Journal of Drug Delivery Science and Technology 115 (2026) 107769

Contents lists available at ScienceDirect

Journal of Drug Delivery Science and Technology

journal homepage: www.elsevier.com/locate/jddst

ELSEVIER

Design and optimization of inherently cytotoxic nanostructured lipid
carriers as drug vehicles with dual anti-cancer activity

John Youshia ?®, Mera Medhat °, Mariam George b Haidy Maged b Maureen Sherif®,
Salma Ashraf”, Sara Ahmed ", Marina George ", Felopateer Karam ”, Wafaa Ibrahim ",
Mariam Samir”, Dina O. Helal >

@ Department of Pharmaceutics and Industrial Pharmacy, Faculty of Pharmacy, Ain Shams University, Cairo, Egypt

Y Drug Design Program, Faculty of Pharmacy, Ain Shams University, Cairo, Egypt
¢ Leicester School of Pharmacy, Faculty of Health and life Sciences, De Montfort University, Leicestershire, United Kingdom

ARTICLE INFO ABSTRACT

Keywords:

Breast cancer
Lipid nanocarriers
Curcumin

Lemon oil
Flaxseed oil
Blackseed oil

Cancer remains to be one of the most life-threatening diseases with high rates of mortality and morbidity. The
major challenge facing chemotherapy is targeting the drug molecules to malignant tissues and avoiding healthy
ones. Optimal design of drug delivery carriers can assist not only in directing the drug moieties to the cancer cells
but also in potentiating their action. In this study, we fabricated inherently cytotoxic nanostructured lipid car-
riers (NLCs) as nanovehicles for chemotherapeutic drugs for dual anticancer activity. Natural oils reported to
have anticancer activity were used for the preparation of these cytotoxic nanovehicles, replacing conventionally
used oils. Optimized NLCs impregnated with flaxseed or lemon oil had a size of 184 + 10 and 167 + 1 nm,
respectively. Flaxseed oil impregnated NLCs lowered ICso against MCF-7 breast cancer cells from 214 + 65 ug
oil/mL for conventional NLCs to 33 + 12 pg oil/mL (6-fold enhancement), while lemon oil NLCs lowered it to 44
+ 17 pg oil/mL (5-fold enhancement). Loading both NLCs with curcumin, as a natural anticancer model drug,
resulted in ICsg of 2.71 + 1.8 and 2.79 + 1.5 pg curcumin/mL for flaxseed and lemon oil, respectively This was
lower than ICso values recorded for free curcumin (12.93 + 6.9 pg curcumin/mL) and curcumin loaded in
conventional NLCs (7.21 + 1.6 pg curcumin/mL). These results show that these designed cytotoxic nanovehicles
can potentiate the chemotherapeutic action of any loaded drug, providing dual anticancer activity. They
represent a promising drug delivery carrier in our fight against cancer.

1. Introduction

Cancer is the leading cause of death worldwide and is responsible for
about 10 million deaths in 2020. The most common new cases are due to
breast, lung, and colon cancer with breast cancer remaining one of the
leading causes of cancer-related morbidity and mortality worldwide [1,
2]. Early detection and treatment are critical to reduce mortality rates.
Conventional cancer treatment strategies include surgery, radiation and
chemotherapy [1]. However, the fundamental problem of chemo-
therapy is the lack of targeted delivery of the therapeutic agents selec-
tively into the tumor tissue. This is essential to maintain effective drug
concentration for a certain period and ensure drug-tumor interaction to
perform anticancer activities with minimal systemic side effects.
Luckily, tumors have a unique pathophysiological phenomenon called

enhanced permeability and retention (EPR). This phenomenon makes
the highly vascularized tumors permeable to macromolecular com-
pounds, polymer conjugated drugs as well as nano-sized medications
that can progressively accumulate within the tumor. Once inside the
tumor, the reduced lymphatic drainage of the tumors keeps these
compounds trapped inside the tumor tissue for a prolonged period of
time [3]. This phenomenon can be taken advantage of to ensure efficient
passive targeted delivery and retention of therapeutic agents to the
tumors.

Lipid nanoparticles represent an opportunity as drug delivery car-
riers against cancer. They are biocompatible, easily manufactured and
can be used for passive and active targeting of malignant tissues [4]. An
interesting type is solid lipid nanoparticles (SLNs), which are composed
of solid lipids stabilized by surfactant molecules on the surface.
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However, owing to lipid recrystallization and formation of a perfect
crystal lattice, drug expulsion may occur upon storage [5]. This was
overcome by adding a liquid lipid or oil to the solid lipid to create im-
perfections in the crystal lattice and reduce the subsequent drug
expulsion [6]. These nanoparticles represented the second generation of
SLNs and were termed nanostructured lipid carriers (NLCs).

Natural-based compounds can target one or more of the mechanisms
involved in cancer initiation and progression such as DNA damage,
epigenetic modifications, metabolic alterations and chronic inflamma-
tion and thus suppress the initiation, progression, and even metastatic
spread and relapse of cancers [1]. Several natural oils have shown
antitumor activity against various human cancer cell lines [7,8]. Of
particular interest are lemon, black seed, and flaxseed oils as they are
edible and commonly consumed in various cuisines worldwide. In
addition, their cytotoxicity against different cancer cell lines was pre-
viously reported. Lemon oil showed the highest cytotoxicity against
human skin (A431), gastric (MKN-45) and brain (U-87 MG) cancer cell
lines compared to other oils and was safe till a dose of 2000 mg/kg body
weight [8]. Additionally, it was formulated in nanoemulsion and
induced apoptosis in human lung cancer cells (A549) [9]. Black or Ni-
gella sativa seed extracts were reported to have antitumor activity [10].
Moreover, its oil demonstrated cytotoxicity against human liver
(HepG2) and breast (MCF-7) cancer cells with reported ICsg of 44.6 and
46.2 pg/mL, respectively and induced mitochondrial-mediated
apoptosis in HepG2 cells [11]. Furthermore, chitosan [12] and gold
[13] nanoparticles loaded with black seed oil recorded enhanced cyto-
toxicity and lower ICsy compared to free oil. Flaxseed oil inhibited
proliferation of several cell lines of breast cancer, cervical cancer, and
melanoma. Flow cytometry studies showed that flaxseed oil successfully
induced apoptosis in murine melanoma (B16-BL6) and breast cancer
cells (MCF-7) [14]. Moreover, it was safe on non-malignant cell lines and
did not inhibit the growth of embryonic kidney cells (HEK293), human
epithelial cells (HSG), and breast epithelial cells (HBL-100) [14].
Incorporating these oils into a suitable drug delivery system should
facilitate their administration, protect them from enzymatic breakdown
in physiological environment and target them to malignant tissues. It
was previously reported that incorporating essential oil of Pistacia
atlantica into NLCs significantly potentiated its anticancer activity. This
was evident by declining the viability of SKBR3 breast cancer cells via
cell cycle arrest and apoptosis, compared to cells treated with placebo
and the free essential oil [15].

