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Purpose: To potentiate the anticancer activity of curcumin (CUR) by improving its cell
penetration potentials through formulating it into nanostructured lipid carriers (NLCs) and
using the prepared NLCs in photodynamic therapy.

Methods: A 3x4 factorial design was used to obtain 12 CUR-NLCs using two factors on
different levels: (1) the solid lipid type at four levels and (2) the solid to liquid lipid ratio at
three levels. Olive oil, Tween 80 and lecithin were chosen as liquid lipid, surfactant and co-
surfactant, respectively. CUR-NLCs prepared by high shear hot homogenization method
were evaluated by determination of particle size (PS), polydispersity index, zeta potential
(ZP), entrapment efficiency percent, drug loading percent and in vitro drug release.
Optimization was based on the evaluation results using response surface modeling (RSM).
Optimized formulae were tested for their in vitro release pattern and for dark and photo-
cytotoxic anticancer activity on breast cancer cell line in comparison to free CUR.
Results: Evaluation tests showed the appropriateness of NLCs prepared from glyceryl
monooleate and Geleol™ helped choosing two optimized formulae, PE3 and GE3. PE3
(prepared using glyceryl monooleate) showed enhanced release rates compared to GE3
(prepared from Geleol) and superior cytotoxic anticancer activity compared to both GE3
and free CUR under both light and dark conditions. The small mean PS, spherical shape as
well as the negative ZP enhanced the internalization of the NLCs within cells. Modulation
and inhibition of P-glycoprotein expression by glyceryl monooleate synergized the cytotoxic
activity of CUR.

Conclusion: CUR loading in NLCs enhanced its cell penetration and cytotoxic anticancer
properties both in dark and in light conditions.

Keywords: curcumin, breast cancer, photodynamic therapy, nanostructured lipid carriers,
Peceol™

Introduction

According to the WHO, one in six deaths is due to cancer, and, about 70% of these
deaths occur in developing countries.' Cancer is a term given to a collection of
disorders and diseases that occur when cells disregard proliferation according to the
normal cell division rules, undergo uncontrolled growth and start invading sur-
rounding or distant tissues. Malignant cells develop their own signals and mechan-
isms leading to uncontrolled growth, proliferation and avoiding cellular death. The
continuation of this proliferation and invasion of these malignant cells disrupt the
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normal physiological functions of organs and may have
fatal prognosis if left untreated. In fact, almost 90% of
cancer-caused deaths occur due to such invasion in a
process called “metastasis”.”

Among the different types of cancers, the most frequent
cancers in Egypt were liver cancer (23.81%), breast cancer
(15.41%) and bladder cancer (6.94%). The most prevalent
cancers in males were liver, bladder and lung cancers, while
in females were breast, liver and brain cancers.’

Curcumin (CUR), one of the most commonly used
extracts and researched phytochemicals for cancer treat-
ment, was termed “The Magical Molecule”.*” It is one of
the constituents of turmeric “Kurkum” derived from the
dried rhizomes of Curcuma longa L. Turmeric contains
three different analogs of CUR which are diferuloyl-
methane (CUR), demethoxy-CUR and bis-demethoxycur-
cumin. The efficacy of CURin combating cancer was
found to be higher when used in combination with its
analogs.® Curcuminoids, the three analog mixtures, induce
apoptosis in cancer cells through the inhibition and down-
regulation of several cellular pathways, enzymes and
proteins.” However, the limited aqueous solubility of cur-
cuminoids, photo-degradation, poor bioavailability and
rapid metabolism pose a challenge on their applicability.

Attempts were made to tackle these challenges through
formulating CUR and other curcuminoids as molecular
complexation with a hydrophilic polymer,® polymeric
micelles, niosomes, liposomes, solid lipid nanoparticles
(SLNs), polymeric nanoparticles and nanostructured lipid
carriers (NLCs).

NLCs represent a delivery system based on SLNSs, in
which spatially different lipids are mixed resulting in an
asymmetric lipid matrix incorporating both liquid and
solid lipids.”'” Presence of liquid lipids in the matrix
decreases melting point; however, the particles retain
their solid state both at room and at body temperatures.'’
These unique structural properties overcome the draw-
backs of SLNs and lead to greater drug oading capacity,
minimized drug expulsion, better stability and a more
controlled drug release.'?

