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ARTICLE INFO ABSTRACT

Keywords: The present work aim to develop pH responsive nanosystem comprising lumefantrine with calcium phosphate
Lumefantrine nanoparticles loaded lipidic cubosomes for the effective treatment of lung cancer. FTIR results showed that,
Cubosomes compatibility nature of selected excipients for the synthesis of LF-CaP-Cs. The XRD results showed developed LF-
Ié;?ftgzirici:; CaP-Cs were non crystalline in nature. The selected developed LF-CaP-Cs were in cubic phase with average

particle size of 259.4 + 19 nm with a charge of -2.28 * 0.7 mV. The encapsulation efficiency for LF within LF-
CaP-Cs was about 78.76 + 0.5%. RP-HPLC analysis showed that LF release rate gets significantly enhanced with
higher peak area at pH 4.0 compared to pH 5.0/pH 7.4. The in-vitro release of LF-CaP-Cs showed that LF release
gets significantly increased at pH 4.0 (84.04 += 0.4%) compared to pH 7.4 (48.32 + 1.6%) at 12h. Further,
CAM assay showed the superior anti-angiogenesis potential of developed LF-CaP-Cs compared to LF-Cs/blank Cs.
The cytotoxicity effect of LF-CaP-Cs (28 = 1.8ug/mL) was significantly higher than that of free LF
(40 = 0.9 pg/mL). The results of cellular uptake study proved the localization of LF at cellular level and AO/EB
staining results revealed that the A549 cell undergoes apoptosis in A549 cells.

1. Introduction

Lung cancer is characterized by uncontrolled growth of cells in
tissue/cells in lungs. Thereby, the cancer cells spreads to nearby tissues
or cells through metastasis. Lung cancer is the leading cause of cancer-
associated mortality globally, with a low survival rate (both in men’s
and women’s). The prevalence of lung cancer globally results with 1.38
million cancer death per year, which estimates more deaths than any
other type of cancer (Ridge et al., 2013). The major types of lung cancer
were small cell lung carcinoma (SCLC) and non-small cell lung carci-
noma (NSCLC). NSCLC accounts for 87% of lung cancer cases globally
with its most common subtypes such as squamous cell carcinoma, large
cell carcinoma and adenocarcinoma. The symptoms associated with
NSCLC includes cough, chest pain, shortness of breath, coughing up
blood, wheezing, hoarseness, recurring infections such as bronchitis
and pneumonia, weight loss, loss of appetite and unusual fatigue. The
major molecular pathways involved in lung cancer are kirsten rat sar-
coma viral oncogene and epidermal growth factor receptor pathways

both in smoker and non-smoker patients (Sethi et al., 2012). But,
smoking seems to be major risk factor and leading cause (80%) for lung
cancer. The radon remains the second most independent risk factor for
lung cancer which predominantly affects the persons working in mine
industries (Turner et al., 2011; Nielsen et al., 2014). Silicate type of
asbestos present in soil and rocks also acts as an environmental carci-
nogenic agent for the development of lung cancer (Mani et al., 2012).
The other possible risk factors include HIV infection, tuberculosis,
emphysema, pulmonary diseases and environmental factors such as
beryllium, nickel, copper, cadmium (Denholm et al., 2014; Powell
et al., 2013; Yu et al., 2011; Amreddy et al., 2017). The conventional
treatment option for lung cancer includes surgery, radiotherapy, stem
cell transplantation, immunotherapy, gene therapy and chemotherapy.
The limitations of these treatment options were poor therapeutic effi-
ciency, non-specific interactions, toxicity to normal tissues and multi-
drug resistance which creates major obstacle for lung cancer treatment
(Noronha et al., 2016).

In recent years, researchers are developing various nano particulate
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systems which acts as carriers for the effective treatment of lung cancer
and this may overcome the limitations associated with conventional
treatment strategies (Yaghmur and Glatter, 2009). Cubosomes (Cs) are
cubic liquid phase crystalline nanoparticle with bi-continuous phase
consisting of lipid and water (Pan et al., 2013). Cs holds better drug
loading properties due to its higher surface area, stable characteristics,
viscous nature, bio-adhesivity and biocompatibility (Peng et al., 2010).
Cs showed significant advantages towards loading of hydrophobic/hy-
drophilic/amphiphilic type of drugs (Lee et al., 2009; Nasr et al., 2015).
Different categories precursors and emulsifiers were widely used for the
preparation of Cs. Recently, cubosomal based nanoparticle were re-
ported to load anti-cancer drugs such as 5-fluorouracil, doxorubicin,
etoposide and etodolac, capsaicin, resveratrol (Abdel-Bar and EL Basset,
2017; Tian et al., 2017). Folate modified Cs loaded with etoposide with
sustained release pattern and it was reported for the treatment of breast
cancer (Bilewicz et al., 2017). Cs loaded with doxorubicin was reported
as pH sensitive carrier for anti-cancer treatment (Zhen et al., 2012).
Similarly, it was reported that, Cs used for siRNA delivery and gene
silencing (Kim and Leal, 2015). Steric stabilized bicontinuous cubic
PEGylated Cs were reported to deliver siRNA with higher transfection
efficiency (Aweeka and German, 2008)

Lumefantrine (LF) otherwise known as benflumetol, is a yellow
coloured, lipophilic fluorine (benzindene) derivative, chemically
termed as (a-(dibutylaminomethyl)-2,7-dichloro-9-(p-chlor-
obenzylidene)-5-fluorenemethanol). LF possesses aryl-amino alcohol
with properties similar to other antimalarials (quinine, halofantrine,
mefloquine) (Kokwaro et al., 2007). As an antimalarial drug, LF pre-
vents detoxification of heam, thereby the toxic heam and free radicals
induce parasite death (Ezzet, 2000). LF is poorly soluble in water, oils,
but soluble in chloroform, unsaturated fatty acids and acidified organic
solvents. The absorption of LF occurs at 2h after oral administration
which reaches peak at 3-4h (White, 1999). The peak plasma LF level
was found at 6-8 h after administration whereby, plasma LF levels re-
ported to vary considerably between individuals (Travassos and Laufer,
2009). LF holds half-life of 3-6 days. LF mostly bond to plasma proteins
especially with high density lipoproteins (HDL). The drug delivery
problems associated with LF were poor bioavailability and low solu-
bility in aqueous media or physiological buffers. Recently, LF and its
derivatives have been reported for cancer treatment (autophagy in-
hibitor in BAF3 cell line) (McKenzie, 2011).