Our aim was to replace the commonly used oils in NLCs with natural
oils having native anticancer activity namely lemon, black seed, and
flaxseed oils to formulate NLCs with inherent cytotoxic activity, in other
words cytotoxic nanovehicles. We hypothesize that this should augment
the cytotoxic activity of NLCs and provide dual acting nanovehicles once
loaded with an anticancer molecule. To the best of our knowledge, no
one has attempted to prepare inherently cytotoxic NLCs and study the
effect of combining these pharmacologically active nanovehicles with
curcumin-a model natural cytotoxic drug- and study their combined
cytotoxic effect. The effect of varying lipid concentration, type of oil and
surfactant on the particle size and surface charge of NLCs was studied
and analysed using design of experiments. Moreover, cytotoxicity of
optimized formulae against human colon (Caco-2) and breast (MCF-7)
cancer cell lines was evaluated. Furthermore, selected cytotoxic NLCs
formulations were loaded with curcumin as a model natural drug with
reported anticancer activity [16], to get a measure of the potential
enhancement in cytotoxicity. This designed drug delivery system would
offer dual anticancer activity against malignant tissues, where both the
drug and the nanovehicles are cytotoxic to the cancer cells.

2. Materials and methods
2.1. Materials

Glyceryl behenate (Compritol® 888 ATO) and medium chain
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triglycerides (MCT) (Labrafac Lipophilie® WL 1349) were kindly gifted
by Gattefosse (Saint-Priest Cedex, France). Curcumin was a kind gift
from Eva Pharma (Cairo Egypt). Lemon oil, black seed oil and flaxseed
oil were purchased from Imtenan (Cairo, Egypt). Poloxamer 188 (P188),
sulforhodamine B and dimethylsulfoxide (DMSO) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Penicillin/streptomycin were pur-
chased from Capricorn scientific (Ebsdorfergrund, Germany). Fetal
bovine serum (FBS) was purchased from Thermo Fisher scientific
(Massachusetts, USA). Trypsin was purchased from Lonza (Verviers,
Belgium). Roswell Park Memorial Institute (RPMI) and Dulbecco’s
Modified Eagle Medium (DMEM) were purchased from Serana (Pessin,
Germany). Polysorbate 80 (P80), disodium hydrogen phosphate, po-
tassium dihydrogen phosphate, sodium chloride and absolute ethanol
were purchased from Adwic, El-Nasr Pharmaceutical Co. (Cairo, Egypt).

2.2. Preparation of NLCs

Hot high shear homogenization was the selected method for prepa-
ration of NLCs [17]. Briefly, lipid phase, composed of solid and liquid
lipids, was heated to 80 °C on a hot plate (AREC.X VELP Scientifica,
Usmate, Italy) to melt the solid lipid. The aqueous phase was heated to
85 °C and poured onto the lipid phase. Afterwards, the mixture was
homogenized at 80 °C for 2 minutes at 10,000 rpm (Ultra Turrax T25,
IKA, Germany). The obtained dispersion was then allowed to cool down
at room temperature before being stored in the refrigerator at 4 °C for
complete solidification and formation of NLCs. For curcumin-loaded
formulations (Cur-NLCs), curcumin was added to the lipid phase dur-
ing preparation.

2.2.1. Preliminary optimization of NLCs

Optimization of oil-impregnated NLCs was done in two steps. A
preliminary experiment was performed using MCT, where the effect of
two oil concentrations; 15 and 30 % of the lipid phase, was evaluated on
the particle size of the prepared NLCs (MCT-NLCs). The lipid concen-
tration (Glyceryl behenate + MCT) was fixed at 4 %, while the aqueous
phase composition was fixed at 2 % P80.

2.2.2. Experimental design and construction of response surface one factor
design

Based on preliminary optimization, the selected oil concentration
(30 %) was used for further evaluation of other parameters. An experi-
mental design using Design-Expert software version 13.0.5.0 (State-Ease
Inc., Minneapolis, MN, USA) was employed to explore the response
surfaces and the statistical models. The design included an independent
numerical factor; (A) Lipid concentration (%) and two categorical fac-
tors; (B) Oil type and (C) Surfactant type. Factor A was tested at 3 nu-
merical levels (low, intermediate, and high), factor B was tested using 3
different categorical levels namely; lemon oil, flaxseed oil and black
seed oil whereas factor C was tested at only 2 levels as shown in Table 1.
The oil concentration was fixed at 30 % of the total lipid phase. The
evaluated responses were particle size and zeta potential.

L-NLCs, F-NLCs and B-NLCs are the respective assigned names in this
manuscript for the NLCs prepared using lemon oil, flaxseed oil and black
seed oil, respectively. A design matrix with a total of 30 different runs
was generated by the software (Table S1). ANOVA was used for

Table 1
Levels of the formulation parameters for the preparation of NLCs using the
response surface one factor design.

Factor Type Levels
(A) Lipid concentration Numeric 3 4 5
(%)
(B) Surfactant type Categoric  Polysorbate 80 Poloxamer
188
(C) 0il type Categoric  Lemon  Flaxseed  Black seed
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statistical authentication of the generated polynomial equations. The
observed response was fitted to quadratic, linear and two-factor in-
teractions (2FI) models. The interaction plots were constructed by the
software and the polynomial equations were validated.

2.3. Physicochemical characterization of the prepared NLCs

NLCs were characterized for their particle size (PS), polydispersity
index (PDI) using dynamic light scattering (DLS) technique as well as
zeta potential (£) evaluation (Zetasizer Nano ZS, Malvern Instruments,
Malvern, United Kingdom) [18]. To assess the physical stability of
selected samples, measurements were carried out on freshly prepared
samples and after storage at 4 °C for 1 and 3 months. Samples were
diluted before measurement to avoid multiple scattering.

For determination of curcumin entrapment efficiency (EE, %) and
drug loading (DL, %), NLCs were separated using centrifugal filters
(Nanosep®, MWCO 100KD, Pall Life Sciences, New York, USA). Samples
were centrifuged at 7000 rpm (4660 g) (2216 MK, Hermle, Wehingen,
Germany) at 20 °C for 60 minutes. The concentration of curcumin in the
supernatant was measured in 50 % ethanol at a wavelength of 430 nm
using spectrophotometry (UV-1601 PC, Shimadzu, Kyoto, Japan). This
developed analytical method was validated in our laboratory and had a
linearity range of 5-50 pg/mL. The limit of detection (LOD) and limit of
quantification (LOQ) were found to be 3.25 pg/mL and 9.84 pg/mL,
respectively. The regression equation (R? = 0.997) was:

y=0.0137x + 0.0461

where, y is the absorbance and x is the concentration of curcumin in pg/
mL.
EE and DL were calculated using the following equations [18]:
W, — Wy
EE (%) =——_"7
(00) ==

t

x 100

W, — W,
DL (%):7‘W U

n

x 100

where: Wy is the total weight of curcumin used in the formulation, W¢ is
the weight of free curcumin remaining in the supernatant and Wy, is the
total weight of nanoparticles.

