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proliferation and tumour progression.”> Some of these
agents include docetaxel,3 irinotecan,4 doxorubicin,’
methotrexate,’ and miltefosine.” Miltefosine, also known
as hexadecylphosphocholine (HePC), is a synthetic alkyl
phospholipid that represents a new class of drug with
antiproliferative ~ properties against tumour cells.
Although HePC has been used as an antileishmanial
agent, it has also been investigated for its promising ther-
apeutic anticancer effects.® Unlike classical anticancer
agents, which kill tumour cells by interrupting DNA repli-

cation, HePC induces apoptosis of tumour cells by target-

ing the plasma membrane. The structural similarity of

HePC with membrane lipids facilitates its insertion into
lipid bilayers. Following membrane incorporation, the
metabolically active drug interferes with several critical

(&

membrane functions, importantly, phospholipid biosynth-

esis and phospholipid-mediated signal transduction
pathways’ (Figure 1A and B). HePC primarily impedes
phosphatidylcholine (PC) turnover, a chief component of
the cell membrane, as well as lipid-mediated intracellular
signalling pathways. The inhibition of cytidylyltransferase
is responsible for this reduced PC level (Figure 1C). This
is coupled with the inhibition of phospholipase C (PLC),
another important enzyme in phospholipid-mediated signal
transduction pathways. PLC inhibition attenuates produc-

tion of the second messengers, diac (DAG) and

Viable tumor cells
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Figure | Representative diagram of mechanisms of action of HePC. (A) Chemical structure of HePC and HePC-mediated tumour cell apoptosis. (B) Incorporation of HePC
inside plasma membrane lipid bilayers and HePC-mediated phospholipase C inhibition and downregulation of phosphatidylinositol 4,5-bisphosphate (PIP,) conversion into IP;
and DAG. (C) Cytidylyltransferase inhibition by HePC resulting in reduced phosphatidylcholine levels. (D) Reduced levels of IP; and DAG cause blockade of PI3K/AKT (cell
survival) pathway and MAPK/ERK (cell proliferation) pathway. (E) HePC promotes SAPK/JNK (cell apoptotic pathway), which results in membrane disruption and cellular
damage.
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upregulation of the stress-activated protein kinase (SAPK)/
c-Jun N-terminal kinase (JNK) pathway that mediates
cellular stress and apoptotic signalling. Moreover, HePC
significantly attenuates the mitogen-activated protein
(MAPK)/extracellular
(ERK) pathway that is responsible for cell proliferation,

kinase signal-regulated kinase

division, and growth. These events ultimately lead to
tumour cell stress, membrane disruption, and apoptosis.'°
However, some limitations of HePC have reduced its use
in cancer treatment, including hemolysis of erythrocytes
and its rapid elimination from the bloodstream after intra-
venous (IV) administration.'""'?

Recently, a number of lipid-based nano-delivery sys-
tems have been reported for targeted tumour delivery of
anticancer agents, including solid lipid nanoparticles
(SLNs),® nanoemulsions,"? nanolipid carriers (NLCs),"
nanoparticles,® and liposomes.'> These nano formulations
were used to administer drugs through various routes.'®
Moreover, they changed the basic physicochemical and
biological properties of the drugs, and they improved
drug release, targeting, and stability and reduced drug-
related toxicities.'” ' In order to address the abovemen-
tioned limitations of HePC in the present study, an NLC
system was used. To the best of our knowledge, n
system has been reported to date for the delivery of
NLCs are colloidal carrier systems comprisca

vide increased modulation
several advantages, such

g solubility and penetra-
e bioavailability and antitu-
he incorporated drugs.'**

Rt study, we aimed to fabricate HePC-
loaded NLCs p®8sessing significantly reduced hemolytic
potential and significantly enhanced antitumor efficacy.
The HePC-NLCs were developed using a microemulsion
technique that utilized a solid lipid, namely stearic acid,
along with oleic acid as the liquid lipid. The hemolytic
activity of the HePC-NLCs was determined, followed by
an investigation of their cytotoxic effects on the MCF-7
and SCC-7 cell lines. Moreover, pharmacokinetic and

antitumor analyses were performed to assess the

bioavailability and anticancer potential of the HePC-
NLCs, respectively. Our data suggest that an enhanced
permeation and retention (EPR) effect facilitates the
passive targeted delivery of the HePC-NLCs to tumour
cells (Figure 2). Comprehensively, the neovasculature
surrounding the tumour mass possesses a highly perme-
able vascular endothelium with large fenestrations of up
to 4 um.?*?” Together with an impaired lymphatic clear-
ance of the tumour microenvironment,”® the atypical
vascular endothelium promotes the accumulation of
HePC-NLCs

in the tumour ndings. Enhanced

hina. Potassium dihydrogen phos-
earic acid were obtained from BDH
oole, England). Tween 80, oleic acid,

m Sigma-Aldrich, Germany. Disodium hydrogen phos-
was purchased from Duksan (Ansan, Korea). Triton
X-100 and rhodamine 6G chloride (R6G) were purchased
from Merck (New York, USA). Dialysis tubing was pur-
chased from Creative BioMart (New York, USA). The
MCF-7, SCC-7, and 4T1 cell lines were purchased from
the Korean Cell Bank (Seoul, South Korea). The cell lines
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% and 1% foetal bovine
serum (FBS) and penicillin/streptomycin, respectively.
Further, incubation at 37 °C was performed using
a humidified CO, incubator. All other materials used in
this study were of analytical grade.

Animals

For the in vivo evaluation, Sprague-Dawley rats weighing
250-280 g and female BALB/c mice weighing 18-20
g were obtained from Riphah International University,
Islamabad, Pakistan. All animal procedures were approved
by the Ethics Committee of Quaid-i-Azam University,
Islamabad, Pakistan. All standard procedures for animals,
before, during, and after experimentation, were carried out
according to the guidelines set by the National Institutes of
Health (NIH) for this purpose.

International Journal of Nanomedicine 2021:16

https:

3257

Dove:


https://www.dovepress.com
https://www.dovepress.com

Yu et al

Dove

Tumor Blood Stream Tumor Tumor cell
® microenvironment |/ © microenvironment @
= o HePC-NLCs tumor cell
;§:.‘ :'é_: T internalization
5 ‘ ém; ‘:’”
NS >
¢q @ >
< .A o HePC-NLCs tumor
< .‘\"M targeting through
g 0 EPR
a 'l (5‘"
'_. : Leaky vascular
S endothelium !:‘-%s‘-..
S
l KR
0
EPR mediated oS Release of entrapped
tumor targeteing \
of HePC-NLCs ® 0

Enhanced permeation and retention (EPR)
4 mediated tumor targeting of HePC-NLCs

7

Administration of HePC-NLCs
in tumor bearin

Ethod was used for the pre-
LCs. In order to obtain a clear and
the oily phase solid lipid (stearic
acid), liquid lipid (oleic acid), and drug (HePC) were heated
to 80 °C, which is approximately 10-15 °C beyond the
melting point of stearic acid. The surfactant (Tween 8§0)
was dispersed in distilled water to prepare the aqueous
phase, which was also heated using a magnetic stirrer at
80 °C. The aqueous phase was then gradually added to the
melted oil phase with magnetic stirring at 750 rpm for 1 h,
while the temperature was held at 80 °C. The resulting pre-

( HePC
.”.
R “
. }:“% J @& Oleic Acid
£ Y% ‘
L P e sl"}? o stearicacid
¥ $ AN
Rt g @
\_ || Tween-80

emulsion was homogenised using a high-shear homogeniser
at 9000 rpm for 15 min. Finally, one volume of microemul-
sion was dispersed in nine volumes of distilled water
(chilled at 2-3 °C) to obtain the HePC-NLC
dispersion.?*>° The R6G-labelled NLCs were prepared
using the same method, with the R6G added to the aqueous
phase.

