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ABSTRACT

Itraconazole (ITC), a well-tolerated antifungal drug, exerts multiple anticancer effects which justified its
preclinical and clinical investigation as potential anti-cancer agent with reduced side effects.
Enhancement of ITC anti-cancer efficacy would bring valuable benefits to patients. We propose herein
lipid nanocapsules (LNCs) modified with a subtherapeutic dose of miltefosine (MFS) as a membrane
bioactive amphiphilic additive (M-ITC-LNC) for the development of an ITC nanoformulation with
enhanced anticancer activity compared with ITC solution (ITC-sol) and unmodified ITC-LNC. Both LNC
formulations showed a relatively small size (43-46 nm) and high entrapment efficiency (>97%), though
ITC release was more sustained by M-ITC-LNC. Cytotoxicity studies revealed significantly greater anti-
cancer activity and selectivity of M-ITC-LNC for MCF-7 breast cancer cells compared with ITC-sol and
ITC-LNC. This trend was substantiated by in vivo findings following a 14 day-treatment of murine mam-
mary pad Ehrlich tumors. M-ITC-LNC showed the greatest enhancement of the ITC-induced tumor
growth inhibition, proliferation, and necrosis. At the molecular level, the tumor content of Gli 1, cas-
pase-3, and vascular endothelial growth factor verified superiority of M-ITC-LNC in enhancing the ITC
antiangiogenic, apoptotic, and Hedgehog pathway inhibitory effects. Finally, histopathological and bio-
chemical analysis indicated greater reduction of ITC systemic toxicity by M-ITC-LNC. Superior perform-
ance of M-ITC-LNC was attributed to the effect of MFS on the structural and release properties of LNC
coupled with its distinct bioactivities. In conclusion, MFS-modified LNC provides a simple nanoplatform
integrating the potentials of LNC and MFS for enhancing the chemotherapeutic efficacy of ITC and
possibly other oncology drugs.
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Introduction range of benefits, notably masking poor drug solubility, con-
trolling drug release, and enhancing intracellular delivery
(Aghebati-Maleki et al., 2020). Combining both approaches
could further enhance ITC activity. For instance, nanocarriers
combining ITC and different oncology drugs demonstrated
greater activity relative to the singly loaded formulations
(Okeke et al., 2017; Lin et al., 2018; Zhang et al, 2018).

Furthermore, coating of ITC nanocarriers with additives such

Itraconazole (ITC) is a well-tolerated fungicidal triazole com-
pound (Houst et al., 2020). In recent years, preclinical and
clinical evidence verified ITC activity against different cancers,
rationalizing its potential repurposing as chemotherapeutic
agent (Tsubamoto et al, 2017; Wang et al., 2017b). ITC acts
mainly by inhibiting the Hedgehog (Hh) pathway (Wei et al.,

2020), tumor growth and angiogenesis and by inducting
apoptosis and autophagy (Li et al, 2019; Wei et al, 2020).
ITC also inhibits the P-glycoprotein efflux pump, reversing
chemoresistance (Correia et al., 2018; Elmeliegy et al., 2020).
Prospective clinical trials of different cancers including pros-
tate cancer, basal cell carcinoma, ovarian cancer, and triple-
negative breast cancer documented clinical benefits of ITC
(Tsubamoto et al., 2017).

Different approaches were demonstrated to enhance the
anticancer activity of ITC, particularly combinatorial therapy
with oncology drugs (Correia et al., 2018; Sawasaki et al.,
2020) and nanocarrier-mediated delivery (Correia et al., 2018;
Alhakamy & Md, 2019). The latter approach offers a wide

as Pluronic 123 (Lin et al., 2018) and didodecyldimethylam-
monium bromide (Carbone et al., 2018) was also reported to
enhance ITC chemotherapeutic activity. We propose herein
lipid nanocapsules (LNCs) modified with a membrane active
additive, miltefosine (MFS), as a new potential ITC repurpos-
ing formulation with enhanced anticancer activity. The pro-
posed formulation integrates the biopharmaceutical
advantages of LNC in delivering oncology drugs and the
structural and membrane active properties of MFS in favor of
ITC anticancer activity.

LNC are physically stable bio-inspired lipoprotein-like nano-
vectors characterized by a small uniform size (less than
100nm) and an oily core surrounded by a pegylated

CONTACT Labiba K. El-Khordagui 8 labiba.elkhordagui@alexu.edu.eg, lakhalil@gmail.com Faculty of Pharmacy, Alexandria University, Alexandria 21521, Egypt

© 2021 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.


http://crossmark.crossref.org/dialog/?doi=10.1080/10717544.2021.1917728&domain=pdf&date_stamp=2021-05-04
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1080/10717544.2021.1917728
http://www.tandfonline.com

surfactant tensioactive shell (Huynh et al., 2009). LNC were
reported to improve the therapeutic profile of anti-cancer
drugs (Resnier et al, 2017; Fourniols et al., 2020), enhance
tumor localization and intracellular drug delivery (Huynh
et al, 2011; Karim et al., 2018) and inhibit the P-glycoprotein
efflux pump (Garcion et al., 2006). MFS, an amphiphilic mem-
brane active alkylphospholipid (APL) synthetically derived
from cell membrane components, shows multiple biological
actions including anticancer activity (Kaleagasi oglu et al,
2019, 2020). MFS is currently approved for the oral treatment
of leishmaniasis (50 mg twice or thrice daily) and topical treat-
ment (6% solution) of breast cancer skin metastasis. We dem-
onstrated earlier that MFS in a subtherapeutic dose integrates
within the oil core/pegylated surfactant shell interface of LNC,
enhancing their structural integrity and biopharmaceutical
performance (Eissa et al., 2015). This also resulted in enhanced
hemocompatibility and bioactivity of MFS (Eissa et al., 2015,
2020). As an APL compound, MFS exerts anticancer activity by
acting on cell membranes rather than DNA (van Blitterswijk &
Verheij, 2013), interfering with lipid metabolism and survival
signaling pathways (Kaleagasioglu et al., 2019; Zulueta Diaz
et al., 2020). ALP compounds also induce cell cycle arrest and
autophagy via inhibition of the Akt/mTOR cascade (Kaleagasi
oglu et al., 2020) and are most promising in combination with
anticancer drugs (Yosifov et al., 2014; Uzunova et al., 2019).

