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Abstract

Drug resistance, inefficient cellular uptake and the subservient drug release to increase the
intracellular drug concentration inside the tumor cells are the key reasons for low therapeutic
efficacy of drug-loaded lipid nanoparticles in cancer therapy. Herein, we report on the design,
synthesis and bioactivity evaluation of Curcumin & Paclitaxel (PTX) encapsulated endosomal
pH-Sensitive lipid nanoparticles of histidinylated cationic amphiphile (16-GH; 2 in 1 system)
to overcome these challenges. Findings in fluorescence resonance energy transfer (FRET)
assay and in vitro drug release studies showed a controlled pH dependent fusogenic and drug
release properties of the lipid nanoparticles of cationic amphiphile 16-GH respectively. Further
in vitro studies revealed that Curcumin & PTX encapsulated nanoparticles of lipid 16-GH
significantly inhibited proliferation of tumor cells than healthy cells. These lipid nanoparticles
were further analyzed for their effect on 5-bromo-2'-deoxyuridine (BrdU) incorporation,
Annexin V-FITC and cell cycle arrest (Sub-G1 phase). Further studies also confirmed that
nanoparticles of lipid 16-GH containing Curcumin & PTX displayed significantly enhanced
the caspase3/9 activity. Remarkably, nanoparticles of lipid 16-GH containing Curcumin &
PTX are efficient in inducing apoptosis. The results in our initial mechanistic studies support
the notion that the tumor cell selective cytotoxic capability of the lipid nanoparticles of the
presently described endosomal pH-sensitive lipid probably instigates from depolarization
of mitochondrial membrane potential and subsequent activation of caspases 3 and 9. The
distinguishing feature of the currently described endosomal pH-sensitive system is that it not
only efficiently delivers highly potent anti-cancer agents (Curcumin & PTX) to tumor cells,
but the lipid nanoparticle drug carrier itself also contributes to inhibiting tumor cell growth.
In summary, the presently described lipid nanoparticles are expected to simultaneously
delivering combination of drugs to various types of tumor models.
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Introduction

In recent years, several controlled drug-delivery technologies
[1-5] have been employed to increasing the intracellular anti-
neoplastic drugs concentration in cancer cells. Drug vehicles, i.e.
micelles [6, 7], lipid nanoparticles [8, 9], peptides [10], polymers
[11, 12] and inorganic nanoparticles [13, 14] that are sensitive to
tumor acidic pH are gaining importance for efficient release into
tumor cells. pH-Sensitive lipid nanoparticles have been extensively
studied in recent years as an important alternative to conventional
lipid nanoparticles in effectively delivering and accumulating
anti-cancer drugs in tumor cells due to their fusogenic property.
During cationic mediated drug delivery, drugs encapsulated
lipid nanoparticles enter cells usually by endocytotic pathway,15
following internalization, the endocytosed lipid nanoparticles
fuses with endosomes. The ATPase in the endosomal membrane
causes an influx of protons which results in a continuous pH drop
as endosomes mature from early endosomes to late endosomes.
If the drugs cannot promptly escape from endosomes, the acidic
environment of lysosomes might activate the lysosomal enzymes
for the degradation of the released drug [16]. Therefore, the
intracellular pH-sensitive moieties with the ability to destabilize
the endosomal membrane or rupture the endosomes can be used to
modify lipid nanoparticles that facilitate endosomal escapement.
In addition, the use of drug-loaded lipid nanoparticles that
destabilizes at an early endosomal pH of 6.0 should maximize
intracellular drug delivery and minimize drug release at the
extracellular pH and at the lysosomal pH [17]. Two decades
back Wolff and co-workers pioneered the use of cationic lipids
containing endosomal pH-sensitive (pH 5.5-6.5) imidazole head-
groups [18]. The pKa of the weakly basic imidazole head-groups
being within the acidity range of endosomal lumen (pH 5.5-6.5),
the imidazole head-groups act as a proton sponge while inside
the endosome compartments. Such endosomal buffering induces
stronger electrostatic repulsion among the protonated imidazole
head-groups leading to osmotic swelling and eventually bursting
of the endosomes due to entry of lots of hydrated chloride counter
ions [19]. Therefore drug encapsulated pH-sensitive imidazole
group containing lipid nanoparticles are believed to increase
the efficiency of targeting drugs to desired cellular sites while
effectively protecting them from being potentially degraded at the
endosomal level.