Characterisation of HePC-NLCs

Particle Size, Polydispersity Index (PDI), and Zeta
Potential Analysis

The mean particle size, PDI, and zeta potential of the
HePC-NLC dispersion were determined using a ZS 90
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C zetasizer, furnished with a He-Ne laser operating at
a wavelength of 635 nm. All measurements were carried
out at a fixed light incidence angle of 90° and 25° using
Zetasizer software, ver. 6.34 (Malvern Instruments Ltd,
UK). Prior to the investigation, 10 pL of the HePC-NLC
sample was diluted with 1 mL deionised water, followed

by vortexing for 1 min.*'**

Incorporation Efficiency
The incorporation efficiency of HePC-NLCs was deter-
mined by measuring the concentration of the free drug in
the supernatant. One millilitre of the formulation was
centrifuged at 13,500 rpm for 1.5 h at 4 °C. The clear
supernatant was diluted in distilled water at a ratio of
1:100 (50 pL supernatant in 5 mL distilled water). The
free drug content of the supernatant was quantified using
liquid chromatography-mass spectrometry (LC-MS).*
The LC-MS apparatus consisted of an MS and ultra-
high-performance liquid chromatography (UHPLC) sys-
tem (Thermo Fischer Scientific, USA) connected to an
electrospray ionisation source. The UHPLC system con-
tained a BEH CI18 column (1.7 pum bead size,
2.1x100 mm), an auto-sampler, and a binary pump. The
system was operated at 40 °C and elution was carri{§
at 0.35 mL/min. The mobile phase was composd
0.1% formic acid in water (A) and 0.1% i

where Wt is th®
concentration of free drug in the supernatant of the NLC

otal drug concentration and Wf is the
dispersion.

Transmission Electron Microscopy (TEM)
The morphology of the HePC-NLCs was analysed using
TEM (Hitachi H7600, Japan). The sample, in the form of
a drop, was adsorbed onto a carbon-coated copper grid.
The film on the grid was negatively stained by the addition

of 2% (w/w) phosphotungstic acid solution. An acceler-
ated voltage of 100 kV was used to observe the grid.***

Differential Scanning Calorimetry (DSC)

Thermal analysis of pure HePC, stearic acid, their physical
mixture, and HePC-NLCs was accomplished using DSC
(Q20, Delaware, USA). Briefly, a test sample (5 mg) was
placed in an aluminium pan using an electronic weighing
balance, and the pan was sealed with an aluminium lid.
For reference purposes, an empty aluminium pan was
used. The DSC temperature
from 20 °C to 300 °C at a

piformly increased

physical mixture, and
Cu Ka radiations were

rug Release Test

gxplore the in vitro release behaviour of the HePC-
NLCs compared with that of the pure drug, the dialysis
bag method was employed. The process was performed at
a pH of 7.4. Pure drug and HePC-NLCs equivalent to
10 mg of entrapped HePC were placed separately inside
dialysis membrane tubing. Both ends were tied using
thread to form a dialysis bag. The bags were then posi-
tioned inside a USP dissolution testing system (Vision
Classic 6, LA, USA) filled with 500 mL of preheated
dissolution medium. The apparatus was maintained at
a constant shaking rate of 80 rpm and temperature of
36.5 °C £0.5 °C to mimic physiological conditions. At
predesignated time periods, the dissolution medium
(3 mL) was sampled for drug concentration analysis and
replenished with an equal volume of fresh medium.*® The
collected samples were analysed using LC-MS, as
described earlier.

In vitro Hemolytic Assay

The in vitro analysis of the inhibition of erythrocyte hemo-
lysis was performed as reported by Wang et al.** Blood
samples (10 mL) were obtained from healthy volunteers in
prefilled K,-EDTA tubes. The collected blood samples
were centrifuged for 10 min at 1500 rpm to separate the
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erythrocytes (RBCs). The RBCs were then washed three
times with phosphate-buffered saline (PBS, pH 7.4) to
eliminate serum proteins and debris. The transparent
supernatant after each centrifugation was removed care-
fully and discarded. A 50% v/v suspension of RBCs was
prepared in PBS and stored at 4 °C for < 48 h. Fifty
microliters of RBC suspension was added to PBS (950
pL) containing different concentrations of HePC-NLCs or
HePC alone, for the purpose of assessing hemolysis.
Triton X-100 (1% v/v in water) and PBS were used as
the positive control (100% lysis) and negative control (0%
lysis), respectively. All samples were then incubated in an
Eppendorf thermomixer for 1 h. The mixing frequency and
temperature were adjusted to 450 rpm and 37 °C, respec-
tively. Intact erythrocytes were isolated by centrifugation
at 10,000 rpm for 5 min. Finally, the absorbance at 540 nm
of the supernatant was measured. The following equation
was used to determine the percent hemolysis:

Asample _Anegativecontrol

x 100

%hemolysis =
positivecontrol _Anegativecontrol

In vitro Cytotoxicity Studies
An in vitro cytotoxicity study of HePC and HePC-NL&S
was camed out using the MTT (3 (4,5- d1methy1th1azo

well and incubg®8
dimethyl sud®
dissolve th&@e p

The percentage of viable cells (% viability) was calcu-
lated using the following equation:

AT — AB
where AT is the Asos of the treated sample, AB is the Asgs
of the blank, and AC is the Asos of the control.
The percent cytotoxicity (% cytotoxicity) was also
obtained by subtracting the % viability from 100.

Cellular Uptake Study
An extensively employed fluorescent dye to assess the
cellular uptake of hydrophilic drugs,*' R6G, was utilised
to track the uptake of NLCs by tumour cells. MCF-7 cells
at a density of 5x10* cells/well were placed into 6-well
plates and incubated for 24 h. The cells were then exposed
to medium containing R6G (12.5 pg/mL)-labelled HePC-
NLCs for another 24 h. The cells were then washed with
cold PBS and fixed with 70% ethanol for 30 min.
Afterward, the cells were washed with PBS and stained
with DAPI (4',6-diamidino-2-phenylj

PBS to remove excess DAPY

a fluorescence microscop

tered HePC-NLCs (5 mg/kg, 1V), and
administered an equivalent amount of

P Islamabad and the NIH. The room temperature
as maintained, and the humidity was set to 50-60%
glative humidity. Prior to the experiment, the rats were
asted for 12 h. Blood samples (0.3 mL) were collected
from the femoral artery in heparinized Eppendorf tubes at
pre-specified time intervals. The plasma was separated
from the blood samples through centrifugation, which

was stored at —20 °C for further use.'>***

Plasma Sample Processing

Blood plasma (150 pL) was mixed with acetonitrile (150
pL). The mixture was vortexed and centrifuged, and 20 pL
of the supernatant was analysed using LC-MS to deter-
mine the quantity of the entrapped HePC, as described
earlier.

Biodistribution and Toxicity Studies

To carry out these studies, 12 Sprague—Dawley rats were
segregated into two groups; one group was administered
a single IV dose of pure drug (5 mg/kg) and the other
group was administered an equivalent dose of HePC-
NLCs. Three rats from both groups were euthanised after
1 h, and the remaining rats were euthanised after 12 h. The

3260
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organs of the euthanised rats (liver, kidneys, lungs, heart,
and spleen) were isolated, washed twice with cold normal
saline, dried at room temperature, and stored at —20 °C
prior to analysis.** To quantify HePC concentrations in the
organs, the tissues (0.5 g) were homogenised in 3 mL
PBS, clarified by centrifugation at 20,000 rpm for 5 min,
and subjected to LC-MS, as described earlier. All experi-
ments were conducted according to approved ethical con-
siderations and guidelines for animal studies. In addition,
liver toxicity in the HePC-NLC-treated rats was assessed
by haematoxylin and eosin (H&E) staining to visualise any
injury or inflammation.