To reduce the collateral damage and systemic toxicity
of chemotherapeutics, the implementation of photody-
namic therapy (PDT) in cancer treatment has acquired
vast interest. PDT involves administering a photoactive
agent called “photosensitizer” (Ps) followed by irradiation
with light of a wavelength of maximum absorption specific
to the Ps. The Ps molecules undergo electronic changes
that in a cascade of molecular events and in presence of

tissue oxygen lead to direct, or indirect, destruction of
tumor cells through formation of ROS and radicals.

CUR is an ideal Ps with a well-known chemical struc-
ture, high safety, rapid metabolism and wide availability.
Its appropriate absorption wavelength is greater than 400
nm and yields significant amounts of singlet oxygen upon
light irradiation.*'?

In the present study, our aim was to potentiate the
anticancer activity of CUR. That was carried out by enhan-
cing its capability to penetrate cancer cells which was to
be brought about first by formulating CUR as NLCs using
solid lipids, namely, glyceryl monooleate (Peceol™),
Geleol™ (Geloil™ SC), glyceryl dibehenate (Compritol®
888 ATO) and glyceryl distearate (Precirol® ATO 5), as
well as olive oil as a natural liquid lipid. That was fol-
lowed by testing the cytotoxic effects of these NLCs on a
breast cancer cell line. Second, these prepared NLC’s were
used for PDT on the breast cancer cell line. The cytotoxic
effects of these formulated NLCs under light and dark
conditions were compared to that of free CUR.

Materials and methods

Chemicals and materials
Curcumin C3 Complex® (CUR) (Patent Number
US5861415A, 1999) was obtained as a free sample from
Sabinsa Corp. (NJ, USA), glyceryl monooleate, Geleol,
glyceryl distearate and glyceryl dibehenate (free samples
from Gattefosse, Saint-Priest Cedex, France), organic extra
virgin olive oil (ISIS: SEKEM Group, Egypt), granular
Lecithin (Food grade, Spectrum Chemical Corp., USA),
Tween 80 (Al
Chemicals, Cairo, Egypt) and Dialysis Tubing Cellulose
Membrane (molecular weight cutoff 12,000—14,000,
SERVA GmbH, Heidelberg, Germany). All other used
chemicals were of analytical reagent grade.

Cell line: MCF-7 Human Breast Cancer Cell-Line
(VACSERA, Egypt sub-cultured from ATCC® HTB-22T™)

Irradiation source: For the cytotoxicity study, a CW
Diode System (Model 430-1000) with LED 430-nm Probe
(GaAlAs Hitachi, Japan) was used. This system was

Nasr Company for Pharmaceutical

designed and manufactured by the Laser Technology
Center (NILES, Cairo University, Egypt).

Preparation of CUR NLC

The design of experiments followed a 3'x4' factorial

14,15

design in which the effect of two factors (one with

three levels and the other with four levels) was studied:
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(a) The type of the solid lipid used was a nominal
factor of four levels: glyceryl monooleate, Geleol,
glyceryl dibehenate and glyceryl distearate.

(b) The ratio of the solid lipid to the liquid lipid was a
discrete numeric factor with three levels coded as
70, 85 and 95.

Olive oil was chosen as a liquid lipid. Tween 80 and
Lecithin were used as surfactant and co-surfactant, respec-
tively. The factorial design resulted in 12 Curcumin
Nanostructured Lipid Carriers (CUR-NLCs) formulae
that were coded as shown in Table 1.

