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Curcumin has very broad spectrum of biological activities; however, photodegradation, short half-life and low
bioavailability have limited its clinical application. Curcumin-loaded solid lipid nanoparticles were studied to
overcome these problems. The aim of this study was to optimize the best formulation on curcumin-loaded solid lipid
nanoparticles. Emulsion-evaporation and low temperature-solidification technique was applied with monostearin
as lipid carriers. The single factor analysis and orthogonal design were used to optimize formulation and various
parameters were investigate. By the optimisation of a single factor analysis and orthogonal test, the particles size,
polydispersity index, zeta potential, encapsulation efficiency and drug loading capacity of the optimised formulation
were 99.99 nm, 0.158, -19.9 mV, 97.86%, and 4.35%, respectively. The differential scanning calorimetry and X-ray
diffraction analysis results demonstrated new structure was formed in nanoparticles. The release kinetics in vitro
demonstrated curcumin-loaded solid lipid nanoparticles can control drug release. These studies confirmed that
curcumin-loaded solid lipid nanoparticles could be prepared successfully with high drug entrapment efficiency and
loading capacity. Curcumin-loaded solid lipid nanoparticles may be a promising drug delivery system to control

drug release and improve bioavailability.
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Solid lipid nanoparticles (SLNs) were developed
at the beginning of the 1990s as an alternative
colloidal lipidic system for controlled drug delivery.
SLNs were made from solid lipid only, which were
essentially composed of a biocompatible lipid core
with entrapped lipophilic drug and surfactant at
the outer shell. The structure of SLNs could be
compared with a ‘symmetric brick wall’t"). SLNs
dispersions had been proposed as a new type of
colloidal drug carrier system suitable for intravenous
administration.

In fact, SLNs were nanometre-sized drug delivery
systems, which combined the advantages of polymeric
nanoparticles, emulsion, and liposomes. The
advantages includes good biocompatibility, protection
of the incorporated compound against degradation
and controlled release of drug; especially, SLNs
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that contained the lipid matrix, which decreased the
potential for acute and chronic toxicity.

Curcumin (CUR), which is a bright orange-yellow
pigment of turmeric, India's gold obtained from
Curcuma longa is a household spice in India.
The essential component of the turmeric is CUR
and curcuminoids. It has very broad spectrum of
biological activities such as antiinflammator(?,
antioxidant™, antimicrobial®, and anticancer™®.. It also
has been shown to lower the cholesterol by increasing
the low density lipoprotein receptor (LDL-R)!.
Chemopreventive and growth inhibitory activities
of CUR against many tumour cell lines have been
reported®?],

CUR is also a potent scavenger of various
reactive oxygen species (ROS) (including reactive
oxygen intermediates (ROI) and reactive nitrogen
intermediates (RNI)) including superoxide anions
and hydroxyl radicals. CUR may help prevent and
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treat patients with Alzheimer’s disease by reducing
oxidative damage, plaque burden and suppressing
specific inflammatory factors!!®!], The ROS has been
targeted as ‘evil molecules’. In fact, it was the first
line of defence against the plethora of intracellular
pathogens. CUR is known to increase the phagocytic
activity on one hand!, and decrease the ROI and
RNI'4 on the other hand, thereby raising an alarm.

Although CUR has shown a wide range of
pharmacological activities, there were also some
potential limitations. Photodegradation, short half-life
and low bioavailability were major hurdles for the
therapeutic use of CURI'Y. CUR, with phenolic group
and conjugated double bounds, which is unstable in
the presence of light and basic pH, degrades within
30 min!'®!""), In addition, the poor oral bioavailability
was due to its low water solubility under acidic or
neutral conditions!'®!. Various methods have been
tried to overcome these bioavailability problems.
The aim of the present study was to formulate
SLNs to increase photostability and enhance its
anticancer activity because it can not only overcome
the membrane stability and drug-leaching, but also
reduce the potential toxicity of CUR!.

The first aim of this study was to evaluate
and optimize the best formulation by a single
factor analysis and orthogonal design. Secondly,
the physicochemical properties including
morphology, particles size (Z-ave), polydispersity
index (PDI), zeta potential (ZP), encapsulation
efficiency (EE) and drug loading (DL) capacity
were characterised. Crystal structure of CUR,
excipients, physical mixture and lyophilised
curcumin-loaded SLNs (CUR-SLNs) were also
investigated. In addition, the release behaviour
of curcumin suspension (CUR-suspension) and
CUR-SLNs in vitro were evaluated to provide
research foundation for pharmacokinetics and tissue
distribution in vivo.