The objective of the current study was to utilize MFS-
modified LNC (M-ITC-LNC) incorporating MFS (0.06%) as a
new bioactive nanocarrier to enhance the anticancer activity
of ITC. Such a system would provide multiple advantages
including MFS-induced enhancement of the structural integ-
rity of ITC-LNC, sustainment of ITC release and improvement
of the anticancer activity of ITC via MFS membrane activity
and an MFs/ITC combinational effect. The efficacy of the pro-
posed M-ITC-LNC relative to ITC solution (ITC-sol) and
unmodified ITC-LNC was assessed against breast cancer. The
cytotoxicity and selectivity of the test formulations were
appraised using human adenocarcinoma MCF-7 breast cancer
cells and normal human fibroblasts. Their antitumor efficacy
and systemic toxicity were determined utilizing a murine
Ehrlich ascites breast cancer model and doxorubicin (DOX)
for comparison. Assessments included % change in tumor
weight and volume alongside tumor proliferation and necro-
sis determined by histopathological and immunohistopatho-
logical examination. The tumor content of the biomarkers,
Gli 1, caspase-3, and vascular endothelial growth factor
(VEGF), was determined to assess the effect of test LNC for-
mulations on the anticancer effects of ITC. Systemic toxicity
was assessed biochemically and by histopathological examin-
ation of the liver and kidney of mice post treatment.

Materials and methods
Materials

Itraconazole was purchased from Neuland Laboratories
Limited (Telangana, India), >99% and MFS (1-hexadecylphos-
phocholine) was purchased from Chem-Impex International
(New York, NY), 98-100%. Labrafac™ lipophile WL 1349
(Labrafac, caprylic-capric acid triglycerides, European
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Pharmacopeia, IVth, 2002), Labrafil® M1944 CS (oleoyl poly-
oxyl-6 glycerides), and Transcutol HP® (diethylene glycol
monoethyl ether), were gift of Gattefossé S.A. (Saint-Priest,
France). Lipoid® $75-3 (soybean lecithin at 69% phosphatidyl-
choline and 10% phosphatidyl ethanolamine, average MW
800) was purchased from GMBH (Ludwigshafen, Germany).
Kolliphor® HS 15 (Solutol® HS-15) was purchased from BASF
(Ludwigshafen, Germany). Sodium lauryl sulfate (SLS), ethyl-
ene diamine-tetraacetic acid (EDTA), hematoxylin and eosin
(H&E) solutions, 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetra-
zolium bromide (MTT), and 1,1’-dioctadecyl-3,3,3’,3'-tetrame-
thylindocarbocyanine perchlorate (Dil) were purchased from
Sigma-Aldrich (St. Louis, MO). Fetal bovine serum (FBS) was
purchased from GIBCO® Life Technologies (Carlsbad, CA).
Methanol, acetonitrile, and dimethyl sulfoxide were pur-
chased from Fisher Scientific (Waltham, MA).

Formulation of lipid nanocapsules

Blank LNC were prepared by the phase inversion method
(Heurtault et al., 2002) with modification. The LNC formula-
tion ingredients in % w/w of the final dispersion weight
were mixed in a closed container under magnetic stirring.
These included Labrafil (10%), Kolliphor® HS 15 (Kolliphor)
(10%), Transcutol (7%), sodium chloride (1%), Lipoid (1.5%),
and demineralized water (20.5%). The mixture was subjected
to three cycles of progressive heating and cooling between
60 and 90°C at a rate of 4°C/min with the formation of a w/
o emulsion and a o/w emulsion, above and below the phase
inversion temperature, respectively. An irreversible shock was
induced by a twofold dilution with deionized cold water
(0-2°C) added at a temperature 1-3°C from the beginning
of the phase inversion zone. The LNC dispersion was stirred
slowly using a magnetic stirrer for 5min and kept at 4°C.
For the preparation of ITC-LNC, the same procedure was
adopted following addition of ITC to the oil phase in a 0.3%
w/w concentration. For M-ITC-LNC, ITC (0.3% w/w) and MFS
(0.06% w/w), at a ratio of 5:1 by weight, were included in
the oil phase. Blank fluorescent LNC labeled with the Dil dye
(Dil-LNC) were prepared as reported (Morille et al., 2010).
Briefly, a stock solution of Dil (0.6% w/w) was prepared in
acetone. The solvent was then evaporated at 80°C and the
dye residue dissolved in Labrafil. The initial ratio of the stock
Dil solution to Labrafil was 1:10 by weight. LNCs were pre-
pared as described above.

In vitro characterization of lipid nanocapsules

Physical properties, transmission electron microscopy
(TEM), and entrapment efficiency (EE%)

The mean hydrodynamic diameter and polydispersity index
(PDI) of LNC were determined by dynamic light scattering
(DLS) using Malvern Zetasizer® at a fixed angle (173°) at
25°C and a 4mW He-Ne laser at 633 nm (Zetasizer® Nano
ZS series DTS 1060, Malvern Instruments S.A., Worcestershire,
UK). Zeta potential was determined at 25°C in water (dielec-
tric constant 79, refractive index 1.33, viscosity 0.89 cP) using
a cell voltage of 150 V and 5mA current. The morphology of
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ITC-LNC and M-ITC-LNC was examined by TEM using JEOL,
JEM-100 CX Electron Microscope (Tokyo, Japan). Before ana-
lysis, LNC dispersions were sprayed onto copper grids and
stained with 2% w/v uranyl acetate solution. Shots were
taken at x50k at 80 kV. Entrapment efficiency was calculated
based on the difference between the amounts of entrapped
and un-entrapped ITC. LNC were separated using an ultrafil-
tration/centrifugation technique and ITC was assayed in the
ultrafiltrate by an isocratic reverse phase HPLC method with
UV detection at 225 nm (El-Sheridy et al., 2019). Briefly, separ-
ation was performed on Inertsii C-18 column (ODS,
250 x 4.6 mm, 5 p). The mobile phase was a mixture of tetra-
butylammonium hydrogen sulfate buffer (2.72% w/v) and
acetonitrile (40:60) flowing at a rate of 1.5 mL/min. The injec-
tion volume was 20puL and retention time 3.5-4min. All
measurements were done in triplicate under ambient condi-
tions. ITC EE% and payload were calculated as follows:

total drug content (mg)—unentrapped drug (mg)