The CUR-NLCs were prepared using high shear hot
homogenization.'®'®!7 Each of the solid lipids (glyceryl
monooleate, Geleol, glyceryl distearate and glyceryl
dibehenate) was separately weighed in a flat-bottom
conical flask and the corresponding weight of the liquid
lipid (olive oil) was added to the flask according to the
following solid lipid to liquid lipid ratios (70:30, 85:15
and 95:5). The lipids were allowed to melt in a water
bath maintained at 80°C; then, 80 mg of lecithin and 5
mg of CUR were weighed, added and mixed with the
molten lipids to constitute the lipid phase. On the other
hand, the aqueous phase was prepared by adding 200
mg of Tween 80 to 50 mL of distilled water and the
mixture was also heated to 75°C. The hot aqueous phase
was immediately dispersed in the lipid phase and homo-

genized wusing Diax-900 high shear homogenizer

Table I Curcumin NLCs formulae prepared according to 3x4
factorial design

Formula code Factorial design factors
Solid lipid type Solid lipid : liquid lipid

PEI Glyceryl monooleate 70:30
PE2 85:15
PE3 95:5
GEl Geleol 70:30
GE2 85:15
GE3 95:5
COl Glyceryl dibehenate 70:30
co2 85:15
Cco3 95:5
PRI Glyceryl distearate 70:30
PR2 85:15
PR3 95:5

Abbreviations: PE, formula containing glyceryl monooleate; GE, Geleol; CO,
formula containing gyceryl dibehenate; PR, formula containing glyceryl distearate.

(Heidolph, Germany) at 12,000 RPM for 15 mins. The
amount of surfactant and co-surfactant used, homogeni-
zation speed and duration remained constant for all
formulae. The formed dispersion was rapidly cooled in
an ice bath and kept in —20°C freezer for 10 mins and
then transferred to labeled falcon tubes. The method of
preparation was according to Gardouh, 2013'® with
slight modifications.

Characterization of CUR-NLCs

Evaluation of particle size (PS), polydispersity index
(PDI) and zeta potential (ZP)

The mean PS and PDI of the prepared NLCs were deter-
mined by the means of dynamic light scattering using
Malvern Nano ZS® Zetasizer (Malvern Nano ZS®, (UK).
All test samples were diluted with double-distilled water
till the solution appeared weakly opalescent. The diluted
dispersions were then analyzed using glass cuvettes at
25°C with an angle of detection of 173°.

Determination of encapsulation efficiency and drug
loading percentages

The un-entrapped CUR was separated from the loaded
NLCs dispersion by filtration using a 0.45-um filter.’
Afterwards, a 400 pL aliquot of the filtrate was diluted
to a volume of 10 mL with methanol/ethanol (1:1 v/v)
mixture in order to dissolve the lipid shell and release
the entrapped CUR. The dilutions were then spectro-
photometrically measured at 426 nm using plain NLCs
in the same solvent as blank and CUR concentration
was calculated based on the calibration curve previously
constructed for CUR in the same solvent mixture. The
encapsulation efficiency percentage (EE%) and drug
loading percentage (DL%) were calculated with respect
to the originally added drug according to the following
equations."’

EE% =(Ce/Ci)x 100
The amount of entrapped CUR in NLCs (Ae) was calcu-
lated from the following equation:
Ae =(EE% x Ai)/100
The DL% was calculated from the following equation:
DL%= Ae/Ac x 100
where Ci is the initial concentration of CUR added to the
NLCs preparations and Ai is the initial amount of CUR

added to the formulation and Ac is the total amount of

carrier.
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Response surface modeling (RSM)

A RSM based on the characterization results was used to
select the optimal formulae out of the 12 prepared follow-
ing the factorial design. The effect of the two studied
factors (the solid lipid type and solid lipid to liquid lipid
ratio) was evaluated as independent variables with the
predetermined levels while the amount of surfactant and
co-surfactant used, homogenization speed and duration
remained unchanged. The responses (dependent variables)
were as aforementioned: the mean PS, PDI, ZP, entrap-
ment efficiency percentage (EE%) and drug loading per-
centage (DL%).

The goals for each response were set as the optimiza-
tion criteria: (a) for the PS, the goal was to minimize PS to
less than 200 nm, (b) for the PDI, the goal was to mini-
mize PDI to less than 0.5, (c) for the ZP, the goal was to
keep it in the range of —30 to —50 mV, (d) for both the
entrapment efficiency and drug loading percentages, the
goal was to maximize both and (e) a desirability of not less
than 0.7 was considered optimal.

Morphology by transmission electron

microscopy (TEM)

The shape of the optimized CUR-NLCs was examined by
JEM-2100 TEM manufactured by Jeol (Tokyo, Japan).
One drop of each sample was applied to a carbon film-
covered copper grid (200-mesh) without staining. Five
minutes later, a filter paper placed at the edge of the
copper grid was used to remove any excess liquid present.
Samples were air-dried in room temperature and then
examined at 200 kV power.