MATERIALS AND METHODS

CUR (>95%) was purchased from Henan Guangye
Natural Pigmen Co., Ltd., China. Monostearin (MS)
was purchased from Hunan Erkang Pharmaceutical
Co., Ltd., China. F68 was obtained from BASF,
Germany. T-80 was purchased from Sonopharm
Chemical Reagent Co., Ltd., China. Lecithin was
provided by Anhui Fengyuan Pharmaceutical Co.,
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Ltd., China. Methanol was of high performance liquid
chromatography (HPLC) grade. All other reagents and
solvents were of analytical grade.

Preparation and lyophilisation of SLNs:
CUR-SLNs were prepared by emulsion-evaporation
and low temperature-solidification technique, which
was reported by our study previously®’l. Briefly,
the lipid phase and the lipophilic surfactant were
dissolved in the right amount of organic solvents
and heated up to 75° to obtain a homogeneous
solution. Following the addition of CUR, the hot
lipid phase was dispersed into the aqueous solution of
hydrophilic surfactant, heated at the same temperature,
by high speed stirring (1000 rpm) (ETS-D4 stirrer,
IKA, Germany) for 2 h to form preemulsion. The
resulting hot o/w nanoemulsion was dumped into
ice cold distilled water (0°) quickly under mild
mechanical for 2 h. CUR-SLNs were formed by lipid
recrystallisation. The blank SLNs were prepared by
the same procedure without adding CUR. The SLNs
formulation was previously optimised by a single
factor analysis and orthogonal design.

Mannitol at a concentration of 4% w/w as
cryoprotectant was used in the freeze-drying process.
The SLNs dispersion were prefrozen using an
ultra-cold freezer (MDF-382E, SANYO, Japan)
at —80° for 24 h, and then were transferred to the
freeze-dryer (LGJ 0.5, Beijing, China) for 72 h. The
SLNs powder was collected for further experiment.

Transmission electron microscope:

The morphology of the nanoparticles was observed by
transmission electron microscope (TEM, TECNALI 10,
Philips, Dutch). One drop of nanoparticles was
placed on copper grids and negatively stained with
2% phosphotungstic acid for 30 s. Then it was dried
at room temperature for about half an hour before
loading on sample into equipment.

Mean Z-ave and ZP analysis:

Z-ave, PDI and ZP were determined by photon
correlation spectroscopy with Zetasizer (Nano ZS90,
Malvern, UK) at 25°, after appropriate dilution with
ultra pure water. For Z-ave analysis, disposable
polystyrene cells were used, whereas disposable
plain folded capillary zeta cells were required for ZP
analysis.

Encapsulation parameters:
The EE and DL capacity of CUR in SLNs were
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assessed indirectly. The free CUR (nonencapsulated)
and total CUR in nanoparticles suspension were
determined by reverse-phase high-performance liquid
chromatography (RP-HPLC, LC-15C, Shimadzu,
Japan). The RP-HPLC system consisted of a reverse
phase Cosmosil C18 column (4.6 mmx250 mm,
5 um) with a UV detector set at 430 nm. The
mobile phase consisted of acetonitrile: 4% glacial
acetic acid (60:40, v/v) and the flow rate was
1.0 ml/min. The column temperature was 30°
and the typical injection volume was 20 pl. The
calibration curve was linear as A=243433C—-68007
over the range of 0.05-40 pg/ml (n=8) with a
correlation coefficient of r=0.9998 (where A=peak
area and C=Cur concentration).

Free CUR was removed by ultrafiltration/
centrifugation technique using Amicon Ultra-4
ultrafiltration device (molecular weight cutoff was
100 K, Millpore, USA). The sample was added into
Amicon Ultra-4 ultrafiltration device after diluting
suitably with purified water and centrifuged at
3500 rpm for 30 min (LC-4016 centrifuge, Anhui,
China). The filtrate was removed and determined
by RP-HPLC as free CUR. The sample was diluted
suitably and demulsified by methanol, which was
subjected to ultrasound (KQ-300B, Kunshan, China)
for 5 min to make drug free from nanoparticles
completely. The sample was determined by RP-HPLC
as total CUR. The EE and DL of CUR in SLNs
were calculated by the equations®!! as, EE=((Wota—
Wfree)/Wtotal) x100% and DL:[(Wtotaliwfree)/W -

total
Wfree-i-W“pid)]XlOO%, where Wi, Wiree, Wiipia wWere
the weight of total drug in system, weight of free
drug in filtrate and weight of lipid added in system,

respectively.