EE7 =
% total drug content (mg)

x 100

entrapped drug (mg)
LNC dry weight (g)

ITC payload =

Solid state properties

The thermal behavior of ITC and MFS alone and in freeze-
dried LNC formulations was examined by differential scan-
ning calorimetry (DSC) using a DSC-6 differential Scanning
Calorimeter (PerkinElmer Instruments, Waltham, MA). DCS
traces were recorded between 40 and 400°C at a constant
20°C/min rate under an atmosphere of nitrogen purged at
a flow rate of 20 mL/min. An empty pan was used as ref-
erence. Fourier transform infrared (FT-IR) spectra of the
same samples were recorded from 4000 to 500cm ™' using
FT-IR Spectrometer (PerkinElmer Instruments, Waltham, MA)
after compression of the samples with IR grade KBr
into discs.

Itraconazole release

ITC release from M-ITC-LNC in comparison with ITC-LNC was
investigated at 37+0.5°C in a thermostatically controlled
shaking water bath at 100 rpm. A developed release medium
allowing sink conditions was based on a solubility study of
ITC in phosphate buffer saline (PBS, pH 7.4) containing SLS
in increasing concentrations. A known volume of the LNC
dispersion was added to 5mL of the selected release
medium (5% SLS in PBS pH 7.4) in closed flasks. At different
time intervals, LNC were separated by ultracentrifugation at
12,000 rpm for 10 min at 4°C using Vivaspin®6 centrifugal fil-
ters. The filtrate containing the released ITC was injected
into the HPLC column. Results expressed as cumulative ITC
release (%) are the average of three determinations.
The release kinetics of ITC-LNC were determined by fitting
release data to different mathematical models and choosing
the best fit by regression analysis using an Excel add-in.

Hemocompatibility

The hemocompatibility of M-ITC-LNC in comparison with ITC-
sol in DMSO and ITC-LNC was assessed by evaluating their
in vitro erythrocyte hemolytic activity using fresh human
blood (Eissa et al., 2015). In brief, 2mL blood were collected
from a young healthy volunteer under medical supervision
after obtaining approval of the research ethics committee of
the Faculty of Pharmacy, Alexandria University (approval no.
200501) based on informed consent. The blood sample was
mixed with EDTA and centrifuged at 2500 rpm for 10 min.
RBCs were washed three times with PBS pH 7.4 and diluted
to a 1% v/v hematocrit suspension using PBS. Samples of
ITC-sol or LNC dispersions equivalent to 3mg/mL and
0.3 mg/L ITC were mixed with 2mL of the RBCs suspension
and the mixtures incubated for 45 min at ambient tempera-
ture (=25°C). Optical density of the supernatants was meas-
ured at 540nm following centrifugation at 2500rpm for
10 min. Positive and negative controls were obtained by
incubating the hematocrit suspension with 0.1% w/v Triton
X-100 and PBS, respectively under the same conditions. The
% hemolysis was calculated as follows:

(At — An)

——— % 100%
(Ap — An) . 0

% Hemolysis =
where At is the absorbance value of the test sample, An and
Ap are the absorbance values of the negative and positive
controls, respectively.

Cytotoxicity and selectivity for cancer cells

The cytotoxicity of M-ITC-LNC in comparison with ITC-sol and
ITC-LNC at different ITC concentrations on human breast
adenocarcinoma MCF-7 cell line (American Type Culture
Collection (ATCC), Manassas, VA) was evaluated in triplicate
using the MTT assay. DMSO and blank LNC were used as
controls. Cells were maintained in Dulbecco’s modified Eagle
medium (DMEM) containing 10% FBS in a CO, incubator (5%
CO, at 37°C) and were then seeded (5 x 10°/well) in a 96-
well plate containing 100 uL of DMEM and allowed to adhere
to the plate for 24 h. The medium was replaced with a fresh
medium containing ITC-sol, ITC-LNC or M-ITC-LNC and incu-
bated for another 24 h. The cells were washed twice with
PBS pH 7.4 after removal of the treatments and were incu-
bated with 100 uL MTT solution (0.5mg/mL in DMEM) for
further 4h at 37°C in the dark. After removal of the super-
natant by centrifugation at 2000 rpm for 10 min, 100 uL of
DMSO was added to the wells to dissolve the MTT-formazan
crystals by agitation for 15 min. Absorbance was measured at
570nm using a microplate reader (Model 550, Bio-Rad,
Hercules, CA). Values for IC50 were determined using Origin
8.0 software (Origin Lab, Northampton, MA). Dose-response
curves were plotted after correction by subtracting the back-
ground absorbance from the controls. The relative cell viabil-
ity (%) was calculated relative to the untreated control cells
as follows:

% Cell viability = A/Ac x 100

where A is the absorbance of the treated wells and Ac is the



absorbance of control wells. Values for IC50 were extrapo-
lated graphically from the plotted data using a polynomial
regression equation.

The effect of M-ITC-LNC in comparison with ITC-sol and
ITC-LNC on normal cells was assessed using human fibroblast
cells. Systems containing ITC-LNC dispersions or ITC-sol in
increasing concentrations were incubated with the cells
(5 x 10* cells/well) that were cultured in DMEM containing
5% FBS. Following 24 h incubation, the % cell viability was
calculated using the MTT assay and the IC50 values for nor-
mal cells estimated. Selectivity for MCF-7 cancer cells was
assessed by calculating the selectivity index (SI) using the fol-
lowing equation (Rashidi et al., 2017):

IC50 in normal cell line

Sl =
IC50 in cancer cell line

In vivo studies

In vivo studies were performed on mice according to the eth-
ical guidelines of Alexandria University which comply with
the National Institutes of Health guide for the care and use
of Laboratory animals (NIH Publications No. 8023, revised
1978). The study protocol was approved by the Institutional
Animal Care and Ethics Committee of the Faculty of
Pharmacy, Alexandria University, Egypt (approval code 06-
277-2020). A total of 30 female BALB/c mice 7-8 weeks old
and weighing 20-25g were randomly housed at 22+5°C in
a 12h light/dark cycle at 6 mice/cage. Mice were fed rodent
chow and water at libitum. In vivo studies were conducted
for visualizing the biodistribution of fluorescent blank Dil-
LNC and assessment of the antitumor efficacy and systemic
toxicity of M-ITC-LNC relative to ITC-sol and ITC-LNC using
DOX for comparison. Mice were weighed at baseline and 7-
and 14-days post treatment initiation.