To this end, recently we reported cancer cell selective
cytotoxicities, as well as tumor growth inhibition properties of
endosomal pH-sensitive lipid nanoparticles of histidinylated
cationic lipids [20]. However, as described below, these cationic
amphiphiles with pH-sensitive histidine head-group failed to show
serum stability and therapeutic efficiencies when administered
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(16-GH+Cur+PTX) were so efficient in killing cancerous cells
compared to untreated cells.

Materials and Methods
General Methods and Reagents

Paclitaxel, Curcumin, 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), Propidium lodide (PI), FITC
labeled Annexin V, cell culture media, fetal bovine serum, Trizol
reagent, dimethylsulfoxide (DMSO), agarose, cholesterol, HEPES,
DOPC and cell culture lysis buffer were purchased from Sigma-
Aldrich, USA. DSPE-(PEG),,-NH, was purchased from Avanti
Polar Lipids, USA. All the other reagents were purchased from
local suppliers and used without further purification. A549, MCF-
7, CT26, B16F10, COS-1 and NIH3T3 were purchased from the
National Centre for Cell Sciences, NCCS, Pune, India. Cells were
grown at 37 °C in DMEM/RPMI-1640 containing 10% FBS in a
humidified atmosphere containing 5% CO,.

Preparation of lipid nanoparticles

Lipid nanoparticles were prepared following previously published
protocol [20]. pH-Sensitive cationic lipid 16-GH, DOPE,
cholesterol and DSPE-(PEG),,-NH, at 1:1:0.5:0.05 mole ratios
were dissolved in a mixture of chloroform and methanol (3:1, v/v)
in a glass vial. Curcumin and PTX stock solutions were prepared
by dissolving in a mixture of chloroform and methanol (3:1, v/
v) in a vial. The final total lipid 16-GH: Curcumin ratio (w/w)
used in preparing the nanoparticles of lipid 16-GH containing
only Curcumin (16-GH+Cur) and nanoparticles of lipid 16-GH
containing both Curcumin & PTX (16-GH+Cur+PTX) was 10:1
for both in vitro and in vivo experiments. 8.5 pg of PTX was used
in lipid nanoparticles for in vitro experiments. The solvents were
removed with a thin flow of moisture free nitrogen gas, kept under
high vacuum for 8 h, 1 mL sterile deionized water was added
to the vacuum dried lipid films and allowed to swell overnight.
The vials were then vortexed for 3-4 min at room temperature
to produce multilamellalipid r vesicles (MLVs), sonicated in an
ice bath until clarity using a Branson 450 sonifier at 100% duty
cycle and 25W output power to produce small unilamellar vesicles
(SUVs). Curcumin, PTX and Curcumin & PTX encapsulated
lipid nanoparticles were finally centrifuged for 45 min at 5000 x
g to remove unencapsulated Curcumin and PTX. The amount of
Curcumin and PTX were determined spectrophotometrically at a
wavelength of 450 nm and 230 nm respectively.
The drug encapsulation efficiencies were calculated as follows:

Weight of entrapped drug in lipid nanoparticles

Entrapment efficiency (%) =

intravenously. In addition, these lipid nanoparticles IC50 values
were found to be 15-20 uM [20]. Further, to increase the anti-
proliferative efficiency of most potent lipid nanoparticles of
a novel cationic amphiphile containing glutamic acid and
endosomal pH-sensitive histidine head-group and two n-hexadecyl
hydrophobic tails (in short form 16-GH) [20], in the present study
we encapsulated two hydrophobic anti-cancer agents Curcumin
and Paclitaxel (PTX) in its counter parts. Findings in in vitro
MTT assay studies in cancerous cells, demonstrated that lipid
nanoparticles of 16-GH containing both PTX and Curcumin