Breast Tumour Formation in Mice

4T1 cells (2 x 10°) were mixed with Matrigel (200 pL)
and injected into the fourth mammary fat pad of 6-week-
old female BALB/c mice. The mice were then divided into
three groups (one control and two experimental groups),
with each group comprised of nine mice. Normal saline
was administered to the control group. The other two
groups received pure drug or HePC-NLCs at a dose of
5 mg/kg on days 3, 6, 9, and 12. The animals were
observed twice daily for clinical abnormalities. Body
weight changes were assessed to evaluate the
weight and toxicity of each formulation. The body w
of individual mice were obtained prior to dggs

@isc complex (ABC) and peroxidase substrate
kit (Vector LS

the levels of the
(ADP-ribose) polymerase (PARP) and caspase-3.%

atories Inc., Burlingame, USA) to evaluate
mour-expressed apoptotic markers, poly
Initially,
the tumour sections were subjected to heat-based epitope
retrieval (95-100 °C) using citrate buffer (10 mM) with
a pH of 6.0.* Afterward, endogenous tumour peroxidase
activity was inhibited by incubating the sections for 30 min
in a methanolic solution of 0.3% H,0,. Non-specific anti-

chamber for 1 h. The sections were then incubated with
primary antisera at 4 °C overnight. Subsequently, the sec-
tions were incubated for 1 h at 25 °C with biotinylated
universal secondary antibody and ABC. Finally, the tumour
sections were incubated with peroxidase substrate at room
temperature for 3 min. After every step, all of the sections
were rinsed three times with 0.01 M PBS. All cells display-
ing cytoplasmic immunoreactivities above 20% of the back-
ground density for individual apoptotic markers were

considered positive. The immunoreactivity region (%/mm?

of tumour mass), the region of tu mass dominated by

stical Analysis

Numerous statistical assessment tests were conducted to
compare the test groups in this study. Variance homogeneity
was assessed using Levene’s test. When no meaningful
differences were obtained in variance, one-way ANOVA
was used, followed by the least-significant differences
(LSD) multi-comparison test to check for significant differ-
ences. In case of a meaningful change in variance, the data
were further analysed with the Kruskal-Wallis H-test.
Statistical analyses were performed using SPSS for
Windows (Release 22.0K, SPSS Inc., Chicago, IL, USA).
Data were acquired in triplicate or sextuplicate and were
significantly different if the p value was < 0.05. Sigma plot
(version 12.5) was used to plot the graphs. To understand
antitumor potential, % point changes among vehicle-control
tumour masses and test material-treated tumour masses
were estimated by utilising the following equation.

Percent point changes compared
with vehicle control(%)=

( Data of test material — treated masses >

o . ] ) —Data of vehicle — control masses x 100
body binding was then blocked by incubating the sections .
) ) o o /Data of vehicle — control masses
in horse serum blocking solution in a temperature-humidity
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Results and Discussion

NLCs are prepared by various methods, but the microe-
mulsion method is one of the most convenient owing to its
ease of production, better yields, and controlled release of
the formulation.’’ The main components of NLCs are
(solid
Generally, the ratio of solid to liquid lipids ranges from

lipids and liquid), water, and emulsifiers.
70:30 to 99:1, whereas the surfactant concentration ranges
from 1.5% to 5% (w/v).>> Commonly used solid lipids for
NLC preparation include Compritol® 888 ATO, Precirol®
ATOS, fatty acids, triglycerides, steroids, and waxes. The
liquid oils used in NLCs are mostly digestible oils from
natural sources. Medium chain triglycerides (Miglyol®
812), paraffin oil, 2-octyl dodecanol, isopropyl myristate,
and squalene have been used as liquid lipids. Fatty acids,
such as oleic acid, linoleic acid, and decanoic acid, may

also be used as liquid lipids.”*

Preparation of HePC-Loaded NLCs

In a recent study, the microemulsion technique was used to
prepare HePC-NLCs because of the formation of uni-
formly sized particles and stability of the formulation
over an extended period of time.*' Previously, fluticasq

. duse the HLB values of both
een 14 and 15, they were selected for
Cs. The NLCs were then charac-
terised in terms of their particle size, PDI, zeta potential,

components lic'¥
preparation of the

and incorporation efficiency.?’

Characterisation of HePC-Loaded NLCs
Particle Size, PDI, and Zeta Potential

Using dynamic light scattering analysis, the mean particle
size and PDI of the HePC-NLCs were respectively
obtained as 143.8 + 16.2 nm and 0.104 + 0.002, signifying

that the formulation was nanosized and monodispersed
(Figure 3A). Zeta potential analysis using the Zetasizer
ZS90 revealed a negative charge (—34.2 + 1.2 mV) on
the particle surfaces (Figure 3B), indicating the stability
of the formulation. The formation of nanoparticles with
uniform distribution and stability usually depends on the
process parameters and method of preparation. As dis-
cussed earlier, the microemulsion technique produces
NLCs with suitable characteristics for drug delivery.*

Incorporation Efficiency
The incorporation efficiency of thg

he particles were found to be spherical

aries and sizes less than 200 nm.
e results demonstrated the monodispersi-
he HePC-NLCs, as shown in Figure 3C.

hermal Analysis

e thermal analyses of pure HePC, stearic acid, their
physical mixture, and HePC-NLCs are shown in Figure
4A. The physical mixture was prepared by combining
HePC and stearic acid without any other additives. As
shown in Figure 4A, clear endothermic peaks at 40 °C,
100 °C, and 246 °C are visible with pure HePC, which are
probably due to the loss of moisture content, loss of
hydrated water, and melting of the HePC, respectively,
followed by decomposition of the drug. Stearic acid dis-
played a slight endothermic profile at 56 °C. In addition,
the physical mixture exhibited a relatively low intensity of
the HePC and stearic acid peaks at their corresponding
positions. In contrast, the HePC and stearic acid peaks are
not evident in the thermal analysis of the HePC-NLCs,
demonstrating transformation of the drug into an amor-
phous form when incorporated into the NLCs.

PXRD Analysis
Figure 4B shows the PXRD analysis of pure HePC, stearic

acid, their physical mixture, and the HePC-NLCs. The
X-ray diffractogram of pure HePC showed characteristic
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Figure 3 Characterisation of HePC-NLCs: (A) Average hydrodynamic particle size

morphology analysis of HePC-NLCs (10,000%).
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Figure 4 Solid-state characterization of HePC-NLCs, pure HePC, lipid, and lipid mixture: (A) Dynamic scanning calorimetry (DSC) analysis; (B) Powder X-ray diffraction

(PXRD) analysis.

crystalline peaks at 20 of 11.8°, 14.3°, 17.8°, 18.7°, 21.4°,
22.3°, and 24°. Similarly, stearic acid showed crystalline
peaks at 21.6° and 22.4°. The physical mixture produced
all the characteristic peaks of pure HePC and stearic acid,
demonstrating that HePC exists in a crystalline form when

simply mixed with stearic acid. However, the correspond-
ing peaks were absent in the HePC-NLC diffractogram,
indicating transformation of the drug from a crystalline to
amorphous state. This analysis demonstrated the success-
ful incorporation of HePC into NLCs.
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In vitro Drug Release
The in vitro release of HePC from the HePC-NLCs was
evaluated at pH 7.4, and was compared with a pure drug
solution. The medium was maintained at 37 °C. Burst
release was observed from the pure drug solution, as the
majority of the drug was released in the first 30 min,
followed by complete release within 4 h. Only 16% of
the drug was released from the HePC-NLCs after 30
min, followed by 51% release by 24 h (Figure 5A). In
contrast to the pure HePC solution, the HePC-NLCs
clearly exhibited sustained drug release behaviour. The
burst release of HePC from the solution could be attrib-
uted to the hydrophilic nature of the drug. Moreover, the
drug entrapment in the lipid milieu of NLCs has been
shown previously to produce a sustained and slow
release of the drug.’®® Thus, enhanced HePC entrap-
ment, reduced HePC loss during storage, and controlled
release of HePC were attained with the HePC-NLC
formulation. Another reason for the high drug payload
is the overall increase in the solid lipid component of
the NLCs.° Additionally, one of the major problems
previously noted with this drug was its quick release
from the body upon IV administration. Our in vi
release data demonstrated extended discharge of t
drug from the HePC-NLCs. However, pha
studies are required to confirm these resul#
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In vitro Hemolysis