Calcium phosphate nanoparticles (CaP) are recently holding much
interest in cancer drug delivery due to its biocompatibility, biode-
gradability and higher drug loading efficiency (Khan et al., 2016). It has
been reported that, growth of the CaP gets controlled during synthetic
approaches and by w/o emulsion based synthetic approaches (Roy
et al., 2003). CaP has the capacity to transport in to different biomo-
lecules such as proteins, nucleic acids, gene or antigens across the cell
membrane effectively (Hadjicharalambous et al., 2015; Lee et al., 2014;
Sahdev et al., 2013; Rotan et al., 2017). CaP was taken up effectively by
cells via endocytosis and more specifically by micropinocytosis, which
paves way to deliver drugs/molecules across endosomes and subse-
quently into lysosomes (Sokolova et al., 2013). CaP are easily taken up
by cells within short duration, dissolved in the lysosome and finally
excreted in ionic form (Neumann et al., 2009). CaP has been also used
for in-vitro cell transfection due to its high biocompatibility. CaP elicits
stimuli responsive behavior and this strategy has been used for drug
delivery applications. As a pH responsive behavior CaP gets dispersed at
acidic pH (both endosomal/lysosomal pH) thereby the osmotic pressure
inside the cellular compartments gets increased thereby leads to en-
dosomal escape (Rim et al., 2011). Synthetic approaches for CaP
synthesis is attractive due to its simple preparation methods and usage
of less expensive precursors (Zhang et al., 2009; Schwiertz et al., 2009).

Biological macromolecules play a major role in drug delivery and
cancer therapeutics due to its distinct features such as biocompatible
and non-immunogenic nature (Sezaki and Hashida, 2011). Macro-
molecule based drug delivery system enable to deliver therapeutic
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molecules/proteins through invasive (intravenous, subcutaneous and
intramuscular injections) and non-invasive (transdermal, pulmonary,
oral, buccal and ocular) routes (Jitendra et al., 2011). Nanotechnology
supports efficacy of macromolecules and thereby it reduces the dose/
frequency of administration of therapeutic drugs. Poloxamer 188 is a
FDA approved, non-ionic surfactant based macromolecule (molecular
weight - 8400 Da) characterized by its properties such as biodegrad-
able, thermo sensitive, non-immunogenic, biocompatible nature con-
sisting of polyethylene-propylene glycol widely used for nano based
drug delivery systems which acts as solubilizer, emulsifier and stabilizer
(Santander-Ortega et al., 2007; Zarrintaj et al., 2018). Poloxamer 188 is
soluble in aqueous, polar and nonpolar organic solvents. Due to its
thermo reversible property, poloxamer forms a gel like structure. Po-
loxamer 188 has been reported to overcome multidrug resistance in
breast cancer cells by inhibiting p-glycoprotein efflux. Nanoparticles
coated with poloxamer enhances the plasma residence time of drugs in
biological systems (Semete et al., 2010, 2012). Poloxamer 188 coated
nanoparticle improve the drug delivery to lymph nodes which improves
the lymphatic uptake compared to uncoated nanoparticle (Gaymalov
et al., 2009). Surface coating with poloxamer 188 modifies the hydro-
phobic drug carriers by reducing the surface charge thereby prevents
opsonization and improve the blood residence time (Bodratti and
Alexandridis, 2018). Poloxamer 188 hinders the initial burst release of
drug molecule thereby provides controlled drug release pattern
(Sharma et al., 2016). The pore forming capacity of poloxamer 188
enhances the loaded drug release characteristics. Poloxamer 188/poly
(e-caprolactone) nanoparticle loaded with paclitaxel has been reported
for the treatment of breast cancer where poloxamer 188 act to enhance
the paclitaxel release by acting as pore forming agent (Shubhra et al.,
2014). Poloxamer 188 based curcumin loaded micelles prepared using
pol by thin film hydration technique showed better solubility for cur-
cumin and exhibited better cytotoxic effect in MCF-7 cells (Tian et al.,
2010). Heparin - poloxamer 188 conjugates used for protein delivery
application (Noronha et al., 2016). In the present work, CaP based
cubosomes provide site specific delivery of LF to lung cancerous cells
(slightly acidic environment). We hypothesized that the LF with cal-
cium phosphate nanoparticle loaded cubosomes (LF-CaP-Cs) may en-
hance the site specific delivery of LF for the treatment of lung cancer
due to the pH responsive characteristics of CaP. As an antimalarial drug
(LF) this is first report to show the pH responsive characteristics of LF-
CaP-Cs.

2. Materials and methods
2.1. Materials

Lumefantrine was obtained as a gift sample from Madras Pharma,
Chennai. Chloroform, methanol, acetonitrile, cetyl palmitate, poly vinyl
alcohol, calcium chloride, sodium dodecyl sulphate, potassium dihy-
drogen phosphate, sodium citrate, poloxamer 188, tween 80, sodium
chloride, potassium chloride, magnesium sulphate were purchased
from TCI Chemicals, Tokyo. All buffers and solutions were prepared
using Milli Q water.

2.2. Synthesis of calcium phosphate nanoparticles (CaP)

Aqueous calcium chloride solution 0.05M was treated with sodium
dodecyl sulphate (1%) and poloxamer 188 dissolved (1.0%) and stirred
for 300 rpm for 24 h to form microemulsion (Solution A). Potassium
dihydrogen phosphate (0.025 M), sodium citrate (0.025 M), SDS (1%),
poloxamer 188 (1%) was stirred at 37 °C for 24 h (Solution B). The
solution B was injected in to solution a drop wise, stirred for 300 rpm
(24 h). The resultant nanoparticles were centrifuged at 15,000 rpm for
15 min. The Pelleted nanoparticles were washed thrice with ethanol.
The prepared CaP was freeze dried and stored for further analysis.
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2.3. Characterization of calcium phosphate nanoparticles (CaP)

Scanning electron microscopy (SEM) images and the energy dis-
persive X-ray (EDX) spectrum of CaP were recorded using XL30 ESEM-
FEG field-emission scanning electron microscope (FEI Co).

2.4. Development of LF-CaP-Cs

LF-CaP-Cs was prepared using cetyl palmitate, poloxamer 188, poly
vinyl alcohol (0.125—0.25%), CaP and lumefantrine (LF) by emulsifi-
cation along with homogenization technique. Briefly, 5-10 mg of cetyl
palmitate was melted at 60 °C and 10 mg of poloxamer 188 was added
to above melted lipid phase. Further, CaP and 2 mg of LF was added
along with the above lipid phase. PVA solution (0.125%) was used as
aqueous phase for the formulation development. The above aqueous
phase was treated to the lipid phase by maintaining the temperature
(60°C) at 20,000 rpm for 20 min. using high pressure homogenizer
(T25 homogenizer, IKA). Formulation parameters such as cetyl palmi-
tate ratio, poloxamer 188 concentration and poly vinyl alcohol were
varied and best formulations were selected based on higher drug
loading and lower size. Similarly, LF-Cs and blank Cs were also pre-
pared.

