
rate —TPGS
o vl ‘ e

A W U LJ —suC

5 10 15 20 25 30 35 40

26 (°)

Figure 5 XRD pattern of curcumin and single components used in the developed MC-SDP formulations.
Abbreviations: XRD, x-ray diffractometry; MC-SDP, micellar curcumin-spray dried powder; CUR, curcumin; TPGS, D-a-tocopherol polyethylene glycol-1000 succinate;

CAS, casein; SUC, sucrose.
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Figure 6 XRD patterns of MC-SDPs containing curcumin made at different percentage weight ratios of CAS:TPGS:SUC and their physical mixture.
Notes: (FI) 17:1:0; (F2) 17:1:25; (F3) 42.5:1:0; (F4) 42.5:1:25; (PM) physical mixture of curcumin, casein, D-a-tocopherol polyethylene glycol-1000 succinate, and sucrose.
Abbreviations: XRD, x-ray diffractometry; MC-SDPs, micellar curcumin-spray-dried powders; PM, physical mixture; CUR, curcumin; CAS, casein; TPGS, D-a-tocopherol

polyethylene glycol-1000 succinate; SUC, sucrose.

may highlight the lack of interactions of curcumin with other
components in their solid state. XRD diffractograms of
the physical mixture displayed the presence of peaks corre-
sponding to all crystalline materials, thus confirming their
existence which was not detected by DTA analysis where all
materials seemed to be miscible and formed a single phase.

Dissolution Study

Figure 7 shows the dissolution profiles of MC-SDPs formu-
lated with and without sucrose. The amount of MC-SDP
added was based on the theoretical concentration of curcumin
that is equivalent to 1 mg w/w. The percentage of dissolved

curcumin achieved was noted between the different
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Figure 7 Dissolution profiles of curcumin formulated in MC-SDPs made at different percentage weight ratios of CAS:TPGS:SUC.

Notes: (FI) 17:1:0; (F2) 17:1:25; (F3) 42.5:1:0; (F4) 42.5:1:25.

Abbreviations: MC-SDPs, micellar curcumin-spray-dried powders; CAS, casein; TPGS, D-a-tocopherol polyethylene glycol-1000 succinate; SUC, sucrose.

formulations. Interestingly, MC-SDP with sucrose (F2 and
F4) showed a higher percentage of dissolved curcumin than
the corresponding MC-SDP without sucrose (F1 and F3).
MC-SDP with the lowest amount of casein exhibited the
lowest dissolution profile. The total dissolved curcumin
achieved at the end of the experiment was 78.3+£8.5%; 85.6
+6.7%; 49.9+4.8%, and 87.9£5.3% for F1, F2, F3, and F4,
respectively.

MC-SDP with sucrose (F2 and F4) offered a higher drug
dissolution profile during the dissolution study. The dis-
solved curcumin achieved by MC-SDP formulations for F2
and F4 was 85.6% and 87.9%, respectively, within 30 min.
On the other side, the percentage of dissolved curcumin for
F1 and F3 only reached 78.3% and 49.9%, respectively. It
might be concluded from this that a higher amount of
curcumin was present in an amorphous state with a combi-
nation matrix of casein and sucrose. A similar solid disper-
sion formulation which was prepared using sucrose alone or
in combination with other surfactants or polymers has suc-
cessfully maintained the amorphous state of both drug and
the carrier and increased the solubility of the drug.***

Next, the determinant factor of the dissolution perfor-
mance can be attributed to the impact of sucrose on the dis-
solution of curcumin. This phenomenon, ie, the presence
of sugar molecules increasing the curcumin dissolution
profile, very likely occurred through the formation of

nanostructured molecular-level of curcumin/sucrose

composites during spray-drying. A study reported that
aggregated-nanostructures were formed whenever both
sugar and poorly water-soluble drug molecules were pre-
sent in aqueous media. It was revealed that different affi-
nities among the drug and the aggregated nanostructures
led to increased solubility, which may explain the
enhanced dissolution of MC-SDP.*

Conclusion

Spray drying has been proven to be feasible in producing
micellar-curcumin powder under proper manufacturing
conditions with a suitable protectant, such as sucrose.
Sucrose as protectant is essential for the development of
MC-SDP formulation as it increases the yield rate. Also,
the surface particle morphology was improved, with
smoother surfaces by the presence of sucrose, as revealed
by SEM images. The thermal analysis of the MC-SDP
formulation suggested the disappearance of curcumin crys-
talline structure in the powder mixtures. Curcumin was
well distributed and miscible with casein, sucrose, and
TPGS, by creating a single phase and amorphous solid
state as revealed by DTA and XRD analysis. Additionally,
the MC-SDP formulations with sucrose enhanced the dis-
solution profile of the entrapped curcumin. The presence
of sucrose has been proposed as the key element for this
enhancement through the formation of a nanostructured
composite between curcumin and sucrose. This study
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reveals a beneficial approach for possible oral delivery of
MC-SDP formulation and may shed light on the further
development of an oral dosage form.
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