Differential scanning calorimetry:

Thermograms of CUR, monostearin, F68, lecithin,
their physical mixture and lyophilised CUR-SLNs
were recorded using DSC8222e (Mettler Toledo,
Switzerland). The samples were weighed into an
aluminium pan and then sealed with a pinhole-pierced
cover. The heating curves of DSC were recorded at a
scan rate of 10°/min from 30 to 250°.

X-ray diffraction:

The X-ray diffraction (XRD) analysis were
performed on CUR, monostearin, F68, lecithin,
their physical mixture and lyophilised CUR-SLNs to
conduct crystalline structure of samples. The X-ray
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diffractometer (D-5005, Siemens, Karlsruhe, Germany)
was used. Diffractograms were performed from the
initial angle 26=3° to the final angle 50° with a Cu
Ka radiation source. The obtained data were collected
with a step width of 0.02°.

In vitro release studies:

The drug release of CUR-suspension and CUR-SLNs
were determined using dialysis bag technique in
phosphate buffer saline (pH 7.4) containing 0.5%
T-80. An aliquot of 4 ml CUR-suspension and
CUR-SLNs were sealed in a dialysis bag (molecular
weight cutoff was 10,000 Da, Spectrum Medical
Industries Inc., USA) and immersed in 200 ml
of preheated release medium. The release was
conducted in stirring paddle set at 100 rpm and 37°.
At predetermined time intervals, 2 ml of the sample
was withdrawn and replaced with the same amount
of fresh release medium. The amount of Cur released
from the nanoparticles was determined by RP-HPLC
method as described previously for the measurement
of EE. Each releasing experiment was performed in
triplicate.

RESULTS AND DISCUSSION

The TEM technique was performed in order to
confirm the formation and morphology of lipid
nanoparticles. The measurements (fig. 1) showed
that nanoparticles were prepared successfully in the
shape of similar spherical structure. The diameter of
nanoparticles was about 100 nm.

In order to investigate the influence of different
factors on the quality of nanoparticles, single factor
experiment was studied and three levels were
selected in every factor. In other words, one factor of
prescription was changed and the remaining factors

Fig. 1: Transmission electron microscopy photography of curcumin-
loaded solid lipid nanoparticles.
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TABLE 1: FORMULATIONS FOR THE PREPARATION OF CUR-SLNS

Sample  The ratio of the  The total amount The ratio The amount of The time of The time of Organic phase

number drug to lipid of active agent (%) of F68:T80 lecithin (mg) emulsification  solidification  (acetone:ethanol)
(h) (h)

1-1 1:50 3.6 2:1 150 2 2 2:1

1-2 1:20 3.6 2:1 150 2 2 2:1

1-3 1:5 3.6 2:1 150 2 2 2:1

2-1 1:20 1.2 2:1 150 2 2 2:1

2-2 1:20 3.6 2:1 150 2 2 2:1

2-3 1:20 6.0 2:1 150 2 2 2:1

3-1 1:20 3.6 2:1 150 2 2 2:1

3-2 1:20 3.6 1:1 150 2 2 2:1

3-3 1:20 3.6 1:2 150 2 2 2:1

4-1 1:20 3.6 2:1 50 2 2 2:1

4-2 1:20 3.6 2:1 150 2 2 2:1

4-3 1:20 3.6 2:1 450 2 2 2:1

5-1 1:20 3.6 2:1 150 1 2 2:1

5-2 1:20 3.6 2:1 150 2 2 2:1

5-3 1:20 3.6 2:1 150 3 2 2:1

6-1 1:20 3.6 2:1 150 2 0.5 2:1

6-2 1:20 3.6 2:1 150 2 1 2:1

6-3 1:20 3.6 2:1 150 2 2 2:1

7-1 1:20 3.6 2:1 150 2 2 0:3

7-2 1:20 3.6 2:1 150 2 2 1:2

7-3 1:20 3.6 2:1 150 2 2 2:1

CUR-SLNS= Curcumin-loaded solid lipid nanoparticles

TABLE 2: PROPERTIES OF RESULTANT CUR-SLNS

Sample number EE (%) DL (%) Z-ave (nm) PDI ZP (mV)