2.4. Transmission electron microscopy

Selected NLCs were examined under the electron microscope to
study their morphology. Samples were bath-sonicated for 10 minutes
(Crest Ultrasonics Corp., New Jersey, USA). Afterwards, a few drops
were loaded on carbon coated copper grid, stained by 1 % phospho-
tungistic acid and left to dry. Then, the grid was examined by high
resolution transmission electron microscope (HR-TEM) (JOEL, JEM-
2100, Tokyo, Japan) operated at 200 KV [18].

2.5. Invitro release of curcumin from NLCs

Curcumin release from NLCs was performed through a dialysis
membrane. A volume containing an equivalent of 0.25 mg curcumin,
either free (Dissolved in the same composition of the dissolution me-
dium) or loaded in NLCs was placed in a dialysis tube (MWCO
12,000-14,000, Spectra/Por®, Spectrum Laboratories, California, USA)
and sunk in the dissolution medium. The dissolution medium was
composed of 10 mL PBS containing 2 % P80. The pH was adjusted to 7.4
to mimic physiological blood conditions [19] and 6.5 to mimic tumor
microenvironment [20]. While P80 was added to enhance solubility of
curcumin and achieve sink conditions. The experiment setup was kept at
37 °C under continuous shaking at 100 strokes per minute (GFL 1083,
Gesellschaft fiir Labortechnik, Burgwedel, Germany). Samples were
withdrawn at the following time intervals (0.25, 0.5, 1, 2, 6, 24, 48, 72
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and 120 hours at pH = 7.4/0.25, 0.5, 1, 2, 6, 24, 72, 96, 120, 168, 264
and 336 hours at pH = 6.5) and were replaced with fresh buffer to
maintain sink conditions. The concentration of curcumin was assayed
spectrophotometrically at 425 nm using a UV-Vis spectrophotometer.
Two analytical methods were developed and validated in our laboratory
for the assessment of curcumin at pH 7.4 and 6.5, respectively. At pH =
7.4, linearity range was 2.5-25 pg/mL. LOD and LOQ were found to be
1.71 pg/mL and 5.17 pg/mL, respectively. While at pH = 6.5, linearity
range was 5-17.5 pg/mL. LOD and LOQ were found to be 1.55 pg/mL
and 4.71 pug/mL, respectively. The regression equations were:

pH=7.4 y = 0.0457x — 0.0447 R%=0.996
pH=6.5 y = 0.0577x + 0.1226 R? = 0.992

Where, y is the absorbance and x is the concentration of curcumin in
pg/mL.

The mechanism of curcumin release was determined by fitting the
data to different kinetic models using DDSolver Excel Add in [21].
Furthermore, the obtained release profiles were compared by calcu-
lating the difference factor (f1) and similarity factor (f2) according to the
following equations [22].

({5 (5)

-0.5
1 n
f,=50 +log{ (1 +o > R Tt)2> X 100}

t=1

where n is the number of sampling time points, R and T; are the mean
percent curcumin released from reference (R) and test (T) products up to
each time point t, respectively. To consider similar release profiles, fI
values should fall between 0 and 15, while f2 values should fall between
50 and 100.

2.6. Differential scanning calorimetry, fourier transform infrared
spectroscopy and X-ray diffraction

Selected Cur-NLCs formulations, curcumin, glyceryl behenate, P188
and physical mixture (Composed of curcumin, glyceryl behenate and
P188 in same percentage as NLCs formulations) were investigated using
Fourier transform infrared spectroscopy (FTIR), differential scanning
calorimetry (DSC), and X-ray diffraction (XRD). The aim was to study
the crystallinity of NLCs and detect any incompatibility between the
used ingredients [18]. Prior to characterization, curcumin-loaded NLCs
were air dried under a flame hood into a solid powder.

Infrared spectrum of the samples was recorded after mixing with
potassium bromide using FTIR spectrophotometer (Nicolet iS10,
Thermo Fisher Scientific, Madison, WI, USA).

Thermal properties of the samples were investigated using differ-
ential scanning calorimetry (DSC-60 Plus; Shimadzu, Kyoto, Japan).
Samples (3-5 mg) were sealed in aluminum pans with lids and heated at
a rate of 10 °C/min to a temperature of 300 °C. The carrier gas was
nitrogen with a flow rate of 30 mL/min.

Crystalline properties of the samples were measured using X-ray
diffractometer (Empyrean 3, Malvern Panalytical B.V., Almelo,
Netherlands). The scanning scope of 26 for the diffraction pattern was
between 5 and 90 at room temperature.

2.7. Cellular studies

2.7.1. Cell culture

Human colon (Caco-2) and breast (MCF-7) cancer cell lines were
cultured in RPMI-1640, while human fibroblast normal cells (HFB4)
were cultured in DMEM. Both media were supplemented with 100 pg/
mL streptomycin, 100 units/mL penicillin and 10 % heat-inactivated
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fetal bovine serum and maintained in a 5 % (v/v) CO5 humidified at-
mosphere at 37 °C.

2.7.2. Cell viability studies

Cytotoxicity of the selected oil-impregnated NLCs formulations and
Cur-NLCs was tested on Caco-2 and MCF-7 cells using sulforhodamine B
(SRB) assay [23]. Briefly, cells were seeded at a density of 2K cells/well
in 96-well plates and left overnight. Subsequently, cells were treated
with 0.1-1000 pg/mL of oil-impregnated NLCs or Cur-NLCs (equivalent
to 0.005-50 pg Cur/mL) for 72 h. Eventually, cytotoxicity was assessed
by adding SRB to the well plates, incubating for 48 h then the absor-
bance was measured at 545 nm using microplate reader (BioTek in-
struments, Vermont, USA). The results were expressed as the percentage
cell survival and calculated using the following equation:

Treated cells (A 545 nm)

1 ival (%)= 1
Cell survival (%) Untreated cells (A 545 nm) x 100

Half-maximal inhibitory concentration (ICsp), the drug concentra-
tion at which 50 % growth inhibition is achieved, was calculated using
GraphPad Prism software version 7.04 (GraphPad Software, La Jolla,
California, USA).

Safety of the prepared Cur-NLCs was also assessed by evaluating
their cytotoxicity on HFB4 cell line using the SRB assay as previously
outlined.

2.8. Statistical analysis

Data are represented as mean + standard deviation. Unpaired stu-
dent t-test was used to analyze PS of NLCs stabilized by P80 and con-
taining either 15 or 30 % MCT. In addition to analyzing cytotoxicity data
of MCT-NLCs stabilized by P80 and P188 on MCF-7 and Caco-2 cells.
While one-way ANOVA followed by Tukey’s multiple comparisons test
was utilized in analyzing the remaining cytotoxicity results. Analyses
were done using GraphPad Prism version 7.04 (GraphPad Software, La
Jolla, California, USA).