2.5. In-vitro characterization of LF-CaP-Cs

Particle size and charge of LF-CaP-Cs were performed by Malvern
zeta sizer (Malvern NANO ZS series). The morphology of LF-CaP-Cs was
checked using high resolution transmission electron microscopy (hr-
TEM- Jeol/JEM 2100). Crystallinity behavior of LF-CaP-Cs was checked
using X-ray diffractometer (Panalytical/X’Pert Pro). The compatibility
of cetyl palmitate, poloxamer 188, LF, poly vinyl alcohol and CaP
present the formulation was recorded using FTIR spectrophotometer
(JASCO/FTIR-6300, Japan). For FTIR samples were prepared by KBr
pellet method using hydraulic pellet press and scanned over a range of
4000cm ™" to 400 cm !

2.6. Stability studies for LF-CaP-Cs

In-vitro stability studies were performed for LF-CaP-Cs by storing at
different temperature such as, room conditions (37 °C) and refrigerated
conditions (5-20 °C) over the period of time 0 h, 24 h and 48 h. Samples
were analyzed for its particle size and zeta potential values, after its
respective conditions.

2.7. RP-HPLC method for LF estimation

RP-HPLC analysis for the estimation of LF was performed using
Shimadzu SPD M20A Ultra Performance Liquid Chromatography
equipped with degassing Unit (DGU-20A5R), LC-30AD pump, SIL-30
AC auto sampler, CTO-20 AC prominence column oven and SPD-M20A
prominence diode array detector (Spinco Biotech, Chennai, India). The
chromatographic separation was achieved using the mobile phase
combination of methanol with 0.1% trifluoro acetic acid (TFA) and
milli Q water with 0.1% TFA (50:50% v/v) at a flow rate of 0.2 mL/min
using Shimpack GIST C8 Column (150 mm X 2.1 mm, 2 pm). The UV
detection was performed at 250 nm using photodiode array detector.
This method was utilized to check the internal stimuli (pH responsive)
behaviour of LF-CaP-Cs.

2.7.1. Preparation of LF standard solution

Standard stock solutions of LF (1 mg/mL) was prepared by dissol-
ving 10mg of LF in 1 mL of chloroform and sonicated for 5min and
made up to the mark (10 mL) using acetonitrile. Further, dilutions were
made (1-5pg/mL) using pH 7.4 buffer. The resultant solution was fil-
tered (0.22pm) and utilized for HPLC analysis and linearity was
checked.
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2.7.2. Internal stimuli responsive behavior of LF-CaP-Cs

Internal stimuli response behavior of LF-CaP-Cs was checked at
three different pH (pH 4.0, pH 5.0 and pH 7.4) based phosphate buffers.
In order to simulate extra cellular and endolyosomal condition, three
different pH buffers with LF-CaP-Cs were employed and checked in
HPLC using developed method. Herein, 100 mL of respective buffer was
treated with 100 pL of LF-CaP-Cs, maintained at 37 °C and stirred at
600 rpm. At different time intervals (1h, 2h and 3h) samples were
withdrawn and replaced with respective buffers and analyzed using
HPLC. Samples were filtered (0.22 pm) and injected in to the HPLC.

2.8. Encapsulation efficiency of LF in LF-CaP-Cs

Encapsulation of LF with the LF-CaP-Cs was estimated using UV
visible spectrophotometer. Briefly, 100 uL of LF-CaP-Cs was treated
with methanol (100 L), further treated with 0.5% of formic acid in
acetonitrile:water (50:50% v/v). Further, dilutions were made using
0.1% tween 80 in phosphate buffer. The mixture was analyzed using
UV-vis spectrophotometer (Shimadzu/UV-2000, Japan) at 224 nm.

2.9. In-vitro release behavior of LF-CaP-Cs

The in-vitro release study for LF-CaP-Cs was performed using cen-
trifugal method. Herein, 100 uL of LF-CaP-Cs/LF were treated with
0.01% of tween 80 containing 10 mL of phosphate buffer pH 7.4 and
4.0 individually. The samples were kept in shaking incubator at 37 °C
maintained at 120 rpm. Samples (2 mL) were collected at different time
intervals (0.5h, 1h, 1.5h, 2h, 3h, 4h, 5h, 6h, 7h, 8 h and 12h) and
replaced with same volume (2 mL) of respective phosphate buffer (pH
7.4/pH 4.0) in respective sample. The collected samples were analyzed
in UV-vis spectrophotometer at 224 nm. The LF release of LF-CaP-Cs
was compared with that of free LF release in pH 7.4 and 4.0 buffer
separately.

2.10. Hemolytic potential of LF-CaP-Cs

Blood was collected from wistar albino rat in heparinized tubes and
hemolytic potential of the developed LF-CaP- Cs was analyzed using
automated cell counter (Vetrinary Hematology Analyzer PE-6800 VET).
Briefly, 20 pL of heparinized blood was treated with 1.5 mL of pre-di-
luent and slightly mixed to form uniform mixture. 20 pL of LF-CaP-Cs at
varying concentrations (1000 ng/mL, 100 ng/mL, 10 ng/mL and 1 ng/
mL) were treated individually with diluted blood samples and analyzed
for its RBC and WBC counts using phosphate buffer saline, triton X-100
as control and positive control respectively. Hemolytic potential was
calculated by using following formula

RBC counts of control — RBC counts of sample

X 100
RBC Control of control

Hemolysis (%) =

2.11. Anti-angiogenesis assay (CAM assay)

Chick chorioallantoic membrane (CAM) assay was a well-estab-
lished method reported to assess the tumor growth and metastasis,
toxicity analysis and angiogenesis potential of drug/nanoformulation
(Ribatti, 2016). Herein, anti-angiogenesis assay was performed using 8
day old pathogen free embroyanated chick eggs. Fertilized eggs were
incubated at 37 °C and maintained with 60% relative humidity. The egg
shell was partially removed for about 1 cm at the top during the 8" day.
The inner membrane was carefully removed and moistened with 0.9%
NaCl. The exposed CAM was treated with 10 uL of each LF-CaP-Cs
(10 ng/disc), blank Cs, LF-Cs and saline. After 48h of treatment, re-
spective discs were removed and CAM vessel morphology was photo-
graphed for morphological changes.