100

Weight of the drug used

Zeta potential (&) and size measurements

Photon correlation spectroscopy and electrophoretic mobility on a
Zeta sizer 3000HSA (Malvern UK) were used to measure the sizes
and the global surface charges (zeta potentials) of nanoparticles of
lipid 16-GH, 16-GH+Cur, 16-GH+PTX, and 16-GH+Cur+PTX.
The sizes were measured in deionized water with a sample
refractive index of 1.59 and a viscosity of 0.89. Polystyrene beads
(Duke Scientific Corps. Palo Alto, CA) in the range of 200 + 5 nm
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were used to calibrate the system. Automatic mode was used to
calculate the hydrodynamic diameters of the lipid nanoparticles.
Viscosity, 0.89 mPa-s; dielectric constant, 79; temperature, 25 °C;
F(Ka), 1.50 (Smoluchowski); maximum voltage of the current,
V parameters were used to measure the zeta potential. DTS0050
standard from Malvern, UK was used to calibrate the system.
Measurements were done 10 times with the zero-field correction.
The potentials were calculated by using the Smoluchowski
approximation.

FRET Assay

FRET assay was used to measure the pH-dependent membrane
fusion activity of the lipid nanoparticles of 16-GH as described
previously [21]. The bio membrane mimicking lipid nanoparticles
containing DOPC/DOPE/DOPS/Chol at 45:20:20:15, w/w ratio,
with the total lipid concentration of 0.5 mM, were labeled with
the donor (0.005 mM NBD-PE, Avanti-Polar Lipids, USA) and
acceptor lipids (0.005 mM Rho-PE, Avanti-Polar Lipids, USA).
The total lipid concentration in the nanoparticles of lipid 16-
GH was also kept at 0.5 mM. At pH 7.4, 6 and 5, equimolar
amounts of the lipid nanoparticles were mixed with labeled model
bio membrane lipid nanoparticles in an FLX 800 Microplate
Fluoroscence Reader (BioTek Instruments Inc., U.K.) at room
temperature and the fluorescence intensities were recorded as
a function of time using 485 nm excitation wavelength and 595
nm emission wavelength. 1% Triton X100 was used to measure
100% fusion from the Rho-PE fluorescence intensity observed for

A570 ( treated cells ) -

CT-26 (~2 x 10’ cells per well) were cultured onto six-well plates.
After 24 h of incubation, Rho-PE (0.1 mol% with respect to lipid
16-GH) labelled nanoparticles of lipid 16-GH, 16-GH+Cur,
16-GH+PTX, 16-GH+Cur+PTX were added. After 2 h, cells
were trypsinized, centrifuged at 2000 x g for 3 min, cell pellet
was washed with PBS (500 pL) and resuspended in PBS (500 pL).
The cellular uptake of Rho-PE labelled lipid nanoparticles, were
measured with a flow cytometer (FACS Canto II, BD).

In vitro cell growth inhibition studies

Growth inhibition of cancer cells and non-cancer cells by
the nanoparticles of lipid 16-GH, 16-GH+Cur, 16-GH+PTX,
16-GH+Cur+PTX were evaluated by the 3-(4,5-dimethylthiazol-
2-y1)-2, 5-diphenyltetrazolium bromide (MTT) reduction
assay. A549, MCF7, BI6F10, CT26, COS-1, and NIH3T3 cells
were seeded at a density of ~10,000 cells per well in 96-well
plates, incubated for 18-24 h. Cells were treated with various
concentrations of lipid nanoparticles using DMEM/RPMI-1640
medium (Sigma) containing 10% fetal bovine serum. After 24 h,
10 uL of MTT solution (5 mg/ mL in PBS) was added to the cells
and incubated for 4 h. MTT is reduced to formazan (purple color)
by living cells but not by dead cells. The formazan crystals were
dissolved with 50 pL of 1:1 (v/v) DMSO/Methanol. Absorbances
of the wells were determined with a microplate reader (ELISA) at
550 nm wavelength. Results were expressed as

background

Percent viablity =

labeled bio membrane lipid nanoparticles.
In vitro drug release studies

In vitro drug release profile of lipid nanoparticles of 16-GH+Cur
and lipid nanoparticles of 16-GH+PTX was done by direct
dispersion method as described previously [22]. In vitro drug
release studies were done at pH 7.4, 6.0 and 5.0. Briefly, lipid
nanoparticles containing a known quantity of Curcumin and PTX
were sub-divided into several equal volume parts in different
Eppendorf tubes, each part was diluted with buffers of different
pH values and the mixed solutions were incubated in a water bath
shaker at 37 °C. At definite time intervals, tubes were taken out
and centrifuged at 1200 X g for 3 min. The pellets were dissolved
in 0.5 mL ethanol and the amounts of Curcumin & PTX released
were quantified spectrophotometrically at a wavelength of 450 nm
& 228 nm respectively.