3. Results
3.1. Preliminary optimization of NLCs

MCT-NLCs prepared using 15 and 30 % oil of total lipid and stabi-
lized by 2 % P80 showed PS of 249 + 16 and 251 + 1 nm, respectively.
No significant difference (p>0.05) was found between both oil per-
centages. Accordingly, 30 % oil concentration was selected for further
studies to maximize the loaded amount of the therapeutically active oil.

3.2. Effect of formulation parameters on particle size and zeta potential of
NLCs

A full factorial experimental design was conducted using response
surface one factor design to evaluate the effect and interactions of the
different studied factors on PS and & of the prepared NLCs. The
composition of the fabricated NLCs and their corresponding PS, PDI and
¢ is shown in Table S1. The relation between the evaluated formulation
parameters and the obtained size and charge was expressed using
polynomial equations where; positive and negative coefficient signs
indicate direct and inverse relationships between the evaluated re-
sponses and tested parameters, respectively [24] (Table S2). 2FI vs
linear was the selected model for both responses (p<0.05) with a
respective R% = 0.91 and 0.85 for PS and ¢, and an adequate precision of
15 and 10 for PS and & respectively, indicating a high signal to noise
ratio thus, confirming its suitability to navigate the design space [25,
26].

PS of the prepared NLCs ranged between 144 and 337 nm, while PDI
ranged between 0.165 and 0.627. ANOVA of the PS data (Table S3)
showed that both lipid concentration (A) and oil type (C) had a
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significant effect (p <0.0001) on PS, whereas the used surfactant type
(B) had no significant effect (p>0.05). Moreover, interaction between
the tested parameters was also evident where a significant interaction
was found between A and C as well as between B and C (p <0.05). The
2D graphical illustrations, showing the relation between the three tested
parameters and their interactions, are displayed in Fig. 1a and b.

PS increased significantly as lipid concentration increased from 3 to
5 % disregarding the type of surfactant used. For example: B-NLCs sta-
bilized with 2 % P188 showed a successively increasing size of 193, 270
and 333 nm at respective 3, 4 and 5 % lipid concentration. Regarding the
effect of oil type on PS, B-NLCs showed the largest PS, whereas L-NLCs
were the smallest for both surfactants used. For instance, nanoparticles
composed of 4 % lipid concentration and stabilized by P80 had PS of
216, 223 and 263 nm for L-NLCs, F-NLCs and B-NLCs respectively.

All the obtained particles were negatively charged with & values
ranging between —14 and —38 mV. Both surfactant and oil types had a
significant effect on &, whereas lipid concentration was found to have no
significant effect as outlined in Table S4. NLCs prepared using P188 had
significantly higher negative charge compared to their P80 counterparts
for F-NLCs and B-NLCs (Fig. 1c and d). For instance, F-NLCs prepared
using P188 had & of —32 vs —19 mV when prepared using P80 at 4 %
lipid concentration. Oil type also had a significant effect, where the
highest negative charge was obtained by flaxseed oil, followed by black
seed oil and finally lemon oil. The relatively high zeta potential confers
the stability of the prepared system.

The particles prepared using all the tested oils and surfactants were
of suitable size for cellular uptake by cancer cells. However, increasing
lipid concentration was found to increase PS beyond the desired limits.
To select the most suitable and optimized formulae, we used the nu-
merical optimization feature in Design Expert software. The desired
criterion for selection was minimizing the PS. All proposed solutions
suggested using 3 % lipid with various oil and surfactant types.
Accordingly, 6 NLCs formulations composed of 3 % lipid concentration
using lemon, black seed and flaxseed oil stabilized by either P80 or P188
were adopted in further studies to ensure proper cellular uptake.

3.3. Cytotoxicity of oil-impregnated NLCs

To avoid interference from surfactant type on the cytotoxicity results
of the three oils, MCT-NLCs prepared using either P80 or P188 were
assessed for their cytotoxic activity against Caco-2 and MCF-7 cell lines
(Fig. S1). MCT-NLCs prepared with either surfactant showed non-
significant (p>0.05) difference in cytotoxicity on MCF-7 cells. Howev-
er, MCT-NLCs prepared using P80 were significantly more cytotoxic
(p<0.005) on Caco-2 cell lines compared to P188 MCT-NLCs. Since
P188 was found relatively safer on the tested cell lines, it was selected
for further studies to exclude any cytotoxic effects imparted by the
system to ensure proper evaluation of the cytotoxicity of the used
cytotoxic agents either oils or curcumin.

Cytotoxicity and ICso values of NLCs impregnated with the three
cytotoxic oils were assessed against both cell lines and compared to
MCT-NLCs (Fig. 2). Both F-NLCs and L-NLCs had respective ICs5q of 33 +
12 and 44 + 17 pg oil/mL with significantly higher (p <0.01) cytotoxic
activity against MCF-7 cells relative to the MCT-NLCs (IC5¢p = 214 + 65
pg oil/mL). B-NLCs and MCT-NLCs showed similar cytotoxic activities
on MCF-7 cell line. On the other side, F-NLCs (IC59 = 59 + 14 pg oil/mL)
were significantly more cytotoxic (p <0.001) on Caco-2 cells compared
to MCT-NLCs, L-NLCs and B-NLCs with respective ICs( values of 275 +
6, 259 + 68 and 273 + 19 pg oil/mL. Whereas, both L-NLCs and B-NLCs
showed no significant difference (p>0.05) in cytotoxic activity on Caco-
2 cells compared to the MCT-NLCs.

These findings indicate that both flaxseed and lemon oils were
cytotoxic to MCF-7 cells while only flaxseed oil was cytotoxic to Caco-2
cells. Whereas black seed oil has no significant cytotoxicity on either
tested cell lines. Accordingly, to augment the cytotoxic capabilities of F-
NLCs and L-NLCs on MCF-7 cells, curcumin was incorporated in both F-
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NLCs and L-NLCs.
3.4. Curcumin loaded NLCs

The composition of the curcumin loaded formulations along with
their physicochemical properties are shown in Table 2. Increasing cur-
cumin amount from 5 to 10 mg caused drug precipitation. Accordingly,
5 mg curcumin using both oil types was selected for further studies.
Flaxseed oil impregnated particles loaded with curcumin (Cur-F-NLCs)
showed a significantly higher (p <0.05) PS of 269 + 23 nm compared to
201 + 28 nm obtained by lemon oil impregnated NLCs (Cur-L-NLCs).
Measured PDI values were 0.358 and 0.415 for Cur-L-NLCs and Cur-F-
NLCs, respectively with no significant difference between them. Zeta
potential values of —32 + 1 and —40 £+ 1 mV were respectively obtained
for Cur-L-NLCs and Cur-F-NLCs. Both formulations showed good phys-
ical stability showing non-significant changes in PS, PDI and & over 3
months storage at 4 °C (Fig. 3).