Further, FITC labeled LF-CaP-Cs (10 ng/mL) treated CAM vessels
were isolated and placed in microscopic slide after 2h incubation
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washed with PBS thrice and observed under microscope (Motic BA 310)
using untreated CAM vessels as control.

2.12. Erythrocyte aggregation assay

Erythrocyte aggregation assay was performed to check the toxicity
of LF-CaP-Cs upon isolated erythrocyte. About, 1 mL of wistar albino rat
blood was collected in heparinized tubes and centrifuged at 6000 rpm
for 15min. to separate erythrocytes. Erythrocyte were washed thrice
with PBS (pH 7.4) and further redispersed in PBS. To check the toxic
effect of LF-CaP-Cs visually, 100 L of erythrocytes were incubated with
400 uL. of LF-CaP-Cs dispersed in PBS, incubated for 1h at 37 °C and
erythrocytes were imaged at 40x magnification under microscopy
(Motic BA 310) using untreated erythrocytes as control.

2.13. Cytotoxicity assay

Cytotoxic effect of LF-CaP-Cs, LF, LF-Cs, CaP-Cs and blank Cs was
performed in human lung adenocarcinoma cell line (A549) by MTT
assay. Briefly, 5 x 10° cells/well were incubated in dublecco modified
eagle’s medium (DMEM) medium containing serum (10%), and anti-
biotics penicillin (1%) in 96 well plates maintained at 37 °C for 24 h
supplemented with 5% CO,. The incubated cells were treated with
different concentrations varying (10-100 ug/mL) of LF-CaP-Cs, LF, LF-
Cs, and blank Cs were kept for each 24 h and 48 h incubation. Further,
the media was removed and 20 pL of MTT (5 mg/mL) was added and
incubated for 4 h. The media was removed by DMSO (100 L) to solu-
bilize formazan crystals. The absorbance of the resultant samples was
measured at 570 nm using multimode microplate reader (Perkin Elmer/
Enspire) using untreated cells used as control and cytotoxicity (%) was
calculated as follows

Absorbance of test sample — Absorbance of control
Absorbance of control

Cytotoxicity (%) =

X 100

2.14. In-vitro cellular uptake of LF-CaP-Cs

A549 cells were seeded in 6 well plates at a density of 5 x 10> cells/
well in DMEM medium and allowed to adhere for 24 h. After 24 h, the
cells were incubated with FITC labelled LF-CaP-Cs for 4h, 6h and 12h
and fluorescent image were captured at the excitation (495 nm) and
emission (515nm) wavelength of FITC (Nikon Eclipse Microscope,
Japan). To quantify the cellular uptake, the media in the wells were
removed and washed with PBS twice. The cells were lysed using triton
X-100 and the cellular uptake of FITC labelled LF-CaP-Cs in A549 cells
were measured by measuring the fluorescent intensity in cell lysate.

2.15. Acridine orange (AO) and ethidium bromide (EB) staining

Acridine orange (AO) and ethidium bromide (EB) staining was
performed and morphology of the cells with respect to apoptosis was
evaluated by using this staining technique (Spector et al., 1998). The
cell suspension of each sample (1Cs, concentrations of LF-CaP-Cs, LF,
LF-Cs) containing 5 X 10° cells, was treated with 25 pL of AO and EB
solution (3.8 uM of AO and 2.5 uM of EB in PBS) and examined under
fluorescent microscope (Carl Zeiss, Germany) using an UV filter
(450-490 nm). After incubation cells were harvested and washed with
cold PBS. The cells were scored as viable, apoptotic/necrotic as judged
by the staining; nuclear morphology and membrane integrity. The
percentages of apoptotic/necrotic cells were calculated and morpho-
logical changes were imaged.
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2.16. Data analysis

The student t-test was applied for evaluating possible statistical
differences among the groups. A P-value less than 0.05 were considered
to be statistically significant. Few graphs were obtained by using Origin
7.0 software (OriginLab Corporation, USA). Zeta potential graph and
particle size distribution were obtained directed from the Zetasizer
software (Malvern, USA).

3. Results and discussion
3.1. Solubility of LF in lipids

The solubility of LF in different lipids such as tripalmitin, tristearin,
stearic acid, cetyl palmitate, follows the order of tripalmitin (0.054 mg/
mL) > tristearin (0.657 mg/mL) > stearic acid (0.822 mg/mL) > cetyl
palmitate (0.952mg/mL). Among, which cetyl palmitate showed
higher solubility for LF compared to other lipids hence cetyl palmitate
has been selected for further studies. Maximum solubility of drug in
lipid phase may elicit higher drug loading with maximum release of
drug at target site of action (Rosenblatt and Bunjes, 2017)

3.2. Fourier infrared spectroscopy analysis

Fourier infrared spectroscopy used to study compatibility/interac-
tion/structural and functional groups alterations of excipients and LF
used in formulation. The appearance and disappearance or shift in
peaks indicates there is interaction between lumefantrine and ex-
cipients used in formulation. Cetyl palmitate showed characteristic
peaks at 2920 cm ™! and 1732 cm ™ corresponds to OH acid and C=0
ester group respectively. Further, cetyl palmitate shows 1183 cm ™! and
725 cm™ corresponds to C—O and C—H methyl group. In case of po-
loxamer 188 shows peak at 2886 cm™ and 1351 cm ™! corresponds to
OH functional group and N—H stretching vibrations. Further, peaks at
952 cm™ show C—H bending vibrations. In case of PVA, it shows peak at
1989 cm™, 2885cm™, which corresponds C—H Group, OH acid. LF
shows characteristic peak at 3398 cm™ and 2951 cm™ corresponds to
OH stretching and C—H stretching vibarations. 1442.1cm™! corre-
sponds to C—H bending vibration and a peak ranging from 830 to
890 cm-1 corresponds to C—Cl group of lumefantrine. The absence of LF
characteristic peaks in LF-CaP-Cs shows that LF is compatible and its
gets encapsulated within the Cs (Fig. 1a).