1-1 98.42+0.42 2.14+0.23 95.89+6.65 0.133+0.018 -18.67+0.55

1-2 97.07+0.56 3.32+0.42 101.42+6.79 0.216+0.020 -17.80+0.26

1-3 95.24+0.84 13.40+0.98 336.97+7.42 0.858+0.021 -17.27+0.21

2-1 97.54+0.58 3.30£0.21 295.20+7.19 0.858+0.146 -17.10£0.75

2-2 97.07+0.56 3.32+0.42 101.42+6.80 0.216x0.020 -17.80+0.26

2-3 96.96+0.65 3.37+0.18 87.16+6.78 0.229+0.020 -18.90+0.55

3-1 97.07+0.56 3.32+0.42 101.42+6.80 0.216+0.020 -17.80+0.26

3-2 97.42+0.74 4.18+0.36 95.57+6.17 0.193+0.035 -19.60+0.26

3-3 97.42+0.58 4.32+0.28 92.97+6.00 0.182+0.024 -16.10+0.53

4-1 97.81+0.63 3.83+0.36 70.67+3.30 0.322+0.035 -18.37+0.23

4-2 97.07+0.56 3.32+0.42 101.42+6.80 0.216+0.020 -17.80+0.26

4-3 97.75+0.78 3.58+0.18 113.8326.42 0.259+0.019 -19.30+0.20

5-1 97.06+0.35 4.13+0.17 109.67+5.69 0.245+0.020 -10.07+0.46

5-2 97.07+0.56 3.32+0.42 101.42+6.80 0.216+0.020 -17.80+0.27

5-3 97.62+0.55 3.6520.29 102.17+6.38 0.208+0.008 -19.13+0.19

6-1 97.29+0.43 3.78+0.47 99.82+6.13 0.232+0.009 -16.43+0.15

6-2 97.19:0.72 3.61x0.59 90.68+6.23 0.196x0.013 -21.4+1.04

6-3 97.07+0.56 3.32:0.42 101.42+6.80 0.216x0.020 -17.80+0.27

7-1 94.24+0.39 3.02+0.38 86.32+3.43 0.143+0.023 -19.77+1.04

7-2 95.67+0.47 3.22:0.37 85.54+5.09 0.145+0.012 -19.17+0.76

7-3 97.07+0.56 3.32+0.42 101.42+6.80 0.216x0.020 -17.80+0.27

EE=encapsulation efficiency, DL=drug loading, Z-ave=particles size, PDI=polydispersity index, ZP=zeta potential, SD=standard deviation. Data represented as
mean+SD (n=3), CUR-SLNS= Curcumin-loaded solid lipid nanoparticles

were unchanged in each group of experiments. Z-ave,
PDI, ZP, EE and DL capacity were as evaluation
criteria. Photon correlation spectroscopy was applied
to obtain accurate data on nanoparticles and Z-ave,
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PDI and ZP were obtained. EE and DL capacity were
determined by RP-HPLC. The specific composition
and results of formulations are shown in Tables 1

and

2.
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Table 2 shows that EE and DL capacity were ranged
from 94.24 to 98.42% and from 2.14 to 13.40%,
respectively. The mean Z-ave was approximately
100 nm with a narrow PDI for all developed
formulations, which were in agreement with TEM
results. ZP values was in the range —10.07 mV
to —21.4 mV providing good physical stability to the
formulations within a period of time.

As indicated by the sample 1 in Table 2, the ratio of
the drug to lipid and the organic phase had a greater
impact on EE and DL capacity. The DL capacity was
improved significantly by increasing ratio of the drug
to lipid; however, EE decreased thereon. The organic
phase with 1 ml ethanol and 2 ml acetone had higher
EE and DL capacity. From the sample nos. 1, 2, 4
and 7 in Table 2, we could see Z-ave and PDI were
closely related to the ratio of the drug to lipid, the
total amount of active agent, the amount of lecithin
and the organic phase. Z-ave and PDI were increased
with more drugs. Higher proportion of active agent
showed smaller Z-ave and narrow PDI. It may be
because the nanoemulsion was emulsified completely
with more active agent. The ZP of all developed
formulations revealed that different formulations
had no significant difference except sample 5-1 with
low absolute ZP. The result of sample 5-1 implied
nanoparticles emulsion had poor stability, which was
attributed to the small amount of lecithin and short
emulsification time.