Figure 5B and Table 1 show the percent comparative hemo-
lysis at various concentrations of the pure drug and HePC-
NLCs. The pure drug showed 93% hemolytic activity even
at a low concentration of 3.125 pg/mL, whereas at higher
concentrations, 100% hemolytic activity was observed.
Unlike pure HePC, less than 8% hemolytic activity occurred
with the HePC-NLCs for all tested concentrations. Thus, the
HePC-NLCs demonstrated significantly reduced hemolytic
activity compared to that of the pure drug.” This reduced

and controlled release profile of th
loading of HePC. Moreover,

B. The blank NLCs did not display
drug concentration; more than 90% of

ocompatible nature and tolerability.**®* The pure drug

lemonstrated significantly enhanced cytotoxicity and

50 25

125 6.25 3.125 Negative
pg/ml pg/ml pg/ml ug/ml ug/ml control
' ‘ o -
® - o | f
‘ ’ ‘ v. ‘ ?
50 25 125 6.25 3.125 Positive
pg/ml  pg/ml ug/ml pg/ml ug/ml control

Figure 5 In vitro cumulative release (A) and % hemolysis vs drug concentration data (B), of the HePC-NLCs compared with that of the pure drug (HePC). Numbers |6 in
% hemolysis represent 3.125 pg/mL, 6.25 pg/ mL, 12.5 pg/ mL, 25 pg/ mL, 50 pg/ mL, and 100 pg/ mL, respectively. Each value represents the mean + S.D. (n = 3).
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Table | In vitro Haemolytic Activity of HePC-NLCs and HePC
Solution at Various Drug Concentration

Drug Concentration (ug/mL) HePC-NLCs Pure Drug
3.125 90.49 + 3.05* 1.06 £0.18
6.25 90.77 + 3.78* 242 £ 032
12.5 91.78 £ 4.72*% 2.74 £ 1.57
25 93.32 £ 4.90* 6.61 = 1.52
50 96.34 £ 5.13* 6.75 = 1.31

100 98.25 £ 4.21%* 7.34 £1.05

Notes: Data are expressed as mean % S.D. (n=3). *p < 0.05 versus pure drug. Pure
drug represent the HePC solution at equivalent drug concentration.

considerably reduced cell viability compared to that of the
blank NLCs. This could be attributed to the cytotoxic
effects of HePC. However, since HePC is quickly cleared
from the bloodstream when administered in pure form, as
demonstrated in pharmacokinetic studies, its cytotoxic
effect does not persist. The HePC-NLCs significantly
reduced the cell viability, as almost all the cancer cells
died after treatment when compared to those of the blank
NLCs and pure drug. Moreover, this result showed that the
oil phase used in the preparation of NLCs may affect the
cell viability. As reported earlier, drug-loaded NLCs, pre-
dominantly in preparation with oleic acid, could -
ingfully reduce the wiability of MCF 7 cel
Furthermore, the improved activity of NLCs assoc

loaded NLCs into the cell. In its pug
quickly eliminated from the body,

pure drug is short-lived. H
the NLC system, the d

SWW2/mL for SSC 7 cells (Table 1).
demonstrated the enhanced activity of the
pth the tumor cells.

Cellular Uptake Study

The cellular uptake study was performed by fluorescence
imaging of MFC-7 cells after incubating with R6G-
labelled HePC-NLCs. As shown in Figure 6C, the R6G-
labelled HePC-NLCs were found alongside the cell nuclei
after 24 h, indicating the cytoplasmic localization of the
R6G-labelled HePC-NLCs. Thus, it can be concluded that

the HePC-NLCs can be taken up by and internalised in the
tumour cells to efficiently deliver the antitumor drug,
resulting in a targeting effect that leads to enhanced anti-
tumor efficacy. Tumour cell targeting is a prerequisite to
ensure the therapeutic efficacy of a novel drug delivery
system. In this regard, cell uptake studies are one of the
most important studies designed to assess the cell and
tumour internalisation of nanocarriers loaded with antic-
ancer agents. Small drug molecules are incorporated into
nanocarriers that can infiltrate tumour cells by either the
EPR effect or through endocytogis
toxic effects (Figure 2).

exhibit their cyto-

ma concentrations of
ePC-NLCs were higher

circulation,4-5 h post-IV
454 Half of the HePC was eliminated after
(t12), with a reduced mean residence time
14 h, as compared to the HePC-NLCs, which
ited values of 21.11 £ 0.72 h and 6.24 + 0.93 h,
respectively (Table 2). These results demonstrated that
the drug level in the blood persisted for extended durations
with HePC-NLC administration, resulting in enhanced
therapeutic efficacy of the drug. Similarly, the area under
the concentration time-curve from time zero to infinity
(AUCy..) was significantly higher (p < 0.05) with the
HePC-NLCs than with the pure drug. The significantly
higher AUC and reduced elimination rate of the HePC-
NLCs could be attributed to the steric stabilisation effect
of stearic acid®® in the NLCs, which provides protection
from opsonisation, a vital property in drug delivery.®
These findings demonstrate that HePC-NLCs can improve
the efficacy of the incorporated drug, which may result in
dose reductions.

Biodistribution and Toxicity Studies

In the highly perfused organs of rats, namely the heart,
spleen, liver, kidneys, and lungs, the HePC concentration
per tissue weight was quantified at 1 h and 12 h following
a single IV dose of pure HePC and HePC-NLCs. The
findings are shown in Figure 7B. The HePC concentration
in the spleen and liver with the HePC-NLCs was signifi-
cantly enhanced, in contrast to that with pure HePC. This
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Abbreviations: D

was probably due to enhanced drug release and biodistri-
bution associated with the HePC-NLCs, which the pure
HePC lacks. The drug concentration in other organs (heart,
lungs, and kidneys) was extremely low and was not sig-
nificantly different between the two HePC forms. The
HePC concentration in various organs (heart, kidneys,
lungs, and spleen) was also determined at 12 h. The results
clearly demonstrated an equally low drug level compared

B -~ Pure Drug
-O- HePC-NLCs
¥~ Blank NLCs

o Wy 3 3
80 -
S
£ 60 »
=
<
s
T 40
o
20 -

250 500 75.0

Concentration (ng/mL)

DAPI merged with
R6G Labelled HePC-NLCs

B-diamidino-2-phenylindole; R6G, rhodamine 6G; HePC-NLCs, Miltefosine-loaded nano lipid carriers.

with that at 1 h, owing to the minimised drug dissemina-
tion in normal body tissues and organs along with an
improved drug safety profile. However, even at 12 h,
a comparatively large concentration of HePC could be
seen passing through the liver, indicating the sustained
drug release that could be attributed to the long-lasting
effect of the NLCs. Furthermore, this most likely was due
to the long half-life of HePC. To exclude the possibility of
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h after administration of HePC-NLCs and pure drug. Data are given as means * S.D. (n
magnification to determine hepatotoxicity, (I) normal histological structure of the hepa

liver toxicity, an additional study of liver patholo
HePC-NLC administration was conducted, and the
were compared with those of the control (Figure

Table 2 PR
Administration O
5 mg/kg of HePC) to Rats

pacokinetic Parameters of HePC After IV
ePC-NLCs and Pure Drug (Equivalent to

Parameters HePC-NLCs Pure Drug
AUC,_,. (ugh/mL) 79.45 £ 9.93* 18.57 + 1.26*
Crnax (ug/mL) 14.40 + 1.30 1430 £ 1.13
tiz (h) 2111 £ 0.72* 132 £ 026
MRT (h) 6.24 + 0.93* 0.78 £ 0.14

ter

Notes: Data are expressed as mean * S.D. (n=6). *p < 0.05 versus pure drug. Pure
drug represent the HePC solution at equivalent drug concentration.