Cell Culture

A549, B16F10, C26, MCF7, COS-1 and NIH3T3 cells (Mycoplasma
free) were procured from National Center for Cell Sciences (Pune,
India). Cells were cultured at 37 °C in a humidified atmosphere of
5% CO, in air in DMEM/RPMI-1640 medium (Sigma) containing
10% fetal bovine serum (South American Origin, Gibco, USA)
and 1% penicillin-streptomycin-kanamycin. For all in vitro and in
vivo experiments, 75-80% confluent cultures of cells were used.

Cellular uptake studies

* 100

A570 ( untreated cells ) - background

The percent of cell growth inhibition was calculated with
reference to the control values (without the addition of any lipid
nanoparticles). The data were subjected to linear regression
analysis, and the regression lines were plotted for the best straight-
line fit. The IC50 (inhibition of cell growth) concentrations were
calculated using the respective regression equation.

Flow Cytometric apoptosis analysis

At a density of ~3 x 10° cells per well, CT-26 and NIH3T3 cells
were seeded in 6 well plates. After 18-24 h, medium was replaced
with 1.5 mL DMEM medium containing 10% FBS, followed by
addition of nanoparticles containing 15 pM lipid 16-GH without
any drug, nanoparticles containing 15 uM lipid 16-GH & 10 uM
Curcumin; nanoparticles containing 15 uM lipid 16-GH & 20
nM PTX; and nanoparticles containing 10 pM lipid 16-GH & 5
uM Curcumin & 10 nM PTX. After 24 h incubation, cells were
trypsinized, centrifuged at 2000 x g for 3 min and cell pellets
were resuspended in 500 pL binding buffer containing 5 pL of
annexin-V FITC and 10 pL of PI. The mixture was incubated for
15 min in dark and analyzed by flow cytometer (BD FACS Canto
).

BrdU incorporation assay

CT-26 and NIH3T3 cells were seeded at a density of ~20,000
per well in a 96-well plate. After 18-24 h, cells were treated with
nanoparticles containing 15 pM lipid 16-GH without any drug,
nanoparticles containing 15 uM lipid 16-GH & 10 uM Curcumin;



10

(/\{\IH+CI'

N
H no g
“CI*HN OWC&
0

Figure 1. The structures of the endosomal pH-sensitive
histidinylated cationic lipid 16-GH used in the preparation of
various lipid nanoparticles.

nanoparticles containing 15 uM lipid 16-GH & 20 nM PTX; and
nanoparticles containing 10 pM lipid 16-GH & 5 pM Curcumin &
10 nM PTX. After 24 h of incubation, the medium was discarded
and 100 uL 10% complete medium containing 20 uL of 1xBrdU
reagent was added to each well. BrdU incorporation assay was
then performed by using BrdU Cell Proliferation Assay Kit
(Millipore) as per manufacturer's instructions.

Flow cytometric cell cycle analysis

CT-26 cells were grown in the presence of 2 mM thymidine (Sigma)
for 18 h, washed with PBS, sub cultured and grown in fresh
medium without thymidine for 8 h. Cells were then incubated
with 2mM thymidine for 18 h to block cells at the G1/S boundary
and then grown in fresh medium for 2. The cells (~1 x 10° cells
per flask) were treated with one of the following: nanoparticles
containing 15 uM lipid 16-GH without any drug, nanoparticles
containing 15 uM lipid 16-GH & 10 pM Curcumin; nanoparticles
containing 15 pM lipid 16-GH & 20 nM PTX; and nanoparticles
containing 10 uM lipid 16-GH & 5 pM Curcumin & 10 nM PTX
in 4 mL complete medium. After 24 h, cells were detached from
the flask by trypsinization, fixed by 2% paraformaldehyde in PBS,
permeabilized by 0.1% Triton-X 100 in PBS and pelleted. 1 mg of
primary antibody to Cyclin Bl (a marker of G2/M phase of cell
cycle) in 250 pL of PBS was added to the cell pellets followed