3.3. Development of LF-CaP-Cs

LF-CaP-Cs was prepared through emulsification coupled with high
pressure hot homogenization technique. CaP utilized for the formula-
tion has been synthesized using nano precipitation technique. The
EDAX result showed that amount of calcium present within calcium
phosphate nanoparticle was found to be 8.41% w/w of calcium
whereas, the amount of phosphate present within the calcium phos-
phate nanoparticle was found to be 3.39% w/w (Fig. 1d). The amount
of CaP present with in the LF-CaP-Cs was found to be 0.17 g/mL. By
altering the cetyl palmitate concentration (5 and 10 mg), poloxamer
188 concentration (10 mg and 15 mg) and PVA concentration (0.125%
and 0.25%) different trials were prepared (LF-CaP-Cs -1 to LF-CaP-Cs-
6). Herein, PVA used in the LF-CaP-Cs may reduce the size of particles
with low poly dispersity index and uniform distribution. Thereby, PVA
acts as stearic barrier/stabilizer and prevents aggregation of Cs. Po-
loxamer 188 acts as a non-ionic surfactant/stabilizing agent. It has been
reported that, increasing the concentration of poloxamer 188 in the LF-
CaP-Cs decreases the droplets size by increasing the interfacial stability
of LF-CaP-Cs (Bodratti and Alexandridis, 2018). Previously, 5-fluor-
ouracil loaded Cs were reported using glycerol mono oleate for the
treatment of hepta cellular carcinoma (Abdel-Bar and EL Basset, 2017).
Folate-modified Cs containing etoposide prepared by high pressure
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Fig. 1. (a) FTIR spectra of LF-CaP-Cs, CaP-Cs, LF, PVA and cetyl palmitate showed the encapsulating of LF within the LF-CaP-Cs (b) X-ray diffractometric images of
CaP and LF-CaP-Cs shows crystalline nature of CaP (c) Scanning electron microscopic image of CaP showing the particles are in dispersed form (d) Energy dispersive
x-ray spectroscopy for CaP showed 8.41% w/w of calcium and 3.39% w/w of phosphate content.
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Fig. 2. Schematic illustration of LF-CaP-Cs synthesis by lipid emulsification
with high pressure homogenization technique.

homogenization technique was reported for the treatment of breast
cancer (Tian et al., 2017). siRNA loaded calcium phosphate loaded poly
(lactic-co-glycolic acid) nanoparticles coated with polyethylenimine
used to knock down gene expression by RNA interference were also
reported for the treatment of pulmonary inflammation (Frede et al.,
2017). The schematic representation of LF-CaP-Cs was shown in Fig. 2.

3.4. Particle size and zeta potential analysis

The particle size analysis for LF-CaP-Cs-1 to LF-CaP-Cs-6 showed
that particle size varies from 259.4 = 29-1136nm =+ 15 (Table. 1).
Higher percentage of PVA (0.25%) is required to produce Cs with lower
particle size compared to lower concentration (0.125%). Further,
higher poloxamer 188 concentration (15 mg) is required to produce Cs
with lower particle size compared to lower concentration (10 mg). The
increase in particle size in few instances may be due to the reduction of

interfacial stability that may resulted from insufficient amount of po-
loxamer 188 for the Cs formation which may leads to cubosomal ag-
gregation (Honary and Zahir, 2013). The poly dispersity index for (LF-
CaP-Cs-1 to LF-CaP-Cs- 6) varied from 0.32 to 0.45 *= 0.06 which in-
dicates the monomodal distribution of Cs. Zeta potential of the Cs (LF-
CaP-Cs-1 to LF-CaP-Cs-6) was studied to determine the surface charge
of the Cs which may determine the long term stability of the colloidal
dispersions (Jiang et al., 2009). Herein, the zeta potential of the LF-CaP-
Cs- 1 to LF-CaP-Cs-6 varies from -3.58 to -1.41 mV. The pH of prepared
LF-CaP-Cs was in the range of 8.23 = 0.14.

3.5. hr-TEM analysis of LF-CaP-Cs

The hr-TEM image reveals that the developed LF-CaP-Cs-2 were in
irregular poly angular shape with cubic morphology without aggrega-
tion (Fig. 3 iv)

3.6. Encapsulation efficiency of LF-CaP-Cs

Encapsulation efficiency was calculated for all LF-CaP-Cs-2 for-
mulations and summarized in Table 1. Overall results suggested that,
LF-CaP-Cs-2 showed comparatively higher (78.76 * 0.5%) en-
capsulation efficiency with lower particle size (259.4 = 19nm) and
zeta potential (-2.28 + 0.7 mV). Hence, among the different trials, LF-
CaP-Cs-2 has been selected for the further studies with the optimized
concentrations of cetyl palmitate (10 mg), poloxamer 188 (15 mg) and
0.125% of PVA in aqueous solution.
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Table 1
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Particle size, zeta potential, encapsulation efficiency and pH of different formulations (LF-CaP-Cs-1 to LF-CaP-Cs-6).

Formulation code Poloxamer 188 (mg) Cetyl palmitate (mg) PVA ratio (%)

Particle size (nm) = SD  Zeta potential (mV) + SD  Encapsulation (%) = SD pH * SD

LF-CaP-Cs-1 10 5 0.125 857.2 + 23 —3.58 + 0.4 64.48 + 1.8 7.98 + 0.23
LF-CaP-Cs-2 15 10 0.25 259.4 + 19 —2.28 + 0.7 78.76 £ 0.5 8.23 + 0.14
LF-CaP-Cs-3 10 10 0.125 883.9 + 21 —2.13 + 0.3 53.07 = 1.4 8.02 = 0.12
LF-CaP-Cs-4 15 5 0.125 894 + 26 —1.41 = 0.3 63.39 £ 1.25 8.13 = 0.24
LF-CaP-Cs-5 10 10 0.25 1136 = 24 —1.91 = 0.1 88.09 = 1.3 8.45 = 0.11
LF-CaP-Cs-6 15 5 0.25 824 + 21 —3.25 + 0.3 69.54 + 0.8 8.56 + 0.08

3.7. X-ray diffraction studies

The XRD results of CaP showed sharp intense peak at the 26 of 15.18
and 22.86 with the peak intensity of 100% and 71.36% respectively.
Further, LF-CaP-Cs doesn’t show any sharp intense peaks indicate non-
crystalline nature of LF-CaP-Cs (Fig. 1b).

3.8. In-vitro stability profile for LF-CaP-Cs

Stability studies proved that there is no major difference in particle
size/zeta potential values of LF-CaP-Cs over the period of time (0h,
24h and 48h). Generally, it has been reported that Cs are stable at
room temperature (He et al., 2017a,b). In room temperature and re-
frigerated conditions, there were not many variations in particle size
values up to 24h (308.33 + 8nm) and 48h (291.4 = 12nm)
whereas, there was slight increase in particle size was observed when
stored in refrigerated conditions (48h) (473.7 = 17 nm). There is a
decrease in zeta potential for LF-CaP-Cs at 24 h and 48h (Fig. 4). The
stabilization effect may be afforded due to the presence of poloxamer
188 in the formulation; here, poloxamer 188 acts as stabilizing agent.