12 hr
1hr 20

mmmm HePC-NLCs
/2 Pure Drug
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; (C) Representative H&WFstained segments of hepatic tissue of mice at 200%
lobule, control reated liver) and (1) liver tissues treated with the HePC-NLCs.

ze was constantly measured and treatment
as started when the tumour reached 150—180 mm?. The
se was administered on day 3. The tumour volumes
and body weights were significantly increased in the mice
administered normal saline. This likely occurred because no
antitumor drug treatment was administered. The pure drug-
treated group showed significantly reduced tumour volumes
and body weights compared to those of the normal saline
group; however, these values were significantly higher than
those of the HePC-NLC group. This could be attributed to
the nonencapsulated drug’s rapid elimination from the
blood circulation, as demonstrated in pharmacokinetic
studies.®”:%8 Nevertheless, the HePC-NLCs demonstrated
significantly reduced tumour volumes and sustained body
weights compared to the values with pure drug and normal
saline. This might be caused by its sustained release beha-
viour and longer retention in the bloodstream, as demon-
strated by our in vitro release and in vivo pharmacokinetic
studies. This experiment establishes the antitumor efficacy
of NLCs when loaded with HePC. An important aspect of
this study was the selection of an optimal dosing schedule
for HePC, since it is rarely used for tumour targeting, and
much remains to be discovered regarding its antitumor
efficacy. Thus, an optimal dosage schedule (5 mg/kg; days
3, 6,9, and 12) was adopted from a number of studies
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Table 3 Therape®
BALB/c Mice Inocula

fficacy of Various Formulations of HePC in
with 4T | Cells

Treatment MST * SD Median ILS
Groups (Days) (Days) (%)
Pure Drug 35.75 + 3.93* 34% 9.83*
HePC-NLCs 42.19 £ 3.82%* 41%* 30.21%*
Normal Saline 31.68 £ 3.59 29 —_—

Notes: Each value represents the mean = SD (n=9). MST and ILS respectively
stands for mean survival time and increased life span. *p <0.0l as compared with
normal saline treated groups. **p <0.001 as compared with pure drug and normal
saline treated groups.

Time (Days)

s, pure drug, and normal saline: (A) tumour volume analysis; (B) representative tumour mass
e-, HePC solution-, and HePC-NLCs-treated groups, respectively; (C) body weight change. Arrows indicate
rmal saline. Each value represents the mean * S.D. (n = 6); (D) Effect of pure HePC and HePC-NLCs on
saline (untreated) (n = 9). *Represents p<0.05 when compared with Normal Saline and ** represents

need to be tested in advanced disease settings or in Phase
I trials. An important strategy in this regard was the phar-
macokinetic data, which revealed that administration of the
HePC-NLCs at 5 mg/kg produced a C,,,x of 14.47 + 0.4 and
a Cppin 0 0.48 = 0.13. Additionally, the overall drug content
in the bloodstream over time (AUC) was sufficient to
induce an antitumor effect. However, further studies on
the use of different HePC dosing schedules need to be
conducted.

Survival Rate Analysis
The survival rate of the tumour-bearing mice was also
determined in response to the treatments administered to
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eliminate the tumour. Figure 8D shows the survival rate
as a Kaplan-Meier plot, whereas the MST and ILS
values are tabulated in Table 3. The saline-treated mice
could not survive due to tumour toxicity; the first mouse
died on day 5, followed by consistent mortality until day
30, when all the mice had died due to presence of the
tumour. Similarly, the first mouse died on day 9 after
treatment with the pure drug. Unlike the saline-treated
group, the survival rate of the mice was extended over
many days with pure drug treatment; however, all the
mice had died by day 32. In contrast, a significantly
enhanced survival rate was observed in the HePC-NLC-
treated mice. The first mouse died on day 15 and
approximately 66% of the mice were still alive on day
32. The HePC-NLCs prolonged the survival rate of the
mice significantly more than HePC alone or saline did.
Despite the pure drug being less effective than the
HePC-NLCs, it meaningfully improved survival rate of
the mice as to that of normal saline. This study demon-
strates the increased survival potential of HePC when
incorporated into NLCs.

Histomorphometric Analysis
The outcomes of the histomorphometric analys
provided in Table 4 and Figure 9A-

ing treatment, in the order of
>> saline. In particular, the

Drug and HePC-NLCs

Applied Tumo, ale BALB/c Mice

Caspase- | PARP
3

Control 85.34 + 12.46 14.63 783
3.49 2.65

Pure Drug 45 £ 10.72%* 31.17 2834 £
5.73%* 5.14%*

HePC-NLCs 12.79 £ 3.32% 89.18 89.36
+10.37* £9.12%

Normal Saline | 82.45 £ 9.93 13.73 8.52
1491 13.01

Notes: Each histological value represents the mean * SD (n=9). Pure drug repre-
sent HePC solution. *p <0.01 as compared with control and normal saline treated
groups. **p <0.001 as compared with control, pure drug and normal saline treated
groups.

Abbreviation: PARP, cleaved poly (ADP-ribose) polymerase.

PARP immunopositive cells compared with that of the
pure drug- and saline-treated tumours. Apoptosis can
be induced by mitochondrial damage that releases cyto-
chrome ¢ and activates caspase 3.**%° Caspase 3,
cleaves majority of the cellular substances during the
apoptotic process, leading to DNA fragmentation. The
other nuclear target is PARP, which plays an important
role in the repair of damaged DNA.” The triggering of
caspase-3 and PARP in the tumour mass is an indicator
of tumour cell apoptosis.”""’* In our study, increases in

caspase-3 and PARP immunorg itics were demon-

strated in the tumour mg

tumour cell apoptosis, in

EL assay, as shown in Figure
mentation in the tumour cells was signifi-
n the HePC-NLC-treated mice than in the
and pure HePC-treated mice, signifying
enhanced tumour cell death via apoptosis occurred
in the NLC-treated group. This could be attributed to
internalisation of the NLCs into the tumour tissue
because of the targeted drug delivery effect. These
results corroborate the histomorphometric results, as
demonstrated in Figure 9A—C. Overall, these findings
reveal the antitumor potential of HePC, particularly
when incorporated into NLCs.

Conclusions

In the present study, HePC-NLCs were prepared using
a microemulsion technique. The optimised procedure
produced nanoparticles with improved incorporation
efficiency. Solid-state characterisation demonstrated
transformation of the crystalline drug into an amorphous
state. It was observed that HePC-NLCs have the poten-
tial to prolong drug release without causing hemolysis
in vitro. The enhanced cytotoxicity and uptake of HePC-
NLCs in tumour cells showed the antitumor potential of
the formulation in vitro. Furthermore, the pharmacoki-
netic study revealed that the AUC and half-life values
were higher for the HePC-NLCs than for the test sam-
ples, demonstrating enhanced drug bioavailability of the
former. Finally, in vivo antitumor studies confirmed
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tumour targeting, internalisation, tumour cell apoptosis,
and DNA fragmentation. Thus, the enhanced pharmaco-
kinetic and antitumor potential of the NLCs has been
established, particularly when loaded with HePC.

Acknowledgment
The authors are very grateful to the College of
Pharmacy, Hanyang University Ansan, South Korea,

~“Tamor mass ..

B C

. Caspas-3 PARP'

d

«

e -, K px

o

HePC-NLCs

bistopathological alterations in representative tumour masses; immunoreactivity of apoptotic markers (B) caspase-3 and (C) PARP.
Eatment with pure HePC, HePC-NLCs, and saline (control) in vivo. Scale bar = 120 pm.

and Riphah International

Pakistan, for providing some of the reagents and tech-

University Islamabad,

nical support during this project.

Funding

This project was funded by the Higher Education
Commission of Pakistan via a grant (No. 21-836/SRGP/
R&D/ HEC/2016). Moreover, partial support was provided

3270

Dove!

International Journal of Nanomedicine 2021:16


https://www.dovepress.com
https://www.dovepress.com

Dove Yu et al

by Quaid-i-Azam University, Islamabad, Pakistan through 15. Song M, Wang J, Lei J, et al. Preparation and evaluation of liposomes

the University Research Fund (URF).

co-loaded with doxorubicin, phospholipase D Inhibitor 5-Fluoro-
2-Indolyl Deschlorohalopemide (FIPI) and D-Alpha Tocopheryl
Acid Succinate (a-TOS) for anti-metastasis. Nanoscale Res Lett.
2019;14(1):1-13. doi:10.1186/s11671-019-2964-4

D'SCIOSU re 16. Zeb A, Rana I, Choi H-I, et al. Potential and applications of nano-
The authors reported no conflicts of interest for this work. carriers for efficient delivery of biopharmaceuticals. Pharmaceutics.