S. Vangala/Asia-Pacific Journal of Oncology 2021; 2: 7-16

JU] DSPE-(PEG),,-NH,
«= Cholesterol, DOPC
@® Paclitaxel (PTX)

Curcumin

NH*CI
P
it g 9

CI'HaN N OW(‘HS
0
07 ot e,

11

Figure 2. pH-Sensitive lipid nanoparticles of cationic
amphiphile 16-GH containing co-solubilized PTX and
Curcumin.

by vortexing and incubation for 30 min in a covered ice-bucket.
Supernatant was aspirated and 250 pL of PBS was added to each
pellet, I mg of (FITC)-conjugated secondary antibody was added,
followed by vortexing and incubation for 30 min in a covered
ice-bucket. Supernatant was discarded and the pellets were
resuspended in PBS (500 pL) and analyzed by flow cytometry (BD
FACS Canto 1II).

Statistical analysis

The statistical significance of the experiments was determined by
two-tailed Student’s test. *P <0.05 were considered statistically
significant. Error bars represent mean values = SEM.

Results and Discussion

Chemistry

The histidinylated cationic lipid 16-GH (Figure 1) was
synthesized by following our previously published protocol [20].
This lipopeptide was confirmed by 1H-NMR spectroscopy and

mass spectrometry.

Sizes and Zeta potentials (&) of the lipid nanoparticles

Table 1. Sizes and Zeta potentials (£) of various lipid nanoparticles used in the present study.

Lipid 16-GH 135+£2.1 224+1.1
Lipid 16-GH & Curcumin  169.7 £ 3.5 39+£0.5
Lipid 16-GH & PTX 189.4 1.8 3.1+0.9
Lipid 16-GH, Curcumin & 205.8 422 21401

PTX

NA NA
91.1+£4.7 NA
NA 974+1.1%
90.2+3.5 96.3 £ 1.9%
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Figure 3. (a) The membrane fusion activity of nanoparticles of lipid 16-GH. Fusion versus pH. Drug release profile of
Curcumin from lipid nanoparticles containing Curcumin (b) & paclitaxel (c) in three different pHs 5, 6 and 7.4. Cellular
uptake quantification of Rh-PE (red) labeled lipid nanoparticles containing only 16-GH (blue); lipid nanoparticles
containing 16-GH+Curcumin (pink); lipid nanoparticles containing 16-GH+PTX (green); lipid nanoparticles containing
16-GH+Curcumin+PTX (violet); control (red) by flow cytometry in CT-26 (d) after 2 h of incubation.

Hydrodynamic diameters (zeta sizes) and the global surface
charges (zeta potentials) of the lipid nanoparticles (Figure 2)
measured by dynamic light scattering technique were found to be
within the range of 135-205 nm and 2-4 mV (Table 1). The drug
entrapment efficiencies for Curcumin & PTX were shown in Table
1. The entrapment efficiency of Curcumin (~91%) in nanoparticles
of lipid 16-GH+Cur was found to be similar compared with
Curcumin in nanoparticles of lipid 16-GH+Cur+PTX (~90%)).

FRET assay, in vitro drug release and cellular uptake studies

First, we performed the Fluorescence resonance energy transfer
(FRET) assay to confirm the endosomal pH-sensitivity of the
presently described nanoparticles of histidinylated cationic
lipid 16-GH by measuring the biomembrane fusibility. FRET
experiments carried out at pH 5 & 6 (i.e. near the endosomal
pH range) significantly enhanced fusion of the nanoparticles of
lipid 16-GH with the biomembrane mimetic lipid nanoparticles
compared at pH 7.4 (Figure 3a). Results clearly demonstrated
the endosomal pH-sensitivity of the nanoparticles of lipid 16-
GH. Next, we evaluated, the in vitro drug release studies via the
direct dispersion method at pH 5, 6 and 7.4 and the release pattern
is shown in Figure 3b. Findings in in vitro drug release studies
clearly demonstrated that the lipid nanoparticles were found to
be highly stable at pH 7.4. At pH 5 and 6, Curcumin and PTX
was released from the lipid nanoparticles in a pH-dependent
and time-dependent manner, 90% of the drug released from the
lipid nanoparticles after 2 h of incubation (Figure 3b). The drug