In vitro release

CUR release from NLCs was studied under sink condi-
tions using dialysis membrane (molecular weight cutoff
12,000-14,000) presoaked overnight at room temperature
in PBS (pH 7.4). Six milliliters of each formula were
placed in a glass tube with one end tightly sealed with
the dialysis membrane and then suspended in 30 mL of the
buffered solution containing 20% ethanol (v/v) and 0.5%
(v/v) Tween 80.2° The solution was continuously stirred at
400 RPM and the temperature was maintained at 37°C.
One-milliliter aliquots of the buffer were withdrawn on an
hourly basis for 12 hrs and replaced by fresh buffer solu-
tion and the last aliquot was withdrawn after 24 hrs. The
aliquots were then spectrophotometrically measured at 426
nm to determine the amount of released CUR.

Physical stability assessment

In order to assess the stability of CUR-NLCs formulae over
shelf-life, formulae were stored at room temperature in
tightly sealed falcon tubes and covered with aluminum foil
to protect from light. On monthly intervals, the tubes were
visually inspected and samples were withdrawn after one,
two and three months to measure the PS, PDI and ZP by
which the effect of storage on the physical stability of the
formulae was determined.

Dark and photo-cytotoxicity and cell

survival studies on MCF-7 cells

The cytotoxicity of CUR-NLCs on MCF-7 breast cancer
cells was assessed using MTT reduction assay.”'~* The
cells inoculated in two 96-well micro-plates
(Microtiter™) containing growth medium (RPMI-1640
medium enriched with 10%

were

inactivated fetal bovine
serum, 1% l-glutamine, 50 ng/mL gentamycin and HEPES
buffer) with a concentration of 1x10° cells/mL. The plates
were incubated for 24 hrs at 37°C to develop a complete
monolayer sheet, and each was divided into four groups:
one was inoculated with a serial dilution of free CUR (20—
0.15 pg/mL) dissolved in a medium at a concentration of no
more than 0.05% (v/v) DMSO as a positive control, the
other two were, respectively, inoculated with a serial dilu-
tion of the optimal formulae (20-0.15 pg/mL) and the last
group was left untreated as a negative control.

After inoculation, one plate was incubated for another 24
hrs in the dark at 37°C, while the other plate was used to
assess the photodynamic-induced toxicity of CUR. Under the
same incubation conditions, the latter plate was incubated for
24 hrs which were interrupted after the first 3 hrs to irradiate
the plate with blue light (430 nm) for 5 mins (power 100 mW,
spot size radius 4 cm, irradiance 2 mW/cm?, fluence 6 J/cm?)
and then returned to complete the incubation period.

At the end of the incubation period, the cells of all test
groups were examined for any physical signs of toxicity and
then each well was treated and thoroughly mixed with 20 pL of
MTT solution (5 mg/mL) followed by incubation for 4 hrs.
Afterwards, the media were decanted and the formed formazan
crystals were dissolved in 200 uLL. DMSO. The optical density
was measured at 560 nm and the background was subtracted at
620 nm using Biotek ELX800 micro-plate reader.

Statistical analysis
All experiments were performed in triplicates and the data
analyses were performed by paired 7-test and ANOVA
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following a RSM using Microsoft Excel 2019, Design
Expert version 10 and (IBM® SPSS® version 25). All
data were presented as mean + SD. A confidence interval
of 95% was selected and a value of p<0.05 was considered
significant.

Results
PS, PDI and ZP

Twelve formulae were developed using high shear hot
homogenization technique since it was one of the most
frequently applied techniques on lab scale, after which
scaling up in industry could be accomplished. It was gen-
erally applicable even with temperature-sensitive com-
pounds because of the relatively short exposure time to
elevated temperatures.”