2020;12:1184. doi:10.3390/pharmaceutics12121184
17.Ud Din F, Kim DW, Choi JY, et al. Irinotecan-loaded

double-reversible thermogel with improved antitumor efficacy with-

Refe rences out initial burst effect and toxicity for intramuscular administration.

1

. Freddie Bray JF, Isabelle Soerjomataram RL, Siegel LA, Torre AlJ.

. Danker K, Reutter W, Semini G. Glycosidated phospholipids: uncou-

. Thambiraj S, Shruthi S, Vijayalakshmi R, Shankaran DR. Evaluation

.Din F, Choi JY, Kim DW, et al. Irinotecan-encapsulated

.Cao C, Wang Q, Liu Y. Lung cancer combination therapy: doxor-

.Xie J, Fan Z, Li Y, et al. Design of pH-sensitive methotrexate

. da Gama Bitencourt JJ, Pazin WM, Ito AS, et al.

. Fiegl M, Lindner LH, Juergens M,

Acta Biomater. 2017;54:239-248. doi:10.1016/j.actbio.2017.03.007
18. Mir M, Ishtiaq S, Rabia S, et al. Nanotechnology: from in vivo

imaging system to controlled drug delivery. Nanoscale Res Lett.

2017;12:500. doi:10.1186/s11671-01

GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries. Cancer J Clin. 2018;68:394-424.
doi:10.3322/caac.21492

pling of signalling pathways at the plasma membrane. Br J Pharmacol.

2010;160:36—47. doi:10.1111/7.1476-5381.2009.00626.x
20. Tran TH, Ramasamy

of cytotoxic activity of docetaxel loaded gold nanoparticles for lung vorinostat-loaded sol

cancer drug delivery. Cancer Treat Res Commun. 2019;21:100-157.
doi:10.1016/j.ctarc.2019.100157 n
al. Nanostructured lipid
double-reverse thermosensitive nanocarrier system for rectal ; . y -
administration. Drug  Deliv.  2017:24:502-510.  doi:10.1080/ folytic activity. Jut J Pharm.
10717544.2016.1272651 11

ubicin and B-elemene co-loaded, pH-sensitive nanostructured lipid
carriers. Drug Des Devel Ther. 2019;13:1087. doi:10.2147/DDDT.

S198003 . .
1-Suwayeh S, Fang J-Y. Nanostructured lipid carriers

rug delivery and targeting. Recent Pat Nanotechnol.

"41-55. doi:10.2174/187221013804484827

iswal P, Gidwani B, Vyas A. Nanostructured lipid carriers and

current application in targeted drug delivery. Artif Cells,

Nanomed Biotechnol. 2016;44(1):27-40. doi:10.3109/

21691401.2014.909822

25.Ud Din F, Aman W, Ullah I, et al. Effective use of nanocarriers as
drug delivery systems for the treatment of selected tumors.
Int J Nanomedicine. 2017;12:7291. doi:10.2147/1IN.S146315

26. Yhee JY, Son S, Son S, Joo MK, Kwon IC. The EPR effect in
cancer therapy. In: Bae Y, Mrsny R, Park K, editors. Cancer

prodrug-targeted curcumin nanoparticles for efficient dual-d V-
ery and combination cancer therapy. Int J Nano
2018;13:1381. doi:10.2147/IIN.S152312

lipid nanoparticles: improving miltefosine stabj
hemolytic potential toward erythtocytes and
macrophages. Biophys Chem. 2016;2
bpc.2016.07.005

Cancer Chemother Ph ‘ ] ' Targeted Drug Delivery. New York: Springer; 2013:621-632.
$00280-007-0612-7 27. Maeda H. Research spotlight: emergence of EPR effect theory and
. Dotlo TP, Balaseg Yes PJ. Miltefosine: development of clinical applications for cancer therapy. Ther Deliv.

areview of its ph therapeutic efficacy in the treatment 2014;5(6):627_630' doi:10.415§/.tde. 14.36 .
of leishmaniasis. . ther. 2012;67:2576-2597. 28. Greish K. Enhanced permeability and retention (EPR) effect for

anticancer nanomedicine drug targeting. In: Grobmyer S, Moudgil
B, editors. Cancer Nanotechnology Methods in Molecular Biology
sitivity and resistance, and clinical (Methods and  Protocols); Volume 624. Humana Press;

2008;14:2061-2074. doi:10.2174/ 2010:25-37.

29. Joshi M, Patravale V. Nanostructured lipid carrier (NLC) based gel of
¢ter W, Orfanos CE, Geilen CC. Mechanisms of action celecoxib. Int J Pharm. 2008;346(1-2):124-132. doi:10.1016/j.
alogs as anticancer compounds. Prog Lipid Res. ijpharm.2007.05.060
1999,38249 dor? 01016/S0163-7827(99)00004—1 30. Li Z, Lin X, Yu L, Li X, Geng F, Zheng L. Effects of chloramphe-
12. Kip AE, Schellens JH, Beijnen JH, Dorlo TP. Clinical pharmacoki- nicol on the characterization of solid lipid nanoparticles and nanos-
netics of systemically administered antileishmanial drugs. Clin tructured  lipid ~ carriers. J  Dispers  Sci Technol.  2009;30
Pharmacokinet. 2018;57:151-176. doi:10.1007/540262-017-0570-0 (7):1008-1014. doi:10.1080/01932690802701663
13. Chrastina A, Baron VT, Abedinpour P, Rondeau G, Welsh J, 31. Jin SG, Choi H-G. Particle and gel characterization of irinotecan-loaded
Borgstrdm P. Plumbagin-loaded nanoemulsion drug delivery formu- double-reverse thermosensitive hydrogel. Polymers. 2021;13:551.
lation and evaluation of antiproliferative effect on prostate cancer doi:10.3390/polym13040551
cells. Biomed Res Int. 2018;2018. doi:10.1155/2018/9035452 32. Ud Din F, Mustapha O, Dw K, et al. Novel dual-reverse thermosen-
14. Ferreira M, Chaves LL, Lima SAC, Reis S. Optimization of nanos- sitive solid lipid nanoparticle-loaded hydrogel for rectal administra-
tructured lipid carriers loaded with methotrexate: a tool for inflam- tion of flurbiprofen with improved bioavailability and reduced initial
matory and cancer therapy. Int J Pharm. 2015;492:65-72. burst effect. Eur J Pharm Biopharm. 2015;94:64-72. doi:10.1016/].
doi:10.1016/j.ijpharm.2015.07.013 €jpb.2015.04.019
International Journal of Nanomedicine 2021:16 https: 3271

Dove:


https://doi.org/10.3322/caac.21492
https://doi.org/10.1111/j.1476-5381.2009.00626.x
https://doi.org/10.1016/j.ctarc.2019.100157
https://doi.org/10.1080/10717544.2016.1272651
https://doi.org/10.1080/10717544.2016.1272651
https://doi.org/10.2147/DDDT.S198003
https://doi.org/10.2147/DDDT.S198003
https://doi.org/10.2147/IJN.S152312
https://doi.org/10.1016/j.bpc.2016.07.005
https://doi.org/10.1016/j.bpc.2016.07.005
https://doi.org/10.1007/s00280-007-0612-7
https://doi.org/10.1007/s00280-007-0612-7
https://doi.org/10.1093/jac/dks275
https://doi.org/10.2174/138161208785294636
https://doi.org/10.2174/138161208785294636
https://doi.org/10.1016/S0163-7827(99)00004-1
https://doi.org/10.1007/s40262-017-0570-0
https://doi.org/10.1155/2018/9035452
https://doi.org/10.1016/j.ijpharm.2015.07.013
https://doi.org/10.1186/s11671-019-2964-4
https://doi.org/10.3390/pharmaceutics12121184
https://doi.org/10.1016/j.actbio.2017.03.007
https://doi.org/10.1186/s11671-017-2249-8
https://doi.org/10.1155/2019/1526186
https://doi.org/10.1007/s11095-014-1300-z
https://doi.org/10.1016/j.ijpharm.2020.119033
https://doi.org/10.1016/j.ijpharm.2010.09.007
https://doi.org/10.2174/187221013804484827
https://doi.org/10.3109/21691401.2014.909822
https://doi.org/10.3109/21691401.2014.909822
https://doi.org/10.2147/IJN.S146315
https://doi.org/10.4155/tde.14.36
https://doi.org/10.1016/j.ijpharm.2007.05.060
https://doi.org/10.1016/j.ijpharm.2007.05.060
https://doi.org/10.1080/01932690802701663
https://doi.org/10.3390/polym13040551
https://doi.org/10.1016/j.ejpb.2015.04.019
https://doi.org/10.1016/j.ejpb.2015.04.019
https://www.dovepress.com
https://www.dovepress.com