release pattern showed a burst release in the first 1 h followed by a
controlled release of Curcumin & PTX over a period 4 h and about
85% of drug was released during this time. Protonation of the
imidazole —N-H at pH 5 and 6 might be increasing the repulsions
between the adjacent protonated imidazole group causing the
release of Curcumin and PTX from the lipid nanoparticles. These
findings support the notion that the endosomal pH-sensitivity of
the presently described lipid nanoparticles.

In vitro cell uptake studies of lipid nanoparticles of 16-GH,
16-GH+Cur, 16-GH+PTX, and 16-GH+Cur+PTX in CT-26 were
done by flow cytometry to check the cancer cell selectivity of the
lipid nanoparticles. The lipid nanoparticles were labeled with Rh-
PE (red), quantified the uptake by flow cytometry method was
shown in Figure 3c. The significant cellular accumulation of lipid
nanoparticles was observed in CT-26 cells after 2 h of incubation
(Figure 3c).

In vitro cell growth inhibition study

MTT assay was conducted to examine the cellular cytotoxicity
profiles of the various lipid nanoparticles in inhibiting growth
of cancer cells including human breast (MCF-7), lung (A549),
pancreatic cancer (CT-26), mouse melanoma (B16F10), and healthy
mouse fibroblast (NIH-3T3), African Green Monkey Kidney
(COS-1) cells. The cells were subjected to varying doses of drugs
encapsulated in lipid nanoparticles. The findings in the MTT
assay convincingly demonstrated that lipid nanoparticles were
effectively killing cancer cells (Figure 4a-d). Importantly, slight
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Figure 4. Curcumin and PTX co-encapsulated nanoparticles of lipid 16-GH show significant cytotoxicity in cancerous (A549
(a), B16F10 (b), MCF 7 (¢) & CT26 (d)) cells and slight cytotoxicity in non-cancerous cells (COS-1 (e) & NIH3T3 (f)). Cells were
treated with nanoparticles containing: cationic lipid (5 pM, 7.5 pM, 10 pM, 15 pM); cationic lipid (5 pM, 7.5 pM, 10 pM, 15 pM)
& Curcumin (2.5pM, 5 pM, 7.5 pM, 10 pM); cationic lipid (5 pM, 7.5 pM, 10 pM, 15 pM) & PTX (5 nM, 7.5 nM, 10 nM, 20 nM)
and cationic lipid (5 pM, 7.5 pM, 10 pM, 15 pM), PTX (5 nM, 7.5 nM, 10 nM, 20 nM) & Curcumin (1.25 pM, 2.5 pM, 3.75 pM, 5
pM) for 24 h. Cellular cytotoxicities of drugs encapsulated in lipid nanoparticles were measured by MTT assay.

cytotoxicity was observed in killing non-cancerous cells (Figure
4e-f) treated with 16-GH+Cur+PTX.

Flow Cytometric apoptosis analysis

Next, we evaluated the conventional Annexin V/Propidium iodide
(PI) binding based flow cytometric assay to examine apoptosis
inducing efficiency of lipid nanoparticles quantitatively. CT-
26 cells treated with nanoparticles of lipid 16-GH+Cur+PTX
significantly enhanced accumulation of late apoptotic cells
compared to nanoparticles of lipid 16-GH, nanoparticles of lipid
16-GH+Cur and nanoparticles of lipid 16-GH+PTX (Figure 5).
Thus, the results clearly demonstrated that the lipid nanoparticles
were efficient in inducing apoptosis in cancer cells.