3.5. Transmission electron microscopy

Electron micrographs showed that F-NLCs and L-NLCs were spherical
in shape with little to no aggregates. It is worth mentioning that the
particle morphology did not change after curcumin loading (Fig. 4) and
the PS obtained by TEM imaging was similar to that obtained by DLS.

3.6. In vitro release of curcumin from NLCs

At pH = 7.4, 100 % of curcumin was detected after 120 h in the
release media of NLCs formulated from lemon oil and flaxseed oil versus
72 % from free curcumin (Fig. 5a). The release mechanism was best
explained by Korsmeyer-Peppas model (Table 3). Based on the calcu-
lated ‘n’ values, the release of curcumin from its solution followed
Fickian diffusion (n < 0.45), while curcumin release from both NLCs
formulations followed non-Fickian diffusion (0.45<n < 0.89).

At pH 6.5, the release of curcumin was slower than that at pH 7.4.
Where 43 %, 52 % and 56 % of curcumin was released after 336 h from
free curcumin, Cur-L-NLCs and Cur F-NLCs, respectively (Fig. 5a). The
release kinetics in case of free curcumin was best described by
Korsmeyer-Peppas model following non-Fickian diffusion (0.45<n <
0.89). Release of curcumin from L-NLCs and F-NLCs could be fitted into
two models, first-order and Korsmeyer-Peppas models for the former
and Higuchi and Korsmeyer-Peppas models for the latter (Table 3).

By calculating the difference and similarity factors at either pH, it
was found that the release profiles of curcumin from Cur-F-NLCs and
Cur-L-NLCs were found to be similar to each other yet different from that
of free curcumin (Table S5). Overall, loading curcumin in NLCs accel-
erated its release.

3.7. Fourier transform infrared spectroscopy

FTIR spectra were collected for glyceryl behenate, P188, curcumin,
physical mixture and curcumin-loaded NLCs (Fig. 5b). Glyceryl behen-
ate displayed a weak broad band around 3450 cm™! indicating the
presence of the hydroxy groups of mono/diglycerides of behenic acid. In

Table 2
Composition and physicochemical properties of curcumin loaded NLCs.
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addition to two strong bands at 2955 and 2850 cm ™!, characteristic of C-
H symmetric and asymmetric stretching vibrations from the aliphatic
chains of glyceryl behenate. Furthermore, a prominent band at
approximately 1735 cm ™! corresponding to the C=0 stretching of the
ester links was obtained. P188 presented a weak broad O-H stretching
vibration around 3400-3500 cm ™! attributable to its terminal hydroxyl
groups. Distinct C-H stretching vibrations from both -CHj- and -CHj
groups appear in the 2850-2950 em™? range. Moreover, a strong and
broad C-O-C stretching band of ether bonds dominates the region be-
tween 1000 and 1200 cm ™}, characteristic of the polyether backbone.
Curcumin exhibited its characteristic spectrum starting with a broad
band around 3500 cm ™! indicating O-H stretching of its phenolic hy-
droxyl groups. A weak small band is evident at 2900 cm ™! owing to the
C-H stretching. A sharp band at 1630 cm™, which corresponds to the
C=0 stretching of the conjugated diarylheptanoid structure, specifically
the enolized f-diketone moiety, superimposed with C=C aromatic
stretching. Both the physical mixture and NLCs showed superimposed
band of their components. A broad O-H stretching vibration around
3300-3500 cm ™! owing to hydroxyl groups of glyceryl behenate and
P188. Prominent strong C-H stretching bands between 2800 and 2950
em™! like that of glyceryl behenate and probably superimposing C-H
stretching of P188. Both spectra showed a strong band at 1740 cm™!
representing C=0 stretching of ester groups of glyceryl behenate. The
stretching of C-O-C ether linkage was present around 1110 cm ™! in both
spectra but was more prominent in the NLCs. It is worth mentioning that
the characteristic peak of curcumin at 1630 cm™! disappeared in both
spectra.

3.8. Differential scanning calorimetry

DSC thermograms of glyceryl behenate, P188, curcumin, physical
mixture and Cur-NLCs are presented in Fig. 5¢c. P188, glyceryl behenate,
and curcumin showed sharp narrow endothermic troughs with high
enthalpies at 62 °C (—1.16 J), 77 °C (—0.34 J) and 179 °C (-0.11 J)
respectively, corresponding to their melting points and confirming their
crystalline nature. Physical mixture showed two sharp narrow endo-
thermic troughs at 58 °C (—0.26 J) and 76 °C (—0.23 J), corresponding
to melting points of P188 and glyceryl behenate, respectively. It is worth
mentioning that the endothermic trough of curcumin disappeared in the
thermogram of physical mixture. Cur-NLCs showed small shallow
endothermic troughs at 51 °C (—0.08 J) and 70 °C (—0.06 J) corre-
sponding to P188 and glyceryl behenate respectively, with the disap-
pearance of the curcumin endothermic trough.

3.9. X-ray diffraction

X-ray diffractograms of the samples analysed are provided in Fig. 5d.
Glyceryl behenate showed two major sharp peaks. A more intense one at
20 = 21° and lesser one at 20 = 23° indicating its crystalline structure.
Similarly, P188 showed two, almost equal, major peaks at 20 = 19° and
23° with sharp intensities characteristic of a crystalline material. The
diffractogram of curcumin was characterized by several sharp peaks
indicating its crystalline nature. The two most prominent peaks were
observed at 260 = 9° and 17°. The physical mixture displayed 3 sharp

Formula Cur 0il (30 % of total lipid) ~ Entrapment efficiency (%)  Drug loading (%) Particle size (nm) Polydispersity index Zeta potential (mV)
code” (mg) + SD + SD + SD + SD + SD
Cur-MCT- 5 Medium chain 99 % + 2 0.99 % =+ 0.02 159 £ 5 0.233 + 0.023 27 +1
NLCs triglycerides
Cur-L-NLCs 5 Lemon oil 98 % + 3 0.98 % =+ 0.03 201 + 28 0.358 + 0.013 -32+1
Cur-F-NLCs 5 Flaxseed oil 99 % + 2 0.99 % + 0.02 269 + 23 0.415 + 0.068 —40+1
10 Lemon oil Drug precipitated
10 Flaxseed oil

# NLCs were prepared using 3 % lipids and stabilized by 2 % poloxamer 188 as the surfactant.
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Fig. 3. Physical stability of curcumin loaded NLCs impregnated with lemon oil (Cur-L-NLCs) and flaxseed oil (Cur-F-NLCs). Measurement of particle size (PS),
polydispersity index (PDI) and zeta potential were carried on fresh samples and after storage for 1 and 3 months at 4 °C. Results are expressed as mean + SD (n = 3)

and were analysed using 1-way ANOVA.
ns: not significant.