Yu et al

Dove

33. Khan AS, Ud Din F, Ali Z, et al. Development, in vitro and in vivo
evaluation of miltefosine loaded nanostructured lipid carriers for the
treatment of cutaneous leishmaniasis. nt J Pharm. 2020;120109.
doi:10.1016/j.ijpharm.2020.120109

34. Ud Din F, Rashid R, Mustapha O, et al. Development of a novel solid
lipid nanoparticles-loaded dual-reverse thermosensitive nanomicelle
for intramuscular administration with sustained release and reduced
toxicity. RSC Adv. 2015;5:43687-43694. doi:10.1039/C5RA05656]

35. Mustapha O, Din FU, Kim DW, et al. Novel piroxicam-loaded nano-
spheres generated by the electrospraying technique: physicochemical
characterisation and oral bioavailability evaluation. J Microencapsul.
2016;33:323-330. doi:10.1080/02652048.2016.1185475

36. Ud Din F, Zeb A, Shah KU. Development, in-vitro and in-vivo
evaluation of ezetimibe-loaded solid lipid nanoparticles and their
comparison with marketed product. J Drug Deliv Sci Technol.
2019;51:583-590. doi:10.1016/j.jddst.2019.02.026

37. Rizvi SZH, Shah FA, Khan N, et al. Simvastatin-loaded solid lipid

nanoparticles for enhanced anti-hyperlipidemic activity in hyperlipi-
demia animal model. Int J Pharm. 2019;560:136-143. doi:10.1016/j.
ijpharm.2019.02.002

. Elmowafy M, Ibrahim HM, Ahmed MA, Shalaby K, Salama A,

Hefesha H. Atorvastatin-loaded nanostructured lipid carriers
(NLCs): strategy to overcome oral delivery drawbacks. Drug Deliv.
2017;24(1):932-941. doi:10.1080/10717544.2017.1337823

39. Wang -J-J, Liu K-S, Sung K, Tsai C-Y, Fang J-Y. Lipid nanoparticles
with different oil/fatty ester ratios as carriers of buprenorphine and its
prodrugs for injection. Eur J Pharm Sci. 2009;38(2):138-146.
doi:10.1016/j.€jps.2009.06.008

40. Tran TH, Choi JY, Ramasamy T, et al. Hyaluronic acid-coated solid

lipid nanoparticles for targeted delivery of vorinostat to CD44 over-
expressing cancer cells. Carbohydr Polym. 2014;114:407-415.
doi:10.1016/j.carbpol.2014.08.026

.Seto JE, Polat BE, VanVeller B, Lopez RFV, Langer

Blankschtein D. Fluorescent penetration enhancers for transderm
applications. J Control Release. 2012;158(1):85-92. doia
jeonrel.2011.10.018

42. Khan MW, Zhao P, Khan A, et al. Synergism o

3

foe]

4

—_

43. Park JH, Cho JH, Kim DS, et al. Rev;

10837450.2019.1597114
.Kim JS, Ud Din F, L

a vel long-acting targeted paclitaxel

mor activity. Int J Nanomedicine. 2020;15:553.
doi:10.2147/IIN.SS@RI 15

46. Barrett KL, Willingh'®%® JM, Garvin AJ, Willingham MC. Advances
in cytochemical methods for detection of apoptosis. J Histochem
Cytochem. 2001;49(7):821-832. doi:10.1177/002215540104900703

47. Shi S-R, Chaiwun B, Young L, Cote R, Taylor C. Antigen retrieval
technique utilizing citrate buffer or urea solution for immunohisto-
chemical demonstration of androgen receptor in formalin-fixed par-
affin sections. J Histochem Cytochem. 1993;41:1599-1604.
doi:10.1177/41.11.7691930

48. Choi JY, Ramasamy T, Tran TH, et al. Systemic delivery of axitinib
with nanohybrid liposomal nanoparticles inhibits hypoxic tumor
growth. J Mater Chem B. 2015;3(3):408-416. doi:10.1039/
C4TB01442A

49.

50.

—

5

52.

53.

54.

55.

56.

60.

61.

62.

63.

64.

Park JC, Lee YJ, Choi HY, Shin YK, Kim JD, Ku SK. In vivo and
in vitro antitumor effects of platycodin D, a saponin purified from
platycodi radix on the H520 lung cancer cell. Evid Based
Complement Alternat Med. 2014;2014:1-17. doi:10.1155/2014/
478653

Jing Y, Zaias J, Duncan R, Russell SJ, Merchan JR. In vivo safety,
biodistribution and antitumor effects of uPAR retargeted oncolytic
measles virus in syngeneic cancer models. Gene Ther. 2014;21
(3):289-297. doi:10.1038/gt.2013.84

. Haider M, Abdin SM, Kamal L, Orive G. Nanostructured lipid

carriers for delivery of chemotherapeutics: a review. Pharmaceutics.
2020;12(3):288. doi:10.3390/pharmaceutics 12030288

Beloqui A, Solinis MA, Rodriguez-Gascon A, Almeida AJ, Préat V.
Nanostructured lipid carriers: promising drug delivery systems for
future clinics. Nanomedicine. 2016;12 doi:10.1016/j.
nano.2015.09.004

Doktorovova S, Arafijo J, Garcia
Formulating fluticasone propk
nanostructured  lipid  card
B Biointerfaces.
colsurfb.2009.09.033
Shao Z, Shao J, Ta

Khan AS, Rabia S, Dar J, Khan GM. Development
ed solid lipid nanoparticles and their in vitro and
with commercial product. J Microencapsul. 2020537
. doi:10.1080/02652048.2020.1713242

, AbdelMalak NS, Badawi AA. Formulation of a novel
oxybenzone-loaded nanostructured lipid carriers (NLCs). Adaps
Pharmscitech.  2010;11:1684-1694.  doi:10.1208/s12249-010-

9553-2

.Souto E, Wissing S, Barbosa C, Miiller R. Development of

a controlled release formulation based on SLN and NLC for topical
clotrimazole delivery. Int J Pharm. 2004;278(1):71-77. doi:10.1016/
j-ijpharm.2004.02.032

. Uner M. Preparation, characterization and physico-chemical proper-

ties of solid lipid nanoparticles (SLN) and nanostructured lipid car-
riers (NLC): their benefits as colloidal drug carrier systems.
Pharmazie. 2006;61:375-386.

Tamjidi F, Shahedi M, Varshosaz J, Nasirpour A. Nanostructured
lipid carriers (NLC): a potential delivery system for bioactive food
molecules. Innov Food Sci 2013;19:29-43.
doi:10.1016/j.ifset.2013.03.002

Das S, Khan W, Mohsin S, Kumar N. Miltefosine loaded albumin
microparticles for treatment of visceral leishmaniasis: formulation
development and in vitro evaluation. Polym Adv Technol. 2011;22
(1):172-179. doi:10.1002/pat.1710

Kaufmann-Kolle P, Drevs J, Berger M, et al. Pharmacokinetic behavior
and antineoplastic activity of liposomal hexadecylphosphocholine.
1994;34:393-398.  doi:10.1007/

Emerg Technol.