Biodistribution of blank LNC

Biodistribution of LNC was assessed by fluorescence imaging
of Dil-LNC (Morille et al., 2010) using untreated mice as con-
trol. Test mice were injected intraperitoneally (i.p.) with
100 pL Dil solution or Dil-LNC dispersion having a similar Dil
concentration. Mice were sacrificed 6 h post treatment with a
large dose of thiopental (50mg/kg. i.p.) and their main
organs; liver, spleen, kidneys, and heart collected for imag-
ing. Fluorescent signals were visualized at emission wave-
length  549nm and excitation wavelength 565nm
(PhotonIMAGER™  Optima, Biospace Lab, Nesles-la-
Vallée, France).

Anti-tumor efficacy

Mammary tumors were induced in female balb/c mice using
Ehrlich ascites tumor (EAT) cells obtained from the National
Cancer Institute, Cairo, Egypt. In brief, approximately 107 of
EAT cells suspended in PBS, were inoculated subcutaneously
into the left side of the mammary fat pad of mice (Elzoghby
et al, 2017). Treatment started when the solid tumors
became visible (50-100mm?) 14 days post cell inoculation
and continued for 14 days. Tumor-bearing mice were
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randomly divided into five groups, six mice each, as follows:
group 1: control (untreated), group 2: DOX injection (Dox,
5mg/kg once weekly), group 3: ITC-sol in DMSO (10 mg/kg
once daily), group 4: ITC-LNC (10mg/kg once daily), and
group 5: M-ITC LNC providing the dose of 10 mg/kg ITC and
2mg/kg MFS, once daily. At the end of the 14 day-study, ani-
mals were sacrificed with a large dose of thiopental (50 mg/
kg. i.p.) and the excised tumors were washed with ice-cold
phosphate buffer and their weights determined. Tumors
were then divided into portions for different assessments.
Antitumor efficacy was assessed by determining the %
change in tumor volume and tumor weight, histopatho-
logical and immunohistopathological examination of the
tumor for necrotic and antiproliferative effects, respectively,
alongside quantitative determination of three
tumor biomarkers.

Tumor growth

The % change in tumor volume in all mice was determined
at days 7 and 14 from the start of treatment compared to
baseline tumor volume. Tumor volume was calculated by
measuring the tumor length (major axis) and width (minor
axis) with a Vernier caliper as follows:

Tumor volume = 4/3 n (minor axis)® x major axis

Tumor necrosis

Tumor necrosis was examined histopathologically. Sections
of the fixed excised mammary tumors, 5um thick, were
stained with H&E, dehydrated in alcohol, mounted in Canada
balsam, and examined blindly by optical microscopy.
Necrosis was assessed semi-quantitatively as the ratio of
necrosis area to the total area in 10 random sections of each
tumor using a scoring scale based on % necrosis in sections
in poorly differentiated tumor (Elzoghby et al., 2017).

Tumor proliferation

The anti-proliferative activity of test formulations was deter-
mined by tumor immunohistochemical staining of the Ki-67
proliferating protein in formalin-fixed, paraffin-embedded
specimens (Yi et al., 2018). Briefly, 4 um-thick tumor tissue
sections were dried, deparaffinized, and rehydrated following
standard procedures. Sections were subjected to heat-
induced antigen retrieval. Inmunohistochemical staining was
performed using Ki-67 antibody (Monoclonal Mouse Anti-
Human, Dako Agilent autostainer (Twinsburg, OH)). Optical
densities of the Ki 67-positive areas in the tumor sections
were measured and the % Ki-67 proliferative protein expres-
sion calculated. This was achieved by digital image analysis

using Image J software (version 1.45s, Bethesda, MD)
together with computer-assisted microscopy (EI Sayed
et al,, 2018).

Tumor biomarkers
Three tumor biomarkers, glioma-associated oncogene 1 (Gli
1), caspase-3, and VEGF were determined quantitatively in



910 N. A. EL-SHERIDY ET AL.

Table 1. LNC formulations and their physical properties.

LNC formulations Size, nm PDI ZP, mV

Blank LNC 431+1.4 0.23+0.02 -13.4x0.5
ITC-LNC 46.0+0.5 0.24 +0.06 -183+34
M-ITC-LNC 43.2+0.6 0.18£0.02 -223+19

Data are the mean +SD of at least three experiments.

samples of excised tumors using ELISA Kits (MyBioSource
Inc, San Diego, CA) according to the respective manufac-
turer’s protocols.

Toxicity study

Systemic toxicity of the test ITC-based formulations was eval-
uated by monitoring animal weight at day 7 and day 14,
histopathological examination of the mice livers and kidneys
and biochemical analysis of the liver and kidney functions. At
the end of the in vivo study and before animal sacrifice,
blood was collected by aortic vein puncture in microcentri-
fuge tubes and centrifuged at 2500rpm for 5min at 4°C.
The supernatant serum was assayed for alanine transaminase
(ALT), aspartate aminotransferase (AST), blood urea nitrogen
(BUN), and serum creatinine levels using commercial Kkits
(Accurex®). In parallel, biopsies of the livers and kidneys of
sacrificed mice were collected, fixed in 10% neutral buffered
formalin, and embedded in paraffin for histopathological
examination. Sections were stained with H&E and digital
shots were taken.

Statistical analysis

Data were analyzed using Minitab ver. 17 software. Data
expressed as means+SD are representative of at least three
measurements. The differences between multiple groups
were assessed by one-way analysis of variance (ANOVA) and
Dunnett's test. A value of p<.05 was indicative of
significance.