BrdU incorporation assay

Next, we evaluated the relative efficiencies of lipid nanoparticles
in inhibiting proliferations of CT-26 and NIH3T3 cells. BrdU
(5-bromo-2-deoxyuridine) incorporation assay was used for
detecting BrdU incorporated cells, i.e. for detecting actively
replicating cells. When cells are cultured with labeling medium
that contains BrdU, this pyrimidine analog is incorporated in place
of thymidine into the newly synthesized DNA of proliferating
cells. After removing labeling medium, cells are fixed and the
DNA is denatured with our fixing/denaturing solution. Then a
BrdU mouse mAb is added to detect the incorporated BrdU (The
denaturing of DNA is necessary to improve the accessibility of
the incorporated BrdU to the detection antibody). Anti-mouse
IgG, HRP-linked antibody is then used to recognize the bound
detection antibody. HRP substrate TMB is added to develop
color. The magnitude of the absorbance for the developed color
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Figure 5. Lipid nanoparticles encapsulated with Curcumin & PTX induces significant apoptosis in CT-26 cells. CT-26 cells were
treated with: nanoparticles containing 15 pM lipid 16-GH without any drug, nanoparticles containing 15 pM lipid 16-GH & 10
pM Curcumin; nanoparticles containing 15 pM lipid 16-GH & 20 nM PTX; and nanoparticles containing 10 pM lipid 16-GH & 5
M Curcumin & 10 nM PTX. Both untreated and treated cells were stained with FITCAnnexin V and propidium iodide (PI) for
flow cytometric analysis. The horizontal and vertical axes represent cells labeled with FITC-Annexin V and PI, respectively in the
dot plot. Dots in the upper right quadrant represent late apoptotic cells (positive for both Annexin V and PI).

is proportional to the quantity of BrdU incorporated into cells,
which is a direct indication of cell proliferation. Findings in the
BrdU incorporation assay (Figure 6a) clearly revealed that lipid
nanoparticles containing both Curcumin & PTX exhibit more
effective anti-proliferative properties in tumor CT-26 cells but not
in NIH3T3.

Cell cycle arrest study

To explore the mechanisms of exerted inhibition of tumor cell
growth by the presently described lipid nanoparticles, CT-26
cells were treated with lipid nanoparticles for 24 h, estimated
the cyclin Bl content (marker for G2/M phase of cell cycle)
by the flow cytometry. Cells treated with nanoparticles of
lipid 16-GH+Cur+PTX showed enhanced populations of cells
arrested in G2/M-phase compared to G2/M populations of cells
treated with other lipid nanoparticles (Figure 6b-c). PTX, which
belongs to taxane family, is a highly effective anti-cancer drug
that effectively binds to microtubule and stabilizes microtubule
structure [23]. Thus, mitotic spindle dynamics is suppressed leading
to cell cycle arrest at G2/M phase and induction of apoptosis [24].
Studies in a variety of cell lines have demonstrated that Curcumin
exerts antiproliferative effects by inducing not only apoptosis but
also cell cycle arrest [25]. Thus, the cell growth inhibition efficacy
of presently described nanoparticles of lipid 16-GH+Cur+PTX
may originated from enhanced efficacies of combined drug

formulations in arresting tumor cells at the G2/M phase of cell
cycle.

Effect on mitochondrial membrane depolarization

Mitochondrial membrane potential (A¥m) is an important variable
of mitochondrial role and can be used to distinguish apoptotic
and viable cells [20]. Healthy cells normally have less A¥m than
tumor cells. During apoptosis, several crucial events take place in
mitochondria. Cationic JC-1 dye, which is membrane permeable
can specifically infiltrate into mitochondrial membrane and
reversibly changes color from red (high membrane potential) to
green (low membrane potential, depolarization). In viable cancer
cells, due to the greater A¥m, JC-1 forms J-aggregates (complexes)
with strong red fluorescence at 600 nm. Contrastingly, in apoptotic
cells due to low A¥m, JC-1 exists in the monomeric form, with
green fluorescence at 525 nm [26, 27]. In the present study, CT-
26 cells were incubated with lipid nanoparticles at 2 uM for 4
h and then medium was added with JC-1 dye and incubated at
37 °C for 1h in dark. Next, fluorescence emission shift from red
to green was analyzed using flow cytometer. The percentage of
cell population consisting polarized (high A¥m) or depolarized
mitochondria (low A¥m) were shown in Figure 8. Importantly,
the percentage of apoptotic cells with depolarized mitochondria
were drastically increased in cells treated with nanoparticles of
lipid 16-GH+Cur+PTX compared to control treated cells. The