Cancer Chemother Pharmacol.
BF00685563

Petersen S, Steiniger F, Fischer D, Fahr A, Bunjes H. The physical
state of lipid nanoparticles influences their effect on in vitro cell
viability. Eur J Pharm Biopharm. 2011;79(1):150-161. doi:10.1016/
j-ejpb.2011.03.022

Chinsriwongkul A, Chareanputtakhun P, Ngawhirunpat P, et al.
Nanostructured Lipid Carriers (NLC) for parenteral delivery of an
anticancer drug. AAPS  PharmSciTech. 2012;13(1):150-158.
doi:10.1208/s12249-011-9733-8

https:

3272

Dove!

International Journal of Nanomedicine 2021:16


https://doi.org/10.1016/j.ijpharm.2020.120109
https://doi.org/10.1039/C5RA05656J
https://doi.org/10.1080/02652048.2016.1185475
https://doi.org/10.1016/j.jddst.2019.02.026
https://doi.org/10.1016/j.ijpharm.2019.02.002
https://doi.org/10.1016/j.ijpharm.2019.02.002
https://doi.org/10.1080/10717544.2017.1337823
https://doi.org/10.1016/j.ejps.2009.06.008
https://doi.org/10.1016/j.carbpol.2014.08.026
https://doi.org/10.1016/j.jconrel.2011.10.018
https://doi.org/10.1016/j.jconrel.2011.10.018
https://doi.org/10.2147/IJN.S196651
https://doi.org/10.1080/10837450.2019.1597114
https://doi.org/10.1080/10837450.2019.1597114
https://doi.org/10.2147/IJN.S228715
https://doi.org/10.1177/002215540104900703
https://doi.org/10.1177/41.11.7691930
https://doi.org/10.1039/C4TB01442A
https://doi.org/10.1039/C4TB01442A
https://doi.org/10.1155/2014/478653
https://doi.org/10.1155/2014/478653
https://doi.org/10.1038/gt.2013.84
https://doi.org/10.3390/pharmaceutics12030288
https://doi.org/10.1016/j.nano.2015.09.004
https://doi.org/10.1016/j.nano.2015.09.004
https://doi.org/10.1016/j.colsurfb.2009.09.033
https://doi.org/10.1016/j.colsurfb.2009.09.033
https://doi.org/10.2147/IJN.S77837
https://doi.org/10.1080/03639045.2016.1257020
https://doi.org/10.1080/03639045.2016.1257020
https://doi.org/10.1080/02652048.2020.1713242
https://doi.org/10.1208/s12249-010-9553-2
https://doi.org/10.1208/s12249-010-9553-2
https://doi.org/10.1016/j.ijpharm.2004.02.032
https://doi.org/10.1016/j.ijpharm.2004.02.032
https://doi.org/10.1016/j.ifset.2013.03.002
https://doi.org/10.1002/pat.1710
https://doi.org/10.1007/BF00685563
https://doi.org/10.1007/BF00685563
https://doi.org/10.1016/j.ejpb.2011.03.022
https://doi.org/10.1016/j.ejpb.2011.03.022
https://doi.org/10.1208/s12249-011-9733-8
https://www.dovepress.com
https://www.dovepress.com

Dove

Yu et al

65.

66.

67.

68.

Peer D, Karp JM, Hong S, Farokhzad OC, Margalit R, Langer R.
Nanocarriers as an emerging platform for cancer therapy. Nat
Nanotechnol. 2007;2(12):751-760. doi:10.1038/nnano.2007.387

Manchun S, Dass CR, Cheewatanakornkool K, Sriamornsak P.
Enhanced anti-tumor effect of pH-responsive dextrin nanogels deli-
vering doxorubicin on colorectal cancer. Carbohydr Polym.
2015;126:222-230. doi:10.1016/j.carbpol.2015.03.018

Ramasamy T, Choi JY, Cho HJ, et al. Polypeptide-based micelles for
delivery of irinotecan: physicochemical and in vivo characterization.
Pharm Res. 2015;32(6):1947-1956. doi:10.1007/s11095-014-1588-8
Kim J-Y, Kim J-K, Park J-S, Byun Y, Kim C-K. The use of
PEGylated liposomes to prolong circulation lifetimes of tissue plas-
minogen activator. Biomaterials. 2009;30(29):5751-5756.
doi:10.1016/j.biomaterials.2009.07.021

A
&

International Journal of Nanomedicine

Publish your work in this journal

The International Journal of Nanomedicine is an international, peer-
reviewed journal focusing on the application of nanotechnology in
diagnostics, therapeutics, and drug delivery systems throughout the
biomedical field. This journal is indexed on PubMed Central,
MedLine, CAS, SciSearch®, Current Contents®/Clinical Medicine,

. Hua P, LiuJ, Tao J, Liu J, Yang S. Influence of caspase-3 silencing on

the proliferation and apoptosis of rat bone marrow mesenchymal
stem cells under hypoxia. Int J Clin Exp Med. 2015;8:1624.

. Smyth PG, Berman SA, Bursztajn S. Markers of apoptosis: methods for

elucidating the mechanism of apoptotic cell death from the nervous
system. Biotechniques. 2002;32(3):648-665. doi:10.2144/02323dd02

. Qin Y, Sun C-Y, Lu F-R, et al. Cardamonin exerts potent activity against

multiple myeloma through blockade of NF-kB pathway in vitro. Leuk
Res. 2012;36(4):514-520. doi:10.1016/j.leukres.2011.11.014

. Fang EF, Zhang CZY, Zhang L, et al. Trichosanthin inhibits breast

cancer cell proliferation in both cell lines and nude mice by promo-
tion of apoptosis. PLoS One. 2012;7(9):e41592. doi:10.1371/journal.
pone.0041592

Dove

Journal Citation Reports/Science Edition, EMBase, Scopus and the
Elsevier Bibliographic databases. The manuscript management system
is completely online and includes a very quick and fair peer-review
system, which is all easy to use. Visit http://www.dovepress.com/
testimonials.php to read real quotes from published authors.

Submit your manuscript here: https://www.dovepress.com/international-journal-of-nanomedicine-journal

International Journal of Nanomedicine 2021:16

Y inDO >~

3273


https://doi.org/10.1038/nnano.2007.387
https://doi.org/10.1016/j.carbpol.2015.03.018
https://doi.org/10.1007/s11095-014-1588-8
https://doi.org/10.1016/j.biomaterials.2009.07.021
https://doi.org/10.2144/02323dd02
https://doi.org/10.1016/j.leukres.2011.11.014
https://doi.org/10.1371/journal.pone.0041592
https://doi.org/10.1371/journal.pone.0041592
https://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
https://www.dovepress.com
https://www.dovepress.com

	Introduction
	Materials and Methods
	Chemicals and Reagents
	Animals
	Preparation of HePC-NLCs
	Characterisation of HePC-NLCs
	Particle Size, Polydispersity Index (PDI), and Zeta Potential Analysis

	Incorporation Efficiency
	Transmission Electron Microscopy (TEM)
	Differential Scanning Calorimetry (DSC)
	X-Ray Diffraction (XRD)
	In vitro Drug Release Test
	In vitro Hemolytic Assay
	In vitro Cytotoxicity Studies
	Cellular Uptake Study
	Pharmacokinetics Study
	Plasma Sample Processing
	Biodistribution and Toxicity Studies
	Breast Tumour Formation in Mice
	Immunohistochemistry Study
	TUNEL Assay
	Statistical Analysis

	Results and Discussion
	Preparation of HePC-Loaded NLCs
	Characterisation of HePC-Loaded NLCs
	Particle Size, PDI, and Zeta Potential

	Incorporation Efficiency
	Transmission Electron Microscopy
	Thermal Analysis
	PXRD Analysis
	In vitro Drug Release
	In vitro Hemolysis
	In vitro Cytotoxicity
	Cellular Uptake Study
	Pharmacokinetic Parameters
	Biodistribution and Toxicity Studies
	Antitumour Study
	Survival Rate Analysis
	Histomorphometric Analysis
	TUNEL Assay

	Conclusions
	Acknowledgment
	Funding
	Disclosure
	References