The prepared CUR-NLCs showed a mean PS in the
nanometric range with small standard deviation and PDI,
hence, indicating the mono-dispersity and homogeneity of
the NLCs size as shown in Table 2. The closer the PDI
value to zero, the more mono-dispersed the sample.** The
PS of seven of the formulae (PE1, PE2, PE3, GEl, GE2,
GE3 and PR1) was between 100 and 200 nm, while the
rest (PR2, PR3, CO2 and CO3) had a mean PS between
200 and 450 nm, with the exception of one formula (CO1)
that showed microscopic particles (PS greater than
1000 nm).

The results revealed that using glyceryl monooleate
and Geleol as solid lipids was linked to obtaining smaller
PS (113.94+11.3 nm) with smaller PDI (0.29+0.05),
whereas gylceryl distearate and glyceryl dibehenate
yielded larger particles with relatively greater standard
deviation and PDI. However, the change in solid lipid

type did not have a significant impact on the PS
(»=0.0954). In addition, changing the solid lipid ratio did
not show a significant impact on the change in PS or PDI
as well.

All the prepared NLCs carried a negative charge ranging
from —6.1040.28 to —47.50+2.69 as shown in Table 2 which
conformed to the results reported in the literature.”*>>® There
was no statistical significance for changing the type or the
percentage of the solid lipid on ZP.

Encapsulation efficiency and drug loading

percentages

The formula (GE3) showed the highest EE% and DL% of
82.49% and 1.03%, respectively, while most of the for-
mulae showed EE% and DL% not less than 60% and
0.75%, respectively. On the other hand, only two formulae
(PR1 and CO1) showed lower values for EE% (47.11%
and 51.55%) and DL% (0.59 and 0.64) as shown in
Table 2.

Response surface modeling

A custom RSM was employed to screen the characteriza-
tion results obtained for each of the twelve prepared for-
mulae, evaluate the relationship and interaction between
the factors and the predetermined responses for the con-
ducted experiment on statistical grounds and, conse-
quently, help select the optimum formula.

The resulting model successfully plotted the relation-
ship and interaction between the factors and the responses.
However, the model did not prove any significant impact
of either of the two factors (the solid lipid type or solid
lipid to liquid lipid ratio) individually or combined on any

Table 2 Particle size, polydispersity index, zeta potential, percentage entrapment efficiency and drug loading for CUR-NLCs

Formula code Particle size (nm) Polydispersity index Zeta potential (mV) EE% DL%
PEI 101.80%1.41 0.37+0.07 —31.20£0.71 62.62 0.78
PE2 108.75+1.77 0.22+0.00 —34.00+£0.57 73.19 0.92
PE3 107.45+7.28 0.31+0.00 —44.10£0.57 75.56 0.94
GEI 117.32+30.38 0.30+0.08 —32.90£3.11 63.77 00.8
GE2 134.10+3.54 0.27+0.02 —35.6512.62 66.43 0.83
GE3 114.20+12.45 0.30+0.01 —47.50£2.69 82.49 1.03
Col 284.00+28.28 0.34+0.07 —6.10£0.28 47.11 0.59
CO2 444.50+20.51 0.82+0.17 —23.70+6.36 63.97 0.79
COo3 1248.00+453.96 0.40+0.08 —24.15+6.58 64.57 0.80
PRI 185.10+4.95 0.23+0.04 —30.55%1.48 51.55 0.64
PR2 241.90+28.43 0.18+0.01 —27.75%3.46 69.79 0.86
PR3 265.70+£19.94 0.84+0.16 —10.25£0.21 70.11 0.87

Abbreviations: EE%, percentage encapsulation efficiency; DL%, percentage drug loading.
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of the responses (none of the p-values was <0.05). The
RSM also suggested that GE3 (desirability 0.903) and PE3
(desirability 0.835) were the only optimum formulae out
of the prepared twelve in terms of the overall desirability,
PS, PDI, ZP, EE% and DL% according to the optimization
criteria as shown in (Figure 1).

Morphology by TEM

The images obtained by TEM shown in (Figure 2)
revealed that the optimum CUR-NLCs (PE3 and GE3)
were separate spherical homogenous vesicles similar to
other findings in the literature.”

In vitro release

Both formulae (PE3 and GE3) showed a prolonged release
pattern as shown in Figure 3. The percentage of cumula-
tively released CUR after 24 hrs was found to be signifi-
cantly higher (p<0.05) in PE3 (11.9%) than GE3 (6.75%).