Results and discussion
Formulation of lipid nanocapsules

The development of M-ITC-LNC <100nm in diameter and
having high EE% and relatively high ITC payload was guided
by earlier studies involving different applications (Eissa et al.,
2015; El-Sheridy et al., 2019). LNC are conventionally formu-
lated with Labrafac as the main oil core component and
Kolliphor® HS 15 as the pegylated surfactant forming the
tensioactive shell (Heurtault et al., 2002; Huynh et al., 2009).
In a series of single point preliminary experiments, a combin-
ation of Labrafac and Kolliphor allowed for a maximum ITC
payload of 1.83 mg/g. Transcutol which increases the solubil-
ity of ITC (Choi et al., 2012) was then used as a co-surfactant
in combination with Kolliphor. This necessitated replacement
of Labrafac with the more hydrophilic Labrafil as the oil core
in order to enhance the incorporation of Transcutol (Roger
et al., 2011). Finally, a formulation based on 10% w/w
Labrafil, 10% Kolliphor, and 7% w/w Transcutol allowed the
incorporation of 0.3% ITC at 10.2mg/g payload. MFS could

be added to this formulation in a 0.06% w/w concentration.
The developed ITC-LNC and M-ITC-LNC formulations were
used in subsequent studies.

Characteristics of lipid nanocapsules

Physical properties, TEM, and entrapment efficiency

LNC generally showed a relatively small size (43.1-46.0 nm)
and PDI (0.18-0.24) which were not affected by ITC loading
(Table 1). For lipid-based nanocarriers, a PDI of 0.3 and below
indicates a homogenous population (Danaei et al., 2018). The
moderately negative ZP of LNC (-13.4 to -22.3mV) can be
attributed to the hydrolysis of a small fraction of surfactants,
leading to negatively charged groups (Mouzouvi et al., 2017).
Noteworthy, surface charge is not the sole factor affecting
colloidal stability of LNC as the tensioactive surface layer
plays a significant role in this respect (Roger et al, 2011).
TEM (Figure 1) indicated that ITC-LNC and M-ITC-LNC showed
a nearly similar size and were almost spherical, homoge-
nously distributed and not aggregated. ITC-LNC formulations
showed EE% exceeding 97%. MFS was reported earlier to
integrate efficiently within LNC (>97%) most probably at the
core/surfactant shell interface with the hydrophobic alkyl
chain extending into the lipid core and the zwitter ionic
group directed outwards, increasing the LNC structural integ-
rity (Eissa et al., 2015). A similar orientation of MFS in poly-
meric micelles has been demonstrated (Puig-Rigall
et al., 2020).

Solid state properties

DSC thermograms and FT-IR spectra of ITC, MFS and lyophi-
lized ITC-LNC and M-ITC-LNC are shown in Figure 2(A,B),
respectively. DSC scan for ITC showed a sharp melting endo-
therm at 169.5°C while MFS scan showed a peak at 95.4°C
attributed to loss of water of hydration and a sharp melting
endotherm at 261.8°C. Disappearance of the ITC and MFS
melting peaks in the thermograms of lyophilized ITC-LNC
and M-ITC-LNC indicated molecular dispersion of ITC into the
LNC. The FT-IR spectrum of ITC showed characteristic absorp-
tion bands between 2800 and 3400cm ' attributed to the
aromatic CH and NH, groups, peaks at 1613cm™' and
1425 cm ™" due to the C=N and C-N bonds, respectively, and
a sharp peak at 1699 cm ™' ascribed to the stretching of the
C=0 bond (Feng et al., 2018). On the other hand, the MFS
spectrum showed characteristic peaks at 2950-2850cm™"
and 1473cm™' corresponding to CH, stretching and CH,
bending, respectively. The spectrum also showed a peak at
1246cm ™' due to P=0 asymmetric stretching and a broad
peak, mostly corresponding to the P-O-C bond at
~1050cm™" (Dorlo et al, 2012). Spectra of ITC-LNC and
M-ITC-LNC indicated preservation of most of the ITC and
MFS characteristic peaks.

Itraconazole release

A medium allowing sink conditions for ITC release at physio-
logical pH at 37°C was developed using PBS pH 7.4 contain-
ing 5% SLS. ITC solubility in the medium at 37°C was
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Figure 1. TEM of (A) ITC-LNC and (B) M-ITC-LNC.
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Figure 2. Solid state properties of ITC, MFS, ITC-LNC, and M-ITC-LNC: (A) DSC and (B) FT-IR scans.

0.317+0.01 mg/mL. Free ITC dispersed in this medium at
37°C and 100 rpm was rapidly dissolved, verifying sink condi-
tions (Figure 3). Lipid nanoencapsulation led to sustained
release of ITC according to a parabolic release profile with a
limited burst effect. ITC release from ITC-LNC attained 52.2%
in 48h and was significantly (p <.05) sustained (22.5%) by
M-ITC-LNC. As lipophilic drugs are released from LNC via dif-
fusion into the aqueous medium across the tensioactive
interfacial barrier (Abdel-Mottaleb et al., 2010), significant
reduction of ITC release by M-LNC confirmed increased resist-
ance of the LNC tensioactive core/pegylated surfactant shell
to ITC release as a result of incorporation of the amphiphilic
MFS molecules into the shell. MFS was also reported to ster-
ically stabilize other lipid based systems such as liposomes
(Arndt et al., 1997). Greater structural integrity of M-ITC-LNC
and sustained release of ITC are beneficial to the in vivo

performance of these nanocarriers. Analysis of ITC release
data over 48h according to different kinetic models indi-
cated Weibull and Korsmeyer-Peppas kinetics. The Weibull
shape parameter (f5) was less than 1, denoting a case 3 para-
bolic release profile (Zhang et al., 2010) which described the
ITC release profiles. Fitting data to the Korsmeyer-Peppas
model showed n values less than 0.5, indicating Fickian diffu-
sion-controlled ITC release.