Lemon oil
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Fig. 4. Electron microscope images of plain and curcumin loaded NLCs.

intense peaks at 20 = 19°, 21° and 23° conforming with the individual
peaks of glyceryl behenate and P188. Overall, this indicates the pres-
ervation of the crystalline nature of the components of the physical
mixture. Curcumin-loaded NLCs exhibited broadening of the peaks with
a massive reduction of intensity at 20 = 19° and 23° and disappearance
of any peaks at 20 = 21°. Similar to DSC, curcumin peaks were absent or
diminished in the diffractograms of physical mixture and NLCs.

3.10. Cytotoxicity of curcumin-loaded NLCs

Cytotoxicity of Cur-F-NLCs and Cur-L-NLCs were compared to that of
free curcumin as well as Cur-MCT-NLCs (Fig. 6 and Fig. S2). Incorpo-
ration of curcumin with either lemon oil or flaxseed oil in NLCs elevated
the cytotoxic activity of the fabricated NLCs compared to free curcumin
and Cur-MCT-NLCs. They lowered the ICs( values by 3 folds against Cur-
MCT-NLCs and 5 folds against free curcumin. This is evident by the

reduced ICsg values of 2.71 + 1.84 and 2.79 =+ 1.48 pg cur/mL for Cur-F-
NLCs and Cur-L-NLCs, respectively against MCF-7 cells compared to the
respective ICsp values of 12.93 + 6.08 and 7.21 + 1.4 pg cur/mL ob-
tained by free curcumin and Cur-MCT-NLCs. Formulation of curcumin in
NLCs impregnated with either lemon or flaxseed oil resulted in signifi-
cantly higher cytotoxic activity (p <0.05) against MCF-7 cells compared
to free curcumin. On the other hand, curcumin formulated in conven-
tional MCT-NLCs showed no significant difference in cytotoxic activity
compared to free curcumin.

4. Discussion

In the past few decades, numerous colloidal systems such as lipo-
somes, micro and nanoemulsions, polymeric nanoparticles, nano-
capsules and nanosponges were investigated for use in cancer therapy.
These systems have their own disadvantages such as; rapid degradation
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Fig. 5. (a) Cumulative release of curcumin either free or loaded in NLCs impregnated with lemon or flaxseed oils. (b) Fourier transform infrared spectroscopy, (c)
Differential scanning calorimetry thermograms and (d) X-ray diffractograms of glyceryl behenate, poloxamer 188, curcumin, physical mixture (Curcumin, glyceryl

behenate and poloxamer 188) and curcumin-loaded NLCs.

Table 3
R? values for fitted release data in different models.

pH Formulation Zero- First- Higuchi Korsmeyer-
order order model Peppas model
model model
7.4  Free 0.68 0.74 0.92 0.95n = 0.374
curcumin
Cur-L-NLCs 0.84 0.88 0.95 0.96 n = 0.529
Cur-F-NLCs 0.90 0.88 0.93 0.94 n = 0.626
6.5 Free 0.92 0.97 0.95 0.98 n = 0.667
curcumin
Cur-L-NLCs 0.87 0.95 0.94 0.95 n = 0.604
Cur-F-NLCs 0.84 0.94 0.97 0.97 n = 0.538

by the gastric pH or intestinal enzymes, limited large-scale production
methods, fast drug release, stability difficulties as well as the residues of
the organic solvents used in preparation [27]. All these points limit the
use of these colloidal carriers in pharmaceutical drug delivery. Many of
the aforementioned drawbacks are avoided in lipid nanoparticles, which
have gained prominence in recent cancer research thanks to their small
size and biocompatibility. NLCs offer multiple advantages over SLNs by
introducing a liquid lipid/oil to the solid lipid matrix, thus creating a less
organized matrix with increased number of imperfections in the crystal
lattice, eventually, higher drug loading with reduced expulsion can be
achieved [28].

Monotherapy approach is usually utilized for the treatment of
various cancers. However, its non-selectively and poor specificity to the
actively proliferating cells may result in the demolition of both healthy
and cancerous cells. Accordingly, antitumor combination therapy-that
combines two or more therapeutic agents-is recently proposed for

effective cancer therapy. Besides its ability to deliver synergetic or ad-
ditive effects, combination therapy could diminish the chances of drug
resistance, reduce tumor growth and metastatic potential, reduce cancer
stem cell populations and induce tumor cells apoptosis [29]. Accord-
ingly, in this research project we aimed to replace the liquid lipid used in
the inherent structure of NLCs with oils that have native cytotoxic ac-
tivity to create cytotoxic nanovehicles. Moreover, these nanovehicles
were further loaded with a model anticancer drug, curcumin, to further
augment their therapeutic activity. In this case, dual cytotoxicity should
arise from NLCs themselves and the loaded curcumin. Our target was to
reach the highest oil/drug loading possible in the NLCs, while main-
taining a PS around 200 nm to exploit EPR phenomenon and ensure
their preferential uptake by cancer cells.

Curcumin was the model drug of choice due to its natural origin and
possession of numerous antitumor properties. It can sensitize tumor cells
to targeted therapy agents and reverse resistance to chemotherapeutic
drugs [30]. Multiple studies reported that curcumin can be involved in
inhibition of proliferation by regulating several signaling pathways,
including PI3K/AKT, MAPK and nuclear factor (NF)-kB in addition to its
ability to induce apoptosis [31,32]. Additionally, curcumin has syner-
gistic effects with another chemotherapeutics. In breast cancer cell lines,
curcumin and paclitaxel showed complementary effects on the alter-
ation of proteins involved in apoptotic and inflammatory pathways [33].
Moreover, it was successfully incorporated in conventional NLCs and its
cytotoxic activity against breast cancer was enhanced by photodynamic
therapy [34].

Preliminary screening was performed to select the suitable oil per-
centage that can be incorporated in NLCs while maintaining a size <200
nm. Incorporating either 15 or 30 % oil yielded suitably sized NLCs with
no significant difference in PS. This encouraged the selection of 30 % oil
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Fig. 6. Cytotoxicity of free curcumin (Cur) dissolved in dimethylsulfoxide and
curcumin-loaded NLCs tested by sulforhodamine B assay against MCF-7 cells
after incubation for 72 h. NLCs were diluted to provided Cur concentration
equivalent 0.005-50 pg Cur/mL. Results are expressed as mean + SD (n = 3)
and were analysed using one-way ANOVA followed by Tukey’s multiple com-
parisons.

MCT-NLCs: Medium chain triglycerides 0il-NLCs L-NLCs: Lemon 0il-NLCs
F-NLCs: Flaxseed 0il-NLCs

ns: not significant, *p<0.05.

to maximize loading of the native anticancer oils. In a previous study, it
was also reported that increasing liquid lipid: solid lipid from 40:60 up
to 60:40 did not have a significant effect on particle size of NLCs [35]. In
another study, the use of different volumes of peppermint oil as the
liquid lipid in NLCs was also reported to have no significant effect on the
formulated NLCs. The addition of liquid lipids usually results in viscosity
reduction which in turn reduce the dispersion energy needed to produce
smaller particles. In our case it is assumed that the tested concentration
of the liquid lipid did not have a major effect on the system viscosity and
so no significant effect on PS was detected [36].