Physical stability assessment

Over the course of storage in the dark at room tempera-
ture, no significant changes in physical appearance of both
formulae were observed; both retained a transparent can-
ary-yellow appearance. The results for PS, PDI and ZP for
the first and second onths, demonstrated in Figure 4, did
not show any significant changes (p>0.05) indicating the
stability of the formulae.

During the third month, GE3 formula started to show
white flocculation at the bottom of the storage tube.
Moreover, both tubes showed an orange precipitate of
CUR. Both formulae solutions appeared translucent or
relatively cloudy, probably due to microbial growth,
while small fungal colonies appeared on the surface of
the liquid in both tubes. That could possibly be managed
by either lyophilization or the addition of a compatible

preservative.”’

Dark and photo-cytotoxicity and cell

survival studies on MCF-7 cells

After 24 hrs of incubation at 37°C, the visual inspection
under an inverted microscope (LaboMed®) revealed the
following results. While the negative control cells
remained visibly intact and healthy, the treated cells
showed clear physical signs of cellular distress and toxi-
city as shown in Figure 5 A-F. These findings were con-
firmed by the cell viability and survival assay (MTT

assay).

As shown in Figure 6, the exposure to 5 pg/mL of free
CUR and both PE3 and GE3 formulae has reduced the
cellular viability of MCF-7 cells in the dark and after
exposure to light. In dark conditions, free CUR (ICs
7.254 pg/mL) was cytotoxic when used at concentrations
from 20 pg/mL down to 2.5 pg/mL, while all concentra-
tions of both PE3 (ICs 0.29 ug/mL) and GE3 (ICs, 0.883
pg/mL) were cytotoxic regardless of the dilution. These
results demonstrated the cytotoxic efficacy of CUR, as
well as the superiority of its NLCs against MCF-7, and
supported its potential use to treat breast cancer.

Notably, the irradiation with blue light at 430 nm
showed a very significant impact on potentiating the cyto-
toxic efficacy of CUR loaded in PE3 (p=0.022), whereas
this impact was not significant for Free CUR or GE3
(»p>0.05). The ICsq values for free CUR, PE3 and GES3,
after irradiation, were 6.99, 0.15 and 0.864 ug/mL, respec-
tively, which were less than those for dark treatment.

Discussion

High shear hot homogenization technique allowed for
obtaining, in most cases, a mean PS in the range of 100—
200 nm regardless of the differences in emulsification and
cooling conditions.”> However, NLCs prepared using gly-
ceryl distearate and glyceryl dibehenate yielded relatively
larger particles. Glyceryl distearate was reported to yield
particles having a smaller size compared to glyceryl
dibehenate.*®

At room temperature, both glyceryl distearate and
glyceryl dibehenate were solid powders with high melt-
ing points ranging from 50°C to 77°C, in contrast to
glyceryl monooleate and Geleol which were already in
liquid and viscous gel forms, respectively, at room
temperature.

The heat applied during the preparation of the pre-
emulsion (80°C) was sufficient to keep the high melting
point solid lipids (glyceryl distearate and glyceryl dibe-
henate) in liquefied form. However, during the transfer of
the pre-emulsion to the homogenization step, a reduction
in temperature took place. Such a drop in temperature
allowed the re-solidification and re-crystallization of
these solid lipids
desired PS.'%*

Moreover, due to the rheological properties of both

to occur before achieving the

solid lipids, the viscosity of the dispersed phase increased
gradually as the temperature went down below the melting
point, reducing the efficiency of the homogenization pro-

cess leading to achieving less reduction in PS.?%*°
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Figure | Response surface model (RSM) results for the best formulae (1) GE3 and (2) PE3 showing desirability scores, particle size, polydispersity index, zeta potential,

entrapment efficiency percentage and drug loading percentage.
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Figure 2 (A and B) Images obtained by transmission electron microscopy (TEM) for (A) PE3 and (B) GE3.
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Figure 3 The cumulative percentage of CUR released from PE3 and GE3.
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Figure 4 Evaluation of particle size and zeta potential of PE3 and GE3 over the storage period.

Abbreviations: PE, Peceol; GE, Geleol.