Hemocompatibility

In vitro hemolysis of human erythrocytes by M-ITC-LNC in
comparison with ITC-sol in DMSO and ITC-LNC at a drug con-
centration of 3mg/mL was used as surrogate indicator of
hemocompatibility. As shown in Figure 4(A), incubation of
RBCs with ITC-sol for 45min induced 52.8% hemolysis,
mostly due to ITC since DMSO-induced hemolysis was 5.29%,
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in accordance with reported data (de Abreu Costa et al,
2017). Lipid nanoencapsulation significantly (p <.05) reduced
the hemolytic activity of ITC to ~6% due to the dense pro-
tective Lipoid/Kolliphor® stealth shell of LNC. Stealth nano-
carriers hinder interaction with the erythrocyte membrane,
enhancing hemocompatibility of the entrapped drug (EI-
Lakany et al., 2018). The protective effect of LNC against ITC-
induced hemolysis was slightly but significantly reduced
(p <.05) by MFS modification. Free MFS is known to induce
hemolysis by destabilization of the erythrocyte membrane
(Alonso et al., 2019). However, the hemolytic activity of MFS
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Figure 3. ITC release from lipid nanocapsule formulations in comparison with
free ITC in PBS pH 7.4/5% sodium lauryl sulfate medium at 37 °C and 100 rpm.
Results are means +SD (n = 3).
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decreases significantly by LNC (Eissa et al., 2015). It is worth
noting that dilution of ITC-LNC and M-ITC-LNC dispersions to
attain an ITC concentration of 0.3mg/mL to be adopted in
subsequent in vivo studies significantly (p <.05) reduced
hemolysis to less than 5%, implying hemocompatibility of
both formulations.

Cytotoxicity and selectivity for cancer cells

The cytotoxicity of M-ITC-LNC in comparison with ITC-sol and
ITC-LNC over an ITC concentration range of 25-800 pg/mL
was assessed using MCF-7 cell line following 24h contact
with the cells at 37 °C. Results for cell viability and 1C50 are
shown in Figure 4(B,C), respectively. DMSO and blank LNC,
used as controls, showed relatively low cytotoxicity with 1IC50
of 1160 pg/mL and 1880 pg/mL, respectively. Blank LNC
exert a different degree of cytotoxicity against different cell
lines but MCF-7 cells show low sensitivity to LNC (Szwed
et al, 2020). On the other hand, ITC-sol was cytotoxic to
MCF-7 cells in a concentration-dependent manner with an
IC50 of 378.7 £19.8 png/mL (Figure 4(C)). ITC was reported to
dramatically reduce MCF-7 cell viability and significantly
induce cell death via apoptosis mainly due to alteration of
mitochondria membrane potential, reduction of Bcl-2 expres-
sion and increase of caspase-3 activity (Wang et al,, 2017b).
LNC significantly (p <.05) reduced the IC50 of ITC-sol
(1.5-fold) (Figure 4(C)). Such a potentiating effect can be
attributed to the small size, biomimicry, and cellular interac-
tions of LNGC, all enhancing intracellular drug delivery (Karim
et al., 2018; Lollo et al., 2019). Notably, M-ITC-LNC reduced
the 1C50 of ITC-sol by 2.5-fold, indicating a significant
increase in anticancer activity of ITC-LNC via MFS modifica-
tion. Increased LNC integrity and sustained ITC release in
addition to the bioactivity of MFS may account for anticancer
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Figure 4. Bioactivity of ITC test formulations (A) hemolytic activity; (B) MCF-7 cell viability curves, (C) derived IC50 values, and (D) selectivity index (SI) determined
using normal human fibroblasts. Error bars represent SD (n = 3). 3p<.05 vs. ITC-sol, Pp<.05 vs. ITC-LNC, and p<.05 vs. M-ITC-LNC.



activity enhancement. MFS was reported to enhance the
cytotoxicity of anticancer drugs whether in a combination
(Yosifov et al, 2014; Uzunova et al, 2019) or conjugated
form (Zhou et al, 2019). Selectivity of the test formulations
for cancer cells relative to normal cells was expressed as the
SI  (Figure 4(D)). Lipid nanoencapsulation significantly
(p <.05) increased the selectivity of ITC for MCF-7 cells (1.4-
fold). M-ITC-LNC achieved a further significant (p <.05)
selectivity enhancement (3.5-fold). Results implied substantial
reduction of indiscriminative cytotoxicity and greater selectiv-
ity of ITC treatment by MFS-modified LNC.

In vivo studies

Biodistribution blank LNC

Biodistribution of blank Dil-LNC in comparison with Dil-sol
was examined to verify the structural stability and accumula-
tion of LNC in vital organs following i.p. injection. Dil is a
lipophilic indocarbocyanine dye proven to be retained in
LNC (Ballot et al., 2006; Hirsjarvi et al., 2013). Distribution of
Dil-LNC in comparison with Dil-sol to the liver, spleen, kid-
neys, and heart of mice, 6 h post injection was expressed as
fluorescence intensity (Figure 5). Dil-sol accumulated pre-
dominantly in the liver and to a lesser extent the kidneys,
spleen, and heart while Dil-LNC were more concentrated in
the liver (1.67-fold). This can be attributed to the inherent
uptake of LNC by the liver and to a lesser extent the kidneys
and heart (Ballot et al., 2006; Hirsjarvi et al., 2013). Results
supported structural integrity and organ distribution of LNC.

Anti-tumor efficacy
The Ehrlich ascites mammary tumor model utilized in the
study is a

present transplantable rapidly growing
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undifferentiated carcinoma model for breast cancer showing
sensitivity to chemotherapy (Ozaslan et al, 2011). Efficacy
assessment of the test formulations started following admin-
istration of the equivalent of 10mg/kg ITC as ITC-LNC or
10mg/kg ITC + 2mg/kg MFS as M-ITC-LNC daily by i.p. injec-
tion for 14 days. ITC dose was in the range of anticancer ITC
dosing in mice, 8-130mg/kg (Wang et al., 2015). Dox, a
potent chemotherapeutic agent against breast cancer, was
used weekly in a 5mg/kg dose for comparison.

Tumor growth inhibition

Results for tumor growth inhibition are shown in Figure
5(A,B). A 310% change in tumor volume in untreated mice at
day 7 was significantly (p <.05) reduced by Dox and ITC test
formulations to less than +45% (Figure 6(A)). At day 14,
untreated mice showed a mean 884% increase in tumor vol-
ume. This was significantly (p<.05) decreased by Dox and
ITC formulations. The tumor growth inhibitory effect of these
formulations was in the order M-ITC-LNC > ITC-LNC > ITC-sol.
Results were consistent with digital images of the tumors
(Figure 6(A)) as well as cytotoxicity and selectivity data
(Figure 4(C,D)). The weight of excised tumors was signifi-
cantly reduced by all treatments, though with insignificant
difference due to large variability (Figure 6(B)).