M

Particle size distribution

Intensity (percent)

Size (d.nm)

(iii)

(b)

3.9. Internal stimuli responsive behavior of LF-CaP-Cs

To check the internal (pH) stimuli responsive behavior of LF-CaP-Cs
the developed RP-HPLC has been used maintaining the chromato-
graphic conditions as mentioned in Section 2.7. The peak areas of LF-
CaP-Cs at different pH conditions were assessed. By comparing, the
HPLC chromatogram of LF-CaP-Cs treated at different phosphate buffer
pH conditions (pH 4.0, pH 5.0 and pH 7.4) it was observed that the
peak area of LF-CaP-Cs treated with phosphate buffer pH 4.0 was higher
(121,509 mAu) compared to pH 5.0 (25,525 mAu) and pH 7.4 (2350
mAu) respectively. The amount of LF released from LF-CaP-Cs with
reference to different pH based buffers was found to be 2.860 ug/mL
(pH 4.0), 1.124 ug/mL (pH 5.0) and 0.686 png/mL (pH 7.4) respectively.
The peak areas of LF-CaP-Cs found that in following order (pH
4.0 > 5.0 > 7.4) as shown in Fig. 5. These indicate the pH stimuli
responsive behavior of LF-CaP-Cs at acidic environment mimicking
within the cancerous cells. The enhanced release of LF at acidic en-
vironment may be due to the release of Ca>* ions at acidic environment
compared to alkaline environment (Pinto et al., 2011) Similarly, it has
been reported that mesoporous silica-calcium phosphate hybrid

(i)

Zeta potential distribution

Total counts

Apparent zeta potential (mV)

@iv)

(@ (b)

Fig. 3. In-vitro characterization of LF-CaP-Cs: (i) Particle size (ii) zeta potential (iii) light microscopic image of LF-CaP-Cs (a) and LF-Cs (b) at 10x magnification (iv)

hr-TEM image of LF-CaP-Cs at magnifications of (a) 10x (b) 100x.
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Fig. 4. In-vitro stability studies (i) particle size (ii) zeta potential for LF-CaP-Cs at room temperature and refrigerated conditions for.0-48 h.

nanoparticle effectively released up to 98.06% of doxorubicin at pH 4.5
compared to 61.28% at pH 5.5 due to easier dissolution of calcium
phosphate and releases Ca®>* ions from the complex in acidic en-
vironment (Jiang et al., 2009). Further, calcium phosphate-polymer
hybrid nanoparticle has been also reported for the co delivery of micro
RNA inhibitor (miRi) and paclitaxel in triple negative breast cancer
cells which showed that miRi gets released about 20.0% at pH 7.0 and
40.0% at pH 5.0 which showed with higher dissolution rate of calcium
phosphate at acidic environment compared to physiological pH (Zhou
et al., 2017).

3.10. In-vitro release behavior of LF-CaP-Cs at varying pHs

Results of LF release and LF release from LF-CaP-Cs were compared
at pH 7.4 and pH 4.0. The release profile of LF from LF-CaP-Cs at pH 4.0
(84.04 = 0.4%) was significantly higher than LF release at pH 7.4
(48.32 = 1.6%) for 12h (Fig. 6). Further it was observed, there was
minimum amount of LF release was for free LF at both pH ranges of 7.4
and 4.0 at 12 h. The pH responsive characteristics of LF-CaP-Cs enable
CaP for the site specific delivery of LF at lung cancer cells where slightly
acidic environment was maintained (pH 4-6) whereas, the release gets
limited at physiological pH. Recently, the pH responsive mesoporous
silica calcium phosphate nanoparticle hybrid carrier had showed en-
hanced release of doxorubicin at pH 4.5 (98.84%) compared to pH 5.5

2.5
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Fig. 5. HPLC chromatogram of pH stimuli responsive release profile for LF-CaP-Cs at different pH ranges (7.4, 5.0 and 4.0) showing higher peak intensity for LF

(> 2.5) at pH 4.0, compared to pH 5.0 (< 2.5) and pH 7.4 (< 1.0).
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Fig. 6. In-vitro drug release profile for LF-CaP-Cs/LF at different pH conditions
(pH 7.4 & pH 4.0). LF release was higher in pH 4.0 (84.04 = 0.4%) compared
to pH 7.4 (48.32 + 1.6%) for LF-CaP-Cs at 12h, whereas free LF doesn’t
showed significant release over the time period of 12 h.

(80.23%) (He et al., 2017a,b). Similarly, pH-sensitive zinc oxide
quantum dots to deliver doxorubin in controlled manner by dissociation
of the metal-drug complex to Zn>" ions in acidic endosome/lysosome
after cancer cells uptake (Cai et al., 2016). Similarly, pH-sensitive li-
posome loaded tyrosine kinase inhibitor afatinib were reported for its
anticancer effect in human lung cancer cells (H1975). (Almurshedi
et al., 2018).

3.11. Anti-angiogenesis assay (CAM assay)

The result of CAM assay showed better anti-angiogenic effect for LF-
CaP-Cs (10 ng/disc) compared to LF-Cs (10ng/disc) and LF (10ng/

Chemistry and Physics of Lipids 224 (2019) 104763

disc). Initially CAM treated vessels was compared at 0™ and after 48" h
treatment and observed a decrease in CAM vessel density associated
with damaged vessels which indicates the anti-angiogenic potential of
developed LF-CaP-Cs (10 ng/disc) as shown in Fig. 7. Whereas, the in-
dividual CAM before treatment showed dense vessels with clear
branching of blood vessels. In another setup the CAM treated LF-CaP-Cs
(10 ng/disc) visualized after 3h treatment period under optical mi-
croscope (MOTIC BA 310) showed disturbed/disintegrated individual
CAM vessels compared to untreated individual CAM vessels as shown in
Fig. 8. These results justify the potential anti-angiogenic activity of LF-
CaP-Cs (10 ng/disc) revealed in terms of decrease in blood vessel dia-
meter associated with decrease in CAM region. Previously, curcumin
capped copper nanoparticles were reported for anti-angiogenic poten-
tial with significant reduction in length, size junction of tubule com-
plexes in CAM (Kamble et al., 2016). It has been also reported that,
diamond nanoparticles showed better anti-angiogenesis potential
compared with graphite nanoparticles, graphene nanosheets, C60 full-
erenes by inhibiting vascular endothelial growth factor thereby leads to
decreasing the CAM thickness (Wierzbicki et al., 2013). Ginger extract
is also reported to possess anti-angiogenic mediated anti-cancer activity
with decreased in CAM vessel diameter (Bashir and Qadir, 2017).