Based on the results of a single factor analysis, ratio
of the drug to lipid, total amount of active agent,
amount of lecithin, and organic phase were selected
as main factors affecting the quality of nanoparticles

and three levels were set in each factor according to
orthogonal test L9 (3*) table. The evaluation criterion
was the same as the single factor test. The Z-ave,
PDI, ZP, EE, and DL capacity of the optimised
formulation were 99.99 nm, 0.158, —19.9 mV, 97.86%
and 4.35%, respectively.

DSC and XRD were applied to understand
polymorphic state and structure of nanoparticles.
From the DSC curves (fig. 2), the single melting
endothermic peak of CUR was observed at 183.2°
corresponding to its melting point. The melting
endothermic peaks of CUR and excipient were
visible in the physical mixture (fig. 2). However, the
melting endothermic peaks of lyophilised CUR-SLNs
appeared at 50.5° and 166.8° with the disappearance
of melting endothermic peak of CUR, indicating
CUR was essentially encapsulated into the lipid
with amorphous state (fig. 2). The diffraction pattern
exhibited CUR (fig. 3a) had two sharp peaks at
20=8.78° and 17.16°, and some peaks of lower
intensity. Main reflections of monostearin (fig. 3b)
at 26=19.85°, 20.62° and F68 (fig. 3¢c) at 26=19.08°,
23.26° were also found. These results indicated
the crystalline nature of CUR, monostearin and
F68. The diffraction characterised peaks appeared
in the physical mixture (fig. 3e). In contrast, the
absence of these characteristics reflections in
lyophilised CUR-SLNs (fig. 3f) demonstrated the total
solubilisation of drug within the lipid phase. XRD
data were in good agreement with the results depicted
by DSC measurement.

The release profile of CUR-suspension and
CUR-SLNs in vitro were studied. Because of
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Fig. 2: Differential scanning calorimetry thermograms.

Curcumin (A), monostearin (B), F68 (C), lecithin (D), physical mixture (E), and lyophilised CUR-SLNs powders (F), T=temperature (°).
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Fig. 3: The X-ray diffraction patterns.

Curcumin (A), monostearin (B), F68 (C), lecithin (D), physical mixture (E) and lyophilised CUR-SLNs powders (F).
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Fig. 4: In vitro drug release profiles of curcumin and CUR-SLNSs.
— & — represents the release profile of curcumin; —m — represents
the release profile of CUR-SLNs, n=3.

the low solubility of CUR in water, phosphate
buffer saline (pH 7.4) containing 0.5% T-80 was
selected as release medium. As shown in fig. 4,
the CUR-suspension showed quick release with a
cumulative release 35.05% at 24 h and 97.47% at
84 h. The release data were fitted to Niebergull
model with equation as (1-Q%)"*=-0.0113t+1.0178.
However, the CUR-SLNs was released slowly at
initial, only 7.8% at 24 h. The release rate increased
after 24 h and gradually level off. The release kinetics
of CUR-SLNs was fitted to Niebergull equation,
described as (1-Q%)">=—0.0089t+1.0415. The release
profile was explained that some drug existed in
the exterior lipid layer of the nanoparticles. The
high drug concentration near the surfactant-lipid
boundary resulted from the diffusion of CUR during
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nanoparticles. A sustained release of CUR was
because the shear stress of agitation demolished
the surfactant layer on CUR-SLNs. Therefore, the
decomposition of integrated structure of the lipid core
controlled the release rate of CURP2%,

CUR-SLNs were prepared successfully with lipid
as the carrier by emulsion-evaporation and low
temperature-solidification technique. The formulations
were optimised by the single factor analysis and
orthogonal design. The obtained SLNs was suspension
of nanosized homogeneous nanoparticles with high
EE and DL capacity. ZP values results suggested
that prepared nanoparticles provided good physical
stability within a period of time. The results of
DSC and XRD analysis demonstrated drug had
been encapsulated or absorbed by lipid carriers. The
release experiments in vitro exhibited CUR-SLNs can
delay drug release comparing with CUR-suspension.
Therefore, SLNs would provide highly desirable
physicochemical characteristics as a new type of
colloidal drug delivery systems of lipophilic drug
as CUR. The profile of tissue distribution and
pharmacokinetics in vivo are being researched in our
present experiments, which will be reported in the
near future.
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