Tumor proliferation

Tumor cell proliferation and treatment efficacy can be
assessed by the Ki-67 proliferative protein expression deter-
mined by immunohistochemical staining of the tumor
(Dowsett et al, 2011; Yi et al, 2018). The tumor section of
untreated mice showed the maximum Ki-67 expression
(Figure 6(C)). Tumor proliferation was reduced ~72.5% by
Dox (p < .05). Regarding ITC formulations, ITC-sol significantly
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Figure 5. Biodistribution of Dil-LNC in comparison with Dil solution and untreated control. (A) Fluorescent luminescent images of organs isolated 6 h post intraper-
itoneal administration (K: kidney, H: heart, L: liver, S: spleen) and (B) fluorescence intensity in different organs. Error bars represent SD (n=3). ®p<.05 vs. Dil-sol,

Bp<.05 vs. Dil-LNC.
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Figure 6. Antitumor efficacy of test formulations in comparison with untreated control and doxorubicin (Dox) 14 days post i.p. treatment of Ehrlich-induced mam-
mary tumors in mice. (A) Percent change in tumor volume relative to pretreatment volume and digital images of excised tumors; (B) weight of excised tumors; (C)
immunohistochemical analysis of tumor proliferation using Ki 67 staining. The positive (brown) in tumor sections represents tumor cell proliferation. Error bars rep-
resent SD (n = 3). (D) Histopathological analysis of tumor necrosis (x40). Necrotic score was determined using a scoring system based on the % necrosis in sections
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inhibited cell proliferation (42% reduction, p <.05), an effect and further boosted by MFS-LNC (70%, p <.05). The differ-
induced by Hh pathway inhibition (Wang et al, 2017b). The ence in % proliferation reduction by M-ITC LNC and Dox
ITC effect was significantly increased by LNC (=61%, p <.05) treatments was not significant (p> .05).



Tumor necrosis

Tumor necrosis by different anticancer treatments can be
assessed by a necrotic score estimated semi-quantitatively
using H&E stained tumor sections (El-Lakany et al., 2018;
Farid et al, 2020). As shown in Figure 6(D), untreated and
Dox-treated tumors showed the lowest (1.32) and highest
(4.17) necrotic scores, respectively, while ITC-based formula-
tions showed intermediate values. The necrotic effect of ITC-
sol was significantly (p <.05) increased by ITC-LNC and to a
significantly greater extent (p<.05) by M-ITC-LNC. Although
the difference between the necrotic score of M-ITC-LNC and
Dox was relatively small, yet it reached statistical significance.
Results were generally consistent with those of antiprolifera-
tive activity (Figure 6(C)).

Inhibition of tumor growth and proliferation and induc-
tion of tumor necrosis supported the efficacy of ITC against
Ehrlich cells-induced mammary carcinoma. ITZ is known to
selectively inhibit endothelial cells and the Hh signaling
pathway, suppressing angiogenesis and tumor growth and
inducing apoptosis (Deng et al, 2020). ITC administration
also induces tumor necrosis by decreasing the expression of
GLIT mRNA (Kim et al., 2010).

Tumor biomarkers expression

To validate the in vitro and in vivo results obtained, the level
of three tumor biomarkers, Gli1, caspase-3, and VEGF was
assessed quantitatively in the tumor tissue. Gli1 protein is
the final transcriptional effector of the Hh signaling pathway,
recognized as an indicator of tumor progression and metas-
tasis (Wang et al., 2017a; Xie et al.,, 2019). As shown in Figure
7(A), tumors of untreated mice had the largest content of
Gli1 which was significantly (~76%, p < .05) reduced by Dox.
A significant reduction in Gli 1 expression was also induced
by ITC-sol (=51.7%, p <.05). ITC is a potent inhibitor of the
Hh pathway via a complex signaling cascade culminating
into suppression of the Gli family of transcription factors
leading to multiple anticancer effects including apoptosis
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and tumor growth inhibition (Li et al., 2019; Wei et al., 2020).
Although LNC did not significantly enhance the ITC effect,
the decrease in Gli1 (=58%) by M-ITC-LNC was significantly
different from that of ITC-sol, pointing to an MFS enhancing
effect. A structurally related alkylphosphocholine, perifosine,
was reported to suppress Hh signaling by inhibiting Gli 1
activation and decreasing its target protein patched 1
expression (Xin et al., 2014).

ITC-induced inhibition of Hh pathway and promotion of
cell apoptosis was verified by the increase in caspase-3
level of the tumors in different groups (Figure 7(B)).
Caspase-3, an apoptotic biomarker, is activated in response
to chemotherapy and is considered a significant indicator
for treatment efficacy in breast cancer (Abedin & Barua,
2021). The level of caspase-3 in tumors of all treated
groups was significantly higher relative to untreated con-
trol. The increase in caspase-3 level by ITC-sol was similar
to that of Dox (p> .05). Increased caspase-3 expression, an
apoptotic mechanism of ITC (Wang et al., 2017b; Wei et al.,
2020), was significantly increased (39%, p <.05) by LNC and
further potentiated by M-ITC-LNC (65%, p <.05). Possible
MFS-induced bioactivity of LNC, sustained ITC delivery and/
or caspase-3 dependent MFS-induced apoptosis of tumor
cells (Rybczynska et al, 2001) might account for the
results obtained.