3.12. Erythrocyte aggregation assay

Erythrocyte aggregation assay was performed to check toxicity of
LF-CaP-Cs with erythrocytes. Results of erythrocyte aggregation assay
showed that, untreated erythrocytes were spherical and appeared as
individual cells whereas, after treatment with LF-CaP-Cs of phosphate
buffer showed that, there was no aggregation found in erythrocytes
(Fig. 9). Similarly, it was reported resveratrol loaded gelatin nano-
particles and vincristine loaded folic acid chitosan conjugated nano-
particles when treated with erythrocytes doesn’t show any aggregation

Before treatment

Saline

LF

LF-Cs

LF-CaP-Cs

Initial After48 h

Fig. 7. Anti-angiogenesis assay: CAM treated with saline (control) doesn’t show any morphological changes in CAM vessels. CAM treated with LF-CaP-Cs (10 ng/disc)
showed better anti-angiogenic effect compared with LF (10 ng/disc) and LF-Cs (10 ng/disc).
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Fig. 8. (i) Individual CAM vessel before treatment showed clear and visible nascent blood vessels (ii) CAM vessel treated with LF-CaP-Cs (10 ng/disc) for 3 h showed

destruction and disintegration of blood vessels.

U]

(ii)

Fig. 9. Light microscopic image of Erythrocyte aggregation assay (i) Control erythrocytes (ii) Erythrocytes after treatment with LF-CaP-Cs at (10x magnification)

showed that, no aggregation was observed.

(i) (ii) Fig. 10. In-vitro cytotoxic effect (MTT assay) of LF, CaP, Cs,
- ) LF-Cs and LF-CaP-Cs at different concentration (10-100 ug/
1004 s e mL) in human lung adenocarcinoma cell line (A549 cell line)
¥ ' for a treatment period of 24h (i) and 48h (ii) respectively.
3 804 Data are presented as mean + SD (n = 3). LF-CaP-Cs pro-
= 1 ; ;\? duces much significant higher cytotoxicity in A549 cells
§ = ’ ;, s —F compared to LF-Cs and LF. Further, it was observed CaP and
B 60 :'('; Zg 3 —Cs LF-Cs produce negligible cytotoxicity effect towards A549
£ 5 —CaP g = —— CaP cells. Results showed that LF-CaP-Cs showed statistically sig-
‘2 40 ——LF-Cs = 40 ——LF-Cs nificant compared to Cs (p < 0.05).
b 7 —— LF-CaP-Cs = — LF-CaP-Cs
2 o= 2
0 T 0 -
0 20 40 60 80 100 0
Concentration (ng/mL) Concentration (ng/mL)

of erythrocyte (Karthikeyan et al., 2013 & Kumar et al., 2018).

3.13. Hemolytic potential of LF-CaP-Cs

The hemolytic activity of LF-CaP-Cs was found to be
(20.8 = 0.87%, 16.9 * 1.6% and 8.07 * 1.24%) at the studied
concentration of 100 ng/mL, 10 ng/mL, 1 ng/mL respectively. Further,
free LF (100 ng/mL) showed 18.27% hemolysis activity and positive
control triton X-100 showed 99.43% of hemolytic activity. Overall re-
sults showed that, hemolytic potential of LF-CaP-Cs (100 to 1 ng/mL)
was < 25% which is the acceptable range for intravenous drug delivery
application. Hence, the developed formulation may be safe for in-
travenous administration.

3.14. Cytotoxicity assay

The in-vitro anti-cancer effect of LF-CaP-Cs, LF, CaP, CaP-Cs and LF-
Cs at the treatment period of 24 h and 48 h was measured by MTT assay
and data’s were shown in Fig. 10. Here, ICs, values were obtained by
plotting the cell viability against the different concentrations. The re-
sults revealed that, cytotoxic effect of LF-CaP-Cs gets increased in a dose
dependent manner (10-100 pg/mL) for both 24 and 48h treatment
periods (Fig. 10). Further, the mode of action and interaction of these
LF-CaP-Cs, LF and LF-CaP-Cs with A549 cancer cells varied with their
potency in the following order LF-CaP-Cs > LF > Cs > CaP. The
cytotoxicity effect of LF-CaP-Cs was found to get increased at lower
concentration compared to LF-Cs and free LF. However, the difference



V. Sethuraman, et al.

Chemistry and Physics of Lipids 224 (2019) 104763

. 2000
(i)
1500 -

£
z
L@
= = 1000
.-
5 =
= @

)
=
2
o 500
=
)
=
=
o

0 - —_— &

Control

Control 4h

*
4h 6h 12 h
6h 12 h

Fig. 11. (i) Mean fluorescent intensity of LF-CaP-Cs at different time intervals (4 h, 6 h and 12 h) using untreated cells used as control. LF-CaP-Cs showed statistically
significant compared to control (*p < 0.05) at 12h treatment period. (ii) Fluorescent images of A549 cells treated with FITC labelled LF-CaP-Cs at different time
intervals 4h, 6 h and 12 h. Results showed a time dependent cellular uptake in A549 cells.

was not significant at higher concentration. Blank Cs showed only
30 + 2.1% pg/mL of cell death at the studied higher concentration for
both 24 and 48 h. These result confirmed that, Cs used as a suitable
carrier for LF has low toxicity. The ICso, of LF-CaP-Cs at 24h was
28 *+ 1.8ug/mL, whereas, LF-Cs showed 35 *= 2.4 ug/mL at 24 h. The
ICs at 48 h was lower than that at 24 h which clearly indicates that, the
cytotoxic effect is time as well as dose dependent. CaP doesn’t produce
any cytotoxicity in A549 cells whereas, CaP gets dissociated at acid
environment (Xie et al., 2014) and releases the higher amount of LF to
cancerous cells compared to normal cells thereby it may supports sti-
muli responsive (pH) release behavior contributing to the selective re-
lease of encapsulated LF in acidic tumor tissues. Thus, LF-CaP-Cs is
biocompatible and it may be used as potential anti-cancer formulation
for lung cancer treatment. This is the first report on LF for its anticancer
activity in A549 human lung adenocarcinoma cell line. The above MTT
assay results confirm that, the LF-CaP-Cs are biocompatible and may be
utilized for applied in the biomedical field with good biocompatibility.
Previously, it has been patented that LF can be used alone or combi-
nation with other endoplasmic reticulum stressor drugs which may act
as autophagy inhibitor thereby it exerts its anticancer effect in Ba/F3
indicator cells expressing wild-type (p210) Ber-Abl and mutant Ber-Abl
(McKenzie, 2011).