It is established that the PS in emulsions is strongly
correlated to the viscosity of the dispersed phase and the
interfacial tension between the dispersed and continuous
phases.*® Therefore, the introduction of high melting point

lipids as dispersed phase contributed to increasing the
viscosity ratio between the two phases, resulting in NLCs
with larger PS and greater PDI values compared to those
obtained from glyceryl monooleate and Geleol. The use of
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Figure 5 (A-F) Inverted microscope images revealing the effect of 5 pg/mL of each of (A) free CUR (dark), (B) PE3 (dark), (C) GE3 (dark), (D) free CUR (light), (E) PE3

(light) and (F) GE3 (light) on MCF-7 cell line (magnification power 40X).
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Figure 6 MCF-7 cell survival percentages plot following exposure to free CUR, PE3 and GE3 under dark and light settings.

Abbreviations: CUR, curcumin; PE, Peceol; GE, Geleol.

a higher concentration of surfactant in the preparation of
the pre-emulsion and ultra-sonication following high shear
homogenization would have aided in decreasing the PS for
glyceryl distearate and glyceryl dibehenate NLCs.'%'-*2
Concerning ZP, it reflected the net charge on the parti-
cle surface, which was a major contributor to the physical
stabilization of the NLCs' dispersion. The greater the
value, the higher the system stability would be, because
of the repulsive forces between the particles.®® Values
greater than £30 mV were generally good indicators of
static stabilization of the dispersion system.'®* Hence,

systems prepared from glyceryl monooleate and Geleol
showed appropriate PS and stability.

Drug loading and entrapment efficiency of NLCs dis-
played in Table 2 were affected by several factors such as
the solubility of the drug in the molten lipids, the misci-
bility of the drug melt and lipid melt, the physicochemical
properties of the solid matrix lipid and the polymorphic
state of lipid material. The drug should then be loaded and
distributed in the shell, the core or both.** The selection of
the solid lipid type showed an impact on EE% and DL%.
That impact, despite being statistically non significant
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(p=0.26), could be attributed to the solubility profile of
CUR in each lipid. According to published solubility stu-
dies, CUR exhibited the highest solubility in glyceryl
monooleate (8.143+0.671 mg/g) followed by Geleol (a
mixture of glyceryl distearate and refined soybean oil),
glyceryl distearate and finally glyceryl dibehenate.* >’
Moreover, changing the solid lipid ratio for each type of
lipids from 70:30 to 85:15 to 95:5 had a statistically
nonsignificant (p=0.07) influence on both EE% and
DL%. That slight increase could be attributed to the
increase in the solid lipid content in the lipid matrix. The
higher the solid content, the greater the drug loading
capability.>*

Based on RSM, two optimum formulae were chosen,
namely, GE3 and PE3, for further investigation.

TEM images of the optimum formulae revealed two
different zones: an outer shell and a core. Both appeared
colored and distinguishable from the background due to
the loaded CUR. In PE3 shown (in Figure 2A), the parti-
cles appeared slightly darker than GE3
Figure 2B, due to being composed mainly of glyceryl

shown in

monooleate (solid lipid to liquid lipid ratio 95:5) in
which CUR was most soluble, resulting in a homogenous
distribution of CUR (hence the dark particles). On the
other hand, in GE3, the particles appeared lighter in
color while the core appeared slightly darker due to the
higher solubility of CUR in the liquid lipid (Olive Oil)
than in Geleol.*>~’

Optimum formulae were examined for their in vitro
release over 24 hrs. The incorporation of CUR into NLCs
resulted in extension of drug release. The significantly
higher percent of cumulative CUR released from PE3 com-
pared to GE3 could be attributed to the aforementioned
solubility of CUR which was higher in glyceryl monooleate
compared to Geleol. That high solubilizing power of gly-
ceryl monooleate facilitated self-emulsification of CUR and
consequent dissolution.”® The solid lipid shell was also
much more CUR-enriched in case of glyceryl monooleate,
leading to a higher concentration of CUR in the release
medium with the gradual erosion of the shell.

Moreover, in NLCs, the use of spatially different solid
and liquid lipid molecules led to creating an imperfect
lipid matrix.’'® That resulted in an enhanced drug loading
capacity, reduced drug leakage on storage and a better
release profile.'” The increased overall solid content of
the NLCs also contributed to the higher drug payload.*?