Glyceryl behenate was the solid lipid of choice owing to its
biocompatibility, as it is generally regarded as safe and registered in the
European and United States Pharmacopeias. Moreover, it is a versatile
available excipient that has been already incorporated in several phar-
maceutical and cosmetic formulations either available on the market or
for research purposes [37]. Furthermore, it was previously selected for
preparation of curcumin-loaded NLCs [38]. The range of 3-5 % lipid
concentration was based on preliminary studies, where raising the lipid
concentration above 5 % resulted in large NLCs with PS about 500 nm
(Data not shown). Increasing lipid concentration from 3 to 5 % signifi-
cantly increased PS. The size of NLCs is highly dependent on lipid con-
centration due to the increased tendency of the lipid to coalesce at high
lipid concentration due to the difference in density between the internal
and external phases according to Stoke’s law [39]. The type of used oil
also had a significant effect on NLCs’ PS. This is mainly attributed to the
nature of each oil, where the smallest size was obtained with lemon oil
having viscosity 0.901cp [40] while that of black seed oil is 63.8 cp [41].
The difference in viscosity of the used oil affected the overall viscosity of
the system thus the use of lemon oil resulted in the lowest viscosity and
accordingly the smallest PS was obtained. On the other hand, the
increased viscosity attained by the presence of black seed oil increased
the PS of NLCs. Similarly, Akhoond et al. reported a difficulty in PS
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reduction during homogenization as the viscosity of the dispersed phase
increased [42]. It is worth mentioning that similar behavior was also
found with curcumin loaded NLCs where Cur-L-NLCs had smaller PS
than their flaxseed counterparts. The insignificant effect of surfactant
type on PS might be attributed to the similar non-ionic and hydrophilic
nature of both used surfactants. Both P80 and P188 have ethylene oxide
moieties in their structures that might have contributed to their identical
distribution and behavior on the particles’ surface resulting in insig-
nificantly different PS [43,44]. Presence of ethylene oxide moiety might
have resulted in an approximately similar contact angle value to the
used lipids. It was previously reported that surfactants having similar
contact angles could result in similarly sized NLCs [45]. Additionally, it
was also reported that NLCs fabricated using a single surfactant -even
with different nature-showed similar PS (160-180 nm), close to our
reported PS range. However, upon mixing more than one surfactant
type, they reported PS reduction and attributed this to the intercalation
of non-ionic surfactant molecules between lipid chains [46]. PDI values
indicate the size distribution of the samples. Values between 0.1 and
0.25 indicate narrow size distribution, while values over 0.5 indicates
broad size distribution [47]. Overall, PDI values below 0.3 are favorable
for nano-based formulations. [48]. There was a direct relationship be-
tween percentage of lipids and measured PDI. Generally, as lipid con-
centration was raised from 3 to 5 %, the PDI values increased from
around 0.3 for 3 % lipid to around 0.5 for 5 % lipid.

Nanoparticles show good colloidal stability, when measured & values
are > +30 mV or < —30 mV. This is particularly true for nanoparticles
stabilized by ionic surfactants. While formulations stabilized by
nonionic surfactants can still maintain good stability with & values
outside of this optimal range owing to their steric stabilization. Where &
> +5 mV was reported to exhibit minimum flocculation tendency and
high system stability [49]. This indicates the stability of our NLCs, which
were stabilized by the nonionic surfactants P80 and P188. Changing the
surfactant and oil types affected the obtained &. It was reported that
incorporating high oil percentage in NLCs as 30 % in our NLCs might be
associated with the formation of oil nano-compartments [50]. These
nano-compartments can be present within the lipid matrix and/or on the
surface affecting the £ [50,51]. Both black seed and flaxseed oils are rich
in fatty acids [52,53], while lemon oil is mainly composed of mono-
terpenes [54].The presence of these carboxylic groups in black seed and
flaxseed oils might be the reason for the lower negative & values recor-
ded for B-NLCs and F-NLCs compared to L-NLCs. Additionally, the
discrepancy in the measured & values between P80 and P188 might be
attributed to the tendency of P188 to form particles with a more nega-
tive surface charge [55].

Cytotoxic activity of lemon oil and flaxseed oil was previously re-
ported on breast cancer cell lines [14,56]. This conforms to our results,
where both L-NLCs and F-NLCs were cytotoxic to MCF-7 cells. The
bioactive compounds present in lemon oil, such as limonene, citral, and
terpineol, are strong anti-proliferative and apoptotic agents in cancer
cells that might be accountable for its anticancer activity [56]. Whereas,
treatment with flaxseed oil was reported to disrupt mitochondrial
function in MCF-7 cells indicating that flaxseed oil can specifically
inhibit cancer cell growth and induce apoptosis in some cancer cells
[14]. Black seed oil, either pure or in nanoemulsion form, was previ-
ously reported to have cytotoxic activity on different cell lines including
MCF-7 [10,57]. However, in our study B-NLCs were not cytotoxic to
either MCF-7 or Caco-2 cells. Black seed oil is known for its cytotoxic
behavior due to the presence of thymoquinone as its main constituent
[58]. Other major constituents of black seed oil are linoleic acid and
oleic acid representing 57.1 and 24.46 % of the oil respectively [53].
Linoleic acid was previously reported to act as a cell membrane fluidizer
that could lower the energy cost of endocytosis and increase mono-
carboxylate transporter 1 expression on cell surfaces which in turn could
increase the cellular uptake of the oil, contributing to its cytotoxic
behavior [59]. Accordingly, the diminished cytotoxicity of B-NLCs on
MCF-7 cells could be attributed to the masking of the membrane
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fluidizing properties of black seed oil within the NLCs which hindered its
cellular uptake thus limiting the cytotoxic activity of the oil loaded
NLCs. Assuncao LS et al. have also reported similar behavior upon
encapsulation of crude palm oil in nanoparticles. They proposed that
cytotoxicity usually occurs due to the contact between fatty acids and
cell membranes which in turn alters the lipid profile of the cell mem-
brane, resulting in modified lipid-mediated signalling pathways, lipid
peroxidation, and membrane fluidity, eventually reducing cellular
viability [60]. Although the nanosized NLCs are supposed to have high
cell penetration power, this phenomenon could be more potentiated in
vivo by the EPR effect.