3.15. In-vitro cellular uptake of LF-CaP-Cs

The uptake of FITC labeled LF-CaP-Cs by A549 cells at different time
intervals (4h, 6h, 12h) were analyzed by inverted fluorescence mi-
croscopy and further the fluorescent intensities were measured using
multimode micro plate reader. The extent of cellular uptake of LF-CaP-
Cs gets monitored by comparing the mean fluorescence intensity of
untreated cells. It has been observed LF-CaP-Cs gets localized around
the cellular membrane of A549 cells after 4 h treatment period, whereas
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at 6 h, LF-CaP-Cs started to enter and accumulate inside cellular com-
partment (Fig. 11 ii). Further, LF-CaP-Cs may expected to completely
enters inside the cytoplasm/nucleus which might show high fluores-
cence intensity at 12 h, suggesting time dependent cellular uptake and
localization of LF-CaP-Cs in A549 cells. Overall the fluorescence in-
tensity of LF-CaP-Cs get increased at 12h (FI-1700) compared to the
fluorescence intensities at 6 h (FI-800) and 4 h (FI-500) as shown in
Fig. 11(1).

3.16. Acridine orange (AO) and ethidium bromide (EB) staining

Apoptotic effect during treatment with LF-CaP-Cs was characterized
by different cellular and nuclear morphological changes such as cell
shrinkage, nuclear condensation, DNA fragmentation, blebbing and
formation of apoptotic bodies. The apoptotic mode of cell death is
preferred compared to necrosis (Su et al., 2015). Necrosis is thought to
be accidental, uncontrolled degeneration, while apoptosis is thought to
represent a programmed cell death. The apoptotic morphology pro-
duced by LF-CaP-Cs and free LF was analyzed by using AO/EB in
treated A549 human lung cancer cells. The results indicated that, the
apoptotic morphologies induced at ICso, concentration of LF-CaP-Cs
(28 = 1.8ug/mlL) and free LF (40 + 0.9 ug/mL) for 24 h were visua-
lized under microscope. The results showed that, majority of cells un-
dergone apoptotic pathway based cell death when treated with LF-CaP-
Cs compared with LF. In free LF treated cells, most of the cells were in
early apoptosis stage indicated by orange color whereas, LF- CaP-Cs
showed late stage of apoptosis. LF-Cs also showed early stage of
apoptosis and some at certain extend necrosis also. Under apoptosis
conditions, the cells had undergone specific changes which include
DNA fragmentation and nuclear condensation which may exhibits or-
ange to red fluorescence. In case of necrosis, the cell death caused due
to cytoplasmic swelling, destruction of organelles and destruction of
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Fig. 12. (i) Fluorescent images of A549 cells under AO/EB staining of control cells (untreated) and Free LF(40 + 0.9 pg/mL), LF-Cs (35 + 2.4 ug/mL) and LF-CaP-
Cs (28 + 1.8 ug/ml) at ICso concentrations 24 h treatment period (scale bar =10 pm) (ii) Percentage of normal, apoptotic and necrotic cells. LF-CaP-Cs showed
statistically significant compared to control (*p < 0.05) in the aspects of apoptosis. Results showed that, LF-CaP-Cs showed apoptosis based cell death whereas LF

showed apoptotic and necrosis based cell death.

plasma membrane. As per the present study, LF-CaP-Cs completely in-
duce apoptosis, but free LF and LF-Cs induced apoptosis as well as
necrosis to certain extent (Fig. 12i) Previously, it has been reported for
that dioscin (natural steroid saponin) showing apoptotic based cell
death in A549 cell towards lung cancer treatment (Wei et al., 2013).
Cancer therapeutics is important for effective management and
treatment of various types of cancers. Cs have distinct properties such
as high internal surface area with cubic, periodic three-dimensional
structures, that can be easily accessible for hydrophilic, hydrophobic
and amphiphilic molecules, enable their applications in diversified
fields such as controlled delivery systems, food technology and health-
care products. In a cubic phase, lipid bilayers are arranged by con-
torting the bilayers into the shape of infinite periodic minimal surface.
Cs have potential importance in terms of loading hydrophilic, hydro-
phobic and lipophilic drugs there by it serves as an alternative carrier to
liposomes. Cs was also previously reported for wide range of cancer
based studies, rheumatoid arthritis, siRNA delivery and for gene si-
lencing strategies due to its unique features. Recently, it has been re-
ported that Cs enhances the penetration effect in cells. Therefore, lipid
phase of cubic phase structure mix with the subcutaneous lipids due to
their similar structure (Lee et al., 2008, He et al., 2017a,b). LF is a
highly lipophilic drug there by Cs may acts as suitable carrier, CaP
supports the pH stimuli responsive behavior of LF. This type of
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approach may be useful for the effective treatment of cancer based drug
delivery. The main precursors used in the present work was Cs synthesis
were poloxamer 188 and cetyl palmitate which is biocompatible and
non-toxic to human cells. Polyvinyl alcohol (0.25%) acts as stabilizing
agent for the cubosomal preparation (LF-CaP-Cs). In general, pH re-
sponsive drug delivery system is reported as one of the promising
strategy for the cancer treatment due to the slight acidic environment
maintained in cancerous cells. Further, mechanistic calcium phosphate
dissociation investigated at three different pH ranges (pH 4.0, 5.0 and
7.4) showed the CaP dissociation gets enhanced in acidic pH 4.0 which
leads to the release of more amount LF compared to physiological pH
7.4. The pH sensitive LF release was further confirmed by in-vitro re-
lease profile for LF-CaP-Cs at pH 7.4 and pH 4.0. Moreover, it was
proven that, LF-CaP-Cs showed better cytotoxic potential with high
cellular uptake towards human lung adenocarcinoma A549 cell line
compared to LF-Cs and free LF in dose dependent manner. It has been
reported, the blank Cs was produce negligible cytotoxicity towards
cancerous cells and our studies revealed the same results (Abdel-Bar
and EL Basset, 2017). In addition, our results have shown that, CaP
doesn’t produce any cytotoxicity towards A549 cell lines. The main
advantages towards Cs based formulation approach was minimization
of side effects of the toxic drug with improved efficacy at low dose.
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4. Conclusion

To conclude, the developed LF-CaP-Cs may acts as better ther-
apeutic potential for the effective treatment of lung cancer. The de-
veloped LF-CaP-Cs showed lower particle size with higher encapsula-
tion efficiency. Based on the supportive in-vitro results, LF-Cap-Cs
showed better anticancer activity based on the pH responsive me-
chanism against human adenocarcinoma cell line A549 which may
improves the efficacy of LF at lower doses in the form of LF-CaP-Cs.
Overall the results showed that, Cs may acts as suitable carrier for li-
pophilic drugs such as LF and further in-vivo studies supported with
molecular biology studies required to evaluate in-vivo antitumor ac-
tivity.
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