VEGF stimulates tumor angiogenesis, an essential
requirement for nutrient and oxygen supply and evacuation
of metabolic waste (Saman et al., 2020). As shown in Figure
7(C), the highest VEGF level was expressed by untreated
control tumors. This was significantly (p <.05) lowered by
Dox (56%). Significant VEGF suppression (40%) was also
induced by ITC-sol known to exert specific and dose-
dependent inhibition of endothelial cell proliferation, migra-
tion, and tube formation in response to VEGF angiogenic
stimulation (Aftab et al., 2011). ITC effect was enhanced by
LNC, though the difference in VEGF content reached signifi-
cance only with M-ITC-LNC (p <.05). Inhibition of VEGF
expression in cancer cells by MFS could be a contributing
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Figure 7. Level of biomarkers in Ehrlich-induced mammary tumor in mice following 14-day treatment with ITC-based formulations in comparison with untreated
control and doxorubicin (Dox): (A) Gli-1, (B) caspase-3, and (C) vascular endothelial growth factor (VEGF). ®p< .05 vs. untreated control, lC’p< .05 vs. Dox, “p< .05 vs.
ITC-sol, dp< .05 vs. ITC-LNC, and ®p< .05 vs. M-ITC-LNC. Error bars represent SD (n = 3).
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Figure 8. Systemic toxicity in mice post treatment with ITC-based formulations in comparison with untreated control and doxorubicin. (A) Animal weight 7 and
14 days post treatment (n = 3-5); (B) histopathological analysis of H&E stained sections of the liver (upper panel) and kidney (lower panel) 14 days post treatment.
(a) Untreated mice and mice treated for 14 days with (b) doxorubicin, (c) ITC-sol, (d) ITC-LNC, and (e) M-ITC-LNC. Photomicrographs of liver sections show: (a, b,
and e) cords of hepatocytes radiating from a central vein, portal tract endothelial and Von Kupffer cells and hepatocyte cords separated by blood sinusoids and (c,
d) dilatation and congestion of portal vein and hepatic artery, bile duct proliferation, and periportal cellular infiltration; photomicrographs of kidney sections (upper
panel) show (a, e) normal structure and architecture of renal corpuscles, proximal, and distal tubules, (b—d) widening of tubules with cellular debris and casts within
their lumen, congestion of blood vessels, widening of Bowman'’s capsule with vacuolation of some cells, cellular debris and casts within their lumen and abnormal-
ities in renal corpuscles. Scale bars correspond to 20 um; (C) serum levels of the liver enzymes, alanine transaminase (ALT), and aspartate aminotransferase (AST)
and the kidney function markers, serum creatinine, and blood urea nitrogen (BUN). Error bars represent SD (n = 3).

factor (Verheij et al, 2001). Anticancer efficacy and tumor Toxicity study

levels of Gli 1, caspase-3, and VEFG verified the activity of All mice treated with Dox or the ITC-based test formula-
ITC against breast cancer and provided evidence for the tions survived the study and appeared healthy. Figure 8(A)
enhancement of such activity by LNC, particularly MFS- indicates that the change in mice weight at days 7 and 14
modified LNC. relative to baseline weight was not significant (p>.05),



suggesting lack of severe systemic toxicity. As indicated by
liver histopathology (Figure 8(B), upper panel), untreated
control sections displayed normal features including lobula-
tion with clear outlines and arrangement of hepatocytes in
cords radiating from central veins separated by blood sinus-
oids. These were also observed in the liver section of Dox-
treated mice. On the other hand, ITC-sol treatment induced
liver injury manifested as reduced cell density, dilatation,
and congestion of portal tract veins and the hepatic artery,
bile duct proliferation as well as periportal cellular infiltra-
tion, in accordance with literature reports (Somchit et al.,
2004; Shim et al., 2016). Noteworthy, LNC conferred hepato-
protection against ITC-induced injury, which was more
pronounced upon MFS modification, corroborating the pro-
tective effect of MFS-LNC against disease-induced hepato-
toxicity in mice (Eissa et al, 2015). As to kidney
histopathology (Figure 8(B), lower panel), sections of
untreated control mice (a) displayed normal structure and
architecture of renal corpuscles, proximal and distal tubules.
Dox treatment (b) induced minor to moderate histological
changes including widening of tubules with cellular debris
and casts within their lumen and widening of Bowman'’s
capsule due to potential Dox nephrotoxicity (Sami et al,
2019). Similar but milder changes were observed in the kid-
ney sections of ITC-sol-treated mice (c). In contrast, lipid
nanoencapsulation reduced LNC kidney injury (d) and its
protective effect was obviously enhanced by MFS modifica-
tion (e).

Biochemical data (Figure 8(C)) indicated increased serum
levels of ALT and AST in untreated mice relative to their ref-
erence ranges, 15-84U/L and 54-300U/L respectively in
mice, suggesting possible cell membrane transport disorder,
enzyme outflow, and reduced liver function. Higher ALT and
AST values were reported for murine Ehrlich ascites carcin-
oma relative to normal control values (Saad et al., 2017). The
ALT level, more specific to liver injury, was significantly
reduced (p <.05) by Dox to normal but was elevated two-
fold relative to untreated control by ITC-sol, an effect attrib-
uted to ITC hepatotoxicity (Shim et al., 2016). This was sig-
nificantly (p <.05) reduced 55% and 59% by ITC-LNC and M-
ITC-LNC, respectively. A generally similar trend was observed
with AST levels, indicating LNC-induced hepatoprotective
effect. Regarding kidney function, BUN, and serum creatinine
levels were within the reference ranges of both markers,
0.2-0.8 mg/dL and 30-40 mg/dL, respectively (Hanigan et al.,
2001). The observed minor to moderate renal histopatho-
logical changes induced by ITC-sol (Figure 7(B), lower panel)
might be insufficient to affect the kidney function markers
during the ITC-sol 14 day-treatment period. Moreover, bio-
chemical data for ITC-LNC- and M-ITC-LNC-treated mice were
consistent with the histopathologically evident kidney pro-
tective effect exerted by these formulations, particularly the
M-ITC-LNC. Taken together, histopathologic, and biochemical
findings pointed to a superior hepatic and kidney protective
effect of M-ITC-MFS. Accordingly, improving the biopharma-
ceutical profile of ITC with MFS-modified LNC enhanced the
efficacy and safety of ITC treatment.
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Conclusions

A new miltefosine-modified lipid nanocapsule formulation
(M-ITC-LNQ) integrating the distinct biopharmaceutical prop-
erties of LNC and the structural properties and bioactivity of
MFS significantly enhanced the efficacy of ITC against breast
cancer. This was verified at both the cellular and molecular
levels compared with ITC-sol and ITC-LNC. Apart from
increasing ITC anticancer efficacy, M-ITC-LNC enhanced the
safety of ITC treatment in a murine mammary pad Ehrlich
tumor model. Accordingly, M-ITC-LNC offer promise as a bio-
active nano-platform for the delivery of ITC and possibly
other chemotherapeutic agents. The challenge of encapsulat-
ing drugs having different physicochemical properties into
LNC can be overcome by modifying the lipid/surfactant com-
position of LNC.
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