Curcumin-loaded NLCs displayed PS smaller than 300 nm, which is
suitable for passive targeting of tumor tissue through the EPR effect.
Although PDI values of Cur-L-NLCs and Cur-F-NLCs were larger than
0.3, they were still below 0.5 indicating moderate size distribution.
According to FDA regulations, it is desirable for pharmaceutical nano-
carriers to have PDI values below 0.3 suggesting the need for further
optimization. Regarding curcumin’s release from NLCs, it is known that
reducing the particle size is associated with expansion of the total sur-
face area. In addition, nanometric particles are characterized by their
rapid movements due to Brownian motion. Both factors facilitated the
dissolution and diffusion of curcumin, accelerating its release rate in
comparison to its free solution at pH 7.4 and 6.5. It is known that cur-
cumin undergoes keto-enol tautomerism, with the keto form more
common in the acidic pH and enol form more common in the basic pH
[61]. The keto form is characterized by lower aqueous solubility than
the enol form, which might explain the slower release rate of curcumin
at pH = 6.5 than at pH = 7.4 in accordance with previous reports [62].
Moreover, the Korsmeyer Peppas model was found to be the best fitting
model for explaining the release mechanisms at pH = 7.4 based on the
value of ‘n’, the release exponent. In case of free solution, curcumin
release followed the Fickian diffusion depending on the concentration
gradient. While curcumin release from NLCs followed non-Fickian
diffusion. This indicates anomalous transport, where release is influ-
enced by both diffusion of curcumin and erosion of the NLCs matrix. At
pH = 6.5, the release of curcumin from NLCs was more complex and
could be described by more than one model. Curcumin release from
L-NLCs was described by both first order and Korsmeyer Peppas models,
indicating dependency on amount of curcumin remaining and erosion of
NLCs matrix. While curcumin release from F-NLCs was explained by
both Higuchi and Korsmeyer Peppas models. Higuchi can be considered
a specific case of Korsmeyer Peppas model when the value of ‘n’ ap-
proaches 0.5. This is indeed the case in Cur-F-NLCs (n = 0.538), which
indicates that curcumin release followed Fickian diffusion from a
matrix.

Analysis of functional groups using FTIR displayed characteristic
spectra for glyceryl behenate, P188 and curcumin in accordance with
previous reports. The characteristic bands of O-H, C-H and C=0
stretching of glyceryl behenate and C-O-C stretching of P188 were
preserved in the spectra of physical mixture and NLCs indicating the
compatibility of the ingredients. The absence of the characteristic bands
of curcumin in the FTIR of physical mixture and NLCs might be attrib-
uted to the small quantity of curcumin present relative to glyceryl
behenate or P188. As the physical mixture was prepared using the same
quantities of the curcumin-loaded NLCs. Melting points of glyceryl
behenate, P188 and curcumin measured by DSC conform to previous
reports [63-65]. Disappearance of curcumin trough in the physical
mixture might be attributed to its dissolution in the melted glyceryl
behenate. DSC thermogram of NLCs was characterized by small shallow
troughs with small enthalpies. This ensured the reduction in crystallinity
of glyceryl behenate and P188 and formation of defects in the crystal
lattice owing to their incorporation in the NLCs [63,66]. Additionally,
lowering of melting point compared to bulk samples is common and is
attributed to the nano size range of NLCs [67]. Moreover, the vanishing
of the curcumin melting trough indicates that it is either in an amor-
phous form or molecularly dispersed within the lipid matrix [63,66].
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Obtained X-ray diffractograms for glyceryl behenate, P188 and curcu-
min indicated their crystalline nature and were similar to previous
findings [65,68]. The physical mixture was also crystalline and dis-
played characteristic peaks of both glyceryl behenate and P188. The
peak at 20 = 19° is related to P188, while that at 20 = 21° is related to
glyceryl behenate. The peak at 20 = 23° corresponds to both glyceryl
behenate and P188. According to P188 individual diffractogram, its two
peaks (20 = 19° and 23) are almost equivalent to each other in intensity,
however in the physical mixture its peak at 20 = 23° is more intense than
the one at 26 = 19°. This is related to the contribution from the minor
peak of glyceryl behenate present at the same angle. Curcumin-loaded
NLCs diffractogram showed two peaks at 20 = 19° and 23° attributed
to P188 but their intensity was massively reduced in comparison to in-
dividual P188. Moreover, the main glyceryl behenate peak at 26 = 21°
was completely absent. This indicates a prominent reduction in the
crystallinity of glyceryl behenate and P188 after incorporation in the
NLCs conforming with DSC findings and previous reports [69]. The
absence of curcumin peaks in the physical mixture and NLCs might be
attributed to its presence in minor quantities in the physical mixture and
incorporation in amorphous state within the matrix of the NLCs [65].

Dual loading of NLCs with both 1) cytotoxic natural oils namely
lemon or flaxseed oil and 2) curcumin resulted in augmented anticancer
activity of the nanocarriers against MCF-7 breast cancer cells. In a pre-
vious study, curcumin ICso was reported to be 30.76 pg/ml, a value close
to our findings [70]. Furthermore, conforming to our results, Mazzarino
et al. reported no significant difference in cell viability after 72 h incu-
bation of free curcumin and curcumin loaded lipid nanocapsules [71].
Curcumin was previously shown to have anticancer activities against
numerous cell lines including breast cancer ones [70,72,73]. Moreover,
it is known to have breast anticancer activities with different attributed
mechanisms of action such as apoptosis induction, downregulation of
intracellular transcription factors as well as disturbing the mitochon-
drial membrane [32]. Overall, these obtained results in vitro encourage
further in vivo investigations in animal models at a dose of 5-10 mg/kg
curcumin loaded into the NLCs [74,75].

The superior anticancer activity achieved by dual loading of curcu-
min in the oil-impregnated vehicles can be attributed to the enhanced
cellular uptake of both agents in the nanosized lipidic carriers that
favored curcumin delivery inside the cells. Moreover, the synergistic
activity between curcumin and the used oils could have also resulted in
the noticed superior activity. Similar findings were previously reported,
where apigenin was loaded in NLCs formulated from rosehip oil, which
is known for its antioxidant properties. The resulting formulation
showed promising antiangiogenic and antiproliferative activities against
cancer cells [76]. Additionally, NLCs containing thyme, sage and cin-
namon essential oil were found to be effective against a xenograft model
of prostate cancer [77]. These outcomes indicated a shift in the
perception of the ingredients of NLCs, where they are no longer regarded
as inactive excipients but as components that can potentiate the anti-
cancer properties of the whole formulation. This necessitates further
understanding of the molecular mechanisms behind the anticancer ac-
tivity of the prepared system which is to be conducted in future studies.

5. Conclusion

In this work, we assessed the concept of preparing inherently cyto-
toxic NLCs using natural oils. Optimized nanoparticles impregnated
with either lemon or flaxseed oil showed promising anticancer activity
against MCF-7 breast cancer cells. Furthermore, they improved the
cytotoxicity of the loaded curcumin over its free form. This proves the
potential of these cytotoxic nanovehicles as drug carriers for dual cancer
treatment. It should be noted that, due to the natural origin of the used
oils and drug molecule, results might be variable by changing the origin
of the used ingredients. Accordingly, further studies need to be con-
ducted using different origins to confirm the obtained results. Moreover,
future focus should include evaluating more oils and in vivo testing to
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further confirm the potential of clinical application of these
nanocarriers.
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