Many reports attempted to deduce CUR cytotoxicity
exhibited in the dark and linked it to the ability of CUR

to induce apoptosis in various cancer cell lines through
inhibiting and down-regulating different intracellular tran-
scription factors, kinases, cytokines, p53, NF-kB, TNF,
COX-2, metalloproteinase-9 and activator protein-1.%"*!
Thus, the optimum formulae were tested for their cytotoxic
effect on MCF-7 under both dark and photo conditions
compared to CUR. The enhancement in cytotoxic activity
following irradiation agreed with similar finding in the
literature.*****™** That could be attributed to the photody-
namic activation of CUR, as a Ps, with light of wavelength
greater than 400 nm generating ROS and singlet oxygen
specifically, which caused cellular damage and eventually
induced apoptosis. Not only did that lead to increasing the
cytotoxicity, but also greatly reduced the ICsy required to
achieve this goal.*

Overall, comparing both formulae (PE3 and GE3) to
free CUR in dark conditions showed a very significant
increase in CUR cytotoxic activity (p 0.004 and 0.008,
respectively). In addition, that strong significance on cyto-
toxic activity was maintained after irradiation with light (p
0.004 and 0.006, respectively). Moreover, PE3 was sig-
nificantly more effective in potentiating the cytotoxic
effects of CUR than GE3 under both dark and irradiation
settings (p 0.035 and 0.015, respectively). Such an
increase in cytotoxic activity could be attributed to the
efficiency of NLCs as a delivery system to deliver CUR
to the cancer cells. The small mean PSin PE3 and GE3
(107.45 and 114.20 nm) and spherical shape allowed for
enhanced cellular permeation and uptake since the vascu-
lar cutoff pore size of most cancer cells is between 380 and
780 nm, while normal cells were impermeable to that size.
That contributed to increasing the selectivity of CUR. In
addition, the negative ZP of the particles (—44.10 and
—47.50 mV) enhanced the internalization of the particles
by the cancer cells due to endocytosis and the nonspecific
binding of the negatively charged particles to cationic sites
on the cellular membrane.***>4¢

Remarkably, PE3 showed the lowest ICsq in both
dark and light settings (0.29 and 0.15 pg/mL, respec-
tively) and retained the cytotoxic activity of CUR down
to the highest dilution to 0.15 pg/ mL. That could be
explained once again by the enhanced solubility in the
solid lipid shell of the NLCs formulated from glyceryl
monooleate rather than Geleol (GE3) leading to a higher
drug-enriched shell and better drug release. Moreover,
glyceryl monooleate modulates and inhibits P-glycopro-
tein expression (a membrane transporter) which is gen-
erally responsible for multidrug resistance by preventing
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drugs from penetrating cellular membranes, hence pro-
moting CUR penetration into cells and enhancing its
cytotoxic effect.*’>°

Concerning the stability, optimum formulae showed
high stability. That was attributed to the unique properties
of NLCs. During storage of highly concentrated NLC
particle dispersions, the physical stability was high.
That was attributed to the fact that in contrast to usual
particle kinetics, the particles in NLCs dispersions had
limited freedom to diffuse and move due to the formation
of a pearl-like lipid matrix that fixed particles in a
network.”?

However, flocculation and microbial growth were
observed during the third month of storage. The pre-
sence of water in the solution without proper preserva-
tion provided a suitable medium for microbial and
fungal growth leading to physical instability in the
short term.

Conclusion

It was possible to potentiate the anticancer activity of
CUR through its formulation into NLCs using glyceryl
monooleate and olive oil at a ratio of 95:5 (PE3), which
has enhanced CUR penetration into cancer cells and
therefore increased its cytotoxic activity. The photody-
namic therapeutic effect of CUR-NLCs (PE3) showed
superior activity on breast cancer cell line as evidenced
by a significant decrease in the cell viability on expo-
sure to PE3 compared to free CUR following exposure
to blue light (430 nm). That suggested the possibility of
using CUR in lower doses with PDT to treat breast
cancer. CUR-NLCs (PE3) maintained physical stability
for two months.
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