14

S. Vangala/Asia-Pacific Journal of Oncology 2021; 2: 7-16

100 lipo 16-GH 7 Control
90 lipo 16-GH+Cur :
» —— lipo 16-GH
80 : . R =
S 70 :!P° i: 2:+ZTX PTX o e eaen
E o @lipo 16-GH+Cur+ ] —— lipo 16-GH+PTX
i—" =5 | —— lipo 16-GH+Cur|
= +PTX
&40 o ]
* 30 T — 4
20 * E
10 e T .
0 === T = — 1 -
CT-26 NIH3T3 FITC-4
A B
100 -
*
90 -
80 A
X
3 70 1
O 60 4
S a0
O
\° 30 N
o
20 & |lII-=l
10 - o
0 =
&
<.°¢é

C

Figure 6. Lipid nanoparticles containing Curcumin & PTX significantly inhibited proliferation and enhanced population of cells
arrested in G2/M phase. (a) Proliferation behaviors of various lipid nanoparticles in CT-26 and NIH3T3 cells were measured

by the BrdU incorporation assay (*P < 0.05 vs. lipo 16-GH+PTX). (b) CT-26 cells were treated with lipid nanoparticles. Both
treated and untreated cells were trypsinized, fixed, permeabilized, incubated with primary antibody of cyciln B1 (a marker of
G2/M phase) followed by incubation with (FITC) conjugated secondary antibody and finally analyzed by flow cytometry. Overlap
of FACS profiles for the cyclin Bl for cell treated with: nanoparticles of lipid 16-GH (blue); nanoparticles of lipid 16-GH+Cur
(green); nanoparticles of lipid 16-GH+PTX (violet); nanoparticles of lipid 16-GH+Cur+PTX (pink) and untreated cells (black). (c)
Graphical representation of % of cells in G2/M phase (*P < 0.05 vs lipo 16-GH+PTX).

results summarized in Figure 7 confirm that nanoparticles of lipid
16-GH+Cur+PTX are efficient in initiating apoptosis by collapsing
the A¥m in tumor cells.

Effect on caspase-3 and caspase-9

Initiation of cellular events of apoptosis is mainly mediated by
cysteine protease (thiol proteases) family enzymes known as
caspases [28]. In the present study, the activities of caspase-3
and -9 were evaluated using LEHD-pNA and Ac-DEVD-
PNA substrates, which are cleaved by caspase-3 and caspase-9,
respectively. Interestingly, nanoparticles of lipid 16-GH+Cur+PTX
significantly increased levels of caspase-3 and caspase-9 compared
to nanoparticles of lipid 16-GH-+Cur or nanoparticles of lipid
16-GH+PTX incubated cells. Cells incubated with nanoparticles
of lipid 16-GH+Cur+PTX for 24 h displayed significantly greater
caspase-3 (0.98 + 0.4 uM pNA/mg protein/min) and caspase-9

(0.91 + 0.1 uM pNA/mg protein/min) activity. Contrastingly, the
activities of caspase-3 and -9 (Figure 8) were decreased when pre-
incubated for 1 h with caspase inhibitors.

Conclusion

Encapsulation of Curcumin and PTX in lipid nanoparticles of pH-
sensitive histidinylated cationic amphiphile were prepared and
assigned for therapy on various cancer cells in vitro. The obtained
lipid nanoparticles inhibited the growth of cancer cells in vitro
through increasing cell cycle arrest in G2/M phase, apoptosis
induction and cellular uptake. Further, in depth mechanistic
investigations need to be performed in the future toward
obtaining clear mechanistic insights on the cancer cell specific
cytotoxic nature of the presently described lipid nanoparticles of
histidinylated cationic amphiphile. Thus, the lipid nanoparticles
described herein have potential use as efficient tumor cell
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Figure 7. Mitochondrial membrane depolarization (A% m)
analysis by JC-1 stained CT-26 cells treated with lipid
nanoparticles for 2 h. Percent of cells with depolarized or
polarized mitochondria based on the scatter plots (*P < 0.005
vs. lipo 16-GH+PTX).

inhibitors and may have therapeutic implications against various
cancers.
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